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Abstract: Environmental pollutants are closely linked to lung cancer. The different types of envi-
ronmental pollutants can be classified as chemical, physical, and biological. The roles of common
chemical and physical pollutants such as PM2.5, smoking, radon, asbestos, and formaldehyde in
lung cancer have been extensively studied. Notably, the worldwide COVID-19 pandemic raised
awareness of the strong link between biological pollution and human health. Allergens such as
house dust mites and pollen, as well as bacteria and viruses, are common biological pollutants. A
few biological pollutants have been reported to promote lung cancer via inducing inflammatory
cytokines secretion, such as IL-1β, IL-6, and TGF-β, as well as suppressing immunosurveillance by
upregulating regulatory T (Treg) cells while dampening the function of CD8+ T cells and dendritic
cells. However, the correlation between common biological hazards, such as SARS-CoV-2, human
immunodeficiency viruses, Helicobacter pylori, and house dust mites, and lung cancer is not fully
elucidated, and the underlying mechanisms are still unclear. Moreover, the majority of studies that
have been performed in lung cancer and biological carcinogens were not based on the perspective of
biological pollutants, which has challenged the systematicity and coherence in the field of biological
pollutants in lung cancer. Here, in addition to reviewing the recent progress made in investigating
the roles of allergens, viruses, and bacteria in lung cancer, we summarized the potential mechanisms
underlying biological pollutants in lung cancer. Our narrative review can shed light on understanding
the significance of biological pollutants in lung cancer, as well as inspire and broaden research ideas
on lung cancer etiology.

Keywords: biological pollutants; viruses; bacteria; allergies; chronic inflammation

1. Introduction

Environmental pollution is a well-known risk factor for human cancer [1–4]. It has
been reported that the 1976 industrial tragedy at Seveso, Italy, gradually drew public
attention to the influence of environmental pollutants on human health [5]. This accident
caused widespread dioxin contamination, leading to a significant increase in cancer rates in
the area [6]. Since then, chemical pollutants have become an important topic in the field of
environmental pollutants in cancer, whose carcinogenic mechanism is exactly in line with
the concept of two-step tumorigenesis: tumor initiation with mutations in healthy cells,
followed by a promoter step that triggers cancer development [7]. In addition to chemical
pollution, exposures such as tobacco smoke, radon, asbestos, metals, chromium, and arsenic
have also been found to be carcinogenic to humans [8]. With the development of science
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and society, air pollution, including environmental particulate matter ≤2.5 µm (PM2.5),
has been identified as an emerging risk factor for cancer, especially lung cancer [9,10].

Although lung cancer is currently not the most common type of cancer, it is still the
leading cause of cancer mortality worldwide [11]. Lung cancer is frequently utilized to
investigate the carcinogenic effects of environmental pollution on humans, since the lung is
an important organ exposed to environmental substances and has an essential gas exchange
capability for survival.

It should be emphasized that the global coronavirus disease 19 (COVID-19) pandemic
highlighted the perils of biological pollution, demonstrating its substantial detrimental
impacts on human health [12]. Alongside chemical and physical pollution, biological
pollution is another important part of environmental pollution [13]. The key environmental
types of biological pollutants include biological allergens (e.g., cat/dog dander and saliva,
house dust mites, cockroaches, molds, and pollen) and microorganisms (viruses and bacte-
ria) [14]. Several studies have shown that pathogenic microorganisms such as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [15,16], human immunodeficiency virus
(HIV) [17], human papillomavirus (HPV) [18], Epstein–Barr virus (EBV) [19], Helicobacter
pylori (H. pylori) [20], Streptococcus pneumoniae (S. pneumoniae) [21], Mycobacterium tuber-
culosis (M.tb) [22], Chlamydia pneumoniae (C. pneumoniae) [23], and the common allergen
house dust mite [24] are strongly associated with lung cancer. However, few studies have
linked these pathogens/allergens to biological pollutants, and the concept of biological
pollutants seems to be partially neglected in research on environmental pollutants and lung
cancer, despite the extensive research into air pollution and lung cancer. It is like being in
the dark under a lamp when it comes to the state of research on biological pollutants and
lung cancer. A lack of systematicity and integrity in research would not only hamper our
understanding of the role of biological pollutants in lung cancer, but would also slow the
pace of the discovery of new mechanisms and etiologies of lung cancer.

Collectively, this review attempts to summarize the impacts of major biological pol-
lutants on the occurrence and development of lung cancer and their potential mecha-
nisms, which could provide a reference for research on the etiologies and mechanisms of
lung cancer.

2. Air Pollution and Lung Cancer

Before reviewing the research on biological pollutants in lung cancer, it is important
to have a general understanding of environmental pollution in lung cancer. Bibliometric
studies are commonly used in academia to statistically evaluate published research and
forecast future trends in scientific inquiry [25].

It has been reported that the Web of Science is the “gold standard” for bibliometric
use [26]. Therefore, we used the Web of Science Core Collection (WoSCC) database for
our bibliometric analysis. We conducted a comprehensive literature search related to
environmental pollution and lung cancer within the Science Citation Index-Expanded
(SCI-E) of the WoSCC database from 2003 to 2023. The search and reference download were
completed within 1 day to prevent bias caused by frequent database updates. We applied
the following query to WoSCC: (((TS = (Pulmonary Neoplasm)) OR TS = (Lung Neoplasm))
OR TS = (Lung Cancer)) OR TS = (Cancer of Lung) AND ((TS = (Pollutant, Environmental))
OR TS = (Environmental Pollutant)) OR TS = (Pollutant), with a limited period set from 28
November 2003 to 27 November 2023. The types of documents were limited to articles and
reviews, and the language of publication was limited to English. Detailed data retrieval
and inclusion procedures are shown in Figure 1.

Rstudio (version 2023.09.1+494) was used to initiate the online bibliometric analysis
tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the keywords
and keyword trends. The word cloud (Figure 2A) showed that air pollution was the most
frequent keyword in the fields of environmental pollution and lung cancer over the last
20 years. PM2.5, particulate matter, and polycyclic aromatic hydrocarbons were also the
most frequently reported environmental pollutants in lung cancer research. Based on
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the top 15 keywords with the strongest citation bursts, a clear topic trend in the fields of
environmental pollution and lung cancer was shown (Figure 2B). The hot topic in this
area has gradually shifted from chemical pollution (e.g., polycyclic aromatic hydrocarbons)
to air pollution, with PM2.5 and particulate matter being hotspots in air pollution and
lung cancer [27]. However, the effect of biological pollution on lung cancer has not been
emphasized in the last 20 years of environmental pollution research based on the results
of the bibliometric analysis. Moreover, an advanced research search in PubMed using the
query of ((biological pollution (Title/abstract)) OR (biological pollutant (Title/abstract))
AND (lung cancer (Title/abstract)) retrieved zero results on 14 December 2023 (Figure 3),
indicating that lung cancer research on the concept of biological pollution is rare.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 3 of 14 
 

 

 
Figure 1. Flowchart depicting the process of publication selection in the field of environmental pol-
lution and lung cancer. 

Rstudio (version 2023.09.1+494) was used to initiate the online bibliometric analysis 
tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the keywords 
and keyword trends. The word cloud (Figure 2A) showed that air pollution was the most 
frequent keyword in the fields of environmental pollution and lung cancer over the last 
20 years. PM2.5, particulate matter, and polycyclic aromatic hydrocarbons were also the 
most frequently reported environmental pollutants in lung cancer research. Based on the 
top 15 keywords with the strongest citation bursts, a clear topic trend in the fields of en-
vironmental pollution and lung cancer was shown (Figure 2B). The hot topic in this area 
has gradually shifted from chemical pollution (e.g., polycyclic aromatic hydrocarbons) to 
air pollution, with PM2.5 and particulate matter being hotspots in air pollution and lung 
cancer [27]. However, the effect of biological pollution on lung cancer has not been em-
phasized in the last 20 years of environmental pollution research based on the results of 
the bibliometric analysis. Moreover, an advanced research search in PubMed using the 
query of ((biological pollution (Title/abstract)) OR (biological pollutant (Title/abstract)) 
AND (lung cancer (Title/abstract)) retrieved zero results on 14 December 2023 (Figure 3), 
indicating that lung cancer research on the concept of biological pollution is rare. 

 
Figure 2. (A) Keywords with word cloud generation and (B) keywords trend in the field of environ-
mental pollution and lung cancer. Rstudio (version 2023.09.1+494) was used to initiate the online 
bibliometric analysis tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the 
keywords and keyword trends. 

Figure 1. Flowchart depicting the process of publication selection in the field of environmental
pollution and lung cancer.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 3 of 14 
 

 

 
Figure 1. Flowchart depicting the process of publication selection in the field of environmental pol-
lution and lung cancer. 

Rstudio (version 2023.09.1+494) was used to initiate the online bibliometric analysis 
tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the keywords 
and keyword trends. The word cloud (Figure 2A) showed that air pollution was the most 
frequent keyword in the fields of environmental pollution and lung cancer over the last 
20 years. PM2.5, particulate matter, and polycyclic aromatic hydrocarbons were also the 
most frequently reported environmental pollutants in lung cancer research. Based on the 
top 15 keywords with the strongest citation bursts, a clear topic trend in the fields of en-
vironmental pollution and lung cancer was shown (Figure 2B). The hot topic in this area 
has gradually shifted from chemical pollution (e.g., polycyclic aromatic hydrocarbons) to 
air pollution, with PM2.5 and particulate matter being hotspots in air pollution and lung 
cancer [27]. However, the effect of biological pollution on lung cancer has not been em-
phasized in the last 20 years of environmental pollution research based on the results of 
the bibliometric analysis. Moreover, an advanced research search in PubMed using the 
query of ((biological pollution (Title/abstract)) OR (biological pollutant (Title/abstract)) 
AND (lung cancer (Title/abstract)) retrieved zero results on 14 December 2023 (Figure 3), 
indicating that lung cancer research on the concept of biological pollution is rare. 

 
Figure 2. (A) Keywords with word cloud generation and (B) keywords trend in the field of environ-
mental pollution and lung cancer. Rstudio (version 2023.09.1+494) was used to initiate the online 
bibliometric analysis tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the 
keywords and keyword trends. 

Figure 2. (A) Keywords with word cloud generation and (B) keywords trend in the field of environ-
mental pollution and lung cancer. Rstudio (version 2023.09.1+494) was used to initiate the online
bibliometric analysis tool Bibiometrix. Citespace (6.2.R6) and Bibiometrix were used to analyze the
keywords and keyword trends.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 14 
 

 

Therefore, an overview of the research progress in the fields of biological pollution 
and lung cancer is inevitable. Our review focus on three factors: viruses, common aller-
gens, and bacteria. 

 
Figure 3. Search results from PubMed on the topics of biological pollution and lung cancer. 

3. Virus and Lung Cancer 
Viruses are strongly associated with lung cancer [28]. SARS-CoV-2 [15,16], HIV [17], 

HPV [18], and EBV [19] have been attributed as oncogenic viruses and have been shown 
to play a key role in lung cancer development. However, few publications have systemat-
ically and holistically reviewed the research progress on viruses and lung cancer, leading 
to a fragmented understanding of viruses in lung cancer and an underestimation of the 
importance of viruses in lung cancer etiology and development. Here, we reviewed the 
oncogenic viruses that have been reported to show close relationship with lung cancer, 
and hope to shed light on the investigation in this field.  

3.1. SARS-CoV-2 
The new coronavirus poses a major threat to the health of all mankind. It has been 

reported that COVID-19 could increase the risk of lung cancer incidence [16] and promote 
lung cancer development [29]. A meta-analysis study involving more than 300,000 pa-
tients found that COVID-19 increases the mortality rate of lung cancer patients [30]. Re-
search suggests that the SARS-CoV-2 virus, which causes COVID-19, could aggravate 
lung cancer by inducing chronic inflammation in the lungs [31]. SARS-CoV-2 binds to 
angiotensin-converting enzyme 2 (ACE-2), which is cleaved by type II transmembrane 
serine protease (TMPRSS)2 and disintegrin and metallopeptidase domain (ADAM)17 to 
facilitate its viral entry into host cells [32,33]. SARS-CoV-2 has been reported to promote 
lung cancer in both direct and indirect ways. On the one hand, SARS-CoV-2 infection pro-
motes cancer cell proliferation and stimulates the progression of the epithelial-to-mesen-
chymal transition (EMT) of cancer cells by upregulating Zinc-finger E-box-binding home-
obox 1 (ZEB1), a well-established regulator of EMT [34]. It has also been speculated that 
the acute inflammation caused by SARS-CoV-2 may also awaken dormant cancer cells 
[31]. On the other hand, the dramatic acute inflammation caused by SARS-CoV-2 infection 
significantly modulates the immune microenvironment in the lung and pulmonary struc-
ture [35,36], which consequently deteriorates the development of lung cancer. Multiple 
inflammation signaling pathways (e.g., nuclear factor-κB (NF-κB) pathway, transforming 
growth factor beta (TGF-β) pathway, and NLRP3 pathway) are activated, and the cytokine 
storm induced by SARS-CoV-2 infection forces immune cells (mainly monocyte/macro-
phage, neutrophil, NK cells, and T cells) to produce cytokines and chemokines, such as 
tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and IL-18, which subsequently 
enhances the inflammatory condition in the lung tumor microenvironment and leads to 
cancer development [15,37]. Meanwhile, the exaggerated inflammation induced by SARS-
CoV-2 infection alters the lung structure and promotes lung fibrosis by triggering CD163+ 
macrophage responses [36], which further contributes to lung cancer development [38]. 

3.2. HIV 
HIV is a risk factor for lung cancer [39]. Lung cancer has been reported to be a leading 

cause of death in people with HIV [40]. The increased risk of lung cancer in HIV patients 

Figure 3. Search results from PubMed on the topics of biological pollution and lung cancer.



Int. J. Mol. Sci. 2024, 25, 3081 4 of 14

Therefore, an overview of the research progress in the fields of biological pollution
and lung cancer is inevitable. Our review focus on three factors: viruses, common allergens,
and bacteria.

3. Virus and Lung Cancer

Viruses are strongly associated with lung cancer [28]. SARS-CoV-2 [15,16], HIV [17],
HPV [18], and EBV [19] have been attributed as oncogenic viruses and have been shown to
play a key role in lung cancer development. However, few publications have systematically
and holistically reviewed the research progress on viruses and lung cancer, leading to
a fragmented understanding of viruses in lung cancer and an underestimation of the
importance of viruses in lung cancer etiology and development. Here, we reviewed the
oncogenic viruses that have been reported to show close relationship with lung cancer, and
hope to shed light on the investigation in this field.

3.1. SARS-CoV-2

The new coronavirus poses a major threat to the health of all mankind. It has been
reported that COVID-19 could increase the risk of lung cancer incidence [16] and promote
lung cancer development [29]. A meta-analysis study involving more than 300,000 patients
found that COVID-19 increases the mortality rate of lung cancer patients [30]. Research
suggests that the SARS-CoV-2 virus, which causes COVID-19, could aggravate lung cancer
by inducing chronic inflammation in the lungs [31]. SARS-CoV-2 binds to angiotensin-
converting enzyme 2 (ACE-2), which is cleaved by type II transmembrane serine protease
(TMPRSS)2 and disintegrin and metallopeptidase domain (ADAM)17 to facilitate its viral
entry into host cells [32,33]. SARS-CoV-2 has been reported to promote lung cancer in
both direct and indirect ways. On the one hand, SARS-CoV-2 infection promotes cancer
cell proliferation and stimulates the progression of the epithelial-to-mesenchymal transi-
tion (EMT) of cancer cells by upregulating Zinc-finger E-box-binding homeobox 1 (ZEB1),
a well-established regulator of EMT [34]. It has also been speculated that the acute in-
flammation caused by SARS-CoV-2 may also awaken dormant cancer cells [31]. On the
other hand, the dramatic acute inflammation caused by SARS-CoV-2 infection significantly
modulates the immune microenvironment in the lung and pulmonary structure [35,36],
which consequently deteriorates the development of lung cancer. Multiple inflammation
signaling pathways (e.g., nuclear factor-κB (NF-κB) pathway, transforming growth fac-
tor beta (TGF-β) pathway, and NLRP3 pathway) are activated, and the cytokine storm
induced by SARS-CoV-2 infection forces immune cells (mainly monocyte/macrophage,
neutrophil, NK cells, and T cells) to produce cytokines and chemokines, such as tumor
necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and IL-18, which subsequently en-
hances the inflammatory condition in the lung tumor microenvironment and leads to
cancer development [15,37]. Meanwhile, the exaggerated inflammation induced by SARS-
CoV-2 infection alters the lung structure and promotes lung fibrosis by triggering CD163+

macrophage responses [36], which further contributes to lung cancer development [38].

3.2. HIV

HIV is a risk factor for lung cancer [39]. Lung cancer has been reported to be a leading
cause of death in people with HIV [40]. The increased risk of lung cancer in HIV patients is
mainly due to smoking, immunosuppression, and inflammatory processes [17]. However,
some studies have claimed that the effect of HIV on lung cancer development is indepen-
dent of the smoking status of patients [39]. Meanwhile, several scientific investigations
have been conducted to decipher the mechanisms underlying the increased risk of lung
cancer in HIV patients, but this phenotype is not fully understood. CD4+ Th cells, the cells
primary infected by HIV, have been hypothesized to be correlated with HIV-promoted
lung cancer, while several studies have found that the immunosuppression determined by
decreased CD4+ Th cells only showed a limited association with lung cancer incidence [17].
Nevertheless, a cohort study involving more than 80,000 people reported that HIV patients
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with a low amount of CD4+ Th cells had an increased risk of lung cancer [41]. However,
the role of CD4+ Th cells in HIV-related lung cancer is still controversial, suggesting that
more research is needed on this topic. Furthermore, systemic inflammation associated with
HIV infection has also been implicated in lung cancer risk [42]. HIV can trigger pulmonary
chronic inflammation by promoting inflammatory cytokine IL-6 secretion [42] and the
infiltration of immune cells (CD8+ cytotoxic T cells/Tc) [17]. A direct oncogenic role of HIV
in lung cancer has also been proposed. An in vitro study showed that the transactivator
of transcription protein (Tat) from HIV increased the expression proto-oncogenes, such
as c-Myc, c-Fos, and c-Jun, while downregulating the expression of the tumor suppressor
gene p53 in a human lung cancer cell line [43]. Interestingly, one study reported that HIV
protein infection in immunocompetent mice did not promote lung cancer development,
suggesting that host-integrated immunity and components other than HIV proteins are
essential for HIV-promoted lung cancer. However, the key component and the major
immune response associated with HIV-accelerated lung cancer have not been elucidated.
Collectively, chronic inflammation driven by HIV infection could be a potential mechanism
underlying HIV-mediated lung cancer, and further investigations in this area are urgently
needed to better understand the relationship between HIV infection and increased lung
cancer incidence.

3.3. HPV

HPV is a major oncogenic virus, and HPV infection has been reported to increase
lung cancer incidence and promote lung cancer development [18,44]. Although the key
mechanisms involved in HPV-mediated lung cancer have not been fully elucidated, research
advances in this field have shown that HPV can accelerate lung cancer development
by promoting EMT, inhibiting cancer cell apoptosis, and exaggerating the inflammation
condition in the microenvironment [45]. It has been reported that HPV-infected lung cancer
cells exhibited increased proliferative and invasive ability both in vitro and in vivo. Further
investigation revealed that Toll-like receptor 3 (TLR3) and epidermal growth factor receptor
(EGFR) were the key factors regulating the invasion and EMT capacity of lung cancer, as the
inhibition of TLR3 or EGFR expression in cancer cells would significantly attenuate HPV-
mediated lung cancer development [45,46]. Moreover, HPV can decrease the expression of
p53 in lung tumors and suppress tumor cell apoptosis via upregulation of the inhibitors
of apoptosis proteins (IAPs) but downregulation of Bcl-2 homologous antagonist/killer
(Bak) [47]. Inflammatory IL-6 and IL-17 secreted by lung cancer cells in response to HPV
stimuli would significantly exacerbate the condition of microenvironmental inflammation
and lead to lung tumorigenesis and tumor development [48].

However, some studies have challenged the idea that HPV infection is a risk factor
for lung cancer [49–51]. Based on our literature review, we found that one of the major
differences between supporting or challenging this idea is the strategy used for the clinical
study. Generally, longitudinal and cohort studies were the most common strategies used
in clinical studies whose conclusions supported the idea that HPV infection promotes
lung cancer [52]. In contrast, the results of cross-sectional studies and case–control studies
mainly support the conclusion that HPV infection is not associated with lung cancer [50,51].
Nevertheless, cohort studies appear to be a more appropriate research strategy to elucidate
the relationship between HPV infection and lung cancer. In conclusion, further clinical
and basic studies on HPV and lung cancer are needed to conclude the association and its
underlying mechanisms.

3.4. EBV

EBV has been shown to be closely related to lung cancer development [19,53,54].
High levels of EBV DNA in lung cancer patients have been associated with a reduced
overall survival (OS) and shorter disease-free survival (DFS) [53]. It is now known that
EBV can promote lung cancer by directly altering tumor pathways or by interfering with
the expression of immune checkpoint molecules. For example, EBV infection altered the
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G2/M and G1/S cell cycles in lung cancer cells and affected the activation of the p53,
Hippo, and Sirtuin signaling pathways [54], which would promote tumor angiogenesis
and cancer proliferation and metastasis. Meanwhile, EBV has been reported to upregulate
the expression of immune checkpoint proteins, such as programmed cell death 1 (PD-1),
programmed death ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4), and lymphocyte activation gene 3 (LAG3), which strongly facilitate the immuno-evasion
capacity of lung cancer [55].

4. Bacteria and Lung Cancer

Bacteria have long been validated to be associated with lung cancer. Progress in
research on human commensal bacteria has revealed that an organ-specific microbiome
(e.g., gut, lung, oral, and others) and intra-tumoral bacteria play major roles in lung cancer
pathology. However, it is still uncertain if the biological pollutants discussed in this review
include the cancer-related microbiome or bacteria, which is a hot topic in recent cancer
research. Therefore, a bibliometric analysis cannot be utilized to systematically identify the
primary bacteria associated with lung cancer, since it is difficult to determine the keywords
employed in the literature search method. It has also been indicated that there is an
academic gap between the understanding of biological pollutants, opportunistic pathogens,
and pathogenic bacteria, and more investigations and publications are urgently needed to
fill this gap.

Instead, we herein review the research progress made in H. pylori [20], S. pneumo-
niae [21], M.tb [22], and C. pneumoniae [23], which have been reported to be involved in
lung cancer development and are not typically recognized as a subject in the research of
the human microbiome and lung cancer, although H. pylori and S. pneumoniae are part
of the commensal bacterial flora [56,57]. Consequently, this part of the review aims to
inspire people to introduce the concept of biological pollutants in investigations of the
microbiome and lung cancer, and to elucidate the relationship between biological hazards
and human microbiota.

4.1. H. pylori

H. pylori infection has been shown to significantly increase lung cancer risk [20,58,59].
Chronic inflammation promoted by H. pylori infection has been suggested to be one of
the major pathogenic mechanisms leading to lung cancer. Some studies have shown that
infections of H. pylori can induce the expression of cyclooxygenase-1 (COX-1), COX-2, and
gastrin, which further promotes lung cancer by inducing cell proliferation of the bronchial
epithelium [60]. Others believe that H. pylori infection promotes the formation of a chronic
inflammatory environment by activating the Src kinase (Src) signaling pathway [61,62] and
upregulating the expression of pro-inflammatory IL-1, IL-6, and TNF-α [63,64]. Notably,
H. pylori suppresses the anti-tumor responses of CD8+ T cells by altering the antigen-
presentation ability of dendritic cells (DCs) [65].

4.2. S. pneumoniae

S. pneumoniae has been reported to play a role in lung cancer development [21,66,67].
Although most studies focus on the effect of S. pneumoniae on infections during the treat-
ment of lung cancer patients, limited investigations have, nevertheless, revealed the po-
tential mechanisms underlying S. pneumoniae-promoted lung cancer. The extracellular
receptors pneumococcal surface protein C (PspC) and platelet-activating factor receptor
(PAFR) help S. pneumoniae to enter host lung cancer cells, which subsequently activates the
phosphoinositide-3-kinase/protein kinase B (PI3K/AKT) and NF-κB signaling pathways,
and consequently, accelerates lung cancer progression and metastasis via exaggerating
chronic inflammation in the microenvironment [21]. Meanwhile, S. pneumoniae could
deteriorate an inflammation condition by upregulating the expression of DNA damage
inducible transcript 4 (DDIT4), which further activates the AKT pathway and enhances the
migration and invasion of lung cancer cells [67]. However, it is still difficult to conclude that
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S. pneumoniae is a causal factor in the incidence and development of lung cancer due to the
rare studies, suggesting that more investigation is needed in this area to fully comprehend
the role of S. pneumoniae in lung cancer in addition to its infectious characteristics.

4.3. M.tb

Pulmonary tuberculosis is a disease caused by M.tb infection. M.tb has been reported
to be a risk factor for lung cancer [68,69]. Pulmonary tuberculosis significantly promotes
lung cancer metastasis [70] and increases mortality in lung cancer patients [71]. The PD-
1/PD-L1 pathway was found to be involved in M.tb infection, which suppress the host
Th1 immune response and eventually promotes lung cancer development [72]. Further
studies have shown that PD-L1 in combination with the Akt signaling pathway contributed
to the increased proportion of CD4+Foxp3+ regulatory T (Treg) cells in M.tb infection,
which consequently increased the risk of malignancy by suppressing the host immune
response [73]. More importantly, chronic inflammation mediated by M.tb infection was
found to be the main mechanism bridging pulmonary tuberculosis and lung cancer [22,74].
M.tb-induced TNF-α and IL-6 promote the expression of antiapoptotic genes through
the NF-κB pathway, which further contributes to the development of lung cancer [74].
Meanwhile, M.tb infection leads to an increased release of reactive oxygen species (ROS) [75]
and causes mitochondrial DNA (mtDNA) damage. ROS combined with mtDNA damage
shorten DNA repair time by suppressing p21 expression, which greatly promotes lung
cancer cell division rate [76]. Moreover, M2 macrophages have also been reported to play a
major role in M.tb-mediated lung cancer. M.tb blocks M1 polarization through mediating
the transcription of IFN-γ and IL-6, leading to an elevated level of M2 macrophages [77].
M2 macrophages are characterized by high expressions of PD-L1 and CTLA4 [78], which
could not only recruit Treg cells via C-C chemokine receptor 4 (CCR4) to exacerbate the
immunosuppressive condition in the cancer microenvironment [79], but also secrete anti-
apoptotic cytokines such as TGF-β and epidermal growth factor (EGF) to promote tumor
cell proliferation [78].

4.4. C. pneumoniae

C. pneumoniae is a Gram-negative bacterium that is a common respiratory pathogen
causing chronic and persistent respiratory infections [80]. Studies have shown that C. pneu-
moniae infection significantly increases the risk of lung cancer [23,81–84]. Although the
mechanisms underlying C. pneumoniae-promoted lung cancer are still unknown, chronic
inflammation caused by C. pneumoniae infection is inextricably linked to the development
of lung cancer. It has been reported that infections of C. pneumoniae trigger the activation
of the NF-κB pathway and the expressions of TNF-α, CXCL8 [85], and nitric oxide [86],
which would lead to an abnormal inflammatory response and genetic damage. In addition,
the upregulation of anti-apoptotic Treg cytokine IL-10 mediated by C. pneumoniae infection
could block apoptosis, increasing the risk of the vicious transformation of infected cells [87].

4.5. Nontypeable Haemophilus influenzae

Nontypeable Haemophilus influenzae (NTHi) is a risk factor for chronic obstructive pul-
monary disease (COPD), which has been reported to promote lung cancer development in
mice in a toll-like receptor (TLR)-dependent manner [88,89]. Further investigation revealed
that NTHi promoted K-ras-driven lung cancer via COPD-like airway inflammation, which
was mediated by the NF-κB-involved TLR2/4/9 pathway [89]. However, the correlation
between NTHi and lung cancer in patients has not been fully elucidated [90], which, in
turn, sheds light an opportunity for researchers to fill in this gap.

5. Allergen in Lung Cancer

Many studies have found that allergy and allergic inflammation are closely related
to lung cancer [91–97]. However, the detailed mechanisms underlying allergy-promoting
lung cancer are still unclear due to the limited experimental investigations that have
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been conducted. So far, only one publication has directly demonstrated that chronic
exposure to house dust mites (HDMs), a major asthmatic allergen, contributes to lung
cancer development [24]. Further studies have shown HDM-promoted lung cancer in
a synergetic way. In one way, macrophage activation by HDM exposure triggered the
NLRP3-mediated inflammasome pathway. In another way, HDM promoted the expression
of monocyte chemoattractant protein-1 (CCL2), which attracted more macrophages into
the lung tumor microenvironment. The synergy of these two manners, mediated by long-
term HDM exposure, significantly deteriorates the inflammation status in the lung and,
consequently, exacerbates lung cancer [24].

We also checked the research progress in pollen and lung cancer. To our surprise,
though there are a few publications about the correlation between pollen exposure and
increased lung cancer incidence [98], the underlying mechanisms have not been well-
studied yet. Thus, more clinical and experimental research on allergy and lung cancer is,
therefore, urgently needed, which would further help with biomarker selection and the
early screening of lung cancer.

6. Discussion

As people’s health awareness has increased, the impact of everyday environmental
pollution on people’s health has gradually received more and more attention. A close
relationship between environmental pollutants and lung cancer has been established, and
sufficient evidence has been provided to support a causal link between exposure to environ-
mental pollutants and increased lung cancer incidence and mortality [9]. Environmental
pollutants can be further divided into three classes, physical pollutants, chemical pollutants,
and biological pollutants. To date, the adverse effects of environmental pollutants on lung
cancer have been well established and their potential mechanisms have been extensively
studied. However, based on the literature review, we found that most of the research
in this area has focused mainly on physical and chemical pollutants, while the harm of
biological pollutants on lung cancer has somehow been ignored. However, it should be
emphasized that biological pollutants, such as viruses, bacteria, and common allergies,
are closely related to human health, including lung cancer, as the COVID-19 pandemic
demonstrated. Therefore, our review was based on this research background and aimed to
review and summarize the most important research advances in the relationship between
biological pollutants and lung cancer. This review could be recognized as a brick to attract
jade, which would shed light on the research between biological pollutants and lung cancer
and attract more attention in this field.

The limitations of this review, due to the paucity of publications, are twofold: the
unclear association between specific biological pollutants and lung cancer, and the mecha-
nisms that have not been fully elucidated. In the case of viruses, HCV has been reported to
play a role in lung tumorigenesis [99,100]. Some studies have suggested that HCV could
inhibit cancer cell apoptosis by interfering with the p53 signaling pathway and down-
regulating pro-apoptotic proteins, such as caspase-3 and TNF-α [101,102]. In addition,
HCV has been shown to inhibit the proliferation of NK cells and further suppress the
secretion of cytokines and cytotoxic granules [103]. However, whether HPV is a risk factor
for lung cancer is still elusive due to the scarce investigations and their conflicting results.
Some clinical studies have not found a significant correlation between HPV infection and
increased lung cancer incidence [104,105]. The same issue occurs with research on HBV
and lung cancer, and previous findings have shown that HBV infection has a limited role
in lung cancer risk [106]. Furthermore, the mechanisms that have been reported to explain
the relationship between bio-contaminant exposure and increased lung cancer incidence
and stage can all be attributed to the involvement of chronic inflammation, which, to some
extent, reveals the adequate condition of mechanistic studies, but also suggests that chronic
inflammation may be the ultimate mechanism explaining the pathogenesis of lung cancer
(Figure 4).
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Figure 4. Potential mechanisms underlying biological-pollutant-promoted lung cancer. Viruses, bac-
teria, and allergens are major types of biological pollutants and their possible pathogenic mechanisms
on lung cancer are summarized based on the latest research progress. (A) SARS-CoV-2, HIV, HPV, and
EBV can promote lung cancer development in two ways: by increasing pro-inflammatory cytokine
expression in immune cells, or by directly activating inflammation signaling pathways in infected
lung cancer cells, combined with up-regulation of oncogene transcription and downregulation of tu-
mor suppressor gene. (B) H. pylori, S. pneumoniae, M.tb, and C. pneumoniae could increase lung cancer
risk via dysfunction of CD8+ Tc cells and DCs, as well as promoting Treg cell proliferation. These
bacteria can also stimulate inflammation signaling and promote inflammatory cytokine expression in
the host. (C) Experimental research on allergens and lung cancer is rare, while a common asthmatic
allergen HDM could promote lung cancer development via triggering macrophage-mediated NRLP3
activation and IL-1β expression.

7. Conclusions

In conclusion, exposure to major biological pollutants such as viruses, pathogenic
bacteria, and allergies can exaggerate host inflammatory condition and lead to chronic
inflammation, which could contribute to increased lung cancer incidence and malignancy.
More research on this topic is urgently needed, which would not only benefit the etiological
investigation of lung cancer, but also contribute to novel drug development based on new
scientific findings.
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60. Gocyk, W.; Nikliński, T.; Olechnowicz, H.; Duda, A.; Bielański, W.; Konturek, P.C.; Konturek, S.J. Helicobacter pylori, gastrin and
cyclooxygenase-2 in lung cancer. Med. Sci. Monit. 2000, 6, 1085–1092. [PubMed]

61. Wei, L.; Yang, Y.; Zhang, X.; Yu, Q. Anchorage-independent phosphorylation of p130Cas protects lung adenocarcinoma cells from
anoikis. J. Cell Biochem. 2002, 87, 439–449. [CrossRef]

62. Huang, W.; Deng, B.; Wang, R.W.; Tan, Q.Y.; He, Y.; Jiang, Y.G.; Zhou, J.H. BCAR1 protein plays important roles in carcinogenesis
and predicts poor prognosis in non-small-cell lung cancer. PLoS ONE 2012, 7, e36124. [CrossRef]

63. Arnold, I.C.; Dehzad, N.; Reuter, S.; Martin, H.; Becher, B.; Taube, C.; Müller, A. Helicobacter pylori infection prevents allergic
asthma in mouse models through the induction of regulatory T cells. J. Clin. Investig. 2011, 121, 3088–3093. [CrossRef] [PubMed]

64. Jackson, L.; Britton, J.; Lewis, S.A.; McKeever, T.M.; Atherton, J.; Fullerton, D.; Fogarty, A.W. A population-based epidemiologic
study of Helicobacter pylori infection and its association with systemic inflammation. Helicobacter 2009, 14, 108–113. [CrossRef]
[PubMed]

65. Oster, P.; Vaillant, L.; Riva, E.; McMillan, B.; Begka, C.; Truntzer, C.; Richard, C.; Leblond, M.M.; Messaoudene, M.; Machremi, E.;
et al. Helicobacter pylori infection has a detrimental impact on the efficacy of cancer immunotherapies. Gut 2022, 71, 457–466.
[CrossRef] [PubMed]

66. Bello, S.; Vengoechea, J.J.; Ponce-Alonso, M.; Figueredo, A.L.; Mincholé, E.; Rezusta, A.; Gambó, P.; Pastor, J.M.; del Campo, R.
Core Microbiota in Central Lung Cancer with Streptococcal Enrichment as a Possible Diagnostic Marker. Arch. Bronconeumol.
2021, 57, 681–689. [CrossRef] [PubMed]

67. Song, X.; Liu, B.; Zhao, G.; Pu, X.; Liu, B.; Ding, M.; Xue, Y. Streptococcus pneumoniae promotes migration and invasion of
A549 cells in vitro by activating mTORC2/AKT through up-regulation of DDIT4 expression. Front. Microbiol. 2022, 13, 1046226.
[CrossRef]

68. Hwang, S.Y.; Kim, J.Y.; Lee, H.S.; Lee, S.; Kim, D.; Kim, S.; Hyun, J.H.; Shin, J.I.; Lee, K.H.; Han, S.H.; et al. Pulmonary Tuberculosis
and Risk of Lung Cancer: A Systematic Review and Meta-Analysis. J. Clin. Med. 2022, 11, 765. [CrossRef] [PubMed]

69. Malik, A.A.; Sheikh, J.A.; Ehtesham, N.Z.; Hira, S.; Hasnain, S.E. Can Mycobacterium tuberculosis infection lead to cancer? Call
for a paradigm shift in understanding TB and cancer. Int. J. Med. Microbiol. 2022, 312, 151558. [CrossRef]

70. Ho, L.-J.; Yang, H.-Y.; Chung, C.-H.; Chang, W.-C.; Yang, S.-S.; Sun, C.-A.; Chien, W.-C.; Su, R.-Y. Increased risk of secondary lung
cancer in patients with tuberculosis: A nationwide, population-based cohort study. PLoS ONE 2021, 16, e0250531. [CrossRef]

71. Liao, K.-M.; Lee, C.-S.; Wu, Y.-C.; Shu, C.-C.; Ho, C.-H. Prior treated tuberculosis and mortality risk in lung cancer. Front. Med.
2023, 10, 1121257. [CrossRef]

https://doi.org/10.1080/15384047.2022.2133332
https://www.ncbi.nlm.nih.gov/pubmed/36224722
https://doi.org/10.1155/2012/750270
https://www.ncbi.nlm.nih.gov/pubmed/22363346
https://doi.org/10.2147/OTT.S263976
https://www.ncbi.nlm.nih.gov/pubmed/33116642
https://doi.org/10.1093/infdis/jiad295
https://www.ncbi.nlm.nih.gov/pubmed/37506267
https://doi.org/10.1016/j.pvr.2016.12.002
https://doi.org/10.1186/s13027-019-0235-8
https://doi.org/10.1097/MD.0000000000003856
https://doi.org/10.1016/j.jtho.2017.10.031
https://doi.org/10.3390/cancers11060759
https://doi.org/10.3390/v13050877
https://www.ncbi.nlm.nih.gov/pubmed/34064727
https://doi.org/10.3389/fcimb.2013.00007
https://www.ncbi.nlm.nih.gov/pubmed/23471303
https://doi.org/10.1007/s15010-023-02115-7
https://doi.org/10.1093/carcin/bgt114
https://www.ncbi.nlm.nih.gov/pubmed/23568955
https://doi.org/10.1093/carcin/bgac047
https://www.ncbi.nlm.nih.gov/pubmed/35605986
https://www.ncbi.nlm.nih.gov/pubmed/11208460
https://doi.org/10.1002/jcb.10322
https://doi.org/10.1371/journal.pone.0036124
https://doi.org/10.1172/JCI45041
https://www.ncbi.nlm.nih.gov/pubmed/21737881
https://doi.org/10.1111/j.1523-5378.2009.00711.x
https://www.ncbi.nlm.nih.gov/pubmed/19751435
https://doi.org/10.1136/gutjnl-2020-323392
https://www.ncbi.nlm.nih.gov/pubmed/34253574
https://doi.org/10.1016/j.arbres.2020.05.034
https://www.ncbi.nlm.nih.gov/pubmed/35699005
https://doi.org/10.3389/fmicb.2022.1046226
https://doi.org/10.3390/jcm11030765
https://www.ncbi.nlm.nih.gov/pubmed/35160218
https://doi.org/10.1016/j.ijmm.2022.151558
https://doi.org/10.1371/journal.pone.0250531
https://doi.org/10.3389/fmed.2023.1121257


Int. J. Mol. Sci. 2024, 25, 3081 13 of 14

72. Cao, S.; Li, J.; Lu, J.; Zhong, R.; Zhong, H. Mycobacterium tuberculosis antigens repress Th1 immune response suppression and
promotes lung cancer metastasis through PD-1/PDl-1 signaling pathway. Cell Death Dis. 2019, 10, 44. [CrossRef]

73. Zhou, Y.; Hu, Z.; Cao, S.; Yan, B.; Qian, J.; Zhong, H. Concomitant Mycobacterium tuberculosis infection promotes lung tumor
growth through enhancing Treg development. Oncol. Rep. 2017, 38, 685–692. [CrossRef] [PubMed]

74. Xiong, K.; Sun, W.; He, Y.; Fan, L. Advances in molecular mechanisms of interaction between Mycobacterium tuberculosis and
lung cancer: A narrative review. Transl. Lung Cancer Res. 2021, 10, 4012–4026. [CrossRef] [PubMed]
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