
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Marina De Bernard,
University of Padua, Italy

REVIEWED BY

Srinivasa Reddy Bonam,
Indian Institute of Chemical Technology
(CSIR), India
Christina Damoulari,
Hellenic Institute for the Study of Sepsis,
Greece

*CORRESPONDENCE

Fatima Rahman

fatima.rahman.18@alumni.ucl.ac.uk

RECEIVED 28 May 2024
ACCEPTED 07 October 2024

PUBLISHED 22 November 2024

CITATION

Rahman F (2024) Characterizing the immune
response to Mycobacterium tuberculosis: a
comprehensive narrative review and
implications in disease relapse.
Front. Immunol. 15:1437901.
doi: 10.3389/fimmu.2024.1437901

COPYRIGHT

© 2024 Rahman. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 22 November 2024

DOI 10.3389/fimmu.2024.1437901
Characterizing the immune
response to Mycobacterium
tuberculosis: a comprehensive
narrative review and implications
in disease relapse
Fatima Rahman1,2*

1Department of Pharmacology, University College London, London, United Kingdom, 2Istituto per le
Applicazioni del Calcolo, Consiglio Nazionale delle Ricerche, Rome, Italy
Introduction: Tuberculosis remains the leading cause of death from infectious

diseases among adults worldwide. To date, an overarching review of the immune

response to Mtb in humans has not been fully elucidated, with innate immunity

remainingpoorly understooddue tohistoric focusonadaptive immunity. Specifically,

there is a major gap concerning the contribution of the immune system to overall

bacterial clearance,particularly residual bacteria. This reviewaims todescribe the time

courseof interactionsbetweenthehost immunesystemandMtb, fromthestartof the

infection to the development of the adaptive response. Concordantly, we aim to

crystallize the pathogenic effects and immunoevasive mechanisms of Mtb. The

translational value of animal data is also discussed.

Methods: The literature search was conducted in the PubMed, ScienceDirect, and

Google Scholar databases, which included reported research from 1990 until 2024.

A total of 190 publications were selected and screened, of which 108 were used for

abstraction and 86were used for data extraction. Graphical summaries were created

using the narrative information (i.e., recruitment, recognition, and response) to

generate clear visual representations of the immune response at the cellular and

molecular levels.

Results: The key cellular players included airway epithelial cells, alveolar epithelial

cells, neutrophils, natural killer cells, macrophages, dendritic cells, T cells, and

granulomatous lesions; the prominent molecular players included IFN-g, TNF-a,
and IL-10. The paper also sheds light on the immune response to residual bacteria

and applications of the data.

Discussion:Weprovideacomprehensivecharacterizationof thekey immuneplayers

thatare implicated inpulmonary tuberculosis, in linewith theorgansorcompartments

in which mycobacteria reside, offering a broad vignette of the immune response to

Mtb and how it responds to residual bacteria. Ultimately, the data presented could

provide immunological insights to help establish optimized criteria for identifying

efficacious treatment regimens and durations for relapse prevention in themodeling

and simulation space and wider fields.
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1 Introduction

Tuberculosis (TB) is the primary cause of death from infectious

diseases among adults worldwide. Each year, more than 10 million

people are newly infected (1). The causative agent, Mycobacterium

tuberculosis (Mtb), is a prototroph (2) that operates an erratic and

highly repetitive life cycle, traversing various niches and physiological

states—a feature unique to this pathogen and therefore its longevity

in humans (3).

As with most infections, the immune system forms the first line

of defense against Mtb and contributes to both infection prevention

and control. The interaction between Mtb and the host results in a

complex and multifaceted immune response, which can lead to

clinical TB, subclinical TB, or clearance (i.e., non-disease state) (5).

Under the new classification, there are four disease states; these

include both clinical and subclinical diseases, which can be either

infectious or non-infectious. For clinical TB, the non-infectious state

includes all forms of disease whereby the individual recognizes the

symptoms sufficiently to seek care; the infectious state is defined as

individuals who are infectious based on sputum microbiologically

confirmed pulmonary TB, and the individual recognizes the

symptoms sufficiently to seek care. For subclinical TB, the non-

infectious state is defined by the presence of macroscopic pathology

while the patient is not infectious, and symptoms are not recognized

by the individual or are insufficient to seek care. Finally, the

subclinical infectious state is classified by the capacity for Mtb

transmission with macroscopic pathology present, although any

symptoms are also not recognized by the individual or are

insufficient to seek care. Moreover, the fifth non-disease state is

defined as the presence of viable Mtb in the host that is effectively

contained by the immune response, whereby the individual does not

present any macroscopic pathology of symptoms and is non-

infectious (6).

A remarkable aspect of TB is that infection with Mtb rarely

causes active disease (4). Among patients who fail to clear the

bacteria, only 5% progress to active disease, while 95% can contain

the pathogen via adaptive immunity (4, 7). However, there have

been case-contact studies that indicate early clearance of bacteria by

the innate response, independent of adaptive immunity, in up to

55% of cases, although this has yet to be proven definitively (8).

Currently, relapse and drug resistance are the two major

challenges in the treatment of TB due to inadequate treatment

outcomes. In clinical TB, relapse is the recurrence of TB in a patient

who has been deemed cured (9). This may result from endogenous

persisting infection by the sameMtb strain that caused the previous

disease episode, as one may not become immunized against the

pathogen, or re-infection with a different bacterial strain (9). In TB

infection (TBI), approximately 5%–10% of individuals later develop

active disease owing to reactivation (4). In summary, relapse

provides the formative context for this review.

To understand relapse, we must first appreciate the presence of

different bacterial phenotypes in TB (Supplementary Figure 1).

Following infection, Mtb undergoes multiple rounds of rapid

replication, which is then slowed or arrested by host immunity

(2, 3). Thus, TB disease states are characterized by rapidly

replicating, slowly replicating, and non-replicating bacterial
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phenotypes (3). In relapse, it is the non-replicating, slowly

replicating (persisters), and drug-resistant bacteria that

circumvent clearance. That is, they can evade the antimicrobial

activity of both drugs (10) and the immune system—the latter of

which represents a significant gap in the drug development purview.

Dovetailing with relapse is drug resistance, which is caused by

exposure of pathogens to low, inefficacious doses of antitubercular

drugs (11). For drug-susceptible TB, isoniazid (H), rifampicin (R),

pyrazinamide (Z), and ethambutol (E) are used as combination

therapy for 6 months (2HRZE/4HR) (12). Combination therapy is

used to combine both bactericidal and sterilizing drugs, with

adequate duration, to enhance antimicrobial efficacy and prevent

drug resistance (12). An additional benefit of combination therapy

is that it lowers disease relapse compared to monotherapy (13, 14).

However, it is noteworthy that 20% of patients even on short-course

therapy (4 months) develop relapse (15). For multidrug-resistant

TB (MDR-TB) and rifampicin-resistant TB (RR-TB), the World

Health Organization (WHO) suggests a 6-month regimen of

bedaquiline, pretomanid, linezolid, and moxifloxacin (BPaLM)

rather than the 9-month and longer regimens. This applies to

pulmonary TB and extrapulmonary TB, except for TB involving

the central nervous system, miliary TB, and osteoarticular TB.

Further, for patients who are not eligible for BPaLM, the WHO

recommends the use of the 9-month all-oral regimen in individuals

with MDR-TB, individuals with RR-TB, and those without

resistance to fluoroquinolones (16, 17). This involves an intensive

phase with bedaquiline, levofloxacin or moxifloxacin, ethionamide

or linezolid, ethambutol, isoniazid, pyrazinamide, and clofazimine,

and then a continuation phase with fluoroquinolones, clofazimine,

ethambutol, and pyrazinamide (17).

However, low patient compliance has resulted in increased

resistance (18). See Supplementary Material for further details.

Consequently, shortening of treatment duration has become a

major goal of TB drug development (19). However, empirical

attempts (20) to reduce the continuation phase for drug-

susceptible TB treatment to less than 4 months have caused

relapse rates as high as 40%, depending on the drug combination

(9). It is anticipated that improved clarity on the role of the immune

system in TB to support modeling and simulation (M&S) efforts will

convey a deeper understanding of the mechanisms that contribute

to relapse and may help identify prevention strategies.

Thus, arguably, while new compounds are in the pipeline (21), a

more integrated approach to advance drug development may

involve highlighting the extent to which drugs and the immune

system contribute to bacterial clearance, in the context of

pathogenic immune evasion (i.e. , host–pathogen–drug

interactions). This may support translational and quantitative

clinical pharmacology efforts aimed at better elucidating the

mechanisms that may cause and prevent relapse. However, the

characterization of the immune response to Mtb has been largely

evaded in clinical research. That is, the systematic consideration of

the time course of immune response—discerning the innate and

adaptive phases—as a contributor to bacterial clearance in TB has

not been fully elucidated.

While this gap has been acknowledged by various research

groups, an overarching review of the immune response to Mtb has
frontiersin.org
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not been fully expounded, with the innate arm remaining poorly

understood due to the historic focus on adaptive immunity (22).

Specifically, the tripartite host–pathogen–drug interaction,

considering the time course of response from infection to

granuloma formation, is yet to be examined. This is imperative in

research, as the immune system is a determinant of bacterial

clearance before, during, and after drug treatment.
2 Aims

This review aims to provide a comprehensive characterization of

the key immune players that are implicated in pulmonary TB, in line

with the organs or compartments in which they reside, as a contributor

to bacterial clearance—discerning the innate and adaptive arms (at the

cellular and molecular levels). We explore the intricate interplay of

molecular mediators (e.g., cytokines and chemokines) and signaling

pathways involved in orchestrating the immune response to Mtb.

Bacterial persistence through immunoevasion is also highlighted.

Further, we provide the time course of the immune system–

pathogen interactions from the start of the infection to the

development of the adaptive response in animal models. This review

also sheds light on the limited role of the immune system in eradicating

residual persister bacteria. While there is extensive research in this

field, currently, there is no report that describes the entire time course

of the immune response toMtb. The translational value of animal data

is also discussed. Ultimately, we aim to provide valuable insights into

TB immunology as a basis for the development of translational in silico

models, a tool that integrates quantitative clinical pharmacology

principles (i.e., pharmacokinetics and pharmacodynamics) and host–

pathogen–drug interactions to identify shortened, efficacious drug

combinations/regimens for relapse prevention, to help elucidate the

mechanisms that may cause relapse, and to predict the risk of relapse.
3 Methods

For the literature search, a narrative approach was employed.

Publications in English and French were selected from the PubMed,

Science Direct, and Google Scholar databases throughout the period

of 1990 to 2024.

The first literature search included the MeSH terms “tuberculosis”

and “granuloma”, paired with the keywords “immun*” and “cell” while

excluding the terms “bovis” and “avium”. To provide a completed

representation of immune response, a further two searchmethods were

employed: one was bibliographic mining, and the other was an ad hoc

search using the MeSH term “tuberculosis” with more specific

keywords such as “airway epithelial cell”, “alveolar epithelial cell”,

“neutrophil”, “natural killer”, “macrophage”, “dendritic cell”, “CD4+ T

cell”, and “CD8+ T cell” for cellular data; and “in silico”, “quantitative”,

“computational model”, and research groups such as “Kirschner” to

provide reference to in silicomodels; and keywords like “T cell subsets”

and “immune cell migration” for broader immunological insights.

Finally, a narrative synthesis of the papers was conducted while

exploring the consistency in key data as a measure of reliability and

validity. Furthermore, figures were created using the narrative
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information (i.e., recruitment, recognition, and response) to generate

a clear visual representation of the signaling and immune mechanisms

per player at the cellular and molecular levels using a visualization tool

(BioRender, BioRender.com).

A total of 190 publications were selected and screened, of which

108 were used as sources for abstraction and 86 were used for data

extraction. The literature search flowchart is shown in Figure 1. A

summary of the papers used for extraction per immune player is

shown in Table 1. This was created by synthesizing a high-level

summary of the most crucial data that were extracted per immune

player, per paper.

The inclusion criteria comprised the following: human data, in

vivo models [mice and non-human primates (NHPs)], in vitro

models, in silico models, models specific to Mtb, presence of

pulmonary TB, and presence of immune response. The exclusion

criteria comprised models based on extrapulmonary TB, research

related to treatment, the presence of co-morbidities, and models

that were non-specific to Mtb.

The key data extracted to characterize the immune system

response to Mtb comprised the players involved, the key

mediators involved, and temporal data spanning 12 weeks to

describe both the innate and adaptive phases.

For the “Time course of immune response”, the innate and

adaptive phases were described using animal models (mice and

NHPs) given the paucity of temporal data in humans. As mice are

the primary animal species utilized for the preclinical development

of antitubercular drugs due to their manageability, low cost, and

susceptibility to Mtb (23), we considered it appropriate to use the

same animal species to define the time course of the immune

response to reliably ascribe bacterial clearance to the immune

system instead of species differences. However, it should be noted

that while mice do develop granulomas (24), murine lungs lack the

structured and organized appearance of human lesions (25). To

reconcile these differences, data were obtained from NHP models

whose lesions demonstrate a closer pathological approximation to

humans (24). NHP data were therefore used to describe the timing

of granuloma formation and response. See the “Discussion” section

for details on the translation of preclinical findings to humans.

For the “Innate immune response” section, the data are

presented according to the following structure per immune

player: background, recruitment (to infection site), recognition (of

Mtb), and response. For the “Adaptive immune response” section,

the T-cell data are presented in the following structure: background,

T-cell differentiation, T-cell migration to lungs, and T-cell effector

functions (for both CD4+ and CD8+ T cells). The “Granuloma”

section is presented as follows: background, formation, and

granuloma types. Finally, the “Bacteria” section is structured as

follows: background, Mtb immunoevasive mechanisms, aerobic

versus hypoxic niches, and bacterial manipulation in the

granuloma. These sections are complemented by available data on

the compartments within which these processes take place (blood,

lymph nodes, or lungs). Following the immune response data, the

“Immune response and implications in disease relapse” and

“Application of the data” sections are presented.

Of note, to elucidate granuloma immunology, sole reliance on

human or animal data would not be prudent, as no single model is
frontiersin.org
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FIGURE 1

Schematic representation of the literature search process. Created with BioRender.com.
TABLE 1 Summary of major papers and data extracted.

Player/
component

Site Major references Data extracted

Airway
epithelial cells

Airways Chai et al., 2020 (40) Goblet cells and mucous cells; plasma cells and antibodies produced; innate
lymphoid cells; innate immune T cells; MAIT cells; antigen recognition
receptors; structure and function

Li et al., 2012 (44) AEC role in innate and adaptive arms; antigen presentation to T cells
(non-professional)

Gupta et al., 2018 (22) Recruitment: receptors, signaling pathways, and cytokines released

Rodrigues et al., 2020 (45) Airway epithelium cell surface area

Condon et al., 2011 (46) Cytokines that modulate intraepithelial cells

Barclay et al., 2023 (47) Neutrophil and APC (DC) recruitment

Vono et al., 2017 (48) Antigen presentation

Alveolar
epithelial cells

Lungs Rodrigues et al., 2020 (45) Major surface area for inhaled pathogens; macrophage and DC function in the
alveolar space

Chai et al., 2020 (40) Alveolar epithelial cell phenotype; antigen recognition receptors

Li et al., 2012 (44) ATI and ATII; antigen presentation; innate cellular response; bacterial replication
in alveoli

Bussi and Gutierrez, 2019 (49) Alveolar response to bacilli that pass AECs

Gammack et al., 2004 (50) Early macrophage and DC activities

Corleis and Dorhoi, 2020 (30) Type II pneumocytes recruit neutrophils

Gupta et al., 2018 (22) Immunoregulation by cytokines

(Continued)
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TABLE 1 Continued

Player/
component

Site Major references Data extracted

Nisa et al., 2022 (51) Necrosis

Neutrophils Lungs Liu et al., 2017 (31) The complex role of neutrophils; not MHC-restricted; Mtb cell wall components
as ligands for receptors; recruitment to lungs; respiratory burst; neutrophil-
mediated damage to host parenchyma

Sokol and Luster, 2015 (52) Recruitment from bone marrow and inflammatory stimuli needed

Lowe et al., 2012 (53) Neutrophil abundance and infiltration; stimuli for recruitment to lungs; priming
and extravasation; internalization mechanisms

Muefong et al., 2022 (54) Recognition: PAMPs and DAMPs

Mak and Saunders, 2006 (55) Opsonization of antigen

Pennisi et al., 2019 (37) Apoptosis and necrosis

Gupta et al., 2018 (22) Chemokines released neutrophils

Nisa et al., 2022 (51) Apoptosis; NET immune cell recruitment and activation

Dallenga et al., 2017 (56) Efferocytosis vs. necrotic neutrophils

Borkute et al., 2021 (57) Phagocytosis

Muefong and Sutherland, 2020 (58) Oxidative burst, tissue injury via NETosis

Mattila et al., 2013 (42) Neutrophil cytokines and cross-priming of CD8+ T cells

Hilda et al., 2020 (59) Neutrophil response to sensing Mtb

Li et al., 2019 (60) Antigen presentation capabilities

Natural killer cells Lungs Gupta et al., 2018 (22) Intracellular pathogen killing; mediation of action by cytokines

Qin et al., 2023 (61) NK cell abundance in lungs

Nutt and Huntington, 2019 (35) Bacterial killing pathways (apoptosis; perforin/granzyme)

Sokol and Luster, 2015 (52) Recruitment via chemokines

Liu et al., 2017 (31) Not MHC-restricted; Mtb cell wall components as ligands for receptors

Nisa et al., 2022 (51) Bacterial killing pathways (apoptosis; perforin/granzyme)

Lin and Flynn, 2015 (62) Antigen recognition; role of granulysin

Murphy et al., 2022 (63) Role of perforin and granzymes

Macrophages Lungs and
lymph nodes

Chai et al., 2020 (40) Macrophage phenotypes; macrophage response

Corleis and Dorhoi, 2020 (30) Macrophage origin

Weiss and Schaible, 2015 (33) Resident macrophages; macrophage response

Chandra et al., 2022 (64) AM migration from alveolar space to lung interstitium

Ganguli et al., 2005 (4) Macrophage recruitment

Gammack et al., 2004 (50) Macrophage chemotaxis; macrophage response

Sokol and Luster, 2015 (52) Macrophage recruitment

Liu et al., 2017 (31) Macrophage response

Guirado et al., 2013 (65) Macrophage response

Chaurasiya, 2018 (66) Macrophage response

Nisa et al., 2022 (51) Necrotic dissemination of bacteria

Pennisi et al., 2019 (37) Macrophage response

Cilfone et al., 2015 (67) Macrophage response

Ryndak and Laal, 2019 (39) Macrophage response (intracellular bacterial killing)

(Continued)
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TABLE 1 Continued

Player/
component

Site Major references Data extracted

Pedruzzi et al., 2016 (68) Macrophage response

Lowe et al., 2012 (53) Macrophage response

Wigginton and Kirschner, 2001 (69) Macrophage response

Sud et al., 2006 (34) Macrophage response

Dendritic cells Lungs and
lymph nodes

Chai et al., 2020 (40) Sentinel cells

Condon et al., 2011 (46) Lung homeostasis; DC recruitment; antigen recognition; RME

Kim and Shin, 2022 (70) DC origins

Sia et al., 2015 (71) Antigen presentation; antigen recognition

Marino and Kirschner, 2004 (72) Antigen presentation; DC recruitment; DC response

Stillwell, 2016 (73) DC recruitment

Marino et al., 2011 (74) DC response

Pennisi et al., 2019 (37) DC response

Lian and Luster, 2015 (76) DC response

Sokol and Luster, 2015 (52) DC response

Marino et al., 2004 (75) DC response

Chandra et al., 2022 (64) DC response; localization

Cilfone et al., 2015 (67) DC response

Lin and Flynn, 2015 (62) DC response

CD4+ T cells Lungs and
lymph nodes

Marino and Kirschner, 2004 (72) Antigen presentation to naïve CD4+ T cells; Th1 cell differentiation; Th2 cell
differentiation; CD4+ T-cell migration; Th1 effector functions; Th2
effector functions

Carty et al., 2018 (77) Th2 cell differentiation; Th2 effector functions; Th17 cell differentiation; Th17
effector functions

Nutt and Huntington, 2019 (35) Naïve T cells

Wigginton and Kirschner, 2001 (69) T-cell main roles; Th1 cell differentiation; Th2 cell differentiation; Th1
effector functions

Bozzano et al., 2014 (78) Importance of CD4+ and CD8+ T cells to prevent TB

Kuka et al., 2019 (82) Antigen presentation to naïve CD4+ T cells; Th1 cell differentiation; Th2 cell
differentiation; Th1 effector functions

Chaurasiya, 2018 (66) Th1 cell differentiation; Th1 effector functions

Gupta et al., 2018 (22) Th1 cell differentiation

Leal Rojas et al., 2017 (83) Th1 cell differentiation; Th17 cell differentiation

Khader et al., 2006 (84) Th1 cell differentiation

Huang et al., 2012 (85) Th17 cell differentiation; Th17 effector functions

Lourenço and La Cava, 2011 (86) iTreg cell differentiation

Herbert et al., 2017 (87) iTreg cell differentiation

Pennisi et al., 2019 (37) CD4+ T-cell migration

Sokol and Luster, 2015 (52) CD4+ T-cell migration; Th2 effector functions

Flynn and Chan, 2022 (79) Th1 effector functions

Guzzetta and Kirschner, 2013 (121) Th1 effector functions

Murphy et al., 2022 (63) Th1 effector functions

(Continued)
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TABLE 1 Continued

Player/
component

Site Major references Data extracted

Cilfone et al., 2015 (67) Th1 effector functions

Guirado et al., 2013 (65) Th2 effector functions

Liu et al., 2017 (31) Th17 effector functions

CD8+ T cells Lungs and
lymph nodes

Seder and Ahmed, 2003 (80) CD8+ T-cell differentiation

Capece and Kim, 2016 (81) Shorter activation of CD8+ T cells

St. Paul and Ohashi, 2020 (88) CD8+ T-cell differentiation; Tc1 effector functions; Tc2 effector functions

Pennisi et al., 2019 (37) CD8+ T-cell migration

Gammack et al., 2004 (50) CD8+ T-cell migration

Sokol and Luster, 2015 (52) CD8+ T-cell migration

Wigginton and Kirschner, 2001 (69) Tc1 effector functions

Murphy et al., 2022 (63) Tc1 effector functions

Sud et al., 2006 (34) Tc1 effector functions

Lin and Flynn, 2015 (62) Tc1 effector functions

Kudryavtsev et al., 2023 (122) Tc1 effector functions; Tc2 effector functions

Guirado et al., 2013 (65) Tc2 effector functions

Carty et al., 2018 (77) Tc2 effector functions

Granuloma Lungs and
lymph nodes

Linderman et al., 2015 (37) Host–microbe interactions; granuloma formation; granuloma types

Pagán and Ramakrishnan, 2015 (89) Granuloma formation

Marino et al., 2018 (41) Granuloma function

Dooley et al., 2016 (90) Lesion types

Cronan, 2022 (91) Granuloma heterogeneity; granuloma formation; macrophage differentiation;
necrotic cell death; T-cell function

Linderman and Kirschner, 2015 (92) Granuloma dual functions (bacterial control vs. bacterial survival);
granuloma formation

Schaaf and Zumla, 2009 (93) Granuloma formation; granuloma types

Marino et al., 2011 (74) Granuloma formation

Russell et al., 2009 (94) Granuloma formation; granuloma types

Lin and Flynn, 2015 (62) Granuloma formation

Ramakrishnan, 2012 (32) Granuloma formation; granuloma types

Flynn et al., 2011 (25) Granuloma formation; granuloma types

Chai et al., 2020 (40) Granuloma formation

Huang et al., 2019 (36) Granuloma formation; macrophage differentiation

Hunter et al., 2022 (28) Granuloma formation; multinucleated giant cells

Gago et al., 2018 (95) Granuloma formation

Lanni et al., 2023 (96) Granuloma formation

Gideon et al., 2015 (26) Granuloma formation

Liu et al., 2017 (31) Granuloma formation

Huynh et al., 2011 (97) Granuloma formation

Evans et al., 2020 (98) Granuloma formation; fibrosis and calcification

Ehlers and Schaible, 2012 (99) Granuloma formation; granuloma types

(Continued)
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comprehensive. To effectively research human granuloma

formation and response, lung tissue containing these lesions must

be extracted, which is extremely challenging (26) due to ethical

constraints surrounding lung autopsies (27). Obtaining lung

samples via biopsy is also limited, given that symptoms may not

present for months to years (28) (see the “Discussion” section for

further details). Moreover, there are little data on how granulomas

contain Mtb and the spatial organization of immune cells at the

border of necrotizing regions (29). Thus, the most judicious

alternative was to use animal models that closely recapitulate

human disease (26). To date, NHPs (specifically macaques) have

shown remarkable similarity to human infection (26), as they have

similar physiology, anatomy, and response to Mtb infection,

encompassing the entire spectrum of the disease and immunology

in humans (28). Therefore, for the “Granuloma” section, a systems

biology approach was taken to provide a fuller depiction

of response.

Definitions of the icons used to represent each cellular player

(Supplementary Figure 2), including the colors and arrows (i.e.,

mediators and processes) in the figures (Supplementary Figure 3),

are provided. A high-level summary of the role of each player in the

innate and adaptive phases is provided in Supplementary Figures 4, 5.
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A tabular summary of the innate, adaptive, and granuloma

response with the associated mediators, category of molecule, and

site of action is provided in Supplementary Table 1. A more detailed

overview ranking the players and mediators by their importance in

the immune response against Mtb is provided in Supplementary

Tables 2, 3, respectively.

This review was comprehended under expert guidance, and the

tasks were conducted independently in a stepwise process. The

initial step was to develop a “storyboard” detailing the immune

response toMtb from the start of infection to granuloma formation.

This step involved using a reference management software, Zotero,

to open the PDF versions of the selected papers for each immune

player. Relevant data that consistently appeared across these papers

were extracted, and the narrative synthesis of the response was

conducted simultaneously.

Subsequently, the figures were created in BioRender. The

process began with finding the relevant icons for each immune

player and undertaking training provided by BioRender.com on

creating effective scientific images. This knowledge was applied, and

the narrative text for each player was followed to create graphical

representations of the immune response iteratively. The highly

organized structure of the narrative text (i.e., background,
TABLE 1 Continued

Player/
component

Site Major references Data extracted

Hortle and Oehlers, 2020 (100) Granuloma formation; fibrosis

Mattila et al., 2013 (42) Granuloma formation; granuloma types

Nisa et al., 2022 (51) Granuloma types; lipid droplets

Warner, 2014 (2) Granuloma types

Sawyer et al., 2023 (29) Necrotizing granuloma formation; non-necrotizing leukocyte aggregates

Gong et al., 2015 (124) Granuloma formation; fibrosis/calcification

Warsinske et al., 2017 (125) Granuloma types

Silva Miranda et al., 2012 (123) Granuloma types

Bacteria Lungs and
lymph nodes

Warner, 2014 (2) Aerobic vs. hypoxic niches

Marino and Kirschner, 2016 (101) Mtb is preferentially an intracellular pathogen

Marino et al., 2011 (74) Mtb slow division rate

Weiss and Schaible, 2015 (33) Mtb immune evasion mechanisms

Upadhyay et al., 2018 (102) Mtb immune evasion mechanisms

Gago et al., 2018 (95) Mtb immune evasion mechanisms; aerobic vs. hypoxic niches; bacterial
manipulation in granuloma

Lowe et al., 2012 (53) Mtb immune evasion mechanisms

Sia et al., 2015 (71) Mtb immune evasion mechanisms

Ehrt et al., 2018 (3) Aerobic vs. hypoxic niches

Huynh et al., 2011 (97) Bacterial manipulation in granuloma

Pagán and Ramakrishnan, 2015 (89) Bacterial manipulation in granuloma

Mahajan et al., 2012 (103) Bacterial manipulation in granuloma
AEC, airway epithelial cell; APC, antigen-presenting cell; DC, dendritic cell; ATI, type I alveolar epithelial cells; ATII, type II alveolar epithelial cells; PAMPs, pattern-associated molecular
patterns; DAMPs, damage-associated molecular patterns; NET, neutrophil extracellular trap; AM, alveolar macrophage; RME, receptor-mediated endocytosis.
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recruitment, response) was crucial in ensuring a logical flow and

compartmentalization in the figures.

After creating the storyboard and the initial versions of the

figures, a tabular summary of the collated data (Supplementary

Tables) was created to facilitate navigation for readers. This

involved reading each immune player section and then extracting

specific data (i.e., copying and pasting the cellular players and their

subsets) into an Excel spreadsheet in a list format, followed by

aligning these with the molecular players associated with each

cellular player within this spreadsheet. Information on the type of

molecule and site of action was also added to provide a broader

picture. The same method was used to create ranking spreadsheets

for each player and each molecule. The data were then copied and

pasted into a Word file from the Excel spreadsheet. They were also

fact-checked against the source. Multiple iterations of all review

subparts were developed to allow for corrections and

necessary adjustments.
4 Time course of immune response

Figure 2 displays a 12-week period describing the transition

from the innate to the adaptive response in mice and NHPs.

At 7–14 days post-infection in mice, blood monocyte

recruitment increases significantly (30). At Day 14, type II

pneumocytes release CXC chemokine ligand 5 (CXCL5) to recruit

neutrophils to Mtb-infected lungs (30). Following Mtb infection,

neutrophils are the first cells that infiltrate the lungs (31), with their

numbers growing drastically 7 days post-infection (30). At Day 21,

infected neutrophil numbers peak and then decline sharply

thereafter (32).

Alveolar macrophages (AMs) are tissue-resident phagocytes

that patrol the pulmonary surface for inhaled pathogens (33). In

mice, Mtb predominantly remains inside AMs for the first 10 days

after infection, directing the initial immune response and the shift

of Mtb from the alveolar region to the lung interstitium (30).

However, natural killer (NK) cells are crucial in the first 50 days

of infection (34). NK cells produce cytokines, namely, IFN-g, to
enhance the immune response by spontaneously killing target cells

without pre-stimulation (35).

In mice, an acquired immune response is delayed until 3–4

weeks post-infection because dendritic cells (DCs) deliver Mtb

antigen to draining lymph nodes (DLNs) where the T-cell

response is activated (36). In line with this delay in cell-mediated

immunity, numerous murine models of TB have demonstrated that

bacterial growth is high during the first 3 weeks of infection and

then plateaus as adaptive immunity initiates (32). According to

mouse studies, DCs move to the local lung DLNs (8–12 days post-

infection) and drive naïve T-cell polarization (37). Then, T-cell

priming begins 12–21 days post-infection (25). After 2–4 weeks,

effector T cells travel back to the lungs through the blood (attracted

by chemokines and pro-inflammatory cytokines that are released

primarily by macrophages from the lung site of infection) to trigger

an Mtb-specific immune response (38). By approximately 3 weeks

post-infection, Mtb can be detected in monocytes and neutrophils

in higher quantities compared to the initially infected AM (39). To
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provide a point of reference, available data on this process in

humans suggest that the adaptive response is initiated at 6–8

weeks post-infection (39), while another paper indicates that

there is a 2–3-week interval before host T-cell priming, which

may benefit mycobacterial colonization (40).

As for granuloma formation in mice, Mtb-infected AMs

migrate to the lung interstitium and form small aggregates at 2

weeks post-infection. These aggregates are believed to be the

precursors to lung granulomas (39). Comparatively, NHP models

have shown that Mtb-infected macaques develop 2–4-mm

granulomas in their lungs within 2–3 months (41). Cynomolgus

macaque experiments have shown that caseous granulomas form by

4–6 weeks, but non-necrotic granulomas appear later and mostly

during active disease (see the “Granuloma” section for further

details) (42). NHP studies have revealed that substantial bacterial

death in granulomas occurs only after 10 weeks of infection (43).

Further details on the immune mechanisms, cytokine release, and

signaling activity are provided in the respective sections of

each player.
5 Innate immune response

The innate immune response is the cornerstone of early

response to Mtb invasion. Recent years have seen greater

characterization of the innate response in TB due to a historic

focus on adaptive immunity (22) that does not regard the 2–3-week

delay in the onset of the adaptive response wherein bacterial

replication occurs in humans (40). This is further exacerbated by

the lack of vaccines that garner sufficient immune response. As

such, this paper characterizes the time course of the innate response

and its players to further the understanding of disease progression

mechanisms. The key players of the innate response include

epithelial cells [airway epithelial cells (AECs) and alveolar

epithelial cells], neutrophils, NK cells, macrophages, and DCs.

The innate response section is derived from human data.
5.1 Airway epithelial cells

5.1.1 Background
The lungs are the major point of entry for respiratory pathogens

due to their exposure to the outside environment during gas

exchange. The airway contains the trachea, bronchi, and

bronchioles; they are composed of ciliated cells, goblet cells, Clara

cells, neuroendocrine cells, and regenerative basal cells (40). AECs

are essential in the immune defense against Mtb in both the innate

and adaptive arms (44).
5.1.2 Recruitment
The very first immune player to encounter Mtb is the AEC

following aerosol inhalation, thereby displaying its prominence in

binding, recognizing, and internalizing Mtb to initiate an immune

response within the airways (22). To reject the entry of pathogens,

the host airway surface is covered by a range of resident (i.e., not
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recruited) tightly adhered epithelial cells. The cells form a mucosal

barrier in the airways, which operates to both physically restrain

and immunologically clear Mtb (40). Altogether, the human

epithelium forms a physical barrier spanning 75 m2 (45).

5.1.3 Recognition
Within the airways, AECs express various pattern recognition

receptors (PRRs), such as toll-like receptors (TLRs), RIG-1-like

receptors, NOD-like receptors (NLRs), and C-type lectin receptors

(CLRs) which recognize Mtb cell wall components (22). This

activates several signaling pathways that induce the production of

cytokines [TNF-a, IFN-g, granulocyte-macrophage colony-

stimulating factor (GM-CSF), IL-6, and IL-10] and chemokines

[IL-8, interferon gamma-induced protein-10 (IP-10), IL-27,

monocyte chemoattractant protein-1 (MCP-1), and monokine

induced by gamma interferon (MIG)] (22), all of which modulate

the function of intraepithelial DCs (46). These cytokines also attract

neutrophils and antigen-presenting DCs (47).

5.1.4 Response
Upon sensing pathogens in the airways, AECs secrete

antimicrobial effector molecules, enzymes, peptides, reactive oxygen

species (ROS), reactive nitrogen species (RNS), and a range of

mediators (cytokines, chemokines, and growth factors) (22).

Specifically, the peptides cathelicidin (LL-37), b-defensin-2, and
hepcidin are considered pivotal to the innate response in TB. Early

secretion of these immune mediators elicits immune cell recruitment

via communication with other cells to ultimately activate monocytes,

phagocytes, lymphocytes, and polymorphonuclear leukocytes in the

lungs (22). The activated innate response secondarily induces
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adaptive immune components (namely, recruitment and activation

of DCs, T cells, and B cells that enhance antigen recognition and

antibody production) (44).

Concerning antigen presentation, AECs express major

histocompatibility complex of class I (MHC I) molecules and can

directly present intracellular antigens to resident CD8+ T cells in the

lungs (22); essentially, they are “non-professional” antigen-presenting

cells (APCs) (44). As myeloid DCs show a superior presenting ability

(48), they are regarded as “professional” APCs (44). Within the lung

epithelial cells,Mtb is localized in the late endosomal vacuole wherein

antigens are presented to CD8+ T cells that subsequently stimulate

IFN-g production (22). Thus, AECs are important to initiating the

adaptive response toMtb (22) (Figure 3A). The roles of ciliated cells,

Clara cells, goblet cells, neuroendocrine cells, and regenerative basal

cells are provided in the Supplementary Material.
5.2 Alveolar epithelial cells

5.2.1 Background
The alveolar epithelium also forms a major surface area that

initially interacts with inhaled pathogens (45). The alveolar epithelial

surface in the lung is mainly covered by type I (ATI) and type II

(ATII) alveolar epithelial cells (pneumocytes), unlike the trachea,

bronchi, and bronchioles (40) (Figure 3A). Mtb establishes infection

of the lung in a myriad of ways, such as adhesion, invasion, and

replication in AMs (see the “Macrophages” section) (44). The bacilli

that successfully traverse the upper airways are delivered to the alveoli

(49). However, it is yet to be explored how bacteria pass through the

airway passage to enter the lungs (45).
FIGURE 2

Time course of immune response from innate to adaptive (top bars) with the associated compartments (middle bars) and bacterial replication rates
(lower bars). Temporal data are delineated for a 12-week period of the innate to adaptive response using animal models (mice and NHPs), ranging
from blood monocyte recruitment to granuloma formation. NHPs, non-human primates. Created with BioRender.com.
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5.2.2 Recruitment
ATIs play a key role in gas exchange because they compose 90%

of the alveolar wall and have a large, flat phenotype (40). ATII cells

can generate a wide range of antimicrobial and pro-inflammatory

molecules that support pulmonary immunity (44). Like AECs,

pneumocytes are not recruited upon onset of infection; rather,

they are already present in the lung compartment (44).
5.2.3 Recognition
Alveolar epithelial cells express PRRs, including TLRs, NLRs,

and CLRs, which are required to recognize microbe-associated

molecular patterns (MAMPs) on Mtb (40).
5.2.4 Response
Within the lungs, the first site of Mtb infection is the alveoli

where it encounters lung epithelial cells and resident macrophages

and DCs (50). Expressly, there is interplay between Mtb and

resident phagocytes (macrophages and DCs) in the alveolar space

(45). Macrophages and DCs are present in both the innate and

adaptive arms. In the innate phase, macrophages respond to

bacterial infections by phagocytosis, which involves engulfing the

bacteria (50). Some of these macrophages are uninfected and

unactivated (i.e., innate response that kills extracellular bacteria),

which means that they do not contain bacteria (50). Activation is a

prerequisite for efficient phagocytosis that is established in activated
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macrophages that do contain bacteria (i.e., adaptive response that

kills intracellular bacteria), thus rendering uninfected/unactivated

macrophages poor at phagocytosis (50). In the adaptive response,

phagocytosis and bacterial eradication are heightened due to the

presence of T cells and cytokines that enhance these capabilities

(50). In addition, lung-resident DCs survey the lumen of alveoli and

conducting airways to gather samples of antigens, which is also part

of the innate response (40). DCs play further roles in bridging the

two phases of immune response and in the adaptive response itself.

Further details are provided in the “Macrophages” and “Dendritic

cells” sections.

Specifically to alveolar epithelial cells, upon activation, they

fortify the intracellular bactericidal effects of macrophages and

increase the recruitment of lymphocytes and neutrophils to sites

of infection (40). As a defense strategy, pneumocytes produce

immunoglobulins, antimicrobial peptides, and surfactant proteins,

which have bactericidal effects in TB. ATII cells release alveolar

lavage fluid hydrolases that improve intracellular bacterial

eradication by neutrophils (40). Human lung hydrolases also

inhibit bacterial cell adhesion and therefore mycobacterial

intracellular survival in human AMs by 60%–80% via

mycobacterial cell envelope alteration (40).

Central to innate immunity, the ATII cells release CXCL5 to

recruit neutrophils to Mtb-infected lung (30). At this early time

point (Day 14 in mice), type I IFNs (whose role involves signaling in

tissue-resident cells and hematopoietic cells) also elicit neutrophil
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FIGURE 3

Innate immune response. (A) Airway epithelial cell immune response to Mtb invasion in the lungs (blue). Upon Mtb detection in the airways, airway
epithelial cells secrete antimicrobial substances (e.g., peptides, enzymes, and cytokines). Pneumocytes produce bactericidal molecules. From Chai
et al. (40). Reproduced with permission of SNCSC. (B) Neutrophil immune response to Mtb invasion in the lungs (blue) and lymph nodes (green).
Neutrophils release antimicrobial enzymes and facilitate the apoptosis of infected macrophages. Neutrophils release NETs to ensnare the microbe
and impede its further activity. (C) NK cell immune response to Mtb invasion in the lung (blue). NK cells promote immune stimulation through
macrophage activation and using cytotoxic mechanisms. (D) Macrophage state switching in the lungs (blue). Macrophages can switch between the
“resting” and “active” status depending on bacterial internalization via engulfment and degree of T-cell stimulation, which activates macrophages and
optimizes bacterial killing. (E) Macrophage immune response to Mtb invasion in the lungs (blue). Macrophage defense entails activating antimicrobial
effectors, initiating microbe intoxication mechanisms, limiting microbial access to nutrients, and generating antimicrobial peptides and cytokines,
autophagy, and efferocytosis. NETs, neutrophil extracellular traps; NK, natural killer. Created with BioRender.com.
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infiltration in the airways (30). In addition, alveolar epithelial cells

have an immunoregulatory role, elicited by tumor growth factor-

beta (TGF-b) production: they are responsible for maintaining

epithelial integrity and limiting inflammation to prevent tissue

destruction (resulting from the inflammatory response) (22).

Moreover, ATII cells can present antigens to T cells, which

suggests that they may play a role in the adaptive immune

response (44).

Ultimately, the alveolar epithelial cells directly partake in the

innate immune within the lungs while, paradoxically, contributing

to the dissemination of mycobacteria during primary infection by

undergoing cellular necrosis (44). Necrosis is defined as an instant

and uncontrolled form of cell death that results in lysis of the

plasma membrane caused by extreme stress, releasing cellular

contents to the extracellular space (51). That is, Mtb can invade

and replicate in epithelial cells and macrophages within the lung

alveolar spaces (44).
5.3 Neutrophils

5.3.1 Background
Neutrophils are the first cells to partake in the process of lung

infiltration in TB; they are also the most abundant cells in the lungs.

The role of neutrophils in TB pathology is complex (31).
5.3.2 Recruitment
After release from the bone marrow (BM), neutrophils circulate

in the bloodstream until they receive inflammatory signals that

trigger their migration into peripheral tissues (52). For example,

airway epithelial cells release IL-8, GM-CSF, granulocyte-colony

stimulating factor (G-CSF), ENA-78 (CXCL5), and Gro-a (CXCL1)

(53); gd T cells release IL-17 and IL-8 (53); macrophages and DCs

release IL-8, GM-CSF, G-CSF, macrophage inflammatory protein-2

(MIP-2), LL-37, leukotriene B4 (LTB4), and Gro-a (53); T-helper

cell type 17 (Th17) cells release IL-17 (53). Neutrophil recruitment

is further enhanced by their release of mediators in response to

mycobacteria (e.g., cytokines, leukotrienes, and granule products),

which can further drive neutrophil recruitment to the lungs (53).

Subsequently, the neutrophils become primed and activated as they

migrate from the circulating blood; they then interact withMtb and

are stimulated by these cytokines and chemokines (53).

5.3.3 Recognition
Neutrophil recognition of Mtb is characterized by pattern-

associated molecular patterns (PAMPs) or damage-associated

molecular patterns (DAMPs) via PRRs on the neutrophil, which

heightens response and cellular recruitment to the site of

infection (54).

5.3.4 Response
After they arrive at the site of infection in the lung, neutrophils

directly interact with and internalize mycobacteria (53). The

interaction between mycobacteria and host cells is mediated via

two mechanisms: opsonization and direct recognition (53).
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Opsonization involves removing antibody-coated antigens that

are small enough for phagocytic engulfment (55).

Upon infection, neutrophils release IL-1 and chemokines (37)

(e.g., MCP-1, IP-10, and MIP-1a/b) and pro-inflammatory

cytokines (TNF-a and IFN-g); this results in immune cell

recruitment and activation (22). Similar to AMs, the Mtb strain

can cause neutrophils to play varying roles in initiating cell death

(necrosis or apoptosis), ultimately influencing the outcome of

infection (37). Apoptosis is triggered by two pathways—intrinsic

or extrinsic—depending on whether the bacterial source is

intracellular or extracellular, respectively (51). Apoptosis involves

cellular breakdown followed by the enclosing of the cytoplasmic

contents within membrane-bound vesicles called apoptotic bodies

(51). Necrosis, however, allows bacterial growth in host cells,

thereby perpetuating the infection (51) (see “Alveolar epithelial

cells” section for details on necrosis). Although efferocytosis (the

removal of Mtb-infected apoptotic cells) is deemed advantageous

for host defense, there is limited understanding of necrotic

neutrophils infected with Mtb (56).

During Mtb infection, neutrophils generate and release

antimicrobial enzymes (matrix metalloproteases, a-defensins,
lipocalins, and lactoferrin) in the lungs (22), which are stored in

granules (57). The purpose of this is to control bacterial growth in

macrophages and aid apoptosis of infected macrophages. This

limits pathogenic longevity in the host (22). However, neutrophils

indiscriminately damage both bacterial and host cells during

respiratory burst by releasing factors like elastase, collagenase, and

myeloperoxidase (31). Additional innate immune cells and

epithelial cells affected by Mtb also possess the potential to release

enzymes that could result in the damage of pulmonary parenchyma,

such as arginase, MMP-9, and gelatinase B (31). Moreover, the

process of oxidative burst also releases ROS, which may propagate

necrosis and therefore mycobacterial growth (58).

Research has shown that infected macrophages can uptake

apoptotic neutrophils and purified neutrophil granules. As both

contain active antimicrobial peptides, this process can inhibit

bacterial replication (31). Neutrophil effector functions are

regulated by the anti-inflammatory cytokine, IL-10, which reduces

bacterial killing and modulates the secretion of pro-inflammatory

cytokines and chemokines (37). In addition, neutrophils can produce

pro-inflammatory cytokines, such as TNF-a, IL-12, IL-1b, and
vascular endothelial growth factor (VEGF) (42), that enhance

bacterial eradication in the adaptive response.

Neutrophils can also secrete neutrophil extracellular traps

(NETs), which can ensnare the microbe and impede its further

activity on the host (59). NETs are comprised of granule proteins

and chromatin that are capable of binding to and eliminating

extracellular pathogens (59). This process of NETosis, however,

can also cause tissue injury by prompting unwanted immune

activity (58). Beyond extracellular bacterial killing, NETs are also

involved in the recruitment and activation of effector cells (51).

Moreover, neutrophils may acquire the features of APCs via the

expression of MHC II and co-stimulatory molecules, which occurs

in the DLN (60); effectively, they can be involved in the cross-

priming of CD8+ T cells (42). Figure 3B displays the role of

neutrophils in the lungs.
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5.4 Natural killer cells

5.4.1 Background
NK cells are crucial for clearing intracellular pathogens in

innate immunity (22). They form 15% of the lymphocytes found

in the lungs and thus play a major role in infection outcomes (61).

NK cells also produce cytokines to further enhance the immune

response, namely, IFN-g (35). NK cells can spontaneously kill target

cells without pre-stimulation, although this capability is reinforced

significantly by pre-stimulation via inflammatory signals or

cytokines (35).

5.4.2 Recruitment
The chemokines responsible for the recruitment of NK cells

from the bloodstream to peripheral tissues include CXCL9,

CXCL10, CC chemokine ligand 3 (CCL3), CCL4, and CCL5,

which are produced by immune cells ranging from macrophages

to mast cells (52).

5.4.3 Recognition
NK cells function at an early stage of infection and are not

limited by MHC restrictions (31). Several cell wall components of

Mtb, including mycolic acids, serve as direct ligands for NKp44 (the

natural cytotoxicity receptor found on NK cells) (31).

5.4.4 Response
Cytotoxic cells can eliminate their targets through two primary

pathways: death receptor-induced apoptosis and perforin/granzyme-

mediated lysis (35, 51). Both of these mechanisms require close

interaction between the cytotoxic cell and its target (35). NK cells can

indirectly regulate bacterial growth by activating macrophages,

thereby stimulating immune response and directly using cytotoxic

mechanisms, which includes the secretion of cytoplasmic granules

containing perforin, granzymes, and granulysin (31) [this protein is

produced by human CD8+ T cells (62)]. Perforin (the pore-forming

protein) creates openings in the target cell membrane to allow

granzymes entry into the cell, which then initiate apoptosis (i.e.,

programmed cell death) (63), while granulysin may form pores and

kill Mtb (62). The cytokines IFN-g and IL-22, produced by NK cells,

inhibitMtb intracellular growth by enhancing phagolysosomal fusion

(31). NK cell activity is regulated by cellular cytotoxicity and cytokine

production (IFN-g and TNF-a) (22).
Cytotoxic cells also induce apoptosis of target cells through

a receptor-based system (35, 51). This involves tumor necrosis

factor receptor (TNFR) superfamily expression on target cells

(35). These receptors possess what is called the death domain,

an intracellular signaling motif that attracts molecules like the Fas-

associated death domain (FADD) to transmit the death signal (Fas-

Fas ligand) (35). Figure 3C demonstrates NK cell activity in the lungs.
5.5 Macrophages

5.5.1 Background
The lung macrophage population can be categorized into AMs and

interstitial macrophages (IMs) (40). AMs form 90%– 95% of all immune
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cells in the alveolar space—they may develop from fetal monocytes (30).

AMs are tissue-resident phagocytes that patrol the pulmonary surface for

inhaled pathogens (33) and exhibit distinct phenotypic and functional

characteristics that distinguish them from IMs (30). IMs are believed to

have an immunoregulatory function in airway inflammation, whereas

AMs are exceptionally efficient at recognizing and engulfing invading

mycobacteria (40). AM movement from the alveolar lumen to the lung

interstitium is driven by the ESAT-6 secretion system 1 and IL-1b
signaling (64). Due to their predominant role in the immune response to

Mtb, this review will focus on the role of AMs.
5.5.2 Recruitment
First, the lungs must possess a baseline level of resting

macrophages (resident macrophages) to continuously patrol the

tissue for inhaled foreign invaders. Second, macrophages are

recruited to the site of infection via mediator release (e.g.,

chemokines) by other macrophages, as shown in the “Response”

subsection (4). Macrophages move to the site of infection through a

combination of random motion and chemotaxis (i.e., directed cell

movement) (50). This phenomenon is induced by bacteria-secreted

chemokines to serve as signaling molecules that draw macrophages

to the site of infection (50). During recruitment, the exit of

monocytes from the BM is influenced by CXCR4 and C-C

chemokine receptor type 2 (CCR2)-mediated signaling under

homeostatic conditions (52).
5.5.3 Recognition
AMs have a large capacity to identify and engulf invading

mycobacteria by utilizing their abundant PRRs. Macrophages

recognize Mtb surface MAMPs via PRRs and phagocytose them,

but this process can be hindered by Mtb effector proteins to educe

bacterial persistence (40).
5.5.4 Response
5.5.4.1 Phenotypes

Different microenvironmental signals drive macrophage

differentiation and ultimately their development and function in

TB. The M1 and M2 populations are two key phenotypes (31).

Classically activated human M1 macrophages are induced by

microbial stimuli (e.g., lipopolysaccharide) or cytokines (e.g., IFN-

g, TNF-a, and GM-CSF), and they produce stimulatory cytokines

(31). This phenotype is effective in eradicating intracellular

bacteria (31).

Mtb can incite AM polarization toward an alternatively

activated M2-like phenotype, which allows for bacterial growth

via anti-inflammatory cytokine production (IL-10 and TGF-b) (40).
M2macrophages are suppressors of Th1 responses (described in the

“T cells” section) and are poor APCs (31). They are induced by IL-4

and IL-13 (Th2-type cytokines) (31, 65), IL-10, and TGF-b (31); as

such, this macrophage population is thought to act in humoral

immunity and tissue repair (65). Further, the deactivated M2

phenotype is thought to dampen immune response by producing

anti-inflammatory cytokines and prostaglandin E (PGE) and

reducing MHC II expression to limit antigen presentation (i.e.,

limit T-cell activation) in the adaptive response (65).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1437901
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rahman 10.3389/fimmu.2024.1437901
5.5.4.2 Immune mechanisms

Upon reaching the lungs, mycobacteria are internalized through

receptor-mediated phagocytosis by AMs (66) that patrol the airway

surface (33); mycobacteria replicate herein, thereby creating

infective foci in the alveolar walls (66). Phagocytosis can be

divided into two processes: bacterial engulfment and killing.

Initially, engulfment occurs because the macrophage receptors

bind to the bacterial cell wall ligands. This encircles Mtb with the

macrophage cell membrane and allows subsequent bacterial

internalization to form a compartment (i.e., phagosome). The

lysosomes within the macrophage (which contain antimicrobial

enzymes, proteins, and peptides) can then fuse with the phagosome

to produce a phagolysosome. The contents of the lysosome are

subsequently released, resulting in bacterial death (50).

Macrophage defense entails the activation of harmful

antimicrobial effectors, such as the production of ROS and nitric

oxide (NO), the acidification or metal accumulation in the

phagolysosome to intoxicate the microbes, the limitation of

critical microbial nutrients (iron, fatty acids, or amino acids), and

the generation of antimicrobial cytokines and peptides, as well as

the induction of autophagy (33) [a homeostatic process that recycles

cellular organelles into an energy conservation mechanism (51)]

and efferocytosis to eradicate bacteria (33). Of note, mycobacterial

metabolism relies heavily on specific carbon sources, such as

pyruvate, acetate, or cholesterol. Hence, acidification of the

phagolysosome leads to bacterial growth arrest (due to reduced

mycobacterial metabolism) (33). Infected macrophages produce the

enzyme inducible nitric oxide synthase (iNOS) and antimicrobial

peptides that kill Mtb (40). The process of macro-autophagy can be

employed by activated macrophages to dispose of senescent

organelles and compartments, thereby eliminating intracellular

bacteria (33). Additionally, the low pH level present in infected

macrophages is vital for the optimal functioning of most late

endosomal/lysosomal hydrolases (33).

To clarify the role of the mediators, evidence shows a cocktail of

pro-inflammatory cytokines and chemokines are released in

response to Mtb infection (37, 40), such as IL-12 (37), TNF-a,
IL-1b, IL-6, IL-23, and GM-CSF, which are upregulated in infected

human AMs (40). Infected macrophages also secrete several

chemokines (e.g., IL-8, IP-10, MCP-1, and MIP-2) that attract

immune cells (neutrophils, macrophages, and T cells) to infection

sites (50). During Mtb infection, macrophages are also a major

source of IL-10. This may aid in limiting host-induced tissue

damage, as IL-10 inhibits chemokine production by immune cells,

indirectly downregulating cell recruitment to infection sites (67).

Notably, infected AMs experience a substantial alteration in their

metabolic pathway, shifting toward glycolysis. This is characterized

by increased levels of the pro-inflammatory cytokine, IL-1b, and
reduced levels of the anti-inflammatory cytokine, IL-10. These

cytokine levels stimulate intracellular bacterial killing, thereby

contributing to early clearance of Mtb in humans (39).

The different roles of infected AMs determine the type of cell

death that takes place downstream (apoptosis or necrosis), depending

on the virulence and strain ofMtb (37). Lipoxin A4 (LXA4) promotes

necrosis, whereas prostaglandin E2 (PGE2) is pro-apoptotic (37).

Deregulated levels of TNF-a induce necrotic cell death, thereby
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causing bacterial dissemination (68). Necrosis is paramount to

bacterial longevity and dissemination, as it promotes release into the

extracellular milieu (51). Otherwise, the AM becomes apoptotic (37),

which helps to restrain or eradicate the infection (68). Apoptosis is

widely regarded as an anti-inflammatory process, which leads to the

induction of TGF-b and PGE2 (i.e., anti-inflammatory mediators)

while inhibiting the production of IL-6, IL-8, IL-12, and TNF-a (i.e.,

pro-inflammatory mediators) within the phagocytosing

macrophages (53).

In the context of apoptosis, three distinct scenarios can occur

concurrently (37). First, the apoptotic AM may interact with a

resting macrophage in the lung, resulting in macrophage

efferocytosis (engulfment). This causes the macrophages to

transition from a “resting” state to an “active” state (37). The

macrophage can switch between these states depending on the

mycobacterial load (4, 50, 69) (Figure 3D). Second, the apoptotic

AMmay interact with a lung DC; the apoptotic AM can be captured

by a DC, which then processes (via “nibbling”) and delivers the

resultant fragments to antigen-specific T cells via MHC I (37). DCs

that process Mtb antigen migrate to the local lung DLNs, initiating

naïve T-cell polarization (37). DC movement to the DLNs is

influenced by IL-12 release as well as additional chemokines,

although IL-10 can prevent such movement (37). Third, Mtb

debris extrusion from apoptotic AMs can engage with resting

DCs, which is then processed and presented to antigen-specific T

cells in the presence of MHC II or associated proteins (37). Then, an

anti- inflammatory cytokine, IL-10, is responsible for

downregulating activated macrophages (69). It suppresses MHC

II expression and NO generation while offsetting IFN-g-mediated

antimycobacterial actions on macrophages (69). Research suggests

that IFN-g can control T-cell numbers by inducing apoptosis; this

limits tissue damage by controlling macrophage activation (34).

Figure 3E displays macrophage response in TB.
5.6 Dendritic cells

5.6.1 Background
Sentinel cells (i.e., lung-resident DCs) scour the lumen alveoli

and conduct airways for antigen samples (40). Lung-resident DCs

co-ordinate with other immune cells in the lungs, such as AMs and

AECs. This interaction aids in the maintenance of lung

homeostasis, the regulation of inflammation, and the co-

ordination of both innate and adaptive immune responses (46).

DCs are paramount to bridging innate and adaptive immunity (70).

They are the primary APCs that initiate adaptive immune responses

through antigen presentation, co-stimulation, and the production of

T helper-polarizing cytokines (71), rendering them the most

efficient APCs (72).

5.6.2 Recruitment
DCs are derived from two different sources depending on the

environment: they are recruited from the BM at a steady state and

from monocytes in the blood circulation in an inflammatory state

(70). Immature or resting DCs (IDCs) are abundant at sites of Mtb

infection (such as the lungs) during inflammatory responses. They
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are specialized for antigen uptake and subsequent processing, which

is accomplished predominantly through receptor-mediated

endocytosis (RME) (46). RME involves clathrin-producing

membrane vesicles (membrane-associated proteins) that contain

the microbes and internalize them (73).

5.6.3 Recognition
Upon infection, Mtb enters the DC via the major receptor

Dendritic Cell-Specific Intercellular adhesion molecule-3-

Grabbing Non-integrin (DC-SIGN) by recognition of Mannose-

capped lipoarabinomannan (ManLAM) on the Mtb cell surface

(71). Ligation of DC-SIGN byMtbManLAM causes IL-10 release,

a factor that has been linked to the suppression of DC maturation

and the downregulation of co-stimulatory molecule production

(71). DC maturation requires two specific signaling events for the

maturation program to be fully activated (46). The first signal is

derived from receptor-mediated antigen uptake, whereas the

second signal (essential for DC maturation) is initiated by the

recognition of molecules associated with the antigen, specifically

PAMPs or DAMPs (46). PAMPs and DAMPs are detected by

PRRs that are expressed on the surface of various subsets of DCs in

the lungs (46).

5.6.4 Response
Bacteria are also internalized and phagocytosed by DCs at the

infection site; DCs are less susceptible to Mtb replication and are

specialized in delivering bacteria to DLNs to trigger T-cell priming

(i.e., the adaptive immune response) (74). After bacterial uptake,

immature DCs undergo maturation, which diminishes their

phagocytic and endocytic abilities. The maturation process also

initiates the expression of immune-stimulatory molecules (75).

As DCs mature, they migrate through the afferent lymphatic

vessels to the DLN (in the T-cell area) (72). This migration is

influenced by IL-12 release (37) and chemokines (76). Specifically,

CCL19 and CCL21 direct DCs into the deep paracortex of the DLN,

where their co-localization enables T-cell scanning and the early

start of an immune response (76). Homeostatic CCL19 and CCL21

production by fibroblastic reticular cells within the DLN promotes

DC localization to the T-cell region (52). CXCL17 also influences

DC (and macrophage) chemotaxis (52). Moreover, mature DCs

(MDCs) produce and enhance expression of the chemokine CCL18,

which attracts naïve T cells to DLNs as a specific operation (75). In

summary, infected DCs migrate to the DLN to activate T cells,

which then move back into the lungs to mount their effector

functions (64).

IL-10 can block this movement (37). IL-10 is produced by

numerous immune cells during infection (e.g., macrophages, T

cells, and neutrophils) (67). During Mtb infection, macrophages

are the primary source of IL-10; activated macrophage-derived IL-

10 may operate to prevent host-induced tissue damage (67). IL-10

inhibits cytokine/chemokine production, precludes cellular

apoptosis/necrosis, and alters the macrophage activation

phenotype (67).

DCs provide two primary actions within the DLN: naïve T-cell

recruitment and antigen presentation (72). Upon reaching the
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DLN, MDCs exhibit a mature phenotype that elicits high

production of long-standing MHC I and MHC II molecules

(from fivefold to 20-fold more than IDCs can produce). This

allows for a more stable presentation of antigens. Following

maturation, additional molecules that are expressed include co-

stimulatory molecules like B7 (up to 100-fold), CD40, and Fas (75).

In the DLN, the MDC population dynamics are governed by IDC

maturation and migration from the lungs after phagocytosis (72).

They are also subject to a natural death, which may explain the

MDC “deactivation” (72). Figure 4A displays the process of DC

maturation and presentation to CD4+ T cells.

Furthermore, CD8+ T lymphocytes can detect Mtb antigens as

peptides, presented by both classical and non-classical MHC

molecules (62). Classically restricted CD8+ T cells recognize

antigens presented via classical MHC Ia (HLA-A, HLA-B, and

HLA-C) molecules (62). Non-classically restricted CD8+ T cells

recognize antigens via HLA-E molecules (non-MHC Ia), glycolipids

linked with group 1 CD1 molecules and MR1 molecules, such as

mucosal-associated invariant T (MAIT) cells (62). Figure 4B shows

the process of DC maturation and presentation to CD8+ T cells.
6 Adaptive immune response

The adaptive immune response generates in the DLN and

requires lymphocyte–DC (antigen-bearing cells) interactions. This

process requires the co-ordinated migration of immune cells

(innate and adaptive players) and is regulated by mediators

(chemotactic cytokines and chemokines) (76). The adaptive

response section is derived from human data.
6.1 T cells

6.1.1 Background
Naïve T cells recirculate repeatedly through the bloodstream

and the DLN, with a constant number arriving and a variable

number leaving, depending on the degree of successful antigen

presentations by MDCs (72). Although CD4+ and CD8+ T cells

defend against Mtb, T-cell priming and differentiation must occur

before T-cell effector functions can be enforced (72). To elicit T-cell

response, secondary lymphoid organs (SLOs) must contain

numerous mature T cells (77). Upon thymic export, T cells

acquire a quiescent state before antigen presentation takes place,

rendering them “naïve” cells (35, 77). In TB, T cells have two key

roles: cytokine production to regulate the cell-mediated immune

response and apoptosis-mediated elimination of infected

macrophages (69). Bacterial eradication is reliant on CD4+ T cells

to prevent active disease due to their production of IFN-g, while
CD8+ T cells are predominant in TBI (78). Of note, CD4+ T cells

have been the primary focus of TB research over the last few

decades owing to their significance in infection control (79).

However, research suggests that CD8+ T cells demonstrate

comparatively faster responses than CD4+ T cells (80). This could

be ascribed to evidence that shows how CD8+ T cells become fully
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activated within 24 hours of antigen stimulation, which is a

relatively short time (81).

6.1.2 CD4+ T cells
6.1.2.1 CD4+ T-cell differentiation

In the DLN, DCs present antigens to naïve CD4+ T cells (see

“Dendritic cells” section) (72). Naïve CD4+ T cells (Th0) are

primed in SLOs following binding to MHC II and co-stimulatory

molecules (82). This is elicited by professional APCs, which have

encountered antigens in SLOs or the periphery (82). Subsequently,

antigen-specific naïve CD4+ T cells undergo clonal expansion and

effector differentiation (82). During these processes, CD4+ T cells

are exposed to a cytokine-rich environment, produced by numerous

cells including infected cells, DCs, and stromal cells (82). This

results in the activation of the CD4+ T-cell differentiation

programs, thus causing their polarization toward specialized T-

helper cell subsets (82). Figure 4C displays the process of CD4+ T-

cell differentiation and migration to the lungs.

Th1 cells develop from the presence of IL-12 (secreted by

macrophages and DCs following phagocytosis of bacterial

pathogens) (66), IFN-g (72), and type I interferons (comprising

different isoforms of IFN-a) (82). Type I interferons are intrinsic

molecules released by diverse cells in response to infection (82),

such as infected macrophages (22). A Th1 response is invoked when
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naïve CD4+ T cells are primed in the presence of both IL-12p70 and

IL-23 (produced by DCs and macrophages). This is because IL-

12p70 inhibits Th17 differentiation (83) (i.e., Th17 inhibits Th1

response). IL-12(p40)2—homodimeric IL-12p40—also acts as a

chemoattractant for macrophages; it also induces TNF-a and

NOS (84). Type I interferons increase DC maturation, which

makes antigen presentation and co-stimulation to naïve T cells

more efficient (82). Finally, type I IFNs sensed by CD4+ T cells

protect them from NK cell-mediated killing (82). Moreover, IFN-g
heightens the rate of Th0 to Th1 differentiation by combating IL-4-

mediated opposition to this process (69). However, an excessive and

persistent Th1 response may result in inflammation and tissue

damage (72).

Further, IL-4 drives Th0 to Th2 differentiation (69). It is mainly

produced by Th precursor and Th2 cells (72). IL-4 is responsible for

regulating the pro-inflammatory Th1 response by downregulating

Th0 to Th1 differentiation; this inhibits Th1 formation (69). IL-4

also upregulates Th2 differentiation as it encounters antigens in a

positive feedback loop (77).

The differentiation of human Th17 cells from naïve CD4+ T

cells is driven by IL-1b and IL-6 (produced by DCs and

macrophages). However, the effector function of memory CD4+

Th17 cells requires IL-1b and IL-23 (83). Th17 cell differentiation

can be initiated by TGF-b (produced by DCs and macrophages) in
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FIGURE 4

Adaptive immune response. (A) DC maturation and migration from the lungs (blue) and presentation to naïve CD4+ T cells in the lymph nodes
(green). As maturation occurs, DCs migrate through the afferent lymphatic vessels and enter the T-cell area of the DLN. This migration is influenced
by IL-12 release and chemokines. IL-10 can block this movement. DCs provide two primary actions within the DLN: naïve T-cell recruitment and
antigen presentation. (B) DC maturation and migration from the lungs (blue) and presentation to naïve CD8+ T cells in the lymph nodes (green).
CD8+ T cells can detect Mtb antigens (as peptides) presented by both classical and non-classical MHC molecules. (C) CD4+ T-cell differentiation in
the lymph node (green) and migration to lungs (blue). Antigen-specific naïve CD4+ T cells undergo clonal expansion and effector differentiation.
CD4+ T cells sense cytokines, which activate differentiation programs that result in their polarization toward specialized T-helper cell subsets.
(D) CD4+ T-cell effector functions in the lungs (blue) and lymph nodes (green). Th1 cells produce IFN-g to activate macrophages (eliminates
intracellular Mtb). The Th2 response targets extracellular bacteria (i.e., humoral immunity). Th17 effector function is driven by IL-23; production of IL-
17A, IL-17F, IL-21, and IL-22 to control extracellular bacteria. (E) CD8+ T-cell differentiation in the lymph node (green) and migration to the lung
(blue). Following antigen presentation, CD8+ T cells can differentiate into Tc1, Tc2, and Tc17 cells. (F) CD8+ T-cell effector functions in the lungs
(blue). Tc1 cells produce high levels of IFN-g and TNF-a. Tc2 cells produce type II cytokines, which promote immune suppression. DC, dendritic cell;
DLN, draining lymph node. Created with BioRender.com.
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the presence of IL-6 or IL-21 and later IL-23 (pro-inflammatory

cytokines) (85). DCs produce IL-27, which is thought to display the

greatest ability in inhibiting Th17 cell differentiation and

autoimmune inflammation (85). DC-derived IL-10 also prevents

Th17 cell differentiation via the constraint of DC IL-1

production (85).

In the absence of pro-inflammatory stimuli, the anti-

inflammatory cytokine, TGF-b, causes induced Foxp3+ regulatory

T (iTreg) cell differentiation from naïve CD4+ T cells (85). The

cytokines IL-10, TGF-b, and IL-35 stimulate adaptive Treg cell

differentiation (86). IL-35 (a member of the IL-12 cytokine family)

is thought to be strictly immunosuppressive; it is produced mainly

by DCs and regulatory T cells (87). IL-35 inhibits T-cell

proliferation (87). Type I IFNs also have a role in a feedback

loop: they weaken Treg immunosuppression activities to reinforce

CD4+ T-cell activation (82).

6.1.2.2 CD4+ T-cell migration to the lungs

Naïve CD4+ T cells change functionally and phenotypically,

enabling primed T cells to proliferate and migrate to the site of

infection via the efferent lymphatic vessel and blood (72). The

cytokine environment governs the CD4+ T-cell commitment to

become one of various effector T cells both during migration and at

the site of infection (72).

After exposure to Mtb, antigen-specific Th1 cells migrate back

to the lungs under a chemokine gradient (37). The cocktail of

chemokines is produced by mast cells, the cytokine-activated

epithelium, DCs, and macrophages among a host of other

resident innate immune cells. The functional CD4+ T cells

migrate to the lungs via CXCL9, CXCL10, CXCL11, and CX3CL1

for Th1 cells; CCL1, CCL17, CCL22, and CX3CL1 for Th2 cells;

CX3CL1 for Th17 cells; and CCL1 and CCL22 for iTreg cells (52).

IL-10 blocks this chemotactic movement for Th1, Th2, and Th17

cells (37).

6.1.2.3 CD4+ T-cell effector functions

Table 2 provides the details on CD4+ T-cell effector

functions (Figure 4D).

6.1.3 CD8+ T cells
6.1.3.1 CD8+ T-cell differentiation

Following antigen presentation, CD8+ T cells can differentiate

into Tc1, Tc2, and Tc17 cells. The cytokine milieu in human TB

remains unclear. However, research in related areas (respiratory

diseases, tumors) has provided insights, some which are included

here for context. Induction of Tc1s is mediated by IL-12, which is

produced mostly by APCs (i.e., macrophages and DCs) in response

to pathogen-derived maturation stimuli (88). The polarization of

Tc2 cells is driven by IL-4; this activates the transcription factors

STAT6 and GATA3 to induce the expression of genes that

propagate Tc2 formation (88). The polarization of Tc9 cells

requires the combined actions of IL-4 and TGF-b (88). The

differentiation of Tc17 cells involves the combination of IL-6 and

TGF-b, which is further enhanced by IL-1b, IL-21, and/or IL-23

(88). Further, IL-6 in conjunction with TNF-a has been shown to
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govern Tc22 differentiation (88). The presence of Tc9 and Tc22 cells

in human TB is undefined and has yet to be examined.

6.1.3.2 CD8+ T-cell migration to the lungs

Infected AMs secrete cytokines (IL-1, TNF-a, IL-12, and IL-6)

(37) and chemokines (e.g., IL-8, IP-10, MIP2, and MCP-1) to attract

neutrophils, macrophages, and T cells to infection sites (50). CD8+

T cells migrate to the lungs under a chemotactic gradient involving

CXCL9, CXCL10, and CXCL11 for all CD8+ T cell subsets (52) to

mount an Mtb-specific immune response. Figure 4E displays the

process of CD8+ T-cell differentiation and migration to the lungs.
6.1.3.3 CD8+ T-cell effector functions

Table 2 provides detai ls on CD8+ T-cel l effector

functions (Figure 4F).
7 Granuloma

7.1 Background

In TB, the hallmark of the host–microbe interaction occurs at

the level of the granuloma (38)—an organized aggregate of immune

cells (89) that immunologically constrain and physically contain the

bacteria, albeit frequently failing to eradicate it (41). In human

disease, TB manifests as distinct types of lesions, such as anaerobic

caseous necrotic lesions and aerobic cavities (90), all of which can

exist in a single infected patient (91). That is, upon infection, several

granulomas can grow within a single lung. Notably, however,

granulomas develop independently of one another and have

largely heterogeneous functional trajectories, thus further

complicating treatment (41). Specifically, NHP and human

granulomas are heterogeneous in their histopathology,

inflammatory signaling activity, metabolic activity, and bacterial

load (29). This results partly from the heterogeneous nature of

granuloma formation (91). In addition, granulomas have a double-

edged nature: on the one hand, they serve to control Mtb infection;

on the other, they provide a survival niche for the bacteria (92).

For the “Granuloma” section, a systems biology approach was

taken—human data were used for consistency, and animal data

were used (mice and NHPs) to complement the narrative, such that

a fuller representation of granuloma response in TB is afforded. The

human versus animal data are specified to make a clear distinction.
7.2 Formation

7.2.1 Mediators and signaling
In humans, the primary granulomatous interactions occur in

the peripheral part of the lung close to the pleura (93). Later,

granulomas can also form in the DLNs (74). The formation of

granulomas in the early stages relies on the presence of persistent

stimuli (94) resulting from the failure of the immune system to clear

Mtb (74). Namely, sustained TNF-a signaling by infected

macrophages and T cells maintain chemokine concentrations that
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enable cellular recruitment and retention of granuloma

structures (94).

NHP studies have shown that IFN-g can also induce the

production of chemokines (e.g., CXCL9, CXCL10, and CXCL11)

(62). This is thought to enable the migration of cells to form the

granuloma (62). A balance between TNF-a and IL-10

concentrations is crucial for controlling infection within a single

granuloma (92). In addition, molecular mediators also characterize

granuloma dynamics (e.g., IFN-g, TNF-a, IL-10, CXCL9, CXCL10,
CXCL11, CCL2, and CCL5) (38).
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7.2.2 Four phases of development
In humans, granuloma formation may be divided into four

phases: initiation, accumulation, effector, and resolution (93)

(Figure 5A). Both the initiation and accumulation phases involve

cellular recruitment (93). In knockout mouse experiments, both

TNF-a and lymphotoxin-a have proven integral to granuloma

formation (93). They regulate chemokine receptor and adhesion

molecule expression, and they establish chemokine gradients (93).

In animal models and humans, both TNF-a and IFN-g have been
ascribed to prompting ordered granuloma formation (91). During
TABLE 2 T-cell effector functions by subset.

CD4+ T cell vs. CD8+ T-cell effector functions

CD4+ T cell subset

Th1 cells In the lungs, Th1-type cytokines (IFN-g, TNF-a, and IL-12) are central to protective immunity, as they activate macrophages to further
antimicrobial activity (79). IFN-g is produced mainly by Th1 cells; this occurs before and after activated macrophage response (72).
IFN-g activates macrophages, which is critical for intracellular bacterial elimination (a distinctive feature of Mtb) (66). Macrophages are
the main target cells; however, following macrophage activation, they can kill intracellular bacteria and heighten the protective Th1
response (72) (Figure 4D). Activated and resident macrophages kill extracellular bacteria, while intracellular bacteria are only killed
when the infected macrophage dies via cytolytic action or apoptosis (72).
Infected macrophages secrete cytokines like TNF-a to recruit CD4+ and CD8+ T cells and activate their effector functions at the
infection site (121). TNF-a induces apoptosis of infected macrophages (121); apoptosis can also occur by the Fas-FasL pathway (72).
FasL is a membrane-bound molecule that is expressed by CD8+ and Th1 cells (63). The binding of the FasL to its receptor induces
death by apoptosis in target cells (63).
Following the apoptotic death of infected macrophages, neutrophils are attracted to the sites of mycobacterial release within the
extracellular space (66). IL-12 is produced by macrophages in response to antigen stimulation. Its main function is to induce
differentiation of Th0 lymphocytes into Th1 lymphocytes and enhance the production of IFN-g (69). When macrophages are primed
with IFN-g, the production of IL-12 is greatly increased; however, the production can also be inhibited by IL-10 (69). Both Th1 and
Th2 cells also produce IL-10 (72). IL-10 and other cytokines deactivate macrophages (72). IL-10 inhibits the production of cytokines
and chemokines; this prevents cellular apoptosis and necrosis and alters the activation phenotype of macrophages (67). It dampens
MHC II expression and NO production while circumventing the antimycobacterial effects of IFN-g on macrophages (69).

Th2 cells The Th2 response targets extracellular bacteria (i.e., humoral immunity) (72). Mature Th2 cells produce IL-4, IL-5, and IL-13 (77) and
IL-10 (72). IL-4 promotes further Th2 cell differentiation in naïve T cells as they encounter antigens in a positive feedback loop (77).
IL-4 and IL-13 reduce macrophage bacterial killing by dampening cellular responsiveness to IFN-g and inhibiting iNOS production
(65). IL-4 also mediates IgE class switching in B cells and IL-5 recruits eosinophils (77), which express the chemokine receptor CCR3—
this enables eosinophils to respond to various inflammatory stimuli (52) (Figure 4D).

Th17 cells Th17 effector cell function is governed by IL-23, which is characterized by the production of IL-17A, IL-17F, IL-21, and IL-22 (77).
Th17 cells are thought to play an important role in controlling extracellular bacteria (77). The pro-inflammatory responses of IL-17A,
IL-17F, and IL-22 include neutrophilia, tissue remodeling, and antimicrobial protein production (85). Meanwhile, IL-22 enhances
phagolysosomal fusion, which inhibits Mtb intracellular growth (31) (Figure 4D). For further information on the roles of iTreg cells and
B cells, see the Supplementary Material.

CD8+ T cell subset

Tc1 cells Functionally, Tc1 cells are characterized by their high levels of IFN-g and TNF-a (88, 122). Resting macrophages are activated by IFN-
g, which enhances their pathogen-clearing ability and cytokine release (69). Cytotoxic CD8+ T cells also produce IFN-g, which induces
MHC class I expression to increase the chances for recognition and bacterial killing; IFN-g activates macrophages for further
bactericidal activity (i.e., phagocytic functions and antigen presentation) (63). IL-12 enhances the production of IFN-g (69). T cells are
killed by IFN-g-induced apoptosis and natural cell death (based on their half-life) (34). Functions of TNF-a include recruitment of
macrophages and T cells, activation of macrophages (with IFN-g and bacterial signals), and induction of apoptosis of infected
macrophages (34) (Figure 4F).
Further, Tc1 cells produce high levels of perforin and granzyme B, thus demonstrating exceptional cytotoxic activity (88, 122). This
bacterial killing process, cytolysis, involves the use of granules containing perforin, granzymes, and granulysin to destroy the infected
cells (62). Similar to NK cells, the pore-forming protein, perforin, penetrates the target cell membrane, allowing granzyme entry to
induce apoptosis (63). Granulysin has antimicrobial activity and is pro-apoptotic (63)(Figure 4F).

Tc2 cells Tc2 cells are known for their production of type II cytokines, such as IL-4, IL-5, and IL-13 (88, 122). IL-4, and IL-13 promote immune
suppression (65, 122). IL-4 and IL-13 reduce iNOS synthesis and cellular responsiveness to IFN-g (65). IL-5 recruits eosinophils (77).
These type II cytokines promote B-cell class switching for IgE production (77). Tc2 cells also express high levels of granzyme B,
possessing cytotoxic abilities similar to Tc1 cells (88) (Figure 4F). Following bacterial elimination, the T-cell response is concluded via
antigen removal, thereby restricting T-cell activation and abrogating the recruitment of new effector T cells (77).

Tc9, Tc17, Tc22, and CD8
memory T cells

The effector functions of Tc9, Tc17, Tc22, and CD8 memory T cells can be found in the Supplementary Material.
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the effector phase, macrophage–lymphocyte interactions determine

the pathogenic burden within granulomas (93). Finally, the

resolution phase involves immunomodulatory cytokines including

TGF-b and IL-10 (93). Fibrosis—the final step in granuloma

resolution—is induced by IL-13 and TGF-b (93).

7.2.3 Cellular recruitment and function
In humans, NHPs, and mice, the cells involved in granuloma

structures include neutrophils, NK cells, T cells, B cells, DCs,

epithelial cells, and fibroblasts (32) (Figure 5B). However, the

macrophage is the primary cellular component responsible for

granuloma formation and is the major cell type found in most

granulomas (25). Paradoxically, macrophages house the majority of

Mtb but also have among the most efficient effector functions to kill

the bacteria (25). In humans, it is the M1 macrophage phenotype

that predominates granuloma formation and inflammatory

response (40).

In humans, NHPs, and mice, new macrophage phenotypes such

as epithelioid macrophages, multinucleated giant cells, and foamy

macrophages (FMs) appear within the granuloma during the phase of

containment and cellular consolidation (36, 91). The array of

macrophage phenotypes has different functions, for example,

antimycobacterial effector mechanisms, cytokine production, and

tissue remodeling (due to the secretion of chemokines and

proteins) (25). Specifically, epithelioid macrophages have firmly

interlaced cell membranes linking adjacent cells—this is thought to

optimize the pathogen-containing properties of granulomas (32).

Multinucleated giant cells result from the fusion of macrophages (32);

they have multiple nuclei arranged in a semi-circle, and their function

(while not well understood) is thought to involve bacterial control

and inflammation (28). Finally, in humans specifically, Mtb-infected

macrophages induce the formation of FMs by the accumulation of

lipid bodies (LBs) (95). Said accumulation results from an imbalance

between the serum influx and efflux of low-density lipoprotein

particles (94). Within the FM, Mtb-containing phagosomes
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gradually surround and engulf the LBs—nutrients for the

mycobacteria (95). The release of Mtb cell wall lipids into the

extracellular space (by macrophages) has been shown to generate

further LB accumulation in uninfected macrophages, resulting in the

growth of human TB granulomas (96). Although FMs are central to

granuloma development and maintenance, they also demonstrate

lower phagocytic capabilities (96). Nonetheless, macrophages

contribute to the majority of infection control mechanisms and

inflammatory responses within the granuloma (25).

In humans, NHPs, and mice, T cells form a key structural and

functional component of granulomatous lesions due to their roles in

the containment and progression ofMtb infection (26). For optimal

function, T cells must be activated by infected macrophages—this,

in turn, causes cytokine release to activate macrophages or kill

infected cells via cytotoxic mechanisms (62). The outer cuff of

lymphocytes also engages in antigen presentation with APCs to

trigger a response at the site of infection (91). It is noteworthy that T

cells are involved in all four phases of granuloma development in

humans (93) (Figure 5A).

In mice, neutrophil-mediated clearance of infected

macrophages inside lesions operates via two pathways: first, by

directly reducing bacterial loads and, second, by reducing

intercellular bacterial dissemination into uninfected macrophages

and the proceeding cell death (89). In addition, NK cells are present

in mature granulomas in the lungs of Mtb-infected patients (31).

In humans, the role of epithelial cells in granuloma

pathogenesis is juxtaposed (32). On the one hand, epithelial cell-

mediated MMP-9 production heightens macrophage recruitment

(32, 97) (a deleterious effect due to the resulting mycobacterial

growth) (97); on the other hand, their IFN-g-mediated signaling

inhibits neutrophil recruitment (a protective mechanism via

inflammation control) (32). The role of B cells is vague, although

studies have shown that they contribute to infection control in TB

(28). NHP studies have shown that fibroblasts contribute to fibrosis

by inducing collagen deposition (98).
FIGURE 5

Granuloma formation and response. (A) The phases of granuloma formation (lungs and lymph nodes). Granuloma formation can be separated into
four distinct phases: initiation, accumulation, effector, and resolution. (B) A fully formed tuberculous granuloma consists of a central zone of
caseating necrosis, surrounded by neutrophils, NK cells, T cells, B cells, DCs, epithelial cells, and fibroblasts. The primary cellular component of the
structure is the macrophage, which develops new phenotypes. (C) TB granulomas manifest as diverse types (caseous, cellular necrotic, and fibrotic).
Classic caseous necrotic granulomas feature a caseous necrotic center (dead immune cells and lung tissue), which is surrounded by layers of
macrophages and then a smaller cuff of lymphocytes. The non-necrotizing granuloma consists mainly of macrophages with limited lymphocytes.
Granuloma fibrosis and/or calcification occur naturally during infection, forming a fibrotic cuff to aid granuloma containment and restrict bacterial
dissemination. Suppurative granulomas are heavily infiltrated by neutrophils and can cause bacterial transmission. DCs, dendritic cells; TB,
tuberculosis. From: Ehlers, S. & Schaible, U.E. The granuloma in TB: dynamics of a host-pathogen collusion. Front Immunol 3, 411 (2012). Created
with BioRender.com.
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7.2.4 Fibrosis and calcification
The granuloma becomes fully organized in the presence of

activated T cells, with mycobacteria-containing macrophages at the

hypoxic center encased by an outer cuff of lymphocytes (99). A

fibrous cuff begins to form outside the macrophage-rich layer (94)

due to fibroblast activity (98), resulting in a more stratified structure

(94). Subsequently, most of the lymphocytes start to aggregate outside

the fibrous cuff (94). Upon cellular recruitment to the site of infection,

the granuloma structure becomes highly vascularized; this is due to a

VEGF-mediated response (94). VEGF enhances angiogenesis, which

promotes bacterial growth by relieving hypoxia (100). The high level

of stratification in human and NHP granulomas suggests that

protection depends on microenvironments that boost bacterial

clearance while averting damage to neighboring host tissue (42).

In humans, a mature (i.e., fully formed) granuloma comprises a

caseous necrotic core, surrounded by activated macrophages, DCs, T

cells, B cells, and fibroblasts (93). These bacterial-containment

granulomas often do not develop into active sites and have been

shown to resolve (94). Fibro-calcified granulomas demonstrate

enhanced infection control and often have lower bacterial burdens

due to their ability to physically impede Mtb (98) (Figure 5C).
7.3 Granuloma types

In humans and NHPs, TB granulomas manifest as different

types (caseous, cellular necrotic, fibrotic, and suppurative) (74). The

details of granuloma types in TB, their cellular composition, and

function are provided in Table 3.
8 Bacteria

8.1 Background

Mtb is a prototroph that can synthesize vitamins, amino acids,

and co-factors (2) and is preferentially an intracellular pathogen

(101). Mtb divides every 16–24 hours; this is a significantly slower

rate than most bacteria, which divide on the order of minutes (74).

Following infection, Mtb undergoes several rounds of rapid

replication, which is then slowed or arrested by host immunity

(2) (Figure 6).
8.2 Mtb immunoevasive mechanisms

Being a facultative intracellular bacterium, Mtb has developed

immunoevasive mechanisms to circumvent the host’s immune

response and forge its longevity in an otherwise hostile

environment (33). To establish persistence, Mtb employs several

effector mechanisms within the host cells (102). This includes

inhibiting phagosome acidification, blocking phagolysosomal

fusion, interfering with cellular trafficking, impairing apoptosis

and autophagy, delaying antigen presentation, disrupting immune

recognition, and modulating inflammasome activation (102). Mtb
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often resists immune protection by preventing phagosome

maturation; this allows mycobacterial replication to persist,

thereby propagating granuloma formation (95). Furthermore, it

has been demonstrated that a portion of the Mtb population can

induce phagosomal rupture; this allows mycobacteria to escape to

the cytosol, promoting bacterial replication and host cell death via

necrosis (95). Thus, it has been shown that the response in the

phagocytosing macrophage could influence disease outcome (53).

Moreover, bacterial evasion of DC functions allows the

persistent slowly replicating Mtb to bypass adaptive immunity

(71). In this context, Mtb arrests DC maturation, antigen

presentation, and cytokine production; this, in turn, undermines

the magnitude of the T-cell response to engender bacterial survival

in the lungs (71). In human studies, evidence has shown that the

ability of Mtb-infected DCs to stimulate T-cell proliferation is

impaired (71). Such mechanisms are paramount to the longevity

of this unique mycobacterium.
8.3 Aerobic versus hypoxic niches

Mtb resides in a very specific nutritional environment and is

reliant on host-derived nutrients obtained from distinct metabolic

pathways (95). During infection, the range of carbon and nitrogen

sources, and fluctuations in oxygen concentration that Mtb

encounters affect the lipid composition of the bacterial envelope

(95). Hence, metabolism is essential to host–pathogen dynamics

(2). Mtb manipulation of the host immune response affords the

bacteria essential metabolic capabilities to survive in diverse

environments elicited by fluctuating nutrient availability (2) to

aid its adaptation within hosts and transmission between

them (3).

In the context of metabolism, glucose and triacylglycerides are

thought to be the primary carbon sources under aerobic conditions;

this occurs during early replication and immune response (2).

While abrupt changes in oxygen levels threaten bacterial survival,

with gradual adaptation, Mtb can persist in both non-replicating

and slowly replicating states (even with antibiotic tolerance) in

hypoxic conditions (oxygen levels as low as 0.03%) for decades (3).

In the case of non-replicating bacilli, sufficient basal metabolic

activity must be retained—this sustains an energized bacterial cell

membrane and cellular processes to ensure survival (2).

As the infection proceeds, posing greater immune stress to the

bacteria,Mtb switches metabolism from normal aerobic respiration

to alternative (anaerobic type) pathways (2). As a result of glucose

deficiency, mycobacteria shift to using lipids as the primary carbon

source (2). Host lipids are nutrient sources for both host cells and

Mtb; thus, the modulation of lipid homeostasis determines infection

outcome (95). More specifically, the modulation of lipid

homeostasis allows Mtb to, paradoxically, cause tissue necrosis

and propagate transmission in some hosts while also causing

persistent infection in other hosts who remain clinically

asymptomatic for decades to a lifetime (3). As such, TB disease

states are characterized by rapidly replicating (aerobic conditions),

slowly replicating, and non-replicating bacterial phenotypes (3).
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8.4 Bacterial manipulation in
the granuloma

This prompts discussion on Mtb survival within the granuloma

as demonstrated in animal models. Mtb responds to the

granuloma’s imposition of nutrient starvation, ROS/NOS, and

hypoxia using host cholesterol and employing a mycobacterial

proteasome to help combat nitrosative and oxidative stress (97).

Parenthetically, a zebrafish model of TB has also shown that, the

granuloma promotes bacterial expansion by inducing infected

macrophage apoptosis and recruiting uninfected macrophages to

nascent granulomas (89). The newly recruited macrophages migrate

to the growing granuloma where they uptake the apoptotic debris

and bacterial contents of infected macrophages (89). In humans, the

formation of FMs is a clear consequence of bacterial manipulation

of the host metabolism, promoting the accumulation of lipids (95).
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The role of cholesterol, fatty acids, and their derivatives in the

development of FMs that contribute to mycobacterial persistence is

well evidenced (103).
9 Immune response and implications
in disease relapse: drug
development opportunities

Taking these findings, we can assess their implications in

disease relapse. Relapse continues to be problematic owing to the

empirical approach to treatment shortening in Phase 2 and 3 trials

(20). There is mounting evidence that a more effective drug regimen

is a pressing need for successful TB treatment, which is currently

complicated by relapse and drug-resistant strains of Mtb (104).

Management of the causative persister bacteria would moderate
TABLE 3 Granuloma types, cellular compositions, and functions.

Granuloma
type

Cellular composition Function

Caseous
necrotic

NHP studies have shown that the classic caseous necrotic granulomas result from the necrotic
death of participating cells (32, 91); they feature a caseous necrotic center formed of dead
immune cells and lung tissue, which encase bacteria that cannot grow due to the hypoxic
conditions (38). The caseous center is surrounded by layers of macrophages that are enclosed
by a cuff of lymphocytes (38) (Figure 5C).
In humans, the necrotic caseous granuloma is the most commonly formed in active TB but is
also formed in TBI (42). The human caseous granuloma (so named due to its cheese-like
appearance) consists of an acellular necrotic center surrounded by epithelioid macrophages
and neutrophils, and a lymphocytic cuff (which contains both B and T cells) (25). Most
importantly, the death of FMs results in the accumulation of lipid debris that form the caseum
(99). The lipid droplets elicit eicosanoid production, which aids in host defense and skews
macrophage death toward apoptosis (i.e., more protective as opposed to necrosis) (51).

This granuloma type sequesters the bacteria from
the surrounding tissue and lowers the bacillary
replication rate (2). In humans, despite the
protective role of this granuloma type, some can
show increasing lipid accumulation in the caseum
(94). This induces necrosis and subsequent collapse
of the granuloma core, thereby releasing bacilli into
the airways (94). Further, necrotizing granulomas
are formed upon failure to eradicate Mtb or to
modulate inflammation (29).

Cellular
non-necrotizing

In humans, the non-necrotizing granuloma consists mainly of macrophages with limited
lymphocytes (25).

Cellular non-necrotizing granulomas play a role in
maintaining immune balance via Mtb sequestration,
dormancy, and metabolic adaptation
(99) (Figure 5C).

Fibrotic In NHPs and humans, granuloma fibrosis and/or calcification occur naturally during infection
(124). The process of fibrosis involves fibroblasts, which proliferate in wounds where they
differentiate into myofibroblasts and secrete extracellular matrix proteins such as collagen
(125). In NHPs, peripheral fibrosis involves a collagen cuff that surrounds the perimeter of
granulomas (Figure 5C). This fibrotic cuff is thought to contribute to granuloma containment
and restrict disease dissemination (125). In NHPs, the other type of fibrotic granuloma
morphology involves a collagenous structure throughout (referred to as “centrally fibrotic”).
These granulomas appear as scars and are thought to be involved with the sterilization of a
granuloma (i.e., clearing all the bacteria inside). Centrally localized fibrosis is more common
following antibiotic treatment (125).
In human chronic or TB infection, caseous granulomas can also become calcified, which
commences at the caseous center (25). The calcium salts are typically deposited diffusely
throughout the necrosis, but they may be deposited concentrically on occasion
(93) (Figure 5C).

A calcified granuloma typically indicates a
successful immune response and houses fewer
inflammatory cells than other granulomas (25).

Suppurative
(necrotic
neutrophilic)

In humans and NHPs, suppurative (or necrotic neutrophilic) (123) granulomas are heavily
infiltrated by neutrophils (42). IL-17 has a dual effect: it benefits bacterial killing, mediated
through the recruitment of CD4+ effector T cells (which produce IFN-g), but is damaging in
excess due to increased neutrophil recruitment (32). That is, neutrophilic cytotoxic molecules
may cause notable tissue destruction and remodeling (99) (Figure 5C).

This granuloma type participates in bacterial
transmission. It can prompt active lesion
development, providing further host cell lipid
substrate for Mtb growth and biofilm formation to
cause transmission (99).

Leukocyte
aggregates

Beyond the granuloma types discussed in this paper, recent research has shown that human
TB lungs also contain non-necrotizing leukocyte aggregates that are spatially organized to
surround necrotizing granulomas (29).

It is thought that these non-necrotizing lesions
impact the outcome of immune response by co-
ordinating with neighboring necrotizing
granulomas (29).
TB, tuberculosis; FM, foamy macrophage; NHPs, non-human primates.
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drug resistance/relapse, thereby allowing for shorter treatment

durations. The extent to which drugs, as opposed to the immune

system, can clear residual bacteria post-treatment, therefore,

requires further clarification.

In the clinical space, the elusiveness ofMtb infection in humans,

in conjunction with our incomplete understanding of the

biomarkers of immunity against Mtb in infected patients, has

limited the formulation of preventive strategies (39). Thus, we

detail the innate response distinctly. Innate immunity is vital for

early protection against TB, as it heavily determines the

establishment of infection and disease development (105).

However, the most successful combative agency against Mtb in

individuals is the adaptive immune response, which prevents

approximately 90%–95% of infected patients from developing

active disease. The adaptive immune response can also deter the

reactivation of TBI. Thus far, no vaccine has been able to

demonstrate the same effect (39).

However, beyond vaccines, evidence does show that antibiotics

like bedaquiline interact with human immune cells to forge

immune-enhancing properties. This provides a potential longer-

term objective for drug development (21). We can determine

whether the future of TB treatment will involve a combination of

drugs and immune modulators, or drugs and vaccines as an

immune-boosting scheme. Hence, a comprehensive description of

the immune response in humans can highlight the need for

additional data collection (e.g., immune signaling triggered by

bacterial debris in humans), which can result in an antibody

response. Fundamentally, these data may provide an impetus for

novel drug/regimen development.
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10 Application of the data: modeling
and simulation

To this end, the application of this work may pertain to the

M&S sphere, involving the mathematical composition of the

immune response to Mtb for modelers, such that the important

components of the immune response toMtb and the time course by

which response occurs can be parameterized in mechanistic or

semi-mechanistic models. This can better allegorize the host–

pathogen–drug relationship. For instance, agent-based models

that warrant a comprehensive understanding of the immune

response timing may use the outlined animal data to simulate

human immunity. For reliable translation, we must also understand

the species differences between preclinical models and humans (e.g.,

signaling differences) to effectively simulate human response and

ensure robust predictivity in the clinical setting, albeit the optimal

use of translational simulations in antitubercular drug development

has yet to be leveraged (106).

M&S offers new opportunities to explore immune dynamics

using a multiscale and multiorgan approach with adjustable

resolution (74), yielding good accuracy and reliability of

simulation results. Preceding clinical evaluation (i.e., human

trials), these simulations may comprise various clinical scenarios

that can be systematically analyzed to establish exposure–response

relationships and optimal trial design and to assess comparative

exposures, safety, and efficacy of candidate compounds. This could

define the efficacious dose range and shortened treatment durations

that may eradicate different bacterial phenotypes in Phase 2 clinical

studies (23). Essentially, translational efforts can inform drug
FIGURE 6

Bacterial growth and manipulation in TB over time from innate to adaptive (first bars), with the associated compartments (second bars), bacterial
replication rates (third bars), and oxygen level/conditions (fourth bars). To establish persistence, Mtb employs several effector mechanisms within the
host cells and the granuloma. TB, tuberculosis; NO, nitric oxide; RNS, reactive nitrogen species; ROS, reactive oxygen species. Created with
BioRender.com.
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development for relapse prevention using a systematic and

scientifically grounded approach that diverges from empiricism.

They can also provide mechanistic insights to enhance our

understanding of the mechanisms that may contribute to relapse;

and M&S may help to predict the risk of relapse.

While the provision of drug treatment and numerical data (e.g.,

immune cell numbers, cytokine concentrations, and treatment

effect) is beyond the remit of this paper, Supplementary Table 4

provides a list of references that contain this information to support

model development.
11 Discussion

11.1 Summary

This narrative review provides a systematic purview of the key

immune players that are implicated in human pulmonary TB, in

line with the organs or compartments in which they reside. We

also cover the bacterial immunoevasive mechanisms, their

metabolic adaptation, and the presence of different bacterial

phenotypes that enforce their persistence in this pernicious

disease. This is coupled with the time course of response in

animal models to add informative value for (semi-)mechanistic

parametric considerations.

The key cellular players of the innate response include AECs,

alveolar epithelial cells, neutrophils, NK cells, macrophages, and

DCs. They induce bacterial elimination through various

mechanisms: secretion of antimicrobial effector molecules to

recruit immune cells to the site of infection by AECs (22) and

alveolar epithelial cells (40), respiratory burst by neutrophils (31),

cytotoxic cell lysis by NK cells (35), and phagocytosis by

phagocytes (66). Arguably, the macrophage is the most

important player of innate immunity, as it exhibits critical early

bacterial eradication properties while also producing mediators

that perpetuate the immune activity of other players in both arms

of response. Evidence shows that immunocompromised patients

who exhibit poor macrophage response ultimately develop TB

(66), thus illustrating that macrophages contribute critically to the

early clearance of intracellular Mtb in humans to prevent

active disease.

The key players of the adaptive response include CD4+ T cells,

CD8+ T cells, and the granulomatous lesions. T cells enforce

bacterial killing via macrophage activation, inducing infected

macrophage apoptosis (34) and enhancing cytolytic activity (88)

due to pre-stimulation (35). The function of the granuloma is

juxtaposed—aiding in bacterial containment and sequestration on

the one hand and prolonging pathogenic survival on the other (92).

CD4+ T cells have been shown to elicit the most robust bacterial

killing in the adaptive response in humans due to their production

of the pro-inflammatory cytokine, IFN-g, which activates

macrophages in the adaptive phase to eliminate bacteria (most

efficiently) at the later stages of infection (66).

The key mediators, in addition to the pro-inflammatory

cytokine, IFN-g, include the pro-inflammatory cytokine, TNF-a,
which ubiquitously recruits and activates other immune cells (22),
Frontiers in Immunology 23
while a significant anti-inflammatory cytokine, IL-10, is involved in

immune modulation to prevent host-induced tissue damage (67).
11.2 Further applications of this review:
vaccines and immunomodulation

Beyond M&S, we must note that a foremost goal in TB

treatment has been the development of a new, effective vaccine.

The Bacillus Calmette-Guérin (BCG) vaccine has been widely used

as part of the expanded program of immunization in several

countries (107). However, the efficacy of the BCG vaccine has

demonstrated high variability, affording only a transient immune

response against the TB challenge (108). Thus, research is focused

on discovering new approaches to stimulate adaptive immunity,

namely, improving the T-cell response against Mtb (77). This may

be crucial to eradicating residual bacteria, wherein CD4+ T cells are

paramount in pathogenic killing and therefore prevention of active

disease (78).

Conversely, some argue that vaccine development strategies

should consider the bacterial immunoevasive mechanisms instead,

as the adaptive immunity-boosting approach has been largely

unsuccessful to date (64). Studies indicate that enhancing

phagolysosomal fusion, autophagy, and ROS production would

open interesting explorative avenues for antitubercular efforts (64).

It is thought that formulating vaccines to augment the innate response

may be feasible. For instance, by altering macrophage interactions to

eradicate Mtb at the earliest manifestations of infection (64).

Furthermore, it is recognized that anti-TB drugs alone are

unlikely to eradicate Mtb in all cases, a challenge that is further

complicated by the lengthy drug development process and the

emergence of new drug-resistant strains, hence underscoring the

need for immunomodulation strategies (109). A key example

involves adjunct host-directed therapy (HDT)—this is an

emerging treatment approach that represents a paradigm shift in

the antitubercular landscape. In addition to targeting bacteria,

HDTs aim to modulate the host immune response (110). Thus

far, repurposed drugs for HDT have shown promise (109). For

instance, a tyrosinase kinase inhibitor (imatinib) more effectively

regulates Mtb uptake and killing in combination with anti-TB

drugs, and vitamin D3 enhances macrophage activity (18).

Another example is metformin, which enhances CD8+ T-cell

activity, facil itates phagolysosomal fusion, and limits

inflammation in patients with TB-HIV co-infection (109). That is,

HDTs have been shown to alter the immune response, combat

resistance, target new mechanisms, or shorten treatment duration

to improve patient compliance (18). However, some researchers

state that the HDTs currently under assessment are complicated by

adverse events and high costs. Alternatively, natural products such

as alkaloids and phenols are also being evaluated for their

immunomodulating properties (like their ability to regulate

macrophage polarization and upregulate Th1 lymphocytes), their

lower immunopathological damage, and the their lower costs (109).

In summary, a better understanding of the host immune

defense against Mtb may support the development of effective

vaccines, HDTs, and, in turn, biomarkers, thereby reducing the
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need for the presently available resistance-laden antibiotics in TB

treatment (40). This has yet to be harnessed in TB therapy.
11.3 Further implications of this review:
immunosuppressed and
immunocompromised patients

Critical to understanding the human immune response toMtb is

examining individuals with a suppressed or compromised immune

response. For instance, patients taking immunosuppressive treatment

like TNF-a inhibitors for inflammatory conditions such as

rheumatoid arthritis (i.e., immunosuppressed due to medical

intervention) (111) and those with autoimmune diseases like

systemic lupus erythematosus (i.e., immunocompromised due to

co-morbidities), are at an increased risk of TB resulting from a

diminished immune response (112).

A significant co-morbidity in TB is HIV whereby patients are at a

high risk of developing TB due to lower T-cell counts (78). Arguably,

more importantly, the dual burden with diabetes mellitus (DM)—a

leading cause of death worldwide—significantly impacts the

progression and management of TB disease (113). Essentially, poor

glycemic control in DM impairs immunity, thereby increasing

susceptibility to TB (114). That is, the metabolic alterations

characteristic of DM dysregulate cell-mediated immunity and

cytokine secretion (115). More specifically, type 2 DM (the more

common form) is a well-recognized risk factor for TB (116). Although

debatable, some evidence suggests that active TB may, reciprocally,

trigger type 2 diabetes through impaired glucose tolerance (116). Due

to the complex and multifaceted nature of this metabolic disorder

(116), the clinical presentation of TB-DM is also more complex;

patients often present with higher severity and more cavitary disease

(115). Further, DM causes pharmacokinetic variability in TB drugs,

leading to suboptimal drug exposure and, consequently, compromised

treatment outcomes (117). As such, patients with TB-DM co-

morbidity have increased risks of active TB incidence by threefold

(118), disease relapse by twofold, MDR-TB by twofold (119), and

mortality by twofold (114). Given the rising incidence of DM (116),

particularly type 2 DM (119), predominantly in developing countries

where the TB burden is already markedly higher, the TB-DM dual

burden is becoming even more frequent (116). Thus, it is crucial to

understand the factors that enable effective TB-DM treatment (116).

While this review focuses on the immune response of

immunocompetent patients before drug treatment, a greater

understanding and application of the data provided, like the time

course of response as outlined herein (mechanistically or semi-

mechanistically) in conjunction with the cellular and molecular

immune processes in humans, may provide insight into the causes

of insufficient response that contribute to relapse. This could serve as

a baseline for research whereby immunosuppressed and

immunocompromised patients are subsequently considered. By

comparing their immune responses to those of immunocompetent

patients, the findings may support the understanding of key
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differences—such as compromised mechanisms—in the presence of

co-morbidities.
11.4 Limitations

11.4.1 Time course (animal data)
A key limitation is that since human temporal data are scarce,

preclinical data were used to characterize the time course of

response. Although cynomolgus macaques closely resemble

various manifestations of human TB (120), no animal model can

completely represent human disease (24). This limitation

underscores the challenges in replicating the full spectrum of

human immune responses in animal models (24), including the

time course. Nonetheless, the advent of in silico models has

supported the translation of preclinical data to inform human

immune response, providing knowledge that is otherwise limited

in experimental systems (25).

Similarly, the extracted papers covered only a 12-week span of

immune response (as mice often die within experimental timelines)

—perhaps a longer duration of data that are found in NHPs would

be better suited to understand human timing as opposed to using

predominantly mouse data. Nonetheless, it is broadly recognized

that murine data have proven vital to understanding TB pathology

and protective immunity mechanisms (24). Veritably, much of our

understanding of T-cell function in tuberculous lungs is also

derived from murine studies (26).

11.4.2 Granuloma (limited human data)
Additionally, our knowledge of the granuloma response in

humans is limited by the ethical constraints surrounding lung

autopsies. In TB research, a lung autopsy is conducted on

individuals who died in a TB-endemic setting (39). Such studies

offer invaluable insights into the intricate dynamics of this infection.

They aid in the recognition of distinctive characteristics and support

our understanding of disease control (24). However, they are

compounded by a myriad of challenges, including obtaining consent

and limited resources (27). Moreover, the use of patient blood samples

to understand lesional response provides little indication, and the

complex pathophysiology of granuloma formation cannot yet be

directly investigated at the molecular level within human lesions

(99). A further limitation is in obtaining lung samples via biopsy for

patients with suspected TB; given that symptoms may not present for

months to years, the investigation of lesion development is further

impeded (28). Therefore, several preclinical models, including mice,

guinea pigs, rabbits, mini pigs, tamarins, and NHPs, are used in the

research arena. Together, these models may aid in demonstrating the

complicated pathophysiology in humans (99).
11.4.3 Translation of preclinical models
to humans

Regarding the translation of preclinical data to humans for

granuloma response, the granulomatous infiltration in the lungs of
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mice lacks the structured and organized appearance that is

commonly seen in human lesions. However, those found in guinea

pigs and rabbits exhibit a more human-like structure. Notably, Mtb-

infected macaques closely emulate the comprehensive range of

granuloma forms found in patients. Owing to this, coupled with

translational principles like scaling for species differences, research

conducted on NHPs has proven integral to understanding the

development and structure of human lesions (25).
11.5 Concluding remarks

This review succinctly encapsulates the immune response to

Mtb in humans. Although our knowledge of the full spectrum of

response (particularly the granuloma) is incipient—specifically at

the molecular level—the data presented may aid in drug

development, and wider fields, as they offer a structured and

broad vignette of cellular and molecular immunological

mechanisms in response to Mtb. Integrating these comprehensive

insights into a cohesive framework with M&S could help elucidate

the mechanisms behind relapse, predict the risk of relapse, and

inform potential treatment strategies. We also provide a significance

ranking of the qualitative data to put the role of each player into a

broader perspective and cover the key information in a single

report. Additionally, we endorse the use of translational

simulations to support the widely recognized, critical need for

novel treatment approaches in the antitubercular armamentarium.
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