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The coexistence of lung disease and cancer in the same person 
is a frequent occurrence sometimes. Evidence suggests that this 
coexistence sometimes goes beyond chance; in fact, both disease 
types are associated and the presence of one can be a risk factor 
or a protective factor for the other. In this Monograph, the Guest 
Editors bring together renowned clinical and scientific experts 
to provide an exhaustive review of the bidirectional relationship 
between respiratory diseases and cancer (not just lung cancer). 
The chapters: explore the common causal pathways of cancer 
and lung disease; consider the diseases from an epidemiological, 
clinical and therapeutic point of view; and discuss the many ways 
in which they interact to influence patient management. The 
result is a book that will generate a better understanding of this 
relationship, giving rise to a greater awareness of the possible 
development of lung disease in people with cancer, and of the 
different types of cancer that are frequently seen in those with 
lung diseases.
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Preface

Peter M.A. Calverley

This preface, my first as the Chief Editor of the ERS Monograph,
gives me an opportunity to do two important things. First, to thank
the European Respiratory Society (ERS) for appointing me to this
role, which is an exciting challenge. Second, to thank my
predecessor Professor John R. Hurst for all his hard work with the
Monograph. John’s enthusiasm and vision allowed the Monograph
to flourish; my task, together with our newly appointed Deputy
Chief Editor Christian B. Laursen, is to ensure the Monograph
continues to do so. We have plans about how we can make the
Monograph even better, but our core mission will not change –
namely, to provide up-to-date, authoritative overviews of topics
relevant to all who work in respiratory medicine.

Although each issue of the Monograph is produced on a very rapid
timescale for a book of its size, there is inevitably an overlap between
work commissioned by one Editor and the next. This is true of this
latest issue on Lung Diseases and Cancer, which reflects the hard
work of John and his colleagues and especially of the Guest Editors –
Miguel Ángel Martínez-García, Mina Gaga and Kwun M. Fong.

This issue provides a complimentary approach to many discussions
of cancer and the lung, and explores the common causal pathways
of cancer and lung disease, as well as the many ways in which they
interact to influence the management of patients. The distinguished
international experts who have contributed provide the reader with
insights that range from basic disease mechanisms, through
epidemiology and lung conditions predisposing to cancer, to the
impact of lung disease on cancer outcomes and treatment. This kind
of information is hard to come by in more conventional publications
and shows how the Monograph provides data relevant to clinical
practice that cannot be easily found elsewhere. So please enjoy this
stimulating and wide-ranging review of a very important topic.

Disclosures: P.M.A. Calverley reports receiving grants, personal fees and
non-financial support from pharmaceutical companies that make medicines to
treat respiratory disease. This includes reimbursement for educational activities
and advisory work, and support to attend meetings.
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Respiratory diseases and cancer are frequently linked as both are highly prevalent. Their bidirectional
relationship means that each can be a risk factor or a protective factor for the other, significantly impacting
diagnosis, management and outcome. https://bit.ly/3CBrF3H
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Respiratory diseases and cancer are two of the most frequent causes of morbidity and mortality
in the world. As such, the coexistence of both diseases in the same person is a frequent
occurrence. There is a consistent body of scientific evidence to suggest that this goes beyond
chance; in fact, both disease types are associated and the presence of one of them can be a risk
factor or protective factor for the other. Notably, one of the fundamental characteristics is the
bidirectionality of this relationship.

There are multiple reasons why respiratory diseases can be related to cancer. 1) Some
respiratory diseases share environmental or genetic risk factors with cancer. For example, the
relationship between COPD and cancer is mediated by smoking, where tobacco smoke is a
powerful carcinogen as well as an inducer of inflammation. 2) Beyond association, a clear
causative relationship has been established in some cases, such as the relationship between
asbestos exposure and pleural mesothelioma. 3) Respiratory diseases and cancer can share
common pathophysiological pathways, such as those relating to pulmonary inflammation,
infection and/or hypoxaemia. 4) Cancer can first present with symptoms associated with lung
diseases, such as pulmonary thromboembolism. 5) Treatment for some respiratory diseases can
pose an elevated risk of adverse events, such as the loss of cancer immunosurveillance from
immunosuppressants. Conversely, some treatments for respiratory diseases can reduce the risk of
cancer, such as the use of inhaled corticosteroids in certain circumstances. 6) There is
speculation that certain respiratory diseases may protect against cancer, as has been proposed
proposed in allergic diseases.

There are also a number of reasons why certain individuals diagnosed with cancer may be
predisposed to the development of some types of lung diseases. 1) Direct cancer involvement in
the lung, e.g. lung cancer. 2) The large vascular bed and filtration function of the lung, which

https://doi.org/10.1183/2312508X.10022822 xi
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gives rise to a propensity for exposure to cancer cells or their by-products, e.g. lung metastases.
3) The higher incidence of pulmonary thromboembolism caused by indirect paraneoplastic
activation of the pathophysiological pathways of some cancers in common with lung disease,
such as the state of hypercoagulability. 4) The unintended effect of a variety of cancer
treatments, such as cytotoxics, radiation, targeted therapy and immunotherapy (e.g. a higher
incidence of pulmonary infections, interstitial pulmonary diseases or lung infection).

In this ERS Monograph, we have brought together renowned clinical and scientific experts to
provide an exhaustive review of the bidirectional relationship between respiratory diseases and
cancer in general (not just lung cancer). To this end, and given the vast quantity of literature in
the area, the Monograph is divided into different thematic blocks, covering the most important
pathophysiological mechanisms that are prevalent in both diseases [1–4], the assessment of the
impact of each disease on the other in terms of risk factors and protective factors [5–7],
diagnosis, treatment [8–10] and prognosis. Finally and importantly, this Monograph addresses
patient-focused outcomes, such as the influence of cancer on the care and outcome of
respiratory patients and vice versa.

We hope that the valuable knowledge diligently compiled by our authors, to whom we are
deeply grateful, will help generate a better understanding of the relationship between these two
important diseases, from an epidemiological, clinical and therapeutic point of view. Such
knowledge will undoubtedly give rise to a greater awareness of the possible development of
lung diseases in people with cancer, and of the different types of cancer that are frequently seen
in those with lung diseases. This will help optimise diagnosis and treatment: “scientia potentia
est”, knowledge is power. The ultimate objective of this Monograph is, of course, to improve
the health both of our communities and of those affected by these diseases – the patients we
have the privilege of helping.
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Chapter 1

Cancer immunosurveillance in
respiratory diseases
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@ERSpublications
The hypoxia triggered by many lung diseases, together with inflammation and oxidative stress, have a
negative effect on the immune system, which favours the evasion of tumour cells and may contribute to
cancer progression. https://bit.ly/3zRuLzp

Copyright ©ERS 2022. Print ISBN: 978-1-84984-154-2. Online ISBN: 978-1-84984-155-9. Print ISSN: 2312-508X. Online
ISSN: 2312-5098.

The immune system constitutes the main defence against biological aggression, playing a crucial role in
the control of cells undergoing neoplastic transformation. Hypoxia, together with the systemic
inflammation and oxidative stress present in many respiratory diseases, compromise the function of the
innate and adaptive immune systems. Several cell subsets are dysregulated in both chronic sustained
hypoxia and IH conditions, mainly myeloid-derived suppressor cells, tumour-associated macrophages,
natural killer cells and cytotoxic T-cells. Inhibition of antigen recognition, cell recruitment and
cytotoxic activity, as well as higher levels of secretion of TGF-β, favour the evasion of tumour cells
and even progress the tumour. The identification of hypoxia-induced overregulation of some immune
checkpoints, such as the PD-1–PD-L1 axis, provides an explanation for the weak antitumour functions
resulting from T-cell exhaustion and constitutes a promising way to identify biomarkers that will
allow us to select patients with respiratory diseases at high risk of cancer, and to develop new
therapeutic targets.

Introduction
The immune response is the way the body defends itself against substances it sees as harmful or
foreign, or against transformed cells. This process requires the interaction of a plethora of
immune subsets, involving innate and adaptive responses. On tumour initiation, natural killer
(NK) cells play a central role in the recognition and elimination of tumour cells. Moreover,
monocytes and macrophages drive tumour surveillance by inducing T-cell activation, including
cytotoxic (CD8+) T-cells and Th (CD4+) cells. Cytotoxic T-lymphocytes and NK cells secrete
cytotoxic granules containing perforin and granzymes, promoting the rapid death of transformed
cells [1]. Depending on the environmental context, monocytes and macrophages can also
dampen immunosurveillance, inducing both immunosuppression and inflammation. Monocytes
can induce the activation of immune checkpoints, which are receptors that initiate cytotoxic
T-lymphocyte exhaustion, compromising immunosurveillance [2]. Monocytes are also capable
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of releasing inflammatory cytokines, ramping up the inflammatory conditions. Furthermore, the
inflammatory conditions drive myeloid-derived suppressor cell (MDSC) differentiation, which is
known to promote tumour progression by disrupting immunosurveillance.

Cancer initiation is a process by which normal cells are transformed, leading to tumour
formation. Cell transformation is a multistep process, including an accumulation of mutations
that eventually bring about the uncontrolled growth of malignant cells. As with any other
aggression, the cell transformation process is also under immune pressure [3], which destroys
the nascent tumour cell in a process known as cancer immunosurveillance [4]. This process was
described over a century ago and has been found in patients with inherited or acquired
immunodeficiency and in those being treated with immunosuppressive therapies, who have a
higher cancer incidence [4]. Over the last two decades, a plethora of evidence has unequivocally
demonstrated the critical role of immunosurveillance in protecting against primary tumours [5].

The escape phase represents a failure of the immune system to either eliminate or control the
transformed cells, allowing tumour progression. However, the cell transformation multistep
process indicates not only the capability of transformed cells to proliferate and evade apoptotic
programming but also their ability to evolve in tandem to escape immunosurveillance and
modulate inflammation [5]. This process generates an immunosuppressive tumour micro-
environment, characterised by a hypoxaemic condition, which fosters multiple cancer behaviours
and interferes with immune cell function. In turn, the inflammatory condition changes the
dynamic balance wherein the heterogeneous populations of tumour cells somehow acquire a
powerful immunosuppressive capacity, evading immune recognition. Notably, the immune
response in this context has a dual potential role as both suppressor and promotor of tumour
progression. This polarity of the immune response is determined, in part, by the character of the
interplay between innate and adaptive immunity. Thus, while the innate immune compartment is
aware of the environmental signals and is easily polarised to immunosuppressive properties,
these immunosuppressive properties interfere with various immune functions from the innate
and adaptive compartments [3].

Interestingly, several environmental factors are also important modulators of the immune
response. Tumour progression sheds light on relevant tumour escape mechanisms, including the
interactions between oxidative stress and hypoxic environmental cues with the innate and
adaptive immune response. Hypoxia, both generated locally by the increased metabolic
demands of tumour tissue and produced at the systemic level by several respiratory diseases, is
intimately linked with innate and adaptive immunity [6–8].

In this chapter, we discuss how hypoxia and oxidative stress related to respiratory diseases
create an immunosuppressive micro-environment, modulating the immune phenotypes, in
particular the main biological role of hypoxia in jeopardising immunosurveillance, which
eventually induces tumour evasion in respiratory diseases related to cancer incidence. In
addition, we also review the implication of these alterations in the progression of tumour cells
and their regulation through the modulation of several immune checkpoints.

Influence of hypoxaemia and inflammation on the tumour micro-environment
A hypoxic situation in combination with inflammation is frequent in the tumour
micro-environment, providing strong pro-tumour signals to evade ongoing surveillance attempts
by the host immune system to prevent tumour growth [9]. The close connection between
hypoxia and inflammation is supported by the recognition of upregulation of NF-κB, a master
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transcription factor in the inflammatory response, by the main biological sensor of hypoxia,
hypoxia-inducible factor (HIF) [10]. Hypoxia and inflammation are widely recognised as
essential factors in tumour progression [6–8]. Additionally, hypoxia leads to cellular stress and
consequently increases ROS and cell transformation [11]. ROS modulate the tumour
environment, increasing metabolic support by stromal cells and promoting the tumour-evading
immune response [12]. Importantly, hypoxic conditions stabilise and activate HIF [11], and
promote ROS generation, triggering the inflammation signalling mechanism involving the
mitogen-activated protein kinase pathway, as well as NF-κB and metalloproteinase upregulation [13].
Interestingly, these conditions are reproduced in a similar manner through chronic sustained
hypoxia and IH, enhancing the hypoxic and inflammatory conditions in patients with respiratory
problems.

Chronic sustained hypoxia and inflammation
The most paradigmatic example of respiratory disease that causes chronic sustained hypoxia is
COPD, an inflammatory disorder of the airways entailing a progressive and irreversible decline
in lung function caused by destruction of the airways and lung parenchyma [14]. Given that
COPD is considered an important risk factor for lung cancer [15, 16], several authors have
postulated the existence of a link between chronic sustained hypoxia, chronic inflammation and
cancer in these patients [17–19].

In this inflammatory context, the emergence of MDSCs due to NF-κB activation and stress
conditions has been described [20–23]. This MDSC population is heterogeneous and has a
prominent and characteristic role in tumour progression, angiogenesis, metastasis and T-cell
proliferation [24–26]. Interestingly, a recent review of MDSCs emphasised the strong influence of
the tissue micro-environment, proximal inflammatory cues, and trained immunity or innate memory
on the establishment of suppressive states mediated by these cells [26]. In patients with COPD, and
probably in those with other hypoxaemic diseases, MDSCs are known to play a pivotal role in
suppressing immune responses to tumour progression and bacterial infection [23, 27, 28]. SCRIMINI

et al. [29] reviewed how MDSC accumulation can alter tumour immunosurveillance, promoting
lung cancer progression via CD8+ T-cell immunosuppression. In particular, MDSCs suppress the
T-cell receptor ζ-chain, which is crucial for coupling antigen recognition by the receptor, thus
impairing T-cell proliferation. MDSCs are also related to increased levels of arginase I in patients
with COPD and lung cancer [15, 30]. A mouse model has also corroborated the association
between MDSC accumulation and a suppressed T-cell response [31].

IH and inflammation
IH is a hallmark of OSA, in combination with sleep fragmentation. The immune response
orchestrated by IH has been widely recognised to be modulated by HIF-1α, promoting systemic
inflammation. In this context, MDSCs were reported for the first time in patients with IH [32];
some animal studies also supported the high frequency of MDSCs in animals subjected to IH
[33, 34]. As a predominant function, MDSC-like cells are implicated in suppressing CD8+

T-cell proliferation and activity [35], as CUBILLOS-ZAPATA et al. [32] demonstrated in patients
with OSA.

In addition to MDSCs, in the early steps of the tumour progression, pro-inflammatory monocyte
polarisation is very dynamic in terms of reprogramming a tumour-associated macrophage
(TAM) phenotype, which has been shown to facilitate tumourigenesis by inhibiting CD8+ T-cell
recruitment and activity while promoting immunosuppression, regulatory T-cell recruitment,
extracellular matrix remodelling, angiogenesis and tumour cell intravasation into the vasculature
[9, 36, 37]. The observation of TAM polarisation due to IH was reported initially in mice [38],
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and has subsequently been confirmed in patients with OSA and in in vitro models [39]. Sleep
fragmentation also contributes to the accumulation of TAMs through Toll-like receptor 4
(TLR4) signalling, as demonstrated by HAKIM et al. [40] in animal models of OSA.

HIF-1α also promotes systemic inflammation by other mechanisms in patients with OSA. Recently,
DÍAZ-GARCÍA et al. [41] demonstrated phosphorylation of the NF-κB p65 protein in isolated
monocytes from patients with OSA. Moreover, OSA monocytes exhibited increased expression and
activity of the inflammasome through NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3). Lastly, ex vivo models using monocytes from patients with OSA have demonstrated that
IH is capable of modulating HIF-1α stabilisation, increasing NF-κB translocation and NLRP3
activity. In agreement, animal studies and other in vitro studies using IH conditions with human
cell lines have reproduced the inflammatory response [42, 43], demonstrating enhanced expression
of NF-κB mRNA [44–49]. These results are supported by studies showing a higher release of
inflammatory cytokines, such IL-6, IL-1β and TNF-α, in monocytes from patients with OSA
[41, 50–52], and by a large number of studies reporting high systemic levels of inflammatory
cytokines in patient and animal studies under IH conditions [53–57].

Hypoxia and tumour progression
From a clinical point of view, the window of opportunity to considerably reduce tumour
progression and cancer mortality could focus on early diagnosis, and a significant effort is
being made on monitoring high-risk patient groups. However, from the biological side, the
window to minimise cell transformation and tumour progression is controlled by the immune
response. To progress, neoplastic cells require some changes, such as acquiring cancer stem
cells (CSCs) and EMT characteristics. CSCs acquire the capacity to survive elimination by
immune defences due to the accumulation of neoplastic mutations. Accumulating evidence
indicates that CSCs mediate between innate immune components and the tumour micro-
environment, shaping the various cancer progression processes [58].

During early tumour progression, the immune response is mediated by myeloid and NK cell
subsets, retaining immune functionality and acting as the first line of defence against tumour
progression. Similarly, the CSC immune evasion capacity induces the reduction of the NK cell
surface expression of activating markers (NKG2D and CD16) and cytotoxicity receptors
(NKp30, NKp44 and NKp46), while increasing inhibitory receptors (KIR, NKG2A and
CD300a) [59, 60]. Thus, NK dysfunction contributes to the consolidation of the tumour
micro-environment. It is well established that hypoxia plays intrinsic roles in cytotoxicity. In
fact, it regulates the function of T- and NK cells, which are involved in tumour progression
[61, 62]. In this regard, NK cell function depends on a balance between the NK cell activator
and NK cell suppressor receptors binding to ligands expressed by cancer cells. Previous studies
have reported that NK cell activating receptors, including NKp46, NKp44, NKp30 and
NKG2D, are suppressed under hypoxic conditions [63]. Along these lines, patients with OSA
exhibit downregulation of the NK cell cytotoxic receptors NKp46, NKp44 and NKp30 [39], and
increased levels of NK T-cells (NKT-cells) [64]. Ultimately, in patients with COPD, increased
numbers of invariant NKT- and NKT-like cells have been reported in the lungs, as well as a
deficiency of NKT-like cells in peripheral blood [65].

Another approach has been described to associate hypoxia and cancer progression as a
consequence of a high frequency of CSCs, whose tumour cell populations have revealed a
capacity to self-renew, differentiate and promote tumour growth [66]. TGF-β is ubiquitous in
chronic inflammatory lung disease and could contribute to an immunosuppressed state [67].
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An important regulatory effect of TGF-β on the innate immune response is the ability to
downregulate NK cell cytotoxicity through the SMAD canonical pathway [68, 69]. Hypoxia has
been associated with a high level of TGF-β, IL-10, PD-L1 and others [70]. TGF-β also plays a
major role in inflammatory conditions; indeed, recruitment of MDSC populations enhances the
classic role of TGF-β in immunosuppression conditions [71].

Finally, in addition to systemic inflammation and hypoxia, the inflammatory components of the
tumour micro-environment regulate tumour progression by CSCs. Hypoxia also promotes tumour
progression by inducing CSCs and EMT [72–74]. In this regard, ex vivo models showed that human
mammary cancer cells undergoing EMT and acquiring CSC features are capable of interacting with
TAMs and forming a metastatic niche [75]. Interestingly, TGF-β is known as a potent inducer of
EMT [76]. It is secreted mainly by infiltrating myeloid cells and acts in a paracrine manner on
cancer cells, generating CSCs and increasing their metastatic potential [66, 76, 77].

Chronic sustained hypoxia and TGF-β
There are several reports related to the association between TGF-β gene polymorphisms and
COPD, which have been summarised in a recent review [78]. Patients with sustained hypoxia
exhibit high levels of TGF-β in plasma [79], and the acquisition of EMT and CSC features has
been widely documented in these patients [80]. Interestingly, the critical mechanisms of COPD
pathogenesis involve hypertrophy and metaplasia, as well as gene mutation and lung epithelial
modification, just as in EMT [81–83].

IH and TGF-β
HERNÁNDEZ-JIMÉNEZ et al. [39] reported that the monocytes of patients with IH were capable of
increasing the TGF-β active form under IH conditions, releasing TGF-β by the glycoprotein-A
repetitions predominant (GARP) protein. Other authors have observed induction of high levels
of TGF-β in mouse [84, 85] and dog [86, 87] models, and by analysing plasma and exhaled
breath condensate from patients with OSA [88, 89]. Additionally, it has recently been reported
that paraspeckle component 1 (PSPC1) is overexpressed in monocytes from patients with OSA,
contributing to TGF-β signalling via SMAD3 [90]. In fact, this study demonstrated that
circulating cells from patients with OSA under IH conditions modulate extracellular PSPC1
expression by matrix metalloproteinase 2 (MMP2), such that PSPC1 together with TGF-β
activation signalling promotes tumour metastasis and supports cancer aggressiveness by
inducing EMT and CSC transcription factors in the tumour cells. In agreement, tumour spheres
in in vitro models have corroborated the enhancement of CSCs under IH. A rat model under IH
induced the expression of inflammatory and EMT genes [91, 92]. IH can also promote CSC
activity [93], as demonstrated in an osteosarcoma canine model under IH conditions [94].

Immune checkpoints
As mentioned previously, the T-cell response plays an important role against infectious
pathogens and has a key role in tumour progression [95]. However, during chronic infection or
tumour progression, the immune response activates an immune checkpoint control system to
regulate the impact of the T-cell response and self-damage caused by an uncontrolled cellular
response [96]. Specifically, these immune checkpoints influence T-cell function at the point of
initial antigenic stimulation during the receptor–ligand interaction, chiefly with antigen-
presenting cells [97]. The importance of this self-control system in terms of the immune response
in cancer development lies in the fact that these immune checkpoints are hijacked by cancer cells
to cause T-cell exhaustion, with weak antitumour functioning.
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Several recent translational and basic studies have described PD-1 as a key coinhibitory receptor
in the process of T-cell exhaustion. PD-1 showed an immune regulatory role by reducing initial
T-cell activation and fine-tuning T-cell differentiation and effector functions, such as a decrease
in cytokine release, which reduces T-cell function [28]. The inhibitory effects of PD-1 are
mediated by engagement with its ligands, PD-L1 and PD-L2 [98, 99]. Furthermore, cytotoxic
T-lymphocyte associated antigen 4 (CTLA-4) has been described as a relevant immune
checkpoint at the initial activation of the T-cell response [100]. Although there are other
significant immune checkpoints, this chapter focuses on critical immune checkpoints identified
in respiratory diseases.

Chronic sustained hypoxia and immune checkpoints
The biology in patients with COPD is less well understood than in patients with cancer. In this
context, COPD is characterised by exacerbation episodes, which implies acute antigen
presentation leading to chronic inflammation; both conditions might increase deranged
checkpoint modulation. In this field, early observation showed that PD-1 checkpoint blockade
led to the recovery of IFN-γ [28]. Further studies have corroborated the upregulation of PD-1 in
patients with COPD but did not observe T-cell immunoglobulin and mucin domain-containing
protein 3 (TIM-3), originally identified as a receptor expressed on IFN-γ-producing T-cells
[101, 102]. However, in patients with COPD with NSCLC, an increase in PD-1 and TIM-3 has
been reported [103], which highlights the presence of an active tumour micro-environment in
lung cancer, as reported by other authors [104, 105]. In animal models, the PD-1–PD-L1 axis
was also shown to be involved in promoting inflammation and tissue destruction in COPD [22].
In agreement, other studies using serum and bronchoalveolar lavage from patients with COPD
have corroborated the overregulation of the PD-1–PD-L1 axis [23, 106–110]. In fact, studies
using peripheral blood samples reported suppressive regulatory T-cells and exhausted PD-1 and
CTLA-4 T-cells as the major factors contributing to effector T-cell dysfunction in patients with
COPD [28]. Further studies are required to understand the immune checkpoint biology in
patients with COPD. In this sense, although there are several studies intended to clarify the
immune checkpoints in local lung immunity [101, 103], there are few that focus on peripheral
blood immune cells. Nevertheless, all the evidence suggests that inflammation and PD-1 play a
role in the T-cell response in patients with COPD.

IH and immune checkpoints
Hypoxia-induced overexpression of the PD-1–PDL-1 axis has been described in patients with
OSA, resulting in a reduction in CD8+ T-cell activation and cytotoxicity [32]. In this study, the
CD8+ T-cell proliferation was restored after PD-1 blocking in ex vivo assays, whereas CD4+

T-cells did not recover their function after a blocking assay [32]. Recently, POLASKY et al. [111]
reported that suppression of IH by treatment with continuous positive airway pressure for
30 days was associated with a decrease in PD-L1 expression, although no effects were identified
on PD-1 expression. An animal model corroborated PD-L1 expression after 5 weeks of
subjection to IH [112]. CUBILLOS-ZAPATA et al. [113] showed that IH conditions increased
PD-L1 expression using different strategies, while a sleep fragmentation animal model did not
show any effect on the PD-1–PD-L1 axis. Thus, it is plausible that the continuous positive
airway pressure reduced the hypoxaemia and consequently reduced PD-L1 expression; however,
30 days of treatment is not enough time to decrease PD-1 expression in T-cells, probably
because the monocytes are a precursor subset with more plasticity properties than T-cells.
Moreover, patients with OSA and melanoma exhibited higher soluble PD-L1 in serum
compared with patients with melanoma without OSA. Importantly, soluble PD-L1 correlated
with the metastatic clinical indices and served to increase the risk of sentinel lymph node
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metastasis up to 27.3% in patients with melanoma and OSA [114]. Thus, WUNDER et al. [115]
proposed that patients with osteosarcoma and OSA expressing high PD-L1 levels would be
good candidates to benefit from PD-L1 immunotherapy.

Other potential mechanisms
IH and chronic hypoxia (CH) are two distinct stimuli that could activate different signal
transduction pathways modulating immunosurveillance and tumour progression in different
ways [116]. However, there are relatively few studies comparing the effects of CH or
sustained hypoxia and IH on the immune system [116]. It is known that both CH and IH are
accompanied by activation of NF-κB, inducing inflammation [117]. However, it seems that,
in cycling hypoxia, activation of NF-κB is greater than in CH, and thus this type of hypoxia
has a very pro-inflammatory character [118, 119]. However, both types have been shown to
exert similar effects on increasing proangiogenic factors such as VEGF [120]. In addition,
some studies highlight the possible synergistic effect of concomitant exposure to CH and IH,
also known as overlap hypoxia. For instance, MARHUENDA et al. [121] found that the
behaviour of cancer cells depended on the magnitude of hypoxia during IH oscillations
(13–7% O2 versus 7–4% O2). Moreover, ZHEN et al. [122] showed that oxidative stress is
increased in the liver of mice exposed to overlap hypoxia compared with mice exposed to IH
or CH, suggesting a synergistic effect, which could imply an exacerbation of inflammation
and thereby facilitate tumour progression [123]. Further research is required to elucidate
whether overlap hypoxia could affect other potential pathways that promote cancer
progression, such as the expression of immune checkpoints or TGF-β, or could modulate the
malignant properties of cancer cells.

TABLE 1 Brief summary of hypoxia effects on immune subsets

Population IH Chronic
hypoxia

Mechanism First author
[ref.]

MDSCs Upregulated Upregulated Inhibit antigen
recognition by TCRs

SCRIMINI [29], ASAKURA [31],
CUBILLOS-ZAPATA [32], PICADO [33],

CAMPILLO [34]
TAMs Upregulated Inhibit T-cell function

and recruitment
ALMENDROS [38],

HERNÁNDEZ-JIMÉNEZ [39]
Monocytes Immunosuppressive Higher secretion of

TGF-β, inhibiting NK
cells and T-cell

functions

HERNÁNDEZ-JIMÉNEZ [39], MAK [79],
ABUYASSIN [84], SHI [85], LI [86],
TROYER [87], LIU [88], LIN [89],
DÍAZ-GARCÍA [90], ZHOU [145]

NK cells Immature Immature Decreased expression
of CD16, NKp46,
NKp40, NKp30 or

NKG2D

HERNÁNDEZ-JIMÉNEZ [39], BALSAMO [63]

CTLs Exhausted Exhausted Increased expression
of immune

checkpoints such as
TIM-3 or CTLA-4

RITZMANN [22], BHAT [23],
KALATHIL [28], CUBILLOS-ZAPATA [32],
BITON [103], TAN [106], SUZUKI [107],

ZHOU [108], YANG [109],
NARAYANAPILLAI [110], POLASKY [111]

MDSC: myeloid-derived suppressor cell; TAM: tumour-associated macrophage; NK: natural killer; CTL: cytotoxic
T-lymphocyte; TCR: T-cell receptor; TIM-3: TIM-3: T-cell immunoglobulin and mucin domain-containing protein 3;
CTLA-4: cytotoxic T-lymphocyte-associated antigen 4.
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It is also important to consider that mechanisms other than hypoxia could contribute to the
attenuation of immunosurveillance observed in some patients with respiratory diseases. In fact,
sleep disorders are a common feature of these patients [124–127], and sleep deprivation has
increasingly been recognised as a risk factor for an impaired antitumour response [128–130].
Potential mechanisms underlying this association include a shorter duration of nocturnal
secretion of melatonin [131], which exerts antitumour activity by inhibiting pro-inflammatory
NF-κB/NLRP3 pathways and promoting T-/B-cell activation and the function of macrophages [132].
In addition, reduced cytotoxic activity of NK cells and reduced numbers of cytotoxic cells such
as CD8+ T-cells in the tumour micro-environment have been shown in an animal model of
chronic sleep deprivation [133, 134]. Furthermore, recent studies suggest that the circadian
clock controls immune checkpoint expression [135–137]. At the same time, different sleep
fragmentation models have been shown to upregulate TGF-β1 gene expression [138–140].
Indeed, TGF-β1 displays a circadian rhythm expression pattern in lung cells [140], chondrocytes [141]
and fibroblasts [142]. Interestingly, some studies also suggest that the immune response can
alter normal sleep patterns [143, 144]. Therefore, both primary sleep disorders and those
associated with other respiratory diseases favour the development of an immunosuppressive
environment, which could translate into an early onset and increased growth rate of cancer, or
increased mortality in patients with respiratory diseases.

MDSC

Monocyte

PD-L1

TGF-�

Immunosuppressive micro-environment

sPD-L1

PD-1

TAM

CTL

(exhausted)

CTLA-4

TIM-3

NK cell
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Respiratory diseases
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FIGURE 1 Summary of the main pathogenic pathways that link the main disorders of several respiratory diseases
with the development of cancer. NK: natural killer; TAM: tumour-associated macrophage; sPD-L1: soluble PD-L1;
CTLA-4: cytotoxic T-lymphocyte-associated antigen 4; TIM-3: T-cell immunoglobulin and mucin domain-
containing protein 3; CTL: cytotoxic T-lymphocyte; MDSC: myeloid-derived suppressor cell.
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Future challenges
Improved understanding of the underlying mechanisms could potentially guide future
epidemiological/clinical studies aimed at detecting incipient relationships between cancer and
respiratory diseases. Mechanistically, these potential relationships are likely to be complex and
involve specific pathways impairing immunosurveillance and promoting cancer cell mutations
that are ultimately responsible for the increased cancer progression observed in response to
hypoxia. Studying the effects of different hypoxic profiles could help investigators elucidate the
roles played by COPD, OSA and other respiratory diseases in the initiation and progression of
cancer, thus providing the opportunity to design novel personalised therapies.

In turn, a better understanding of the mechanisms responsible for alterations in the
immunosurveillance system of patients with respiratory diseases could also make it possible to
adequately assess whether they contribute to the modulation of immunotherapy, constituting a
determining factor in the response to this therapeutic intervention.

Due to cancer heterogeneity and the diversity between cell subpopulations within the same
tumour, it is necessary to extend many of the findings described in this chapter to all types of
cancer. To date, most of the available results come from patients with melanoma or lung cancer,
as well as from in vitro studies using a limited number of tumour cell lines, so generalisation is
not possible.

Finally, it will be necessary to develop and validate biomarkers of risk, prognosis or therapeutic
response in patients with different respiratory diseases. To date, some have been identified that
could be of interest in patients with melanoma and OSA [114], but more studies are needed to
verify their usefulness and application in clinical decision making. Similarly, information is also
required on the effect of controlling different respiratory diseases through early therapeutic
intervention on the risk of cancer or its prognosis.

In conclusion, both sustained hypoxia and IH, which are associated with several respiratory
diseases, have a notable impact on the specific cell subpopulations of the immune system,
compromising their functioning through various pathways (table 1). These alterations, together
with those triggered by inflammation and oxidative stress, compromise immunosurveillance
capacity, facilitating the evasion of tumour cells and also contributing to the progression of
tumour growth, and compromise of the immune response through upregulation of some immune
checkpoints (figure 1). All of this evidence provides biological plausibility to the relationship
between some respiratory diseases and various types of cancer. In addition, a better
understanding of these regulatory mechanisms should help us find biomarkers aimed at
identifying at-risk individuals and establishing new therapeutic approaches.
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Respiratory infection may be associated with the risk of the development of malignancy. There are
well-established associations between bacterial and viral pathogens and cancer development in other
organs, but fewer data are available for the risk of lung cancer in relation to respiratory pathogens.
Chronic lung inflammation is associated with increased risk of cancer development and disruption of
the resident lung microbiome is increasingly recognised as a risk factor for cancer development and
progression. This is particularly relevant in diseases such as COPD where patients are at increased risk
of lung cancer. Patients with cancer are at markedly increased risk of infection, with pneumonia
accounting for more than 50% of cases of septic shock in this population. Pneumonia in patients with
cancer carries a poor prognosis and may be associated with “typical” bacterial pathogens such as
Streptococcus pneumoniae or opportunistic pathogens particularly in patients receiving chemotherapeutic
agents. This chapter reviews the interaction between respiratory infection and cancer.

Introduction
As one of the most prevalent forms of cancer, lung cancer accounts for ∼12% of all cancer cases
among men and women and is responsible for ∼18% of cancer-related deaths worldwide [1–3].
While most lung cancer cases are attributable to cigarette smoke, respiratory infections have also
been linked to the development of lung cancer [4]. Given the high incidence and mortality
associated with lung cancer, and the knowledge that circulating respiratory infections contribute to
cancer, it is important that we understand the role respiratory pathogens play in the pathogenesis
of lung cancer, in order to inform prevention strategies and adequate treatment options.

Cancer impairs the host response to respiratory infections in multiple ways and this
immunodeficiency can be compounded by the effects of chemotherapeutic agents used to treat
some lung cancers [5, 6]. This leads to an increased risk of respiratory tract infection, a higher
mortality from respiratory tract infections and a different spectrum of pathogens [7–9].

This chapter aims to discuss the role in cancer of respiratory infections, including viruses,
bacteria and fungi, and focuses on the putative role of infection in the pathogenesis of cancer
and the risks of respiratory infection in individuals with cancer.
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Do respiratory infections contribute to cancer risk?
Viral infections and cancer
Large-scale epidemiological studies have shown strong associations between several types of
human viruses and cancer. A worldwide incidence analysis study revealed that, out of 2.2 million
cancer cases reported in 2018, carcinogenic infections contributed to 13% of the global cancer
burden, highlighting a large potential to reduce this burden [2]. The most prevalent oncoviruses
include Epstein–Barr virus, HPV, hepatitis B virus and hepatitis C virus, each associated with
specific types of cancer.

These classical viruses associated with cancer development are uncommon respiratory
pathogens, although HPV, strongly associated with the development of cervical cancer, has been
found to have a possible link to lung cancer [10]. Respiratory HPV infection is thought to be
capable of stimulating an intensive inflammatory response including IL-6 and VEGF, promoting
lung cancer cell proliferation and angiogenesis [10, 11].

Prior to the SARS-CoV-2 pandemic, influenza, respiratory syncytial virus and rhinoviruses were the
most common causes of respiratory viral infection worldwide [12–17]. Studies conducted in the 1960s
and 1970s found that influenza infection promoted the development of lung cancer in mice and in
vitro models [18, 19]. A study of 32 063 cases and 320 627 controls from the Taiwan cancer registry
found a 9% increased risk of lung cancer associated with influenza infection, rising to 25% for
patients who experienced repeated episodes of influenza infection [20]. The study had important
limitations, however, including a lack of smoking data to adjust for as a confounder. In a separate
study also from Taiwan, influenza vaccination in individuals with chronic kidney disease was
associated with a 50% reduced risk of lung cancer after adjustment for confounders [21]. Separate
studies found a 23% reduced risk of lung cancer in patients with type 2 diabetes [22] and 60%
reduced risk in COPD patients receiving influenza vaccination [23]. Observational studies examining
vaccination are susceptible to “healthy user bias”, whereby individuals who come forward for
vaccination have other healthy lifestyle factors that cannot be adequately adjusted for in large
datasets [24]. Nevertheless, these data support a possible role of influenza infection in lung cancer risk.

Even less is known about potential effects of other respiratory viruses. Acute infection with
SARS-CoV-2 presents with a broad range of clinical manifestations, ranging from asymptomatic
individuals to the development of severe pneumonia and acute respiratory distress syndrome
[25–27]; however, the long-term consequences are still unknown [28]. Research has shown that
chronic inflammation is linked to lung cancer development, with an increase in
pro-inflammatory cytokines including IL-6, IL-1β and TNF-α [29]. Although a link between
SARS-CoV-2 infection and cancer has not been identified, IL-6, IL-1β and TNF-α, among
others, are hallmarks of SARS-CoV-2-related inflammation [30–32], and studies are ongoing to
determine if patients are at increased risk of lung cancer following SARS-CoV-2 infection [33].

Virus-related cancers continue to represent a significant proportion of the worldwide cancer burden
and the links between viral infections and cancer continue to grow. Therefore, it is vital to
understand the viral oncogenic mechanisms to identify the most efficacious vaccines and treatments.

Bacterial infections and cancer
While, generally, more is understood regarding the role of viruses in cancer, much less is
known of the role of bacteria. Historically, a role for bacteria in the development of cancer has
been controversial and largely ignored, probably due to difficulties establishing clear
cause-and-effect relationships between specific bacteria and cancer onset. It is widely known
that cancer patients have increased susceptibility to bacterial infection due to cancer-induced
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and iatrogenic immunosuppression [6, 34]. It has also been shown that bacteria are frequently
found at tumour sites and solid tumours appear to have their own microbiota, where one study
detected ∼528 different bacterial species from 1526 tumours across seven cancer types [35].
Therefore, delineating which, if any, bacteria directly cause cancer, or if their presence is simply
a complication of the cancer itself, is challenging. In turn, while viruses frequently leave a
genetic trace linking them to cancer onset, bacterial pathogens do not tend to do this, further
creating an ambiguous relationship between bacterial infection and cancer [36].

However, over the past 30 years, investigation into the aetiological associations between
bacterial infection and cancer has revealed strong epidemiological links between specific bacterial
infections and cancer (table 1), most notable being the association between Helicobacter pylori, a
Gram-negative, spiral-shaped bacterium, and the onset of gastric and mucosal-associated cancers [37].

Of relevance to this chapter, various respiratory bacterial infections have been linked to lung
cancer onset, although these findings are heavily debated, and clear causal evidence is
somewhat lacking [36]. Chlamydophila pneumoniae (Cpn) is one such bacterial pathogen that
has been widely investigated and linked to the onset of cancer, although studies have produced
highly variable results (table 2). Various meta-analyses seemingly confirm a positive association
between Cpn infection and lung cancer development [50–54]. For example, a meta-analysis in
2011 including 2595 lung cancer cases and 2585 controls from 12 studies highlighted that
individuals exposed to Cpn have a ∼1.5-fold increased risk of lung cancer compared to those
not exposed, with this risk increasing to ∼2.5-fold when higher IgA cut-off values were used,
indicative of increased Cpn exposure [52]. The authors also showed a significant, albeit weaker,
association between Cpn and lung cancer when Cpn infection was detected prior to cancer
diagnosis, suggestive of a direct causal relationship.

Another respiratory pathogen also implicated in lung cancer is Mycobacterium tuberculosis
(Mtb) [55]. It is widely accepted that Mtb increases the risk of lung cancer, following evidence
showing an increased prevalence of Mtb in lung cancer patients and large-scale epidemiological
studies highlighting an association between prior Mtb diagnosis and lung cancer risk. A recent
meta-analysis including 50 290 Mtb-infected patients and 846 666 controls from 32 studies
highlights that a prior history of active Mtb is associated with a ∼2-fold increased risk of lung
cancer [56], supporting similar results from previous analyses [57–59].

Cpn and Mtb create intracellular niches within their infected host cells, allowing the pathogen to
1) replicate and release new infectious progeny, 2) modify host cell signalling pathways, such as
those involved in inflammation, immunosuppression and inhibiting tumour suppressor mechanisms
[60–62], and/or 3) evade immune detection and persist within infected cells for long periods of time.

TABLE 1 Examples of bacterial infections with strong epidemiological links to cancer

Bacterial pathogen Associated malignancy

Salmonella enterica Typhi Gallbladder
Salmonella enterica Enteritidis Colon
Chlamydophila trachomatis Cervix and ovarian
Chlamydophila pneumoniae Lung
Mycobacterium tuberculosis Lung
Helicobacter pylori Gastric, MALT and extra-gastric cancers, i.e. lung

MALT: mucosa-associated lymphoid tissue. Reproduced and modified from [36] with permission.
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TABLE 2 Summary of studies investigating the association between Chlamydophila pneumoniae (Cpn) infection and lung cancer risk

First author,
year [ref.]

Study
participants

Study design and
Cpn detection

Study
outcome

Cpn–lung cancer
association?

LAURILA, 1997 [38] 230 male smokers with lung cancer
plus age-matched controls (n=460)

Cpn infection determined by
serum-specific IgA titre (⩾16) and
immune complex titre (⩾4)

Cpn infection was detected in 52% of lung cancer
cases and 45% of controls; Cpn was positively
associated with lung cancer (OR 1.6, 95% CI
1.0–2.3)

Yes

JACKSON, 2000 [39] 143 lung cancer patients plus 147
controls (n=290)

Cpn-specific IgG, IgM and IgA
titres measured in serum

Cpn-specific IgA titre ⩾16 was associated with
lung cancer risk in participants <60 years of
age (OR 2.67, 95% CI 1.21–5.89)

In those <60 years of age, there was evidence of a
stronger association in current smokers (OR
4.31, 95% CI 1.36–13.68) compared to former
smokers (OR 1.50, 95% CI 0.48–4.75)

Yes

KOYI, 2001 [40] 128 male and 70 female lung cancer
patients plus two control groups
(46 male and 22 female smokers
and ex-smokers >40 years old; 97 male
and 114 female smokers and
ex-smokers >70 years old) (n=477)

Cpn infection determined by
serum-specific IgA and IgG
titres

Both males and females with lung cancer showed
significantly elevated Cpn-specific antibody titres
(IgG ⩾512; IgA ⩾64) than controls

No significant difference in Cpn antibody titres
between current and ex-smokers

Yes

KOCAZEYBEK, 2003 [41] 123 smokers with lung cancer plus
123 healthy age-matched, smoker
controls (n=246)

Cpn infection determined by
serum-specific IgA (⩾40) and
IgG (⩾512) titres

Cpn-specific IgG and IgA titres higher in the lung
cancer group compared to healthy controls
(not significant in females)

Chronic Cpn infections with high IgA (⩾40) and
IgG (⩾512) titres were found in 50.4% of lung
cancer cases

Yes

LITTMAN, 2004 [42] 508 matched lung cancer cases and
controls (n=1016)

Cpn infection determined by serum
IgA titre (⩾16)

Individuals with IgA titres ⩾16 show increased risk of
lung cancer (OR 1.2, 95% CI 0.9–1.6), which
increased further with IgA titres ⩾256 (OR 2.8,
95% CI 1.1–6.7)

Lung cancer risk was stronger among former
smokers

Yes

Continued
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TABLE 2 Continued

First author,
year [ref.]

Study
participants

Study design and
Cpn detection

Study
outcome

Cpn–lung cancer
association?

KOH, 2005 [43] 200 females with lung cancer and
181 age- and sex-matched
cancer-free controls (n=381)

Cpn infection determined by serum
IgA and IgG titres

No association between Cpn infection and lung
cancer risk (OR 1.05, 95% CI 0.61–1.80)

No association among nonsmokers (OR 1.01,
95% CI 0.55–1.83)

Possible association among individuals ⩽60 years
of age (OR 1.70, 95% CI 0.79–3.67)

Yes/No

SMITH, 2008 [44] 163 lung cancer cases
(90 never-smokers) and 190 healthy
controls (68 never-smokers) (n=353)

Cpn infection determined by
serum-specific IgA and
IgG (⩾16)

Cpn IgG was present in 78% of lung cancer cases
and 74% of controls, and no association
between Cpn IgG and lung cancer risk was
observed (OR 0.90, 95% CI 0.52–1.57 overall;
OR 0.65, 95% CI 0.20–2.13 among smokers; OR
0.86, 95% CI 0.43–1.73 among never-smokers)

Cpn IgA was present in 49% of lung cancer cases
and 43% of controls, and no association
between Cpn IgA and lung cancer risk was
observed (OR 0.95, 95% CI 0.59–1.53 overall;
OR 0.72, 95% CI 0.39–1.32 among
never-smokers)

Elevated risk of lung cancer among smokers with
Cpn IgA (OR 1.73, 95% CI 0.65–4.58 among
smokers)

No association was seen with increasing
antibody titres

Yes/No

SESSA, 2008 [45] 10 males and 18 females with lung
cancer; 28 tumour biopsies and
28 healthy tissue biopsies

Molecular-based study; presence of
Cpn in lung tumour biopsies and
healthy tissue biopsies using
real-time PCR

No Cpn detected in any of the included lung
tumour biopsies

No

LIU, 2010 [46] 192 females with lung cancer plus
90 healthy controls (n=282)

Cpn infection determined by
serum-specific IgG titre

Cpn IgG was significantly increased in lung cancer
cases (61.98%) compared with healthy
controls (28.89%)

Yes

Continued
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TABLE 2 Continued

First author,
year [ref.]

Study
participants

Study design and
Cpn detection

Study
outcome

Cpn–lung cancer
association?

CHATURVEDI, 2010 [47] 593 lung cancer cases and 671 age-,
sex- and smoking-matched healthy
controls (n=1264)

Cpn infection determined by
serum-specific IgG and IgA
titres, and IgG antibodies
against CHSP-60

Cpn IgG and IgA were not associated with lung
cancer risk (OR 0.88, 95% CI 0.69–1.13 for IgG;
OR 0.98, 95% CI 0.75–1.27 for IgA)

Individuals positive for IgG against CHSP-60 had a
significantly increased risk of lung cancer
(OR 1.30, 95% CI 1.02–1.67), with risk rising with
increasing antibody titre

IgG against CHSP-60 was associated with an
increased lung cancer risk 2–5 years prior to lung
cancer diagnosis (OR 1.77, 95% CI 1.16–2.71)

CHSP-60-related cancer risk did not differ according
to smoking status

Yes/No

XIONG, 2019 [48] 12 lung cancer patients positive for
Cpn and matched, Cpn-negative
controls (n=24)

Molecular-based study; DNA/RNA
extracted from cancerous and
corresponding non-cancerous
tissues, and methylation and gene
expression analysis conducted to
determine functional methylation
of abnormal genes associated with
Cpn infection

Methylation of the RIPK3 promoter was significantly
different between Cpn-positive cancer tissue and
adjacent tissues, but not between Cpn-negative
cancer tissue and adjacent tissues

Increased methylation of the RIPK3 promoter
increased expression of RIPK3, leading to
programmed necrosis and activation of NF-κB
transcription factors associated with
inflammation, which may contribute to
lung cancer

Yes

XU, 2020 [49] 449 lung cancer cases and 512 age-
and sex-matched healthy controls

Cpn infection determined by
serum-specific IgA and IgG titres

Compared with individuals showing no evidence
of Cpn IgA or IgG, individuals with both
Cpn-specific IgG and IgA had an elevated risk
of lung cancer (OR 2.0, 95% CI 1.34–3.00)

Lung cancer risk was increased among smokers
and those exposed to passive smoking

Yes

CHSP-60: chlamydial heat-shock protein-60; RIPK3: receptor-interacting serine/threonine-protein kinase 3. Reproduced and modified from [50] with permission.
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The inability of the immune response to effectively clear these bacterial pathogens and
pathogen-infected cells allows the inflammatory response to become chronic, and as such, the
chronic inflammation generated by these pathogens is believed to be the key carcinogenic
mechanism behind the elevated risk of lung cancer in infected individuals, although a role for the
partial immune suppression initiated by Mtb as an immune evasion strategy cannot be ruled out
[57, 58, 63, 64].

In terms of extracellular pathogens, Streptococcus pneumoniae is the most common cause of
pneumonia worldwide, whereas non-typeable Haemophilus influenzae is the most common
pathogen in patients with COPD, a group at high risk of lung cancer [65–68]. A single
observational study from the Taiwan National Health Insurance database showed a three times
higher risk of lung cancer in patients with a history of pneumococcal pneumonia compared to
controls [69]. Lack of adjustment for smoking was again a major limitation of this study. As far
as we are aware, there are no data showing that pneumococcal vaccination is associated with lung
cancer incidence, and no reported links between non-typeable H. influenzae and lung cancer.

Infection-induced inflammation and carcinogenesis
It is well accepted that chronic inflammation, as seen in conditions such as pulmonary fibrosis
or COPD, may increase susceptibility to lung cancer [11, 59, 70, 71]. The immune system is
critical in monitoring and eliminating abnormal cells and therefore preventing the development
of cancer. Dysregulation of this immune response, either through promoting carcinogenesis or
reducing immune surveillance, may predispose to the development of malignancy.

It is thought that bacteria and viruses can collectively cause cancer by inducing chronic
inflammation within the host [72, 73]. Inflammation is the normal physiological response towards
infection but, when inflammation persists, it can drive the development and progression of cancer
in several ways (figure 1). Excessive production of ROS has been linked to cancer development
due to its ability to cause tissue injury and DNA damage, providing the opportunity to generate
carcinogenic mutations as a consequence of increased cell turnover [74]. In turn, evidence also
shows that ROS can initiate cancer angiogenesis, metastasis and survival by activating growth
signalling pathways [74]. A hallmark of infection is the production of a myriad of inflammatory
chemokines and cytokines [75–77]. As well as the recruitment and activation of various immune
cells, these inflammatory cytokines have also been shown to promote an anti-apoptotic
environment, thus preventing the termination of the inflammatory process while simultaneously
promoting the survival of established cancer cells. For example, IL-8, which is frequently elevated
during respiratory infection [78, 79], has been shown to increase lung cancer cell proliferation and
contribute to angiogenesis and cancer metastasis [80, 81].

Chronic inflammation leads to the recruitment of immune cells such as neutrophils,
macrophages, natural killer (NK) cells, dendritic cells and B- and T-lymphocytes, which are
typically enriched in the tumour microenvironment [82]. Activation of T-cells and NK cells
during infection, leading to reduced tumour elimination, may play an important role in the
development of malignant disease [83].

Infection is typically considered in terms of conventional invasive infections such as Mtb or
pneumococcal pneumonia but increasingly it is recognised that the lung and other body sites
harbour diverse polymicrobial communities that can be identified through next-generation
sequencing [84, 85]. The role of the microbiome in cancer is an emerging area of research. As
reviewed by RAMÍREZ-LABRADA et al. [86], lung cancer is associated with an enrichment of
specific taxa such as Granulicatella, Abiotrophia and Streptococcus at the genus level and
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FIGURE 1 Overview of how inflammation contributes to carcinogenesis. Following infection, an inflammatory
response ensues where the generation of ROS and the release of various inflammatory mediators, including
cytokines and chemokines, are paramount. Increased ROS production has been found to play a role in
carcinogenesis by inducing damage to both cells and DNA, resulting in the loss of tumour suppressor genes
and the induction of other carcinogenic mutations, which drive cancer development. In turn, ROS
production has also been linked to the progression of cancer by influencing angiogenesis and subsequent
metastasis. The release of inflammatory mediators not only promotes further immune cell recruitment and
activation at the infection site, thus perpetuating a chronic inflammatory cycle, but also contributes to an
anti-apoptotic environment that prevents the clearance of nascent cancer cells. In turn, various
inflammatory mediators, such as IL-6 and VEGF, have been highlighted for their cell proliferative and
angiogenic properties, which further drive cancer development and progression. STAT3: signal transducer
and activator of transcription 3; MΦ: macrophage; NK: natural killer cell; B: B-cell; T: T-cell. Figure partially
created with BioRender.com.
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decreased overall community diversity. Cross-sectional comparisons between individuals with
lung cancer and controls cannot separate causal effects from the effects of the cancer itself. In
vitro studies give clues; for example, exposure of airway epithelial cells to Streptococcus as
well as Veillonella and Prevotella showed upregulation of extracellular signal-regulated kinase
(ERK) and phosphoinositide 3-kinase (PI3K) signalling pathways, which is relevant because
PI3K in particular is a key pathway involved in the development of NSCLC [87]. The same
study found upregulation of these pathways in the airway transcriptome of lung cancer
patients compared to controls [87]. Antibiotic treatment disrupts the microbiota and can
therefore be used to examine the influence of the microbiome on oncogenesis. In one study,
antibiotic-treated mice were shown to be more susceptible to engrafted tumours (both melanoma
and lung carcinoma) and to have a shorter survival compared to untreated mice [88].
Investigation into the mechanism showed a defective γδT17-cell response in the lungs of
antibiotic-treated mice. γδT17-cells are a population of T-cells that has been found in multiple
studies to be important in the development of lung cancer in relation to the microbiota [88]. In a
separate study in which antibiotic treatment or probiotic aerosolisation was used to manipulate
the lung microbiome, lower airway bacterial load was associated with an enhanced T-cell and
NK cell response that was associated with reduced tumour metastases [89]. Aerosolised
Lactobacillus rhamnosus similarly enhanced protection against metastases as well as enhancing
chemotherapy sensitivity of tumours [89].

In addition to this important modulation of T-cell and NK cell responses, there is a close link
between dysbiosis of the microbiome and chronic neutrophilic lung inflammation, including the
formation of structures called neutrophil extracellular traps (NETs) [90, 91]. These consist of webs of
DNA and host proteins that are extruded into the extracellular environment. NETs have been
observed in the tumour microenvironment in multiple organs including lung cancer and there are
reports of direct effects of NETs on tumour progression [92–94]. Cancer cells can induce NET
release. NETs have been shown to entrap tumour cells and thereby promote metastases. A study by
ALBRENGUES et al. [95] suggested that NETs can be associated with tumour relapse. They showed
that chronic lung inflammation caused by smoking or lipopolysaccharide promoted lung metastases
and that this could be prevented by digestion of NETs with DNase in vitro and in vivo [95]. Since
NETs are a dominant form of inflammation in lung conditions such as COPD, this may contribute to
the increased lung cancer risk observed in patients with chronic lung inflammation.

Pneumonia in cancer patients
Cancer patients experience a very high frequency of respiratory infections and particularly
bacterial pneumonias [96, 97]. It has been reported that 50% of cases of septic shock in
cancer patients are caused by bacterial lung infections [98]. Cancer induces a profound
immunodeficient state associated with both the disease and its treatment, combined with lung
structural changes in the case of thoracic malignancy, and effects such as cachexia and
malnutrition. Patients are frequently hospitalised, leading to exposure to antibiotic-resistant and
opportunistic pathogens that are frequently identified in healthcare facilities [99, 100].

The risk of pneumonia is not uniform across all forms of malignancy, with pneumonia reported to
complicate approximately 10% of all hospital admissions for cancer patients, but haematological
malignancy, neutropenia and haematopoietic stem cell transplantation in particular carrying very high
rates of pneumonia [97].

Derangements include reduced mobility and functional status, malnutrition, disruption of the
epithelial barrier of the mouth through mucositis, damage to the gastrointestinal tract associated
with radiotherapy/chemotherapy, structural lung damage or airway obstruction, underlying
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comorbidities (since smoking is a risk factor for COPD/emphysema and associated conditions
such as bronchiectasis), mucociliary dysfunction and extrinsic compression of the airways (e.g.
lymph nodes) [7, 59, 97, 101–104]. Aspiration, either micro or macro, is an increased risk in
patients with cancer, and primary tumours or metastases may affect neurological function or lead
to abnormal upper airway or gastrointestinal anatomy, further increasing aspiration risk [101, 102].
Both neutropenia and non-neutropenic immune defects increase susceptibility to infection.

The spectrum of pathogens causing pneumonia in patients with cancer includes the “typical”
and “atypical” pathogens commonly associated with community-acquired pneumonia, but also
includes opportunistic pathogens and those associated with hospital- and healthcare-associated
pneumonia [6]. Table 3 shows commonly encountered pathogens in this patient population.
Alongside the Gram-positive and Gram-negative bacteria, viruses and fungi reported here,
mycobacterial infections and parasitic infections may be encountered in immunodeficient
patients [6, 7, 9, 105, 106].

A 2020 consensus statement on the investigation and management of pneumonia in the
immunocompromised host provides a framework for this patient population [6]. Patients with
cancer, including but not limited to those receiving chemotherapy, were regarded as
immunocompromised. In managing this group of patients, it was recognised that they have a
substantially increased mortality relative to the broader pneumonia population and therefore a
lower threshold for hospitalisation is recommended [6].

TABLE 3 Spectrum of pathogens causing pneumonia in cancer patients

Core Ancillary

Gram-positive bacteria Streptococcus pneumoniae
Staphylococcus aureus
Other streptococci

MRSA
Nocardia

Gram-negative bacteria Haemophilus influenzae
Moraxella catarrhalis
Enterobacterales
(e.g. Klebsiella pneumoniae,
Escherichia coli)

Pseudomonas aeruginosa
Acinetobacter
Other GNnF

Atypical bacteria Legionella pneumophila
Chlamydophila pneumoniae
Mycoplasma pneumoniae
Coxiella burnetii

None

Viruses SARS-CoV-2
Influenza
Parainfluenza
Seasonal coronaviruses
Respiratory syncytial virus
Rhinovirus
Adenovirus
Human metapneumovirus

Cytomegalovirus
Herpes simplex virus
Varicella zoster virus

Fungi None Pneumocystis jirovecii
Aspergillus species
Histoplasma species
Other fungi

MRSA: methicillin-resistant Staphylococcus aureus; GNnF: Gram-negative non-fermenter organisms.
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The spectrum of pathogens may change depending on the extent of immunodeficiency, with
neutropenia being most associated with infection with bacteria and fungi, T-cell
immunodeficiencies being associated with fungi and mycobacteria in addition to conventional
bacteria, and hypogammaglobulinaemia being associated with infections with encapsulated
bacteria such as S. pneumoniae and viral infections [6, 96].

As a consequence of the broad spectrum of potential causative pathogens, patients with cancer
require extensive microbiological workup upon admission to hospital with pneumonia, with the
investigations individualised to the patient and their risk factors. Initial management is also
individualised based on risk. Patients with cancer who have no other risk factors for
opportunistic pathogens may receive antibiotic treatment targeted towards the core respiratory
pathogens described in table 3, which are typically covered by the guideline recommendations
for severe community-acquired pneumonia in immunocompetent individuals. Patients with
specific risk factors (e.g. neutropenia) will require broader spectrum therapy to encompass some
ancillary pathogens, with alteration of empirical therapy based on subsequent information from
microbiological investigations [6, 107]. Prior infection with drug-resistant pathogens, such as
methicillin-resistant Staphylococcus aureus (MRSA) which may be seen in patients with
frequent healthcare contacts or Pseudomonas aeruginosa which may be seen in patients with
chronic lung diseases, is an indication for empirical therapy targeting these pathogens when
patients present with pneumonia [108, 109].

SARS-CoV-2 infection in cancer patients requires special consideration [110–112]. Patients
with cancer are at significantly increased risk of severe disease and poor outcomes as described
in the initial reports of the disease from China and subsequent reports globally [111, 113, 114].

Prognosis of cancer patients with pneumonia is generally poor even in the absence of risk
factors such as neutropenia [115]. Patients may have treatment restrictions, resulting in some
patients not being admitted to the intensive care unit when severely ill [116]. Nevertheless, even
among patients admitted to the intensive care unit with pneumonia, JOSÉ et al. [117] showed
that cancer patients had a greater severity of illness, with a hospital mortality of 78.9%, which
was more than double the mortality rate associated with pneumonia in patients without cancer.

Prevention of bacterial pneumonia in patients with cancer includes addressing risk factors for
infection so far as possible, minimising exposures, and vaccination. Careful infection control is
important, particularly in neutropenic patients. Speech and language therapy and modifications
to diet may mitigate the risk of aspiration, and dental care is important given the effects of
chemotherapy and radiation as well as malignancy-related immune dysfunction on periodontal
disease [6, 97].

Pneumococcal vaccination is recommended for patients with cancer, with some evidence that
the response to the 13-valent pneumococcal vaccination may be superior to the 23-valent
polysaccharide vaccination [65, 97, 118]. In the current pandemic period, vaccination against
SARS-CoV-2 infection is essential in cancer patients. Studies have demonstrated the efficacy of
SARS-CoV-2 vaccination against severe disease and death, including in cancer patients. A
recent study from the CAPTURE cohort, which included patients with both haematological and
solid organ malignancies, showed a lack of neutralising antibodies against the circulating
omicron variant in patients with cancer, independent of vaccine type, but with a significant
increase in neutralising antibodies with a third dose of vaccine particularly in patients with solid
organ malignancy [119–121]. These data support the use of boosters, including the fourth dose
that has recently been administered to vulnerable patient groups in many countries, including
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the UK. In addition to vaccination, many countries including the UK have prioritised patients
with malignancy for the use of neutralising monoclonal antibodies and/or antivirals upon
diagnosis of SARS-CoV-2 infection, to reduce the risk of progression to severe disease.

Conclusion
Patients with cancer are at high risk of infection as a result of both direct effects of malignant
disease and resulting immunosuppression. Outcomes are poor, emphasising the importance of
infection control and prevention. Both viral and bacterial infections may have a role in
provoking chronic infection and therefore increased risk of malignancy. The role of the lung
microbiota in modulating cancer risk is an emerging field that may provide new insights and
therapeutic opportunities in years to come.
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Hypoxia is a common feature of the tumour micro-environment and is associated with poor prognosis.
Hypoxic signalling mediated mainly by the transcription factor families hypoxia-inducible factor (HIF)
and NF-κB results in tumour cell migration, proliferation, angiogenesis, inflammation, immuno-
suppression, and resistance to radio- and chemotherapy. A systemic hypoxaemic environment occurring
in many respiratory diseases is likely to modulate these responses; however, the interaction between
intratumoural hypoxia and an external hypoxic environment remains poorly explored. Chronic,
sustained hypoxia as a characteristic feature of advanced pulmonary diseases such as COPD, pulmonary
fibrosis and bronchiectasis may attenuate the adverse effects of hypoxic signalling due to
preconditioning effects, whereby IH as a hallmark feature of OSA has consistently been linked with
tumour promotion. In this chapter, we provide a brief overview of the hypoxia-responsive activation of
HIF and NF-κB and explore the available evidence from preclinical models of the impact of sustained
and intermittent hypoxaemia on the tumour micro-environment.

Introduction
Hypoxia is a characteristic feature of many cancers and a central driver of tumour progression,
metastasis and treatment resistance. Activation of oxygen (O2)-dependent pathways, mediated
particularly by the transcription factor families of hypoxia-inducible factor (HIF) and NF-κB,
facilitate tumour cell migration and proliferation, metabolic changes, inflammation and
immunomodulation. However, it remains poorly understood whether the hypoxaemia
encountered in various respiratory diseases modulates hypoxic responses in the tumour
micro-environment. Hypoxaemia may be chronic and sustained, as seen in advanced
pulmonary conditions such as COPD, pulmonary fibrosis and bronchiectasis, or intermittent, as
a hallmark feature of OSA. Both identities bear striking differences and thus are likely to have
diverse effects on tumours. In this chapter, we will summarise the transcriptional responses to
hypoxia in tumours and the potential modifications by sustained hypoxia or IH of chronic
respiratory conditions.
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Activation of hypoxia-responsive pathways in cancers
Molecular O2 plays a crucial role in the generation of ATP through mitochondrial respiration,
and hence a constant supply of O2 is essential for maintaining mammalian cell function and
physiology. Cellular hypoxia, which occurs when the demand for molecular O2 required for
normal physiological functions exceeds the vascular supply, is a characteristic finding of many
solid tumours due to the rapid proliferation of cancer cells and the frequently present aberrant or
insufficient vasculature [1]. Under hypoxic conditions, organisms have developed multiple
mechanisms to mitigate the adverse effects of hypoxic insults and respond with the
transcriptional upregulation of genes that promote cell survival [2]. In highly proliferating
tumours, such responses to hypoxia are maladaptive, promoting cancer growth and
aggressiveness, as well as resistance to drugs and radiotherapy [3].

The master regulator of the transcriptional response to hypoxia is HIF [4]. HIF is a heterodimer
composed of the constitutively expressed O2-independent β-subunit and an α-subunit that is
rapidly degraded under normoxic conditions but stable under hypoxic conditions [5]. Three
isoforms of the α-subunit have been identified: HIF-1α is the most ubiquitously expressed and
is recognised as a master regulator of hypoxic signalling, whereas expression of HIF-2α and
HIF-3α is restricted to certain cell types [6, 7]. HIF-dependent responses are efficiently
controlled by a group of three prolyl hydroxylases (PHDs), PHD-1, -2 and -3, and an
asparaginyl hydroxylase known as factor inhibiting HIF (FIH) [8–10]. Under normoxic
conditions, the level of HIF-α protein is kept low through rapid degradation via hydroxylation
of the proline residues 402 and 564 carried out by PHD-1–3. Hydroxylation of these two
residues is the signal for interaction with E3 ubiquitin ligase and von Hippel–Lindau protein
(VHL) and subsequent polyubiquitination and degradation [11]. In addition, O2-dependent
hydroxylation of asparagine 803 by FIH leads to inactivation of its transcriptional activity by
precluding the binding of the coactivator p300/CREB-binding protein (CBP) [12]. In hypoxia,
O2-dependent proline and asparagine hydroxylations are inhibited, and HIF-α accumulates and
translocates to the nucleus where it forms dimers with the β-subunit (figure 1). HIF
subsequently binds to DNA at hypoxia-responsive elements, regulating the transcription of a
multitude of genes mediating an extensive spectrum of pathophysiological responses that
facilitate tumour survival including metabolic alteration with a switch from oxidative
phosphorylation to glycolysis, angiogenesis, proliferation, metastasis, invasion, and radio- and
chemoresistance [13–15]. HIFs are also key mediators in immunomodulatory processes in
cancers striving towards an immunosuppressive tumour micro-environment [16, 17]. Not
surprisingly, given these multifaceted pathophysiological responses, HIF expression has been
associated with poor prognosis of multiple cancer types [18–21].

While HIF is a dominant regulator of hypoxia-mediated gene expression, multiple transcription
factors other than HIF have been shown to demonstrate sensitivity to hypoxia [2]. Of particular
interest and importance is the master regulator of the inflammatory response, NF-κB. NF-κB is
a collective name for transcription factors composed of members of the Rel family, namely
RelA (p65), RelB, c-Rel, NF-κB1 (p105/p50) and NF-κB2 (p100/p52) [22–24]. NF-κB1 and
NF-κB2 are synthesised as large precursors, p105 and p100, respectively. They give rise to
shorter, active proteins, namely p50 and p52, by proteolytic processing. All five members of the
Rel family share a conserved N-terminal 300 amino acid region called the Rel homology
domain [22, 25]. This region is responsible for DNA binding, dimerisation and interaction with
the inhibitor of NF-κB (I-κB). RelA, RelB and c-Rel contain potent transactivation domains
within sequences C-terminal to the Rel homology domain, whereas p50 and p52 act as
repressors [26–28]. The NF-κB members form hetero- or homodimers determining the
specificity of the transcriptional response.
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There is abundant evidence for key roles of NF-κB in cancers, and, depending on the tumour
type and specific cellular context, it can act as a tumour promotor or suppressor [29–31]. In
chronic inflammatory micro-environments, a hallmark feature of many tumours, NF-κB is
conspicuously activated and numerous NF-κB target genes have been found to be fundamental
to cell proliferation, inhibition of apoptosis, regulation of angiogenesis and metabolisms
promoting carcinogenesis, tumour progression and invasiveness in various human malignancies
[32, 33]. Furthermore, the relationship between inflammation and cancer is intimately linked to
innate and adaptive immune responses, and NF-κB serves as a critical orchestrator of these
responses through the regulation of key aspects of immune cell function [34–36]. Its impact on
cancers, either promotive or suppressive, is multifaceted, depending on cancer type, cell subset
and the engaged signalling pathways. In various cancer types, NF-κB activation has been
associated with poor survival [37–39]. An inflammatory tumour micro-environment promotes
polarisation of infiltrating tumour-associated macrophages (TAMs) from an M1 to an M2
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FIGURE 1 Activation of the hypoxia-inducible factor (HIF) and NF-κB pathways in response to hypoxia.
In normoxia, oxygen (O2)-sensing proline hydroxylases (PHD1–3) and asparaginyl hydroxylase factor inhibiting
HIF (FIH) hydroxylate HIF-α at prolines 402 and 564 and at asparagine 803. The prolyl hydroxylations lead to
polyubiquitination and degradation of HIF-α mediated by von Hippel–Lindau (VHL) protein, while the asparaginyl
hydroxylation blocks the recruitment of the coactivators p300 and CREB-binding protein (CBP), inhibiting the
transactivation function of HIF-α. In hypoxia, the hydroxylases are inhibited, and HIF-α escapes hydroxylation
and therefore its degradation and inactivation, translocates to the nucleus where it forms dimers with the
β-subunit and switches on gene expression. NF-κB activation in hypoxia is mediated via the canonical pathway
through activation of the inhibitor of NF-κB (I-κB) kinase (IKK) complex, which in turn mediates phosphorylation
of I-κB leading to its rapid ubiquitination and proteasome-mediated degradation. This culminates in the release
of the NF-κB dimer and translocation to the nucleus where it regulates gene transcription.
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phenotype displaying immunosuppressive and pro-angiogenic properties, and recruitment of
myeloid-derived suppressor cells (MDSCs) diminishing antitumour T-cell function and
modulating regulatory T-cell development, responses that collectively favour tumour escape
from immunosurveillance [35, 40].

Over the last decades, there has been an increasing body of evidence demonstrating the
activation of NF-κB by hypoxia through the so-called “canonical pathway” [41–43]. This
pathway, classically initiated by the engagement of pattern recognition receptors, cytokine
receptors, B- or T-cell receptors or cell stress, leads to activation of the I-κB kinase complex,
which in turn mediates phosphorylation of I-κB leading to its rapid ubiquitination and
proteasome-mediated degradation. This culminates in release of the NF-κB dimer and
translocation to the nucleus where it regulates gene transcription (figure 1) [44].

Interestingly, hypoxia-dependent NF-κB activation is regulated at least in part by the same
hydroxylases conferring hypoxia dependence on the HIF pathway, although the exact
mechanisms and hydroxylation sites remain to be elucidated [45–48].

While HIF and NF-κB play distinct functions in cancers, there is also extensive crosstalk
between these pathways with shared targets and regulators, and NF-κB activation may serve to
amplify the HIF response under conditions of hypoxic inflammation, which is a key feature of
many cancers [49–52]. Thus, a detailed understanding of the intimate relationship between these
two molecular pathways, and of the bridge between hypoxia and inflammation in the tumour
micro-environment on one side and the immune responses and adverse outcomes on the other,
is crucial for the identification of further pharmacological cancer interventions.

Continuous versus cyclic hypoxia in the tumour micro-environment
It is increasingly recognised that hypoxia of the tumour micro-environment is not always
continuous with the same O2 tension (PO2

) throughout. In fact, most solid tumours have a
gradient of decreasing PO2

from the periphery to the centre of the tumour as a consequence of
an imbalance of intense tumour cell proliferation and angiogenesis, leading to what is termed
diffusion-limited or chronic hypoxia (CH) characterised by a continuous, uninterrupted low O2

pattern [1, 3, 53]. However, the increasing O2 demand leads to often rapid and chaotic formation
of blood vessels in the tumour that are structurally and functionally abnormal [54, 55]. This
results in transient inefficient perfusion with periodic acute hypoxia coupled with periods of
reoxygenation. This so-called cyclic hypoxia, first described in 1979 [56], is a characteristic
feature of malignant tumours [57]. The frequency of the O2 fluctuations varies among tumour
types and can range from a few minutes to several hours, and, depending on the tumour model
and definition, cyclic hypoxia may cover up to 62% of the tumour area [58, 59]. Importantly,
there is substantial evidence that cyclic hypoxia favours a more aggressive tumour phenotype
than continuous hypoxia, with increased inflammation, angiogenesis, metastasis and treatment
resistance, and these tumour-promoting consequences increase with the frequency of the O2

fluctuations [55, 60–62]. This is predominantly due to excess ROS production by the recurrent
reoxygenation periods, resulting in oxidative stress with subsequent damage to proteins, lipids
and DNA [63, 64]. ROS also act as signalling molecules in the activation of transcription
factors. Although not fully elucidated, and certainly dependent on cell types, ROS are likely to
be major contributors to the increased NF-κB activation by cyclic hypoxia versus CH with
increased expression of numerous target genes [65–67]. Several reports have also demonstrated
increased HIF activation by cyclic hypoxia through increased ROS, and some cell-culture
studies have suggested an even greater accumulation of HIF-1α in contrast to CH [68–70].
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However, most of these studies have employed models with unphysiological reoxygenation
periods of 21% O2, which is a considerable limitation as hyperoxia per se is associated with
considerable ROS production, and subsequently, others utilising more physiological O2

oscillations have reported a lesser magnitude of HIF-1 expression than observed with CH [71].
Hence, notwithstanding the substantial evidence of the deleterious effects of cyclic hypoxia, the
underlying mechanisms and molecular pathways require further detailed exploration.
Experimental models capable of accurately mimicking the complex hypoxic environments will
be key to defining the clinically relevant consequences and to delineating its impact and
transcriptional activation from continuous CH.

The role of hypoxia in association with respiratory diseases in cancers
Despite the overwhelming evidence of the detrimental effects of hypoxia within the tumour
micro-environment on cancer development and progression, there is a relative paucity of data
investigating the potential influence of chronic hypoxaemia on the outcomes. Hypoxaemia is a
characteristic feature of various, usually advanced, respiratory conditions and can be caused by
ventilation–perfusion mismatch, hypoventilation, diffusion limitation or right-to-left shunt. It
usually leads to hypoxia at the tissue level and therefore may worsen hypoxia in proliferating
tumours and potentially lead to worse outcomes. However, this hypothesis remains poorly
explored. In contrast, chronic exposure to a mild or moderate hypoxic environment has
repeatedly been shown to have beneficial effects through promotion of hypoxic adaptation,
mediated by HIF, an effect that is actively pursued in various circumstances such as enhancing
exercise performance in endurance athletes or for hypoxic preconditioning methods in the
prevention of organ damage [72–76]. Predominantly because of these physiological adaptive
responses to hypoxia, residency at high altitude has been associated with a lower cancer
mortality [77–79].

As outlined in detail in other chapters in this Monograph, there is extensive evidence of the
association of respiratory diseases with cancers. This relates in particular to lung cancer, which
shares multiple pathogenic mechanisms with chronic pulmonary diseases. Surprisingly, there are
only a limited number of studies that have investigated the potentially modifying effects of
chronic, sustained hypoxia, which frequently accompanies advanced pulmonary diseases such
as COPD, pulmonary fibrosis or bronchiectasis, on tumour development and progression. In
contrast, there is substantial interest and a growing body of studies focusing on IH as a hallmark
feature of OSA on these consequences, driven by various large epidemiological studies
suggesting a link between OSA and cancer [80, 81]. Somewhat analogous to the differences
between continuous and cyclic hypoxia in the tumour micro-environment, the IH of OSA with
repetitive short cycles of desaturation followed by rapid reoxygenation bears striking differences
to chronic, sustained hypoxia of other chronic respiratory conditions and hence, not surprisingly,
leads to considerably different pathophysiological responses [82–84], and consequently will
change the behaviour of various cancer cells [85]. Numerous studies employing cell-culture,
animal and human models of IH have contributed considerably to our knowledge to date. In
contrast to chronic, sustained hypoxia, which predominantly triggers the activation of adaptive,
HIF-mediated pathways to protect against the hypoxic insult, IH preferentially induces
pro-inflammatory pathways and is a potent activator of NF-κB, probably mediated through the
p38 mitogen-activated protein kinase (MAPK) pathway [84, 86–90]. This leads to the
downstream consequence of a low-grade, pro-inflammatory milieu in patients with OSA
contributing to the pathophysiology of various cardiovascular and metabolic consequences [89,
91]. In addition, IH has generally been associated with increased production of ROS promoting
oxidative stress, which may further amplify pro-tumourigenic effects [92].
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Taken together, chronic, sustained hypoxia and IH encountered in various respiratory diseases
may influence the hypoxic and pro-inflammatory tumour micro-environment, and the next
sections summarise our current knowledge in this field.

Chronic, sustained hypoxia
Determining an independent modifying role of systemic hypoxia on malignant tumours is
difficult from clinical studies alone, given the multiple potential confounding factors in these
populations, and therefore experimental models where animals are exposed to a chronic hypoxic
environment are crucially important. However, such models differ in the severity of the inspired
O2 concentration and duration of treatment, and thus the results need to be interpreted
cautiously in their applicability to human diseases. For instance, the frequently used inspiratory
O2 fraction (FIO2

) of 10% in several models recapitulates very severe hypoxaemic states such as
seen in cyanotic heart conditions, whereas an FIO2

of 15% would model chronic pulmonary
conditions more realistically. Furthermore, hypoxaemia in lung diseases is rarely continuous at
the same level, and often, prolonged durations of hypoxia are interspersed with normoxic
periods. In addition, the applied ambient PO2

, either normobaric or hypobaric, may also
influence the results [93–95].

In support of the activation of adaptive, protective processes, several studies have demonstrated
an association of chronic systemic hypoxia with antitumour effects. Male Sprague–Dawley rats
implanted with s.c. DS sarcomas and exposed to 8% FIO2

during the period of tumour growth
showed a reduction in tumour cell proliferation and size compared with control animals in
normoxia [96]. Similarly, using three different murine cancer models, lowering the ambient O2

to 10% FIO2
for several weeks resulted in delayed tumourigenesis associated with reduced

oxidative stress [97]. More recently, LIN et al. [98] evaluated the effect of daily exposures to
varying periods of hypoxia (10% FIO2

) for 14 days on hepatocellular carcinomas in BALB/c
mice and reported a dose-dependent inhibition in tumour growth and attenuation of
angiogenesis and metastasis. Providing mechanistic insight, systemic hypoxia resulted in
reduced HIF-1α expression within the tumours in comparison with normoxic controls. These
tumour-repressive effects are not seen universally in all cancer types, and one study reported
that, while treatment with hypoxia for 14 days resulted in inhibition of tumour growth and
metastatic spread of lung cancers with incremental benefit from increasing severity of hypoxia,
the same experimental protocol induced opposite effects on colon cancers [99]. Promotion of
tumour growth was also reported in a murine prostate cancer model following treatment with
CH of 10% FIO2

for 4 weeks and, interestingly, this outcome was considerably potentiated by a
return to normoxia for just 1 h three times a week associated with marked overexpression of
HIF-1α in the tumours [100]. Tumour-enhancing properties by hypoxia were also reported by
KAROOR et al. [101] employing a high-altitude model of hypobaric hypoxia of 11% FIO2

, which
led to enhanced growth of lung tumours in conjunction with increased angiogenesis, and
HIF-2α but not HIF-1α was significantly upregulated in the hypoxic protocol.

In summary, the effects of systemic chronic, sustained hypoxia on tumour outcomes are not
well explored and, depending on the cancer models and types and the specifics of the hypoxic
treatment, have shown diverse responses. Thus, the contribution of hypoxic pulmonary
conditions to cancers remains uncertain.

IH
Substantial evidence points to a key role of IH in the pathophysiology of numerous
cardiometabolic diseases in OSA. Notably, IH itself is considered a “double-edged sword”, and
short exposures to mild IH may lead to adaptive responses through preconditioning effects, and

36 https://doi.org/10.1183/2312508X.10018221

ERS MONOGRAPH | LUNG DISEASES AND CANCER



hence may be protective for patients with mild OSA [102, 103]. However, the IH pattern
typically seen in moderate to severe OSA with frequent short cycles of IH with deeper
desaturations and prolonged exposure leads to numerous deleterious responses including
sympathetic excitation, inflammation, oxidative stress and metabolic dysregulation [104–106].
The classical noninvasive rodent model of IH involves housing the animals in specific closed
chambers where the animals alternately breathe nitrogen-enriched air to simulate hypoxia and
air or O2 for the reoxygenation phase. The IH protocol is usually administered for 8–12 h
during the light or sleeping phase of the rodents and with durations of exposures ranging from a
few hours to several weeks. The frequency of IH cycles used in these studies resembles the
whole spectrum of varying severities of OSA, and hence caution is advised in translating all
findings universally to clinical OSA [107].

A growing body of in vivo studies has supported detrimental effects of IH on tumours in a
dose-dependent manner leading to enhanced growth, migration, invasiveness and metastasis
(table 1) [110–121]. However, most studies have focused on melanoma and lung
adenocarcinoma, and therefore caution is advised before extrapolating these results to cancers in
general; further studies on other tumour types are clearly required. It has been suggested that IH
may also contribute to spontaneous tumourigenesis, providing support and mechanistic insight
to the proposed increased cancer incidence in OSA cohorts [80, 129]. Similar to the
development of other adverse consequences, the activation of pro-inflammatory and hypoxic
pathways and the generation of ROS by IH probably play key roles in the pathophysiology of
cancer progression. Furthermore, there is fast-growing evidence that IH contributes to a
tumour-promoting immune response. Observed alterations in immune cells in response to IH
include reduced intratumoural cytotoxic CD8+ T-cell function with upregulation of the PD-1
receptor and its ligand (PD-L1) as a potential immune checkpoint and augmented infiltration of
regulatory T-cells, MDSCs and TAMs [110, 112, 114, 119, 130]. The latter is of particular
relevance, as TAMs polarised towards an M2-subtype are considered major players in
carcinogenesis [131]. In elegant experiments, ALMENDROS et al. [112] identified the ipsilateral
visceral adipose tissue as serving as a reservoir of both resident and bone marrow-derived M2
macrophages to tumours, in contrast to the contralateral visceral adipose tissue and the usually
observed M1 polarisation in response to IH [132, 133]. Given the central role of adipose tissue
in IH-derived immune responses, it is surprising that the interaction of IH with obesity remains
poorly explored. Only one study using wild-type lean and obese, leptin receptor-deficient mice
has so far addressed this question and failed to detect tumour-promoting characteristics by IH in
the obese model [127], but further detailed exploration of this matter is required to understand
the complex relationship between OSA and obesity in cancer. Increasing age also appears to
attenuate the adverse tumour responses to IH, matching clinical observations [118, 134].

In short, despite ample evidence of the deleterious effects of IH on tumour initiation,
progression and metastasis, many questions remain, and future mechanistic studies incorporating
in vivo and in vitro models that accurately mimic the IH pattern seen in OSA are warranted to
characterise the impact of IH on the tumour micro-environment in various different
cancer types.

Conclusion and future directions
Sustained and intermittent hypoxaemia are common features of various respiratory diseases and
are likely to modulate the hypoxic tumour micro-environment and transcriptional responses to
hypoxia (figure 2). Depending on the severity and duration of the hypoxic exposures and other
modulating factors such as age, sex, obesity or comorbidities, these influences may lead to
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TABLE 1 The most relevant rodent studies on the effect of IH on cancers

First author
[ref.]

Model details Cancer
model

IH pattern Main effects of IH

LI [108] Nude BALB/c mice, female, 8 weeks,
injected with MCF-7 cells in mammary
fat pad

Breast cancer 30 s at 5% followed by 90 s at 21% FIO2

for 8 h·day−1 for 4 weeks; tumour
cell inoculation on day 1

Promotion of tumour growth, lung metastases
and angiogenesis, and increased expression
of CB1 and CB2 and the IGF-1R/AKT/GSK-3β
signalling pathway compared
with normoxia

YOON [109] C57Bl/6 mice, male, 8 weeks, tumour
induction with azoxymethane and
dextran sodium sulfate

Colorectal
cancer

90 s at 12% followed by 90 s at 21%
FIO2

, 20 cycles·h−1 for 8 h·day−1 for
77 days (IH1) or for 35 days after
42 days of normoxia (IH2); tumour
initiation on day 1

Increased number and size of tumours with
IH1; elevated oxidative stress markers; no
difference between normoxia and IH2

AKBARPOUR [110] C57BL/6 mice, male, 8 weeks, injected with
TC1 cells

Epithelial lung
cancer

90 s at 6% followed by 90 s at 21%
FIO2

, 20 cycles·h–1 for 12 h·day−1 for
6 weeks; tumour cell inoculation
after 2 weeks

Increased tumour growth and invasiveness
compared with room air; reduced number
and frequency of GzmB-producing CD8+

T-cells with impaired cytolytic function;
increased cancer stem cells expressing
Oct4+ and CD44+CD133+

ALMENDROS [111] C57BL/6 mice, male, 12 weeks, injected
with TC1 cells

Epithelial lung
cancer

90 s at 6% followed by 90 s at 21%
FIO2

, 20 cycles·h–1 for 12 h·day−1 for
6 weeks; tumour cell inoculation
after 2 weeks

Circulating exosomes released after IH facilitated
increased tumour proliferation, invasion,
migration and extravasation, and promoted
TC1 malignant properties versus room air

ALMENDROS [112] C57BL/6 mice, male, 12 weeks, injected
with TC1 cells

Epithelial lung
cancer

90 s at 6% followed by 90 s at 21%
FIO2

, 20 cycles·h−1 for 12 h·day−1 for
6 weeks; tumour cell inoculation
after 2 weeks

Increased tumour growth and invasiveness
compared with room air; increased
migration of TAMs associated with
decreased number of macrophages in
ipsilateral visceral adipose tissue and
phenotypic switch to M2 phenotype and
increase in Tregs

Continued
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TABLE 1 Continued

First author
[ref.]

Model details Cancer
model

IH pattern Main effects of IH

CORTESE [113] C57BL/6 mice, male, 7 weeks, injected with
TC1 cells

Epithelial lung
cancer

90 s at 6% followed by 90 s at 21%
FIO2

, 20 cycles·h−1 for 12 h·day−1 for
6 weeks; tumour cell inoculation
after 2 weeks

Higher tumour size and weight, greater
invasion, increased circulating DNA in
plasma with high variability of circulating
DNA methylation within the tumour
compared with room air

ALMENDROS [114] C57BL/6 mice, male, 7 weeks, injected with
TC1 cells

Epithelial lung
cancer

90 s at 6% followed by 90 s at 21%
FIO2

, 20 cycles·h−1 for 12 h·day−1 for
4 weeks; tumour cell inoculation
after 2 weeks

Accelerated tumour growth and weight,
increased muscle invasion, increases in
Tregs, MDSCs and TAMs, with polarisation
towards M2 phenotype compared with
room air

VILASECA [115] BALB/c mice, male, 8 weeks, injected with
RENCA cells

Kidney cancer 20 s at 5% followed by 40 s at 21% FIO2

for 6 h·day−1 for 5 weeks; tumour
cell inoculation after 2 weeks

Increased angiogenesis, macrophage
recruitment and VEGF compared with room
air, but no increased metastasis

KANG [116] C57BL/6 mice, male, 7–8 weeks, injected
with LLC-1 cells

Lewis lung
carcinoma

Alternating 7% and 21% FIO2
,

20 cycles·h–1 for 8 h·day−1 for
14 days; tumour cell inoculation on
day 1

Increased number and volume of tumours
along with increased activity of MMP-2 and
VEGF versus room air

HUANG [117] C57BL/6 mice, male, 7 weeks, injected with
LLC-1 cells

Lewis lung
carcinoma

60 s at 6% followed by 60 s at 21% FIO2

for 8 h·day−1 for 5 weeks; tumour
cell inoculation after 1 week

Increased tumour size and volume along with
enhanced HIF-1α and PD-L1 expression
compared with room air

TORRES [118] C57BL/6 mice, female, 2 months (young)
and 20 months (old), injected with LLC-1
cells

Lewis lung
carcinoma

20 s at 5% followed by 40 s at 21% FIO2

for 6 h·day−1 for 38 days; tumour
cell injection after 10 days

Increase in tumour growth and macrophage
infiltration in young but not in old mice

CAMPILLO [119] C57BL/6 mice, male, 10 weeks, injected
with LLC-1 cells

Lewis lung
carcinoma

20 s at 5% followed by 40 s at 21% FIO2

for 6 h·day−1 for 6 days week–1 for
35 days; tumour cell inoculation
after 2 weeks

Accelerated tumour growth and invasion; TAM
polarisation towards M2 phenotype versus
room air; IH-mediated effects were
attenuated by the Cox-2 inhibitor celecoxib

Continued
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TABLE 1 Continued

First author
[ref.]

Model details Cancer
model

IH pattern Main effects of IH

HAO [120] C57BL/6 mice, male, 8 weeks, treated with
intraperitoneal urethane every 48 h for
6 weeks and then maintained to age of
6 months

Lung cancer 30 s at 4–7% followed by 30 s at 21%
FIO2

for 8 h·day−1 for 1 month
Increased carcinogen-induced tumour growth,

reduced survival rate and increased
metastases versus room air control

ZHANG [121] C57BL/6 mice, male, 7 weeks, injected with
LLC-1 cells

Lung cancer 60 s at 6% followed by 60 s at 21% FIO2

for 8 h·day−1 for 5 weeks; tumour
cell inoculation after 1 week

Higher SUVmax (micro-PET), microvessel
density and VEGF versus control; response
attenuated by endostatin

GUO [122] Triple transgenic, genetically engineered
mouse model of metastatic lung cancer
(KrasG12D+/−; p53fl/fl; myristolated-p110αfl/
fl-ROSA-gfp), injected with
Ad5CMVCre virus

Lung cancer 45 s decreasing FIO2
from 21% to 6%

followed by 15 s at room air for
12 h·day−1 for 59 days; virus
inoculation after 2 weeks

Increased primary lung tumour volume
progression compared with room air;
no difference in metastatic profile

LI [123] C57BL/6 mice, male, 8 weeks, inoculation of
106 B16F10 melanoma cells

Melanoma 50 s at 5% followed by 70 s at 21%
FIO2

, 30 cycles·h−1 for 6 h·day−1 for
3 weeks; tumour cell inoculation on
day 1

Increased number and weight of metastases
with increase in ROS production and
inflammation compared with room air

YOON [124] C57BL/6 mice, male, 8 weeks, inoculation of
106 B16F10 melanoma cells (pre-treated
without or with IH for 7 days)

Melanoma 90 s at 12% followed by 270 s (mild IH)
or 90 s (moderate IH) at 21% FIO2

for
8 h·day−1 for 3 weeks; tumour cell
inoculation on day 1

Increased tumour growth following
inoculation with IH pre-conditioned
melanoma cells and with moderate IH

ALMENDROS [125] C57Bl/6 mice, male, 10 weeks, s.c. and i.v.
injection of 106 B16F10 melanoma cells

Melanoma 20 s at 5% followed by 40 s at 21%
FIO2

, 60 cycles·h–1 for 6 h·day–1 for
30 days (s.c.) or 21 days (i.v.);
injection on day 1

Increased number of melanoma lung
metastases in spontaneous and induced
metastasis models compared with room air

ALMENDROS [126] C57BL/6 mice, male, inoculation of 106

B16F10 melanoma cells
Melanoma 20 s at 5% O2 followed by 40 s at 21%

FIO2
, 60 cycles·h−1 for 6 h day−1 for

14 days, inoculation on day 1

Two-fold increase in size of melanoma
tumours and increase in percentage of
necrotic tumour area compared with
room air

Continued
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TABLE 1 Continued

First author
[ref.]

Model details Cancer
model

IH pattern Main effects of IH

ALMENDROS [127] C57BL/6 mice, male, 10 weeks, wild-type
lean and Leprdb–lb obese, inoculation of
106 B16F10 melanoma cells

Melanoma 20 s at 5% followed by 40 s at 21%
FIO2

, 60 cycles·h–1 for 6 h day−1 for
17 days; injection on day 1

Increased tumour size in lean but not obese
mice compared with room air; no
synergistic effects of obesity and IH on
tumour properties

ALI [128] C57BL/6 mice, female, 8 weeks, inoculated
with 5TGM1 cells

Multiple
myeloma

5-min cycles of 90 s at 10% and 90 s at
21% FIO2

, 12 cycles·h–1 for
10 h·day−1 for 5 weeks; tumour cell
inoculation after 1 week

Increased multiple myeloma formation and
reduced survival compared with room air
and chronic hypoxia (10% FIO2

)

GALLEGO-MARTIN

[129]
Outbred Swiss CD1 mice, male, 15 months Tumourigenesis 40 s at 7.5% (severe IH) or 12% (mild

IH) followed by 80 s at 21% FIO2
for

8 h·day−1 for 3 months

Severe but not mild IH led to increased
spontaneous tumourigenesis, with the most
significant increase in the incidence of lung
tumours

CB1/2: cannabinoid receptor 1/2; FIO2
: inspiratory oxygen fraction; IGF-1R/AKT/GSK-3β: insulin-like growth factor-1 receptor/V-akt murine thymoma viral oncogene homolog/

glycogen synthase kinase-3β; GzmB: granzyme B; TAM: tumour-associated macrophage; Treg: regulatory T-cell; MDSC: myeloid-derived suppressor cell; MMP-2: matrix
metalloproteinase 2; HIF: hypoxia-inducible factor; Cox-2; cyclooxygenase 2; SUVmax: maximum standard uptake value; O2: oxygen.
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tumour-suppressing or tumour-promoting effects. Beneficial consequences are mainly due to
preconditioning effects of physiological hypoxic adaptation whereby harmful effects are
mediated through pro-inflammatory pathway activation, immunomodulation and oxidative stress.
There is fast-emerging evidence that IH is associated with more aggressive tumour behaviour
than chronic, sustained hypoxia. However, we are only at the beginning of a long journey to
understand the detailed effects and mechanisms of an external hypoxic environment on cancers.
In order to advance the field, prospective, large clinical studies need to be conducted to
carefully phenotype the cancer responses to different hypoxia characteristics. These need to be
paralleled by mechanistic studies in cell and animal models reproducing the clinically relevant
hypoxia profiles and studying their roles in tumourigenesis, tumour properties and host
responses. Furthermore, to adequately model target populations, future animal studies need to
take the clinically relevant modifying demographic and anthropometric parameters into account.
These methodological improvements have the potential to allow identification of clinically
relevant molecular pathways and to discover new pharmacological targets.
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Air pollution, climate and population health are closely related in terms of their impacts on respiratory
health and lung cancer. Air pollutants contribute to the exacerbation of chronic respiratory problems
such as COPD and asthma. Air pollutants are also toxic and carcinogenic, initiating and promoting lung
cancer development. Climate change in relation to environmental pollution affects the geographical
distribution of food supply and diseases such as pneumonia in adults and children. The threat of air
pollution, and hence global warming and climate changes, and their effects on population and
respiratory health, is an imminent threat to the world and deserves immediate and sustainable
combating strategies and efforts. The goals are to increase public awareness and engagement in action,
with alignment of international collaboration and policy, and with steering towards further research.
Now is the prime time for international collaborative efforts on planning and actions to fight air
pollution and climate change before it is too late.

What are the environmental challenges in respiratory health?
Air pollution, climate and population health are linked and interact with each other in terms of
their impacts on respiratory health and lung cancer (figure 1). Pollution results from the release
of substances that are harmful to humans into the environment. There are different types of
pollutants, but all contribute to the development of respiratory diseases and lung cancer. The
World Health Organization (WHO) has named common air pollutants as particulate matter
(PM), carbon monoxide, sulfur oxides, nitrogen oxides, ozone and lead. PM comprises particles
of very small but variable dimensions that enter the body through the inhalational route. Ozone
causes hazards to the respiratory system when it accumulates in significant concentrations at
ground level. Other air pollutants such as nitric oxide, sulfur oxides, volatile organic compounds
(VOCs) and polycyclic aromatic hydrocarbons (PAHs) are considered to be respiratory health
hazards or to promote lung carcinogenesis.
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All of these air pollutants potentially contribute to presentation with exacerbation of chronic
respiratory health problems such as COPD and asthma. Air pollution contributes to climate
change and hence global warming, which affects food supplies and the spread of infections
such as pneumonia.

The Global Burden of Disease report in 2016 stated that air pollution contributes to an
estimated annual death toll of 6.1 million worldwide [1, 2]. The majority of this burden occurs
in low- to middle-income countries, reflecting the poverty of the population in the region and
the surrounding poor air quality [2].

To tackle these complex problems will need coordinated efforts to enhance public awareness,
with a multidisciplinary strategy adopted by healthcare professionals. International collaborative
efforts need to face up to the increasing threat from the interactions among air pollution, climate
change and population health on respiratory health and diseases.

Air pollution and respiratory health
Air pollution exerts its deleterious effects on all aspects of the neighbouring environment,
including the surrounding air, soil and water. Air pollution affects not only people living in
cities, where roadside emissions are the main contributors to poor air quality, but also people
living in any region, including rural areas [3]. When the level of air pollution is bad under
appropriate climate conditions such as strong sunlight, the formation of photochemical smog

Fossil fuel combustion

Coal burning (power plants), diesel engines (traffic emissions)

Noncancer respiratory diseases

Lung cancer development

Airway disease exacerbations

Climate change

Global warming

Food and soil pollution

Water pollution

Indoor air pollution:
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    Biomass fuel combustion
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FIGURE 1 The complex interactions between air pollution and climate change, and their impacts on respiratory
health and lung cancer. Solid arrows indicate a direct relationship or strong association; dashed arrows indicate
a weaker or indirect relationship. SO2: sulfur dioxide; O3: ozone; PM: particulate matter; NO2: nitrogen dioxide;
VOCs: volatile organic compounds.
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can result from the chemical reaction caused by the action of sunlight on nitric oxides and
VOCs. One result of this photochemical smog formation is the generation of ozone, which is
also irritating to the airways, causing more respiratory symptoms.

Air pollution impacts a variety of aspects of respiratory health. Patients with respiratory
conditions can react adversely to even relatively low levels of exposure to air pollution. Acute
effects are usually transient and may vary from simple discomfort, such as irritation of the
eyes, nose, skin and throat, to cough and breathing difficulties, or to more categorical
respiratory conditions such as asthma attacks, bronchitis, and other lung and heart problems.
Short-term exposure can also cause headaches, nausea and dizziness. These problems are
aggravated by long-term exposure to pollutants, which is harmful to the respiratory systems and
may cause cancer.

Air pollution is associated with mortality from respiratory diseases [4], increased lower
respiratory tract infections [5] and impairment of adult lung function [6], and all of these
associations will further contribute towards increased mortality in COPD [7]. Air pollution is
also related to increased biomass smoke exposure [8]. Lung cancer incidence and mortality are
also elevated in subjects who have been more heavily exposed to ambient and household air
pollution, particularly among nonsmokers [9].

Women and young children are both at risk of household air pollution [10]. Both ambient and
household air pollution lead to similar health effects in adults and children. It has been
estimated that the Asia-Pacific population may be exposed to a relatively higher risk of air
pollution-related morbidity and mortality than people living in other parts of the world [11].
Children are the most vulnerable to the health effects of air pollution exposure. Higher levels
of air pollution exposure during pregnancy are associated with a lower average infant
birthweight [12]. In one meta-analysis, low birth rate was positively associated with exposure
over the entire pregnancy to a 10 μg·m3 increase in PM with an average diameter ⩽10 μm
(PM10; OR 1.03, 95% CI 1.01–1.05) and PM with an average diameter ⩽2.5 μm (PM2.5; OR
1.10, 95% CI 1.03–1.18), adjusted for maternal socioeconomic status. A 10 μg·m−3 increase in
PM10 exposure was also negatively associated with term birthweight as a continuous outcome in
the fully adjusted analysis (−8.9 g, 95% CI −13.2 to −4.6 g).

Children who were noted to be exposed to ambient or household air pollution had more
respiratory symptoms, weaker lung function and increased risk of asthma attacks [13]. Children
with asthma are more likely to experience symptoms and seek clinic care or hospitalisation
when air pollution levels are high [14]. Both ambient and household air pollution exposure have
been found to increase overall mortality from pneumonia in children [15]. However, the
relationship between air pollution and chronic respiratory infections such as tuberculosis is less
well defined in terms of mechanisms of transmission and epidemiological association [16].

Exposure to fine or ultrafine PM is associated with respiratory illnesses [17], as these types of
PM are better able to penetrate deeply into the distal airways and may even cross the alveoli
into the circulation [18]. PM2.5 is strongly associated with respiratory diseases [19], probably
related to the smaller size compared with PM10, enabling this type of PM to get deeper into the
body interior.

Air pollutants such as PM, as with organic compounds and ozone, cause serious adverse effects
on the respiratory system [20]. There is an additional risk of attack or exacerbation of existing
respiratory diseases such as asthma [21]. The long-term effects are more apparent in patients
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with a chronic stable disease state, and development of COPD may be enhanced with increasing
air pollution [22]. Long-term effects from traffic, industrial air pollution and combustion of
fuels are all contributors to the development of COPD on top of a heavy smoking history [22].

Rapid worsening of ambient air pollution levels has been shown to lead to increases in hospital
and clinic consultation visits for different types of pneumonia [23, 24] and to exacerbation of
chronic conditions such as asthma and COPD [25]. For instance, a lowered mortality risk of
pneumonia was observed in subjects using improved coal-burning utensils (with a better
reduction in air pollutant release) compared with those using a traditional coal stove with fewer
environmental protection features (OR 0.49, 95% CI 0.31–0.80, and OR 0.53, 95% CI
0.32–0.88 in Chinese men and women, respectively) [23].

Worsening of COPD or asthma control could also be a long-term adverse effect from air
pollution. On average, an increase of every 10 μg·m−3 PM10 concentration, which represented
the average over the current and previous day, was associated with increases of 0.44% (95% CI
0.39–0.50%) in daily all-cause mortality and 0.47% (95% CI 0.35–0.58) in daily respiratory
mortality. The corresponding increases in daily mortality for the same change in PM2.5

concentration were 0.68% (95% CI 0.59–0.77) and 0.74% (95% CI 0.53–0.95), respectively
[25]. These associations remained significant after adjustment for gaseous pollutants. The
associations were stronger in locations with lower annual mean PM concentrations and higher
annual mean temperatures. Increased hospitalisation is expected among the elderly.

Inhaled ozone is able to penetrate deep into the respiratory system [26]. An increase in
ground-level ozone concentration was found to be associated with a corresponding increase in
overall mortality, as well as mortality related to respiratory causes [27].

Carbon monoxide is a key mediator in greenhouse gases that leads to global warming and climate
changes, resulting in extreme weather conditions. This leads to a significant rise in ground
temperature and extreme weather conditions or storms, which further impact population health [28].

Nitrogen oxides are derived mainly from traffic emissions, as they are released from automobile
exhaust [29]. They irritate the respiratory system as they penetrate deep into the lungs, leading
to cough and dyspnoea. A high concentration of nitrogen oxides may affect T-lymphocytes and
natural killer cells, which are important in mounting an immune response [30]. Long-term
exposure to nitrogen dioxide contributes to the development of various types of chronic lung
disease [30, 31].

Exposure to sulfur dioxide, again mostly from traffic emissions or from industrialised areas,
results in airway irritation, bronchitis, mucus production and bronchospasm [29]. Lead can enter
the body by inhalation into the airways, direct ingestion or contact leading to cutaneous
absorption. When lead is inhaled, it tends to accumulate in the lungs and other distal organs [32].

VOCs usually cause indoor air pollution [33], and may lead to irritation of the eyes, nose, throat
and mucosal membranes [34]. The toxic effects of VOCs are complex and difficult to predict,
as the mixed effects could be synergistic or antagonistic [33, 35]. Aerosols are heterogeneous
compounds, usually organic in nature and tiny in size, and can affect climate significantly [36].

Effects of air pollution during the COVID-19 pandemic
At times during the COVID-19 pandemic, the reduction in outdoor activities resulted in
relatively lower emissions of air pollutants. According to recent air health quality data,
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concentrations of nitrogen dioxide dropped soon after the start of the pandemic where lockdown
measures were implemented. PM10 concentrations also tended to be lower, starting from early
2020 [37, 38]. Hospital admissions for acute exacerbations of COPD and asthma were found to
be markedly reduced during the pandemic [39, 40]. Clinical management of lung cancer and
tuberculosis was not significantly affected, except in terms of the delay in diagnosis and
management as a result of the pandemic [41]. The real challenge will come once the pandemic
is over depending on the pace of recovery from the pandemic, when human activities and hence
air pollution return to the situation before the pandemic.

The association between pollution and lung cancer
Tobacco smoking is the major leading cause for the development of lung cancer [42]. There are,
however, some environmental risk factors, such as exposure to radon, that are believed to
contribute to household air pollution and that are well-known contributors to carcinogenesis for
thoracic malignancies. Ambient air pollution is believed to contribute to the development of
lung cancer [43]. PAHs, such as benzopyrene and fluoranthene, are known toxic and
carcinogenic substances. Exposure to PAHs is considered an important risk factor for the
development of respiratory diseases, especially lung cancer [44–46].

Outdoor air pollution, especially the various types of PM, are classified as group 1 carcinogens
by the International Agency for Research on Cancer (IARC) [47]. One of the worst components
is PM2.5. Chronic exposure to PM2.5 can increase the risk of exacerbation of COPD and may
contribute to the development of lung cancer, regardless of whether the subjects are men or
women, and smokers or nonsmokers [48, 49].

Lung cancer is the top cause of cancer mortality worldwide and is expected to increase as a
result of increasing exposure to PM in the air. By reducing pollution, deaths from lung cancer
will decline, and there should be a variety of life-style modifications and policy solutions to
counter adverse climate change and reduce cancer deaths [50].

Epidemiological studies have demonstrated that air pollution contributed to the causation of
∼14% of lung cancer cases worldwide [38]. Epidemiological studies have shown that people
living in areas with high levels of air pollution are more likely to die of lung cancer than those
residing in less polluted areas, regardless of whether they are smokers or nonsmokers [48, 51].

Complicated interactions between the environment, respiratory health and cancer
The WHO has designated air pollution the most significant environmental risk to health. Air
pollutants can penetrate the respiratory and circulatory systems, causing adverse effects on the
lungs, heart and brain, leading to “premature” mortality from diseases such as cancer, lung
disease, heart disease and stroke. By epidemiological association, most of such “premature”
mortality overlaps with areas of low- and middle-income countries.

One of the primary causes of air pollution, combustion of fossil fuels, is also a major
contributor to climate change and hence to extreme weather, which is not good for the growth
of food crops. Climate change may also affect people’s health in different ways. Climate change
is expected to cause additional deaths per year from malnutrition, diarrhoeal diseases, spread of
infection and heat stress as a result of the effects of global warming.

Air pollution and climate change are closely related to each other. An overabundance of air
pollutants such as black carbon (PM), greenhouse gases such as methane and ozone, and aerosols
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will block increased amounts of incoming sunlight, which is needed for the healthy growth of
green plants (a significant food source as well as a carbon dioxide absorber), while at the same
time reducing heat dissipation through the atmosphere, thus ultimately resulting in global warming.

Respiratory disorders often become manifest and worsen with the inhalation of air pollutants.
Various air pollutants will penetrate the airways and accumulate in cells. Many of these air
pollutants are potent toxins or carcinogens. Cellular and organ damage of target cells depends
on the specific pollutant component involved and its source and dose.

Climatic changes will affect the incidence and prevalence of infections [52]. Climate changes
and the effects of global warming seriously affect multiple ecosystems, jeopardising food
supplies, affecting the melting of polar ice, and causing damage to animals and plants [53].
Climate change may worsen poverty in some communities by enforced migration and changes
in agricultural practices if sea levels rise (e.g. in some Pacific islands). This relationship
between climate change and poverty is thought to have significant impacts on low- to
middle-income countries, where people are in general exposed to environmental pollutants
earlier in life and hence have persistent exposure for a longer life-time period [54, 55]. The
spread of disease epidemics is associated with natural disasters and extreme weather [56].
Malnutrition may aggravate malfunctioning of the immune system, contributing to the
emergence of new infections, as well as affecting growth and development of the respiratory
system [57]. For instance, all measured spirometric parameters including FEV1 and FVC were
low (mean FEV1 z-score −0.47 for cases, −0.48 for siblings and −0.34 for community controls;
mean FVC z-score −0.32 for cases, −0.38 for siblings and −0.15 for community controls) in a
Malawian children cohort suffering from severe acute malnutrition, although there were no
differences in spirometric or oximetry outcomes between severe acute malnutrition survivors
and age-/sex-matched siblings or community controls [57].

Actions needed to overcome challenges
The threat of air pollution and related climate changes and effects on population and respiratory
health are imminent threats to the world and deserve immediate and sustainable strategies and
efforts before it is too late.

This calls for coordinated efforts at three levels (table 1): 1) to increase public awareness, 2) to
coordinate international collaboration on public health policy, and 3) to steer further research in
epidemiological aspects to monitor the real-time situation of air pollution and its impact on
respiratory health, as well as basic science research to understand further the opportunities to
prevent and reduce the impact of air pollutants on respiratory health and lung cancer.

At the population or public level
Susceptible populations need to be aware of health protection measures against the adverse
effects of air pollution, covering the elderly, children and people with chronic lung diseases,
especially asthma and COPD. The general public should take responsibility for energy
conservation (reduced use of nonclean energy from fossil fuel combustion) and personal and
environmental hygiene. The general public should also support and participate in government or
institutional policies for environmental protection and health prevention.

International collaborative efforts
Diseases associated with air pollution will not only impact a single region or country but will
also exert important socioeconomic impacts on multiple regions and societies. Although this is
expected to be a difficult problem, a successful solution could be convened with collaboration
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of government and nongovernment organisations and health authorities. Governments should
take the initiative and responsibility for dissemination of timely information and for educating
the public, as well as engaging healthcare professionals in containing the problem of air
pollution. One example is the recent WHO Global Conference on Air Pollution and Health in
2018, which called for a fight against this “silent public health emergency”, almost like “a new
form of tobacco” [58, 59].

Strategies to reduce air pollution at its origin must be sustainable and enhanced, and should be used
in all industries and power plants. An example is the Kyoto Protocol of 1997, which set as a major
target the reduction of emissions to <5% by 2012 [60]. This was followed by the Copenhagen
summit in 2009 [61] and the Durban summit in 2011 [62], consolidating previous initiatives.

TABLE 1 Summary of recommendations to combat the impact of air pollution on respiratory health

Key recommendations Examples of practical actions

At personal/public/population level
Appropriate level of personal protection

equipment
Appropriate use of face masks and hand hygiene in relevant

risk areas
Life-style modifications Smoking cessation

Healthy diet
Regular exercise
Indoor ventilation
Adoption of an environmentally friendly driving style if needed
Adoption of a clean energy approach as far as possible

Keep up to date on latest local air
pollution levels

Awareness of and education about the need to fight
local pollution

Management of chronic
cardiorespiratory diseases

Primary healthcare with regular health checks for
cardiorespiratory diseases

Early diagnosis and management of chronic respiratory diseases
International collaborative efforts: government/institutional level
Control and contain air pollution levels Legislation governing potential pollutant release and levels

Formulation of evidence-based guidelines on control of
air pollution

Monitoring of local air pollution levels Real-time monitoring of air pollution levels to inform the public
Education of the public Regular activities to boost public awareness of pollution
Support research Allocation of adequate support for research to produce

high-quality scientific evidence on the impact of air pollution
on respiratory health and lung cancer

Further research
Research network Network of international collaborative networks such as FIRS to

join different professional societies and research communities
in the fight and advocacy against pollution

Higher-quality evidence Encourage and allocate adequate resources to support
high-quality scientific research including large-scale
prospective collation of air pollution, climate change and
population data, as well as respiratory health and lung cancer
databases, and conduct proper prospective randomised
controlled studies on the impact of air pollutants on
respiratory health and lung cancer

FIRS: Forum of International Respiratory Societies, an alliance of the American Thoracic Society (ATS), the
American College of Chest Physicians (ACCP), the European Respiratory Society (ERS), the Asian Pacific Society
of Respirology (APSR), the Pan-African Thoracic Society (PATS), the Asociación Latinoamericana de Tórax
(ALAT), the International Union against Tuberculosis and Lung Diseases (IUATLD), the Global Initiatives on
Asthma (GINA) committee and the Global Initiatives on Obstructive Lung Diseases (GOLD) committee.
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A more recent international agreement is the Paris Agreement issued by the United Nations
Climate Change Committee in 2015. The Agreement called for actions and measures to enhance
numerous aspects including education, training, public awareness and public participation to
maximise opportunities to achieve the targets and goals on reducing adverse climate change and
environmental pollution [63].

In 2021, the WHO published new air quality guidelines to protect human health [64]. This was
a collation of established evidence to show how air pollution affects different aspects of health
even at low concentrations. The burden of disease attributable to air pollution was tightly
correlated with other major global health risks such as tobacco smoking.

In Europe, air quality limit values have been issued [65], while in the USA, the National
Ambient Air Quality Standards has established national air quality limit values [66].

In the Asia-Pacific regions, the Asian Pacific Society of Respirology (APSR) and the American
Thoracic Society (ATS) published a Joint Statement on Air Pollution in the Asia-Pacific region
[67]. In 2017, the Forum of International Respiratory Societies (FIRS), which includes the ATS,
American College of Chest Physicians (ACCP), European Respiratory Society (ERS), APSR,
Pan-African Thoracic Society (PATS), Asociación Latinoamericana de Tórax (ALAT) and
International Union against Tuberculosis and Lung Diseases (IUATLD), published and signed
the Charter for Lung Health [68], representing an international collaborative pledge for clean air
quality for the sake of improving global respiratory health.

Conclusion
In summary, air pollution, climate and population health are closely related in terms of their
impact on respiratory health and lung cancer. Air pollutants contribute to the exacerbation of
chronic respiratory problems such as COPD and asthma. Air pollutants are also toxic and
carcinogenic, promoting the development of lung cancer. Climate change in relation to
environmental pollution affects the geographical distribution of food supplies and diseases such
as pneumonia in adults and children.

Air pollution and hence global warming and climate changes, and their effects on population
and respiratory health, are an imminent threat to the world and deserve immediate and
sustainable combating strategies and efforts. The goals are to increase public awareness and
engagement in action, with alignment of international collaboration and policy, and with
steering for further research. Sustainable development practices should be enhanced, together
with information coming from research to handle the problem of air pollution in cost-effective
ways. International cooperation in terms of research, development, administration policy,
monitoring and politics is vital for effective pollution control. Time is running out, and further
delays in action will lead to further damage from prevalent and persistent air pollution. There is
an urgent need for a more international collaborative effort on planning and actions to fight air
pollution and climate change before it is too late.
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Tobacco smoke, vaping and nicotine damage results from the joint action of multiple substances potentiated
by diverse mechanisms such as immunity impairment, direct cellular activity and enzymatic modification.
Many of the substances identified within e-cigarettes are human carcinogens, and even chemicals affecting
the taste of e-cigarettes have been implicated in their potential oncogenic effect. It is important to note that
these toxic effects have also been demonstrated in devices that have been marketed as safer (IQOS and other
similar devices). Some studies suggest that nicotine and its metabolites can cause cancer. According to
in vivo studies, nicotine can damage the genome, interrupt cellular metabolic processes, amplify oncogenes
and inactivate tumour-suppressor genes. This chapter discusses the substances in tobacco smoke and
e-cigarettes that cause damage, as well as the types of cancer that develop and the main mechanisms involved.

Introduction
Tobacco and nicotine use are very common causes of cancer in different parts of the body. In
this chapter, we will show how nicotine and other specific chemicals in tobacco can cause
cancer in different organs. The results and main conclusions of different in vitro, clinical and
epidemiological studies will be discussed.

Tobacco carcinogens
A carcinogen is a specific chemical or physical agent that can cause cancer in exposed
individuals by producing specific cell changes. Of the more than 7000 substances identified in
cigarette smoke, many act as carcinogens [1], currently determined as 72 (e.g. nitrosamines,
benzene, 4-aminobiphenyl, ethylene oxide, polonium, nickel, arsenic), classified according to
how they contribute to the generation of cancer (table 1) [2]. Tobacco smoke damage results
from the joint action of these multiple substances [3, 4], potentiated by diverse mechanisms
such as immunity impairment, direct cellular activity and enzymatic modification (figure 1).

https://doi.org/10.1183/2312508X.10007022 59

mailto:victorina@separ.es
https://doi.org/10.1183/2312508X.10007022
https://doi.org/10.1183/2312508X.10007022
https://bit.ly/3zRuLzp
https://bit.ly/3zRuLzp


Tobacco-related cancers
Tobacco plays a major role in the genesis and development of a substantial number of cancers
(table 2) [5–9].

Lung cancer
Tobacco is the most important cause of lung cancer [10]. It is estimated that 90% of lung
cancers are directly related to tobacco smoke, but the genetic profile of the susceptible person is
increasingly becoming recognised as critical [11].

Smoking influences the genesis of any histological type of lung cancer [12]. In recent years,
the histological type of lung cancer associated with smoking has changed from SCC to

TABLE 1 Components of cigarette smoke according to their role in cancer origination

Class Definition

Direct carcinogens Substances that, at the appropriate dose, are capable of causing damage that
generates cancer by themselves

Initiating carcinogens Substances that can produce genetic damage at the cellular level, generating a
tumour mutation

Promoters Substances that are inactive by themselves but cause latent cells to become active
and help to provoke the tumour process

Cocarcinogens Substances that, together with others such as initiators, are capable of triggering and
developing tumour degeneration

Accelerators Substances that have no carcinogenic effect by themselves but can increase the
speed of the above-mentioned factors

Data from [2].
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adenocarcinoma, and this seems to be attributable to the current manipulation of tobacco
(refinement, low tar levels and use of filters).

Starting smoking before the age of 15 years is associated with a four times greater risk than for
those who start at 25. The number of cigarettes consumed is also important: the probability of
developing lung cancer is double in those who smoke ⩾40 cigarettes·day−1 versus those who
smoke ⩽20 cigarettes·day−1, noting that a group of heavy smokers increased their risk by 64%
versus never-smokers [12].

Interestingly, a powerful association between smoking and lung cancer was observed in a
meta-analysis of cohort studies that included data from 29 studies [13]. The pooled
multiple-adjusted lung cancer relative risk (RR) was 6.99 (95% CI 5.09–9.59). The female/male
ratio of RRs was 0.99 (95% CI 0.65–1.52), 1.11 (95% CI 0.75–1.64) and 0.94 (95% CI 0.69–
1.30) for light, moderate and heavy smoking, respectively.

Environmental tobacco smoke comprises abundant toxic substances, including first-order
carcinogens that will be inhaled during exposure [14, 15]. Thus, the main international agencies
already consider exposure to tobacco smoke as a factor favouring lung cancer (class IA)
[16, 17]. A risk correlation with time and intensity of exposure has been noted.

There are currently few data on the relationship between consumption of new heated tobacco
products and their role in the development of lung cancer, given their recent introduction to the
market. However, carcinogenic substances (e.g. benzopyrenes, acrolein) have been established,
and no tobacco product has proven to be safe and risk free [18]. There is also evidence linking
waterpipe smoking and lung cancer [19, 20].

Smoking cessation at or near the time of diagnosis is associated with a beneficial effect on
survival in patients with lung cancer [21–23].

Moreover, smoking by cancer patients causes adverse cancer treatment outcomes, and the
increase in attributable first-line cancer treatment failure is associated with significant
incremental costs for subsequent cancer treatments [24].

TABLE 2 Leading cancers related to smoking

Lung cancer
Cancer of the nasal cavity
Cancer of the nasopharynx
Cancer of the oropharynx
Cancer of the larynx
Cancer of the oesophagus
Gastric cancer
Liver cancer
Pancreatic cancer
Colorectal cancer
Kidney cancer
Cancer of the bladder
Cancer of the female genital tract
Breast cancer
Acute leukaemias

Data from [2].
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Cancer of the nasal cavity and nasopharynx
An increased risk of nasal cavity cancer has been reported in several case–control studies. When
considering the different cell strains, the relationship is evident with SCC but not with
adenocarcinoma. When smoking is stopped, the risk decreases [25].

Both active and passive smoking result in an increased risk of nasopharyngeal cancer, and a
dose–response relationship has been detected [25, 26].

Cancer of the oral cavity, oropharynx and hypopharynx
More than 90% of patients with oral carcinoma present a smoking history, and a dose–response
relationship has been observed [27–29]. A meta-analysis of 17 case–control studies and four
cohort studies with more than 400 000 subjects showed that, compared with never-smokers,
current and ever-smokers had a risk of >50% of suffering from nasopharyngeal tumours [30].
The probability of developing this tumour was related to the number of years smoked: for every
10 additional pack-years, it increased by 15%. The relationship between these cancers and
tobacco has been demonstrated with cigarettes and other tobacco products such as pipes or
cigars and snuff, snus, bidi and chewing tobacco. In addition to the known carcinogens, the
contact local heat of combustion plays a role as a physical factor causing cell damage. Hence,
mode (cigarettes, cigars or pipes) and smoking frequency are essential factors.

Synergy has been demonstrated between excessive alcohol consumption and oral cancer. These
tumours are often preceded by precancerous lesions such as erythroplakia and leukoplakia.
These lesions generally revert if smoking is stopped, and the risk of cancer decreases as the
number of years without smoking increases.

Cancer of the larynx
Smokers have a considerable risk of developing laryngeal cancer, and >80% of those who suffer
from it are active smokers or have been smokers; it also has a powerful synergy with alcohol
[5, 16, 29]. As with lung cancer, the risk directly relates to the amount of tobacco consumed,
age of onset, depth of inhalation, use of unfiltered cigarettes and period of consumption.

Premalignant lesions can also occur, such as Reinke oedema, polyps or leukoplakia in the vocal
cords, which generally disappear if smoking is stopped. The risk begins to decrease around
4–5 years after stopping smoking.

Cancers of the digestive tract
Oesophageal cancer is associated with tobacco consumption in up to 80% of cases. There is
also a strong synergy with excessive alcohol consumption. The risk takes a long time to
decrease after quitting smoking [31].

A dose–response relationship has been established for gastric cancer, and the risk is almost
three times higher in smokers than in nonsmokers [32].

The risk for liver cancer seems to be related to the number of cigarettes consumed per day and
the period of consumption, and is independent of factors such as alcohol consumption and
seropositivity for hepatitis virus [33–35]. A consortium of 14 US-based prospective cohort
studies revealed that current smokers at baseline had an increased risk of hepatocellular
carcinoma (hazard ratio (HR) 1.86, 95% CI 1.57–2.20) and intrahepatic cholangiocarcinoma
(HR 1.47, 95% CI 1.07–2.02) [33].
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Smoking is the major risk factor for pancreatic cancer and may be responsible for one-third of
all cases [36].

Smoking is also a risk factor for developing colorectal carcinoma and contributes to up to 12%
of colorectal cancer deaths [37, 38].

Cancers of the urinary tract
Tobacco is the most frequent cause of bladder, ureter and renal pelvis cancer. Bladder cancer is
estimated to be two to five times more frequent in smokers. A positive nonlinear dose–response
relationship has been confirmed between all smoking intensities, pack-years of smoking,
smoking duration (years) and bladder cancer risk, but the plateau only occurred when smoking
intensity reached 20 cigarettes·day−1 [39, 40].

A meta-analysis of 107 studies on the incidence and mortality of bladder cancer in smokers
showed a RR of 2.58 (95% CI 2.37–2.80) for incidence for all smokers and a RR of 1.47
(95% CI 1.24–1.75) for mortality [41].

Renal cell cancer was also associated with tobacco, with a higher incidence (RR 1.31, 95% CI
1.22–1.40) and mortality (RR 1.23, 95% CI 1.08–1.40) in current or past smokers compared
with nonsmokers [41]. In renal carcinoma, the incidence is also notably increased in smokers,
with a direct dose–response relationship [42, 43]. Overall, 24–35% of renal carcinomas in men
and 10–16% in women are caused by smoking, and a regular smoker has a 50% increased risk
of developing a renal carcinoma.

Genital cancer
There is significant evidence that SCC of the cervix is related to smoking, especially among
women who have been smoking for a long time. Tobacco by-products, such as nicotine and
cotinine, are present in the cervical mucus of female smokers, which can lead to decreased local
immunity and is probably responsible for DNA damage and mutation of the cervical lining
cells. In smokers, the risk of developing cervical carcinoma in situ is markedly higher, up to
three to four times, and has a dose–response relationship. There is no clear evidence linking
cervical adenocarcinoma to smoking [44]. The association between cigarette smoking and
endometrial carcinoma risk has been evaluated in several studies [45, 46]. Vulvar cancer in
women [47] and penile cancer in men [48] may also be associated with smoking (especially if
infection with HPV is present), but this association is unclear.

Breast cancer
A study published in 2011, comprising a cohort of 79 990 women aged 50–79 years of
whom 3520 developed breast cancer in 10.3 years of follow-up, found that risk was
increased by 9% among former smokers and 16% among regular smokers [49]. Therefore,
smoking is a risk factor for breast cancer, especially in postmenopausal women and passive
smokers [50, 51].

Haematological cancers
Cigarette smoking can increase the risk of developing leukaemia by 50%. Many studies show a
dose–response relationship and suggest that this association is more robust for acute myeloid
leukaemia than for lymphoid leukaemia [52–55].
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Quitting smoking
A recent study specifically addressed the benefits of early smoking cessation on cancer
development [56]. Thus, participants who quit smoking between the ages of 15–34, 35–44,
45–54 and 55–64 avoided 100%, 89%, 78% and 56%, respectively, of the excess cancer
mortality risk associated with continued smoking.

In addition, smoking cessation helps control the attributable failure of first-line cancer treatment
associated with smoking and the ensuing costs of subsequent therapies [24, 57].

Vaping and cancer
Vaping devices have been advertised as a safe alternative to tobacco and their use is gaining
popularity, especially among the younger population. As a relatively new trend, epidemiological
data on the relationship between electronic cigarettes (e-cigarettes) and cancer will not be
known until the next decade; however, there are already studies that show their potential
oncogenic effect. Many of the substances identified within e-cigarettes are human carcinogens,
including nicotine itself (and its derivatives).

There are several mechanisms by which e-cigarettes can lead to cancer [58], related directly to
the chemical constituents and also to the possible products derived from combustion and
pyrolysis [59]. One of these mechanisms is EMT. When human adenocarcinoma epithelial cells
are subjected in vitro to e-cigarette liquids and aerosols, they undergo EMT, which is the initial
step leading to metastasis. This finding has significant implications for cigarette smokers who
switch to vaping products who are at risk of lung cancer or already have lung cancer, as it
favours metastases [60].

Another finding has been to demonstrate the sensitivity of mitochondria to e-cigarette aerosols,
leading to the generation of ROS and free radicals, which cause inflammation and genotoxicity [61].

However, one of the most widely studied pathways of cancer development is the progressive
acquisition of genetic defects. Any mechanism capable of inducing DNA damage or breakage is
oncogenic. E-cigarettes contain several compounds capable of inducing breaks and mutations in
DNA, such as heavy metals, volatile organic compounds and polyaromatic hydrocarbons, which
induce direct damage to DNA. This has been demonstrated by exposing normal epithelial cells
and cell lines of SCC of the head and neck to the vapour of e-cigarettes with and without
nicotine, where it was observed that the cells exposed to the e-cigarette had significantly
reduced cell viability and survival, along with increased rates of apoptosis and necrosis,
regardless of the nicotine content of the e-cigarette vapour [62]. They also showed an increase
in DNA strand breaks, demonstrating that e-cigarette vapour, with or without nicotine, is
cytotoxic to epithelial cell lines and is a DNA break-inducing agent.

In this regard, LEE et al. [63] exposed mice to e-cigarette smoke and observed extensive DNA
damage in the lungs, heart and bladder mucosa, and decreased DNA repair in the lungs. A
subsequent study found that mice exposed to e-cigarette smoke for 54 weeks developed lung
adenocarcinomas (nine out of 40 mice, 22.5%) and bladder urothelial hyperplasia (23 out of 40
mice, 57.5%) [64]. These lesions were extremely rare in the control mice.

Another important aspect of e-cigarettes is the characteristics of the vaped products. E-cigarettes
contain several probable or definite human carcinogens, such as acrolein and formaldehyde.
These volatile organic compounds, especially aldehydes [65], induce DNA damage [66].
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The components used for the taste of e-cigarettes have also been implicated in their potential
oncogenic effect and include an important variety of chemical components capable of inducing
significant toxicity in the respiratory epithelium. The most used flavour from the beginning has
been menthol, which modulates the metabolism of nicotine and also has direct pro-
inflammatory effects on the development of cancer [67, 68].

Currently, there is a wide range of flavours, such as vanilla, caramel and fruit, that cause an
inflammatory response, alteration of the local immune function and disruption of the integrity of
the epithelial barrier, thus potentiating the inflammatory effects and causing greater systemic
exposure to inhaled substances [69, 70].

In addition to flavourings, these products contain adulterants, one of which is vitamin E, which
has been used as a diluent in some e-cigarettes [71]. Vitamin E has recently been linked to
cases of vaping-associated acute lung disease [72], but, in addition to this acute toxicity,
vitamin E and its derivatives undergo pyrolysis, where thermal decomposition of vitamin E
produces ketene gas, which is highly toxic and irritating, along with a number of other toxic
reactive species with demonstrable carcinogenic activity, including benzene [73].

The presence of heavy metals is another factor that contributes to increasing cancer risk [74, 75].
The heater component is usually made of metal, specifically copper. Other metals are also
frequently present in the devices and in the aerosols generated. When evaluating the
concentrations of metals in the tank and in the aerosol of e-cigarettes, the presence of heavy
metals such as aluminium, lead, nickel or chromium, among others, has been noted [76]. Added
to this fact are the modifications made to these devices to alter the output power or dose, which
increase the risk of exposure to heavy metal agents.

These toxic effects have also been demonstrated in devices that have been marketed as safer, such as
the IQOS. MCALINDEN et al. [77] demonstrated respiratory epithelial toxicity similar to conventional
tobacco smoke, including adverse effects on cellular energy, EMT and oxidative stress.

Taking these considerations into account, we can conclude that e-cigarettes are not a safe
alternative to conventional cigarettes, and there is also an increased risk of cancer through different
routes. Given that they are products used mostly in the young population, and the long period of
time between exposure to the carcinogen and the development of neoplasia, we will have to wait
years to establish this direct relationship; however, the reviews discussed in this section warn of the
potential risks and the need to raise awareness of the carcinogenic effects of vaping.

Nicotine and cancer
Some studies suggest that nicotine can cause cancer [78–80]. Tobacco-specific nitrosamines,
N-nitrosonornicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone are group 1 carcinogens
are produced from two nicotine metabolites. Tumour production has also been demonstrated in
rats after pure nicotine injection, suggesting an independent effect of nitrosamines [81, 82].

According to in vivo studies, nicotine can damage the genome, interrupt cellular metabolic processes,
amplify oncogenes and inactivate tumour-suppressor genes [79, 80]. Some effects are produced by
the direct action of nicotine on the cell (genotoxicity) through the production of ROS that damage
DNA [83]. However, the majority of effects are produced by the union of nicotine with the
nicotinic acetylcholine receptor (nAChR) belonging to non-neural cells [78–80]. Nicotine favours
a mitogenic effect in the cell cycle due to its effects on nAChRs and β-adrenergic receptors.

https://doi.org/10.1183/2312508X.10007022 65

SMOKING, VAPING AND NICOTINE | C.A. JIMÉNEZ-RUIZ ET AL.



Nicotine favours abnormal cellular proliferation due to apoptosis inhibition and activation of
telomerase and nAChRs [78–80]. This effect stimulates transduction pathways involving protein
kinase B, protein kinase C and others. It also permits EMT [84] and so favours the migration of
tumour cells, promoting tumour extension, both local and distant [85, 86].

Nicotine can up- or downregulate the expression of genes related to transcription, cell-cycle
regulation, apoptosis and cell adhesion, among others, including nAChRs by modifying
expression of the different subunits, which has been related to the risk of developing different
types of tumour [79, 87].

Nicotine has been related to tumour growth due to its synergistic effect with growth factors,
such as EGFR, VEGF, basic fibroblast growth factor and platelet-derived growth factor [79, 80,
88, 89]. In addition, it promotes angiogenesis through the production of nitric oxide and
prostacyclin in endothelial cells [78–80].

Nicotine inhibits immunosurveillance, reducing ILs such as IL-2 and IL-17 and inhibiting the
cytotoxic activity of natural killer cells [79, 90]. This affects not only the formation of tumours
but also their response to therapies such as chemotherapy, radiotherapy and immunotherapy.

Nicotine has been related to the onset or development of different tumours, such as SCLC and
NSCLC, and head and neck, gastric, pancreatic, biliary, liver, colon, kidney, bladder, breast and
cervical cancers [91–96]. This susceptibility is related, in some cases, to the presence of
single-nucleotide polymorphisms in the genes that encode the nAChR subunits [93, 95, 97–99].

Finally, due to its addictive role, nicotine perpetuates tobacco use and exposure to other
carcinogens. Some studies relate the risk of developing tumours with the accumulated
consumption of tobacco and with the metabolism of nicotine, mainly through the enzyme
cytochrome P450 2A6 [100]. This could explain ethnic differences in the risk of developing
cancer or predict the probability of a specific individual developing cancer.
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Occupational carcinogens account for a significant proportion of cancer deaths worldwide. In the 2016
Global Burden of Disease Study, the leading causes of occupation-attributable cancer were asbestos,
second-hand smoke, silica and diesel engine exhaust. Welding fumes, recently classified as a human
carcinogen, also have significant potential for harm. In this chapter, the epidemiological evidence,
occupations at highest risk and temporal trends in exposure are discussed. The most common
occupation-related cancer is lung cancer, although workplace exposures have also been linked in
particular to mesothelioma, laryngeal cancer and ovarian cancer. The current burden of occupational
cancer largely reflects past exposure to asbestos. Given the latency between exposure and diagnosis, the
impact of prevention activities on cancer rates, including regulations, will only be seen in the coming
decades. Industries of concern (particularly mining, construction and manufacturing) continue to grow
in low- and middle-income countries, and the burden of occupation-related cancers in these settings is
likely to rise as a result.

Introduction
Occupational exposure to respirable carcinogens is evident in various industries and is an
important contributor to the global burden of cancer. Estimates from the last 20 years place the
annual number of occupation-attributable cancer deaths between 152 000 and 349 000, with the
majority of these due to respirable carcinogens [1–3]. Indeed, of the 47 occupational
carcinogens identified by LOOMIS et al. [4] in 2018, inhalation was listed as the primary route of
exposure for 34 of them.

The most common occupational cancers are thoracic. In the 2016 Global Burden of Disease
Study, there were estimated to be approximately 314 000 deaths from lung cancer and 28 000
deaths from mesothelioma (most of which originate in the pleura) resulting from occupational
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exposures [1]. However, respirable carcinogens also cause malignancies in other organs such as
the larynx and bladder, among others [4].

This chapter highlights the respirable carcinogens of greatest concern that represent the most
promising targets for prevention efforts. Specifically, we discuss asbestos, second-hand smoke
(SHS), respirable silica and diesel engine exhaust (DEE), the leading causes of occupational
cancer deaths in 2016 [1]. Welding fumes, recently classified as a human carcinogen by the
International Agency for Research on Cancer (IARC) [5], are also discussed. Evidence for the
association of these carcinogens with cancer is covered here, including the global implications
of trends in exposure.

Asbestos
Asbestos refers to a group of naturally occurring minerals (chrysotile, crocidolite, amosite,
anthophyllite, actinolite and tremolite) that have a range of applications, including in thermal
and electrical insulation, cement pipes and sheets, and roofing and flooring [6]. Exposure occurs
at various stages in the mining and milling of asbestos, the manufacture of asbestos products,
the use of those products in the construction and automotive industry, through working in
settings where airborne asbestos is present and in the asbestos abatement industry [6].

Abrasion and fracturing of asbestos can produce respirable fibres that, when inhaled, are
harmful to human health. Deposition of asbestos fibres in the alveoli may cause chronic
inflammation and oxidative stress, leading to lung cancer and a fibrotic condition known as
asbestosis [7, 8]. Despite claims to the contrary, all forms of asbestos (including chrysotile) are
carcinogenic, and any form of exposure is harmful [9, 10]. A 2011 meta-analysis found that an
increase of 100 fibre-years·cm–3 of cumulative asbestos exposure increases the risk of lung
cancer by 66% (95% CI 53–79%; table 1) [11], and a 2017 pooled analysis found that asbestos
exposure increased the risk of all three major lung cancer subtypes [28]. Interactions with
tobacco smoking have been identified whereby the risk of lung cancer arising from asbestos
exposure increases with exposure to tobacco smoke [28]. For a given cumulative exposure to
asbestos, there is evidence that lung cancer risk may be increased in persons with asbestosis
compared with those without asbestosis, but the presence of asbestosis is not required for lung
cancer to develop [29].

Smaller asbestos fibres may cross the alveolar barrier into the pleura and peritoneum, leading to
mesothelioma [30]. Studies demonstrate a clear exposure–response relationship for all asbestos
fibre types with the risk of mesothelioma (table 1) [12]. Fibres may also enter the bloodstream
and be distributed to distant tissue sites [30], which presumably is the mechanism behind an
increase in the risk of ovarian cancer in asbestos-exposed women [13]. Asbestos has been
linked to an increased risk of several other types of cancer, particularly colorectal and
oesophageal cancer (with the primary route of exposure probably ingestion either of
contaminated drinking water or of sputum carrying asbestos fibres from the lower airways)
[16, 17], prostate cancer [18], and head and neck cancer (although this apparent association may
have been due to inadequate adjustment for smoking and alcohol) [14, 15, 31].

The mining and use of asbestos is banned in many countries, including European Union (EU)
member states and most Organisation for Economic Co-operation and Development member
states [32]. However, production and use of chrysotile remains common in Eastern Europe,
Asia, Africa and South America [33, 34]. Where bans exist, exposure to existing
asbestos-containing products remains frequent, particularly among persons who work in places
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with residual asbestos in the built environment, such as those who undertake renovation or
maintenance on older buildings and infrastructure [35]. For example, asbestos mining,
manufacture and use was banned in Australia in 2003, but 5.0% of all male workers were
estimated to be exposed in the workplace in 2012 [36]. Exposure may also arise through the
transfer of asbestos-containing products between countries. For example, ships containing
asbestos are probably responsible for the elevated risk of cancer among workers in the Asian
ship-breaking industry [37]. Where the handling of such products is unavoidable, exposure
limits can be used to minimise harm, but these vary considerably. The asbestos permissible
exposure limit used by the EU and USA is an 8-h time-weighted average of 0.1 fibres·cm–3,
while other countries have set exposure limits of up to 2 fibres·cm–3 [6].

Globally, asbestos production and consumption were estimated to have peaked in the 1970s [6].
Use of asbestos in the 1970s was highest in Luxembourg, Australia, Canada, Denmark and
Germany. Although asbestos use and exposure has declined in most high-income countries
(HICs), this trend has not been uniform. In the early 2000s, consumption rose in China, India,

TABLE 1 Summary of exposure–cancer pairs and estimates of effect, restricted to pairs with established causal
links or suggestive associations based on meta-analyses or otherwise

Exposure–cancer pair Evidence in
humans#

Effect estimate
(95% CI)

First author
[ref.]

Asbestos
Lung Sufficient RR 1.66 (1.53–1.79) per 100 fibre-years·cm–3¶ LENTERS [11]
Mesothelioma Sufficient OR 6.40 (2.52–16.3) for “low” exposure

OR 41.6 (12.3–140) for “high” exposure
AGUDO [12]

Ovarian Sufficient SMR 1.77 (1.37–2.28)¶,+ CAMARGO [13]
Laryngeal Sufficient SMR 1.69 (1.45–1.97)+ PENG [14]
Nonlaryngeal head

and neck
Limited HR 1.02 (1.00–1.04) per 10 fibre-years·cm–3 CLIN [15]

Oesophageal NE SMR 1.28 (1.19–1.38)¶,+,§ WU [16]
Colorectal Limited SMR 1.16 (1.05–1.29)¶,+ KWAK [17]
Prostate NE ES 1.07 (1.04–1.10)¶,ƒ DUTHEIL [18]

Silica
Lung Sufficient RR 1.25 (1.03–1.49) per 1 mg·m−3-years¶,ƒ SHAHBAZI [19]

Second-hand smoke
Lung Sufficient OR 1.36 (1.21–1.53) in case–control studies¶

HR 1.54 (0.61–3.91) in cohort studies¶
NI [20]

Head and neck Limited OR 1.55 (1.04–2.30) for ⩾15 years’ exposure LEE [21]
Breast NE OR 1.24 (1.10–1.39)¶,§ KIM [22]
Urinary bladder NE RR 1.22 (1.06–1.40)¶,§ YAN [23]
Cervix NE OR 1.70 (1.40–2.07)¶,§ SU [24]

Diesel engine exhaust
Lung Sufficient RR 1.48 (1.25–1.75) for 40 years’ exposure at

0.1 mg·m−3¶,+,§,ƒ
VERMEULEN [25]

Urinary bladder Limited RR 1.23 (1.12–1.36)¶,ƒ BOFFETTA [26]
Welding fumes
Lung Sufficient RR 1.29 (1.20–1.39) in cohort studies¶

OR 1.17 (1.04–1.38) in case–control studies¶
HONARYAR [27]

Estimates indicate the effect on cancer incidence, unless indicated otherwise. RR: relative risk; SMR:
standardised mortality ratio; HR: hazard ratio; NE: not evaluated; ES: effect size. #: based on IARC Monographs
on the Evaluation of Carcinogenic Risks to Humans, Vols 1–131 (https://monographs.iarc.who.int/
monographs-available/); ¶: meta-analysis; +: effect on cancer-specific mortality; §: includes nonoccupational
exposure; ƒ: combination of HRs, ORs and RRs.
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Kazakhstan and Ukraine [6]. The long latency time between asbestos exposure and development
of cancer [38] implies that the impact of past exposure in HICs will continue to be felt, while
the impact of recent exposure in low- and middle-income countries (LMICs) will manifest in
the coming decades.

Silica
Respirable crystalline silica (RCS) is generated from the mining, processing and manufacturing
of silica-containing materials. Silica is highly prevalent, comprising 59% of the Earth’s crust by
mass [39], and is present in almost all forms of rock, sand, clay, shale and gravel [40]. Occupations
at high risk of RCS exposure include construction workers, miners, stonecutters, sandblasters,
millers, ceramic workers, glassmakers, quarry workers, sand-/stone-grinding workers, farmers and
foundry workers [41, 42]. Notably, the manufacturing of artificial stone benchtops has been
identified as a particularly hazardous activity associated with very high exposures to RCS [43].
Due to the size of the workforce in these industries and the ubiquity of silica-containing materials,
RCS is one of the most prevalent respirable carcinogenic exposures in the world [44].

While generally nontoxic, respirable particles (<10 μm in diameter) of crystalline silica may be
deposited in the airways, where they are inadequately cleared [41]. Uptake by alveolar macrophages
induces cell death and leads to persistent inflammation and oxidative stress, which in turn increases
the risk of lung cancer and a fibrotic condition known as silicosis [45, 46]. Meta-analyses show a
robust exposure-dependent relationship between RCS and lung cancer (table 1) [19]. Some studies
have identified additive interactions between RCS and tobacco smoking [47], suggesting a
synergism with respect to lung cancer risk. While lung cancer risk is higher among individuals
with silicosis, RCS is associated with lung cancer mortality even in the absence of silicosis (hazard
ratio (HR) 1.03, 95% CI 1.00–1.07 per 1 mg·m−3-years of exposure) [47].

Exposure limits for RCS have been introduced in various countries to minimise the risk of
silica-related illness. These range from 0.5 to 0.1 mg·m−3 for airborne concentrations, averaged
over a work day [48, 49]. Temporal trends for HICs indicate that there has been a gradual
reduction in RCS concentrations over the last century. In Canada and Europe, RCS exposure
reduced by 5.5% per year across the 10 most highly exposed occupations between 1976 and
2009 [42]. In the industrial minerals sector specifically, long-term reductions in RCS levels
have been observed in Europe [50, 51], the USA [52–54], Australia [55] and China [56], with
annual changes in RCS concentrations ranging from −1.2% to −11%. In the ceramics industry,
substantial reductions have also been observed among German porcelain workers [57] and
British pottery workers [58]. Furthermore, for British stoneworkers, there was a −6% change in
RCS exposure between 2003 and 2013, although there was no change in exposure for workers
in brick manufacturing between 1997 and 2013 [59]. Overall, these data suggest a general
reduction in occupational exposure to respirable silica in HICs. However, silica exposure
remains high in a number of industries, particularly construction, where it has been implicated
in the risk of lung cancer among bricklayers [60, 61]. Data on exposure levels in LMICs remain
scarce, suggesting minimal surveillance and the potential for high levels of exposure. Given the
diversity of industries where RCS arises [39, 62, 63], reducing silica exposure and ensuring
compliance with exposure limits remain ongoing initiatives.

SHS
SHS comprises “side-stream” tobacco smoke emitted from the burning ends of cigarettes and
cigars, and “mainstream” smoke exhaled into the ambient air. SHS exposure occurs in a variety
of occupations but has, historically, been highest for jobs involved in manufacturing, mining,
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hospitality, and electricity, gas and water [36, 64]. The IARC classifies SHS as a group 1
carcinogen (defined as having sufficient evidence of carcinogenicity to humans) [65]. Given the
historical prevalence of smoking and the time that individuals spend in the workplace during
their adult lives, occupational exposure to SHS is a major public health concern. In the 2016
Global Burden of Disease Study, occupational exposure to SHS was estimated to cause 44 000
lung cancer deaths and nearly 5000 deaths from breast cancer [1].

SHS exposure has been linked to cancers known to be caused by active smoking. In a
meta-analysis of 41 studies, workplace exposure to SHS led to a higher risk of lung cancer
among those who never smoked, with an OR of 1.36 (95% CI 1.21–1.53 in 13 case–control
studies) and a HR of 1.54 (95% CI 0.61–3.91 in two cohort studies) [20]. Associations with
SCC of the lung (OR 1.26, 95% CI 0.97–1.63) and SCLC (OR 2.13, 95% CI 0.74–6.10) [66]
were consistent with the histological subtypes more closely linked to active smoking.

Associations between SHS and other malignancies have also been identified (table 1), although
the role of exposure in the workplace (as opposed to other contexts such as the home) is not
always clear. An international pooled analysis found that head and neck cancer risk was
elevated with ⩾15 years of either domestic (OR 1.60, 95% CI 1.12–2.28) or occupational
(OR 1.55, 95% CI 1.04–2.30) exposure to SHS [21]. Meta-analyses have found that general
exposure to SHS is associated with breast cancer (OR 1.24, 95% CI 1.10–1.39) [22], urinary
bladder cancer (relative risk (RR) 1.22, 95% CI 1.06–1.40) [23] and cervical cancer (OR 1.70,
95% CI 1.40–2.07) [24]. The California Teachers Study and Cancer Prevention Study II
identified a potential link with follicular lymphoma [67, 68].

Exposure in a number of settings (mainly HICs) has declined, primarily due to the introduction
of smoke-free legislation [69–73], with early evidence of improving cardiovascular outcomes [74]
and cancer mortality [75]. However, success has not been uniform. For example, the Global
Adult Tobacco Surveys I and II found that domestic exposure to SHS in India had declined
between 2009 and 2017, while workplace exposure had not [76].

DEE
DEE is a complex mixture and contains a number of toxic chemical species. It contains a gas
component (containing nitrogen oxides, carbon dioxide, carbon monoxide and volatile organic
compounds) and a particle component (primarily metal oxides and elemental carbon) to which
carcinogenic compounds such as polycyclic aromatic hydrocarbons are adsorbed [77, 78].

DEE exposure leads to the deposition of solid particles in alveoli and the absorption of harmful
gases, resulting in respiratory inflammation, systemic inflammation and oxidative stress [78]. DEE is
an established cause of lung cancer [77], and has been estimated to result in a 48% increase
(95% CI 25–75%) in lung cancer mortality risk for 40 years of employment at an average exposure
of 0.10 mg·m−3 [25]. DEE has also been implicated in urinary bladder cancer risk. A 2001
meta-analysis by BOFFETTA and SILVERMAN [26] found that the risk of urinary bladder cancer was
elevated with DEE exposure (RR for any exposure 1.23, 95% CI 1.12–1.36), although the authors
noted the risk of misclassification, publication bias and potential confounding by smoking in the
included studies. Furthermore, parental exposure to DEE in the workplace has been linked to central
nervous system cancers and leukaemia in offspring [79, 80], although the evidence remains mixed.

Due to widespread use of diesel fuels, occupational exposure to DEE is a major public health
concern. In the EU, it has been estimated that 37% of workers are exposed to occupational
DEE [81]. In the Australian Work Exposures Study, 29% of all male workers and 6% of all
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female workers surveyed in 2012 were estimated to have occupational DEE exposure, based on
their work tasks [36]. Industries of particular concern include construction, mining and
transportation [77]. In Australia, exposure levels were highest in underground mine drivers,
indoor diesel forklift drivers, and in firefighters and road construction workers working in close
proximity to diesel equipment [36].

Many regions have implemented passenger car and heavy vehicle diesel emission standards,
including the EU, the USA, Russia, Australia, Japan, China and India [77]. Regulations around
occupational exposure vary from country to country. In 2023, the EU will be adopting a general
occupational exposure limit of 50 μg·m−3 for elemental carbon, while the Netherlands has set a
limit of 10 μg·m−3 [81]. In the USA, the exposure limit for the mining industry is 160 μg·m−3

of total carbon [82]. Exposure to elemental carbon from DEE in truck drivers has fallen in
recent decades [6], and can be expected to continue to fall as new technologies become
commonplace to meet emissions standards by substituting electric motors for diesel engines and
with improvements in diesel engine design and the use of cleaner diesel fuels.

Welding fumes
Welding involves the joining of metals through heat generated by an electric arc (arc welding)
or the burning of chemical fuels (gas welding). The process emits particulate fumes (primarily
metal oxides) and gases (e.g. carbon monoxide, nitrogen oxides and ozone) that, when inhaled,
are harmful to human health [5]. It is estimated that 11 million persons globally are employed
as welders, and 110 million workers may be exposed to welding fumes in the workplace,
equating to 3% of the global working population [5]. In the UK, 0.6% of the total working
population in 2012 wereemployed as welders [44]. Given the prevalence of welding as an
occupation, the recent designation of welding fumes as a human carcinogen raises considerable
concern [5].

Lung samples from welders show the accumulation of metal-oxide nanoparticles within
macrophages, probably resulting in pulmonary inflammation and adverse respiratory health [83].
Welders have an elevated risk of lung cancer compared with persons who have never welded,
with a recent meta-analysis estimating a RR of 1.29 (95% CI 1.20–1.39) for cohort studies, and
an OR of 1.17 (95% CI 1.04–1.38) for case–control studies (table 1) [27]. One study estimated
that 1.3% of lung cancer burden in Canada was attributable to welding [84], while another
estimated that 4.0% of lung cancer cases in Central Europe, Eastern Europe and the UK were
attributable to welding [85]. In its 2017 Monograph on welding, the IARC also noted positive
associations with kidney cancer [5].

Australia, France, New Zealand, the Republic of Korea, Singapore and Spain apply a welding
fume exposure limit of 5 mg·m−3 over 8 h, while China and the Netherlands have exposure
limits of 4 and 1 mg·m−3, respectively [5]. Germany, the UK and the USA have set exposure
limits for specific metals in fumes or respirable dust. Data on temporal trends in welding fume
exposure are scarce, although one study in the Netherlands identified a 4% annual reduction in
welding fume concentrations between 1983 and 2003 [86].

General remarks
The exposures discussed in this chapter vary considerably but share some commonalities. In
general, they are characterised by a particulate component that accumulates in the alveoli and is
inadequately cleared by macrophages. This results in persistent inflammation and oxidative
stress, causing injury to lung tissue and increasing the risk of lung cancer. Some of these
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exposures contain components (e.g. ultrafine asbestos fibres or gases in DEE and welding
fumes) that are distributed via the bloodstream and cause cancer in a variety of tissue sites.
Exposure in the upper respiratory tract may also result in a higher risk of head and neck
cancers. Except for SHS, these exposures are process-generated substances that are common
by-products of the handling, heating, fracturing or processing of materials; the operation of
engines and equipment to facilitate such work or for transport; or from the mining of material
containing carcinogenic substances. These exposures are encountered in a range of industries,
particularly construction, mining and manufacturing. The occurrence and intensity of exposure
to these carcinogens may vary depending on context, but all can be reduced to some extent
through a combination of a suite of control measures, such as the use of less toxic alternatives,
the automation of hazardous tasks, ventilation, dust suppression through use of water, other
engineering controls, education and personal protective equipment. As with many carcinogens,
these hazardous exposures have latencies lasting decades, meaning the effect of changes
introduced now to the prevalence and level of exposure on cancer incidence will only be seen
over the long term. Therefore, it is important that prevention measures be introduced as soon
as possible.

Overall, the available data from HICs indicate a gradual decline in exposure concentrations for
asbestos, RCS, DEE and SHS, probably due to improved working conditions, technological
innovation and regulations around prevention. Reductions in the use and mining of asbestos
(which accounts for more than half of all occupational cancer deaths [1]) remain important,
although much of this needed improvement has already occurred in HICs, where better control
of exposure to silica, DEE and welding fumes is likely to have a greater impact in decreasing
the burden of occupational cancer in the future. The continued use of asbestos in Eastern
Europe, Asia, South America and Africa is highly concerning. At present, occupational cancer
mortality rates are highest in HICs [1], but this is likely to change as asbestos-related epidemics
become evident in other regions over the coming decades.

Following on from this last point, occupational carcinogens as a whole are of particular concern
in LMICs. Although data are scarce, it is likely that harmful exposure to respirable carcinogens
will only increase with the growth of mining, construction and manufacturing in developing
regions. Indeed, the scarcity of data simply highlights the inadequate levels of occupational
surveillance in these countries [87]. Efforts to control workplace exposure are especially
challenging where there is a large informal workforce or where exposure limits are absent
altogether [88]. Furthermore, economic expediency often takes precedence over workplace
safety in developing economies, leading to an increasing burden of disease in the future.
History has shown that the downstream costs in healthcare, loss of productivity, litigation and
waste removal (in particular, asbestos abatement) can also be substantial [89–92], and this needs
to be used as a justification for LMICs to encourage action.

The impact of tobacco control in HICs should also be noted. Naturally, interventions that reduce
the underlying prevalence of tobacco smoking will reduce the frequency of occupational SHS.
Furthermore, the presence of synergisms between occupational exposures (i.e. asbestos and
RCS) and tobacco smoking on lung cancer risk implies that declines in smoking prevalence will
also reduce occupational lung cancer burden by preventing dual exposure. For this reason, the
importance of smoking cessation in occupationally exposed workers should be emphasised.

In summary, respirable carcinogens comprise the majority of occupational carcinogens and
contribute substantially to the global burden of cancer. Moreover, they are highly preventable,
making them effective targets for prevention. All countries should consider mitigation strategies
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appropriate to their circumstances to ensure that the future burden of occupation-attributable
cancer is minimised.
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Globally, there is increasing exposure of the human population to ionising radiation from medical
sources. Ionising radiation is a well-established human carcinogen. Cancer induction risk increases with
radiation dose, and there is generally accepted to be no radiation dose below which the risk is zero,
known as the linear no-threshold hypothesis. Estimates of radiation-induced cancer risk from medical
imaging have been derived from large epidemiological studies and inform risk–benefit analysis,
particularly in the case of screening imaging. Excess second malignancy risk is observed following
therapeutic, high-dose thoracic radiotherapy.

Introduction
The discovery of ionising radiation in 1895 by William Roentgen was followed shortly
thereafter by the first report of radiation-related cancer in 1902 [1]. Since this time, considerable
effort has gone into understanding the mechanism of radiation-induced carcinogenesis and
quantifying the risk to exposed populations. This chapter describes the radiobiological
principles underpinning the carcinogenic effects of ionising radiation and reviews the evidence
quantifying radiation-induced cancer risk following screening and diagnostic imaging of the
thorax, as well as after therapeutic thoracic radiotherapy.

Radiation biology
Radiation harms
Radiation harms are broadly grouped into deterministic and stochastic effects. Deterministic
effects are caused by direct cell killing and are not manifest unless enough cells have been
killed. The incidence and severity of a deterministic effect, such as oesophagitis or dermatitis, is
a function of radiation dose, typically with a threshold dose below which no effect is observed.
Deterministic effects are unlikely to be encountered except in the setting of therapeutic
radiotherapy or, rarely, fluoroscopy [2, 3].
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The induction of malignancy, however, is considered a stochastic effect. Stochastic effects are
probabilistic in nature and occur by chance. They are generally regarded to have no threshold
dose below which the risk is zero, with risk increasing in direct proportion to the dose received
[4, 5]. This is known as the linear no-threshold (LNT) hypothesis. While there is some debate
regarding the validity of this hypothesis, leading radiation protection agencies support this
hypothesis as both consistent with available evidence and conservative [4, 5].

Mechanism of radiation-induced malignancy
Ionising radiation is a recognised human carcinogen [6], sometimes referred to as the “universal
carcinogen” for its capacity to induce cancer in a wide variety of tissues. Radiation-induced
tumours evolve via a multistep process that parallels tumours that develop spontaneously, with
radiation acting as a tumour-initiating agent.

Ionising radiation acts primarily via DNA damage, causing a broad range of DNA lesions,
including base damage, cross-linking, and single- and double-strand breaks. Double-strand
breaks are considered to be the most biologically significant radiation effect because they are
difficult to repair, with infidelity of DNA repair resulting in chromosomal abnormalities and
gene mutations [7]. Loss of heterozygosity or point mutations affecting tumour suppression
genes and DNA repair genes are considered the most likely cause of cancer development
resulting from ionising radiation [8].

Radiation-induced cancers are indistinguishable from sporadic cancers histologically but may be
associated with a distinctive mutational signature, characterised by an excess of deletions and a
rare type of rearrangement, balanced inversions [9]. A key feature of radiation-induced
malignancy is a long latent period. Leukaemias appear first, peaking at 5–7 years postexposure,
with solid malignancies taking longer to develop, typically 10–60 years.

Radiation dose
Ionising radiation exposure is relatively easy to quantify, which sets it apart from many human
carcinogens. Radiation dose is measured in Grays (Gy), where 1 Gy is equal to 1 Joule ( J) of
radiation energy absorbed·kg–1. Equivalent dose and effective dose are related concepts relevant
to radiation protection, both measured in Sieverts (Sv). The former is a measure of radiation
dose that accounts for the fact that different types of radiation, for example neutrons or heavy
charged particles, have different relative biological effects compared with X-rays. The radiation
weighting factor for X-rays is 1.0 and therefore for medical imaging 1 Gy=1 Sv. Some organs
are more sensitive to the effects of radiation than others, and in the case of a nonuniform
exposure to radiation, effective dose is calculated from equivalent dose by multiplying by a
tissue-weighting factor.

Overview of risk estimation
Although anecdotally and mechanistically there is a clear link between radiation and cancer
development, determining quantitative estimates of radiation-induced cancer risk is complex.

In the case of therapeutic radiotherapy used to treat a primary malignancy, the contribution of
radiation to the subsequent development of a second primary malignancy (SPM) is difficult to
tease out due to confounders such as lifestyle factors, genetic predisposition and systemic
therapies, all of which predispose to an SPM in cancer survivors (figure 1) [10]. Establishing
causality and quantifying the role of radiotherapy in the development of an SPM ideally
requires comparison of cohorts managed for the same type and stage of cancer, with and
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without radiotherapy. Such cohorts need large patient numbers and extended follow-up times
due, respectively, to the relatively low frequency of radiation-induced cancers and the long
latency of radiation-induced tumours. An important corollary of this second requirement is that
contemporary studies estimating radiation-induced cancer risk are based on older treatments,
which may not reflect current practice in terms of radiotherapy dose, field size and treatment
delivery technique, all of which may affect the magnitude of risk.

The estimation of malignancy risk following low-dose exposures to ionising radiation, such as
those associated with screening and diagnostic studies, is even more challenging, as real
differences between cancer rates in exposed and unexposed populations are expected to be small
and need to be analysed against the statistical variability of malignancy incidence. Estimation of
risk in this setting is necessarily derived from large epidemiological studies of populations
exposed to low doses of radiation and risk projection models that have been developed to
extrapolate this risk to clinical scenarios [5].

Therapeutic thoracic radiotherapy
Radiotherapy plays an important role in the cure of cancer, both in the definitive setting and as
an adjunct to surgery. It is estimated that 48.4% of patients with cancer will require radiotherapy
as a component of treatment [11]. The rate is closer to 80% for patients with malignancies in
the thoracic region [12]. Coupled with improved cancer survival [13], survivorship issues such
as an SPM are of increasing concern.

Lung cancer
Patients diagnosed with lung cancer are at increased risk of an SPM; however, the contribution
of radiotherapy to this risk is difficult to establish due to a lack of randomised studies with a
comparator that does not include radiotherapy and the strong confounding effect of cigarette
smoking. A SEER (Surveillance, Epidemiology and End Results) analysis of cancer survivors
for the 27-year period from 1973 to 2000 reported a significantly increased risk of new
malignancy among survivors of lung cancer (ratio of observed to expected cancers (O/E) 1.36) [14].
This study found that in patients managed with radiotherapy, a temporal pattern of increased risk for
several cancer subtypes was apparent, consistent with a radiation-related effect. For example, after
radiotherapy for NSCLC, the risk of oesophageal cancer increased from 6-fold in the 5–9-year
follow-up period to 11-fold in patients surviving >10 years. A separate SEER database analysis
looked at the proportion of second cancers attributable to radiotherapy in adults, across all initial
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primary sites [15]. For 5-year survivors of lung cancer, treatment with radiotherapy was associated
with an increased relative risk of 1.18 (95% CI 1.10–1.28) of an SPM compared with those
managed without radiotherapy.

With ongoing studies comparing stereotactic body radiotherapy with surgery for early-stage
NSCLC [16] and lung cancer survival improving, consideration of radiotherapy-related SPM
risk may need further appraisal.

Breast cancer
Radiotherapy is an essential component of the breast-conserving approach in early-stage breast
cancer. An Early Breast Cancer Trialists’ Collaborative Group meta-analysis of randomised
studies of breast cancer managed with and without radiotherapy demonstrated the important role
of radiotherapy in the locoregional control of breast cancer and reduction of breast cancer
mortality [17]. This analysis, containing information on 42 000 women in 78 randomised
treatment comparisons, allowed estimation of SPM risk between cohorts treated with and
without radiotherapy. An increased incidence of excess cancer was observed in the cohort
treated with radiotherapy, particularly breast cancer (rate ratio 1.18; p=0.002) and lung cancer
(rate ratio 1.61; p=0.0007). An increase was also seen in oesophageal cancer, leukaemia and
soft-tissue sarcoma. Lung cancer deaths were a major source of excess mortality. The excess
cancer risk was highest in the 5–14 years following randomisation.

A SEER database analysis of cause-specific survival in early breast cancer patients found an
increased risk of ipsilateral lung cancer in those patients treated with radiotherapy [18]. The
study, which included >300 000 women, showed that the lung cancer mortality ratio (ipsilateral
versus contralateral) was above unity and increased with time from radiation exposure from 1.17
at 10 years to 2.00 at 10–14 years and 2.77 at >15 years.

Hodgkin lymphoma
The management of Hodgkin lymphoma commonly involves chemotherapy with therapeutic
doses of radiotherapy to involved nodal groups, often including nodes within the mediastinum.
Several large population-based studies have found an elevated risk of an SPM in long-term
survivors of Hodgkin lymphoma, which is the leading cause of death in these patients [19, 20].

In the large, international, population-based cancer registry study conducted by DORES et al. [19],
patients with a first primary diagnosis of Hodgkin lymphoma from 1935 to 1994 were found
to have a 2-fold increased risk of solid malignancy. Thoracic sites contributed the largest
number of cancers, with lung and breast cancer making up over one-third of solid malignancies.
At 25 years, the actuarial risk of lung cancer was 6.2% (95% CI 5.0–7.4%) in males and 3.2%
(95% CI 2.2–4.2%) in females. The actuarial risk of breast cancer at the same time point was
9.3% (95% CI 7.5–11.1%). Solid-tumour risk increased with time following treatment, peaking
at O/E 4.4 in the 20–24-year interval postdiagnosis.

Several case–control studies have examined the radiation dose–response relationship in the
development of breast and lung cancer. In a study by TRAVIS et al. [21], lung cancer risk was
found to increase with increasing dose to the lung up to ⩾40 Gy, with a statistically significant
p-value for this trend (<0.001). Almost 80% of lung cancers occurred within the radiotherapy
field or at the field edge [21]. Similarly, a dose–response relationship has been observed for
breast cancer risk. Radiation doses of ⩾4 Gy are associated with a 3.2-fold increased risk of
breast cancer compared with lower doses, increasing to an 8-fold increased risk for doses
>40 Gy [22].
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Other malignancies
Therapeutic thoracic radiotherapy has been associated with an increased risk of an SPM in
several other entities, including thymic tumours [23], oesophageal cancer [24] and mediastinal
germ-cell tumours [25].

Screening and diagnostic radiation
Epidemiological studies informing risk of low-dose radiation exposure
Screening and diagnostic imaging both involve low doses of temporally spaced radiation
(table 1) [26]. Low-dose radiation exposure is generally classified as <100 mGy.

Several reports of medically exposed populations provide compelling evidence of
radiation-induced cancer associated with this type of low-dose, fractionated diagnostic radiation.
For example, repeated fluoroscopic evaluation used during the treatment of tuberculosis has
been shown to result in an increased risk of breast cancer [27, 28]. Women exposed to a dose of
radiotherapy >10 cGy had a relative risk of death from breast cancer of 1.36 compared with
those who received lower doses, with the highest risk in patients exposed at a young age [27].

More accurate quantification of radiation-induced cancer risk at low doses, however, depends on
estimates derived from large, epidemiological studies. The most comprehensive of these
epidemiological studies is that of survivors of the atomic bombings of Hiroshima and Nagasaki
conducted by the Radiation Effects Research Foundation (RERF), called the Life Span Study
(LSS). The RERF, formed in 1950, has been conducting a mortality study on a population of
approximately 120 000 individuals, including atomic bomb survivors and unexposed individuals.
Doses of ionising radiation to the exposed individuals have been carefully estimated and range
from 0.005 to 4 Gy. The meticulous longitudinal follow-up of health outcomes in this cohort has
found a statistically significant dose response for radiation-induced cancer, even when analyses
are limited to the cohort exposed to doses <0.15 Gy [29]. In the latest LSS report on solid cancer
incidence, the sex-adjusted excess relative risk (ERR)·Gy–1 was 0.50 (95% CI 0.42–0.59) [30].

One limitation of the LSS data concerns the proposed dose–rate effect, whereby fewer cancers
may be induced by several smaller exposures over time than by a single high-dose exposure [31].

TABLE 1 Estimated doses for common radiological examinations

Radiological examination Effective dose (mSv) Range (mSv)

Chest radiography (two-view) 0.1 0.08–0.24
Mammography 0.4 0.1–0.7
Head CT 2 0.9–4.0
Neck CT 4 0.7–9.0
Standard chest CT 8 4.0–18.0
Chest LDCT 1.5 Variable
Coronary CT angiography 15 7–39
Abdominal CT 10 3.5–25
Pelvic CT 8 3.3–10
Multiphase abdominopelvic CT 31 6–90
Spine CT 8 1.5–10
CT colonography 10 4.0–13.2
Whole-body CT 12 7–13.5

Reproduced and modified from [26] with permission.
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A large cohort study of radiation workers, INWORKS (International Nuclear Worker Study),
provided complementary findings to the LSS studies in the setting of protracted low doses of
ionising radiation [32]. In this study, exposure data taken from annually recorded dose estimates
of 300 000 nuclear industry workers from the UK, USA and France was analysed against
mortality data. Increasing radiation dose resulted in an increase in cancer mortality, with an
ERR·Gy–1 of 0.47 (90% CI 0.18–0.79) for all cancers excluding leukaemia. The study could
not exclude the confounding effect of cigarette smoking, but an analysis of ERR·Gy–1 for solid
cancers other than lung cancer yielded a similar result of 0.46 (90% CI 0.11–0.85).

A recent meta-analysis of epidemiological studies examining cancer risk in populations exposed
to cumulative radiation doses of <100 mGy, published between 2006 and 2018, found that these
studies supported an excess cancer risk from low-dose ionising radiation [33]. The magnitude of
ERR at 100 mGy for adult solid cancer was 0.029 (95% CI 0.011–0.047), comparable with the
cancer risk observed in atomic bomb survivors.

Screening
Multiple randomised studies have been conducted assessing the role of mammography screening
for breast cancer, showing a reduction in breast cancer mortality of 20–35% in women aged
50–69 years [34]. Women aged 40–49 years experience a similar breast cancer risk reduction
[35]. Although there are theoretical concerns about radiation-induced breast cancer from
repeated mammography, the potential benefits are thought to outweigh the harm for women
>40 years [36]. The benefit/harm ratio in one study was estimated to be 48.5 lives saved per one
life lost due to radiation exposure in the case of biennial mammograms [37].

Unlike screening mammography, which has been in widespread use for decades, lung cancer
screening with LDCT is relatively new. Two lung cancer screening studies have demonstrated
improved cancer-specific mortality. The NLST (National lung cancer screening trial) found a
20% relative reduction in lung cancer-specific mortality, as well as a 6.7% reduction in all-cause
mortality for participants who underwent three annual LDCTs compared with a plain radiograph
[38]. The NELSON (Dutch–Belgian randomised lung cancer screening trial) study showed a
similar magnitude of benefit with a 24% reduction in lung cancer deaths in participants
screened with four LDCTs spaced over 5.5 years [39]. Participant eligibility in both studies
required a smoking history and age >50–55 years.

The magnitude of benefit from LDCT lung cancer screening in these studies is above the
threshold of 5%, estimated by BRENNER [40] to be required to offset the risk of radiation-induced
cancer mortality for individuals >50 years. It is important to note, however, that higher risk
reductions would be required to offset the risks of screening younger patients, particularly
never-smokers. This is due to the lower incidence of cancer in this age group and a longer
lifespan from the time of screening in which to develop a radiation-induced malignancy [41]. It
has been estimated that for never-smokers screened prior to the age of 50, the excess lifetime
risk of radiation-induced lung cancer mortality from three annual lung CT screening scans is
approximately three deaths per 10 000 women screened and one death per 10 000 men screened.
For current smokers, this risk was estimated to be approximately two times higher. In addition,
the estimated risk of radiation-induced breast cancer in nonsmoking women screened from the
age of 30–32 years is six cases per 10 000. In current female smokers, this risk was lower
because of competing mortality risks. The breast cancer risk decreased with age at screening to
four cases per 10 000 screened from the age of 50–52 years. In both men and women, other
radiation-induced cancers contributed <0.5 cases per 10 000 for three annual screens [41].
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CT coronary angiography has a role in the assessment of suspected angina [42], with a study
now underway to assess the utility of this technique as a screening test in asymptomatic
individuals with one or more cardiovascular risk factors (ClinicalTrials.gov identifier
NCT03920176). Risk projection models have been used to estimate the excess cancer risk from
a single coronary artery calcification CT scan performed at age 40, finding nine
radiation-induced cancers per 100 000 screened men and 28 per 100 000 screened women,
suggesting a comprehensive risk–benefit analysis of future studies will be of great importance [43].

Diagnostic imaging
Globally, there is increasing exposure of the population to ionising radiation as a result of
medical imaging [44]. For example, in the USA during the period 1980–2006, the proportion
per capita of individual radiation exposure from medical imaging increased from 15% to nearly
50% [45].

Based on the LNT model, this increase in medical exposure will inevitably increase the number
of radiation-induced malignancies. It is estimated that a single exposure of low-dose radiation in
the order of 10 mSv will result in an excess cancer risk of one in 1000 persons exposed [5].
Using data obtained from a worldwide survey of medical radiation use between 1991 and 1996,
which included the UK and 14 other countries, 0.6–1.8% of malignancies were estimated to be
attributable to diagnostic imaging [46].

Modifiers of radiation-induced malignancy risk
Patient factors such as female sex and young age at radiation exposure increase the relative risk
of radiation-induced cancer, especially breast cancer and thyroid cancer [5]. The duration of
ovarian function after radiation exposure appears to significantly affect subsequent breast cancer
risk [22, 47]. The genotype of the host, particularly patients with hereditary cancer syndromes
or chromosome instability disorders, may affect radiation-induced cancer risk [48]. Lifestyle
factors such as smoking history also increase the risk, in an additive [49] or potentially even
multiplicative [21, 50] fashion.

Modern radiotherapy techniques such as intensity-modulated radiotherapy allow greater
conformality of the high-dose radiation volume to the tumour target. However, this treatment
approach increases the volume of normal tissue receiving a low-dose exposure. It has been
estimated that this technique could double the risk of an SPM [51]. Conversely, treatment with
proton therapy may reduce the incidence of an SPM due to the unique characteristics of proton
dose deposition, resulting in a reduced dose in normal tissues beyond the target [52].

Conclusion
Ionising radiation is a human carcinogen. Medical exposures to ionising radiation are increasing,
and while these are generally considered to have a favourable risk/benefit ratio, there is potential
for harm, and clinicians should remain cognisant of the LNT hypothesis of radiation
carcinogenesis. Radiation protection principles of justification and optimisation should always
be applied. Justification means that the radiation exposure should be medically indicated and
useful. Optimisation means that the radiation exposure should be performed using doses that are
as low as reasonably achievable, consistent with the diagnostic or therapeutic need. Unique
considerations apply to screening imaging, as the derived benefit is to the screened population as a
whole and not necessarily the individual. Adherence to evidence-based screening recommendations
is crucial to ensure that harms are minimised.
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COPD and cancer have major, bidirectional effects on care, highlighting the urgent need for better
strategies to prevent these devastating conditions and mitigate their health effects in affected individuals
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COPD is a common and important comorbidity of cancer. COPD increases the risk of lung cancer and
nonpulmonary cancer. COPD has a considerable impact on cancer care in patients with pulmonary and
nonpulmonary cancers. However, COPD is often overlooked in patients undergoing treatment for cancer,
when optimisation of COPD management would be beneficial for cancer care outcomes. Here, we
provide a synthesis of the evidence base for the epidemiology and clinico-pathological features of COPD
and shared molecular pathogenesis with cancer, the impact of COPD on cancer care and the impact of
cancer treatment on COPD. Our objective is to highlight the overlap between COPD and cancer, as well
as the opportunities to enhance clinical management of patients when the conditions coexist.

Introduction
COPD is a common and important comorbidity of cancer. COPD increases the risk of cancer,
especially lung cancer [1, 2]. Furthermore, COPD has a considerable impact on cancer care in
patients with pulmonary and nonpulmonary cancers. COPD is often overlooked in patients
undergoing treatment for cancer; however, optimisation of COPD management would be
beneficial for cancer care outcomes.

In this chapter, we describe the relationship between COPD and pulmonary and nonpulmonary
cancer. We provide the evidence base for the epidemiology and clinico-pathological features of
COPD and its shared molecular pathogenesis with cancer, and discuss the impact of COPD on
care of cancer and, conversely, the implications of cancer treatments on COPD. We highlight
the overlap between COPD and cancer, and the opportunities to enhance clinical management
of patients when both conditions coexist.
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We searched Medline and EMBASE using the terms cancer, tumour, neoplasm or carcinoma,
combined with COPD, emphysema or bronchitis, for English language papers published up to
29 March 2022, and supplemented with additional papers identified by the authors.

COPD
COPD is a common, chronic lung disease characterised by persistent respiratory symptoms and
airflow limitation [3]. COPD is a heterogeneous disease, with multiple aetiological factors,
clinical phenotypes and multimorbidities. The response of the lungs to long-term exposure to
noxious particles causes an abnormal chronic inflammatory response that leads to destruction of
the lung parenchyma, narrowing of the small airways and mucociliary dysfunction. These
changes lead to hyperinflation of the lungs, gas trapping, airflow limitation, chronic sputum
production and exacerbations, plus extrapulmonary effects such as sarcopenia [3]. Loss of
elastic tissue and alveolar destruction result in increased work of breathing and ventilation–
perfusion mismatching, manifested as shortness of breath, chest tightness and wheeze [4].
Exacerbations, an accelerated decline in lung function and multimorbidities contribute to
worsening quality of life, with many patients unfortunately progressing to severe breathlessness,
respiratory failure and death.

Epidemiology
COPD is the third leading cause of death worldwide, responsible for an estimated 3.23 million
deaths, with approximately 392 million people living with this disease [5–7]. COPD incidence
increases with advancing age [7, 8] although people of all ages are at risk of developing COPD.

Cigarette smoking is widely appreciated as the leading cause of COPD worldwide; however, it
is estimated that half of all COPD cases result from nontobacco-related risk factors [7, 9] such
as occupational exposures [10–12] and underlying conditions as asthma, tuberculosis, impaired
lung growth and others (table 1) [13, 14]. Tissue damage and excessive inflammation provide a
favourable environment for the development of COPD, and the potential development of cancer
[14–16].

People with COPD are six times more likely to develop lung cancer than people without COPD
[17]. COPD is also a risk factor for nonpulmonary cancer, independent of smoking status
[10, 12, 18]. This implies that COPD is a driver of cancer development systemically, even after
adjustment for the level of cigarette smoking [19].

TABLE 1 A nonexhaustive list of known risk factors for the development of COPD

Inhaled and environmental toxins
Cigarette smoking
Air pollution (indoor and outdoor)
Biomass fuel
Occupational exposures: vapours, gases, dusts, fumes

Underlying conditions
Asthma
Tuberculosis
Childhood respiratory infections
Underweight/malnutrition
Genetic predisposition
Impaired lung growth
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COPD is an adverse prognostic factor in pulmonary [20] and nonpulmonary [21, 22] cancers.
Furthermore, a systematic review of 17 observational studies of 3268 patients showed that
COPD is a risk factor for mortality caused by COVID-19 in patients with cancer (relative risk
1.47, 95% CI 1.09–1.98) [23].

Clinico-pathological features including shared molecular pathogenesis with pulmonary
cancer and nonpulmonary cancer
COPD and pulmonary cancer
COPD and lung cancer share many pathogenic pathways (figure 1, table 2) [2, 24–26]. Upon
contact with airborne particulate matter, ozone or tobacco smoke, an inflammatory response in
COPD is triggered in the lungs, whereby macrophages and neutrophils release reactive nitrogen
species and ROS, leading to DNA damage, which can predispose to cancer [26].

Mitochondrial degradation is regulated by PTEN-induced kinase 1 (PINK1), a serine/
threonine-protein kinase, through ubiquitination by the protein Parkin, which promotes the
formation of autophagosomes [27]. Dysregulated mitophagy in the PINK1/Parkin pathway in
COPD results in abnormal expression of Parkin and accumulation of damaged mitochondria,
which enhances mitochondrial ROS release [28, 29], elevated oxidised bases (e.g.
8-hydroxy-2-deoxyguanosine), and single- or double-strand breaks in DNA, thereby increasing
the risk of lung cancer [30–32].

Eosinophilic airway inflammation is present in some patients with COPD. Furthermore, in lung
cancer, eosinophils are one of 13 distinct immune cell types found in NSCLC tumours [33].
Eosinophils may exert a pro-tumourigenic effect by polarising macrophages into the M2
phenotype through production of IL-13 and inhibition of cytotoxic T-cells [34].

Tobacco smoke

Environmental exposure (airborne particulate matter, ozone)

Other (occupational exposure, etc.)

Activation of immune responses

involving macrophages,

neutrophils and eosinophils

Chronic inflammation

EMT and tumourigenesis

Lung cancer

COPD

FIGURE 1 Overlapping pathways of pathogenesis for COPD and lung cancer.
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EMT is characterised by the loss of epithelial polarity in basal cells leading to differentiation
into (myo)fibroblast-type mesenchymal cells [35]. In COPD, EMT is an active process
implicated in small-airway fibrosis and obliteration [36], potentially attributed to dysfunctional
epithelium and fibroblast intercellular communication [37]. EMT is known to promote tumour
development and invasive progression in lung cancer [38].

Genomic and epigenetic aberrations are cancer hallmarks and are also implicated in COPD
[2, 39]. Telomere shortening associated with the natural ageing process and tobacco smoke
exposure are well documented in both COPD and lung cancer [25]. Dysfunctional telomeres
cause sustained inflammation in COPD [40], whereas in lung cancer, inactivation of the
retinoblastoma (Rb) and p53 pathway results in critically short telomeres and genetic instability
(end-to-end chromosomal fusions, anaphase bridges, widespread cell death and cell
immortalisation driven by dysregulation in telomere maintenance) [41, 42].

Bacteria are commonly identified in the lungs of patients with COPD and patients with lung
cancer [24]. Alterations and imbalances in commensal lung microbiota associated with exposure
to noxious particles and gases impair host immune defence and worsen inflammation during
COPD exacerbations [43]. Dampened immunity, chronic inflammation and the presence of
certain bacterial strains have been shown to facilitate colonisation of cancer cells and
progression of lung cancer metastasis [44].

COPD and nonpulmonary cancer
COPD has been proposed as an independent risk factor for nonpulmonary carcinoma [45].
While few studies in the literature have examined this, a greater severity of radiological
emphysema predicted increased risk of pulmonary and nonpulmonary malignancy [45], even
after adjusting for sex, age and smoking. Nonpulmonary malignancies associated with COPD
and cigarette smoking include aerodigestive tract, stomach, colorectal, liver, pancreas, kidney,
urinary tract (urothelial), uterine cervix, ovary and prostate carcinomas and myeloid leukaemia
(table 3) [46–49]. Aerodigestive tract tumours may arise in the nasal cavity, paranasal sinuses,
oral cavity, oropharynx, hypopharynx, larynx and oesophagus. Some of these cancers are more
prevalent in patients with COPD due to the shared risk factor of tobacco smoking, but reasons
for the higher risk in others are not well understood.

SCCs from nonpulmonary sites can be difficult to distinguish from primary lung SCC as they
display similar morphology and immunohistochemical staining patterns. Unlike the majority of
lung SCCs, some SCCs of head and neck, cervical and anal origin may be driven by HPV;
these tumours may show a different range of mutations and copy-number variations, as well as
virus-induced dysregulation of cell-cycle pathways [50]. HPV status can support primary site
determination.

TABLE 2 Examples of risk factors for lung cancer in COPD

Risk factor Effect

Mitophagy Impaired PINK1/Parkin pathway
DNA damage Release of reactive nitrogen species and ROS
Telomere shortening Inactivation of Rb and p53 pathway
Altered lung microbiota Weakened immunity leading to immune evasion

PINK1: PTEN-induced kinase 1; Rb: retinoblastoma.
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Other nonsmoking-related tumours have been detected more frequently in COPD cohorts [45],
including those of the skin, retroperitoneum/peritoneum, breast, female and male genital organs,
eye, central nervous system, thyroid and other endocrine organs, and bone marrow. Pathogenic
factors that have been proposed include increased inflammatory mediators, common genetic and
epigenetic pathways, and COPD as a marker of ageing and environmental factors [45].

Interaction of COPD and pulmonary cancer management
Helping patients quit smoking is an important consideration for every patient with COPD and
lung cancer. Smoking cessation reduces morbidity and mortality, even in patients with severe
COPD [51], and improves lung cancer outcomes at every stage [52].

Management of comorbidities is an important component of personalised care for people living
with COPD [4, 53]. Overall, 40–70% of patients with lung cancer have COPD [17, 54], and
COPD is an independent risk factor for poor lung cancer outcomes [55]. However, specific
interactions of lung cancer and COPD therapies have been difficult to tease out because of the
heterogeneity of these conditions, multimodal treatments, comorbidities and differences in study
methodologies examining these factors.

COPD influences the prognosis of pulmonary cancer and has an impact on outcomes from surgery,
radiotherapy and systemic therapy. Given this inherent complexity, evidence gaps and the impact
on patient outcomes, ideally, patients with lung cancer should be treated by a multidisciplinary
team with expertise in managing the multimorbidities of both COPD and lung cancer.

Prognosis
COPD negatively influences prognosis in NSCLC. A retrospective study of 347 patients with
advanced NSCLC in Japan showed that COPD was associated with reduced overall survival (OS)

TABLE 3 Risk of cancer with COPD

Cancer type Risk# First author [ref.]

Lung 3.6–11.6 BUTLER [17], AHN [46], HO [47], KORNUM [48]
Oesophagus 1.3–6.0 AHN [46], HO [47], KORNUM [48], CHIANG [49]
Liver 1.4–5.0 AHN [46], HO [47], KORNUM [48]
Prostate 1.2–4.9 HO [47], CHIANG [49]
Larynx 3.7 KORNUM [48]
Leukaemia 3.2 KORNUM [48]
Multiple myeloma 1.9–3.0 KORNUM [48], CHIANG [49]
Colorectal 1.4–3.0 AHN [46], HO [47]
Kidney 2.6 KORNUM [48]
Lymphoma 1.5–2.4 KORNUM [48], CHIANG [49]
Stomach 1.3–2.4 AHN [46], HO [47], KORNUM [48]
Bladder 1.3–2.1 AHN [46]
Pancreas 2.2 KORNUM [48]
Oral cavity 2.1 KORNUM [48]
Uterine cervix 1.8 KORNUM [48]
Ovary 1.8 KORNUM [48]
Central nervous system 1.6 CHIANG [49]
Breast 1.2 KORNUM [48], CHIANG [49]

#: risk is presented as a narrative summary of range of statistically significant point estimates of hazard ratio or
standardised incidence ratio for cancer type, in descending order of highest estimate, in the presence of COPD.
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(median 10.6 months) compared with no COPD (16.8 months) [20]. Patients with COPD who
were not receiving regular long-acting bronchodilators had less favourable OS (median
8.2 months) compared with those using inhalers (16.7 months), highlighting the importance of
optimal COPD management during lung cancer therapy [20].

Surgery
Surgery remains the treatment of choice for patients with COPD and operable NSCLC if they
have satisfactory fitness for surgery. A systematic review of 19 studies found that COPD
worsened OS (hazard ratio 1.37, 95% CI 1.22–1.55) in patients with lung cancer undergoing
resection [56]. Nevertheless, a retrospective study of 692 patients with COPD and early-stage
NSCLC in Korea showed that surgery still yielded the best prognosis [57].

Because COPD increases the risk of postoperative complications, careful preoperative
assessment is warranted [58]. Predicted postoperative FEV1 (ppo-FEV1) is used to risk stratify
patients for in-hospital mortality, respiratory failure, quality of life, long-term dyspnoea and the
need for ongoing oxygen therapy. Perioperative risks increase substantially when ppo-FEV1 is
<40% predicted, but the threshold for surgery has progressively lowered in line with
improvements in operative techniques such as video-assisted thoracoscopic surgery and limited/
sublobar resection, perioperative care and more global physiological assessment such as
cardiopulmonary exercise tests. On average, in people with COPD, lobectomy leads to a
decrease in FEV1 of 0.11 L after 3–6 months, and 0.15 L within 1–2 years [59]. However, loss
of lung function is not inevitable after surgery; even without formal lung volume reduction
surgery, lobectomy may result in a “lung volume reduction effect” in some people with COPD,
which can minimise pulmonary function loss or sometimes even improve it [60].

Management of COPD should be optimised perioperatively. A retrospective study of 268
patients with COPD undergoing surgery for NSCLC in Korea found that perioperative
long-acting bronchodilators improved postoperative lung function at 12 months (mean difference
in FEV1 129 mL) [61]. A systematic review of nine studies (651 patients) found that
perioperative pulmonary rehabilitation reduced the risk of postoperative pulmonary
complications, the risk of pneumonia and the length of hospital stay [62].

Radiotherapy
Treatment with radiotherapy remains feasible in nonoperable patients with COPD and lung
cancer. Radiation pneumonitis (RP) is a relatively common complication, with an onset of
∼6 weeks to 6 months after completion of external-beam radiation therapy [63]. A systematic
review found that lung function declined after radiotherapy, and DLCO appeared to be more
affected than FEV1 [64]. Whether COPD is an independent risk factor for RP is uncertain [65],
although one prospective study found that emphysema increased the risk of RP [66]. Oral
steroid therapy is the main treatment for RP; however, evidence from a small case series
suggests that inhaled corticosteroids could be used to treat mild cases and may protect against
RP [65].

A retrospective study of 587 patients with NSCLC and COPD in the UK found that, while
curative-intent radiotherapy increased breathlessness and the need for supplemental oxygen in
some patients, OS was similar among COPD severities [67], indicating that more severe COPD
should not be considered an absolute contraindication to radiotherapy.

Stereotactic ablative radiotherapy (SABR) delivers a more focused radiation field at a higher
dose and is suitable for patients whose physiological status precludes surgical lung resection.
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In a retrospective study in Japan, mean declines in FEV1 and FVC ⩾1 year after SABR were
7.4% and 3.6%, respectively [68]. A systematic review reported that stereotactic body radiation
therapy did not worsen the risk of RP in patients with COPD [69].

Systemic therapy
Small-molecule TKIs and ICI therapy
COPD has mixed effects on outcomes for systemic therapy. In a study of 21 026 NSCLC
patients receiving EGFR-TKI treatment in Taiwan, those with COPD (48% of patients) had
worse OS compared with those without COPD (2.04 versus 2.28 years, respectively) [70],
although patients with COPD were generally older. In contrast, patients with advanced NSCLC
and COPD had better OS with ICI therapy compared with those without COPD [71, 72],
possibly through alterations in their immune response and tumour-induced inflammation.

Although often retrospective, a growing body of work describes the association between use of
antibiotics (frequently used in COPD) and worse patient outcomes in NSCLC treated with TKIs
[73] and ICIs [74], with alterations in the gut microbiome or pharmacokinetic interactions
implicated (e.g. via hepatic cytochrome P450 3A4, the predominant metabolic pathway for
several TKIs). In principle, antibiotic exposure should be minimised and the narrowest-spectrum
antibiotic used when possible.

ILD complicates ICI therapy in up to 5% of patients with NSCLC [75] and EGFR-TKI therapy
in ∼1% in patients with NSCLC [76]. In a systematic review of 25 studies, current/former
smoking was associated with ICI adverse events, whereas COPD was not [77]. Close
monitoring of patients with COPD treated with ICI therapy is prudent. Fewer data exist
regarding exacerbations of COPD in the ICI setting in lung cancer, but some case reports point
to resistant/prolonged COPD exacerbations associated with ICI therapy [78].

Cytotoxic chemotherapy
Of relevance to patients with COPD, chemotherapy agents have the potential for lung toxicity,
which may be increased when co-administered with radiotherapy [79]. Chemotherapy side-
effects are usually dose or time dependent, ranging from bronchospasm/hypersensitivity
reactions (within hours of the infusion) to ILD (up to 12 weeks after treatment). Cytotoxic
agents suppress bone marrow and increase the risk of bacterial infection through absolute and
functional neutropenia. Pneumonia may occur in a quarter of patients with lung cancer and is
associated with worse OS and with smoking but not with COPD [80].

The effect of COPD on outcomes from chemotherapy for lung cancer is mixed. COPD was a
negative prognostic factor in patients with stage IV driver mutation-negative NSCLC undergoing
first-line chemotherapy [81]. In contrast, another study showed that patients with COPD and
advanced NSCLC had better OS with chemotherapy compared with those without COPD [82].

Interaction of COPD and nonpulmonary cancer management
There is a significant impact of COPD on the medical care of patients with cancers other than
lung cancer. Conversely, the lung health of patients with COPD can be impacted by coexisting
nonpulmonary malignancy, current treatment of such or previous therapies, including surgical,
radiation and systemic therapies. Smoking cessation plays an important role in nonlung cancer
treatment [83].

Chest wall, pleural, diaphragmatic and mediastinal pathology (including fibrotic changes [84],
effusions [85], hernias [86] and masses [87]) can alter respiratory dynamics, already at a
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mechanical disadvantage from the hyperinflation and gas trapping of emphysema [88].
Although good inhaler therapy is associated with better outcomes in lung cancer, evidence to
support this in nonlung cancers remains lacking; for example, a single-centre, randomised
controlled trial in patients treated for head and neck malignancy did not demonstrate any
improvement in quality of life following optimisation of inhaled COPD therapies [89].

Cancer treatment decision making is complex, and the presence of a serious chronic underlying
disease such as COPD makes it even more challenging. There is a need to define the risks for
COPD patients undertaking treatment for cancer more precisely. This means that data sources
for population-based studies need to include proper definitions for COPD diagnosis and
severity-based indices such as lung function. There is also a need for well-designed prospective
studies to define tolerance for particular cancer treatments in the presence of COPD and to
identify opportunities to mitigate these, as well as to examine the impact of COPD on cancer
treatment decisions and in turn the impact of these decisions on health outcomes.

Prognosis
The survival of patients with COPD who develop nonpulmonary cancers has been shown to be
inferior compared with those without COPD [21, 22], and some studies show that the presence
of a comorbidity including COPD is associated with higher cancer-specific as well as overall
and other-cause mortality [90]. There is also evidence that patients with COPD present at a
more advanced stage with some cancers than those without COPD [91].

Surgery
COPD is an adverse prognostic factor in the surgical treatment of patients with nonpulmonary
cancers, including radical oesophagectomy [92], curative resection for colorectal cancer [93] and
pancreatoduodenectomy with vascular resection [94], and increases the risk of surgical site
infections in breast cancer resection [95]. Serious complications of surgical treatment are greater
for patients with COPD [96–102]. The risk of complications may lead to significant
modifications in treatment decisions for patients with COPD [103–105]; for example, a Dutch
study of 702 patients with curable oesophageal cancer showed that, although survival with
radiation-based treatment was inferior, patients with COPD were more than twice as likely to
receive radiation treatment than standard surgery-based treatment [105].

Radiotherapy
The lung may be an innocent bystander, with acute inflammatory and chronic fibrotic reactions
to radiation fields that overlap the lung [106], especially radiotherapy for breast or oesophageal
cancer [107].

Systemic therapy
Many drug treatments are implicated in direct pulmonary toxicity. The adverse effects of
bleomycin, used for germ-cell tumours and Hodgkin lymphoma, are well known [108].
Monitoring of vital capacity and gas transfer, limitation of fluid administration, and preventing
excessive oxygen administration (e.g. aiming for target oxygen saturations of 88–92%) are
accepted strategies to minimise the risk of bleomycin lung toxicity.

Newer immunotherapies have revolutionised melanoma and colorectal cancer therapy but can be
complicated by pneumonitis, the risk of which appears to be higher in those with COPD [109].
Severe pneumonitis requires discontinuation of immunotherapy and can be life-threatening. The
immunosuppressive and neutropenic effects of systemic oncological therapies put patients at risk
of pneumonia and exacerbations of COPD, which carry significant morbidity [78].
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Bone marrow suppression with anaemia can contribute to reduced oxygen-carrying capacity of
the blood, which will have the greatest impact in patients with reduced physiological reserve,
such as those with COPD.

Maintenance of physical therapy and the ability to undertake pulmonary rehabilitation, both
important in COPD management, are often restricted during systemic anticancer treatment.
Malignancy-associated weight loss and deconditioning compound the accelerated sarcopenia in
ageing COPD patients to contribute to dyspnoea, impaired quality of life and risk of
exacerbation.

Conclusion
A close pathogenic and clinical relationship exists in patients with coexisting COPD and cancer
(both pulmonary and nonpulmonary). COPD predisposes at-risk individuals to developing lung
cancer and other cancers, inferring that COPD is a driver of cancer development systemically,
even after adjustment for cigarette smoking. The mechanisms for predisposition to cancer from
COPD may include gene–environment interaction, genomic and epigenomic alterations,
inflammation and dysregulated repair, and accelerated ageing.

Smoking cessation is important in all patients with COPD and cancer. COPD complicates care
for pulmonary cancers by worsening prognosis, increasing the risk of postoperative complications

TABLE 4 Effect of epidemiology and pathogenesis of COPD on cancer

Epidemiology
COPD is a driver of systemic cancer development
Lifestyle, environmental exposures and medical risk factors interact in COPD and cancer development

Pathogenesis
COPD and cancer share the following common pathogenic mechanisms:
Genomics and epigenomics
Gene–environment interactions
Inflammation
Abnormal tissue repair
Mitochondrial dysfunction
Accelerated ageing

TABLE 5 Impact on cancer care from COPD

Pulmonary cancer care Nonpulmonary cancer care

Prognosis COPD worsens lung cancer prognosis:
optimisation of management of COPD

(present in 40–70% of patients with lung
cancer) is vital

COPD worsens prognosis of nonpulmonary
cancers: clinicians should be aware of COPD
when making cancer treatment decisions for

nonpulmonary cancers
Surgery Perioperative risks are higher with

predicted postoperative FEV1 <40%
predicted

COPD worsens prognosis in major cancer
surgery (e.g. oesophageal,
pancreatic, colorectal)

Radiotherapy Emphysema increases risk of radiation
pneumonitis

Radiotherapy fields for breast and
oesophageal cancer overlap the lungs

Stereotactic ablative radiotherapy can be
considered in COPD

Systemic therapy COPD has mixed effects (benefit versus
risk) on outcomes with TKI or ICI therapy

or chemotherapy for lung cancer

COPD increases risk of pneumonitis from ICI
therapy, and pneumonia and exacerbations

from chemotherapy
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from lung cancer surgery (which can be ameliorated with better use of bronchodilators and
pulmonary rehabilitation), placing patients at greater risk of RP, and possibly (but not always)
increasing the chance of lung toxicity from chemotherapy and immunotherapy.

COPD has significant impact on the medical care of patients with nonpulmonary cancers.
COPD worsens the survival of patients with nonpulmonary cancers, is associated with poorer
prognosis after major cancer surgery, complicates radiotherapy that overlaps lung fields and can
be exacerbated by systemic immunotherapy.

This evidence synthesis demonstrates that COPD and cancer have major, bidirectional effects on
care (tables 4 and 5), highlighting the urgent need for better strategies to prevent these
devastating conditions and mitigate their health effects in affected individuals.
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Pulmonary emphysema is a pathological process that is usually associated with COPD, is secondary to
the inhalation of toxic fumes (mainly tobacco smoking) or is caused by a genetic defect (α1-antitrypsin
deficiency). With the increasing use of chest CT, emphysema identification has been made easier. It is
postulated to be one of the most important risks factors for lung cancer, independently of the presence
of COPD. This risk seems to specifically relate to centrilobular subtype and increases with emphysema
severity. Its presence can also lead to an increased risk of complications during diagnostic and surgical
procedures. Additionally, irrespective of lung cancer stage or histological type, patients with
emphysema have a higher risk of recurrence and a worse overall survival. Therefore, the identification
of pulmonary emphysema on chest CT could have important implications for risk assessment,
diagnostic procedures, selection of the best therapy and the prognosis in patients at risk of lung cancer.

Introduction
The pathological definition of emphysema is: “an abnormal permanent enlargement of air
spaces distal to the terminal bronchioles, accompanied by the destruction of alveolar walls
and without obvious fibrosis” [1]. It is one of the main associated pathological processes
in COPD and is usually secondary to the inhalation of toxic fumes, particularly tobacco
smoke, although it could also be caused by a genetic defect such a as α1-antitrypsin deficiency
(AATD) [2].

This chapter will specifically address the impact of emphysema on cancer risk, care and
prognosis. As the available information on the impact of emphysema on cancer in general is
minimal, the present chapter will focus mainly on lung cancer, where more information has
been published. The impact of COPD will be addressed in chapter 8 of this Monograph [3].
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Emphysema definition, type, diagnosis and quantification
Emphysema was initially defined via histology [4]. Later, the diagnosis was also made by
radiological means, through an increase of lung tissue lucency on chest radiograph or, more
recently in the era of chest CT scans, through the detection of low attenuation areas (LAAs) of
lung tissue [5].

Emphysema is classified into three subtypes based on the alteration of the secondary pulmonary
lobule: centrilobular, panlobular and paraseptal [6]. Centrilobular is the subtype most frequently
associated with tobacco smoking and occurs more often in the upper lobes and in the right lung
[7]. Paraseptal can occur in the absence of tobacco exposure, is associated with spontaneous
pneumothorax and may depend on age and genetic susceptibility [8]. Panlobular is related to
AATD and is usually situated in the lower lobes [9].

Emphysema severity can be assessed visually or by using automatic software. There are two
well-validated visual emphysema scores: the first described was a five-level, semi-quantitative
scale [10], used by the National Emphysema Treatment Trial [11]; the other, proposed by the
Fleischner Society [7], differentiates between emphysema subtypes and severity. The quantitative
software-based evaluation of emphysema needs to first perform a three-dimensional lung
segmentation and apply a density mask to conduct lung densitometry [12]. From this lung density
histogram many indexes are derived, the two most popular of which are: the proportion of LAA
to total lung area (%LAA) and the percentile point defined as the cut-off value in Hounsfield
Units (HU) below which a given percentage of all voxels is distributed (e.g. −950, −910, etc.).

Emphysema as a risk factor for lung cancer
VENUTA et al. [13] reported the first association between emphysema and lung cancer, describing a
peripheral foci of large cell carcinoma in patients who underwent surgical resection of
emphysematous bullae. One of the first case–control studies that found a stronger association
between lung cancer and emphysema was performed in 1553 lung cancer patients matched with
1375 healthy volunteers [14]. The study examined the risk of different respiratory diseases in lung
cancer, with emphysema showing the strongest association (OR 2.87, 95% CI 2.20–3.76). Later,
when analysing patients enrolled in a lung cancer screening programme, DE TORRES et al. [15]
found that lung cancer was three times more frequent in those with emphysema. Even in
patients without airflow obstruction, the presence of emphysema increased the risk of lung
cancer four-fold (risk ratio 4.33, 95% CI 1.04–18.16). Similar results were reported almost at
the same time by WILSON et al. [16] in the Pittsburgh Lung Screening Study (PLuSS), which
found an OR 3.56 (95% CI 2.21–5.73). In both studies, when airflow obstruction and
emphysema were included in the regression model, only emphysema remained as an
independent risk factor for lung cancer. Importantly, another large case–control study from the
Mayo Clinic replicated similar results [17].

Studies performed in nonsmoking populations have also demonstrated the importance of
emphysema as a risk factor for lung cancer. In a study that followed a cohort of almost 500,000
nonsmokers for a period of 20 years, TURNER et al. [18] found that lung cancer mortality was
strongly associated with emphysema presence (hazard radio (HR) 1.66, 95% CI 1.06–2.59).
Similarly, data from the International Early Lung Cancer Action Program (I-ELCAP) showed
that never-smokers with emphysema had a six-fold increase in lung cancer risk compared with
never-smokers without emphysema [19]. This indicator also seems to be present in
never-smokers with AATD, with studies showing that homozygous SS individuals are also at a
high risk of developing lung cancer [20]. Interestingly, patients with severe AATD (PiZZ
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individuals) have an increased risk of developing hepatic and non-hepatic cancer compared with
the general population, even after adjusting for other potential risk factors (age, sex, smoking
habit and the presence of liver disease) [21].

Both visual and quantitative software-based methodology have been used to assess the risk of
emphysema and lung cancer. Visual methods have the advantage of being more practical and
several studies have demonstrated their reproducibility among different users [10, 11]. Some of
the previously mentioned studies used this methodology [15, 16]. Quantitative methods rely on
software; they are not as widely available and are more time consuming. KISHI et al. [22]
performed a case–control study of a population from a lung cancer screening programme, using
LDCT and quantitative analysis (emphysema threshold: <−900 HU). Amongst 24 lung cancer
cases and 96 controls, they observed an association with the presence of airflow obstruction
represented by FEV1 ⩽40% (OR 9.6, 95% CI 1.5–60.1; p=0.016), but not with presence of
emphysema (OR 1.1, 95% CI 0.6–1.9). MALDONADO et al. [23] used the same threshold in
LDCT and found similar results, even in cases of severe emphysema (>50%) (OR 1.57, 95% CI
0.73–3.37). Interestingly, a retrospective study (follow-up of 6.6 years) of 279 lung cancer cases
and 279 controls who were participants of the National Lung Screening Trial (NLST), showed a
significant association (OR 3.41, 95% CI 1.78–6.94) using LDCT at a different threshold
(−950 HU) [24].

In an attempt to clarify this, SMITH et al. [25] performed a meta-analysis and reported that
automated quantification of emphysema was inferior to visual assessment for determining the risk
of lung cancer (OR 1.16, 95% CI 0.48–2.81 versus OR 3.50, 95% CI 2.71–4.51). Recently, YANG

et al. [26] reported another systematic review and meta-analysis that included more studies, in
which both visual and quantitative methods were associated with higher odds of lung cancer.

This discrepancy between visual and automated assessment of emphysema could be explained
by the density threshold used to determine the presence of emphysema, noise that alters the CT
image and the application of filters that mitigate this noise. All these factors are especially
important in LDCT, because they could greatly affect the quantitative evaluation of lung
density. Consequently, improving image processing in LDCT and choosing the correct threshold
could help clarify this association. In 2021, LABAKI et al. [27] performed an automated
quantification of emphysema measured on noise filtered LDCT using a cut-off of −950 HU in
7262 participants of the NLST. They found that every 1% increase in %LAA was independently
associated with lung cancer, showing higher lung cancer incidence (HR 1.02, 95% CI
1.01–1.03; p=0.004), lung cancer mortality (HR 1.02, 95% CI 1.00–1.05; p=0.045) and
all-cause mortality (HR 1.01, 95% CI 1.00–1.03; p=0.042).

Emphysema severity and lung cancer risk has also been subject of interest, and once again, the
evidence is inconsistent. WILSON et al. [16] noted that in patients with mild emphysema, the risk
of lung cancer was higher, followed by those who had moderate-to-severe emphysema and
those who had traces of emphysema. LI et al. [17] also found that the risk of lung cancer did
not increase with emphysema severity (OR 3.33, 95% CI 2.30–4.82 and OR 3.80, 95% CI
2.78–5.19 for ⩾10% and ⩾5% of emphysema distribution, respectively). In contrast, ZULUETA

et al. [28] noted a linear trend between emphysema severity and lung cancer mortality, but the
association was only significant for marked emphysema. As previously mentioned, the
limitations of emphysema quantification via automated assessment have resulted in a failure to
find a significant association between emphysema severity and lung cancer risk [21, 22].
However, a recent study by AAMALI GAGNAT et al. [29], which used software-based
quantification, concluded that emphysema severity is associated with an increase in pulmonary
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and non-pulmonary cancer (LAA ⩾10%: OR 3.33, 95% CI 1.04–10.61 for lung cancer and OR
2.10, 95% CI 1.14–3.87 for non-pulmonary cancer). This result was replicated in the recent
meta-analysis by YANG et al. [26].

What does seem to be more clearly supported by the literature, is that lung cancer develops
more often in areas of the lung with more severe emphysema. This has been shown in two
important studies, which demonstrated a strong association of lung cancer located in the area
with the highest degree of visual emphysema, usually the right upper quadrant [30, 31]. Even
studies using automated assessment found that emphysema region resulted in larger tumours
with worse overall survival [32]. Regarding the type of emphysema, GONZÁLEZ et al. [33]
showed in a case–control study that the risk of lung cancer was strongly associated with
centrilobular emphysema (OR 34.3, 95% CI 25.5–99.3), decreasing when associated with
paraseptal emphysema (OR 4.0, 95% CI 3.6–34.9) and disappearing with paraseptal emphysema
alone (OR 0.6, 95% CI 0.5–2.6). This was recently supported by the systematic review and
meta-analysis of YANG et al. [26].

As the relationship between emphysema (that both does or does not coexist with COPD) and
lung cancer has been well validated [15, 16], it seems logical to assume that both alterations
should be considered clinically useful to the improvement of lung cancer screening selection
criteria [34]. Some medical societies have proposed that smokers who are ineligible for the
NLST and have at least one additional risk factor should also be offered screening [35, 36].
A study by SANCHEZ-SALCEDO et al. [37] showed that in I-ELCAP and PLuSS, only 36% and
59% of the participants of these lung cancer screening programmes, respectively, met the NLST
inclusion criteria. This resulted in a reduction in lung cancer diagnostic yield of 39% and 20%,
respectively. When using emphysema as a complementary criterion to NLST for annual
screening, the lung cancer annual detection rate was 88% and 95%, respectively, despite a
reduction of 52% in the number of individuals screened. A summary of the main studies that
have assessed the emphysema and lung cancer risk is presented in table 1.

The proposed mechanisms involved in the higher risk of lung cancer in individuals with
emphysema are listed in table 2 [43–45]. As chapter 1 of this Monograph specifically focuses
on airway inflammation and lung cancer [46], here we only summarise the most important
proposed pathways.

Impact of emphysema on cancer care
Overall, the impact of comorbidities on cancer treatment has been poorly assessed [47, 48]. The
evidence addressing the impact of emphysema on cancer care is limited, as most arises from
studies focusing on COPD as a whole, which include patients with airflow obstruction who do/
do not have emphysema, usually without making distinctions [48]. The impact of COPD on
cancer will be discussed in another chapter [3] and due to the scarce information of the impact
of emphysema on non-pulmonary cancer care, we will address its effect solely on lung cancer.

The journey towards a lung cancer diagnosis in a patient with a lung nodule suspected of
malignancy, usually begins with CT-guided transthoracic lung core biopsy or fine-needle
aspiration, where pneumothorax and haemorrhage are the most frequent complications [49–51].
As expected, the presence of emphysema is a significant risk factor for pneumothorax, with an
incidence as high as 54%, in contrast with 15% in patients without emphysema [49, 50, 52].
Regarding pulmonary haemorrhage, interestingly, the incidence appears to be lower in
emphysematous patients, probably due to decreased blood vessel volume [51, 53].
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TABLE 1 Characteristics of the main studies that analyse the direct relationship between emphysema and lung cancer

First author [ref.] Design Emphysema
measurement

Features evaluated
qualitatively

Characteristics of
quantitative
evaluation

Sample
size

Pulmonary
function–lung

cancer association

Emphysema–lung
cancer association

KISHI [22] Case–control LDCT (quantitative
analysis)

%LAA −900 HU 24 cases; 96 controls FEV1 ⩽40%; OR 9.6
(95% CI 1.5–60.1)

OR 1.1 (95% CI
0.6–1.9)

DE TORRES [15] Cohort LDCT (visual analysis) Presence of emphysema 23 lung cancer cases;
1166 participants

OR 4.83 (95% CI
2.05–11.41)

RR 3.33 (95% CI
1.41–7.85)

WILSON [16] Cohort LDCT (visual analysis) Presence and severity of
emphysema

99 lung cancer cases;
3638 participants

GOLD stage I–IV; OR
2.09 (95% CI 1.48–5.53)

OR 3.14 (95% CI
1.91–5.15); no
correlation with

severity
MALDONADO [23] Case–control CT (quantitative

analysis)
%LAA −900 HU 64 lung cancer cases;

377 controls
FEV1 <40%; OR 2.84
(95% CI 1.09–7.38)

OR 1.04 (95% CI
0.82–1.33)

LI [17] Case–control CT (visual analysis) Presence of emphysema ND 565 lung cancer cases;
450 controls

ND ⩾10%; OR 3.33 (95%
CI 2.30–4.82)

GIERADA [24] Cohort CT (quantitative
analysis)

ND %LAA −910 HU and
−950 HU

279 lung cancer cases;
279 participants

ND OR 3.41 (95% CI
1.78–6.94)

WILSON [38] Case–control CT (visual and
quantitative analysis)

Presence of emphysema Severity of emphysema
%LAA −910 HU

117 lung cancer cases;
117 controls

Airflow obstruction OR
2.02 (95% CI 1.13–3.58)

OR 3.59 (95% CI
1.98–6.50); not for

severity
WANG [39] Case–control CT (method not

reported)
Presence of emphysema ND 1069 lung cancer cases;

1132 controls
ND OR 1.55 (95% CI

1.03–2.32)
SANCHEZ-SALCEDO [37] Cohort LDCT (visual analysis) Presence of emphysema ND I-ELCAP 3061; PLuSS

3638
ND I-ELCAP 7.27 (95% CI

5.57–9.50); PLuSS 5.80
(95% CI 4.75–7.08)#

HENSCHKE [19] Cohort LDCT (visual analysis) Presence of emphysema ND 668 lung cancer cases;
62 124 participants

ND Current smokers: OR
1.8 (95% CI 1.4–2.2);
former smokers: OR
1.7 (95% CI 1.3–2.2);
never-smokers: OR 6.3

(95% CI 2.4–16.9)

Continued
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TABLE 1 Continued

First author [ref.] Design Emphysema
measurement

Features evaluated
qualitatively

Characteristics of
quantitative
evaluation

Sample
size

Pulmonary
function–lung

cancer association

Emphysema–lung
cancer association

BAE [40] Cohort CT (quantitative
analysis)

ND % of low attenuation
regions in every lung

lobe −950 HU

78 lung cancer cases ND OR 2.48 (95% CI
1.48–4.15); lung
cancer was more

likely to be found in
regions of more

severe emphysema
AAMLI GAGNAT [29] Cohort HRCT (quantitative

analysis)
ND %LAA −950 HU 34 lung cancer cases;

119 non-pulmonary
cancer cases;

947 participants

ND LAA ⩾10%: HR 3.33
(95% CI 1.04–10.61)
lung cancer; HR 2.10
(95% CI 1.14–3.87)
non-pulmonary

cancer
CARR [41] Case–control CT (qualitative and

quantitative analysis)
Presence and severity of

emphysema
%LAA as a continuous
and dichotomised

variable value −950 HU
and 15th percentile
point of lung density

169 lung cancer cases;
671 controls

ND HR 3.0 (95% CI
1.98–4.59) for

qualitative evaluation;
not for quantitative

evaluation
GONZÁLEZ [33] Case–control LDCT (visual analysis) Presence of emphysema ND 72 lung cancer cases;

215 controls
Airflow obstruction

OR 2.8 (95% CI 1.6–5.2)
OR 34.3 (95% CI

25.5–99.3)¶

WANG [42] Cohort Airway collapse
measured by spirometry

Presence of
emphysema-

predominant phenotype

ND 2222 lung cancer cases;
2323 controls

Airflow obstruction OR
1.28 (95% CI 1.05–1.57)

HR 1.84 (95% CI
1.21–2.80)

LABAKI [27] Cohort LDCT (quantitative
analysis)

ND Severity of emphysema
%LAA −950 HU

353 lung cancer cases;
7262 participants

ND Every 1% increase in
%LAA: HR 1.02 (95%
CI 1.01–1.03) lung

cancer incidence; HR
1.02 (95% CI

1.00–1.05) lung cancer
mortality; HR 1.01
(95% CI 1.00–1.03)
all-cause mortality

%LAA: proportion of the low attenuation area to the total lung area; RR: risk ratio; HR: hazard ratio; HU: Hounsfield unit; GOLD: Global Initiative for Chronic Obstructive Lung
Disease; ND: no data; I-ELCAP: International Early Lung Cancer Action Program; PLuSS: Pittsburgh Lung Screening Study. #: values expressed as lung cancer incidence
density per 1000 person-years; ¶: association with centrilobular emphysema.
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Emphysema and surgery
Pulmonary resection is the treatment of choice for early stage lung cancer. As emphysema is a
strong and independent risk factor for lung cancer, up to 75% of these patients could have
radiological emphysema [15, 16]. The presence of CT-diagnosed emphysema or a low DLCO,
which is a known surrogate marker of emphysema [54, 55], has been associated with increased
complication rates after lung surgery (e.g. prolonged air leak) [56–58]. CT-based preoperative
emphysema quantification has proven useful in predicting respiratory complications in patients
undergoing standard video-assisted thoracoscopic surgery lobectomy, or even segmentectomy
[56, 59–61]. Despite these risks, in selected patients with concomitant early stage lung cancer
and severe emphysema, if the cancer is located in an emphysematous area (as it usually is),
lung cancer resection can also serve as lung volume reduction surgery with its associated
benefits [62–64].

Emphysema and radiotherapy
External beam radiation therapy improves loco regional control and survival in patients with
lung cancer [48]. However, the incidence of radiation pneumonitis is an important concern. In a
cohort of 153 consecutive patients with locally advanced NSCLC (stages IIIA or IIIB), treated
with radiotherapy (three-dimensional conformal radiotherapy or intensity-modulated radiotherapy)
and concurrent or sequential chemotherapy (QT), the presence of emphysema was an independent
risk factor for radiation pneumonitis [65]. Similar results were found by KIMURA et al. [66], who
used three-dimensional conformal radiotherapy in a heterogeneous cohort of patients with
NSCLC, SCLC and mediastinal tumours, with 79% receiving QT. However, in patients with early
stage lung cancer undergoing stereotactic body radiotherapy, several studies have found that the

TABLE 2 Mechanisms linking emphysema and lung cancer

Genetic susceptibility
Nicotinic acetylcholine receptors
Telomerase reverse transcriptases
VEGFR1
Genetic alterations in mediators of inflammation
Genetic variants of FAM13A
α1-antitrypsin deficiency

Epigenetics
DNA methylation profiles related to smoking
SERPINA1, CCDC37, MAP1B

MicroRNA
Common microRNA profiles

Chronic inflammation
NF-κB
Type 2 cytokines
PI3 kinase pathway
Prostaglandins
Aberrant expression of growth factors (EGFR, Wnt)
Oxygen and nitrogen radicals

Repair mechanisms
EMTs (bronchoalveolar stem cells)
SNAI1

Favourable factors
Dysfunction of mucociliary clearance
Hypoxia-inducible factors

PI3 kinase: phosphatidylinositol 3-kinase.
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risk of radiation pneumonitis does not increase with the presence of emphysema [67–69]. The
different radiotherapy strategies, the use of systemic therapy and the different target populations
could account for these findings.

Emphysema and systemic treatments
There is no relevant data available on the potential impact of emphysema on conventional
QT; however, evidence is available about its impact on targeted therapies (TKIs) and
immunotherapy (ICIs). In a large, retrospective study of 10 000 patients with recurrent/advanced
NSCLC, who were treated with a TKI (erlotinib), the presence of concomitant or previous
emphysema or COPD were significant risk factors for developing ILD [70].

Despite the promising results of ICIs in the treatment of NSCLC, they can be associated with
various immune-related adverse events, including immune-related pneumonitis (IRP) [71, 72].
In a Korean cohort of 167 patients treated with ICIs, the incidence of pneumonitis was 13.2%.
The prevalence of COPD (all with COPD had emphysema) in the IRP group doubled that of
patients without IRP, although the difference was not significant (27% versus 13%, respectively;
p=0.08) [73]. Furthermore, in a recent real-world lung cancer cohort, it was noted that even
though a composite definition of COPD (by history, emphysema on CT scan or spirometry) was
found to be a significant risk factor for IRP, when emphysema was assessed independently, it
lacked significance [74]. Interestingly, patients with NSCLC with emphysema have a better
prognosis when treated with ICIs [75].

From a different perspective, a Japanese study reported various factors that affected the decision
capacity of newly diagnosed lung cancer patient on receiving systemic therapy; emphysema
presence did not affect this capacity [76].

The role of emphysema in lung cancer prognosis
A number of studies have explored the independent role of emphysema presence (aside from
COPD) in the survival of patients with lung cancer.

GULLÓN et al. [77] were amongst the first to explore the independent association of emphysema
presence and lung cancer survival in a large sample of patients (n=353) at stage IIb or higher.
Multivariable analysis identified emphysema (HR 1.49, 95% CI 1.11–2.01), surgery (HR 0.3,
95% CI 0.15–0.56) and QT (HR 0.34, 95% CI 0.31–0.57) as the main predictors of survival. In
a smaller sample (n=84), KIM et al. [78] also explored the impact of emphysema severity on
lung cancer patients at stage IIIb and IV. They found that a higher emphysema score was
significantly associated with poor survival (HR 2.06, 95% CI 1.27–3.41), as well as no response
to first- and second-line therapy.

The impact of emphysema on early stage lung cancer has been more extensively explored. SATO
et al. [79] explored a large sample of 566 patients who underwent surgical resection for lung
cancer. Emphysema, high smoking exposure, elevated histological grade and the presence of
pleural invasion were predictors of poor survival. Regarding post-operative complications,
pneumonia and supraventricular tachycardia were more frequently seen in the emphysema
group. These findings were later supported by the work of KAGIMOTO et al. [80], who studied
412 patients and found that those with more emphysema had a worse relapse-free and overall
survival. KAWAGUCHI et al. [81] also explored the impact of emphysema on those who
underwent wedge resection. Multivariable analysis found that emphysema presence was
associated with locoregional recurrence. Previously mentioned studies used well-validated visual
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scales to determine the presence of emphysema. However, the use of automatic software
quantification has also been proven to be useful in determining the prognosis of lung cancer
patients. LEE et al. [82] showed that the emphysema severity of the whole lung was
independently associated with recurrence after adjusting for age, sex, smoking status and FEV1.

Interestingly, the presence of emphysema was also found to be an important predictor of
survival in patients with SCC. In a sample of 149 patients, LEE et al. [83] showed that a higher
emphysema score was a significant independent prognostic factor for poor survival (HR 1.85,
95% CI 1.14–3.00), along with extensive disease (HR 2.27, 95% CI 1.45–3.53), elevated
lactated dehydrogenase (HR 1.52, 95% CI 1.03–2.23) and supportive care (HR 6.46, 95% CI
3.64–11.48).

Potential reasons to explain a poorer prognosis in patients with emphysema
These could be classified into three categories: biological; the presence of associated
comorbidities; and due to the treatment received [84–93]. These reasons are summarised in table 3.

Conclusion
Pulmonary emphysema detected on chest CT is independently associated with a high risk of
lung cancer, regardless of whether it is assessed visually or quantitatively. This risk is
specifically seen with the centrilobular subtype and increases with emphysema severity.

The presence of emphysema can lead to an increased rate of complications during diagnostic
and surgical procedures. Data regarding the impact of emphysema on radiotherapy and systemic
therapy is not consistent. However, more recent studies suggest there is no increased harm.

The available information indicates that irrespective of the way we determine the presence or
severity of emphysema, lung cancer stage or histological type (NSCLC versus SCLC),
emphysema presence and severity have been consistently and independently associated with
lung cancer post-operative complications, recurrence and overall survival.
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Morbidity and mortality related to allergic diseases and cancer of various systems and organs represent an
increasing burden on healthcare organisations worldwide. The rise of cancer prevalence can be explained
by augmented life expectancy, particularly in developed countries. Environmental pollution and climate
change also contribute to the global increase in mortality and morbidity relating to cancer. Although
usually nonlethal, allergies profoundly impact on the daily life of billions of people worldwide, from
infants to elderly patients. The complexity of the biological mechanisms of allergies partly explains our
relative therapeutic inefficiency. The relationship between allergies and cancer is complex, the former
counteracting the latter in some cases but accelerating cancer development in other circumstances. The
pivotal role of inflammation, however, is unquestionable in both cancer and allergies. Selective and
effective anti-inflammatory compounds are urgently needed as inflammation is a common feature of cancer
and allergies, and it favours neoplastic development and aggravates allergic reactions.

Introduction
Morbidity and mortality related to allergic diseases and cancer of various systems and organs,
including the lung, represent an increasing burden for health systems worldwide, not only in
developed countries but also in low- and middle-income countries. Cancer is a leading cause of
death worldwide, accounting for ∼10 million deaths in 2020 [1]. The prevalence of allergic
diseases has also been on the rise in recent years; for example, 40% of the population
worldwide now shows evidence of sensitisation to foreign proteins present in the environment [2].
Looking for a clinical association between cancer and allergies and deciphering their underlying
biological mechanisms might prove necessary with the current growing number of individuals
affected by either condition or both. This approach, if successful, will lead to better prevention and
treatment of cancer if allergies are proven to either trigger and worsen or, alternatively, protect
against malignant processes [3, 4]. The aim of this chapter is to briefly review the current evidence
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from the literature on possible links between cancer and allergies, and to discuss potential clinical
implications and future developments for research.

The complex relationship between allergy and cancer
The last decades have witnessed increased rates of allergies and asthma worldwide, with
evidence suggesting that an upcoming reversal of this trend is not imminent. The most reported
allergies are disorders related to atopy, including allergic rhinitis, asthma and eczema. Food
allergy prevalence has also risen in recent years, but progress has been made to improve the
diagnostic tools and treatment options for these allergic patients [5]. Although still debated,
many investigators now adhere to the “hygiene hypothesis” [6], which explains the increased
incidence of allergies and asthma by decreased occurrence of bacterial infections in early
childhood of infants living in developed countries. Lack of infections in early life results in
reduced stimulation of Th1 cells, thereby releasing the natural brake exerted by Th1 cells on
Th2 cells and consequently increases stimulation of the Th2 cell-mediated immune response, a
well-known process favouring the development of allergic diseases [7]. The genetic background,
although not yet completely mapped, is also of paramount importance in the development of
atopic symptoms in susceptible individuals [8]

The relationships between allergic diseases, in particular asthma and cancer, are far from
unequivocal. Early evidence has suggested protective effects of atopy against cancer
developments via mechanisms known as “immunosurveillance” [9], but recent studies also
suggest a favouring effect of allergies on the occurrence of malignancies linked to uncontrolled
chronic inflammation induced by repeated exposure to allergens [10].

Immunosurveillance as a tumour-protective mechanism
The protective effects of a hyperreactive immune response state, as seen in patients with allergic
disorders, against the occurrence and development of cancer are rooted several decades ago and
can be found in various lines of evidence. First, IgE, which is overproduced by
immunocompetent cells following contact with sensitising allergens, is known for its cytotoxic
effects on malignant cells [11, 12]. Second, immunocompromised subjects have a higher
incidence of malignant tumours compared with individuals in whom immune cells still function
normally. Our immune system works as a highly effective and constantly operating surveillance
system capable of spotting subtle changes in normal cells undergoing mutational modifications to
become malignant ones (figure 1) [13]. The newly formed cancer cells can then be targeted and
eliminated by specialised adaptive immune actors, including natural killer (NK) cells and
eosinophils and their various molecular weapons. NK cells can recognise budding tumours
through altered major histocompatibility complex molecules expressed on malignant cells [14].
Hence, the surface membranes of the latter can be precisely targeted and eventually fragmented
by effector molecules causing cell death, such as perforin-mediated lysis and granzyme-
dependent apoptosis [15]. Thus, theoretical grounds exist to suggest possible links between high
levels of blood eosinophils and better prognosis in patients with cancer related to the cytotoxic
effects of eosinophils on tumour cells [16]. It is known that the cytotoxic effects of eosinophils
are mediated by preformed granule cationic proteins, such as major basic protein, eosinophil
cationic protein, eosinophil peroxide and eosinophil-derived neurotoxin, which can kill helminths
and viral and bacterial pathogens but also tumour cells through cell lysis [17]. Eosinophils can
also produce various cytokines, such as TNF-α and IL-18, which are known for their
antitumourigenic properties [18]. Quantitatively, it is tempting to infer that patients with
hypereosinophilia might have a lesser risk of cancer as suggested by clinical studies linking the
abundance of eosinophils at tumour sites or in peripheral blood as a favourable prognostic factor
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for some human cancers [18]. However, these observations are not consistent with the fact that
eosinophils can also release protumourigenic molecules such as VEGF [19], a key player in
tumour growth and invasion. Due to the central role of eosinophils in both allergic and
inflammatory disorders and their ambivalent effects on cancer development, in the next section
we discuss the mechanisms of tumour-favouring factors in patients with allergic disorders.

Inflammation as a tumour-promoting and/or suppressive mechanism
The coexistence of inflammatory processes and allergic disorders has been known for over a
century since the seminal description made in 1910 by KNOX et al. [20] reporting signs of local
acute inflammation accompanying the s.c. allergic reaction of rabbits to horse serum. The
association between inflammation and cancer also dates to the 19th century when Virchow
hypothesised in 1863 that chronic inflammation might pave the way for cancer following his
insightful observations that cells often proliferate under conditions of chronic inflammation
related to irritant-induced tissue injury [21]. When associated with wounding, cell proliferation
transiently takes place to favour tissue regeneration, but it rapidly subsides when inflammation
starts to fade away after removal of the assaulting agent and the ensuing completion of the tissue
repair processes. By contrast, cells with mutagenic injury might proliferate in an uncontrollable
manner, especially when the injured tissue micro-environment is rich in inflammatory mediators
and filled with high levels of growth factors. In other words, inflammation associated with
wound healing, which can be viewed as a physiological response to tissue injury, is a
self-limiting process owing to the production of anti-inflammatory cytokines counteracting the
pro-inflammatory ones. By contrast, chronic inflammation results from either a persistence of
initiating factors or a failure of mechanisms capable of resolving the inflammatory response.
In cancer, not only is the persistence of tumoural cells by itself a major cause of perpetuating
the inflammatory responses, but the latter will also in turn favour neoplastic development, thus

Genetic and

environmental

factors

Genetic and

environmental

factors

Allergies

Inflammation Cancer

Overactive immune system

+

+

–

FIGURE 1 Hypothetical links between allergies and cancer. Allergies and cancer both occur in individuals with
predisposed genetic backgrounds exposed to harmful environmental factors. An overactive immune system
favours allergic diseases but hampers cancer development, consistent with the immunosurveillance function of
some of the key players in allergies such as IgE. By contrast, inflammation resulting from allergic reactions, but
also from other causes, paves the way for cell proliferation. When associated with oncogenic triggers,
inflammation leads to uncontrollable cell proliferation and malignancy. Solid arrows represent obligatory
co-occurrences, while dashed arrows represent conditional co-occurrences. For example, chronic inflammation
can only induce cancer when genetic and environmental factors are also present. The solid line with a crossbar
represents an inhibitory effect.
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creating a vicious circle highlighting the need for therapeutic strategies that can neutralise both
anarchic cell proliferation and chronic inflammation (figure 1) [22].

Our knowledge about the biology of inflammatory processes has improved considerably in recent
years with the identification of type 2 inflammatory immune responses stemming from, or centred
around, two main cell types, Th2 lymphocytes and their innate counterpart, type 2 innate lymphoid
(ILC2) cells [23]. Although many basic and clinical studies have focused on the role of type 2
inflammation in allergic diseases, including atopic dermatitis and allergic asthma [23], recent
evidence suggests a pivotal role of another key player molecule upstream of Th2 and ILC2 cells,
namely thymic stromal lymphopoietin (TSLP), in both asthma and cancer [24]. Initially detected in
supernatants of thymic stromal cell lines as a factor stimulating the proliferation and development of
immature B-cells (hence its name), TSLP is a paralogue cytokine of IL-7, with both genes
descending from the same ancestral gene, with close but slightly distinct biological functions. IL-7
and TSLP bind to the same membrane receptor, IL-7 receptor α-chain, a situation analogous to
another cytokine pair, IL-4 and IL-13, downstream of TSLP, and play pivotal roles in type 2-high
asthma [23]. TSLP synthesised by bronchial epithelial cells, together with IL-33 and IL-25,
functions as an alarmin when the airways are invaded by allergens (particularly those rich in
proteases), inorganic chemicals and infectious microorganisms (bacteria, viruses and parasites) [25].
Both TSLP and IL-33 play a central role in type 2 inflammation, as they can both upregulate the
expression of key costimulatory molecules on dendritic cell membranes, which are required for the
polarisation of Th2 lymphocytes. Quite unexpectedly, TSLP has also been found to be involved in
the induction and progression of various malignant tumours, including breast, colon and pancreatic
cancers, as well as B-cell leukaemia, following the observation that tumours with predominant Th2
immune responses generally have worse prognosis than tumours with a strong Th1 cytokine
signature [24]. One possible explanation for this aggravating effect of type 2 inflammation in certain
types of cancer could be the stimulating effect of TSLP on endothelial cells, thereby promoting
angiogenesis in the cancer micro-environment [26]. Recent evidence, however, suggests that TSLP
can also have tumour-suppressive activity in experimental skin cancer [27] and in colon tumour
growth [28] by promoting apoptosis of tumour cells. Although high type 2 inflammation mostly
seems to be deleterious in allergic diseases, the action of one of its major alarmin molecules (i.e.
TSLP) is more complex in cancer. By initiating type 2 inflammation at barrier surfaces (e.g.
bronchial epithelial lining cells) and shaping the inflammatory milieu of the tumour
micro-environment, TSLP has a unique yet ambivalent effect on cancer growth and development,
the net result of which critically depends on the type of malignancy and the biological context [29].

Conclusion
Cancer and allergies can both be viewed as diseases of the modern era, as their occurrence
markedly increased worldwide in the second half of the last century. The rise of cancer
prevalence can be explained in part by augmented life expectancy, in particular in developed
countries, with elderly people being more susceptible to develop malignant tumours resulting
from immunosenescence [30]. Environmental pollution and climate change are also major factors
contributing to the global increase in mortality and morbidity related to cancer [31]. Although
usually nonlethal, allergic diseases have a profound impact on the daily life of billions of people
affected by this chronic, and almost incurable, condition. The complexity of the underlying
biological mechanisms of allergies partly explains our relative failure in finding a definitive cure
for allergies despite ongoing passionate yet unresolved debates. As discussed, the relationship
between allergies and cancer is far from simple, with the former being able to counteract the latter
in some cases but accelerating cancer development in other circumstances. One thing, however, is
unquestionable, and this is the pivotal role of inflammation in both cancer and allergies. Due to its

https://doi.org/10.1183/2312508X.10018921 121

ALLERGY | T-P. PHAN ET AL.



detrimental effects favouring neoplastic development and aggravating allergic reactions, targeting
inflammation with effective and selective compounds will not only help patients but will also
provide the scientific community with a clearer view on this complex matter.
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Cystic fibrosis (CF) and bronchiectasis are characterised by chronic airway infection with airway and
systemic inflammation. Because cancer cases have been reported in people with CF (pwCF) and those
with bronchiectasis, and because inflammation and cancer share biological pathways, studies have
examined the risk of cancer in pwCF or people with bronchiectasis. Increased risk of colorectal cancer
is well established in the ageing CF population and is further increased after lung transplantation;
systematic screening using colonoscopy has been proposed in pwCF after 40 years and after 30 years in
those living with lung transplantation. The absolute number of cancers remains small in the relatively
young CF population but will increase in future years due to increased longevity. The absolute risk of
cancer appears to be greater in the older bronchiectasis population. Several studies have suggested an
increased risk of cancer in patients with bronchiectasis, but this relative increase remained small after
adjustment for the usual risk factors. The consequences of CF and bronchiectasis on cancer treatments
are discussed.

Introduction
Cystic fibrosis (CF) and bronchiectasis are both characterised by chronic airway infection with
airway and systemic inflammation. Because inflammation and cancer share biological pathways,
and because cancer cases have been reported in people with CF (pwCF) and in people with
bronchiectasis, the risk of cancer in pwCF or those with bronchiectasis has been assessed in a
number of studies. As in the general population, cancers are expected to occur in pwCF and in
those with bronchiectasis at any age, with increasing incidence in older populations. Reporting
of cancer cases or series of cases in patients with a specific disease (e.g. CF or bronchiectasis)
does not imply that the disease is associated with increased risk of cancer because the incidence
of cancer in a specific population should always be compared with the expected number of
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cancers in the general population. The standardised incidence ratio (SIR) is a statistic that
provides an estimate of the occurrence of cancer in a population relative to what might be
expected in the general population at a comparable age.

The increased risk of multiple cancers is now well established in pwCF [1, 2], and recent
studies have suggested that bronchiectasis could also be associated with increased risk of
cancer. The aims of this chapter are to summarise the main studies that have shown increased
risk of cancer in pwCF, to examine studies describing the association between bronchiectasis
and the risk of cancer, to briefly examine the biological plausibility of these associations, and to
describe the strategies for cancer screening in pwCF and those with bronchiectasis and the
impact of CF or bronchiectasis on the treatment of cancer.

Increased risk of cancer in pwCF
The changing epidemiology of CF
CF is an autosomal-recessive genetic disease related to mutations in the gene encoding the CF
transmembrane conductance regulator (CFTR) protein. CF affects at least 100 000 patients
worldwide [3, 4], and is characterised by a multisystem disease primarily affecting the lungs,
gastrointestinal tract and reproductive system [5]. In the mid-20th century, CF usually led to
death in the first years of life due to malnutrition and respiratory failure related to bronchiectasis
with airway bacterial infection. Over the past decades, CF multidisciplinary care has developed
and important progress has been made, and the combination of systematic newborn screening,
nutritional support, airway clearance therapy, antibiotics and lung transplantation has resulted in
major improvements in prognosis [6], leading to important changes in the demographic structure
of the CF population. In the early 1990s, the proportion of adults (⩾18 years) in the CF
population was only 20–30% in countries with well-established CF care [7, 8]. In these
countries, most children born with CF now survive to >18 years, and longevity keeps improving
in adults. These findings result in a regular increase in the number of pwCF, with a major
increase in the number of adults and increased ageing of the adult population [4]. In the USA,
adults represented 39% of pwCF in 2000, 48% in 2010 and 57% in 2020; the proportion of
those >40 years increased from 4.6% to 8.5% between 2000 and 2010 [9], and predicted
median survival improved from 35.3 to 50 years between 2005 and 2020 [10]. Data from France
indicate that many adults with CF have very low rates of mortality after 10 years, suggesting
that they will continue ageing [11]. Contemporary data suggest that median predicted survival is
now >65 years in France [12]. Ageing is associated with an absolute increase in the number of
cancer cases in the general population, and a similar increase is expected in the ageing CF
population [4, 13]. The expected increase in cancer cases in pwCF will even be greater, as
studies have shown that CF is associated with increased relative risk of multiple cancers
compared with the general population (discussed in the next section). Furthermore, CF is one of
the major indications for lung transplantation worldwide [14], and up to 20% of adults with CF
live with a lung transplant in countries with access to lung transplantation [15]. Patients living
with a solid-organ transplant are at increased risk of cancer due to the use of
immunosuppressant drugs. Thus, the risk of cancer in pwCF has been studied according to
transplant status. Table 1 summarises the results of the main studies that have examined the risk
of cancer in pwCF.

Increased risk of cancer in nontransplanted pwCF
Several studies, mostly using data from CF national registries, have demonstrated an increased
risk of cancer in nontransplanted pwCF. In 1995, NEGLIA et al. [17] analysed data obtained from
1985 to 1992 in the USA and Canada and reported an increased risk of digestive tract tumours
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TABLE 1 Summary of the main studies examining the risk of cancer in people with cystic fibrosis

First author
[ref.]

Country Registry Study
period

Patients, n
(patient-years)

Post-transplant
patients, n

Mean age
at cancer
diagnosis,

years

Type of
cancer

Observed
cancer
cases, n

Expected
cancer
cases, n

Cancer SIR
(95% CI)

SHELDON [16] UK RBH 1961–1989 412 (2708) NA NA Colon,
pancreas,
testicular

4 0.89 NA

NEGLIA [17] USA and
Canada

CFF, CCFFR 1985–1992 28 511 (164 764) NA 32.2 Digestive 13 2 6.5 (3.5–11.1)

SCHÖNI [18] Europe Survey 1982–1994 24 500 NA 35.1 Digestive 11 2.92 3.7 (2.1–6.8)
JOHANNESSON [19] Sweden NIR 1968–2003 884 (18 564) 33 52.5 Digestive 4 0.71 5.6 (1.5–14.4)
MEYER [20] USA UWHC 1994–2010 70 70 46 Colon 4 NA NA
MAISONNEUVE [2] USA CFF 1990–2009 41 188 (344 114) 2749 NA All cancers 81 71.8 1.1 (1.0–1.3)

Digestive 45 12.8 3.5 (2.6–4.7)
Testicular 16 9.3 1.7 (1.02–2.7)
Lymphoid
leukaemia

17 8.7 2.0 (1.2–3.1)

FINK [21] USA USTR 1987–2011 1681 (6220) 1681 NA All cancers 85 NA 9.9 (7.9–12.3)
Digestive 23 0.93 24.7 (16.4–34.9)

NICCUM [22] USA MCFC 2008–2015 88 24 NA Adenomatous
polyps

43 NA NA

Colon 3 NA NA

SIR: standardised incidence ratio; RBH: Royal Brompton Hospital; NA: not available; CFF: Cystic Fibrosis Foundation; CCFFR: Canadian Cystic Fibrosis Foundation Registry;
NIR: National Inpatient Register; UWHC: University of Wisconsin Hospital and Clinics; USTR: US Transplant Registry; MCFC: Minnesota Cystic Fibrosis Center.
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(SIR 6.5, 95% CI 3.5–11.1). Comparable results were obtained in a survey of CF centres in 17
European countries in 1992 [17, 18]. In 2013, MAISONNEUVE et al. [2] presented an updated
analysis using data from the Cystic Fibrosis Foundation (CFF) Patient Registry obtained from
1990 to 2009. The study included 41 188 CF patients free of cancer at the start of follow-up
who received care at one of the 250 CF care centre programmes in the USA. Studying 344 114
patient-years of nontransplanted patients during the period 1990–2009, the authors reported 172
invasive cancers compared with 153.5 expected cancers; thus, the overall risk of cancer in the
cohort was similar to that in the general population (SIR 1.1, 95% CI 1.0–1.3). However,
the study confirmed an elevated risk of digestive tract cancer (SIR 3.5, 95% CI 2.6–4.7) with
the highest risk in the small bowel (SIR 11.5, 95% CI 4.2–25.4), biliary tract (SIR 11.4, 95%
CI 3.6–27.4) and colon (SIR 6.2, 95% CI 4.2–9.0). The results further indicated an increased
risk of testicular cancer (SIR 1.7, 95% CI 1.02–2.7) and lymphoid leukaemia (SIR 2.0, 95% CI
1.2–3.1). No excess risk was observed for rectum and lung cancer [2]. In 2018, YAMADA et al. [23]
published a systematic review using data from six studies and confirmed that the overall risk of
gastrointestinal cancer was higher in pwCF (SIR 8.13, 95% CI 6.48–10). The meta-analysis
confirmed an increased risk of small bowel (pooled SIR 18.94, 95% CI 9.37–38.27), colon
(pooled SIR 10.91, 95% CI 8.42–14.11), biliary tract (pooled SIR 17.87, 95% CI 8.55–37.36)
and pancreatic (pooled SIR 6.18, 95% CI 1.31–29.27) cancer in pwCF compared with the
general population [23]. Furthermore, increased risk of testicular cancer has been reported in
men with CF with an SIR of ∼2 [1, 24]. An increased incidence of breast cancer was suggested
in a recent case–control study in the UK [24], a finding that was not reported in previous
studies [25] but which deserves further investigation.

Increased risk of cancer following lung transplantation in pwCF
After transplantation, the risk of cancer in pwCF appears to be even greater than in
nontransplanted pwCF. In the study by MAISONNEUVE et al. [2], the overall risk of cancer in these
patients was significantly higher, with 26 cases of invasive cancer in transplanted CF patients
compared with 9.6 cancers expected in the general population (SIR 2.7, 95% CI 1.8–3.9). The
risk was particularly increased for colon cancer (SIR 30.1, 95% CI 15.8–52.2). In five patients
the diagnosis was made in the first 5 years after transplantation, while in the other six patients it
was diagnosed 5–10 years after transplantation [2]. In 2017, FINK et al. [21] described cancer
incidence among CF and non-CF lung transplant recipients using data from the US transplant
registry and 16 cancer registries. Analysing data from 1681 CF lung recipients and 8498 non-CF
lung recipients, they showed an increased risk in CF recipients compared with non-CF recipients
for overall cancer (SIR 9.9 versus 2.7, respectively). The most common cancers among CF lung
transplant recipients were non-Hodgkin lymphoma (n=34, 40%) and colorectal cancer (n=15,
18%). Compared with the general population, CF lung recipients had a significantly higher
incidence of oesophageal cancer (SIR 56.3, 95% CI 11.6–165) and colorectal cancer (SIR 24.2,
95% CI 13.5–39.8). At 5 years post-transplant, colorectal cancer was found in 0.3% of CF
recipients aged <50 years and in 6.4% of recipients >50 years. The cumulative incidence of
cancer continued to rise over time, reaching 1.6% at 10 years after transplantation [21].

Future trends in cancer in pwCF
Although the relative risk of cancer, especially gastrointestinal tract cancer, is increased in both
nontransplanted and transplanted pwCF, the absolute number of cases has remained relatively
small in all studies. However, as discussed earlier, the incidence of cancer is increasing with
older age, and the CF population is currently ageing. At the time most studies on cancer risk in
pwCF were performed, it was quite unusual to encounter pwCF aged ⩾40 years, whereas many
patients are now ⩾50 years. The recent release of elexacaftor-tezacaftor-ivacaftor, a combination
of CFTR modulators that is currently available in multiple countries, is likely to result in a
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marked improvement in survival [26–28]. It is anticipated that the absolute number of cancers
in pwCF will increase due to ageing; whether CFTR modulators will affect the increased risk of
cancer compared with the general population will have to be studied in the coming years. It is
also noteworthy that pwCF are currently transplanted at an older age than 20 years ago and will
probably live longer following transplantation, resulting in increased risk of post-transplantation
cancer. CF and transplant multidisciplinary teams will need to adapt to this evolving risk [4].

The risk of cancer in patients with bronchiectasis
Bronchiectasis is a chronic disorder that is defined by a combination of clinical symptoms
criteria and radiological definitions [29]. Bronchiectasis constitutes a heterogeneous condition
with multiple causes including genetic causes (e.g. primary ciliary dyskinesia), postinfectious
conditions, COPD, allergic bronchopulmonary aspergillosis, autoimmune diseases and
immunodeficiency [30]. Although bronchiectasis can be observed at any age, the prevalence of
bronchiectasis increases with age and is approximately 20–30 times higher after 60 years than
between 18 and 29 years [31]. In large studies involving patients with bronchiectasis, most patients
are aged 50–80 years [32]. It is therefore not surprising that the absolute risk of cancer is greater
in patients with bronchiectasis than in pwCF, as the CF population currently remains younger.

A limited number of recent studies have examined the risk of cancer in patients with
bronchiectasis (table 2) [33–35]. Although these studies have generally concluded that patients
with bronchiectasis are at increased risk of cancer (especially lung cancer), several limitations to
these studies should be noted. First, these observational cohort studies were reported mostly in
Asia (e.g. South Korea and Taiwan), therefore limiting their relevance to other parts of the
world. Second, some studies do not take other risk factors (e.g. smoking status) into account,
constituting a major bias in the interpretation of the data. In addition, patients with
bronchiectasis were identified based on administrative database (e.g. using International
Classification of Diseases codes) or CT reports, questioning the validity of the bronchiectasis
diagnosis. Finally, the increase in adjusted relative risk of cancer in patients with bronchiectasis
appeared modest. Therefore, current evidence appears to be limited in terms of firmly
establishing a link between bronchiectasis and an increased risk of cancer. In a recent
prospective Korean study designed to evaluate risk factors for incident lung cancer in patients
with bronchiectasis [36], 7425 individuals were followed until the date of incident lung cancer,
death or the end of the study period. This study showed 138 cases of lung cancer (1.9%).
Factors associated with increased risk of incident lung cancer included male sex, overweight,
current smokers, rural area and a diagnosis of COPD.

Recent studies have also described radiological bronchiectasis in (ex)smokers undergoing LDCT
screening for lung cancer. The prevalence of radiological bronchiectasis was between 11.6% [37]
and 23% [38]; consistent with previous data obtained in cohorts of (ex)smokers, the prevalence
of bronchiectasis increased with age, being a former smoker and a self-reported diagnosis of
COPD [38]. Determining whether all cases of bronchiectasis detected by CT scans are
associated with clinical symptoms and/or impact prognosis in these subjects should be the focus
of future studies.

Biological plausibility of the statistical association with increased risk of cancer
Risk of cancer in carriers of a single CFTR mutation
The statistical association between CF or bronchiectasis and the risk of cancer could be related
to a number of biological mechanisms, including a reduction in CFTR expression and function.
Thus, several studies have explored the hypothesis that cancer risk could be increased in carriers
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TABLE 2 Summary of the main studies that examined the risk of cancer in patients with bronchiectasis

First author [ref.]/
study type/period

Data
source

Country Patients with (n1)
and without (n2)
bronchiectasis

Diagnosis Number of cancers, n/
incidence rate,
person-years/
IRR (95% CI)#

Adjusted HR
(95% CI)

Adjusted
variables

CHUNG [33], retrospective
cohort, 1998–2010

NHIRD Taiwan n1=53 755
n2=215 020

ICD-9
codes

All cancers:
n1=4345, 17 per

1000 person-years
n2=16 668, 12.2 per
1000 person-years
IRR 1.39 (1.36–1.43)

All cancers:
1.46 (1.41–1.52)
Lung cancer:

2.40 (2.22–2.60)

Age, sex, diabetes, hyperlipidaemia,
COPD, hypertension

CHUNG [33], longitudinal
cohort, 1998–2010

NHIRD Taiwan n1=57 576
n2=230 304

ICD-9
codes

Lung cancer:
n1=1210, 4.58 per
1000 person-years
n2=2828, 2.02 per
1000 person-years
IRR 2.27 (2.21–2.33)

Lung cancer:
2.36 (2.19–2.55)

Age, sex, hypertension,
hyperlipidaemia, diabetes,
pneumoconiosis, pulmonary
alveolar pneumonia, stroke,
ischaemic heart disease, asthma,
smoking-related cancers

SIN [34], retrospective
cohort, 2005–2016

Seoul
National
University
Hospital

South
Korea

n1=18 134
n2=90 313

CT reports Lung cancer:
n1=205/1653

#

n2=52/714
¶

Lung
cancer-related

deaths:
3.36 (2.18–5.18)

Age, BMI, sex, ever-smoker,
hypertension, diabetes,
dyslipidaemia, FEV1,
bronchiectasis

CHOI [35], retrospective
cohort, January–
December 2009

NHIS South
Korea

n1=65 305
n2=3 793 117

ICD-10
codes,

exclusion
of pwCF

Lung cancer:
n1=1092, 2.1 per
1000 person-years
n2=23 115, 0.7 per
1000 person-years;

p<0.001

Lung cancer:
1.22 (1.14–1.30)

Smoking status, smoking history,
COPD, age, sex, BMI, alcohol
history, income level, physical
activity, number of comorbidities

IRR: relative incidence rate ratio; HR: hazard ratio; NHIRD: Taiwan National Health Insurance Research Database; ICD-9: International Classification of Disease, ninth revision;
BMI: body mass index; NHIS: Korean National Health Insurance Service database; ICD-10: International Classification of Disease, 10th revision; pwCF: people with cystic
fibrosis. #: number of deaths among patients with bronchiectasis caused by lung cancer/number of deaths among patients with bronchiectasis; ¶: number of deaths among
patients without bronchiectasis caused by lung cancer/number of deaths among patients without bronchiectasis.
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of a single CFTR mutation. JOHANNESSON et al. [19] studied the risk of cancer in parents (761
biological fathers and 777 biological mothers, all with a single CFTR mutation) and 1495
siblings (two-thirds with a single CFTR mutation) of pwCF who were followed for 21 years.
The authors reported no increase in cancer risk in parents (133 cancers observed versus 137.44
expected; SIR 1.0, 95% CI 0.8–1.2) or in siblings (21 cancers observed versus 19.59 expected;
SIR 1.0, 95% CI 0.7–1.6). The risk of oesophageal cancer was increased (SIR 4.7, 95% CI
1.5–10.9, n=5) in fathers of pwCF, but this result was unexpected and considered by the authors
to be a chance finding [19]. Two recent studies examined the association of cancer and the
Phe508del CFTR allele. ÇOLAK et al. [39] genotyped 108 034 randomly selected white Danish
individuals and compared the risk of cancer in 105 176 noncarriers and 2858 (3%) carriers of
the Phe508del allele. The multivariable adjusted risk of lung cancer was significantly increased
in Phe508del carriers (hazard ratio 1.52, 95% CI 1.12–2.08), whereas no difference in the risk
of colorectal or gastric cancers was observed. SHI et al. [40] assessed associations of Phe508del
carriers with the risk of 54 types of cancer in the population-based UK Biobank study, which
contained data from individuals >40 years of age. In Caucasians, the carrier rate of Phe508del
was 3.15% (12 357 out of 392 174 subjects) in noncancer subjects and was significantly higher
in cancer patients (3.29%, 2621 out of 79 619) overall, especially in patients with colorectal
cancer (3.70%), cancer of the gall bladder and biliary tract (5.98%), thyroid cancer (4.51%)
and unspecified non-Hodgkin’s lymphoma (4.10%). MILLER et al. [41] performed a
population-based retrospective matched cohort study in the USA, comparing 19 802 CF carriers
with matched controls (five controls to one case). The authors reported an increased risk of
cancer of the colon, stomach and gastrointestinal organs in carriers of CFTR mutations (relative
risk 1.44, 95% CI 1.01–2.05). Overall, these studies indicate that carriers of a single CFTR
mutation may be at moderately increased risk of multiple cancers relative to noncarriers,
suggesting that CFTR may act as a tumour-suppressor gene. Studies have shown that CFTR
interacts with biological pathways that play important roles in tumorigenesis; for example, loss
of CFTR activity has been shown to trigger an EGFR activation cascade in airway epithelial
cells [42], and CFTR interferes with the Wnt/β-catenin pathway [43].

Shared risk factors
Besides loss of CFTR expression and/or function, other plausible mechanisms for increased risk
of cancer in pwCF or those with bronchiectasis include underlying diagnosis, shared risk
factors, and consequences of chronic airway infection with airway and systemic inflammation.
The risk of cancer appears to be stronger in pwCF than in patients with (non-CF) bronchiectasis
and appears to be affected by the underlying aetiology in patients with bronchiectasis. For
example, the risk of lung cancer is clearly increased when bronchiectasis is diagnosed in the
context of smoking-related COPD [36]. Sjögren’s syndrome is associated with a higher risk of
lymphoma [44], inflammatory bowel disease with a higher risk of colon cancer [45, 46],
common variable immunodeficiency with lymphoproliferative disease [47] and tuberculosis
sequelae with lung cancer [48]. Other factors that may contribute to increased risk of cancer in
pwCF or those with bronchiectasis include smoking exposure [36], alterations in the lung and/or
intestinal microbiome (e.g. related to antibiotic exposure) [49, 50], or exposure to radiation
(as reported in atomic bomb survivors) due to multiple imaging procedures (e.g. CT scans).

Impact of CF and bronchiectasis on the prevention and treatment of cancer
Screening for colorectal cancer in adults with CF
Given the higher incidence of colon cancer in CF adults, several studies have evaluated colon
cancer screening strategies and have suggested that screening for colon cancer is beneficial and
cost-effective in pwCF [51]. From 2010, the Minnesota Cystic Fibrosis Center began a
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screening programme by performing colonoscopies on CF patients who were aged ⩾40 years,
and BILLINGS et al. [52] showed in a small cohort of 45 CF patients that adenomatous polyp
rates were high. Of the 36 nontransplanted patients, 12 (33%) had polyps, and of the nine
transplanted patients, five (55%) had polyps. NICCUM et al. [22] confirmed that the incidence of
polyps increases significantly in pwCF after the age of 40 years. More than 50% were found to
have adenomatous polyps, 25% had advanced adenomas as defined by size and/or
histopathology, and 3% were diagnosed with colon cancer. Between 2007 and 2012, an
Australian team carried out a case–control study to compare the results of colonoscopies
performed in patients with or without CF [53]. Their results confirmed the increased risk of
polyps and colorectal cancer in pwCF: a 3.3-fold increased risk for adenomatous polyps, a
6.9-fold increased risk for advanced adenomas and a 12-fold increased risk for colorectal
cancer. Given the high risk of colorectal cancer, which is 5–10 times greater in nontransplanted
pwCF than in the general population and up to 25 times greater in post-transplant pwCF, the
CFF has issued recommendations for screening for colorectal cancer in CF adults [54]. The
main recommendations are summarised in table 3.

Screening for other cancers in patients with CF
For noncolorectal gastrointestinal cancer (e.g. biliary tract and pancreatic cancer, oesophageal
cancer), which shows increased incidence in pwCF, investigators have proposed screening
strategies taking into account multiple risk factors [55]. These strategies may involve regular
abdominal ultrasonography to detect hepatic, biliary and pancreatic abnormalities [55] and
magnetic resonance cholangiopancreatography to follow pancreatic abnormalities (e.g.
pancreatic cysts). The optimal timing for these screening procedures and the cost-effectiveness
of these proposals have not yet been evaluated.

To date, there is no specific recommendation for screening for other (nondigestive) cancers in
pwCF. Screening must rely on recommendations for the general population; for example,
screening for breast and cervical cancer has been proposed. Women with CF may be at higher
risk of cervical dysplasia and HPV infection [56, 57], and vaccination against HPV should be
considered to prevent the risk of cervical cancer, especially after transplantation. Screening for
breast cancer is recommended in women in the general population and should be performed in
women with CF [58], who may be at higher risk of breast cancer due to radiation exposure
related to CT scans, especially after transplantation [59].

Controlling for risk factors and comorbidities
In both pwCF and patients with bronchiectasis, reducing the risk of cancer by adopting a
healthy lifestyle appears to be important. Reductions in well-established risk factors for cancer
including tobacco smoking, alcohol consumption, intake of carcinogenic food and maintaining a
sufficient level of physical activity should be recommended in all patients.

TABLE 3 Main recommendations on screening for colorectal cancer in people with cystic fibrosis (pwCF)

Colonoscopy is the screening method of choice.
For pwCF without a transplant, colonoscopic screening starting at the age of 40 years. A rescreening is

needed at 5-years intervals. If adenomatous polyps are noted on the first colonoscopy, another is needed
3 years later.

For pwCF living with a transplant, colonoscopic screening starting at the age of 30 years or within 2 years of
the transplant. A rescreening is needed at 5 years. If adenomatous polyps are discovered, a new
colonoscopy must be performed 2 years later.

Data from [54].
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Impact of CF or bronchiectasis on the treatment of cancers
Very few data are currently available on this specific topic. Issues related to CF or
bronchiectasis in patients with cancer may include airway infectious and noninfectious
complications related to surgical procedures and/or immunosuppression induced by cancer
drugs and drug–drug interactions between CF/bronchiectasis drugs and cancer drugs.

Pre-existing bronchiectasis appears to be associated with increased rates of complications,
including lung infection, after thoracic surgery for lung cancer [60, 61]. When patients with
chronic airway infection are treated with immunosuppressive treatments (e.g. systemic
corticosteroids, chemotherapies), the risk of infectious complications presumably increases.
Patients with bronchiectasis or CF and chronic airway infection, especially with Pseudomonas
aeruginosa, should probably undergo an intravenous antibiotic course concomitant with thoracic
surgery. Patients with cancer are at high risk of thromboembolism, for which they are likely to
require preventative or curative anticoagulant treatments, possibly increasing the risk of
haemoptysis in pwCF or those with bronchiectasis. In a post hoc analysis of the MAGELLAN
(Multicenter, randomised, parallel group efficacy and safety study for the prevention of venous
thromboembolism in hospitalised acutely ill medical patients comparing rivaroxaban with
enoxaparin) trial, the authors compared preventative anticoagulation with enoxaparin versus
rivaroxaban on the risk of bleeding among acute medically ill patients with bronchiectasis and
suggested that rivaroxaban was associated with increased risk of major haemorrhage, including
fatal pulmonary haemorrhage [62]. The authors concluded that more needs to be done to better
define optimal anticoagulation treatment when needed in this population at risk of bleeding.
Metabolism of the newly developed CFTR modulators is mainly by the cytochrome P450
family of enzymes CFTR modulators, and drug–drug interactions should be monitored carefully [63].

Conclusion
The increased relative risk of multiple cancers in organs in which CFTR is expressed is well
established in pwCF. Although the absolute risk remains low in nontransplanted pwCF, it is
higher in post-transplant pwCF and should be increased in all pwCF with ageing related to
prognostic improvement. By contrast, the absolute risk of cancer, including lung cancer, is
higher in the older bronchiectasis population, but there is currently only scarce evidence that
this risk is increased due to bronchiectasis itself, as other risk factors (e.g. smoking, COPD)
could play important roles in these findings. The reciprocal impact of CF or bronchiectasis and
cancer should be the focus of future studies. Monitoring the effects of CFTR modulators on the
risk of cancer in pwCF also appears to be an important issue.
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IPF is a disease characterised by the progressive fibrosis of lung tissue that shares a number of
aetiological and pathogenic commonalities with cancer. Similarities such as epigenetic and genetic
alterations, cellular and molecular aberrances, delayed apoptosis, reduced cell-to-cell communication or
activation of specific signalling transduction pathways could explain why lung cancer is a frequent
comorbidity of IPF. The clinical approach to patients with this lethal association is difficult and is
marked by a series of objective obstacles. The paucity of proper and larger studies in this field and the
lack of specific guidelines suggest a multidisciplinary approach that should build a diagnostic and
therapeutic itinerary for each patient. This individual plan must consider all clinical variables related to
lung cancer and IPF, and the risk of acute exacerbations of IPF that invasive diagnostic procedures or
treatments such as surgery, radiation or chemotherapy may trigger in this context.

What is IPF?
IPF is a disease marked by a progressive and relentless fibrotic process involving those structures
of the lung dedicated to gas exchange. The subsequent scarring, with thickening and stiffening of
the alveolar architecture, causes an impairment of oxygen absorption that invariably leads to
respiratory failure and death [1]. In the absence of known causes, the histological and
radiological pattern of usual interstitial pneumonia (UIP) is diagnostic for IPF. This pattern is
characterised, with HRCT, by peripheral reticulations, bronchiectasis, honeycombing, and a
prevalent, subpleural and basal distribution [2]. Current medical treatments, although able to slow
down progression of the disease and prolong survival, do not affect the dramatic ending of IPF
[3]. The 5-year survival of IPF, with the exception of pancreatic and lung cancer, is worse than
several types of cancer, and the need for more effective treatments is compelling [4]. IPF is a
disease that typically occurs in older individuals with a higher incidence at ∼60–65 years and is
often accompanied by comorbidities such as cardiovascular diseases, pulmonary hypertension
and lung cancer, all capable of negatively affecting the survival of these patients [5]. In a study
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that evaluated the ability of comorbidities to improve the prediction of overall survival in patients
with IPF, it was found that lung cancer was one of two comorbidities, along with atrial
arrhythmias, that was able to affect and predict survival in patients with IPF [6].

Why is lung cancer often associated with IPF?
According to a commonly accepted view, IPF is the result of the lethal association among risk
factors, genetic background and ageing [7]. In some ways, its pathogenesis is reminiscent of
what is known about the general pathogenic mechanisms behind cancer. Cancer often has
unknown aetiology, risk factors similar to IPF and the presence of a specific genetic background
that makes some individuals more susceptible to the disease. It has already been reported that
IPF and cancer share many pathogenic similarities. Epigenetic and genetic alterations, abnormal
expression of microRNAs, cellular and molecular aberrances such as the altered response to
regulatory signals, delayed apoptosis and reduced cell–cell communication, along with the
activation of specific signalling transduction pathways, are features that characterise the
pathogenesis of both diseases [8]. It is conceivable that the continuous action of specific risk
factors (e.g. cigarette smoking) may cause chronic damage in bronchiolar and alveolar cells that
evolves into an altered and ineffective epithelial repair process followed by an aberrant
fibroproliferative response and the activation of cellular and molecular pathways that might
further degenerate into cancer. This altered “wound healing” feature of the pathogenesis of IPF
could represent the “wound that does not heal” indicated by many authors as the real essence of
cancer [9, 10]. This concept is supported by some observations showing that lung cancer in IPF
is localised prevalently in the distal dorsal side of lower lobes, areas usually heavily involved in
the fibrotic process, suggesting that IPF-related chronic alterations may favour cancer
development (figure 1) [11, 12].

How often is lung cancer associated with IPF?
It has been calculated that about one in 10 patients with IPF develops lung cancer with a
cumulative incidence that increases from 3.3% 1 year after diagnosis to 15.4% and 54.7%,
respectively, 5 and 10 years after the clinical onset of the disease [13]. Patients with IPF have a
7–14-fold greater risk of lung cancer than the general population [14]. Some reports have shown

a) b)

FIGURE 1 Extensive honeycomb appearance in the basal pulmonary lungs. a) Lung window. b) Mediastinal
window. A nodule is visible in the right lower lobe, close to the honeycomb areas of a patient with usual
interstitial pneumonia. The nodule has a solid appearance in both the lung and mediastinal windows.
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that ∼10% of deaths among IPF patients are due to lung cancer [15]. The occurrence of cancer
in IPF is more frequent in older male smokers with an increased risk of developing cancer that
correlates with the level of exposure to risk factors [12, 16, 17]. Nevertheless, it has been
observed that, independent of smoking or other noxious exposures, IPF by itself represents a
risk factor for the development of cancer [15, 18]. In a retrospective analysis conducted by
YOON et al. [11] on 1108 patients with IPF, the incidence of lung cancer was 3.34 times higher
compared with the general population and was marked by higher mortality when compared with
IPF without cancer. Indeed, the association between IPF and lung cancer is characterised by a
shorter survival compared with IPF alone [12, 19, 20]. Older smokers have also a higher risk of
developing both lung fibrosis and emphysema. This syndrome, named combined pulmonary
fibrosis and emphysema (CPFE), is associated with a higher incidence of lung cancer [12, 21].
The presence of CPFE makes the histological diagnosis and cancer typing more difficult to
perform because the presence of emphysema increases the possibility at biopsy of inducing
complications such as pneumothorax. The higher postoperative complications and mortality
could also explain why cancer in the context of CPFE is burdened by a particularly low
survival [22, 23].

How is the diagnosis of lung cancer in patients with IPF made?
Symptoms of lung cancer in the context of IPF are nonspecific and become evident only when
cancer is at an advanced stage. It has been debated whether patients with IPF, because of the
higher possibility of developing lung cancer, should regularly undergo HRCT. In fact, it has
been reported that screening with annual LDCT reduces the mortality by 6.7% in
55–74-year-old IPF patients [24, 25]. It must also be considered that the relatively advanced age
of these patients makes the radiological risk virtually irrelevant. This strategy could diminish the
incidental identification of advanced lung cancer when the diagnostic and therapeutic
possibilities are dramatically reduced, and should instead increase the likelihood of suspecting
cancer at the very beginning, at the appearance of a new solid parenchymal nodule on the CT
scan. At this point, starting a diagnostic and therapeutic itinerary is not easy to perform and is
full of unsolved dilemmas. It is evident that the appearance of a new nodule must be
approached according to the guidelines [26–30]. For peripheral lesions or suspect lymph nodes,
minimally invasive diagnostic procedures such as transthoracic needle biopsy or endobronchial
ultrasound transbronchial needle biopsy are suggested, respectively. However, although these
procedures have a very low frequency of complications in patients without IPF, in these patients
with IPF or, especially, in CPFE patients, there is a higher risk of complications such as
pneumothorax after nonsurgical lung biopsy, or of acute exacerbations (AEs) following surgical
biopsy. The choice of the most appropriate treatment depends on a large number of factors and
variables including histology and cancer typing. The most common histotype in patients with
IPF is SCC (45.2%), followed by adenocarcinoma (35.2%) [12, 19, 31, 32]. YOON et al. [11]
confirmed the prevalence of squamous cell histology and also reported that lung cancer in their
IPF patients was located mainly in the lower lobes (figure 2). A similar distribution is not
described for non-IPF ILDs, where the localisation of cancer is more similar to that in the
general population. In non-IPF ILDs, the histology is also different, with a prevalence of
adenocarcinoma, confirming once again the peculiarity of IPF and the higher specificity of the
association between IPF and lung cancer [11, 33].

What is the best therapeutic approach for the treatment of lung cancer associated
with IPF?
Before starting invasive diagnostic procedures or any treatment, a thorough evaluation of each
IPF patient with a new diagnosis of lung cancer should be accomplished. The objective should
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be the organisation of a personalised diagnostic, therapeutic or palliative plan, tailored to the
individual. Performance status, lung function, radiological extension of fibrosis, presence of
emphysema, and size and position of the suspected lesions in relation to fibrosis and
emphysema, as well as the presence of cardiovascular or other comorbidities, are all factors that
may heavily affect the diagnostic process and the consequent therapeutic strategy. Virtually all
patients with IPF have reduced lung function, as shown by FVC reduction, altered diffusing
lung capacity and a diminished exercise tolerance as tested by the 6-min walk test. The gender–
age–physiology index may help in the clinical–prognostic stratification of these patients, which
should precede any therapeutic choice [34]. Moreover, in IPF, the risk of AEs represents an
additional confounding factor. For pretreatment staging of cancer, a PET scan should be
performed to exclude the presence of metastasis; if not, the best therapeutic approach should be
decided, possibly in a multidisciplinary setting [35]. Surgical resection, radiotherapy and/or
chemotherapy are the main therapeutic possibilities and must be adapted on an individual basis.
During this assessment process, it is necessary to take into consideration the already poor
prognosis of IPF and the possibility that invasive diagnostic procedures or treatments such as
surgery, radiation or chemotherapy may worsen the prognosis, inducing AEs. In some patients,
the multidisciplinary evaluation, aimed at establishing a specific clinical itinerary, because of
the stage of cancer, severity of lung fibrosis, presence of comorbidities or evaluation of the risk
level for AEs, could conclude that any diagnostic and therapeutic strategies are not practicable.
In these cases, best supportive and palliative care must be considered and proposed to patients
and care givers [36, 37].

Is surgery an option for the treatment of lung cancer associated with IPF?
Depending on cancer localisation, size and stage, different surgical options may be considered,
including pneumonectomy, wedge resection, and lobar or sublobar resection. Lobar resection
usually has a better prognosis in patients at earlier stages of the disease, with better performance
status, at a younger age and in the absence of relevant comorbidities [38–40]. The most severe
postoperative complications for lung cancer associated with IPF are AEs [41]. A national survey
for thoracic surgery carried out in Japan reported 268 postoperative deaths in 231 301 cases of
surgery for lung cancer [42]. The first cause of death was AE in 68 cases of patients with

a) b)

FIGURE 2 A pulmonary round-shaped nodular lesion in the left basal lung. a) Lung window. b) Mediastinal
window. The nodule has a solid appearance (as clearly demonstrated in b) and has developed in a parenchymal
region characterised by fibrotic reticulations and honeycomb areas.
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interstitial pneumonia, representing 25% of all surgery-related deaths. The presence of a UIP
pattern with honeycombing on HRCT is considered a risk factor for AE, although it has been
observed that, even in the absence of an evident radiological pattern of IPF, the postoperative
finding of an early-stage IPF with a microscopic UIP pattern may represent a risk factor for AE
[43–46]. More recently, the incidental finding of interstitial lung abnormalities in individuals
without suspected lung fibrosis has also been considered a risk factor for AEs [47, 48]. In several
reports, most based on small numbers of patients, the incidence of AEs varied from 0% to
44.4% and mortality rates from 0% and 100% [20, 41, 49–52]. In a retrospective multicentre
study reviewing 1763 cases, the reported incidence of AEs was 9.3% and the mortality 43.9%
[53]. This study was particularly interesting because it was also aimed at identifying the
predictive risk factors of AEs after lung resection. Univariate analysis of the 82 questions of the
survey found a significant correlation with a number of variables such as male sex, preoperative
use of steroids, reduced vital capacity, FEV1 or DLCO, Krebs von den Lungen-6 (KL-6) levels,
UIP pattern, previous AEs, extension of the surgical procedure, operative time and blood loss
[53, 54]. In addition, other studies have reported that intraoperative fluid balance, hyperoxia and
barotrauma may play a role in inducing AEs. In these cases, the intraoperative strategy is
addressed to the minimisation of inspired oxygen and airway pressures. SATO et al. [55] also
reported that patients with a preoperative vital capacity of <80%, even if in stage IA, have a
poor prognosis with a 5-year survival of 20%. In addition, it has been observed that limited
surgery does not necessarily provide benefit in terms of survival, increasing instead the risk for
cancer recurrence [55]. These observations are important because they underline the relevance
of a careful preoperative clinical and functional evaluation that could also include selection of
the most appropriate surgical procedure, thus contributing to the reduction of AE risk. In this
regard, the Japanese Association for Chest Surgery has produced a useful risk score for
predicting AEs based on the seven most relevant risk factors [54, 55]. Attempts to prevent AEs
with different drugs such as ulinastatin, sivelestat sodium, macrolides and even steroids have
been ineffective [56]. More recently, the role of antifibrotic drugs has been evaluated, which are
currently approved for the treatment of IPF, in the context of a high exacerbation risk setting
such as the perioperative period. As nintedanib is not recommended because of its potential to
delay wound healing, most studies have been confined to pirfenidone. IWATA et al. [57]
evaluated whether perioperative pirfenidone treatment could reduce the incidence of
postoperative AEs. Surgery was performed after ⩾2 weeks of pirfenidone administration. AEs
did not occur in 37 out of 39 patients, demonstrating for the first time that the use of
pirfenidone before and after surgery is generally safe and significantly reduces the risk of AEs.
The results of the study are very interesting and promising but limited by the study design,
which was a single arm, rather than a randomised study, in which historical data were used as
controls [57, 58].

Is chemotherapy an option for the treatment of lung cancer associated with IPF?
There are few data defining the optimal chemotherapy for lung cancer in IPF. Because of the
rare combination of the two diseases, most available data are derived from small groups of
patients or from case reports. Some studies have shown poor results in terms of both overall
response and disease control with docetaxel, whereas carboplatin combined with paclitaxel or
carboplatin combined with etoposide has instead shown some efficacy, although with a
significant risk of AEs [59–61]. The risk of chemotherapy inducing AEs in IPF patients with
lung cancer is 10–30% [62–66]. ICHIHARA et al. [67] compared the risk triggered by
chemotherapy with the 5–15% of annual risk for natural, idiopathic AEs [68, 69] and the risk
for drug-induced pneumonia, which is <5%. From the comparison, it appears evident that there
is a clear triggering effect exerted by chemotherapy on AEs [67]. Drug toxicity for pemetrexed
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is ∼3.5% in patients without ILD, increasing to 12% for patients with ILD and up to 16.7% in
patients with a UIP pattern [59]. Two studies examined the effect of bevacizumab, a
monoclonal antibody against VEGF, on reducing the AE risk in patients with lung cancer and
ILD [70, 71]. Bevacizumab was added to a first-line chemotherapy with carboplatin and
pemetrexed, and the incidence of AEs was found to be significantly lower in the bevacizumab
group with a significantly longer median progression-free survival. A few retrospective studies,
with limited numbers of patients, have examined the role of ICI for advanced NSCLC in IPF
patients, although unfortunately with contradictory results. FUJIMOTO et al. [72] showed that
nivolumab in advanced NSCLC in fibrotic ILD resulted in a 6-month progression-free survival
of 56%, a response rate of 39% and a disease control rate of 72%, with a low incidence of AEs
and deaths related to treatment. Another study with atezolizumab showed instead a very high
incidence of pneumonitis (29.4%), which caused the early closure of the study [73]. One
explanation was the presence in this study of a high number of patients with IPF, who are more
prone to AEs. Some emerging data suggest that antifibrotic therapy may facilitate chemotherapy
by reducing the complications of chemotherapy. Indeed, OTSUBO et al. [74] showed that
nintedanib prolongs the interval to acute AE when added to the first-line therapy with
carboplatin plus nab-paclitaxel. YAMAMOTO et al. [75] recently investigated the safety and
effectiveness of pirfenidone combined with carboplatin-paclitaxel chemotherapy or ICIs in
patients with IPF and NSCLC. Their conclusion, although limited by the low number of
patients studied, demonstrated that a combination of the antifibrotic pirfenidone either with
first-line chemotherapy or with ICIs such as nivolumab and pembrolizumab is safe and
significantly reduces AEs [75]. Indeed, a retrospective study has reported that nivolumab-related
pneumonitis is more frequent in patients with NSCLC with ILD (31%) compared with patients
without ILD (12%) [76]. Nevertheless, the role played by PD-L1 inhibitors in the particular
context of IPF with lung cancer would be of great interest, at least for selected cases. Gefitinib,
an EGFR TKI, has a similar profile to nivolumab, showing a much higher rate of induced
pneumonia in patients with lung cancer and lung fibrosis [77]. This strengthens the concept that
molecular targeted agents are considered to have a high risk of inducing AEs in patients with
IPF and lung cancer.

Among chemotherapy-associated complications, AEs are certainly the most severe, although it
is worth considering other possible complications related to chemotherapy including infections
and cardiovascular complications [78]. KANAJI et al. [79] studied the response rate of a first-line
therapy based on platinum and etoposide in 75 patients with IPF and lung cancer. A
multivariate analysis demonstrated that poor performance status, more advanced disease and the
presence of IPF were associated with a shorter overall survival. In addition, the response rate to
therapy was significantly lower in IPF compared with non-IPF patients.

Is radiotherapy an option for the treatment of lung cancer associated with IPF?
Although surgical resection is considered the best option for treating lung cancer in IPF, ∼50%
of patients are considered inoperable because of old age, low performance status, important
comorbidities, and impaired cardiac and/or lung function. Some of these patients are referred for
radiation therapy (RT), although this treatment has more or less the same contraindication as
surgery [80]. OHE et al. [81] reported that pulmonary RT is a trigger for AE in patients with
lung cancer and interstitial pneumonia in 20–30% of cases, and the risk was related to the
proportion of lung irradiated and the mean lung dose administered. The calculated risk of death
due to RT is 165.7 times higher in patients with lung cancer and interstitial pneumonia
compared with those without interstitial pneumonia [82]. A safer option could be stereotactic
body therapy, although ONISHI et al. [83], in 242 patients with ILD and lung cancer, found a
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rate of severe radiation pneumonitis equal to 12.4%. Another study confirmed the rate of severe
pulmonary toxicity in patients who undergo stereotactic body therapy as 1.5–20% [84]. More
recently, a few studies have suggested that proton therapy can be used more safely in these
patients. KIM et al. [85] retrospectively reviewed 264 patients with stage I–II NSCLC. Among
them, 30 patients with IPF were treated with either traditional RT or proton RT and followed
after treatment for ⩾9 months. Four treatment-related deaths occurred within 1 month only in
patients treated with RT. Moreover, the 1-year overall survival was 66.7% and 46.4% with
proton RT and traditional RT, respectively, showing that proton RT is more effective and safer
compared with traditional RT. [85]. With regard to the effect of antifibrotic treatment on the risk
of radiation pneumonitis, although conceptually interesting, the only evidence comes from
animal studies where it has been observed that both pirfenidone and nintedanib prevent
radiation-induced interstitial fibrosis [86–88].

Conclusion
The clinical approach to patients with lung cancer and IPF is difficult and marked by a series of
objective obstacles. The lack of proper and larger studies has delayed the writing of specific
guidelines that could clarify step by step the correct diagnostic and therapeutic strategies.
However, it is evident that individual patients should be studied carefully with the aim of
organising a diagnostic, therapeutic or palliative plan that, taking into consideration all
variables, should be tailored to the individual. The stage of both lung cancer and IPF, cancer
histology and typing, performance status, lung function, the presence of emphysema, the size
and position of the suspected lesions in relation to fibrosis and emphysema, and the presence of
risk factors that may increase the risk for AEs, as well as the presence of cardiovascular or other
comorbidities, are all factors that may influence our thinking and the final decision on the
diagnostic process to follow and the consequent therapeutic strategy. During this assessment
process, it is necessary to take into consideration the already poor prognosis of IPF and the
possibility that invasive diagnostic procedures or treatments such as surgery, radiation or
chemotherapy may worsen the prognosis, inducing AEs. Based on the nature and number of
clinical variables to take into account in the diagnostic and therapeutic process, is easy to
understand that the approach to these patients must necessarily be multidisciplinary. In cases
where a diagnostic or therapeutic itinerary cannot be undertaken, palliative and best supportive
care should be considered.

Recently, a group of experts, under the patronage of the European Respiratory Society, fostered
an international survey aimed at identifying variations in diagnostic and management strategies
across different countries, trying to provide a rationale for a consensus statement on the
diagnosis and management of lung cancer associated with IPF. The results of the survey showed
that diagnosis and management of lung cancer associated with IPF are still very heterogeneous,
“mainly arising from lack of knowledge and uncertainty in key areas of this field”, confirming
the urgent need for a consensus statement that could offer a “harmonised and standardised”
approach to these patients [89].
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ILDs are a group of diffuse parenchymal lung disorders with various comorbidities associated,
especially lung cancer. Several studies have reported a higher incidence of lung cancer in ILD patients,
particularly in those with IPF. It remains unclear whether ILD precedes lung cancer or vice versa.
However, both diseases share common risk factors, such as exposure to tobacco and occupational
factors. Genetic mutations and epigenetic mechanisms are relevant in the association of ILD and lung
cancer. Myofibroblasts represent the critical cellular players in ILD and lung cancer, causing fibrosis,
an aberrant accumulation of extracellular matrix. Treatment should be discussed carefully, because some
treatments could be a risk factor for acute exacerbation. The prognosis in general for ILD patients with
lung cancer is very poor, with an average survival time of 2.2 months. There is little knowledge on the
impact of ILDs on cancer care, especially in the case of non-IPF ILDs.

Introduction
ILDs are a group of diffuse parenchymal lung disorders with symptoms in common and
restriction patterns in functional lung tests. Different ILDs are associated with different
comorbidities and mortality rates [1]. ILDs can be categorised into five groups: 1) idiopathic
interstitial pneumonia (IIP), 2) autoimmune ILDs, 3) exposure-related ILDs, 4) ILDs with cysts
or airspace filling, and 5) sarcoidosis [2]. The incidence of ILD is increasing globally, allowing
a better comprehension of their physiopathology and early diagnosis. Different comorbidities are
associated with ILD, for example cardiovascular diseases, pulmonary hypertension, emphysema,
gastro-oesophageal reflux, depression and lung cancer [3–5]. Lung cancer is the most frequent
cause of cancer death worldwide [6], and the possibility of ILD and cancer being linked has
been suggested in a retrospective cohort for over 50 years [7].

Several studies have reported a higher incidence of lung cancer in patients with pre-existing ILD
than in those without pre-existing ILD; the relative risk of lung cancer is 3.5–7.3 times higher in
ILD patients, with an incidence estimated at 10–20% [8–10]. YOO et al. [11] found a 3.34-fold
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higher incidence of lung cancer in IPF patients compared to the general population or other ILD
patients; in another study, the presence of combined pulmonary fibrosis and emphysema
(CPFE) was associated with lung cancer (OR 5.2) [12]. CHEN et al. [13] also demonstrated an
association between systemic sclerosis and increased risk of lung cancer. A systematic review of
the association between lung cancer and ILD showed the wide range of incidence of lung
cancer depending on type of ILD [14], as we represent in figure 1.

Standard features of ILD and lung cancer
The pathogenesis of the relationship between ILD and lung cancer remains unclear. We must
consider shared risk factors; for example, smoking is a risk factor for lung cancer and IPF [15]
(figure 2), but in a systematic review analysing this association, IPF was an independent risk
factor for lung cancer even after accounting for smoking status [16].

In ILD, genetic, environmental and behavioural factors contribute to developing pneumonitis or
fibrosis, and in lung cancer the same factors could be involved. The primary data in this regard
have been associated with IPF [17]; however, recent data from other diseases with a fibrosing
phenotype have led to fibroblasts and myofibroblasts being described as the critical cellular
players in these diseases, since their proliferation and activation under profibrotic stimuli lead to
the secretion and deposition of extracellular matrix proteins, which are responsible for causing
fibrosis [18].

LI et al. [19] evaluated immune factors to monitor the risk of lung cancer in patients with ILD,
showing lower levels of C3 and C4 and higher levels of C-reactive protein in patients with lung
cancer or ILD versus healthy individuals. They thus proposed that ILD patients showing similar
changes in these factors could have an increased risk of progression to lung cancer.

Conversely, ILD is a well-described adverse drug reaction among patients with HER2-positive
cancers treated with anti-HER2 therapies (trastuzumab, lapatinib, T-DM1 (trastuzumab emtansine)

Systemic lupus

erythematosus

0.3–0.6%

Scleroderma 1.8–3.5%

Rheumatoid arthritis 0.4–16.2%

Sarcoidosis 0.2–1.9%

Dermatomyositis/polymyositis 1.7–17.4%

IPF 2.7–31.3%

FIGURE 1 Incidences of lung cancer in patients with different ILDs. Data from [14].
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and T-DXd (trastuzumab deruxtecan)) [20]. It has recently been suggested that immunosuppressor
treatment used in patients with ILD could increase the incidence of malignancy in these patients;
however, a Canadian multicentre registry-based study showed a low incidence of malignancy in
patients treated with mycophenolate mofetil (MMF) or azathioprine, and no relationship between
malignancy risk and cumulative dose in the case of MMF [21].

Risk of lung cancer in non-IPF ILDs
The risk of lung cancer in ILDs apart from IPF is challenging to interpret because there are few
studies. Lung cancer incidence in connective tissue disease (CTD)-related ILDs was 5.5% over
67.4 months [22] and in some cases presented as paraneoplastic syndromes [21]. The prevalence
of lung cancer in hypersensitivity pneumonitis seems to be high (10.6%), as seen in IPF [23].
Data on sarcoidosis are controversial. A systematic review and meta-analysis of observational
studies suggested no significant association between sarcoidosis and lung cancer (relative risk
(RR) 1.20, 95% CI 0.84–1.71) [24]. In a meta-analysis, silicosis was a lung cancer risk factor
(RR 2.37, 95% CI 1.98–2.84), and cigarette smoking strongly increased the lung cancer risk in
those with silicosis (RR 4.47, 95% CI 3.17–6.30) [25].

CTD frequently presents as an ILD manifestation, and some studies propose that, when
compared with the general population, CTD patients show a high risk of lung cancer. ENOMOTO

et al. [22] reported an overall incidence of 5.5% in their cohort of CTD-ILD patients. The
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incidences according to types of CTD were as follows: rheumatoid arthritis 4.5%, polymyositis
or dermatomyositis 4.4%, systemic sclerosis 11.1%. In this study, the authors propose that
higher smoking pack-years and emphysema are the principal risks for lung cancer development,
and they related the poor prognosis in CTD-ILD lung cancer patients with the advanced clinical
stage of lung cancer diagnosis and the fact that the majority of lung cancer histology was
SCLC. Subsequently, WATANABE et al. [26] reported an incidence of lung cancer in 9% of all
study patients with CTD-ILD and found that lung cancer was the most frequent cause of death.
The first risk factor they identified for lung cancer in their study was the existence of CPFE,
which can be present in patients with CTD-ILD; in these cases, CTD itself may play a role in
the development of emphysema.

Some studies have suggested that immunosuppressive therapy such as cyclophosphamide in
systemic sclerosis patients can be a risk factor for developing malignancy. However, other
pathogenic mechanisms, such as chronic inflammation and a fibrotic environment, have also
been suggested to contribute to tumorigenesis but could not be corroborated [27].

Clinical presentation
Lung cancer in ILD mainly manifests as peripheral tumours developing within/near fibrotic
areas (83.9%) and in the inferior lung lobes (58.7%) [28]. In 66 peripheral T1N0 cancers, their
distribution was 58.7% in the inferior lobes, 3.8% in the middle lobe, 34.6% in the upper lobes,
53% at the fibrosis/healthy tissue interface, and 31.8% in fibrotic areas [17]. In figure 3, we

a)

b)

c)

d)

FIGURE 3 a–c) HRCT in the annual follow-up of a patient with a usual interstitial pneumonia (UIP) pattern.
c) In the third year of follow-up, we observed subpleural left irregular opacity (arrow). d) Multiplanar
reconstruction shows the extent and the gradient of affectation of the UIP patterns. CT-guided biopsy
demonstrated lung adenocarcinoma (arrow).
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show HRCT in a male patient in the follow-up of IPF disease, and in the third year, he
presented an adenocarcinoma tumour.

Histology of lung cancer related to ILD
It is unclear which is the most common histological type of cancer; for example, in one study,
SCC was the most common type of lung cancer in patients with the typical usual interstitial
pneumonia (UIP) pattern, probable UIP, and indeterminate for UIP [29]. At the same time,
adenocarcinoma was most common in those with the “inconsistent with IPF” pattern. Other
types were seen less frequently, for example SCLC, carcinoma not otherwise specified, NSCLC,
large cell carcinoma, sarcoma and carcinoid tumour [29]. In figure 4, we present two cases of
patients with different histological types.

Impact on cancer care
In ILDs, comorbidity is a crucial cost driver. A German study reported 23 559 patients, 61.3%
with IIP and 38.7% with sarcoidosis. Lung cancer was associated in the total population in
4.7%. Referring to ILD-associated costs, the authors observed a negative effect of lung cancer
on IIP-associated costs, i.e. the cost decreased with lung cancer, but they considered this result
more likely to be a reimbursement-related artefact than a genuine saving in the cost of care [30].
This topic requires more studies on other populations for us to know more about this aspect.

Treatment of lung cancer in ILD
The principal problem of the treatment of lung cancer in ILD, including surgery, radiotherapy,
chemotherapy and chemoradiotherapy, is that any of these may induce acute iatrogenic
exacerbation [29, 31–33]. The diagnosis of lung cancer in ILD may result in significant
complications and increased mortality, with an average survival time of 2.2 months [28].
Pulmonary resection for NSCLC is a safe procedure in patients with ILD [28]. However, extra

#

#

a) b)

FIGURE 4 Two different patients. a) A patient with IPF with a usual interstitial pneumonia (UIP) pattern, presence
of subpleural cysts, and traction bronchiectasis (arrow). In the transition of the healthy parenchyma with the most
fibrosing areas, a left lung mass with lobulated edges is present (#). The histopathological diagnosis corresponds
to a pulmonary adenocarcinoma. b) A patient with emphysema and fibrosis (UIP pattern; arrows). In the right
lower lobe, a cavitated lung mass is apparent (#), and the histopathological diagnosis confirmed a SCC.

https://doi.org/10.1183/2312508X.10019221 149

OTHER INTERSTITIAL LUNG DISEASES | I. BUENDÍA-ROLDÁN ET AL.



care needs to be taken, due to the high mortality rate from postoperative complications [30].
In cases where chemoradiotherapy is used, it has been suggested that the UIP pattern on CT
may be a significant risk factor for acute exacerbation [31].

Patients with lung cancer and ILD have an inferior prognosis, but a patient who can tolerate an
appropriate anti-tumour treatment can prolong their survival [34]. GIBIOT et al. [35] reported a
median survival of 9 months for patients with lung cancer and ILD, compared with 18 months
for those with lung cancer only. In contrast, TZOUVELEKIS et al. [17] reported survival of
14 months in patients with lung cancer and IPF, from the date of lung cancer diagnosis, and
KOO et al. [12] wrote of a median survival of 20 months in those with lung cancer and CPFE
instead of 53 months for those with lung cancer only. This information shows that there is still a
lack of knowledge about this topic in other ILDs.

Conclusion
Data seem to confirm the idea that the coexistence of ILD and lung cancer cannot be
coincidental. Both diseases are a complex result of a series of mechanisms that come together to
develop these diseases. Although knowledge of the pathogenesis has advanced, to the present
day it remains unknown how diffuse interstitial lung abnormalities produce focal cancerous
lesions with different histology patterns. What the best treatment is for these patients, and how
we can have an impact on the survival of these patients depending on the ILD with which lung
cancer is associated, are among other pending questions to solve.
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Lung cancer is the most common cancer in males and the second most common among females both in
Europe and worldwide. Moreover, lung cancer is the leading cause of death due to cancer in males.
The European region accounts for 23% of total cancer cases and 20% of cancer-related deaths.
Relationships have been described between a number of infectious agents and cancers, but our
knowledge of the role of viruses, both respiratory and systemic, in the pathogenesis of lung cancer is
still rudimentary and has been poorly disseminated. In this chapter, we review the available evidence on
the involvement of HPV, Epstein–Barr virus, HIV, cytomegalovirus and measles virus in the
epidemiology and pathogenesis of lung cancer.

Introduction
Tobacco smoking is the main risk factor for lung cancer (discussed in another chapter in this
Monograph [1]). Other risk factors include exposure to asbestos, household use of biomass fuel,
environmental pollution (described elsewhere in this Monograph [2]), genetic factors and
chronic diseases (e.g. COPD, asthma, bronchiectasis, emphysema, as discussed in other chapters
in this Monograph [3–6]), and HIV) [7]. Infectious risk factors such as mycobacterial
infections, previous pneumonia and Chlamydophila pneumoniae infection have also been
reported and investigated [8]. Recent reports suggest that viruses such as HPV, Epstein–Barr
virus (EBV) and measles virus (MV) may play a role in relation to lung cancer [9]. However,
the association between viruses and lung cancer has not been thoroughly elucidated.

It is important to note that the recent COVID-19 pandemic has shown that cancer patients have
a high risk from SARS-CoV-2 infection, with an increased risk of complications and death,
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particularly in patients with lung cancer [10]. SARS-CoV-2 also produces an exacerbated
immune reaction and lung injury that could induce tumorigenesis in the long term. Cytokines
released during infection include IL-4, IL-6, IL-10, IL-35 and TGF-β, among others, which
promote tumour growth, progression and metastasis [11, 12]. In the future, we will discover
whether COVID-19 has a potential oncogenic role.

In this chapter, we will review the evidence regarding the role of viruses in lung cancer.

Lung cancer in Europe
In 2020, a total of 318 327 new cases of lung cancer were estimated to be diagnosed in the
27 countries of the European Union (EU) [13]. Overall, 64% of cases were diagnosed in men
and 36% in women (figure 1). People aged 45–69 years had the most reported new cases,
followed by people aged >70 years and people aged 20–44 years. The lifetime risk of developing
lung cancer in people aged 0–74 years is one in 19 in men and one in 37 in women [13].

A total of 257 293 people died from lung cancer in 2020, 66% of whom were male and 34%
female (figure 2). Lung cancer is the first cause of death due to cancer in men and the second
in women, both in Europe and worldwide [13].

The three EU countries with the highest incidence of lung cancer were Hungary (101.7 cases
per 100 000 individuals), Ireland (91.1 cases per 100 000) and Belgium (83.5 cases per 100.00),
while the countries with the highest incidence of death due to lung cancer were Hungary (88.3
per 100 000), Poland (74.8 per 100 000) and Croatia (66.9 per 100 000) [13].
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FIGURE 1 Estimated incidence of lung cancer in Europe in 2020, by sex and country (all ages). EU-27: 27
countries of the European Union. Reproduced and modified from [14] with permission.
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Viruses and their relationship with lung cancer
Data from the GLOBOCAN database of the International Agency for Research on Cancer, which
provides estimates of incidence and mortality rates of 36 types of cancer and includes data from
185 countries, were analysed by DE MARTEL et al. [15], who reported an estimated 2.2 million
infection-attributable cancers in 2018 worldwide. The infection-attributable age-standardised
cancer incidence rate (ASIR) was 25 cases per 100 000 person-years. The main infectious agents
related to cancer were Helicobacter pylori (810 000 cases, ASIR 8.7 cases per 100 000
person-years), HPV (690 000 cases, ASIR 8.0 cases per 100 000 person-years), hepatitis B virus
(HBV; 360 000 cases, ASIR 4.1 cases per 100 000 person-years) and hepatitis C virus (HCV;
160 000 cases, ASIR 1.7 cases per 100 000 person-years). Interestingly, EBV, HPV, HCV and
HBV have previously been shown to be the four major cancer-associated viruses [15].

Although the molecular perturbations caused by some infectious agents leading to oncogenesis
are well known in several tumour models, including cervical cancer, stomach cancer, head and
neck tumours and some types of leukaemia and lymphomas, the pathogenic role of viruses has
not yet been well established in lung cancer; however, evidence of the integration of viral DNA
in tumour cells and epidemiological research based on clinical studies and several meta-analyses
suggest a possible causative role for infectious agents in lung malignancies [16].

Smoking has a potential role in increasing the susceptibility of lung tissue to viral infection, in
addition to affecting oncoprotein function (figure 3). Studies in mouse models show that
tobacco smoke alters the immune response, contributing to viral pathogenesis and leading to
lung function deterioration (table 1) [29].
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FIGURE 2 Estimate of mortality from lung cancer in Europe in 2020, by sex and country (all ages). EU-27: 27
countries of the European Union. Reproduced and modified from [14] with permission.
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In the following sections, we will present a description of the well-characterised oncogenic viruses
HPV, EBV, HIV, cytomegalovirus (CMV) and MV, as well as the less well understood viral
agents jaagsiekte sheep retrovirus ( JSRV) and John Cunningham virus ( JCV), which have shown
oncogenic transformation in cell lines or animal models, particularly murine or rat models.

HPV
HPV is a double-stranded DNA virus associated with the development of various types of
neoplasms in humans. To date, more than 200 types of HPV have been described, of which
HPV types 16 and 18 are responsible for ∼70% of HPV-related cancers. Other high-risk HPV
types include types 31, 33, 35, 45, 51, 52, 56, 58, 59 and 68, which have variable incidences
and worldwide distributions [15]. The genome of HPV includes an early region (E) encoding
the E1, E2 and E4–E7 proteins. E6 and E7 are oncoproteins that act as stimulating factors for
host-cell proliferation. E6 interacts with the proteins p53 and B-cell lymphoma 2 (BCL2), and
E7 interacts with the retinoblastoma (RB) protein. These HPV oncoproteins enhance tumour
development by promoting the cell cycle and inhibiting apoptosis [30].

A recent systematic review and meta-analysis including 78 studies with data from 9385 patients
examined the presence of HPV infection in lung cancer [17]. HPV was detected in 1268 cases
(13.5%). HPV-16 was detected in 6.1% of the cases and HPV-18 in 3.1%. The prevalence of
HPV was 17.9% in SCC and 9.2% in adenocarcinoma. Data from case–control studies showed
an increase of 22% (95% CI 12–33%) for HPV infection in patients with lung cancer with
respect to controls (OR 4.7, 95% CI 2.7–8.4), regardless of the stage of tumour disease [17].

Another case–control study (102 cases with lung cancer and 48 normal lung tissue samples as
controls) that evaluated the role of HPV in the development of lung cancer and examined the
expression of viral genes, anticarcinogenic genes and inflammatory cytokines in HPV-positive
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FIGURE 3 Viral oncogenesis and synergism with tobacco smoking in lung cancer development. EBV: Epstein–Barr
virus; CMV: cytomegalovirus; MV: measles virus.
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cases identified HPV DNA in 53% (54 out of 102) of cases and 25% (12 out of 48) of controls
(OR 3.37, 95% CI 1.58–7.22; p=0.001) [31]. HPV-16 was the most commonly found virus type
(39%) identified in both cases and controls. The authors also demonstrated that increased
expression of HPV genes (E6 and E7) was associated with decreased expression of
tumour-suppressor genes (p53 and RB) [31].

Interestingly, a recently published case–control study that investigated the role of HPV and
cellular/microRNA gene expression in EMT and lung cancer development reported that HPV
DNA was detected in 51% of lung cancer tissues. The results showed a significant association
between HPV and lung cancer (OR 3.26, 95% CI 1.47–7.02; p=0.001), suggesting that the
interaction of E6 and E7 and microRNA may promote EMT [32].

These data and other reports suggest a role for HPV in lung cancer, but the possible route of
HPV transmission into the lung is not completely clear. The increasing trends of oropharyngeal
cancer in men and women worldwide [13] may suggest a possible route of transmission of HPV
from the oropharyngeal airway to the lungs, strongly linked to tobacco smoking. Moreover,
some reports show that female nonsmokers with HPV infection have an increased risk of lung
adenocarcinoma [33]. Different types of HPV have also been detected in peripheral blood
[34–36], underscoring a possible haematogenic transmission route. HPV has been detected in
exhaled breath condensates of patients with lung cancer [37], but more studies are required to
confirm these preliminary findings.

TABLE 1 Viruses related to lung cancer and proposed mechanisms of oncogenesis

Virus# Potential mechanism of
oncogenesis in lung cancer

Level of epidemiological
evidence

First author
[ref.]

HPV E6 and E7 proteins target p53, BCL2
and RB, disrupting the cell cycle
and apoptosis

High: HPV genome found in
tumour genome; meta-analysis
indicating greater risk of lung
cancer in HPV-positive subjects

KARNOSKY [17]

EBV The model of oncogenesis suggests
previous premalignant lesions;
type II latency and activity of
EBNA, LMP1, LMP2 and other EBV
proteins lead to tumour
promotion

High: meta-analysis indicating
higher risk of lung cancer in
EBV patients; EBV genome in
lung cancer tissue; in vitro
models

KHEIR [18], CARPAGNANO [19],
BROUCHET [20],

GÓMEZ-ROMÁN [21],
JAFARIAN [22], WANG [23]

HIV Immunosuppression favouring
tumour immune escape

High: meta-analysis indicating HIV
patients have greater risk of
lung cancer; 2.5-fold increase in
the risk of lung cancer in PLWH
who smoke

BUDISAN [8], HESSOL [24]

CMV pUL123, pUL122 and other CMV
proteins induce entry to S phase
and cell-cycle deregulation

Low: CMV genome found in lung
cancer cells; oncogenic
transformation of human
embryo lung cells

BOLDOGH [25],
MICHAELIS [26], HERBEIN [27]

MV Inhibition of PIRH2 ubiquitination by
MV phosphoprotein leading to
negative regulation of p53

Low: expression of MV protein
in NSCLC

SION-VARDY [28]

EBV: Epstein–Barr virus; CMV: cytomegalovirus; MV: measles virus; BCL2: B-cell lymphoma 2; RB: retinoblastoma
protein; EBNA: EBV nuclear antigen; LMP: latent membrane protein; PLWH: people living with HIV; PIRH2:
p53-induced RING-H2. #: note that tobacco use causes local immunosuppression, favouring infection by all of the
viruses listed and leading to tumour immune escape.
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EBV
EBV is an enveloped double-stranded DNA virus, also known as human gammaherpesvirus 4.
It has been reported to be associated with different types of cancers, but its association with
lung cancer has varied significantly, according to tumour histotype and geographical area [38].
EBV is associated with a particular subtype of primary lung cancer called pulmonary lympho-
epithelioma-like carcinoma [39], which affects younger nonsmokers with greater frequency,
particularly in the Asian population, but represents <1% of lung cancers overall. EBV has also
been found in NSCLC in patients from the USA [18], and in samples of exhaled breath
condensate of patients with NSCLC from Italy [19]. Interestingly, EBV has also been reported
in patients with lung SCC and lung adenocarcinomas [20–23]. However, an accurate picture of
the epidemiology of EBV infection in lung cancer is far from a reality due to the small number
of cases reported and the variety of techniques used to detect EBV.

EBV undergoes two different stages to complete its life cycle: a latency cycle (expression of
latent proteins) and a lytic cycle (expression of lytic proteins). After the initial infection
(frequently asymptomatic), EBV is capable of establishing a persistent lifelong infection in
memory B-cells [40]. There are four latency stages: latency 0, characterised by no expression of
EBV proteins; latency I, observed in Burkitt lymphoma, where there is expression of proteins
such as EBV nuclear antigen (EBNA) 1, EBV-encoded small RNAs (EBERs) and BamHI-A
rightward transcripts (BARTs); latency II, observed in nasopharyngeal carcinoma and lung
cancer, where proteins such as EBNA1, latent membrane protein (LMP) 1, LMP2A, LMP2B,
EBERs and BARTs are expressed; and latency III, observed in AIDS-associated lymphoma,
where there is expression of proteins such as EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C,
EBNA-LP, LMP1, LMP2A, LMP2B, EBERs and BARTs [40].

Various studies have reported detection of EBV DNA in intensive care unit patients [41],
patients with immunosuppression [42], patients with chronic lung disease [43] and COVID-19
patients with severe lymphopenia [44], including cases of re-activation in patients with
dysregulation of the immune system.

Interestingly, a study that investigated the correlation between EBV and severity, exacerbation
and progression in patients with bronchiectasis (442 sputum samples from 108 patients with
bronchiectasis and 50 induced sputum samples from 50 healthy controls) showed that in
patients in whom EBV DNA was detected, there was a significantly faster decline in lung
function and a shorter time before the next exacerbation, suggesting a possible relationship
between EBV and bronchiectasis progression [43]. Current data suggest that EBV latency might
facilitate the progression from chronic lung disease to lung cancer and vice versa, as previous
cell alterations are a required precondition for establishing latent EBV infection [45].

HIV
People living with HIV (PLWH) have an increased risk of developing lung cancer with respect
to the general population [42]. Factors such as a dysregulated pulmonary immune environment,
the development of chronic immune activation, chronic inflammation (despite the use of
antiretroviral therapy) related to HIV infection and factors such as heavy smoking can increase
the risk of lung cancer in PLWH [43].

In a French cohort study that analysed data from 84 504 PLWH, the authors showed that the
increased risk of lung cancer was strongly related to not recovering a CD4 count of
⩾500 cells·mm−3 once antiretroviral therapy had been initiated [44]. A large study conducted in
the USA analysing data from 322 675 PLWH during the period 1977–2002 found that
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pulmonary infection (recurrent pneumonia, Pneumocystis jirovecii pneumonia and pulmonary
tuberculosis) was associated with an increased risk of developing lung cancer >10 years after
the onset of AIDS; this was particularly true of recurrent pneumonia (adjusted hazard ratio 1.63,
95% CI 1.08–2.46) [45]. Similarly, in another study in which 60 individuals developed lung
cancer (77% PLWH and 23% HIV-uninfected), the factors associated with the increase in the
risk of lung cancer in PLWH were CD4+ lymphocyte count, a previous diagnosis of AIDS,
previous lung disease, age, education and the number of pack-years of cigarette smoking [46].

ZHENG et al. [47] investigated differential gene expression profiles for early detection of lung
cancer in PLWH and found a group of genes that were overexpressed in lung cancer cells
(prominin 1 (PROM1), transcription factor AP-2α (TFAP2A) and sine oculis homeobox
homolog 1 (SIX1)) and a group of repressed genes (synaptopodin-2 (SYNPO2), alcohol
dehydrogenase 1B (ADH1B) and indolethylamine N-methyltransferase (INMT)). This finding
opens up avenues for the use of genetic biomarkers in early detection, diagnosis and monitoring
of the treatment response for lung cancer in PLWH.

CMV
CMV is a double-stranded DNA herpesvirus that is highly prevalent in the community, with an
estimated seroprevalence of 83% in the general population globally [48]. After a first infection
that principally infects epithelial cells, endothelial cells and macrophages, CMV remains in a
latent state for life, and these types of cells serve as reservoirs for the virus [49].

Recently, the involvement of CMV in the pathogenesis of lung cancer has been suggested to
strongly rely on oncomodulation through the oncogenic proteins pUL123, pUL122 and pUS28
[25–27]. CMV remains for long periods in the latency stage and might re-activate intermittently
throughout the lifespan. This promotes chronic inflammation and is linked to genomic
mutability and a state of immunosuppression in the host, which can lead to the start of
neoplasms.

In a recently published series of 144 consecutive cases of malignant pleural mesothelioma [50],
CMV IgG was detected in 51% of cases. Interestingly, 79% of cases had CMV DNAemia (>100
copies cell-free CMV DNA·mL−1 serum, independent of IgG serostatus). The authors found
CMV DNA in 48% of the tumours, while CMV DNA was detected in only 29% of pleural tissue
samples from healthy individuals. However, there are no reports pointing to a direct relationship
between CMV and lung cancer, even though CMV has been found in a variety of epithelial
tumours, such as those of the colon, breast, ovaries and prostate, as well as in salivary gland
tumours, rhabdomyosarcoma, hepatocellular cancer, neuroblastoma and brain tumours [51].

MV
MV is lymphotropic and also shows tropism for the oropharyngeal epithelium. Acute MV
infection is generally followed by a transient cellular immunodeficiency, despite lifelong
protective immunity. In 2002, SION-VARDY et al. [28] detected MV antigens, p53 and
p53-induced RING-H2 (PIRH2) in 54 out of 65 cases of NSCLC. Interestingly, the authors
found higher expression levels of MV antigens in patients ⩾60 years, and multivariate analysis
revealed an association between PIRH2 and survival. PIRH2 protein accumulation leads to
negative regulation of p53 [52].

JSRV and JCV
JSRV causes lung cancer in sheep called ovine pulmonary adenocarcinoma (OPA), a contagious
disease that can be transmitted between animals by aerosol through coughing or sneezing [9].
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OPA is characterised by chronic respiratory signs, and the transformation of alveolar and
bronchial tissue may result in a tumour that can potentially affect large lung areas. In humans,
JSRV infects cells through the cell-surface hyaluronidase 2 (HYAL2) receptor [53]. In 2000,
DE LAS HERAS et al. [54] suggested a possible link between JSRV and human lung
adenocarcinomas. They found a positive immunohistochemical reaction to the JSRV capsid
protein in 30% of human lepidic growth adenocarcinomas and 26% in other adenocarcinomas.
LINNERTH-PETRIK et al. [55] also detected the presence of JSRV Env protein (an oncoprotein
capable of inducing neoplastic transformation in vivo and in vitro) in human adenocarcinomas.
ROCA et al. [56] found JSRV in paraffin sections of bronchioloalveolar carcinoma (BAC) of
patients from two Italian regions. The authors reported JSRV in 91% of the BAC samples from
Sardinia, a region characterised by extensive sheep farming, whereas JSRV was infrequently
found in BAC samples from the Campania region, with only 10% positive. These results
suggested a possible role of JSRV in human lung cancer. Interestingly, OPA shares clinical and
histological properties and oncogenic pathway activation with human lung adenocarcinoma,
which makes sheep a valuable animal model to investigate lung cancer. However, several
studies published in recent years have failed to demonstrate a direct link between JSRV and
human lung cancer [57].

The prevalence of JCV antibodies in serum from global populations is reported to range
between 60% and 70% [58]. JCV has been detected in several types of human tumours,
suggesting that JCV has the ability to infect a wide range of cell types [59]. JCV has been
found in lung tumours, although there are few studies on JCV in lung cancer;
however, experiments in transgenic mice have shown that this virus has the potential to cause
bronchial tumorigenesis [9]. Recently, SINAGRA et al. [59] evaluated the prevalence of JCV in
13 patients with lung adenocarcinoma. A positive PCR test for JCV was reported in seven of
these cases (54%). MALHOTRA et al. [60] explored the role of nine polyomaviruses including
JCV in lung cancer development in never-smokers. They found no association between
seropositivity to polyomaviruses and increased risk of lung cancer, with 69.1% of cases and
68.7% of controls being positive for JCV VP1 protein [56]. Thus, the involvement of JCV in
lung carcinogenesis currently remains unclear.

Prevention and treatment of oncogenic viruses
Prevention of infection by oncogenic viruses is complicated as, except for HPV, there are no
approved vaccines for the viral agents described in the previous section. However, there are no data
supporting a decrease in the incidence or risk of lung cancer in the population vaccinated for HPV.

After viral infection has been detected, there are some strategies to avoid viral activation to
block or diminish oncogenic transformation. In EBV infection, smoking cessation should be
recommended for smokers as the primary prevention measure for upper respiratory tract
carcinomas [61]. This rational is also suitable for lung cancer prevention.

Nasopharyngeal carcinoma is a good model to evaluate the effect of targeting EBV as an
anticancer therapy. Currently, there are several phase III clinical trials evaluating drugs that
activate the lytic phase of EBV (e.g. CDDP (cis-diamminedichloroplatinum(II)), 5-fluorouracil,
gemcitabine) [62] or EBV vaccines.

In addition, a phase III trial of biological therapy is using multivirus (CMV, EBV and
adenovirus)-specific T-cells (allogeneic CD4+ and CD8+ T-lymphocytes ex vivo incubated with
synthetic peptides of viral antigens) in patients who have undergone allogeneic stem-cell
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transplantation suffering from new or re-activated CMV, EBV or adenovirus infection
(ClinicalTrials.gov identifier NCT04832607). This new type of therapy could provide a
treatment for patients infected with oncogenic viruses in the future.

COVID-19 and lung cancer: the future challenge of research
The COVID-19 pandemic has had a major impact on global health. Despite all the research
carried out in record time, much remains to be determined, especially regarding the
complications and possible long-term sequelae of severe SARS-CoV-2 infection [10]. A
recently published letter by KHIALI et al. [63] has summarised the possible oncogenic
mechanisms of SARS-CoV-2 in the development of lung cancer. The possible damage by the
virus to the lung causing lung fibrosis, the hyperinflammation frequently suffered by patients
with severe COVID-19 and downregulation of angiotensin-converting enzyme 2 (ACE2) could
be involved in the potential development of lung cancer.

So far, more than 532 million people have been infected by SARS-CoV-2 worldwide [64], but
there are few studies on the short- and long-term sequelae of severe infection. A global
scientific and public health effort is required to continue investigating and trying to prevent the
possible development of lung cancer due to SARS-CoV-2 infection.

Conclusion
The role of viruses in lung cancer development remains unclear but is supported by
epidemiological data on infection in tumour cells. Although basic research studies have shown
potential oncogenic mechanisms of viruses in lung cancer cell lines, further research is needed.
Tobacco smoking can contribute to viral oncogenesis by producing local immunosuppression
and increasing viral pathogenesis.
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The coincidence of lung cancer and tuberculosis (TB) in the same patient is more frequent than
expected by chance alone and may give rise to diagnostic difficulties. TB may favour carcinogenesis,
and lung cancer may increase the risk of re-activation from latent TB infection to active disease. In
patients with cancer receiving immunosuppressive therapy, screening for TB infection and preventative
treatment of infected individuals should be considered.

Introduction
Tuberculosis (TB) and cancer can both affect the lungs and give rise to slowly progressive
tissue destruction and similar radiological images. The occurrence of both diseases in the same
patient has been observed and seems to occur more frequently than by chance alone. In India,
TB lesions were found much more frequently in the lungs of patients dying from carcinoma
(24.8%) than in patients without carcinoma (7.8%) [1]. Conversely, lung cancer seems to
develop more frequently in patients with TB than in patients without TB. An excessive high rate
of death from lung cancer was observed in a population of nonsmoking female patients with TB
in Japan [2]. Experimental evidence and animal models suggest that chronic TB infection can
induce cell dysplasia and carcinogenesis, and that lung cancer may favour the re-activation of
TB in infected individuals by weakening local immunity [3].

This chapter will describe the associations between pulmonary TB and lung cancer, with each
as the primary or secondary disease, and will address the problem of misdiagnosis due to
similarities between the two diseases (table 1).

Cancer after TB: the risk of cancer in patients with current or prior TB
Inflammation and fibrosis occur during the development of TB and can play a role in
carcinogenesis, particularly the production of TNF-α, which promotes tumour cell survival,
induces angiogenesis and stimulates the production of cytotoxic molecules leading to cell
damage [9]. The observation that the prevalence of lung cancer is significantly increased among
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patients with AIDS, particularly in those who suffer from recurrent pulmonary infection, and
that this increase is not explained solely by smoking, suggests that pulmonary inflammation
may contribute to carcinogenesis [10]. Surprisingly, in this study of 322 675 US patients
diagnosed with AIDS between 1977 and 2002, lung cancer risk was unrelated to TB, although
an increased risk of lung cancer was observed during the first year after the diagnosis of TB [10].

A systematic analysis of 37 case–control and four cohort studies published between 1966 and
2009 demonstrated that the risk of lung cancer was increased in patients with pre-existing TB
and that the association was present even in nonsmokers [11]. The increase in risk was
significant during the first 5 years after the diagnosis of TB and decreased over time but was still
present 20 years after the diagnosis. The association between TB and lung cancer was significant
for adenocarcinoma but not for SCLC or SCC.

In a meta-analysis of 50 290 cases with a history of TB and 846 666 controls, ABDEAHAD et al. [4]
observed that previous TB increased the risk of lung cancer by a factor 2.17 (ranging from 2.18 for
SCLC to 2.6 in adenocarcinoma and 3.57 in SCC), independent of smoking. Another meta-analysis
of studies reporting the association between TB and cancer confirmed the increase in risk of different
types of cancer for patients with TB (hazard ration (HR) of 1.67 for lung cancer) and estimated that
2.33% of the global cancer incidence was attributable to TB [5]. The fraction of cancer attributable
to TB varied by socio-demographic index, being higher in countries with lower resources.

In a cohort study of 716 872 subjects followed between 1998 and 2007 in Taiwan, YU et al. [6]
observed that patients with newly diagnosed TB had an incidence of lung cancer ∼11-fold
higher than patients without TB. The hazard ratio was 4.37 but increased to 6.22 when
combined with the effect of COPD.

In a high TB incidence area in China, CHEN et al. [12] reported an increase in the proportion of
prior or active TB in patients with cancer (5.46%) compared with patients with benign tumours
(1.35%), but did not study the impact of smoking on the risk.

A population-based cohort study conducted in Taiwan demonstrated that patients with cancer
other than lung cancer and a prior diagnosis of TB had a 1.67-fold increase in the risk of
developing secondary lung cancer (metastatic extension of a cancer originating outside the lung)
than individuals without prior TB [13]. The hypothesis is that the inflammation induced in the
lung tissue by TB favours the development of secondary foci of cancer cells.

Considering the risk of cancer in patients treated for TB and the number of patients surviving
TB, the global issue is not negligible. Warning patients at the end of TB treatment and
recommending smoking cessation, avoidance of respiratory irritants (if possible) and regular

TABLE 1 Risk of lung cancer in patients with pulmonary tuberculosis (TB) and of pulmonary TB in patients
with lung cancer

Primary disease Secondary disease Increase in risk First author [ref.]

Pulmonary TB Lung cancer 2.17 ABDEAHAD [4]
1.69 LEUNG [5]
4.37 YU [6]

Lung cancer Pulmonary TB 6.14 DOBLER [7]
8.12 SIMONSEN [8]
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medical visits is warranted. Any recurrence of symptoms such as chronic cough, chest pain or
haemoptysis should alert the physician not only about a possible relapse of TB but also about
the possible development of lung cancer.

The role of host-directed therapies in reducing the inflammatory reaction during TB treatment
and preventing the development of cancer should be kept in mind but has not yet been assessed.

TB after cancer: the risk of TB in patients with cancer and the role of immunosuppression
Patients with TB infection (or latent TB infection) have a lifetime risk of re-activation estimated
globally to be between 5% and 10%, but this risk is increased in patients with impairment of
immune defences due to viral (HIV), drug-induced (anti-TNF) or natural (diabetes) causes.
Patients with cancer may be immunocompromised by the disease itself, particularly
haematological malignancies, or by the therapy. Therefore, it is important to assess the potential
increase in risk of TB for patients with cancer who have also been infected by TB and may
re-activate, and to decide whether screening for TB infection and the provision of preventative
therapy is justified.

A meta-analysis of 921 464 patients with cancer demonstrated an increase in incidence risk ratio
for TB of 2.25 for adult patients with solid cancer, 3.53 in adult patients with haematological
malignancies, 6.14 in adult patients with lung cancer, and 16.82 for children with
haematological malignancies or solid cancer [7]. The conclusion by the authors was that
screening for the presence of TB infection is justified for children with any type of cancer and
for adults with cancer and additional risk factors for the development of TB, but may not be
justified in other adults due to the global decrease in life expectancy associated with most types
of solid cancers, particularly lung cancer.

A study conducted in Denmark reported a global increase in the risk of TB in cancer patients
followed between 2004 and 2013. The overall adjusted HR (aHR) was 2.48, the highest risk
being observed in patients with cancer of the aerodigestive tract (aHR 8.12), tobacco-related
cancers (aHR 5.01) and haematological cancers (aHR 4.88) [8]. The risk of TB was highest
during the first year after cancer diagnosis and was increased in patients receiving cytostatics or
radiotherapy. The hypothesis is that cancer and its treatment both decrease the infection barriers
and increase the risk of re-activation from latent TB infection to active disease. Another
hypothesis is that some risk factors are shared between cancer and TB, such as smoking and
alcohol consumption.

In a study comparing the risk of TB in patients with cancer (excluding lung cancer) and in the
general population, the standardised incidence ratio (SIR) of TB was 2.22 in patients with
cancer, and was highest in those with haematological malignancies (SIR 6.67) [14]. The
increase in risk was highest in the 6 months after diagnosis of the malignancy and persisted
for ⩾2 years.

BAE et al. [15] compared the risk of TB in patients with cancer treated with or without ICIs.
The risk of TB was 8-fold higher in cancer patients compared with the local population (South
Korea) and was not influenced by the type of ICI treatment, but was associated with the type of
cancer. In contrast to this study, a Japanese publication observed that 1.7% of patients with lung
cancer treated with ICIs in a tertiary hospital developed TB during treatment, and recommended
that patients receiving this type of treatment be screened for the presence of TB infection and
monitored closely (or treated preventatively) during ICI treatment [16].
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Considering the risk of TB and lung cancer in persons with TB infection, the provision of
preventative treatment to infected persons is expected to reduce not only future TB (which has
been demonstrated) but also some cases of lung cancer. The size of the benefit has not been
evaluated.

As a general rule, samples from patients with cancer should also be examined for the presence
of mycobacteria, particularly in regions of high TB burden.

Possible confusion between cancer and TB
TB and lung cancer may present with similar clinical complaints and radiological appearance,
making the differential diagnosis difficult (box 1). Therefore, the distinction between them is
not always easy until bacteriological documentation of the presence of mycobacteria or
histological demonstration of malignant cells is produced. Furthermore, both diseases may
coexist in the same patient, adding to the possible confusion at clinical and radiological
presentation [17]. A review by XIANG et al. [18] summarised studies demonstrating the possible
confusion between cancer and TB and the potential overlapping of diagnostic tests such as PET/
CT and detection of carbohydrate antigen 19-9 (CA 19-9) or cancer antigen 125 (CA 125).
HANG et al. [19] described a case of disseminated multinodular involvement by haematogenous
TB, initially diagnosed as metastatic cancer. The interferon-γ release assay was negative, the CA
19-9 result was strongly positive and PET/CT showed focal high uptake in multiple organs. The
final diagnosis was determined by a transthoracic needle biopsy of the left upper lung.

As long as cases with abnormal radiological features have no final diagnosis, both potential
diagnoses should be maintained. In the presence of symptoms compatible with TB, the option
of empirical treatment should be considered.

Conclusion
TB and lung cancer may coexist in the same patient and develop sequentially or simultaneously.
The association of both diseases in the same patient is more frequent than by chance alone.

BOX 1 Case report

On admission to a nursing home, a 78-year-old man of European origin complained of tiredness,
lower back pain and unexplained weight loss over the last 3 months, without fever or cough.
Radiological examination showed a mass in the lower lobe of the right lung, confirmed by a CT
scan. The patient refused a bronchoscopy. As the patient was a former smoker, an empirical
diagnosis of lung cancer was made. Over the next 6 months, the patient declined slowly, with
occasional episodes of cough. Because of an acute fever episode, he was hospitalised. A CT scan
revealed bilateral extension of pulmonary opacities with small cavitations. A diagnosis of bacterial
secondary infection of a metastatic lung cancer was made and no bacteriological examination for
tuberculosis (TB) was requested. The patient received antibiotics and the fever subsided. 2 months
later, he was re-hospitalised in a preterminal state for rapidly progressive abdominal pain and
ileus. An emergency laparotomy demonstrated inflammation of the ileum with a small perforation
and ascites. A biopsy revealed granulomatous inflammation with necrosis and the presence of
acid-fast bacilli, later confirmed by culture as Mycobacterium tuberculosis. The patient died shortly
after the laparotomy before anti-TB treatment could be initiated.

This case demonstrates that lung cancer and TB may have a similar clinical presentation leading
to an incorrect diagnosis, particularly if bacteriological examinations cannot be performed or are
not requested in time. Misdiagnosis is more frequent if an incorrect hypothesis is made, based on
an atypical clinical presentation, and maintained throughout the progression of the disease.
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It seems that the extensive and chronic inflammation induced by TB may lead to
carcinogenesis, while lung cancer and chemotherapy or radiotherapy may decrease the local
immunity in the lung tissues and induce re-activation from latent TB infection to active disease.
Screening for the presence of latent TB infection in patients with lung cancer, particularly in
young patients and in those who will be submitted to immunotherapy, should be considered.
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Obstructive sleep apnoea and the risk of cancer
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Two of the characteristics that define OSA from a pathophysiological point of view are IH and sleep
fragmentation produced by various sleep respiratory events. These two factors have been attributed
carcinogenic properties and considered inducers of greater aggressiveness or resistance to treatment of a
pre-existing tumour. They have recently been complemented in this respect by other factors such as
changes in the immune system, the sympatho-catecholaminergic system, exosomes and IH-mediated
pathways. In recent years, efforts have been made to assess the real increase in the incidence of
mortality from all-cause or specific types of cancer in individuals with OSA. Several studies using
murine models have shown that the induction of sleep fragmentation or IH produced greater tumour
growth and metastases, but this research was preceded by a host of clinical studies with conflicting
results and various limitations. In this chapter, we review the evidence currently available on the
relationship between the incidence and aggressiveness of all-cause or specific types of cancer and OSA,
based on both murine and clinical studies.

Introduction
Both OSA and cancer are significant public health problems due to their high prevalence,
their severe consequences and the high financial costs that they engender [1, 2]. Various
pathophysiological mechanisms could give biological plausibility to a possible relationship
between OSA and the transformation of healthy cells into malignant ones and the spread
and growth of tumours, thereby provoking an increased incidence of cancer and the
resulting mortality [3–8]. Most of these mechanisms are induced by one of the hallmarks of
OSA (namely IH), but other pathways are also potentially related to sleep fragmentation or
altered immunity [3–5]. Moreover, the relationship between OSA and cancer could be
affected by a myriad of confounders, especially age, sex, comorbidities and obesity [3–5, 9].
It seems, however, that not all malignant cells respond in the same way to IH or sleep
fragmentation, as both the histological type and the genetic/epigenetic malignant variant
appear to play important roles [10]. Given that these mechanisms have been discussed in
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other chapters in this Monograph, we will mainly focus here on the existing evidence for
the relationship between OSA and the incidence and aggressiveness/mortality of cancer in
human clinical studies.

Incidence of all-cause cancer in OSA patients
The first human study to reveal a possible relationship between OSA and the incidence of
all-type cancer was published in 2013 [11]. It was a multicentre, retrospective study that included
a cohort of 4910 participants with no prior history of cancer who had been referred for suspected
OSA and had a median follow-up of 4.5 years. After adjusting for different confounding
variables, the percentage of time with oxygen saturation <90% (CT90), used as an indirect
marker of severity of OSA, was associated with an increased incidence of any-cause cancer, but
this was not the case with apnoea–hypopnoea index (AHI). Thus, a comparison of the first and
third tertiles (CT90 <1.2% and >12%, respectively) resulted in a hazard ratio (HR) of 2.33
(95% CI 1.57–3.46). This association seemed to be limited to patients younger than 65 years, in
whom not only CT90 but also AHI was associated with a higher incidence of cancer [11].

However, these findings could not be replicated by some later studies. In a Canadian series of
9629 patients referred for suspected OSA, with a follow-up of 7.8 years, an association with a
higher incidence of all-cause cancer was observed only in tumours related to smoking [12].
Similar results were found by a Copenhagen study of 8783 individuals, although once again the
association appeared significant only in tumours related to smoking (HR 1.73, 95% CI 1.03–2.91)
and alcohol consumption (HR 4.92, 95% CI 1.45–16.76), and in virus/immune-related cancers
(HR 2.73, 95% CI 1.27–5.91) [13].

Subsequently, several groups in various countries analysed their databases, with disparate results.
Many of these databases were retrospective or used insurance data, so they were biased, especially
due to a lack of information on important covariates or the performance of diagnoses by coding. The
main studies analysing the incidence of all-type cancers in OSA can be seen in figure 1 [11–20].

It is worth highlighting the study by GOZAL et al. [17]. Based on a cohort of ∼5.6 million
individuals, the incidence of all cancer diagnoses combined was similar in OSA (∼1.7 million)
and retrospectively matched cases (∼1.7 million) whose data were extracted from insurance
agencies or national registries in the USA. This study is important because, although its overall
results indicated that the incidence of all-type cancer was not higher in patients than in controls,
melanoma, kidney and pancreas cancers had a statistically higher incidence in the group with
OSA, while colon, rectum, breast and prostate cancers were, paradoxically, more frequent in the
control group. SILLAH et al. [18] subsequently observed very similar results. These results
seemed to indicate that the histology and location of a tumour could be a key factor in the
cancer–OSA relationship, probably because not all healthy or tumour cells respond in the same
way to the IH in carcinogenic terms.

Several meta-analyses have been carried out in this respect, and they have all confirmed an
increase in the incidence of all-type cancer in OSA patients that varied between HR of 1.23 and
1.68. Furthermore, these meta-analyses established a relationship between OSA severity and higher
incidence, as well as the importance of covariates as attenuators of this relationship [21–23].

Cancer aggressiveness and mortality in OSA
Fewer studies have analysed the relationship between increased tumour aggressiveness and
OSA. The first such study, published in 2012, found a relationship between OSA and an
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increase in all-type cancer mortality [24]. This was a population-based study with 1522
participants who were followed for 22 years. The authors observed a dose–response relationship
between the severity of OSA (measured both by AHI and, more particularly, CT90) and an
increase in cancer mortality. Thus, severe OSA (AHI >30 events·h−1) had an adjusted HR of
4.8 (95% CI 1.7–13.2) compared to the group without OSA and, in the case of CT90, the
comparison of the percentile >97 (>11.2%) with the percentile <73 (<0.8%) produced an
adjusted HR of 8.6 (95% CI 2.6–28.7) [24]. Similar results were found by the Busselton cohort
study (393 patients with a 20-year follow-up), in which an AHI >15 events·h−1 was associated
with an increase in cancer mortality (HR 3.4, 95% CI 1.1–10.2) compared to controls without
OSA [16], and by the Spanish cohort study (5427 patients) in which CT90 and AHI were used
as markers of OSA severity but only the former was associated with higher mortality (HR 1.21,
95% CI 1.03–1.42), especially in people <65 years [25]. However, in the aforementioned study
by GOZAL et al. [17] on more than 3.4 million individuals, no relationship was observed
between OSA and greater tumour aggressiveness or mortality (figure 2) [16, 17, 24, 25].
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FIGURE 1 Incidence of cancer in patients with OSA according to different criteria for OSA severity. CT90:
percentage of time with oxygen saturation <90%; AHI: apnoea–hypopnoea index; ICD-9-CM: International
Classification of Diseases, Ninth Revision, Clinical Modification. #: OSA diagnosis criteria not given. The vertical
dashed line indicates the threshold of significance. AHI values are events per hour.
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A recently published meta-analysis by TAN et al. [26], based on data from 20 observational
studies and 5.3 million participants, observed that severe nocturnal hypoxaemia nearly tripled
the all-cancer mortality (HR 2.66, 95% CI 1.21–5.85).

OSA in specific types of cancer
Once a plausible hypothesis was established with respect to an association between the presence
of OSA and an increase in the incidence, aggressiveness and mortality of all-type cancers, and
once the importance of both covariates and, above all, different malignant cell types had
similarly been established, there was a proliferation of studies whose main objective was to
analyse the relationship between OSA and specific types of cancer. This section details the
results of the most important of these studies (although their methodologies were very diverse).

Melanoma
With respect to the relationship between OSA and cancer, the incidence and aggressiveness of
melanoma (along with those of lung cancer) have been the most studied in both animal and
clinical studies, and melanoma has emerged as the subtype of cancer in which the closest
relationship with OSA has been found [6]. After a pilot study that found a relationship between
OSA and increased aggressiveness of a diagnosed melanoma in 56 patients [27],
MARTÍNEZ-GARCÍA et al. [28] published a prospective multicentre study that included 443
patients with melanoma, observing that those patients with an AHI >15.6 events·h−1 or a 4%
oxygen desaturation index (ODI4) >9.3 events·h−1 presented a 1.94 (95% CI 1.1–3.3) and 1.93
times (95% CI 1.1–3.3) greater probability, respectively, of a more aggressive melanoma
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FIGURE 2 Mortality from cancer in patients with OSA according to different criteria for OSA severity. AHI:
apnoea–hypopnoea index; CT90: percentage of time with oxygen saturation <90%; ICD-9-CM: International
Classification of Diseases, Ninth Revision, Clinical Modification. The vertical dashed line indicates the threshold
of significance. AHI values are events per hour.
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(considered as a Breslow index >1 mm) than those patients without OSA (AHI <4.5 events·h−1

or ODI4 <2 events·h−1), after adjusting for age, sex, tumour location and body mass index. This
association was particularly evident in younger patients (aged <55 years) and in those with a
more aggressive tumour (Breslow index >2 mm).

TAN et al. [29] performed a meta-analysis that included six studies published up to June 2021
on more than 5.2 million patients (although the vast majority were retrospective). The study
concluded that the risk of melanoma for patients with OSA compared to those with no OSA,
adjusted for age and sex, had an HR of 1.71 (95% CI 1.08–2.69).

Breast cancer
Breast cancer is very heterogeneous, as it comprises a number of distinct histological tumours.
Worldwide, female breast cancer represents 11.7% of all cancer cases, and it is the most
common type of cancer among women in 159 countries. More specifically, breast cancer in
women accounts for 25% of diagnoses of cancer and 15.5% of deaths, and it is the leading
cause of cancer deaths in 110 countries [30]. It is possible that the relationship between OSA
and breast cancer is particularly determined by the histological subtype, the hormonal status and
the presence of obesity.

FANG et al. [31] published a nested case–control study in 68 422 individuals with incident
cancer and 136 844 without cancer, adjusted for age and sex. Those patients with OSA
presented an increased risk of breast cancer (HR 2.10, 95% CI 1.16–3.8). CHANG et al. [15],
using a large database from a Taiwanese insurance company, included 846 women with OSA
and compared them with healthy controls; they followed up for 5 years, finding that the
adjusted risk of breast cancer was double in those patients with OSA compared to those without
(HR 2.09, 95% CI 1.06–4.12).

In another interesting study, GAO et al. [32], using a Mendelian randomisation analysis (an
instrument to analyse the causal relationship between genetic patterns), observed that a genetic
predisposition to higher risk of OSA was associated with higher risk of breast cancer.

CAMPOS-RODRIGUEZ et al. [33] assessed whether the association could depend on the histological
type, but they found no association between OSA and any of the markers of breast cancer
aggressiveness in 83 women aged <65 years for any of the molecular subtypes studied (luminal
A, luminal B, HER2+and triple negative), regardless of the presence or absence of a positive
hormone receptor, the stage of the tumour, the value of the Ki67 proliferation index or the
different categories on the Nottingham Histological Grade scale. Similar negative results were
recently obtained by MADUT et al. [34].

Two subsequent meta-analyses found a 36% increase in the probability of cancer in patients
with OSA, adjusted for confounders such as age, sex, obesity, diabetes mellitus, alcohol use and
hypertension [35, 36]. This association was greater in elderly women (risk ratio 3.00, 95% CI
1.33–6.76) [35].

Lung cancer
In recent years, the relationship between lung cancer and OSA has been one of the most
studied, and it has in fact been subject to three meta-analyses. CHEONG et al. [37] included seven
studies published up to June 2021 that included almost 5 million participants, and OSA was
associated with a higher incidence of lung cancer (HR 1.25, 95% CI 1.02–1.53). MA et al. [38]
included seven studies that investigated the observed incidence (adjusted risk ratio 1.28, 95% CI
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1.11–1.47); these results were not modified by the presence of a smoking habit. Finally, CHEN

et al. [39] assessed mortality in three studies but could only include 67 patients. This
meta-analysis indicated that OSA was not significantly correlated with the mortality rate in lung
cancer (OR 2, 95% CI 0.7–5.7).

It is worth highlighting a study on the effect of the different types of hypoxaemia and the
different histological types. MARHUENDA et al. [10] observed that in cases of different types of
lung cancer cells, the response was different according to the type of hypoxaemia (sustained
hypoxia (SH) or IH). Thus, the strongest proliferation response occurred in the SCC cell line
H520 with IH (but less so with SH), as well as in lung adenocarcinoma line H1437 with SH
(but less so with IH). Furthermore, if epithelial cell adhesion molecule expression was
measured, the response was stronger in lung adenocarcinoma line H522 with a higher IH but
not with SH. This study highlights the complexity and enormous number of confounders that
need to be taken into account when assessing the true relationship between OSA and cancer
incidence and proliferation.

Thyroid cancer
Thyroid cancer is most common in people in their 30s and over the age of 60 years. Women are
two to three times more likely to develop it than men [40]. In recent years, several authors have
published studies showing a probable association between papillary thyroid carcinoma (the most
common histological form, accounting for about 80% of cases) and OSA. CHEN et al. [41]
conducted a prospective study in 210 patients with papillary thyroid carcinoma who underwent a
sleep study, observing that 20% had an AHI >20 events·h−1 (moderate-to-severe OSA). This
finding was associated with increased odds of a larger tumour (OR 4.31, 95% CI 1.79–10.37;
p=0.001) and greater capsular invasion (OR 2.96, 95% CI 1.42–6.16), multifocality (OR 3.11,
95% CI 1.52–6.39), central (OR 4.7, 95% CI 1.77–12.49) and lateral (OR 5.94, 95% CI 2.27–15.54)
cervical lymph node metastasis and BRAF mutation (OR 2.88, 95% CI 1.31–6.31). CHOI et al. [42]
included 198 574 patients with OSA and 992 870 controls from the Korea National Health
Insurance Service database, matching by age and sex by means of a propensity score statistical
technique. The follow-up was 4.5±2.3 years. The HR for thyroid cancer incidence among OSA
patients compared to the controls was 1.64 (95% CI 1.53–1.76; after adjustment for income
level, diabetes, hypertension and dyslipidaemia), and was higher in middle-aged males.

In a recent meta-analysis of four observational studies including 2.8 million participants, the
adjusted risk of thyroid cancer in OSA was 2.32 (95% CI 1.35–3.98) and was even higher in
those studies with more than 5 years of follow-up (HR 3.27, 95% CI 2.80–3.82) [43].

Colorectal cancer
Colorectal cancer (CRC) is the third most common cancer worldwide in men and the second
most common in women. There were more than 1.9 million new cases of CRC in 2020 [44].
The studies undertaken to date have found an increase in both the incidence and aggressiveness
of colon cancer in OSA patients. XIONG et al. [45] studied 414 CRC patients and used ODI
>5 events·h−1 for diagnosis of OSA with a prevalence of 16.2%. Specifically, CRC patients
with an abnormal ODI had a higher risk of lymph node metastasis compared to those with
normal ODI (OR 1.9, 95% CI 1.03–3.57). Moreover, patients with CRC aged ⩾65 years had a
higher risk of lymph node metastasis compared to those aged <65 years (OR 2.19, 95% CI
1.16–4.12). LACEDONIA et al. [46] observed in a prospective study that, in 29 metastatic
colorectal carcinomas, OSA was diagnosed in 34.5% and the progression-free and overall
survival rates were significantly shorter in OSA patients (9 and 22 months, respectively)
compared to non-OSA patients (20 and 40 months) (HR 2.63, 95% CI 0.88–7.84, for
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progression-free survival; HR 3.93, 95% CI 1.13–13.73, for overall survival). CHEN et al. [47]
examined Taiwan’s National Health Insurance Research Database on 4180 OSA patients and 16
720 randomly selected age- and sex-matched subjects without OSA. After adjusting for
potential confounders, patients with OSA were associated with a significantly higher risk of
CRC than those without OSA (adjusted HR 1.80, 95% CI 1.28–2.52). Finally, LEE et al. [48]
observed an increased risk of CRC in OSA patients compared with those without OSA (163
patients, 111 with OSA), with an OR of 14.1 (95% CI 1.55–127.8, adjusted for age and sex).

Leukaemia
LEE et al. [49] used data from the Korea National Health Insurance Service database for a total
of 162 646 patients with no history of cancer but with OSA and 813 230 controls adjusted for
age and sex, followed for 4.4±2.0 years. They found that the incidence of leukaemia was higher
in OSA patients compared with controls (HR 1.35, 95% CI 1.05–1.74) and the HR for
lymphoid leukaemia in OSA patients (2.06, 95% CI 1.18–3.60) was higher than that for
myeloid leukaemia (HR 1.34, 95% CI 1.00–1.81).

Prostate cancer
FANG et al. [31] published a nested case–control study in 68 422 individuals with incident
cancer and 136 844 without cancer adjusted for age and sex. Within these groups, OSA was
diagnosed in 4843 and 10 226 patients, respectively. Those patients with OSA presented an
increased risk of prostate cancer (HR 3.69, 95% CI 1.98–6.89). However, CAMPOS-RODRIGUEZ

et al. [50] observed in 165 patients <66 years with prostate cancer and a prevalence of OSA of
78.2% (and of moderate–severe OSA of 46.7%) that there were no associations between the
Gleason index, tumour stage and metastasis, and OSA severity. Finally, LEE et al. [51] used the
Korea National Health Insurance Service database to study a total of 152 801 men with OSA
and a control group of 764 005 without OSA, matching by age and sex by means of a
propensity score statistical technique, over 4.6 (range 2.3–6.9) years. The incidence of prostate
cancer in patients with OSA was significantly higher than in the controls (HR 1.34, 95% CI
1.23–1.49), and, more particularly, the incidence of prostate cancer was highest in patients aged
40–65 years (HR 1.51, 95% CI 1.32–1.72).

Malignant brain tumours
CHEN et al. [14] identified 23 055 cases of OSA and compared them with a group of controls
stratified by age and sex. After 10 years of follow-up, they observed that patients with OSA had
a higher risk of central nervous system tumours (adjusted HR 1.54, 95% CI 1.01–2.37),
especially those who also presented with insomnia (adjusted HR 2.20, 95% CI 1.39–3.49).

CHO et al. [52] used the Korea National Health Insurance Service database to analyse a total of
198 574 subjects aged ⩾20 years with newly diagnosed OSA, and 992 870 controls, followed for
4.8±2.3 years, matching by age and sex by means of a propensity score statistical technique. The
adjusted HR for brain tumour for patients with OSA was 1.78 (95% CI 1.42–2.21). In a subgroup
analysis by sex, the HRs were 1.82 (95% CI 1.41–2.33) in men and 1.26 (95% CI 0.74–2.03) in
women. The ORs were 1.97 (95% CI 1.15–3.24) in the older (age ⩾65 years) group, 1.66 (95%
CI 1.25–2.17) in the middle-aged group, and 1.41 (95% CI 0.78–2.44) in the young group.

Continuous positive airway pressure and cancer
Most studies that have analysed the relationship between OSA and cancer have included patients
with continuous positive airway pressure (CPAP) or other treatments for OSA, but they have not
been differentiated or specifically analysed. The first studies to analyse the incidence or
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mortality of all-type cancer in OSA observed that the association was strengthened when
patients with CPAP were excluded, which indirectly led to the suspicion of a possible protective
mechanism through CPAP [11, 24]. However, the only study to date that has directly analysed
the possible role of CPAP in this regard was recently published by JUSTEAU et al. [53] using the
Pays de la Loire Sleep Cohort study series, linked to administrative health data. These authors
included patients with no history of cancer or no cancer up to 1 year after CPAP. Patients were
considered adherent if CPAP treatment was used for at least 4 h per night. A propensity score
inverse probability of treatment weighting analysis was performed to assess the effect of CPAP
adherence on cancer risk. With a median follow-up of 5.4 (interquartile range 3.1–8) years, 437
(9.7%) of the 4499 patients developed cancer: 194 (10.7%) in the non-adherent group (n=1817)
and 243 (9.1%) in the adherent (n=2682). No effect of well-tolerated CPAP could be
demonstrated (HR 0.94, 95% CI 0.78–1.14).

Future challenges
According to the overall results currently available in the literature, there is evidence that some
OSA patients present a high risk of developing cancer, or a more aggressive form of a
pre-existing tumour. Most of these studies have significant limitations, however. Any possible
relationship between OSA and the genesis or prognosis of cancer is particularly significant
because OSA is a treatable trait, so it is important to undertake better designed clinical studies
that could corroborate and elucidate this relationship. The new tendency to carry out studies
with Big Data may provide an interesting opportunity to investigate this association and
generate working hypotheses for prospective studies on the effect of OSA and OSA treatment
on the incidence or aggressiveness of cancer and the role of various confounding factors,
especially obesity, as well as analyses of subgroups of special interest.

Summary of results, study limitations and challenges ahead
High-level risk groups of OSA patients:
• Young people and males
• Non-sleepy patients
• Not obese
• Cancers related to alcohol consumption and smoking
• Untreated patients (although data are scarce)
• Patients with other sleep alterations (e.g. insomnia)

Limitations of studies on the relationship between OSA and cancer:
• Studies not originally designed to analyse this relationship
• IH not directly evaluated
• Small number of events (incidence or mortality from cancer)
• Lack of well-designed studies investigating a specific type of cancer
• Lack of adjustment for important confounders such as sleep duration, sleep fragmentation,
shift work and the presence of other sleep alterations such as insomnia and hypersomnia

• Lack of data on the role of treatment for OSA
Future challenges in research on the relationship between OSA and cancer:
• Identification of the types of cancer and histological strains associated with OSA
• Analysis of the role played by different confounding variables
• Identification of the most susceptible population groups according to their sex, age, excessive
daytime sleepiness, obesity, etc.

• Identification of the pathophysiological mechanisms involved
• Identification of the polysomnographic markers that are the best predictors of cancer in
OSA patients

• Analysis of the possible role of CPAP and other treatments for OSA
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The close relationship between cancer and venous thromboembolism (VTE) has long been recognised.
While most cancer diagnoses are known at the time of VTE development, in some cases, VTE may be
the first manifestation of cancer (i.e. occult). With a reported 1-year incidence of ∼5%, dedicated
cancer screening seems a logical choice in patients with unprovoked VTE. The rationale behind
screening is that early identification of cancer may allow earlier treatment, to ultimately reduce
cancer-related morbidity and mortality. However, current evidence does not strongly support extensive-
screening tests over a limited clinical work-up. Selecting subgroups of patients with a higher risk of
occult cancer might enable more effective screening strategies in terms of costs and prognosis. Also,
novel biomarker-based strategies for early cancer detection, including analysis of circulating
tumour-derived cells, cell-free DNA, proteomics or platelet mRNA sequencing, are under investigation
and are likely to provide valuable information for the clinical utility of various screening tests.

Introduction
Venous thromboembolism (VTE), encompassing deep vein thrombosis (DVT) and pulmonary
embolism (PE), may be the first manifestation of underlying occult cancer. Although often
developing in advanced stages of cancer, VTE may also appear before the cancer has become
clinically apparent. Aiming for earlier cancer detection and ultimately reduced cancer-related
morbidity and mortality, various studies have been devoted to cancer-screening strategies
providing the best diagnostic yield for occult cancer detection in this patient population.

In this chapter, we: provide an overview of the risk of cancer-associated thrombosis and occult
cancer following VTE; discuss currently available evidence related to the use of extensive
cancer-screening strategies (i.e. CT or 18F-FDG (fluoro-2-deoxyglucose) PET/CT scan-based
screening) in comparison with limited screening only (i.e. careful history taking; sex-specific

178 https://doi.org/10.1183/2312508X.10019921

https://orcid.org/0000-0003-2197-2290
https://orcid.org/0000-0003-1423-5348
http://orcid.org/0000-0001-9961-0754
mailto:F.A.Klok@LUMC.nl
https://doi.org/10.1183/2312508X.10019921
https://doi.org/10.1183/2312508X.10019921
https://bit.ly/3zRuLzp
https://bit.ly/3zRuLzp


physical examination; basic laboratory tests; chest radiography) in patients with unprovoked
VTE; and highlight ongoing research, which provides valuable and clinically relevant
information for optimisation of cancer screening. We performed an extensive literature search
(details provided on request) to identify all relevant evidence related to this topic.

Cancer-associated thrombosis and occult cancer
Pathological activation of the coagulation cascade and/or platelets has long been known to occur
in cancer [1–3]. Accordingly, thrombosis is one of the most common complications associated
with cancer; it is the second most common cause of mortality in cancer patients [4, 5]. These
patients have a five- to seven-fold higher risk of developing VTE than the general population.
The rates of cancer-associated thrombosis can be impacted by several risk factors, including
tumour type, cancer site, stage and time since diagnosis, along with certain cancer therapies and
individual patient risk factors, such as immobility and comorbidities (table 1) [6–9].
Malignancies associated with the greatest incidence of VTE occurrence are colorectal (17%),
pulmonary (15%) and pancreatic cancers (11%) [7].

While the presence of cancer can provoke VTE, VTE may conversely be the first manifestation
of an occult cancer. The exact incidence of occult cancer following VTE varies in the literature,
depending on patient population, duration of follow-up and detection methods. However, the
overall 12-month incidence of cancer in patients presenting with acute VTE remains substantial,
especially in the first few months after the index VTE event [5, 7, 10].

The incidence of occult cancer is affected by several factors, including the presence or absence
of provoking factors for VTE [10–13]. In an update of a systematic review and individual
patient-level meta-analysis (IPD-MA), VAN ES et al. [7] reported a 12-month incidence of 5.2%
for cancer after an unprovoked VTE diagnosis (95% CI 4.1–6.5%). Compared with patients
with unprovoked VTE, the incidence rate of occult cancer in patients with provoked VTE is low
and is similar to the 2–3% incidence in the general population at a similar age [12].

The incidence of occult cancer also varies according to the amount of VTE episodes [10].
Patients with recurrent VTE seem to be at a particularly high risk compared with patients
experiencing their first episode of unprovoked VTE. This was demonstrated by a prospective
observational study that evaluated the risk of subsequent cancer in 250 patients with acute DVT
of whom 145 (58%) patients had unprovoked DVT. In this study, the incidence of cancer
among patients with recurrent episodes of unprovoked VTE was 4.3-fold higher than in patients
with only one episode of unprovoked VTE [14]. The results of this study are in line with those
of a large Danish retrospective study that included 15 348 patients with unprovoked VTE, of
which 3762 (24.5%) suffered from recurrent VTE [10]. The frequency of cancer among patients
with recurrent episodes of VTE was 3.2% (95% CI 2.0–4.8) during the first year of follow-up,
and 1.3% (95% CI 1.2–1.5) thereafter. Among the remaining 22 891 patients with only one
episode of VTE, the incidence was 2.2% (95% CI 2.0–2.4) during the first year and 1.1% (95%
CI 1.1–1.2) in the years that followed.

The incidence of occult cancer also varies according to the extent of VTE [13, 15]. The rate of
occult cancer has been reported to be particularly high among patients with bilateral DVT, with
30–41% newly diagnosed cancers among patients with unprovoked bilateral DVT. Other studies
have evaluated whether the site of VTE affects the probability of occult cancer detection [10].
This probability was comparable between patients with PE (with or without DVT) and patients
with DVT only (estimated 12-month incidence of 5.2% (95% CI 3.2–8.2) and 5.6% (95% CI
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TABLE 1 Risk factors for venous thromboembolism (VTE) in patients with cancer

Patient-related Cancer-associated Oncology therapy-related Treatment-related Biomarkers

Older and increasing age Active cancer Platinum-based chemotherapy
(i.e. cisplatin, carboplatin,

oxaliplatin)

Major surgery High tissue factor expression
by tumour cells

Familial and/or acquired hypercoagulability
(including pregnancy)

Advanced stage of cancer Anthracycline chemotherapy (e.g.
doxorubicin)

Radiation therapy Pre-chemotherapy platelet
count >350×109·L−1

Female sex High-grade tumours SERMs (e.g. tamoxifen) Indwelling venous
access devices

Pre-chemotherapy leukocyte
count >11×109·L−1

Race (higher risk in patients of black ethnicity;
lower risk in patients of Asian ethnicity)

Histological subtypes of
cancer (e.g. MACs)

Immunomodulatory agents (e.g.
thalidomide, lenalidomide,

pomalidomide)

Blood transfusion Elevated D-dimer

Medical comorbidities (e.g. infection, obesity,
renal failure, respiratory disease, congestive
heart failure, arterial thromboembolism)

Cancer site (e.g. colorectal,
pulmonary, pancreatic

cancer)

Anti-EGFR antibodies (e.g.
cetuximab, panitumumab,

necitumumab)

Use of G-CSF High levels of: TF plasma
levels; soluble P-selectin;

C-reactive protein
Prior episode of VTE Initial period after diagnosis

of cancer
Bcr-Abl TKI (e.g. dasatinib,

nilotinib, ponatinib)
ESA agents

Hospitalisation, prolonged immobilisation CDK inhibitors
(e.g. abemaciclib, palbociclib,

ribociclib)
Poor performance status Mitomycine C

L-asparginase
Hormonal therapy

MACs: mucin-producing adenocarcinomas; SERMs: selective oestrogen receptor modulators; CDK cyclin-dependent kinase; G-CSF: granulocyte colony-stimulating factor;
TF: tissue factor; ESA: erythropoiesis-stimulating agents.
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4.4–7.2), respectively). Considering thrombosis at unusual sites (splanchnic vein thrombosis,
cerebral vein thrombosis, upper extremity DVT and retinal vein occlusion), occult cancer is
generally simultaneously detected with the index VTE event due to local risk factors (e.g.
extrinsic compression of tumours) [16].

Finally, the risk of occult cancer depends on various individual risk factors. Age is generally the
main determinant of the incidence of occult cancer [7]. According to the results of the
aforementioned IPD-MA, the incidence of occult cancer is seven times higher in patients aged
⩾50 years (6.7%, 95% CI 5.5–8.2) than younger patients (1.0%, 95% CI 0.5–2.2). In contrast,
sex, smoking status and a history of VTE were less predictive of occult cancer.

Evidence related to screening for occult cancer in patients with unprovoked VTE
As occult cancer screening at VTE diagnosis potentially allows for the detection of cancer at
earlier stages (in comparison with no such screening), which could ultimately reduce
cancer-related morbidity and mortality, various studies have been devoted to the identification
of cancer-screening strategies, providing the best diagnostic yield for occult cancer detection. To
date, four randomised controlled trials have been performed, one of which was prematurely
terminated (details listed in tables 2 and 3).

The first randomised trial, the SOMIT study, was conducted in five Italian centres and included
201 apparently cancer-free patients diagnosed with a first episode of acute idiopathic DVT of
the lower extremities or PE (92% DVT and 8.0% both PE and DVT) [17]. Patients allocated to
an extensive screening were subjected to an ultrasound and CT of the abdomen and pelvis.
Patients then underwent gastroscopy or a double contrast barium swallow, colonoscopy or
sigmoidoscopy, followed by barium enema and sputum cytology, as well as blood tumour
biomarkers (carcinoembryonic antigen (CEA), α-fetoprotein and CA125). Additional
sex-specific tests included mammography and the Papanicolaou (Pap) smear for women and
transabdominal ultrasound of the prostate together with prostate-specific antigen (PSA) for men.
A predefined screening for occult cancer was not performed in the control group; 23 of the 102
patients in the control group had one or more screening tests, while the remaining patients were
not subjected to any test. Although prematurely terminated because of enrolment issues, the
available data showed favourable results towards early detection of occult cancer by extensive
screening. The extensive screening was able to identify cancer in 14.1% of the patients; only
one case of cancer became apparent during 6 months of follow-up, whereas all cancer
diagnoses in the control group (9.8%) became apparent during follow-up (estimated number
needed to screen at initial screening 8 (95% CI 5–15)). Accordingly, malignancies in the
extensive-screening group were identified significantly earlier, with a mean delay of 1.0 month,
compared with a mean delay of 12 months in the control group. They were also identified at an
earlier stage; overall, 64% in the extensive-screening group had localised disease versus 20% in
the control group. However, extensive screening could not be translated into reduced
cancer-related mortality over a 2-year follow-up period (estimated absolute risk reduction (ARR)
1.9% (95% CI −3.7–7.8)).

The second randomised trial, the open-label SOME study, included 854 patients from nine
Canadian hospitals with unprovoked VTE [18]. Patients were randomised to a limited screening
or limited screening plus comprehensive CT of the abdomen and pelvis, including a virtual
colonoscopy and gastroscopy. Among the included patients, 32.6% had PE, 67.4% had DVT
and 12.3% had both PE and DVT. Patients allocated to the limited screening underwent
thorough history taking and physical examination, blood analyses (blood count, serum
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TABLE 2 Screening-performed tests for occult cancer detection in unprovoked venous thromboembolism

Trial Limited screening Extensive screening

SOMIT trial [17] Not predefined Ultrasound of abdomen and pelvis
CT of abdomen and pelvis
Endoscopy
Gastroscopy or double contrast
barium swallow

Flexible sigmoidoscopy or rectoscopy
followed by barium enema or
colonoscopy

Sputum cytology
Blood tumour biomarkers: CEA, α-FP,
CA125

Women
Mammography
Pap smear

Men
Transabdominal ultrasound of the
prostate

PSA
SOME trial [18] Thorough history taking and physical examination

Blood analyses
Blood count
Serum electrolyte
Creatinine levels
Liver function

Chest radiography
Women ⩾50 years of age
Breast examination and/or mammography

Women, sexually active
Pap smear
Pelvic examination

Men >40 years of age, blood analyses: PSA

Limited screening plus CT of the
abdomen and pelvis, including a
virtual colonoscopy and gastroscopy

MVTEP trial [19] Medical history taking and physical examination
Routine laboratory tests: CBC, ESR or CRP, AST,
ALT, calcium, LDH

Chest radiography
Women ⩾50 years of age: mammography
Women, all: Pap smear
Men >50 years of age: PSA

Limited screening plus 18F-FDG PET/CT

PRANDONI [20] Personalised strategy with additional testing based
on physician judgement and patient preferences

Standard
Medical history taking and physical examination
Routine laboratory-testing
Chest radiography

Limited screening plus
Thoracoabdominal and pelvic CT
iFOBT

VAN DOORMAAL [21] Medical history taking and physical examination
Basic laboratory tests: ESR, CBC, leukocyte
differentiation, creatinine, AST, ALT, LDH

Chest radiography

Limited screening plus
Thoracoabdominal CT
Mammography

CEA: carcinoembryonic antigen; α-FP: α-fetoprotein; Pap: Papanicolaou; PSA: prostate-specific antigen; CBC:
complete blood count; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; AST: aspartate
aminotransferase; ALT: alkaline phosphatase; LDH: lactate dehydrogenase; FDG: fluoro-2-deoxyglucose; iFOBT:
fecal occult blood test.
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TABLE 3 Results of extensive-screening versus limited-screening approaches for occult cancer detection in
unprovoked venous thromboembolism

Trial Limited
screening

Extensive
screening

Estimated statistics
(95% CI)

SOMIT trial [17]
Patients, n 102 99
Follow-up, months 12 12
Occult cancer at initial screening 0.0 13.1 NNS −8 (−5–−15)#

Total occult cancer 9.8 14.1 NNS −23 (−7–21)#

Early stage cancer, initial screening (T1–2, N0, M0) 0.0 9.1 NNS −11 (−6–−28)#

Early stage cancer, overall (T1–2, N0, M0) 2.0 9.1 NNS −14 (−7–−154)#

Cancer-related mortality 3.9 2.0 ARR 1.9% (−3.7–7.8)#

False-positive results Unknown 40.4¶

SOME trial [18]
Patients, n 431 423
Follow-up, months 12 12
Occult cancer at initial screening 2.3 3.3 NNS −101 (−29–75)#

Total occult cancer 3.2 4.5 NNS −80 (−25–70)#

Early stage cancer, initial screening (T1–2, N0, M0) Unknown Unknown Unknown
Early stage cancer, overall (T1–2, N0, M0) 0.2 0.7 NNS −210 (54–145)
Cancer-related mortality 0.9 1.4 ARR -0.5% (−2.2–1.1)#

False-positive results Unknown Unknown Unknown
MVTEP trial [19]
Patients, n 197 197
Follow-up, months 24 24
Occult cancer at initial screening 2.0 5.6 NNS −28 (−13–271]#

Total occult cancer 6.6 6.1 NNS 197 (−22–18)#

Early staged cancer, initial screening (T1–2, N0, M0) 1.0 3.6 NNS −39 (−16–155)#

Early stage cancer, overall (T1–2, N0, M0) 3.0 3.6 NNS −197 (−22–30)#

Cancer-related mortality 2.5 1.0 ARR 1.5 (−1.5–4.9)#

False-positive results Unknown Unknown Unknown
PRANDONI [20]
Patients, n 97 98
Follow-up, mean±SD months 22.8±3.6 22.8±4.1
Occult cancer at initial screening 8.2 10.2 NNS −51 (−10–15)#

Total occult cancer 10.3 12.2 NNS −52 (−9–14)#

Early stage cancer, initial screening (stage 1) Unknown Unknown Unknown
Early stage cancer, overall (stage 1) 1.0 1.0 ARR 0.0% (−4.6–4.7)#

Cancer-related mortality 4.1 2.0 ARR 2.1% (−3.6–8.3)#

False-positive results 2.1+ 3.1§ NNH −100 (−15–22)#

Trousseau study [21]
Patients, n 288 342
Follow-up, median years (interquartile range) 2.6 (1.6–3.7) 2.5 (1.5–3.9)
Occult cancer 2.4 OR 2.2 (0.9–5.4)

Initial screening 5.3
By only extensive-screening tests 1.8

Total occult cancer 7.3 8.8 OR 1.2 (0.7–2.2)
Early stage cancer defined as potentially curable, initial

screening
0.3 1.5 OR 4.3 (0.5–36.7)

Early stage cancer defined as potentially curable,
overall

3.8 3.8 OR 1.0 (0.4–2.3)

Cancer-related mortality 2.8 5.0 OR 1.8 (0.8–4.3)
False-positive results Unknown Unknown Unknown

Data are presented as %, unless otherwise stated. NNS: number needed to screen; ARR: absolute risk
reduction; NNH: number needed to harm. #: 95% CI is negative because of the small effect size and the limited
number of patients. ¶: CT scan of the chest, abdomen and pelvis yielded one single false-positive result;
otherwise, false-positive tumour markers and the fecal occult blood test combined with abdominal and pelvic
ultrasound would have led to additional diagnostic procedures in 39 patients. +: one patient had an adrenal
lesion identified by ultrasonography, and another had a bladder mass, identified by ultrasound; neither was
confirmed malignant. §: two patients had an isolated pulmonary nodule on CT that was not subsequently
confirmed neoplastic by PET and by follow-up CT; another patient had an ovarian mass excised, which turned
out to be non-malignant at histology.
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electrolyte and creatinine levels, liver function testing), a chest radiography, and age- and
sex-specific cancer-screening tests (breast examination, mammography, or both for women >50
years of age, Pap testing plus pelvic examination in sexually active women, and PSA testing
together with prostate examination in men >40 years of age. By the end of the 12-month
follow-up period, 19 (4.5%) patients had been diagnosed with cancer in the extensive-screening
group compared with 14 (3.2%) patients in the limited-screening group. At initial screening, the
strategy plus CT led to the detection of 14 patients with occult cancer (73.7% of all new cancer
cases in the extensive-screening group), whereas limited screening detected 10 patients with
occult cancer (71.4% of all new cancer cases in the limited-screening group). In contrast to the
SOMIT study, there was no difference between the strategies regarding the number and relative
proportion of early stage cancer diagnoses confirmed during 12-month follow-up (15.8% with
CT versus 7.1% without CT) or the mean time to cancer diagnosis (4.0 months with CT versus
4.2 months without CT) (p=0.88). Likewise, cancer-related mortality did not differ (1.4% with
CT versus 0.9% without CT; estimated ARR −0.03% (95% CI −1.8–1.8)).

The third randomised trial, the MVTEP study, included a total of 394 patients diagnosed with
unprovoked VTE from four French university hospitals [19]. The cancer-screening strategy
evaluated in this open-label study included a 18F-FDG PET/CT scan in addition to a
limited-screening strategy. Limited screening in this study included medical history taking,
physical examination, routine laboratory tests, chest radiography, and age- and sex-specific
cancer-screening tests (e.g. PSA in men >50 years of age, mammography in women >50 years
of age, Pap smear in all women). Among the included patients (in the modified intention-to-test
analysis), 82% had PE and 18% had DVT; in two patients VTE was not confirmed. The initial
screening according to the PET-CT strategy led to the diagnosis of cancer in 11 (5.6%,
corresponding with 92% of all cancer diagnosis in this group) of the patients, whereas the
strategy without PET-CT detected cancer in four (2.0%, corresponding with 31% of all cancer
diagnosis in this group) of the patients. At 2 years of follow-up, 12 (6.1%) patients of the
PET-CT-based group had been diagnosed with cancer, compared with 13 (6.6%) patients of the
group without PET-CT. Overall, seven patients had been diagnosed with early stage cancer in
the extensive-screening group, compared with six in the limited-screening group. The relative
proportion of early stage cancer did not differ between the groups at initial screening (63.6%
with PET-CT versus 50.0% without PET-CT). Cancer-related mortality did not differ between
the groups (1.0% with PET-CT versus 2.5% without PET-CT; estimated ARR 1.5% (95% CI
−1.5–4.9)). Despite the overall negative findings of this study, the reduction in missed cancers
after application of PET-CT offers a promising perspective. There was no difference in the
number of false-positive results between the groups, although patients in the PET-CT-based
group underwent a higher number of invasive tests compared with the limited-screening group
(estimated ARR 5.1% (95% CI 0.5–10.0)) [22].

The fourth randomised trial, performed in five Italian hospitals, included 195 patients with
unprovoked VTE [20]. Among these patients, 20% had PE, 61.5% had DVT and 18.5% had
both PE and DVT. This open-label study randomised patients to a personalised strategy
(additional testing based on physician judgement and patient preferences) or a CT-based
strategy, including a thoracoabdominal and pelvic CT scan with a fecal occult blood test. All
patients underwent limited baseline screening before randomisation (medical history, physical
examination, routine laboratory testing, chest radiography, and/or additional investigations
guided by the patient’s signs and symptoms) and were excluded if cancer was found. After 2
years of follow-up, 12 (12.2%; four with PE, six with DVT and two with PE plus DVT)
patients were identified as having cancer in the CT-based strategy group, of which two
became apparent during follow-up after 2 and 5 months, whereas the personalised strategy
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detected 10 (10.3%; three with PE and seven with DVT) malignancies, of which two
became apparent after 9 and 18 months. Consistent with previous studies, the
extensive-screening strategy did not result in the improvement of cancer-related mortality
(2.0% with CT-based strategy versus 4.1% with personalised strategy; estimated ARR 2.1%
(95% CI −3.6–8.3)).

Although not randomly assigned, the prospective observational (Trousseau) study included 10
Dutch hospitals and compared limited screening (n=288) with extensive screening (n=342) [21].
In the extensive-screening group, thoracoabdominal CT scan and mammography were added to
the limited screening if the baseline cancer screening (comprising history taking, physical
examination, basic laboratory tests and a chest radiography) did not identify cancer. After a
median of 2.5 years of follow-up, 30 (8.8%) patients were diagnosed with cancer in the
extensive-screening group compared with 21 (7.3%) patients in the limited-screening group. Of
the malignancies diagnosed, 18 (5.3%) cases were diagnosed at initial screening in the
extensive-screening group compared with seven (2.4%) in the limited-screening group
(estimated OR 1.2 (95% CI 0.7–2.2)).

To help clinicians tailor screening decisions, an IPD-MA was conducted to estimate the
prevalence of occult cancer diagnosis in patients with unprovoked VTE [7]. 10 eligible studies
were identified, and data were obtained from 2316 patients. The findings of this IPD-MA
showed that in the first year after VTE, cancer was diagnosed in one of 20 patients,
corresponding with a pooled incidence of 5.2%. Extensive-screening strategies detected
approximately twice as many occult cancer cases than limited strategies (adjusted OR 2.0
(95% CI 1.2–3.4)) at initial screening. Despite earlier cancer detection, no relevant differences
were observed in the proportion of early stage cancer cases detected (estimated OR 0.4
(95% CI 0.2–0.9)).

An important limitation, which should be taken into consideration when interpreting the
aforementioned results, is that none of the published trials were sufficiently powered because of
a lower than expected overall incidence of occult cancer diagnosis, potentially explained by the
characteristics of the study population (e.g. 25% of the patients were <50 years of age) [23].
Furthermore, given the relatively short follow-up of included studies, it remains unclear whether
cancer detection through extensive-screening strategies will translate into reduced morbidity and
mortality in the long term.

Ongoing studies
Currently, there are four ongoing studies in the field of occult cancer in unprovoked VTE,
two of which focus on biomarker-based screening strategies. The PLATO-VTE study, a
prospective, multinational, observational cohort study (ClinicalTrial.gov NCT02739867), aims
to evaluate whether platelet mRNA profiling, as well as circulating tumour DNA and plasma
proteomics, could serve as a minimally invasive screening tool for occult cancer in patients
with unprovoked VTE. The study aims to include 476 consecutive patients aged ⩾40 years
with a first episode of symptomatic unprovoked VTE. All included patients will be subjected
to a limited cancer screening, which will include a thorough medical history taking and
physical examination, basic laboratory testing and chest radiography (if not performed in
previous 6 months and if CT pulmonary angiography had not been performed for the index
VTE event). Age- and sex-specific testing will be carried out according to the physician’s
preferences. Thereafter, patients will be followed for 12 months. Results from this biomarker
study are expected soon.
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The second biomarker study is a Swedish prospective, observational cohort study (ClinicalTrial.
gov NCT03781531), which will investigate the diagnostic potential of markers of inflammation
for cancer screening in patients diagnosed with VTE. The target sample size is 1000
consecutive patients with DVT of either upper or lower extremities, thrombosis of the iliac veins
and/or PE, confirmed within the previous 2 days.

The SOME-RIETE study is a Spanish, open-label, randomised controlled trial (ClinicalTrial.gov
NCT03937583) that uses the RIETE (Registro Informatizado de Enfermedad Tromboembolica)
score to select 650 patients with unprovoked VTE at high risk of cancer. A PET-CT-based
strategy will be compared with a limited screening and patients will be followed for 12 months.
All patients will receive limited screening, which will include medical history taking, along with
routine physical examination, laboratory assessment (creatinine, sodium, potassium, red series,
white series, liver and calcium profile) and chest radiography. The SOME-RIETE study began
recruiting in September 2019 and study completion is expected at the end of 2023.

Finally, the MVTEP2/SOME2 study, a French-Canadian open-label, randomised controlled trial
will evaluate whether a PET-CT-scan in addition to a limited screening can decrease the
number of false-negative findings (i.e. “missed” cancers) among higher risk patients (aged ⩾50
years) with a first unprovoked VTE. The limited screening will comprise complete medical
history taking, physical examination, laboratory assessment (complete blood count, aspartate
aminotransferase, alkaline phosphatase, bilirubin) and chest radiography. Additional sex- and
age-specific tests will be breast examination, Pap smear/pelvic examination (if <70 years old
and previously sexually active) and mammography for women, and prostate examination and
PSA for men. All patients will receive colon cancer screening as per local practice. All patients
will be followed for 1 year. The study began recruiting in September 2020 and has a target
sample of 1276 patients.

Clinical practice guidelines and guidance documents
As may be expected in a setting of conflicting evidence, recommendations regarding the
optimal combination of specific cancer-screening tests in clinical practice guidelines and
guidance documents are heterogenous (table 4) [16, 24–28]. To date, without definitive data
demonstrating a benefit of extensive-screening approaches on cancer-related mortality or
all-cause mortality, there seems to be general consensus that extensive screening should not
routinely be performed. (Extensive) screening procedures often come at substantial healthcare
costs and may be associated with adverse consequences, such as excessive radiation exposure,
the risk of procedure-related complications and frequent false-positive results associated with
unnecessary psychological burden. A cost–utility analysis performed alongside the SOME trial [18]
demonstrated that an extensive-screening strategy based on CT of the abdomen and pelvis was
not cost-effective [29].

All in all, only a limited clinical work-up is currently recommended, involving thorough
medical history taking, sex-specific physical examinations, basic laboratory tests and chest
radiography. It is worth noting that LDCT of the chest has been increasingly accepted as an
efficient lung cancer-screening method. When screening for lung cancer using LDCT, the
ionising radiation exposure is only moderately higher than when screening with chest
radiography (average estimated effective dose of 1.5 millisieverts versus 0.1 millisieverts,
respectively) [30]. Nevertheless, LDCT has not been tested in the context of cancer screening
following unprovoked VTE and has therefore not been introduced in VTE guidelines.
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TABLE 4 Recommended screening approaches for occult cancer detection in unprovoked venous thromboembolism

Screening approaches ESMO consensus
document [24]

AC-Forum guidance
document [25]

ISTH guidance
document [16]

ESC
guideline [26]

NICE
guideline [27]

ESC position
paper [28]

Medical history taking + + + + + +
Physical examination + + + + + +
Blood laboratory Blood tests iFOBT CBC

Liver function test
Metabolic profile

CBC
Liver function test

Calcium

Basic tests CBC
Liver function test

PT
aPTT

Renal function test

CBC
Liver function test

Calcium

Urinalysis – – + – – –
Chest radiography + + + + – +
Age- and/or sex-specific
Age – +# +# – +/–¶ +#

Men Urological visit +# +# – +/–¶ +#

Women Gynaecological visit +# +# – +/–¶ +#

ESMO: European Society for Medical Oncology; AC: anticoagulation; ISTH: International Society on Thrombosis and Haemostasis; ESC: European Society of Cardiology; NICE:
National Institute for Health and Care Excellence; iFOBT: fecal occult blood test; CBC: complete blood count; PT: prothrombin time; aPTT: activated partial thromboplastin
time. #: if not up-to-date, according to national recommendations; ¶: participation in sex-specific national screenings programmes is encouraged.
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Conclusion
Unprovoked VTE may be the earliest sign of cancer. There is at yet insufficient evidence to
support the routine use of any extensive-screening tests in addition to standard clinical work-up.
It remains unclear whether high-risk patients could potentially benefit from a more extensive
cancer-screening strategy. Upcoming data from large (randomised) prospective studies are
expected in the near future, potentially bringing enlightenment to extensive-screening tests that
could translate into improved patient outcome and lower mortality in particular.
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Pulmonary metastases are found in up to 50% of extrathoracic malignancies, and lungs are the second
most frequent site of metastases in solid and haematological cancers. Pulmonary metastases play a
significant role in increased morbidity and mortality of the primary tumour and are associated with an
adverse prognosis, resulting in modification of the management plan. Metastatic dissemination is a
complex process involving various mechanisms and signalling pathways that lead to alterations in
tumour properties and the lung micro-environment. Imaging plays an important role in the detection
and diagnosis of pulmonary involvement in metastatic disease. Most pulmonary metastases are
asymptomatic, but a minority of patients present with nonspecific pulmonary symptoms such as cough,
haemoptysis and shortness of breath. The management of pulmonary metastases can be part of the
systemic therapeutic plan of the disease, or a locoregional approach can be used in specific cases
and scenarios.

Introduction
The lung is one of the most common sites of cancer metastasis, and lung involvement plays a
significant role in increased morbidity and mortality of the primary tumour. Metastatic
pulmonary spread is a complex process linking various mechanisms and signalling pathways,
involving blood flow alterations and angiogenesis, specific cellular and biochemical properties
of tumour cells involved in metastasis, and growth factors and inhibitors associated with
immune system evasion, as well as specific genetic alterations that directly promote lung
metastasis [1–3].

Lung metastases may develop in the lung parenchyma, lymph nodes and/or pleura, with
different types of cancer having a different preference for the site of metastasis [4]. Pulmonary
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metastasis could be the initial site of metastatic disease; other tumours are more likely to affect
the lungs only after involvement of other sites, although simultaneous metastasis in multiple
organs, including the lungs, may occur [5, 6]. Tumours spread to the lungs in four different
ways: haematogenous and/or lymphatic spread, endobronchial dissemination and direct invasion
of structures adjacent to the primary tumour. The lungs are the second most common site of
metastatic spread in cancer, after the liver [7]. There are significant differences in the incidence
and prevalence of pulmonary metastases reported in the literature, with rates of between 5% and
80%, depending on the location of the primary tumour, with the most common primary cancer
sites with lung metastasis being breast, colon and kidney [4, 8, 9].

In this chapter, we will provide an overview of the pathophysiology, epidemiology, clinical
manifestations and imaging of the common cancers that metastasise to the lung, as well as the
diagnostic work-up and currently available treatment options.

Aetiology and pathophysiology
Metastatic dissemination is a complex process that involves alterations in cellular characteristics,
tumour-promoting inflammation, and changes in intratumoural and tissue microbiomes [10].
Different hypotheses have been suggested for the sequence of events that occurs during the
development of pulmonary metastases. The “seed and soil” hypothesis suggests that
dissemination occurs late in the natural history of the disease after the necessary changes in
tumour properties and the lung micro-environment [11]. Another hypothesis suggests that
dissemination happens early, followed by a period of dormancy until changes in the
micro-environment and intrinsic tumour properties make rapid malignant tumour growth
possible [12, 13]. In fact, disseminated tumour cells can be found in the bone marrow and in
peripheral blood in patients without clinically detectable metastases, providing clinical evidence
of early metastatic spread [12]. The detection of minimal residual disease in peripheral blood,
namely circulating tumour cells or cell-free tumour DNA, after treatment for locoregional
disease, has been linked to worse survival outcomes in multiple solid tumours and may
represent an intermediate stage before macroscopic metastatic disease [14].

Lung metastases form a distinct group that is characterised by a distinct gene-expression profile
independent of the primary tumour type [9]. Changes in the primary tumour cells (the “seed”)
that directly promote lung metastasis include EMT [15], deregulation of metabolism [16] and
increased angiogenesis [17]. During lung colonisation, the lung micro-environment (the “soil”)
also undergoes changes that support metastatic growth, which include inhibition of tumour
immunosurveillance [18] and promotion of activated fibroblast-mediated mesenchymal-to-
epithelial transformation [19].

Tumour immune evasion may play an important role in the formation of pulmonary metastases [10].
Lung metastases exhibit a highly inflammatory phenotype, with overexpression of ICIs
including PD-L1 and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) [20]. Furthermore,
expression of CD24, a cell-surface sialoglycoprotein involved in cell adhesion and macrophage-
mediated phagocytosis, has been shown to be necessary for the development of lung metastases
from bladder cancer in vivo [21]. CD4+ T-cells may also be involved in breast cancer metastasis
to the lungs by altering the function of tumour-associated macrophages [22].

The most common mechanism of metastasis to the lungs is haematogenous spread, where cells
detach from the primary tumour, translocate to the peripheral circulation and eventually implant
in the capillaries of the lung [23]. There are multiple patterns of haematogenous spread to the
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lungs depending on the biological behaviour of the primary tumour, including tumours that first
metastasise to the lungs, those that simultaneously seed multiple organs and those where
pulmonary metastasis is the second step of metastatic dissemination after seeding of the liver [24].
Another pattern of metastasis is lymphatic spread. In this case, tumour cells approach and
penetrate the endothelial epithelium, invade the lymph node sinusoids, and eventually destroy
the node and spread along the lymphatic trunk [25]. Lymphatic spread commonly occurs in
lung cancer in a multistep fashion, where cancer cells may disseminate sequentially from
ipsilateral hilar and peripheral lymph nodes to mediastinal stations and eventually to
supraclavicular, scalene and contralateral lymph nodes and the contralateral lung [26].

Epidemiology
The lungs are the second most common site of metastatic spread in cancer, after the liver, with
20–54% of patients with extrathoracic malignancies eventually developing lung metastases
during the course of their disease [7]. There are differences in the frequency and primary organ
sites of pulmonary metastases reported, depending on the population, study design and
diagnostic method used. In autopsy series, pulmonary metastases are found in up to half of
cancer patients (table 1) [23, 27]. The most common extrathoracic organ sites with lung
metastasis are the breast, colon/rectum and kidney, reflecting the higher incidence of these
tumour types [27]. Other tumour types that commonly metastasise to the lungs include
osteosarcoma, melanoma, testicular cancer and hepatocellular carcinoma [23]. In surgical series
of resected pulmonary metastases, the most common primary cancer types were sarcoma,
teratoma, head and neck carcinoma, and colorectal cancer [23], reflecting tumour types that
commonly present with solitary, resectable lung metastases.

TABLE 1 Incidence of secondary pulmonary metastases in autopsy series

Tumour type Frequency, %

Osteosarcoma 38–95
Kidney cancer 55–75
Choriocarcinoma 75
Adrenocortical cancer 71
Melanoma 60–70
Hepatocellular cancer 20–70
Soft-tissue sarcoma 66
Thyroid cancer 10–65
Breast cancer 5–55
Testicular cancer 40–50
Head and neck cancer 12–41
Prostate cancer 25–40
Pancreatic cancer 20–40
Ovarian cancer 10–28
Cervical cancer 10–20
Oesophageal cancer 20
Stomach cancer 20
Colorectal cancer 14–15
Uterine cancer 5–15
Overall 20–50

Data from [23, 27].
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Around 4% of patients present with lung metastases at diagnosis, with the most common organ
sites that develop synchronous lung metastases being the lung/bronchus, colon/rectum and
kidney [28]. The incidence rate of synchronous lung metastases in de novo metastatic patients is
increasing over time [28]. Although this trend could partially be attributed to advances in
imaging technologies, it remains a concerning observation, as the presence of lung metastases
further worsens overall survival in metastatic patients (5 months versus 7 months, HR 1.22,
95% CI 1.21–1.23) [28]. In metastatic primary lung cancer, patients with isolated lung
metastases demonstrate better survival outcomes than those with metastases in other organ sites [29].
Similar results have been observed in other tumour types, such as colorectal and pancreatic
cancer, although isolated lung metastases are rare for these malignancies [30, 31]. In the
majority of cases, the presence of lung metastases indicates extensive metastatic spread and
carries a dismal prognosis [32, 33].

Clinical manifestations
The majority of pulmonary metastases are asymptomatic and are detected radiographically.
Approximately 15–20% of patients demonstrate pulmonary symptoms, usually suggesting
proximity of the tumour to larger airways, and rarely endobronchial obstruction, with cough and
haemoptysis being most common [34–36]. Respiratory symptoms may also be suggestive of
pulmonary lymphangitis carcinomatosis, commonly presenting with dyspnoea and dry cough [37].
The characteristics of the pulmonary symptoms may depend on the primary tumour type, as can
be observed by the relatively higher frequency of pneumothorax in lung metastases from
osteogenic or soft-tissue sarcomas and germ-cell malignancies [38] and haemoptysis in
metastatic angiosarcoma [39]. Constitutional symptoms, such as fatigue, loss of appetite and
weight loss, or symptoms related to invasion of adjunct structures, including chest pain
suggesting chest-wall invasion, may also be observed [40]. Clubbing may be found in 11.4% of
patients with pulmonary metastasis [40].

Airway obstruction, presenting clinically and radiologically as atelectasis, can be caused by
endobronchial metastases. True endobronchial metastases are rare, appearing in 2–26% of
patients with extrathoracic malignancies depending on the primary tumour type, patient
population and study methodology [41, 42]. The most common extrathoracic sites include
breast, colorectal, renal and thyroid cancer, and melanoma [41–44]. The presence of central
airway obstruction may be obfuscated by comorbid obstructive lung disease, such as asthma or
COPD, or by the presence of postobstructive pneumonia [43, 44]. Mediastinal and cervical
lymph node invasion and upper-lobe metastases can result in obstruction of the superior vena
cava. Metastatic lesions account for 10–19% of cases of superior vena cava syndrome [45, 46].
Approximately two-thirds of these patients will have metastatic breast cancer, while other
common tumour types include colorectal cancer, renal cancer and germ-cell malignancies
[45, 46]. Obstruction of the superior vena cava and the resulting increase in venous pressures
results in the clinical manifestations of the syndrome, which include oedema of the head, neck
and arms, distended neck and chest veins, dyspnoea, cough and hoarseness [45, 46]. Pulmonary
metastases affecting the apex of the lungs have been described as a cause of Pancoast–Tobias
syndrome, presenting with severe, worsening shoulder and arm pain, Claude Bernard–Horner
syndrome (characterised by ipsilateral ptosis, miosis and facial anhidrosis), muscle atrophy of
the intrinsic hand muscles and upper-arm oedema, indicating invasion of the chest wall/brachial
plexus, sympathetic chain, ulnar nerve and subclavian vein, respectively [47, 48].

De novo metastatic patients may present with symptoms from their primary malignancy, in which
case the pulmonary metastases are discovered incidentally during tumour staging [49–51]. Patients
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may also present with symptoms from concurrent metastases to other organ sites, such as bone
pain and fractures from bone metastases, jaundice or altered liver function tests from liver
metastases, and altered mental status or epileptic seizures from central nervous system metastases
[49–51]. In patients with a history of malignancy, metachronous lung metastases may be
asymptomatic and only detected incidentally during routine imaging for surveillance after
treatment for their primary tumour.

Diagnosis/differential diagnosis
The standard imaging technique for identifying pulmonary metastases is CT, which has
demonstrated superior sensitivity compared with chest radiography [52]. However, routine
imaging with CT scans can underdiagnose pulmonary metastases, with missed nodules being
discovered intraoperatively in 29–42% of patients undergoing thoracotomy for metastasectomy [53].
The use of 18F-fluorodeoxyglucose (FDG)-PET in combination with CT may improve
sensitivity and specificity for detecting pulmonary metastases and allow more appropriate
selection of patients eligible for metastasectomy [54].

Metastases frequently appear simultaneously as multiple nodules throughout the lungs, although
more rarely they can be observed as a single pulmonary nodule. Pulmonary metastases are
commonly round, peripheral lesions with sharp margins [55], which may demonstrate the
“feeding-vessel” sign where a pulmonary artery is connected to the lung nodule [55, 56]. The
“feeding-vessel” sign has been associated with haematogenous spread, of either malignant
tumours or septic emboli [55]. The differential diagnosis of a solitary pulmonary nodule
includes primary lung cancer, pulmonary metastasis of other malignancies, infectious causes
such as tuberculosis, fungal infection, round pneumonia and lung abscess, inflammatory
processes such as rheumatoid arthritis and sarcoidosis, and benign tumours, most commonly
hamartoma [57]. The probability of malignancy is independently correlated with age, smoking
status and history of malignancy, as well as radiological characteristics of the nodule, namely
size, spiculation and upper-lobe location [58].

In patients with multiple lung nodules, the most common diagnosis was found to be metastatic
disease, accounting for 73% of cases [59]. A round morphology and larger size or number of
lesions are more common in pulmonary metastasis, although the lesion characteristics are not
accurate enough for differentiation between malignant and benign causes [59]. The likelihood of
lung metastases relative to a new primary tumour is related to the innate cancer type and
interval between the previous malignancy and presentation. In patients with a history of
sarcomas or melanoma, a new pulmonary nodule is 10-fold more likely to be a metastatic lesion
than a new primary lesion. If the primary tumour is of head and neck origin, the probability
falls to 2-fold, and if the initial tumour was of genitourinary or colorectal origin, there is an
equal probability of it being metastatic or a new primary lung cancer [60].

In cases where there is a diagnostic problem that would affect therapeutic management, the gold
standard is histopathological examination of the lesion, which establishes whether the lesion is
benign or malignant, as well as the site of origin. Depending on the size and location of the
lesion(s), as well as the clinical characteristics of the patient, different diagnostic techniques
may be used, such as bronchoscopy and endobronchial or transbronchial biopsy, with or without
the use of endobronchial ultrasound or transthoracic biopsy. Endobronchial ultrasound-guided
transbronchial needle aspiration has sensitivity of 90.2% and specificity of 100% for the
diagnosis of extrathoracic malignancy if there is mediastinal lymph node involvement [61]. For
the remaining cases, surgical exploration and biopsy, preferably by video-assisted thoracoscopic
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surgery (VATS), is indicated [62]. Cytology may also be used, from sputum samples,
fine-needle aspiration of accessible lesions or bronchoscopy washings and brushings, although
the sensitivity is lower [62]. Differentiating the site of origin can be determined by histological
similarity and the use of selected immunohistochemistry panels between the primary and
metastatic lesions. Molecular analysis can also be useful in some cases for differential diagnosis
and management.

Imaging
Chest CT is the main diagnostic tool for the evaluation of pulmonary metastases, followed by
PET/CT, which has a significant and evolving role in oncological patients, especially in certain
primary tumours [4, 6, 63]. Chest radiography, used predominantly in the past as the primary
imaging modality, being both cost-effective and widely available, has largely been replaced by
CT, although it is adequate for depicting multiple large metastases [55]. Chest magnetic
resonance imaging, especially in adult oncological populations, is not used routinely due to a
number of limitations [64]. Chest CT is the imaging modality of choice for the assessment of
pulmonary metastases, including depiction, quantification and characterisation. In the era of
multidetector CT, technical advances have improved diagnostic performance and significantly
decreased radiation dose, while with the incorporation of the maximum intensity projection
technique, even tiny pulmonary metastases of <2–3 mm can be depicted. Apart from depiction,
CT is also an excellent imaging tool for pretreatment planning, surveillance of pulmonary
metastases and treatment response evaluation [65].

Chest CT without intravenous contrast administration is adequate for lung parenchymal lesions,
but the standard protocol for oncological patients is contrast-enhanced CT for the evaluation of
pleura and mediastinal and other structures. HRCT is the imaging method of choice for the
evaluation of lymphangitic spread to the lungs [65]. Typical manifestations of haematogenous
pulmonary metastases on CT are multiple, bilateral, solid nodules of varying size usually with
smooth margins, randomly distributed within the lungs with a predilection for the periphery,
particularly the subpleural space, and the lower lung lobes, due to greater pulmonary blood flow
in these regions [65]. Distinguishing between malignant and benign nodules, both singular and
multiple, remains a challenging diagnostic issue on a CT basis. Atypical and less common
imaging features, such as calcification, cavitation, ground-glass opacities and consolidation, and
patterns such as solitary metastases, miliary disease, lymphangitic carcinomatosis, endobrochial
spread or tumour emboli may be also appreciated on CT. These uncommon CT features, despite
showing a predilection for certain tumours, are not specific enough to allow distinction among
different primary neoplasms [65, 66]. In table 2, we have summarised the main radiological
characteristics of pulmonary metastasis from different primary tumours.

FDG-PET/CT, providing additional functional information, is extremely valuable for staging
and other purposes in specific primary tumours, having the advantage of a whole-body
examination. For pulmonary metastases in particular, PET/CT has a high diagnostic accuracy;
however, it is not used as a screening method for pulmonary metastases alone [63, 67]. The
diagnostic accuracy of PET/CT depends on the size of the metastases and the intensity of FDG
uptake, which reflects the tumour grade of distinct primary neoplasms. Therefore, for FDG
nonavid tumours, or for small-sized pulmonary metastases (<8–10 mm), the role of PET/CT
may be limited with decreased sensitivity. Given these limitations, pulmonary metastases on
PET/CT usually show increased FDG uptake, appreciated with elevated maximum standardised
uptake value, although positivity or negativity on PET/CT cannot confirm or exclude metastatic
lung deposits, respectively [68, 69]. Compared with CT, PET/CT is also valuable for the
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TABLE 2 Main radiological characteristics of pulmonary metastasis from different primary tumours

Tumour type Main radiological characteristics of pulmonary metastasis

Breast cancer Multiple, bilateral, solid lung nodules of varying size located
peripherally. Other patterns include a solitary metastasis, airspace
consolidation and lymphangitic carcinomatosis.

Colorectal cancer A solitary lung nodule or multiple, bilateral, solid lung nodules
located peripherally are the most common manifestations.
Cavitation and calcification of lung nodules are in general
characteristic for adenocarcinoma and mucinous adenocarcinoma,
respectively.

Gastointestinal noncolorectal
cancer

Most frequently exhibits typical appearances, demonstrated as
multiple, solid, bilateral lung nodules of varying size and peripheral
location. Lymphangitic spread is observed mainly in gastric cancer.

Germ-cell tumours Nonseminomatous germ-cell tumour lung metastases usually manifest
as multiple, small, bilateral lung nodules located peripherally,
whereas seminoma lung metastases are more commonly larger in
size, measuring ⩾1–2 cm, and more homogeneous in attenuation.

Gynaecological cancer (ovarian,
endometrial, cervical)

Solitary or multiple small (<4 mm) lung nodules demonstrating
minimal interval growth over time. Cavitation and surrounding
ground-glass attenuation (“halo sign”) are characteristic features in
cervical SCC and haemorrhagic metastatic choriocarcinoma,
respectively.

Head and neck tumours Multiple bilateral nodules of varying size and with peripheral location.
Cavitation of nodules is a characteristic feature of SCCs of the head
and neck.

Melanoma The typical pattern is that of multiple, solid, round and
well-circumscribed nodules. A solitary lung metastasis or multiple
subsolid patterns, including GGO nodules, may be also
demonstrated.

Prostate cancer Multiple, bilateral, solid lung nodules are typical manifestations of
prostate cancer pulmonary metastases. Less commonly, atypical
features may be encountered such as a solitary metastasis, GGO
nodules or lymphangitic involvement.

Renal-cell carcinoma Typical appearances are multiple, bilateral, solid lung nodules, located
peripherally. Other CT features include a miliary pattern or,
conversely, multiple, large, well-circumscribed round lesions,
referred to as cannonball metastases.

Sarcomas of bone and soft tissue Typical appearances include multiple, round nodules of varying size,
located peripherally. Calcification or ossification of pulmonary
metastases is characteristic for osteosarcoma and chondrosarcoma.

Thyroid tumours Typically appear as multiple, bilateral nodules of varying size and
peripheral location. A miliary pattern may be also observed.

Haematological cancers Pulmonary infiltration due to haematological cancers, mainly
lymphomas and leukaemia, may be mixed with a combination of
nodular, consolidative or interstitial involvement. In pulmonary
leukaemic infiltrations, nonlobular and nonsegmental GGOs are
common features on CT. Lymphangitic involvement is common in
haematological cancers. Exceptionally, multiple myeloma can
present with lung nodules and/or masses.

GGO: ground-glass opacity.
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distinction between benign and malignant lung nodules, as well as determination of the extent
of pulmonary metastases, an important parameter for patient selection and preoperative
management [68].

Management and treatment options
The management of pulmonary metastases can be part of the systemic control of the disease
or a locoregional approach. Traditionally, local ablative therapy (LAT) has been limited to
symptom palliation in patients with advanced metastatic lung disease. As advances in the
biological and targeted therapies are growing, the presence of oligometastatic or
oligoprogressive disease provides a unique opportunity to evaluate the role of LAT, such as
surgery, radiation therapy, radiofrequency ablation or cryoablation in this setting. The criteria
for LAT, outside the palliation context, are definitive control of the primary tumour, the lung
metastases being amenable to complete resection and having no better treatment alternative [36].
The potential for extrathoracic spread of the tumour influences the decision for local
therapies; thus, although sarcomas are relatively rare tumours compared with breast cancer,
their isolated spread to the lungs and their predilection for younger patients make pulmonary
metastasectomy a meaningful treatment choice [70]. Most data are from retrospective trials,
but the majority conclude that completed resection (R0), a long disease-free interval and the
number of metastatic sites (one versus a few) affect the long-term survival of patients. The
surgical approach is controversial. As endoscopic techniques are evolving, minimally invasive
procedures such as VATS are as equally accepted as open thoracotomy [71]. Although open
techniques have been shown to lead to the detection and hence resection of more metastases
than VATS techniques, they have failed to demonstrate a clear survival benefit [72].
Mediastinal lymph node involvement is associated with decreased survival and thus it is
unclear whether a surgical procedure is beneficial for this group of patients [73–75].

Stereotactic radiotherapy represents an alternative treatment strategy for patients who are unfit
for surgery or with unresectable disease, with a 2-year local control rate of 77.9% [76].
Long-term survival rates with stereotactic radiotherapy may be inferior to surgical management,
although patients treated with surgery may have fewer comorbidities and a limited number or
size of metastases [77]. Percutaneous ablative techniques, including radiofrequency or
microwave ablation and cryotherapy, may also be useful for patients with small, peripheral
lesions [78].

There remains some scepticism over an aggressive approach towards metastatic cancer in the
lungs due to the lack of prospective controlled trials; moreover, the heterogeneity of these
patients in terms of demographic, biological and histological characteristics represents a clear
limit, even in the largest retrospective series. On this basis, radical resection, histology,
accomplishment of complete resection and disease-free interval seem to be independent
prognostic factors identifying a cohort of patients maximally benefitting from lung LAT.

Conclusion
The lung is one of the most common sites of cancer metastasis, with incidence reported in the
literature ranging from 5% to 80%. The most common primary cancer sites with lung metastasis
are the breast, colon and kidney. Metastatic pulmonary spread is a complex process linking
various mechanisms and signalling pathways, with the most common method of metastasis to
the lungs being haematogenous spread. Pulmonary metastases are usually asymptomatic,
although some patients may present with common pulmonary symptoms such as cough and
haemoptysis. Metastases frequently appear as multiple nodules throughout the lungs, although
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more rarely they can be observed as a single pulmonary nodule. The management of pulmonary
metastases can be part of the systemic control of the disease, or a locoregional approach can
be used.
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Pulmonary involvement in haematological neoplasms is not uncommon, and physicians should be
familiar with the specific characteristics of such an involvement. Even in patients without a history of
haematological disease, the presence of respiratory symptoms accompanied by abnormal findings in full
blood count measurements and physical findings such as lymphadenopathy, organomegaly and/or skin
infiltration, should raise such a suspicion, especially when radiological findings (even nonspecific) are
also present. Although necrotic lesions, cavitation, lymphadenopathy, pleural effusion without the
presence of pulmonary lesions or the absence of radiological findings in general may be indicative of
haematological neoplasms in patients with respiratory symptoms, they are not considered
pathognomonic. Epidemiology data and specific clinical and radiological manifestations, as well as
treatment options and prognosis of pulmonary involvement in common haematological malignancies,
are presented in this chapter.

Introduction
Patients with haematological malignancies are often diagnosed with disseminated disease, which
can be attributed to both an abundance of haematopoietic and lymphoid tissue in the human body
and the ability of blood cells to infiltrate extramedullary sites. Thus, pulmonary involvement in
haematological neoplasms is not uncommon, and physicians treating patients with symptoms and
signs of respiratory disease should also be familiar with the specific characteristics of such an
involvement. In this chapter, we will try to provide an overview of the epidemiology, clinical
manifestations and imaging of the common haematological cancers with pulmonary involvement,
as well as the diagnostic work-up and currently available treatment options.
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Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue
Epidemiology data
The lungs are affected in 9% of all mucosa-associated lymphoid tissue (MALT) lymphoma
cases [1]. Pulmonary MALT lymphoma is the commonest primary pulmonary lymphoma,
representing almost 80% of primary pulmonary lymphoma cases [2]. The median age at
diagnosis is 50–60 years, and men and women are equally affected [2].

Specific clinical manifestations
Overall, 30–50% of MALT lymphoma patients are asymptomatic at diagnosis. When symptoms
are present, they tend to be nonspecific, such as cough, dyspnoea and chest pain [2, 3].

Specific radiological findings
On chest radiography, pulmonary MALT lymphoma typically presents as a chronic alveolar
localised opacity <5 cm in diameter, and air bronchograms are present in nearly 50% of cases.
CT can reveal multiple lesions bilaterally in as many as 77% of patients, with the most frequent
findings being consolidation, nodules and masses, ground-glass opacities (GGOs) and interstitial
changes. Air bronchograms and bronchiectasis are also commonly seen [3, 4]. In contrast,
<10% of cases show diffuse reticulonodular opacities, atelectasis, pleural effusion, or hilar or
mediastinal lymphadenopathy [3, 4].

Issues in diagnosis/differential diagnosis
Tissue biopsy is considered the gold standard for diagnosis and can be performed with
bronchoscopy or CT-guided percutaneous transthoracic needle biopsy, mostly to diagnose or
exclude a primary lung cancer. Bronchoalveolar lavage performed during bronchoscopy can
also be of help, as lymphocytic alveolitis when found in bronchoalveolar lavage fluid can
indicate MALT lymphoma [2–4].

Specific treatment options
If the disease is localised, radiotherapy of moderate doses (25–35 Gy) can lead to sustained
responses without significant toxicity and long-term side-effects, but caution is still needed.
Surgical resection may also be considered, but radiotherapy is associated with lower morbidity.
In symptomatic, advanced disease, immunochemotherapy usually provides a rapid response, but
relapses are not uncommon [2, 3, 5].

Prognosis
Regarding bronchus-associated lymphoid tissue (BALT) lymphoma, disease-specific survival
rates at 5 and 10 years have been reported to be 90% and 70%, respectively, while the median
survival is >10 years [3]. However, the uncommon presence of an associated pleural effusion
has been found to correlate with a poorer prognosis [6].

Large B-cell lymphomas
Several aggressive lymphomas consisting of large B-cells can present with pulmonary
involvement.

Diffuse large B-cell lymphoma, not otherwise specified
Epidemiology data
Diffuse large B-cell lymphoma, not otherwise specified (DLBCL, NOS) accounts for 5–20% of
all primary pulmonary B-cell lymphomas and may occur either de novo or as large-cell
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transformation of a pre-existing marginal zone lymphoma. However, pulmonary involvement in
DLBCL, NOS patients more commonly indicates disseminated disease [3, 7]. Male and female
patients are equally affected, and the median age at presentation is ~60 years [3].

Specific clinical manifestations
Patients complain of constitutive as well as pulmonary, nonspecific symptoms, such as cough,
dyspnoea and chest pain [3, 7].

Specific radiological findings
As in BALT lymphoma, pulmonary DLBCL, NOS can have a wide range of radiological
presentations, mostly bilateral, such as areas of consolidation, single or multiple nodules,
reticular/interstitial infiltrates and GGOs. In comparison with MALT lymphoma patients,
cavitation and pleural effusion are much commoner in DLBCL, NOS [3, 8]. In fact, in a
retrospective study of 185 DLBCL patients, pleural effusion was documented in 30% [9].

Issues in diagnosis/differential diagnosis
The role of lung biopsy and expert haematopathological review of the specimens cannot be
overemphasised, especially as DLBCL, NOS must be distinguished from solid and other
haematological neoplasms [3].

Specific treatment options
Immunochemotherapy with the monoclonal anti-CD20 antibody rituximab plus CHOP
(cyclophosphamide, doxorubicin, vincristine and prednisolone) chemotherapy represents the
standard first-line treatment of DLBCL patients, with or without radiotherapy [3, 10].

Prognosis
Pulmonary involvement is diagnosed as stage IV (extranodal) disease and has been associated
with poor prognosis, which is reflected in current prognostication systems [11]. Moreover,
pleural effusion has been found (but not consistently) to negatively affect the prognosis of
DLBCL, NOS patients [9].

Epstein–Barr virus-positive DLBCL, NOS
Epidemiology data
Epstein–Barr virus (EBV)-positive DLBCL, NOS cases constitute <5% of the total number of
immunocompetent DLBCL patients in developed countries. Male patients are more commonly
affected than female ones, and the most common extranodal site of involvement is the
lungs [12].

Specific clinical manifestations
EBV-positive DLBCL, NOS patients may present with lymphadenopathy as well as extranodal
involvement, frequently involving the skin, gastrointestinal tract or lungs. Constitutive
symptoms and poor performance status are also common [3].

Specific radiological findings
CT findings of necrotic lesions are frequently observed among EBV-positive DLBCL, NOS
patients [13].

Issues in diagnosis/differential diagnosis
The differential diagnosis includes other EBV-related lymphoid proliferations and B-cell
aggressive lymphomas [12].
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Specific treatment options
Combination immunochemotherapy including rituximab and an anthracycline with or without
additional radiotherapy is the treatment of choice for fit patients. Unfit or frail patients can be
administered corticosteroids and rituximab to alleviate symptoms [12].

Prognosis
EBV-positive DLBCL, NOS prognosis has been reported to be significantly worse in elderly
patients, as well as in patients from Asia, Latin America and Eastern Europe [14]. Lung
involvement has so far not been reported to alter prognosis.

Mantle cell lymphoma
Epidemiology data
Among extranodal sites frequently involved in mantle cell lymphoma (MCL) are the lungs and
the pleura. In a retrospective study, 13% of patients had stage IV disease due to pulmonary
involvement [15].

Specific clinical manifestations
More than 90% of patients present with advanced-stage disease with lymphadenopathy,
hepatosplenomegaly and bone marrow involvement, while bulky disease and constitutive
symptoms at diagnosis are less common [16].

Specific radiological findings
Multifocal pulmonary involvement is more commonly reported than unifocal involvement [15].

Issues in diagnosis/differential diagnosis
The diagnosis is made on an excisional or adequate core biopsy of a lymph node or involved
tissue, endoscopic biopsy, bone marrow biopsy or peripheral blood specimen in cases with a
leukaemic presentation, which shows the typical MCL morphology [17].

Specific treatment options
In young, fit MCL patients, intensive immunochemotherapy regimens followed by autologous
stem-cell transplantation has led to a significant progression-free survival prolongation. For
older and/or frail patients, dose-reduced immunochemotherapy regimens, single-agent therapy or
novel agents can be employed [17].

Prognosis
In a retrospective study, MCL patients with bone marrow involvement were also more prone to
pulmonary involvement. Moreover, MCL patients with pulmonary involvement and elevated
lactate dehydrogenase and C-reactive protein had a poorer prognosis [15].

Lymphomatoid granulomatosis
Epidemiology data
Lymphomatoid granulomatosis (LYG) is an EBV-driven proliferation of B-cells associated with
marked T-cell infiltration and involving extranodal sites, predominantly the lungs. It usually
presents in adulthood, with males being diagnosed with LYG more than twice as frequently as
females. The most common sites of involvement are the lungs (>90% of patients), skin, brain
and kidneys [2].
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Specific clinical manifestations
About 90% of patients are symptomatic, frequently for several months, and symptoms include
respiratory (cough, dyspnoea and chest pain) and less often constitutional ones [2].

Specific radiological findings
LYG most commonly presents as pulmonary nodules that vary in size. The lesions are most
often bilateral in distribution, involving the middle and lower lung fields. Larger nodules
frequently exhibit central necrosis but may cavitate or disappear spontaneously [2, 3].

Issues in diagnosis/differential diagnosis
LYG diagnosis is based on histology, most frequently obtained by surgical lung biopsy.
However, a diagnosis may be also obtained with biopsy of another involved organ. Infectious
diseases, eosinophilic granulomatosis with polyangiitis, necrotising sarcoidosis, Hodgkin
lymphoma and other aggressive lymphomas, as well as primary lung cancer, must be
excluded [2].

Specific treatment options
Localised LYG has been treated successfully with surgery and radiotherapy. Steroids and
immunochemotherapy are effective in disseminated disease, as well as interferon. In refractory
cases, auto- or allo-stem-cell transplantation may be considered [2].

Prognosis
Median survival has greatly improved with the use of chemoimmunotherapy and/or interferon,
but the main cause of death is still respiratory failure [2]. Poor prognostic factors have been
reported to be a young age, neurological involvement, organomegaly, leukopenia, persistent
fever, unresponsive disease, and the proportion of large B-cells and level of tissue necrosis in
the biopsy specimen [2].

Human herpesvirus-8-associated lymphoproliferative disorders: multicentric
Castleman disease
Epidemiology data
Castleman disease is generally divided into unicentric (UCD) and multicentric (MCD)
according to the distribution of the lesion(s). Approximately 70% of patients with Castleman
disease present with thoracic involvement [18, 19].

Specific clinical manifestations
Clinical manifestations are variable, ranging from none (most patients with UCD) to severe
constitutional symptoms (most patients with MCD). Symptoms in general are usually due to
direct compression of adjacent structures, leading to cough, dyspnoea, haemoptysis, chest pain
or dysphagia, while fatigue, generalised lymphadenopathy and organomegaly have also
frequently been reported [18–20].

Specific radiological findings
While UCD most commonly involves the mediastinum as a solitary, smoothly lobulated,
well-defined and rapidly enhancing soft-tissue mass, which displaces (or less commonly
infiltrates) adjacent structures and is accompanied by pleural effusion (thus mimicking an
aggressive malignancy), MCD usually presents as avidly enhancing diffuse lymphadenopathy.
Moreover, both UCD and MCD tend to demonstrate rapid enhancement during the arterial
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phase of contrast enhancement, which helps narrow the differential diagnosis [20]. Parenchymal
pulmonary involvement (in the form of multiple nodules of different size, GGOs, consolidation,
thickening of the interlobular septum and bronchovascular bundles) may rarely be seen [21].

Issues in diagnosis/differential diagnosis
Biopsy of an involved tissue is necessary to make the diagnosis of Castleman disease, with surgical
biopsies providing an amount of tissue of better diagnostic quality. The differential diagnosis includes
infections, lung cancer with nodal metastasis, other lymphoproliferative diseases, thymoma, sarcoma
or neurogenic tumour, IgG4 disease and autoimmune diseases, sarcoidosis and ILD [19, 20].

Specific treatment options
UCD is treated with complete surgical resection, while in patients who are not candidates for
surgical resection, rituximab with or without steroids, siltuximab (a monoclonal anti-IL-6
antibody), radiation therapy or embolisation are other options [20, 22].

Prognosis
Limited data are available regarding outcomes and prognosis. While prognosis has traditionally
been considered poor, in a retrospective study including 273 Castleman disease patients over a
period of >20 years, the estimated 5-year overall survival (OS) was >65% [23].

Adult T-cell leukaemia/lymphoma
Epidemiology data
Adult T-cell leukaemia/lymphoma (ATLL) is an aggressive, mature, peripheral T-cell
lymphoma caused by the retrovirus human T-lymphotropic virus type 1 [24]. Most ATLL
patients present with widespread lymph node as well as peripheral blood involvement.
Pulmonary involvement is frequent (69–94.4%) among ATLL patients [24, 25].

Specific clinical manifestations
ATLL patients frequently report respiratory symptoms (e.g. cough, dyspnoea), typically caused
by infiltrating leukaemic cells.

Specific radiological findings
ATLL patients may present with abnormal radiological pulmonary findings that are not specific
for ATLL or for lymphoma. Ground-glass attenuation, centrilobular nodules, thickening of
bronchovascular bundles and consolidation were initially reported [26].

Issues in diagnosis/differential diagnosis
Pulmonary involvement in ATLL patients must be distinguished from other causes of
pulmonary infiltration, especially infections and ILD [25].

Specific treatment options
Intensive chemotherapy with or without allo-stem-cell transplantation should be offered to all
eligible patients.

Prognosis
Less aggressive subtypes have a more prolonged clinical course and better survival [25].
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Peripheral T-cell lymphoma, not otherwise specified
Epidemiology data
Peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) includes nodal and
extranodal mature T-cell lymphomas that nearly always present in adults with stage III or IV
disease and have an aggressive clinical course. Pulmonary involvement by PTCL, NOS
accounts for 2–8% of all PTCL, NOS cases [27].

Specific clinical manifestations
Clinical symptoms may include dyspnoea, coughing, expectoration, haemoptysis, chest pain,
pleural effusion and/or constitutional symptoms such as fever.

Specific radiological findings
Imaging findings of PTCL, NOS cases with pulmonary involvement are not specific. Pulmonary
nodules and masses, bilateral infiltrates, GGOs, consolidation and cavitation, as well as hilar/
mediastinal lymphadenopathy, have been reported [27].

Issues in diagnosis/differential diagnosis
Differential diagnosis includes other lymphoproliferative diseases and pulmonary infections. A
definitive diagnosis of lung involvement in PTCL, NOS patients is made with pathological
examination of the involved lung tissue.

Specific treatment options
PTCL, NOS patients are treated with CHOP chemotherapy, while the addition of etoposide may
further enhance the therapeutic effect. Upfront autologous stem-cell transplantation seems to
significantly improve both OS and relapse-free survival [27].

Prognosis
PTCL, NOS is a highly aggressive lymphoma with a poor response to therapy, frequent
relapses, and low 5-year OS and failure-free survival rates.

Classical Hodgkin lymphoma
Epidemiology data
Classical Hodgkin lymphoma (CHL) has a peak incidence among individuals aged 15–35 years
and a second peak in older individuals for subtypes other than nodular sclerosis, with EBV
infection playing a significant role in the pathogenesis of certain subtypes. Pulmonary
involvement is reported to occur in 8–10% of nodular sclerosis cases. However, in a recent
retrospective study of Chinese CHL patients, pulmonary involvement was the commonest site of
extranodal involvement, much more frequent than reported previously, and was present in 29%
of patients with the nodular sclerosis subtype and in 44% of all CHL patients with any
extranodal involvement [28]. In general, parenchymal involvement occurs more commonly from
direct extension of mediastinal disease [4].

Specific clinical manifestations
B symptoms (i.e. fever, night sweats and unintentional weight loss), cough, haemoptysis and
dyspnoea have been reported [29, 30].

Specific radiological findings
Multiple, bilateral, round lung lesions along with mediastinal lymphadenopathy are most
commonly detected [29, 31].
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Issues in diagnosis/differential diagnosis
Diagnosis of CHL should be confirmed by lung tissue biopsy. The differential diagnosis
includes lung cancer, other lymphomas, eosinophilic granulomatosis with polyangiitis,
Langerhans histiocytosis and infectious diseases [29, 32].

Specific treatment options
ABVD (doxorubicin, bleomycin, vinblastine and dacarbazine) and escalated BEACOPP
(bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine and
prednisolone) regimens, with or without radiotherapy, are the commonest first-line treatments
for CHL patients. Newer treatments, such as brentuximab vedotin and PD-1 inhibitors, have
also shown remarkable activity [33].

Prognosis
Modern polychemotherapy and radiotherapy protocols have resulted in CHL being curable in
>85% of cases [33]. Regarding pulmonary involvement, negative prognostic factors may be
bilateral disease, multilobar involvement, pleural infiltration and cavitation of lung consolidation
[32]. However, in a recent retrospective study regarding Chinese CHL patients, the presence of
extranodal sites had no significant effect on freedom from progression survival and OS [28].

Lymphomas associated with HIV infection
Epidemiology data
HIV-related lymphomas are also considered aggressive lymphomas that can markedly involve
extranodal sites, in particular the gastrointestinal tract, central nervous system, liver and bone
marrow. Unusual sites such as the oral cavity, jaw and body cavities are often involved. Other
extranodal sites include the lungs. The commonest lymphomas that develop in HIV patients are
Burkitt lymphoma, DLBCL, primary effusion lymphoma, plasmablastic lymphoma and CHL.
Pulmonary involvement is very common, with one autopsy series reporting pulmonary
involvement in 70% of patients [34].

Specific clinical manifestations
Most patients present with constitutional symptoms, advanced clinical stage and bulky disease,
while specific clinical manifestations of pulmonary involvement include cough, dyspnoea,
haemoptysis and chest pain [34, 35].

Specific radiological findings
Parenchymal involvement may appear as an isolated mass, multiple peripheral nodules and/or
diffuse opacities. Pleural effusion and lymphadenopathy are also common [34, 36].

Issues in diagnosis/differential diagnosis
A tissue biopsy (preferably an excisional/incisional biopsy or multiple core biopsies) is required,
and is usually obtained from a site where clinical examination and/or imaging indicate its
involvement. Differential diagnosis includes infections, malignancies and inflammatory
conditions.

Specific treatment options
Concurrent HIV-directed therapy and improved supportive care have allowed the administration
of curative (immuno)chemotherapy for most patients.
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Prognosis
In a population-based, retrospective cohort study, a statistically significant, very high excess
mortality rate was documented among AIDS patients diagnosed with CHL [37]. In another
retrospective study of HIV patients, those diagnosed with CHL had a worse 5-year survival
compared with that of non-HIV CHL patients [38].

Acute myeloid leukaemia
Epidemiology data
Myeloid diseases detected as extramedullary lesions in the lungs and pleura are rare [39].
Reported rates of pulmonary myeloid sarcoma have ranged between 2% and 4% [40, 41]. Lung
infiltration associated with hyperleukocytosis and leukostasis is more commonly seen [42].

Specific clinical manifestations
Leukostasis is one of the predominant manifestations of hyperleukocytosis, and respiratory
symptoms include dyspnoea and tachypnoea [43]. In the case of acute promyelocytic leukaemia
(APML), an uncommon subtype of acute myeloid leukaemia (AML) accounting for roughly
5–8% of AML patients, differentiation syndrome (DS) can be a fatal complication, with
associated symptoms including unexplained fever, dyspnoea, weight gain or peripheral oedema,
hypotension, and renal, hepatic or multiorgan dysfunction. Moreover, haemorrhagic diathesis, a
hallmark sign of APML, can result in pulmonary haemorrhage [44].

Specific radiological findings
In the case of leukostasis, a CT scan often will show bilateral interstitial or alveolar infiltrates,
while in the case of DS in APML patients, interstitial pulmonary infiltrates and pleural or
pericardial effusion have been reported [43, 44]. The less commonly seen pleural involvement
can manifest as pleural effusion, pleural masses or pleural thickening [39].

Issues in diagnosis/differential diagnosis
Leukostasis is difficult to distinguish from common infections or haemorrhagic complications of
acute leukaemia [42].

Specific treatment options
For AML patients and pulmonary symptoms due to leukostasis, immediate initiation of
cytoreductive treatment is mandatory and should not be delayed, while the use of leukapheresis
is still under debate [42]. If DS is suspected, dexamethasone 10 mg every 12 h should be started
immediately and antileukaemic treatment may have to be discontinued [44, 45].

Prognosis
The response to therapy in AML patients does not seem to be influenced by pulmonary
involvement [40]. Leukostasis, however, has been correlated with a significantly greater risk of
early mortality [46]. Immediate treatment of DS with steroids has reduced DS-associated
mortality to ∼1% [47].

Conclusion
Pulmonary involvement in patients with haematological malignancies should be suspected in
every patient with a relative recent or past diagnosis and respiratory symptoms. Although necrotic
lesions, cavitation, pleural effusion without the presence of pulmonary lesions or the absence of
radiological findings in general may be indicative of haematological neoplasms in patients with
respiratory symptoms, they are not considered pathognomonic, and thus every effort to obtain
tissue should be made in order for the most suitable treatment to be administered.
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The lung is a common metastatic target site for solid tumours, with a variable presentation time ranging
from as early as the time of initial diagnosis to as late as decades after. Lung metastases may present as
single lesions but are more frequently seen as multiple findings. They generally have minimal,
nonspecific or no symptoms, resulting in late diagnosis. Symptoms such as shortness of breath, chest
pain and haemoptysis are rare and, in most cases, they are detected in routine surveillance chest
imaging. Therapeutic approaches include chemotherapy – often the mainstay of treatment –
radiotherapy and surgical resection. Metastasectomy is safe in selected patients, although eligibility
criteria need further definition. In patients who are not surgical candidates, ablative techniques such as
radiofrequency ablation or stereotactic ablative body radiotherapy can be considered. Prognosis is
associated with the metastatic pattern, the disease-free interval before the development of metastases,
the tumour number and volume, and the feasibility of complete resection.

Introduction
The lung is one of the most common sites of cancer metastasis from solid tumors. Lung
metastases may develop in the pulmonary parenchyma, lymph nodes and/or pleura, with
different types of cancer having a different metastasis profiles [1]. There are significant
differences in the incidence and prevalence of pulmonary metastases reported in the literature
depending on the location of the primary tumour, although the most common primary cancer
sites for lung metastasis are the breast, colon and kidney [2, 3]. In this chapter, we will try to
provide an overview of epidemiology, clinical manifestations and imaging, as well as of
diagnostic work-up and treatment options that are currently available for the common cancers
that metastasise to the lung.
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Breast cancer
Epidemiology
The lung is the second most frequent site of breast cancer metastasis after the bones [4]. Almost half
of patients with breast cancer will present with metastases either synchronous at initial diagnosis or
later in the disease course, sometimes even decades after the primary tumour is diagnosed [5].
Breast cancer hormonal and pathological subtypes have different tropism for lung metastasis, with
triple negative breast cancer having the greatest tendency to metastasise to the lung [6, 7].

Clinical manifestations
Lung metastases from breast cancer cause little or no symptoms until the lungs are highly
affected by metastatic tumour masses [8]. Breast cancer is also the second most common cause
of malignant pleural effusions after lung cancer; ∼25% of patients with breast cancer develop
malignant pleural effusions [9, 10].

Treatment
Current therapeutic options generally include chemotherapy, radiotherapy and/or surgical
resection, but their long-term impact on survival (especially in the case of multiple pulmonary
metastases) is poor and prone to relapse [11, 12]. Oligometastatic lung disease from breast
cancer may benefit from aggressive ablative strategies, such as surgical excision, stereotactic
ablative body radiotherapy and thermal ablation therapies, including radiofrequency ablation,
microwave and cryotherapy [13–15].

Prognosis
The survival of breast cancer may be associated with a number of metastatic patterns [16–18]. The
best survival outcome has been noted in breast cancer patients in whom the lung or the bones is the
first site of distant metastasis, in comparison with liver or brain metastasis [16, 18]. The reported
5-year survival rate in patients undergoing pulmonary metastasectomy (PM) is 35–72% [19].

Colorectal cancer
Epidemiology
The lungs are the second most common site of metastasis for colorectal cancer (CRC) after the
liver [20]. Lung metastases are documented in 10–15% of cases of advanced disease; generally,
they are multiple or bilateral metastases, and only 2–7% present as a single lesion [21]. The
incidence of pulmonary metastases has been reported to be higher among rectal primaries
(5.6%) compared with colon cancer (3.7%) [22].

Treatment
Patients with pulmonary metastases often receive palliative treatment alongside chemotherapy,
as a result of disseminated disease and the invasion of other organs [23]. Serial metastasectomy
for recurrent metastatic disease has been found to be safe in selected patients, with excellent
long-term survival after CRC resection [24]. In patients whose metastatic disease is unresectable
or whose cardiopulmonary reserve is insufficient, ablative techniques, such as radiofrequency
ablation or stereotactic ablative body radiotherapy, can be considered.

Prognosis
Untreated metastatic CRC has a poor prognosis with 5-year survival at the level of 5% [25].
Following complete metastasectomy, median survival is 35 months; after incomplete resection,
median survival is only 15 months [26]. Data primarily from oligometastatic lung disease show
5-year survival rates of 30–60% after PM [27].
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Gastrointestinal non-CRC
Gastric/oesophageal cancer
The pulmonary parenchyma is a common site of metastatic deposits in gastric cancer as the
lung is highly vascularised with ample lymphatic drainage. Pulmonary metastases have been
found in 6% of newly diagnosed patients and 15% of patients with metastatic gastric cancer at
diagnosis [28]. Chemotherapy is the current mainstay treatment for advanced gastric cancer. The
decision to perform surgery should be approached with caution and it should only be
considered in highly selected patients, as the role of surgery has not been effectively identified
thus far and case reports have not shown an increase in overall survival (OS) [24]. The median
survival after diagnosis of pulmonary metastasis is 4 months [28] and the 5-year survival of
gastric cancer with pulmonary metastasis is 2–4% [29].

Pancreatic cancer
The liver is the most common metastatic site of pancreatic cancer, followed by the peritoneum
and the lung [30]. Pancreatic cancer usually leads to multiple rather than solitary lung
metastases [31]. It may be possible to cure rare occurrences of solitary pancreatic cancer
metastasis in the lung with aggressive resection; however, it should be noted that the criteria for
surgical selection are not clear [32]. Patients with metastatic pancreatic cancer have a 5-year OS
of only 2% and the OS in metastatic settings is <6 months without treatment [33].

Hepatobiliary cancer
Cholangiocarcinoma usually metastasises to the liver or other intrahepatic locations; the lung can
be a site of dissemination in the late course of the disease. Published reports for pulmonary
resections in metastatic cholangiocarcinoma are rare and indicate that a more aggressive approach
might be feasible, with longer median times to recurrence after metastasectomy [34]. Favourable
prognostic variables included: a longer disease-free interval (DFI) prior to the development of the
metastases; a low α-fetoprotein level; control of the primary, well-differentiated tumour; a
13-month DFI between the primary tumour resection and the metastasectomy; and the presence of
only one metastasis. 1-year OS and cancer-specific survival were 10% and 12.6%, respectively, in
patients diagnosed with hepatocellular carcinoma lung metastasis [35].

Small bowel cancer
Small bowel adenocarcinomas are mostly neuroendocrine tumours (carcinoids), followed by
adenocarcinomas, with stromal tumours and lymphomas representing the minority. The most
common site of metastasis by far is the liver. For adenocarcinomas, the mainstay of treatment
for metastatic disease is systemic chemotherapy. However, one study reported a few cases of
long-term survival (median OS 28.6 months) after resection of metastatic small bowel
adenocarcinomas, including lung metastases [36]. Combined modality therapy has only been
applied in younger patients who had a good nutritional status and resectable metastatic lesions.
At all stages, prognosis is poor: 5-year OS is ∼30%, with a median OS time of 19 months [37].

Germ cell tumours
Epidemiology
95% of germ cell tumours (GCTs), mainly seminomas and nonseminomas, originate from the
testis; ⩽5% originate from extragonadal sites [38]. Testicular cancer is a rare malignancy in the
general population, with <1% of new cancer diagnoses. It is, however, the most common cancer
in young men of European ancestry, with a peak incidence in those aged 15–35 years old [39].
Visceral metastases are seen in ∼5% of patients at presentation, with the most common sites of
distant metastasis being the lung (89%) and the liver (73%), followed by the brain (31%) and
the bones (30%) [40].
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Clinical manifestations
Visceral metastatic GCTs in the lungs are usually a late phenomenon in the course of the
disease and are identified together with metastatic disease usually in the retroperitoneum.
Metastatic disease to the lungs is usually in the form of asymptomatic nodules. Pulmonary
symptoms such as shortness of breath, chest pain or haemoptysis are rare [41].

Treatment/prognosis
The treatment mainstay in the metastatic setting is combination chemotherapy. Roughly
two-thirds of patients will be cured this way. Persistent lung metastases from GCTs following
the completion of first-line platinum-based chemotherapy treatment can be surgically removed –
if technically feasible – as 5-year survival ranges 67–96% [42] and long-term survival can reach
almost 80% [43].

Gynaecological cancer
Ovarian cancer
Epidemiology
Although less common than cervical and endometrial cancer, ovarian cancer is the leading
cause of death amongst malignant gynaecological tumours [44]. Detection is often late, meaning
that at diagnosis, 70% of patients present with advanced cancer and distant metastasis. In a
study of 1481 patients with ovarian cancer, DENG et al. [45] found that the most common
distant metastasis site was the liver (37.49%), followed by distant lymph nodes (29.36%), the
lung (28.42%), the bones (3.74%) and the brain (0.99%).

Clinical manifestations
Patients who present with symptoms are typically those with advanced disease and often require
urgent care and evaluation (e.g. pleural effusion) [46]. In the absence of an adnexal mass, the
differential diagnosis remains broad and depends on whether ascites or pleural effusion are present.

Treatment
Pulmonary involvement in ovarian cancer is usually accompanied by extrathoracic metastasis;
isolated pulmonary metastasis is rare. PM can provide favourable outcomes in highly selected
patients [47]. In women with advanced ovarian cancer who are poor candidates for surgery,
neoadjuvant chemotherapy is suggested.

Prognosis
KERR and CADMAN [48] performed a study of 357 ovarian cancer patients and noted the thoracic
involvement of a tumour in 169 (44.5%) patients. 5.6% of these patients were alive after 5 years
compared with 49% of patients who had no evidence of thoracic involvement. In another study
performed in 255 patients with ovarian epithelial carcinoma, it was noted that 38% had distant
metastasis, with a median survival of 6 months from the time of effusion diagnosis [49].

Endometrial cancer
Epidemiology
Endometrial carcinoma is the most common gynaecological malignancy in high-income
countries. Although in most patients the disease is confined to the uterus, exhibiting a
favourable prognosis, 13% of all endometrial cancers recur and 68–100% of recurrence is
within 3 years [50]. Incidence of hematogenous metastasis is low in endometrial cancer.
Pulmonary metastases represent a common site of extrapelvic spread but incidence is only
2.3–4.6% [51].
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Clinical manifestations
Most recurrences in the lungs are diagnosed by investigating new symptoms. BARTER et al. [52]
suggested that there was no indication for routine chest radiography in cervical cancer follow-up,
as the survival difference between symptomatic and asymptomatic patients was not significant.

Treatment/prognosis
Selected patients with pulmonary metastasis can benefit from a surgical approach and the
therapeutic value of metastasectomy has been noted in terms of survival benefit. The DFI and
the number of pulmonary lesions have been found to be the most significant prognostic factors,
with a DFI of <12 months having a lower 5-year survival rate than a DFI of >12 months
(28.6% versus 55.1%) [53].

Cervical cancer
Epidemiology
Metastatic disease will develop in 15–61% of women with cervical cancer, usually within the
first 2 years of completing treatment [54]. The most common metastatic organ is the lung,
affected by hematogenous spread and accounting for almost 50% of all metastases. The
estimated prevalence of lung involvement of metastatic cervical cancer is 33–38% [46] and
4–7% of cervical cancer patients will develop lung metastasis [55].

Clinical manifestations
Cervical cancer with lung metastases is usually asymptomatic. However, as coexistence in the
lung and other organs, such as the bones, liver and brain, is common, all of which are caused
by hematogenous spread, patients may present with nonspecific complaints such as fatigue,
nausea or weight loss [54].

Treatment
Resection may be feasible in selected patients presenting with limited metastatic disease [56]. In
most patients with metastatic disease and in those who are not candidates for a local treatment
approach, chemotherapy is recommended, consisting of a platinum-based combination plus the
angiogenesis inhibitor, bevacizumab. Finally, the application of personalised radiotherapeutic
strategies may also benefit patients with disseminated cervical cancer [57].

Prognosis
The prognosis of patients with metastatic cervical cancer is poor, with a median survival of
8–13 months [58]. In a recent study, the median survival after lung metastasis was shown to be
18 months, with 2- and 5-year survival rates of 37.7% and 7.5%, respectively [59]. Independent
risk factors for lung metastasis after laparoscopic radical hysterectomy of cervical cancer are:
non-SCC, a tumour diameter of ⩾4 cm, a tumour interstitial invasion depth of >2/3, pelvic
lymph node metastasis and tumour uterine invasion [60].

Head and neck cancer
Epidemiology
The lungs are the most common site of distant metastases from head and neck cancer –
primarily via the haematogenous route – followed by the bones and the liver [61]. SCCs
account for >90% of head and neck tumours, and 10% of patients with head and neck SCCs
have distant metastases at the time of diagnosis, with pulmonary metastases in 4–26% of cases [62].
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Clinical manifestations
Most patients with lung metastases present no symptoms; in most cases, lung metastases are
detected in routine surveillance imaging of the chest.

Treatment
Surgical metastasectomy can result in prolonged disease-free survival in patients who have been
appropriately selected. Stereotactic body radiation therapy (SBRT) is another treatment option in
selected patients. In a cohort of patients with metastatic head and neck cancer limited to the
lungs, the objective response rate 3 months after SBRT was found to be 75% and the median
OS was 47 months [63, 64]. Chemotherapy can be considered in patients with a higher T stage
and pulmonary lymph node metastasis [65]. A combination of chemotherapy and surgery or
radiotherapy has been suggested for solitary metastatic lung tumours; this approach could
improve local control and prolong the progression-free survival and OS [65].

Prognosis
In a meta-analysis, YOUNG et al. [66] demonstrated an overall absolute 5-year survival rate of
29.1% for patients undergoing PM specifically for head and neck SCC. The median survival
rate from first diagnosis was 23 months, with 2-, 3-, 4- and 5-year survivals rates at 48%, 37%,
24% and 16%, respectively. A better ECOG (Eastern Cooperative Oncology Group) status, the
absence of bone and brain metastases and a lower total tumour volume were significantly
associated with improved survival [67].

Melanoma
Epidemiology
The most common site of metastases in melanoma patients is skin, followed by the lymph
nodes, lung, brain, liver and bones [68]. Based on historical data, patients with melanoma have
around a 10% risk of developing lung metastases at 10 years, reaching ⩽30% 20 years after the
initial diagnosis [69, 70]. In a series of 155 melanoma cases followed for 2 years, lung
metastasis was observed in 14.5% of patients, but only 6.5% of those patients had solitary lung
metastases [71].

Clinical manifestations
Pulmonary metastatic melanomas are often asymptomatic or may cause common symptoms,
such as coughing (with or without blood), chest pain and shortness of breath.

Treatment
The treatment of stage IV melanoma – including in patients with lung metastasis – has radically
changed in recent years following the introduction of the checkpoint blockade, particularly
CTLA-4 and PD-1, and novel targeted therapies in BRAF and MEK, with impressive results in
increasing patient survival [72, 73]. Surgical treatment of metastases in melanoma is typically
used only with palliative intent [74]. However, in selected patients with limited metastases,
surgery with a curative intent may be considered if a complete resection of metastases could be
achieved [75].

Prognosis
Pulmonary metastatic involvement in melanoma is associated with reduced a median OS (6–13
months) and increased aggressiveness [71, 76]. Lung metastases have a better prognosis than
other visceral localisations, with a reported 5-year OS of 17% [77]. PM in selected patients
offers a median survival of ⩽18.3 months, and a 5-year survival rate of ⩽35.1% [75].
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Prostate cancer
Epidemiology
In a recent population-based study that used the Surveillance, Epidemiology and End Results-18
(SEER-18) database and included 12 180 patients, the most common metastatic disease site
reported was the bone group (n=10 620; 87.2%), followed by the bone–lung group (n=667;
5.5%), the bone–liver group (n=287; 2.4%) and the lung-only group (n=165; 1.4%) [78]. In the
rare cases where the disease presents as a solitary pulmonary nodule, PET/CT with 18Ga-PSMA
and blood prostate-specific antigen (PSA) values can help with differential diagnosis [79].

Clinical manifestations
Pulmonary metastases in prostate cancer are usually asymptomatic; often, the predominant
symptoms are pain from the bone metastases that usually coexist. Mild symptoms such as cough
or shortness of breath can be present in severe pulmonary involvement.

Treatment
In patients with metastatic prostate cancer (MPC), systemic therapies such as androgen-
deprivation therapy and chemotherapy are currently the mainstay treatments, as they have been
shown to prolong OS [80]. Pulmonary metastasis from prostate cancer is usually a late
development, and these patients can be treated with the current available therapies for MPC.
However, some patients may benefit from surgical metastasectomy of a solitary pulmonary
metastasis [81, 82].

Prognosis
Most cancer-related deaths in prostate cancer result from metastases. The prognosis of
individual patients with MPC can vary greatly [83–85]. In the SEER-18, database those with
bone metastasis showed the most favourable results with respect to OS; patients with lung
metastases, with or without bone metastases, had a similar OS to those in the bone group [78].

Renal cell carcinoma
Epidemiology
The lung is the most frequent distant metastatic site for renal cell carcinoma (RCC) (⩽60%) [86].
RCC metastasises usually via the haematogenous route to the lung parenchyma, either as distant
solitary nodules [86] or as endobronchial lesions [87], mostly in the basal and peripheral
segments of the lungs [88]. The recurrence rate of RCC lung metastasis in the first 5 years after
nephrectomy can be ⩽93%, with a median time to recurrence of 15–18 months [89], though it
may even recur 37 years after radical nephrectomy [90].

Clinical manifestations
Haemoptysis is common in patients with RCC lung metastases due to the highly vascular nature
of the RCC primary tumour [91, 92]. Arteriovenous fistulas are also common for the same
reason, resulting in disproportional dyspnoea and hypoxia that is unresponsive to conventional
therapy [93]. Patients with endobronchial metastasis may present distant atelectasis or, on rare
occasions, complete lung collapse [94], accompanied by recurrent pulmonary infections [95].
Pleural involvement is less frequent and isolated malignant pleural effusion due to RCC is quite
rare [96, 97]. Metastatic mediastinal lymphadenopathy with superior vena caval syndrome is
rare [98].
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Treatment
PM may be considered in patients with oligometastatic pulmonary disease in the absence of
extrathoracic metastatic lesions and sufficient cardiopulmonary reserves [99]. In cases where
metastasectomy is indicated but cannot be performed, SBRT may be an alternative approach
[100–102]. Systemic treatment is warranted in cases of extrathoracic metastatic disease, including
molecular targeted therapy, mTOR and VEGF inhibitors, and immunotherapy [103, 104].

Prognosis
The reported estimated 5-year OS after lung metastasectomy ranges from 31% to as high as
75% [105–123]. The long-term prognosis is generally poor for patients with metastatic
advanced RCC who do not qualify for metastasectomy [124]. Newer combination treatment
regiments, such as the nivolumab/cabozantinib combination, have recently demonstrated an
improved median OS [125] and are considered as the preferred first-line treatment in patients
with a clear cell histology.

Thyroid cancer
Thyroid cancer is one of the most common types of endocrine cancer [126] with most patients
having limited disease at diagnosis [127, 128]. ∼5% of patients with thyroid cancer will present
with distant disease, mostly in the regional lymph nodes and only 1–4% in the other organs
[129, 130]. The lung is the most common site for metastases, followed by the bones [131].
Isolated lung metastasis is related to a better OS than lung and liver or lung and brain
metastases, but is a worse prognostic factor compared with isolated bone or liver metastasis [132].
Studies performed in the early 2000s reported that ∼50% of patients with lung metastases from
thyroid cancer died within 10 years [133]. However, recent data show that surgery performed
either for the primary or distant sites is associated with a better survival outcome in thyroid
cancer patients with metastasis of the lung or bones [132]. Most patients who are not candidates
for surgery and have differentiated thyroid cancer and pulmonary metastases can achieve partial
or complete remission after radioiodine therapy [134]. Those with disease resistant to
radioactive iodine have a poor prognosis [135] and are candidates for targeted therapy with
multikinase inhibitors.

References
1 Hayman J, Naidoo J, Ettinger DS. Lung metastases. In: Niederhuber JE, Armitage JO, Doroshow JH, eds, et al.

Abeloff’s Clinical Oncology. Amsterdam, Elsevier, 2019; pp. 831–845.
2 Zhao X, Wen X, Wei W, et al. Clinical characteristics and prognoses of patients treated surgically for metastatic

lung tumors. Oncotarget 2017; 8: 46491–46497.
3 Stella GM, Kolling S, Benvenuti S, et al. Lung-seeking metastases. Cancers (Basel) 2019; 11: 1010.
4 Liang Y, Zhang H, Song X, et al. Metastatic heterogeneity of breast cancer: molecular mechanism and

potential therapeutic targets. Semin Cancer Biol 2020; 60: 14–27.
5 Yousefi M, Nosrati R, Salmaninejad A, et al. Organ-specific metastasis of breast cancer: molecular and cellular

mechanisms underlying lung metastasis. Cell Oncol (Dordr) 2018; 41: 123–140.
6 Medeiros B, Allan AL. Molecular mechanisms of breast cancer metastasis to the lung: clinical and experimental

perspectives. Int J Mol Sci 2019; 20: 2272.
7 Wu Q, Li J, Zhu S, et al. Breast cancer subtypes predict the preferential site of distant metastases: a SEER

based study. Oncotarget 2017; 8: 27990–27996.
8 Jin L, Han B, Siegel E, et al. Breast cancer lung metastasis: molecular biology and therapeutic implications.

Cancer Biol Ther 2018; 19: 858–868.
9 Puchalski J. Pulmonary manifestations of solid non-pulmonary malignancies. Clin Chest Med 2017; 38: 177–186.
10 Whitesell PL, Peters SG. Pulmonary manifestations of extrathoracic malignant lesions. Mayo Clin Proc 1993; 68:

483–491.
11 Ludwig C, Stoelben E, Hasse J. Disease-free survival after resection of lung metastases in patients with breast

cancer. Eur J Surg Oncol 2003; 29: 532–535.

https://doi.org/10.1183/2312508X.10020121 219

PULMONARY METASTASIS OF SOLID TUMOURS | E. ZERVAS ET AL.



12 Bergh J, Jonsson PE, Glimelius B, et al. A systematic overview of chemotherapy effects in breast cancer. Acta
Oncol 2001; 40: 253–281.

13 Nesbit EG, Donnelly ED, Strauss JB. Treatment strategies for oligometastatic breast cancer. Curr Treat Options
Oncol 2021; 22: 94.

14 Palussiere J, Catena V, Buy X. Percutaneous thermal ablation of lung tumors - radiofrequency, microwave and
cryotherapy: where are we going? Diagn Interv Imaging 2017; 98: 619–625.

15 de Baère T, Auperin A, Deschamps F, et al. Radiofrequency ablation is a valid treatment option for lung
metastases: experience in 566 patients with 1037 metastases. Ann Oncol 2015; 26: 987–991.

16 Wang R, Zhu Y, Liu X, et al. The clinicopathological features and survival outcomes of patients with different
metastatic sites in stage IV breast cancer. BMC Cancer 2019; 19: 1091.

17 Kast K, Link T, Friedrich K, et al. Impact of breast cancer subtypes and patterns of metastasis on outcome.
Breast Cancer Res Treat 2015; 150: 621–629.

18 Gerratana L, Fanotto V, Bonotto M, et al. Pattern of metastasis and outcome in patients with breast cancer.
Clin Exp Metastasis 2015; 32: 125–133.

19 Soh J, Komoike Y, Mitsudomi T. Surgical therapy for pulmonary metastasis of breast cancer. Transl Cancer Res
2020; 9: 5044–5052.

20 Galandiuk S, Wieand HS, Moertel CG, et al. Patterns of recurrence after curative resection of carcinoma of the
colon and rectum. Surg Gynecol Obstet 1992; 174: 27–32.

21 Limmer S, Unger L. Optimal management of pulmonary metastases from colorectal cancer. Expert Rev
Anticancer Ther 2011; 11: 1567–1575.

22 Qiu M, Hu J, Yang D, et al. Pattern of distant metastases in colorectal cancer: a SEER based study. Oncotarget
2015; 6: 38658–38666.

23 Modest DP, Pant S, Sartore-Bianchi A. Treatment sequencing in metastatic colorectal cancer. Eur J Cancer
2019; 109: 70–83.

24 Gonzalez M, Poncet A, Combescure C, et al. Risk factors for survival after lung metastasectomy in colorectal
cancer patients: a systematic review and meta-analysis. Ann Surg Oncol 2013; 20: 572–579.

25 Pastorino U, Buyse M, Friedel G, et al. Long-term results of lung metastasectomy: prognostic analyses based
on 5206 cases. J Thorac Cardiovasc Surg 1997; 113: 37–49.

26 Kong JH, Lee J, Yi CA, et al. Lung metastases in metastatic gastric cancer: pattern of lung metastases and
clinical outcome. Gastric Cancer 2012; 15: 292–298.

27 Gonzalez M, Gervaz P. Risk factors for survival after lung metastasectomy in colorectal cancer patients:
systematic review and meta-analysis. Future Oncol 2015; 11: Suppl. 2, 31–33.

28 Sun Z, Liu H, Yu J, et al. Frequency and prognosis of pulmonary metastases in newly diagnosed gastric
cancer. Front Oncol 2019; 9: 671.

29 Kemp CD, Kitano M, Kerkar S, et al. Pulmonary resection for metastatic gastric cancer. J Thorac Oncol 2010; 5:
1796–1805.

30 Disibio G, French SW. Metastatic patterns of cancers: results from a large autopsy study. Arch Pathol Lab Med
2008; 132: 931–939.

31 Okui M, Yamamichi T, Asakawa A, et al. Resection for pancreatic cancer lung metastases. Korean J Thorac
Cardiovasc Surg 2017; 50: 326–328.

32 Uesato Y, Tamashiro K, Takatsuki M. Long-term survival after repeated resection for lung metastasis
originating from pancreatic cancer: a case report. Surg Case Rep 2020; 6: 66.

33 Conroy T, Bachet J-B, Ayav a, et al. Current standards and new innovative approaches for treatment of
pancreatic cancer. Eur J Cancer 2016; 57: 10–22.

34 Yamada M, Ebata T, Yokoyama Y, et al. Pulmonary metastasis after resection of cholangiocarcinoma:
incidence, resectability, and survival. World J Surg 2017; 41: 1550–1557.

35 Wu W, He X, Andayani D, et al. Pattern of distant extrahepatic metastases in primary liver cancer: a SEER
based study. J Cancer 2017; 8: 2312–2318.

36 Rompteaux P, Gagniere J, Gornet JM, et al. Resection of small bowel adenocarcinoma metastases: results of
the ARCAD-NADEGE cohort study. Eur J Surg Oncol 2019; 45: 331–335.

37 Sakae H, Kanzaki H, Nasu J, et al. The characteristics and outcomes of small bowel adenocarcinoma: a
multicentre retrospective observational study. Br J Cancer 2017; 117: 1607–1613.

38 Vasdev N, Moon A, Thorpe AC. Classification, epidemiology and therapies for testicular germ cell tumours. Int
J Dev Biol 2013; 57: 133–139.

39 Znaor A, Skakkebaek NE, Rajpert-De ME, et al. Testicular cancer incidence predictions in Europe 2010–2035:
a rising burden despite population ageing. Int J Cancer 2020; 147: 820–828.

40 Bredael JJ, Vugrin D, Whitmore WF Jr. Autopsy findings in 154 patients with germ cell tumors of the testis.
Cancer 1982; 50: 548–551.

41 Cagini L, Nicholson AG, Horwich A, et al. Thoracic metastasectomy for germ cell tumours: long term survival
and prognostic factors. Ann Oncol 1998; 9: 1185–1191.

220 https://doi.org/10.1183/2312508X.10020121

ERS MONOGRAPH | LUNG DISEASES AND CANCER



42 Ueno T, Tanaka YO, Nagata M, et al. Spectrum of germ cell tumors: from head to toe. Radiographics 2004; 24:
387–404.

43 Besse B, Grunenwald D, Flechon A, et al. Nonseminomatous germ cell tumors: assessing the need for
postchemotherapy contralateral pulmonary resection in patients with ipsilateral complete necrosis. J Thorac
Cardiovasc Surg 2009; 137: 448–452.

44 Bray F, Ferlay J, Soerjomataram I, et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin 2018; 68: 394–424.

45 Deng K, Yang C, Tan Q, et al. Sites of distant metastases and overall survival in ovarian cancer: a study of
1481 patients. Gynecol Oncol 2018; 150: 460–465.

46 Gardner AB, Charo LM, Mann AK, et al. Ovarian, uterine, and cervical cancer patients with distant metastases
at diagnosis: most common locations and outcomes. Clin Exp Metastasis 2020; 37: 107–113.

47 Kanzaki R, Inoue M, Kimura T, et al. Role of pulmonary metastasectomy in colorectal cancer in the era of
modern multidisciplinary therapy. Surg Today 2017; 47: 1111–1118.

48 Kerr VE, Cadman E. Pulmonary metastases in ovarian cancer. Analysis of 357 patients. Cancer 1985; 56: 1209–1213.
49 Dauplat J, Hacker NF, Nieberg RK, et al. Distant metastases in epithelial ovarian carcinoma. Cancer 1987; 60:

1561–1566.
50 Fung-Kee-Fung M, Dodge J, Elit L, et al. Follow-up after primary therapy for endometrial cancer: a systematic

review. Gynecol Oncol 2006; 101: 520–529.
51 Bouros D, Papadakis K, Siafakas N, et al. Patterns of pulmonary metastasis from uterine cancer. Oncology

1996; 53: 360–363.
52 Barter JF, Soong SJ, Hatch KD, et al. Diagnosis and treatment of pulmonary metastases from cervical

carcinoma. Gynecol Oncol 1990; 38: 347–351.
53 Paik ES, Yoon A, Lee YY, et al. Pulmonary metastasectomy in uterine malignancy: outcomes and prognostic

factors. J Gynecol Oncol 2015; 26: 270–276.
54 Cohen PA, Jhingran A, Oaknin A, et al. Cervical cancer. Lancet 2019; 393: 169–182.
55 Li H, Wu X, Cheng X. Advances in diagnosis and treatment of metastatic cervical cancer. J Gynecol Oncol 2016;

27: e43.
56 Lim MC, Lee HS, Seo SS, et al. Pathologic diagnosis and resection of suspicious thoracic metastases in patients

with cervical cancer through thoracotomy or video-assisted thoracic surgery. Gynecol Oncol 2010; 116: 478–482.
57 Im JH, Yoon HI, Kim S, et al. Tailored radiotherapeutic strategies for disseminated uterine cervical cancer

patients. Radiat Oncol 2015; 10: 77.
58 Menderes G, Black J, Schwab CL, et al. Immunotherapy and targeted therapy for cervical cancer: an update.

Expert Rev Anticancer Ther 2016; 16: 83–98.
59 Shu T, Bai P, Zhang R, et al. [Clinical analysis and prognostic factors in 106 patients with stage Ia-IIb cervical

cancer with pulmonary metastasis]. Zhonghua Zhong Liu Za Zhi 2014; 36: 703–707.
60 Henglian L, Jiajun W, Caixia W, et al. Analysis of related risk factors of lung metastasis after laparoscopic

radical hysterectomy of cervical cancer. Medicine (Baltimore) 2021; 100: e24480.
61 Leon X, Quer M, Orus C, et al. Distant metastases in head and neck cancer patients who achieved

loco-regional control. Head Neck 2000; 22: 680–686.
62 Leemans CR, Tiwari R, Nauta JJ, et al. Regional lymph node involvement and its significance in the

development of distant metastases in head and neck carcinoma. Cancer 1993; 71: 452–456.
63 Pasalic D, Betancourt-Cuellar SL, Taku N, et al. Outcomes and toxicities following stereotactic ablative

radiotherapy for pulmonary metastases in patients with primary head and neck cancer. Head Neck 2020; 42:
1939–1953.

64 Bonomo P, Greto D, Desideri I, et al. Clinical outcome of stereotactic body radiotherapy for lung-only
oligometastatic head and neck squamous cell carcinoma: is the deferral of systemic therapy a potential goal?
Oral Oncol 2019; 93: 1–7.

65 Ma J, Wen ZS, Lin P, et al. The results and prognosis of different treatment modalities for solitary metastatic
lung tumor from nasopharyngeal carcinoma: a retrospective study of 105 cases. Chin J Cancer 2010; 29: 787–795.

66 Young ER, Diakos E, Khalid-Raja M, et al. Resection of subsequent pulmonary metastases from treated head
and neck squamous cell carcinoma: systematic review and meta-analysis. Clin Otolaryngol 2015; 40: 208–218.

67 Weissmann T, Hofler D, Hecht M, et al. Oligometastatic head and neck cancer: which patients benefit from
radical local treatment of all tumour sites? Radiat Oncol 2021; 16: 62.

68 Tas F. Metastatic behavior in melanoma: timing, pattern, survival, and influencing factors. J Oncol 2012; 2012:
647684.

69 Harpole DH Jr, Johnson CM, Wolfe WG, et al. Analysis of 945 cases of pulmonary metastatic melanoma.
J Thorac Cardiovasc Surg 1992; 103: 743–748.

70 Leo F, Cagini L, Rocmans P, et al. Lung metastases from melanoma: when is surgical treatment warranted?
Br J Cancer 2000; 83: 569–572.

https://doi.org/10.1183/2312508X.10020121 221

PULMONARY METASTASIS OF SOLID TUMOURS | E. ZERVAS ET AL.



71 Sandru A, Voinea S, Panaitescu E, et al. Survival rates of patients with metastatic malignant melanoma. J Med
Life 2014; 7: 572–576.

72 Davis LE, Shalin SC, Tackett AJ. Current state of melanoma diagnosis and treatment. Cancer Biol Ther 2019;
20: 1366–1379.

73 Robert C, Grob JJ, Stroyakovskiy D, et al. Five-year outcomes with dabrafenib plus trametinib in metastatic
melanoma. N Engl J Med 2019; 381: 626–636.

74 van Akkooi AC, Atkins MB, Agarwala SS, et al. Surgical management and adjuvant therapy for high-risk and
metastatic melanoma. Am Soc Clin Oncol Educ Book 2016; 35: e505–e514.

75 Schuhan C, Muley T, Dienemann H, et al. Survival after pulmonary metastasectomy in patients with malignant
melanoma. Thorac Cardiovasc Surg 2011; 59: 158–162.

76 Manola J, Atkins M, Ibrahim J, et al. Prognostic factors in metastatic melanoma: a pooled analysis of Eastern
Cooperative Oncology Group trials. J Clin Oncol 2000; 18: 3782–3793.

77 Gajdos C, McCarter MD. Debulking surgery in advanced melanoma. Expert Rev Anticancer Ther 2011; 11: 1703–1712.
78 Budnik J, Suri J, Bates JE, et al. Prognostic significance of sites of visceral metastatic disease in prostate

cancer: a population-based study of 12,180 patients. Clin Genitourin Cancer 2019; 17: 260–267.
79 Callister ME, Baldwin DR, Akram AR, et al. British Thoracic Society guidelines for the investigation and

management of pulmonary nodules. Thorax 2015; 70: Suppl. 2, ii1–ii54.
80 Morris MJ, Rumble RB, Basch E, et al. Optimizing anticancer therapy in metastatic non-castrate prostate

cancer: American Society of Clinical Oncology clinical practice guideline. J Clin Oncol 2018; 36: 1521–1539.
81 Goto T, Maeshima A, Oyamada Y, et al. Solitary pulmonary metastasis from prostate sarcomatoid cancer.

World J Surg Oncol 2010; 8: 101.
82 Raveglia F, Rosso L, Nosotti M, et al. Pulmonary metastasectomy in germ cell tumors and prostate cancer.

J Thorac Dis 2021; 13: 2661–2668.
83 Mazzone E, Preisser F, Nazzani S, et al. Location of metastases in contemporary prostate cancer patients

affects cancer-specific mortality. Clin Genitourin Cancer 2018; 16: 376–384.
84 Ost P, Decaestecker K, Lambert B, et al. Prognostic factors influencing prostate cancer-specific survival in

non-castrate patients with metastatic prostate cancer. Prostate 2014; 74: 297–305.
85 Pond GR, Sonpavde G, de Wit R, et al. The prognostic importance of metastatic site in men with metastatic

castration-resistant prostate cancer. Eur Urol 2014; 65: 3–6.
86 Motzer RJ, Bander NH, Nanus DM. Renal-cell carcinoma. N Engl J Med 1996; 335: 865–875.
87 Park CM, Goo JM, Choi HJ, et al. Endobronchial metastasis from renal cell carcinoma: CT findings in four

patients. Eur J Radiol 2004; 51: 155–159.
88 Herold CJ, Bankier AA, Fleischmann D. Lung metastases. Eur Radiol 1996; 6: 596–606.
89 Ljungberg B, Alamdari FI, Rasmuson T, et al. Follow-up guidelines for nonmetastatic renal cell carcinoma

based on the occurrence of metastases after radical nephrectomy. BJU Int 1999; 84: 405–411.
90 Tamburrini A, Majorino A, Duggan S, et al. A record-breaking lung metastasis from renal cell carcinoma 37

years after nephrectomy. J Surg Case Rep 2017; 2017: rjx205.
91 Aziz SA, Sznol J, Adeniran A, et al. Vascularity of primary and metastatic renal cell carcinoma specimens.

J Transl Med 2013; 11: 15.
92 Mertz KD, Demichelis F, Kim R, et al. Automated immunofluorescence analysis defines microvessel area as a

prognostic parameter in clear cell renal cell cancer. Hum Pathol 2007; 38: 1454–1462.
93 Morin RP, Dunn EJ, Wright CB. Renal arteriovenous fistulas: a review of etiology, diagnosis, and management.

Surgery 1986; 99: 114–118.
94 Poh ME, Liam CK, Pang YK, et al. Endobronchial metastasis from resected renal cell carcinoma causing total

lung collapse. Respirol Case Rep 2013; 1: 26–27.
95 Chrysikos S, Karampitsakos T, Tzouvelekis A, et al. Endobronchial metastasis from renal cell carcinoma as a

reason for recurrent pulmonary infections. Adv Respir Med 2018; 86: 245–248.
96 Sun XF, Huang H, Xu ZJ, et al. Renal cell carcinoma presents as pleural metastasis without pulmonary

involvement. Chin Med J (Engl) 2012; 125: 3193–3194.
97 Qureshi PAAA, Asghar N, Bashir H, et al. The hot pleura: isolated pleural metastases from renal cell carcinoma.

Clin Nucl Med 2020; 45: 211–213.
98 Lim NK, Aik OT, Meng LL, et al. Superior vena caval syndrome secondary to metastatic renal cell carcinoma.

J Coll Physicians Surg Pak 2014; 24: Suppl. 1, S68–S70.
99 Van RD. Pulmonary metastasectomy: common practice but is it also best practice? Future Oncol 2015; 11:

Suppl. 2, 11–14.
100 Hoerner-Rieber J, Duma M, Blanck O, et al. Stereotactic body radiotherapy (SBRT) for pulmonary metastases

from renal cell carcinoma – a multicenter analysis of the German working group “Stereotactic Radiotherapy”.
J Thorac Dis 2017; 9: 4512–4522.

101 Londero F, Grossi W, Morelli A, et al. Surgery versus stereotactic radiotherapy for treatment of pulmonary
metastases. A systematic review of literature. Future Sci OA 2020; 6: FSO471.

222 https://doi.org/10.1183/2312508X.10020121

ERS MONOGRAPH | LUNG DISEASES AND CANCER



102 Stewart GA, Breen WG, Stish BJ, et al. Thoracic radiotherapy for renal cell carcinoma metastases: local control for
the management of lung and mediastinal disease in the modern era. Clin Genitourin Cancer 2022; 20: 107–113.

103 Doppalapudi SK, Leopold ZR, Thaper A, et al. Clearing up clear cell: clarifying the immuno-oncology treatment
landscape for metastatic clear cell RCC. Cancers (Basel) 2021; 13: 4140.

104 Suarez C, Diaz-Mejia N, Morales-Barrera R, et al. Metastatic nonclear renal cell carcinoma current review in
evolving treatment strategies. Curr Opin Urol 2021; 31: 242–248.

105 Meimarakis G, Angele M, Staehler M, et al. Evaluation of a new prognostic score (Munich score) to predict
long-term survival after resection of pulmonary renal cell carcinoma metastases. Am J Surg 2011; 202: 158–167.

106 Alt AL, Boorjian SA, Lohse CM, et al. Survival after complete surgical resection of multiple metastases from
renal cell carcinoma. Cancer 2011; 117: 2873–2882.

107 Kawashima A, Nakayama M, Oka D, et al. Pulmonary metastasectomy in patients with renal cell carcinoma: a
single-institution experience. Int J Clin Oncol 2011; 16: 660–665.

108 Winter H, Meimarakis G, Angele MK, et al. Tumor infiltrated hilar and mediastinal lymph nodes are an
independent prognostic factor for decreased survival after pulmonary metastasectomy in patients with renal
cell carcinoma. J Urol 2010; 184: 1888–1894.

109 Kanzaki R, Higashiyama M, Fujiwara A, et al. Long-term results of surgical resection for pulmonary metastasis
from renal cell carcinoma: a 25-year single-institution experience. Eur J Cardiothorac Surg 2011; 39: 167–172.

110 Bandiera A, Melloni G, Freschi M, et al. Prognostic factors and analysis of S100a4 protein in resected
pulmonary metastases from renal cell carcinoma. World J Surg 2009; 33: 1414–1420.

111 Assouad J, Petkova B, Berna P, et al. Renal cell carcinoma lung metastases surgery: pathologic findings and
prognostic factors. Ann Thorac Surg 2007; 84: 1114–1120.

112 Marulli G, Sartori F, Bassi PF, et al. Long-term results of surgical management of pulmonary metastases from
renal cell carcinoma. Thorac Cardiovasc Surg 2006; 54: 544–547.

113 Hofmann HS, Neef H, Krohe K, et al. Prognostic factors and survival after pulmonary resection of metastatic
renal cell carcinoma. Eur Urol 2005; 48: 77–81.

114 Murthy SC, Kim K, Rice TW, et al. Can we predict long-term survival after pulmonary metastasectomy for renal
cell carcinoma? Ann Thorac Surg 2005; 79: 996–1003.

115 Pfannschmidt J, Hoffmann H, Muley T, et al. Prognostic factors for survival after pulmonary resection of
metastatic renal cell carcinoma. Ann Thorac Surg 2002; 74: 1653–1657.

116 Piltz S, Meimarakis G, Wichmann MW, et al. Long-term results after pulmonary resection of renal cell
carcinoma metastases. Ann Thorac Surg 2002; 73: 1082–1087.

117 Friedel G, Hurtgen M, Penzenstadler M, et al. Resection of pulmonary metastases from renal cell carcinoma.
Anticancer Res 1999; 19: 1593–1596.

118 Fourquier P, Regnard JF, Rea S, et al. Lung metastases of renal cell carcinoma: results of surgical resection.
Eur J Cardiothorac Surg 1997; 11: 17–21.

119 Cerfolio RJ, Allen MS, Deschamps C, et al. Pulmonary resection of metastatic renal cell carcinoma. Ann Thorac
Surg 1994; 57: 339–344.

120 Meacci E, Nachira D, Congedo MT, et al. Lung metastasectomy following kidney tumors: outcomes and
prognostic factors from a single-center experience. J Thorac Dis 2017; 9: Suppl. 12, S1267–S1272.

121 Renaud S, Falcoz PE, Alifano M, et al. Systematic lymph node dissection in lung metastasectomy of renal cell
carcinoma: an 18 years of experience. J Surg Oncol 2014; 109: 823–829.

122 Kudelin N, Bolukbas S, Eberlein M, et al. Metastasectomy with standardized lymph node dissection for
metastatic renal cell carcinoma: an 11-year single-center experience. Ann Thorac Surg 2013; 96: 265–270.

123 Bolukbas S, Kudelin N, Eberlein M, et al. The influence of the primary tumor on the long-term results of
pulmonary metastasectomy for metastatic renal cell carcinoma. Thorac Cardiovasc Surg 2012; 60: 390–397.

124 Oddsson SJ, Hardarson S, Petursdottir V, et al. Synchronous pulmonary metastases from renal cell carcinoma
– a whole nation study on prevalence and potential resectability. Scand J Surg 2012; 101: 160–165.

125 Choueiri TK, Powles T, Burotto M, et al. Nivolumab plus cabozantinib versus sunitinib for advanced renal-cell
carcinoma. N Engl J Med 2021; 384: 829–841.

126 van der Zwan JM, Mallone S, van Dijk B, et al. Carcinoma of endocrine organs: results of the RARECARE
project. Eur J Cancer 2012; 48: 1923–1931.

127 Yu XM, Wan Y, Sippel RS, et al. Should all papillary thyroid microcarcinomas be aggressively treated?
An analysis of 18,445 cases. Ann Surg 2011; 254: 653–660.

128 Lang BH, Lo CY, Chan WF, et al. Prognostic factors in papillary and follicular thyroid carcinoma: their
implications for cancer staging. Ann Surg Oncol 2007; 14: 730–738.

129 Ito Y, Kudo T, Kobayashi K, et al. Prognostic factors for recurrence of papillary thyroid carcinoma in the
lymph nodes, lung, and bone: analysis of 5,768 patients with average 10-year follow-up. World J Surg 2012; 36:
1274–1278.

130 Sohn SY, Kim HI, Kim YN, et al. Prognostic indicators of outcomes in patients with lung metastases from
differentiated thyroid carcinoma during long-term follow-up. Clin Endocrinol (Oxf ) 2018; 88: 318–326.

https://doi.org/10.1183/2312508X.10020121 223

PULMONARY METASTASIS OF SOLID TUMOURS | E. ZERVAS ET AL.



131 Vuong HG, Le MK, Hassell L, et al. The differences in distant metastatic patterns and their corresponding
survival between thyroid cancer subtypes. Head Neck 2022; 44: 926–932.

132 Zhong M, Khan FZ, He X, et al. Impact of lung metastasis versus metastasis of bone, brain, or liver on overall
survival and thyroid cancer-specific survival of thyroid cancer patients: a population-based study. Cancers
(Basel) 2022; 14: 3133.

133 Mazzaferri EL, Kloos RT. Clinical review 128: current approaches to primary therapy for papillary and follicular
thyroid cancer. J Clin Endocrinol Metab 2001; 86: 1447–1463.

134 Song HJ, Qiu ZL, Shen CT, et al. Pulmonary metastases in differentiated thyroid cancer: efficacy of radioiodine
therapy and prognostic factors. Eur J Endocrinol 2015; 173: 399–408.

135 Iwasaki H, Yamazaki H, Takasaki H, et al. Treatment outcomes of differentiated thyroid cancer with distant
metastasis improve by tyrosine kinase inhibitors. Oncol Lett 2019; 17: 5292–5300.

Disclosures: E. Zervas reports receiving the following during the past 36 months: advisory board fees from
AstraZeneca, Chiesi, ELPEN, GSK, Menarini, MSD and Novartis; honoraria and fees for lectures from AstraZeneca,
Boehringer Ingelheim, Bristol-Myers, Chiesi, ELPEN, GSK, Menarini, MSD and Novartis; and travel, accommodation
and meeting expenses from AstraZeneca, Boehringer Ingelheim, Chiesi, Galenica, GSK, ELPEN, MSD, Novartis and
Roche. E. Zervas is the Secretary General of the Hellenic Thoracic Society. K. Samitas reports receiving the
following in the past 36 months: fees or honoraria to the author’s institution for lectures, presentations, speakers’
bureaus, manuscript writing or educational events from MSD, Chiesi, AstraZeneca, Menarini, Specialty
Therapeutics, GSK, Novartis, ELPEN, BMS and Boehringer Ingelheim; support for attending meetings and/or travel
from GSK, AstraZeneca, Chiesi and ELPEN; and fees to the author’s institution for participation on a data safety
monitoring board or advisory board from AstraZeneca, GSK, Specialty Therapeutics and Menarini. K. Samitas is the
Moderator of the Asthma Group at the Hellenic Thoracic Society. I. Vlachantoni has nothing to declare.
S. Karakatsanis reports receiving the following during the past 36 months: consultancy fees from Sanofi; payment
or honoraria for lectures, presentations, speakers’ bureaus, manuscript writing or educational events from Abbvie;
and support from Roche for attending a shared conference of the MDS, Cellular Therapy and Lymphoid Neoplasms
Departments of the Hellenic Society of Hematology. E. Panagiotou has nothing to declare. K. Tavernaraki reports
receiving the following, outside the submitted work: payment/honoraria for presentations and support for
attending meetings and/or travel costs from Boehringer Ingelheim, Johnson & Johnson (ETHICON) and Bayer.
K. Tavernaraki is also Secretary General of the Hellenic Radiological Society and a member of the Board of the
Hellenic Professional Radiology Society (both unpaid posts). A. Charpidou reports receiving the following during
the past 36 months: consultancy fees from AstraZeneca, BMS and Janssen; payment or honoraria for lectures,
presentations, speakers’ bureaus, manuscript writing or educational events from Roche and MSD; support for
attending meetings and/or travel from Novartis (for ASCO 2021) and AstraZeneca (for ASCO 2022 and ERS 2022);
and personal fees for participation on data safety monitoring boards or advisory boards from AstraZeneca,
Janssen and MSD. A. Charpidou is the Secretary of the Hellenic Association of Lung Cancer (unpaid role). M. Gaga
has nothing to declare.

224 https://doi.org/10.1183/2312508X.10020121

ERS MONOGRAPH | LUNG DISEASES AND CANCER



Chapter 21

Interstitial abnormalities from solid and
haematological cancers

John A. Mackintosh1, Edwina E. Duhig2,3, Taryn Reddy4, Edward K.H. Stephens2,
Kwun M. Fong 2,5 and Ian A. Yang2

1Dept of Thoracic Medicine, The Prince Charles Hospital, Brisbane, Queensland, Australia. 2University of
Queensland Thoracic Research Centre, The University of Queensland and The Prince Charles Hospital, Brisbane,
Queensland, Australia. 3Sullivan Nicolaides Pathology, John Flynn Hospital, Tugun, Queensland, Australia. 4Dept of
Medical Imaging, The Prince Charles Hospital, Brisbane, Queensland, Australia. 5Pulmonary Malignancy Unit, The
Prince Charles Hospital, Metro North Hospital and Health Service, Brisbane, Queensland, Australia.

Corresponding author: John A. Mackintosh ( john.mackintosh@health.qld.gov.au)

Cite as: Mackintosh JA, Duhig EE, Reddy T, et al. Interstitial abnormalities from solid and haematological cancers.
In: Martínez-García MÁ, Gaga M, Fong KM, eds. Lung Diseases and Cancer (ERS Monograph). Sheffield, European
Respiratory Society, 2022; pp. 225–240 [https://doi.org/10.1183/2312508X.10020221].

@ERSpublications
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Lymphangitis carcinomatosa refers to pulmonary interstitial involvement by cancer and is a dreaded
clinical finding in oncology because it is a late manifestation indicative of metastatic malignancy, from
either a lung or a nonlung primary cancer, and is associated with poor prognosis. Its presentation is
nonspecific, often with subacute dyspnoea and a nonproductive cough in a person with a known history of
malignancy, but in some cases is the first manifestation of cancer. CT imaging can be suggestive, typically
demonstrating thickening of the peribronchovascular interstitium, interlobular septa and fissures. However,
a biopsy may be required to confirm the pathological diagnosis as these changes can also be due to
concurrent disease such as heart failure, ILD, infection, radiation pneumonitis and drug reactions.
Diagnosis allows symptomatic treatment, with personalised treatment directed towards the primary cancer
most likely to provide a meaningful benefit. Future research should focus on prospective clinical trials to
identify new interventions to improve both diagnosis and treatment of lymphangitis carcinomatosa.

Introduction
Involvement of the pulmonary interstitium in malignancy may be reflective of the presence of
both nonmalignant and malignant entities. Of the nonmalignant entities, possibilities include
infection, drug reactions, ILD, amyloid deposition and thromboembolic disease, often as a
consequence of, or predisposed by, the underlying malignancy and/or its treatment (table 1).
Cancer involving the lung interstitium, variously called lymphangitis carcinomatosa,
lymphangitic carcinomatosis and other names, is often a late manifestation of advanced cancer
and will be the focus of this chapter. This infiltration of the lung interstitium leads to dyspnoea,
cough and, if progressive, the development of respiratory failure. Lymphangitis carcinomatosa
may sometimes be found incidentally on lung imaging (chest radiograph or CT chest), and other
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TABLE 1 Differential diagnoses for pulmonary interstitial involvement in the context of malignancy and their major clinical, radiological and pathological features

Differential
diagnosis

Clinical features Radiological features Pathological features

Lymphangitis
carcinomatosa

Subacute dyspnoea
Nonproductive cough
Weight loss
Crackles/wheeze
Usually known cancer diagnosis

Smooth or nodular thickening of peribronchovascular
interstitium, interlobular septa and fissures

Preservation of lung architecture at lobular level

Lymphatic permeation by tumour in bronchovascular bundles,
interlobular septa and visceral pleura but sparing of alveoli

Pulmonary tumour
embolism

Acute/subacute dyspnoea
Cough
Signs of right heart failure
Usually known cancer diagnosis

Imaging often normal
Tree-in-bud pattern can be demonstrated on CT
Multiple peripheral perfusion defects with normal

ventilation on V′/Q′ scan in keeping with infarcts

Elevated BNP
Tumour thrombi within arteries, capillaries and veins
May occur without interstitial involvement by tumour

Congestive cardiac
failure

Acute/subacute dyspnoea
Orthopnoea
Paroxysmal nocturnal dyspnoea
Cough with pink frothy sputum
Elevated JVP
Added heart sounds
Crackles/wheeze
Peripheral oedema

Smooth interlobular septal thickening
Perihilar ground-glass change, consolidation
Cardiomegaly
Pleural effusion(s)

Elevated BNP
Pulmonary oedema

Sarcoidosis Subacute/chronic dyspnoea
Nonproductive cough
Extrapulmonary features of sarcoidosis

Perilymphatic nodules, consolidation with mid- and
upper zone distribution

Fibrosis can occur in later stages
Mediastinal and bilateral hilar lymphadenopathy,

often calcified

Noncaseating granulomas in a lymphatic distribution

ILD Subacute/chronic dyspnoea
Nonproductive cough
Clubbing
Features of a connective tissue disease
Fine crackles

Variable patterns
Architectural distortion and volume loss often occurs

when is fibrosis present

Histological features specific to the ILD

Infection Acute dyspnoea
Productive cough
Fevers
Coarse crackles

Variable features depending on organism Elevated white cell count
Elevated C-reactive protein
Positive microbiology
Interstitial expansion more in viral illnesses

Drug reaction Acute/subacute dyspnoea
Nonproductive cough
Exposure to drug with known risk for

pneumotoxicity

Variable patterns depending on inciting agent Varies depending on inciting agent

V′/Q′: ventilation/perfusion; BNP: B-type natriuretic peptide; JVP: jugular vein pressure.

226
https://doi.org/10.1183/2312508X.10020221

ERS
M
O
N
O
G
RAPH

|
LU

N
G
D
ISEASES

AN
D
CAN

CER



causes of breathlessness, cough and lung infiltrates need to be considered in the differential
diagnosis. Obtaining a tissue biopsy is often difficult due to poor performance status and
comorbidities in patients. Treatment is often empirical, with either treatment of the primary
tumour (or applying modalities that could be beneficial in the metastatic tumour in the lung) or
other pharmacological and nonpharmacological treatments for cancer dyspnoea in general,
which are not specific for lymphangitis carcinomatosa. The challenge for clinicians is that there
is a lack of high-level evidence specifically for management of lymphangitis carcinomatosa;
however, general principles from cancer care can be applied.

In this chapter, we aim to provide an update on the epidemiology, pathology, pathogenesis,
clinical features, diagnostic approach and clinical management of patients with pulmonary
lymphangitis carcinomatosa of any cause. We provide a synthesis of the evidence base for
approaches to diagnosis and management, and highlight uncertainties in our current knowledge
about optimal strategies. The ultimate objective is to highlight lymphangitis carcinomatosa as an
important cause of dyspnoea, cough and interstitial abnormalities in patients with known metastatic
cancer, or patients with metastatic cancer in whom pulmonary interstitial changes first manifest.

We undertook a search for relevant literature in databases (Medline, CINAHL and EMBASE)
using the following search terms: any of cancer, tumour, lymphoma, sarcoma, neoplasm,
carcinoma, adenocarcinoma, leukaemia, combined with lung or pulmonary, and lymphangitis
(or lymphangitic) carcinomatosa (or carcinomatosis). We searched for English language papers
or case reports published up to 15 February 2022, when the search was undertaken.

Importance of the lung interstitium in cancer
The lung comprises two interstitial compartments [1]. The first compartment is at the site of gas
exchange comprising the connective tissue that surrounds an alveolus. Diffusion of oxygen and
carbon dioxide across this tissue occurs rapidly and essentially unimpeded in the normal state.
The second compartment represents the boundaries of the secondary pulmonary lobule
comprising interlobular septa and its connections to peribronchovascular sheaths and visceral
pleura. It is important to appreciate that these compartments are connected, forming a structural
network that supports the entire lung. Pathology of the interstitium is often best conceptualised
in the context of the secondary pulmonary lobule (figure 1). The connective tissue that
surrounds an alveolus is predominantly occupied by pulmonary capillaries. Pulmonary
lymphatics are not present in alveolar walls but are located in the peribronchovascular
connective tissue sheaths and within the visceral pleura. This distribution explains the
radiological and histological appearances of malignant spread within pulmonary lymphatics.
Obstruction of the lymphatics can result in interstitial oedema, impairing gas diffusion at the
alveolus. Impairment of oxygen diffusion at the alveolar interface explains the dyspnoea that
frequently heralds a diagnosis of lymphangitis carcinomatosa.

Epidemiology of lung interstitial abnormalities from solid and haematological cancers:
prevalence, patterns and causes
Pulmonary interstitial involvement by cancer generally represents an advanced and often
end-stage manifestation of a malignant process. Primary interstitial involvement by cancer is
termed lymphangitis carcinomatosa, which refers to the presence of malignant cells permeating
the pulmonary lymphatics. Often considered within the same context, but not truly involving
the interstitium, is the embolism of cancer within pulmonary arteries and arterioles, which will
not be considered in great detail in this chapter. As a dominant manifestation of malignancy, the
actual incidence of lymphangitis carcinomatosa is unknown but is fortunately uncommon. Much
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of the literature on incidence is outdated or limited to small case series [3–5]. Lymphangitis
carcinomatosa as the primary presentation of a malignant process can be notoriously difficult to
diagnose, leading to diagnostic delay. Essentially, any tumour has the capacity to involve the
lung interstitium, with numerous case reports in the literature for almost any primary cancer.
Malignancies more commonly associated with lymphangitis carcinomatosa include adeno-
carcinomas of the breast, stomach and lung [3, 6]. Interestingly, lymphangitis carcinomatosa in
NSCLC is observed more frequently with fusion rearrangements (e.g. RET, ALK, ROS1) than
with KRAS and EGFR mutations, and with EGFR mutation-positive cancers than those without
any mutation, suggesting that perhaps certain molecular drivers predispose to pulmonary
lymphatic spread [7–11]. In one series, patients with radiological pulmonary lymphangitis
carcinomatosa complicating NSCLC had a 5-year survival of only 33%, and a worse prognosis
was observed in those with lymphangitis carcinomatosa distant from the primary tumour [12]. Of
gynaecological malignancies manifesting in the lung, lymphangitis carcinomatosa occurred in
11% of ovarian cancers, 6% of endometrial cancers and 36% of cervical cancers [13]. In
unresectable gastric cancer, 4.3% of cases demonstrated pulmonary lymphangitis carcinomatosa,
which was associated with a very poor prognosis [14]. Lymphangitis carcinomatosa may occur at
any time after a cancer diagnosis, including early after diagnosis. Pulmonary tumour emboli are
seen more frequently with cancers of the breast, liver, kidneys, stomach, prostate and ovaries, and
have a reported incidence of 2.4–26% in autopsy series [15, 16]. A variety of CT patterns may be
encountered, including vascular dilation or beading, peripheral wedge-shaped opacities,
interlobular septal thickening and a diffuse tree-in-bud nodular pattern due to filling of
centrilobular pulmonary arteries with tumour [17–19].

Pathological features of lung interstitial involvement by cancer
Suspected ILD in the context of cancer may be investigated using cytology or biopsy samples
with access gained via different modalities including bronchoscopy, radiology-localised
transthoracic routes or video-assisted thoracoscopy. Interstitial involvement in cancer patients
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FIGURE 1 The secondary pulmonary lobule [2].
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may reflect lymphangitis carcinomatosis but can also result from intercurrent infection, drug
reaction, pre-existing primary lung or secondary lung disease, such as underlying collagen
vascular disease, and paraneoplastic syndromes, including amyloid deposition and thromboembolic
disease. Biopsy will aid in separation of these entities.

Interstitial involvement by malignancy can manifest as lymphatic and/or vascular involvement.
Lymphangitis carcinomatosa is the result of permeation of lymphatics by tumour. The involved
lymphatics will be found in bronchovascular bundles, interlobular septa and pleura, but as no
lymphatics are present in alveolar septa [20], these will be spared (figure 2). Bronchoscopic
biopsy may demonstrate lymphatic involvement of the bronchial wall.

Lymphangitis is most commonly associated with carcinomas arising from the breast, stomach,
lung and pancreas [3, 20, 21]. Other malignancies, particularly lymphomas, may present in this
manner [20]. Approximately one-third will have hilar or mediastinal lymphadenopathy and
two-thirds will have associated pleural disease [20].

As the blood supply from all other organs must pass through the lungs for oxygenation,
vascular metastases are common. Most deposits are nodular and are formed as the tumour

a) b)

c) d)

FIGURE 2 Lymphangitis carcinomatosis due to thyroid transcription factor-1 (TTF1)-positive advanced lung
adenocarcinoma. a, b) Carcinoma within lymphatics of the pleura, interlobular septa and bronchovascular
bundles (haematoxylin and eosin (H&E) stain, magnification ×40). c) Carcinoma within peribronchiolar and
periarterial lymphatics (H&E stain, magnification ×100). d) Interlobular septal lymphatic permeation with
secondary fibrosis (H&E stain, magnification ×100).
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outgrows the vessels. Tumour emboli may involve large vessels or the microvasculature, and
some may be grossly identifiable (figure 3) [20, 22]. These are predominantly associated with
carcinomas, but rarely there may be vascular invasion by other tumours, including leukaemias,
angiotropic lymphoma, sarcomas including angiosarcoma and pulmonary artery sarcoma, and
melanoma [20]. Those intravascular tumour cells that survive the mechanical forces, shear stress
and the immune system can occlude small arteries or veins, but invasion of the surrounding
interstitium may not occur [22–24].

Pathogenic mechanisms of spread to the interstitium by cancer
Malignancies may spread to the lung interstitium either directly from lung tissue or via adjacent
blood and lymphatic vessels (figure 4) [25–27]. Direct spread involves the invasion of a
primary tumour located in the lung parenchyma into the lung interstitium. Haematogenous
spread of a tumour occurs as a result of a nonlung primary tumour (most frequently breast,
stomach or colon cancer) metastasising to the lungs through the blood circulation [25, 26].
Finally, tumours may also spread to the lung interstitium via lymphatic vessels either from a
distant primary site or retrogradely through mediastinal and hilar lymph nodes [26]. Either mode
of lymphatic involvement can result in lymphangitis carcinomatosa, with cancer cells either
spreading from blood vessels to lymphatic vessels via the interstitium or originating in the
lymphatic vessels and then spreading to the interstitium.

For cancers to spread haematologically and lymphatically, cells must first intravasate from the
tissue of origin into nearby vessels, which then transport them to other organs, most commonly
the lungs. Cancer cells in the blood will be returned to the lungs directly, whereas lymphatic
metastases will go via lymph nodes before draining into the venous circulation and then to the
lungs [28–30]. This may be facilitated by tumour-induced angiogenesis and lymphangiogenesis
brought on by the secretion of a range of growth factors by the tumour, including VEGF and

a) b) c)

d) e) f)

FIGURE 3 Tumour emboli by malignancies. a) Small-artery involvement by metastatic breast carcinoma and
adjacent thrombosis (haematoxylin and eosin (H&E) stain, magnification ×100). b, c) Angiotropic lymphoma with
permeation of CD31-positive capillaries (b: H&E stain, magnification ×200; c: CD31 stain, magnification ×200).
d, e) Angiosarcoma with vascular and lymphatic permeation (d: H&E stain, magnification ×40; e: CD31 stain,
magnification ×40). f ) Interstitial amyloid deposition (arrows) (H&E stain, magnification ×200).
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neuropilins, stimulating the growth of new vessels in proximity to the tumour [30–32]. Once in
the lungs, the ability of a cancer cell to extravasate from the blood vessels into the interstitium
relies heavily on the type of tumour but broadly involves cancer cell adhesion to the vessel
endothelium, mediated by intercellular and vascular cell adhesion molecules (ICAM-1 and
VCAM-1), followed by the disassociation of cell–cell junctions, mediated by the cytokine
angiopoietin-like 4 (ANGPTL4), perforating the vessel walls and allowing the invasion of
cancer cells into the interstitium [33–36]. Retrograde spread of tumour cells through the
lymphatic system occurs as a result of increased intralymphatic pressure reversing the flow of
lymph, often due to an accumulation of tumour cells within a lymph node [37, 38]. If this
occurs proximal to the lungs, cancer cells may be distributed to lymphatic vessels in the lungs
where extravasation into the interstitium can occur [26]. Once cancer cells infiltrate the
interstitium, colonisation and proliferation of the cancer cells will follow [33, 34].
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FIGURE 4 A stepwise depiction of haematogenous and lymphatic spread of cancer cells from a distant tumour site
to the lung interstitium. Cancer cells from an extrapulmonary primary tumour intravasate into neighbouring blood
or lymphatic vessels (A). Cancer cells in the lymphatic system either return to the venous circulation or remain in
lymphatic vessels (B). Cancer cells that have accumulated in lymph nodes occlude the efferent lymph vessel,
increasing intranodal pressure, resulting in the retrograde flow of lymph and cancer cells along afferent vessels
towards the lungs (C). Cancer cells then make their way to the lungs where they cross the endothelium and
colonise the lung interstitium (D). Cancer cells cross the endothelium through the process of extravasation,
mediated primarily by vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and
angiopoietin-like 4 (ANGPTL4). A primary lung tumour spreads directly to the lung interstitium through similar
molecular mechanisms.
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Radiological features
Radiological features of pulmonary lymphangitis carcinomatosa are relatively nonspecific, often
making the diagnosis challenging. Other conditions such as pulmonary oedema, atypical
infection, ILD, radiation-induced lung injury and lymphoproliferative disorders can demonstrate
similar imaging features to lymphangitis carcinomatosa (table 1, figure 5) [39].

A chest radiograph is usually the first diagnostic imaging study of choice but may be normal in
up to 50% cases [5]. Radiographic abnormalities that may be observed include Kerley A and B
lines, nodular shadows, lymphadenopathy and pleural effusions (figure 6a) [40].

HRCT features associated with lymphangitis carcinomatosa include smooth or nodular thickening
of the peribronchovascular interstitium, interlobular septa and fissures (figure 6b, c) [41–43].
While the degree to which different interstitial compartments are affected varies considerably
among patients, a relatively greater extent of axial interstitial involvement has been reported in
some studies [44, 45]. The absence of distortion or destruction of the normal lung structure at the
lobular level in lymphangitis carcinomatosa is an important feature for differentiating it from
pulmonary fibrosis, which can cause deformities and volume loss of these structures [6, 46].
Changes can be unilateral or bilateral, with lower lobe and right-sided predilection reported.

Pleural effusion (50% [42]) or mediastinal and hilar lymph node enlargement (20–40% [39])
are other findings commonly associated with lymphangitis carcinomatosa.

The most commonly reported PET-CT finding in lymphangitis carcinomatosa is increased
fluorodeoxyglucose (FDG) uptake, corresponding to areas of abnormality on CT [47]. Improved

a) b) c)

d) e) f)

FIGURE 5 Radiological mimics of pulmonary lymphangitis carcinomatosis. a) Pulmonary oedema resulting from
severe mitral valve stenosis with smooth interlobular septal thickening. b) Sarcoidosis with peribronchovascular
nodularity and perifissural beading. c) Pulmonary amyloidosis with interlobular septal thickening, ground-glass
changes and peribronchial thickening. d, e) Pulmonary involvement in Erdheim–Chester disease, a rare
histiocytic disorder presenting with interlobular septal thickening in the upper lobes and peribronchovascular
thickening in the lower lobes alongside left-sided pleural disease. f ) Surgical lung biopsy-confirmed case of
hypersensitivity pneumonitis manifesting radiologically with diffuse ground-glass opacity of the right lower lobe
and interlobular septal thickening.
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18F-FDG PET-CT diagnosis of lymphangitis carcinomatosa has been reported with the addition
of the quantitative peritumoral standardised uptake value and ratio to lung background
measurement [45].

Clinical presentations of cancer involving the lung interstitium: symptoms, signs and
diagnostic approach
The permeation of pulmonary lymphatics by cancer in lymphangitis carcinomatosa impairs
lymphatic drainage of the lung and consequently oedema develops within the interstitium. The
connection between the extra-alveolar and alveolar interstitial compartments means that alveolar
walls become thickened with extracellular fluid, thus interfering with gas diffusion. Patients
with lymphangitis carcinomatosa therefore present with subacute, progressive dyspnoea and/or a
nonproductive cough, somewhat akin to nonmalignant ILD. Slower progression/deterioration in
patients with radiological features suggestive of lymphangitis carcinomatosa should not
necessarily exclude the possibility of malignancy, as relatively indolent progression can be
observed [48]. Typically, lymphangitis carcinomatosa occurs in the presence of a known cancer
diagnosis. As the index manifestation of a malignancy, a high degree of suspicion is required to
avoid diagnostic delay. The appearance of lymphangitis carcinomatosa is generally associated
with a poor prognosis.

In patients presenting with dyspnoea with radiological involvement of the lung interstitium, the
detection of a malignant aetiology is reliant on a thorough clinical evaluation and recognition of
radiological patterns (table 1). The history should seek to identify other symptoms to suggest a
malignant process such as unintentional weight loss, noting that this might also occur in
nonmalignant mimics. The absence of orthopnoea and paroxysmal nocturnal dyspnoea argues
against congestive cardiac failure, as does the absence of examination features such as added
heart sounds and elevated jugular venous pressure or elevated serum B-type natriuretic peptide
(BNP). These features may, however, be seen in pulmonary tumour embolism [49]. Failure to
respond to diuretic therapy should heighten suspicion for an alternative, possibly malignant,
pathology. CT is more sensitive than plain chest radiography at detecting interstitial
involvement. Differentiating lymphangitis carcinomatosa, particularly as the index presentation,
from mimics such as congestive cardiac failure and ILD relies on pattern recognition. In contrast
to ILD, lymphangitis carcinomatosa is not a fibrotic process and does not cause distortion of the
architecture of the pulmonary lobule; rather, it emphasises the boundaries of the lobule.
Confirming a diagnosis with histopathology is often straightforward in the presence of a solid

a) b) c)

FIGURE 6 A case of pulmonary lymphangitis carcinomatosa in the context of lung adenocarcinoma. a) Chest
radiograph demonstrating Kerley A lines (open arrows) and Kerley B lines (closed arrow) with marked
retrocardiac density reflective of the primary malignancy and opacities within the right lung reflective of
metastatic nodules. b, c) CT of the same case confirming interlobular septal thickening (open arrows) and
thickened bronchovascular bundles (closed arrows).
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primary cancer that is accessible to biopsy. In the absence of an alternative site/modality for
biopsy, transbronchial biopsy may be required but is often precluded by a patient’s
compromised vital status (figure 7). The yield of bronchoalveolar lavage without biopsy ranges
between 39.4% and 83%, and may be a relatively simple strategy where the risks of biopsy are
unfavourable [50, 51]. In a recent series, bronchoscopic cryobiopsy demonstrated a satisfactory
safety profile and improved diagnostic yield over conventional transbronchial biopsy, with the
larger size of tissue facilitating genetic evaluation in the majority of cases [52]. Complications
of bronchoscopic cryobiopsy include moderate to severe bleeding and pneumothorax. A recent
meta-analysis reported a pneumothorax incidence of 6.1%, which was similar to the incidence

Day 0 Day 30 

FIGURE 7 Radiology of rapidly progressive pulmonary lymphangitis carcinomatosa as the index presentation of
metastatic adenocarcinoma of uncertain primary site. This 47-year-old male presented with dyspnoea and
rapidly progressed to severe respiratory failure necessitating invasive ventilation. The patient was deemed too
unstable for bronchoscopic biopsy; however, atypical cells were identified on lavage. Histology was eventually
obtained from a supraclavicular lymph node. The initial CT demonstrated thickening of the interlobular septa
and bronchovascular bundles consistent with pathology of the pulmonary lymphatics. Progress imaging
demonstrated dramatic progression 30 days after presentation.
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observed with conventional transbronchial biopsy [52]. However, a higher risk of moderate to
severe bleeding is observed with cryobiopsy compared with conventional transbronchial biopsy
(OR 2.17, 95% CI 1.48–3.19) [52].

Treatment of patients with cancer involving the lung interstitium
A range of nonpharmacological and pharmacological treatments can be considered in patients
with lymphangitis carcinomatosa [6, 25]. Some of these treatments are generally applicable to
patients with dyspnoea and cough from metastatic cancer, while other treatments are more
targeted to the specific tumour type.

Nonpharmacological therapies and best supportive care
Patients with breathlessness due to lymphangitis carcinomatosa may benefit from nonpharma-
cological therapies, including use of a hand-held fan and breathing retraining [53]. An important
principle of management of patients with lymphangitis carcinomatosa is involvement of the
expert multidisciplinary team, including but not limited to primary care, nursing, physiotherapy,
medical oncology, respiratory medicine and palliative care.

Pharmacological therapies
Steroids, morphine and oxygen are frequently used as symptomatic treatment for patients with
advanced cancer, including those with dyspnoea, based on clinical experience. However, a
systematic review of 19 studies (1424 patients) of pharmacological treatments for breathlessness
in patients with advanced cancer (but not focused specifically on lymphangitis carcinomatosa)
found that opioids did not show benefit over placebo (standardised mean difference −0.14, 95%
CI −0.47 to 0.18), and no significant differences were found for anxiolytics versus placebo, or
steroids versus placebo [54].

Nevertheless, in clinical practice, systemic corticosteroids (e.g. oral dexamethasone or
prednisolone) are commonly used in patients with lymphangitis carcinomatosa. A survey of
palliative care physicians in Japan found that the vast majority (96%) believed that
corticosteroids would be effective for treating cancer dyspnoea associated with lymphangitis
carcinomatosa [55].

Morphine is also commonly used for chronic dyspnoea in cancer, although the benefits and
adverse effects are not well defined [56]. Supplemental oxygen can also be added for patients
who have resting or exertional hypoxaemia. Causes of breathlessness other than the
lymphangitis carcinomatosa (e.g. respiratory, cardiac, haematological, neurological and others)
should be assessed and managed as appropriate [57].

Systemic therapy
Use of systemic therapy (chemotherapy, immunotherapy or other targeted treatments) should be
considered in patients with lymphangitis carcinomatosa. Decisions about therapy will be based
on the patient’s symptoms and presentation, performance status, comorbidities and the
likelihood that the specific tumour may show a response to systematic therapy.

Due to the heterogeneity and infrequency of presentations of lymphangitis carcinomatosa,
randomised controlled trials are lacking. However, individual case reports of patients with
prostate, lung, colorectal and breast cancer are available to illustrate the potential benefits for
systemic therapy in specific contexts (table 2) [58–66]. Despite limitations (including
publication bias, nonrandomisation and potential confounding by co-administered treatments),
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TABLE 2 Selected case reports of targeted treatment for lymphangitis carcinomatosa

Patient demographics
and presentation of
lymphangitis
carcinomatosa

Diagnosis of
lymphangitis
carcinomatosa

Primary
tumour

Prior treatment for
primary tumour

Treatment initiated for
lymphangitis
carcinomatosa

Outcome

Prostate cancer
79 years, M, dyspnoea

and cough [58]
Transbronchial lung

biopsy
Prostate adenocarcinoma

(metastatic to lung)
Nil Bilateral orchidectomy,

flutamide (anti-androgen
therapy)

Remission of lymphangitis
carcinomatosa (2 years),
until progression of
primary tumour

Lung cancer
65 years, M, lung mass

on chest radiograph
[59]

Clinical diagnosis
based on
chest CT

Lung adenocarcinoma (stage
T4N3M0, high PD-L1
expression, metastatic to
lung at presentation)

Nil Carboplatin and paclitaxel
(chemotherapy), followed
by pembrolizumab (ICI)

Remission of lymphangitis
carcinomatosa
(12 months)

72 years, M, dyspnoea
[60]

Clinical diagnosis
based on
chest CT

Lung adenocarcinoma (stage
T3N3M1c, then metastatic
to lung)

Chemotherapy Nivolumab (PD-1
checkpoint inhibitor)

Regression of lymphangitis
carcinomatosa (8 months)

40 years, M, abnormal
chest radiograph [61]

Clinical diagnosis
based on
chest CT

Lung adenocarcinoma (stage
T4N3M1c, then metastatic
to lung)

Chemotherapy Cisplatin, pemetrexed
(chemotherapy),
bevacizumab (VEGF
inhibitor)

Regression of lymphangitis
carcinomatosa
(12 months)

Colorectal cancer
74 years, F, cough and

dyspnoea [62]
Clinical diagnosis

based on
chest CT

Colorectal carcinoma
(metastatic to lung at
presentation)

Nil Irinotecan, fluorouracil
(chemotherapy),
cetuximab (EGFR inhibitor)

Remission of lymphangitis
carcinomatosa
(20 months)

46 years, M, fever and
dyspnoea [62]

Clinical diagnosis
based on
chest CT

Colorectal carcinoma
(metastatic to lung at
presentation)

Nil Irinotecan, oxaliplatin
(chemotherapy),
panitumumab (EGFR
inhibitor)

Remission of lymphangitis
carcinomatosa (8 months)

65 years, M, dyspnoea
[63]

Clinical diagnosis
based on
chest CT

Rectal carcinoma (stage
T3N1bM0, then metastatic
to lung)

Chemotherapy Regorafenib (multitarget
TKI)

Partial regression of
lymphangitis
carcinomatosa (103 days),
until cardiac tamponade

Continued

236
https://doi.org/10.1183/2312508X.10020221

ERS
M
O
N
O
G
RAPH

|
LU

N
G
D
ISEASES

AN
D
CAN

CER



TABLE 2 Continued

Patient demographics
and presentation of
lymphangitis
carcinomatosa

Diagnosis of
lymphangitis
carcinomatosa

Primary
tumour

Prior treatment for
primary tumour

Treatment initiated for
lymphangitis
carcinomatosa

Outcome

Breast cancer
37 years, F, dyspnoea

and cough [64]
Clinical diagnosis

based on
chest CT

Breast cancer (metastatic to
lung at presentation)

Surgery, chemotherapy,
selective oestrogen
receptor modulator

Eribulin (chemotherapy) Partial regression of
lymphangitis
carcinomatosa (8 months),
until metastases

43 years, F, cough [65] Clinical diagnosis
based on
chest CT

Breast cancer (metastatic to
lung at presentation)

Surgery, chemotherapy,
selective oestrogen
receptor modulator,
trastuzumab

Ado-trastuzumab emtansine
(antibody–drug
conjugate)

Regression of lymphangitis
carcinomatosa (7 months)

54 years, F, cough [66] Transbronchial lung
biopsy

Rectal carcinoma (metastatic
to lung at presentation)

Surgery, chemotherapy Fluorouracil, oxaliplatin
(chemotherapy),
bevacizumab (VEGF
inhibitor)

Regression of lymphangitis
carcinomatosa (12 weeks),
until progression at
metastatic sites

M: male; F: female.
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these case reports deliver insights into possible options that could be considered on an
individual basis, and thereby provide foundations for future cohort studies and clinical trials.
Examples of treatments used, appropriate for the tumour type, include definitive treatment of the
primary tumour, ICIs, EGFR inhibitors and angiogenesis inhibitors.

Conclusion
Pulmonary interstitial involvement by cancer, or lymphangitis carcinomatosa, is a late
manifestation of metastatic spread of primary lung cancer or other nonpulmonary cancers,
associated with poor prognosis. This is manifested by permeation of pulmonary lymphatics, and
less commonly blood vessels, through the mechanisms of tumour-induced angiogenesis and
lymphangiogenesis, and cancer cell adhesion to the vessel endothelium.

Patients with lymphangitis carcinomatosa present with subacute dyspnoea and a nonproductive
cough, with a known history of a primary tumour or, in some cases, an undiagnosed tumour.
CT imaging shows thickening of the peribronchovascular interstitium, interlobular septa and
fissures. A biopsy may be required to confirm the pathological diagnosis. Differential diagnoses
include heart failure, ILD, infection, radiation pneumonitis and drug reactions.

At present, there is relatively sparse evidence to guide the clinical management of patients with
pulmonary lymphangitis carcinomatosa. Nonpharmacological and pharmacological treatments
for dyspnoea and cough (steroids, morphine or oxygen) may be helpful. As shown by case
reports, systemic therapy (chemotherapy, immunotherapy or other targeted treatments) should be
considered in patients with lymphangitis carcinomatosa. Future research should focus on larger
prospective cohorts and, where possible, clinical trials to improve the diagnosis and treatment of
patients with lymphangitis carcinomatosa.

References
1 Albertine KH, Ramirez MI, Morty RE. Anatomy. In: Broaddus VC, Ernst JD, King TE, et al., eds. Murray & Nadel’s

Textbook of Respiratory Medicine. 7th Edn. Philadelphia, Elsevier, 2021; pp. 3–23.e8.
2 Webb WR. Thin-section CT of the secondary pulmonary lobule: anatomy and the image – the 2004 Fleischner

lecture. Radiology 2006; 239: 322–338.
3 Bruce DM, Heys SD, Eremin O. Lymphangitis carcinomatosa: a literature review. J R Coll Surg Edinb 1996; 41: 7–13.
4 Janower ML, Blennerhassett JB. Lymphangitic spread of metastatic cancer to the lung. A radiologic–pathologic

classification. Radiology 1971; 101: 267–273.
5 Yang SP, Lin CC. Lymphangitic carcinomatosis of the lungs. The clinical significance of its roentgenologic

classification. Chest 1972; 62: 179–187.
6 Klimek M. Pulmonary lymphangitis carcinomatosis: systematic review and meta-analysis of case reports, 1970–

2018. Postgrad Med 2019; 131: 309–318.
7 Wu MY, Zhang EW, Strickland MR, et al. Clinical and imaging features of non-small cell lung cancer with G12C

KRAS mutation. Cancers (Basel) 2021; 13: 3572.
8 Mendoza DP, Lin JJ, Rooney MM, et al. Imaging features and metastatic patterns of advanced ALK-rearranged

non-small cell lung cancer. AJR Am J Roentgenol 2020; 214: 766–774.
9 Digumarthy SR, Mendoza DP, Lin JJ, et al. Imaging features and patterns of metastasis in non-small cell lung

cancer with RET rearrangements. Cancers (Basel) 2020; 12: 693.
10 Digumarthy SR, Mendoza DP, Lin JJ, et al. Computed tomography imaging features and distribution of

metastases in ROS1-rearranged non-small-cell lung cancer. Clin Lung Cancer 2020; 21: 153–159.e3.
11 Qiu X, Yuan H, Sima B. Relationship between EGFR mutation and computed tomography characteristics of the

lung in patients with lung adenocarcinoma. Thorac Cancer 2019; 10: 170–174.
12 Im Y, Lee H, Lee HY, et al. Prognosis of pulmonary lymphangitic carcinomatosis in patients with non-small cell

lung cancer. Transl Lung Cancer Res 2021; 10: 4130–4140.
13 Shital P, Mirza M, Kadam M. Thoracic manifestations of gynecological tumors: airway and lung parenchymal

involvement commoner in endometrial and ovarian cancers while pleural and interstitial involvement is
predominant in cervix malignancies. Eur J Gen Med 2018; 15: 16–26.

238 https://doi.org/10.1183/2312508X.10020221

ERS MONOGRAPH | LUNG DISEASES AND CANCER



14 Funakoshi T, Yasui H, Boku N, et al. Clinicopathological features and outcomes of gastric cancer patients with
pulmonary lymphangitis carcinomatosa. Jpn J Clin Oncol 2014; 44: 792–798.

15 Veinot JP, Ford SE, Price RG. Subacute cor pulmonale due to tumor embolization. Arch Pathol Lab Med 1992;
116: 131–134.

16 Chan CK, Hutcheon MA, Hyland RH, et al. Pulmonary tumor embolism: a critical review of clinical, imaging, and
hemodynamic features. J Thorac Imaging 1987; 2: 4–14.

17 Kim J, Dabiri B, Hammer MM. Micronodular lung disease on high-resolution CT: patterns and differential
diagnosis. Clin Radiol 2021; 76: 399–406.

18 Rossi SE, Franquet T, Volpacchio M, et al. Tree-in-bud pattern at thin-section CT of the lungs:
radiologic–pathologic overview. Radiographics 2005; 25: 789–801.

19 Rossi SE, Goodman PC, Franquet T. Nonthrombotic pulmonary emboli. AJR Am J Roentgenol 2000; 174:
1499–1508.

20 Dail DH. Metastases to and from the lung. In: Tomashefski JF, Cagle PT, Farver CF, et al., eds. Dail and
Hammar’s Pulmonary Pathology. Vol. II: Neoplastic Lung Disease. New York, Springer, 2008; pp. 735–766.

21 Moubax K, Wuyts W, Vandecaveye V, et al. Pulmonary lymphangitic carcinomatosis as a primary
manifestation of gastric carcinoma in a young adult: a case report and review of the literature. BMC Res Notes
2012; 5: 638.

22 Winterbauer RH, Elfenbein IB, Ball WC Jr. Incidence and clinical significance of tumor embolization to the
lungs. Am J Med 1968; 45: 271–290.

23 Rajdev K, Madan U, McMillan S, et al. Pulmonary tumor embolism and pulmonary tumor thrombotic
microangiopathy causing rapidly progressive respiratory failure: a case series. J Investig Med High Impact Case
Rep 2022; 10: 23247096221086453.

24 Roberts KE, Hamele-Bena D, Saqi A, et al. Pulmonary tumor embolism: a review of the literature. Am J Med
2003; 115: 228–232.

25 Ak AK, Mantri SN. Lymphangitic Carcinomatosis. Treasure Island, StatPearls Publishing, 2022.
26 Jamil A, Kasi A. Lung Metastasis. Treasure Island, StatPearls Publishing, 2022.
27 Xie S, Wu Z, Qi Y, et al. The metastasizing mechanisms of lung cancer: recent advances and therapeutic

challenges. Biomed Pharmacother 2021; 138: 111450.
28 Leong SP, Naxerova K, Keller L, et al. Molecular mechanisms of cancer metastasis via the lymphatic versus the

blood vessels. Clin Exp Metastasis 2022; 39: 159–179.
29 Karaman S, Detmar M. Mechanisms of lymphatic metastasis. J Clin Invest 2014; 124: 922–928.
30 Fujimoto N, Dieterich LC. Mechanisms and clinical significance of tumor lymphatic invasion. Cells 2021; 10:

2585.
31 Gomes FG, Nedel F, Alves AM, et al. Tumor angiogenesis and lymphangiogenesis: tumor/endothelial crosstalk

and cellular/microenvironmental signaling mechanisms. Life Sci 2013; 92: 101–107.
32 Lugano R, Ramachandran M, Dimberg A. Tumor angiogenesis: causes, consequences, challenges and

opportunities. Cell Mol Life Sci 2020; 77: 1745–1770.
33 Nguyen DX, Bos PD, Massague J. Metastasis: from dissemination to organ-specific colonization. Nat Rev Cancer

2009; 9: 274–284.
34 Hapach LA, Mosier JA, Wang W, et al. Engineered models to parse apart the metastatic cascade. NPJ Precis

Oncol 2019; 3: 20.
35 Padua D, Zhang XH, Wang Q, et al. TGFβ primes breast tumors for lung metastasis seeding through

angiopoietin-like 4. Cell 2008; 133: 66–77.
36 Konstantopoulos K, Thomas SN. Cancer cells in transit: the vascular interactions of tumor cells. Annu Rev

Biomed Eng 2009; 11: 177–202.
37 Oshiro H, Osaka Y, Tachibana S, et al. Retrograde lymphatic spread of esophageal cancer: a case report.

Medicine (Baltimore) 2015; 94: e1139.
38 Ryu W, Lee MK, Park MH, et al. Abdominal lymph node metastasis by lymphatic spread through the thoracic

duct in patients with non-small-cell lung cancer. Thorac Cancer 2021; 12: 2078–2084.
39 Acikgoz G, Kim SM, Houseni M, et al. Pulmonary lymphangitic carcinomatosis (PLC): spectrum of FDG-PET

findings. Clin Nucl Med 2006; 31: 673–678.
40 Trapnell DH. Radiological appearances of lymphangitis carcinomatosa of the lung. Thorax 1964; 19: 251–260.
41 Pasławski M, Krzyzanowski K, Złomaniec J. Lymphangitis carcinomatosa in thin section computed tomography.

Ann Univ Mariae Curie Sklodowska Med 2004; 59: 1–5.
42 Castañer E, Gallardo X, Pallardó Y, et al. Diseases affecting the peribronchovascular interstitium: CT findings

and pathologic correlation. Curr Probl Diagn Radiol 2005; 34: 63–75.
43 Torrington KG, Hooper RG. Diagnosis of lymphangitic carcinomatosis by transbronchial lung biopsy. South Med

J 1978; 71: 1487–1488.
44 Johkoh T, Ikezoe J, Tomiyama N, et al. CT findings in lymphangitic carcinomatosis of the lung: correlation with

histologic findings and pulmonary function tests. AJR Am J Roentgenol 1992; 158: 1217–1222.

https://doi.org/10.1183/2312508X.10020221 239

INTERSTITIAL ABNORMALITIES | J.A. MACKINTOSH ET AL.



45 Jreige M, Dunet V, Letovanec I, et al. Pulmonary lymphangitic carcinomatosis: diagnostic performance of
high-resolution CT and 18F-FDG PET/CT in correlation with clinical pathologic outcome. J Nucl Med 2020; 61:
26–32.

46 Hirakata K, Nakata H, Nakagawa T. CT of pulmonary metastases with pathological correlation. Semin
Ultrasound CT MR 1995; 16: 379–394.

47 Senthil R, Parghane R, Kashyap R, et al. F-18 FDG PET/CT in bilateral diffuse pulmonary lymphangitic
carcinomatosis. Nucl Med Mol Imaging 2012; 46: 150–151.

48 Ikezoe J, Godwin JD, Hunt KJ, et al. Pulmonary lymphangitic carcinomatosis: chronicity of radiographic
findings in long-term survivors. AJR Am J Roentgenol 1995; 165: 49–52.

49 Engel J, Auer J. Pulmonary tumour embolism and lymphangitis carcinomatosa: a case report and review of the
literature. J Cardiothorac Surg 2022; 17: 105.

50 Rahmatullah A, Mahmood K. The diagnostic yield of bronchoalveolar lavage and transbronchial lung biopsy in
pulmonary lymphangitic carcinomatosis. Chest 2015; 148: 786A.

51 Poletti V, Romagna M, Allen KA, et al. Bronchoalveolar lavage in the diagnosis of disseminated lung tumors.
Acta Cytol 1995; 39: 472–477.

52 Giri M, Huang G, Puri A, et al. Efficacy and safety of cryobiopsy vs. forceps biopsy for interstitial lung diseases,
lung tumors, and peripheral pulmonary lesions: an updated systematic review and meta-analysis. Front Med
(Lausanne) 2022; 9: 840702.

53 Hui D, Maddocks M, Johnson MJ, et al. Management of breathlessness in patients with cancer: ESMO Clinical
Practice Guidelines. ESMO Open 2020; 5: e001038.

54 Feliciano JL, Waldfogel JM, Sharma R, et al. Pharmacologic interventions for breathlessness in patients with
advanced cancer: a systematic review and meta-analysis. JAMA Netw Open 2021; 4: e2037632.

55 Matsuda Y, Matsunuma R, Suzuki K, et al. Physician-perceived predictive factors for the effectiveness of drugs
for treating cancer dyspnea: results of a nationwide survey of Japanese palliative care physicians. Palliat Med
Rep 2020; 1: 97–102.

56 Luo N, Tan S, Li X, et al. Efficacy and safety of opioids in treating cancer-related dyspnea: a systematic review
and meta-analysis based on randomized controlled trials. J Pain Symptom Manage 2021; 61: 198–210.e1.

57 Ferry OR, Huang YC, Masel PJ, et al. Diagnostic approach to chronic dyspnoea in adults. J Thorac Dis 2019; 11:
S2117–S2128.

59 Yamasaki M, Funaishi K, Kawamoto K, et al. Platinum-doublet chemotherapy followed by pembrolizumab
therapy for lung cancer with lymphangitis carcinomatosa mimicking interstitial pneumonitis: a case report.
Medicine (Baltimore) 2019; 98: e16834.

60 Takeda T, Takeuchi M, Nishimi Y, et al. “Lazarus response” of nivolumab in a frail patient with non-small-cell
lung cancer. Respirol Case Rep 2017; 5: e00247.

61 Natsume M, Honda T, Haruyama T, et al. A case of lung adenocarcinoma with marked improvement of
pulmonary lymphangitic carcinomatosis by adding bevacizumab to cisplatin and pemetrexed. Case Rep Oncol
2017; 10: 1065–1069.

62 Toshima H, Ikusue T, Hisamatsu A, et al. Two cases of lymphangitic carcinomatosis as the primary symptom of
colorectal carcinoma that achieved complete remission using combination anti-EGFR antibody therapy. Onco
Targets Ther 2019; 12: 2089–2093.

63 Takeuchi N, Koike K, Yoshida S, et al. Efficacy of regorafenib in acute pulmonary carcinomatous lymphangitis
as a manifestation of rectal cancer: a case report. Oncol Lett 2019; 18: 6469–6474.

64 Fumet JD, Wickre M, Jacquot JP, et al. Successfully treatment by eribulin in visceral crisis: a case of
lymphangitic carcinomatosis from metastatic breast cancer. BMC Cancer 2018; 18: 839.

65 Yu Z, Sankar S, Huben M. Excellent response with ado-trastuzumab emtansine in a patient with relapsed
metastatic breast cancer presenting with pulmonary lymphangitic carcinomatosis. Cureus 2017; 9: e1473.

66 Watanabe S, Takashima A, Taniguchi H, et al. Esophageal metastasis from rectal cancer successfully treated
with fluorouracil-based chemotherapy with bevacizumab: a case report and review of the literature. Case Rep
Oncol 2017; 10: 407–415.

Disclosures: K.M. Fong has received research support from Mevis Veolity and Olympus Australia. The remaining
authors have nothing to disclose.

Acknowledgements: We are grateful to Jana Waldmann (The Prince Charles Hospital Library, Chermside,
Queensland, Australia) for conducting the literature search.

240 https://doi.org/10.1183/2312508X.10020221

ERS MONOGRAPH | LUNG DISEASES AND CANCER



Chapter 22

Pulmonary infections in cancer patients

Sita Andarini, Farhan Hilmi Taufikulhakim, Salsabiila Maryam and Jamal Zaini

Dept of Pulmonology and Respiratory Medicine, Faculty of Medicine, University of Indonesia – Persahabatan Hospital,
Jakarta, Indonesia.

Corresponding author: Sita Andarini (sitaandarini@yahoo.com)

Cite as: Andarini S, Hilmi Taufikulhakim F, Maryam S, et al. Pulmonary infections in cancer patients. In:
Martínez-García MÁ, Gaga M, Fong KM, eds. Lung Diseases and Cancer (ERS Monograph). Sheffield, European
Respiratory Society, 2022; pp. 241–252 [https://doi.org/10.1183/2312508X.10019822].

@ERSpublications
Patients with cancer have a higher risk of dying from pulmonary infection than the population without
cancer. Preventative measures, early and comprehensive identification, and prompt treatments are needed.
https://bit.ly/3zRuLzp

Copyright ©ERS 2022. Print ISBN: 978-1-84984-154-2. Online ISBN: 978-1-84984-155-9. Print ISSN: 2312-508X. Online
ISSN: 2312-5098.

The risk of infection is increasing in cancer patients. Infectious complications in patients with cancer are
the second leading cause of death in this group. Patients with cancer have a 3-fold higher risk of dying
from infection than the population without cancer. Pneumonia plays a major role in all cancer groups by
increasing the risk of morbidity and mortality in these patients. Clinical diagnosis of infection in cancer
patients can be challenging. A thorough history and comprehensive laboratory and imaging examinations
must be performed to exclude any other aetiology. Treatment of lung infection in cancer patients is also
a challenge, although there are already several modalities such as antibiotic, antiviral and vaccine
therapies. Despite impaired immune responses in cancer patients, vaccines for specific micro-organisms
can still induce adequate protection among cancer patients. However, widespread use of broad-spectrum
antibiotics with prolonged duration and minimal indication has led to an increase in antibiotic resistance.
The aim of this chapter is to describe the prevalence, impact and treatment of pulmonary infections
(pneumonia) in individuals with both haematological and solid cancers.

Introduction
Infectious complications in patients with cancer are the second leading cause of death in this
group [1, 2], and cancer patients have a 3-fold higher risk of dying from infection than the
general population without cancer [2]. Pneumonia increases the risk of morbidity, and leads to a
worse clinical prognosis and increased mortality in cancer patients [3]. Autopsy studies in
patients with a haematological malignancy have shown that ∼60% of these cancer deaths are
associated with infections, while in patients with solid organ tumours, infections cause ∼50% of
deaths [4]. Among cancer patients, pneumonia is predicted to cause ∼10% of hospital
admissions, especially in patients with haematological malignancies, whose risk of developing
pneumonia is >30% during treatment [5]. It has been reported that 13–32% of patients with
leukaemia who receive chemotherapy will experience pneumonia at least once, and the
mortality rate associated with pneumonia in leukaemia patients is very high (25–80%) [5].
Pneumonia and bacteraemia increase the 30-day mortality rate in cancer patients by ∼50% [6].
A retrospective review found that median survival in cancer patients with lung infection was
only 4.2 months compared with 12.9 months in noninfected cancer patients [7].
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In lung cancer patients, pulmonary infection occurs in ∼50–70% of cases. SCLC has a higher
correlation with pulmonary infection than other types of lung cancer. Having a more advanced
stage of lung cancer and being elderly are important risk factors for lung infection in lung
cancer patients. An obstructive intrabronchial tumour or impaired mucociliary clearance, often
acquired by lung cancer patients with a history of smoking and COPD, also play a role in the
development of pneumonia [8].

Pathogenesis
The increased risk of lung infections in cancer patients can be associated with host factors, the
type of cancer (haematological or solid cancer), cancer-related treatments and comobidities.
Host factors such as an underlying immunocompromised condition, anatomical changes,
decreased mucociliary clearance, cancer-related postobstructive pneumonia, psychological stress,
comorbidities, immobilisation and poor nutritional status will increase the risk of infection.
Cancer treatments such as cytostatic chemotherapy, irradiation, surgery and immunosuppressant
therapy are beneficial in terms of improving survival but have the potential to weaken the
immune system [1, 4, 9].

Underlying immunocompromised conditions are the main contributing factor in haematological
cancer-related lung infections. A decrease in innate immunity due to granulocytopenia, and a
decrease in the number of macrophages or dendritic cells contributes to bacterial, viral and parasitic
infections. Defects in cellular immunity will increase the possibility of infection by intracellular
bacteria such as Nocardia spp., Salmonella spp. and Mycobacterium tuberculosis, viral
infections, and mycoses such as Aspergillus spp. and non-Aspergillus moulds (NAMs) [10–14].

In solid cancer, disruption of the respiratory mucosa, such as in respiratory tract cancer, will
affect mucociliary clearance as part of innate immunity. A mass obstructing the upper digestive
system, nasogastric tube or endotracheal tube can reduce swallow and cough reflexes due to
physical or neural causes, and may induce aspiration pneumonia. Gastric acid injures the
epithelial–endothelial barrier causing pneumonitis, and can lead to acute lung injury and acute
respiratory distress syndrome. Cancer-related bronchial obstruction or atelectasis can induce
postobstructive pneumonia. Both aspiration pneumonia and postobstructive pneumonia lead to
favourable conditions for anaerobic bacteria such as Peptostreptococcus spp. In patients with
comorbid chronic respiratory diseases such as COPD or bronchiectasis, chronic microbial
colonisation with a possible multidrug-resistant (MDR) pathogen should be considered.
Haematogenous pathogen dissemination resulting in pneumonia should be considered in patients
with neutropenia or febrile neutropenia without clear evidence of the source of infection.
Pneumonia can also occur after surgical treatment of cancer. Poor oral hygiene, increased
periodontal pathogens and increased intestinal bacteria lead to a high risk of the incidence of
postoperative pneumonia [11–15]. The pathogenesis and patterns of infection in haematological
cancers and solid cancers are summarised in table 1.

Bacterial pneumonia
Despite the use of prophylactic antibiotics and broad-spectrum antibiotics, bacterial pneumonia
remains frequent and causes high morbidity and mortality in cancer patients, especially in cancer
patients with treatment-induced cytopenia [16]. In patients with mild to moderate immune
dysfunction, the causative bacteria in community-acquired pneumonia (CAP) are similar to those
in patients without cancer. In CAP, Streptococcus pneumoniae is the most common causative
micro-organism, followed by Haemophilus influenzae, Mycoplasma pneumoniae, Staphylococcus
aureus, Legionella spp., Chlamydia pneumoniae and Moraxella catarrhalis. However, cancer
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TABLE 1 Lung infection associated with haematological cancer and solid cancer

Haematological cancer Solid cancer

Pathogenic mechanism
Immune-related considerations

Innate immunity mediated:
granulocytopenia, low levels of
monocyte/antigen-presenting cells

Adaptive immunity mediated:
cell-mediated immunity dysfunction,
humoral immunity dysfunction,
splenectomy

Anatomical contributions
Mucociliary dysfunction due to anatomical
changes, or mucositis due to cancer or
treatment related

Aspiration of gastric contents due to
disordered laryngoesophageal function,
inadequate cough response due to
central neurological lesions, mass in
respiratory/digestive tract, device use
(nasogastric tube) or performance
status level

Postobstructive pneumonia due to airway
obstruction or atelectasis

Device use, such as implanted chemoport,
nasogastric tube or
tracheobronchial stents

Treatment-related immune dysfunction
Chemotherapy/radiotherapy/surgery
Hospital visits, ambulatory treatments,
critical illness

Comorbidities
COPD, bronchiectasis, smoking history,
asthma, small airways diseases, diabetes
mellitus, thromboembolism

Treatment-related immune dysfunction
As for haematological cancer

Comorbidities
As for haematological cancer

Common pathogens
Granulocytopenia

Bacteria: Staphylococcus aureus (MSSA or
MRSA), Streptococcus pneumoniae,
Pseudomonas aeruginosa, Escherichia coli,
Klebsiella spp., Acinetobacter spp.

Fungi: Aspergillus spp., NAMs,
dematiaceous fungi

Viruses: herpes simplex viruses I and II,
varicella-zoster virus

Cell-mediated dysfunction
Bacteria: Nocardia complex, Salmonella spp.,
Rhodococcus equi, Rhodococcus
bronchialis, Listeria monocytogenes,
Mycobacterium tuberculous,
nontuberculous mycobacteria

Fungi: Aspergillus spp., NAMs, Pneumocystis
jirovecii, Cryptococcus neoformans,
Histoplasma capsulatum, Coccidioides
immitis, Blastomyces dermatitidis

Parasites: Toxoplasma gondii, Microsporidium
spp., Strongyloides stercoralis

Viruses: cytomegalovirus, influenza viruses A
and B, parainfluenza virus, respiratory
syncytial virus, adenovirus, varicella-zoster
virus, HHV-6, SARS-CoV-2, paramyxovirus,
hantavirus

CAP
In mild–moderate immune suppression:
Streptococcus pneumoniae,
Staphylococcus aureus and
Haemophilus influenzae can be
superinfected with MDR organisms such
as Pseudomonas,
Burkholderia or Achromobacter spp.

Atypical bacteria: Mycoplasma pneumoniae,
Chlamydia pneumoniae, Legionella spp.

HAP
Pseudomonas spp., Escherichia coli,
Klebsiella pneumoniae, Acinetobacter
spp., MDR pathogens (Stenotrophomonas
maltophilia, Burkholderia cepacia,
Achromobacter spp.)

Invasive fungal infections in
granulocytopenia

Nocardiosis in cellular immunity deficits,
such as prolonged corticosteroid use

Pneumonia caused by aspiration: anaerobic
bacteria such as microaerophilic or
anaerobic bacteria
(e.g. Peptostreptococcus spp.)

Continued
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patients have frequent hospital visits whether outpatient or inpatient, and thus pneumonia in
cancer patients is more likely to be considered hospital-acquired pneumonia (HAP) than CAP
[11–14]. The most frequent Gram-positive organism causing pneumonia in cancer patients with
treatment-induced cytopenia is S. pneumoniae, followed by methicillin-sensitive S. aureus
(MSSA) and methicillin-resistant S. aureus (MRSA). The risk of invasive pneumococcal disease
in haematological malignancy is up to 39 times higher compared with other cancers. In the
intensive care unit (ICU) setting, Gram-negative organisms associated with pneumonia in cancer
patients with neutropenia are Pseudomonas spp., Klebsiella pneumoniae, Escherichia coli,
Enterobacter cloacae, H. influenzae, Acinetobacter spp., MSSA and MDR bacteria [11, 16–18].
In one study in an ICU, microbiological confirmation was present in 52% of patients, and septic
shock during ICU admission, the use of invasive mechanical ventilation and poor performance
status were associated with increased hospital mortality [14].

S. aureus, Pseudomonas spp., Enterobacter spp. and Proteus spp. are the most common
pathogens to be isolated from lung cancer patients who stay in hospital >48 h, while
S. pneumoniae is the most common pathogen isolated before a 48 h hospital stay [8]. One study
investigating the profile of bacteria from bronchial fluid of lung cancer patients at the time of
diagnosis found that most were Pseudomonas spp. (82.9%) and S. aureus (7.3%) [19]. Local
microbial antibiotic susceptibility data are important to tailor empirical therapy [19, 20].

Atypical pneumonia
Cancer patients with treatment-induced cytopenia are at higher risk of atypical pneumonia caused by
Legionella spp., M. pneumoniae or C. pneumoniae. Patients with atypical pneumonia mostly have
symptoms such as cough, fever and malaise. Dyspnoea, headache, diarrhoea and altered mental
status are less frequent symptoms that cancer patients with atypical pneumonia may experience. In
Legionella pneumonia, radiographic features may present as lobar consolidation, ground-glass
opacities, patchy infiltrates or nodular infiltrates. Patients with haematological malignancy with
nodular lung lesions should consider Legionella infection as a differential diagnosis [21].

TABLE 1 Continued

Haematological cancer Solid cancer

Humoral immune response dysfunction
S. pneumoniae, Haemophilus influenzae,
varicella-zoster virus, echovirus

Splenectomy
Neisseria meningitis, Capnocytophaga
canimorsus, Campylobacter spp.

Mixed defects
Bacteria: Streptococcus pneumoniae,
Staphylococcus aureus,
Haemophilus influenzae, Klebsiella
pneumoniae, Pseudomonas aeruginosa,
Acinetobacter spp.

Treatment
Empirical therapy with risk stratification for

suspected micro-organism
Empirical therapy for CAP or HAP/VAP

MSSA: methicillin-sensitive Staphylococcus aureus; MRSA: methicillin-resistant Staphylococcus aureus; NAM:
non-Aspergillus mould; HHV-6; human herpesvirus 6; CAP: community-acquired pneumonia; MDR:
multidrug-resistant; HAP: hospital-acquired pneumonia; VAP: ventilator-acquired pneumonia. Data from [10–12].
Reproduced and modified from [13].
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Viral pneumonia
The most frequent viruses that caused CAP in cancer patients with neutropenia are
parainfluenza viruses 1–3, adenoviruses, influenza A/B viruses and human metapneumovirus.
Other less common causes of viral pneumonia are cytomegalovirus, respiratory syncytial virus,
varicella-zoster virus and human herpesvirus 6 (HHV-6). A study by KIM et al. [22] found that
rhinovirus, influenza virus and parainfluenza virus are common causes of viral pneumonia.
They found that parainfluenza pneumonia and coronavirus pneumonia in lung cancer patients
had a higher 30-day mortality rate compared with noncancer patients (12.3% versus 3.8%,
p<0.05, and 24.4% versus 3.0%, p<0.01, respectively) [17, 23–22].

Clinical manifestations of viral infection in cancer patients vary from asymptomatic to severe
respiratory distress. The severity depends on the characteristics of the virus and host factors such
as treatment and type of cancer. Patients with myelosuppression or undergoing haematopoietic
stem cell transplantation were found to be at risk of high morbidity and mortality [17, 23, 24].

Prior to COVID-19 vaccination strategies, the frequency of cancer patients infected with
SARS-CoV-2 was 2.1% in the overall cohort [25]. Cancer patients had a higher risk of
mortality (OR 3.23, 95% CI 1.7–6.13), severe/critical disease, ICU admission and mechanical
ventilation than noncancer patients [25].

Opportunistic pulmonary infection
An impaired immune system in cancer patients often leads to opportunistic infections, dominated
by fungal species. The most common pathogen isolated is Aspergillus spp., which causes invasive
aspergillosis. The incidence of opportunistic Aspergillus lung infection has been found to range
from 1% to 8% in patients with solid tumours [8]. Some differential diagnoses that should be
noted are Rhizopus spp., Trichosporon spp., Fusarium spp. and Pneumocystis jirovecii [8].

Mould pathogens other than Aspergillus (NAMs) account for 10–25% of all invasive mould
disease in haematological malignancies. The high mortality in NAM infections is likely to be
related to late diagnosis or limited diagnostic tools, and to treatment-related resistance. The most
frequent NAMs are members of the order Mucorales, Scedosporium spp., Lomentospora
prolificans and Fusarium spp. [10, 11].

Patients with a history of receiving therapeutic doses of corticosteroids for ⩾2 weeks within the
past 60 days, those undergoing antineoplastic, anti-inflammatory or immunosuppressive
treatment, or those with a low CD4+ count in haematological malignancy are at higher risk for
Pneumocystis pneumonia [25, 26]. Opportunistic fungal infections can usually be diagnosed by
microbiological and histopathological examination. Once diagnosis has been confirmed,
treatment with antifungals can be started [10, 11].

Tuberculosis
In cancer patients with defective cellular immunity, M. tuberculosis or nontuberculous
mycobacteria infections are frequent, especially in high-burden countries. The incidence of
tuberculosis (TB) in cancer patients increased annually up to 13% in 2015, and the mortality
rate due to TB was 0.83% and 1-year all-cause mortality was 20.56%. M. tuberculosis infection
was most frequent in cancers of the respiratory tract, haematological malignancies, and cancers
of the head and neck areas [27]. In one study, latent TB infection in lung cancer patients was
12.8% [28]. Considering the high level of TB infection, TB control should be implemented in
patients with cancer [27, 28].
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Diagnosis of pulmonary infection in cancer patients
Clinical diagnosis of pneumonia in cancer patients can be challenging. A thorough history must
be performed to exclude risk factors and symptoms. Laboratory investigations are routinely
performed such as blood and sputum cultures, as well as a nasopharyngeal swab to exclude
COVID-19. Urine testing is done for pneumococcal antigen, and urine testing for Legionella in
severe pneumonia or in regions with Legionella outbreaks. In emerging COVID-19 outbreaks,
reverse transcriptase PCR testing is always needed [3]. Procalcitonin is not recommended as a
marker to determine the need to initiate or stop antibiotics, as a low procalcitonin level does not
exclude bacterial infections [14, 29, 30]. Imaging studies such as a chest radiograph or thoracic
CT scan are also recommended. Lobar consolidation or peribronchial nodules are usually
consistent with bacterial pneumonia [16, 17, 31].

In patients with haematological cancer with or without neutropenia, and in certain patients in
the ICU, a (1,3)-β-D-glucan test may be suitable for diagnosing probable invasive fungal
disease. Detection of Aspergillus galactomannan in serum and bronchoalveolar lavage (BAL)
fluid can support a diagnosis of probable invasive aspergillosis, and although this test is
validated only for serum and BAL fluid, detection of galactomannan in plasma and
cerebrospinal fluid could support a diagnosis of probable invasive aspergillosis [25, 26].

Should there be no response from initial empirical therapy, BAL and a lung biopsy should be
considered for further aetiological evaluation. Laboratory parameters for further aetiological
investigation include galactomannan and molecular tests (e.g. nucleic acid amplification testing
(NAAT)) to detect additional viral, bacterial, fungal, protozoal or mycobacterial pathogens. In
patients with suspected TB infection, sputum acid-fast bacilli testing, culture and susceptibility
testing of M. tuberculosis, and NAAT can support a diagnosis of TB; however, a negative result
for sputum acid-fast bacilli does not exclude a diagnosis of TB [25, 26, 31, 32].

Invasive fungal diseases remain an important cause of morbidity and mortality among cancer
patients. Proven diagnosis criteria for invasive fungal diseases are finding the fungus by
histopathological, cytopathological or direct microscopic examination of samples retrieved from
normally sterile sites (BAL fluid, sputum, needle aspiration), culture from a recovered sample,
serology or tissue NAAT [25, 26]. Pneumocystis spp. can be detected in tissue, BAL fluid or
sputum using conventional or immunofluorescence staining. Moulds and yeasts can be obtained
from histopathological or cytopathological samples by needle aspiration. Moulds can be seen as
hyphae or melanised yeast-like forms, sometimes accompanied by associated tissue damage,
while yeasts are visible as yeast cells, with Cryptococcus spp. as encapsulated budding yeasts
and Candida spp. showing pseudohyphae or true hyphae. Culture from sterile material or blood
of infected patients may reveal hyaline or pigmented moulds, yeasts for Cryptococccus or
Candida spp. and yeast-like fungi for Trichosporon spp. Cryptococcal antigen in cerebrospinal
fluid or blood confirms cryptococcosis. NAAT or DNA sequencing for formalin-fixed,
paraffin-embedded tissue can also be carried out to detect moulds and yeasts [25, 26].

Specific modalities have been studied to differentiate pneumonia only and pneumonia coexisting
with lung cancer. Some examples are inflammation markers such as exhale breath condensate of
VEGF and TNF-α. These two markers have been found to be higher in pneumonia coexisting
with lung cancer due to the higher response of oxidative stress [33].

A differential diagnosis of pneumonia in cancer is ILD related to radiation or cancer treatment.
A careful history and the onset of disease should be detailed in patients with a history of
radiotherapy or cancer therapy, especially TKIs and immunotherapy. Radiation pneumonitis
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arises within weeks to months after radiotherapy. The symptoms are acute or subacute
progressive dyspnoea, followed by nonproductive cough, hypoxaemia and sometimes low-grade
fever. Bilateral, diffuse, interstitial radiographic findings, and exclusion of pneumonia, are
usually related to TKI-induced ILD. The incidence of immunotherapy-related pneumonitis is
∼5% [34–36].

Treatment of lung infections in cancer patients
The consideration of empirical treatments of lung infection in cancer patients includes risk
stratification for haematological cancer or solid cancer, local microbial susceptibility data, local
MRSA data, severity of CAP or HAP, invasive ventilator use and other comorbidities. Validated
clinical severity, preferentially the Pneumonia Severity Index, can be used to determine the need
for hospitalisation in CAP [29, 30].

Antibiotics
Delayed administration of antibiotics will increase the risk of secondary complications and death
in neutropenic patients. Therefore, initial empirical therapy should be given to neutropenic
patients suspected of having pneumonia. A recent study has shown that fever outcomes in
neutropenic patients are better if antibiotics are given within 104 min of the first presentation [37].
Antibiotics should be given based on culture data, the severity of pneumonia and the sensitivity
profile of the local institution. Initial antibiotics for febrile neutropenia in cancer patients with
pneumonia should cover a broad range of bacteria, especially MDR strains such as S. aureus
and Pseudomonas aeruginosa, while those to treat early HAP should cover S. pneumoniae,
H. influenzae, MRSA and Enterobacteriaceae. Patients who show an immediate clinical
response, and those where granulocyte recovery has taken place or where the pathogen is known
should be considered for early de-escalation of broad empirical antibiotics. Early empirical
antibiotic use has been shown to reduce mortality [11, 12].

In the outpatient setting of CAP with no comorbidities or low risk factors for MRSA or
P. aeruginosa, amoxicillin or doxycycline or a macrolide (if local pneumococcal resistance is
<25%) can be given. Outpatient strategies for patients with comorbidities include combination
therapy with amoxicillin/clavulanate or cephalosporin AND macrolide or doxycycline OR
monotherapy with an oral respiratory fluoroquinolone [14, 29, 30].

Empirical therapies for nonsevere inpatients with CAP are a β-lactam, plus a macrolide or
respiratory fluoroquinolone. If there is a history of prior respiratory isolation of MRSA or
P. aeruginosa, or recent hospitalisation, parenteral antibiotics and locally validated risk factors
for MRSA or P. aeruginosa, then anti-MRSA or antipseudomonal antibiotics should be added,
and cultures obtained to allow de-escalation or continuation of therapy. If a rapid nasal PCR for
MRSA is negative, additional empirical treatment for MRSA should be withheld. Anti-
pseudomonal antibiotics should only be used if the culture results are positive [29].

The standard regimen for severe inpatient pneumonia is a β-lactam plus a macrolide, or a
β-lactam plus a fluoroquinolone. Additional empirical anti-MRSA and antipseudomonal
antibiotics can be used in a person with prior isolation of MRSA or P. aeruginosa while
obtaining nasal MRSA PCR or cultures for de-escalation or continuation therapy. In these cases,
the options for anti-MRSA treatment include vancomycin and linezolid, and for antipseudomonal
treatment include piperacillin-tazobactam, cefepime, ceftazidime, aztreonam, meropenem or
imipenem [29].
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The duration of empirical antibiotic therapy should be validated according to clinical
measurements and stability, for no fewer than 5 days [29].

A common approach to antibiotic therapy for lung cancer patients with pneumonia is an
intravenous combination of cephalosporin and a macrolide; alternatives can also be used such as a
combination of fluoroquinolone and an antipneumococcal. A study by ALBASANZ-PUIG et al. [38]
also found that an appropriate antibiotic combination therapy improved survival in neutropenic
cancer patients with P. aeruginosa pneumonia. The duration of antibiotic therapy and route of
administration should be tailored according to the patient’s condition, culture results and resistance
data obtained [8]. Based on a highly antibiotic-resistant infection, WORKU et al. [39]
recommended giving antibiotics such as meropenem, amikacin, piperacillin and ceftazidime for a
Gram-negative infection, and cefoxitin and penicillin for a Gram-positive infection. Gentamycin
was also shown to be effective for both Gram-negative and Gram-positive infections [39].

The risk of MDR pathogens and of mortality should be assessed in cases of HAP and
ventilator-acquired pneumonia (VAP). Monotherapy antibiotics include ertapenem, ceftriaxone,
cefotaxime, moxifloxacin and levofloxacin for HAP or VAP in the setting of low MDR
pathogen risks and low mortality risk. In HAP or VAP with a high-risk MDR pathogen and/or
>15% mortality risk without septic shock, a single Gram-negative agent (if active for >90% of
Gram-negative bacteria in the ICU) should be used with/without an anti-MRSA antibiotic. For
patients with a high MDR pathogen risk and/or >15% mortality risk with septic shock, dual
Gram-negative/antipseudomonal coverage with/without an anti-MRSA antibiotic should be
given [30, 40].

Antivirals
Pneumonias caused by cytomegalovirus and HHV-6 are treated with ganciclovir or foscarnet.
Evidence regarding the combination of antivirals with i.v. immunoglobulin has not been
conclusive. Despite aggressive therapy, the mortality associated with viral pneumonia remains
high. The mortality rates in cancer patients with respiratory syncytial virus pneumonia are close
to 80%. To avoid progression of the disease, initiation of treatment with aerosolised ribavirin
and i.v. immunoglobulin is recommended. I.v. ribavirin has been used successfully in patients
with life-threatening conditions due to human metapneumovirus infection. A neuraminidase
inhibitor, such as oseltamivir, is used routinely in neutropenic patients with influenza virus
infections [16, 41].

Antifungals
The suggested treatment for candidaemia in non-neutropenic patients is an echinocandin
(caspofungin, micafungin or anidulafungin) as initial therapy. Fluconazole is an acceptable
alternative. For infection with Candida glabrata, transition to higher-dose fluconazole 800 mg
daily or voriconazole 200 mg twice daily should be considered in fluconazole/voriconazole-
susceptible isolates. In neutropenic patients, an echinocandin (casposfungin, micafungin or
anidulafungin) is recommended as initial therapy. Fluconazole is an alternative for patients who
are not critically ill and who have no prior azole exposure. In patients with Candida krusei
infection, an echinocandin or voriconazole can be used. Voriconazole can also be used in
patients with probable infection with other moulds.

In invasive aspergillosis, voriconazole and liposomal amphotericin B can be used.
Isavuconazole has a similar efficacy to voriconazole for the treatment of invasive aspergillosis
(determined in the SECURE trial [42]) and invasive mucormycosis (determined in the VITAL
trial [43]) [44, 45].
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Complications
Widespread use of broad-spectrum antibiotics with prolonged duration and minimal indication
has led to an increasing rate of antibiotic resistance. In addition, cancer patients are often
managed by long hospital stays, which increases the risk of healthcare-acquired infection. One
meta-analysis stated that after chemotherapy, as many as 26.8% of cancer patients developed
antibiotic-resistant infection, with a predicted reduction in antibiotic efficacy to 30–70% [46].
ASHOUR et al. [47] found in their study that α-haemolytic Streptococcus is the most common
pathogen causing respiratory tract infections, and that 90% of isolated α-haemolytic streptococci
demonstrated resistance to methicillin.

As neutropenic patients are unable to develop a strong inflammatory reaction, severe infection
with mild symptoms may occur. Fever may be the main indicator of infection. This can lead to
a risk of neutropenic patients developing a life-threatening condition or sepsis, especially when
the administration of empirical broad-spectrum antimicrobials is delayed. The mortality rates
related to febrile neutropenic patients are up to 11%, while in the case of severe sepsis, the
mortality rate can reach 50% [5].

Complications also occur by progression of the cancer itself. Delayed referral of early cancer
symptoms or cases happened during the COVID-19 pandemic, which suppressed the primary
healthcare system. The pandemic conditions made it hard for clinicians to meet patients, thus
leading to missed early signs and symptoms of cancer and late referral. COVID-19 can also
induce a cytokine storm, C-reactive protein elevation, more hospital admissions and more
intensive care admission of cancer patients. In addition, COVID-19 drugs interact with
chemotherapy and immunotherapy drugs, which commonly reduce their efficacy [48].

Prevention: vaccination for pulmonary infections
Despite an impaired immune response in cancer patients, vaccines for specific micro-organisms
can still induce adequate protection [49]. In general, live-attenuated vaccines should be avoided,
as these have the potential to replicate and induce disease in immunocompromised individuals.
It is also recommended that the vaccine should not be given during cancer-specific therapy due
to a weakened immune response [50].

Pneumococcal vaccination can prevent pneumonia caused by S. pneumoniae. The two types of
pneumococcal vaccines are PCV13 (pneumococcal 13-valent conjugated vaccine) and PPSV23
(pneumococcal 23-valent polysaccharide vaccine) [51]. PCV13 was initially recommended as it
is thought to induce a more robust antibody response. PPSV23 has been found to significantly
reduce the risk of hospital admission due to pneumonia in patients with prostate cancer and
colorectal cancer [52, 53]. For pneumococcal disease protection, the Infectious Diseases Society
of America (IDSA), Centers for Disease Control and Prevention/ Advisory Committee on
Immunisation Practices (CDC/ACIP) and National Comprehensive Cancer Network (NCCN)
recommend PCV13 vaccination for adults with haematological or solid tumour malignancies
prior to the initiation of any cancer therapy, followed by PPSV23 8 weeks later. If PPSV23 is
given first, PCV13 can be given ⩾1 year after the dose of PPSV23 [52–55].

An annual influenza vaccination is recommended for all individuals with immunosuppression
status such as during cancer treatment. An inactivated or recombinant influenza virus vaccine is
recommended. The intranasal vaccine is not recommended as the live-attenuated influenza vaccine
has replication capabilities, which could lead to infection in immunocompromised individuals. Of
note, a systematic review showed that influenza vaccination not only reduced seasonal influenza
but also reduced the susceptibility to or disease severity of SARS-CoV-2 infection [56].
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Patients with cancer, in the absence of any contraindications, can receive a COVID-19
vaccination, regardless of their cancer treatment. Most developed countries recommend using
the mRNA vaccine, but due to vaccine availability worldwide, any COVID-19 vaccine, whether
it is the mRNA, DNA-based or protein subunit vaccine, can be given. A booster is
recommended to reduce the risk of infection with SARS-CoV-2 variants [57].
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A revolution in cancer management has been brewing in the past 10 years with the implementation of
novel chemotherapeutic compounds and techniques of radiation therapy. A minority of patients
receiving ICIs, TKIs and radiotherapy techniques present with pulmonary toxicity. Lung toxicity
secondary to cancer treatments is an infrequent but potentially severe complication, usually occurring
during the first months of treatment. Timely diagnosis and management are crucial to achieving
recovery or substantial improvement. This chapter aims to summarise the pulmonary effects of cancer
treatment and highlight future perspectives in the field.

Introduction
A revolution in cancer management has been brewing in the past 10 years with the development
of new chemotherapeutic compounds and improved radiation therapy (RT) techniques [1]. ICIs
and TKIs are among the novel compounds that have a major impact on multiple malignancies
such as NSCLC. ICIs represent immunomodulatory monoclonal antibodies that enhance
T-cell-mediated cytotoxicity; this leads to an antitumor immune response that is more effective.
The primary targets of checkpoint inhibition are cytotoxic T-lymphocyte-associated antigen 4
(ipilimumab), PD-1 (nivolumab, pembrolizumab, cemiplimab and dostarlimab) and its ligand
denominated PD-L1 (atezolizumab, avelumab and durvalumab) [2]. TKIs represent a group of
agents able to disrupt the signal transduction pathways of various protein kinases by several
modes of inhibition. EGFR-TKIs have been introduced into the first-line treatment of NSCLC
harbouring EGFR-sensitive mutations [3, 4].

Novel treatment modalities positively impact patient survival; yet their clinical benefits can be
hampered by the development of discrete toxicities. Toxicity may be accentuated with
combination therapies. The combination of conventional chemotherapy and RT has been shown
to increase the likelihood of adverse events, while the safety profile of a combination of novel
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immunotherapies, such as durvalumab with radiotherapy, is under investigation (ClinicalTrials.gov
NCT03519971) [5]. In this chapter, we aim to summarise the pulmonary complications of cancer
treatments, a phenomenon with increasing incidence owing to the prolonged survival of patients
with cancer.

ICIs
The treatment of multiple malignancies such as NSCLC has been revolutionised by ICIs. Their
considerable clinical benefits, however, can be hampered by the emergence of discrete
immune-related adverse events, including pulmonary, endocrine, gastrointestinal, cutaneous and
hepatic complications. The overall incidence of pneumonitis is 2.7% with monotherapy and
6.6% with combination therapy [6].

The incidence of pulmonary adverse events attributed to nivolumab varies considerably and
depends on underlying malignancies, geographic area, performance status, comorbidities and
the application of concomitant therapies [7, 8]. In a meta-analysis of 10 trials of nivolumab
performed in patients with NSCLC, SPAGNOLO et al. [9] reported an incidence of 2.79–7.75%
for any grade of pneumonitis. The incidence of pneumonitis that was above grade 3 was
0.37–3.42%. The highest rates were observed among treatment-naïve patients [9]. The odds
ratios of nivolumab-associated all-grade and high-grade pneumonitis were 6.29 and 5.95,
respectively, compared with conventional chemotherapy. A combination of nivolumab and
ipilimumab was associated with an even higher risk of pneumonitis (OR 14.82) [10, 11]. It is
worth noting that nivolumab-induced pneumonitis was more common during treatment of
NSCLC or renal cell cancer compared with treatment of melanoma [12]; it also occurred
earlier in NSCLC (median latency time 2 months) compared with melanoma (median latency
time 5 months) [13, 14]. Other subgroups at increased risk of nivolumab-induced pneumonitis
were males, patients from Japan and China, patients with pre-existing ILDs and patients with a
smoking history [15–17].

Studies have reported pneumonitis of various grades with pembrolizumab monotherapy and in
combination with standard chemo-/radiotherapy, as well as with other ICIs in patients with
NSCLC, with incidence ranging 2.8–28% [18–28]. It is worth noting that the recently approved
combination of pembrolizumab with (nab)paclitaxel and platinum for metastatic squamous
NSCLC led to higher rates of pneumonitis in the phase III KEYNOTE-407 trial than in the
previous KEYNOTE trial of pembrolizumab monotherapy [29]. Most cases of pneumonitis
develop 3 months after pembrolizumab initiation [23, 24, 30]; however, acute onset of ILD has
also been reported [27, 30]. A higher body mass index, increased age, concurrent
chemotherapy, pre-existing ILD, EGFR mutations, tumour infiltration and concurrent
obstruction of the central airways are all risk factors for early pneumonitis development
[24, 30–32].

Durvalumab revolutionised the management of patients with stage III NSCLC, whose disease
did not progress after two or more cycles of platinum-based chemoradiotherapy [5].
Pneumonitis or radiation pneumonitis of any grade was observed in 33.9% of patients receiving
durvalumab and 24.8% of patients receiving placebo, whereas pneumonitis or radiation
pneumonitis of grade 3 or 4 occurred in 3.4% of patients in the durvalumab arm and 2.6% of
patients in the placebo arm. Pneumonia of any grade occurred in 13.1% and 7.7% of patients in
the durvalumab and placebo groups, respectively, and pneumonia of grade 3 or 4 occurred in
4.4% and 3.8%, respectively [5]. Studies investigating the outcome of patients with stage III
NSCLC and pre-existing ILDs, who are receiving durvalumab, are greatly anticipated.
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Atezolizumab-induced grade 1–2 pneumonitis has been reported in 1% of patients treated for
advanced NSCLC; however, it is much rarer in patients with other malignancies, such as
advanced urothelial carcinoma [33]. In large-scale studies, grade 3 pneumonitis was shown
to range 0.6–2% in patients with advanced NSCLC; grade 4 events have not been reported
[34–36].

Pneumonitis is not a frequent adverse event of avelumab. In a phase II, open-label study
assessing avelumab in patients with stage IV Merkel cell carcinoma who experienced disease
progression following cytotoxic chemotherapy, only one patient developed pneumonia [36].

The nivolumab/ipilimumab combination has been associated with a significantly higher risk of
pneumonitis and more severe disease, particularly in patients with melanoma and SCLC
[37, 38]. The additive toxic effect of these two compounds on the lung was validated in a
seminal meta-analysis [39]. The nivolumab/ipilimumab combination has also been associated
with a sarcoid-like reaction/pulmonary and cutaneous sarcoidosis [40].

The radiological findings associated with the pulmonary toxicity of all of the aforementioned
compounds are similar and resemble those of most drug-induced ILDs. Parenchymal findings
in particular are usually asymmetrical and include acute interstitial pneumonitis, organising
pneumonia, nonspecific interstitial pneumonia, traction bronchiectasis, radiation recall pneu-
monitis, bronchiolitis, extremely rarely acute fibrinous organising pneumonia and lipoid
pneumonia [8, 22, 41–45]. Pulmonary adverse events in patients with lung cancer are not
limited to lung parenchymal abnormalities but may also be associated with pleura [41, 46, 47].
Concurrent pembrolizumab administration with other ICIs is strongly associated with
thromboembolic events in patients with metastatic gastric cancer and melanoma [47, 48].
Finally, sarcoid-like reactions following treatment with ICIs such as avelumab have also been
reported [49].

TKIs
Pneumonitis has been reported as a class-effect toxicity of EGFR-TKIs (figure 1) [50]. Most
reports stem from Japanese patients; there is a lack of high-quality data in the US population,
possibly due to the rarity of this adverse event in USA compared with Japan [51]. Risk factors
for EGFR-induced pneumonitis in Japanese cohorts include increased age, smoking history, a
pre-existing ILD, recent cancer diagnosis, poor performance status and extensive parenchymal
abnormalities [52, 53]. In a meta-analysis study, SUH et al. [50] showed that the overall
incidence of EGFR-induced all-grade pneumonitis was 1.12%. Incidence was significantly
higher in studies from Japan than studies of non-Japan origin. Incidence following erlotinib,
afatinib and gefitinib treatment was 0.80, 1.00 and 1.53%, respectively [50]. Data for
osimertinib are still limited; however, EGFR-TKI retreatment with the use of osimertinib can
lead to pneumonitis in ⩽3.01% of patients [50]. First-line EGFR-TKI therapy and EGFR
mutational status do not seem to alter the risk for pneumonitis [50].

Radiation-induced lung injury
Radiation-induced lung injury (RILI) is an umbrella term incorporating a huge spectrum of lung
tissue damage directly and indirectly related to RT of the lung parenchyma and anatomically
adjacent structures. The first attempts to characterise RILI were reported almost eight decades
ago [54]. RILI usually affects patients treated for thoracic and breast cancers, lymphomas and
those who undergo total body irradiation for bone marrow transplantation [55].
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The incidence of RILI varies based on the underlying malignancy; it is more common in lung
cancer (⩽30%), followed by mediastinal lymphomas and breast cancer (⩽10% and ⩽5%,
respectively) [55–58]. RILI is one of the most common side-effects of lung cancer treatment,
with substantial socioeconomic burden. Evidence from the US shows that ⩽200 000 cases of
lung cancer are diagnosed annually [55], with 650 000 patients receiving radiotherapy [59].

RILI encompasses two quite clinically and radiologically distinctive patterns: the earlier-onset
radiation pneumonia (RP) and radiation lung fibrosis (RLF) in the later chronic phases. RP
becomes clinically evident from a few weeks and up to 6 months after the initiation of RT,
whereas RLF is a more chronic process of permanent lung fibrosis evident 6 months after RT
onset. RILI development can be grossly divided into five phases: the early phase, which starts
within hours of radiation; a latent, hyper secretive phase; an exudative phase, which is the most
clinically recognisable phase, 3–12 weeks after RT [60]; the intermediate/healing phase, with
the development of collagen tissue; and the fibrotic phase, which is representative of RLF [60–62].

The diagnostic approach is quite unremarkable and includes clinical-parameter characterisation,
chest CT, pulmonary function tests (PFTs), clinical laboratory evaluation and a high degree of
clinical suspicion. RILI is a diagnosis of exclusion along with a medical history of RT. Clinical
presentation is not specific in both RP and RLF and includes fever, cough (occasionally
productive), chest pain/pleurisy, fatigue and dyspnoea, with fever being more common in the
earlier stages, and productive cough, tachypnoea and severe hypoxaemia in the more severe stages
[55, 61]. Clinical presentation is more insidious in the later phases and can be misleading in cases
of superinfections, exacerbations of underlying chronic diseases, such as COPD, and malignancy
progression [59]. PFTs may show a gradual decline in FVC, FEV1, total lung capacity and DLCO,
along with compatible CT radiological patterns of RILI [61]. Blood tests and bronchoscopy are
useful for the exclusion of infectious complications or disease progression [61].

Radiological manifestations of RP and RLF are quite distinctive. Ground-glass opacities,
consolidations and organising pneumonia, usually in the field of radiation, are the predominant
patterns in RP, whereas permanent scarring with volume loss, traction bronchiectasis, pleural
thickening, mediastinal traction and anatomical distortion with honeycombing are more
profound in RLF [61, 63]. Combined clinical and radiographic grading systems have been
widely used to characterise the severity of RILI, with the most widely used being the Common
Terminology Criteria for Adverse Events (CTCAE-5.0) [55, 56, 64]. The grades of radiation
pneumonitis severity are presented in table 1.

FIGURE 1 A 65-year-old female diagnosed with lung adenocarcinoma (T2N2M1c), who presented with
pneumonitis following treatment with osimertinib/carboplatin/paclitaxel. Consolidative areas resolved 6 weeks
after oral administration of corticosteroids.
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Predisposing factors include specific radiation modalities, treatment combination, treatment
intensity, performance status, a pre-existing ILD, diabetes mellitus and underlying malignancy [65].
In particular, the type of fractionation of radiation, total lung and cumulative radiation dose, as
well as combination treatments with chemotherapy and ICIs, have been implicated in RILI. The
amount of lung parenchyma receiving 20 Gy and the mean lung dose are strong predictors of
RILI; patients who undergo intense radiotherapy with a higher V20 (especially those ⩾26%) are
prone to develop grade 2 RP or higher [66, 67]. V5 and V30 have also been correlated to RILI
and in real life no safe mean lung dose exists [67, 68]. Multimodal treatment has been related to
a better patient outcome but also to more severe RILI events; however, it is not clear whether
concurrent chemotherapy (vinorelbine plus cisplatin) [69] or sequential chemotherapy confers
the greater risk for RILI [70]. Combined ICI treatment with radiotherapy has also improved
survival (the KEYNOTE and PACIFIC trials showed incidences of 63% and 33.9% for RILI
events with combined therapies, respectively) [5, 71, 72]. It is worth noting that radiation recall
pneumonitis, a completely distinctive type of RILI, has been identified in patients undergoing
ICI treatment. This type of pneumonitis develops in previously radiated but radiologically
normal lung parenchyma, after the onset of ICIs. This side-effect might develop even years after
RT and treating physicians must be vigilant for it [73, 74]. Patient-related risk factors for RILI
include age (>50 years), poorer overall functionality ECOG (Eastern Cooperative Oncology
Group) >2), diabetes, COPD, ILD, bulky lung malignancies, and lower lobe and pleural-based
malignancies [55, 58, 72, 75–78]. With this in mind, proton therapy may be safer and must be
considered when possible [79].

Prophylaxis for RILI development has been studied and agents such as pentoxifyline with
tocopherol for 6 months [80, 81], melatonin [82], amifostine [83] and angiotensin-converting
enzyme inhibitors [84, 85] might be effective in reducing its incidence. Nintedanib seems
promising in reducing the incidence of RILI [86], and ongoing trials will clarify its utility
(ClinicalTrials.gov NCT02496585).

Predicting the development of RILI in patients due to undergo RT is of major interest, as it
could reduce its incidence and would facilitate a personalised medicine approach. Newer
artificial intelligence technology, with fuzzy clustering neural network-produced, ventilation

TABLE 1 Grades of radiation pneumonitis severity

Radiation pneumonitis Radiation lung fibrosis

Grade 1 Asymptomatic
Close monitoring

Pulmonary fibrosis in <25% of lung parenchyma;
may have respiratory failure

Grade 2 Moderate symptoms, limiting instrumental ADL
Requiring outpatient intervention

Pulmonary fibrosis in 25–50% of lung
parenchyma; respiratory failure and
pulmonary hypertension

Grade 3 Non-life-threatening, medically severe
symptoms requiring hospitalisation, limiting
self-care ADL

Pulmonary fibrosis in >50% of lung parenchyma;
severe respiratory and right heart failure

Grade 4 Life-threatening, requiring urgent in-hospital
care

Life-threatening cardiorespiratory failure
requiring urgent care, mechanical support

Pulmonary fibrosis in >75% of lung parenchyma
with honeycombing

Grade 5 Death related to adverse events Death related to adverse events

ADL: activities of daily living. Reproduced and modified from [55] with permission.
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image-based dosimetric parameters, are highly predictive of RILI [87], along with dose–volume
histograms calculated using four-dimensional CT and deformable image registration. However,
newer radiomic and dosiomic+radiomic models could have more accurate results [87–89].

Chemotherapy-induced lung injury
Lung damage induced by classical chemotherapy agents is a well-known side-effect of cancer
treatment, affecting ⩽20% of patients [90]. Other common organs affected by chemotherapeutic
agents include the heart, bone marrow, liver, endocrine system, kidneys and skin. All common
chemotherapeutic agents work by rapidly eradicating cancer cells, with various mechanisms [91].
The major groups of classic chemotherapy include: alkylating agents, such as busulfan,
cyclophosphamide, ifosfamide and melphalan; antimetabolites, such as methotrexate, cytarabine,
fludarabine and gemcitabine; and antibiotics such bleomycin, mitomycin C, doxorubicin,
epirubicin and many others.

Pathophysiologically there is direct damage to epithelial integrity by abolishment of type II
pneumocytes, accompanied by capillaritis and capillary leak/noncardiac pulmonary oedema.
This ongoing process might be implicated by bacterial infections and can subsequently lead to
organising pneumonia and, in later phases, fibrosis. Symptoms are in many cases insidious,
nonsensitive and nonspecific, and can include cough, fatigue, dyspnoea, low-grade fever and
weight loss. Symptoms can start 1–6 months after the initiation of the treatment. Diagnosis is
reached by meticulously evaluating the patient’s clinical history and ruling out infective
complications; it also requires a high grade of clinical suspicion. In most cases,
chemotherapy-induced lung toxicity is a diagnosis of exclusion. Physical examination is also
nonspecific and can include wheezing, rhonchi, cackles and cyanosis. PFTs, laboratory markers
and HRCT patterns cannot be easily distinguished from other cancer treatments, such as TKIs
and PD-L1/PD-1 inhibitors [90, 92, 93].

Bleomycin is the most common and well-studied direct toxic agent to the lungs and is also used
in research models of bleomycin-induced lung injury and subsequent fibrosis [94]. Beyond
fibrosis, bleomycin can cause alveolitis, organising pneumonia and hypersensitivity pneumonitis
[90, 93, 94]. Genetic susceptibility, being >40 years of age, pre-existing chronic lung disease,
and higher doses (>550 U) and bolus administration of the drug are related to ILD [90]. It is
worth noting that bleomycin lung toxicity has been associated with increased fractions of
inspired oxygen, particularly in the intensive care unit/perioperative setting [95].

In all cases, treatment is supportive and withdrawal of the causative factor is always advised
[90, 93]. Steroid administration is also advisable in severe cases, especially where infection has
been excluded [93]. Rechallenge is not advised and alternative treatments for the underlying
malignancy should be sought.

Treatment challenges, future perspectives and concluding remarks
Lung toxicity secondary to cancer treatment is an infrequent but potentially severe complication,
usually occurring during the first months of treatment. Management of immunotherapy-related
pneumonitis is based on a grading system ranging 1–4 (table 2) [96]. Grade 1 pneumonitis
typically does not lead to treatment discontinuation. The patient should be clinically monitored
every 2–3 days and undergo HRCT within 3 weeks. In the case of radiographic resolution, the
compound may be resumed, and no further imaging is required. Clinical or radiographic
deterioration should be treated as grade 2 [96]. In patients with grade 2 pneumonitis, treatment
regimen should be withheld and corticosteroids should be initiated (prednisone 1 mg·kg−1 orally,
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with the dose tapered for 6 weeks). Empiric treatment with antibiotics could be considered on a
case-by-case basis [96]. In grade 3 and 4 pneumonitis, treatment should be permanently
discontinued. Patients should be hospitalised and receive high doses of corticosteroids
(methylprednisolone 2–4 mg·kg−1·day−1 or equivalent), as well as empirical antibiotics based on
the fact that bacterial infections cannot be easily ruled out. Other treatment regimens such as
infliximab, intravenous immunoglobulin, mycophenolate mofetil or cyclophosphamide might be
used on a case-by-case basis, weighing the benefit/risk ratio for the patient [96].

Treatment of RILI is also based on its allocation in the grading system. Grade 1 usually requires
no intervention, other than active monitoring. Grade 2 requires terminating oncological
treatment and initiating oral administration of prednisone 1–2 mg·kg−1·day−1 for a period of
3–12 weeks, with gradual tapering. Oral antibiotics and Pneumocystis jirovecii prophylaxis
should be administered when applicable [61, 64, 97]. If patients at grade 2 do not improve
within 48 h, they should be treated as grade 3 or higher. RILI of grade 3 or higher requires
hospitalisation with aggressive treatment, including ventilatory support, high doses of steroids
(e.g. intravenous methylprednisolone 2–4 mg·kg−1·day−1, with gradual tapering over a period
of 12 weeks), antibiotics and P. jirovecii prophylaxis, along with extensive radiological and
laboratory workout, including exclusion of concurrent pulmonary embolism and infection. In all
grades, inhaled steroids might be useful in reducing inflammation [98]. Follow-up should be
stringent, with new PFTs and CTs every 3 months for 12 months, as relapses are not scarce.
Finally, a similar approach can be used for chemotherapy-induced toxicity.

Treatment of pulmonary toxicity of cancer treatments is often challenging, as infectious causes
of the same clinical and radiographical pattern cannot be easily ruled out. Pneumonia due to

TABLE 2 Grades of immune-related pneumonitis based on guidelines from the European Society for Medical
Oncology (ESMO) [96]

Grade Clinical and radiographical features Management

Grade 1 Radiographical changes only:
ground-glass change, nonspecific
interstitial pneumonia

Consider holding compound, monitor the patient
clinically every 2–3 days and offer a chest CT in
3 weeks; upon radiographic resolution, the
compound could be resumed, and no further
imaging is needed; upon clinical or radiographical
deterioration, the patient should be treated as
grade 2

Grade 2 Mild or moderate new symptoms such
as dyspnoea, cough and chest pain

Treatment regimen should be withheld, corticosteroids
should be initiated (prednisone 1 mg·kg−1 orally and
then tapered for 6 weeks), empiric treatment with
antibiotics should be considered

Grades 3–4 Onset of severe new symptoms Treatment should be permanently discontinued, the
patient should be hospitalised, treatment should
consist of corticosteroids (methylprednisolone 2–
4 mg·kg−1·day−1 or equivalent) and empirical
antibiotics should be administered

Upon clinical improvement after 48–72 h,
corticosteroids could be reduced to 1 mg·kg−1 and
then tapered over 8 weeks

Upon clinical deterioration after 48–72 h, other
treatment regimens (infliximab, intravenous
immunoglobulin, mycophenolate mofetil or
cyclophosphamide) might be implemented,
weighing the benefit/risk ratio for the patient
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severe immunosuppression is the most frequent infectious complication of several ICIs [99].
Radiographical patterns are similar and thus radiological discrimination is difficult. Sputum
cultures and bronchoalveolar lavage can be helpful both towards excluding infections and by
demonstrating lymphocytosis, which is present in the vast majority of patients with
immune-related pneumonitis [13]. The role of cryobiopsy in the discrimination of infections,
drug-induced toxicity and lymphangitis carcinomatosa should be further investigated. With
regard to challenging cases, an initial course of antibiotics followed by bronchoscopy if
symptoms are not improving seems rational.

To this end, biomarkers able to establish diagnosis are lacking. An early step might be the
development of a reliable means of diagnosis, including a clear serological correlate. Krebs von
den Lungen-6, a mucin-like glycoprotein produced by type II pneumocytes and airway
epithelial cells in response to damage, has already been studied and holds some promise in the
discrimination of immune-related pneumonitis and infection [42]. However, further studies are
sorely needed to support its implementation in everyday clinical practice. Other serum
biomarkers, including surfactant protein, TGF-β1, TNF-α, IL-1β and IL-6, are being
investigated for the prediction of radiation-induced and immunotherapy-related pneumonitis
[100–103]. Studies investigating the potential of specific single-nucleotide polymorphisms of
the PD-1 gene as prognosticators of immune-related adverse events are greatly anticipated [103].

Collectively, pulmonary toxicity due to immunotherapy, radiotherapy and chemotherapy refers to a
broad range of pulmonary manifestations. Once suspected, differential diagnosis of infectious and
neoplastic processes might render the diagnostic process challenging for clinicians. Early
identification and management of pneumonitis can lead to substantial improvement or complete
recovery in ⩽70–87% of cases [13, 104]. Optimal management requires implementation of
personalised medicine approaches, as well as multidisciplinary discussion by respiratory physicians,
oncologists and radiologists. Prognostic and theragnostic biomarkers are greatly anticipated.
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The immune system, in normal circumstances, detects and eliminates tumour cells, preventing tumour
growth. However, inflammatory cells and cytokines may operate as tumour promoters during chronic
inflammation, influencing cell survival, proliferation, invasion and angiogenesis. Biological and
immunosuppressive therapies for chronic inflammatory lung diseases profoundly affect innate and adaptive
immune pathways, which may hurt malignancy immunosurveillance mechanisms. Thus, it cannot be
excluded that their use increases the risk for most malignancies. It is debatable if a prior history of
malignancy is a contraindication for biological and immunosuppressive therapies. Therefore, the decision
should be taken case by case. Using these therapies is very difficult when treating patients with different
chronic inflammatory lung diseases, due to the paucity of available information. However, the impact of
malignancy on the responses to biological and immunosuppressive therapies used in respiratory diseases
other than cancer can be hypothesised. Unfortunately, this possibility has not yet been specifically studied.

Introduction
According to the US National Institutes of Health National Cancer Institute [1], biological
therapy, also known as biological response modifier therapy or biotherapy, involves using
chemicals derived from live creatures to cure illness. These compounds can be found naturally
in the body or created in a laboratory. Some biological treatments help the body fight
malignancy by stimulating or suppressing the immune system. Other biological medicines target
specific malignancy cells, perhaps slowing or killing them. They may also help to reduce the
adverse effects of some cancer therapies.

Combining chemotherapy with biologics, usually monoclonal antibodies (mAbs) directed at
specific targets on the malignancy cell, is considered a significant advancement for lung cancer.
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However, it still has many limitations [2]. For example, biological therapies have profound
effects on innate and adaptive immune pathways, which may hurt cancer immunosurveillance
mechanisms [3]. Therefore, their use potentially increases the risk of malignancy occurrence.

This may be a problem, given the increasing role of biological therapy in treating severe asthma
in patients with an endotype driven by type 2 (T2) inflammation [4]. Moreover, mAbs may
soon be indicated in other pulmonary pathological conditions. Indeed, several mAbs have been
tested or are currently under clinical evaluation for the treatment of COPD [5], in patients with
different forms of ILDs [6], and for pulmonary sarcoidosis [7].

Immunosuppressive drugs can also increase the prevalence of malignancies by impairing the
immunosurveillance of neoplastic cells [8]. However, they are necessary to prevent rejection events
after lung transplantation and, consequently, to reduce morbidity and mortality [9]. Furthermore,
immunosuppressive drugs are increasingly used for patients with various inflammatory lung
diseases, including sarcoidosis, pulmonary vasculitis and idiopathic interstitial pneumonia [10].
ILDs other than IPF are also currently treated with immunosuppressive therapy [11]. The
carcinogenesis rate is influenced by immunosuppressive drug type, intensity and duration.

Biological drugs for lung diseases versus risk of malignancies
Several mAbs developed to treat T2 inflammation are currently available. Omalizumab is an
anti-immunoglobulin E (IgE) agent that selectively binds circulating IgE in the blood and
interstitial space [12]. Mepolizumab and reslizumab bind directly to IL-5 and prevent its
binding to the IL-5 receptor (IL-5R) [13, 14]. In contrast, benralizumab binds to the alpha
subunit of IL-5R on eosinophils and basophils, thus preventing IL-5 binding; the IL-5Rα
antagonism adds antibody-dependent cell-mediated cytotoxicity and through this activity,
essentially mediated by natural killer cells, benralizumab can induce a peripheral and tissue
destruction of both eosinophils and basophils [15]. Dupilumab is a mAb directed against the
IL-4Rα and is specifically designed to inhibit IL-4 and IL-13 signalling [16]. Finally,
tezepelumab is a mAb that blocks thymic stromal lymphopoietin (TSLP) activity by interfering
with the interaction of TSLP with its receptor (TSLPR) and the subsequent recruitment of
IL-7Rα into the signalling complex [17].

The regulatory authorities of many countries have approved these molecules to treat severe
asthma, although biological prescription criteria differ substantially across 28 countries from
five continents [18]. However, in approving these biological therapies, each regulatory authority
has often highlighted the risk of malignancy.

Biological drugs used in asthma are therapies that reduce eosinophils. Indirect correlations in
human and other animal malignancy progression models suggest that eosinophils may induce
cancer rejection or attenuate its development [19]. This would occur due to the possibility of
their polarisation into distinct subpopulations with immunostimulatory or immunoinhibitory
functions [19]. This possibility has generated concerns regarding the potential consequences of
therapeutically reducing eosinophils [20] (figure 1). Conversely, chronic T2-dependent
inflammation is believed to enable tumour growth [21].

Omalizumab
According to a growing body of research, IgE appears to play a critical role in malignancy
immune surveillance. Furthermore, a relationship between the absence or extremely low levels
of serum IgE and malignancy risk has been proposed [22].
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In a 2003 review of pooled clinical trial data, neoplasms were found in 0.5% of subjects treated
with omalizumab compared to 0.2% of control participants [23]. However, the prevalence of a
specific type of tumour was not identified. Furthermore, a disproportionality analysis (case/
non-case study) within VigiBase, the World Health Organization’s global database of individual
case safety reports, found that a total of 1380 cases mentioned neoplasms associated with
omalizumab [24]. The disproportionality signal was significant and positive. The association
was particularly strong for breast and lung cancer. Prostate cancer, colon cancer, malignant
melanoma, thyroid cancer and leukaemia were other neoplasms strongly associated.

Hepatocellular carcinoma

Oral cancer

Breast cancer

Ovarian cancer

Cervical cancer

Fibrosarcoma
Melanoma

Prostate cancer

Colorectal cancer

Gastric cancer

Laryngeal cancer

Nasopharyngeal cancer

Lung cancer

Hodgkin lymphoma

FIGURE 1 Roles of eosinophils in human and experimental cancers. Green boxes show tumours where
eosinophils perform a protective role. Conversely, eosinophils serve a pro-tumorigenic effect in the tumours
marked in red boxes. Tumours in which eosinophils perform both a pro- and anti-tumorigenic role in separate
studies are shown in mixed red/green boxes. Reproduced and modified from [20] with permission.
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However, the results of the epidemiological study EXCELS, which was initiated as a
post-marketing effort to the US Food and Drug Administration (FDA) to evaluate the long-term
safety of omalizumab and provided an opportunity to assess malignancy rates in a large
prospective cohort followed for up to 5 years, suggested that omalizumab therapy is not
associated with an increased risk of malignancy [25].

In a recent study that used the Danish National Patient Registry data, researchers calculated the
incidence and risk of malignancies in all patients treated with omalizumab for chronic urticaria
and asthma [26]. A total of 1444 patients had been exposed to omalizumab for an average of
2.1 years, whereas the unexposed age- and sex-matched control group included 14 397
participants. The average follow-up was 3.4 years. 266 malignancy cases were reported, with
1.5% of exposed individuals and 1.7% of unexposed participants developing malignancy.
However, the risk of leukaemia was increased in exposed participants compared to unexposed
participants. Although the study had a limited power to examine specific forms of cancer, the
exclusion of malignancies occurring within the first year of omalizumab use made the link
nonsignificant, suggesting a protopathic bias.

Anti-IL-5 mAbs
It has been shown that IL-5-producing cells increase in response to tumour invasion and that
their control of eosinophils is crucial for tumour metastasis suppression [27]. Eosinophil
recruitment into the lung was decreased by genetic blockage or neutralisation of IL-5, resulting
in enhanced tumour metastasis. Conversely, exogenous IL-5 therapy reduced tumour metastasis
and increased eosinophil infiltration [28].

The possibility of the potential oncogenic consequences of the therapeutic reduction of
eosinophils [20] and the critical role of IL-5 in eosinophil biology [29] explain why malignancies
may be a concern in patients taking anti-IL-5 mAbs that are known to reduce eosinophils massively.

Nevertheless, the information on anti-IL-5 mAbs is reassuring, suggesting that malignancies
were pre-existing conditions [30]. For exposures up to 1 year, the incidence of treatment-emergent
malignant neoplasms in the anti-IL-5 treatment arms of the controlled asthma exacerbation
studies for mepolizumab and reslizumab was <1% and comparable to placebo. For open-label
mepolizumab (up to 4.5 years) and reslizumab (up to 2 years), the published incidence of
malignancy during extended exposure durations was six out of 347 (2%) and 12 out of 1051
(1.1%), respectively [30]. More specifically, six (2%) of the participants in the DREAM trial
reported having malignancy while undergoing mepolizumab therapy, according to the findings
of an open-label, long-term extension [31]. Basal cell carcinoma affected three patients (or 1%
of all patients or 5.8 events per 1000 patient-years), prostate cancer affected two patients
(<1% of all patients or 1.7 events per 1000 patient-years) and breast cancer affected one
patient (<1% of all patients or 0.83 events per 1000 patient-years).

Three individuals were found to have skin basal-cell carcinomas in an international, multicentre,
nonrandomised, open-label extension trial to evaluate the long-term safety and effectiveness of
therapy with reslizumab [32]. 12 more malignancies in adult individuals were identified (three
with breast cancer, two malignant melanoma, and one each of malignant melanoma in situ,
lymphoma, prostate cancer, anal cancer, gastrointestinal metastases to lung due to prior
gastrointestinal malignancy, borderline ovarian tumour, and ovarian epithelial cancer). Since a
prior history of malignancy was not a criterion for exclusion, two of the reported cancers were
the same as those identified before reslizumab exposure in five of the 15 individuals (one
melanoma and one lung metastasis due to prior gastrointestinal malignancy).
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During approximately 1-year placebo-controlled and 56-week extended treatment periods,
benralizumab had similar trends in patients with severe asthma (malignancy incidence of four
out of 1663 (0.24%) and 12 out of 1576 (0.8%), respectively) [30]. Regardless of the duration
of exposure to benralizumab, 17 out of 1655 patients (1%) with any benralizumab exposure
(including patients previously treated with placebo) developed malignancy. During the
SIROCCO and CALIMA asthma exacerbation investigations, five patients developed new
malignancies (four (0.2%) with benralizumab and one (0.1%) with placebo) [30]. The BORA
extension covered events reported during the on-treatment and the post-treatment periods, and
12 out of 1576 patients (0.8%) developed new malignancies. Eight (0.5%) of these 12 patients
had received benralizumab treatment in the antecedent investigations and four (0.25%) had
received placebo [30].

Patients with moderate to severe COPD who received benralizumab at doses up to 100 mg
every 8 weeks for 52 weeks had no increased risk of malignancy [30].

Dupilumab
BRADDOCK et al. [33] looked at the research on the neoplastic risks of modifying IL-13 and IL-4
signalling. In vitro and animal studies found that IL-13 and IL-4 function in cancer models,
although the role differed depending on the tumour type. The preponderance of evidence
suggests that IL-4 and IL-13 promote tumour cell proliferation directly or indirectly through the
activation of immunomodulatory cells. Anti-IL-4Rα mAbs could prevent these consequences
and, possibly, the IL-4 and -13 antagonists could positively influence tumour inhibition [34].
However, there is also some evidence indicating the protective benefits of the IL-13/IL-4
pathway, which could be lost after therapy that targets IL-13 and IL-4 [33]. Chronic treatment
with dupilumab is not associated with an increased risk of malignancy [33].

Tezepelumab
TSLP has a well-established involvement in malignancy [35]. Its expression is linked to a
pro-tumour role in humans. The T2-dependent and T2-independent pathways deal with the
expression of TSLP, whose ability to be associated or not with the creation of a T2-prone
tumour microenvironment depends on its ability to regulate the type of response induced by
dendritic cells. However, regardless of tumour type, the local versus systemic expression of
TSLP has a significant impact on its final functional results. Furthermore, TSLP signalling has
been demonstrated to protect against skin-derived neoplasms, suggesting that its involvement in
tumour biology is context specific [36]. Therefore, it will be crucial to analyse the role of TSLP
in each form of malignancy to develop effective treatment options [37].

Deletion of TSLP/TSLPR signalling has been shown to increase tumour formation in several
mouse models of skin carcinogenesis [38]. This is a potential risk for tezepelumab, which
specifically binds TSLP at its binding site for TSLPR, thus hindering human TSLP–TSLPR
interaction [39].

However, in a phase 3 trial that assessed the efficacy and safety of tezepelumab in patients with
severe, uncontrolled asthma (529 were assigned to receive tezepelumab and 532 to receive
placebo), the incidence of malignancy did not differ between tezepelumab and placebo (four
patients (0.8%) in each group) after 52 weeks of treatment [40]. In another phase 3 trial that
evaluated the oral corticosteroid-sparing effect of a 48-week treatment with tezepelumab in 74
adults with oral corticosteroid-dependent asthma (another 76 patients received placebo), one
patient who received tezepelumab reported invasive breast carcinoma [41].
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TNF-α-targeting agents
TNF-α levels have been associated with asthma, COPD, acute lung injury/acute respiratory
distress syndrome, sarcoidosis and IPF, among other pulmonary inflammatory illnesses [38].
Therefore, TNF-α-targeting biologics might be an effective treatment choice [42, 43].

TNF-α antagonists are most frequently used in treating patients with rheumatoid arthritis (RA)
and inflammatory bowel diseases (IBD). Some of them, including etanercept, infliximab,
adalimumab and golimumab, are used for treating sarcoidosis [7] and have been tested in other
inflammatory lung diseases [43, 44]. Their performance differs depending on the pulmonary
illness. For example, infliximab and adalimumab are effective in treating sarcoidosis, while
etanercept is more effective in treating severe asthma or COPD [42].

Since the development of anti-TNF-α mAbs, the danger of malignancies has been a source of
worry and discussion [44]. Anti-TNF-α mAbs, in theory, can reduce the host’s defensive
mechanisms against malignancy by blocking TNF-α [42]. In effect, there was evidence of a
dose-dependent elevated risk of malignancy in an old meta-analysis of RA patients receiving
infliximab or adalimumab treatment, with two malignancies in 1512 control patients (0.2%)
and 24 malignancies in 3493 patients (0.8%) who got at least one dose of an anti-TNF-α
antibody [45].

However, malignancy rates in TNF-α antagonist users, most reported in RA and IBD patients,
vary widely between studies, indications, malignancy forms and particular TNF-α antagonists [43].
For example, lymphoma incidence rates are more significant in RA patients than in the
general population; non-melanoma skin cancer incidence rates are higher in psoriasis, RA and
IBD patients than in the general population, but not in ankylosing spondylitis and psoriasis
arthritis patients. The specific explanation for higher malignancy rates than the overall
population is unknown, but it might be linked to the underlying illness or confusing
immunomodulatory drugs [44]. According to a more recent systematic review of studies
reporting malignancy incidences and risks in TNF-α antagonist users regardless of indications,
there is no appreciable difference in the risk of malignancy between patients with inflammatory
diseases treated with these mAbs and those who receive standard disease-modifying
anti-rheumatic drugs [44].

TNF-α-targeting agents such as infliximab and adalimumab, although not approved by the US
FDA and European Medicines Agency for the treatment of sarcoidosis, are often used in this
disease when patients do not respond to other medications, despite multiple black box warnings
related to the risk of malignancy [7, 46].

A systematic review of the literature has assessed the efficacy and safety of anti-TNF-α
antibodies in sarcoidosis [46]. Malignancy rates were low and comparable between TNF-α
antagonists (1.1%) and placebo (0.8%). In non-randomised studies of all anti-TNF-α mAbs,
malignancies occurred in <1%. However, in a study that examined the safety and effectiveness
of golimumab over 52 weeks in 231 patients with severe, uncontrolled chronic asthma, eight
malignancies appeared in the golimumab groups [47]. Nevertheless, the overall time-adjusted
incidence of malignancy over 5 years did not appear to be higher with golimumab compared to
placebo (1.07 versus 2.59 per 100 patient-years, respectively) or rates anticipated in the general
population (standardised incidence ratio 1.08, 95% CI 0.82–1.40) [48]. This information was
compiled from safety data of three RA trials. Even this discordant behaviour suggests, in our
opinion, a likely protopathic bias.
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Other mAbs
Other mAbs belonging to the anti-IL-1β, anti-IL-17A and anti-IL-33 groups have been tested in
lung diseases, but the studies were too small or too short to document a link between their use
and malignancies.

Effects of malignancy on the immune system and drug efficacy
A prolonged low-grade or smouldering inflammation in the local microenvironment is
commonly linked with malignancy and may significantly affect tumour development and
prognosis [49]. However, the exact mechanism underlying the connection between chronic
inflammation and malignancy remains unclear [50]. Inflammation has a two-edged influence on
most malignancies, but malignancy also affects the inflammatory process [51].

The immune system, in normal circumstances, detects and eliminates tumour cells, preventing
tumour growth. However, immunogenic tumour cells may easily avoid immunological
destruction by shutting down immune system components sent to take them out [52].

The interaction between inflammatory cells and tumour cells forms the inflammatory tumour
microenvironment and promotes tumorigenesis [53]. Cytokines, activated in both inflammatory
and tumour cells, connect tumour and inflammation. Cytokines are key players in the
maintenance of chronic inflammation, the promotion of malignant epithelial cell transition, the
inhibition of tumour immune surveillance, and the rise of tumour spread. The inflammatory
substances IL-1, IL-4, IL-6, IL-11, IL-12, TNF-α, MCP-1 (monocyte chemoattractant protein 1)
and TGF-β are intimately linked to lung cancer [53]. Many of these inflammatory substances
are the target of biological therapies for lung disease.

Inflammatory cells and inflammatory factors in the tumour inflammatory microenvironment
promote 1) the activation of the NF-κB and STAT3 (signal transducer and activator of
transcription 3) inflammatory pathways; 2) the occurrence, development and metastasis of lung
cancer by encouraging immune escape, tumour angiogenesis, EMT, apoptosis and other
mechanisms; and 3) inductive signals that activate the EMT and other hallmark-supporting
programmes to the tumour microenvironment [52]. Immune escape and tumour progression are
encouraged by many immunosuppressive cells that restrict the T-cell killing activity in the
chronic inflammatory milieu [52].

A study evaluating the variability of serum cytokines in patients with malignancy showed
excellent reproducibility (intraclass correlation coefficient <30%) for IL-13 and TNF-α and high
variability for IL-5 [54]. Some cytokines, such as TNF-α, IL-6, IL-15, IL-17, IL-23 and
interferon (IFN)-γ, are important for initiating inflammation, whereas IL-4, IL-13, IL-10 and
TGF-β are involved in the resolution of inflammation [52]. As mentioned, IL-5 is the most
specific cytokine responsible for eosinophil selective expansion and survival. Various in vitro
studies have suggested that eosinophils help control tumour growth and metastasis formation,
and IL-5 could augment eosinophil-mediated cytotoxicity [51, 55].

Malignancy and eosinophils
Eosinophils are immunological microenvironmental elements that regulate tumour development
and spread. In the tumour microenvironment, eosinophils can aid tumour genesis and
development by producing ROS, angiogenic factors and matrix metalloproteinase-9, and
promoting the EMT [20]. Alternatively, eosinophils can exhibit antitumour activity via direct
tumour cell cytotoxicity mediated by ROS, granzyme, TNF-α, eosinophil cationic proteins
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(eosinophil cationic protein, eosinophil peroxide, major basic protein) and IL-18 [20].
Furthermore, when eosinophils release IFN-γ, tumour-associated macrophages are more likely to
become M1 polarised [56]. Eosinophils can also have indirect antitumour effects by attracting
CD8+ T-lymphocytes via CCL5, CXCL9 and CXCL10 [57]. As already mentioned, these
indirect antitumour effects have generated concerns regarding the potential consequences of
therapeutically reducing eosinophils [20].

It is worth noting that the possibility of the existence of numerous subgroups of eosinophils is
becoming increasingly verifiable [58]. According to current research, eosinophils have a high
degree of variability, representing their strong plasticity in response to environmental signals. In
this respect, it has been proposed that eosinophils may be distinguished into E1 or E2, based on
the balance of Th1/Th2 cytokine expression patterns [59]. In addition, the distinction between
tissue-resident eosinophils and inflammatory eosinophils is now accepted.

However, the identification of eosinophil subpopulations and their functional roles in
physiology, inflammation and oncology are presently unclear [20], just as it is unclear whether
already available biological therapies cause different responses depending on eosinophil type.

Immune checkpoints, malignancy and lung diseases
Immune checkpoints are molecular pathways that prevent T-cells from turning against healthy
tissue; tumours retain the ability to exploit this phenomenon. The binding of ligands to immune
checkpoints, including cytotoxic PD-1 and PD-L1, triggers an intracellular signalling cascade
that regulates T-cell activation, tolerance and immune-mediated illness, allowing tumour cells to
evade the immune system [60, 61].

There is evidence that PD-1 and its ligands PD-L1 and PD-L2 play an important role in allergic
disease (figure 2) [61]. PD-1 ligands modulate the immune response differently. PD-L2
suppresses the immune response by downregulating IL-4 while increasing IFN-γ, resulting in
lower airway hyperresponsiveness (AHR). In contrast, PD-L1 has the opposite impact,
increasing AHR by increasing IL-4 and decreasing IFN-γ, favouring a Th2 phenotype [62, 63].
However, a low PD-1 expression by circulating CD4+ T-cells associated with high total and
specific serum IgE concentrations and a slight change in the regulation of PD-L1 and PD-L2
has been observed in patients with asthma [64].

Chronic loss of PD-1 expression on group 2 innate lymphoid cells (ILC2s) has been shown to
play a role in maintaining cytokine production and expression of receptors related to ILC2
function, leading to a more robust functional T2 immune response with important implications
during allergic T2-mediated inflammatory diseases and the development of allergic pulmonary
inflammation [65]. There is a negative association between the quantity of soluble PD-L1 and
the peripheral blood eosinophil count and the severity of allergic rhinitis in people with allergic
rhinitis [66]. Conversely, PD-1 mRNA expression was increased, whereas PD-L1/PD-L2
expression was significantly lower than in the control group, in nasal polyps of patients with
chronic rhinosinusitis and nasal polyposis [67]. This discrepancy suggests that PD-1/PD-L1 is
differentially regulated in different human body compartments [61].

Also, NSCLC patients’ ILC2s have higher levels of PD receptor expression [68]. In vitro,
PD-1-high ILC2s are linked to increased IL-4 and IL-13 production and significantly enhance
M2-like macrophage polarisation, contributing to tumour growth by producing an immuno-
suppressive environment. Conversely, antibodies that neutralise IL-4 and IL-13 prevent M2-like
macrophage polarisation.
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Malignancy and biological therapy
Although the impact of neoplasms on the responses to biological drugs used in respiratory
diseases other than cancer has not yet been specifically studied, the available data do not seem
to suggest a change in these responses.

It has been observed that mepolizumab treatment improved asthma outcomes and did not affect
chemotherapy at 1-year follow-up in a patient on cisplatin-gemcitabine for lung cancer (stage IV
adenocarcinoma) [69]. Another interesting case is an asthmatic patient with hypereosinophilia
caused by chronic myeloid leukaemia and a high eosinophilic infiltration treated with mepolizumab
and imatinib and bosutinib, two inhibitors of tyrosine kinase [70], which is an enzyme important for
the survival of T2 cells [71]. The patient showed a promising decrease in pulmonary exacerbations
and satisfactory management of chronic myeloid leukaemia without adverse events [70].

Malignancy immunotherapy, biological therapy and lung diseases
Blocking antibodies against immune checkpoints or their ligands have transformed malignancy
immunotherapy. Major targets for approved pharmacological interventions are the surface
molecules PD-1 and CTLA-4 (cytotoxic T-lymphocyte associated antigen-4). Additional targets,
including LAG-3 (lymphocyte-activation gene 3), TIM-3 (T-cell immunoglobulin mucin-3),
TIGIT (T-cell immunoreceptor with Ig and ITIM domains), VISTA (V-domain Ig suppressor of
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DC: dendritic cell; IFN: interferon. Reproduced and modified from [61] with permission.
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T-cell activation), B7/H3, OX40, ICOS (inducible T-cell costimulatory), GITR (glucocorticoid-
induced TNF-related protein), 4-1BB and CD40, are under investigation for the development of
innovative therapeutic options [72].

However, ICIs, although highly beneficial with reduced collateral effects and durable responses
in a subset of patients, may cause autoimmune toxicities. These include immune-related
interstitial/inflammatory pneumonia accompanied by non-pathognomonic radiological features
(ground-glass opacification/opacity), a cryptogenic organising pneumonia-like appearance, and
interstitial pneumonia pattern, as well as characteristics of hypersensitivity pneumonitis [73–75].

Anti-PD-1 or anti-PD-L1 can induce immune-related eosinophilia, which must also be
considered a biological adverse effect [76]. The eosinophil family has unique kinetics of
leukocyte alterations. This immune-related eosinophilia starts at 3.0 months and peaks at
6.4 months, with an estimated incidence of 2.9%. Patients with an immune-related rise in
absolute eosinophil count do not experience eosinophilia-related clinical symptoms. Although a
case of asthma exacerbation after PD-1 blockade therapy in a patient with advanced
hepatocellular carcinoma has been reported, it is unknown whether chronic airway diseases like
COPD and asthma have an impact on the incidence of immunotherapy-related adverse events
after ICI treatment [77].

In cases of hypereosinophilic syndrome, an immune-related adverse event occurring in 2–3% of
patients treated with ICIs, the use of mepolizumab 300 mg once a month or benralizumab at
30 mg once a month is suggested preventively for asymptomatic patients with absolute
eosinophil counts >5×109 per L (and actively for symptomatic patients) [78]. However, doubts
may arise in using such mAbs because tumour eosinophil-infiltrating cells may be involved in
tumour control by secretion of chemoattractive cytokines by eosinophils that recruit CD8+

T-cells [57], and their blockade may have growth-accelerating effects. Nevertheless, early
animal studies have suggested that eosinophil survival in the tumour microenvironment may be
prolonged despite the reductions in blood and bone marrow eosinophils induced by the
anti-IL-5 mAb [57].

There is evidence that mepolizumab allowed the successful management of two cases of severe
bronchial asthma exacerbated by anti-PD-L1 treatment [79]. Furthermore, benralizumab had an
impact on rapidly severe asthma during surgery for a persisting tumour after pembrolizumab
therapy for advanced lung SCC [80]. The intimate mechanisms by which these successful
outcomes occurred still need to be established.

Unfortunately, there are no controlled trials to determine therapeutic interventions of the PD-1/
PD-L1/PD-L2 axis in allergic disease. However, a clinical trial is currently enrolling participants
to explore if dupilumab will help patients with metastatic NSCLC who have failed to respond to
immunotherapy (ClinicalTrials.gov identifier: NCT05013450). This study is based on the
hypothesis that dupilumab may be beneficial in reducing the PD-1 receptor expression on
tumour-infiltrating lymphocytes and improving immunotherapy for cancer. PD-1 is an immune
checkpoint critical in maintaining immunological homeostasis [60].

Pulmonary immunosuppressant drugs
The use of immunosuppression remains part of the medical armamentarium for many
progressive non-IPF forms of ILD, including connective tissue disease-associated ILD, idiopathic
nonspecific interstitial pneumonia, sarcoidosis, hypersensitivity pneumonitis, occupational ILD
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and unclassifiable ILD [81]. Pharmacological immunosuppression may compromise immuno-
surveillance in these patients, raising their malignancy risk. Despite this, the variety and
heterogeneity of immunological reactions induced by immunosuppressive drugs limit the
existing ability to estimate the likelihood of de novo malignancy [82].

The effects of immunosuppressive treatment on malignancy risk are still debated. Some research
implies that immunosuppressants increase this risk, and other investigations have found that this
is not the case [83].

In patients from the PANTHER-IPF clinical study, compared to a placebo, patients with IPF
treated with prednisone, azathioprine and N-acetylcysteine had an increased risk of death and
hospitalisation [84]. There was a clear association between shortened telomere length below the
10th percentile and the adverse effect of immunosuppressive drugs [85]. Short telomeres are
associated with increased malignancy, and telomere length in malignancy could be used as a
prognostic biomarker or risk predictor [86]. In any case, it is generally believed that even if we
could prolong the survival of IPF patients, the likelihood of acquiring lung cancer will increase
significantly because patients with IPF have a five-fold greater risk of developing lung cancer
compared to the general population [87].

Interestingly, mammalian target of rapamycin (mTOR) inhibitors, which suppress T-cell activation
and proliferation and are effective immunosuppressants [88], are effective in reducing tumour
development or preventing recurrence of skin cancer in renal transplant patients [89]. The mTOR
signalling pathway often activated in tumours regulates gene transcription and protein synthesis to
regulate cell proliferation and immune cell differentiation and plays a vital role in tumour
metabolism [90]. Since the mTOR inhibitors are known to block the cell cycle in various cell
types and suppress angiogenesis, they are used to treat many types of lung cancer. Furthermore,
they have been linked to a lower incidence of malignancies such Kaposi sarcoma, mantle cell
lymphoma and non-melanoma skin cancer [91]. Omipalisib, a potent phosphatidylinositol
3-kinase/mTOR inhibitor used as an anticancer drug, has exhibited antifibrotic effects in animal
models of pulmonary fibrosis and is currently being tested in subjects with IPF [92].

When addressing the issue of the link between immunosuppressants and malignancy, one must
always consider that some of these agents can directly affect malignancy risk, irrespective of
their total level of immunosuppression. Thus, azathioprine is linked to an increased risk of skin
cancer, whereas mycophenolate mofetil (MMF) is not. According to a recent study, switching
from azathioprine to MMF lowered the incidence of squamous cell skin cancer [93]. Although
the mechanism is unknown, azathioprine appears to have photosensitising characteristics that
cause direct mutations [94]. Also, calcineurin inhibitors, such as cyclosporine and tacrolimus,
may promote malignancy progression/aggressive behaviour, irrespective of immunosuppressive
activity. This is because they increase the levels of TGF-β [95] and/or interfere with the body’s
DNA repair processes, promoting tumour development [96].

However, a retrospective analysis found that the lack of immunosuppressive drugs was linked to
an increased risk of lung cancer [83]. It was suggested that a lack of immunosuppressive
therapy might prolong inflammation, resulting in repeated epithelial injury and the stimulation
of lung tissue destruction, repair and remodelling, ultimately leading to lung cancer [83].

Immunosuppressive drugs such sirolimus and/or MMF have been utilised to treat significant
immunologically related adverse effects of ICI therapy [97]. Since the initial clinical studies on
PD-1 and PD-L1 antibodies, cases of ILD produced by ICIs (ICI-ILD) have been described.
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In a meta-analysis that compared the incidence of PD-1 inhibitor-related pneumonitis among
different tumour types and therapeutic regimens, the total ICI-ILD incidence for all grades was
2.7%, with 0.8% for the most severe grades (grade 3) [75]. In NSCLC studies, the overall
incidence of ICI-ILD for all grades ranged from 1.4% to 5.8% [75]. In any case,
immunosuppressive medications are challenging to use due to a lack of understanding of the
pathophysiological mechanisms of ICI-ILD [98]. Furthermore, it is uncertain if these
medications interfere with the anticancer effect of ICIs.

Nevertheless, according to several treatment recommendations and expert perspectives,
immunosuppression should be used cautiously for at least 5 years after a malignancy diagnosis
[99, 100]. However, a large systematic review and meta-analysis determined the rates of prior
malignancy recurrence and development of new primary malignancies in people with chronic
immunological diseases treated with immunosuppressive therapy after a prior malignancy [101].
The study found that people with prior malignancy who received no immunosuppression,
anti-TNF-α therapy, immune-modulator therapy, or combination treatments had similar rates of
malignancy recurrence.

It is debatable if a prior history of malignancy is a contraindication for immunosuppressive
therapy. Therefore, the decision should be taken case by case [102]. However,
immunosuppressive therapy is challenging when treating patients with chronic inflammatory
lung disease and a history of malignancy, due to the scarcity of information on possible
interferences and complications.

Conclusion
This literature review shows that the available information on a possible link between biological
or immunosuppressive drugs and the onset of malignancy and/or accelerated malignancy
progression is often contradictory. Moreover, even less information is available on possible
interference between these drugs and malignancy treatments, just as it is unclear whether the
presence of malignancy reduces the response to biological drugs administered for treatments
other than cancer itself. Therefore, there is an urgent need for studies to monitor malignancy
recurrences and new malignancies in patients with various chronic inflammatory lung diseases
receiving biological or immunosuppressive drugs and to understand the possibility of
interference in the activity of the various classes of drugs that can be used. These studies would
improve our practice.
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Lung cancer is one of the leading causes of mortality in patients with COPD. Beyond the common risk
factors, COPD and lung cancer are closely related, sharing linked pathogenic pathways, some of which
may be modifiable with inhaled corticosteroids (ICSs). Emerging animal and human studies have
shown that ICSs may be able to halt the progression of precancerous lesions in the airways and
significantly reduce the risk of lung cancer and related mortality. The mechanisms by which ICSs
modify the risk of lung cancer are largely unknown but may include their anti-inflammatory properties
and their ability to halt cellular growth, suppress EMT and alter the airway microbiome. In this chapter,
we discuss the clinical evidence for the possible chemopreventative effects of ICSs on lung cancer in
COPD patients, the possible pathophysiological link between COPD and lung cancer, the potential
mechanisms by which ICSs can modify the risk, and future directions and unanswered questions
regarding the role of ICSs in reducing lung cancer in patients with COPD.

Introduction
As patients with COPD are at increased risk of developing lung cancer (as discussed in
elsewhere in this Monograph [1]), there is an urgent need for novel preventative and therapeutic
strategies to reduce the burden of lung cancer in patients with COPD. One promising strategy is
chemoprevention using inhaled corticosteroids (ICSs). ICSs are frequently used in combination
with long-acting bronchodilators to improve lung function, reduce symptoms and mitigate
exacerbations in patients with moderate-to-severe COPD [2]. There is now some evidence from
discovery and clinical studies suggesting the potential salutary effects of ICSs in reducing the
risk of lung cancer in COPD [3, 4]. For example, animal studies have shown that budesonide
inhibits the progression of lung tumours to lung carcinomas [3, 5, 6]. In this chapter, we will
review the evidence from randomised controlled trials (RCTs) and observational studies, explore
the pathobiological link between COPD and lung cancer, and posit possible mechanisms by
which ICSs can confer benefits on this relationship.

https://doi.org/10.1183/2312508X.10020721 281

mailto:Don.Sin@hli.ubc.ca
https://doi.org/10.1183/2312508X.10020721
https://doi.org/10.1183/2312508X.10020721
https://bit.ly/3zRuLzp
https://bit.ly/3zRuLzp


Methods
For this review, we performed a PubMed search to identify relevant articles that were published
between January 1960 and April 2022. The search terms included “inhaled corticosteroids AND
lung cancer”, “COPD AND lung cancer” and “inhaled corticosteroids AND lung cancer AND
COPD”. We also searched for relevant articles using the same search strategy except that the
term “inhaled corticosteroids” was replaced with specific ICS compounds (i.e. beclomethasone,
budesonide, ciclesonide, flunisolide, fluticasone, mometasone and triamcinolone). The literature
review included RCTs, observational cohort studies, systematic reviews and meta-analyses.
Only publications written in English were considered.

RCTs on the effects of ICSs in preventing lung cancer
Several RCTs have evaluated the effects of ICSs on the progression of precancerous lesions
including bronchial dysplasia and noncalcified lung nodules in smokers at a high risk of lung
cancer (table 1).

Bronchial dysplasia
LAM et al. [7] performed a 6-month RCT comparing inhaled budesonide (800 μg twice daily)
versus placebo in heavy smokers (⩾30 pack-years) with bronchial dysplasia (>1.2 mm).
Approximately 50% of these patients had COPD based on the Global Initiative for Chronic
Obstructive Lung Disease spirometric criteria [11]. The study participants underwent two
bronchoscopies, with the first occurring just prior to randomisation and the second at the end of
the 6-month treatment period. The primary outcome was the change in histopathological grade
(i.e. severity) of the bronchial dysplastic lesions observed during the first bronchoscopy.
Although there were no significant changes in the histopathological grades of bronchial
dysplastic airway lesions between the two groups, those treated with budesonide demonstrated
reduced protein expression of the proto-oncogenes p53 and B-cell lymphoma 2 (BCL2) in their
bronchial biopsies [7]. These data raised the possibility that ICSs may have a long-term salutary
role as a chemopreventative agent for lung cancer.

Lung nodules
Four studies have evaluated the impact of ICS on the occurrence of lung nodules. As noted
previously, LAM et al. [7] evaluated changes in lung nodules on thoracic CT scans for up to
2 years following budesonide treatment. They showed that 27% (16 out of 60) of the nodules
observed in the baseline CT scan either decreased in size or resolved in the budesonide group,
while in the placebo group, only 12% (14 out of 117) of the initial nodules decreased or resolved
(p=0.024 for the two-group comparison). In another study that evaluated a 6-month treatment of
inhaled fluticasone versus placebo in 108 smokers (with >20 pack-years), the investigators
showed that patients treated with fluticasone were more likely to demonstrate lower numbers of
nodules compared with those in the placebo group, although these changes were not statistically
significant [8]. VERONESI et al. [9] performed an RCT comparing the effect of inhaled
budesonide (800 μg twice daily, n=101) versus inhaled placebo (n=101) for 1 year. Although the
size of the nonsolid nodules decreased more rapidly in the budesonide group than in the placebo
group (22% versus 5% decrease), this difference was not statistically significant (p=0.32). Based
on these early promising findings of inhaled budesonide in reducing the occurrence of nonsolid
nodules, these investigators followed the nonsolid nodules for an additional 4 years following the
end of the budesonide intervention [10]. Whereas the mean maximum diameter of nonsolid
nodules decreased significantly in the budesonide group (from 5.03 mm to 2.61 mm; p=0.029), it
increased in the placebo group (nonsignificant change from 5.26 mm to 5.68 mm; p-value not
provided). Given that some nonsolid nodules represent premalignant lesions, these results suggest
that ICSs may be effective in the primary prevention of lung cancer.
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TABLE 1 Randomised controlled trials on the effects of inhaled corticosteroids (ICSs) on precancerous lesions in the bronchus and lung

First author
[ref.]

Number at risk
(ICS exposed/
unexposed)

Inclusion/exclusion criteria Outcomes Follow-up duration Results

LAM [7] Budesonide
800 μg twice
daily (n=57) or
placebo (n=55)

Inclusion criteria:
1) Age >40 years
2) Smoking history of

⩾30 pack-years
3) Normal organ function
4) Subjects with bronchial

dysplastic lesions >1.2 mm

Primary outcome: change in the
histopathological grade of the
bronchial biopsy samples after
6 months of intervention

Secondary outcomes:
1) MIB-1, p53 and BCL-2

expression in bronchial
biopsies

2) The number and size of
CT-detected noncalcified lung
nodules <8 mm before and up
to 2 years after treatment

6 months for bronchial dysplasia for
the primary outcome and biomarker
expression in bronchial biopsies

Up to 2 years for lung nodules in CT

Bronchial dysplasia:
1) Lesion-specific analysis:

a) complete response: 46% in
the budesonide group and
48% in the placebo group
(p=0.85); b) progression: 10%
in the budesonide group and
9% in the placebo group
(p=0.76)

2) Person-specific analysis: a)
complete response: 30% in the
budesonide group and 28% in
the placebo group (p=0.83); b)
progression: 43% in the
budesonide group and 51% in
the placebo group (p=0.56)

3) Significant decrease in p53 and
BCL-2 expression in bronchial
biopsies in the budesonide
group versus the placebo
group (p=0.01 and p=0.001,
respectively)

Nodules:
1) New nodule: 14 in five out of

21 subjects in the budesonide
group and nine in five out of
29 subjects in the placebo
group (p-value not provided)

2) Size decrease: 27% (16 out of
60) in the budesonide group
and 12% (14 out of 117) in the
placebo group (p=0.024)

Continued
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TABLE 1 Continued

First author
[ref.]

Number at risk
(ICS exposed/
unexposed)

Inclusion/exclusion criteria Outcomes Follow-up duration Results

VAN DEN BERG

[8]
Fluticasone

500 μg twice
daily (n=54) or
placebo (n=54)

Inclusion criteria:
1) Smoking history of >20 pack-

years
2) History of lung or head and

neck cancer, while clinically
free of disease

3) Subjects with at least bronchial
metaplasia or dysplasia

Exclusion criteria:
1) Subjects with FEV1 <1000 ml
2) Serious comorbid disease
3) Use of corticosteroids in the

year prior to enrolment

Primary outcome: change in number
and size of nodules in CT

6 months Change in the number of nodules:
decrease (from 51 to 40) in the
fluticasone group versus
increase in the placebo group
(from 42 to 60) (not significant
but p-value not provided)

Change in the size of nodules:
decrease in seven out of 23 in
the fluticasone group versus
decrease in three out of 22 in
the placebo group (p=0.094)

VERONESI [9] Budesonide,
800 μg twice
daily (n=101),
or inhaled
placebo
(n=101) for
1 year

Inclusion criteria:
1) Individuals with persistent

nodules detected at LDCT scan
during the second or third year
of the ongoing EIO CT
screening trial

2) Asymptomatic current smokers
or former smokers who
stopped within the last
15 years, all with a smoking
history of >20 pack-years

3) Age >50 years
4) Normal organ function
5) Subjects with a persistent lung

nodule >4 mm in size detected
by two serial yearly screening
LDCT scans

6) Subjects with solid nodules
>8 mm had to have a negative

Primary outcome: effect of
treatment on target nodule size
in a per-person analysis after
1 year

1 year Person-specific analysis: no
significant difference between
the budesonide and placebo
groups (p=0.85)

Lesion-specific analysis:
1) Response rate: a)

progression: no progression
of target lesions in the
budesonide group versus
4.7% progression of target
lesions in the placebo group
(p=0.02); b) new lesion: 7%
in the budesonide group
versus 4.7% in the placebo
group (p=0.41)

2) Size change by nodule type:
a) nonsolid nodules: 22%
decrease in the budesonide
group and 5% decrease in

Continued
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TABLE 1 Continued

First author
[ref.]

Number at risk
(ICS exposed/
unexposed)

Inclusion/exclusion criteria Outcomes Follow-up duration Results

FDG-PET scan
Exclusion criteria:

1) Subjects with lung nodules
with clearly benign
morphological features (e.g.
homogeneous calcification,
solid nodules with regular
and round or polygonal
margins, and distance from
the pleura <1 cm)

2) Subjects currently suffering
from malignant disease or
having had malignant
disease within the last
5 years

3) Regular or chronic use of
oral or inhaled
corticosteroids

the placebo group (p=0.32);
b) partially solid nodules: 5%
decrease in the budesonide
group and 2% decrease in
the placebo group (p=0.89);
c) solid nodules: 0.2%
decrease in the budesonide
group versus 0.3% increase in
the placebo group (p=0.78)

VERONESI [10] Budesonide,
800 μg twice
daily (n=101),
or inhaled
placebo
(n=101) for
1 year

As above Primary outcome: change in the size
of target and nontarget nodules
in a per-lesion analysis 4 years
after the end of the budesonide
intervention compared with size
on CT before treatment (at
baseline)

5 years Change in mean maximum
diameter of nonsolid nodule:
decrease from 5.03 to 2.61 mm
(p=0.029) in the budesonide
group and increase from 5.26 to
5.68 mm (not significant but p-
value not provided) in the
placebo group

MIB-1: MIB E3 ubiquitin protein ligase 1; BCL-2; B-cell lymphoma 2; EIO: European Institute of Oncology; FDG-PET: 18F-fluorodeoxyglucose PET.
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Clinical studies on the effect of ICSs on the risk of lung cancer in COPD
A pooled analysis of data from seven RCTs (n=5085 patients) that evaluated the long-term
effects of ICSs in patients with moderate-to-severe COPD showed that ICS users had a lower
risk of mortality with a signal towards lower cancer mortality (relative risk 0.55), especially for
lung cancer [12]. Supporting this, several observational studies showed that ICSs were
associated with a reduced risk of lung cancer in COPD (table 2) [4, 13–20]. It should be noted,
however, that there are some dissenting studies (table 3) [21–24]. Overall, a recent
meta-analyses of nine longitudinal studies from 1980 to 2020 concluded that ICS use was
associated with an ∼30% reduced risk of lung cancer (hazard ratio 0.73, 95% CI 0.62–0.86),
regardless of the age of the patient (⩾70 versus <70 years of age) [4].

The major strength of the meta-analyses of observational studies is that they included a large
number of individuals from several different countries and across many different environmental
and healthcare settings. Moreover, these findings are supported by animal studies and ICS
chemoprevention trials, as noted previously [3, 5, 6, 9, 10]. However, there are several
important caveats that should be considered in interpreting these results. First, observational
studies are prone to methodological biases, including time-related bias (e.g. immortal time bias
and protopathic bias caused by the absence of a latency period (treatment with ICSs in patients
with early respiratory symptoms but undiagnosed lung cancer)) and confounding by indication
(e.g. presence of asthma) [24]. Unfortunately, to date, there have been no RCTs powered
specifically to address the effects of ICSs on the risk of lung cancer in COPD. Although a
systematic review reported that the incidence of lung cancer did not differ significantly
according to ICS use in three RCTs that evaluated the effects of ICSs or ICSs/long-acting
β2-agonists (LABAs) on several clinical end-points in patients with COPD [25–28], these data
should be interpreted cautiously as none of the studies was powered on lung cancer risk and the
overall sample size was relatively small. Based on this analysis, the estimated sample size for an
RCT to have sufficient statistical power to determine the effects of ICSs on lung cancer
incidence among COPD patients is >30 000 [24].

Glucocorticoid receptor activation signalling pathway and tumour progression
or suppression
The glucocorticoid receptor (GR) activation signalling pathway plays a crucial role in cell
growth, metabolism, reproduction and death [29]. It is also a key regulation pathway governing
immune responses [29]. Although some of these effects can be mediated by nongenomic
pathways, most are thought to be mediated through the GR, which is a member of the nuclear
receptor superfamily of transcription factors [30]. Of the two isoforms of GR (GRα and GRβ),
most GR target genes are induced by GRα, which is expressed ubiquitously in most cells, while
the function of GRβ is not well known [29]. Once glucocorticosteroid binds to GR, the
cytoplasmic GR dissociates from accessory proteins (e.g. heat-shock proteins) and translocates
into the nucleus [31]. In the nucleus, GR activates or represses gene transcription by directly
binding to glucocorticoid-response elements/negative glucocorticoid-response elements, or by
tethering to other transcription factors or a combination of these regulators [29].

The GR activation signalling pathway may participate in tumour development or progression by
regulating cell cycles and immune responses [32]. The role of the GR activation signalling
pathway on tumour development can be affected by the stage and subtype of tumours [29, 32].
Glucocorticosteroids are known to be tumour suppressive during tumorigenesis. In
haematological malignancies, the inhibitory role of the GR activation signalling pathway in
tumour progression has been well established. However, there are controversies about whether
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TABLE 2 Observational studies showing that inhaled corticosteroids (ICSs) reduce the risk of lung cancer in COPD

First author
[ref.]

Study
design

Region Data Number at risk
(ICS exposed/
unexposed)

Mean or median
follow-up

duration, years

Adjusted HR or OR (95% CI)

PARIMON [13] Prospective USA Data collected prospectively for the
Veterans Affairs-funded Ambulatory
Care Quality Improvement Project

10 474 (517/9957) 3.8 0.39 (0.16–0.96) for ICS dose
⩾1200 μg·day−1; 1.13 (0.67–1.90) for

ICS dose <1200 μg·day−1¶

KIRI [14] Retrospective
cohort

UK The UK General Practice Research
Database 1989–2003

1597 (127/1470) NA 0.50 (0.27–0.90) for ICS/LABA users;
0.64 (0.42–0.98) for ICS users

LEE [15]# Nested case–
control

Republic of
Korea

Korea Health Insurance Review and
Assessment Service database,

2007–2010

NA NA 0.79 (0.69–0.90)

LIU [16] Retrospective
cohort

Taiwan Taiwan National Health Insurance
Research Database 1997–2009

13 686 (1290/
12 396)

9.8 0.45 (0.21–0.96) for ICS cumulative
dose >39.5 mg; 0.95 (0.67–1.60) for
ICS cumulative dose ⩽39.5 mg

LEE [17] Nested case–
control

Republic of
Korea

Korea National Health Insurance
Service–National Sample Cohort,

2002–2013

NA 4.0 0.74 (0.57–0.96)

SANDELIN [18] Retrospective
cohort

Sweden Primary care medical records and
mandatory Swedish national registers,

1999–2009

19 894 (NA/NA) NA 0.52 (0.37–0.73)

HUSEBO [19] Prospective
cohort

Norway Bergen COPD Cohort Study Database,
2006–2009

433 (NA/NA) NA 0.40 (0.17–0.93)

RAYMARK [20] Retrospective
cohort

Canada Population-based linked administrative
data for the province of British

Columbia, 1997–2007

39 676 (28 314/
11 362)

5.2 0.70 (0.61–0.80) for time-dependent
ICS exposure

HR: hazard ratio; NA: not available; LABA: long-acting acting β2-agonist.
#: patients with asthma or COPD were included; ¶: ICS dose was changed to triamcinolone

equivalents.
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TABLE 3 Observational studies showing that inhaled corticosteroids (ICSs) are not associated with a reduced risk of lung cancer in COPD

First author
[ref.]

Study
design

Region Data Number at risk (ICS
exposed/ICS
unexposed)

Mean or median
follow-up

duration, years

Adjusted HR or OR (95% CI)

JIAN [21]# Nested
case–control

Taiwan Taiwan National Health Insurance
Research, Taiwan Cancer Registry

Database, and National Death Registry
Database, 2003–2010

NA NA 2.09 (1.52–2.88) for low dose and 1.88
(1.32–2.66) for high dose¶

WU [22] Retrospective
cohort

Taiwan Taiwan National Health Insurance
Research Database, 2003–2010

44 065 (8813/35 252) NA 2.42 (1.28–4.58) for ICS users with post-ICS
TB and 2.37 (1.01–5.54) for those with
post-ICS TB and pneumonia; 0.88 (0.67–
1.14) for ICS users without respiratory

infection
SØRLI [23] Prospective

cohort
Norway Nord-Trøndelag Health Study merged

with The Cancer Registry of Norway
and Norwegian Cause of Death

Registry 1995–1997

3041 (1095/1946) NA 0.97 (0.61–1.54)

SUISSA [24] Retrospective
cohort

Canada Quebec Health Care Databases
2000–2014

63 276
(40 164/23 112)

4.7 1.01 (0.94–1.08)

HR: hazard ratio; NA: not available; TB: tuberculosis. #: patients with asthma or COPD were included; ¶: low- and high-dose ICSs were defined by the median cumulative ICS
dose (18.8 defined daily dose per quarter).
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GR signalling pathways can significantly modulate tumorigenesis in solid cancers. It has been
suggested that in certain cancer subtypes, GR expression levels, the dose of glucocorticosteroids
and treatment (chemotherapy or radiotherapy) can impact tumour growth [29, 32].

The GR activation signalling pathway in tumour suppression
The inhibitory role of the GR signalling pathway in haematological malignancies is known to
be mediated by multiple signalling pathways including upregulation of apoptotic genes (e.g.
Bcl-2-like protein 11 (BIM) and Bcl-2-modifying factor (BMF)), downregulation of
anti-apoptotic genes (e.g. BCL2 and myeloid cell leukaemia 1 (MCL1)), and repression of genes
related to cell survival (e.g. activator protein 1 (AP1) and NF-κB (NFKB1)) [29, 32–35]. In
solid tumours, experimental studies have shown that glucocorticosteroids suppress cancer cell
progression in oestrogen receptor-positive breast cancer [36], androgen receptor-active prostate
cancer [37] and lung cancer (except when ICIs are used) [38, 39].

The GR activation signalling pathway is also linked to suppression of cancer metastasis in solid
cancers. In in vitro studies of various cancer types, the GR signalling activation pathway has
been shown to suppress cell migration or invasion by downregulating RhoA, matrix
metalloproteinase 2/9 (MMP-2/9), IL-6 and proangiogenic factors (e.g. IL-8 and VEGF), or by
upregulating microRNA (miRNA)-708 transcription [29]. The potential mechanism by which
glucocorticosteroids confer a protective role in lung cancer development will be discussed in the
section on Potential mechanisms by which ICSs suppress the development of lung cancer.

The GR activation signalling pathway in tumour progression
In contrast to oestrogen receptor-positive breast or androgen receptor-active prostate cancers, the
GR signalling pathway is related to tumour progression in oestrogen-negative breast cancer and
castration-resistant prostate cancers [29, 32]. Furthermore, in most epithelial cell-derived tumours
including lung cancer, glucocorticosteroids induce resistance to cell death by various cytotoxic
drugs or radiotherapy. This phenotype is thought to be mediated through upregulation of signalling
pathways related to cell survival such as serine/threonine survival kinase 1 (SGK1) [29, 40].

Clinical studies have also shown that systemic glucocorticosteroid treatment is associated with
poor treatment response (e.g. tumour progression and reduced survival) in cancer patients who
receive ICIs [41–48]. However, this observation does not apply to topical or inhaled
formulations of glucocorticosteroid treatment in which the overall dose of steroids is low
[47, 48]. Thus, it is postulated that glucocorticosteroids modulate the treatment response of ICIs
by inducing immunosuppression. It is thought that glucocorticosteroid-induced immuno-
suppression may prevent immune activation caused by the use of ICIs, which is crucially
needed to enable tumour suppression. Supporting this, a study using murine models showed that
GR activation upregulated TSC22 domain family member 3 (Tsc22d3) expression, which blocks
type I interferon (IFN) responses in dendritic cells and IFN-γ+ T-cell activation, resulting in
reduced antitumour effects by ICIs [49].

The possible pathophysiological link between COPD and lung cancer
There is strong evidence that COPD and lung cancer share common pathophysiological pathways
(figure 1) [50–53]. First, both diseases share common risk factors such as ageing, smoking and
exposure to other noxious particles (e.g. occupational and environmental air pollution) [50–53].
Second, there are shared genetic and epigenetic mechanisms between the two diseases. Genetic
studies including genome-wide association studies have revealed several genetic loci that are
associated with both COPD and lung cancer at a genome-wide significance level. The implicated
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genes include serpin family A member 1 (SERPINA1) [54, 55], MMP-1 [56, 57], cytochrome
P450 family 1 subfamily A member 1 (CYP1A1) [58, 59], microsomal epoxide hydrolase 1
(EPHX1) [60–62], cholinergic receptor nicotinic alpha 3 and 5 (CHRNA3 and -5; chromosome
15q25) [63–65], family with sequence similarity 13 member A (FAM13A; chromosome 4q24)
[66], Hedgehog-interacting protein (HHIP; chromosome 4q31) [67], VEGF receptor 1 (VEGFR1)
[68], zinc finger protein 143 (ZNF143) [69] and secreted phosphoprotein 1 (SPP1) [70].

There is also evidence that COPD and lung cancer share epigenetic changes including DNA
methylation, miRNA regulation and telomerase shortening. For example, COPD patients
demonstrate higher methylation levels in the cyclin-dependent kinase inhibitor 2A (CDKN2A)
gene, which encodes the tumour suppressor p16, leading to decreased expression of this gene
[71]. Moreover, expression levels of O-6-methylguanine-DNA methyltransferase (MGET) are
higher in COPD patients as well as in those with lung cancer compared with healthy controls
[71]. An epigenome-wide association study showed DNA methylation alterations in the
coiled-coil domain-containing 37 (CCDC37) and microtubule-associated protein 1B (MAP1B)
genes in both COPD and lung cancer patients [72]. Interestingly, studies have shown that many
of the 349 CpG sites associated with COPD are also related to the risk of lung cancer, which
further supports a genetic link between COPD and lung cancer [51, 73].

COPD Lung cancer

Pathophysiological link between

COPD and lung cancer

Risk factors

(ageing, smoking, etc.)

Chronic inflammation, altered cell

cycles, EMT and microbiome

composition change

G0 phase

(resting)

G2

G1

M

S

Genetic susceptibility

(genes, DNA methylation, miRNA,

telomere shortening, etc.)

Methyl group

Promoter Target gene

FIGURE 1 Possible pathophysiological link between COPD and lung cancer. COPD and lung cancer have shared risk
factors, such as genetic susceptibility, in terms of genetic and epigenetic mechanisms (DNA methylation, microRNA
(miRNA), telomere shortening, etc.), chronic inflammation, altered cell cycles, EMT and microbiome changes.
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Regarding miRNA, increased expression of four miRNA signatures (miR-21, miR-200b,
miR-210 and miR-let7c) with decreased expression of the miRNA target genes (phosphatase
and tensin homolog (PTEN), myristoylated alanine-rich protein kinase C substrate (MARCKS)
and Kirsten rat sarcoma virus (KRAS)) were found in lung cancer patients with COPD compared
with those without COPD [74]. A previous study of miRNA set enrichment analysis also
suggested the involvement of miRNAs (hsa-miR-15b, hsa-miR-106a, hsa-miR-17, hsa-miR-103
and hsa-miR-107) as common pathways linking COPD and NSCLC [75]. Another interesting
observation is that telomeres (in lung tissues as well as in blood) are relatively shorter in
patients with COPD and those with lung cancer, which suggests that replicative senescence and
cell arrest may be another pathogenic link between COPD and lung cancer [76].

Third, chronic inflammation, a hallmark of COPD, may play an important role in lung
carcinogenesis [77]. The link between chronic inflammation and the risk of lung cancer in COPD
may be mediated through active smoking-induced inflammation. For example, cigarette smoking,
the most important major risk factor for COPD, upregulates IL-1β and other cytokines that can
increase the activity of the cyclooxygenase 2 (COX-2) enzyme [78, 79]. COX-2 products are
also known to hinder apoptosis, cellular repair and antitumour immunity while promoting
angiogenesis, and these changes can provide a vulnerable environment for early carcinogenesis
[80, 81]. NF-κB signalling pathways are also thought to play an important role, as these
pathways are involved in both chronic airway inflammation in COPD and lung carcinogenesis
[82]. NF-κB signalling induces the release of proinflammatory cytokines, chemokines, adhesion
molecules and angiogenetic factors [83], which are also important in carcinogenesis.

Fourth, the immunological changes in COPD are characterised by T-cell dysregulation and a
bias towards Th1 and cytotoxic profiles [51]. Interestingly, the severity of COPD is related to
increased levels of PD-1-positive (exhausted) effector CD8+ cells [84], which are thought to be
closely related to the pathogenesis of lung cancer in COPD. A previous study suggested that
PD-L1 expression on CD8+ tumour-infiltrating T-cells was associated with COPD severity [85].
The enhanced immune checkpoint inhibition in lung cancer patients with COPD compared with
those without lung cancer also suggests that altered immune dysregulation in COPD contributes
to lung cancer development [85–87]. The involvement of Th17 cells in the pathogenesis of
COPD and lung cancer is another piece of evidence that immune dysregulation is a shared
pathogenic mechanism between COPD and lung cancer [88–90]. A recent murine model study
found that Th17 cells mediate inflammation and lung tumourigenesis [90]. Supporting this
observation, a study showed that variations in genes involved in inflammatory pathways
increase the risk of lung cancer in COPD [91]. Exogenous and endogenous reactive nitrogen
oxide species (RNOS) are drivers that promote inflammatory pathways and carcinogenesis in
the lung [52]. RNOS impair DNA repair, apoptosis and other pathways that protect against
mutagenesis [92]. In addition, RNOS promote tissue inflammation, which in turn generates
more RNOS, causing a vicious cycle of oxidative stress, inflammation, mutagenesis and lung
injury [52]. Various inflammatory and proliferative pathways including the phosphoinositide
3-kinase (PI3K)–mammalian target of rapamycin (mTOR) pathway and the Jun N-terminal
kinase ( JNK)-dependent mitogen-activated protein kinase (MAPK) pathway, and NF-κB
activation may be involved in this process [93–95].

Fifth, EMT is known to be involved in the tissue remodelling of COPD, as well as in the
progression of lung cancer [96–98]. EMT is a process of gradual transformation of epithelial
basal cells to mesenchymal-like cells [99]. During the process, fragmentation of subepithelial
reticular basement membrane and hypervascularity develop, and the epithelial cells lose their
characteristic features and functionality. Studies have shown that EMT, represented by a highly
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fragmented reticular basement membrane with clefts, is observed in COPD; in the cleft of the
basement membrane, cells expressing increased mesenchymal markers (e.g. S100 calcium
binding protein A4 (S100A4), vimentin and MMP-9) and decreased junctional molecules
(e.g. zonula occludens 1 (ZO-1) and E-cadherin) are present [100, 101]. Furthermore, EMT
markers have been significantly correlated with the severity of airflow limitation in COPD [101].
The involvement of EMT in the early stages of carcinogenesis and tissue invasion has been well
described [102]. A genome-wide association study showing that COPD and lung cancer share a
genetic link (4q31 locus) involved in smoking-induced EMT also supports the hypothesis that
EMT increases the risk of lung cancer in COPD [67]. However, the mechanism(s) by which
EMT causes COPD and lung cancer remains largely a mystery. One plausible hypothesis is that
the change from type II EMT to type III EMT in COPD may play a role in the development of
lung cancer [96, 103]. Chronic inflammation in COPD is accompanied by tissue remodelling,
including peribronchial fibrosis in the small airways, which may be accompanied by a change in
the extracellular matrix, leading to type II EMT. When this process is associated with
angiogenesis (type III EMT), it may contribute to the development of lung cancer [96, 103].

Lastly, microbiome composition changes have the potential to contribute to lung cancer
development in COPD. Streptococcus, Pseudomonas and Haemophilus species are common
bacterial pathogens in the COPD airway [104], and some of these bacteria are thought to be
involved in the pathogenesis of lung cancer [105, 106]. The association of microbiome changes
in COPD with lung cancer has not been well elucidated. However, a recent bronchoscopy study
of smokers at high risk of lung cancer found that distinct airway microbiome changes appeared
before lung cancer diagnosis [107]. This suggests that a shift in the normal airway microbiome
may promote the development of lung cancer.

Potential mechanisms by which ICSs suppress the development of lung cancer
Although the exact mechanisms by which ICSs suppress the development of lung cancer are
speculative, several potential mechanisms have been posited (figure 2).

Anti-inflammation
Considering the positive linkage between chronic inflammatory lung diseases and the risk of
lung cancer [77], anti-inflammation has been suggested to explain a plausible mechanism by
which ICSs reduce the risk of lung cancer. One possible explanation is that this modification
might be mediated through the regulation of NF-κB signalling pathways, which are key
pathways in COPD and lung cancer. Furthermore, NF-κB signalling is the key pathway that
sustains the chronic airway inflammatory changes in COPD airways by inducing
proinflammatory cytokines, chemokines, adhesion molecules and angiogenetic factors [83].
Thus, it is not unreasonable to suggest that ICSs can reduce lung carcinogenesis in COPD by
repressing NF-κB and its downstream pathways (e.g. upregulation of various cytokines such as
IL-1β and IL-8) [83, 108–110]. In addition, studies suggest that glucocorticosteroids may
attenuate the MAPK pathway, which is involved in both inflammation and carcinogenesis [111].

Induction of growth arrest/suppression of lung cancer cells
Glucocorticosteroids have been widely used as an anticancer treatment for haematological
malignancy and as an adjunctive therapy to relieve adverse symptoms related to chemotherapy.
However, in vitro and in vivo studies have shown that glucocorticosteroids can suppress the
growth of nonhaematological cancers, including lung cancer cells [29, 39]. For example,
glucocorticosteroids promote the growth arrest of adenocarcinoma cell lines by inhibiting
retinoblastoma (Rb) protein phosphorylation [112]. In addition, a recent study using cancer cells
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originating from a lung cancer donor suggested that glucocorticosteroids can activate the
reversible dormancy of cancer cells, which is dependent on CDKN1C, a glucocorticosteroid
receptor-target gene [113]. This study also showed that the regulation of CDKN1C occurs
through chromatin looping of a glucocorticosteroid receptor-occupied upstream distal enhancer
[113]. These results suggest that ICSs may delay or suppress the progression of lung cancer in
its early stages by inducing growth arrest or promoting dormancy of lung cancer cells.

Suppression of EMT
Drugs targeting EMT may have the potential to reduce the risk of lung cancer in COPD [96].
Although there is limited information on the impact of ICSs on EMT in COPD, a recent study has
shown that ICSs can attenuate EMT in bronchial epithelial cells in patients with COPD, suggesting
that ICSs might prevent lung cancer progression in COPD by preventing EMT [114]. In a COPD
mouse model, CCAAT/enhancer-binding protein β (C/EBTβ) was shown to mediate bronchial
EMT induced by cigarettes/IL-17A [115]. As glucocorticosteroids suppress C/EBT pathways [111],
repression of C/EBT pathways by ICSs might be an explanation for this phenomenon.

Modulation of the airway microbiome
Studies have suggested that some pathogens such as Streptococcus may be related to lung
cancer development, while increased expression of Staphylococcus may reduce the risk [106].

Lung cancer
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Microbiome

Suppression of inflammatory

signalling pathways
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arrest/suppression of lung 

cancer cells

EMT suppression

Microbiome composition change

G0 phase

(resting)

G2

G1

M

S

FIGURE 2 Proposed model for the prevention of lung cancer in COPD by inhaled corticosteroids (ICSs). ICSs may
prevent carcinogenesis in COPD by modulating inflammation by inhibiting inflammatory signalling pathways
(e.g. NF-κB and mitogen-activated protein kinase signalling), inducing cell-cycle arrest, promoting EMT
suppression and/or altering the airway microbiome.
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However, there is a contrasting view that Streptococcus may prevent DNA damage, while
Staphylococcus induces DNA damage, although this study was performed on individuals with
breast cancer [116]. A recent study also showed that the relative abundance of Streptococcus
had a negative effect on the linear discriminant analysis scores of taxonomic features used in
developing a classifier predicting incident lung cancer [107]. Although ICSs can affect airway
microbiome composition [117, 118], future studies are needed on whether ICS-related
microbiome changes can alter the risk of lung cancer in COPD.

Future directions and unanswered questions
What are the future directions and unanswered questions? First, despite some evidence from
basic and clinical research that ICSs can reduce the risk of lung cancer in COPD, more solid
evidence is needed to widely promote ICSs as a chemopreventative therapy in patients with
COPD. A definitive, large, robust RCT evaluating this hypothesis is urgently needed. Second,
future studies on ICSs and lung cancer in COPD should consider the various trajectories of the
disease in terms of personalised medicines. There might be phenotypes or endotypes of COPD
that respond favourably to ICSs in mitigating the risk of lung cancer. For example, the effect of
ICSs on the risk of lung cancer might be differentially mediated according to the inflammatory
phenotype (eosinophilic versus noneosinophilic inflammation), smoking status, ICS exposure
amount (duration and concentration), microbiome properties or the presence of comorbid
conditions (e.g. tuberculosis, asthma, bronchiectasis).

Conclusion
There is promising evidence that ICSs can reduce the risk of lung cancer in COPD. ICSs may
modify the risk of lung cancer through their anti-inflammatory properties, by inducing cellular
growth arrest or inducing dormancy of lung cancer cells, by modulating EMT, or by altering the
microbiome profiles of the COPD airway. Although ICSs do not have regulatory approval as a
chemopreventative agent, they may be used in patients with COPD to reduce the risk of
exacerbation and mitigate symptoms. These patients may experience the added benefit of
lowering their risk of lung cancer, although this notion needs to be validated in a large RCT,
powered specifically on lung cancer as the end-point.
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Antibiotics for lung disease and cancer
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Lung cancer patients frequently present with respiratory tract infections. The presence of multidrug-
resistant pathogens is associated with unfavourable outcomes, including the persistence of bacteraemia,
metastatic infection and higher case-fatality rates. Antibiotics may increase the risk of cancer
development, and affect cancer treatment efficacy and toxicity by inducing changes in the microbiota.
Further research is needed to clarify the role of antibiotics in the dysregulation between the microbiota
and the immune system, and is crucial for lung cancer prevention and treatment. Monitoring gut
microbiota composition and administering protective commensal bacteria could potentially improve
cancer treatment response and tolerability, leading to better oncological outcomes.

Introduction
Patients with lung cancer frequently present with an infection, which can negatively impact on
both oncological treatment and survival [1]. Lower respiratory tract infections and
immunosuppression-related infections have been frequently reported in lung cancer patients [2].
SCLC, advanced-stage lung cancer and being >70 years of age are associated with higher
infection rates. Treatment-related infections, including post-operative pneumonia, febrile
neutropenia and superimposed infection following oncological treatments, such as surgery,
radiation and chemotherapy, can complicate the clinical course of the disease [2–6]. In addition,
discovery of a lower respiratory tract infection at the time of lung cancer diagnosis has been
associated with a reduced probability of receiving the appropriate oncological treatment and
with a significantly lower overall survival rate [7].

Colonisation of multidrug-resistant (MDR) organisms in patients who have been diagnosed with
NSCLC has been related to a lower overall survival rate due to a higher rate of fatal infections [8].

For these reasons, prompt initiation of treatment is crucial to avoid increased mortality.
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Diffuse and prolonged use of broad-spectrum antibiotics in cancer patients, particularly in
neutropenic conditions, contribute to the selection of antibiotic-resistant organisms. Among
them, vancomycin-resistant Enterococcus faecium and fluoroquinolone-resistant Escherichia
coli appear to be significantly higher in adult oncology patients than paediatric patients [9].
Several studies have demonstrated the association of increasing resistance with unfavourable
outcomes [8, 10]. Raised persistence of bacteraemia, increased risk of metastatic infection and
higher case-fatality rates have been observed among cancer patients presenting with infections
caused by antibiotic-resistant pathogens compared with other pathogens [8, 9]. Thus, the
presence of resistant or opportunistic agents should be taken into consideration to carefully
guide empirical antibiotic choice and ensure the most favourable outcome [8].

The relationship between microbiota and lung cancer initiation, treatments and prognosis is still
controversial. Based on epidemiological data, disorders of host microbiota and infections seem
to be associated with an increased risk of lung cancer development [11–13]. Moreover,
antibiotics appear to impair the efficacy of cancer treatments such as chemotherapy and
immunotherapy [14, 15]. Exploring the complex interaction between microbes and lung cancer
is therefore crucial to better understand cancer pathogenesis, avoid infective complications and
guide therapeutic management.

The risk factors, microbiology and epidemiology of infections in lung cancer
Among lung cancer patients, risk factors for infection can be classified into the following [2–4].
Patient-related: age, sex (with male patients more at risk), nutritional status, smoking status and
comorbidities. Cancer-related: neoplastic obstruction, disruption of anatomical barriers and
immunosuppression. And treatment-related: postsurgical infections, immunosuppression via
steroids or chemotherapy, radiation therapy, haematotoxicity, mucositis and implantable devices.
Table 1 presents the risk factors for bacterial infection in lung cancer.

Respiratory tract infections are frequently encountered in lung cancer patients, due to both local
aspects of the disease itself (e.g. tumoural mass obstruction, mucociliary kinetic disruption) and
pre-existing conditions (e.g. COPD, aspirations, previous colonisation). For instance, patients who
undergo extensive surgical tumour resection are at increased risk of postoperative nosocomial
infection, mainly associated with surgical- and intensive care unit-related factors [3–5, 16–18].

TABLE 1 Risk factors for bacterial infections in lung cancer

Patient-related
Age >70 years
Sex (Male>female)
Poor nutritional status
Smoking status
Comorbidities (e.g. COPD and previous colonisation)

Cancer-related
Neoplastic obstruction
Disruption of anatomical barriers
Immunosuppression

Treatment-related
Postsurgical infections
Immunosuppression secondary to corticosteroid treatment or chemotherapy
Haematotoxicity (neutropenia), secondary to chemotherapy
Mucositis, secondary to chemotherapy or radiation therapy
Implantable devices
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Centrally located tumours, such as SCC and SCLC, are associated with post-obstructive
pneumonia, determining failure of treatment with broad-spectrum antibiotics, persistent/recurrent
infections and severe complications (lung abscess, empyema, fistula formation) in ∼10–15% of
the cases [17, 19]. Candida albicans, Klebsiella pneumoniae, Pseudomonas aeruginosa and
Staphylococcus aureus are the most frequently encountered pathogens [16]. Among lung cancer
patients with pre-existing conditions such as COPD, a high incidence of colonisation by
P. aeruginosa has been described and has been associated with a rapid clinical decline [20].

Neutropenia, defined as a neutrophil count of <500 mm−3, is frequently encountered in lung
cancer patients treated with cytotoxic drugs. Febrile neutropenia occurs in 10–40% of lung
cancer patients and is generally associated with lower respiratory tract infections, with
Gram-negative organisms being the most frequent pathogens [2, 20, 21]. Although
gastrointestinal tract infections, catheter-related infections, and skin and urinary tract infections
have been less frequently reported, Enterobacteriaceae from the urine and digestive tract have
been identified in 59% of blood cultures taken from patients with febrile neutropenia [20].
Infection sustained by Gram-positive bacteria progressively increases over the course of a year,
with Staphylococcus spp. (mainly S. aureus and S. epidermidis) identified the most frequently
[20, 22, 23]. Moreover, in lung cancer patients with febrile neutropenia, infections are frequently
hospital-acquired and caused by MDR strains [20]. Despite appropriate microbiological tests and
the success of antibiotic treatment, the overall mortality rate within 30 days of symptom onset
has been reported to be 33% [20]. Predictive factors for treatment failure in febrile neutropenia
are age >60 years and thrombocytopenia of <20 000 mm−3 [20]. Independent risk factors for the
overall case fatality rate in neutropenic patients are concomitant corticosteroid therapy, advance
neoplasm and shock at presentation [24]. Hospital-acquired infections and Gram-negative bacilli
are also associated with first-line antibiotic treatment failure and higher mortality rates [20].

Unlike cytotoxic chemotherapy, in the case of immunotherapy, a reduction in immuno-
suppressive activity is noted and neutropenia is less frequently reported. Indeed, ICIs do not
confer a higher risk of infectious complications. However, they can induce immune-related
adverse events, requiring the use of corticosteroids and other immunosuppressive drugs, with
consequent risk of infection [25]. Moreover, immune-mediated colitis associated with
bacteraemia frequently complicates the clinical course of patients treated with ICIs [26].

Lung cancer patients are frequently exposed to antibiotic treatment and colonised by respiratory
bacteria. Moreover, they are often treated in a hospital setting. Thus, the selection of MDR
microbes is higher than in the general population, and MDR pathogen infections should be
considered, particularly in hospitalised patients in whom ESKAPE pathogens (E. faecium,
S. aureus, K. pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter spp.)
have been previously and frequently encountered [9]. Table 2 presents the risk factors for
infection with MDR bacteria in lung cancer.

The interaction between antibiotics, pathogens and the host
Although it remains unclear whether antibiotics have a causative role in the process of cancer
development, some studies have suggested that recurrent antibiotic therapy may play a role in

TABLE 2 Risk factors for infection with multidrug-resistant (MDR) bacteria in lung cancer

Recurrent hospitalisations and access to medical setting
Previous hospitalisations in settings with a high incidence of MDR pathogens (e.g. intensive care unit)
Previous and recurrent antibiotic therapy
Antibiotic prophylaxis
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lung cancerogenesis [11, 27, 28]. In a recent meta-analysis, PETRELLI et al. [29] noted evidence
of an increased risk of cancer with prolonged or excessive use of antibiotics. Data from other
studies also highlighted an association between recurrent exposure to antibiotics and cancer risk
[11, 29, 30]. Individuals with either a long duration of antibiotic exposure or usage higher doses
were found to be at a higher risk [29]. An association between lung cancer and recurrent
antibiotic therapy (especially macrolides, penicillins and cephalosporins) has been observed,
with the change in microbiome diversity that is associated with antibiotic treatment representing
the most plausible explanation [30].

As the direct carcinogenic effect of antibiotics is unknown, the increased cancer risk seems to
be related to gut microbiota dysbiosis caused by antibiotic exposure and their interaction with
immune system [27, 31]. Indeed, alterations in the microbiome have been suggested to be
involved in tumorigenesis and may determine oncological outcome [32].

Although the lungs were once considered sterile organs, a microbial ecosystem is now known to
be present in the bronchoalveolar lavage fluid, sputum and lung tissues. Changes in the
composition of bacterial species have been demonstrated in lung cancer patients [32].
Antibiotics may induce modifications in lung microbiota, explaining the higher incidence of
lung cancer amongst users of antibiotics [29]. Chronic inflammation linked to altered lung
microbiota may explain local carcinogenesis [32].

Inflammatory cells and cytokines recruited by microbes are essential components of the tumour
microenvironment. The role of the immune system during carcinogenesis has been extensively
described and consists of three phases: elimination, equilibrium and escape [33]. During this
process, alteration of microbiota associated with antibiotic treatment could promote an immune
imbalance, modify the bacteria antigenicity and increase pro-inflammatory cytokines. Thus,
dysregulation of the lung and bronchial microbiota due to microbial infections and antibiotics,
raising the level of ROS [34], can ultimately lead to tumour development [33]. Moreover,
antibiotics increase the richness, diversity and evenness of the intestinal microbiota [33]. This
microbial change has been linked to an immune imbalance, such as downregulation of major
histocompatibility complex I/II genes, impaired Th1/Th17 responses and changes in
microbe-associated molecular patterns [33]. However, current evidence does not sufficiently
demonstrate that microbiota dysregulation and immunological alteration due to antibiotics are
directly involved in carcinogenesis.

The interaction between antibiotics and cancer treatment
Whether antibiotics interfere with cancer therapy has been investigated [27]. Several studies
have suggested that antibiotic use in cancer patients could have an indirect impact on cancer
treatment and patient outcome. This particularly seems to concern patients who are treated with
immunotherapy, where antibiotic use negatively affects the antitumour response and,
consequently, survival. In particular, the use of antibiotics may alter the antitumor immune
response induced by ICIs [14, 35–37]. The most reliable data come from studies of
immunotherapy in melanoma, in which treatment with penicillins, cephalosporins and
fluoroquinolones has been shown to have a negative effect on overall survival [38]. A negative
association between immune therapy response and the use of antibiotic agents has also been
reported in NSCLC, suggesting that, whenever possible, broad-spectrum antibiotics should be
avoided during immunotherapy [35–37, 39].

It has been suggested that the direct effect of antibiotics could cause selective pressure within
the host microbiome, transforming microbiota through downregulation of major histocompatibility

302 https://doi.org/10.1183/2312508X.10020821

ERS MONOGRAPH | LUNG DISEASES AND CANCER



complex class I/II genes and impaired effector T-cell responses, which are associated with a
decreased response to immunotherapy [39–41]. Moreover, chemotherapeutic agents seem to
exacerbate dysbiosis, reducing drug tolerability [40]. Indeed, changes in the mucosal and fecal
microbiota have been observed during oncological therapy [40]. Thus, alterations in the gut
microbiota could lead to changes in the treatment-induced immune and inflammatory
responses [40].

PINATO et al. [39] suggested that some bacteria species have intrinsic immune-modulating
properties. For example, Bacteroidetes phylum seems to have a protective effect against
checkpoint inhibitor-induced colitis [42]. Streptococcus mutans and Enterococcus casseliflavus
found in fecal specimens from oncology patients has been associated with an excellent response
to chemotherapy [43]. In contrast, Leuconostoc lactis and Eubacterium siraeum were more
frequently detected in non-responders [43]. This suggests that gut microbiota have a potential
role as predictive biomarkers of treatment response in lung cancer [43].

The impact of the microbiome on carcinogenesis and future research
As previously mentioned, the use of antibiotics has been linked to carcinogenesis and a worse
oncological outcome, highlighting the possible role of microbiota in these processes. The
microbiome is made up of commensal microbes (bacteria, fungi, archaea and viruses), mostly
involved in digestion and absorption, and is considered a second genome composed of four
major phyla: Firmicutes (65%), Bacteroidetes (16%), Actinobacteria (9%) and Proteobacteria
(5%) [27]. Fecal microbiome from lung cancer patients differ from the microbiome of healthy
subjects, suggesting its role as a potential biomarker in lung cancer diagnosis and prevention.
Interestingly, lung cancer patients are characterised by a reduction in the bacterial phylum
Actinobacteria and genus Bifidobacterium, and an increase in Enterococcus [44].
Butyrate-producing colon bacteria, including Clostridium leptum, Clostridial cluster I,
Roseburia spp., Ruminococcus spp., Clostridial cluster XIVa and Faecalibacterium prausnitzii,
are dramatically reduced [44]. These differences could represent potential biomarkers for lung
cancer diagnosis.

Administration of probiotics in patients treated with chemotherapy could reduce gastrointestinal
adverse events and improve lung cancer outcome [33, 45, 46]. In mouse models, the
administration of probiotics during chemotherapy demonstrated increased tumour reduction and
higher levels of antitumour cytokines [47, 48]. Thus, monitoring gut microbiota composition
and administering protective commensal bacteria may be a promising approach to preventing
cancer-related adverse events, leading to a better outcome.

In lung carcinogenesis it is important to recognise the local lung microbial changes observed in
the bronchoalveolar lavage fluid, sputum and lung tissue of lung cancer patients [32]. Whilst
the lung was for a long time considered a sterile site, it has been noted that the lung microbiota
from healthy adults are similar to those found in the oropharynx, where the predominant
bacterial phyla include Firmicutes, Proteobacteria and Bacteroidetes [32, 49]. In the lung
specimens of oncology patients, changes in alpha diversity (the number and distribution of taxa
expected within a sample) have been reported and linked with chronic inflammation as the main
mechanism for lung cancer formation [32].

Although several studies have been published that explore the changes in the lung microbiome
of lung cancer patients, there are still areas that need to be addressed. A clear causative
relationship between lung microbiota changes and inflammatory pathway activation with lung
cancer development is still lacking. The complex interplay between lung microbiota and lung
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cancer risk factors (e.g. tobacco smoking, air pollution, family history) still needs to be
clarified. Alterations of lung microbiota have also been reported in other pulmonary diseases
linked to lung cancer, such as COPD, IPF and asthma. Thus, evaluation of the differences in the
lung microbiome between lung cancer patients and patients with these comorbidities could
allow us to better understand the role of microbiome in the aetiopathogenesis of lung cancer.
Further research is also needed into the alteration of the gut–lung microbiome axis and its
potential influence in chronic lung diseases and lung cancer development.
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