Supplementary Data for Inmune Response to Mycobacterium
tuberculosis

1 Treatment of drug-susceptible TB: challenges

For drug-susceptible TB, the lengthy 6-month treatment duration is a considerable burden
on patients and health services (1), elevating the risk of patient non-compliance, drug
resistance (2), and toxicity (3). Hence, the shortening of treatment duration is a major
milestone in antitubercular drug development (4).

2 Drug resistance in TB

The emergence of resistance is an inevitable consequence of drug use; notably when
pathogens are exposed to low, inefficacious doses over time by inducing bacterial mutations
(5). To further elucidate TB drug resistance, there are distinct categories: isoniazid-resistant
TB which is caused by Mtb strains that are resistant to isoniazid (6); rifampicin-resistant TB
(RR-TB) which is caused by Mtb strains that are resistant to RIF; multi-drug-resistant TB
(MDR-TB) which is caused by Mtb strains that are resistant to at least both RIF and INH;
extensively drug-resistant TB (XDR-TB) which is caused by Mtb strains that fulfill the
definition of MDR-TB/RR-TB and are also resistant to any fluoroquinolone (i.e., levofloxacin
and moxifloxacin) and at least one additional group A drug (currently, these include
levofloxacin or moxifloxacin, bedaquiline, and linezolid); and finally, pre-XDR-TB which is
caused by Mtb strains that fulfill the definition of MDR-TB/RR-TB and are also resistant to
any fluoroquinolone (7). That is, the development of resistance in Mtb is complex (5). It
involves the interaction of clinical, biological, and microbiological processes, such as
non-adherence of patients to therapy, which leads to the development of genetic resistance
(5). Further, the complexity of granulomas hinders effective drug distribution (5).

3 The immune response and drug development: challenges

The immune response has direct implications in the drug development arena. For instance,
due to the immunoevasive mechanisms employed by Mtb, the bacteria can survive in
diverse microenvironments as it migrates from healthy lung tissue into lesions, notably in
physiologically distinct subpopulations (8). These include rapidly replicating bacteria
(aerobic conditions), slowly replicating bacteria (anaerobic conditions), and non-replicating
bacteria (hypoxic conditions); and resistant and persistent states. As such, drugs targeting
Mtb need to be active in different phases of infection (8). Further complications drug
development is the adaptable cell wall of Mtb itself; this macromolecular structure serves to
protect the mycobacterium from hydrophilic compounds. This explain why novel treatment
strategies focus on targeting the mycobacterial cell wall components (8).

Hence, to achieve cure, TB treatment must contain drugs that achieve all of the following
criteria: kill rapidly replicating Mtb to swiftly reduce the bacterial load (isoniazid); eliminate
slowly replicating bacteria that cause relapse (rifampicin and pyrazinamide), and shield the
combination drugs against the development of resistance (ethambutol) (9). However, TB
control efforts are hindered by the complex and long-duration treatment regimens required
for cure without relapse (9). In addition, drugs differ in their ability to penetrate the various
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lesions found in human pulmonary TB disease (9). This is due to the spatial heterogeneity of
the granuloma, which forms a barrier to drug penetration (10). Bacteria also develop
phenotypic tolerance to antibiotics inside granulomas, thereby further impeding drug
development (10).

4 Bacterial phenotypes

The Multistate Tuberculosis Pharmacometric model quantifies bacterial growth by use of
three bacterial phenotypes: rapidly replicating, slowly replicating, and non-replicating (11).

From Clewe et al. (11)

Supplementary Figure 1: Schematic representation of the Multistate Tuberculosis
Pharmacometric model to illustrate the bacterial phenotypes in TB. From: Clewe et al. (11).
Licensed under a Creative Commons Attribution (CC-BY) license. Disclaimer:

No changes were made in the re-use of this material. Link to the original material. Copyright
© 2020 The Author(s). Created with BioRender.com.

5 Legends for figures

Definitions of the icons used to represent each cellular player (Supplementary Figure 2),
including the colors and arrows in the figures (Supplementary Figure 3) are provided.


https://creativecommons.org/licenses/by/4.0/#ref-appropriate-credit
https://link.springer.com/article/10.1007/s10928-020-09694-0
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Supplementary Figure 2: Legend of icons used per cell type in the immune response to TB.
Created with BioRender.com.
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Supplementary Figure 3: Legend of the background colors, line types, and text colors to
indicate different compartments, sequence of primary versus secondary events, mediator
release, and types of antimicrobial effector molecules. Created with BioRender.com
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6 High-level summary of immune response — innate and adaptive phases

A high-level summary of each player in the innate and adaptive response is presented in
Supplementary Figure 3 and Supplementary Figure 4, respectively.
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Supplementary Figure 4: Summary of the innate immune response per player. Created with
BioRender.com.
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Supplementary Figure 5: Summary of the adaptive immune response per player, and
granuloma response. Created with BioRender.com.

7 Innate immune response

7.1 Airway epithelial cells

7.1.1 Goblet cells

Goblet cells and mucous cells originating from submucosal glands perpetually generate
airway mucus that envelops the airway epithelium (12). They also cooperate with the
rhythmic beats of cilia on ciliated cells to allow effective airway clearance via the mucociliary
escalator, which can expel almost 90% of inhaled foreign microorganisms (12). Clara cells,
neuroendocrine cells, and basal cells also aid in infection control (e.g., neuroendocrine
regulation by neuroendocrine cells) (12).

7.1.2 Airway mucus

Airway mucus is considered a viscoelastic gel containing an glycosylated mucins and
multiple anti-mycobacterial components, such as defensins, immunoglobulins, lysozymes,
and cytokines (12). Plasma cells produce immunoglobulin A (IgA) antibodies for diverse Mtb
surface antigens that can block Mtb infection of lung epithelial cells (12). Secretory IgA
covers mucosal surfaces to hinder the attachment of pathogens and neutralize their toxins
(22).

7.1.3 Innate lymphoid cells (ILCs)

Moreover, ILCs are subsets of lymphocytes at mucosal surfaces that act early during Mtb
infection (12,13). ILCs are categorized into five groups: natural killer (NK) cells, ILC1s, ILC2s,
ILC3s, and lymphoid tissue-inducer (LTi) cells (12). ILCs lack rearranged antigen-specific
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receptors; therefore, they are not MHC-restricted and functionally mirror adaptive
lymphocytes (12). ILC1s, ILC2s, and ILC3s mirror the corresponding T-helper subsets
including Th1, Th2, and Th17, respectively (12).

7.1.4 Innate immune T cells

The major groups of innate immune T cells are include mucosal-associated invariant

T (MAIT) cells, natural killer T (NKT) cells, and gamma delta (y8) T cells, depending on their
antigen presentation process (12). MAIT cells are innate-like CD8+ T cells; that is, they
recognize pathogens via MHC-I-related molecules (i.e., MR1 molecules) with limited
polymorphisms (14). They can respond to Mtb-infected lung epithelial cells by producing
IFN-y, TNF-a, and granzymes (12). MAIT cells are thought to be involved in the innate
response to intracellular pathogens, for which they produce cytokines such as IFN-y, TNF-a,
and IL-17 (14). MAITs also have cytotoxic capabilities as they produce granzyme B (14).
Although the role of MAITs in the immune response in TB is unclear, these cells may play an
important role in early host defense within the airways (14).

Moreover, NKT cells are characterized by their specificity for lipid antigens, which are
presented by MHC class I-like CD1d molecules. NKT cells are further categorized into type |
(invariant) and type Il (diverse) subsets according to their different T cell receptor (TCR)
expressions (12). In TB, NKT cells release IL-21 to aid immunoglobulin production by B cells
(12). Recent studies have not addressed the immunological role of type Il NKTs in TB (12).

In addition, yd T cells usually lack CD4 or CD8 T cell lineage markers but they are still able to
identify numerous cellular ligands via both TCR-dependent and TCR-independent pathways
due to their expression of various pattern recognition receptors (12). Notably, circulating
levels of y6 T cells are altered in TB patients to offer protective mechanisms. For instance,
they produce inflammatory cytokines such as IFN-y, TNF-a, and IL-17, which may also
influence granuloma formation (12). Moreover, y& T cells promote the maturation of DCs
infected with mycobacteria, thereby indirectly protecting the host from mycobacterial
infection (12).

8 Adaptive immune response

8.1 CD4+ T cells — effector functions

8.1.1 iTreg cells

Based on their origin, natural (constitutive) regulatory T cells (nTreg) are distinguished from
inducible (adaptive) CD4+ CD25+ Foxp3+ regulatory T cells (iTreg). These two cell types have
overlapping roles in immune response regulation (15). The nTreg cells are derived from the
thymus and undergo proliferation in peripheral organs, where they can inhibit the activation
of effector cells (15). iTreg cells that originate from CD4+ T cells in the peripheral regions
frequently exhibit comparable characteristics and perform similar functions to nTreg cells.
However, they may employ distinct mechanisms of immune regulation (15). The iTreg and
nTreg cells work synergistically to promote immune tolerance (16).

The iTreg cells comprise various cellular subtypes; for instance, IL-10-producing Tr1l cells,
TGF-B-producing Th3 cells, and FOXP3+ inducible T cells (15). IL-10 is an essential



immunosuppressant cytokine generated by regulatory T cells (17). TGF-B is also produced by
regulatory T cells (17). Although the importance of IL-10 and TGF- as suppressive mediators
is well established, their contribution to nTreg cell function remains debatable (15). Type |
IFNs affect Treg by decreasing their suppressive capabilities and allowing for greater CD4+ T
cell activation (18). During chronic infection, type | IFNs induce an immunosuppressive
environment by boosting the expression of programmed death-ligand 1 (PD-L1) and IL-10 by
DCs. These immunoregulatory DCs cause CD4+ T cell exhaustion (18). In TB specifically, Treg
suppresses the Thl population effector functions (19); it also negatively modules the
differentiation of CD4+ T cell subsets (19).

8.1.2 B cells

Antibody-independent B cell capacities, such as the ability to produce type | IFNs or
anti-Mtb antibodies that inhibit bacterial survival inside macrophages, suggest that
lung-resident B cells may affect early events in TB (20). B cells interact with the Th1 cell
population, prompting three distinct processes to occur simultaneously: B cells proliferate,
mature into memory B cells, and produce IgG after a successful encounter (19). Similarly,
Th2 cell interaction with B cells results in B cell duplication, differentiation into memory B
cells, and IgA secretion (19). Th17 cell migration and interaction with B cells results in cell
duplication and IgE production (19). After interacting with Mtb inside the DLN, B cells
become activated and release IgM (19).

8.2 CD8+ T cells — effector functions

8.2.1 Tc9 cells

In various diseases, it is thought that Tc9 cells produce IL-9 but a small amount of IFN-y (21).
They have low cytotoxic activity, partly due to their reduced granzyme B production (21).
However, their role in TB has yet to be examined.

8.2.2 Tc17 cells

In TB, Tc17 cells are characterized by the production of IL-17A, IL-17F, and IL-22 (22). In
diseases that are caused by intracellular pathogens, inflammatory responses such as
neutrophilia, tissue remodeling, and antimicrobial protein production are induced by IL-17A,
IL-17F, and IL-22 (16). [In the innate response, it has been shown that IL-22 inhibits Mtb
intracellular proliferation by promoting phagolysosomal fusion (23).] Similarly to Tc9 cells,
Tc17 cells also express limited granzyme B and demonstrate poor cytolytic activity (21).
Evidence suggests that Tc17 can also develop into memory T cells with a long lifespan (21).
In TB specifically, one study showed increased levels of IL-17 (derived from Tc17 cells) in
infected patients, which may indicate deleterious effects of this cell type (24).

8.2.3 Tc22 cells

In various diseases, Tc22 cells primarily produce IL-2, IL-22, and TNF-a (21). Functionally,
Tc22s exhibit high cytolytic activity and are characterized by the expression of granzyme B
(21). While bearing resemblance to Th22 cells, the categorization of Tc22 cells as a distinct T
cell lineage is debatable, particularly because of the ability of Th17 cells to also produce
IL-22 (21). Notably, their role in TB has yet to be examined.



8.2.4 Memory CD8+ T cells

In diseases caused by intracellular pathogens (for instance), when an antigen is
re-encountered in the periphery, effector CD8+ T cells from various subpopulations can
fulfill their distinct functions. Following the primary response, the majority of CD8+ T cells
undergo apoptosis; however, a small fraction persists as long-lived memory T cells. These
memory CD8+ T cells exhibit robust proliferation and rapidly transform into effector cells
upon re-exposure to the specific antigen (25). It is noteworthy, however, that whilst the role
of CD4+ T cells is well documented in TB, that of CD8+ T cells has yet to be established
definitively in humans (14).



9 Summary of immune players

Supplementary Table 1: Summary of cellular players, mediators, effectors, and site of

action

Player
Airway epithelium

Airway epithelial
cells

Goblet cells

Plasma cells

MAIT cells

NKT cells

vo T cells

Mediators/molecules
produced

TNF-a (13,26)

IFN-y (13,26)
GM-CSF (13,26)
IL-6 (13,26)

IL-10 (13)

IL-8 (13,26)

IP-10 (13,26)

IL-27 (13,26)
MCP-1 (13,26)
MIG (13)

LL-37 (13)
B-defensin-2 (13)
Hepcidin (13)
Gro-a (CXCL1) (27)
ENA-78 (CXCL5) (27)
ROS (13)

RNS (13)
Defensins (12)
Immunoglobulins (12)
Lysozymes (12)
IgA antibodies (12)
IFN-y (14)

TNF-a (14)

IL-17 (14)
Granzymes (14)
IL-21 (12)

IFN-y (12)

Type of molecule

Pro-inflammatory cytokine

Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Chemokine

Chemokine

Chemokine

Chemokine

Chemokine

Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Chemokine

Chemokine

Highly reactive molecule
Highly reactive molecule
Antimicrobial peptide
Immunoglobulin
Antimicrobial enzyme
Immunoglobulin
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Antimicrobial enzyme
Pro-inflammatory cytokine

Pro-inflammatory cytokine

Site

Airways

Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways
Airways

Airways



Player

Alveolar epithelium

Typelandll
pneumocytes

Type ll
pneumocytes

Neutrophils

Mediators/molecules
produced

TNF-a (12)
IL-17 (12)
IL-8 (27)

Immunoglobulins (12)

Antimicrobial peptides (12)
Surfactant proteins (12)

TGF-B (13)
CXCL5 (20)

Hydrolases (12)

IL-1 (19)

IFN-y (13)

TNF-a (13,28)

IL- 18 (28)

IL-12 (28)

VEGF (28)

IP-10 (13)

MCP-1 (13)

MIP-1a/B (13)
a-defensins (13)
Matrix metalloproteases (13)
Arginase (23)
Lactoferin (13)
Lipocalin 2 (29)
Gelatinase B (23)
Elastase (23)
Collagenase (23)
Myeloperoxidase (23)
NETs (30)
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Type of molecule

Pro-inflammatory cytokine
Pro-inflammatory cytokine

Chemokine

Immunoglobulin

Peptides

Proteins

Anti-inflammatory cytokine

Chemokine

Antimicrobial enzyme

Pro-inflammatory cytokine
Po-inflammatory cytokine
Po-inflammatory cytokine
Po-inflammatory cytokine
Po-inflammatory cytokine
Pro-inflammatory protein
Chemokine

Chemokine

Chemokine

Antimicrobial peptide
Antimicrobial enzyme
Antimicrobial enzyme
Antimicrobial glycoprotein
Antimicrobial protein
Antimicrobial enzyme
Antimicrobial enzyme
Antimicrobial enzyme
Antimicrobial enzyme

Antimicrobial molecules

Site

Airways
Airways

Airways

Lungs

Lungs

Lungs

Lungs

Lungs

Lungs

Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs

Lungs



Player

NK cells

Macrophages
M1

M2

DCs

Mediators/molecules
produced

IFN-y (23)
IL-22 (23)
Perforin (31)
Granulysin (31)
TNF-a (13)

TNF-a (12)
GM-CSF (12)
IL-12 (19)
IL-1B (12)
IL-6 (12)
IL-23 (12)
G-CSF (27)
IL-8 (32)
MIP-2 (32)
IP-10 (32)
MCP-1 (32)
LL-37 (27)
LTB4 (27)
Gro-a (CXCL1) (27)

IFN-a/B (type | interferons)
(13)

ROS (33)
NO (33)
IL-10 (12)
TGF-B (12)
PGE2 (34)
ROS (33)
NO (33)

IL-10 (35)
IL-12 (19)
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Type of molecule

Pro-inflammatory cytokine
Pro-inflammatory cytokine
Antimicrobial protein
Antimicrobial protein

Pro-inflammatory cytokine

Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Chemokine

Chemokine

Chemokine

Chemokine

Antimicrobial peptide
Leukotriene

Chemokine

Pro-inflammatory cytokine

Highly reactive molecule
Highly reactive molecule
Anti-inflammatory cytokine
Anti-inflammatory cytokine
Eicosanoid

Highly reactive molecule

Highly reactive molecule

Anti-inflammatory cytokine

Pro-inflammatory cytokine

Site

Lungs
Lungs
Lungs
Lungs

Lungs

Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs

Lungs

Lungs
Lungs
Lungs
Lungs
Lungs
Lungs

Lungs

Lymph nodes
Lymph nodes



Player

CD4+ T cells
Th1l

Th2

Th17

iTreg

CD8+ T cells
Tcl

Mediators/molecules
produced

IFN-a/B (type | interferons)
(18)

G-CSF (27)
GM-CSF (27)
LL-37 (27)
LTB4 (27)
Gro-a (CXCL5) (27)
IL-6 (36)
IL-23 (36)
TGF-B (16)
IL-1B (36)
IL-27 (16)
IL-35 (37)
CCL18 (38)
IL-8 (27)
MIP-2 (27)

IFN-y (39,40)
TNF-a (40)
IL-10 (39)
IL-4 (41)
IL-5 (41)
IL-10 (39)
IL-13 (41)
IL-17A (41)
IL-17F (41)
IL-21 (41)
IL-22 (41)
IL-10 (15)
TGF-B (15)
IL-35 (37)

IFN-y (21,24)
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Type of molecule

Pro-inflammatory cytokine

Pro-inflammatory cytokine
Pro-inflammatory cytokine
Antimicrobial peptide
Leukotriene

Chemokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Chemokine

Chemokine

Chemokine

Pro-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Anti-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Anti-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Pro-inflammatory cytokine
Anti-inflammatory cytokine
Anti-inflammatory cytokine

Anti-inflammatory cytokine

Pro-inflammatory cytokine

Site

Lymph nodes

Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes
Lymph nodes

Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs
Lungs

Lungs

Lungs



Player Mediators/molecules Type of molecule Site

produced
TNF-a (21,24) Pro-inflammatory cytokine Lungs
Perforin (21,24) Antimicrobial protein Lungs
Granzyme B (21,24) Antimicrobial enzyme Lungs
Granulysin (14) Antimicrobial protein Lungs
Tc2 IL-4 (21,24) Anti-inflammatory cytokine Lungs
IL-5 (21,24) Pro-inflammatory cytokine Lungs
IL-13 (21,24) Anti-inflammatory cytokine Lungs
B cells
IgG (19) Immunoglobulin Lungs
IgA (19) Immunoglobulin Lungs
IgE (19) Immunoglobulin Lungs
IgM (19) Immunoglobulin Lymph nodes

CCL = CC chemokine ligand; CXCL = CXC chemokine ligand; DCs = dendritic cells; Ig = immunoglobulin;

IFN = interferon; IL = interleukin; ILC = innate lymphoid cells; IP = interferon gamma-induced protein;

iTreg = induced regulatory T cell; MAIT = mucosal-associated invariant T cells; MCP = monocyte
chemoattractant protein; MIG = monokine induced by gamma interferon; MIP = macrophage inflammatory
protein; NO = nitric oxide; RNS = reactive nitrogen species; PGE 2 = prostaglandin E 2; ROS = reactive oxygen
species; Th =T helper cell; Tc = cytotoxic T cell; NETs = neutrophil extracellular traps; NK = natural killer;
NKT = natural killer T cells; TGF = tumor growth factor; VEGF = vascular endothelial growth factor.
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10 Ranking the immune players and mediators by importance

Supplementary Table 2 provides a ranking of the key immune cellular players as follows:
macrophages, dendritic cells, CD4+ T cells, CD8+ T cells, neutrophils, airway/alveolar
epithelial cells, and natural killer cells. The ranking from highest to lowest importance is
based on the degree of involvement of each player throughout the innate, adaptive, and
granuloma responses; and the influence each player has on disease outcome

(i.e., significance and consistency in the research).

Supplementary Table 3 shows the ranking of the associated mediators of each cellular
player based on the qualitative data collated (using the same ranking method).
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Supplementary Table 2: Summary of the roles and significance ranking of cellular players in human TB

neurotransmitters that determine efficiency of

Airway
epithelium
Airway Yes Undetermined No Express MHC | molecules and can directly Airways High
epithelial cells present intracellular antigens to resident CD8+
(may play a T cells (13).
.crftica.l role in Play a role in initiating protective adaptive
initiating immunity (13).
protective
adaptive
immunity to
mycobacterial
infections -
antigen
presentation
(13))
Goblet cells Yes No No Can eliminate almost 90% of inhaled foreign Airways Fair
particles and micro-organisms (12).
Plasma cells Yes No No Can prevent Mtb infection in the earliest stage Airways Low
of infection (12).
ILCs Yes No No ILCs are thought to respond to various Airways Low
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the mucosal immune barrier (12), which may
impact disease outcome.

No No

Contribution to bacterial clearance is unclear; Airways
however, these cells may play an important role
in the early host response in the airways (14).

No No

Much is unknown; however, iNKT cells from TB  Airways
patients have a role in bacterial replication
restriction (12).

Undetermined No

(may indirectly
help to control
Mtb infection
by promoting
the
maturation of
DCs (12))

Inflammatory cytokine production and possible  Airways
role in granuloma formation, displaying
protective properties (12).

Promote the maturation of DCs infected with
mycobacteria, thus indirectly aiding infection
control (12).

v6 T cells are thought to demonstrate both
innate and adaptive functions in response to
Mtb (14), so they are believed to contribute to
disease control.
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Alveolar

epithelium
Type | Yes No No Type | pneumocytes produce various effector Lungs High
pneumocytes molecules that enhance the bactericidal effects
of macrophages (12). This early response is
crucial to reduce disease burden.
Type ll Yes No No Type |l pneumocytes produce various effector Lungs High
pneumocytes molecules such as lung hydrolases, which alone
reduce 60% - 80% of bacterial cell adhesion and
survival in human macrophages (12). This has a
significant impact on disease outcome.
Macrophages
M1 and M2 Yes Yes Yes Macrophage phagocytic and bacterial Lungs High
eradication capabilities evident throughout the
(phagocytosis (antigen immune response (32,42).
(42)) presentation The macrophage initiates granuloma formation
(19)) (43) and is the key cell type in most

granulomatous lesions (44). Macrophages are
imperative to disease control and outcome.
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Neutrophils
Yes Yes Yes Play a very complex role against Mtb, Lungs High
contributing to both bacterial eradication and
(internalization  (in response to dissemination (via necrosis) (23).
via dire_cjc cell . Suppurative granulomas (or necrotic
recognitionor  recruitment neutrophilic granulomas) (45) are heavily
opsonization sngr_1a|s by infiltrated by neutrophils (28) which causes
(27)) activated dissemination at later stages (46). Neutrophils
macrophages are key to disease outcome.
(32))
NK cells
Yes Yes Yes Exceptional cytotoxic mediated bacterial killing ~ Lungs High
(47,48) is crucial to infection control.
(elicit 'F!\"V NK cells are present in mature granulomas in
production by the lungs of patients (23), and they have a role
CD8+ T cells; in the adaptive response (13) and disease
lyse Treg cells control.
(13))
DCs
Yes Yes Yes Most efficient APCs, crucial for bridging the Lungs High
innate and adaptive immune responses (35,49).
(phagocytosis (antigen Without T cell response, infection control is
(38)) presentation hindered.
(39))

18



CD4+ T cells

Thl

No

Yes

Yes

T cells are foremost in the adaptive response
(40) and are a major cellular component of
granuloma (50). They are known to play a vital
role in the containment and progression of Mtb
infection (50).

Lungs

High

Th2

No

Yes

Yes

T cells are foremost in the adaptive response
(40) and are a major cellular component of
granuloma (50). They are known to play a vital
role in the containment and progression of Mtb
infection (50).

Lungs

High

Th17

No

Yes

Yes

T cells are foremost in the adaptive response
(40) and are a major cellular component of
granuloma (50). They are known to play a vital
role in the containment and progression of Mtb
infection (50).

Lungs

High

iTreg

No

Yes

Yes

T cells are foremost in the adaptive response
(40) and are a major cellular component of
granuloma (50). They are known to play a vital
role in the containment and progression of Mtb
infection (50).

Lungs

High
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CD8+ T cells

Tcl No Yes Yes Exhibit extremely strong cytotoxic activity in the Lungs High
adaptive response (including the granuloma),
thereby affecting disease outcome (21).
Tc2 No Yes Undetermined Undetermined Lungs Fair
B cells
Undetermined  Yes Yes While the protective potential of B cell activity Airways/  Fair
and the antibodies they produce against Mtbis | yngs/
debatable (40), it is thought that they do play a
. . . Lymph
role in controlling disease outcome (40,51). nodes

DCs = dendritic cells; Ig = immunoglobulin; IFN = interferon; IL = interleukin; ILC = innate lymphoid cells; IP = interferon gamma-induced protein; iTreg = induced regulatory

T cell; MAIT = mucosal-associated invariant T cells; Th = T helper cell; Tc = cytotoxic T cell; NK = natural killer; NKT = natural killer T cell.
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Supplementary Table 3: Summary of the roles and significance ranking of molecular mediators/effectors in human TB

Airway epithelium

Airway epithelial
cells

IFN-y Recruitment and communication with immune cells (13). Airways/Lungs High
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).
Modulates the function of intraepithelial DCs (26).
TNF-a Recruitment and communication with immune cells (13). Airways/Lungs High
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).
Modulates the function of intraepithelial DCs (26).
IL-10 Communication with immune cells (13). Airways/Lungs High
Contributes to innate immune responses (13).
Antimicrobial Recruitment and communication with immune cells (13). Airways/Lungs High
peptides (cathelicidin  Contribute to the initiation of innate immune responses
[LL-37], B-defensin-2,  (antimicrobial effect) (13).
and hepcidin)
IL-6 Recruitment and communication with immune cells (13). Airways/Lungs  Fair
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).
Modulates the function of intraepithelial DCs (26).
GM-CSF Recruitment and communication with immune cells (13). Airways/Lungs  Fair

Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).
Modulates the function of intraepithelial DCs (26).
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IL-8

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Modulates the function of intraepithelial DCs (26).

Airways/Lungs

Fair

IP-10 (CXCL10)

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Modulates the function of intraepithelial DCs (26).

Airways/Lungs

Fair

IL-27

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Modulates the function of intraepithelial DCs (26).

Airways/Lungs

Fair

MCP-1 (CCL2)

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Modulates the function of intraepithelial DCs (26).

Airways/Lungs

Fair

MIG

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Airways/Lungs

Fair

ROS

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Airways/Lungs

Fair

RNS

Recruitment and communication with immune cells (13).
Contributes to the initiation of innate immune responses
(antimicrobial effect) (13).

Airways/Lungs

Fair
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Gro-a (CXCL1) Promotes neutrophil migration from the bloodstream to peripheral ~ Airways/Lungs Fair
tissue (27).
ENA-78 (CXCL5) Promotes neutrophil migration from the bloodstream to peripheral ~ Airways/Lungs Fair
tissue (27).
Goblet cells Airway mucus Bacterial clearance via the mucociliary escalator (12). Airways/Lungs Low
(defensins,
immunoglobulins,
lysozymes, and
cytokines)
Plasma cells IgA Specific for diverse Mtb surface antigens that can block Mtb Airways/Lungs  Fair
infection of lung epithelial cells (12).
ILCs Same as Thl, Th2, Same as Thl, Th2, and Th17 cells (12). Airways/Lungs Low
and Th17 cells
MAIT cells IFN-y Innate responses to intracellular pathogens (14). Airways/Lungs Low
TNF-a Innate responses to intracellular pathogens (14). Airways/Lungs Low
IL-17 innate responses to intracellular pathogens (14). Airways/Lungs Low
Granzymes Cytotoxic capabilities (14). Airways/Lungs Low
NKT cells IL-21 Facilitates the production of immunoglobulins by B cells (12). Airways/Lungs Low
yo T cells IFN-y Provides a protective effect for the host and may influence the Airways/Lungs Fair
formation of granulomas (12).
TNF-a Provides a protective effect for the host and may influence the Airways/Lungs  Fair

formation of granulomas (12).
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IL-17 Provides a protective effect for the host and may influence the Airways/Lungs  Fair
formation of granulomas (12).
Alveolar
epithelium
Type l and Il Immunoglobulins, Bactericidal effects (12). Lungs Fair
pneumocytes antimicrobial Surfactant proteins enhance the antimicrobial activity of
peptides, surfactant macrophages, neutrophils, and lymphocytes (12).
proteins
TGF-B Important immunoregulatory role in maintaining epithelial integrity ~ Lungs Fair
and preventing immune-mediated destruction by limiting
inflammation (13).
Type ll CXCL5 Neutrophil recruitment to site of infection (20). Lungs Fair
pneumocytes Hydrolases Enhance neutrophil intracellular killing (12). Lungs High
Macrophages
M1 IL-12 Th1 differentiation (42). Lungs High
Possibly Tc1 differentiation (21).
Regulates the ongoing immune response, primarily by inducing
differentiation of ThO lymphocytes to Thl lymphocytes, but also by
enhancing the production of IFN-y (52).
Cross-talk to increase IFN-y production by Th1 cells (52).
TNF-a Cell recruitment (53)and apoptosis (19,54). Lungs High
Granuloma formation and function (43,55).
GM-CSF Chemotactic gradient to recruit immune cells to the site of infection  Lungs Low

(27).
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IL-1B

Alters the metabolic pathway of AMs, shifting towards glycolysis
(56).
T cell differentiation (36).

Lungs

High

IFN-a/B (type I IFNs)

Enhance NK cell activation and effector functions (18).

Increase DC maturation, thus providing a more efficient antigen
presentation and co-stimulation to T cells (18).

Act on T regulatory cells by dampening their suppressive capabilities
(18).

Induce Th1 differentiation (18).

Type | IFNs sensed by CD4+ T cells protect them from NK
cell-mediated killing (18).

During chronic infections, type | IFN release creates an
immunosuppressive environment by increasing IL-10 expression by
DCs, which induces CD4+ T cell activity exhaustion (18).

Lungs

High

IL-6

Th17 differentiation (36).

Lungs

High

IL-23

Induces Th17 differentiation (36)/effector function (41).

Lungs

Fair

IL-8

Chemotactic gradient to recruit immune cells to the site of infection
(27,32).

Lungs

High

MIP2 (CCL2)

Chemotactic gradient to recruit immune cells to the site of infection
(27,32).

Lungs

Fair

IP-10 (CXCL10)

Chemotactic gradient to recruit immune cells to the site of infection
(32).

Lungs

Fair
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MCP-1 Chemotactic gradient to recruit immune cells to the site of infection  Lungs Fair
(32).

LTB4 Promotes neutrophil migration from the bloodstream to peripheral Lungs Low
tissue (27).

Gro-a (CXCL1) Promotes neutrophil migration from the bloodstream to peripheral Lungs Fair
tissue (27).

IFN-a/B (type | Enhances DC maturation, thereby improving antigen presentation Lungs High

interferons) capabilities to T cells (18).

ROS Kills bacteria (33). Lungs High

NO Kills bacteria (33). Lungs High

M2 IL-10 Inhibitory function - immune modulation (prevent Lungs High

necrosis/apoptosis) (57).
Macrophages are the primary source of IL-10 (57).

TGF-B Anti-inflammatory effects (12). Lungs Fair

PGE2 Downregulates pro-inflammatory cytokine production in Lungs Low
phagocytosing macrophages (27).

ROS Kills bacteria (33). Lungs High

NO Kills bacteria (33). Lungs High
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Neutrophils

IFN-y Recruits and activates other immune cells (13). Lungs High
TNF-a Recruits and activates other immune cells (13). Lungs High
IL-1B Possibly cross-priming of CD8+ T cells (28). Lungs High
IL-10 Neutrophil effector functions are negatively modulated by IL-10 (19). Lungs High
Reduces bacterial killing and impairs the secretion of cytokines and
chemokines (19).
IP-10 (CXCL10) Recruits and activates other immune cells (13). Lungs Fair
MCP-1 (CCL2) Recruits and activates other immune cells (13). Lungs Fair
MIP-1a/B Recruits and activates other immune cells (13). Lungs Fair
IL-12 Possibly cross-priming of CD8+ T cells (28). Lungs Fair
VEGF Possibly cross-priming of CD8+ T cells (28). Lungs Low
Elastase, collagenase, Kill bacteria and indiscriminately damage bacterial and host cells Lungs Fair
and myeloperoxidase (23).
Lipocalin 2 Antimicrobial peptide for bacterial restriction (29). Lungs Low
Antimicrobial Restrict the growth of mycobacteria within macrophages and Lungs Fair
enzymes promote apoptosis of infected macrophages (13).

(a-defensins, matrix
metalloproteases,
lactoferin, and
lipocalin)
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iTreg differentiation (16).

NETs Captures and eradicates microbes (30). Lungs Fair
NK cells
IFN-y Inhibits Mtb intracellular growth by enhancing phagolysosomal Lungs High
fusion (23).
IL-22 Inhibits Mtb intracellular growth by enhancing phagolysosomal Lungs Low
fusion (23).
Perforin Cytotoxic activity (31). Lungs High
Granulysin Cytotoxic activity (31). Lungs High
Granzymes Cytotoxic activity (31). Lungs High
TNF-a Promotes y& T cell proliferation (13,23). Lungs Low
DCs
IL-12p70 DC migration to DLN (19,58) in conjunction with CCL19 and CCL21 Lungs/Lymph High
(59). nodes
Induces Th1 differentiation (36).
IFN-a/B (type | Increase DC maturation, thus providing a more efficient antigen Lymph nodes High
interferons) presentation and co-stimulation to T cells (18).
Induce Th1 differentiation (18).
IL-6 Induces Th17 differentiation (36). Lymph nodes High
TGF-B Induces Th17 differentiation (16). Lymph nodes  High
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Positive feedback loop to promote further Th2 cell differentiation
(41).

Promotes immune suppression (34).

Decreases cellular responsiveness to IFN-y (34).

Inhibits the synthesis of iINOS (34).

Mediates IgE class switching in B cells (41).

Possibly Tc2 differentiation (CD8+ T cell) (21).

IL-1B Induces Th17 differentiation (36). Lymph nodes  High
IL-10 Inhibits all Th17 cell differentiation (16) and chemotaxis to lungs Lymph nodes  High
(29).
IL-23 Induces Th17 differentiation (16)/effector function (36). Lymph nodes Low
IL-27 Inhibits Th17 differentiation (16). Lymph nodes Low
IL-35 Stimulates the development of adaptive Treg cells (15). Lymph nodes Low
Inhibits T-cell proliferation to limit tissue damage (37).
CD4+ T cells
Thl IFN-y IFN-y activates macrophages, which is critical for elimination of Lungs High
intracellular pathogens such as Mtb (42).
TNF-a Recruits immune cells (mainly CD4+ and CD8+ T cells) to the site of Lungs High
infection and activate the effector functions in these cells (53).
TNF-a ultimately induces apoptosis of infected macrophages (53).
IL-10 Promotes immune suppression (57). Lungs High
Th2 IL-4 Considered to be the prototypical Th2 cell cytokine (39). Lungs High
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IL-10 Promotes immune suppression (39). Lungs High
IL-13 Promotes immune suppression (34). Lungs Fair
Decrease cellular responsiveness to IFN-y (34).
Inhibit the synthesis of iNOS (34).
IL-5 Recruits eosinophils (41). Lungs Low
Th17 IL-17A Promotes inflammatory responses including neutrophilia, tissue Lungs Fair
remodeling, and production of antimicrobial proteins (16).
IL-17F Promotes inflammatory responses including neutrophilia, tissue Lungs Fair
remodeling, and production of antimicrobial proteins (16).
IL-21 Promotes inflammatory responses (41). Lungs Fair
IL-22 Inhibits Mtb intracellular growth by enhancing phagolysosomal Lungs Low
fusion (23).
iTreg IL-10 (by Tr1 cell Promotes immune suppression (15,17). Lungs High
subset (15))
TGF-B (by Th3 cell Promotes immune suppression (15,17). Lungs High
subset)
IL-35 Stimulates the development of adaptive Treg cells (15). Lungs Fair
Inhibits T cell proliferation to limit tissue damage (37).
CD8+ T cells
Tcl IFN-y Activates resting macrophages, enhancing their ability to effectively ~ Lungs High
clear pathogens and release cytokines (52).
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Activates complement system (61).

TNF-a Macrophage and T cell recruitment, macrophage activation (along Lungs High
with IFN-y and bacterial signal), and induction of apoptosis in
infected macrophages (60).
Perforin Cytotoxic activity (14). Lungs High
Granzyme B Cytotoxic activity (14). Lungs High
Granulysin Cytotoxic activity (14). Lungs High
Tc2 IL-4 Tc2 differentiation (CD8+ T cell) (21). Lungs Fair
Immune suppression (34).
IL-5 Recruits eosinophils (41). Lungs Fair
IL-13 Immune suppression (24,34). Lungs Fair
B cells
IgG Produced by Th1l interaction (19). Lungs Low
Opsonization (12).
IgA Produced by Th2 interaction (19). Lungs Low
Neutralization (12).
IgE Produced by Th17 interaction (19). Lungs Low
Sensitization of mast cells (41).
IgM B cell interaction with Mtb (19). Lymph nodes Low

AM = alveolar macrophage; CCL = CC chemokine ligand; CXCL = CXC chemokine ligand; DCs = dendritic cells; Ig = immunoglobulin; IFN = interferon; IL = interleukin;
ILC = innate lymphoid cells; iNOS = inducible nitric oxide synthase; IP = interferon gamma-induced protein; iTreg = induced regulatory T cell; LTB4 = leukotriene B4;
MAIT = mucosal-associated invariant T cells; MCP = monocyte chemoattractant protein; MIG = monokine induced by gamma interferon; MIP = macrophage inflammatory
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protein; NO = nitric oxide; RNS = reactive nitrogen species; PD-L1 = programmed death-ligand 1; PGE 2 = prostaglandin E 2; ROS = reactive oxygen species; Th =T helper
cell; Tc = cytotoxic T cell; NETs = neutrophil extracellular traps; NK = natural killer; NKT = natural killer T cells; TGF = tumor growth factor; VEGF = vascular endothelial
growth factor.
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11 Modeling & Simulation literature

Supplementary Table 4 displays the Modeling and Simulation literature (categorized by data
type provided) that may be used for model development. These references were found

using a keyword search (n = 43) as shown in Figure 1.

Supplementary Table 4: References containing data to support (semi-)mechanistic model

development

Reference

Data type
provided

Linderman JJ, Kirschner DE. In silico models of M. tuberculosis infection
provide a route to new therapies. Drug Discov Today Dis Models. (2015)
15:37-41. doi: 10.1016/j.ddmod.2014.02.006

Treatment

Pienaar E, Dartois V, Linderman JJ, Kirschner DE. In silico evaluation and
exploration of antibiotic tuberculosis treatment regimens. BMC Syst Biol.
(2015) 9:79. doi: 10.1186/s12918-015-0221-8

Treatment

Magombedze G, Garira W, Mwenje E. Modelling the human immune
response mechanisms to mycobacterium tuberculosis infection in the lungs.
Math Biosci Eng. (2006) 3:661-682. doi: 10.3934/mbe.2006.3.661

Bacteria; CMI

Fors J, Strydom N, Fox WS, Keizer RJ, Savic RM. Mathematical model and
tool to explore shorter multi-drug therapy options for active pulmonary
tuberculosis. PLoS Comput Biol. (2020) 16:e1008107. doi:
10.1371/journal.pcbi.1008107

Treatment

Apiyo D, Mouton JM, Louw C, Sampson SL, Louw TM. Dynamic mathematical
model development and validation of in vitro Mycobacterium smegmatis
growth under nutrient- and pH-stress. J Theor Biol. (2022) 532:110921. doi:
10.1016/j.jtbi.2021.110921

Bacteria

Bru A, Cardona P-J. Mathematical modeling of tuberculosis bacillary counts
and cellular populations in the organs of infected mice. PLoS One. (2010)
5:12985. doi: 10.1371/journal.pone.0012985

Bacteria;
granuloma

Ganguli S, Gammack D, Kirschner DE. A metapopulation model of granuloma
formation in the lung during infection with mycobacterium tuberculosis.
Math Biosci Eng. (2005) 2:535-560. doi: 10.3934/mbe.2005.2.535

Granuloma

Gong C, Linderman JJ, Kirschner D. A population model capturing dynamics
of tuberculosis granulomas predicts host infection outcomes. Math Biosci
Eng. (2015) 12:625—642. doi: 10.3934/mbe.2015.12.625

Granuloma

Ibarguen-Mondragon E, Esteva L, Burbano-Rosero EM. Mathematical model
for the growth of Mycobacterium tuberculosis in the granuloma. Math Biosci
Eng. (2018) 15:407-428. doi: 10.3934/mbe.2018018

Granuloma

Joslyn LR, Pienaar E, DiFazio RM, Suliman S, Kagina BM, Flynn JL, et al.
Integrating Non-human Primate, Human, and Mathematical Studies to
Determine the Influence of BCG Timing on H56 Vaccine Outcomes. Front
Microbiol. (2018) 9:1734. doi: 10.3389/fmicb.2018.01734

Treatment
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Reference

Data type
provided

Kirschner D, Pienaar E, Marino S, Linderman JJ. A review of computational
and mathematical modeling contributions to our understanding of
Mycobacterium tuberculosis within-host infection and treatment. Curr Opin
Syst Biol. (2017) 3:170-185. doi: 10.1016/j.coisbh.2017.05.014

Treatment; CMI

Pedruzzi G, Das PN, Rao KVS, Chatterjee S. Understanding PGE2, LXA4 and
LTB4 balance during Mycobacterium tuberculosis infection through
mathematical model. J Theor Biol. (2016) 389:159-170. doi:
10.1016/j.jtbi.2015.10.025

Immune mediators

Renardy M, Kirschner DE. Evaluating vaccination strategies for tuberculosis
in endemic and non-endemic settings. J Theor Biol. (2019) 469:1-11. doi:
10.1016/j.jtbi.2019.02.020

Treatment

Singer BH, Kirschner DE. Influence of backward bifurcation on interpretation
of r(0) in a model of epidemic tuberculosis with reinfection. Math Biosci Eng.
(2004) 1:81-93. doi: 10.3934/mbe.2004.1.81

Epidemiology

Murphy BM, Singer BH, Anderson S, Kirschner D. Comparing epidemic
tuberculosis in demographically distinct heterogeneous populations. Math
Biosci. (2002) 180:161-185. doi: 10.1016/s0025-5564(02)00133-5

Epidemiology

Chang ST, Linderman JJ, Kirschner DE. Multiple mechanisms allow
Mycobacterium tuberculosis to continuously inhibit MHC class II-mediated
antigen presentation by macrophages. Proc Nat/ Acad Sci U S A. (2005)
102:4530-4535. doi: 10.1073/pnas.0500362102

CMI

Cilfone NA, Ford CB, Marino S, Mattila JT, Gideon HP, Flynn JL, et al.
Computational modeling predicts IL-10 control of lesion sterilization by
balancing early host immunity-mediated antimicrobial responses with
caseation during mycobacterium tuberculosis infection. J Immunol. (2015)
194:664-677. doi: 10.4049/jimmunol.1400734

Immune mediators

Cilfone NA, Perry CR, Kirschner DE, Linderman JJ. Multi-scale modeling Immune
predicts a balance of tumor necrosis factor-a and interleukin-10 controls mediators;
the granuloma environment during Mycobacterium tuberculosis infection. Granuloma
PLoS One. (2013) 8:68680. doi: 10.1371/journal.pone.006868

Gammack D, Doering CR, Kirschner DE. Macrophage response to CMI
Mycobacterium tuberculosis infection. J Math Biol. (2004) 48:218-242. doi:
10.1007/s00285-003-0232-8

Guzzetta G, Kirschner D. The roles of immune memory and aging in Epidemiology
protective immunity and endogenous reactivation of tuberculosis. PLoS One.

(2013) 8:e60425. doi: 10.1371/journal.pone.0060425

Guzzetta G, Ajelli M, Yang Z, Merler S, Furlanello C, Kirschner D. Modeling Epidemiology
socio-demography to capture tuberculosis transmission dynamics in a low

burden setting. J Theor Biol. (2011) 289:197-205. doi:

10.1016/j.jtbi.2011.08.032

Guzzetta G, Ajelli M, Yang Z, Mukasa LN, Patil N, Bates JH, et al. Effectiveness | Epidemiology

of contact investigations for tuberculosis control in Arkansas. J Theor Biol.
(2015) 380:238-246. doi: 10.1016/].jtbi.2015.05.031
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Reference

Data type
provided

Kirschner D. Dynamics of co-infection with M. Tuberculosis and HIV-1. Theor
Popul Biol. (1999) 55:94-109. doi: 10.1006/tpbi.1998.1382

Co-infection

Linderman JJ, Cilfone NA, Pienaar E, Gong C, Kirschner DE. A multi-scale
approach to designing therapeutics for tuberculosis. Integr Biol (Camb).
(2015) 7:591-609. doi: 10.1039/c4ib00295d

Treatment

Marino S, Hult C, Wolberg P, Linderman JJ, Kirschner DE. The Role of
Dimensionality in Understanding Granuloma Formation. Computation
(Basel). (2018) 6: doi: 10.3390/computation6040058

Granuloma

Marino S, Kirschner DE. The human immune response to Mycobacterium
tuberculosis in lung and lymph node. Journal of Theoretical Biology. (2004)
227:463-486. doi: 10.1016/}.jtbi.2003.11.023

CMI

Marino S, Kirschner DE. A Multi-Compartment Hybrid Computational Model
Predicts Key Roles for Dendritic Cells in Tuberculosis Infection. Computation
(Basel). (2016) 4: doi: 10.3390/computation4040039

CMI

Marino S, Linderman JJ, Kirschner DE. A multifaceted approach to modeling
the immune response in tuberculosis. Wiley Interdiscip Rev Syst Biol Med.
(2011) 3:479-489. doi: 10.1002/wsbm.131

CMI

Marino S, Pawar S, Fuller CL, Reinhart TA, Flynn JL, Kirschner DE. Dendritic
cell trafficking and antigen presentation in the human immune response to
Mycobacterium tuberculosis. J Immunol. (2004) 173:494-506. doi:
10.4049/jimmunol.173.1.494

CMI

Millar JA, Butler JR, Evans S, Mattila JT, Linderman JJ, Flynn JL, et al. Spatial
Organization and Recruitment of Non-Specific T Cells May Limit T Cell-
Macrophage Interactions Within Mycobacterium tuberculosis Granulomas.
Front Immunol. (2020) 11:613638. doi: 10.3389/fimmu.2020.613638

CMI

Repasy T, Lee J, Marino S, Martinez N, Kirschner DE, Hendricks G, et al.
Intracellular bacillary burden reflects a burst size for Mycobacterium
tuberculosis in vivo. PLoS Pathog. (2013) 9:e1003190. doi:
10.1371/journal.ppat.1003190

Bacteria

Sud D, Bigbee C, Flynn JL, Kirschner DE. Contribution of CD8+ T cells to
control of Mycobacterium tuberculosis infection. J Immunol (2006)
176:4296-4314. doi: 10.4049/jimmunol.176.7.4296

CMI

Wigginton JE, Kirschner D. A model to predict cell-mediated immune
regulatory mechanisms during human infection with Mycobacterium
tuberculosis. J Immunol. (2001) 166:1951-1967. doi:
10.4049/jimmunol.166.3.1951

CMI

Wong EA, Evans S, Kraus CR, Engelman KD, Maiello P, Flores WJ, et al. IL-10
Impairs Local Immune Response in Lung Granulomas and Lymph Nodes
during Early Mycobacterium tuberculosis Infection. J Immunol. (2020)
204:644-659. doi: 10.4049/jimmunol.1901211

Granuloma
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Reference Data type

provided
Wong EA, Joslyn L, Grant NL, Klein E, Lin PL, Kirschner DE, Flynn JL. Low CMI; Granuloma
Levels of T Cell Exhaustion in Tuberculous Lung Granulomas. Infect Immun.
(2018) 86: doi: 10.1128/1A1.00426-18
Evans S, Butler JR, Mattila JT, Kirschner DE. Systems biology predicts that Granuloma

fibrosis in tuberculous granulomas may arise through macrophage-to-
myofibroblast transformation. PLoS Comput Biol. (2020) 16:e1008520. doi:
10.1371/journal.pchi.1008520

Fallahi-Sichani M, Kirschner DE, Linderman JJ. NF-kB Signaling Dynamics Play | Signaling
a Key Role in Infection Control in Tuberculosis. Front Physiol. (2012) 3:170.
doi: 10.3389/fphys.2012.00170

Marino S, Cilfone NA, Mattila JT, Linderman JJ, Flynn JL, Kirschner DE. Granuloma
Macrophage polarization drives granuloma outcome during Mycobacterium
tuberculosis infection. Infect Immun. (2015) 83:324—-338. doi:
10.1128/1A1.02494-14

Marino S, Sud D, Plessner H, Lin PL, Chan J, Flynn JL, et al. Differences in Treatment;
reactivation of tuberculosis induced from anti-TNF treatments are based on | Granuloma
bioavailability in granulomatous tissue. PLoS Comput Biol. (2007) 3:1909—
1924. doi: 10.1371/journal.pcbi.0030194

Pienaar E, Matern WM, Linderman JJ, Bader JS, Kirschner DE. Multiscale Granuloma
Model of Mycobacterium tuberculosis Infection Maps Metabolite and Gene
Perturbations to Granuloma Sterilization Predictions. Infect Immun. (2016)
84:1650-1669. doi: 10.1128/1A1.01438-15

Warsinske HC, DiFazio RM, Linderman JJ, Flynn JL, Kirschner DE. Identifying Granuloma
mechanisms driving formation of granuloma-associated fibrosis during
Mycobacterium tuberculosis infection. J Theor Biol. (2017) 429:1-17. doi:
10.1016/j.jtbi.2017.06.017

Warsinske HC, Pienaar E, Linderman JJ, Mattila JT, Kirschner DE. Deletion of | Granuloma
TGF-B1 Increases Bacterial Clearance by Cytotoxic T Cells in a Tuberculosis
Granuloma Model. Front Immunol. (2017) 8:1843. doi:
10.3389/fimmu.2017.01843

Wessler T, Joslyn LR, Borish HJ, Gideon HP, Flynn JL, Kirschner DE, et al. A Granuloma
computational model tracks whole-lung Mycobacterium tuberculosis
infection and predicts factors that inhibit dissemination. PLoS Comput Biol.
(2020) 16:e1007280. doi: 10.1371/journal.pcbi.1007280

CMI = cell-mediated immunity.
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