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Reprogramming the host:
Mycobacterium tuberculosis
as a silent architect of

the immuno-tumoral

Rodolfo L. Chavez-Dominguez, Martha Torres,
Atziri A. Acevedo-Dominguez, Jesus A. Ibarra-Inocente
and Claudia Carranza*

Laboratorio de Inmunobiologia de la Tuberculosis, Instituto Nacional de Enfermedades, Respiratorias
(INER) Ismael Cosio Villegas, Mexico City, Mexico

Pulmonary tuberculosis, caused by Mycobacterium tuberculosis (Mtb), remains
one of the leading causes of infectious disease-related mortality worldwide. In
parallel, lung cancer represents the most lethal neoplasm, with high mortality
rates globally. Emerging studies suggest that chronic Mtb infection may
contribute to the development of lung cancer, particularly adenocarcinoma.
Several biological mechanisms support this hypothesis. Chronic inflammation
from tuberculosis creates a microenvironment enriched in proinflammatory
cytokines, reactive oxygen species (ROS), and growth factors that favor cell
proliferation, genomic instability, angiogenesis, and immune evasion, which are
considered classic hallmarks of cancer. Additionally, both protein and non-
protein virulence factors of Mtb have been shown to interfere with critical
cellular signaling pathways related to tumor cell survival and invasion.
Clinically, multiple observational studies and meta-analyses report an increased
incidence of lung cancer among individuals with a history of tuberculosis,
especially when both conditions coexist in the same pulmonary regions.
Specific mutations, including EGFR, have been identified in patients with prior
tuberculosis, influencing both prognosis and therapeutic response. Nevertheless,
key questions remain regarding the causal nature of this association, the role of
Mtb strains, and the molecular factors such as epigenetic modifications or the
lung microbiome. This review proposes that infection with Mtb could function as
a carcinogenic agent. Further in vitro experiments, cellular models, and clinical
investigations are urgently needed to support potential reclassification of this
pathogen by international agencies such as the IARC.
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Mycobacterium tuberculosis infection is associated with the development of lung

cancer
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Association between Mycobacterium tuberculosis infection, chronic inflammation, and lung cancer development. Chronic infection with Mycobac-
terium tuberculosis induces granuloma formation and fibrotic lesions in the lung (left). Persistent inflammation and the release of mycobacterial viru-
lence factors, together with soluble mediators from immune cells, contribute to the dysregulation of key signaling pathways involved in the
hallmarks of cancer (middle). Clinically, lung adenocarcinoma and other malignancies often arise in the vicinity of granulomas, fibrotic scars, and
areas of chronic tissue damage, and are associated with driver gene mutations and immune checkpoint expression (right)

Introduction

Pulmonary tuberculosis (TB) is caused by the Mycobacterium
tuberculosis complex. A related group of pathogens,
nontuberculous mycobacteria (NTM), can produce a similar
clinical syndrome and must be distinguished due to differing
diagnostic and treatment implications. Tuberculosis remains one
of the leading causes of death associated with infectious agents. The
World Health Organization’s 2024 Global Tuberculosis Report
estimates that approximately 1.25 million people died from
tuberculosis in 2023 (Global tuberculosis report 2024, 2024).
Furthermore, it is estimated that around one-third of the global
population has been infected with Mtb yet without presenting
clinical manifestations, a condition referred to as latent
tuberculosis infection (Cohen et al., 2019). However, certain
factors such as metabolic disorders and immunosuppressive
conditions may lead to reactivation of the infection in latently
infected individuals or increase susceptibility to primary infection.

Regarding lung cancer (LC), this disease ranks as the leading
cause of cancer-related mortality worldwide in both men and
women (Bray et al, 2024). In Mexico and Latin America, it is
estimated that approximately 100,000 individuals die annually from
LC, establishing this pathology as a major global public health
concern (Pifieros et al., 2022). Most cases are diagnosed at advanced
stages. Non-small cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancers, with pulmonary
adenocarcinoma being the most frequently observed histological
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subtype (representing approximately 40% of all lung cancers),
followed by squamous cell carcinoma (25-30%) and large cell
carcinoma (10-15%). Small cell lung cancer (SCLC) comprises the
remaining 10-15% of cases (Budisan et al., 2021). Major risk factors
include tobacco smoking, exposure to wood smoke, and infection
with certain pathogenic microorganisms such as Chlamydophila
pneumoniae, Cryptococcus spp., Helicobacter pylori, and
Mycobacterium tuberculosis (Budisan et al., 2021).

In the past decade, tumor-associated inflammatory response
has been increasingly recognized as a paradoxical effect on
tumorigenesis and progression (Hanahan and Weinberg, 2011).
Pathogen-induced inflammation has been identified as a condition
associated with the onset of various malignancies. The International
Agency for Research on Cancer (IARC) has classified infections by
19 pathogenic agents, including 7 viruses, 3 nematodes, and one
bacterium, as Group I carcinogens. Notably, Mtb infection is not
currently included within this classification (List of classifications).

Nonetheless, the relationship between tuberculosis and LC has
been reported in numerous studies, demonstrating an
epidemiological association between these two diseases (Wong
et al., 2020; Zhang et al., 2025).

Pulmonary fibrotic lesions caused by exacerbated inflammation
during tuberculosis infection have been suggested as predisposing
factors for LC development (Bhatt et al., 2012). Additionally, the
diagnostic process for these diseases is often complicated, as both
share clinical symptoms such as fever, productive cough,
hemoptysis, weight loss, and anorexia (Bhatt et al., 2012).
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Most studies, particularly those conducted in Asian
populations, report a 3 to 8 fold increase in the risk of developing
LC, especially adenocarcinoma, among patients with chronic forms
of tuberculosis (Abdeahad et al., 2022). Although LC risk has been
assessed broadly in patients with past or current tuberculosis, there
has been no separate analysis of latent versus active infection. This
represents a critical knowledge gap, as latency and active disease
likely confer distinct inflammatory and immunological milieus that
may differentially influence carcinogenesis. Future prospective
studies should stratify TB cohorts by latent versus active status to
compare subsequent LC incidence and clarify whether risk differs
by infection phase.

LC patients infected with Mtb often exhibit poorer prognoses
and reduced overall survival compared to uninfected individuals
(Lee et al., 2022).

However, current evidence regarding tuberculosis and LC
association remains inconclusive, as no comprehensive framework
exists to integrate findings related to the precise molecular
mechanisms by which Mtb may contribute to tumorigenesis.
Despite clinical data supporting pulmonary tuberculosis and
cancer risk, Mtb has yet to be classified by TARC as a
carcinogenic agent, an omission that holds important
implications for LC prevention and early diagnosis.

This review aims to explore the association between Mtb infection
and the risk of developing LC. It will examine the molecular
mechanisms underlying this relationship, integrating them with the
canonical hallmarks of cancer. Furthermore, we will assess existing
clinical evidence supporting the tuberculosis-cancer link, considering
histopathological, molecular, and immunological aspects of tumor
progression. Finally, unresolved questions and research gaps within
this complex interplay will be discussed.

Pathogenesis of tuberculosis and
inflammation

Recent data following the SARS-CoV-2 pandemic show a
resurgence in global tuberculosis incidence and mortality (Scriba
et al,, 2024). Tuberculosis is now the leading cause of death by an
infectious agent (Global tuberculosis report 2024, 2024).

Mtb is a highly adaptable bacterium that has co-evolved with
humans, acquiring mechanisms to evade and modulate host immune
responses, thereby enabling its long-term persistence within the host
(Abbasnia et al., 2024). Tuberculosis is not merely the consequence of
infection with Mtb but rather the result of complex interactions
between the pathogen and the host immune system. These
interactions may result in a wide spectrum of clinical manifestations,
ranging from asymptomatic infection to active disease, involving
pulmonary and extrapulmonary sites (Scriba et al., 2024).

Mtb infection is initiated when bacilli are inhaled and
subsequently phagocytosed by alveolar macrophages, the first line
of immune defense. During phagocytosis, various receptors,
including complement receptors, mannose receptors, and Fc
receptors, are involved (Mohammadnabi et al., 2024). Once
internalized, these macrophages migrate into the pulmonary
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interstitium, recruiting additional macrophages and immune cell
subsets to control the infection (Cronan, 2022). However, Mtb
evades elimination by interfering with phagosomal maturation and
acidification and with phagolysosomal fusion (Queval et al., 2017;
Xander et al., 2024). Within the phagolysosome, Mtb survives
through the activation of antioxidant enzymes that neutralize
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), promoting replication and further infection of host
macrophages (Ehrt and Schnappinger, 2009; Pal et al., 2024).

At this stage, numerous immune cells are recruited to the
infection site, including dendritic cells, neutrophils, epithelioid
macrophages, NK cells, CD4+ and CD8+ T cells, and fibroblasts.
This recruitment leads to granuloma formation (Hunter et al., 2006;
Queval et al., 2017). Granulomas are not exclusively the result of
host immune attempts to contain and prevent dissemination; Mtb
also produces factors that promote granuloma formation (Cronan,
2022; Carabali-Isajar et al., 2023). Notably, studies have shown that
infected macrophages release the mycobacterial ESAT-6 protein,
inducing the expression of matrix metalloproteinase 9 (MMP9) in
epithelial cells (Volkman et al., 2010). MMP9 facilitates the
recruitment of additional macrophages to the infection site,
contributing to granuloma expansion (Volkman et al, 2010).
Moreover, Mtb-derived lipid components, such as 6,6-trehalose
dimycolate, are implicated in the structural assembly of granulomas
(Hunter et al., 2006).

Within these structures, bacilli replicate while being targeted by
immune cells, establishing a dynamic equilibrium that limits
dissemination. This explains latent infection in approximately
95% of exposed individuals (Dutta and Karakousis, 2014).
However, immune compromise can disrupt this equilibrium,
leading to infection reactivation. Conditions include malnutrition,
immunodeficiencies, diabetes, smoking, and chronic pulmonary
diseases (Ai et al, 2016; Girmay et al., 2024), leading to
reactivation of the infection. Mtb infection induces inflammatory
cytokines, chemokines, growth factors, and other immune-derived
molecules. In this inflammatory microenvironment, cytokines such
as TNF-o, IFN-v, and IL-6 activate anti-apoptotic gene expression
through the nuclear factor kappa B (NF-«B) signaling pathway in
pulmonary epithelial cells, which may promote carcinogenesis.

Inflammation and cancer

Inflammation is the biological and nonspecific response caused
by infection or biological substance, encompassing the control of
these factors and the subsequent regeneration of injured tissue
(Hibino et al., 2021). However, continuous activation of the
inflammatory process and the failure to resolve it are associated
with pathological conditions, including cancer (Michels et al,
2021). The inflammation-cancer link has been documented since
the early 19th century. Jean Nicolas Marjolin and Rudolf Virchow
reported inflammation induced tissue damage in neoplastic lesions
and immune cell infiltration into tumors (Liu et al, 2023). A
century later, defined tumors as “wounds that do not heal,”
emphasizing the similarity between tumor development and the
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tissue damage and regeneration cycle inherent to inflammation
(Dvorak, 1986). Based on extensive research, inflammation is
currently regarded as a phenomenon that actively promotes
tumor development (Hanahan, 2022).

Chronic inflammation promotes carcinogenesis through
multiple interrelated mechanisms. Persistent cytokine and
chemokine signaling (TNF-o., IL-6) activates transcription factors
such as NF-xB and STAT3, which upregulate anti-apoptotic genes
and cell cycle regulators, fostering survival and proliferation of
mutated cells. Simultaneously, sustained generation of reactive
oxygen and nitrogen species by inflammatory cells induces DNA
damage and genomic instability, increasing mutation rates.
Inflammation also drives angiogenesis via upregulation of VEGF
and matrix metalloproteinases, facilitating nutrient delivery and
tumor invasion. Finally, inflammatory mediators remodel the
extracellular matrix and induce EMT, enhancing metastatic
potential. Together, these processes illustrate how a chronic
inflammatory microenvironment can initiate and promote
malignant transformation.

Depending on the cause triggering the inflammatory process,
inflammation is classified as either sterile or non-sterile. WHO
reports indicate that approximately 15% of all cancers are
attributable to infectious agents, of which 9.9% are viruses
(Plummer et al,, 2016). In Latin America, it is estimated that
roughly 150,000 cancer cases are caused by infections (Espina
et al., 2023). Among the principal infectious agents recognized as
contributors to various malignancies are Helicobacter pylori,
Fusobacterium nucleatum, Schistosoma haematobium,
Streptococcus bovis, human immunodeficiency virus (HIV),
human papillomavirus (HPV), hepatitis B and C viruses, among
others (Liu et al., 2023). These pathogens have been proposed to act
as direct or indirect carcinogens (Vandeven and Nghiem, 2014).

Direct carcinogenic pathogens can integrate into the host cell
genome and promote the expression of oncogenes. In contrast,
infections caused by indirect carcinogenic pathogens do not directly
activate oncogenes. These agents induce a chronic inflammatory
state in which pathogen-associated molecular patterns (PAMPs) are
recognized by pattern recognition receptors (PRRs), such as Toll-
like receptors (TLRs) expressed by various immune cells (Li and
Wu, 2021). Activation of these cells leads to the release of
proinflammatory cytokines and chemokines, including TNF-o,
IL-6, IL-1B, and IL-8 (Finlay and McFadden, 2006).

In the case of Helicobacter pylori, infection in the gastric epithelium
has been associated with elevated production and release of reactive
oxygen species (ROS), which damage host DNA. Additionally, ROS
trigger pathways that stabilize signal transducer and activator of
transcription 3 (STAT3), promoting the expression of
proinflammatory cytokines such as IL-6 and IL-11 (Prasad et al,
2022). Similarly, pulmonary infections with Chlamydophila
pneumoniae have been linked to lung carcinogenesis via increased
release of IL-6, TNF-q, and IL-1B (Budisan et al., 2021).

Furthermore, infectious agents can synthesize molecular
components intrinsic to their replication cycles that
simultaneously activate oncogenes or inactivate tumor suppressor
genes (Ameya and Birri, 2023). E6 and E7 proteins of HPV promote
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resistance to cell death and inhibit antiproliferative signals in
epithelial cells by targeting the tumor suppressor protein TP53
for degradation (Ansari et al., 2012). Bacterial plasmid mucAB and
its Escherichia coli genomic homolog umuDC increase neoplastic
lesions in murine models. These plasmids sequester microRNA-
145, a tumor suppressor that regulates oncogenes such as Nedd9
and Aurkb, thereby promoting the transformation of infected cells
toward a tumoral phenotype (Tanooka et al., 2020). In addition,
virulence factors such as cytotoxin-associated gene A (CagA),
vacuolating cytotoxin A (VacA), and outer inflammatory protein
A (OipA) produced by Helicobacter pylori have been identified as
initiators of tumorigenic processes (Elagan et al., 2021).

These findings raise the question of whether molecular products
derived from Mycobacterium tuberculosis (Mtb) or its virulence
factors may likewise contribute to epithelial cell transformation,
thereby explaining the increased incidence of cancer in individuals
with chronic Mtb infections.

Molecular relationship between
tuberculosis and lung cancer

The comorbidity of TB and cancer has been documented in
numerous prospective, retrospective, and meta-analytical studies.
The risk is higher for men and much higher for the elderly (Yu et al.,
2011). Recent work employing cellular and animal models has
offered an initial glimpse into the possible nature of this
association. Mtb protein tyrosine phosphatase (PtpA) is a key
effector protein that enters the host cell nucleus and upregulates
MKI167 host gene expression. This activation leads to uncontrolled
proliferation, evasion of cell death, and induction of epithelial-to-
mesenchymal transition (EMT) in Mtb infected human lung
adenoma A549 cell (Chai et al., 2020).

Furthermore, Mtb possesses diverse virulence factors that allow
it to infect the host, induce pulmonary damage, evade immune
responses, and facilitate transmission to new hosts (Virulence
factors and pathogenicity of mycobacterium, 2018). These
virulence factors may also contribute to cellular transformation
and tumorigenesis. They have been categorized into protein and
non-protein types (Ramon-Luing et al., 2023).

The non-protein virulence factors can regulate diverse modes of
cell death. Depending on biological context, they may either
promote or suppress apoptosis (Ramon-Luing et al., 2023). Man-
LAM has been shown to upregulate anti-apoptotic Bcl-2 family
proteins and downregulate Bax in murine macrophages, thereby
inhibiting apoptosis (Wojtas et al., 2011).

Mtb virulence factors activate oncogenic processes such as
proliferation, resistance to apoptosis, and invasion programming
and upregulate transcription factors that induce epithelial to
mesenchymal transition (EMT), a signal of carcinogenesis and
metastatic progression (Malik et al, 2022). For instance, the
nuoG protein interferes with TNF-o induced pro-apoptotic
signaling by neutralizing ROS and RNS (Miller et al., 2010).
Serine/threonine kinases produced by Mtb also suppress
apoptosis; notably, the PknE protein inhibits intrinsic apoptosis
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triggered by RNS by reducing Bax and Bid expression (Kumar and
Narayanan, 2012). Collectively, these findings suggest that Mtb
virulence factors may enhance the survival of early tumor cells by
suppressing apoptotic pathways.

Although further studies in non-transformed epithelial cells are
needed, this phenomenon suggests that Mtb derived molecules may
directly contribute to cancer development. While these studies
imply that Mtb virulence factors support transformation to a
tumoral phenotype, the impact of distinct virulent strains on
cancer progression remains unknown. Recently, Hadifar et al.
showed that infection of A549 cells with two genetically distinct
Mtb strains from Iran (L3-CASI and L4.5) differentially induced
genes associated with proliferation, immune evasion, and
inflammation (Hadifar et al., 2021).

Although these experiments were conducted in a tumor-derived
cell line, they open the possibility of examining strain-specific effects
in healthy epithelial cells.

In addition, Mtb behaves as an indirect carcinogenic pathogen
due to the influence of inflammatory cytokines, chemokines, growth
factors, and other immune-derived molecules produced during
infection that contribute to tumor development. In this
inflammatory microenvironment, cytokines such as TNF-c, IFN-
Y, and IL-6 activate anti-apoptotic gene expression through the
nuclear factor kappa B (NF-kB) signaling pathway in pulmonary
epithelial cells, which may promote carcinogenesis (Scriba et al.,
2024). Moreover, Mtb induces substantial ROS and RNS
production by activated phagocytes. Although these molecules are
essential for bacterial clearance, their excessive production leads to
tissue damage and oxidative stress conditions that can drive
tumorigenesis through DNA damage (Abbasnia et al., 2024).

Specifically, macrophages infected with Mtb release pro-
inflammatory cytokines, which, in the context of cancer, contribute
to enhanced cellular proliferation, evasion of cell death, and
activation of signaling pathways that promote invasion and
metastasis (Holla et al, 2014; Zhang et al, 2015; Gupta et al,
2016). Interestingly, Mtb infected macrophages produce epidermal
growth factor epiregulin, a potent ligand of the epidermal growth
factor family involved in squamous metaplasia and tumorigenesis
(Nalbandian et al.,, 2009). Additionally, studies using Mtb susceptible
mouse models Mtb demonstrate that, during chronic infection,
macrophages cause DNA damage in pulmonary epithelial cells
through excessive generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). This oxidative stress fosters genomic
instability and the accumulation of mutations in proto-oncogenes
and tumor suppressor genes (Da Silva et al., 2015; Ghosh et al., 2019).

Another critical aspect is the induction of angiogenesis, new
blood vessel formation from existing vasculature triggered by Mtb
infection. While angiogenesis facilitates immune cell recruitment to
the granuloma to contain the infection, it is also considered a
mechanism that fosters bacterial dissemination to distant sites
(Maison, 2022). In vitro studies have shown that Mtb-infected
macrophages upregulate genes associated with angiogenesis,
including those encoding vascular endothelial growth factor A
(VEGF-A), angiogenin, and matrix metalloproteinases 1, 3, and
10 (Polena et al., 2016).
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During infection, VEGF-A expression in macrophages is
regulated by activation of the transcription factor NFAT (Brewer
et al., 2022). Notably, expression levels of angiogenic mediators
increase with the virulence of the Mtb strain. In murine models,
blood vessel formation occurs near the site of infection, suggesting
that Mtb driven angiogenesis not only promotes tumor cell growth
and survival but may also facilitate their dissemination.

Mtb infection also influences cellular and non-cellular
components of the tumor microenvironment. In advanced
infection stages, macrophages polarize toward an M2 phenotype,
characterized by secretion of immunomodulatory cytokines such as
transforming growth factor-beta (TGF-), interleukin-10 (IL-10),
and Th2-type cytokines. In cancer, these molecules are involved in
cell proliferation and epithelial-to-mesenchymal transition (EMT),
processes that underpin tumor invasion and metastasis (Xiong
et al., 2021). In vitro studies have reported that Mtb infected
macrophages secrete IL-1B, TNF-o,, and IL-6, which induce EMT
in pulmonary adenocarcinoma cells, thereby enhancing their
invasive and metastatic potential (Gupta et al., 2016).

Metabolic reprogramming is one of the hallmarks of cancer,
wherein uncontrolled proliferation leads tumor cells to
preferentially utilize glucose via glycolysis with the formation and
secretion of lactate even under normoxic conditions, a
phenomenon termed ‘aerobic glycolysis’ or the Warburg effect
(List of classifications).

Animal models have demonstrated that pulmonary Mtb
infection induces similar glycolytic metabolic shifts, with
increased expression of glycolytic enzymes and glucose
transporters (Cao et al., 2019). In clinical samples from patients
with active TB, genes encoding glucose transporters GLUT1 and
GLUT3, hexokinases HK1 and HK3, and monocarboxylate
transporters are upregulated (Huang et al., 2025). This metabolic
reprogramming occurs in multiple cellular compartments,
including immune cells (particularly activated T lymphocytes and
macrophages), infected epithelial cells, and within the granuloma
structure itself (Cao et al., 2019; Huang et al.,, 2025).

However, it is important to note that the observed glycolytic
upregulation in TB-infected tissue primarily reflects the metabolic
demands of activated immune cells responding to infection, rather
than directly indicating tumor-promoting metabolic changes (Cao
etal, 2019; Huang et al,, 2025). Activated T cells and macrophages
physiologically upregulate aerobic glycolysis to support rapid
proliferation, cytokine production, and antimicrobial functions.
While this Mtb-induced metabolic landscape shares features with
the tumor microenvironment, including elevated glucose
consumption, lactate production, and hypoxic conditions,
whether this metabolic reprogramming causally contributes to
tumor development or merely represents an immune response
remains uncertain. The temporal relationship between TB-
associated metabolic changes and subsequent malignant
transformation, and whether persistent metabolic alterations
following TB resolution create lasting pro-tumorigenic conditions,
require further investigation through longitudinal studies in
appropriate model systems. Therefore, while Mtb infection clearly
induces a Warburg-like metabolic state, concluding that this
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TABLE 1 Cancer hallmarks influenced by immunological and metabolic factors derived from Mycobacterium tuberculosis infection.

Cancer hallmark Key associated molecules

Chronic inflammation TNF-q, IL-1B, IL-6, IL-8, IL-11, NF-kB, STAT3

Apoptosis evasion 1Bcl-2, |Bax, |Bid, nuoG, PknE, Man-LAM

Sustained proliferation Mutated EGFR, Epiregulin, ptpA, STAT3

Angiogenesis VEGE-A, Angiogenin, MMPs, NFAT

Invasion and metastasis =~ MMP-9, MMP-10, IL-6, EMT (induced by IL-1B, TNF-o)

Metabolic

. GLUT1, GLUT3, HK1, HK3, MCTs
reprogramming

R PD-1, PD-L1, CTLA-4, IL-10, TGF-B, 1Treg cells, M2
Immune evasion
phenotype

Genomic instability ROS, RNS, miR-145 sequestration, Nedd9, Aurkb

Linked mechanism

Release of proinflammatory cytokines that promote proliferation and
angiogenesis

Inhibition of programmed cell death, favoring survival of abnormal cells
Activation of proliferative pathways in infected epithelial cells

Induction of blood vessel formation that nourishes the tumor and facilitates
dissemination

Tissue remodeling and phenotypic switching that enable cellular migration

Induction of the Warburg effect in the infectious-tumoral microenvironment

Suppression of antitumor immune responses, promoting a tolerogenic
microenvironment

DNA damage and epigenetic alterations contributing to malignant
transformation

directly promotes tumor microenvironment formation would be
premature given current evidence.

Mtb Additionally, it has been shown that Mtb infection promotes
immune evasion by fostering the development of an
immunosuppressive environment within the tumor (Zhou et al,
2017). The tumor microenvironment (TME) and tuberculous
granulomas share several common features, including macrophage
polarization programs toward the M2 phenotype and the presence of
exhausted T cell phenotypes (Scriba et al., 2024). Both conditions
contribute to a locally immunosuppressive milieu that supports
bacterial persistence in TB and tumor progression in cancer.

Inflammatory signals within this microenvironment promote
immunosuppression through mechanisms such as the
differentiation of T lymphocytes into regulatory T cells (Tregs), the
expansion of myeloid-derived suppressor cells (MDSCs), and other
immunoregulatory components. These signals also enhance the
recruitment, proliferation, and functional specialization of various
pro-tumorigenic helper cell subsets within the TME (Magcwebeba
et al, 2019). For instance, studies have reported that the co-
occurrence of LC and Mtb infection increases the proportion of
Treg cells in in vitro models. Mtb infected macrophages upregulate
immunomodulatory molecules such as PD-L1, which interact with
naive CD4" T cells to induce their differentiation into Tregs cells that
facilitate and promote tumor development (Zhou et al., 2017).

Interestingly, the expression of PD-L1, PD-1, and PD-L2 is not
restricted to infected macrophages; peripheral blood T cells from
Mtb infected patients also exhibit increased expression of these
immune checkpoint molecules (Cao et al., 2019).

Multiple investigations have identified overlapping molecular
mechanisms activated during Mtb infection that converge with
critical pathways in carcinogenesis. Sustained inflammation,
apoptotic dysregulation, metabolic reprogramming, and immune
evasion represent shared nodes between both pathophysiological
contexts. Table 1 summarizes the cancer hallmarks linked to
components derived from the inflammatory and microbial
response, highlighting the implicated molecules and signaling
pathways that may contribute to malignant transformation.
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Clinical and molecular evidence
linking Mycobacterium tuberculosis
infection to lung cancer

Although most studies have focused on advanced stages of
tumor development, current findings support the hypothesis that
Mtb acts as a potential oncogenic pathogen. However, its impact on
other cancer related characteristics such as epigenetic regulation,
phenotypic plasticity, replicative immortality, and microbiome
alterations remains underexplored.

A systematic literature search was conducted in the PubMed,
Web of Science, and Google Scholar databases, covering the period
from January 2010 to July 2025. The search strategy included the
following MeSH terms and keywords to retrieve information:
“carcinogenesis AND tuberculosis,” “lung cancer AND pulmonary
tuberculosis,” and “lung cancer AND active tuberculosis.” Reviews,
meta-analyses, original research, and case reports were included.

The co-occurrence of TB and LC has been documented in various
clinical studies and case reports, where both diseases may present
simultaneously, complicating diagnosis and clinical management (Yu
et al, 2021; Huang et al, 2025). Alternatively, they may arise
independently, with one increasing the risk of the other. In this
context, clinical research has focused on evaluating the risk of LC
development in patients with active, chronic, and aggressive TB.

One of the earliest clinical studies conducted in an Asian
population demonstrated that TB increases the risk of developing
LC by approximately 2.5 fold. Remarkably, this prospective,
longitudinal investigation revealed that LC frequently emerged in
the same pulmonary region previously affected by TB lesions
(Zheng et al., 1987). Follow-up studies, using varied experimental
designs and in different populations, have validated these
observations. A recent meta-analysis reported that TB
significantly raises cancer risk, with the most pronounced effect in
LC (Zhang et al., 2008). This elevated risk occurs within five years of
TB diagnosis, suggesting that chronic inflammation and infection-
related factors contribute to tumor initiation (Luczynski et al,
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TABLE 2 Summary of clinical studies examining the tuberculosis-lung cancer.

Reference

Study type

Number of patients

10.3389/fcimb.2025.1697874

Key findings

Cohen et al., 2019

Systematic review & meta-analysis

2,609,137 participants (34 studies)

Pooled LTBI prevalence: 24.8% globally; highest in Western
Pacific (35.4%) and Southeast Asia (30.6%); important baseline
for LC risk

Wong et al., 2020

Zhang et al., 2025

Bhatt et al., 2012

Mendelian randomization (GWAS
data)

Population-based matching study

Retrospective case series

6,877 never-smoking Asian women
with LUAD (GWAS data)

472 patients (236 TB-LC, 236
controls)

8 PTB cases

Mendelian randomization identified genetic variants (MFN2
rs4240897, HLA-DQAI1) associating TB with LUAD risk (OR
1.31); shared pathways

TB-LC patients: older (median 68 vs 64 years), more male
(92.8% vs 67.4%), more smokers; 60.6% upper lobe lesions;
imaging overlaps complicate diagnosis

TB mimics LC clinically/radiologically; 8 cases initially
diagnosed as LC; importance of differential diagnosis
emphasized

Abdeahad et al., 2022

Systematic review & meta-analysis

9 studies, varying cohorts

Prior PTB increases LC risk: pooled RR 1.79 (95% CI 1.21-
2.63); risk persists long-term; meta-analysis of 9 studies

Lee et al., 2022

Girmay et al., 2024

Retrospective cohort

Comparative cross-sectional

62 concurrent LC-PTB patients

210 participants (72 LTBI, 68 HIV
+LTBI, 70 controls)

Concurrent TB-LC: older age, smoking, COPD risk factors;
diagnosis interval affects outcomes; 62 patients analyzed

HIV+LTBI patients show impaired Th1 response (reduced
IFN-y, TNF-o) and pro-inflammatory cytokines vs LTBI-only;
immunosuppression increases risk

Michels et al., 2021

Plummer et al., 2016

Systematic review & meta-analysis

Synthetic analysis (burden
estimation)

1,856,363 participants (26 studies)

Global cancer burden data (2012)

Chronic inflammation increases cancer incidence: HR 1.42
(95% CI 1.28-1.58); meta-analysis of 26 epidemiological studies

2.2 million cancer cases (16%) attributable to infections in
2012; establishes infection-cancer burden; TB not specifically
quantified

Yu et al,, 2011

Chai et al., 2020

Da Silva et al., 2015

Population-based cohort

Transcriptomic analysis with patient
samples

Cross-sectional

3,567 PTB patients (117 developed
LC)

368 lung tissue samples (PTB,
LUAD, sarcoidosis patients)

114 participants (32 TB, 32 LC, 50
COPD)

PTB increases LC risk: adjusted HR 3.3 (95% CI 2.2-5.0); risk
highest in first 5 years (HR 4.9); population cohort of 3,567
PTB patients

Gene expression profiling identified shared pathways (IL-17,
TNF, NF-xB, immune response) between PTB, LUAD, and
sarcoidosis; 6 AA metabolism genes discriminate diseases

DNA damage (comet assay) and micronuclei significantly
higher in TB and LC vs controls; genotoxic mechanisms linking
TB to carcinogenesis

Subbian et al., 2015

Luo et al.,, 2012

Zhang et al., 2020.

Pilot study (granuloma analysis)

Retrospective cohort

Cross-sectional

53 PTB patients (granuloma
specimens)

143 LUAD patients

60 TB patients

Granuloma-specific immune profiles: central caseous regions
show distinct cytokine patterns vs peripheral zones; pilot study
in 53 PTB patients

Old PTB lesions associated with EGFR mutations (50% vs
34.7%, p=0.085); EGFR-mutant patients with PTB had worse
PFES (11.7 vs 21.2 months)

BTLA+ dendritic cells in TB patients show reduced IL-12/TFN-
o, increased IL-4/TGF-B production, favoring Th2/Treg
polarization; 60 TB patients

Saharia et al., 2016

Huang et al., 2025

Yu et al., 2021

Prospective cohort

Case report with literature review

Case report

25 TB patients (longitudinal)

1 sarcomatoid carcinoma-TB patient

1 SCC-PTB patient

TB therapy modifies CD4+ T-cell profiles: decreased TNF-a,
increased IL-10; longitudinal study in 25 TB patients over
treatment course

Sarcomatoid carcinoma coexisting with TB in single lesion; rare
presentation requiring careful pathological evaluation; case
report with review

SCC and PTB coexisting within single lesion; diagnostic
challenge; successful treatment with sequential TB therapy then
surgery; case report
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TABLE 2 Continued

Reference Study type

Zheng et al., 1987 Case-control study 213 LC patients

Luczynski et al., 2022 Systematic review & meta-analysis

Number of patients

1,044,856 patients (24 studies)

10.3389/fcimb.2025.1697874

Key findings

Case-control study (213 LC cases): prior TB significantly
associated with LC (OR 1.59, p<0.05); dose-response with TB
severity; Shanghai cohort

Pooled SIR 3.20 (95% CI 2.21-4.63) for LC after TB; highest
first year (SIR 4.70), persists >5 years; meta-analysis of 24
studies

Wu et al, 2011 Population-based cohort

Ciceénas et al., 2007

Retrospective case series

Hwang et al., 2019 Retrospective cohort

716 PTB patients (40 developed LC)

91 TB patients (22 with LC)

300 LUAD patients

PTB increases LC risk: HR 1.97 (95% CI 1.51-2.58); 40/716
PTB patients developed LC; population-based cohort with
mean 6.5-year follow-up

Among 91 TB patients, 22 (24.2%) had LC; concurrent
presentation common; diagnostic challenges due to overlapping
features; retrospective series

PTB history associated with higher EGFR mutation rate (46.3%
vs 39.9%) and worse OS in EGFR-mutant patients (31.7 vs 42.4
months); 300 LUAD patients

Zhang et al., 2008 Patient cohort study

Cross-sectional

Shen et al., 2016a

Shen et al.,, 2016b Prospective cohort

Qiu et al,, 2012 Cross-sectional 30 TB patients

Chen et al., 2024 Retrospective cohort

92 patients

Zaemes et al., 2020 Systematic review

2022). In addition to M. tuberculosis, NTM species such as the
Mycobacterium avium complex can coexist with LC. For example,
Mishra et al (Zhang et al., 2008). described a case of pulmonary
MAC infection concurrent with adenocarcinoma of the lung. Other
studies report NTM isolates in LC patients, underscoring the
clinical importance of differentiating TB from NTM-associated
disease in prognosis and therapy.

Table 2 summarizes patient-based clinical studies examining the
tuberculosis-LC association. Studies were included if they reported
specific numbers of human patients and examined TB-LC
relationships through clinical, epidemiological, prognostic, or
biomarker analyses. Eligible study designs included retrospective and
prospective cohorts, case-control studies, population-based cohorts,
cross-sectional studies, systematic reviews with meta-analyses, case
series (=2 patients), case reports with substantial clinical data, and
transcriptomic/biomarker studies utilizing patient-derived samples.

Frontiers in Cellular and Infection Microbiology

168 NSCLC patients

52 active TB patients

20 active TB patients (longitudinal)

1,175 cancer patients receiving ICIs

(39 TB cases among ICI users)

Intratumoral epiregulin (marker of advanced disease) higher in
EGFR-mutant NSCLC; associated with invasive properties; 168
patients analyzed

PD-1/PD-L pathway activation in active TB inhibits M.tb-
specific CD4+ T-cell functions and macrophage phagocytosis;
52 active TB patients vs controls

PD-1 and PD-LI expressions elevated in active TB, decline
during successful treatment; dynamic monitoring in 20 patients
longitudinally

Tim-3+ CD4+ and CD8+ T cells in TB exhibit effector memory
phenotype and stronger anti-TB functions; 30 TB patients
characterized

ICI-treated cancer patients have 5.9-fold increased TB
reactivation risk; 13/1175 (1.11%) developed TB; retrospective
cohort in Taiwan

TB incidence among ICI users: 0.43% vs general population
0.13%; systematic review of 39 TB cases among 92 reported
infections

Studies were excluded if they lacked patient data (pure in vitro cell
culture, animal models, mechanistic-only investigations), were non-
peer reviewed (conference abstracts, preliminary reports), or examined
unrelated conditions. The collection encompasses 5 systematic reviews/
meta-analyses pooling data from over 5 million participants, 12
retrospective/prospective cohort studies (20-3,567 patients), 5 cross-
sectional/case-control studies examining immunological profiles and
genetic associations, 4 case reports/series documenting rare
presentations, and 3 specialized studies utilizing patient specimens
for transcriptomic or biomarker analyses.

The increased oncogenic risk has been attributed to chronic
inflammation and fibrosis caused by TB in lung tissues. Specifically,
fibrotic remodeling creates a microenvironment conducive to the
emergence of dysplastic and neoplastic lesions. Hence, TB not only
leaves anatomical sequelae but also establishes biological conditions
that predispose affected tissues to malignancy (Sundaram and
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FIGURE 1

Molecular mechanisms linking Mycobacterium tuberculosis infection with lung cancer. This infection induces fibrotic lesions that progress to
neoplastic. During this process, the presentation of characteristics that favor tumor development, such as chronic inflammation and genomic
instability, caused by ROS and RNS released by infected macrophages and other immune cells, creates a microenvironment conducive to the
development of incipient tumor cells. Mycobacterial virulence factors (e.g., nuOG or ptpA), along with cytokines, chemokines, and growth factors
produced by infected macrophages, contribute to the induction of some features of cancer. This process involves the modulation or dysregulation
of key signaling pathways such as MAPK, WNT, NF-kb, and cell death regulated by members of the BCL2 family. Created with BioRender.

Prabhu, 2025). In support of this, multiple reports highlight the
development of LC in regions of prior granulomas, scarring, or
lesions caused by Mtb (Cicénas and Vencevicius, 2007; Wu
et al., 2011).

Figure 1 provides a comprehensive depiction of the mechanisms
by which Mycobacterium tuberculosis (Mtb) infection can promote
various cancer hallmarks. Through a sequence of cellular and
immunological events, the illustration shows how Mtb fosters
chronic inflammation, genomic instability, and remodeling of the
pulmonary microenvironment, key elements in malignant

Frontiers in Cellular and Infection Microbiology

transformation. Summarizes how mycobacterial virulence factors
and immune mediators activate pathways driving sustained
proliferation, apoptosis evasion, angiogenesis, metabolic
reprogramming, and immune escape. This establishes a functional
link between chronic infection and lung oncogenesis.

Within granulomas, a continuous cycle of cell death and
immune cell infiltration has been documented, accompanied by
mesenchymal stem cells and a milieu enriched with growth factors
and proinflammatory cytokine components that are thought to
promote tumorigenic processes (Raghuvanshi et al., 2010).
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Histological and molecular features of
tuberculosis-associated lung cancer

A key aspect of this complex interaction is the histological
tumor’s subtype. Clinical studies most frequently report cases of
pulmonary adenocarcinoma and squamous cell carcinoma in
patients with prior TB (Zheng et al., 1987; Abdeahad et al., 2022),
suggesting that Mtb induced lesions affect distinct cellular
populations and anatomical compartments of the respiratory tract.

Molecularly, specific mutations associated with LC in the context
of TB have been identified. A retrospective clinical study in an Asian
cohort revealed a strong association between TB-related pulmonary
lesions and mutations in the epidermal growth factor receptor
(EGFR) gene, specifically exon 19 deletions (Luo et al, 2012). In
addition, a study conducted in South Korea reported a significant
increase in EGFR exon 19 mutations among patients with LC
preceded by TB (Hwang et al, 2019). These findings have
important clinical implications, as EGFR-mutant tumors are
candidates for treatment based on tyrosine kinase inhibitors (TKIs),
offering improved survival outcomes. Current evidence documenting
the association between TB and EGFR mutations in LC derives
predominantly from Asian populations, where both TB burden and
EGFR mutation prevalence are high. Studies from South Korea and
Taiwan have reported significant increases in EGFR exon 19 deletions
among patients with lung adenocarcinoma preceded by TB.
However, comparable studies examining this association in Latin
American, African, Middle Eastern, or other non-Asian populations
are notably absent from the current literature. This represents a
critical knowledge gap, as EGFR mutation frequencies vary
substantially across ethnic groups and geographic regions. Future
research should prioritize investigation of TB-associated molecular
alterations in LC across diverse populations to determine whether the
TB-EGFR association is universal or population specific.

However, the presence of TB lesions in patients receiving first
generation TKIs correlates with reduced progression-free survival
and overall survival. Although the biological mechanisms
underlying this phenomenon remain unresolved, it is plausible
that chronic inflammation induced by concurrent Mtb infection
and cancer may interfere with the therapeutic efficacy of TKIs.
Furthermore, production of the epidermal growth factor epiregulin
by Mtb infected macrophages may be responsible for squamous
metaplasia and tumorigenesis (Nalbandian et al., 2009). Epiregulin
has been shown to increase tumor aggressiveness and confer
resistance to TKIs (Zhang et al., 2008). These lesions may also
promote the emergence of EGFR mutations associated with
resistance to both first- and second-generation TKIs, a hypothesis
that warrants further investigation.

Biomarkers for predicting lung cancer
risk in TB patients

Understanding the molecular mechanisms underlying the TB LC
relationship provides a critical foundation for developing biomarkers
that identify which Mtb infected individuals face the highest risk for
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subsequent LC. TB patients have a 2-3 fold increased LC risk
compared to controls (SIR 3.20, 95% CI: 2.21-4) (Luczynski et al,
2022), with elevated risk persisting for years after treatment
completion, highest in the first year (SIR 4.70) but continuing
beyond five years. Since only a subset of TB patients progress to
LC, predictive biomarkers would enable targeted surveillance and
intervention for high-risk individuals rather than universal screening
of all TB survivors, facilitating risk-stratified screening protocols,
chemoprevention strategies, and early cancer detection (Feng et al,
2024; Afifah et al,, 2025; Fang et al., 2025).

Current research has identified multiple promising biomarker
candidates spanning inflammatory, genetic, transcriptomic,
metabolic, and epigenetic domains. Integrated multi-biomarker
panels show the greatest promise for accurate risk prediction.
Table 3 summarizes the major categories of candidate
biomarkers, their specific markers, clinical performance
characteristics, and potential applications for LC risk stratification
in TB patients. Translation of these discoveries into clinical practice
through rigorous validation and implementation research could
enable precision prevention strategies, reducing LC burden in TB
endemic populations while optimizing resource utilization.

How tuberculosis affects LC prognosis

The impact of tuberculosis infection on LC prognosis is
complex and context-dependent, with outcomes varying based on
multiple clinical factors, including the timing of diagnoses, TB
disease status (active versus prior infection), histological subtype,
treatment approaches, and patient performance status (Liao et al,
2023; Xiong et al., 2023; Zhou et al., 2025).

Patients with a history of treated TB who subsequently develop
LC face increased mortality risk. A large cohort study demonstrated
that LC patients with prior TB had adjusted hazard ratios of 1.13
(95% CI: 1.04-1.23) for all cause 3 year mortality and 1.11 (95% CL:
1.02-1.21) for cancer specific 3 year mortality compared to LC
patients without prior TB (Liao et al., 2023). Importantly, this
elevated mortality risk persists regardless of the duration between
TB and LC diagnoses; even when more than 3 years separate the two
diagnoses, the mortality risk remains elevated.

The timing of diagnosis significantly influences outcomes.
Patients diagnosed with both LC and active TB within a <6-
month interval have a substantially worse prognosis compared to
those diagnosed more than 6 months apart. The 1-, 3, and 5 year
overall survival rates are 94.2%, 80.3%, and 77.6%, respectively, in
the >6 months group versus 88.3%, 63.8%, and 58.5% in the <6
months group (HR 0.456, 95% CI: 0.234-0.889) (Xiong et al., 2023).

This difterence likely reflects diagnostic delays, advanced disease
stage at presentation, and compromised physiological reserve when
both diseases are diagnosed simultaneously (Zhou et al., 2025).

Among cancer patients who develop TB, all cause mortality rates
are approximately 10.5% at 3 months, 15.56% at 6 months, and 20.56%
at 12 months after TB diagnosis, significantly higher than the 11.84% 12
month mortality in cancer patients without TB. Cancer patients with TB
had TB direct mortality of 0.83%, higher than the 0.28% in the general
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TABLE 3 Independent prognostic factors in coexisting tuberculosis and lung cancer.

Prognostic factor Impact on outcomes

ECOG Performance Status Negative predictor

Surgical Treatment Positive predictor

Cancer Stage Negative predictor

Age Negative predictor

outcomes
Smoking History Negative predictor

C-Reactive Protein Biomarker predictor

population. Respiratory tract cancers show the highest mortality burden
(30.15% at 12 months) (Shu et al.,, 2019).

The prognostic impact of TB varies by LC histology. For
squamous cell carcinoma (SCC), the presence of old pulmonary
TB lesions is an independent negative prognostic factor, with
hazard ratios of 1.72-1.73 (95% CI: 1.12-2.64) for worse survival.
The median survival for SCC patients with TB is significantly
shorter than those without (1.7 versus 3.4 years) (Zhou et al., 2013).

Conversely, some studies suggest that concomitant active TB in
SCC may paradoxically improve survival through enhanced T-cell
mediated anti-tumor immunity, with increased CD3+ T cells, CXCR3+
cells and decreased regulatory T cells in the tumor microenvironment
(Kuo et al,, 2012). In adenocarcinoma, the relationship is less clear and
may be modified by EGFR mutation status (Zhou et al,, 2013).

Several interconnected biological and clinical mechanisms
explain the worse prognosis observed in patients with coexisting
TB and LC. First, TB induces persistent chronic inflammation
through the release of pro-inflammatory cytokines (TNF-o, IL-
1B, IL-6, IL-12, IFN-y) that promote tumor development,
progression, angiogenesis, and epithelial-mesenchymal transition
(EMT) (Cao et al., 2019; Budisan et al., 2021; Tan et al., 2021; Qin
et al.,, 2022; Preda et al., 2023).

This chronic inflammatory microenvironment activates NF-xB
and STAT3 pathways, facilitating immune escape, DNA damage,
and carcinogenesis (Vashishth et al, 2023). Second, TB causes
immunosuppression and dysfunction characterized by T cell
exhaustion through PD-1/PD-L1 pathway upregulation, which
both suppresses anti-TB immunity and promotes tumor immune
evasion and metastasis (Kwon et al.,, 2025; Li et al., 2025), with
Mycobacterium tuberculosis antigens directly repressing Thl
mediated anti-tumor immune responses.

Structural lung damage further compounds poor outcomes.
Pulmonary TB causes fibrosis, scarring, bronchiectasis, and
architectural distortion that create a procarcinogenic
microenvironment. This structural damage provides anatomical
limitations for cancer treatment, particularly surgical resection,
and reduces pulmonary reserve. Additionally, overlapping clinical
and radiographic features between TB and LC lead to diagnostic
confusion, misdiagnosis, and delayed cancer staging (Lee et al,
2022) resulting in more advanced cancer stage at diagnosis and
missed therapeutic windows.
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Key findings

ECOG 3-4: HR 12.866 (95% CI: 2.730-60.638) in patients with diagnosis intervals >6 months
Surgery: HR 0.193 (95% CI: 0.038-0.970); particularly beneficial when diagnosis interval >6 months
Advanced stage (III/IV) significantly worsens prognosis, especially with concurrent TB diagnosis

Elderly patients (=65 years) with short diagnosis intervals (<6 months) have particularly poor

Smoking compounds mortality risk in TB-LC coexistence

Elevated CRP (10-50 mg/L or >50 mg/L) indicates worse prognosis

Finally, concurrent anti-TB and anticancer therapy increase
toxicity burden, particularly hepatotoxicity (61.3% liver injury in
dual therapy patients), hematologic toxicity (grade 3 leukopenia in
9.7%), and compromised performance status (Chai and Shi, 2020;
Ye et al, 2020). Drug-drug interactions between rifampicin and
targeted cancer therapies further reduce the efficacy of molecularly
targeted treatments. Several independent prognostic factors have
been identified in patients with coexisting TB and LC (Table 4).

Safety and feasibility of concurrent
therapy

Multiple studies demonstrate that concurrent anti-TB and anti-
cancer treatments can be safely and effectively administered (Ye
et al., 2020; Wang et al., 2025).

Anti-TB treatment success rates reach 80-87% in LC patients,
and cancer treatment completion rates (87.1-92.2%) and response
rates (77.4-88.2%) are comparable to LC patients without TB (Chai
and Shi, 2020; Ye et al., 2020).

Current evidence suggests initiating anti-TB treatment for 2-4
weeks before commencing immunotherapy or chemotherapy in
patients with active TB (Wang et al., 2024; Sun et al., 2025; Wang
et al,, 2025). For patients with diagnosis intervals >6 months,
comprehensive cancer surgery combined with anti-TB therapy
yields superior outcomes.

Management recommendations include:

1. High clinical suspicion: LC patients in TB-endemic regions
warrant systematic TB screening, particularly those with
risk factors (smoking, COPD, immunosuppression).

2. Prompt dual diagnosis: Earlier simultaneous diagnosis and
treatment initiation (within appropriate sequencing)
improves prognosis compared to delayed recognition.

3. Multidisciplinary approach: Management requires
coordinated oncology, pulmonology, infectious disease,
and clinical pharmacy collaboration to optimize drug
interactions and minimize toxicity.

. Performance status preservation: Treatment strategies should
minimize ECOG deterioration, as this independently
predicts mortality.
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TABLE 4 Candidate biomarkers for lung cancer risk prediction in tuberculosis patients.

Biomarker
category

Specific markers

Clinical performance / key findings

10.3389/fcimb.2025.1697874

Potential application

Circulating Cytokines

Acute Phase Reactants

Inflammation-Nutrition
Composite

Inflammatory & immune biomarkers

IL-6, TNF-q, IL-1B, IL-8

C-reactive protein (CRP)

Neutrophil-to-lymphocyte ratio (NLR)

Persistently elevated in TB survivors; correlate with LC
stage and prognosis

CRP >10 mg/L indicates sustained inflammation; levels
49x normal in post-TB patients

NLR >8 identifies hyperinflammatory state; poor
prognosis in TB-LC comorbidity

Identify chronic inflammatory
states promoting carcinogenesis

Stratify patients with chronic
inflammatory burden

Risk stratification for surveillance
intensity

Inflammation-Nutrition
Composite

Inflammasome Markers

Prognostic nutritional index (PNI)

NLRC4, NLRP3 (plasma)

PNI 38-50 optimal; lower values predict increased cancer
risk

Combined AUC 0.769 for differentiating TB from TB
+NSCLGC; higher in TB-only

Identify immunocompromised/
malnourished high-risk patients

Early-stage NSCLC/
adenocarcinoma detection in TB
patients

Transcriptomic & gene expression signatures

TB-Cancer Transition
Genes

KRT80 (Keratin 80)

Upregulated in TB and LUAD; associates with EMT,
metastasis, Wnt pathway activation

Monitor molecular transition from
TB inflammation to neoplasia

TB-Cancer Transition
Genes

Proliferation Marker

TB-Related Risk Scores

Blood-Based mRNA

C1QTNF6, TRPA1

MKI67 (Ki-67)

CD52, CD79A, C1QTNF6, KRT80,
GRIA1, TRPAI signature

NPC2 (Niemann-Pick C2)

Opposite expression in TB vs LUAD; prognostic in LUAD

Overexpressed in TB and LUAD; mediates MTB-induced
proliferation/invasion

AUC 0.68-0.73 across cohorts; predicts survival,
immunotherapy response, TME characteristics

Distinguishes active TB from LTBI (AUC 0.94-0.95) and
TB from LC (AUC 0.86); progressive increase in
LTBI—TB transition

Genetic polymorphisms & susceptibility markers

Transition biomarkers for TB-to-
cancer progression

Assess proliferative potential
during TB-cancer transition

Prognostic stratification; treatment
selection guidance

Dual-purpose: TB diagnosis and
LC differentiation; longitudinal
monitoring

Mitochondrial Gene
Variant

rs4240897 (MFN2)

Inversely associates with TB and LUAD risk (OR 1.31,
95% CI 1.03-1.66)

Identify genetically susceptible
individuals for intensive
surveillance

MHC Class II Gene

Shared Architecture Genes

HLA-DQAI1 variants

FHADI, ZFPM2, DLG2

Regulate adaptive immunity; shared TB-LUAD pathways

Represent shared genetic architecture between TB and
LUAD

Genetic risk stratification

Pathway-based risk assessment

Immune Gene Variants

Interferons, interleukins, TNF,
chemokine genes (GWAS)

Predict TB morbidity; may influence cancer progression

Immunogenetic profiling for dual-
disease risk

Metabolic & metabolomic biomarkers

Blood Metabolites (Pro-
Carcinogenic)

Oleate, arachidonate, 1-
arachidonoylglycerophosphocholine

Associated with increased LC risk in Mendelian
randomization studies

Metabolic profiling for
carcinogenic risk

Blood Metabolites
(Protective)

Urinary Metabolite Profiles

1-
linoleoylglycerophosphoethanolamine,
isovalerylcarnitine

Machine learning-identified
biosignatures

Associated with decreased LC risk

Distinguish TB from NTM; predict LC risk with high
accuracy

Identify protective metabolic states

Non-invasive screening tool

AA Metabolism Pathway
Genes

PLA2G6, PLA2G7, AKRICI,
AKRI1C3, LTA4H, PTGER4

Differentiate sarcoidosis/TB/LC with AUC =0.872

Circulating microRNA biomarkers

Pathway-based disease
discrimination

Plasma miRNAs

miR-34a, miR-182

Reduced in both TB and LC vs controls; miR-182 highly
significant (p<0.0001)

Diagnosis, prognosis, TB-to-cancer
transition monitoring
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TABLE 4 Continued

Biomarker
category

Specific markers Clinical performance / key findings Potential application

Circulating microRNA biomarkers

L. i i i Improve diagnostic accuracy for LC vs TB when bacterial Differential diagnosis in
Multi-miRNA Panels Combined plasma miRNA signatures . K R O i
shedding negative ambiguous clinical presentations

Integrated multi-biomarker models

Inflammation-Nutrition Diabetes, ECOG, NLR, PNI, HRR, C-index 0.71; 3-year survival AUC 0.693 in TB-LC Comprehensive prognostic

Model RDW combined comorbidity assessment

TB Signature Risk Score Multi-gene TB-LUAD shared DEGs Yalidated prognostic value across cohorts; predicts Trea'tmen't selection; surveillance
immunotherapy response stratification

AUC 0.75 (vs PLCOm2012 AUC 0.64); 49% sensitivity at Superior to clinical models and

Proteomics Risk Model 302-protein prediagnostic panel . .
86% specificity commercial tests

5. Immunotherapy considerations: Immune checkpoint Recently, it has been reported that patients with active
inhibitors (ICIs) may reactivate latent TB; screening and  tuberculosis exhibit elevated expression of PD-1 and PD-L1 in
prophylaxis should precede ICI initiation in high- CD4" T lymphocytes and monocytes, respectively (Shen et al.,
risk populations. 2016a; Shen et al., 2016b). Additionally, several studies have

6. Therapeutic drug monitoring: Essential for managing drug-  documented increased expression of other checkpoint molecules
drug interactions, particularly between rifampicin and tyrosine  in active TB, including BTLA, CTLA-4, and TIM-3 (Qiu et al., 2012;
kinase inhibitors or other molecularly targeted agents. Saharia et al., 2016; Zhang et al., 2020).

These findings suggest that Mtb infection may alter the local

While TB clearly increases LC risk and affects prognosis  tumor microenvironment. Such changes could help tumors
through multiple biological mechanisms (chronic inflammation,  establish themselves by suppressing the immune response
immune dysregulation, structural damage, and DNA damage), the = required for their elimination of Mtb. However, whether Mtb
precise causal pathways and optimal clinical management strategies  infection directly induces checkpoint expression or contributes
require further investigation. Future research should focus on  causally to cancer development remains unresolved.
elucidating molecular mechanisms linking chronic TB The use of checkpoint inhibitors in patients with LC carries
inflammation to specific oncogenic pathways, defining optimal  distinct implications for TB. On one hand, it has been proposed that
treatment sequencing and timing for concurrent TB cancer therapies targeting PD-1, PD-L1, GITR, TIM-3, and CTLA-4 might
therapy, identifying biomarkers predicting which TB patients are  benefit patients with coexisting LC and TB (Yang et al., 2023). On
at highest LC risk, evaluating cost-effectiveness of latent TB  the other hand, reports indicate that patients treated with immune
screening and prophylaxis in LC patients, and conducting  checkpoint inhibitors are at increased risk of TB or reactivation of
prospective trials of immune checkpoint inhibitors in TB  (Zaemes and Kim, 2020; Chen et al., 2024).
cancer coexistence. Therefore, additional studies are urgently needed to deepen our

The bidirectional relationship between these diseases TB  knowledge of the relationship between Mtb infection, immune
promoting carcinogenesis and cancer predisposing to TB  checkpoint expression, and tumor progression. Clarifying this
underscores the importance of integrated clinical management interplay could enhance both oncologic and infectious disease
approaches that address both conditions simultaneously. management strategies.

Immune checkpoints and tuberculosis  Discussion

in the context of lung cancer
This work highlights and examines key findings derived from in
Immunotherapy has gained increasing relevance in the field of  vitro models and patient-based studies that link Mtb infection to an
LC due to the presence of immune regulatory molecules, known as  increased risk of developing LC. Current evidence suggests that
checkpoints, within the tumor microenvironment. These infection with this pathogen induces cellular changes that lead to
checkpoints have become important therapeutic targets. genomic instability, sustained proliferative signaling, immune
Numerous clinical studies show that immunotherapy in tumors  evasion, metabolic reprogramming, angiogenesis, and metastatic
expressing checkpoint molecules is associated with improved  potential. The inflammation elicited by the mycobacterium appears
survival outcomes. The benefit depends on both the extent and  to drive both cellular and microenvironmental transformations that
type of immune cell infiltration present. favor tumor initiation and establishment. In advanced infection,
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Mtb induces an immunosuppressive state. This is characterized by
polarization of T cells to Th2 and macrophages to M2 phenotypes,
both of which may contribute to tumor progression.

Nevertheless, several questions remain unanswered within this
field. For instance, the influence and specific association of different
Mtb strains on inflammation and subsequent tumorigenesis are not
yet fully understood. High-throughput sequencing now allows
detailed genotyping and classification of clinical strains from
diverse regions. Genetic variations impact metabolism,
methylation, cell wall composition, virulence, prognosis, and
survival (Borrell et al, 2019). Understanding these associations
could allow correlation of strain genotype with virulence and cancer
risk, thereby enabling early prognostic assessment and timely
interventions to prevent tumor development.

An important aspect to emphasize is the role of Mtb infection in
acquiring specific cancer hallmarks. However, comprehensive
information is still lacking regarding processes such as epigenetic
regulation, phenotypic plasticity, replicative immortality, and
microbiome disruptions. Investigating these components could
lead to deeper insights into infection-mediated oncogenesis and
the identification of potential molecular targets for cancer
prevention. Expanding research in this area may offer a clearer
understanding of Mtb participation across the stages of
carcinogenesis and strengthen the case for its reclassification as a
carcinogenic agent.

Clinical evidence supports the hypothesis that Mtb could be
considered a potential carcinogen. Pathological studies show a
coincidence between tuberculosis-induced inflammatory damage
and tumor sites. However, the initial molecular events that trigger
the malignant transformation remain poorly defined. Recent
transcriptomic research has identified genes with altered
expression associated with both tuberculosis and cancer
prognosis, which opens the door to the development of clinical
biomarkers and early detection through their integration with
imaging techniques (Feng et al., 2024).

However, this review recognizes significant limitations. First,
most clinical studies are observational and retrospective, which
introduces selection biases, confounding, and limitations in
establishing causality. Second, there is great heterogeneity
between studies in terms of populations, geographical regions,
diagnostic criteria, and duration of follow-up. Most of the data
comes from East Asia, which restricts generalization to other
populations with different genetic and environmental contexts.
Third, much of the mechanistic evidence comes from in vitro
models with transformed cell lines (such as A549) and from
animal models, which do not faithfully reproduce the complexity
of human lung tissue in chronic infection. Fourth, although
multiple candidate biomarkers have been identified, most lack
validation in large, independent prospective cohorts, and their
clinical utility and cost-effectiveness are not yet demonstrated.
Fifth, the temporal relationship between tuberculosis and LC is
not fully characterized: the latency period, the dose-response
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relationship with the severity of the infection, and the impact of
treatment on subsequent risk are unknown. Finally, shared
confounders such as smoking, socioeconomic status, poor
nutrition, environmental exposures, and respiratory comorbidities
have not been comprehensively addressed, making it difficult to
isolate the independent effect of tuberculosis.

Based on these limitations, research priorities are proposed.
Multicenter, prospective, large-scale cohort studies that follow TB
patients longitudinally, with standardized clinical, radiological, and
biomarker assessments, are required. These studies should include
diverse populations and comprehensively collect confounding
variables. The creation of biorepositories with serial samples of
blood, sputum, and tissue would facilitate the discovery and
validation of biomarkers.

In the mechanistic field, it is recommended to extend research
to primary bronchial epithelial cells and three dimensional models
of organoids that better reproduce the lung microenvironment. The
effects of diverse clinical strains, differentiating between latent and
active infection, and considering how host genetic polymorphisms
modulate susceptibility to carcinogenesis should also be evaluated.
Little explored aspects, such as epigenetic modifications, phenotypic
plasticity, replicative immortality, and alterations of the
microbiome, require priority attention.

In terms of biomarkers, it is necessary to move from the discovery
phase to rigorous validations in independent cohorts, with
standardized methodologies and sufficient statistical power. Cost-
effectiveness analyses comparing biomarker-based strategies versus
conventional methods are essential, especially in contexts of high TB
burden and limited resources. The development of minimally
invasive or point-of-care tests represents a key translational goal.

Intervention studies should explore whether specific TB
treatments, anti-inflammatory therapies, or chemoprevention
strategies reduce the incidence of LC. Randomized clinical trials
evaluating the impact of latent tuberculosis treatment, prolonged
anti-inflammatory therapy, or targeted surveillance protocols would
provide critical evidence for prevention.

It also proposes to establish harmonized international clinical
registries that integrate data from patients with coexisting
tuberculosis and LC. These registries would allow analyses with
sufficient statistical power to evaluate prognostic factors,
therapeutic sequences, drug interactions, and survival outcomes,
in addition to incorporating molecular characterization of strains
and tumors to advance towards precision medicine.

Health systems research must identify barriers and enablers to
implementing integrated screening and management programs,
especially in low- and middle-income countries. Comparative
economic evaluations of screening algorithms and resource
allocation strategies are critical to designing evidence-based policies.
Finally, the need for advocacy efforts before international funding and
regulatory agencies is underlined to ensure dedicated resources and
consider the reclassification of Mtb as a carcinogen by organizations
such as the International Agency for Research on Cancer.
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Conclusion

The available evidence consistently supports the association
between Mtb infection and an increased risk of LC, particularly
adenocarcinoma. Mechanistic studies show that Mtb favors
processes of chronic inflammation, genomic instability,
angiogenesis, metabolic reprogramming, and immune evasion, all
of which are considered hallmarks of carcinogenesis. At the clinical
and epidemiological level, patients with previous or concurrent
tuberculosis have a higher incidence of LC, a worse prognosis, and
specific molecular alterations, such as EGFR mutations. However,
gaps in knowledge persist around causality, strain dependent effects,
epigenetic regulation, and the differences between latent and active
infection. Overcoming these limitations will require multicenter
prospective cohorts, advanced experimental models, and rigorous
biomarker validation. Recognizing Mtb not only as an infectious
pathogen but also as a potential oncogenic agent could transform
prevention, early diagnosis, and comprehensive management
strategies in endemic regions.
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