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Although the therapeutic effect of mycobacteria as antitumor agents has been known for decades, recent
epidemiological and experimental studies have revealed that mycobacterium-related chronic inflammation may be
a possible mechanism of cancer pathogenesis. Mycobacterium tuberculosis and non-tuberculous Mycobacterium
avium complex infections have been implicated as potentially contributing to the etiology of lung cancer, whereas
Mycobacterium ulcerans has been correlated with skin carcinogenesis. The risk of tumor development with chronic
mycobacterial infections is thought to be a result of many host effector mechanisms acting at different stages of

oncogenesis.
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| 1. Introduction

Lung cancer and tuberculosis (TB) cause millions of deaths worldwide each year. Although 150 years have passed
since the identification of the etiological agent of TB—Mycobacterium tuberculosis (M.tb)—it is not fully understood
that chronic inflammation can lead to the development of neoplastic processes. It is believed that this scenario may
also apply to pathogenic tubercle bacilli, the presence of which may stimulate the development of lung cancer. On
the other hand, the vaccine strain of mycobacteria—Mycobacterium bovis BCG (Bacillus Calmette—Guérin)—has
been used for decades in the treatment of bladder cancer. These facts indicate the dual nature of the
mycobacteria. In this review, the mycobacterial participation in neoplastic (lung cancer) and anticancer

mechanisms is described.

2. Association of M.tb Infection with Malighancy
Development

It has been documented that pulmonary TB caused by the intracellular pathogen M.tb increases the risk and
mortality of lung cancer LZEIAIE |0 a cohort study adjusted for comorbidities by Yu et al., the adjusted hazard
ratio (aHR) for lung cancer in TB patients was 3.32 (95% Cl: 2.704.09) [, |t was estimated that lung cancer was 11
times more common in TB patients than in non-TB patients, and the association between lung cancer and prior TB
(RR 3.43; 95% CI: 1.936.11) was confirmed in a systematic review by Liang et al. [8l. The most recent cohort study
involving 20,252 participants in South Korea showed that when compared to the control group, the hazard ratio of
lung cancer among individuals with old pulmonary TB was 3.24 (95% CI, 1.875.62). Furthermore, in patients with
old pulmonary TB, the hazard ratios of lung cancer for never-smokers, ex-smokers, and current smokers were 3.52
(95% CI, 1.1710.63), 2.16 (95% CI, 0.895.24), and 3.71 (95% ClI, 1.499.22), respectively, compared to the control
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group. This suggests that individuals with old pulmonary TB are at increased risk of developing lung cancer when
compared to the general population without pulmonary TB . On the other hand, cancer patients are known to
have a higher incidence of TB. The aHR for TB was 1.67 (95% CI:1.421.96) in a retrospective cohort analysis of
cancer patients [&l,

The association between TB and lung cancer is not fully understood. Lung cancer can develop independently and
decrease local immunity, leading to latent TB reactivation or new exogenous infection. Prolonged inflammatory
response in TB with substantial remodeling of lung tissue may function as a cause of cancer. Chronic M.tb infection
has also been linked to cell dysplasia and squamous cell lung cancer (SCC). By generating DNA damage,
Mycobacterium-infected macrophages may play a role in TB-induced carcinogenesis. These findings support a
causal relationship between TB and malignant transformation 2. The main rationale for considering a strong
association between TB and lung cancer is that carcinoma can develop from TB scars (scar carcinoma), occur by
epithelium metaplasia of tuberculous cavities, develop in old TB lesions, and reactivate the old focus of TB 9. TB-
related chronic inflammation and fibrosis can cause genetic mutations and changes. Lung parenchyma tissue is
involved in both TB and lung cancer. Furthermore, continuous cough in lung cancer, morphological vascular
variations, lymphocytosis processes, and the production of certain immune mediators such as interleukins are
factors that have led to the hypothesis that TB plays a role in lung cancer [LIBIL1[12]{13]

Another factor that might be considered to play a critical role in the malignancy development in the context of M.tb
infection can be immunodeficiency defined as an inherited or acquired disorder with defects in the function of the
immune system 4l Genetic disorders underlying immunodeficiency may predispose to oncogenesis due to

impaired immune surveillance of the tumor and abnormalities related to the course of infection and/or inflammation
5]

| 3. Mycobacteria as Causative Agents of Cancer

The success of M.tb as a persistent pathogen is largely attributed to its ability to survive in the host tissues. It has
acquired various strategies to reside and multiply within macrophages, frontline host immune defense cells,
avoiding an acquired immune response or subverting its consequences W87l By suppressing macrophage
maturation and lysosomal acidification as well as inhibiting oxidative stress, apoptosis, and autophagy, M.tb is
capable of remaining in the host for a long time. The hallmark of chronic tuberculous inflammation is the formation
of granulomas comprising aggregates of immune cells, including macrophages, giant cells, and foamy
macrophages in the center, surrounded by the lymphocyte-rich marginal zone 18, The efficient maintenance of
granulomas during M.tb infection, requiring the activity of a wide variety of immunocompetent cells, may generate a
microenvironment predisposing to malignant transformation 122021 Many hypotheses based on in vitro and in
vivo experiments try to explain the contribution of M.tb-induced inflammatory events to lung cancer development
(22)[23] |t js generally accepted that the process of tumorigenesis includes several steps: an initiation stage,
involving DNA damage; the promotion stage, involving cell proliferation and the fixation of mutations from
premutational lesions; and the tumor progression step, involving expansion of the mutant cells and subsequent
tumor growth (241231 M tb-associated cancer may arise as a consequence of chronic inflammatory changes that
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lead to metaplasia of epithelium in the lung caverns, in calcified lymph nodes, and old scars in the bronchi 29, The
most common forms of cancers are cavern carcinoma, carcinoma of the drainage bronchus, and peripheral lung
scar cancer 28127 The initiation of the tumor development process is a result of attracting macrophages and other
cells to the sites of M.th infection 23281291 A wide range of toxic agents, such as reactive oxygen intermediates,
tissue-destructive proteases, as well as prostaglandins, leukotrienes, and cytokines, produced by activated
macrophages and other leukocytes, elicit a profound inflammatory reaction leading to tissue damage and genomic
alterations [23112811291[30[31][32](33] * Activation of the proinflammatory pathway mediated by nuclear factor NF-kB in
macrophages and epithelial cells is accompanied by an increase in the proliferation rate of cells with damaged
DNA, which in combination with increased angiogenesis stimulated by cyclooxygenase-2 products leads to the
initiation of lung tumorigenesis 2434 Moreover, repairing the tissue damaged by M.tb-induced inflammatory
reactions can lead to the fibrosis and scarring of the lung tissue, which is also linked to an increased risk of lung
cancer. Lung tissues infected for years with M.tb undergo multiple processes of inflammation and tissue repair,
which generates a favorable environment for tumorigenesis and increases the risk of lung cancer development 22
(231341 Moreover, M.tb can induce the release of inflammatory mediators, e.g., tumor necrosis factor (TNF)-a and

interleukin (IL)-1, IL-2, and IL-12, which can be viewed as cancer promotors 23,

M.tb can affect other organs as well as the lungs. Five cases of primary liver malignancy co-existing with isolated
hepatic TB have been reported so far B2, |t is suggested that mycobacteria-induced reactive forms of oxygen
species can damage cell DNA and lead to the development of cancer. Moreover, purified protein derivative (PPD)
of M.tb can upregulate the expression of vascular endothelial growth factor in lymphocytes, which has significant
angiogenic and mitogenic properties 32, On the other hand, cancer treatment can also contribute to the
development of TB [28],

| 4. Mycobacteria as Therapeutic Agents

Although bacteria are mostly considered pathogens, it was already suspected over 150 years ago that they might
be useful in the treatment of cancer. This hypothesis was put forward independently by two German doctors, W.
Bush and F. Fehleisen, when they noticed regression of neoplastic tumors in hospitalized patients accidentally
infected with Streptococcus pyogenes 7. The use of microbes in cancer therapy dates back to the 19th century
when Dr. William Coley (1862—-1936) developed a mixture of bacterial microbes and, for the first time in the history
of modern medicine, successfully treated certain types of cancer, which led him to become a pioneer of
immunotherapy (8. Knowing about the spontaneous regression of sarcomas in patients with severe bacterial
infection, he undertook the development of an experimental therapy to administer Streptococcus pyogenes to a
patient with inoperable bone sarcoma. The results were extremely promising as the patient was diagnosed with

complete tumor regression 32,

The first microorganism that was widely used in the fight against cancer was Mycobacterium bovis (M. bovis) BCG.
Studies carried out in the late 1970s showed that intravesical administration of these bacteria reduces the risk of
recurrence of non-muscle invasive bladder cancer. Infusions of the suspension of these mycobacteria are currently

considered as a standard element of therapy in the oncological treatment of high—intermediate risk cancer, where
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the exact immune mechanism underlying this therapy is not entirely clear, and the pattern and timing of bacterial

administration is the subject of ongoing testing 49,

Upon entry into the host organism, the pathogen provokes a response from the cells of the immune system. The
presence of mycobacteria induces a response from both innate and acquired immune cells. Innate immunity is
based on cells constantly circulating in the bloodstream, such as monocytes, natural killer (NK) cells, or
neutrophils, as well as macrophages and dendritic cells. They recognize the antigens of the pathogen through
specific receptors, which provoke a cascade of reactions, such as the release of cytokines or phagocytosis. On the
other hand, acquired immunity is based on the process of pathogen recognition by lymphocytes, which among
others consequently leads to the production of antibodies against this pathogen and the formation of memory cells

storing a “picture” of its antigens. Vaccination is based on this process [41. The BCG vaccine is also known for its
non-specific properties [42143]144][45]

How BCG immunotherapy affects the tumor is still not fully understood. Studies in animal models have shown that
BCG interacts with the epithelium lining the bladder. Certain surface structures of the bacterial cell wall interact with
fibronectin in the epithelium. Two possible scenarios of this interaction have been described. The first one indicates
a physicochemical interaction that damages the glycosaminoglycan layer and provides BCG with easier access to
the bladder wall and facilitates binding to fibronectin. The second scenario concerns specific receptor/ligand
binding via fibronectin. It seems the presence of antigen 85 and fibronectin attachment protein (FAP) is required for
BCG retention and targeting cells 48], After the introduction of BCG into the bladder, the activation of epithelial cells
and antigen-presenting cells that produce cytokines and chemokines is observed. As a result, granulocytes and
mononuclear cells begin to flow into the bladder. After the intravesical administration of BCG, the appearance of
macrophages, dendritic cells, lymphocytes, and neutrophils is observed in the bladder wall 48, In vitro studies with
the use of human NIMBC cancer cell lines showed that BCG increases the production of IL-6 and IL-8, GM-CSF
(granulocyte-macrophage colony-stimulating factor), and TNF. Furthermore, data obtained from studies on human
subjects showed that after the introduction of BCG, neutrophils, macrophages, monocytes, T and B lymphocytes,
and NK cells are present in the bladder, accompanied by increased levels of IL-1(3, IL-8, IL-15, IL-18, CXCL10
(CXC motif chemokine ligand 10), CC motif chemokine ligand (CCL)2, CCL3, and GM-CSF. Neutrophils can
directly affect tumor cells through their phagocytic activity and the ability to produce reactive oxygen species,
secretion of lytic enzymes, and factors inducing apoptosis, e.g., TRAIL (TNF-related apoptosis-inducing ligand). In
the case of successful immunotherapy, intensive secretion of IL-2, IL-12, IFN-y, TNF-a, and TNF-[3 was observed,

whereas in the case of failure the production of IL-4, IL-5, IL-6, and IL-10 was noticed (48],

| 5. Conclusions

Some indications point out the link between lung cancer development and M.tb infection (Figure 1). The role of
M.tb-induced inflammatory events in the development of lung cancer is still being intensively studied [221[231[28][29](30]
[BL[32] |nterestingly, another member of the genus Mycobacterium—M. bovis BCG—shows anti-tumor properties
(471481491 Mycobacterial suspension infusions are a standard therapy element in the oncological treatment of

intermediate-risk bladder cancer 9. The influence of mycobacteria on the immune system still hides many unclear
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issues, and recognizing and explaining them may prevent the development of neoplastic processes and/or make
anticancer therapy more successful. It is widely known that infected individuals do not experience lung pain due to
the lack of sensory innervation, and hence many lung diseases remain asymptomatic for a long time. This applies
particularly to such diseases as TB and lung cancer. For this reason, and because of the worse epidemiological
situation related to TB, until the 1990s, annual chest examinations were obligatory in Poland, either in the form of
radiographic photography (photofluorography) or a standard X-ray image of the chest; this obligation was later
abolished. From the perspective of over two decades, the consequence of this decision, in the opinion of many
medical practitioners, is a delay in TB and lung cancer diagnosis. Therefore, it is increasingly postulated that non-
smokers should have a chest X-ray at least once every two years, and smokers should have a prophylactic chest
checkup at least once a year, which would be in the best interest of the patient.

Maolecular alterations
[EGFR, FGFR, MET, ALK, ROS-
1, RET, KRAS, BRAF, TP53)

TB/ chronic

inflammation M. tuberculosisinfection increases

=z, the riskof lung cancer development

Cancer :::s.
#* When an X-ray reveals lung lesions,
the possibility of malignancy should

M. tuberculosis
-

mycobacteria be considered
:
:
M. bovis BLG BLADDER Chest X-rays are recommended for
I E Immuno- both smokers and non-smokers
cancer
therapy once a year or every two years

Y

Recruitment of neutrophils, macrophages, monocytes,
T and B lymphocytes, and NK celis

Secretion of IL-14, IL-8, IL-15, IL-18, CXCL10,
CCL2, IFN-y, TNF

Figure 1. The dual nature of the relationship between mycobacteria and cancer. The risk of tumor development in
chronic M.tb infections is believed to be the result of multiple host effector mechanisms at various stages of
oncogenesis. On the other hand, the influence of M. bovis BCG on the immune system prevents the development

of neoplastic processes and/or increases the effectiveness of cancer therapy.
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