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Immunotherapy and biomarkers in patients
with lung cancer with tuberculosis: Recent
advances and future Directions
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SUMMARY

Lung cancer (LC) and tuberculosis (TB) are two major global public health problems, and the incidence of
LC-TB is currently on the rise. Therefore effective clinical interventions are crucial for LC-TB. The aim of this
review is to provide up-to-date information on the immunological profile and therapeutic biomarkers in
patients with LC-TB. We discuss the immune mechanisms involved, including the immune checkpoints
that play an important role in the treatment of patients with LC-TB. In addition, we explore the suscepti-
bility of patients with LC to TB and summarise the latest research on LC-TB. Finally, we discuss future pros-
pects in this field, including the identification of potential targets for immune intervention. In conclusion,
this review provides important insights into the complex relationship between LC and TB and highlights
new advances in the detection and treatment of both diseases.

INTRODUCTION

Cancer is a major global health threat to humanity, and patients with malignant tumors have a poor prognosis, with a less than 15% overall

survival rate.1 According to statistical data, in 2022, there were 1,918,030 new cancer cases and 609,360 deaths in the United States.2 Surpris-

ingly, about 350 people die from LC daily, making it the leading cause of cancer death in the United States.2 In 2022, cancer survey data from

China and the United States showed that compared with the United States, the incidence and mortality of LC in China have significantly

increased.3 In addition, according to GLOBO-CAN2020 data, the incidence and mortality of LC in China accounted for 37.0% and 39.8%

of the global total, respectively.4

Tuberculosis (TB) is a global infection caused byMycobacterium tuberculosis (MTB). TB has become one of the critical health concerns of

the World Health Organization (WHO). Before the COVID-19 pandemic, TB was the leading cause of death from a single infectious agent

worldwide, with a mortality rate higher than that of human immunodeficiency virus (HIV) infection, TB is the leading cause of death from a

single infectious agent worldwide.5 According to the 2022 Global Tuberculosis Report, approximately one-quarter of the global population

is infectedwithMTB. In 2021, a staggering 10.6million newTB cases were reportedworldwide, with 1.6million resulting in death, representing

a 4.5% and 6.7% increase, respectively, compared to the previous year.6 China is a high-burden country, with the second highest number of

new cases after India and Indonesia. It ranks third in the world, accounting for 7.4% of the global total.6

Even more concerning, there has been a significant increase in the incidence of TB in patients with LC in recent years,7 and the number of

patients with TB with LC complicated by tuberculosis (LC-TB) has also markedly risen8 (Figure 1). Several studies have indicated that patients

with different types of tumors face varying degrees of increased risk for MTB infection. Specifically, individuals with hematological or solid

tumors have approximately double the risk of MTB infection when compared to the normal healthy population. Moreover, patients with

LC face a significantly higher risk, approximately 6-fold, of MTB infection compared to those with non-LC.9,10 A retrospective clinical study

exploring the relationship between LC and TB found that out of 2,608 patients with cancer receiving anti-LC treatment, 34 cases (1.3% of

the total) were infected with MTB.11 Furthermore, studies have found that patients with LC-TB have an 8-fold higher mortality rate than pa-

tients with LC alone.12 Meanwhile, TB, particularly pulmonary tuberculosis (PTB), as an independent risk factor for LC, dramatically increases

the risk of cancer in patients with TB.10 A retrospective study has revealed that among 3,776 patients with TB who were followed up, 86 pa-

tients (2.3% of the total population) developed LC.13

The aforementioned evidence suggests a close correlation between the occurrence and development of LC and TB, and the innate and

adaptive immunity of patients with LC-TB plays a crucial role in this process.14,15 However, little is currently known about the immunological

characteristics and mechanisms of patients with both LC and TB. Therefore, this review takes the related immunological features of both
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Figure 1. Bibliometric analysis of studies involving patients with lung cancer complicated by pulmonary tuberculosis

The PubMed, Web of Science, Medline, and Chinese National Knowledge Infrastructure (CNKI) databases were utilized with the search formula

"(((TS=(tuberculosis)) OR (TS=(TB))) AND ((TS=(lung cancer)) OR TS=(lung tumor)))" to retrieve and export the full record results. Further search parameters

were set to DT=("ARTICLE" OR "REVIEW") and SILOID=("WOS") AND LA=("ENGLISH"), resulting in the inclusion of 2,705 unique publications in this study.

Among these, 2,321 publications were categorized as articles, and 384 publications were categorized as reviews. Additionally, CiteSpace 6.2.R2 (64-bit) Basic

(citespace.podia.com) was employed to perform citation-based visualization of the data derived from Web of Science.
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diseases as a starting point and systematically reviews the pathogenesis of the co-occurrence of these two diseases. The aim is to identify

effective immunological intervention targets that could provide valuable references for the clinical treatment of patients with LC-TB.

IMMUNOLOGICAL CHARACTERISTICS OF PATIENTS WITH LUNG CANCER-TUBERCULOSIS

Patients with LC-TB exhibit a unique immunological profile due to the coexistence of lung cancer and tuberculosis. The immune system in

these patients is affected by both diseases, leading to a complex interplay of immune responses. However, this interplay can compromise

the immune system’s ability to mount an effective anti-cancer response, as TB has immunosuppressive effects.16–18 Patients with LC often

experience immune dysregulation, characterized by an impaired immune response against cancer cells.19 Tumor cells in LC create an immu-

nosuppressive microenvironment by upregulating various immunosuppressive molecules, such as PD-1, CTLA-4, lag-3, TIM-3, and GITR, to

evade immune surveillance. On the other hand, TB primarily affects the lung and triggers a robust immune response. Innate immune cells,

including macrophages and dendritic cells, are activated to initiate a response against MTB. However, in some cases, the immune response

fails to control the infection, leading to the formation of granulomas and the subsequent reactivation of latent TB in the presence of immu-

nosuppression, as seen in patients with LC-TB. The immune responses of the host to LC and MTB infection are complex, and they play deci-

sive roles in the immunological recognition, immune response, and immune evasion processes that lead to the disease’s onset, development,

and outcomes.20

Immune recognition

The immune system of the host can recognize self and non-self material components. In addition to naturally inducing immune tolerance to

self-material components, it can also eliminate non-self-material components to maintain the stability of the internal environment.21 When

normal cells in the body undergo mutations and begin to multiply indefinitely, it can lead to the development of cancer. Cancer cells

have a high degree of homology with normal cells and can often not be distinguished from them, which limits the ability of the immune system

to recognize cancer cells.22,23 Unlike tumor cells, MTB bacteria and their surface-secreted antigens are the primary factors involved in manip-

ulating host immune recognition, and the primary requirement for initiating innate and adaptive immune responses is that immune cells must

recognize specific components of antigenic microorganisms through pattern recognition receptors.24 Toll-like receptors (TLRs) are essential

receptors that are exposed on the surface and inside cells in innate immune responses, and their activation can trigger immune responses

against pathogens.24,25 The interaction between mycobacterial EsxL and TLR2 leads to the activation of the macrophage NF-kB pathway,

which facilitates the production of IL-12 and inducible nitric oxide synthase (iNOS), ultimately enhancing the immune system’s ability to clear

mycobacterial infection.26,27 TLR9 recognizes the 5-CG-3 (CPG) structure present in MTB, promoting the production of inflammatory cyto-

kines such as IL-12, TNF, and IFN-a, which are closely associatedwith the regulation of Th1/Th2 immunebalance and the progression of tuber-

culosis granulomas.28,29

Immune responses

As is well-known, the immune response function of the body’s immune system is mediated by the coordinated action of innate and adaptive

immune responses (Figure 2). Among them, immune cells such as macrophages, natural killer (NK) cells, dendritic cells (DCs), and effector

T cells play a crucial role in eradicating tumor cells and mycobacterial infection.30 During the early stages of LC or mycobacterial disease,
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Figure 2. Immune responses in patients with LC-TB

The immune responses against mutant tumor cells or invading bacteria involve the rapid activation of macrophages, NK cells, and DCs within the body. These

immune cells act upon encountering the threat. The tumor or bacterial antigens are captured by APCs, notably DCs, which then migrate to the draining lymph

node. In this location, theDCs activate immature T cells that subsequently differentiate into effector T cells. This activation occurs as the DCs present the captured

antigens using MHC class I and II molecules on their surface. Activated T cells then enter the bloodstream and infiltrate the tumor or infection site, carrying out

their function of eliminating tumor cells or MTB by releasing cytotoxic cytokines. APCs: Antigen-presenting cells; CTL: Cytotoxic T lymphocytes; DCs: Dendritic

cells; IFN-g: Interferon gamma; MHC: major histocompatibility complex class; NK cells: Natural killer cells; ROS: Reactive oxygen species; TGF-b: Transforming

growth factor b; TLR: Toll-like receptors; TNF-a: Tumor necrosis factor alpha.
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powerful innate immune cells such as macrophages, NK cells, dendritic cells, gdT cells, neutrophils, and other phagocytic cells play an impor-

tant role.31 In contrast, in the advanced stages of tumor development or mycobacterial infection, T and B cell populations carry out most an-

tigen-specific responses initiated by the adaptive immune response.

Innate immunity

Macrophages

Macrophages are a ubiquitous cellular component of the body, and the phagocytic function of the macrophage lineage is the first line of

defense against exogenous microbial pathogens.32 In addition, macrophages not only express a rich repertoire of innate immune receptors

such as TLRs, inflammasomes, and lectin-like receptors, but also engage in collaborative interactions with other innate immune cells,

including neutrophils and innate lymphocytes, particularly NK cells, to collectively mediate the activation of the adaptive immune system.33

Whenever cancer cells invade the body’s tissues, themutated cells activatemacrophages in the lungs, which, in turn, differentiate intoM1 and

M2macrophages in response to the environmental cues and signals encountered.34 M1 macrophages possess anti-microbial and anti-tumor

activities and are typically induced to produce pro-inflammatory cytokines such as TNF-a, IL-6, IL-1, and Cox-2, as well as lower levels of IL-10,

by Th1-type cytokines such as IFN-g, TNF-a, and LPS.35 These pro-inflammatory cytokines mediate the clearance of tumor cells in the early

stage of anti-tumor immunity by activating the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase reaction system and subse-

quent oxidative reactions (ROS).35 However, this oxidative clearance can lead to tissue damage and impair tissue regeneration and wound

healing. To prevent such tissue damage, macrophages will polarize into M2macrophages to suppress chronic inflammatory responses.35 M2

macrophages are induced by Th2-secreted cytokines, such as IL-4 and IL-13, which activate the STAT6 signaling pathway upon binding to

their receptors. On the one hand,M2macrophages suppress inflammatory responses in late-stageMTB infection. CD16+monocytes isolated

from patients with TB exhibit a further shift toward an M2-like activation state in the late stage of MTB infection, secreting IL-10 and TGF-b to

suppress the production of pro-inflammatory cytokines,36 thus limiting the inflammatory response and promoting the survival of MTB. On the

other hand, M2 macrophages also promote the formation of tumor microvessels in the tumor environment, creating a favorable environment

for tumor occurrence, development, andmetastasis.35 These findings have been demonstrated in the treatment of cervical and ovarian cancer
iScience 26, 107881, October 20, 2023 3
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cells, where the use of platinum-based chemotherapeutic drugs has been found to induce monocyte differentiation into M2 macrophages

and release of the cytokine VEGF-A, promoting angiogenesis and tumor metastasis.37

Interestingly, 50% of macrophages in the tumor microenvironment are also known as tumor-associated macrophages (TAMs), which are

important immunosuppressive cells in the LC immune microenvironment.34 When patients with LC are co-infected with TB, TAMs not only

bind with T cell surface inhibitory receptor PD-1 through high expression of programmed cell death ligand 1 (PD-L1),38 causing the exhaustion

of effector T cells but also reduce the infiltration of CD8+ T cells through the secretion of immunosuppressive cytokines such as IL-10, TGF-b

and CXCL8,39 thus inhibiting CTL-mediated anti-MTB infection response and resulting in suppression of adaptive immune response. In addi-

tion, studies have found that MTB can prevent the fusion of phagosomes with lysosomes inside macrophages, thus allowing it to survive and

replicate within macrophages,40 ultimately leading to the development of active TB in patients with LC.

Natural killer cells

NK cells are a subset of innate lymphoid cells thatmediate anti-tumor and anti-microbial responses, serving as the first line of defense inmoni-

toring and clearing infected and tumor cells.41 Initially thought to only develop in the bonemarrow, NK cells have recently been found to grow

andmature in secondary lymphoid tissues (including the tonsils, spleen, and lymph nodes) in both humans andmice.42 The predominant type

of NK cells in lymph nodes is CD56 bright NK cells,43 which are known to control tumor growth andmetastasis, with a particularly prominent role

in lung metastasis.44 When host cells are invaded by tumor cells, their cell surface major histocompatibility complex class I (MHC I) molecule

expression decreases, making them vulnerable to attack by NK cells.45 Upon activation, CD56-expressing NK cells produce high-affinity che-

mokine CXCL2, which signals through CXCR2 to recruit more NK cells into the tumor microenvironment and promotes NK cell proliferation

and production of cytolytic molecules, thereby acquiring anti-tumor cell toxicity.45,46 In addition, activated NK cells produce a variety of cy-

tokines such as IFN-g, TNF-a, IL-10, and GM-CSF.47 Among these cytokines, IFN-g can activate monocytes andmacrophages to enhance the

expression of MHCmolecules on antigen-presenting cells, thus improving antigen-presentation ability48 and activating the adaptive immune

system to exert anti-tumor effects. However, NK cells in patients with LC often experience functional dysregulation or reduced frequency,49

increasing susceptibility to active TB in patients with LC.

Furthermore, this functional dysregulation may be related to proteins expressed on the surface of LC cells.50 Studies have found that LC

cells in patients receiving radiation therapy exhibit high expression of programmed cell death ligand 1 (PD-L1) on their surface, but signal

transduction of IL-6-MEK/ERK in LC cell lines decreases expression of NK cell activating ligands,51 thereby inhibiting the toxic effect of NK

cells against infection. According to research, a decrease in NK cell-mediated cytotoxic activity was observed in the peripheral blood of pa-

tients with TB.52 Moreover, Schierloh et al. demonstrated that patients with TB pleurisy are more susceptible to apoptosis in the predominant

NK cell subset (CD56dimCD3- cells) in the pleural fluid.53 In conclusion, in patients with LC-TB, the dysregulation or decreased frequency of NK

cells can significantly increase the risk of reactivation of latent tuberculosis infection (LTBI) or active TB.

Dendritic cells

DCs, composed of a group of myeloid-derived antigen-presenting cells (APCs), are themost effective cells for antigen presentation. They can

orchestrate antigen-specific immunity and tolerance, including immunity against cancer and self-tolerance.54 DCs play a crucial role in innate

and adaptive immunity against tumors and MTB infection. DCs can be divided into two categories based on their developmental stages:

immature DCs (iDCs) and mature DCs (mDCs).55 In the anticancer mechanism, iDCs lack the ability to secrete cytokines and express lower

levels of MHC molecules, T cell co-stimulatory factors, and adhesion molecules.56 However, they have a strong ability to capture antigens.

After capturing antigens, iDCs migrate to secondary draining lymph nodes and present the captured antigens to effector T cells, thereby

initiating a cytotoxic response.57 Interestingly, iDCs gradually transform intomDCs during their migration process. mDCs not only upregulate

co-stimulatory molecules, CD80/CD86, but also increase the production of pro-inflammatory and chemotactic cytokines,58 thereby activating

T cell-mediated adaptive immune responses. However, when patients with LC are infected with MTB, not only does the TGF-b decrease the

recruitment of DCs,59 but also the tumor-derived factor, versican, inhibits DC activation and reduces cytokine production.60Moreover, studies

have found that patients infected with MTB have a certain degree of DC deficiency and that the number of DCs is only about half that of a

normal healthy population,61 which may be due to the activation of the NF-kB pathway, leading to DC apoptosis and damage after infection

with the highly virulent strains of MTB in patients.62
Adaptive immunity

T cell population

As it is widely acknowledged, APCs activate T cells by presenting tumor or bacterial antigens in lymph nodes. The activation of T cells depends

on the recognition of antigenic peptides presented by MHC molecules and co-stimulation through binding CD28 to CD80/CD86, which is

expressed on the surface of APCs.63 The highly polymorphic set of MHC class I and class II molecules present on the surface of cells mediate

the MHC control system.64 Activated T cells can be classified into two subtypes based on their surface molecular characteristics: CD4+ and

CD8+ T cells, which play a vital role in anti-tumor and anti-TB immunity. Upon activation by tumor antigen-specific T cells, CD4+ T cells pri-

marily interact with MHC class II molecules. In the presence of APC-derived IL-12, CD4+ T cells differentiate into helper T (Th) cells, which are

further differentiated into Th1, Th2, and Th17 cells under the regulation of different cytokines.65 Th1 cells aremainly involved in anti-tumor and

MTB immunity, producing cytokines such as IFN-g, IL-2, and TNF-a.66 These cytokines can recruit monocytes and granulocytes and directly
4 iScience 26, 107881, October 20, 2023
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regulate the macrophage-mediated cytotoxic effect, leading to the synthesis of inflammatory mediators such as lysosomes, reactive oxygen

species, and nitric oxide, ultimately inducing apoptosis of tumor cells or killing of MTB.67–69 In addition,Th17 cells secrete cytokines such as

IL-17A, IL-21, IL-22, and IL-26, which recruit neutrophils and facilitate their trafficking to the site of infection, thereby enhancing the host

defense.70,71

Conversely, CD8+ T cells mainly bind to MHC class I molecules. Upon TCR binding to the tumor antigen complex on LC cells, CD8+ T cells

are activated into CTLs, which mediate the fragmentation and lysis of tumor cells as described later in discussion. In a state of invasion by LC

cells, the inhibitory ligands expressed on the tumor cell surface bind to the receptors on the surface of T cells, leading to T cell inhibition,

reduced host clearance, and killing of MTB. Besides, a high correlation exists between the number of bacterial colonies in draining lymph

nodes and the percentage of proliferating T cells, signifying that the activation of T cells coincides with bacterial spread.72 Additionally,

MTB-activated T cells differentiate into Foxp3 or CD25+ regulatory T cells, attenuating the early response of CD4+ T cells.73 Therefore,

the active suppression of T cells in the tumor microenvironment increases the amount of bacteria in the draining lymph nodes, leading to

TB in patients with LC.

Among the CD8+ T cells, Cytotoxic T lymphocytes (CTLs) are differentiated from activated T cells and, together with NK cells, are the pri-

mary cytotoxic effector cells of the body’s immune system in clearing pathogens and tumor cells. CTLs and NK cells have similar mechanisms

for killing target cells.74–76 Upon invasion of tumor cells into the body, APCs, primarily DCs, phagocytose them and subsequently process

them into tumor-associated antigens (TAAs). These TAAs are then transported to draining lymph nodes, where they bind toMHC class-I mol-

ecules to form MHC class-I antigen complexes. They are presented to helper T lymphocytes, promoting T cell activation and differentiation

into CTLs.57 Next, when the T cell receptor (TCR) of CTLs binds to the antigen complex of LC cells, the perforin and granzymes in their cells

enter the immunological synapse of the cell through exocytosis.77 The perforin polymerizes and inserts into the membrane of the tumor cells,

mediating the granzymes and other soluble factors to disrupt normal cell gradients through small pores and lead to tumor cell dissolution.78

Finally, the death receptor (Fas) on the surface of CTLs binds to the Fas ligand (FasL) on the surface of tumor cells, initiating a cell death signal

and inducing apoptosis in tumor cells.79 Fas, a surface protein of the tumor necrosis factor (TNF) receptor family, exerts its mechanism of ac-

tion through the recruitment of the Fas-associated death domain protein (FADD) into the death domain (DD) of the Fas intracellular region.

The Fas ligand on the tumor’s surface initiates this process, subsequently forming a complex signal that leads to cell death by inducing

caspase-8 cleavage, ultimately activating downstream effector caspase-3 and inducing apoptosis in tumor cells.80,81

In addition to inducing apoptosis in LC cells through oxygen-dependent or oxygen-independent pathways, activated CTLs also secrete

IFN-g, which activates monocytes and macrophages to express direct killing products such as reactive oxygen species (ROS) and reactive

nitrogen intermediates (RNI).82,83 Interestingly, patients with LC-TB often exhibit suppressed CTL function. Tumor-associated macrophages

(TAMs) can suppress T cell activation within the tumor microenvironment by secreting immune-inhibitory factors such as IL-10, TGF-b, and

CXCL8.39 Additionally, myeloid-derived suppressor cells (MDSCs) can hinder T cell differentiation by expressing indoleamine 2,3-dioxyge-

nase (IDO) and arginase-1 (Arg-1).84 Alternatively, T cells activated by MTB can differentiate into regulatory T cells with immune-suppressive

effects, which express inhibitory receptor ligands and bind to inhibitory receptors present on the surface of T cells, ultimately leading to active

TB development.

B-cell population

The specific humoral immune response of the body is primarily mediated by B lymphocytes, which play a crucial role in immune protection

and vaccination against tumors and various pathogenic microorganisms.64 For patients with LC, tumor-infiltrating B lymphocytes (TIBs) of

different histological subtypes can appear at any stage of LC development.85,86 Approximately 35% of patients with LC in various stages

of tumor development demonstrate B cell proliferation,87 highlighting the pivotal role of B cells in LC progression. In addition, B cells can

act as specialized antigen-presenting cells and interact with T cells to exert immune response functions when cells within the body undergo

mutation.88 A study investigating whether B cells can stimulate T cells found that anti-CD40-activated B lymphocytes in patients with tumor

can trigger secondary T cell responses.89 Activated B cells can also mediate antibody-dependent cellular cytotoxicity (ADCC) by releasing

antibodies.90 Specific antibodies’ Fab segment can bind to antigenic epitopes on tumor cells to form immune complexes, capable of binding

to the Fc receptors on the surface of cytotoxic cells (NK cells or macrophages) using their Fc segment,91 which ultimately enhances the direct

cytotoxic effect of the cytotoxic cells.92

Conversely, immune complexes formed by some antibodies produced by plasma cells in response to tumor-associated antigens (TAAs)

may induce the production of MDSCs, suppressing T cell-mediated adaptive immune responses.93 B cells can develop into different subpop-

ulations, including B effector-1 (Be1), B effector-2 (Be2), and regulatory B cells (Bregs), based on the immunemicroenvironment. Bregs secrete

IL-10 and TGF-b, which possess inhibitory effects and can suppress T cell activation.94 In addition, recent studies have also shown that B cells

can synthesize and secrete the neurotransmitter gamma-aminobutyric acid (GABA), inducing macrophages to secrete IL-10 and suppress

T cell immune response.95 Thus, patients with pulmonary tumors are more susceptible to developing TB.

Immune escape in patients with lung cancer-tuberculosis

Immune escape of tumor cells

Tumor cells can evade the immune system at every stage of LC development,96 and the immune escape strategies utilized by tumors are vary

(Figure 3). These strategies include tumor antigen deficiency, APC-mediated effector T cell aberrations, and the formation of suppressive tu-

mor microenvironments.97
iScience 26, 107881, October 20, 2023 5



Figure 3. Mechanisms of immune evasion in the tumor microenvironment

Within the tumor microenvironment, tumor cells employ various mechanisms to evade immune surveillance and elude immune-mediated destruction. These

mechanisms include: 1) Tumor-induced Dysfunction of Dendritic Cells: Tumor cells overexpress cytokines such as IL-6 and IL-10, while downregulating CCL4,

which leads to the impairment of dendritic cell function. Additionally, tumor cells can weaken the antigen presentation ability of antigen-presenting cells by

downregulating tumor antigen cross-presentation and MHC I expression. This inhibits T cell activation and suppresses the differentiation of CD8+ T

lymphocytes into cytotoxic T lymphocytes, thereby reducing the killing effect. 2) Immunosuppressive Effects of TAMs: TAMs suppress T cell function by

upregulating the expression of immune checkpoint molecules such as PD-1/PD-L1. They also secrete immunosuppressive cytokines like IL-10, TGF-b, and

CXCL8, which not only regulate CD4+ T lymphocytes but also activate Tregs. TAMs can enhance Treg proliferation and inhibit T cell function through various

mechanisms involving FoxP3, CTLA-4, TGF-b, IL-10, and IL-35. 3) MDSCs-Mediated Immune Suppression: MDSCs induce dysfunction in T cells by utilizing

enzymes such as IDO and Arg-1. They also recruit Tregs by upregulating the expression of IL-10 and TGF-b. Additionally, Tregs activate MDSCs through the

secretion of FoxP3, CTLA-4, TGF-b, IL-10, and IL-35, further contributing to immune suppression within the tumor microenvironment. Abbreviations: APC,

Antigen-presenting cells; Arg-1, Arginase-1; CTL, Cytotoxic T lymphocytes; CCLA4, CC-chemokine ligand 4; CXCL8, also known as interleukin-8 (IL-8); DC,

Dendritic cells; IDO, Indoleamine 2,3-dioxygenase; MDSCs, Myeloid-derived suppressor cells; TAMs, Tumor-associated macrophages; TGF-b, Transforming

growth factor b.
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Tumor antigen deficiency. Alterations in the expression and presentation of tumor antigens can profoundly affect the efficacy of can-

cer immunotherapy. These defects can be broadly categorized into two types: a decrease in tumor mutational burden (TMB) and the

loss of tumor antigens. Here, we discuss the mechanisms behind these defects and how they influence the immune surveillance of tumor

cells. Fristly, mutations in the host cancer genome can lead to the expression of tumor-specific antigens in tumor cells. These mutations

can result in the expression of mutated proteins on abnormal cells known as neoantigens.98 Low tumor mutational burden is one of the

significant sources of neoantigens, leading to the reduced expression of MHC-I in tumor cells, which hinders the activation of T cell-

mediated cytotoxic function.99 Consequently, tumors with low TMB can evade immune surveillance by the body’s immune cells, thereby

reducing the therapeutic efficacy of cancer immunotherapies. This was demonstrated in clinical studies evaluating the relationship be-

tween tumor mutational burden and the therapeutic efficacy of Nivolumab alone or in combination with Ipilimumab for small cell

LC.100,101 Secondly, the loss of tumor antigens due to immune editing can also contribute to immune evasion in tumor cells. Tumor

cells use poor immunogenicity for tumor antigen presentation, leading to immune escape during the process of immune editing.102

In studies of patients with melanoma, tumor cells lost neoantigen expression due to immune editing during the interaction between

tumor cells and T cells, leading to altered immune surveillance of tumor cells and potentially resulting in immune escape of tumor

cells.103 Studies on acquired resistance in patients with non-small cell LC receiving immunotherapy with checkpoint inhibitors have

demonstrated the role of antigen loss in tumor cell immune evasion.104 The mechanisms underlying neoantigen loss remain unclear.

Further investigation is required to elucidate the mechanisms behind the loss of tumor antigens and its impact on the immune surveil-

lance of tumor cells. Such efforts will aid the development of effective cancer immunotherapies and potentially result in improved pa-

tient outcomes.

Abnormalities in antigen-presenting cell-mediated effector T cells. DCs play a crucial role in promoting immunity or tolerance by pre-

senting antigens to T cells and providing immunemodulatory signals through cell-cell contacts.105 Their function is influenced by various envi-

ronmental signals.106 However, the phagocytosis of tumor cells typically induces the activation of conventional dendritic cells (cDCs) and the

initiation of effector T cells, which can be suppressed in the tumor environment. Studies have illustrated that tumors with active b-catenin have

reduced the expression of chemokine ligand 4 (CCL4), which can decrease cDC recruitment and promote tumor growth.59 Cancer cell-

derived factors have been identified to restrict the production and release of pro-inflammatory cytokines mediated by DCs. For example,

studies have shown that the tumor-derived TLR2 ligand Versican led to the overexpression of IL-10 and IL-6, resulting in immune suppression

of cDCs through the over-phosphorylation of DC signal transducer and transcription activator 3 (STAT3).60
6 iScience 26, 107881, October 20, 2023
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Furthermore, tumor cells can induce the immune suppression of effector T cells.107 They promote the aggregation of host immune

suppressor cells around the tumor cells and upregulate the expression of immune checkpoint proteins, such as programmed death

receptor-1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), and T cell immunoglobulin and mucin-domain containing-3 (TIM-3).108,109

Despite the potential activation of tumor-specific T cells, the effector functions of these T cells are significantly suppressed by the inhibitory

interaction between checkpoint proteins and their ligands on the surface of cDCs. Consequently, effector T cells undergo functional

inactivation, allowing tumor cells to undergo immune escape. Recent studies on immunotherapy for non-small cell LC and its metastasis

have provided strong evidence of this immunological mechanism.110

These findings demonstrated that tumor cells can induce the dysfunction of dendritic cells and the immune suppression of effector T cells,

thus promoting the development of cancer. Understanding these mechanisms is crucial for developing novel immunotherapies to overcome

immune evasion and improve the therapeutic efficacy of cancer treatment. Further research is needed to explore these mechanisms and

develop strategies to overcome tumor-induced immunosuppression.

Inhibition of the formation of suppressive tumor microenvironments. The tumor microenvironment (TME) comprises immune cells,

blood vessels, extracellular matrix (ECM), lymphocytes, bone marrow-derived inflammatory cells, and signaling molecules.111 Among

them, tumor-associated macrophages (TAMs) play a critical role as immunosuppressive cells in the immune microenvironment. TAMs can

upregulate the expression of PD-1-related ligands, resulting in immune suppression of effector T cells.38 TAMs have also been found to

secrete immunosuppressive cytokines, such as IL-10, TGF-b, and CXCL8,39,112 which inhibit T cell function and promote Treg proliferation.

Blocking TAMs in preclinical studies on invasive bladder cancer has been shown to enhance CD8+ mediated CTL anti-tumor immunity

and improve the efficacy of PD-1 inhibitors.113

Additionally, the tumor-related factor VEGF promotes the growth and survival of endothelial cells, leading to the formation of new tumor

blood vessels and hindering the trafficking and extravasation of effector T cells.114 Myeloid-derived suppressor cells (MDSCs) also contribute

to the immunosuppressive tumormicroenvironment by enhancing the recruitment of Tregs via the secretion of immunosuppressive cytokines

such as IL-10 and TGF-b.115 MDSCs also cause T cell dysfunction by degrading L-tryptophan and L-arginine via the expression of indoleamine

2,3-dioxygenase (IDO) and arginase-1.84,116 Studies have shown that blocking MDSCs can improve the antitumor effects of PD-1 inhibitors in

animal models, which are associated with a reduction in the expression of immunosuppressive proteins by MDSCs.117

Taken together, TAMs, VEGF, and MDSCs contribute to the immunosuppressive microenvironment of tumors by inducing immune sup-

pression of effector T cells and promoting the recruitment and proliferation of Tregs. Understanding the role of these factors is essential for

developing effective immunotherapy strategies. Further research is required to identify other tumor-related factors and develop new thera-

peutic approaches to overcome immunosuppression in the TME.

Immune escape of Mycobacterium tuberculosis

The immune system of the host plays a critical role in controlling infection by MTB. However, MTB has evolved numerous strategies to evade

the host immune response and survive within host cells. This study highlights some of themechanismsMTB employs to subvert host defenses

and promote its survival118 (Figure 4). Firstly, MTB possesses virulence-associated anti-apoptotic genes or components such as the NuoG,

pknE, secA2 genes, and MPT64 antigen.119 Riendau et al. reported that early secretory antigen target 6 (ESAT6), which is secreted by

MTB during the early stage, can regulate cell apoptosis by activating caspase expression and induce THP-1 cell apoptosis.120 Moreover,

the low-virulence MTB H37R strain and bovine bacillus Calmette-Guérin (BCG) strain can also generate substantial apoptosis in PMA-differ-

entiated THP-1 cells.121 These studies suggest that MTB genes can transmit external signals of the bacteria to the cytoplasm, thus inhibiting

cell apoptosis by blocking the signaling pathways of host cells. Secondly, infection ofmacrophages by a strongMTB strain activates theNF-kB

pathway, leading to the upregulation of the expression of the apoptosis suppressor Bcl2, thereby preventing the fusion of phagosomes with

lysosomes during organismal infection.62 In addition, the highly virulent strain of MTB also induces infected macrophages to release a sig-

nificant amount of the cytokine IL-10, thereby promoting an increase in the release of TNFR2.122 TNFR2 can form a soluble receptor-chain

complex with TNF-a, leading to the inactivation of TNF-a and the inhibition of its production and downregulation of TNFR expression,122

thereby suppressing apoptosis inmacrophages. Conversely, when the body is chronically stimulated by bacterial, viral, and parasitic antigens,

activated T cells upregulate the expression of the immune checkpoint receptor PD-1 and activate regulatory T cells.123 The latter exhibit sur-

face expression of immunosuppressive proteins, including Foxp3, CTLA-4, and CCR4, thereby inducing immune suppression that ultimately

leads to the evasion of MTB from immune surveillance in the host organism.124,125 LC increase susceptibility to TB.

The susceptibility of individuals to TB can be influenced by the state of their immune system. In healthy individuals, innate immune cells

recognize MTB through pattern recognition receptors, which leads to the activation of adaptive immune cells that can eliminate MTB. How-

ever, in certain environments, such as in the context of cancer, the immune system of the host may be suppressed or compromised. This can

result in a favorable condition for the invasion and infection of MTB, leading to an increased susceptibility to TB.126 In this study, we searched

PubMed for all experimental articles published between 1990 and 2023 and investigated the increased susceptibility to TB in LC (Table 1). By

analyzing the results of these studies, we found that the risk of newly acquired TB infection or reactivation of LTBI is 1.7 times higher in male

patients with LC than in female patients (95% CI: 1.5–2.0),127 and incidence of TB increases with the age of patients with LC. In cases where TB

complicates LC, the average age of patients typically ranges from 60 to 69 years old.128 In addition, active TB that develops in patients with LC

post-diagnosis is often a reactivation of LTBI infection, which typically occurs within the first five years of cancer diagnosis, with cumulative

incidence rates of 0.65%, 1.15%, and 1.38% at six months, one year, and two years, respectively.129–131 Moreover, patients with LC with
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Figure 4. Strategies employed by MTB to evade host defenses and promote its survival

The immune system of the host plays a crucial role in controlling MTB infection. However, MTB has developed various mechanisms to subvert the host immune

response and ensure its survival within host cells. This figure highlights the key strategies employed by MTB: 1) Inhibition of Host Cell Apoptosis: MTB possesses

virulence-associated genes that hinder host cell apoptosis, preventing the elimination of infected cells and promoting its own survival. 2) Macrophage Activation

and Immune Suppression: Infection with a virulent strain of MTB induces macrophage activation, resulting in the increased release of the cytokine IL-10. This

promotes the release of TNFR2 and the inactivation of TNF-a, which impairs the inflammatory response. Additionally, chronic exposure to bacterial, viral,

and parasitic antigens can lead to the upregulation of the immune checkpoint receptor PD-1 on activated T cells. This, in turn, activates Tregs and

contributes to immune suppression, enabling MTB to evade host immune surveillance. By employing these strategies, MTB can evade host defenses, survive

within host cells, and establish a persistent infection. Abbreviations: MHC, major histocompatibility complex class; RCC, Receptor-chain complex; TGF-b,

Transforming growth factor b; TNF-a, Tumor necrosis factor alpha.
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concurrent TB have a shorter survival time compared to those without TB (p = 0.007), and active TBmay increase the mortality rate in patients

with both conditions.132,133 Finally, compared to the control group, the incidence rate ratio (IRR) of active TB is 4.69 (95% CI: 1.52–14.46) in

patients with LC,126 further highlighting the increased susceptibility to MTB infection in individuals with LC.

THE ROLE OF IMMUNE CHECKPOINTS IN THE TREATMENT OF PATIENTS WITH LUNG CANCER WITH

TUBERCULOSIS

The treatment of patients with LC-TB requires a multidisciplinary approach, addressing both diseases simultaneously. This involves a com-

bination of LC treatment, such as surgery, chemotherapy, radiation therapy, targeted therapy, or immunotherapy, and TB treatment through

the use of anti-tuberculosis drugs. Close monitoring of treatment response and potential drug-drug interactions is crucial. For patients with

LC, the treatment approach depends on factors such as the stage and histological subtype of the cancer. Options may include surgery,

chemotherapy, radiation therapy, targeted therapy (e.g., EGFR inhibitors or ALK inhibitors), and immunotherapy (e.g., PD-1/PD-L1 inhibitors).

Personalized treatment strategies based on the tumor’s molecular characteristics are also gaining importance.

In recent years, immune checkpoint inhibitors (ICIs) have played a critical role in the immune therapy of advanced LC.134,135 They have also

gained attention in TB treatment, providing new opportunities for patients with LC-TB.136 Currently, clinically studied immune checkpoint

proteins include programmed death receptor 1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), lymphocyte activation

gene-3 (LAG-3), T cell immunoglobulin domain and mucin domain-3 (TIM-3), and glucocorticoid-induced TNF receptor (GITR) (Table 2).97

PD-1/PD-L1 inhibitors have been a research hotspot in immune therapy for LC combined with TB, while CTLA-4, LAG-3, TIM-3, and GITR

are expected to become the next generation of immune therapeutic targets.137

Programmed cell death ligand 1

PD-1 is an inhibitory cell surface receptor expressed on activated T, B, and myeloid cells but is expressed most prominently on the surface of

T cells.138 PD-L1, the ligand for PD-1, is expressed on the surface of T cells, B cells, dendritic cells, macrophages, and several non-hemato-

poietic cell types and tumor cells.139 In the microenvironment of LC, the high expression of PD-L1 on the surface of tumor cells interacts with

PD-1 on the surface of T lymphocytes, antagonizing T cell effector function in an antigen-specific manner, thereby inhibiting T cell activa-

tion,140 ultimately leading to immune escape of tumor cells. Interestingly, MTB can also induce high expression of PD-L1, thus evading im-

mune surveillance through the PD-1/PD-L1 pathway.141 Its mechanism of action can be divided into two aspects: On one hand, PD-1 inhibits

T cell activation when it binds with the T cell receptor (TCR).142 This is because PD-1 contains two tyrosine residues in its intracellular domain,

which participate in the formation of theN-terminal immunoreceptor tyrosine-based inhibitorymotif (ITIM) and the C-terminal immunorecep-

tor tyrosine-based switch motif (ITSM).143 The extracellular domain of PD-1 contains an IgV-like domain that possesses multiple glycosylation
8 iScience 26, 107881, October 20, 2023



Table 1. List of studies in which LC increases the risk of developing TB

Reference Years Countries

Experiment

type

Sample

size

LC-TB

number

Time of

follow-up Contents

Aoki et al.128 1991 Japan Retrospective 442 5 \ Five of 442 patients with LC developed active TB during LC treatment despite

having latent TB.

Chen et al.132 1996 China Retrospective 3928 31 2 Out of 3928 patients with LC, 31 individuals developed TB (tuberculosis). The risk

of developing

active TB was higher in patients with LC compared to the general population.

Additionally, patients who developed active TB before or at the same time as their

LC diagnosis experienced shorter survival times compared to those who did not

develop TB (p = 0.007).

Tamura et al.185 1999 Japan Retrospective 25a 3 \ Out of 25 patients with LC, one individual developed TB, resulting in a 1.9%

incidence of active TB in patients with untreated LC.

Watanabe et al.186 1999 Japan Retrospective 758 6 \ Out of the 758 patients with cancer, 16 individuals had combined TB. Among these

patients, 6 were found to have both TB and cancer.

Remiszewski et al.133 2001 Poland Retrospective 854 60 \ 60 of 845 patients with small cell LC died from active TB.

Cicenas and

Vencevicius187
2007 Lithuania Retrospective 2218 46 \ Out of the 2,218 patients with LC, 46 individuals (2.1%) had coexisting LC and TB.

Kim et al.126 2008 Korea Case-control 3618 9 3 The incidence of active TB was found to be 3.07 cases per 1000 person-years in

patients with cancer, while it was 0.77 cases in controls. This difference was

statistically significant with a p value of 0.009. Patients with cancer had an

increased risk of developing TB compared to controls, with an incidence rate ratio

(IRR) of 4.69 (95% CI: 1.52–14.46).

Cha et al.130 2009 Korea Retrospective 108 36 \ Out of the patients with LC, 10 individuals (27.8%) were diagnosed with TB at the

same time as the diagnosis of LC, while 26 individuals (72.2%) were diagnosed with

TB after the diagnosis of LC. The median time from LC diagnosis to TB diagnosis

was 4 months, with a range of 1–47 months.

Silva et al.129 2013 Portugal Retrospective

cross-sectional

24b 10 \ Out of the cases diagnosed with both TB and LC, 10 were diagnosed

simultaneously, meaning they received the diagnoses at the same time. In 14

cases, TBwas diagnosed before the diagnosis of LC. Themedian time between the

diagnoses of TB and LC was 5 years, with an interquartile range of 1–30 years.

Suzuki et al.131 2016 Japan Observational 904 9 2 During the observation period, 9 out of 904 patients with cancer (1.00%)

developed TB. In all cases, the occurrence of TB disease was within 2 years of the

cancer diagnosis. The cumulative incidence of TB disease at 6 months was 0.65%,

at 1 year it was 1.15%, and at 2 years it was 1.38%.

(Continued on next page) ll
O
P
E
N

A
C
C
E
S
S

iS
cie

n
ce

2
6
,
1
0
7
8
8
1
,
O
cto

b
e
r
2
0
,
2
0
2
3

9

iS
cience

R
e
v
ie
w



Table 1. Continued

Reference Years Countries

Experiment

type

Sample

size

LC-TB

number

Time of

follow-up Contents

Sximsxek et al.188 2017 turkey Retrospective 3101 11 \ Out of the total cases of LC and TB, 17 cases were diagnosed with both combined

MTB or NTM and LC. These cases accounted for 1.2% of the total LC cases and

0.9% of the total TB cases. Among these 17 cases, in 11 of them (64.8%), MTB was

identified as Mycobacterium bovis.

Cukic V.11 2017 Bosnia Retrospective 2608 34 \ 34 of 2,608 patients with LC, or 1.3%, were diagnosed with tb alone.

Tamura et al.189 2020 Japan Retrospective 1450 7 2 Among the patients with LC, seven had active TB, 45 had previous TB, and 1,398

had neither active nor previous TB. Among the 1,398 patients without active or

previous TB, 795 (57%) underwent an IGRA test, and of those, 120 (15%) were

diagnosed with LTBI. This data indeed suggests that active TB is an important

complication among patients with Japanese LC.

Liao et al.127 2023 China Retrospective

cohort

71793 1335 1,335 cases of TB were identified among 71,793 patients with LC. The incidence of

TB increased with age, and men had a significantly higher risk of developing TB

than women, with an incidence rate ratio of 1.7 (95%CI: 1.5–2.0). Patients aged 60–

69 years (HR: 1.4; 95% CI: 1.1–1.8) and thoseR70 years (HR: 1.9; 95% CI: 1.5–2.4)

had a higher risk of TB than those younger than 50 years. Patients with a history of

pneumoconiosis and those treated with surgery and chemotherapy also had a

significantly increased risk of developing TB.

aThe sample size consisted of the number of cases in clinical records with lung cancer complicated with pulmonary tuberculosis. However, there were 2 cases of active pulmonary tuberculosis diagnosed

concurrently with lung cancer, and only 1 case of active pulmonary tuberculosis was found after the diagnosis of lung cancer.
bThe sample size consisted of the number of cases in clinical records with lung cancer complicated with pulmonary tuberculosis. However, only 10 cases of active pulmonary tuberculosis were found after the

diagnosis of lung cancer, and the rest were discovered before the diagnosis of lung cancer.

ll
O
P
E
N

A
C
C
E
S
S

1
0

iS
cie

n
ce

2
6
,
1
0
7
8
8
1
,
O
cto

b
e
r
2
0
,
2
0
2
3

iS
cience
R
e
v
ie
w



Table 2. Immune checkpoint proteins in patients with LC-TB

Target

Biological

functions Expression position Effector cells Route of action Mechanism of action Significance

Programmed death

receptor 1 (PD-1)

Co-inhibitory

receptors

Activated T and B cells

and myeloid cells138
PD-L1 on the surface of

T cells, B cells, dendritic

cells and macrophages,

and tumor cells1139

PD-1 and PD-L1

binding pathway

In the LC microenvironment, the

interaction between the

heightened expression of PD-L1

and PD-1 obstructs the activation

of T-cells,140 while simultaneously

promoting the differentiation and

proliferation of Tregs.144

By inducing T cell exhaustion, the

evasive mechanism of tumor cells

or MTB-infected cells from the host

immune system’s surveillance and

clearance is facilitated,

subsequently fostering the

progression and manifestation of

diseases.

Cytotoxic T lymphocyte

antigen 4 (CTLA-4)

Co-inhibitory

receptors

Lym T phosphate cells149 CD80/CD86 on the

surface of antigen-

presenting cells

or tumor cells150

CTLA4 binding

pathway

to CD80/CD86

CTLA4 demonstrates a

competitive and high-affinity

binding toCD80/CD86 on antigen-

presenting cells or tumor cells,

consequently impeding the

activation signal transmitted

through the interaction of TCR and

CD28. This ultimately results in the

suppression of T cell activity.149–151

The induction of T cell exhaustion

enables the evasion of tumor cells

or MTB-infected cells from the

surveillance and clearance

mechanisms of the host immune

system. This evasion subsequently

promotes the occurrence and

progression of diseases.

Lymphocyte Activating

Gene 3 (LAG-3)

Co-inhibitory

receptors

Activated CD4+ and

CD8+ T cells154
MHC class II molecules

presented by antigen-

presenting cells156

LAG-3 and MHCII

binding pathway

The initial domain of LAG-3

exhibits greater activity compared

to CD4, and it selectively binds to

MHC II, leading to a reduction in

T cell proliferation and cytokine

secretion.156

Inducing T cell exhaustion can

enable evasion of the surveillance

and clearance of tumor cells or

MTB-infected cells by the host

immune system, thus promoting

the occurrence and development

of diseases.

T cell immunoglobulin

structural domain and

mucin structural domain

3 (TIM-3)

Co-inhibitory

receptors

monocytes (highest

expression in dendritic

cells), Th1-type cells164

Binding of galactose

lectin-9 (galectin-9)

expressed on the

surface of tumor cells165

The binding

pathway of

TIM-3 with

galectin-9.

The binding of TIM-3 with

galectin-9 on the surface of tumor

cells leads to the death of Th1-type

T cells, resulting in a decrease in

their secretion of the cytokine

IFN-g.164,165

Inducing T cell exhaustion can

evade the surveillance and

clearance of tumor cells or MTB-

infected cells by the host immune

system, thus promoting the

occurrence and development of

diseases.

Glucocorticoid-induced

TNF receptor (GITR)

Co-stimulatory

receptors

Activation of T cells

induces the upregulation

of expression in different

cells and tissues.167,172

GITRL on the surface of

antigen-presenting or

tumor cells.190

The binding pathway

of GITR with GITRL.

The binding of GITR with GITRL on

the surface of APCs can increase T

lymphocyte proliferation and

cytokine production, as well as

promote the differentiation and

expansion of Th17 cells and

Tfh.167,172,174 When binding with

GITRL in the tumor

microenvironment, it inhibits the

suppressive function of Tregs.190

Enhancing T cell immune function

can boost the longevity of

inflammatory cytokines and

strengthen the adaptive immune

response mediated by T cells in the

body.

LC, Lung cancer; TCR,T cell receptor; APCs, antigen-presenting cells; Tfh, T follicular helper cells.
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sites and is heavily glycosylated. This domain can bind to its ligands, leading to the recruitment of tyrosine phosphatases (SHP)-1 and SHP-2,

which contain homologous domains within the ITSM motif. SHP-2 can then exert its function of inhibiting T cell activation through various

mechanisms.143 On the other hand, similar to CTLA-4, PD-1/PD-L1 also promotes the differentiation and amplification of Treg cells, thereby

suppressing the immune response of the body.144 In clinical treatment, many studies have shown that blocking the PD-1/PD-L1 signaling

pathway has achieved good results in non-small cell LC.145 Moreover, PD-1 inhibitors can enhance the function of T lymphocytes in active

TB, promote the cytotoxicity of CD8+ T lymphocytes, and increase the release of IFN-g and TNF-a, thereby reducing macrophage necrosis

and controlling infection with MTB.141,146 Therefore, the PD-1/PD-L1 signaling pathway may become a target for the treatment of LC com-

bined with TB in the future.
Cytotoxic T lymphocyte antigen-4

CTLA-4 was the first ICI to be discovered with its inhibitory function.147 CTLA-4 is a molecule that can inhibit TCR signaling in T cells, which are

the main cytotoxic cells. Activation of T cells requires two signals: recognition of antigen peptides presented by MHC (as previously

mentioned), and co-stimulation through CD28 after binding with CD80/CD86 expressed on the surface of APCs.63 Among these, CD28 in-

duces T lymphocyte activation through the phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt) pathways upon binding to

CD80/CD86 and blocks the suppressive function of peripheral regulatory T lymphocytes by inhibiting class O forkhead transcription factors

(FOXO).148 Interestingly, CTLA-4 shares high homology with CD28, both of which are expressed by Lym T phosphatase cells and can bind to

CD80/CD86 expressed on the surface of APCs. However, CTLA-4 has a higher affinity for CD80/CD86 than CD28.149,150 In the tumor micro-

environment, although CTLA-4 does not have an ITIM sequence like other co-inhibitory molecules, it can recruit protein phosphatase 2A

(PP2A) and SHP-2 to inhibit the activation signals of TCR and CD28 signaling, thereby inhibiting T cell activity,148,151 ultimately causing im-

mune escape of tumor cells. Similarly, it has been found that certain immune checkpoints restrict protective immune responses in many

chronic infectious diseases, thereby inhibiting immune-mediated clearance of infections.136 Upon blocking these inhibitory immune proteins

with inhibitors such as TIM-3 inhibitors, the body regains T cell-mediated immune clearance function.152 Therefore, CTLA-4 is expected to

become a novel pathway for the treatment of LC in patients with concomitant TB.136
Lymphocyte activation gene-3

LAG-3 is an inhibitory co-receptor with a structure similar to CD4, containing four Ig-like domains (D1-4) in its extracellular (EC) region and

about 60 amino acid residues in its intracellular (IC) region, but lacks a typical inhibitory motif.153 Like the immune checkpoint proteins

PD-1 and CTLA-4, LAG-3 is not expressed on naive T cells, but can be induced on CD4 and CD8 T cells upon stimulation with tumor antigens

or bacterial stimuli.154 Research has shown that LAG-3 can act alone or in synergy with other inhibitory co-receptors, including PD-1, to regu-

late autoimmune, cancer, and infection immunity negatively.155When cells in the body undergomutations, the extracellular domain of LAG-3

primarily binds to major histocompatibility complex class II (MHCII), thereby evading immune surveillance.156 On the one hand, LAG-3 can

independently inhibit T cell activation, but the underlying mechanisms remain unclear.154 On the other hand, LAG-3 uses its first domain,

which has a higher affinity than CD4, to specifically bind to MHCII, thus leading to the downregulation of proliferation and cytokine secretion

of CD4+ antigen-specific T cells through negativeMHCII signaling transduction.156 This ultimately leads to the immune escape of tumor cells.

Moreover, the intracellular domain of LAG-3 contains three conserved regions: the KIEELE, and acidic glutamic acid-proline (EP) repeat se-

quences, as well as a conserved pseudo-tyrosine phosphorylation site.157 Workman et al. demonstrated that KIEELE is required for LAG-3 to

inhibit T cell hybridoma activity.158 Interestingly, studies have shown that LAG-3 may decrease Th1-type helper cell-mediated immune re-

sponses and potentially lead to uncontrolled replication of MTB.159 Therefore, blocking the immunosuppressive effects of LAG-3 may

become a novel therapeutic target for patients with LC with concurrent TB.
T cell immunoglobulin and mucin-domain containing-3

TIM-3 is a type I transmembrane protein that consists of an N-terminal immunoglobulin variable (IgV) domain, a mucin-like domain, a

transmembrane domain, and a cytoplasmic tail.160 Although initially identified as a negative regulator of IFN-g production by CD4 and

CD8 T cells, recent studies have revealed that this immune checkpoint protein also has significant potential in regulating innate immune

cells.161 Several studies have reported that TIM-3 is expressed on the surface of the mouse and human monocytes and is highly expressed

on the surface of DCs.162 The elevated levels of TIM-3 on DCs synergize with TLR signaling on the cell surface, leading to DC activation, pro-

motion of pro-inflammatory cytokine production, and activation of immunoreactive T cells.162,163 Activated CD4+ T cells further differentiate

into Th1 and Th2 subsets, with TIM-3 expressed on the surface of differentiated Th1 cells. The binding of TIM-3 to its ligand galectin-9, which is

expressed on the surface of tumor cells, leads to Th1 cell death, thereby suppressing the immune response of T cells.163–165 Furthermore,

studies have demonstrated a decreased expression of TIM-3 on the surface of T cells in the cerebrospinal fluid of patients with multiple scle-

rosis, along with elevated production of the cytokine IFN-g.166 These findings suggest a potential link between impaired T cell function and

dysregulation of TIM-3 expression. An interesting observation was made in a study exploring the role of TIM-3 in MTB infection. It was found

that during MTB infection, mice co-expressed other inhibitory receptors (including PD-1), and treatment with an anti-TIM-3 monoclonal anti-

body was effective in treating TB.152 These results suggest that targeting TIM-3 could have significant therapeutic benefits for patients with

both LC and TB.
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Glucocorticoid-induced tumor necrosis factor receptor

GITR, also known as glucocorticoid-induced TNFR family-related protein or activation-inducible TNFR family receptor (AITR/TNFRSF18), pos-

sesses a rich cysteine domain in its extracellular region and shares homology in its cytoplasmic domain with other TNFR family receptors,

including 4-1BB, OX40, CD40, and CD27. All of these receptors are expressed on various cells and tissues and serve as co-stimulatory

molecules.167 In addition to blocking co-inhibitory pathways such as PD-1, CTLA-4, LAG-3, and TIM-3, therapies that activate co-stimulatory

pathways also hold significant research interest in anti-tumor treatments.168 Therefore, GITR has emerged as a promising target for cancer

immunotherapy, and clinical trials targeting this receptor are currently underway.169,170 In the tumormicroenvironment, GITR is expressed at a

low level on the surface of CD4, and CD8 T cells, as well as various types of APCs, but its expression is upregulated upon T cell activation by

TCR binding to tumor antigens.171 The binding of GITR to its ligandGITRL, expressed on the surface of tumor cells, can increase TCR-induced

T lymphocyte proliferation and cytokine production,172 which can enhance the immune response in the body and potentially lead to tumor

regression. Thus, targeting GITR signaling holds great promise for cancer immunotherapy. Studies suggest that the GITR/GITRL regulatory

systempromotes the differentiation and expansion of Th17 cells and T follicular helper cells (Tfh), thereby enhancing T cell-mediated adaptive

immune responses.173,174 Interestingly, research has found that Tregs cells also enhance their cell differentiation by upregulating the expres-

sion of tumor necrosis factor receptor superfamily (TNFRSF) members on their surface, but the binding of GITR to its ligand GITRL interferes

with the development of Treg cells.175 For example, in Ptpn22-deficient mice studied by Nowakowska and Kissler, although the number of

Treg cells increased, the regulation of the GITR/GITRL system blocked the expansion of Treg cells mediated by Ptpn22, revealing the impor-

tant role of the GITR/GITRL system in inhibiting Treg cell function.176 However, research has found that when the body is infected with MTB,

the expression of Treg cells is significantly higher than normal levels, indicating that Treg cells may play a critical role in controlling cellular

aspects of TB infection.125 Therefore, when GITR antibodies are applied to LC, their inhibitory effect on Treg cells may also be beneficial for

the body to controlMTB infection. However, further research is needed to determine the optimal use and efficacy of GITR-targeting strategies

in treating LC and TB co-infection.
Tuberculosis reactivation after immune checkpoint inhibitors

In the treatment of LC, significant progress has been made with the use of immune checkpoint inhibitors, which have shown remarkable ef-

ficacy in tumor treatment. However, it is surprising that the use of ICIs for immune activation therapy may lead to immune-related adverse

events (irAEs), with an incidence rate ranging from 54% to 76%.177

Recent evidence has shown that patients with tumormay experience TB reactivation or rapid progression of TB infection after receiving ICI

treatment.178 A systematic review published in the European Journal of Cancer in 2020 evaluated the relationship between ICI treatment and

TB reactivation, and found that 16 cases of active TB occurred in patients with LC during PD-L1 inhibitor treatment, with a median time of

6.3 months.179 Similarly, a recent systematic review and meta-analysis that included 27 studies explored the incidence of TB caused by

PD-1/PD-L1 immune blockade therapy.180 The results showed that among patients receiving PD-1/PD-L1 blockade treatment, there were

a total of 35 cases of TB, resulting in an incidence rate of 2,000 cases per 100,000 people, which was 35 times higher than the general

population.180 These data suggest that the clinical use of PD-1/PD-L1 inhibitors may significantly increase the risk of TB reactivation, and

the mortality rate caused by TB is also extremely high.

We cannot help but ask: why does the use of ICI therapy in tumor patients lead to TB reactivation? Although the current research on this

question is not yet deep enough, from the existing literature, we can summarize two potential mechanisms: (1) Immunotherapy infections due

to immunosuppression (ITI-IS). The balance between host immune response and pathogen invasiveness is crucial for disease outcomes and

progression after MTB infection.17,18,181 ICI therapy inhibits the immune response of patients, especially the function of T lymphocytes. Day,

C.L. et al. analyzed peripheral blood samples from patients with LTBI and PTB and found an association between the expression level of PD-1

onMTB-specific T cells andMTB loads.182 The results showed that the expression of PD-1 on Th1+ CD4 T cells of patients with smear-positive

PTB was significantly higher than that of patients with smear-negative PTB and LTBI, and the expression level of PD-1 on Th1+ CD4 T cells

decreased after completing anti-tuberculosis treatment. These data suggest that PD-1 expression on MTB-specific CD4 T cells is closely

related to MTB infection. Therefore, after using ICI therapy, the function of Th1+ CD4 T cells in patients with tumor is inhibited, providing

favorable conditions for the reactivation of latent MTB infection. (2) Immunotherapy infections due to dysregulated immunity (ITI-DI). ITI-

DI is a completely different mechanism of TB reactivation from ITI-IS, which paradoxically benefits the pathogen due to excessive host im-

mune response caused by immune checkpoint inhibition.178 Tezera, L.B. et al. studied how immune checkpoint therapy for cancer leads

to the activation of TB infection using a three-dimensional cell culture model, and found that PD-1 plays a regulatory role in the immune

response to TB, and inhibiting PD-1 accelerates the growth of MTB through excessive secretion of TNF-a,183 indicating that ITI-DI caused

by immune checkpoint inhibition benefits the survival of MTB. Further research on these mechanisms is crucial in preventing and managing

the risk of TB reactivation under ICI therapy. Moreover, clinicians need to closelymonitor patients for TB infection and provide prevention and

treatment when necessary when using ICI therapy for patients with tumor. Combining immune therapy with TB management contributes to

maximizing treatment efficacy and safety for patients.
FUTURE PERSPECTIVES

Globally, LC has emerged as a leading cause of cancer-related deaths, while TB remains one of the leading causes of death among infectious

diseases. Consequently, both cancer and TB are two global public health issues that severely impact human health. This study offers a
iScience 26, 107881, October 20, 2023 13
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comprehensive review and analysis of current research reports, providing the latest evidence to clarify the significant correlation between LC

and TB.

Elucidating the complex relationship between lung cancer and tuberculosis through immune system analysis

From the perspective of the immune system, it is believed that the immune response caused by MTB infection (such as inflammation, scar

formation, and gene mutations) and drug therapy may be associated with an increased risk of LC. Furthermore, as LC develops and the im-

mune system is damaged, there may be an increased risk of activating LTBI or acquiring newMTB infections. However, despite the mounting

evidence of the correlation between these two diseases, their underlying mechanisms and interaction are not yet fully understood. Hence,

further research is required to elucidate the complex relationship between LC and TB and develop effective diagnostic and therapeutic stra-

tegies to address this public health challenge.

Immunotherapy targeting programmed death receptor-1 as a potential novel treatment strategy for lung cancer and

tuberculosis: Clinical implications

The recognition and surveillance functions of the immune system play a crucial role in the host’s clearance of tumor cells and MTB. Immuno-

therapies targeting immune evasion by tumor cells and MTB have gained increasing attention in recent years. Previous studies have shown

that clinical pathological slides from patients with LC and TB both exhibit high expression of PD-1, a checkpoint receptor expressed on acti-

vated T cells that can inhibit T cell function,15 suggesting that PD-1 may have potential value in the early clinical diagnosis, prevention, and

treatment of LC combined with TB. Specifically, blocking PD-1 may reinvigorate T cell function and enhance the immune response against

both tumors and MTB. Hence, PD-1 blockade therapy may have significant clinical implications for improving the outcomes of patients with

LC and TB.

Exploring the potential of immune checkpoint inhibitors in managing lung cancer and tuberculosis: Current limitations and

future possibilities

ICIs have been shown to alleviate T cell exhaustion and reduce immunosuppressive cells, thereby improving the prognosis of patients with

late-stage LC, especially patients with non-small cell LC. Moreover, ICIs enhance the immune system, leading to T cell proliferation and

increased cytokine production, which can effectively eliminate MTB infection and induce its dormancy. However, while PD-1/PD-L1 inhibitors

are effective in treating non-small cell LC, studies suggest that they may not be suitable for enhancing TB immunity.136,184 It remains to be

studied whether the combination of PD-1/PD-L1 inhibitors and traditional anti-tuberculosis drugs can achieve the expected results. There-

fore, applying ICIs such as PD-1, CTLA-4, LAG-3, and TIM-3 in preventing, diagnosing, and treating LC with concurrent TB requires extensive

experimental verification.

CONCLUSIONS

In summary, the complex relationship between LC and TB has increasingly attracted attention in recent years. As far as the immune system is

concerned, it plays a critically important role in both protecting the host’s immunity against TB and eliminating the tumor cells. Immunother-

apies including ICIs show promise in preventing late-stage LC and improving the prognosis of patients with non-small cell LC. However, it

remains unclear whether these inhibitors are suitable for enhancing TB immunity. With the pressing challenge posed by LC and TB, further

research, testing, and analysis are required to better understand the immune system’s mechanisms and identify effective strategies for pre-

venting, diagnosing, and treating these diseases. The ICIs’ potential in such treatments remains an exciting avenue for exploration in clinical

settings. By continuing to explore the efficacy and limitations of these inhibitors in managing LC and TB, researchers can develop more suc-

cessful and comprehensive treatment strategies to improve patient outcomes and alleviate morbidity and mortality associated with these

diseases.
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