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Preface

Tuberculosis (TB) has caused at least 1 billion deaths over the past two centuries,
more than the combined number of deaths from malaria, smallpox, HIV/AIDS,
cholera, plague, and influenza. The WHO estimates that there are more than 2 bil-
lion people latently infected with Mycobacterium tuberculosis (Mtb). TB is the
leading cause of death among infectious diseases and one of the top 10 causes of
death worldwide. In 2016, TB caused an estimated 1.7 million deaths including over
400,000 in persons living with HIV/AIDS. An estimated 10.4 million new TB cases
occurred in 2016, 10% of which were among individuals living with HIV infection.
About 4.1% of the new cases were multidrug-resistant (MDR) TB, with 6.2% of
those cases identified as extensively drug-resistant (XDR) TB. Current treatment
has major limitations, including long duration with poor adherence, high rates of
intolerability and toxicity, and frequent drug interactions. One result of these draw-
backs is the steady emergence of MDR/XDR TB, which is notoriously difficult and
expensive to treat. Because of limited profitability, development of new agents by
pharmaceutical companies has been slow and sporadic. With increasing resistance
to current antibiotics and reduced investment in the development of new antimicro-
bial drug classes, the World Health Organization has warned that we are at risk of
entering a “post-antibiotic era.”

To meet the challenges of increasing antimicrobial resistance, the infectious dis-
ease community needs innovative therapeutics. The field of oncology has addressed
complex treatment challenges by developing approaches to reverse disruptions in
cell regulatory mechanism that cause malignancies and often lead to suppression of
immune processes. Effective and far less toxic new therapeutic approaches are
based on discoveries of basic pathogenic mechanisms of malignancies. These strat-
egies include “precision medicine” (targeted reversal of cell pathway disruptions
caused by mutations as pathogenic drivers) and novel “immuno-oncology” inter-
ventions, for example, immune checkpoint reversal, now transforming cancer thera-
peutics. Pathogens target many of the same regulatory pathways as they modulate
host cell regulatory and metabolic functions to promote their own survival by
impeding host immunity. The same knowledge, tools, and interventions now revo-
lutionizing oncology can be adapted for improved therapy of many infections.
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Host-directed therapy (HDT) is intended to enhance microbial killing and
lessen detrimental inflammation/tissue damage by targeting host regulatory mole-
cules and pathways modulated by pathogenesis. Preclinical studies have identified
drugs with promising HDT benefits for adjunctive TB treatment. Choosing candi-
date agents for evaluation needs to be based on knowledge of the host regulatory
signaling pathways disrupted by pathogens and identifying specific pathway mol-
ecules that can be therapeutically targeted. Promising host-based interventions
already in clinical use and in evaluation for TB therapy include tyrosine kinase and
phosphodiesterase inhibitors; agents to restore disruptions in immunometabolism,
regulatory pathways, and effector mechanisms; modulation of immune suppres-
sive cells (especially MDSCs); immune co-receptor-based checkpoint interven-
tions; epigenetic agents; and combinations of these agents. New HDT strategies
are urgently needed for TB meningitis to reduce the associated high mortality and
morbidity.

HDT goals include reversing TB-induced immune defects to achieve increased
bacillary killing to shorten treatment duration and improve MDR treatment out-
comes, both by directly improving immune function and also by decreasing exces-
sive tissue inflammation and death (and reversing inhibition of autophagy and
apoptotic pathways) to improve drug and immune cell penetration and function.
Another important goal is prevention of inflammatory lung tissue damage with
loss of pulmonary function. Impaired pulmonary function (both obstructive and
restrictive) often persists after TB treatment. Even mild decreases in FEV1 have
been associated with significantly increased mortality in very large cohort studies
of broadly inclusive populations. One key aspect of HDT target discovery research
is distinguishing between detrimental immune cell regulation changes and tissue
damage caused by pathogen molecular drivers and adaptive changes that are nec-
essary for enhancing antimicrobial control and killing. Thus, some HDTs could
lead to an over-reactive immune response, causing excessive tissue damage. Both
preclinical and clinical HDT studies must carefully address and monitor for this
risk. Successful adoption of HDT for infectious diseases also requires careful
research into how to identify which patient subpopulations, types of agents, timing
of initiation, and dosing regimens/duration will result in the most benefit and
least harm.

Re-purposing of HDT drugs for many non-infectious diseases provides a prac-
tical approach to address the lack of incentive in developing novel antimicrobial
agents due to the high cost and lengthy development time needed for approval of
new drug classes relative to the limited financial return on investment. In order to
develop innovative new HDT strategies for infectious diseases based on precision
medicine/immunotherapy principles, multi-disciplinary teams of researchers will
be needed with expertise in microbiology/clinical infectious diseases, classical
immunology, and the still-emerging field of molecular biology of cell regulation.
One initial step in this process is to facilitate collaboration among researchers
studying key regulatory signaling pathways and targeted interventions for non-
communicable diseases and those in the infectious diseases community. These
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approaches will create a transformative new paradigm for the treatment and pre-
vention of TB and a wide variety of other infectious diseases, and will have a high
global health impact, particularly in the face of progressive emergence of antimi-
crobial resistance.

Baltimore, MD, USA Petros C. Karakousis
Rockville, MD, USA Richard Hafner
Newark, NJ, USA Maria Laura Gennaro
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Chapter 1
Introduction: An Overview of Host-
Directed Therapies for Tuberculosis

Daniel J. Frank and Robert N. Mahon

Host-Directed Therapy: Purpose and History

Despite the widescale success of the antibiotic era in mitigating a plethora of bacte-
rial infectious diseases, tuberculosis (TB) “the white death” remains a public health
scourge claiming approximately 1.3 million lives annually, with estimates of nearly
a third of the world’s population infected with its causative agent Mycobacterium
tuberculosis (Mtb) [1]. While the first antibiotics, sulfonamides and penicillin,
proved to be ineffective at controlling Mtb infection, the advent of streptomycin in
1943 created chemotherapeutic treatment options for this disease. Streptomycin and
para-aminosalicyclic acid, the two effective anti-TB chemotherapeutic drugs, rap-
idly induced resistance by Mtb when either agent was given alone [2], a harbinger
of the multidrug-resistant (MDR) TB strains that would eventually develop.
Isoniazid (INH), developed a few years later, was a much more potent and caused
fewer toxic side effects. The development of drug resistance is a recurring problem
in TB treatment, as Mtb has developed ways to circumvent nearly every antibiotic.

Host-directed therapy (HDT) offers the potential to combat these drug resistance
issues. First, by focusing on host, rather than bacterial targets, to empower the
immune system to clear the mycobacterial infection, the agents do not directly
apply selective pressure on the bacteria. Second, HDT agents may be employed in
combination with standard anti-mycobacterial therapy potentially shortening treat-
ment, and thereby improving adherence and limiting the emergence of resistance
arising due to incomplete treatment. An added benefit of many of these HDT agents
is they also have anti-inflammatory effects that ameliorate the lifelong inflammatory

D. J. Frank (PX))
Tuberculosis Clinical Research Branch, Division of AIDS, NIAID, Rockville, MD, USA
e-mail: daniel.frank @nih.gov

R. N. Mahon
Tuberculosis Clinical Research Branch, Division of AIDS,
Columbus Technologies & Services Inc., Contractor to NIAID/NIH, Rockville, MD, USA

© Springer Nature Switzerland AG 2021 3
P. C. Karakousis et al. (eds.), Advances in Host-Directed Therapies Against
Tuberculosis, https://doi.org/10.1007/978-3-030-56905-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56905-1_1&domain=pdf
https://doi.org/10.1007/978-3-030-56905-1_1#DOI
mailto:daniel.frank@nih.gov

4 D. J. Frank and R. N. Mahon

pulmonary tissue damage caused by active TB infection, improving the quality of
life and possibly long-term survival, for cured patients [3-6].

HDT has its roots as some of the oldest TB therapy. Prior to the chemotherapeu-
tic era, all TB treatments by necessity were “host directed.” Ascertaining the impact
on patients is difficult because no adequate comparison has ever been performed
[7]. A systematic review of 564 patients admitted to New York State sanatoria found
[8] a mortality rate of 37%, an improvement over models indicating a mortality rate
between 53% and 86% [9] for TB cases not in sanatoria. The effect may be due to
the host-directed benefits of a healthy diet, proper rest, mild exercise regimen, and
sunlight often included in the sanatoria setting [10]. Indeed, evidence suggests that
reclining in a supine position reduced Mtb bacilli growth [11].

The Antibiotic Era

By the mid-1950s, the development of effective TB drugs, like INH and PAS, the
focus on the host diminished, and the sanatoria quickly closed. New classes of anti-
TB drugs were discovered, and combination treatment regimens employed to
impede the emergence of drug-resistant TB. However, increasingly drug-resistant
TB remained a problem. By 2006, the first reports of extensively drug-resistant
(XDR) TB appeared, revealing strains resistant to the two major first line TB drugs,
INH and rifampicin, as well as aminoglycosides and quinolones [12, 13], highlight-
ing the need for alternative treatment strategies for TB.

Complicating progress is a lack of funding for TB drug development, with the
World Health Organization estimating $3.5 billion shortfall for TB implementation
in 2018, and as much as a $2 billion per year research shortfall as well as limited
profit motivation for pharmaceutical companies [14]. HDT strategies can take
advantage of investments in other fields, such as in oncology and autoimmune dis-
eases, to re-purpose drugs already in use or in development that may modulate the
immune system to improve TB outcomes [15]. Therapies already proven safe and
effective for other disorders have a streamlined and more cost-effective pathway to
approval for TB clinical use. Understanding how Mtb dysregulates the host immune
system to create a hospitable environment, and how HDT agents may improve
immune functions to more rapidly cure TB and decrease excess tissue damage is the
key to developing clinically impactful HDT.

Host Response to Mtb

The growth of Mtb in the lung has long been tied into the state of the immune
response [16]. After the first few weeks of infection, as Mtb rapidly replicates within
macrophages, its growth substantially decreases upon the arrival of T cells. A func-
tional immune response controls, but does not eradicate Mtb, leading to a latent
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infection classically defined by the formation of a granuloma and tuberculin reactiv-
ity. Active disease occurs when immunity is unable to control Mtb growth, either
soon after infection, or after immunity is compromised during latency, leading to
granuloma breakdown and bacterial proliferation in tissues [16]. While no proven
HDT targets have been identified, many potential targets within several subsets of
immune cells have either been proposed or are being tested. From these results, we
can begin to home in on specific cellular pathway targets for optimal therapeutic
benefit from HDTs.

T cells are vitally important to the control of Mtb pathogenesis, although the
exact mechanisms remain unclear. While IFN-y production was thought to be of
primary importance in T cell functionality [17], recent studies have suggested that
it is not required and likely detrimental to control Mtb growth within the lung [18].
Without a deeper understanding of how T cells control TB, knowing how to target
them with HDTs is difficult. Immunomodulatory agents used to treat autoimmune
disorders are well known to increase the risk of reactivation in latently infected TB
patients. Work with the immune checkpoint inhibitor PD-1 has also shown that
immune activating agents can lead to detrimental results during TB disease [19, 20].
Initial murine studies utilizing PD-1 knockout mice showed significantly increased
lethality during Mtb infection. Knockout mice had increased cytokine levels and
inflammatory cells present in the lung, indicating that maintaining balanced nega-
tive regulation of T cell immunity is essential to control TB. TB reactivation has
been subsequently reported in several cancer patients being treated with a PD-1
checkpoint inhibitor [21]. Further supporting the role of the T cell response during
TB disease is a recent study that reported harmful effects when T cell metabolism
was modulated [22]. Initially thought to be an ameliorative HDT target due to its
role in Mtb-induced necrosis in macrophages [23], knockout studies of the mito-
chondrial matrix protein cyclophilin D, had heightened T cell responses that
increased cytokine levels without a change in Mtb burden, and led to the death of
most of the mice within 3 months of Mtb challenge.

The Inflammatory Response

One of the drivers of utilizing HDTs is a desire to lessen the inflammatory and tissue
damaging effects caused by active TB on the host. Even after successful TB treat-
ment, Mtb infected patients are at an increased risk to develop chronic pulmonary
dysfunctions (COPD) [24] making immuno-modulatory agents candidates for HDT
development. Corticosteroids were one of the first agents evaluated as an HDT for
TB. While benefits have been observed as an adjunctive therapy for tuberculous
meningitis, non-physiological concentrations were required for an effect on pulmo-
nary TB with serious adverse events reported at lower concentrations [25]. Several
non-steroidal anti-inflammatory drugs have been, or are currently, being tested as
potential HDTs ranging from over the counter drugs (e.g. aspirin or ibuprofen) to
prescription arthritis medications [5]. While targeting acute inflammation mediators
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has been therapeutically beneficial for some autoimmune disorders, there is an open
question on whether stopping inflammation is the best course of action in infectious
disease induced inflammatory situations as these interventions may not have favor-
able effects in treatment of infections. The inflammatory process has three stages:
onset, resolution, and post-resolution [26]. The resolution phase occurs after the
onset of acute inflammation when apoptosis of inflammatory cells occurs, cytokines
and other mediators are removed from the extracellular environment through decoy
receptors, pro-inflammatory signaling pathways are turned off, and macrophages
are reprogrammed to produce anti-inflammatory cytokines and pro-resolution
mediators. Instead of only inhibiting inflammation, an alternative course of action
could be enhancing resolution. For example, eicosanoids, including prostaglandins
and resolvins, promote resolution by suppressing TLR and NF-«B signaling [27].
Prostaglandins are specifically involved in the cross-regulation of IL-1 and Type I
interferon during TB disease. Prostaglandins are synthesized from arachidonic acid
via cyclo-oxygenase (COX) that competes with 5-lipoxygenase (5-LO) for avail-
able arachoidonic acid. Zileuton, an inhibitor of 5-LO, increases prostaglandins
synthesis and when administered 1 month after Mtb infection, when the onset of
inflammation has likely dissipated, can significantly increase survival in mice [28].
A key factor for the development of HDTs is timing: a therapeutic agent that has
beneficial affects during the early stages of Mtb infection may have no benefit, or
even be harmful, during latency or late stages of infection.

A key component of resolution is the induction of apoptosis and the clearance of
dead cells. Neutrophils, primary drivers during the onset of inflammation, are
induced to go through apoptosis by a series of pro-apoptotic factors and then phago-
cytosed by macrophages by efferocytosis [29]. When this process is perturbed dur-
ing uncontrolled inflammation, neutrophils instead go through necrosis, a poorly
regulated form of cell death. Necrotic cells release damage-associated molecular
patterns (DAMPs) and other pro-inflammatory molecules that further exacerbate
pathogenesis. Mtb actively induces necrosis of infected cells and blocks apoptosis.
Several studies have shown that infected apoptotic neutrophils activate macrophages
leading to phagosomal maturation and significantly decreased Mtb burden [30, 31].
Mtb, by way of ESAT-6 and its secretion system ESX-1, instead induces necrosis of
neutrophils, releasing viable Mtb into the extracellular environment where it can be
phagocytosed by neighboring macrophages. An attenuated strain of Mtb lacking
ESX-1 secretion system stays within the apoptotic neutrophil as it phagocytosed by
the macrophage unable to block phagosome maturation [31]. Better understanding
the mechanisms of Mtb-induced necrosis in order to identify potential HDT targets
is a priority. Two that have been identified are reactive oxygen species (ROS) that
are required for Mtb induced necrosis in neutrophils, and peroxisome proliferator-
activated receptor (PPAR)y a nuclear receptor known to be necessary for Mtb patho-
genesis by limiting apoptosis. Early in vitro studies of inhibitors of ROS and Mcl-1,
a downstream effector of PPARY, in macrophages have decreased Mtb levels com-
pared to untreated controls [31, 32].
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Immunosupression

An important question needing to be addressed by HDT is whether negative regula-
tory immune cells and pathways utilized by Mtb to subvert host immunity and by
the host to protect against deleterious inflammatory responses can be targeted thera-
peutically. As highlighted above, blocking or removing brakes, “checkpoint inhibi-
tion”- on T cell responses has had no beneficial effect on Mtb burden, but increases
inflammation and tissue damage in the lung [19, 20, 22]. The concept of “disease
tolerance” whereby the host dampens the inflammatory and adaptive immune
response to the presence of a persistent infectious pathogen so as to protect against
tissue damage has started to be explored in the context of TB [33]. Utilizing HDTs
that are meant to induce host immunity in this context may have deleterious effects,
particularly in the absence of an effective antimicrobial agent. An example of this is
a recent study testing a matrix metalloproteinase (MMP) inhibitor as a single ther-
apy HDT for TB [34]. Expecting to observe decreased pulmonary cavitation, the
authors instead reported an increased cavitation, heightened immunopathology, and
decreased survival. A second study that used other MMP inhibitors and included
antibiotics was able to show a significant decrease in bacterial burden in mice given
antibiotics with MMP inhibitors compared to antibiotics alone [35]. Thus, the con-
text of when and how an HDT is used is an essential component of their development.

Myeloid-derived suppressor cells (MDSCs) are a regulatory cell population that
acts to resolve inflammation and return to homeostasis [36]. They produce anti-
inflammatory cytokines (e.g. IL-10), generate ROS and nitric oxide, suppress T cell
proliferation by removing arginine from the extracellular environment, and recruit
Tregs. The cancer field has been at the forefront of MDSC research, identifying new
phenotypic markers, describing cellular functions, and identifying ways that they
are used by tumors to grow and metastasize [37]. Initial observations during Mtb
infection have found that MDSC levels rise in the blood during active disease and
decrease after successful therapy [38]. Intriguingly, Mtb may be phagocytosed by
MDSCs and can evade host immunity within these cells [39]. As a potential HDT
target, all-trans retinoic acid (ATRA) differentiates MDSCs into mature macro-
phages, DCs, and neutrophils, decreased Mtb burden, and improved lung function
in mice. While extensive research is needed to characterize the role of MDSCs at
different stages of infection, exploring them as a potential HDT target has a strong
rationale.

Immunometabolism

All cells require energy to function and replicate and immune cells are no exception.
Over the past few years, there has been a renewed interest and appreciation in the
metabolic activity of immune cells and how its directly intertwined with their func-
tionality [40, 41]. A naive T cell upon activation requires the energy and biosynthetic
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molecules needed for proliferation, while a long-term resident memory T cell lives in
a more quiescent state with energy requirements focused on long-term metabolic
stability. Proliferating T cells utilize aerobic glycolysis for their energy needs that is
an inefficient source of ATP but allows for the synthesis of needed biomolecules (e.g.
amino acids, fatty acids). Memory cells use the more efficient oxidative phosphoryla-
tion as their energy source. Other immune cells, including macrophages and dendritic
cells, go through similar metabolic reprogramming in response to immune function
changes. Primary drivers of this metabolic programming are the signaling molecules
mTOR and AMPK. Signaling through mTOR places the cell in an anabolic state,
while AMPK alerts the cell to low ATP levels and reprograms the cell into a catabolic
state [42]. The role of these signaling molecules, and their potential as HDT targets,
is currently being studied with both an mTOR inhibitor targeting drug (everolimus)
and metformin a drug with several reported mechanisms including AMPK activation.

Additional aspects of immunometabolism are also being tested as HDT targets.
Tryptophan is an essential amino acid that humans obtain through diet and is needed
by proliferating T cells [43]. To suppress T cell activity tryptophan can be removed
and metabolized by neighboring cells. Tryptophan deprivation has been proposed as
a driver of immune suppression in the tumor microenvironment. Indoleamine-2,3-
dioxygenase (IDO) produces kyneurenine among other metabolites from trypto-
phan and has become the focus of therapeutically targeting tryptophan metabolism
[43]. In Mtb granulomas, IDO levels are elevated, and studies have indicated a link
between bacterial burden and IDO levels [44]. In macaques, the use of the IDO
inhibitor 1-methyl-tryptophan resulted in decreased Mtb growth, improved pulmo-
nary pathology, and increased T cell numbers [45]. Also, granulomas were reorga-
nized, allowing for T cells to migrate into the granuloma. The results suggest that
HDTs that allow for improved penetration into granulomas may be promising agents.

How the metabolic activity of an immune cell correlates with its functionality is
an open and important question for immunometabolism, although the mitochondria
and the generation of ROS are known to be involved [46]. Some metabolites may
also directly signal within the cell. For example, the TCA metabolite itaconate
inhibits the release of both IL-1p and Type I Interferons linking itaconate to the
known role of the two cytokines in the regulation of inflammation during TB [47].
Studies with immune-responsive gene 1(Irgl), a mitochondrial enzyme that pro-
duces itaconate, indicate that in the absence of itaconate mice quickly succumb to
Mtb infection with increased levels of inflammation and pathology [48].

The Modern HDT Clinical Pipeline

For an HDT agent to go into clinical development, animal data showing an improve-
ment in bacterial load, immunopathology, and overall survival should be necessary.
The question of exactly which animal model(s) are most appropriate is an open
debate. The vast majority of in vivo HDT research has been done in small animal
models, particularly murine. Imatinib, statins, metformin, MMP inhibitors, --the
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phosphodiesterase-4 (PDE-4) inhibitor CC-3052, and zileuton have all been studied
in mice with some also tested in guinea pigs. Only a few potential HDTs have been
studied in non-human primates (NHPs) while several have gone on to clinical devel-
opment without NHP data. Furthermore, the zebrafish model has also identified a
few potential HDTs [49, 50]. None of the models produce an infection identical to
what is observed in human tuberculosis, thus determining what type of animal stud-
ies should be necessary for further development as an HDT is difficult. Many ques-
tions remain unanswered. If a potential HDT does not show a benefit in small animal
models, should the agent not be studied in the costlier NHP model? What criteria
should be used to advance agents to clinical studies? As research into HDTs devel-
ops and allows correlation of findings from clinical trials with animal models, we
will be better able to answer these questions.

The current pipeline of HDT development has three segments. Agents (a) in
clinical development (b) being tested in small vertebrate animals and monkeys or
(c) being tested in vitro. The HDTs in some form of clinical development include
statins, imatinib, metformin, everolimus, and CC-3052. How this group was first
identified and tested is enlightening for how future HDTs may be developed.
Metformin was originally identified based off an in vitro screen of 13 autophagy and
AMPK-activating drugs in BCG challenged THP-1s, a human macrophage cell line.
While metformin was not the only drug screened found to have an ameliorative
effect on bacterial burden, it has been in wide clinical use for decades, so it was
selected for further development [51]. Statins were initially tested in human PBMCs
and macrophages and then in mice because of the known role of host cholesterol in
Mtb pathogenesis, and statins immunomodulatory capabilities [52]. Imatinib was
identified through a focused analysis of the role of receptor tyrosine kinases in TB
[53]. As a well described targeted anti-inflammatory, CC-3502 was tested in vivo in
the presence of INH [54]. Everolimus was also initially tested as a well-established
anti-inflammatory and inducer of autophagy [55]. Clinical evaluation of these drugs
for TB treatment is ongoing, thus extrapolating on their ultimate effectiveness as
HDTs is not possible. However, these studies have laid a foundation for how poten-
tial HDTs can be identified and developed for clinical testing.

Most of the current HDTs in clinical development were chosen from an in vitro
testing, either as a targeted study of a specific drug or class, or from a screening of
several drug classes. These studies usually utilize either monocyte-derived macro-
phages from humans or mice, or a macrophage cell line, primarily human (e.g.
THP-1s). While these assays have resulted in identification of promising candidates,
several have produced false positive results (23). Reliance on monocellular in vitro
assays to establish initial evidence on the potential of HDT is problematic and
should be replaced with multicellular assays. Several in vitro human granuloma
models have been developed and are starting to be used to test antibiotics and HDTs
[56]. While these assays do not completely recapitulate the in vivo human granu-
loma environment, they do provide additional complexity over standard in vitro
models through the addition of multiple types of human immune cells, and fibro-
blasts. Thus, making them an extremely useful model for HDT development. They
may aid in improving the translational quality of in vitro discoveries.
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When to stop developing a potential HDT is a pertinent question for determining
the progression of drug candidates into clinical development. Selecting agents
approved as safe for use for other diseases will help mitigate risk. However, under-
standing the impact of drug-drug interactions between the HDT agent and TB and
HIV treatment drugs is also critical. Positive or negative results for an HDT agent
given without concomitant TB treatment should not be used to make critical deci-
sions concerning further evaluation.

Conclusion

Mitb actively disrupts host immune cellular pathways to create a favorable environ-
mental niche as it establishes infection. The overarching goal of HDT is to reverse
or compensate for this immune dysregulation to allow the host immune system to
improve TB treatment outcomes. As you will read throughout this book, HDT can-
didates represent a broad spectrum of agents targeting a variety of cells and path-
ways, complicating their clinical development and direct comparison. They all are
intended to restore balanced regulation among immune cell metabolic pathways,
between pro- and anti-inflammatory pathways, necrosis and apoptosis, and activa-
tion and inhibition of specific immune cell populations. Achieving such balance is
the key to harnessing the potential of HDT for infectious diseases.
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Introduction

Cellular metabolism involves a balance between energy intake, utilization, and stor-
age. This balance is finely controlled by an evolutionarily conserved program regu-
lated by three energy sensors: Mechanistic (formerly mammalian) Target of
Rapamycin (mTOR, a serine/threonine kinase); AMP-activated protein kinase
(AMPK, a serine/threonine kinase); and sirtuins (nicotinamide adenine dinucleotide
(NAD%)-dependent deacetylases) [1-4]. These energy sensors are known to either
cooperate or oppose each other’s actions [5, 6] to regulate energy homeostasis, cel-
lular function, and immuno-metabolic health during basal and physiologically
stressed conditions, including infections [7-9]. The crosstalk between mTOR and
AMPK signaling with cellular immunity during infections has been intensively
studied [7, 10, 11]. Recent evidence supports the role of sirtuins in linking meta-
bolic, mitochondrial bioenergetic pathways, and immune responses [7, 12]. Here
we provide a brief overview of sirtuin signaling with a focus on inflammation and
fibrosis that are the main drivers of morbidity and mortality in tuberculosis (TB).
We further discuss how sirtuin circuits can be harnessed by host-directed therapies
(HDTs) to accelerate sterilization of TB and promote the non-fibrotic resolution of
pulmonary TB disease.

L. Smulan - H. Kornfeld

Department of Medicine, University of Massachusetts Medical School, Worcester, MA, USA
A. Singhal (P<)

Singapore Immunology Network (SIgN), Agency for Science, Technology and Research
(A*STAR), Singapore, Singapore

Lee Kong Chian School of Medicine, Nanyang Technological University,

Singapore, Singapore

Translational Health Science and Technology Institute (THSTI), Faridabad, Haryana, India
e-mail: Amit_Singhal @immunol.a-star.edu.sg

© Springer Nature Switzerland AG 2021 15
P. C. Karakousis et al. (eds.), Advances in Host-Directed Therapies Against
Tuberculosis, https://doi.org/10.1007/978-3-030-56905-1_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56905-1_2&domain=pdf
https://doi.org/10.1007/978-3-030-56905-1_2#DOI
mailto:Amit_Singhal@immunol.a-star.edu.sg

16 L. Smulan et al.
The Sirtuin Family

The sirtuin family of proteins were originally characterized in Saccharomyces cere-
visiae as the yeast silent information regulator 2 (Sir2) [4, 13]. The SIR2 gene was
shown to be a transcriptional silencer of mating-type loci in budding yeast, yeast
telomers, and ribosomal RNA [13—15], where it could extend lifespan by repressing
genome instability [13, 16]. Later, Sir2 was shown to be a type III NAD*-dependent
histone deacetylase and to have ADP-ribosyltransferase activity [17, 18]. Since the
discovery of SIR2 in yeast, the gene was found to be a member of a large family of
conserved genes present in multiple organisms including Caenorhabditis elegans,
Drosophila, and mammals [13]. Importantly, the Drosophila and C. elegans Sir2
orthologs induced by calorie restriction also regulate health and longevity [19-22].

In mammals, the sirtuin family has seven members (Sirt1-7) subdivided into four
classes (Class I-IV), which are categorized by their highly conserved NAD*-binding
and catalytic domain (the sirtuin core) [23]. Despite their conserved NAD* binding
domain, sirtuins differ by their N and C termini, subcellular localization, enzymatic
activity, and deacetylase targets (Table 2.1). Although the yeast Sir2 protein was
originally described as a type IIIl NAD*-dependent histone deacetylase [17], mam-
malian sirtuins deacetylate a range of histones and non-histone proteins, thereby
regulating the activity of multiple cellular pathways including central metabolic
pathways and inflammation [4, 13]. Since sirtuins deacetylate histone proteins, they
belong to class IIT histone deacetylases (HDACS) [24]. The main enzymatic reaction
of sirtuins involves deacetylation at lysine residues and hydrolysis of NAD*, pro-
ducing nicotinamide adenine mononucleotide (NAM) [13, 17]. NAD*, a regulator
of sirtuin activity, is a key metabolite in multiple cellular pathways, and cellular
pools of NAD* are tightly regulated in response to stresses such as caloric restriction
[1, 25-28]. In addition to the levels of cellular NAD*, sirtuins are also regulated by
NAM through non-competitive inhibition. NAM is recycled back to NAD* by the
action of the rate-limiting enzyme nicotinamide adenine mononucleotide phospho-
ribosyltransferase (Nampt), which is responsive to cellular stress and nutrient avail-
ability, and is also a regulator of sirtuins, particularly Sirtl [26, 29, 30]. Although
mammalian sirtuins are protein deacetylases, some members have the capacity to
remove other post-translation protein modifications, including malonyl and succi-
nyl moieties [31, 32]. The enzymatic reaction, protein targets, and physiological
function of each mammalian sirtuin are highlighted in Table 2.1.

Sirtuins, Mitochondria, and Inflammation

Inflammation is a biological response important for the maintenance of cellular
homeostasis and pathogen eradication, and plays an important role in diseases. An
excessive inflammatory response, however, have been shown to be detrimental to
the host and contributes to tissue injury [33]. The inflammatory response links
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Table 2.1 Physiological function and subcellular localization of mammalian sirtuins

Physiological
Sirtuin | Activity Localization | Targets function References
Sirtl | Deacetylation Nucleus, FOXO1, Metabolism, cell [4, 13,25,
Cytosol FOXO03, stress, 40, 92]
PGCla, NF-kB, |inflammation,
HIF-1a, LXR,
SREBPIc, FEXR
Sirt2 | Deacetylation Cytosol, FOXO1, p65, Genome integrity, | [4, 13, 93,
Nucleus HIF-1a,Tubulin, | cell cycle 94]
PEPCK progression
inflammation,
neurological
disorders
Sirt3 | Deacetylation Mitochondria | LCAD, IDH2, Metabolism, [4, 13,
HMGCS2, mitochondrial 95-98]
GDH, SOD2, function, oxidative
AceCS2, stress
OXPHOS
subunits, others
Sirt4 | ADP-ribosylation, | Mitochondria | GDH, MCD Fatty acid [99-102]
Deacetylase, oxidation, insulin
Lipoamidase secretion
Sirt5 | Deacetylation, Mitochondria | CPS1, HMGCS?2 | Urea cycle, Fatty [103, 104]
Demalonylation, acid metabolism
Desuccinylation
Sirt6 | Deacetylation, Nucleus H3K9, H3K56 | Glucose [4, 49, 105]
ADP-ribosylation metabolism,
Inflammation
Sirt7 | Deacetylase Nucleolus RNA pol I Genome integrity | [4, 13, 106]
Desuccinylation

immune pathways to metabolic and mitochondrial bioenergetic pathways, all of
which are regulated, at least in part, by sirtuins [34]. Sirtuins, particularly Sirtl,
Sirt3, Sirt4, and Sirt6, sense and respond to cellular nutrient changes and NAD*
availability, resulting in cellular metabolic reprogramming and mitochondrial adap-
tations that are coupled to cellular responses under stress [35]. In monocytes, Sirtl
and Sirt6 play a critical role in switching the inflammatory response from the acute
to adaptive phase, a process involving inactivation of Nuclear Factor-kB (NF-xB)
RelA/p65 and activation of NF-kB RelB, transcription factors that function as mas-
ter regulators of immune responses in macrophages (M¢) [36-38]. Sirt]l deacety-
lates lysine 310 of RelA/p65 and deacetylates histone 1 lysine 27 (H1K27), allowing
for recruitment of RelB to the promoters of inflammatory genes [36, 39, 40]. During
chronic inflammation, when Sirtl levels are decreased, NF-xB signaling (most
likely due to RelA/p65 hyperacetylation) is increased, resulting in a hyperinflam-
matory state [41-43]. Mice with myeloid-specific SIRTI deletion showed dysregu-
lated NF-xB signaling and uncontrolled cytokine production when stimulated with
various stimuli including bacterial endotoxin and dietary lipids [41]. In line with
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these observations, myeloid-specific SIRT~~ mice were found to be susceptible to
Listeria monocytogenes [44] and Mycobacterium tuberculosis (Mtb) [42].
Conversely, SIRTI transgenic mice are protected against inflammatory response
induced by diabetes or high-fat feeding [45-47], indicating that Sirtl is an impor-
tant bridge linking cell metabolism, immune response, and inflammation.

Sirt6 works in coordination with Sirtl to modulate NF-kB activity and regulate
immune responses by interacting with RelA/p65 and deacetylating histone 3 lysine
9 (H3K9) at NF-xB target gene promoters, which decreases RelA/p65 promoter
occupancy at target genes [35, 41, 48]. Sirtl and Sirt6 also integrate glycolysis in
monocytes with acute inflammatory responses by altering hypoxia-inducible factor
(HIF)-1a levels/stability, which stimulates genes involved in glycolysis [12, 35, 49,
50] (Fig. 2.1). Moreover, HIF-1a is destabilized and inactivated through direct bind-
ing and deacetylation by Sirtl [50] and Sirt2 [51]. In addition, Sirtl epigenetically
regulates HIF-1a by deacetylating histone 3 lysine 14 (H3K14) at the promoter of

Glycolysis = «—— HIF-la— |——— [ SIRT6

— NF-KB—) Inflammation

Stabilizes v
HIF-1a PGC-1a Autophagy

Mitochondrial
dysfunction — SIRT3

Fig. 2.1 Role of sirtuins in regulating inflammation, autophagy and glycolysis. Sirtl, Sirt3 and
Sirt6 regulate cellular pathways involved in the immune response, metabolism, and mitochondrial
function, all of which are intrinsically linked. The inflammatory response and glycolysis are nega-
tively regulated by Sirtl and Sirt6 through their deacetylation activities on Nuclear Factor (NF)-xB
and hypoxia-inducible factor-1 alpha (HIF-1a). Sirtl, by regulating the activity of peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) and Sirt3, together maintains
mitochondrial function and autophagy. Mitochondrial perturbation in turn leads to the production
of reactive oxygen species (ROS), which stabilizes HIF-1o and further activates the glycolytic fate
of the cell. Under stress, such as from Mtb infection, sirtuin activity is compromised resulting in
mitochondrial dysfunction and enhanced inflammation and glycolytic activity. By targeting sirtu-
ins, host cell metabolic activity could be restored
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the HIFIA gene, which results in reduced transcription of HIF-1a [52]. Also, the
mitochondrial sirtuin Sirt3 has been shown to metabolically reprogram tumor cells
by destabilizing and inactivating HIF-1a [53]. However, unlike Sirt1, which directly
binds and deacetylates HIF-1a [50], Sirt3 indirectly destabilizes HIF-1a through
Sirt3-mediated suppression of reactive oxygen species (ROS) [53, 54] (Fig. 2.1).

Linked to their role in cellular metabolism, mitochondria are important in pro-
inflammatory signaling [55]. Mitochondria are the site of cellular ATP production
and for signaling pathways such as production of ROS, mitophagy and mitochon-
drial DNA repair, which not only regulate mitochondrial homeostasis but modu-
late various cellular processes [56]. Mitochondrial ROS (mtROS) can also provoke
mitochondrial dysfunction leading to cellular stress, inflammation, and injury
[55-57]. Sirt3 mediates mitochondrial protective effects, which are altered in
experimental models of inflammation [58-60]. SIRT3~~ mice exhibit enhanced
inflammatory response to endotoxin challenge, which is associated with increased
production of proinflammatory cytokines and mtROS; these responses can be
ameliorated with pharmacological activation of Sirt3 [58]. In addition, Sirt3 pro-
motes defense against Mrb infection, in part due to its role in maintaining mito-
chondrial function [60]. Sirt4, another mitochondrial sirtuin, is also important in
the host metabolic response to inflammation as it promotes the resolution of acute
inflammation in endotoxin-treated human monocytes by coordinately reprogram-
ming cellular metabolism and bioenergetics [61]. Sirt4 also suppresses the inflam-
matory response in human endothelial cells by preventing the nuclear translocation
of NF-xB, thereby interfering with NF-xB signaling [62, 63]. Altogether, Sirtl,
Sirt3, Sirt4, and Sirt6 work in conjunction to regulate the inflammatory response
by integrating mitochondrial bioenergetics with M¢ metabolic reprogramming
(Fig. 2.1). Thus, sirtuin signaling is an attractive target for the next generation of
TB HDTs.

Sirtuins and Fibrosis

Fibrosis (scar formation due to excess collagen deposition) is a possible outcome of
resolving inflammation. It becomes detrimental to the host when it impairs vital
organs, as is the case for pulmonary or pericardial fibrosis after TB. Pulmonary
fibrosis (PF) results from the accumulation of fibroblasts, leading to enhanced
extracellular matrix deposition. Furthermore, damage of alveolar epithelial cells
may result in decreased epithelial function and epithelial to mesenchymal transi-
tion, a biological process in which the epithelial nature of alveolar epithelial cells is
lost [64, 65]. Sirtuins have been shown to play a complex role in the progression of
PF [64, 66-68]. Sirt1, Sirt3, and Sirt7 are attenuated in murine models of PF as well
as in lung tissue from patients with idiopathic and systemic sclerosis-associated PF,
particularly within the fibrotic regions of the lungs [66, 67]. Activation of Sirtl by
the natural activator resveratrol attenuates lung fibroblast differentiation and dimin-
ishes the severity of experimental lung fibrosis by modulating the TGF-p/p300
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fibrotic signaling cascade [56, 64, 69, 70]. Like Sirtl, Sirt7 exerts its antifibrotic
effects by regulating TGF-p fibrotic signaling, particularly by regulating levels of
Smad3, the downstream mediator of TGF-3 receptor signaling. Sirt7 overexpres-
sion reduces Smad3, while attenuating Sirt7 expression increases Smad3 and
enhances fibrogenesis [64, 66]. Sirt3 exerts its antifibrotic effects by maintaining
mitochondrial ROS and cellular redox homeostasis, which is important for fibro-
blast homeostasis [58, 67]. In addition to Sirt1, Sirt3, and Sirt7, Sirt6 can also mod-
ulate cardiac [71] and liver fibrosis [72]. Additionally Sirt6 counteracts the
development of PF by altering the epithelial to mesenchymal transition by targeting
fibrotic signaling pathways involving Smad3 [64, 73]. Overall, sirtuins play an
important role in diverse fibrotic responses, suggesting their potential value as tar-
gets for anti-fibrotic therapies.

Crosstalk of Sirtuins and Mycobacterial Infection

Mycobacterial infection triggeres a complex interplay between the host immune
response and Mtb pathogenic mechanisms. Since immune response and metabolic
programs are intrinsically linked [74], targeting metabolism in chronic conditions
such as cancer, uncontrolled inflammation, and chronic infections such as TB have
been proposed [1, 75]. A comparative transcriptome analysis of M¢ infected with
various bacterial species, including Mtb, showed an upregulation of a core genes
associated with a classically activated M¢ signature, correlating with a general met-
abolic reprograming such as increased glycolytic flux and decreased oxidative
phosphorylation, which illustrates the intimate link between metabolic fate and
function of immune cells during infection [76-78]. It has been shown that Mtb
infection perturbs sirtuin activity in M¢ [42, 60]. This could be due to the depletion
of cellular NAD* pools, possibly by a secreted Mtb toxin that promotes cell death
[79]. In addition to reducing NAD" levels, Mtb infection reduces expression of
SIRTI mRNA and protein, an effect that is associated with exacerbated immunopa-
thology [42]. Pharmacological activation of Sirtl inhibits intracellular growth of
Mtb by stimulating autophagy and reduces chronic inflammation by deacetylating
RelA/p65 [42]. Evidence that SIRTI mRNA expression is reduced in blood of TB
patients and increases following anti-TB therapy [42] supports a role for Sirtl in the
host response to TB.

Sirt3 is also important for the host defense against Mtb, as it coordinates mito-
chondrial function and autophagy that are required for an appropriate anti-
mycobacterial response [60]. Infection of Sirt3 null mice with Mtb results in greater
inflammation, mitochondrial damage, and oxidative stress compared to wildtype
[60]. Pharmacological activation of Sirt3 in Mrb-infected wildtype macrophages
restored host mitochondrial function, reduced cellular oxidative stress and pro-
moted autophagy [60]. Both Sirt]l and Sirt3 are important regulators of autophagy,
a key cellular defense against intracellular pathogens [42, 80, 81]. Sirt] deacetylates
LC3 (central protein in autophagy pathway and autophagosome biogenesis) at K49
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and K51 [82], while Sirt3 promotes autophagy through mechanisms including regu-
lation of Peroxisome Proliferator-Activated Receptor alpha (PPAR), a transcrip-
tional regulator of autophagy and inflammation [83, 84]. Furthermore, similar to
SIRT1, SIRT3 mRNA expression is decreased in peripheral blood mononuclear cells
of TB patients [60]. The host-protective role of Sirt3 against infection appears to be
restricted to TB since SIRT3~~ mice do not differ from wild type mice in terms of
cytokine production, bacterial burden, and survival, when subjected to endotox-
emia, Escherichia coli peritonitis, Klebsiella pneumoniae pneumonia, listeriosis, or
candidiasis [85].

Although Sirtl and Sirt3 mediate protective effects against Mtb infection, no
such phenotype was identified in Mrb-infected mice with myeloid-specific SIRT2
deletion [86]. However, Sirt2 seems to play a detrimental role against other bacterial
infections such as those caused by Listeria monocytogenes, Helicobacter pylori and
Staphylococcus spp. [87-89]. During L. monocytogenes infection, Sirt2 deacety-
lates histone 3 lysine 18 (H3K18) thereby up-regulating genes required for infec-
tion; moreover, SIRT2~~ mice showed impaired L. monocytogenes growth, relative
to wild type mice [87, 90]. Although the potential role of Sirt5 in TB progression
has yet to be analyzed, Sirt5 does not impact the innate immune defense against
endotoxemia, Escherichia coli peritonitis, Streptococcus pneumoniae pneumonia,
Klebsiella pneumoniae, or listeriosis [91].

Conclusions and Perspectives

Host metabolic programs and immune response are inextricably linked, and it is
becoming clear that immuno-metabolic circuits are particularly important in chronic
infectious and non-infectious inflammatory diseases. Sirtuins, which are regulated
in a tissue, cell and organelle-specific manner, are important arbiters of these cir-
cuits. Their expression and localization are regulated by proteins that themselves are
sirtuin substrates, suggesting complex feedback network(s) in the crosstalk between
inflammatory response, cellular metabolism, and mitochondrial bioenergetics.
Targeting sirtuins may have the capability to restore the balance towards protective
immunity by reducing pathological inflammation and enhancing host response.
Auvailable evidence suggest the potential for Sirt1 and Sirt3 agonists for HDT against
TB. In contrast to some immunosuppressive HDT candidates, sirtuin agonists have
the potentially unique capacity to directly modulate tissue-damaging inflammation
and suppress fibrosis during resolution, while also promoting antibacterial effector
function. Given the multiplicity of targets and pathways regulated by sirtuins, addi-
tional preclinical studies are needed to clarify their mechanism(s) of protective effi-
cacy and to identify compounds with high activity and bioavailability before making
the next step to clinical trials in TB.
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Chapter 3

The Mammalian Target of Rapamycin
Complex 1 (imTORC1): An Ally

of M. tuberculosis in Host Cells

Natalie Bruiners, Valentina Guerrini, and Maria Laura Gennaro

The mTOR-Containing Complexes

The serine/threonine protein kinase mammalian target of rapamycin (mTOR) is a
conserved member of the phosphoinositide 3-kinase (PI3K)-related kinase family.
It is the key component of two distinct multi-subunit complexes called mTOR com-
plex I (mTORCI) and mTOR complex 2 (mTORC?2). Besides mTOR, the catalytic
subunit, the two complexes share two additional subunits: the mammalian lethal
with Sec13 protein 8 (mLSTS, also known as GBL), which stabilizes mTOR, and
the DEP-domain-containing mTOR-interacting protein (Deptor), which inhibits
mTOR. Moreover, mTORCI1 is characterized by the presence of the regulatory-
associated protein of mTOR (Raptor, also known as RPTOR), which is involved in
mTORCI localization and substrate recruitment, and the proline-rich AKT sub-
strate of 40 kDa (PRAS40, also known as AKT1S1), an insulin-responsive mTORC1
inhibitor. mMTORC2 contains mSIN1, Protor, and the rapamycin-insensitive com-
panion of mTOR (Rictor), a protein that may have analogous function to Raptor.
Among the most recent reviews on the structure and function of the two complexes,
the reader is referred to [1]. The primary functions of mTORC1 and mTORC?2 are
distinct: mTORC1 controls cell growth, while mTORC?2 controls cell survival and
proliferation [2]. Here, we focus on mTORC1, which has been studied in the con-
text of tuberculosis pathogenesis.
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mTORC1 Regulation

mTORCI senses growth factors, amino acids, energy status, stress, and oxygen lev-
els to regulate many biological processes required for cell growth and proliferation.
Activation of mTORC1 requires two distinct signaling pathways. The first, which is
initiated by growth factors and cellular stress signals, ultimately activates the small
GTPase Rheb by regulating its nucleotide state. When Rheb is bound to GTP (as
opposed to GDP), it resides on the lysosomal membrane and directly stimulates
mTOR kinase activity by inducing conformational changes [3] and by favoring
mTOR phosphorylation by upstream kinases [4]. Phosphorylated mTOR catalyzes
subsequent phosphorylation of itself and other components of the mTORCI1 com-
plex [4]. Moreover, in order to interact with Rheb, mMTORC1 must be recruited to
the lysosomal membrane by the Rag GTPases. These heterodimeric enzymes, which
are composed of RagA or RagB and RagC or RagD, are competent to recruit
mTORCI1 only when RagA or RagB is bound to GTP and RagC or RagD is bound
to GDP. The nucleotide state of the Rags is regulated by a second signaling pathway
that is initiated by nutrients, such as amino acids and glucose. Thus, mMTORCI is
activated only when both growth factors and nutrients are present, leading to the
colocalization of the mTORC1 recruitment complex and an mTORC] activator at
the lysosomal surface. The requirement for coordinated intracellular and extracel-
lular cues ensures that mTORCI is activated only when resources are plentiful and
cellular growth can be sustained. A detailed description of nutrient and growth fac-
tor signaling to mTORCI can be found in recent reviews [5, 6].

The Functions of mTORC1

The activation of mTOR is key to achieve cell growth and proliferation. To do so,
mTORCI initiates a cascade of events supporting anabolism and blocking catabolic
processes (reviewed in [7-9]). The anabolic program includes enhancing the syn-
thesis of proteins, lipids, nucleotides, and other macromolecules. The catabolic pro-
cesses blocked by mTORCT are (i) autophagy, a mechanism of protein degradation
aimed at restoring the lysosomal pool of amino acids, and (ii) lysosome biogenesis.
Thus, mTORC1 controls autophagy flux and the ability of the lysosome to degrade
cellular constituents.

Protein synthesis is promoted by mMTORC1 through the direct phosphorylation of
two of its major targets, the translational regulators, eukaryotic translation initiation
factor 4E (eIF4E)-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1
(S6K1). Phosphorylated 4E-BP1 cannot bind elF4E, which enables it to form the
complex required for the initiation of cap-dependent translation. Moreover, phos-
phorylated (active) S6K1 controls various downstream effectors, leading to
increased ribosome and mRNA biogenesis, and translational initiation and elonga-
tion. In addition of transcription by RNA polymerase (Pol) II, mTORCI1 also



3 The Mammalian Target of Rapamycin Complex 1 (mTORCI)... 29

induces Pol I activation and ribosomal RNA (rRNA) production through S6K1, and
releases Pol III from inhibition, thereby promoting transcription of 5S rRNA and
transfer RNA (tRNA).

Lipid biosynthesis is regulated by mTORCI1 through several mechanisms
(reviewed in [10]). One is the induction of the sterol regulatory element-binding
protein 1/2 (SREBP1/2) transcription factors that control the expression of genes
involved in fatty acid and cholesterol synthesis. SREBP1/2 induction by mTORCI1
occurs at multiple levels (expression, processing, and translocation to the nucleus),
some of which are controlled through S6K1 (see also [11]). In addition, mTORCI1
phosphorylates Lipin-1, a phosphatidic acid phosphatase, and prevents its nuclear
entry and negative regulation of SREBP1/2 abundance [12]. Moreover, mMTORCI
utilizes multiple mechanisms, some of which remain to be elucidated, to increase
expression and activity of peroxisome proliferator-activated receptor y (PPARY), a
nuclear receptor that controls the expression of genes required for fatty acid synthe-
sis, uptake, and esterification (reviewed in [13]). Furthermore, S6K2, an effector of
mTORCT that is highly homologous to S6K1, suppresses PPAR«, a nuclear recep-
tor that induces fatty acid oxidation and ketogenesis [14], by inducing the nuclear
localization of nuclear corepressor 1 (NCoR1).

mTORCI also regulates the nucleotide pool, which is critical for DNA replica-
tion and rRNA biosynthesis in proliferating cells. De novo purine biosynthesis is
driven by mTORCT through the direct activation of activating transcription factor 4
(ATF4), which induces expression of key genes in purine biosynthesis and support-
ing pathways such as the pentose phosphate pathway [15], while pyrimidine biosyn-
thesis is promoted through S6K1-mediated phosphorylation of key enzymes in the
pathway [16, 17].

Since the mechanisms it induces consume energy, mMTORC] positively regulates
energy metabolism in multiple ways (reviewed in [8]). It increases transcription and
translation of the transcription factor hypoxia inducible factor 1o (HIFlx) (reviewed
in [7]), which reprograms cellular energy metabolism from oxidative phosphoryla-
tion toward glycolysis [18]. Moreover, nTORC1 increases mitochondrial oxidative
function to maintain energy homeostasis in response to nutrient and hormonal sig-
nals [8], in part by driving the formation of a complex between PPARy-coactivator
la (PGCla) and the transcription factor Ying-Yang 1 (YY 1), which positively regu-
lates mitochondrial biogenesis and oxidative functions [19]. In addition, mTORCI
enhances translation of nuclear-encoded mitochondrial genes through 4E-BP to
expand the ATP production capacity of the cell [20].

A critical component of mTORC1’s role in promoting cellular growth and pro-
liferation lies in its ability to shut down catabolic processes. Two intertwined cata-
bolic processes, lysosomal biogenesis and autophagy, are regulated by mTORCI.
Autophagy is the major intracellular degradation system by which cytoplasmic
materials are delivered to and degraded in the lysosome [21]. The lysosome is the
primary site of the breakdown of proteins, polysaccharides, and complex lipids
into building blocks that can be utilized for cellular growth [22]. These functions,
together, serve as a dynamic recycling system to produce new building blocks
and energy for cellular renovation and homeostasis. When mTORCI is inactive,
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non-phosphorylated microphthalmia-associated transcription factor (MiTF),
transcription factor EB (TFEB), and the related transcription factor E3 (TFE3)
can translocate to the nucleus and activate genes related to lysosomal biogenesis
and autophagy (reviewed in [5, 9]). Newly formed lysosomes then break down
proteins and release constituent monomers back to the cytoplasm to regenerate
the pool of cellular amino acids, leading to reactivation of the mTORC1 pathway
and its growth-promoting functions. This feedback loop between mTORC1 and
the lysosome is crucial for metabolic homeostasis and cell survival [5]. Indeed,
the very localization of mTORCI activation at the surface of the lysosome is
a testament to the central importance of the mTORC]1-lysosome link [5, 6]. In
addition, mMTORC1 phosphorylates and inhibits two key autophagy initiators,
unc-51-like autophagy-activating kinase 1 (ULK1) and autophagy-related pro-
tein 13 (ATG13) [5, 6, 9], which are required for autophagosome formation [21].
mTORCT also blocks autophagosome and endosome maturation by inhibiting the
interaction of its target UV radiation resistance-associated gene (UVRAG) pro-
tein with the homotypic fusion and protein sorting (HOPS) complex (reviewed in
[9]), which assist in trafficking, autophagosome-lysosome fusion, and Rab7 acti-
vation [21, 23]. Thus, mTORCI negatively regulates both early and late stages
of autophagy.

mTORCI1 and Tuberculosis

mTORCI1 Regulation of Immune Cells

M. tuberculosis positively regulates the mTORCI1 pathway in immune cells. For
example, activation of mMTORCT1 in alveolar macrophages [24], and mTORC1 path-
way upregulation have been observed in human tuberculous lungs [25]. Furthermore,
human primary macrophages infected in vitro with M. fuberculosis show increased
phosphorylation of mMTORC1 and its targets S6K and 4EBP-1 [25, 26]. The signals
activating mTORC1 during M. tuberculosis infection are understudied. Various
extracellular signals might contribute to mTORCI1 activation in immune cells dur-
ing M. tuberculosis infection, including growth factors, Toll-like receptor (TLR)
ligands, cytokines, and lipid mediators of inflammation [27]. For example, blocking
the biological action of TNFa by using anti-TNF receptor-blocking antibodies
decreases mMTORCT activation status in macrophages infected in vitro [25]. Except
for TNFa, the role of signaling molecules in mTORCI1 activation in the context of
tuberculosis is poorly understood.

Once activated, nTORCI participates in the regulation of metabolic and immune
functions of immune cells during M. tuberculosis infection.

Autophagy Autophagy has an important role during M. tuberculosis infection,
since its induction by physiological or pharmacological stimuli [28, 29] positively
regulates several protective immune functions. These include: (i) maturation and
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acidification of M. tuberculosis-containing phagosomes, which counter the M.
tuberculosis-mediated block of phagosome-lysosome fusion [30-33]; (ii) release of
antigenic fragments from lysosome-degraded bacteria and antigen presentation
[34]; and (iii) control of inflammatory response to avoid excess inflammation [35,
36] and promote bacterial clearance [37]. The protective effects of autophagy in
tuberculosis are further supported by the observation that transgenic autophagy-
defective mice infected with M. tuberculosis exhibit higher bacillary burden and
more severe lung pathology than wild-type animals [30].

M. tuberculosis infection results in inhibition of the autophagic flux [38—40], and
some mycobacterial factors express anti-autophagic activity [41-43]. Inhibition of
autophagy by M. tuberculosis infection occurs concurrently with mTORCI1 activa-
tion, suggesting the possibility that mycobacteria activate mTORCI1 to block or
slow down autophagy [44]. Indeed, nutrient starvation (which leads to mTORC1
inactivation) and treatment with rapamycin (a chemical inhibitor of mTORC1)
reduces M. tuberculosis growth in macrophages [30].

Foam cell formation Foam cells form through dysregulated lipid metabolism in
mammalian macrophages. When lipid content exceeds the homeostatic capacity of
macrophages, the excess lipids are stored in quasi-organelles called lipid droplets.
Lipid droplet accumulation results in the foamy appearance of the macrophage [45].
Foam cells are associated with chronic inflammation in metabolic, infectious, and
autoimmune diseases, and in certain cancers [46]. Formation of foam cells typically
impairs macrophage immune function and contributes to pathogenesis [47]. In
tuberculosis, caseous lung granulomas are characterized by aggregates of various
immune cells distributed around a lipid-rich necrotic center. Foam cells are present
in the areas immediately adjacent to the necrotic core, and the proportion of foam
cells correlates with the extent of lesion necrosis and tissue damage. Moreover, the
chronic and nonresolving inflammatory state associated with foam cell accumula-
tion and death generates further tissue damage. Damage of the lung parenchyma
results in loss of pulmonary function, while granuloma liquefaction and cavitation
into the airway ultimately leads to the release of extracellular bacilli into the exter-
nal environment and transmission of infection [46]. Thus, foam cell formation con-
tributes to worsening of the histopathology and disease outcome.

Foam cells in tuberculous lung lesions and primary macrophages infected ex
vivo with M. tuberculosis accumulate triglycerides. In vitro mechanistic studies by
Guerrini et al. have shown that triglyceride accumulation in human macrophages
infected with M. tuberculosis is mediated by TNF receptor signaling through down-
stream activation of the caspase cascade and mTORCI [25]. While the mTORCI
targets responsible for tuberculous foam cell formation are presently unknown, sev-
eral cellular functions regulated by mTORC1 might contribute to triglyceride accu-
mulation. These include PPARy and SREBP-1c [75, 76], which induce lipogenesis
and triglyceride biosynthesis, as described above. Additionally, mTORCI1 may
increase cellular lipid content by inhibiting autophagy [78, 79], which promotes
lipid catabolism by delivering triglycerides stored in lipid droplets to lysosomes
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(a mechanism called lipophagy) [80]. mnTORC1-dependent block of autophagy can
also activate the caspase cascade through accumulation of p62, which binds and
activates caspase 8. Caspase activation induces mitochondrial dysfunction [76],
which is associated with reduced fatty acid utilization and consequent lipid accu-
mulation [77].

Central carbon metabolism A metabolic shift to aerobic glycolysis (the Warburg
effect) has been observed during M. tuberculosis infection [48]. In a murine model
of tuberculosis, transcriptomic analyses of infected lungs revealed gene expression
changes that were consistent with the Warburg effect [49]. These included increased
expression of genes encoding glucose transporters and glycolytic enzymes, and
downregulation of genes involved in the TCA cycle and oxidative phosphorylation
(OXPHOS). In addition, immunohistochemistry showed increased abundance of
glycolytic enzymes in macrophages and T cells in lung granulomas from the same
animals [49]. Consistent with these observations, accumulation of lactate, the prod-
uct of glycolysis, was observed in M. tuberculosis-infected mouse lungs by metabo-
lomics [50]. Gene expression changes consistent with the Warburg effect were also
reported in tuberculous rabbits [51] and in lung granulomas of individuals with
active tuberculosis [52].

A few mechanistic and functional studies have been performed on aerobic gly-
colysis in immune cells during M. tuberculosis infection. Induction of aerobic gly-
colysis has been reported with several types of macrophages infected with
M. tuberculosis in vitro [26, 53]. Using human peripheral blood mononuclear cells
(PBMC), it has been shown that the M. tuberculosis-induced shift toward aerobic
glycolysis occurs in a TLR2-dependent and NOD2-independent manner [26]. The
same study also showed that this metabolic reprogramming is mediated in part
through activation of Protein kinase B (AKT)-mTORCI pathway in M. tuberculosis-
infected human and mouse macrophages [26]. Moreover, since HIF-1a expression
is increased in tuberculous lesions in mouse lungs [49], it has been proposed that
HIF-1a is a key regulator of the metabolic reprogramming occurring in immune
cells during M. tuberculosis infection [26, 49]. Thus, mMTORCI1 is implicated in the
metabolic remodeling of immune cells during tuberculosis.

The metabolic rewiring of immune cells induced by M. tuberculosis infection
has functional implications, as it has been associated with a proinflammatory mac-
rophage phenotype and infection outcome [26, 48, 53]. Inhibition of the metabolic
shift from OXPHOS to aerobic glycolysis by 2-deoxyglucose resulted in decreased
levels of the pro-inflammatory cytokine IL-1p, which is required for host resis-
tance to M. tuberculosis [54], and increased levels of the anti-inflammatory cytokine
IL-10 in M. tuberculosis-infected macrophages [53]. Consistent with these data,
the expression of genes encoding glycolysis or TCA cycle enzymes in PBMC dif-
fered among healthy donors, latently infected individuals, and active tuberculosis
patients [26]. Murine studies and in vitro mechanistic experiments with murine
macrophages showed that the HIF-1a-dependent metabolic shift toward glycoly-
sis constitutes a defense mechanism of macrophages during M. tuberculosis infec-
tion [55]. Furthermore, studies in zebrafish infected with Mycobacterium marinum
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(a fish model of tuberculosis) also demonstrated a role for HIF-1a in antimycobac-
terial responses, leading to the proposal of stabilization of HIF-la as a potential
target for therapeutic intervention against tuberculosis [56].

Further insight into the relationship between the metabolic and functional state
of macrophages and infection outcome derives from studies utilizing various
M. tuberculosis strains. Transcriptomic analysis of murine bone marrow-derived
macrophages (BMDM) infected with the CDC1551 and HN878 strains of M. tuber-
culosis revealed that, while a similar set of Warburg effect-associated genes was
induced by both strains, macrophages infected with the CDC1551 strain were char-
acterized by high glycolytic flux and high expression of inflammatory and antimi-
crobial effector molecules, while macrophages infected with the HN878 strain had
elevated glucose uptake and lower glycolytic flux [57]. Since these strains induce
differential immune responses in BMDM [57], a link may exist between host meta-
bolic state and immune response.

mTORCI1 and BCG

In addition to its regulatory function of immune cells during M. tuberculosis infec-
tion, mMTORCI1 has been implicated in “trained immunity”, i.e., the long-term func-
tional reprogramming of innate immune cells (myeloid cells and natural killer cells)
that is evoked by a certain stimulus (e.g., exposure to f-glucan from fungi) and
increases responsiveness to subsequent, unrelated stimuli [58, 59]. The protective
and long-lasting effects of the vaccine strain Mycobacterium bovis Calmette Guerin
(BCG) against tuberculosis in murine models of infection [60] and the non-specific
beneficial effects of BCG administration against certain forms of malignancy and
infections with unrelated pathogens [61-68] have been attributed to trained
immunity.

At least two tightly intertwined mechanisms have been associated with trained
immunity [59, 69-71]; one is epigenetic reprogramming [70], and the second is
aerobic glycolysis [59]. mMTORCI has been involved in both. For example, the AKT-
mTORCI1-HIF-1a signaling pathway is required for increased aerobic glycolysis in
B-glucan—trained monocytes [59]. Furthermore, mice lacking myeloid-specific
HIF-1a, a major target of mTORCI1, were unable to express trained immunity in
response to sepsis [59]. With respect to BCG-induced trained immunity, BCG
induction of trained immunity in human and murine monocytes is accompanied by
increased glycolysis and glutamine metabolism, and required activation of the AKT-
mTORCI pathway [72]. Furthermore, histone marks of gene activation were found
at the promoters of mTOR and key glycolytic genes [72], linking metabolic and
epigenetic changes.

The mTORCI1 pathway has also been associated with the efficacy of BCG vac-
cination via mechanisms other than trained immunity. For example, autophagy
induced by rapamycin (an mTORCI inhibitor) enhances the efficacy of BCG vac-
cine by increasing peptide presentation in mouse dendritic cells [73].
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Overall, in tuberculosis, activation of mTORCI is beneficial for the pathogen and
detrimental to the host, since both mTORC1-mediated inhibition of autophagy and
lipid accumulation promote intracellular bacterial survival. Consequently, one
might propose inhibition of mMTORCI as a host-directed therapeutic approach. This
may be achieved in multiple ways. One is the direct inhibition of mTORCI1 with
FDA-approved mTOR inhibitors such as rapamycin (sirolimus) and rapamycin
derivatives such as everolimus, which decrease M. tuberculosis load of macro-
phages [30, 73]. Another approach is the use of activators of AMP-activated protein
kinase (AMPK), which inhibits mTORC1 [74-76]. These drugs include, for exam-
ple, metformin, which is also FDA-approved (see below). A third approach is based
on the recent work of Bruiners et al. [77] showing that mTORCI activation and
mTORC1-mediated inhibition of autophagy can be dampened by drugs, such as
statins, that reduce the intracellular levels of cholesterol. This effect is explained by
mechanistic links between cholesterol trafficking and mTORC1 activation, which
both occur at the lysosome [78, 79] and by AMPK activation by statins. As a result,
statins are anti-mycobacterial [80, 81]. Thus, mMTORCI can be inhibited in multiple
ways to obtain anti-mycobacterial effects.

The choice of mMTORCI1 as an HDT target for tuberculosis treatment, however, is
not straightforward. In addition to its “pro-bacterial” effects through autophagy
inhibition and induction of triglyceride accumulation in macrophages, mTORC1
also favors the host since mTORC1-induced metabolic remodeling is necessary to
control M. tuberculosis infection. The contrasting effects of mMTORC]1 on the mac-
rophage antimicrobial capability, which can be explained by the effects of the acti-
vation of various mMTORCI targets on macrophage phenotype, might underlie, at
least in part, the macrophage heterogeneity observed in tuberculous granulomas. A
summary of the effects of mMTORCI signaling during M. tuberculosis infection and
the main HDT approaches targeting mTORCT1 is shown in Fig. 3.1.

Additional considerations must be taken into account when tuberculosis is asso-
ciated with a comorbidity, as the effects of mMTORC1 inhibition may vary with the
accompanying disease. One example is HIV, a major tuberculosis comorbidity
(https://www.who.int/tb/areas-of-work/treatment/risk-factors/en/), since treatment
with mTORCT inhibitors of macrophages co-infected in vitro with M. tuberculosis
and HIV results in increased M. tuberculosis growth [82]. Since it has been reported
that rapamycin facilitates viral infections [83], it can be hypothesized that,
mTORCT inhibitors may favor HIV replication and, hence, the (direct or indirect)
growth-promoting effects that HIV is known to have on M. tuberculosis [83]. In
the case of diabetes mellitus, which is another major tuberculosis comorbidity and
a risk factor for the establishment and outcome of tuberculosis [84, 85], treatment
with metformin, an anti-diabetes drug that functions as an AMPK activator, is
associated with reduced risk of developing active tuberculosis and with improved
clinical outcomes [86-92]. Indeed, the concurrent effects of metformin on mTOR
signaling and anti—M. tuberculosis responses [93] suggest that the antimicrobial
effect of metformin may be due to mTORCI inhibition. Another example is can-
cer, as treatment of various types of cancer with mTORCI inhibitors have been
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Fig. 3.1 Targeting mTORCI for host-directed therapies against tuberculosis. M. tuberculosis
infection induces activation of the mTORC] signaling pathway. This results in: (1) formation of
foam cells; (2) inhibition of autophagy; and (3) a shift in glucose metabolism favoring aerobic
glycolysis over the tricarboxylic acid cycle (TCA) and oxidative phosphorylation (OXPHOS).
While most of the mTORC 1-induced effects facilitate M. tuberculosis survival in the host cell,
metabolic reprogramming of immune cells is implicated in the antimycobacterial response. AMPK
and mTORC1 pathways inhibit each other to modulate autophagy, cellular metabolism, and
immune responses during infection. Cellular cholesterol promotes mTORC1 recruitment from the
cytosol to the lysosomal membrane, where mTORCI triggers downstream effects favoring M.
tuberculosis survival. Host-directed drugs (grey circles) inhibit mTORCI activation during M.
tuberculosis infection

reported to induce tuberculosis reactivation [94, 95]. Thus, in conclusion, the use
of drugs targeting the mMTORC1 pathway as new adjunctive host-directed therapies
against tuberculosis must be carefully evaluated, particularly in the presence of
comorbidities.
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Chapter 4
HIF-1a as a Potential Therapeutic Target
for Tuberculosis Treatment

Qingkui Jiang, Maria Laura Gennaro, and Lanbo Shi

Hypoxia-inducible factors (HIFs) represent a family of master regulators that
respond to hypoxia in the cellular microenvironment. At the molecular level, HIFs
are heterodimers comprising oxygen-sensitive a and -stable § subunits. In mam-
mals, each subunit has three isoforms (HIF-1a, -2a, and -3a or -1, -2f, and -3f).
Among them, HIF-1a has been intensively investigated due to its diverse functions
in cellular and tissue stress responses [8]. However, the mechanisms by which
HIF-1a regulates cell immune responses and metabolism, and their implications for
therapeutic intervention in various disease settings remain to be fully understood.

Structure of HIF-1«x - the Basis of Function

HIF-1 was discovered as a hypoxia-inducible master transcription factor that oper-
ates ubiquitously in mammalian cells [117]. It is a heterodimeric complex with
hypoxia-inducible DNA-binding activity consisting of a 120 kDa o subunit and a
91-94 kDa f subunit [118, 147, 148]. The latter, named HIF-1f, also known as the
aryl hydrocarbon receptor nuclear translocator (ARNT), is constitutively expressed
and non-inducible [143]. The HIF-la subunit has two transactivation domains
[101], an N-terminal transactivation domain (NTAD), and a C-terminal transactiva-
tion domain (CTAD). It also contains an intervening inhibitory oxygen-dependent
degradation domain (ODDD) that localizes between the NTAD and CTAD. This
ODDD can repress the transcriptional activities of the other domains [11, 51, 105].

The regulatory mechanism of HIF-1a is highly conserved. Under normal condi-
tions, at least one of the two proline residues near the NTAD remains hydroxylated
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by members of the prolyl hydroxylase domain-containing enzyme (PHDs) family.
Hydroxylation of HIF-1a exposes a binding site for the ubiquitin ligase complex
pVHL, the product of the von Hippel Lindau (VHL) tumor suppressor gene [82].
Subsequently, HIF-1a is poly-ubiquitinated, followed by proteasomal degradation.
Otherthan O,, these hydroxylationreactions require cofactors such as a-ketoglutarate,
ferrous iron, and ascorbate [116]. In addition, factor inhibiting HIF 1 (FIH1) hydrox-
ylates the asparagine residue within the HIF-1oo CTAD using coactivators such as
p300 and CREB-binding protein (CBP), resulting in blockade of transcription com-
plex formation [113]. In contrast, stress conditions, including hypoxia and inflam-
mation, promote HIF-la transcription and translation, protein stability, and/or
transactivation [96]. Once the HIF-1a protein is stabilized, it heterodimerizes with
HIF-1p via the basic helix-loop-helix (bHLH) and Per-ARNT-Sim (PAS) domains,
thereby enabling DNA binding to targeted genes containing hypoxia-response-
element (HRE) sequences in their promotors [152]. Through multiple pathways,
HIF-1a activation contributes to pathogenesis of diseases such as cancer, diabetes,
and tuberculosis [9, 80, 112, 139].

The Immunoregulatory Role of HIF-1a in Cancer
and Other Diseases

The immunoregulatory role of HIF-1a is evidenced by its intensive crosstalk with
the cellular inflammatory response and metabolism via multiple pathways, includ-
ing: (1) activation of NF-kB signaling directly upregulates HIF-1ao mRNA expres-
sion [32]; (2) NF-kB impairs the activity of PHD by reducing cytosolic free iron
availability, leading to the inhibition of HIF-1a hydroxylation [127]; (3) other pro-
inflammatory molecules, including NO, IFN-y, IL-1, IL-6, and TNF-a, can induce
the transcriptional expression of HIF-1a mRNA, by either increasing reactive oxy-
gen species or other HIF-1a-dependent pathways, such as ERK/MAPK, JAK/STAT,
and PI3K/Akt/mTOR [41, 134, 136]; (4) accumulated tricarboxylic acid (TCA)
cycle intermediates, such as succinate and fumarate, serve as important regulators
of HIF-la activation [98, 132, 137]; and (5) hormones (angiotensin II, insulin,
thrombin) and growth factors, including platelet-derived growth factor, insulin-like
growth factor 1 (IGF-1), IGF-2, TGF-f1, and IL-3, induce HIF-1ae mRNA expres-
sion [30, 69, 154].

One of the characteristic features of all solid tumors is the expression of HIF-1a.
Observations that VHL is involved in HIF-1a activation originally highlighted the
importance of HIF-la in cancer progression [47, 48, 82]. Since then, numerous
studies have explored the significance of HIF-1a in cancer pathogenesis and have
led to the development of potential anti-cancer therapies [17, 102, 110, 114]. By
initiating angiogenesis and altering cellular metabolism, HIF-1a promotes tumor
growth and metastasis [70]. In addition, HIF-1a is frequently associated with activa-
tion of NF-xB, leading to the production of pro-inflammatory mediators in tumor



4 HIF-la as a Potential Therapeutic Target for Tuberculosis Treatment 43

cells and tumor-associated immune cells [20]. Inflammation can further activate
HIF-1a in a hypoxia-independent manner, worsening the tumor microenvironment
[21]. HIF-1a also enhances tumor glycolytic flux by triggering the expression of
several genes encoding glycolytic proteins/enzymes, such as glucose transporter 1
(GLUT1), hexokinases, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3), and lactate dehydrogenase A (LDHA) [77]. Together, by modulating
pathways in inflammation and glucose metabolism, HIF-1a exerts its effects on
gene transcription, DNA repair, cell migration and apoptosis inhibition, thus favor-
ing tumor development [77, 86, 141].

HIF-1a activation also occurs during many bacterial infections. Infection of mice
and/or human cell lines by Yersinia enterocolitica, Salmonella enterica subsp.
enterica, and Enterobacter aerogenes leads to a robust HIF-1a response, presum-
ably by reducing the iron content of host cells via bacterial siderophores, which
inhibits prolyl hydroxylase activity [40]. Moreover, murine macrophages infected
by group B Streptococcus, Staphylococcus aureus, Pseudomonas aeruginosa, and
Salmonella typhimurium, also up-regulate production of antimicrobial peptides,
nitric oxide (NO) and TNF-a, concurrent with the increase of HIF-1a and glycolysis
[18, 101]. These observations suggest that in the context of bacterial infection,
HIF-1a is of pivotal importance in the intracellular killing of bacterial pathogens,
probably through the upregulation of glycolytic metabolism that leads to anti-
microbial and pro-inflammatory responses in immune cells.

While the involvement of HIF-1a in immune response activation has been well
characterized, a role for HIF- 1o in immune suppression is also emerging in multiple
diseases. For example, HIF-1a protects the host from excessive inflammation by
decreasing NF-kB and pro-inflammatory cytokines, and by suppressing the inflam-
matory response of macrophages in murine apical periodontitis [42]. In addition,
HIF-1a diminishes the proliferation and effector function of CD4* T cells, inhibits
the differentiation of naive CD4* T cells toward the Thl phenotype, and promotes
the immunosuppressive function of regulatory T cells in a mouse model of colitis-
associated colon cancer [153]. The type 1 regulatory T cells (Tr1), which are Foxp3~
regulatory CD4* cells, are metabolically reprogrammed to aerobic glycolysis
through HIF-1a-dependent mechanisms. Proliferation of T cells towards Trl cells
could also exert immune protection by IL-10 production [79]. T-lymphocyte infil-
tration is reduced in mice with diabetic cardiomyopathy related to HIF-1a upregula-
tion [68]. B cell-specific deletion of HIF-1a compromises IL-10 expression, whereas
in wild-type B cells, HIF-1a upregulates downstream glycolytic genes, such as
Glutl, Pkm2 (pyruvate kinase M2), Hk2 (hexokinase 2), and Ldha, to boost cellular
glycolytic activity. Additionally, by binding to the HRE regions (HRE 1 and HRE 2)
of the 1110 promoter, HIF-1a activates /110 transcription to exert protective effects
in a murine model of autoimmune disease [83]. Furthermore, despite the fact that
elevated HIF-1a induces inflammation in macrophages, a myeloid HIF-1a knock-
out in mice results in exacerbated gastritis in response to Helicobacter pylori infec-
tion via increased inflammation [81]. These observations imply that HIF-1a might
play a pivotal role in controlling redundant immunological responses via its anti-
inflammatory effector functions.



44 Q. Jiang et al.

The protective role of HIF-1a is not limited to immune cells. LPS-induced IL-6
synthesis is suppressed by HIF-la activation via upregulation of suppressors of
cytokine signaling in human dental pulp cells [33]. In human bronchial epithelial
cells, HIF-1a suppresses the expression of inflammatory mediators via TLR stimu-
lation by microbial factors [104]. Furthermore, stabilization of HIF-1a by pharma-
cological inhibition of PHD enhances HIF-la-dependent glycolysis, thereby
promoting arterial oxygenation and host protection from neutrophil-LPS-induced
ATP decline and death of mouse alveolar epithelial cells [140]. These results are
consistent with HIF-1a dampening acute lung inflammation by increasing the gly-
colytic capacity of mouse alveolar epithelial cells [26]. The above observations are
somewhat unexpected, since HIF-1a is known for its pro-inflammatory role, espe-
cially during bacterial infections [2, 121]. Thus, it is very likely that HIF-1a plays
diverse and complex roles in inflammation and cellular metabolism, presumably
depending on cell type, specific disease, and stages of disease progression.

Role of HIF-1a in Mycobacterium tuberculosis Infection

In Mycobacterium tuberculosis (Mtb) infection, at least three signaling pathways
contribute to HIF-1a activation. First, production of ROS and TCA cycle metabo-
lites during immune cell activation leads to upregulation of HIF-1a and metabolic
remodeling to glycolysis, at least in macrophages and T cells [19, 61, 119, 124].
Second, hypoxia in the cellular microenvironment, caused by increased immune
and metabolic activities and/or aggregation of immune cells in granulomas/lesions,
stimulates increased expression of HIF-1a [5, 144]. Third, the downregulation of
PHDs and FIH during Mtb infection also contributes to increased HIF-1a [121,
124]. Recently, HIF-1a-mediated glycolysis, which is similar to the metabolic state
of cancer cells, has been associated with Mtb infection [2, 9, 36, 121, 124]. HIF-1a
appears to play a critical role during Mtb infection, as mice with Hifla deficiency in
myeloid cells lost control of Mtb growth in mouse lungs. Bone marrow-derived
macrophages (BMDMs) from mice with Hifla deficiency in the myeloid lineage
also have significant defects in IL-1 mRNA production during Mtb infection [9,
92]. The IFN-y/HIF-1a axis has been proposed as a crucial component of the mac-
rophage defense mechanism against Mtb infection [9, 10]. The IFN-y/HIF-1« path-
way is also essential for lipid droplet formation and the consequent production of
prostaglandin E2 in murine BMDMs [56]. In addition, a metabolic shift to aerobic
glycolysis is essential for optimal control of infection in INF-y-activated BMDMs,
suggesting a role for HIF-1a in the metabolic remodeling of activated macrophages
[92]. However, emerging evidence indicates that increased HIF-1a expression and
glycolysis during Mtb infection are independent of INF-y [92, 122]; rather, INF-y
further stimulates HIF-1a-mediated metabolic remodeling program, leading to an
enhanced anti-microbial response against the pathogen [92, 108]. Elevated levels of
HIF-1a expression and glycolysis are also observed in infected rabbit lungs at late
chronic stages of disease, and in lung granulomas of humans with active tuberculosis
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[5, 44, 131]. These observations suggest that the role of HIF-1a in tuberculosis is
dependent on the stage of infection, which is discussed in the following sections.
In animal models of tuberculosis, the early phase of Mtb infection is normally
recognized as about 3—4 weeks of logarithmic growth of the pathogen after infec-
tion, which is followed by the control of bacterial growth due to the onset of host
adaptive immunity [123, 135]. It is characterized by an intense inflammatory
response that might influence the final outcome of infection. Early events in response
to Mtb infection include activation of immune cells (DCs, macrophages and natural
killer cells), production of cytokines, and expression of pattern recognition recep-
tors. Induction of HIF-1a in this stage is normally caused by non-hypoxic factors,
and its induction is associated with the ability of host immune cells to control the
infection. For example, HIF-1a absence in myeloid cells drastically downregulates
cellular glycolytic capacity, leading to a reduced ATP pool and impairment of
myeloid cell aggregation, viability, invasiveness, and anti-bacterial activity [18].
HIF- 1o also maintains effector functions of human and murine neutrophils by pro-
tecting them from apoptosis [146]. Moreover, specific deletion of HIF-1a in mouse
T cells suppresses the effector functions of CD8* T cells [97]. Similarly, HIF-1a
promotes maturation of murine DCs and reduces allogeneic T-cell proliferation and
differentiation into regulatory T cells in inflammatory tissues [31, 49]. At early
stages of Mycobacterium marinum infection, stabilization of host HIF-1a reduces
the bacterial burden by induction of leukocyte-inducible nitric oxide synthase
(NOS2) [28, 29]. This protective role of NOS2 is related to HIF-1a-mediated IL-1f
signaling, as zebrafish with IL-1 blockade fail to control bacterial growth, despite
activation of HIF-1a [90]. This observation further suggests that HIF- 1o primes host
immunity to facilitate bacterial clearance at early stages of Mrb infection. Due to the
physiological demand for an active immune response and the pro-inflammatory role
of HIF-1a, it is plausible to assume that optimal control of Mtb can be achieved by
promoting HIF- 1« stabilization and activation during the early phases of infection.
When the host fails to clear Mtb during early infection, the infection progresses
to the late chronic phase. This stage of the infection is characterized by elevated
level of inflammation with increased size of granulomas/lesions, development of
hypoxia and/or necrosis in the microenvironment, and elevated expression of
HIF-1a and glycolysis in animal models of tuberculosis and in humans with tuber-
culosis disease [25, 121]. In patients with pulmonary tuberculous granulomas,
HIF-1a and NF-xB are up-regulated, which might contribute to lung destruction
and cavitation by increasing the secretion of matrix metalloproteinases from macro-
phages and neutrophils [5, 91]. In addition, exaggerated expression of pro-
inflammatory markers, including TNF-«, IL-6, and IFN-vy, have been identified in
tuberculous granulomas in humans and animal models [89, 106]. Moreover, inflam-
matory DCs can be responsible for granulomatous dissemination by migration and
spreading granulomatous inflammation at late chronic stages of the infection in
mice [39]. Proteomic analysis also reveals that pro-inflammatory pathways are acti-
vated in the caseous and cavitary centers of human tuberculous granulomas [76].
Taken together, these observations imply that the elevated expression of HIF-1a in
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the late chronic phase of tuberculosis elicits a detrimental outcome in tissues by
promoting deleterious inflammation and modulating cellular metabolism. Therefore,
suppressing the HIF-loa expression might attenuate excessive inflammation and
limit tissue damage in the host.

Targeting HIF-1a as a Therapeutic Approach in Tuberculosis
Treatment

Considering the metabolic and immunological functions of HIF-la and its up-
regulation during Mb infection, we postulate that HIF-1a plays a dual, temporally
dynamic role in the host antibacterial immune response. During the early stages of
Mib infection, HIF-1la-mediated metabolic reprogramming and the induction of
innate immunity in myeloid cells are required for the host to prime adaptive immu-
nity and control infection. As infection progresses to the late chronic stage, with the
exacerbation of lung pathology, prolonged and elevated expression of pro-
inflammatory cytokines and HIF-1a in the hypoxic environment in granulomas/
lesions strongly suggest that HIF-1a continues to act as a pro-inflammatory media-
tor. Thus, inhibition of HIF-la may attenuate overt inflammatory responses and
avoid tissue damage and disease exacerbation. Indeed, efficacy of temporal tubercu-
losis treatment is shown in a rodent model in which HIF-1a blockade during early
infection exacerbates disease progression, whereas it reduces pulmonary bacillary
load and tissue damage during the late chronic stages of infection [2]. Based on its
dual role in tuberculosis, different approaches targeting HIF-1o and/or related fac-
tors at different phases of the infection can be adopted as adjunct host-directed
therapies (HDTs) for tuberculosis control.

Early Stage: Boosting of HIF-1a to Enhance the Antimicrobial
Response

HIF-1a overexpression is associated with stimulation of macrophage glycolysis
metabolism and its polarization toward the inflammatory M1 phenotype [149].
Similar observations have been obtained in cancer research where enhancement of
HIF-1a activity leads to a metabolic shift toward glycolysis in tumor-associated
immune cells and enhancement of their anti-cancer pro-inflammatory response in
the microenvironment [16, 84, 86]. Thus, factors that induce HIF- 1o expression and
promote glycolysis and inflammation can be potentially adopted to enhance bacte-
rial clearance at early stages of Mtb infection.

A multitude of studies have been conducted on various factors to promote HIF-1a
expression. Hypoxia-mimetic CoCl, and androgens help maintain HIF-1oo mRNA
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levels at post-transcriptional and translational levels in the presence of HuR, an
RNA-binding protein that has been implicated in the stability, subcellular shuttling
and translation of HIF-1ao mRNA in human T cells [120] and HeLa cells [35]. On
the protein level, vasoactive hormones (angiotensin II and thrombin) can stabilize
HIF-1a protein through induction of H,O, production, which reduces the availabil-
ity of a PHD cofactor, ascorbate, and downregulates hydroxylation, thus leading to
decreased pVHL binding in vascular smooth muscle cells [94, 95]. To stabilize
HIF-la by inhibiting hydroxylation, salts of Co**, Cu?*, and Ni** can also be used to
antagonize Fe?*, a cofactor of PHDs [109]. Iron chelators, including deferoxamine
[87], N-propyl gallate [142], 1,10-phenanthrolines [126], and quercetin [50], have
been shown to induce HIF-1a by repressing PHD activity. Inhibitors that act directly
on PHDs are currently in development [52]. Several recent clinical trials have the
tested the disease-modulating activity of various PHD inhibitors, including roxadu-
stat [4], daprodustat [1], vadadustat [100], molidustat [7], and desidustat [54]. These
treatments/compounds could potentially be repurposed and employed as adjunct
HDTs to improve clinical outcomes in the treatment of pulmonary tuberculosis
(Table 4.1).

Late Chronic Stage: Suppression of HIF-1ax to Improve
Treatment Outcome

As infection progresses to late chronic stages, HIF-1a continues to play a regulatory
role in mediating inflammation and metabolism, likely compounded by the hypoxic
environment in the tuberculosis granulomas/lesions [5]. In the meantime, concur-
rent prolonged inflammation can lead to immune exhaustion and deleterious tissue
damage [2, 129, 167]. In granulomas of human and animal models, pro-inflammatory
compartments are located in the center, surrounded by a cellular periphery possess-
ing anti-inflammatory signatures. This phenomenon suggests that the host is con-
trolling the progression of excessive inflammation in granulomas with a ring of
anti-inflammatory activity at the rim of the lesion [23, 76]. Thus, attenuating exces-
sive inflammation by targeting HIF-1a offers perspectives for tuberculosis treat-
ment during the late chronic stage of the infection.

In immune cells, macrophage- and neutrophil-specific HIF-1a ablation is asso-
ciated with reduced glycolysis and downregulation of the inflammatory response
[18]. HIF-1a also drives CD8* T-cell effector function by promoting glycolytic
metabolism [97]. Similarly, knockdown of HIF-1a leads to a significant glycolytic
inhibition in DCs [49]. Lower expression of HIF-1a in dental mesenchymal stem
cells can also enhance the production of monocyte chemoattractant protein-1 under
inflammatory conditions, which promotes recruitment of macrophages. Intriguingly,
the recruited macrophages function like M2 macrophages, with high IL-10 and low
TNF-a production after LPS/TRL4 activation [78]. Therefore, from a therapeutic
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Table 4.1 Manipulation of HIF-1a and implications for tuberculosis therapy

Q. Jiang et al.

Agents mechanism Implications for TB therapy ‘ References
Activation
Angiotensin II HIF-1oa mRNA Spl gene stimulation [95]
CoCI2 HIF-1aa mRNA Promote mRNA binding to | [35]
stabilization RNA-binding proteins
Androgens HIF-1a mRNA Promote mRNA binding to | [120]
stabilization RNA-binding proteins
Thrombin HIF-1a protein Reduce hydroxylation [94]
stabilization
Salts of Co?*, Cu*, and | HIF-1a protein Inhibit hydroxylation [109]
Ni%* stabilization
Deferoxamine HIF-1a protein Inhibit hydroxylation [87]
stabilization
N-propy! gallate HIF-1a protein Inhibit hydroxylation [142]
stabilization
1,10-phenanthrolines HIF-1a protein Inhibit hydroxylation [126]
stabilization
Quercetin HIF-1a protein Inhibit hydroxylation [50]
stabilization
Roxadustat HIF-1a protein Inhibit hydroxylation [4]
stabilization
Daprodustat HIF-1a protein Inhibit hydroxylation [1]
stabilization
Vadadustat HIF-1a protein Inhibit hydroxylation [100]
stabilization
Molidustat HIF-1a protein Inhibit hydroxylation [7]
stabilization
Desidustat HIF-1a protein Inhibit hydroxylation [54]
stabilization
Inhibition
2-methoxyestradiol HIF-1a protein translation | Anti-inflammation [71,161]
‘Wortmannin HIF-1a mRNA Anti-inflammation, [74, 111]
blocking NF-kB
Rapamycin HIF-1a mRNA Anti-inflammation, mTOR | [60, 165]
inhibition
Aminoflavone HIF-1a mRNA Anti-inflammation, M2 [138]
polarization
Glyceollins HIF-1a protein Anti-inflammation by [55, 65,
translation, stability blocking NF-xB 103]
Topotecan HIF-1a protein translation | Inhibiting ERK, increase [6, 22,93,
glucose metabolism 107]
Geldanamycin HIF-1a protein Anti-inflammation, HSP-90 | [72, 150]
degradation inhibition
Vorinostat HIF-1a protein translation | HSP-90 inhibition, [15, 158]
anti-inflammation, increase
Treg

(continued)
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Table 4.1 (continued)

Agents mechanism Implications for TB therapy | References
Cardiac glycosides HIF-1a protein translation | Anti-inflammation, reduce | [34, 159]
glycolysis
GDC-0941 HIF-1a protein translation | PI3K inhibition, reduce [12, 160]
glycolysis
PP242 HIF-1a protein translation | mTOR inhibition, [59, 155]
anti-inflammation
YC-1 HIF-1a protein translation | Inhibition of NF-xB, [66, 67]
anti-inflammation
PX-478 HIF-1oo mRNA Anti-inflammation, reduce | [57, 133,
glycolysis 151]
Acriflavine HIF-1a dimerization Inhibition of NF-xB, [14, 64]
anti-inflammation,
Echinomycin HIF-1o DNA binding Reduce glycolysis [58, 156]
Chetomin HIF- 1 transcriptional Anti-inflammation, reduce | [128, 130,
activity glycolysis 145]
Bortezomib HIF-1a transcriptional Anti-inflammation [38, 53, 85]
activity
Triptolide HIF-1a transcriptional Anti-inflammation [43, 163,
activity 164]
LW6 HIF-1a protein stability Reduce glycolysis, prevent | [27, 63]
energy collapse
Cryptotanshinone HIF-1a protein stability Anti-inflammation [62, 73,
162]
17-DMAG HIF-1a protein stability Inhibition of NF-xB, [45, 125]
anti-inflammation
17-AAG HIF-1a protein stability Anti-inflammation [24, 46,
168]
CAY 10585 HIF-1a protein stability Anti-inflammation [37]
transcriptional activity

point of view, these investigations shed light on the possibility of inhibiting HIF-1a
to manipulate the metabolism of immune cells for better treatment outcomes.
Indeed, HIF-1a has been proposed as a critical target for pharmaceutical therapy in
cancer, and many of its inhibitors have previously been tested in tumor models and
in clinical trials [115, 157]. For example, rapamycin, an mTOR inhibitor, has anti-
mycobacterial and anti-inflammatory activities by suppressing the pro-inflammatory
cytokines IL-12 and TNF-«a in Mtb-infected human and murine cells [60, 165].
These effects are likely due to the inhibition of mTOR activity, which, together
with AKT, is required for the metabolic switch toward aerobic glycolysis and the
antimicrobial response of activated macrophages [60, 75]. Aminoflavone, a well-
known biflavonoid present in various plants, has been long suggested as a potential
antitubercular compound [3]. Prolonged treatment of aminoflavone (>41 days) is
related to M2 macrophage polarization in a murine model of mammary cancer [13],
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potentially by inhibiting HIF-1ao mRNA expression [138]. Wortmannin, a fungal
metabolite that acts as an inhibitor of PI3K, blocks HIF-1a transcription in both
inflammatory and hypoxic conditions [111], presumably by inhibiting the activa-
tion of NF-kB [74]. In addition, 2-methoxyestradiol can downregulate HIF-1a at
the post-transcriptional level [71], attenuate inflammatory responses [161], and
reduce bacillary loads at late chronic stages of tuberculosis [2]. Detailed informa-
tion of HIF-1a inhibitors with potential application for tuberculosis therapy is sum-
marized in Table 4.1.

Concluding Remarks

Emerging evidence indicates that HIF-1a-mediated metabolic remodeling and its
association with the effector functions of host immune cells serve as one of the
hallmarks of host-pathogen interactions in tuberculosis. A better understanding of
the immunometabolic features of host immune cells, especially in the context of
different pathologies at different stages of the infection, will not only reveal novel
insights into the mechanisms of tuberculosis pathogenesis, but will also provide
strategies for the development of potential adjunct HDTs to improve treatment effi-
cacy and clinical outcomes [88, 166]. One of the important considerations is to tar-
get HIF-1a by repurposing existing compounds and/or drugs that are confirmed to
have the expected effects on host immune cells. Since the majority of HDTs in
tuberculosis research are focused only on limiting or dampening the prolonged
hyper-inflammation of active TB [99, 166], repurposing compounds and/or drugs
by targeting HIF-1a signaling to boost the anti-microbial response of host immune
cells provides an attractive and important strategy to prevent worsening disease dur-
ing early stages of the infection. This approach would be especially important for
preventing the reactivation of previously acquired latent infection to clinical dis-
ease, the most common scenario in areas of the world with low tuberculosis inci-
dence, such as the US.
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Chapter 5
Nuclear Receptors in Host-Directed
Therapies against Tuberculosis

Eun-Kyeong Jo

Introduction

Tuberculosis (TB) is a serious infectious disease with high morbidity and mortality
worldwide, and mainly caused by Mycobacterium tuberculosis (Mtb) [1]. Due to
increasing threats with drug-resistant cases [2], there is a pressing need for develop-
ment of host-directed therapies against TB. Understanding the complicated host-
pathogen interaction in TB research is essential for approaches to develop potential
therapeutics and preventives against TB including drug-resistant infections.

Nuclear receptors (NRs) are ligand-sensing transcriptional factors that function
in the regulation of target gene expression [3, 4]. So far, 48 NRs have been reported
in humans, although half of all NRs lacks traditional ligands, and are classified as
‘orphan family members’ [4]. Among NRs, vitamin D receptor (VDR) is the best
studied NR in host-directed therapies against TB [5-7]. Vitamin D deficiency and
VDR polymorphism are closely linked to host susceptibility to Mtb infections,
either TB or extrapulmonary TB [8—11], although the underlying mechanisms are
not fully understood. In addition, peroxisome proliferator-activated receptors
[PPARa, B, v; NR1CI1, 2, 3] are well-known lipid-sensing NR that recognize endog-
enous fatty acids, thereby primarily regulating lipid metabolism [4]. Furthermore,
liver X receptors (LXRs) and farnesoid X receptor (FXR) can recognize cholesterol
metabolites and bile acids to function in regulation of cholesterol metabolism and
bile acid homeostasis, respectively. In this chapter, we will discuss the function of
VDR, PPARs, and LXR in the advances of antimicrobial immunity during myco-
bacterial infection.
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VDR Signaling and Antimicrobial Immune Defense in TB

VDR is expressed in a variety of immune cell subsets, including monocytes/macro-
phages, dendritic cells, and naive CD4+ T cells [12]. VDR activation through inter-
action with the bioactive ligand, 1,25-dihydroxyvitamin D; (1,25-D3), triggers the
induction of chromatin remodeling to regulate the expression of distinct genes [12].
VDR hetero-dimerization with the retinoic acid receptor (RXR) results in the regu-
lation of target gene expression through binding to the vitamin D response elements
(VDRESs) of the target genes [12, 13]. Immune-relevant target genes containing
VDREs include the genes of antimicrobial proteins such as cathelicidin [14—16]
and fB-defensin (DEFB4) [17]. In addition, VDR signaling is critically involved in
pleiotrophic immune functions, including myeloid differentiation [ 18], macrophage
chemotactic ability [19], and expression of proinflammatory cytokines [20].
However, high-dose supplementation of vitamin D accelerates the resolution of
proinflammatory responses during chemotherapy of pulmonary infections [21]. In
the context of Mtb infection, an interaction between VDR and TLR2 signaling is
essentially required for the induction of human cathelicidin expression in mono-
cytes/macrophages to further enhance antimicrobial responses against Mtb [22—
24]. Furthermore, VDR-mediated antimicrobial activity is mediated through
reactive oxygen intermediates [25], nitric oxides [26], antimicrobial peptides [22,
23, 27], and autophagy [28].

Autophagy, a catabolic process through lysosomal degradation, is well-known
for its host defensive ability against Mtb infection [29]. Importantly, 1,25-D3 treat-
ment of human monocytes/macrophages activates VDR-mediated antimicrobial
responses through the autophagy pathway [27, 30]. In addition, TLR2/1 activation
by mycobacterial lipoprotein LpgH can induce antibacterial autophagy and antimy-
cobacterial responses through AMPK-p38 MAPK pathways via C/EBP--dependent
Cyp27b1 expression and cathelicidin induction [31]. Moreover, vitamin D-mediated
signaling cooperates with Th1 responses to enhance autophagy and promote antimi-
crobial responses against TB [32, 33]. Importantly, vitamin D treatment induces
autophagic flux and the production of human cathelicidin mirobial peptide to inhibit
HIV replication and intracellular mycobacterial growth [34], suggesting that VDR
signaling-based therapeutics are promising approaches against dual infection with
both HIV and Mtb, not only to single infection.

PPARSs and Antimicrobial Host Defense During Mtb Infection

PPAR-a is a member of lipid-sensing PPAR family that primarily regulates the
expression of genes involved in fatty acid f-oxidation, ketogenesis, and inflamma-
tory responses [35-37]. Previous studies showed that PPAR-a plays an essential
role in host protection against Mtb infection through transcriptional activation of



5 Nuclear Receptors in Host-Directed Therapies against Tuberculosis 63

autophagy and lysosomal biogenesis, and promotion of lipid catabolism [38]. In
addition, PPAR-a-activating agents upregulate transcription factor (TF)-EB, which
is crucial for lysosomal biogenesis and lipid metabolism, in brain cells and macro-
phages [38, 39]. Combined with a key role for TFEB in antimicrobial host defense
against Mtb infection [40], these studies strongly suggest that PPAR-a-TFEB acti-
vation promotes anti-mycobacterial host defense through enhancement of phago-
somal maturation and lysosomal activity.

PPAR-y is another member of PPARs, and has a similar function as PPAR-a in
lipid metabolism and regulation of inflammation in innate immune cells [41, 42].
During Mtb infection, PPAR-y functions as a key regulator in immune responses
and nutrient metabolism [43, 44]. Mtb infection, particularly the 19-kDa lipoprotein
[45], can trigger the induction of PPAR-y gene expression in macrophages [43, 46].
Mechanistically, PPAR-y is required for Mcl-1 induction during Mtb infection,
thereby promoting intracellular Mtb growth [46]. It was noted that PPAR-y-
dependent inhibition of host defense was detected only in lung macrophages but not
in bone marrow-derived macrophages or peritoneal macrophages, suggesting that
Mtb-induced PPARY plays an important role primarily in the macrophages located
in the lung compartment [47]. It was also shown that BCG infection induced PPAR-y
expression through TLR2 and that PPAR-y inhibition enhanced intracellular killing
activity against BCG [48]. In addition, the pathogenic effects of PPARy in host
protection are, at least, partly mediated through defective Thl cell responses, since
earlier studies showed that PPARYy deletion in alveolar macrophages resulted in the
activation of Thl responses [49]. Moreover, the interactions between lipids derived
from Mtb-host cells and the lipid-sensing NR PPARY may contribute to the intracel-
lular survival of Mtb through modulation of macrophage function [50]. Thus,
PPARY may play pathogenic functions and favor the establishment of chronic Mtb
infection [51].

Importantly, vitamin D treatment of macrophages downregulates PPAR-y expres-
sion and lipid droplet accumulation during Mtb infection [52]. PPAR-y agonists
counteracted the antimicrobial effects through VDR signaling, suggesting a cross-
talk between PPAR-y and VDR signaling pathways [52]. Another recent study
showed that vitamin B1 had a beneficial effect upon Mtb infection through regula-
tion of PPAR-y-dependent signaling [44]. Vitamin B1 effects of limitation of Mtb
were mediated through down-regulation of PPAR-y activity. The number of intra-
cellular Mtb in macrophages were suppressed by vitamin B1, and these effects were
abrogated by PPAR-y agonists, suggesting a negative role for PPAR-y in innate host
defense against Mtb infection [44]. In addition, an aptamer (ZXL1) that binds to
mannose-capped lipoarabinomannan of Mtb showed anti-Mtb effects through inhi-
bition of PPARy expression [53]. However, in an opposite direction, GM-CSF-
mediated antimicrobial responses against Mtb was dependent on PPARYy expression
in peritoneal macrophages [54]. Together, PPARa and PPARy may have opposing
effects in innate host defenses against Mtb infection, although their functions may
vary with cell type and immune status.
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LXRs, LXRa and LXRp, play an important role in transcriptional regulation of
lipid homeostasis and inflammatory responses in macrophages [55]. Earlier stud-
ies showed that Mtb infection induced the expression of LXRs and LXR target
genes in lung tissues and cells [56]. LXR-deficient mice had defective protective
responses in early infection, and had dysregulated inflammatory factors in the lung
cells. In addition, LXR agonists TO901317 and GW3965 were beneficial in anti-
microbial responses, because they decreased lung bacterial burden and increased
Th1/Th17 responses in vivo [56]. These data suggest that LXR signaling is crucial
for host resistance to Mtb infection and could be a novel target for anti-TB agents.
Future studies are warranted to clarify the role of LXR in clinical samples from
human TB.

Conclusions

So far, with the exception of VDR, the functions of most NRs in TB are still largely
uncharacterized. Understanding the functions of NRs may contribute to the devel-
opment of host-directed therapeutics against TB. Given numerous reports on VDR-
induced host protection against Mtb infection, VDR is the best characterized and
promising target for host-directed, adjunctive therapy against TB. Additionally,
PPARs and LXRs are actively induced by Mtb infection, and importantly involved
in host pathogenesis/protection during Mtb infection. LXR exerts pivotal roles in
innate host defense with antimicrobial effects against Mtb infection. However, the
exact roles of these NRs are largely unknown in human samples and clinical studies.
Future studies are warranted to examine the possibility to include NR agonists in
adjunctive chemotherapy against human TB.
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Introduction

Tuberculosis (TB) is the most deadly infectious disease, killing about 1.5 million
people annually. According to the WHO, about 1.7 billion people are estimated to
have latent TB and each year ten million people develop active TB worldwide.
Among several factors, the emergence of drug-resistant strains of the causative
pathogen Mycobacterium tuberculosis (Mtb) has significantly contributed to the
high mortality and morbidity due to TB. The evolution of drug resistance despite
having an effective therapeutic regimen underscores the limitations of conven-
tional antibiotic-based therapy against TB. It also highlights the importance of
searching for alternative therapies that may shorten treatment and reduce antimi-
crobial resistance.

Host-directed therapy (HDT) is an attractive approach to limit pathogenic
infections by modulating host factors/pathways [1-4]. The underlying principle is
that most pathogens are known to rely upon a set of host factors in order to establish
the infection and cause disease. Identifying and targeting such factors not only
benefit against a particular pathogen, but also against other pathogens, which may
share the same host pathways for pathogenicity. Infection of host cells by Mib is
known to hijack/utilize several host physiological processes including signaling,
trafficking, metabolism, gene regulation, apoptosis, phago-lysosomal pathways,
and autophagy [5, 6]. While host factors involved in each of the above-mentioned
physiological processes have been explored, autophagy has emerged as a promising
pathway of choice when targeting intracellular bacteria, particularly Mtbh, by HDT
approaches. Autophagy is a conserved intracellular catabolic process, which delivers
undesirable cytoplasmic content, like misfolded proteins, damaged organelles such
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as mitochondria (mitophagy), peroxisomes (pexophagy), ER (ER-phagy) or
intracellular pathogens (xenophagy) to lysosomes for their degradation. Intracellular
bacteria like Mtb can be controlled by autophagy (or xenophagy) by targeting the
bacteria to the lysosomal compartment for degradation via autophagy, highlighting
the role of this process in defense against Mtb.

The housekeeping functions of autophagy, also referred as the homeostatic arm
of autophagy, regulates quality control of damaged organelles and other cytosolic
cargos to help regulate cellular inflammation, and, therefore, are essential for cel-
lular survival [7]. Interestingly, the core autophagy machinery involved in basal
autophagy and xenophagy is mostly shared. Thus, identifying regulatory factors,
which selectively target anti-bacterial autophagy, i.e., xenophagy, without compro-
mising the homeostatic functions of autophagy will be more useful to develop any
therapeutic strategy.

The primary focus of this chapter is on autophagy, which is a key innate defense
pathway that cooperates with other antimicrobial defense mechanisms to combat
the infection. We will discuss diverse mechanisms, which have been shown to regu-
late autophagy during mycobacterial infections. Finally, we also discuss a variety of
small molecule modulators, which have been tested against Mtb infection in diverse
infection models, and the possibility of their development as adjunct therapeutic
candidates against tuberculosis.

Antibiotic Resistance in TB and the Need for Host-Directed
Therapy

The current standard treatment for drug-sensitive TB involves a cocktail of several
first-line antibiotics, including isoniazid (INH), rifampicin (RIF), pyrazinamide and
ethambutol, which are administered for a minimum of 2 months followed by addi-
tional 4 months of INH and RIF. In the case of patients developing drug resistance,
second- and third-line drugs are used instead. Together, a total of ~14 antimicrobial
drugs are currently being prescribed for tuberculosis based on the drug resistance
profile of the infecting strain, the latest additions being bedaquiline and delama-
nid [8, 9].

Each of these drugs is an antibiotic, meaning it targets distinct vital functions in
the bacteria, like mycobacterial cell-wall biosynthesis, DNA or RNA metabolism,
protein synthesis and ATP synthase [10]. The antibiotics exert huge selection pres-
sure on the bacteria, which often results in the emergence of drug resistance. In
tuberculosis, drug-resistant infections can be resistant to a single drug resistant,
multi-drug resistant (MDR, resistant to INH, RIF and any other first line drug) or
extensively drug resistant (XDR, resistant to INH or RIF and 2 second line drugs —a
quinoline and an injectable agent). While identification and development of new
antibiotics can address the problem of drug-resistance, all new and future antibiotics
also suffer from the risk of consequent development of resistance. There is therefore
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a consensus now that unconventional approaches must be adopted to target existing
and future drug resistance.

One key factor contributing to emergence of drug-resistance in TB is the long
duration of treatment. In the case of MDR-TB, the treatment regimen could take
more than 20 months, which also results in severe off-target effects like, liver toxic-
ity, development of diabetes, pulmonary and chronic renal diseases etc. [11]. The
prolong treatment results in non-compliance which further aid emergence of novel
drug-resistance. Alternate approaches are therefore also sought which if combined
with the existing treatment regimens, should help shorten the duration of treatment,
thereby dramatically reducing the chances of emergence of drug resistance.

An exciting alternative approach, which has emerged in the past couple of
decades, aims to target function of the host cell factors rather than the bacterial
components. The strategy behind HDT is to target and reverse the host mechanisms
exploited by the pathogen for their replication or persistence, and/or boost protec-
tive host immune responses against the pathogen in animal models [3]. They can be
used as adjuvants to increase the efficiency of current anti-TB regimen [12]. In the
case of M1b infection, several host factors have been implicated whose modulation
increases the clearance of Mtb from the cells [2, 13]. These include manipulating
membrane trafficking processes like autophagy [14], targeting eicosanoids [15]),
lipoxygenase [16], vitamin D signaling [17-19], anti-inflammatory pathways [20]
and use of agents including calcium channel blockers [21], tyrosine kinases inhibi-
tors [20, 22], phosphodiesterase inhibitors [23, 24], histone modification [25] and
cytokine modulation [25, 26]. In addition, anti-VEGF inhibitors like bevacizumab
[27], antihyperglycemic drugs like metformin [28], N-acetyl cysteine [29] and beta
defensins [30] also tend to control the infection. Though there are numerous targets
for HDT, the subsequent sections highlight the recent advances on the regulation of
autophagy, especially during M1b infection and the emerging autophagy based anti-
tuberculosis therapies.

Autophagy: The Conserved Cellular Process of Degradation

Autophagy was discovered as a cellular response pathway to stresses like nutrient
starvation [31]. After the seminal discovery of the genes regulating this pathway
during the 1990s [32], related research escalated and revealed that cells also exhibit
basal levels of autophagy independent of nutrient deprivation or stress, which is
required for the maintenance of cellular homeostasis [33]. In addition, defects in the
components of the autophagy machinery have been implicated in a myriad of dis-
eases like neurodegenerative disorders [34], cancer [35], lysosomal storage disor-
ders [36], Crohn’s disease [37], liver diseases [38], diabetes [39], muscular dystrophy
[40] and aging [41], underscoring its relevance in maintaining the cellular
equilibrium.

The pathway of autophagy initiates with the activation of Unc-51 like kinase-1
(ULK1) complex [42], comprising the serine/threonine protein kinase ULK1, focal
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Fig. 6.1 Basic autophagy pathway and its core machinery. Various stresses like nutrient starvation
and low intracellular ATP level serves as inducer for autophagy to happen. In nutrient-rich environ-
ment mMTORCT interacts and inhibits ULK1 complex, but upon nutrient starvation this interaction
is altered due to inhibition of mTORC], allowing ULK1 complex to initiate autophagy. ULK1 is
phosphorylated by AMPK (AMP-activated protein kinase), which is positively regulated by low
ATP level. Active ULK1 complex phosphorylates Beclin 1 of PI3KC3-C1 complex, complex
responsible for the production of PI3P. PI3P leads to nucleation of an isolated membrane, known
as phagophore, originated from various intracellular compartments like ER, Golgi, others. After
initiation step, the elongation step requires additional autophagy-related proteins like ATG3, ATG
4, ATG 5, ATG 7, ATG 12 with some other factors, and translocation of LC3 for its lipidation.
Presence of LC3 on phagophore allows cargo recruitment by interacting with various adaptor
proteins. The closure of phagophore assembly requires to fuse ATG9-containing vesicles to form a
double membrane vesicle, autophagosome. The final step in autophagy process is the fusion of
cargo-encapsulated autophagosome with the hydrolase rich-lysosome. Various tethering and
SNARE proteins are involved in the fusion to form a single membrane vesicle, called autolyso-
some, where encapsulated cargo is degraded by highly efficient hydrolytic enzymes. Abbreviations:
mTOR1 mammalian Target Of Rapamycin Complex 1, ATG Autophagy-related protein, ULK1
Unc-51 Like autophagy activating Kinase, P Phosphate, ATP Adenosine Triphosphate, AMPK
AMP-activated Protein Kinase, VPS Vacuolar Protein Sorting, FIP200 FAK family kinase-
Interacting Protein Of 200 KDa, LC-3 microtubule-associated proteins 1A/1B Light Chain 3,
PI3KC3-C1 Class III Phosphatidylinositol 3-Kinase Complex I, PI3P Phosphatidylinositol
3-Phosphate, ER Endoplasmic Reticulum, DFCP1 Double FYVE domain-Containing Protein,
WIPI2 WD repeat domain, Phosphoinositide Interacting 2, PE Phosphatidylethanolamine, LAMP2
Lysosome-Associated Membrane Protein 2, STX Syntaxin, VAMP Vesicle-Associated Membrane
Protein, SNAP Synaptosomal Nerve-Associated Protein, EPG5 Ectopic P-Granules autophagy
protein 5 Homolog, HOPS Homotypic fusion and Protein Sorting protein complex, PLEKHM1
Pleckstrin Homology domain-containing family M member 1, TECPR1 Tectonin Beta-Propeller
Repeat containing 1, BRUCE BIR Repeat-containing Ubiquitin-Conjugating Enzyme, OPTN
Optineurin, TAXIBP1 Taxl Binding Protein 1, NBR1 Neighbor of BRCA1, TOLLIP Toll
Interacting Protein, FUNDCI FUNI14 Domain-Containing protein 1, SMURFI Smad
Ubiquitination Regulatory Factor 1, TRIM Tripartite Motif, STBD1 Starch-Binding Domain-
containing protein 1
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adhesion kinase family-interacting protein of 200 kDa (FIP200), ATG13 and ATG101
[43] (Fig. 6.1). Its downstream effector, class III phosphatidylinositol 3-kinase com-
plex (PI3KC3) [44], consisting of vacuolar protein sorting 34 (VPS34), Beclin 1,
ATGI14L and VPS15 [45], triggers the biogenesis of phagophore assembly site (PAS)
at omegasomes, by the production of phosphatidylinositol 3-phosphate (PI3P) [46].
The further recruitment of PI3P-binding proteins, such as double FYVE domain-
containing protein 1 (DFCP1) and WD repeat domain phosphoinositide-interacting
protein 2 (WIPI2) at the PAS promotes the expansion of the phagophore [47, 48].
This leads to the formation of most apical feature of the autophagy process, the
autophagosomes, which surrounds the cargo to be degraded via the process. The
growth of the autophagosomes also relies on two conserved ubiquitin-like conjuga-
tion systems, ATG3-ATG7-ATG10 and ATG5-ATG12-ATG16L1. These systems aid
in enriching these double-membrane structures with lipidated ATG8 proteins [49,
50]. There are two subfamilies of ATG8, microtubule-associated protein 1 light chain
3 (MAPI1LC3) and y-aminobutyric acid receptor-associated proteins (GABARAP),
which are further classified as MAPILC3A, MAPILC3B, MAPILC3B2,
MAPILC3C, GABARAP, GABARAPLI and GABARAPL?2 [51]. The incorpora-
tion of these proteins seals the autophagosomes and drives their maturation (Fig. 6.1).

The autophagosomes fuses with either endosomes or directly with the lysosomes
for their maturation. The concerted action of three sets of proteins brings in this
process. These are Rab GTPases, tethering factors and soluble N-ethylmaleimide—
sensitive factor attachment protein receptors (SNAREs) [52, 53]. Among Rab
GTPases, Rab7 has been studied to have a potential role in the fusion [54, 55].
Several of its effectors, like Rab-interacting lysosomal protein (RILP) [56], FYVE
and coiled-coil domain containing protein 1 (FYCO-1), derive the mobility of the
autophagosomes, whereas other effector proteins, like Pleckstrin homology domain-
containing family member 1 (PLEKHM1) [57] and ectopic P-granules autophagy
protein 5 homolog (EPGS5) [58], enhance vesicle fusion. Tethering factors involved
in bridging the two vesicles include homotypic fusion and protein sorting (HOPS)
[59], Tectonin beta-propeller repeat-containing protein 1 (TECPRI1) [60] and
ATG14 [61]. Finally, the Q-SNAREs syntaxin 17 and SNAP29 on autophagosomes
and R-SNARE Vamp7/8 on lysosomes mediates the fusion [62]. The degradation in
the autolysosome follows the activation of lysosomal hydrolases through vacuolar
acidifcation, which require action of lysosomal ATPase channels to pump in the H*
ions [63, 64]. The lysosomal enzymes then act on the autophagy cargo for its degra-
dation, which could be recycled or serve as substrates for anabolic pathways. The
dependence of autophagic degradation of cargos on vacuolar acidification is ele-
gantly used to assess the rate at which autophagy-mediated degradation is taking
place in a cell at any given time, also known as autophagy flux. Autophagy flux is
assessed by comparing ATGS levels in the presence and absence of vacuolar ATPase
inhibitors (bafilomycin Al or chloroquine) or lysosomal hydrolase inhibitors like
E64D and pepstatin. Since ATGS, which is part of all autophagosomes, also get
degraded in the lysosomes, inhibition of lysosomal degradation results in the accu-
mulation of ATGS8 proteins, suggesting an active degradation process in the
autolysosomes. This assay has also been modified and adapted to measure cargo
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specific autophagy flux, i.e., rate of degradation of specific cargo via autophagy (for
example, mitophagy flux, xenophagy flux, etc.) [65].

The process of autophagy can be selective or non-selective. Selective autophagy
differs from bulk (non-selective) degradation in the way that the specific cargos are
identified by a dedicated cohort of autophagy adaptors (selective autophagy recep-
tors). The recognition by the adaptors in most instances is through the ubiquitin
chains, which are tagged on the cargos by various E3 ubiquitin ligases. Once bound
to the cargo, the adaptors load them onto the autophagosomes via binding to the
LC3 through their LC3-interacting domain (LIR). The major autophagy adaptors
that are known are sequestosome-1 (SQSTM1/p62), optineurin (OPTN), nuclear
dot protein of 52 kDa (NDP52), tax1 binding protein 1 (TAX1BP1), neighbor of
BRCAI gene 1 (NBR1) and Toll-interacting protein (TOLLIP). A detailed descrip-
tion of cargo tagging and recognition by the autophagy adaptors is provided else-
where [66].

Autophagy as a Defense Mechanism Against Mycobacterium
tuberculosis

Besides homeostatic functions of autophagy, like stress response/starvation/protein-
organelle control, this process is also implicated in controlling the intracellular sur-
vival of diverse bacterial pathogens. The first report to show that autophagy is
induced upon pathogenic infection came in 1984, from the work of Rikihisa, in
which guinea pig polymorphonuclear leukocytes (PMNs) were observed to phago-
cytose Rickettsiae in autophagosomes [67]. Currently, most of the intracellular bac-
terial pathogens are known to be targeted by autophagy, including Salmonella
typhimurium [68], Shigella flexneri [69], Group A streptococcus [70], Legionella
pneumophila [71], Rickettsia conorii, Listeria monocytogenes [72] and Mtb [73],
highlighting its importance in the innate immune response.

The role of autophagy during mycobacterial infections first gained attention
when it was reported that induction of autophagy by rapamycin led to the suppres-
sion of M. bovis BCG and Mtb growth in macrophages [73]. This was followed by
a series of studies showing how autophagy could serve as a host defense mechanism
by overcoming the phagosome maturation block caused by Mrb in the macrophages
[74-76]). Then, through a genome-wide siRNA screening study, ~74 host-dependent
factors for intra-macrophage survival of Mtb were identified, many of which seemed
to act via regulation of autophagy [2]. Subsequently, polymorphisms in autophagy-
related genes, such as immunity-related guanosine triphosphatase family M protein
(IRGM), vitamin D receptor (VDR), IFNyR, toll like receptor 8§ (TLRS) and ATP
receptor P2X7R, showed a high association with susceptibility to mycobacterial
infections [77, 78]. Together, the studies mentioned above resulted in establishing
the fact that autophagy was a major defense mechanism and helped in controlling
mycobacterial infections. It is also evident now that understanding mechanistic
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underpinnings of autophagy during mycobacterial infection could potentially allow
the development of novel host-directed therapeutic strategies.

Regulation of Autophagy During Mycobacterium tuberculosis
Infection

Diverse mammalian cell types can be infected by Mtb, including phagocytic cells
like macrophages [79], dendritic cells [80] and neutrophils [81], and some non-
phagocytic cells, like fibroblasts [82], stem cells [83] and airway epithelial cells like
type II alveolar cells [84]. Upon infection, signaling from various surface or intracel-
lular pattern recognition receptors (PRRs) helps in the initiation of innate responses.
Pathogen-associated molecular patterns (PAMPs) of Mrb like lipomannan (LM),
lipoarbinomannan (LAM), its mannosylated form (ManLLAM), phthiocerol dimyco-
cerosate (PDIM), lipoproteins, mycolic acid and Mrb DNA/RNA are the primary
ligands for such receptors. Activation of the PRRs, like toll-like receptors (TLRs)
[85] and nod-like receptors (NLRs) then drives the induction of autophagy [86, 87].
Shin et al. showed that autophagy is activated by TLR1/2/CD14 signaling stimulated
by mycobacterial lipoprotein LpgH [88]. These signaling events involve the down-
stream activation of VDR, which increases the expression of ATG5 and BECNI, as
well as cytosolic production of the antibacterial peptide, cathelicidin, which are criti-
cal for the defense [89]. Additionally, binding of NOD2 to MDP increases the
recruitment of IRGM, ATG16L1 and LC3 in Mtb-infected alveolar macrophages [90].

Mtb-derived DNA/RNA or c-di AMP, when secreted into the host cytosol via the
ESX-1 secretion system, triggers recognition by cGAS to induce the stimulator of
IFN genes (STING) pathway for initiating ubiquitin-mediated selective autophagy
[91]. The E3 ubiquitin ligase, Parkin can mark Mb with ubiquitin, which further
recruits NDP52 and p62 autophagy adaptors for the targeting of Mtb to the autoph-
agy machinery (Fig. 6.2) [92]. Another E3 ubiquitin ligase, SMURF]1 also functions
in a similar manner for mycobacterial targeting [93]. In addition, there is an emerg-
ing role of TRIM proteins (class of E3 ligases) in controlling mycobacterial infec-
tions. TRIM16 cooperates with galectin-3 for the recruitment of the core autophagy
proteins ULK1, Beclin 1, and ATG16L1 for combating Mtb invasion [94]. Moreover,
it also promotes the nuclear translocation of transcription factor EB (TFEB), a key
modulator of lysosome biogenesis. Another protein of the same class, TRIM22,
enhances clearance of Mtb by targeting the NF-kB/beclin 1 pathway [95]. However,
other reports shows autophagy targeting of Mrb independent of E3 ligases. In a very
recent finding, direct recruitment of the ubiquitin to the Mtb surface protein Rv1468c
was observed to trigger xenophagy in a p62-dependent manner [96]. Besides NDP52
and p62, other autophagy adaptors are also observed to target Mrb. In a study from
zebrafish embryos, p62 or OPTN deficiency increased their susceptibility to
M. marinum infection, whereas the overexpression of these proteins increased the
autophagic targeting of M. marinum [97]. In another report, TAX1BP1 and NBR1



78 S. Verma et al.

r- = - == = A
Mycobacteria | 19kDa LPLM,LAM |
, and PIM-TLR 2

- g | Diacylated LP-TLR 1 !
I I

and 2

T GroMM (;Yc;m‘ a | Triacylated LP-TLR6 |

! monomycolaterMincle || and2 ! ’
| TDM (rehalose || MHSP65ands50s ~

| dimycolaterMCL | Lo RRETR4

| PIM (phosphatidyl-inositol |

mannoside-DCAR ¢
LAM (ipoarabinoman:
nan)-Dectin-2

I I
Fl

Mycobactena/\\/
_— DNARNADIDI ' A W
S — - \ ’ ‘Ublqumn(B) ligase(s): |
%oy, / ’ SMURF1
% & _— CdirAMP «— Parkin
R RV1468c — ypi
35, iquitin e
/ %9 U EaS
¥

/ recruitment
[ TBK1
v (NP3
(IRF3 ) inflammasome
o “_Rv3364c

N — Zmp 1 p62

1
I I
I I
A ~ ESAT-6 | OPTN |
(NFx@) -~ - _ / \\ AN | TAXIBPI |
-- \/ \ LorE I NBR1 |
LRR2 > Pro inflammatory \ ' NDP52 I
e\ Ny ks
1di d D chyto Wi , Autophagy adaptor
muramyl dipeptide ——> = Cathelcidin recrunmem
LpgH — VDR signaling LrpG
PE_PGRS47 \ Nudeus
Atolysosome
*>

SapM —— /\v CFP]O ESAT-6  meem

ESAT-6 PhoP 441 Rab7
PknG o
PtpA

<

< g ¥

Mltochondna < o~

Lysosome
T s

CpsA

— NdkA

Fig. 6.2 Schematic representation of recognition, engulfment, tagging, targeting and host
intracellular signaling events during Mtb pathogenesis. Abbreviations: Host: STING Stimulator of
Interferon Genes, Syk Spleen tyrosine kinase, MyD88 Myeloid Differentiation primary response
88, NOD Nucleotide-binding Oligomerization Domain, LRR Leucine-Rich Repeat, NOX NADPH
Oxidase, ROS Reactive Oxygen Species, IRGM Immunity-related GTPase family M protein,
ULKI1 Unc-51 Like autophagy activating Kinase, ATG16L1 Autophagy related 16 Like 1, VDR
Vitamin D Receptor, NLRP NOD, Leucine rich Repeat and Pyrin domain, TBK1 TANK-Binding
Kinase 1 SMURF1 Smad Ubiquitination Regulatory Factor 1, TRIM Tripartite Motif, OPTN
Optineurin, TAX1BP1 Tax1 Binding Protein 1, NBR1 Neighbor of BRCA1, NDP52 Nuclear Dot
Protein 52, IRF3 IFN Regulatory Factor 3, NF-kB Nuclear Factor kappa-light-chain-enhancer of
activated B cells. Bacterial: Zmp1 Zinc metalloprotease 1, ESAT-6 6kD-Early Secretory Antigenic
Target, SapM Secreted acid phosphatase M, PtpA protein tyrosine phosphatase, CFP-10 10-kDa
Culture Filtrate Protein, PknG Protein kinase G, Eis Enhanced intracellular survival, NdkA
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were also observed to colocalize with Mtb upon infection in macrophages [98].
Apart from direct recruitment to Mtb, p62 was also observed to deliver ribosomal
and bulk ubiquitinated cytosolic proteins to autolysosomes, where they are
proteolytically converted into products capable of killing Mtb [99]. These findings
reflect the unique bactericidal properties of the autophagy adaptors.
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Besides driving the recruitment of autophagy components towards Mb, signaling
cascades from PRRs increase the production of inflammatory cytokines, which in
turn crosstalk with autophagy for shaping the outcome of Mtb infection. Numerous
studies highlight the role of IFN-y, TNFa, and IL-1f in autophagy regulation [100].
In fact, a synergistic role of IFN-y and TNFa has been observed for initiating the
autophagic anti-mycobacterial response. Furthermore, IRGM, the downstream
effector of IFN-y, is a strong mediator of inflammation and helps in the secretion of
various cytokines like IL-4, IL-6 and IL-1f [101]. In addition, it plays an essential
role in induction of mycobacterial xenophagy, serving as scaffold for major compo-
nents of the machinery like ULK1, Beclin 1 and ATG16L1 [102, 103]. Interestingly,
autophagy is now understood to be an anti-inflammatory process and its inhibition
results in increased inflammation [104]. The classical activation of macrophages
allows them to acquire inflammatory potential via inhibiting autophagy. At the same
time, the overproduction of mitochondrial ROS due to inhibition of mitophagy
helps in bacterial killing [105, 106].

Modulation of Autophagy as Preferred Mechanisms
for Survival by Mycobacteria

As discussed in the above sections, autophagy acts as a defense mechanism against
M1b infection. Mtb has also evolved strategies to evade or circumvent the autophagy
pathway. Multiple host factors get modulated by the arsenal of molecular effectors
of Mtb to directly or indirectly impede autophagy. Among the various mycobacte-
rial virulence factors, the role of the ESX1 machinery in regulating autophagy has
been studied. Regulation of autophagy by Mtb may occur at multiple levels, like
expression of autophagy-related genes, regulation of inflammation and inflamma-
tory cytokines, and recruitment of specific factors to the autophagosomes needed
for maturation and degradation of cargos. The virulence factors ESAT-6 and CFP10
impact host cell expression of ATGS, a critical autophagy protein, thereby helping
to evade autophagic targeting of Mb [107]. Another ESX1-secreted protein, EspB,
suppresses IFN-y-induced autophagy in murine macrophages [108]. The effect of
ESAT-6 is diverse, as it modulates multiple host factors, including activating the
NLRP3 inflammasome in human macrophages to suppress autophagy [109].
However, Mtb Zinc metalloprotease 1 (Zmp1l) can prevent inflammasome activation
and IL-Ip processing, thereby lowering their targeting to autophagy [110]. While a
large number of studies focus on autophagic targeting of Mrb and the bacterial eva-
sion of such targeting as the tug-of-war between the host and the pathogen, there are
also parallel observations, which highlight that targeting Mrb to autophagosomes
alone is not sufficient for bacterial killing. Since autophagic degradation of cargos
is achieved upon maturation of autophagosomes into autolysosomes, bacteria pres-
ent in autophagosomes that are able to block the maturation process will evade
killing. The virulence factor ESAT-6, along with the response regulator PhoP, inhibit
the recruitment of RAB7, a small GTPase important for lysosomal fusion, thereby
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blocking the targeting of M1b to the lysosomes [111]. More importantly, the exclu-
sion of RAB7 from the autophagosomes is highly selective and is restricted to only
Mtb-positive autophagosomes or xenophagosomes. Thus, Mtb can selectively mod-
ulate xenophagy flux without disturbing the basal autophagy flux in the cells [7].
The significance of selective xenophagy is apparent, considering the role of autoph-
agy in cellular homeostasis. The bacteria benefits from selectively blocking xenoph-
agy flux, as it also ensures prolonged survival of the host cells, which may otherwise
get compromised in case the autophagy block is global/non-selective. Exclusion of
RABT7 from Mtb autophagosomes is also facilitated by the secreted acid phospha-
tase (SapM), which binds to RAB7 and inhibit autophagosome-lysosome fusion
[112]. Expression of antimicrobial peptides, like cathelicidin, is perturbed by Mtb
factors, like LprE, which also helps suppress autophagy and promote bacterial sur-
vival [113]. The maturation of autophagosomes is also dependent on host phaspha-
tidylinositols (PI3Ps), a common requirement even during phagosome maturation.
The mycobacterial cell wall glycolipids ManLAM and LM mimic mammalian
phosphatidylinositols, thereby competitively targeting PI3KC3 and hampering the
autophagy pathway [114]. Yet another mode of regulating autophagy by Mi1b
involves reworking cellular redox homeostasis and NADPH metabolism. The
enhanced intracellular survival (Eis) protein of Mb upregulates the cellular ROS
(NADPH-derived) and proinflammatory cytokine levels, suppressesing autophagy
[115, 116]. M1b is also capable of sensing and inhibiting non-canonical autophagy
pathways, like LC3-associated phagocytosis (LAP). The Mtb protein CpsA is
involved in its escape from LAP by inhibiting the recruitment of NADPH oxidase 2
to the mycobacterial phagosome [117]. In fact, several newer loci of Mtb-mediated
intervention in host autophagy are also being discovered. For example, in a genome
wide gain of function screen, PE_PGRS47 (Rv2741) loci of Mtb was implicated in
suppressing autophagy, as well as in antigen presentation [118]. Altogether, we now
have staggering evidence of direct involvement of Mtb factors in regulating autoph-
agy in host cells upon infection (Fig. 6.2).

Subversion of Autophagy by Mtb Via Targeting RNA
Metabolism

Transcriptional and post-transcriptional regulation of autophagy and associated
genes upon M1b infection can eventually shape the autophagy response to the bac-
teria. Autophagy genes can be regulated at the gene level expression or isoform
level expression, leading to a novel means of regulation [119]. However, one aspect
of RNA-mediated regulation of autophagy during Mtb infection that has strongly
evolved in the recent past, is the role of non-coding RNAs [120]. The non-coding
RNA contingent of the host includes micro-RNAs (miRNA), long noncoding RNA
(IncRNA) and circular RNA.
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miRNAs: The miRNAs work at several targets in the core and extended autophagy
machinery to control cellular autophagy pathways. In most cases, mycobacterial
infection is believed to induce the expression of certain specific miRNAs, which
then target the corresponding autophagy genes for post-transcriptional gene regula-
tion. In the core autophagy pathway, miR-155 has opposing activities, since it tar-
gets RHEB in macrophages, a negative regulator of autophagy to help bacterial
clearance [121], but, at the same time, also targets ATG3 expression in dendritic
cells and helps bacterial survival [122]. The expression of miR-155 increases upon
Mtb infection, but its precise role during in vivo infection remains unclear. Other
core autophagy proteins targeted via mi-RNAs during Mtb infection include regula-
tion of UVRAG by miR-125a[123], ATG4b by miR-129-3p [124], BECN1 by miR-
30a [125], and ATGS by miR1958 [126]. In addition, factors closely associated with
the regulation of autophagy but not directly part of the core autophagy machinery,
like DRAM?2, CACNA2D3, and ATM are regulated by miR-144, miR-27a and miR-
18a, respectively [127-129].

Besides miRNA, LncRNA are also reported to impact host responses during Mtb
infection. While some evidence indicates IncRNA-mediated regulation of autoph-
agy during Mtb infection, they require more characterization to establish direct
involvement in vivo (Table 6.1) [136, 137].

Autophagy Modulators as Therapeutic Candidates Against
Tuberculosis

Through the preceding sections, it is apparent that numerous host and pathogen
factors regulate the process of autophagy during Mtb infection. Not surprisingly,
therefore, serious efforts have been made to target the autophagy pathway in order
to cripple the bacterial manipulation of host defense and help killing of Mrb. It is
important to highlight here that the involvement of autophagy in other chronic dis-
eases, such as neurodegeneration and cancer, has already resulted in a massive inter-
est in identifying regulators of this process with potential therapeutic benefits [171,
172]. Large chemical screenings involving FDA-approved drugs, small molecule
libraries, and natural product-based libraries have resulted in identification of sev-
eral molecules of interest [173, 174]. Targeted studies subsequent to identification
of any new autophagy modulator have revealed the mechanism of action of most
such compounds. Broadly, autophagy regulators could act either directly on core
autophagy pathways, like ULK1, BECN1, ATGS, or feed upstream to regulate the
core autophagy molecules directly or indirectly, such as AMP-activated protein
kinase (AMPK), mammalian target of rapamycin (mTOR), SRC, AKT, and PI3K,
among others (Table 6.2).

The mTOR-dependent and independent regulators: The mTOR complex is the
primordial regulator of autophagy [175]. Hence, its inhibition by rapamycin is
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Table 6.1 miRNAs regulating M1b intracellular survival through the autophagy pathway
miRNA | Specific host target | Mechanism Reference
miR- BECNI1 Downregulates BECN1 and ATGS expression [125]
30a
miR- DRAM?2 Reduces the DRAM2 levels (DRAM?2 interacts with | [127]
144 BECNI and UVRAG)
miR-33 | Multiple autophagy | Lowers ATGS, ATG12, LC3B, LAMP1 and [130]

genes PRKAALT levels
miR- Calcium Inhibits autophagosome formation via [128]
27a transporter downregulating calcium signaling
CACNA2D3
miR- UVRAG Hinders autophagy by targeting UVRAG [123]
125a
miR- ATM Suppresses autophagy via downregulating ATM [129]
18a protein kinase
miR- ATGI6L1 and Inhibits autophagic response by silencing the [131]
20a ATG7 ATG16L1 and ATG7 expression
miR- KLF4 Upregulates KLF4 which induces Mcl-1 expression | [132]
26a thereby suppressing autophagy
miR- ATG3 Subverts autophagy by targeting ATG3 [122]
155
miR- Rheb Promotes autophagy by binding to Rheb (negative [121]
155 regulator of autophagy)
miR- Atg5 Regulates autophagy by reducing Atg5 expression [126]
1958 and LC3 puncta
miR- TNF-like weak Inhibits autophagy in latent tuberculosis via [133]
889 inducer of suppression of TWEAK (TWEAK induces
apoptosis autophagy through AMPK activation)
(TWEAK)
miR- Atg2B Represses Atg2B translation to regulate autophagy [134]
1303
miR- Mcl-1and STAT3 | Reduces expression of Mcl-1 and STAT3. Also [135]
17-5p reduces the interaction of Mcl-1 and BECN1, therby
lowering autophagy flux. (During mycobacterial
infection downregulation of miR-17-5p has been
observed)

among the earliest autophagy inducers used to show a direct effect on Mtb survival
via autophagy [73]. One of the analogs of rapamycin, everolimus, has also been
investigated to control infection in a similar fashion [148]. Other compounds that
have been tested to induce autophagy to clear mycobacteria via mTOR targeting
includes small molecule enhancers of rapamycin (SMERs) [165]; nitazoxanide, the
anti-protozoal drug [157] and baicalin, a herbal medicine [141]. Most of these com-
pounds work through targeting the PI3K/Akt/mTOR axis. However, mTOR is at the
center of diverse cellular processes, including cellular bioenergetics, protein synthe-
sis, and nutrient stress, among others [176], rendering it a less attractive target for
development of drugs against TB. This limitation can be overcome, though, by
mTOR-independent regulators of autophagy. In a FDA-approved drug screen by
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Table 6.2 Modulators of autophagy against Mycobacterium tuberculosis
Role in autophagy signaling

Compounds Description pathways Reference

AICAR Analog of AMP Increases the phosphorylation of [138]
AMPK. AMPK-PPARGCIA
pathway induces the expression of
multiple autophagy genes.

Ambroxol Active mucolytic agent | Increases LC3B punctae and TFEB | [139]
nuclear translocation. Enhances the
antimycobacterial action of
rifampin.

AZDO0530 Src TK inhibitor Increases autophagy flux [140]

(Saracatinib)

Baicalin Natural occurring Induces autophagy via the PI3K/ [141]

flavanoid Akt/mTOR pathway.

Bazedoxifene Selective estrogen Increased ROS production and [142]

receptor modulator AKT/mToR signaling

Carbamazepine FDA approved Induces Inositol triphosphate [143,

anticonvulsant depletion and activates 144]
AMPK. Increases the expression of
IRGM and ATG16L1
Curcumin Diarylheptanoid Increases LC3B punctae. Inhibits [145,
(natural occurring PI3K/Akt/mTOR signaling. 146]
phenol) Activates AMPK.

DHEA Steroid hormone Induces autophagosome formation. | [147]

Everolimus Analog of rapamycin | Inhibits mMTORC1 [148]

Fluoxetine Selective serotonin Augments TNFa production [149]

reuptake inhibitor

GABA Inhibitory Increases expression of autophagy- | [150]

neuro-transmitter related genes and genes for
TLR. Increases autophagy flux

Gefitinib EGFR inhibitor Increases autophagy by inhibiting [149]
p38.

GSK4112 NRIDI agonist Increases autophagy flux and TFEB | [151]
levels.

GW7647 PPAR« agonist Induces the expression of multiple | [152]
autophagy related genes like TFEB,
LAMP2 and RAB7

Honokiol SIRT3 activator Activates SIRT3-PPARA-TFEB [153]
signaling.

Imatinib Abl TK inhibitor Increases autophagy through [154,
BECNI and ATG5 155]

Loperamide Opioid-receptor Induces autophagy flux. Increases [144]

agonist the expression of ATG16L1 and
LC3
Metformin Antidiabetic drug Activates AMPK. [28]
(phenformin)

(continued)
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Role in autophagy signaling

Compounds Description pathways Reference
Nilotinib TK inhibitor Induces autophagy by attenuating [156]
c-ABL dependent PI3k/Akt/mTOR
signaling pathway. Activates E3
ubiquitin ligase, parkin
Nitazoxanide Antiprotozoal drug Inhibits mTOR signaling [157]
Nortriptyline Tricyclic Induces autophagosomes formation | [158]
antidepressant and enhance lysosomal acidity.
NSC 18725 Nitroso containing Increases BECN1 and ATG3 [159]
pyrazole derivative expression.
Ohmyungsamycins | Cyclic peptides Triggers AMPK activation. [160]
A and B
Pasakbumin A Herbal medicine Activates the NF-kB and ERK1/2- | [161]
mediated signaling pathways.
4-Phenylbutyrate Histone deacetylase Enhances the expression of BECN1 | [162]
inhibitor and ATGS
Resveratrol Phenolic compound Upregulates SIRT1 and SIRT3 and | [163,
activates AMPK phosphorylation. 164]
SMERs (SMERs 10, | Small molecule Induces autophagy independent of [165]
18 and 28) enhancers of mTOR signaling
rapamycin
SRT1720 Sirtuin activator Upregulates lipidated levels of LC3 | [163]
via activating SIRT1
Statins Cholesterol-lowering | Reduces mTOR activity. [166,
drug 167]
Tat-Beclin Peptide derived from | Increases autophagy via ATG5 [168]
Beclin 1 linked to HIV
Tat protein
Thiostrepton Thiopeptide antibiotic | Induces ER stress-mediated [169]
autophagy.
Trehalose Naturally occurring Increases xenophagy flux. Induces | [168,
disaccharide lysosomal calcium ion release for 170]
the translocation of TFEB to the
nucleus.
Valproic acid FDA approved Increases autophagosome formation | [143,
anticonvulsant through ATG12. Increases the 144]
expression of IRGM and ATG16L1
Verapamil Calcium channel Increases Mtb colocalization with [144]
blocker LC3
Vitamin D3 Cholecalciferol Induces cathelicidin production. [89]
Increases the expression of BECN1
and ATG5
Wy14643 PPAR« agonist Induces TFEB signaling [152]
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Schiebler and colleagues, two anticonvulsant drugs, carbamazepine (CBZ) and val-
proic acid showed the ability to restrict the growth of both sensitive and drug-
resistant Mtb in macrophages [143]. The effect was primarily driven by the induction
of autophagy through inositol 1,4,5-trisphosphate (IP3) depletion and AMPK acti-
vation [143]. Two additional drugs, loperamide and verapamil also work indepen-
dently of mTOR to induce autophagy and restrict Mtb growth in monocyte-derived
macrophages as well as murine alveolar cells [144]. The search for mTOR-
independent regulators of autophagy continues since such compounds can have
fewer undesired effects. In this context, another mTOR-independent autophagy
inducer, trehalose, assumes significance, considering its less complex nature, avail-
ability, and recent demonstration of efficacy in controlling infection in animal mod-
els of TB [168]. In ex vivo conditions, trehalose can also kill Mtb and non-tuberculous
mycobacterial strains (NTMs) through autophagy induction, making it an attractive
candidate for further exploration as an HDT [168]. It is important to highlight that
trehalose is currently under clinical trial for neurodegenerative disorders, mostly
due to its ability to induce autophagy [177-179].

AMPK and SIRT regulators: AMPK is an upstream kinase, which activates
autophagy by sensing the cellular energetics via phosphorylating the target protein
ULKI1 [180]. AMPK activity can be modulated by trans-resveratrol, metformin and
the AMP-mimetic 5-aminoimidazole-4-carboxamide-1-p-D-ribofuranoside
(AICAR), each of them are shown to restrict the Mrb growth via inducing autoph-
agy, [28, 138, 164]. However, resveratrol can induce autophagy through multiple
possible mechanisms, including up-regulation of SIRT3 and SIRT1 activity [163,
164]. In fact, multiple additional regulators of SIRT3 and SIRT1 are known and can
help control Mtb infection. For example, the biphenolic compound, honokiol,
recently identified as SIRT3 activator, enhances increased LC3B punctae formation
during Mtb infection in BMDMs [153]. Similarly, another activator of SIRTI,
SRT1720, helps in Mtb clearance via autophagy [163]. Recently identified cyclic
peptides, ohmyungsamycins A and B, have been shown to trigger AMPK activation
for activating autophagy in Mtb-infected BMDM:s. They also tend to control bacte-
ria load in M. marinum-infected Drosophila melanogaster [160].

Nuclear receptors agonists as regulators of autophagy during Mtb
infection: Nuclear receptors are transcription factors, which are activated upon
binding specific ligand like steroid hormones and lipid mediators etc. and regulate
variety of cellular functions [181]. Signaling through VDR activates autophagy
[182] and its role in controlling Mtb infection is experimentally validated [183].
Treatment with 1,25-dihydroxyvitamin D3, the active form of vitamin D3, induces
autophagy in Mtb-infected macrophages via induction of the cathelicidin-derived
antimicrobial peptide, LL-37 [89]. In a similar fashion, 4-phenylbutyrate increases
anti-microbial activity against Mtb in macrophages [162]. Apart from VDR, several
other nuclear receptors tend to play effective roles during mycobacterial infection.
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The metabolically active form of vitamin A, all-trans retinoic acid, also promotes
autophagy via STING/TBKI1/IRF3 axis and helps in the clearance of Mb [184].
The adopted orphan nuclear receptor peroxisome proliferator-activated receptor o
(PPARa) agonists promote autophagy to suppress Mtb and M. bovis in BMDMs by
regulating several genes like Rab7, Lamp2 and Tfeb [152]. Estrogen-related recep-
tor o (ERRa), another orphan nuclear receptor, which is a key regulator of energy
homeostasis and mitochondrial function, helps coordinate innate immune function
against Mtb involving autophagy. Mechanistically, ERRa cooperates with SIRT1
and post translationally regulates several proteins, like ATG5, BECN1, and ATG7
for promoting autophagy [185]. Moreover, selective estrogen receptor modulators
(SERMs), commonly used for the treatment of breast cancers, like tamoxifen and,
more recently, bazedoxifene can also control Mtb survival within macrophages. At
least for bazedoxifene, the mechanism involves induction of autophagy [142].
While some of the agonists and modulators for nuclear receptors mentioned above
are being explored for potential anti-TB therapeutic strategy, it is also intriguing that
such diverse nuclear receptors, known for distinct cellular functions, could regulate
autophagy especially during bacterial infection to play a role in host defense.

Protein kinases and other signaling mediators: In a chemical screen performed
by Stanley and group in 2014, fluoxetine, a serotonin reuptake inhibitor, and gefi-
tinib, an inhibitor of the epidermal growth factor receptor (EGFR), were noted to
stimulate autophagy for improved Mtb clearance during in vivo infection [149].
Signaling through cell-surface receptors can elicit a variety of host responses and
usually such targets may seem less suitable for developing anti-TB therapeutics. In
this context, several host protein kinases, not directly known to regulate autophagy,
have also emerged to influence autophagy, at least during mycobacterial infection.
Among them, the protein tyrosine kinase (PTK) SRC has emerged as an attractive
target to achieve bacterial killing. A possible role of SRC kinase was uncovered
using a comparative transcriptomic approach and has consistently shown protective
effects in ex vivo and in vivo models. Mechanistically, inhibition of SRC family
kinase by the specific inhibitor AZD0530 increases xenophagy flux to help kill M1b
in THP-1 macrophages and also reduces inflammation and pathology in the animal
models of tuberculosis [140]. Another PTK inhibitor, nilotinib, that specifically
attenuates Abelson (c-ABL) TK, has been shown to promote autophagic degrada-
tion of M. bovis and M. avium subspecies paratuberculosis [156]. Other compounds
tested in the context of autophagy includes statins, commonly used cholesterol low-
ering drugs [166], gamma-aminobutyric acid (GABA) [150], haloperidol [158],
pasakbumin A [161], ambroxol [139], thiostrepton [169] and NSC 18725 [159]
amongst others. Furthermore, in a very recent approach, depletion of BTF3a (Basic
transcription factor 3a) [186] and downregulation of receptor expressed in lymphoid
tissues-like protein 1 (RELL1) [187] notably reduces mycobacterial survival,
thereby providing new targets for Mtb treatment.
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Future Perspective

Anti-bacterial autophagy during Mtb infection can be regulated by a plethora of
mechanisms, as described above. Inducers of autophagy, which could activate the
anti-bacterial arm of autophagy, i.e., xenophagy, have serious potential for develop-
ment as host-directed anti-TB therapeutics. Since there are so many ways autoph-
agy could be regulated during Mrb infections, determining which ones are better
candidates for developing therapeutic strategies is a critical priority. Whether it
could be via targeting the core autophagy machinery or upstream regulators like
nuclear receptors, signaling kinases, or small non-coding RNAs remains to be
established. So far, the majority of autophagy inducers identified, either through
high-content screening or through targeted approaches, seem to activate both the
defense arm and the homeostatic arm of autophagy. Since the homeostatic arm of
autophagy intrinsically promotes survival and has anti-inflammatory implications,
it may not be assumed to be a very serious roadblock in developing autophagy-
focused HDT against TB. However, it is also important to realize that inflammation
is a part of natural host defense, and therefore activating a patently anti-inflammatory
process could complicate the host response. An interesting silver lining has emerged
recently through studies which report that autophagy inhibitors like chloroquine,
which typically blocks lysosomal acidification may actually help the host by mak-
ing phagosome-resident Mtb more sensitive to existing anti-TB drugs [188]. By
simple extrapolation, this could also mean that autophagy inducers may help
enhance the activity of drugs to which the bacteria are tolerant.

While no direct evidence of this kind exists, it certainly raises the question that
instead of looking at any means of inducing global autophagy, we should rather
focus on only the defense arm, i.e., xenophagy. However, there is little information
on any such pathway or modulator, which targets xenophagy without affecting the
basal autophagy rates. Another level of complexity is that several core autophagy
proteins also have functions independent of regulating just autophagy. For example,
ATGS5 has an autophagy-independent role in neutrophil recruitment and tissue
pathology [189]. These diverse facets of the core homeostatic machinery of autoph-
agy must be further explored. Currently, at least three potential candidates that act
via regulating autophagy are at different phases of clinical trials for adjunct therapy
against tuberculosis- Vitamin D3, Metformin and a statin (pravastatin). With better
clarity on mechanisms for selective xenophagy regulation, more nuanced host-
directed therapeutic candidates are likely to be developed in the future.
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Chapter 7
Metformin: A Leading HDT Candidate
for TB
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Introduction

Inadequacies of current antibiotic therapies to clear persistent Mycobacterium
tuberculosis (Mtb) infection and emergence of drug-resistance are major challenges
for eliminating TB [1, 2]. Disappointing results from the REMOxTB [3] and
RIFAQUIN [4] treatment shortening trials highlight the need for novel interventions
to cure TB [1, 5, 6]. This led to the emergence of a new paradigm in TB treatment
vis-a-vis host-directed therapy (HDT), which focuses on the activation of host fac-
tors subverted by the pathogens in order to mitigate damaging immune pathology
and to hasten lesion sterilization in combination with antimicrobials [7-11].

An effective HDT agent for tuberculosis (TB) could potentially (i) augment
antibiotic efficacy treatment, (ii) shorten treatment regimens for drug-susceptible
and/or drug-resistant Mtb infections, (iii) reduce immune-mediated lung injury and
fibrotic resolution associated with TB, and (iv) promote development of immuno-
logical memory that could protect against relapse and reinfection. We were the first
to propose metformin for TB-HDT, reporting that it reduces lung bacterial load,
immune pathology, and gene expression pathways associated with fibrosis in mice
[12]. Metformin, a biguanide and an indirect activator of 5" adenosine monophos-
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phate-activated protein kinase (AMPK), is on the World Health Organization’s list
of essential medicines. It is considered to be one of the most effective therapeutics
for treating type 2 diabetes (T2D) since it reduces hepatic gluconeogenesis with no
effect on insulin secretion or weight gain and without causing hypoglycaemia when
used as monotherapy for T2D [13]. Our original report was followed by a series of
retrospective studies showing that T2D patients taking metformin have lower risk
for Mtb infection, progression from infection to TB disease, TB mortality, and TB
recurrence [14-24]. This suggests the promise of metformin as an adjunct therapy
for TB. However, the molecular and cellular mechanism of metformin’s HDT effi-
cacy remains unclear. It is possible that as with T2D, metformin efficacy in TB is
associated with its well-known pleiotropicity, as also shown in cancer [25] and ath-
erosclerosis [26]. Here we review the potential host targets responsible for metfor-
min’s HDT effect and provide the current state of the retrospective and prospective
human data demonstrating metformin’s efficacy in TB patients.

Mechanistic Targets of Metformin

Since the introduction of metformin in the clinic for T2D (Europe — 1950s; USA —
1995), considerable effort has been made to better understand the mechanism
behind its anti-hyperglycemic effect. In addition to the direct action of metformin
on liver, a myriad of indirect effects play an important role of the drug on lipid
metabolism, meta-inflammation, and immune cells, leading to immuno-
glucoregulatory network regulation. It has been shown that a handful of host intra-
cellular proteins may be responsible for the pleiotropic effects of metformin.
However, the exact nature of molecular interaction between the drug and its targets
for T2D remain unknown.

1. AMPK - AMPK is a top candidate target for metformin. This mammalian serine/
threonine protein kinase is activated during metabolic stress and controls energy
homeostasis [27]. Metformin activates hepatic AMPK, leading to the reduction
of gluconeogenic gene transcription, induction of fatty acid oxidation (FAO),
and suppression of sterol regulatory element-binding protein (SREBP)-1, a key
lipogenic transcription factor [28]. Activation of AMPK, which results from the
phosphorylation of Thr172, is controlled by liver kinase B1 (LKB1) and is
required for metformin-mediated (i) inhibition of glucose production by
hepatocytes [28] and (ii) regulation of glucose uptake in skeletal muscle cells
[29]. In a cell-free assay, metformin did not influence LKB 1-mediated Thr172
phosphorylation, indicating that AMPK may not be a direct target of metformin
[30]. The anti-inflammatory and anti-bacterial effects of metformin are also
thought to depend on AMPK activation [31, 32]. Metformin reduces intracellular
growth of L. pneumophila [32] and Mtb [33] through activation of mitochondrial
ROS (mtROS) in an AMPK-dependent manner. PBMCs from healthy individu-
als who took metformin for 6 days showed increased Thr172 phosphorylation of
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AMPK, and these PBMCs demonstrated increased phagocytic capacity and
decreased TNFa, IL1p, IL6 and IL17 release when stimulated with Mtb lysate
[34], suggesting relevance of AMPK in metformin’s anti-Mb properties.
Moreover since AMPK activates autophagy via inhibiting Mammalian Target of
Rapamycin (mTOR), AMPK activators have been considered as a promising
TB-HDT [35].

2. Mitochondrial electron transport chain (ETC) complex I - Evidence that
metformin-mediated activation of AMPK is secondary to the direct effect of
metformin on mitochondria suggested that a mitochondrial protein could be
metformin’s primary target [30]. In 2000, two independent groups demonstrated
that mitochondrial ETC complex I (a redox enzyme complex consisting of 44
subunits which is also known as NADH:ubiquinone oxidoreductase) is the pri-
mary target of metformin [36, 37] and that the metabolic effects of the drug was
preserved in liver-specific AMPK-deficient mice [37]. Complex I inhibition by
metformin results in the suppression of ATP production and decrease in
[ATP]:[ADP] and [ATP]:[AMP] ratios [36, 37], leading to an increase in Thr172
phosphorylation of AMPK and a switch to AMPK-dependent catabolic path-
ways that generate ATP. This also results in downregulation of mRNA expres-
sion of gluconeogenic enzymes [38] and inhibition of acetyl-CoA carboxylase 1
(ACC1) and ACC?2 activities [39]. Effects on mitochondria have also been sug-
gested by the notion that metformin is a positively charged molecule that accu-
mulates within mitochondria to concentrations up to 1000-fold higher than in the
cytoplasm [40]. Of note, anti-tumor effects of metformin depend on inhibition of
mitochondrial complex I [41]. Metformin is a non-competitive complex I inhibi-
tor and interacts with subunit ND3, but does not alter the structural integrity of
complex I [42]. Interestingly, a recent study in normal and diabetic rats showed
that metformin at clinically-relevant plasma concentrations inhibits hepatic glu-
coneogenesis by a redox-dependent manner, which was independent of the inhi-
bition of complex I and ACC activity [43]. This revealed a complex I-independent
mechanism of metformin, which is most likely AMPK-independent as well.

3. Mitochondrial glycerophosphate dehydrogenase - Controversies in (i)
AMPK-dependent or AMPK-independent effects of metformin, (ii) drug doses
that have been used in in vitro and in vivo experiments, and (iii) acute effects of
metformin administration that differ from the AMPK activator A-769662 [40,
44, 45], resulted in the identification of the redox shuttle enzyme mitochondrial
glycerophosphate dehydrogenase (mGPDH/GPD?2) as a non-competitive inhibi-
tor of metformin [44]. Rats and mice that do not express GPD2 exhibited abro-
gated metformin-mediated decrease in plasma glucose and inhibition of
endogenous glucose production [44]. GPD2, via the glycerol-3-phosphate shut-
tle, connects oxidative phosphorylation (OXPHOS) and glycolysis, and regu-
lates macrophage inflammatory responses to bacterial lipopolysaccharide (LPS)
[46]. In fact, LPS-stimulated macrophages demonstrate an induction of aerobic
glycolysis (Warburg effect), which has also been observed in Mb-infected mac-
rophages and mice [47, 48], and in cancer [49]. Targeting the Warburg effect and
restoring energy yield is currently being pursued as a cancer treatment [50].
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Since different metabolic states of macrophages are implicated in the control or
progression of intracellular bacterial infections [51], and metformin has been
demonstrated to inhibit the Warburg effect in order to exert an anti-tumor effect
[52], it can be reasoned that metformin inhibits aerobic glycolysis in TB. Notably,
it was recently shown that metformin targets GPD2 to control growth of thyroid
cancer in vitro and in vivo [53]. In addition to GPD2, metformin also inhibits
liver glucose production by inhibiting fructose-1-6-bisphosphate [54], a glyco-
lytic/gluconeogenic enzyme. Taken together, these observations support the con-
cept that manipulating metabolic circuits may be exploited as an adjunct for
future TB HDT strategies.

4. Growth differentiation factor 15 (GDF15) - GDF15 (also known as macrophage
inhibitory cytokine -1 [MIC-1]) is a biomarker of cellular stress that belongs to
the TGFP superfamily. It is expressed in various tissues in response to
inflammation and binds to its receptor GDNF family receptor alpha like
(GFRAL), the expression of which is thought to be restricted to selected regions
of the brainstem. GDF15 promotes anti-inflammatory responses of adipose tis-
sue macrophages, and macrophages with defects in OXPHOS lose their ability
to secrete GDF15 [55]. Bacterial and viral infections induce GDF15, which pro-
motes metabolic adaptation to systematic inflammation, indicating GDF15 as an
inflammation-induced central mediator of tissue tolerance [56]. Furthermore,
GDF15 confers a survival benefit in sepsis [56]. In an elegant study, Poll er al
recently showed that metformin elevates circulating levels of GDF15, which is
necessary to obtain its beneficial effects on energy balance and body weight
[57]. This also suggests a role for metformin in endocrine-immune crosstalk.
Overall, these studies indicate that the anti-inflammatory and anti-TB activity of
metformin may involve GDF15.

Studies Demonstrating Metformin’s Anti-TB Properties

1. Animal data - Interest in metformin’s anti-Mtb properties was initiated by our
discovery in 2014 that metformin enhances control of Mtb replication in macro-
phages by inducing phagosome-lysosome fusion and mtROS production, and in
the tissues of aerosol infected C57BL/6J (B6) mice [33]. Metformin enhanced
the efficacy of anti-TB drugs, ameliorated lung pathology, and reduced inflam-
mation [33]. A subsequent study by Dutta et al. [S8] using Balb/c mice con-
cluded that metformin does not improve the sterilizing activity of first-line
antimicrobial TB treatment, despite trends for lower CFU at 2 months (P = 0.54)
and 3.5 months (P = 0.039) of adjunctive treatment. The differences in the two
studies could reflect differences in mouse strain and methodologies. The study
by Dutta et al. [58] did not include assessment of immune pathology, whereas
the immunomodulatory effects of metformin might provide a more clinically
significant benefit than accelerated sputum conversion. Indeed, metformin has
been shown to reinvigorate immunity in Mb-infected B6 mice by reprogramming
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CD8* T cell metabolism [59]. In addition to programming of CD8* T cells in
Mtb-infected mice, the Singhal lab recently found that metformin-educated
CD8* T cells from uninfected mice have enhanced FAO, OXPHOS, survival
capacity, and anti-Mtb properties (Bohme et al., Nat Comm, 2020, In press).
These studies together indicate the important role of CD8* T cells in metformin-
derived host immunity against Mtb. Moreover, an unpublished study in Mtb-
infected guinea pigs supports the hypothesis that metformin promotes host
resistance to infection during chronic TB (~90 days post-infection) by maintain-
ing metabolic homeostasis of immune cells (Haugen Frankel et al., R. Basaraba,
Colorado State University, personal communication). Of note, metformin treat-
ment was started 4 weeks before Mrb challenge of guinea pigs and continued
throughout the study. Taken together, these animal studies indicate the important
role of metformin-programmed host immunity towards Mib infection and
pathology.

2. Retrospective data from TB-T2D cohorts - The large population of individuals
with T2D living in high TB burden regions and treated with metformin or other
anti-diabetic therapies has provided an opportunity for data mining to identify
potential HDT efficacy. The initial report of metformin treatment in Mrb-infected
mice included human data from the Singapore TB control program indicating
that metformin reduces the risk for cavitary TB and mortality in adults with T2D
[12]. Subsequent retrospective studies supported that observation, providing evi-
dence that adults treated with metformin for T2D had lower prevalence of Mtb
infection [14, 23], reduced progression from latent infection to active TB disease
[15, 16, 18, 20, 24, 60], accelerated sputum conversion [19, 22], lower all-cause
mortality in TB [17], and lower risk of recurrent TB after cure [21] as compared
to those treatment with non-metformin antidiabetic regimens. Altogether, these
studies reported protective effects in 293,081 individuals treated with metfor-
min. A major caveat of these results is that they reflect metformin efficacy in
people living with T2D and may not be generalized to the normoglycemic popu-
lation. Some of these studies addressed that question, finding that protective
effects of metformin for TB were not associated with better glycemic control.
Degner et al. [17] reported that in a cohort of 2416 T2D patients treated for TB,
those taking metformin had significantly lower odds of death (hazard ratio 0.56,
95% confidence interval 0.39-0.82) despite significantly higher mean glycohe-
moglobin (HbAIc) level. While HbA 1c data were not available to Pan et al. [16],
they reported significantly lower TB progression with metformin use. This effect
was dose-dependent, while clinical factors reflecting diabetic severity did not
differ between those taking metformin and those in the group taking sulfonyl-
ureas. Lee et al. [19] reported that use of metformin was associated with faster
sputum conversion in diabetic patients with cavitary TB, but HbAlc (and other
potential confounders) were no different between the metformin and non-
metformin groups in that cohort. Together with evidence that metformin benefits
metabolically normal mice infected with Mtb and that it promotes nominally
TB-protective shifts of immunological parameters in healthy adults, these find-



A. Singhal and H. Kornfeld

ings strongly suggest that the TB-HDT efficacy of metformin might extend to
the general population.

. Prospective data from TB-T2D cohorts - The lack of prospective studies
evaluating the effects of metformin in people with TB-DM comorbidity reflects
a major knowledge gap. In the prospective Effects of Diabetes on Tuberculosis
Severity (EDOTS) study, participants with pulmonary TB and T2D treated with
metformin had significantly lower plasma levels of several matrix metallopro-
teinases (MMP-1, 2, 3, 7, 9 and 12) at the time of TB diagnosis as compared to
those treated with non-metformin antidiabetic regimens [61]. Overall, MMP lev-
els positively correlated with HbAlc, but no significant difference in HbAlc
levels was detected between participants in the metformin and non-metformin
groups. It could be hypothesized that reduced MMP levels result in reduced lung
damage with TB [62]; however, future prospective studies including assessment
of lung function are required to support this hypothesis. One clinical trial of
metformin (METRIF) is reportedly underway [63] while two others have been
funded, with accrual pending (Table 7.1). The latter two include the NIH-funded
METHOD trial (#5U01AI134585; PIs - Kornfeld, Singhal and Wallis) and the
DRTB-HDT trial (#847465; PI - Wallis) funded by the European Union Horizon
2020 programme. Each of these trials involve different patient populations. The
METRIF study will compare metformin added to standard treatment for drug-
sensitive pulmonary TB in non-diabetic adults without HIV in India. The
METHOD trial will compare metformin added to standard treatment for drug-
sensitive pulmonary TB in non-diabetic, HIV-positive adults in South Africa.
Finally, the DRTB-HDT study will compare antimicrobial regimens for rifampin-
resistant pulmonary TB with or without the addition of metformin or CC11050 in
non-diabetic adults with or without HIV in Germany, Romania, Georgia, and

Table 7.1 Clinical trials testing the efficacy of metformin in TB patients

Approach &

Trial population Clinical site(s) Endpoints Drug & dose

METRIF | Randomized Five sites in India | Time to sputum Metformin
open-label; culture conversion | 1000 mg daily for
non-diabetic first 2 months
HIV- with newly
diagnosed drug-
susceptible PTB

METHOD | Randomized Single site in South | Safety & Metformin;
open-label; Africa tolerability; time to | 1000 mg daily for
non-diabetic HIV+ culture conversion; | first 3 months
with newly lung function;
diagnosed drug- occurrence of IRIS
susceptible PTB

DRTB- Randomized Germany, Moldova, | Time to culture Metformin

HDT open-label; Romania, Georgia, | conversion; lung 2000 mg daily or
non-diabetic +tHIV | Mozambique, function CC11050 200 mg
with RIF-resistant South Africa twice daily; for
PTB 6 months
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Moldova. Outcomes for all three trials include time to sputum conversion, while
the METHOD and DRTB-HDT trials will also assess lung function. None of
these studies are powered to provide a strong indication of the potential for treat-
ment shortening. However, evidence of safety and tolerability, along with trends
for outcomes indicative of HDT efficacy, should provide a foundation for future
large-scale efficacy trials.

Can Metformin Rewire Fibrotic Resolution in TB?

Lung matrix destruction and fibrotic remodeling are clinically significant features of
TB pathology, reflecting damage from host immunity. Respiratory failure and
hemoptysis are the leading proximal causes of death in TB [64], while pulmonary
impairment after TB afflicts roughly half of all TB survivors (reviewed in [62]). In
the pre-antibiotic era, fibrosis of diseased lung benefitted the host by reducing dead
space ventilation and creating an environment unfavourable for relapse. However,
this response becomes detrimental when infection is sterilized by antibiotics.
Fibrosis also hampers antibiotic penetration during TB treatment, reducing efficacy
and promoting resistance. Since goals for HDT are accelerated lesion sterilization
and mitigation of lung damage, this raises the question of metformin mediated
reprograming of fibrosis in TB. Metformin decreases lung inflammation in Mtb-
infected mice [33] and guinea pigs (R. Basaraba, personal communication), includ-
ing reduced expression of matrix metalloproteinases (MMPs) that are implicated in
TB-related lung injury [65]. Importantly, elevated MMP levels are associated with
impaired lung function in TB [66], and metformin use is associated with reduced
plasma MMP levels in diabetic TB patients [61]. A recent study demonstrated anti-
fibrotic effects of metformin in the mouse bleomycin model [67, 68], where it deac-
tivated myofibroblasts in an AMPK-dependent manner and reversed established
fibrosis. Metformin was also shown to mitigate radiation-induced pulmonary fibro-
sis in rats [69]. Recent clinical studies found that a restrictive ventilatory defect
indicative of fibrosis was the most common lung function abnormality in TB survi-
vors [70, 71], supporting the idea that antifibrotic effects of metformin could be
clinically relevant.

Safety and Drug-Drug Interactions During Metformin Usage
in TB Patients

Metformin is the most widely prescribed treatment for T2D worldwide and has
an excellent record of safety. Nonetheless, metformin carries a black box warning
about lactic acidosis (LA), with a mortality rate approaching 50%. The black
box warning in the FDA-approved metformin package insert states in part: “The
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reported incidence of LA in patients receiving metformin hydrochloride is very
low (approximately 0.03 cases/1000 patient-years, with approximately 0.015
fatal cases/1000 patient-years). There were no reports of LA in more than 20,000
patient-years exposure to metformin in clinical trials. Reported cases have occurred
primarily in diabetic patients with significant renal insufficiency, including both
intrinsic renal disease and renal hypoperfusion, often in the setting of multiple
concomitant medical/surgical problems and concomitant medications”. Despite the
black box warning, the strength and even the existence of this association has been
questioned. Some authorities hold that LA occurring in patients taking metformin is
attributable to other factors commonly associated with diabetes (sepsis, dehydration,
renal failure). A Cochrane review of 347 comparative trials and cohort studies with
a combined 70,490 patient-years of metformin exposure identified no cases of fatal
or non-fatal LA [51].

Conclusions

A substantial body of retrospective studies have described protective effects of
metformin against several infectious diseases (both viral and bacterial) in animal
models and in humans, leading to the consideration of metformin as an adjunctive
therapy for use in combination with antimicrobials [72]. Based on the preclinical
mouse and guinea pig data and retrospective human data, metformin is considered
a top candidate in the TB-HDT pipeline. While there is a sufficient basis of preclini-
cal and retrospective clinical evidence to justify the prospective clinical trials listed
in Table 7.1, a detailed mechanistic understanding of its protective effects in TB is
lacking. Filling this knowledge gap will strengthen the interpretation of trial data
and likely identify pathways that may be more specifically targeted with agents hav-
ing better efficacy and tolerability than metformin.
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Chapter 8
Statins as Host-Directed Therapy
for Tuberculosis

Noton K. Dutta and Petros C. Karakousis

Introduction

Statins are a class of drugs that inhibit the 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, the rate-limiting enzyme in the mevalonate pathway.
Since cholesterol biosynthesis is one of the branches of this pathway, statins lower
cholesterol levels. In particular, these drugs are effective in lowering low-density
lipoprotein (LDL) cholesterol and are commonly used for secondary prevention in
patients with a history of myocardial infarction, as well as for primary prevention
in people at high risk for cardiovascular disease. Statins also possess broad immu-
nomodulatory and anti-inflammatory properties, and their use has been associated
with reduced dengue virus replication and reduced risk of lung cancer [1-4].
Retrospective cohort studies also have shown that statin users experienced reduced
sepsis-related morbidity and mortality [5, 6], reduced incidence of community-
acquired pneumonia (CAP) [7, 8], and increased survival following CAP [9].
Currently, a number of statins are on the market, including atorvastatin, fluvastatin,
lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin. Several of these
statins have been shown to enhance host cell clearance of intracellular bacteria.
For example, atorvastatin and lovastatin reduce the growth of Chlamydia pneumo-
nia and Salmonella enterica in macrophages and in mouse models of infection [10,
11]. Simvastatin increases host defenses against listeriosis in mice by targeting
LLO-dependent escape of Listeria monocytogenes [12]. Lovastatin and simvas-
tatin contribute to reducing Borrelia burgdorferi burden and altering the murine
immune response to favor clearance of spirochetes in a mouse model of Lyme
disease [13].
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Host-Dependent, Anti-TB Activity of Statins: Preclinical
Studies

In early studies, fluvastatin was found to induce the release of Thl cytokines in
Mycobacterium tuberculosis (Mtb)-infected and uninfected macrophages, and to
promote the activation of caspase 1 [14]. In 2009, Lii et al. investigated the effect of
endogenous cholesterol on lipid raft formation and activation of gamma-delta (yd)
T cells in human peripheral blood mononuclear cells (PBMCs) with and without
Mitb antigen stimulation [15]. They observed that lovastatin and fluvastatin inhibited
tyrosine phosphorylation and expression of monosialotetrahexosylganglioside
(GM1) and CD69 in yd T cells stimulated in vitro with Mtb antigens. This stimula-
tion yielded higher release of Th1 cytokines and promoted the activation of caspase
1, suggesting that inhibition of HMG-CoA reductase may be immune-protective
with therapeutic potential against TB.

However, none of these studies evaluated the effect of statins on mycobacterial
growth in vitro and in vivo models. In 2014, Parihar et al. reported that mononuclear
cells and macrophages isolated from patients receiving statin therapy for familial
hypercholesterolemia showed increased resistance to Mtb infection [16]. Further,
simvastatin therapy in Mtb-infected mice reduced dissemination from the lungs and
bacterial burdens in the spleen and liver were significantly (up to ten-fold) lower
relative to those in untreated control animals. The lungs of infected animals showed
a 1.5-fold reduction in bacterial burden following simvastatin therapy for 6 weeks,
which could be further improved to a three-fold reduction when rosuvastatin, which
has a longer half-life, was used. In the same study, statins were found to enhance
macrophage-based killing of Mtb by promoting phagosomal maturation and autoph-
agy [16]. Corroborating the findings of Parihar et al., Skerry et al. found that simv-
astatin lacks direct tuberculocidal activity, but promotes killing of intracellular Mtb
by macrophages and enhances the bactericidal activity of INH in macrophages [17].
Moreover, simvastatin and atorvastatin were shown to increase rifampin-mediated
killing of Mtb in macrophages [18]. Another study found that very high concentra-
tions of simvastatin showed anti-Mtb activity (MIC = 100 pg/ml), which was
enhanced with vancomycin 10 pg/ml (MIC = 50 pg/ml) [19].

Recently, Dutta et al. conducted a preclinical study aimed at comparing the bac-
tericidal activities of the standard TB regimen (rifampin, isoniazid, pyrazinamide
and ethambutol given at human-equivalent doses; RHZE) with or without escalating
doses of pravastatin against chronic TB infection in BALB/c mice. Antibiotics were
given five times weekly by esophageal cannulation for 8 weeks (corresponding to
the intensive phase of TB treatment in humans) beginning 6 weeks after infection.
Treatment with RHZE plus pravastatin at doses ranging from 30 to 180 mg/kg dem-
onstrated a dose-dependent increase in bactericidal activity, reducing lung bacillary
counts by 0.2-0.6 log,,, 0.3-0.6 log,, and 0.3-0.8 log;, compared to RHZE alone
after treatment for 2 weeks, 4 weeks and 8 weeks, respectively. The degree of lung
inflammation correlated with the bactericidal activity of each drug regimen after
8 weeks of treatment.
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In the same study, the adjunctive antitubercular activities of simvastatin and
pravastatin were tested in C3HeB/FeJ mice, which, unlike BALB/c and C57BL/6
mice, develop human-like necrotic granulomas in the lungs following aerosol infec-
tion with Mtb [20-24]. The mice were infected with ~50 bacilli of Mtb H37Rv and
6 weeks later were treated with one of the following regimens: (1) No treatment
(negative control); (2) Human-equivalent doses of the first-line regimen (RHZE)
(positive control); (3) RHZE + simvastatin 90 mg/kg; (4) RHZE + pravastatin
50 mg/kg; (5) RHZE + pravastatin 90 mg/kg. After 8 weeks of treatment, mice
receiving human-like exposures of statin adjunctive therapy had significantly
reduced lung bacillary burdens relative to control mice receiving RHZE alone.
Thus, relative to the control regimen, adjunctive therapy with simvastatin 90 mg/kg,
pravastatin 90 mg/kg, and pravastatin 50 mg/kg further reduced lung bacterial
counts by 1.28 log;, (p < 0.0001), 1.16 log;, (p < 0.01), and 0.78 log;, (p < 0.05),
respectively [24-26].

The treatment-shortening potential of statin adjunctive therapy has been tested in
the standard mouse model of TB chemotherapy [27]. After 6 weeks of treatment,
simvastatin adjunctive therapy led to a 1.4 log, greater reduction in lung bacillary
counts relative to the standard regimen alone (rifampin/isoniazid/pyrazinamide,
RHZ) given at human-equivalent doses. The addition of simvastatin shortened the
time required to achieve lung-culture negativity from 4.5 months to 3.5 months.
After 3.5 months of treatment relapse rates were 50% (5/10 mice) and 20% (2/10
mice) in the RHZ and RHZ + simvastatin groups, respectively. No relapses were
observed in either group after 4.5 months of treatment.

Retrospective Clinical Cohort Studies

A recent review summarizes the evidence from retrospective clinical studies inves-
tigating the effects of statin use on TB incidence [28]. In 2014, Kang et al. evaluated
the effect of statins on the risk of developing TB among patients with newly diag-
nosed diabetes mellitus type 2 (DM2) in South Korea [29]. Relative to non-TB
patients, statin use was less frequent among TB patients (19.2% vs. 33.6%).
However, after adjustment for potential baseline confounders (age, sex, history of
silicosis, malignancy, HIV/AIDS, chronic kidney disease, use of systemic cortico-
steroids, comorbidities [e.g., dyslipidemia, hypertension, angina, myocardial infarc-
tion, cerebrovascular disease, peripheral artery disease, and retinopathy], and
history of hospitalization), statin use did not alter the risk of developing TB in
patients with DM2 (hazard ratio [HR], 0.98; 95%CI 0.89-1.07).

In 2015, Lee et al. studied TB incidence in Taiwanese patients with DM2, hyper-
tension, and dyslipidemia, as well as any potential effects of therapies for these
conditions [30]. Cox proportional hazard regression models determined that statin
users had a lower risk of developing active TB, with a risk ratio of 0.76 (95% CI,
0.60-0.97). The level of adherence to statin therapy and the statin dose received by
patients were not reported in this study.



112 N. K. Dutta and P. C. Karakousis

In 2016, Lai et al. performed a nested case-control study to examine whether
statin therapy decreases the risk of incident TB using the Taiwan national health
insurance program database [31]. In this study, the duration of statin use was
inversely associated with the risk of active TB. Certain potentially confounding
variables, such as body mass index and smoking and their effects, could not be
evaluated in this database.

In 2017, Liao et al. conducted an age- and sex- matched case-control study of
patients aged >20 years with recently diagnosed pulmonary TB in Taiwan [32].
Multivariable logistic regression analysis showed that subjects receiving atorvas-
tatin had a lower probability of developing active TB (0.56, 95% CI 0.46, 0.68),
although the data could not fully account for the effects of residual confounding
variables (e.g., socioeconomic status).

Another retrospective cohort study conducted in Taiwan in 2017 revealed a
reduced risk of TB disease among statin users by multivariate analysis (HR: 0.53;
95% CI, 0.47-0.61; P < .001) [33]. Compared with the matched control group,
statin use showed a dose-response relationship with risk of incident TB (<180
cumulative defined daily doses [cDDDs]: HR, 1.06; 95% CI, 0.91-1.24; P = .477,
180-365 cDDDs: HR, 0.57; 95% CI, 0.45-0.72; P < .001; >365 cDDDs: HR, 0.27;
95% CI, 0.22-0.33; P < .001).

A retrospective study by Yeh et al. in 2018 investigated the effects of statin use
on risk of TB and CAP among patients with reversible and nonreversible obstructive
airways disease in Taiwan [34]. Cox proportional regression analysis with time-
dependent variables showed that statin users had a lower risk of TB (adjusted hazard
ratio (aHR) 0.49, 95% confidence interval (CI) 0.34-0.70) and pneumonia (HR
0.52, 95% CI 0.41-0.65) than nonusers, regardless of age, sex, comorbidities, and
inhaled corticosteroid or oral steroid use.

Finally, Pan et al. investigated the use of statin vs. non-statin lipid-lowering
agents on the risk of various infectious diseases in patients with diabetes [35]. They
found that compared with non-statin drugs, statin use was specifically associated
with a decreased risk of TB (low-potency statin users, aHR: 0.692; 95% CI:
0.455-1.053; high-potency users, aHR: 0.491; 95% CI: 0.241-0.999).

A recent meta-analysis of data from nine cohort studies [29-34, 36-38] reported
that statin use was associated with reduced active TB disease (risk ratio [RR]: 0.60,
95% confidence interval [CI]: 0.45 to 0.75, p < 0.001) [39]. However, the observa-
tional studies described above have several limitations. First, inherent to all retro-
spective data analyses, it is possible that the authors did not adequately control for
all confounding factors, potentially leading to erroneous rejection of the null
hypothesis regarding statin use vs. nonuse. Second, all studies were based in Taiwan
or South Korea, and the findings may not be readily applicable to other populations.
Finally, despite the widespread use of statins, there are currently no retrospective
data available on the relationship between statin use and microbiological or clinical
outcomes in patients receiving treatment for active TB.
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The Mode of Action of Statins as Adjunctive Therapy for TB

Although the molecular mechanisms responsible for the anti-TB, host-directed
activities of statins require further investigation, this class of drugs appears to have
pleiotropic effects on the vascular and immune systems [40].

Simvastatin was shown to inhibit receptor for advanced glycation end-products
(RAGE) expression in atherosclerotic plaques by decreasing MPO-dependent AGE
generation [41]. Statins also increase soluble RAGE level by inducing RAGE shed-
ding, which might help to prevent the development of RAGE-mediated pathogene-
sis. Statins improve cholesterol efflux from foam cells of the arterial wall and block
the harmful effects of AGE on macrophages by suppressing nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activity through inhibition of geranyl-
geranylation of Rac-1 [42]. Statins also influence heme oxygenase 1 (HO-1) activa-
tion in cardiovascular diseases by regulating multiple signaling pathways, such as
activator protein (AP)-1, protein kinase G (PKG), extracellular matrix-regulated
kinase (ERK), p38 MAPK or NF«B in vascular wall cells [43]. Finally, statins were
shown to modulate oxidized LDL-mediated histone modifications and gene expres-
sion in cultured human endothelial cells [42].

Recent reports suggest that statin-mediated effects are not limited to cardiovas-
cular diseases, and that these drugs might be used to treat osteoporosis, Alzheimer
disease, rheumatoid arthritis, acute lung injury, and chronic obstructive pulmonary
disease (COPD) [44]. The pleiotropic effects exerted by statins occur in various cell
types of the immune system, and some effects have been described that could para-
doxically attenuate or inhibit the immune response [45]. Statins alter the function of
innate and adaptive immune cells, including macrophages, dendritic cells, T cells,
and endothelial cells [46], and also prevent induction of trained immunity [47]. In
addition, they affect endothelial cell cytoskeletal rearrangement, NADPH oxidase
activity, and nitric oxide generation, as well as endothelial cell gene expression,
which are relevant to the pathobiology of acute lung injury [42]. By inhibiting mev-
alonate synthesis, statins also inhibit the production of other isoprenoid molecules,
such as farnesyl pyrophosphate and geranylgeranyl pyrophosphate. These mole-
cules serve as lipid labels for the post-translational modification of several proteins,
including G protein gamma subunits and small GTP-binding proteins, such as Ras,
Rho, Rab, Rac, Ral or Rap [48-50]. Statins also inhibit IkB degradation, MMP-9
activity, TNF-a production, and cell spreading by the upregulation of tetraspanins,
especially CD9 [51].

The precise mechanism(s) by which statins exert their host cell-mediated, antitu-
bercular activity is a topic of intense investigation. Cholesterol biosynthesis and
transport may play a crucial role in the adaptation of Mtb within host tissues [52,
53], and its inhibition by statins could potentially alter protective immunity, thus
altering disease outcome in the infected host [16]. In ex vivo studies, statins reduced
intracellular Mtb burden in human macrophages [16]. The process of autophagy is
important for control of Mtb growth in vivo, as well as for preventing excessive
inflammation in the host [54]. Previous reports have highlighted the importance of
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autophagy for the full activity of isoniazid and pyrazinamide against intracellular
Mtb through the release of reactive oxygen species (ROS) by infected host cells [55,
56]. Exposure of Mtb-infected macrophages to simvastatin promotes phagosome-
lysosome fusion and autophagy [16]. Recent data by Dutta et al. showing reduced
phagosome acidification and proteolysis of macrophages following pravastatin
exposure are consistent with an activated phenotype of pravastatin-treated macro-
phages. Decreased proteolysis can promote antigen presentation [57, 58], which is
beneficial for bacterial clearance, while the observed delay in acidification reflects
a balance in the production of ROS (which consume protons) and phagosomal acid-
ification upon immune cell activation [57, 59]. Guerra-de-Blas et al. recently
observed that simvastatin promotes apoptosis, autophagy, and the expression of co-
stimulatory molecules in monocytes and increases the proportion of natural killer T
cells [60]. Statins have also been shown to inhibit transforming growth factor beta
(TGF-p) [61, 62]. Both production and bioactivation of TGF-f take place at sites of
Mtb infection, suggesting that inhibitors of TGF-f signaling might have a role as
adjunctive anti-TB therapies [63]. Bruiners et al. recently demonstrated that simv-
astatin inhibits mechanistic target of rapamycin complex 1 (mTORC1) activity and
regulates transcription factor EB (TFEB) nuclear translocation to induce autophagy
and lysosomal biogenesis [64].

Conclusion

Retrospective clinical data suggest that statin use is associated with a reduced risk
of incident TB, and preclinical data suggest that adjunctive statin therapy may
shorten the duration of curative treatment for drug-susceptible pulmonary TB, per-
haps by promoting clearance of intracellular bacilli by macrophages. However, a
number of important questions remain to be addressed before introducing statins as
adjunctive host-directed therapy for TB in the clinical setting, including: (1) whether
the anti-TB activity is a general class effect or statin-specific; (2) the precise dosing
of statin, particularly given the known drug interactions with the key sterilizing drug
rifampin; and (3) their potential utility in patients with HIV co-infection and other
forms of immune deficiency. A two-stage randomized clinical trial, Statin Adjunctive
Therapy for TB. (StAT-TB; National Clinical Trial (NCT) Identifier # NCT03456102),
is currently underway to determine: (1) the safety/tolerability and pharmacokinetics
of pravastatin co-administered with the first-line regimen to patients with drug-sus-
ceptible, pulmonary TB; and (2) the potential adjunctive activity of pravastatin in
these patients using microbiological and clinical endpoints, including median time
to sputum-culture negativity and lung function during TB treatment.

Potential Conflicts of Interest
All authors: No reported conflicts of interest.
All authors have submitted the ICMJE Form for Disclosure of Potential Conflicts of Interest.



8 Statins as Host-Directed Therapy for Tuberculosis 115

Funding This work was supported by NIH/NIAID grant UH2/3 A1122309 to PCK. The content
is solely the responsibility of the authors and does not necessarily represent the official views of
the National Institutes of Health.

References

11.

12.

. Kwak B, Mulhaupt F, Myit S, Mach F. Statins as a newly recognized type of immunomodu-

lator. Nat Med. 2000;6(12):1399-402. doi: https://doi.org/10.1038/82219. PubMed PMID:
11100127.

. Blum A, Shamburek R. The pleiotropic effects of statins on endothelial function, vascular

inflammation, immunomodulation and thrombogenesis. Atherosclerosis. 2009;203(2):325-30.
Epub 2008/10/07. doi: https://doi.org/10.1016/j.atherosclerosis.2008.08.022. PubMed PMID:
18834985.

. Khurana V, Bejjanki HR, Caldito G, Owens MW. Statins reduce the risk of lung cancer in

humans: a large case-control study of US veterans. Chest. 2007;131(5):1282-8. Epub
2007/05/15. doi: https://doi.org/10.1378/chest.06-0931. PubMed PMID: 17494779.

. Rothwell C, Lebreton A, Young Ng C, Lim JY, Liu W, Vasudevan S, et al. Cholesterol bio-

synthesis modulation regulates dengue viral replication. Virology. 2009;389(1-2):8—19. Epub
2009/05/08. doi: https://doi.org/10.1016/j.virol.2009.03.025. PubMed PMID: 19419745.

. Almog Y, Shefer A, Novack V, Maimon N, Barski L, Eizinger M, et al. Prior statin therapy

is associated with a decreased rate of severe sepsis. Circulation. 2004;110(7):880-5. Epub
2004/08/04. doi: https://doi.org/10.1161/01.CIR.0000138932.17956.F1. PubMed PMID:
15289367.

. Dobesh PP, Klepser DG, McGuire TR, Morgan CW, Olsen KM. Reduction in mortality associ-

ated with statin therapy in patients with severe sepsis. Pharmacotherapy. 2009;29(6):621-30.
Epub 2009/05/30. doi: https://doi.org/10.1592/phco.29.6.621. PubMed PMID: 19476415.

. van de Garde EM, Hak E, Souverein PC, Hoes AW, van den Bosch JM, Leufkens HG. Statin

treatment and reduced risk of pneumonia in patients with diabetes. Thorax. 2006;61(11):957-
61. Epub 2006/07/01. doi: https://doi.org/10.1136/thx.2006.062885. PubMed PMID:
16809409; PubMed Central PMCID: PMC2121156.

. Schlienger RG, Fedson DS, Jick SS, Jick H, Meier CR. Statins and the risk of pneumonia:

a population-based, nested case-control study. Pharmacotherapy. 2007;27(3):325-32. Epub
2007/02/24. doi: https://doi.org/10.1592/phco.27.3.325. PubMed PMID: 17316144,

. Thomsen RW, Riis A, Kornum JB, Christensen S, Johnsen SP, Sorensen HT. Preadmission use

of statins and outcomes after hospitalization with pneumonia: population-based cohort study
of 29,900 patients. Arch Intern Med. 2008;168(19):2081-7. Epub 2008/10/29. doi: https://doi.
org/10.1001/archinte.168.19.2081. PubMed PMID: 18955636.

. Catron DM, Lange Y, Borensztajn J, Sylvester MD, Jones BD, Haldar K. Salmonella enterica

serovar typhimurium requires nonsterol precursors of the cholesterol biosynthetic pathway
for intracellular proliferation. Infect Immun. 2004;72(2):1036—-42. Epub 2004/01/27. PubMed
PMID: 14742551; PubMed Central PMCID: PMC321618.

Erkkila L, Jauhiainen M, Laitinen K, Haasio K, Tiirola T, Saikku P, et al. Effect of simv-
astatin, an established lipid-lowering drug, on pulmonary chlamydia pneumoniae infection
in mice. Antimicrob Agents Chemother. 2005;49(9):3959—-62. Epub 2005/08/30. doi: https://
doi.org/10.1128/AAC.49.9.3959-3962.2005. PubMed PMID: 16127082; PubMed Central
PMCID: PMC1195438.

Parihar SP, Guler R, Lang DM, Suzuki H, Marais AD, Brombacher F. Simvastatin enhances
protection against Listeria monocytogenes infection in mice by counteracting listeria-
induced phagosomal escape. PLoS One. 2013;8(9):75490. Epub 2013/10/03. doi: https://
doi.org/10.1371/journal.pone.0075490. PubMed PMID: 24086542; PubMed Central PMCID:
PMC3782446.


https://doi.org/10.1038/82219
https://doi.org/10.1016/j.atherosclerosis.2008.08.022
https://doi.org/10.1378/chest.06-0931
https://doi.org/10.1016/j.virol.2009.03.025
https://doi.org/10.1161/01.CIR.0000138932.17956.F1
https://doi.org/10.1592/phco.29.6.621
https://doi.org/10.1136/thx.2006.062885
https://doi.org/10.1592/phco.27.3.325
https://doi.org/10.1001/archinte.168.19.2081
https://doi.org/10.1001/archinte.168.19.2081
https://doi.org/10.1128/AAC.49.9.3959-3962.2005
https://doi.org/10.1128/AAC.49.9.3959-3962.2005
https://doi.org/10.1371/journal.pone.0075490
https://doi.org/10.1371/journal.pone.0075490

116 N. K. Dutta and P. C. Karakousis

13. Van Laar TA, Hole C, Rajasekhar Karna SL, Miller CL, Reddick R, Wormley FL, et al.
Statins reduce spirochetal burden and modulate immune responses in the C3H/HeN mouse
model of Lyme disease. Microbes Infect. 2016;18(6):430-5. doi: https://doi.org/10.1016/].
micinf.2016.03.004. PubMed PMID: 26993029; PubMed Central PMCID: PMCPMC4975942.

14. Montero MT, Hernandez O, Suarez Y, Matilla J, Ferruelo AJ, Martinez-Botas J, et al.
Hydroxymethylglutaryl-coenzyme a reductase inhibition stimulates caspase-1 activity and Th1-
cytokine release in peripheral blood mononuclear cells. Atherosclerosis. 2000;153(2):303—13.
doi: https://doi.org/10.1016/s0021-9150(00)00417-2. PubMed PMID: 11164419.

15. Lu HZ, Li BQ. Effect of HMG-CoA reductase inhibitors on activation of human gammadeltaT
cells induced by Mycobacterium tuberculosis antigens. Immunopharmacol Immunotoxicol.
2009;31(3):485-91. doi: https://doi.org/10.1080/08923970902806505. PubMed PMID:
19555197.

16. Parihar SP, Guler R, Khutlang R, Lang DM, Hurdayal R, Mhlanga MM, et al. Statin ther-
apy reduces the mycobacterium tuberculosis burden in human macrophages and in mice by
enhancing autophagy and phagosome maturation. J Infect Dis. 2014;209(5):754-63. doi:
https://doi.org/10.1093/infdis/jit550. PubMed PMID: 24133190.

17. Skerry C, Pinn ML, Bruiners N, Pine R, Gennaro ML, Karakousis PC. Simvastatin
increases the in vivo activity of the first-line tuberculosis regimen. J Antimicrob Chemother.
2014;69(9):2453-7. doi: https://doi.org/10.1093/jac/dkul66. PubMed PMID: 24855121;
PubMed Central PMCID: PMCPMC4184365.

18. Lobato LS, Rosa PS, Ferreira Jda S, Neumann Ada S, da Silva MG, Do Nascimento DC,
et al. statins increase rifampin mycobactericidal effect. Antimicrob Agents Chemother.
2014;58(10):5766-74. Epub 2014/07/23. doi: https://doi.org/10.1128/AAC.01826-13.
PubMed PMID: 25049257; PubMed Central PMCID: PMC4187984.

19. Rens C, Laval F, Daffe M, Denis O, Frita R, Baulard A, et al. Effects of lipid-lowering
drugs on vancomycin susceptibility of mycobacteria. Antimicrob Agents Chemother.
2016;60(10):6193-9. doi: https://doi.org/10.1128/AAC.00872-16. PubMed PMID: 27503643;
PubMed Central PMCID: PMCPMC5038262.

20. Vilaplana C, Marzo E, Tapia G, Diaz J, Garcia V, Cardona PJ. Ibuprofen therapy resulted in
significantly decreased tissue bacillary loads and increased survival in a new murine experi-
mental model of active tuberculosis. J Infect Dis. 2013;208(2):199-202. Epub 2013/04/09.
doi: https://doi.org/10.1093/infdis/jit152. PubMed PMID: 23564636.

21. Driver ER, Ryan GJ, Hoft DR, Irwin SM, Basaraba RJ, Kramnik I, et al. Evaluation of a
mouse model of necrotic granuloma formation using C3HeB/Fel] mice for testing of drugs
against Mycobacterium tuberculosis. Antimicrob Agents Chemother. 2012;56(6):3181-95.
Epub 2012/04/04. doi: AAC.00217-12 [pii]. https://doi.org/10.1128/AAC.00217-12. PubMed
PMID: 22470120; PubMed Central PMCID: PMC3370740.

22. Rosenthal IM, Tasneen R, Peloquin CA, Zhang M, Almeida D, Mdluli KE, et al. Dose-
ranging comparison of rifampin and rifapentine in two pathologically distinct murine models
of tuberculosis. Antimicrob Agents Chemother. 2012;56(8):4331-40. Epub 2012/06/06. doi:
https://doi.org/10.1128/AAC.00912-12. PubMed PMID: 22664964; PubMed Central PMCID:
PMC3421552.

23. Skerry C, Harper J, Klunk M, Bishai WR, Jain SK. Adjunctive TNF inhibition with standard
treatment enhances bacterial clearance in a murine model of necrotic TB granulomas. PLoS
One. 2012;7(6):¢39680. Epub 2012/07/05. doi: https://doi.org/10.1371/journal.pone.0039680.
PubMed PMID: 22761866; PubMed Central PMCID: PMC3384606.

24. Dutta NK, Illei PB, Jain SK, Karakousis PC. Characterization of a novel necrotic granuloma
model of latent tuberculosis infection and reactivation in mice. Am J Pathol. 2014;184(7):2045—
55. Epub 2014/05/13. doi: https://doi.org/10.1016/j.ajpath.2014.03.008. PubMed PMID:
24815353; PubMed Central PMCID: PMC4076462.

25. Harper J, Skerry C, Davis SL, Tasneen R, Weir M, Kramnik I, et al. Mouse model of necrotic
tuberculosis granulomas develops hypoxic lesions. J Infect Dis. 2012;205(4):595-602. doi:
https://doi.org/10.1093/infdis/jir786. PubMed PMID: 22198962; PubMed Central PMCID:
PMCPMC3266133.


https://doi.org/10.1016/j.micinf.2016.03.004
https://doi.org/10.1016/j.micinf.2016.03.004
https://doi.org/10.1016/s0021-9150(00)00417-2
https://doi.org/10.1080/08923970902806505
https://doi.org/10.1093/infdis/jit550
https://doi.org/10.1093/jac/dku166
https://doi.org/10.1128/AAC.01826-13
https://doi.org/10.1128/AAC.00872-16
https://doi.org/10.1093/infdis/jit152
https://doi.org/10.1128/AAC.00217-12
https://doi.org/10.1128/AAC.00912-12
https://doi.org/10.1371/journal.pone.0039680
https://doi.org/10.1016/j.ajpath.2014.03.008
https://doi.org/10.1093/infdis/jir786

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Statins as Host-Directed Therapy for Tuberculosis 117

Dutta NK, Karakousis PC. PA-824 is as effective as isoniazid against latent tuberculosis
infection in C3HeB/FeJ mice. Int J Antimicrob Agents. 2014;44(6):564—6. doi: https://doi.
org/10.1016/j.ijantimicag.2014.07.012. PubMed PMID: 25270632; PubMed Central PMCID:
PMCPMC4256118.

Dutta NK, Bruiners N, Pinn ML, Zimmerman MD, Prideaux B, Dartois V, et al. Statin
adjunctive therapy shortens the duration of TB treatment in mice. J Antimicrob Chemother.
2016;71(6):1570-7. doi: https://doi.org/10.1093/jac/dkw014. PubMed PMID: 26903278;
PubMed Central PMCID: PMCPMC5007636.

Tahir F, Bin Arif T, Ahmed J, Shah SR, Khalid M. Anti-tuberculous effects of statin therapy:
a review of literature. Cureus. 2020;12(3):e7404. doi: https://doi.org/10.7759/cureus.7404.
PubMed PMID: 32337130; PubMed Central PMCID: PMCPMC7182050.

Kang YA, Choi NK, Seong JM, Heo EY, Koo BK, Hwang SS, et al. The effects of statin use on
the development of tuberculosis among patients with diabetes mellitus. Int J Tuberc Lung Dis.
2014;18(6):717-24. doi: https://doi.org/10.5588/ijtld.13.0854. PubMed PMID: 24903944.
Lee MY, Lin KD, Hsu WH, Chang HL, Yang YH, Hsiao PJ, et al. Statin, calcium channel
blocker and Beta blocker therapy may decrease the incidence of tuberculosis infection in
elderly Taiwanese patients with type 2 diabetes. Int J Mol Sci. 2015;16(5):11369-84. doi:
https://doi.org/10.3390/ijms160511369. PubMed PMID: 25993300; PubMed Central PMCID:
PMCPMC4463705.

Lai CC, Lee MT, Lee SH, Hsu WT, Chang SS, Chen SC, et al. Statin treatment is associated
with a decreased risk of active tuberculosis: an analysis of a nationally representative cohort.
Thorax. 2016;71(7):646-51. doi: https://doi.org/10.1136/thoraxjnl-2015-207052. PubMed
PMID: 26941271.

Liao KF, Lin CL, Lai SW. Population-based case-control study assessing the association
between statins use and pulmonary tuberculosis in Taiwan. Front Pharmacol. 2017;8:597.
doi: https://doi.org/10.3389/fphar.2017.00597. PubMed PMID: 28912719; PubMed Central
PMCID: PMCPMC5583193.

SuVY, SuWlJ, Yen YF, Pan SW, Chuang PH, Feng JY, et al. Statin use is associated with a lower
risk of TB. Chest. 2017;152(3):598-606. doi: https://doi.org/10.1016/j.chest.2017.04.170.
PubMed PMID: 28479115.

Yeh JJ, Lin CL, Hsu CY, Shae Z, Kao CH. Statin for tuberculosis and pneumonia in patients
with asthma(—)chronic pulmonary disease overlap syndrome: a time-dependent population-
based Cohort study. J Clin Med. 2018;7(11). doi: https://doi.org/10.3390/jcm7110381.
PubMed PMID: 30355982; PubMed Central PMCID: PMCPMC6262333.

Pan SW, Yen YF, Feng JY, Chuang PH, Su VY, Kou YR, et al. Opposite effects of statins on
the risk of tuberculosis and herpes zoster in patients with diabetes: a population-based cohort
study. Br J Clin Pharmacol 2019. doi: https://doi.org/10.1111/bcp.14142. PubMed PMID:
31633826.

Lin SY, Tu HP, Lu PL, Chen TC, Wang WH, Chong IW, et al. Metformin is associ-
ated with a lower risk of active tuberculosis in patients with type 2 diabetes. Respirology.
2018;23(11):1063-73. doi: https://doi.org/10.1111/resp.13338. PubMed PMID: 29943489.
Kim MC, Yun SC, Lee SO, Choi SH, Kim YS, Woo JH, et al. Association between tubercu-
losis, statin use, and diabetes: a propensity score-matched analysis. Am J Trop Med Hyg.
2019;101(2):350-6. doi: https://doi.org/10.4269/ajtmh.18-0983. PubMed PMID: 31264561;
PubMed Central PMCID: PMCPMC6685556.

Pan SW, Yen YF, Feng JY, Chuang PH, Su VY, Kou YR, et al. Opposite effects of statins on
the risk of tuberculosis and herpes zoster in patients with diabetes: a population-based cohort
study. Br J Clin Pharmacol. 2020;86(3):569-79. doi: https://doi.org/10.1111/bcp.14142.
PubMed PMID: 31633826; PubMed Central PMCID: PMCPMC7080625.

Li X, Sheng L, Lou L. Statin use may be associated with reduced active tuberculosis infec-
tion: a meta-analysis of observational studies. Front Med (Lausanne). 2020;7:121. doi: https://
doi.org/10.3389/fmed.2020.00121. PubMed PMID: 32391364; PubMed Central PMCID:
PMCPMC7194006.


https://doi.org/10.1016/j.ijantimicag.2014.07.012
https://doi.org/10.1016/j.ijantimicag.2014.07.012
https://doi.org/10.1093/jac/dkw014
https://doi.org/10.7759/cureus.7404
https://doi.org/10.5588/ijtld.13.0854
https://doi.org/10.3390/ijms160511369
https://doi.org/10.1136/thoraxjnl-2015-207052
https://doi.org/10.3389/fphar.2017.00597
https://doi.org/10.1016/j.chest.2017.04.170
https://doi.org/10.3390/jcm7110381
https://doi.org/10.1111/bcp.14142
https://doi.org/10.1111/resp.13338
https://doi.org/10.4269/ajtmh.18-0983
https://doi.org/10.1111/bcp.14142
https://doi.org/10.3389/fmed.2020.00121
https://doi.org/10.3389/fmed.2020.00121

118 N. K. Dutta and P. C. Karakousis

40. Chow OA, von Kockritz-Blickwede M, Bright AT, Hensler ME, Zinkernagel AS, Cogen
AL, et al. Statins enhance formation of phagocyte extracellular traps. Cell Host Microbe.
2010;8(5):445-54. Epub 2010/11/16. doi: https://doi.org/10.1016/j.chom.2010.10.005.
PubMed PMID: 21075355; PubMed Central PMCID: PMC3008410.

41. Cuccurullo C, Iezzi A, Fazia ML, De Cesare D, Di Francesco A, Muraro R, et al. Suppression
of RAGE as a basis of simvastatin-dependent plaque stabilization in type 2 diabetes.
Arterioscler Thromb Vasc Biol. 2006;26(12):2716-23. doi: https://doi.org/10.1161/01.
ATV.0000249630.02085.12. PubMed PMID: 17038636.

42. Singla S, Jacobson JR. Statins as a novel therapeutic strategy in acute lung injury. Pulm
Circ. 2012;2(4):397-406. Epub 2013/02/02. doi: https://doi.org/10.4103/2045-8932.105028.
PubMed PMID: 23372924; PubMed Central PMCID: PMC3555410.

43. Leung PO, Wang SH, Lu SH, Chou WH, Shiau CY, Chou TC. Simvastatin inhib-
its pro-inflammatory mediators through induction of heme oxygenase-1 expression in
lipopolysaccharide-stimulated RAW264.7 macrophages. Toxicol Lett. 2011;207(2):159-
66. Epub 2011/09/20. doi: https://doi.org/10.1016/j.toxlet.2011.09.004. PubMed PMID:
21925249.

44. Walsh A, Perrem L, Khashan AS, Henry MT, Ni Chroinin M. Statins versus placebo for people
with chronic obstructive pulmonary disease. Cochrane Database Syst Rev. 2019;7:CD011959.
doi: https://doi.org/10.1002/14651858.CD011959.pub2. PubMed PMID: 31425628; PubMed
Central PMCID: PMCPMC6699658.

45. Guerra-De-Blas PDC, Torres-Gonzalez P, Bobadilla-Del-Valle M, Sada-Ovalle I, Ponce-De-
Leon-Garduno A, Sifuentes-Osornio J. Potential effect of statins on Mycobacterium tuberculo-
sis infection. J Immunol Res. 2018;2018:7617023. doi: https://doi.org/10.1155/2018/7617023.
PubMed PMID: 30581876; PubMed Central PMCID: PMCPMC6276473.

46. Bu DX, Griffin G, Lichtman AH. Mechanisms for the anti-inflammatory effects of statins.
Curr Opin Lipidol. 2011;22(3):165-70. Epub 2011/03/18. doi: https://doi.org/10.1097/
MOL.0b013e3283453e41. PubMed PMID: 21412153.

47. Bekkering S, Arts RIW, Novakovic B, Kourtzelis I, van der Heijden C, LiY, et al. Metabolic
induction of trained immunity through the mevalonate pathway. Cell. 2018;172(1-2):135-46
9. doi: https://doi.org/10.1016/j.cell.2017.11.025. PubMed PMID: 29328908.

48. Zhou Q, Liao JK. Pleiotropic effects of statins. - basic research and clinical perspectives.
Circ J. 2010;74(5):818-26. Epub 2010/04/29. PubMed PMID: 20424337; PubMed Central
PMCID: PMC3807085.

49. QOesterle A, Laufs U, Liao JK. Pleiotropic effects of statins on the cardiovascular system. Circ
Res. 2017;120(1):229-43. doi: https://doi.org/10.1161/CIRCRESAHA.116.308537. PubMed
PMID: 28057795; PubMed Central PMCID: PMCPMC5467317.

50. Oesterle A, Liao JK. The pleiotropic effects of statins — from coronary artery disease and stroke
to atrial fibrillation and ventricular tachyarrhythmia. Curr Vasc Pharmacol. 2019;17(3):222—
32. doi: https://doi.org/10.2174/1570161116666180817155058. PubMed PMID: 30124154,
PubMed Central PMCID: PMCPMC6378117.

51. JinY, Tachibana I, Takeda Y, He P, Kang S, Suzuki M, et al. Statins decrease lung inflammation
in mice by upregulating tetraspanin CD9 in macrophages. PLoS One. 2013;8(9):e73706. Epub
2013/09/17. doi: https://doi.org/10.1371/journal.pone.0073706. PubMed PMID: 24040034,
PubMed Central PMCID: PMC3767596.

52. Pandey AK, Sassetti CM. Mycobacterial persistence requires the utilization of host cho-
lesterol. Proc Natl Acad Sci U S A. 2008;105(11):4376-80. Epub 2008/03/13. doi: https://
doi.org/10.1073/pnas.0711159105. PubMed PMID: 18334639; PubMed Central PMCID:
PMC2393810.

53. Dutta NK, Mehra S, Didier PJ, Roy CJ, Doyle LA, Alvarez X, et al. Genetic requirements
for the survival of tubercle bacilli in primates. J Infect Dis. 2010;201(11):1743-52. Epub
2010/04/17. doi: https://doi.org/10.1086/652497. PubMed PMID: 20394526; PubMed Central
PMCID: PMC2862080.


https://doi.org/10.1016/j.chom.2010.10.005
https://doi.org/10.1161/01.ATV.0000249630.02085.12
https://doi.org/10.1161/01.ATV.0000249630.02085.12
https://doi.org/10.4103/2045-8932.105028
https://doi.org/10.1016/j.toxlet.2011.09.004
https://doi.org/10.1002/14651858.CD011959.pub2
https://doi.org/10.1155/2018/7617023
https://doi.org/10.1097/MOL.0b013e3283453e41
https://doi.org/10.1097/MOL.0b013e3283453e41
https://doi.org/10.1016/j.cell.2017.11.025
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://doi.org/10.2174/1570161116666180817155058
https://doi.org/10.1371/journal.pone.0073706
https://doi.org/10.1073/pnas.0711159105
https://doi.org/10.1073/pnas.0711159105
https://doi.org/10.1086/652497

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Statins as Host-Directed Therapy for Tuberculosis 119

Castillo EF, Dekonenko A, Arko-Mensah J, Mandell MA, Dupont N, Jiang S, et al. Autophagy
protects against active tuberculosis by suppressing bacterial burden and inflammation. Proc
Natl Acad Sci U S A. 2012;109(46):E3168-76. Epub 2012/10/25. doi: https://doi.org/10.1073/
pnas.1210500109. PubMed PMID: 23093667; PubMed Central PMCID: PMC3503152.
Bradfute SB, Castillo EF, Arko-Mensah J, Chauhan S, Jiang S, Mandell M, et al. Autophagy
as an immune effector against tuberculosis. Curr Opin Microbiol. 2013;16(3):355-65. Epub
2013/06/25. doi: https://doi.org/10.1016/j.mib.2013.05.003. PubMed PMID: 23790398;
PubMed Central PMCID: PMC3742717.

Kim JJ, Lee HM, Shin DM, Kim W, Yuk JM, Jin HS, et al. Host cell autophagy activated by
antibiotics is required for their effective antimycobacterial drug action. Cell Host Microbe.
2012;11(5):457-68. Epub 2012/05/23. doi: https://doi.org/10.1016/j.chom.2012.03.008.
PubMed PMID: 22607799.

Savina A, Jancic C, Hugues S, Guermonprez P, Vargas P, Moura IC, et al. NOX2 controls
phagosomal pH to regulate antigen processing during crosspresentation by dendritic cells.
Cell. 2006;126(1):205-18. doi: https://doi.org/10.1016/j.cell.2006.05.035. PubMed PMID:
16839887.

Delamarre L, Pack M, Chang H, Mellman I, Trombetta ES. Differential lysosomal proteoly-
sis in antigen-presenting cells determines antigen fate. Science. 2005;307(5715):1630-4. doi:
https://doi.org/10.1126/science.1108003. PubMed PMID: 15761154.

Sokolovska A, Becker CE, Ip WK, Rathinam VA, Brudner M, Paquette N, et al. Activation
of caspase-1 by the NLRP3 inflammasome regulates the NADPH oxidase NOX2 to control
phagosome function. Nat Immunol. 2013;14(6):543-53. doi: https://doi.org/10.1038/ni.2595.
PubMed PMID: 23644505; PubMed Central PMCID: PMCPMC3708594.

Guerra-De-Blas PDC, Bobadilla-Del-Valle M, Sada-Ovalle I, Estrada-Garcia I, Torres-
Gonzalez P, Lopez-Saavedra A, et al. Simvastatin enhances the immune response against
Mycobacterium tuberculosis. Front Microbiol. 2019;10:2097. doi: https://doi.org/10.3389/
fmicb.2019.02097. PubMed PMID: 31616387; PubMed Central PMCID: PMCPMC6764081.
Rodrigues Diez R, Rodrigues-Diez R, Lavoz C, Rayego-Mateos S, Civantos E, Rodriguez-Vita
J, et al. Statins inhibit angiotensin II/Smad pathway and related vascular fibrosis, by a TGF-
beta-independent process. PloS one. 2010;5(11):e14145. doi: https://doi.org/10.1371/journal.
pone.0014145. PubMed PMID: 21152444; PubMed Central PMCID: PMCPM(C2994748.
MaYX, Li WH, Xie Q. Rosuvastatin inhibits TGF-betal expression and alleviates myocardial
fibrosis in diabetic rats. Pharmazie. 2013;68(5):355-8. PubMed PMID: 23802433.

Wu M, Aung H, Hirsch CS, Toossi Z. Inhibition of Mycobacterium tuberculosis-induced
signalling by transforming growth factor-beta in human mononuclear phagocytes. Scand J
Immunol. 2012;75(3):301-4. doi: https://doi.org/10.1111/j.1365-3083.2011.02668.x. PubMed
PMID: 22150316; PubMed Central PMCID: PMCPMC3279592.

Bruiners N, Dutta NK, Guerrini V, Salamon H, Yamaguchi KD, Karakousis PC, et al. The anti-
tubercular activity of simvastatin is mediated by cholesterol-dependent regulation of autoph-
agy via the AMPK-mTORCI1-TFEB axis. J Lipid Res. 2020; doi: https://doi.org/10.1194/jlr.
RA120000895.PubMedPMID:32848049.


https://doi.org/10.1073/pnas.1210500109
https://doi.org/10.1073/pnas.1210500109
https://doi.org/10.1016/j.mib.2013.05.003
https://doi.org/10.1016/j.chom.2012.03.008
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1126/science.1108003
https://doi.org/10.1038/ni.2595
https://doi.org/10.3389/fmicb.2019.02097
https://doi.org/10.3389/fmicb.2019.02097
https://doi.org/10.1371/journal.pone.0014145
https://doi.org/10.1371/journal.pone.0014145
https://doi.org/10.1111/j.1365-3083.2011.02668.x
https://doi.org/10.1194/jlr.RA120000895.PubMedPMID:32848049
https://doi.org/10.1194/jlr.RA120000895.PubMedPMID:32848049

®

Check for
updates

Chapter 9

Antimycobacterial Attributes

of Mitochondria: An Insight into Host
Defense Mechanisms

Rikesh K. Dubey and Apoorva Narain

Introduction

Tuberculosis (TB) is a major global health problem caused by Mycobacterium
tuberculosis (MTB). According to the World Health Organization (WHO), nearly
one third of the global population is infected with TB [1]. MTB is inhaled in the
form of aerosols and primarily infect the alveolar macrophage inside the lungs. As
the bacteria have co-evolved with humans over the course of thousands of years,
MTB has developed several mechanisms to escape from the host defense machinery
and replicate and survive intracellularly. MTB secrete various virulence factors,
which modulate macrophage functions by preventing phagosome-lysosome fusion,
blocking phagosomal acidification, manipulating host cell proteins, and, perhaps
most importantly, by regulating cell death pathways through targeting of cellular
organelles, such as mitochondria [2, 3].

In recent years, mitochondria have emerged as one of the important target organ-
elles for pathogenic bacteria. The mitochondrion is a semi-autonomous organelle,
which is present in almost all eukaryotic cells and is responsible for numerous cel-
lular processes, such as ATP production via oxidative phosphorylation, ion homeo-
stasis, calcium storage, biosynthesis of fatty acids and regulation of cell death
pathways. Although little is known about the role of mitochondria in MTB patho-
genesis, their involvement has been reported in many chronic diseases, such as dia-
betes mellitus, Alzheimer’s disease and cancer. Modulation of host cellular activity
by pathogens represents a common virulence strategy. In the context of TB, alveolar
macrophages use various anti-mycobacterial defenses, including phagosomal matu-
ration, phagolysosomal fusion, oxidative stress and induction of apoptotic cell death
pathways to limit the growth of MTB, but the mycobacteria have evolved various
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strategies to overcome most host defenses in order to survive chronically inside the
lungs. The fate of the infected cell depends on the fine balance between anti-
mycobacterial responses of the host macrophage and the various evasion mecha-
nisms of MTB, which is highly adapted to its human host.

Apoptosis

After MTB infection, two forms of cell death are commonly observed, necrosis and
apoptosis. Necrosis is defined by cell lysis and generally used by the MTB to evade
host defenses and spread the infection. In contrast, apoptosis is a programmed cell
death pathway and an important innate immune mechanism to limit the growth and
dissemination of MTB. Apoptosis is characterized by condensation of the nucleus
and cytoplasm, membrane blebbing and endonucleosomal DNA damage. Apoptosis
plays a pivotal role in the progression of diseases like cancer, inflammation, neuro-
degenerative disorders and viral diseases. A study by Molloy et al. has very method-
ically demarcated the differences between necrosis and apoptosis and how these
two cell death pathways are induced by the mycobacteria. Peripheral blood mono-
cytes were exposed separately to hydrogen peroxide (necrosis inducer) and ATP (to
induce apoptosis) and infected with viable Mycobacterium bovis BCG. Infected
macrophages were killed in both conditions, but the viability of the mycobacteria
was only reduced in apoptotic cells. This study made it evident that the two forms
of cell death have completely different outcomes during mycobacterial infection [4].

Mitochondria play a pivotal role in the regulation of apoptotic cell death [5].
Apoptosis is initiated either through extrinsic (death receptor-mediated) or intrinsic
(mitochondria-mediated) pathway [6]. The extrinsic pathway is activated by death
signaling ligands, such as TRAIL, through death receptors DR4 and DRS, which
ultimately activate the initiator caspase-8, thereby propagating the apoptotic signal
by cleaving downstream effector caspases, like caspase-3 [7, 8]. In contrast, the
intrinsic pathway involves the release of apoptogenic factors, i.e., cytochrome C
(CytC), Smac/DIABLO, Omi/HtrA2 or endonuclease G from the intermembrane
space of the mitochondria to the cytosol, which promotes apoptosis [9, 10]. The
released CytC forms a complex or apoptosome with APAF1 and caspase-9. This
complex cleaves and activates caspase-9 by hydrolyzing ATP, which in turn acti-
vates caspase-3, ultimately resulting in apoptotic cell death [11]. Both of these path-
ways converge upon the same effector pathway, i.e., caspase-3 activation. A large
number of cellular stimuli, such as DNA damage, ischemia, oxidative stress and
microbial infection trigger apoptosis by the mitochondria-mediated intrinsic path-
way. Cleavage and activation of BID (BCL-2 protein) is a characteristic of the
intrinsic apoptotic pathway. However, it is also known that BID is cleaved and acti-
vated by caspase-8, thus allowing cross-talk between the intrinsic and extrinsic
pathways. The BCL-2 group of proteins play a significant role in mitochondrial
biology by regulating the permeability of mitochondria through their proapoptotic
and antiapoptotic actions [12].
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MTB Infection and Modulation of Mitochondrial Functions

The mitochondria is a multifaceted organelle with control over many vital cellular
pathways. Mitochondria play significant roles in cell cycle control, metabolic regu-
lation, aging, development and in the immune response to various diseases. Several
viral and bacterial proteins are known to modulate mitochondrial functions to pro-
mote microbial survival and dissemination of infection. The effects of mycobacte-
rial proteins and their interactions with the mitochondrial network are largely
unknown. A study conducted to investigate the effect of MTB infection on mito-
chondria in A549 alveolar epithelial cells has shown that MTB infection alters
mitochondrial morphology, mass, fragmentation and distribution. In contrast, the
avirulent strain M. bovis BCG was unable to induce the same effects [13]. Using an
ESAT-6 deletion mutant of MTB, this study showed that these mitochondrial effects
were mediated by ESAT-6, an important superantigen of MTB. A similar pattern of
mitochondrial disruption and network fragmentation was also observed in epithe-
lial cells infected with Listeria monocytogenes [14]. Recently, a host immune-
responsive gene, irgl (also called acodl), which encodes a mitochondrial enzyme
induced under inflammatory conditions to produce a TCA cycle intermediate, ita-
conate, has been found to be regulated by MTB [15]. Deletion of the irgl gene
enhanced the pathological inflammatory response in mice infected with recombi-
nant MTB strain, causing severe lung injury and acclerated death [15]. The MTB
protein Cpn60.2 has been shown to interact with the mitochondrial protein mortalin
to inhibit apoptosis [16]. Although apoptosis adversely impacts the long-term sur-
vival of MTB inside alveolar macrophages, a few studies have reported that, under
certain circumstances, MTB also promotes apoptosis through host-pathogen inter-
actions involving 19 kDa, lipoarabinomanan (LAM), TLR2, PE_PGRS33 and
HBHA [3, 17, 18]. MAV2054, a M. avium protein, on being overexpressed in
M.smegmatis, has been also shown to promote apoptosis in bone marrow-derived
macrophages by dissipating the mitochondrial membrane potential and increasing
ROS production [19].

Mitochondrial proteome analysis of MTB H37Rv-infected cells has revealed
inhibition of mitochondrial-mediated apoptosis through manipulation of the host’s
cellular machinery. Validating the same, attenuation of mitochondrial function was
coupled with vigorous activation of bactericidal mechanisms in MTB H37Ra-
infected cells [20]. Loss of mitochondrial membrane potential (MMP) by release of
proapoptotic factors Cyt C and Smac/DIABLO (which translocate from the inter-
membrane space to the cytosol), apoptosis inducing factor (AIF) and endonuclease
G (EndoG) (which play an important role in apoptotic cell death), leads to the arrest
of normal cellular biosynthetic and bioenergetic functions [21]. Any mechanism
which is responsible for MMP loss leads to structural and functional collapse of the
mitochondria and cell death. Various studies have shown that MTB infection affects
the MMP, thereby deciding the fate of the cell. MTB H37Rv infection has been
shown to cause an increased MMP, in comparison to infection with its avirulent
counterpart H37Ra.



124 R. K. Dubey and A. Narain

After MTB infection of cells, mycobacterial proteins PE_PGRS33, HBHA and
MAV?2054 localize to the mitochondria and affect mitochondrial functions, such as
altering MMP, energy production and promotion or inhibition of apoptosis [17-19].
Studies have shown that virulent MTB causes disruption of the inner membrane of
mitochondria, leading to necrosis. The fate of the MTB-infected macrophage con-
cerning apoptosis and necrosis is dependent on the intramitochondrial concentra-
tion of ions, especially Ca**. When exposed to a calcium ionophore (which enhances
intramitochondrial calcium concentration), MTB-infected cells did not proceed
towards necrosis; instead the mitochondrial permeability transition (MPT) was sta-
bilized and activation of cytochrome C and caspases was reduced, thus favoring
antimycobacterial activity of the cells. Upon treatment with a calcium uniporter
inhibitor, the MTB-infected cells infected showed increased mitochondrial swell-
ing, release of cytochrome C, decreased MPT, and compromised antimycobacterial
activity [22]. Therefore, mitochondrial membrane integrity is a critical factor in
determining the host’s defense against MTB.

Other Mitochondrial Factors Involved in Antimycobacterial
Mechanisms

Cyclophilin D

Cyclophilin D (CypD) belongs to the cyclophilin class of proteins, which have pro-
lyl isomerase activity and catalyze isomerization at proline residues (trans to cis),
thereby assisting in protein folding. PPlase is a cis-trans isomerase present in the
mitochondrial membrane matrix, which has been implicated in the production of
ROS by modulating the mitochondrial permeability transition pore (MPTP)
size [23].

Upon mycobacterial infection of the host, T lymphocytes, which are primarily
involved in preventing the dissemination of MTB, switch from an OXPHOS state
to aerobic glycolysis. This change of state from resting to active, even in the pres-
ence of oxygen, is known as “Warburg effect”. This increased glycolysis also
leads to increased ATP production by T lymphocytes [24, 25]. CypD lowers ATP
levels by increasing MPTP, which depolarizes the mitochondrial inner membrane
and enhances ROS production. This process promotes necrosis, which is benefi-
cial to MTB and its survival inside the host. CypD regulates mitochondrial
OXPHOS by making use of the proton motive force generated by complexes
I-IV. Many mitochondrial proteins, such as p53, PPARa, GSK-3p, BCL2 bind
directly to Cyp D. Studies have shown that inhibition of CypD activity renders
mice more susceptible to MTB infection [25]. AMP-activated protein kinase
(AMPK) controls activated T lymphocytes by monitoring levels of glucose. T cells
deficient in AMPKal show reduced response to pathogenic challenge and glucose
limitation [24].
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mROS

Mitochondrial ROS (mROS) are generated on the inner membrane of the mitochon-
dria during oxidative phosphorylation. Although excessive amounts of ROS are
damaging to mitochondrial components and reduced amounts are associated with
the metabolic response towards hypoxia, mROS are involved in many different cel-
lular signaling pathways, most importantly in autophagy and inflammation [26].
mROS facilitate the cellular response towards any anomaly encountered, such as
sterile damage, metabolic imbalance and infection. Following the engulfment of
bacteria, the oxidative burst inside antigen-presenting cells (APCs) leads to the
fusion of phagosome and lysosome and bacterial killing due to the highly acidic pH
inside the phagolysosome [26]. MTB specifically targets the process of phagosome
lysosome fusion inside the macrophage, and adapts its metabolism in order to sur-
vive in the infected host for prolonged periods of time.

In order to eradicate TB infection, consideration must be given to supplement
standard antimycobacterial therapy with host-directed immunotherapy. Metformin
(MET), the subject of another chapter of this book, could be one such potential
candidate. Two parallel studies conducted in 2015 predicted two different targets for
MET. One reported its role in targeting MTB by enhancing host immune mecha-
nisms, and the other a potential role in directly targeting the bacteria [26, 27]. MET
may be accumulated within mitochondria 1000-fold more than in the extracellular
medium. The drug suppresses the function of mitochondrial complex I (NADH
dehydrogenase) of the respiratory chain, leading to changes in AMP: ATP, ADP:
ATP and NAD*: NADH ratio [28]. This increases the generation of mROS in the
host. Such high concentrations of redox ions have bactericidal activity against
mycobacteria. In addition, autophagy, which is essential in containing intracellular
bacteria like MTB, is regulated by AMPK signaling, which is induced my
MET. AMPK signaling restricts the immunopathology of TB by enhancing the bac-
tericidal activity of other antimycobacterial drugs like isoniazid and ethionamide
[29]. Two of the first line TB drugs, namely, pyrazinamide and isoniazid, stimulate
the generation of mROS, thereby activating autophagy in the infected host. The
ROS-scavenging agents N-acetyl cysteine and glutathione have been shown to sup-
press the activity of MET and increase the intracellular growth of MTB [26].

Mitochondrial Unfolded Protein Response

Mitochondrial unfolded protein response (upr™T) is a transcriptional factor that
repairs defective mitochondria and also promotes cell survival. It relieves mitochon-
dria of its metabolic stress by functioning in two different ways. First, it increases
the breakdown of amino acids and glycolysis, and second, it dampens expression of
genes encoding TCA cycle and OXPHOS factors [30]. Mitochondria in a healthy
state are the powerhouse of the cell, regulating a cascade of cellular signaling,
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including apoptosis. However, in some scenarios, mitochondrial integrity may be
compromised. For example, MTB infection leads to excessive ROS generation,
which hampers the functioning of OXPHOS genes required for the four respiratory
complexes and ATP. Defective OXPHOS negatively affects the import rate of mito-
chondrial proteins by either interfering with mitochondrial chaperones or by dis-
turbing the proton gradient [30, 31]. In Caenorhabditis elegans, a model organism
frequently used to study the function of upr™T, this transcriptional factor was shown
to be regulated by another transcription factor, ATFS-1 [30, 31].

Mitochondria against Mycobacteria

The role of mitochondria as an anti-mycobacterial organelle is poorly characterized.
However, some recent findings have provided preliminary insights. Kim et al. found
that the mitochondrial protein SIRT3 (sirtuin3) coordinates mitochondrial function
and autophagy activation to promote defense against mycobacteria through peroxi-
some proliferator activated receptor alpha (PARA). sirt3~~ mice infected with MTB
or M. bovis BCG had increased bacillary load and granulomatous lesions in the lungs,
as well as increased mortality [32]. Structural and functional restoration of mitochon-
dria limits intracellular MTB survival and increases host clearance of bacilli [33].
Similarly, stabilization of MPT keeps mitochondria from releasing cytochrome C
into the cytosol, enhancing the antimycobacterial activity of MTB H37Ra-infected
macrophages [34]. MPT protects mitochondria from mycobacterial damage by favor-
ing apoptosis [34]. The precise role of intact mitochondrial membrane integrity dur-
ing MTB-induced cell death as a defense against mycobacteria is not well understood.

Purinergic receptors (P2Rs) are plasma membrane molecules that are involved in
the wide array of cellular functions, like apoptosis, vascular reactivity, cytokine
secretion. Studies performed with MTB so far have elaborated the role of P2X as a
host defense against mycobacteria. Two other P2Rs, P1 and P2Y, are G-protein-
coupled receptors (GPCRs), whereas P2X are ligand-gated ion channels, which are
activated by ATP. P2X receptors play an important role in macrophage activation
and apoptosis. MTB downregulates the functioning of P2Rs [34]. As discussed
above, increased intramitochondrial calcium ion concentration [Ca?*],, stabilizes
MPT, lowers caspase activation, and decreases mitochondrial cytochrome C to pre-
vent necrosis, which is a mechanism used by MTB to evade host immune defenses
[22]. CypD, a mitochondrial matrix protein, also plays a pivotal role in preventing
necrosis by regulating MPTP. Genetic blockade of CypD in the zebrafish model of
TB prevented macrophage necrosis and enhanced antimycobacterial immunity [35].
A study conducted by Grab et al. has shown that dexamethasone (a corticosteroid),
the only adjunctive TB chemotherapy in common clinical use, inhibits necrotic cell
death in MTB-infected cells [36]. The abrogation of necrotic cell death in MTB-
infected cells is mediated by MPT through mitogen-activated protein kinase phos-
phatase 1 (MKP-1)-dependent dephosphorylation of p38 MAPK [36].
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Future Perspectives

The role of mitochondria in viral and neurodegenerative diseases is well estab-
lished, although their role in host defense against tuberculosis remains relatively
unexplored. Emerging evidence supports the fact that mitochondria regulate innate
immune responses against intracellular pathogens; however, the mechanisms
underlying this function are largely unknown. Mitochondrial morphology and
function appear to play a crucial role in antimycobacterial defense. The available
literature shows that MTB infection targets mitochondria in a number of ways,
like altering mitochondrial size and shape, release of apoptotic factors, mitochon-
drial membrane potential and ATP levels. Mitochondrial membrane integrity
appears to be one of the main targets of pathogenic bacteria. Loss of membrane
integrity is thought to be involved in cell death. Identification of molecules or
pathways able to restore mitochondrial structural and functional integrity could
yield novel host directed-therapies for the management of TB. However, further
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studies are required to discover the mechanisms used by mitochondria to control
MTB infection.
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Conventional and Unconventional
Lymphocytes in Immunity Against
Mpycobacterium tuberculosis

Paula Ruibal, Tom H. M. Ottenhoff, and Simone A. Joosten

Introduction

Invasion of the human body by microorganisms leads to a myriad of immune cells
being activated through diverse pathogen-derived stimuli. Understanding the cellu-
lar responses that are triggered and the involved interactive networks is essential for
the design of new vaccines to enhance host protection and decrease immunopathol-
ogy, as well as to the design of new treatment strategies such as host-directed thera-
pies (HDT). Tuberculosis (TB) is the leading infectious disease in terms of overall
global mortality [295]. Although it is well known that T cells play a crucial role in
protection from TB disease and its pathogenicity, the exact T cell subpopulations
involved remain incompletely defined. In addition, B cells, antibodies, and non-T
cell lymphocyte populations such as NK and ILC cells play an additional role in the
immune response to Mycobacterium tuberculosis (Mtb). In this chapter, we will
discuss how these lymphocyte populations participate in the immune response to
Mtb and how they may be involved in protective immunity. First, we briefly review
recent studies focusing on conventional lymphocytes, including classically MHC-
restricted CD4*+ T cells and CD8* T cells, as well as B cells. Thereafter, we will
briefly discuss the recently discovered roles of NK and ILC cells and finally focus
on the role of so-called unconventional or donor-unrestricted T lymphocytes [92].
These cells include: HLA-E-restricted T cells; MR 1-restricted T cells (also known
as mucosal associated invariant T (MAIT) cells, discussed in more detail in Chap.
15); CD-1-restricted T cells; and TCRyd T cells.
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Unconventional T cells, as opposed to classical CD4* and CD8* T cells, recog-
nize peptide-, lipid-, phospho- or metabolite-derived antigens presented via non-
polymorphic molecules, and exist as relatively large populations capable of eliciting
relatively rapid responses, positioning these cells at the interface of innate and adap-
tive immunity [54, 92, 135]. The activation of these unconventional lymphocytes
has already been shown to play a significant role in protective immunity against
TB. Unconventional immunity has drawn significant interest from vaccine and
immunotherapy development not only in the field of infectious diseases but also in
cancer immunology, allowing for an interdisciplinary approach to promote discov-
ery and evaluation of novel vaccine and treatment strategies including HDT, e.g. by
immune checkpoint inhibition [93, 135, 209, 255].

Repertoire and Functions of Conventional Lymphocytes in TB

MHC Class II-Restricted CD4+ T Cells in TB

The role of T cells as indispensable players in the control of Mtb infection in humans
became apparent when the depletion of CD4* T cells as a consequence of human
immunodeficiency virus (HIV) infection appeared to correlate with reduced immu-
nity against Mtb and high TB reactivation rates [154]. Even though not sufficient,
activation of CD4* T helper 1 (Th1) cells and the production of IFN-y and TNFu is
necessary for protective immunity against Mtb in mice and in humans, as evidenced
by IL-12- or IFN-y receptor signaling-deficient patients with increased susceptibil-
ity to non-tuberculous mycobacterial infections [12, 131, 172, 207, 293]. Largely
based on these insights, IFN-y and TNFa production by CD4* T cells have been
used widely as readout of successful immunity, e.g. following infection (INF-y
release assays (IGRAs)) or vaccination [76, 98, 129, 144, 202]. However, other
studies have shown that IFN-y production by Th1 cells is not sufficient for complete
protection against Mtb-induced disease; indeed, numbers of circulating IFN-y pro-
ducing T cells are not an appropriate predictor of effective immunity after vaccina-
tion and could even be a correlate of bacterial load [18, 52, 77, 83, 136]. Supporting
an important role for non-IFN-y dependent mechanisms of protection, “long-term
TB resister” individuals were found to recognize Mtb antigens by non IFN-y-
producing T cells, showing they were infected while remaining IGRA negative
[168]. This data supports earlier work by Coppola et al in which in vivo-expressed
(IVE)-TB antigens elicited significant T cell responses in latently infected (LTBI)
individuals in the absence of IFN-y production [51]. Furthermore, in the MVAS5A
vaccine (modified Vaccinia Ankara virus expressing antigen 85A (Ag85A)) phase
2B clinical trial in South Africa, BCG vaccinated infants received a booster vaccina-
tion with MVASS5A. No additional protection against TB disease was observed in
infants, even though they showed enhanced frequencies of IFN-y-producing
CD4* T cells against Ag85A [273, 274]. Intriguingly, both placebo and MVAS5A
vaccinated infants who developed TB disease showed higher HLA-DR expres-
sion on CD4* T cells before vaccination, likely as a result of inflammation-driven
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activation, and this correlate of risk was validated in a cohort of Mtb-infected
adolescents [75]. Similar results were obtained in rhesus macaques (RM) vacci-
nated with an Ag85A-expressing adenovirus which elicited robust and sustained
antigen-specific IFN-y-producing T cell responses in the lung without conferring
protection to Mtb infection [55]. From recent mouse models, it has become clear
that IFN-y production by CD4* T cells represents only 30% of the total CD4* T cell-
mediated control of bacterial loads in the lungs of mice, and that excess IFN-y can
even be detrimental to the control of TB disease [243, 246]. Increased numbers of
circulating IFN-y-producing Mtb-specific CD4* T cells were also observed in
humans who developed TB reactivation after cancer immunotherapy with anti-
immune checkpoint (PD-1) specific monoclonal antibodies, further associating a
rise in IFN-y production with increased severity of TB disease [9], and suggesting
the importance of balanced inflammation and IFN-y production in optimal control
of Mtb infection and TB disease.

Recent studies in animal models have indeed identified non-IFNy correlates and
mechanisms of protection in Mtb infection. In Dijkman e al, IL-17 production by
CD4* bronchoalveolar (BAL) cells and IL-10 production by Mtb-specific BAL cells
were identified as the strongest correlates of protective immunity induced in the
lungs of pulmonary-BCG vaccinated rhesus macaques that were challenged with
Mtb under repeated limiting-dose conditions [67]. In mice, IL-17 and IL-22 produc-
tion increased Mtb control by recruiting T cells within lymphoid follicles in the
lung, leading to optimal macrophage activation [80, 83, 95, 146]. In humans, con-
sistent with findings in animal models, active TB was associated with a weaker
production of IL-17 by circulating CD4* T cells as compared with LTBI [126, 215,
251]. Whether this was due to cellular sequestration at the site of infection or
reduced systemic activity could not be discerned. Recently, CD153 was identified as
a TNF superfamily molecule expressed on the surface of Mtb-specific CD4* but not
CDS8* T cells [247]. Expression of CD153 was associated with protection against
Mtb infection in mice and correlated with diminished bacterial loads in granulomas
in non-human primates (NHP). Also in humans, active TB disease was associated
with a reduced frequency of antigen-specific CD4* T cells expressing CD153 com-
pared to individuals with controlled latent Mtb infection. This identifies CD153-
expressing CD4* T cells as an important correlate and potential mechanistic
mediator of protective immunity during Mtb infection, and suggests that cytolytic
activity of CD4* T cells might contribute to their role in orchestrating protective
immunity against Mtb [247].

MHC Class Ia Restricted CD8* T Cells in TB

The contribution of classical MHC class-la-restricted CD8" T cells to immunity
against Mtb remains somewhat uncertain and subject of debate. Induction of CD8*
T cell responses was associated with an elevated bacterial burden in mice and with
an elevated risk of TB disease in infants [20, 198]. On the other hand, CD8* T cell
depletion in a NHP model resulted in a weakened BCG vaccine-induced immune
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control of Mtb, indicating a critical role for these cells in protection against TB [42].
In NHP co-infected with Mtb and SIV, protective immunity mediated by CD8" T
cells correlated with control of TB disease [78]. Similarly, depletion of CD8" T cells
in latently infected mice resulted in an increase in bacterial burden, suggesting a
more important role for CD8* T cells during late stages of infection [219].

The use of peptide libraries and selected peptide-loaded HLA-A*0201 tetramers
allowed the detection of polyfunctional CD8* T cells recognizing newly defined
Mtb-derived epitopes during LTBI [276]. However, vaccine-induced high frequency
of highly activated and cytotoxic Mtb-specific CD8* T cells provided no protection
against Mtb challenge in mice [166]. Interestingly, immunodominant CD8" T cell
responses to Mtb antigens can fail to recognize Mtb-infected target cells in both
mice and in humans, suggesting a bacterial immune evasion mechanism [204, 300].
Indeed, a recent study proposed that the frequency of T cells with capacity to recog-
nize infected macrophages is a more appropriate alternative correlate of protective
immunity [213]. Increased frequencies of CD8" T cells expressing the regulatory
markers CD25, CD39 and Foxp3 were observed in BCG vaccinees with low skin
inflammation response upon vaccination, indicating a possible role for CD8* T cells
in regulating BCG-induced immune responses [21]. In addition, expression of
exhaustion marker KLRGI in CD8* T cells was increased following BCG vaccina-
tion, and this correlated with poor CD8* T cell proliferation [22]. RNA sequencing
of Mtb-stimulated conventional CD8* T cells from peripheral blood showed down-
regulation of IL-2R (CD25), a suggestive sign of senescence [120]. Thus, the spe-
cific contribution of conventional CD8" T cells in the host defense against Mtb
infection needs more definitive investigation.

Mobilizing Conventional T Cells by TB Vaccines: Results
Jrom TB Vaccine Clinical Trials

Efforts in the field of TB vaccine discovery have actively focused on the develop-
ment of subunit vaccines based on specific immunogenic components of the bacil-
lus being administered as a purified antigen or expressed as a genetic insert in a viral
vector, such as the candidate vaccine MVAS5A. Whole cell-attenuated Mtb vac-
cines, such as MTBVAC, are intended as safe and immunogenic live vaccines fol-
lowing deletion of essential virulence genes from the Mtb genome. Parallel strategies
aim to improve the current BCG vaccine by inserting additional antigens or by
genetic manipulation to improve its immunogenicity. Alternative delivery routes
using existing vaccines, such as mucosal or intravenous administration of BCG,
might prove advantageous by inducing local mucosal immunity at the site of infec-
tion, while immunity is also induced systemically [56, 140].

Correlates of protective immunity induced by TB vaccination would be of value
in promoting and accelerating TB vaccine evaluation [208]. However, biomarker
discovery is hampered by the high complexity of immune responses in the differ-
ent stages of TB disease, as well as the significant inter- and intra-individual varia-
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tions in immune responses to Mtb infection [252]. Better biomarkers are necessary
to improve the prediction of vaccine efficacy in preclinical and clinical trials [163,
309]. MVASSA, which was designed to boost BCG protective efficacy and was
immunogenic and protective in animal studies, did not confer any additional pro-
tection against TB in infants in the above discussed phase 2b clinical trial despite
its significant immunogenicity driving CD4* polyfunctional T cells [273, 274],
again highlighting the need for alternative correlates to polyfunctional CD4*
T cells.

Recently, a novel promising vaccine candidate containing a fusion protein of two
immunogenic Mtb antigens in combination with the ASO1 adjuvant system (M72/
ASO1g) was tested in Mtb-infected adults in a phase 2b trial, and showed 49,7%
vaccine efficacy against TB disease during 3 years of follow-up in an LTBI popula-
tion [180, 272]. Also recently, BCG revaccination in adolescents was evaluated in a
phase 2 trial showing a 45% efficacy in protecting against sustained IGRA conver-
sion [201]. Both studies show there is significant potential for TB vaccine boosting
of protective immune responses. In a recent immune correlate-based comparison of
six novel TB vaccine candidates M72/AS01 was identified as the highest inducer
of antigen-specific CD4* T cells [236].

In contrast to subunit vaccines, whole cell vaccines, such as the live-attenuated
MTBVAC and the recombinant BCG VPM1002, are designed to induce broad
immune responses to many diverse antigens. This might present an advantage to TB
protection as a result of stimulating a wider and more diverse repertoire of immune
cell populations, including unconventional and innate lymphocytes. The develop-
ment of an in vitro mycobacterial growth inhibition assay allowing definition of the
ability of immune cells, including T cells, to control outgrowth of Mtb in vitro,
could be useful in facilitating the identification of correlates of protection upon vac-
cination or infection [134, 277]. The availability of biosamples from the two men-
tioned successful phase 2B trials should, for the first time, allow identification of
immune correlates of vaccine-induced protection, which in turn are necessary to
better evaluate TB vaccine candidates.

Role of B Cells and Antibody Responses in TB

Several studies have provided evidence for the presence of B cell dysfunction dur-
ing Mtb infection in humans and NHP, which might jeopardize host immunity.
Active TB in humans was correlated with impaired proliferation of B cells and
reduced B cell frequencies, antibody and cytokine production, and antigen presenta-
tion capacity compared to healthy and treated individuals [133]. In a second study,
individuals with LTBI exhibited a reduction in the frequency of circulating B cells,
and this was linked to inflammation-enhanced myelopoiesis rather than migration
of B cells from the circulation to the site of infection [49]. In NHP, protection from
reactivation was associated with expanded B-cell follicles, and the depletion of B
cells resulted in increased bacterial burden and altered granulomatous responses,
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implying a role for B cells in Mtb control [78, 216]. Indeed, protection against TB
disease in NHP was associated with inducible bronchus-associated lymphoid tissue
(AiBALT) which is dependent on CXCL13 and B-cell function [72, 141, 147, 171].
In humans, B cells as well as antibody-producing plasma cells were shown to be
present in tuberculous granulomas suggesting a role for B cells in containment of
Mtb infection in the lung [285, 286].

Latent Mtb infection and active tuberculosis disease are associated with distinct
humoral responses which may modulate pathogenesis [133]. Antibodies from
latently infected individuals showed superior avidity and enhanced opsonization
capacity compared to antibodies from patients with active disease, and —impor-
tantly, promoted elimination of intracellular bacteria by macrophages [167].
Individuals highly exposed to Mtb while remaining persistently tuberculin skin test
(TST) and IGRA negative, presented with potentially “protective” antibodies with
enhanced avidity and distinctive IgG Fc-glycosylation profiles when compared to
exposed individuals who established a latent infection (TST or IGRA conversion)
[4, 164, 168]. Furthermore, in the above mentioned NHP TB-model, elevated levels
of IgA in the lung were associated with protection against Mtb infection and disease
[67]. Altogether, B cells and antibody responses may play an important role in pro-
tection against infection with Mtb and may be involved in sustaining latency of Mtb
infection and in preventing TB reactivation.

Innate Lymphocytes Involved in Immunity Against Mtb

Innate lymphoid cells (ILCs) share characteristics with both innate and adaptive
immune cells and play an important role in lung tissue repair upon infection [150,
186]. Lacking rearranging antigen-specific receptors, three major subsets of ILCs
have been defined by their response to cytokine stimulation. ILC1s, similar to NK
cells, secrete IFN-y in response to IL-12, IL-15 and IL-18 while ILC2s secrete
type-2 cytokines in response to IL-25, IL-33 and thymic stromal lymphopoietin
(TSLP). ILC3s on the other hand are considered the innate counterpart of Th17 cells
as they produce IL-22 and IL-17 in response to IL-23 and IL-1p [211]. ILCs were
shown to be depleted from the blood of TB patients compared to healthy controls
and analysis in mice and humans infected with Mtb showed rapid accumulation of
ILC3s in the lungs preceding infection control [6]. Using mouse models, this study
demonstrated the importance of ILC3s in the early immune control of Mtb through
IL-17 and IL-22 signaling, allowing the recruitment of alveolar macrophages and
iBALT organization.

NK cells, an innate cytotoxic population, were shown to be one of the main pro-
ducers of IFN-y in infants and children after BCG vaccination, supporting the
importance of innate immunity in the early immune response to, and possibly con-
trol of Mtb infection [307]. A recent comprehensive analysis of immune cell subsets
across multiple cohorts showed that NK cell frequencies were increased in the
blood of individuals with LTBI, decreased in patients with active TB, and normal-
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ized after treatment and clinical cure to baseline levels observed in healthy unin-
fected controls. NK cells from LTBI showed enhanced targeted cytotoxicity
compared to NK cells from uninfected controls, suggesting an important role for
NK cells in the successful immune control of Mtb infection. Longitudinal analysis
showed that NK cell abundance in peripheral blood could serve as a correlate of
reduced risk of disease progression, or correlate of treatment-induced recovery [49].

Repertoire and Functions of Unconventional Lymphocytes
in TB

The earlier disappointing results obtained in clinical studies of TB vaccine candi-
dates such as MVAS5A, designed to target conventional CD4* and CD8* T cells,
motivated the search for new vaccine approaches and strategies in TB, including the
targeting of complementary immune cells and mechanisms such as unconventional
T cells. Unconventional T cells can be classified according to the nature of the anti-
gen presenting molecule that triggers them, or by the expression of aff T-cell recep-
tor (TCR) or yd TCR. Among the TCRaf-expressing unconventional T cells,
HLA-E-, MR1- and CD1-restricted T cell populations can be discriminated. TCRy®-
expressing T cells are typically reactive to phosphoantigens presented via butyr-
ophilin molecules but can also be CD1-restricted (see Fig. 10.1). Transcriptional
profiling of non-MHC-restricted unconventional T cells indicated that they cluster
together as innate immune cells which commonly share preferential transcription of
genes encoding for effector function while decreasing their proliferative capacity
[105]. We will discuss the principal characteristics of each unconventional T cell
population and their potential to improve current vaccine strategies against Mtb.

(a) HLA-E restricted T cells.

There is increasing evidence that HLA-E-restricted T cells play an important role
in protective immunity to Mtb [19, 109]. HLA-E is an HLA class Ib molecule char-
acterized by limited polymorphism and reduced cell surface expression compared
to HLA class Ia molecules. In contrast to the large genetic polymorphism and result-
ing molecular diversity of HLA class Ia (A, B, C) molecules, HLA-E has only two
coding allelic variants differentiated by a single amino acid difference at position
107, where HLA-E*01:01 contains an arginine and HLA-E*01:03 a glycine [90].
These two variants do not present structural differences and are equally present in
the human population [175, 266]. Characterization of TCR sequences recognizing
cytomegalovirus (CMV)-derived peptides presented via HLA-E identified a prefer-
ential usage of V16 gene segment [118], but this preferential TCR expression was
not observed in the context of HLA-E-restricted T cells specific for Mtb-derived
peptides [222]. Preliminary data from our group indicate that the TCR repertoire of
Mtb-specific HLA-E-restricted T cells is more diverse than would be expected from
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Fig. 10.1 Schematic representation of unconventional lymphocytes being activated after recogni-
tion of different pathogen-derived stimuli presented via their corresponding non-polymorphic mol-
ecules. The table below lists the main characteristics of each unconventional lymphocyte.
HLA-E-restricted T cells, triggered by peptide antigen, can exhibit cytotoxic or regulatory func-
tions leading to Mtb growth inhibition. MR-1-restricted MAIT cells recognize metabolite-derived
antigens and can be further classified according to their TCR gene usage. Although their precise
role in the immune response against Mtb infection is not yet established, they might be important
for mucosal immunity during early timepoints of infection. On the other hand, the multiple subsets
of CD-1-restricted T cells, activated upon presentation of lipid antigens, have shown the capacity
to control Mtb growth and are thought to be associated with the control of Mtb infection. TCRyd
T cells are mostly restricted to phosphoantigen presentation via BTN3 and, upon activation, are
able to inhibit Mtb growth by executing cytotoxic and helper functions
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T cells reactive to a monomorphic antigen-presenting molecule such as HLA-E
(manuscript in preparation).

HLA-E has a high degree of functional and structural conservation among spe-
cies, with the most frequently studied HLA-E homologues being Qa-1" in mice and
Mamu-E in rhesus macaques (RM) [107, 235, 296]. Despite a higher allelic varia-
tion in Mamu-E compared to humans, there is high genetic conservation between
Mamu-E and HLA-E molecules [24, 296]. Both have been reported to bind the
same peptide sequences, and cross-species recognition by Mamu-E-restricted CD8*
T cells of HLA-E-presented peptides has been demonstrated, making the RM a suit-
able model for studying HLA-E-restricted T cell function in vivo [296].

Exploiting the unique capacity of CMV-vectors to induce long-lasting and preva-
lent effector CD4* and CD8* T cells, the Picker group vaccinated RM with simian
immunodeficiency virus (SIV) antigens genetically inserted in a modified rhesus
CMYV (RhCMV) vector. The vaccine induced complete protection in half of all SIV
challenged animals, which was dependent on unconventional CD8* T cell responses
genetically restricted by either MHC-E or MHC-II molecules [108]. A preclinical
trial in which RM were vaccinated subcutaneously with RhCMV vectors encoding
6 to 9 Mtb antigens followed by Mtb challenge, also led to a reduction of Mtb infec-
tion and disease by 68%, although in this model, MHC-E restricted CD8* T cells
seemed dispensable for this protection and a more prominent role for CD4* T cells
was reported [109]. A more recent study with a RhCMV vector expressing
Plasmodium knowlesi antigens delayed parasitemia upon sporozoite challenge. In
this study, MHC-restriction of CD8* T cell responses was exclusively by MHC-E
and MHC-II, further supporting the potential of unconventionally-restricted CD8* T
cells as vaccine target cellular populations in infectious diseases [110].

HLA-E and Qa-1° display only a 65% overall amino acid sequence identity
although the peptide binding specificity and specialized function are maintained
between the two molecules as a result of the relatively more conserved peptide bind-
ing region [128, 182]. Studies with Qa-1°-deficient mice have shown that the genetic
lack of this antigen presenting molecule leads to a reduced protection against severe
Mtb infection as a result of, amongst others, altered immune regulation of CD8* T
cell responses [19]. Collectively these reports provide evidence that HLA-E/
MHC-E/Qa-1 -restricted CD8* T cells could potentially contribute to immunity and
protection against Mtb infection.

HIA-E-Dependent Antigen Presentation

For successful homeostatic expression on the cell surface, HLA-E requires binding
to nonameric peptides, typically derived from HLA-class Ia signal sequences [25,
162]. The HLA-E/signal peptide complex was initially described to interact with
C-type lectin CD94/NKG2A (inhibitory) and CD94/NKG2C (activating) receptor
complexes which are expressed on the natural killer (NK) cell surface. NKG2A
binds HLA-E with higher affinity compared to NKG2C and when engaged by
HLA-E inhibits NK cell responses and cytolytic activity. This mechanism enables
NK cells to monitor the integrity of HLA-class Ia surface expression [5, 26, 31, 137,
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161]. Many tumors have been reported to downregulate HLA-class Ia expression,
and as a result become susceptible to NK cell-mediated killing because the supply
of HLA-E binding peptides and consequently HLA-E cell surface expression is
inhibited [88]. Certain pathogens, such as CMV, escape from cellular immunity by
manipulating HLA-class Ia expression and function: CMV impairs the presentation
of peptides via HLA-class Ia molecules by downregulating cell surface expression;
by inducing degradation of HLA-class Ia molecules; by blocking peptide loading
onto HLA molecules; by inducing conformational changes on transporter associ-
ated with antigen processing (TAP); and by preventing peptide/HLA complex stabi-
lization through interaction with tapasin [220, 255]. However, in order to counteract
the resulting risk of NK cell-mediated cytotoxicity triggered by the absence of HLA
class Ia peptides, CMV has evolved to encode a peptide within the leader sequence
of glycoprotein UL40 which is identical to the HLA-E binding canonical HLA-
class Ia signal peptide. When this UL40 peptide binds HLA-E, the latter is pre-
sented on the surface of infected cells through a TAP-independent pathway, which
leads to inhibition of NK cell function, allowing CMV to escape from NK immunity
[280, 282]. CD94/NKG2A is also expressed on a small proportion of activated
CDS8* T cells and might play a role in regulating cytolytic T cell responses to avoid
tissue damage [27, 178, 185].

However, HLA-E can also present peptides to TCR molecules on CD8" T cells.
The TCR-mediated CD8* T cell recognition of self-peptides presented by Qa-1° was
demonstrated in the context of tumor cells with antigen processing deficiencies.
When the classical MHC-class Ia antigen-processing pathway was impaired, Qa-1°
bound MHC-class Ia signal peptides could be replaced by alternative, tumor-derived
antigenic peptides which could be sensed by the TCR, leading to activation of cyto-
toxic T cells with anti-tumor activity [59, 206]. Similar studies in the context of
Mtb, CMV and Salmonella enterica serotype Typhi (S.Typhi) infections later sup-
ported HLA-E as a presentation molecule for TCR-mediated recognition of
pathogen-derived peptides, extending the function of HLA-E antigen presentation
to adaptive immune responses [115, 118, 132, 181, 217, 218, 244]. These observa-
tions underscore the potential importance of HLA-E for the design of vaccines,
including against TB, with the capacity to stimulate unconventional protective CD8*
T cell responses. The enriched expression of HLA-E in Mtb phagosomes further
supports the hypothesis that HLA-E could have a unique capacity to capture and
present Mtb-derived peptides to unconventional CD8* T cells [100, 112]. Within the
current TB epidemics, HIV co-infection considerably increases the probability of
developing active TB disease [295]. The fact that HLA-E is not downregulated by
HIV infection further supports the targeting of this molecule for the design of novel
improved vaccine approaches [200]. Only recently, downregulation of HLA-E sur-
face expression was observed on CD4* T cells infected with primary HIV-1, while
infection with cell-line adapted strains maintained HLA-E expression [265]. Further
investigation is required to establish this effect on macrophages, the primary target
cell of Mtb.

Initial work identified only relatively few nonameric peptides as HLA-E binders
using a somewhat strict predictive peptide/HLA-E binding motif that was largely
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developed based on the sequences of HLA-E-binding HLA-class Ia leader sequences
[153, 182, 205]. However, especially following attempts to identify Mtb-derived
peptide sequences capable of eliciting HLA-E restricted CD8" T cell responses,
increasing evidence accumulated that the repertoire of HLA-E-binding peptides is
more extensive than initially thought. Multiple nonameric peptide sequences across
the Mtb genome that were predicted in silico to bind HLA-E could induce CD8* T
cell proliferation upon presentation via HLA-E ex vivo [132]. In the context of
Qa-1°, the repertoire of tumor-derived peptides that was presented was also found to
be broader than initially thought [107, 206]. Additionally, peptide elution studies
identified HLA-E binding peptides of varying lengths, ranging between 8 and (non-
canonical) 20 amino acids, as well as peptides with modifications such as glycosyl-
ation, acetylation, and oxidation, further increasing the diversity of HLA-E binding
peptides [113, 152, 156, 179]. Surprisingly, differences were also observed in the
peptide repertoires presented by HLA-E*01:01 and HLA-E*01:03 which might
reflect unanticipated differential functionality [36]. A recent structural analysis
demonstrated the conformational plasticity of peptides bound to HLA-E, which
seems to tolerate a broader array of hydrophobic and polar amino acid in the pri-
mary pockets than classical HLA-class Ia molecules, despite the presence of pre-
ferred anchor residues [290]. A diverse repertoire of SIV-derived epitopes presented
by MHC-E was also observed and MHC-E-restricted “supertopes”, which were
recognized by all animals tested, were identified [108]. Additional efforts are under-
way towards the identification of novel HLA-E-binding peptides with improved
immunogenicity which could be deployed in improved vaccine strategies.

Multifunctional Properties of HLA-E Restricted T Cells

Although the search for pathogen-derived peptides with an optimal HLA-E-
restricted CD8* T cell immunogenic capacity is still ongoing, several studies have
taken advantage of already identified HLA-E-binding peptides to shed light on the
functional properties of this unconventional T cell population. HLA-E-restricted
CD8* T cells produce Th1 cytokines such as IFN-y and TNF-«, normally associated
with inhibition of Mtb growth, but surprisingly can also express IL-4, IL-5 and
IL-13 cytokines typical of a Th2-like phenotype, both at the monoclonal and at the
polyclonal level [179, 181, 222]. HLA-E-restricted CD8" T cell clones with a Th2
cytokine profile have cytotoxic as well as regulatory functions and were capable of
inhibiting intracellular mycobacterial growth [132, 181, 222]. Multifunctional
HLA-E-restricted CD8" T cells co-expressing CD107, IFN-y and TNF-a, as well as
IL-17A-producing HLA-E-restricted CD8* T cells, were also observed long-term
after immunization with S.Typhi [245], and were more frequent in adults and older
pediatric participants than in younger children, suggesting an age-associated matu-
ration of this unconventional T cell population [308]. In TB, the expression of the
transcription factor GATA3 and the cytokine IL-13 among all investigated cytolytic
Mtb-specific HLA-E-restricted CD8" T cells clones suggested that the polyfunc-
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tional Th2/cytolytic/regulatory phenotype might play an important role in anti-
mycobacterial immunity, and could mediate effector as well as anti-inflammatory
functions. In addition, B-cell function was also activated by Mtb-specific HLA-E-
restricted CD8* T cell clones via IL-4. The broad functional capacity of HLA-E-
restricted CD8* T cells could be of interest to the improvement and enrichment of
current vaccine strategies to enhance Mtb-inhibitory capacity while also regulating
Thl immunity and thus preventing excessive inflammation.

The use of tetramers to detect Mtb-specific HLA-E-restricted CD8* T cells
allowed the demonstration of this population in the peripheral blood of TB patients
and LTBI, and revealed increased frequencies in patients with active TB and TB/
HIV co-infection compared with LTBI and healthy controls. This work further sup-
ported the importance of the poly-functionality of these cells in the circulation of
Mtb infected individuals [181, 222]. The regulatory function of Mtb-specific Qa-1°-
restricted CD8" T cells was also observed in mice, and mechanistically was found
to be important in preventing exacerbated T cell activation and inflammation, likely
underlying their more effective protection against severe TB in which inflammation
is an important component of its pathogenesis [19].

Altogether, these studies support the notion that HLA-E-restricted T cells are
important contributors in immunity and probably also protective immunity against
Mtb. Definition of improved peptide triggers and a deeper understanding of the
mechanisms leading to protective immunity are areas in need of further
investigation.

(b) CD1-restricted T cells.

Given the high abundance and molecular diversity of lipids in the cell wall of
Mtb, CD1-restricted lipid-specific T cells might be important in sensing infection
and in immune protection against Mtb. Bacterial lipids are distinct from lipids pres-
ent in mammalian cells and are crucial for bacterial survival and membrane integ-
rity, making them an interesting target for vaccine development.

The human CD1 system is composed of non-polymorphic molecules structurally
similar to MHC class Ia, albeit with a larger antigen-binding groove which is
adapted to position lipid antigens deep within the groove, partially closing on the
lipid which is exposed through small openings named portals [122, 194, 305]. Five
different isoforms are expressed in humans, classified into group 1 (CDla, CDIb
and CDlc), group 2 (CD1d), and group 3 (CDle) CD1 family members, each with
distinct functions and patterns of tissue expression. Group 1 and 2 CD1 molecules
are specialized in presenting self or foreign lipid antigens on the surface of antigen-
presenting cells for specific recognition by TCRaf} and TCRyd T cells [13, 193].
Although structurally highly similar, the presentation of lipid antigens via group 1
and 2 CD1 molecules leads to the specific activation of different T-cell populations
in terms of TCR diversity and functional capacity. Group 3 CD1 expression is
strictly intracellular where CDle acts as a lipid transfer protein mediating CD1-
dependent lipid antigen presentation [85].

CD1 molecules bind self-lipids, such as sphingomyelins and phospholipids, in
the endoplasmic reticulum, which confers stability to CD1 molecules by facilitating
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correct refolding, before they can be transported to and expressed at the cell surface
[53,79, 106, 121]. Once cell-surface expressed, group 1 and 2 CD1 molecules recy-
cle and accumulate in lysosomes where they encounter and can bind exogenous
lipids from phagocytosed bacteria for presentation, followed by recycling to the
cellular surface [127]. Tyrosine-containing motifs in the cytoplasmic tail of CD1b
regulate this recycling mechanism and localize CD1b to late endosomes and lyso-
somes where acidic conditions are optimal for lipid loading [124, 225, 268]. CD1c
and CD1d instead survey different intracellular compartments by binding adaptor
protein 2 (AP-2) and localizing to early and late endosomes [30, 269], whereas
CD1la recycles via early endosomes [38].

Group 1 CDI-Restricted T Cells

Group 1 CD1-restricted T-cells have been described mainly in the context of myco-
bacterial infections. Presentation of the structurally diverse immunogenic lipids is
enabled via the CD1b superchannel of interconnected pocket tunnels that forms the
binding groove and which accommodates the various lipids’ long acyl chains [11].
Mycolic acid (MA) and glycolipids, major pathogenic components of the mycobac-
terial cell wall, were among the first lipid antigens described to activate T cells in a
CDlb-restricted manner [13, 96, 259]. The additional identification of glucose
monomycolate (GMM) as a CD1b-presented lipid antigen led to the proposal of a
CD1b antigen motif in which a polar cap determines highly specific T cell recogni-
tion [188, 189]. This hypothesis was later confirmed through crystal structures
which showed how the antigen anchors its fatty acyl groups within the hydrophobic
pockets of CD1, while exposing its hydrophilic part upward for TCR recognition
[11, 82]. The synthesis of GMM involves the interaction of mycobacterial mycolate
with glucose from the infected host, leading to specific T-cell activation in the pre-
cise context of active mycobacterial infection [190]. Experiments with modified
TCRs helped define specific residues within the TCR § CDR3 that are required for
MA recognition [96]. Sulfoglycolipids (SGLs), which are expressed only by Mtb,
were shown to activate CD8* T cells from Mtb infected patients but not PPD nega-
tive donors, in a CD1b-dependent fashion, triggering IFN-y production and efficient
recognition of infected cells to allow killing of intracellular mycobacteria [91].
Glycerol monomycolate (GroMM), on the other hand, was found to stimulate
CDlb-restricted CD4* T cells in vaccinated and latently infected donors but not
active TB patients [159].

Identified lipid ligands for CDla and CDlc are less numerous compared to
CDIb. CDla, the isoform with the smallest groove, can present lipopeptides for
TCRap-mediated T cell activation [192, 304]. Isoprenoid glycolipids and myco-
ketide antigens instead are known to specifically bind the CDlc isoform and to
induce TCR-mediated T-cell responses [174, 191, 249].

The knowledge on lipid antigens led to the development of CDla, CD1b and
CDlc tetramers for the detection of CD1-restricted polyclonal T-cells in blood from
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Mtb-infected patients [138, 139, 170]. The use of CDI1b tetramers loaded with
GMM allowed the discovery of germline-encoded mycolyl reactive (GEM) T cells.
These cells presented increased intra- and inter-donor conservation of TCR
sequences encoded by TRAVI-2 joined to TRAJY, and a preferential usage of
TRBV6-2, illustrating their donor-unrestricted characteristics [227, 230]. Structural
analysis showed that the GEM TCR recognition mechanism involves simultaneous
specific interactions with both CD1b and GMM [97]. LDN5-like T cells are another
example of polyclonal T-cells with a semi-invariant TCR combination, which were
seen in multiple donors by using CD1b-GMM tetramers. These cells express a
TCRa chain encoded by TRAV7, paired with a TRBV4-1 encoded f chain, similar
to a previously described T cell clone isolated from a Mycobacterium leprae-
infected skin lesion, known as LDNS5 [188, 228]. More recently, however, TCR
sequence analysis of CD1b-GMM-specific T cells revealed a more complex and
diverse clonally-expanded repertoire despite the conservation of the antigen-
presenting molecule [63]. Further insights into the different CD1-restricted TCR
repertoires are expected from newly developed CD1 tetramers, e.g. CD1b tetramers
loaded with MA or SGLs [125, 229].

Specificity of CDI1-restricted T cell recognition is not only determined by the
antigenic region in direct contact with the TCR but also by the distal hydrophobic
regions of the lipid antigens buried deep within the CD1 cleft [104, 130, 177]. CD1b
tetramers loaded with different forms of MA showed diverse TCR cell binding,
highlighting the influence of such distal groups on T cell recognition [229]. The
immunogenicity of diverse naturally occurring and synthetic MA forms was found
to be dependent on the length or presence of functional groups on the lipid chain,
which is also of importance in the context of infections with other bacterial families
closely related to Mtb, and also differed between varying MA constructs. In the
context of SGLs, longer acyl chains led to increased stimulatory capacity [89]. Also
important for immunogenicity are specific residues on the CD1b molecule surface,
probably by ensuring proper SGL binding and positioning [86, 125].

Functional analyses of CDl-restricted T cell clones in vitro initially showed
granulysin-mediated Mtb-specific cytotoxicity and a Th1-like cytokine profile [237,
264]. Mycobacterial lipids are able to stimulate CD1b-restricted T cells leading to
IFN-y and TNF-a production, a response which was demonstrated to be important
for early as well as late, memory human immune responses to Mtb infection [184,
227]. Expansion of these cells correlated with pathogen burden as they were detected
in patients with active TB but not in BCG-vaccinated healthy individuals [184]. A
more recent ex vivo profiling of CD1-restricted T cells in a TB endemic population
showed polyfunctional GMM-specific CD4* T cell responses with simultaneous
expression of CD40L, IL-2, TNFa and IFN-y which were unrelated to protein-
specific T cell responses [254]. Importantly, the frequency of circulating CDI1-
restricted T cells specific for mycobacterial lipid antigens was associated with Mtb
infection control [33, 284]. Bronchoalveolar lavage cells obtained from patients with
latent TB contained lipid-responsive polycytotoxic T cells which co-expressed per-
forin, granzyme B and granulysin [33]. Additionally, an intronic polymorphism
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identified in CDI/A was associated with increased susceptibility to tuberculosis,
emphasizing the potential importance of CDla lipid antigen presentation for TB
immunity [253].

The development of a human CD1b transgenic mouse model prompted adop-
tive T cell transfer studies which showed that CD1b-restricted MA-specific T cells
with polyfunctional capacities, participated in control of mycobacterial prolifera-
tion and conferred protection to animals in a Mtb challenge model in vivo [73,
306]. In the guinea pig model, which naturally expresses group 1 CD1 molecules,
aerosol Mtb challenge of animals vaccinated with mycobacterial lipids showed
reduced bacterial burden and lung pathology [57, 58, 117]. Altogether, these stud-
ies underscore the potential protective effect of CD1-restricted lipid-reactive T
cells and prompt the inclusion of mycobacterial lipids to enhance vaccine strate-
gies. Significant hurdles accompany the development of lipid-based vaccines such
as the technological limitations to synthetically produce lipids on a large scale, and
the labor-intensive purification procedures. Novel live mycobacterial vaccine can-
didates (discussed in Section “Repertoire and Functions of Conventional
Lymphocytes in TB”) are a possible way to induce lipid-reactive T cells while
overcoming these difficulties.

iINKT: Invariant or Type I Natural Killer T Cells

Invariant or type I natural killer T (iNKT) cells typically recognize ceramide lipids
such as a-galactosylceramide (a-GalCer) presented by group 2 CDI1 (CDI1d) [14,
15, 28, 143]. TCR-mediated stimulation of these cells leads to rapid innate-like
activation, strong IFN-y and IL-4 cytokine production and cytotoxic activity. In
addition, TCR independent IL-12- and IL-18-driven activation mechanisms have
been described that can activate iNKT cells [29, 173]. iNKT cells express conserved
TCR sequences with the a chain predominantly encoded by TRAVIO joined to
TRAJI8, and the P chain preferentially using TRBV25 [61, 221]. The role of iNKT
cells was widely studied in mice in the context of bacterial infections such as
Streptococcus pneumoniae [142], Pseudomonas aeruginosa [149, 203], and
Mycobacterium spp [40, 66, 267], amongst others, which collectively suggested a
protective role for iNKT cells during early infection. a-GalCer as a highly potent
agonist of iNKT cells has potential in vaccine optimization and immunotherapy [39,
81, 148, 288]. Mycobacteria-cell wall-derived phosphatidylinositol mannoside
(PIM) was defined as a CD1d antigen recognized by a subpopulation of iNKT cells.
PIM presented by CD1d triggered T cell cytotoxic activity and the production of
IFN-y but not IL-4, although the latter is typically associated with strong iNKT cell
activation [74]. Guinea pigs immunized with PIM and SGL, the latter lipid antigen
mediating CD1b-restricted T cell responses, showed reduction in bacterial load and
lung pathology upon Mtb challenge to a degree comparable to that obtained when
using protein antigens in the same model [101, 158]. These promising results are
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encouraging for the development of vaccine combinations which include lipid anti-
gens for targeting unconventional CD1d-restricted iNKT cells to enhance protective
immunity to Mtb.

Even though the antigenic stimulus was not explored, iNKT cell-dependent
CDld-restricted protection against Mtb was confirmed in vivo in CD1d knockout
mice and was shown to require CD1d expression for recognition of infected cells,
as well as IL-12 and IL-18 signaling [242]. Human iNKT cells expressing IFN-y
and granulysin exhibited antimycobacterial activity in vitro [84]. Another study in
mice showed that iNKT cell-mediated control of Mtb replication was dependent on
granulocyte-macrophage colony-stimulating factor (GM-CSF) in the absence of
IL-12, IL-18 or IFN-y driven responses [238]. This alternative antimicrobial effec-
tor function driven by GM-CSF can be mediated not only by iNKT cells, but also by
TCRyd T cells and conventional CD4* and CD8" T cells, and showed protective
efficacy in mouse studies in vitro [94, 233, 239, 271]. GM-CSF was also promi-
nently found to be induced by Mtb antigens in human studies [51].

Corroborating findings in mice, studies in NHP have also suggested a protective
role of CD8*" iNKT cells in Mtb infection [41]. Their frequency was increased in the
circulation of infected animals which showed improved control of the infection and
better disease outcome. Conversely, several studies in humans provided evidence
for a reduction of iNKT cells in the blood during active Mtb infection [123, 145,
187, 260, 270]. More recently, latently Mtb infected individuals showed increased
frequencies of iNKT cells compared with uninfected individuals or patients with
active TB, together suggesting a possible role for iNKT cells in preventing disease
progression. Active TB was associated with increased expression of exhaustion
marker PD-1 on iNKT cells, further supporting their importance for immune control
of Mtb [212].

Diverse or Type II Natural Killer T Cells

Diverse, or type II NKT cells are also CD1d restricted but express a diverse TCRaf}
repertoire and lack reactivity to a-GalCer [48, 279]. These cells recognize CD1d
molecules presenting sulfatide and glycosylceramide species without requiring
endosomal loading, and phenotypically are similar to type I NKT cells, [7, 48, 199].
Mtb-derived phosphatidylglycerol, diphosphatidylglycerol, and phosphatidylinosi-
tol were able to stimulate type II NKT hybridomas upon presentation via CD1d
[279]. Highly abundant in the human bone marrow during steady state [70], type II
NKT cells were enriched in the liver and showed a Th1-like cytokine profile during
hepatitis C virus infection [71]. Type II NKT cells have been shown to inhibit anti-
tumor immune responses in a murine B-cell lymphoma model, and they seem to
have also a suppressive role in autoimmune diseases while being proinflammatory
in parasitic infections [17, 226]. Surprisingly, very little is known about the recogni-
tion of (mycobacterial) antigens by type II NKT cells, and their relevance in TB.
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(c) TCR gamma-delta (y6) T cells

TCR gamma-delta (y8) T cells are a distinct subset of CD3* T cells featuring Vy
and V9§ encoded TCR segments which are enriched in epithelial tissues. TCRyd T
cells are involved in immune surveillance of cellular stress responses and display
characteristics of both innate and adaptive immunity [23, 46, 114]. Contrary to off
T cells, which are activated upon antigen presentation by MHC molecules, TCRyd
T cells are not restricted by MHC molecules for presentation of antigens but recog-
nize antigens presented via butyrophilin-3 (BTN3), also known as CD277 [275],
although a minor population also recognizes lipid antigens in the context of CD1d
as discussed above. Comparison of CDR3 lengths indicated that yd TCRs are more
similar to immunoglobulins (Igs) than to aff TCRs, revealing a structural explana-
tion for the quite different mechanisms of antigen recognition by the two types of
TCRs [234]. Indeed, TCRYd T cells are triggered by various cellular stress-induced
stimuli including certain CD1d-presented lipids [8, 169, 283] and MHC class I-like
proteins such as MHC class I polypeptide-related sequence A (MICA) and B
(MICB) [99, 297], UL-16 binding protein (ULBP) [151], endothelial protein C
receptor (EPCR) [294], and CDIc [240, 261], among others. TCRyS T cells have
been shown to also recognize ATP synthase and apolipoprotein A-1 complex on the
surface of tumor cells leading to cytolytic activity [250].

Relevant in the context of Mtb infection, TCRyd T cells can also be reactive
against phosphoantigens, which are non-peptidic phosphorylated small intermedi-
ates of metabolic pathways in mammalian cells and pathogens such as Mtb [10, 50,
103]. Phosphoantigen-specific T cells, characterized by the expression of Vy9Va2
TCR, are the most predominant subpopulation of TCRyS T cells and represent up to
5% of peripheral T cells in healthy individuals. They can expand to as much as
20-50% in patients with diverse bacterial and parasitic infections [16, 197].
Recognition of phosphoantigens by TCRyd T cells is independent of presentation
via MHC but requires TCR recognition, cell-to-cell contact, and BTN3 [32, 111,
157, 195, 210, 287, 291]. The BTN3 subfamily consists of BTN3A1, BTN3A2 and
BTN3A3, transmembrane proteins composed of extracellular Ig domains with the
capacity to stimulate Vy9V3d2 T cells [231]. BTN3Al is able to mediate
phosphoantigen-dependent Vy9V32 T cell activation through the binding of its
B30.2 intracellular domain to phosphoantigen [60, 111, 287, 291, 292]. By contrast,
BTN3A3 does not bind phosphoantigen as a result of a single amino acid difference
within the B30.2 binding pocket which disrupts complementarity with the
phosphoantigen [248]. These findings led to the hypothesis of an inside-out signal-
ing model in which intracellular binding of phosphoantigen to B30.2 leads to con-
formational changes on the extracellular domain of BTN3A1, allowing Vy9V82 T
cell recognition [102, 103]. However, there is still controversy on the precise molec-
ular mechanism driving Vy9V82 T cell activation by BTN3 and some recent studies
have suggested that all three isoforms have the capacity to induce a Vy9Vo2 T cell
response [2, 232]. A recent study of the BTN3 structures identified the loss of mul-
tiple H-bonds interactions between phosphoantigen and BTN3A3 compared to
BTN3AI1, providing a structural explanation for the differential phosphoantigen
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recognition by BTN3 isotypes leading to inside-out signaling for Vy9Vd2 T cells
activation [302].

The discovery of accumulating TCRYd T cells in human granulomatous leprosy
skin lesions led to the identification of isopentenyl pyrophosphate (IPP) as a natural
mycobacterial phosphoantigen recognized by TCRy8 T cells, which was mediated
via the core carbon chain and pyrophosphate moiety [183, 196, 275]. Subsequently,
TUBagl-4 were the first Mtb-derived phosphoantigens identified with the capacity
to stimulate Vy9V52 T cells with increased potency compared to IPP [50]. Other
identified potent phosphoantigens found to drive TCRyd T cells were (E)-4-
hydroxy-3-methyl-but-e-enylpyrophosphate (HMBPP) and bromohydrin pyrophos-
phate (BrHPP) [3, 69, 116]. Recently, 6-O-methylglucose lipopolysaccharides
(mGLP) were identified as specific Mtb-derived antigens capable of expanding
Vy9V582 T cells which control intracellular mycobacterial replication [299].

TCRyS T cells are associated with a protective immune response to Mtb infec-
tion and great efforts have been made in dissecting the precise mechanisms underly-
ing this protection [44]. TCRyS T cells stimulated by Mtb phosphoantigen responded
by producing IFN-y and TNF-« to enhance DC maturation [35, 62]. Indeed, when
cocultured in vitro with Mtb-infected APCs, TCRYyd T cells showed higher produc-
tion of IFN-y compared to TCRaf T cells [160, 281]. Several studies have shown
that IL-2 and IL-15 induce Thl cytokine responses, including expression of IL-5
and IL-13, in human TCRyd T cells upon phosphoantigen stimulation [87, 289].
Production of IL-17 by TCRyd T cells has been shown to be driven by phosphoan-
tigen stimulation in the presence of IL-6, IL-23, IL-1p, and TNFa and plays a role
in expansion of VyY9V82 T cells in rhesus macaques [256]. Circulating TCRyd T
cells from TB patients also showed a strong and rapid production of proinflamma-
tory cytokine IL-17 [47, 214]. Notably, the frequency of IL-17* Vy9OV82 T cells was
shown to be increased in peripheral blood and the cerebrospinal fluid of children
with bacterial meningitis [34, 256]. Interestingly, in vitro stimulation with Mtb or
BCG, as opposed to purified phosphoantigens, activated more oligoclonal protec-
tive subsets of VYOV82 T cells which not only produced IFN-y, but also showed
cytolytic activity and inhibited extracellular and intracellular mycobacterial growth
through the production of granulysin and perforin [64, 65, 262]. Granzyme A was
also shown to be involved in the suppression of intracellular mycobacterial growth
through the induction of TNF-a production in infected monocytes [263]. In a recent
study, IL-12 was shown to influence the early expansion of Vy9V82 T cells upon
phosphoantigen stimulation in the presence of TNFa, leading to differentiation of
polyfunctional effector Vy9OV82 T cells expressing antimicrobial cytokines IFN-y,
TNF-a, GM-CSF, and cytotoxic molecules granzyme B, granulysin, and perforin.
Notably, these cells were shown to inhibit intracellular mycobacterial growth in
vitro [301]. In addition to their cytolytic properties, VYOVO2 T cells perform also
helper functions by enhancing the Mtb-control capacity of Mtb-specific TCRaf T
cells through CD40-CD40L interactions [1].

The important role of TCRyd8 T cells in protection against Mtb infection and TB
disease is further supported by animal studies. Administration of phosphoantigen in
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combination with IL-2 generated early in vivo expansion of VyY9V32 T cells with
multifunctional effector phenotypes and enhanced protection by reducing Mtb bur-
den and attenuating TB lesions in the lung of NHP [43]. More recently, a study
involving adoptive transfer of autologous Vy9Vo2 T cells further demonstrated
their protective role against TB disease in NHP, in which Vy9V82-expressing T
cells are prevalent [223]. Consistent with these results, expansion of VY9V82 T cells
was observed in blood and lungs of BCG-vaccinated NHP and was associated with
clearance of bacteremia upon BCG revaccination and Mtb challenge, suggesting
that VY9V82 T cells contribute to control of mycobacterial infection [155, 258]. The
inclusion of phosphoantigens in a prime-boost strategy to immunize NHP against
Mtb resulted in the immediate expansion of TCRyd T cells with a strong production
of Thl cytokines upon the initial immunization [37]. IL-22-producing T cells,
involved in granuloma formation during Mtb infection in NHP, have been shown to
be regulated by Vy9Vo2 T cells, and IL-22 was shown to be induced during severe
TB in NHP [224, 303]. In mice, TCRyd T cells were shown to be the main produc-
ers of GM-CSF during early Mtb infection contributing to resistance against Mtb,
and GM-CSF-producing Mtb-specific TCRyd T cells were detected in peripheral
blood of infected patients [239]. Further research on the function of TCRyd T cells
should assess mechanisms by which these cells are able to reduce mycobacterial
burden, either by direct effector activity and/or by indirectly contributing to the
activation and regulation of alternative key immune players. BCG vaccination in
infants resulted in an expansion in the number of circulating TCRyS8 T cells, a popu-
lation which was shown to be one of the main early producers of IFN-y [176, 278,
307]. In adults, BCG vaccination promotes the in vitro expansion of TCRyd T cells
upon stimulation with Mtb, hinting to a memory-like phenotype [119]. Recruitment
of Vy9Vd2 T cells with an HMBPP-producing Listeria monocytogenes (Lm) vac-
cine vector alone was shown to induce a protective effector memory response
against Mtb in NHP, suggesting pathogen cross-reactivity [241, 257].

High-throughput sequencing of the TCRyd CDR3 repertoire in the context of
Mtb infection showed reduced TCR diversity in TB patients compared to healthy
controls, suggesting clonal expansion [165]. Screening of epitopes for these clon-
ally expanded CDR3 sequences allowed the identification of Mtb protein Rv0002 as
a novel ligand for TCRyd. A previous study showed that TCRYyd T cells are able to
recognize protein ligands through a dual recognition mechanism involving both the
TCRy& and NKG2D receptors [151]. The Rv0002 Mtb protein was able to stimulate
circulating TCRyd T cells from TB patients, but the precise mechanism leading to
the recognition of this protein still needs to be elucidated [165]. Several other
TCRyd T cell-specific Mtb-derived protein antigens have been identified which
might induce protective responses [45, 68, 298]. Therefore, TCRYyd T cells reactive
to Mtb phosphoantigens or Mtb protein antigens may be promising immune cells to
mobilize and engage in novel immunization strategies against Mtb.
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Concluding Remarks

The current challenge in the fight against tuberculosis is characterized by a lack of
understanding of the precise immune responses essential to protection against infec-
tion or disease progression. Complex infectious pathogens generally require
involvement and integration of both innate and adaptive immune cells and mole-
cules. The studies compiled in this chapter evidence influential roles for unconven-
tional lymphocytes in host defence to TB, in integration with conventional T cells
and B cells, as well as key cells and molecules of the innate immune system. HLA-
E-restricted T cells, MR-1 restricted MAIT cells, CD1-restricted T cells and TCRyd
T cells are all activated upon presentation of different mycobacterial pathogen spe-
cific stimuli via non-polymorphic molecules, allowing for an integrated response.
Whole cell vaccines such as MTBVAC and VPM 1002, currently under evaluation in
clinical trials, are promising candidates carrying antigens to potentially elicit con-
ventional as well as unconventional T cells. Specific strategies to boost whole cell
vaccine-induced activation of unconventional T-cells may further increase protec-
tive immunity. Understanding how these responses are triggered and regulated is
essential to be able to optimally harness them to the advantage of TB control.
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Chapter 11

Targeting Inhibitory Cells Such as Tregs
and MDSCs in the Tuberculous
Granuloma

Sadiya Parveen, John R. Murphy, and William R. Bishai

Need for Host-Directed Therapies for Tuberculosis Treatment

Mycobacterium tuberculosis (Mtb) is one of the most successful obligate human
pathogens in human history, infecting more than one-fourth of the world’s popula-
tion. The World Health Organization reported that ten million humans contracted
active TB disease, and 1.3 million died in 2017 alone worldwide, making tubercu-
losis one of the most significant global health challenges. New approaches to ther-
apy are needed for many reasons. The long duration of existing treatment regimens
contributes to poor adherence and drug-related toxicities, especially in developing
countries. And the emergence of multidrug and extensively drug-resistant Mtb
strains limits the utility of current drugs. These issues raise the need for the develop-
ment of novel TB drugs that are more effective, less toxic, and act over shorter treat-
ment periods. Efforts to identify novel antibacterial compounds against Mtb have
progressed slowly with only two new drug classes specifically for TB introduced
since the 1960s. Hence, novel treatment strategies such as host-directed therapies
(HDTs), aimed a modulating/boosting host immunity, have attracted attention as a
means to bolster the TB treatment armamentarium. HDTs also offer the advantage
of potentially reducing TB associated tissue damage. Moreover, HDTs are unlikely
to be compromised by the emergence of drug resistance in the same manner as anti-
microbials are. With several novel immunomodulatory agents becoming available
for neoplastic and autoimmune diseases, it may be possible to repurpose such agents
as HDTs for tuberculosis. HDT approaches that modulate the host immune path-
ways by targeting T-cell checkpoints have resulted in a paradigmatic shift in the
treatment of many malignant diseases.
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In this chapter, we will review the roles of immunosuppressive cells in tubercu-
losis. As is the case with cancer, cells of both lymphoid and myeloid origin, T regu-
latory cells (Tregs) and myeloid-derived suppressor cells (MDSCs) respectively,
have been implicated in generating a permissive environment for Mtb survival and
proliferation [16, 57]. We will discuss both the biology of these immunosuppres-
sive cells as well as the strategies to target them with inhibitors.

Tuberculous Granulomas: Morphology and Heterogeneity

The hallmark lesion of TB pathology is the tuberculous granuloma. Granulomas
are a compact mass of immune cells comprised of lymphocytes, macrophages
(both infected and uninfected), foamy macrophages, epithelioid cells, and
Langerhans cells. Historically, granuloma formation has been considered a pri-
mary host defense mechanism to contain Mtb infection in a localized region.
Histological analyses of autopsy samples from lungs of TB patients demonstrated
higher bacterial burden in areas with caseation necrosis as opposed to the areas of
cellular infiltrates lacking necrosis [151, 181]. Similarly, studies performed in
zebrafish revealed that granulomas with necrosis were associated with uncon-
trolled bacterial proliferation [151, 202]. However, in recent decades, it has
become apparent that the granulomatous lesion represents an incomplete immune
response, since eradication of Mtb is rarely achieved. From this point of view,
rather than a hostile microenvironment for the microbe, the granuloma may be
seen as a bacterial subversion mechanism whereby the bacteria prevent immune
killing and generate a permissive niche for their survival, proliferation, and spread.
It is also clear that Mtb can modulate its growth dynamics within the granuloma.
These changes include entry into a persistent non-replicating state defined by slow
growth and concomitant metabolic changes rendering the bacilli resistant to vari-
ous environmental stresses [151, 222]. Structurally and immunologically, there are
key similarities between the tuberculous granuloma and the tumor microenviron-
ment present during cancer (Fig. 11.1).

Interestingly, different stages of tuberculosis are also characterized by differ-
ences in the cellular composition and architecture of the granuloma: (1) during
active and latent TB, classic granulomas with a central necrotic region comprised of
dead/apoptotic macrophages and other immune cells are present; (2) during active
disease, necrotic neutrophilic granulomas, fibrotic granulomas, and non-necrotic
granulomas composed almost entirely of macrophages with a few lymphocytes are
found, while (3) during latent TB (and occasionally in active disease), granulomas
are largely fibrotic. During active TB, Mtb replicates in the peripheral, oxygenated
regions of hypoxic granulomas. In contrast, during latent TB infection, the central
region of the granuloma is believed to harbor small numbers of Mtb bacilli present
in a persistent state.
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Fig. 11.1 Structure and composition of the tuberculous granuloma and a solid tumor microenvi-
ronment. Both pathological sites share similar features including the abundance of immunosup-
pressive cell populations of MDSCs, Tregs and M2-polarized macrophages which prevent
mounting of an effective Th2 response, despite the presence of the necessary immune components.
The innermost region also experiences severe hypoxia and, at times, undergo necrosis. Intriguingly,
these seemingly hostile environments remain permissive and often serve as a favorable niche for
either Mtb replication or tumor growth. In several cases, granuloma and solid tumors are also
encircled by a lymphatic layer serving as an outermost protective layer

Role of Immune Cells in the Granuloma Formation
and Dissemination

Both host and bacterial factors drive formation of granulomas in the lungs of TB
patients [205, 240]. In the early stages of infection immediately following inhala-
tion, Mtb infects alveolar macrophages and replicate inside them. Uninfected mac-
rophages from the surrounding area are recruited by both host and bacterial factors.
For example, the secreted Mtb protein ESAT-6 induces epithelial cells to secrete
matrix metalloproteinase-9 (MMP-9), which then recruits additional macrophages
into the granuloma [46, 212, 216]. At the site of infection, local macrophages
undergo metabolic reprogramming and differentiate into specialized myeloid cell
types including giant cells, foamy macrophages, and epithelioid macrophages [168,
170]. Some infected macrophages migrate away from the initial site of infection and
enter lymphatics and the vasculature, resulting in a re-seeding of infection to remote
organs and other sites in the lung, and secondary granulomas [46].

Beside macrophages, dendritic cells (DCs) are one of the first immune respond-
ers to arrive at the site of the infection. DCs gain access to bacterial antigens and
serve to trigger acquired cell-mediated immune responses [227]. DCs may also
become infected, and infected DCs have been demonstrated to contribute to granu-
loma reformation by interacting with Mtb-specific T-cells at developing foci [87].
Upon infection, mycobacteria modulate DC behavior by impairing their antigen
presentation capability and their ability to migrate; this serves to delay the onset of
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acquired immunity, which is required to prevent bacterial proliferation [226, 227].
Additionally, polymorphonuclear neutrophils (PMNs) also play important roles in
the formation of early granulomas in a chemokine-mediated process [189]. Through
studies in experimental mouse models, PMNs have been shown to play a role in
T-cell priming [14, 62, 103, 106, 189]. Another myeloid cell population, myeloid-
derived suppressor cells (MDSCs), have been shown to accumulate at the lesion site
and cooperate with the cells residing in granuloma, mediating inflammation and
suppressing various T-cell responses [54].

T- and B-cells arrive at the infection site in the final stages of granuloma forma-
tion and constitute the outermost lymphocytic layer of the granuloma [60, 82, 144,
174, 210]. The arrival of these cells coincides with the cessation of bacterial prolif-
eration and entry of the bacilli into a state of persistence [34, 39, 67, 68, 169, 182,
183]. Numerous T-cell subsets including CD4*, CD8* and CD4/CD8 double-
negative cells are known to assemble during this phase of granuloma formation [43,
148, 184]. In subjects who develop progressive, active TB, a dominant feature
within the core of the lesion is macrophage necrosis, with bacilli being released
extracellularly for subsequent rounds of infection and necrosis. This cycle leads to
the formation of the hypoxic granuloma core abundant in lipids known as the
caseum [109].

Pre-clinical Animal Models for Immunotherapy

For drug discovery, murine models of disease have remained the most convenient
and widely used system. However, it should be noted that most mice strains such as
Balb/c, C57BL/6, and 12952 develop granulomas that are cellular, devoid of necro-
sis, fibrosis, and hypoxia, and do not recapitulate the human pathology. There are a
few mouse strains that develop necrotic TB lung lesions, particularly the C3HeB/
Fel strain. C3HeB/Fel] mice, as well as C57BL/6-sst1S mice, exhibit greater sus-
ceptibility to tuberculosis than their wild type counterparts and develop necrotic,
human-like granulomas [132, 166]. Both C3HeB/FeJ and C57BL/6-sst1S strains
have been used to study granuloma biology and to perform preclinical drug testing.
A transgenic mouse strain overexpressing IL-13 has also been shown to form
necrotic granulomas. The strain was developed by Heitmann et al., and the necrotic
granuloma pathology emphasizes the role of IL-13/IL-4 axis in tuberculosis pro-
gression [91, 112].

Myeloid-Derived Suppressor Cells (MDSCs):
The Double-Edged Swords?

MDSCs represent a subset of immature heterogenous progenitor innate immune
cells which are known to suppress both T-cell and NK-cell functions. MDSCs are
comprised of two major subpopulations; monocytic MDSCs (M-MDSCs) and
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polymorphonuclear MDSCs (PMN-MDSCs). In mice, M-MDSCs are defined as
CDI11b* Ly6G~ Ly6CMe" cells while PMN-MDSCs are CD11b* Ly6G* Ly6C™". In
humans, MDSCs have been classically described as CD11b* CD33* HLA-DR!o"/nee
cells [5, 157]. Further, PMN-MDSCs are classified as CD14~ CD66b* CD15%,
while M-MDSCs as CD14* [38, 66, 71, 236]. A third subset of early murine
MDSCs (e-MDSCs) has been described but they have not been detected in human
samples to date [20].

Despite the above definitions, a comprehensive marker set to discriminate
MDSCs from other granulocytic and monocytic cell populations is yet to be defined
[38, 72]. As a result, the above-listed cell surface markers should be used in con-
junction with functional assays such as T-cell activity/proliferation inhibition assays
to accurately identify MDSCs [20]. In cancer, PMN-MDSCs constitute up to 80%
of the MDSC population in the tumor microenvironment, and both M-MDSCs and
PMN-MDSCs have been shown to induce host-driven T-cell tolerance and to pro-
mote immunosuppression [66, 139]. Similar observations for M-MDSCs and PMN-
MDSCs have also been made in chronic infections [22, 149]. Moreover, M-MDSCs
are also known to differentiate into PMN-MDSCs [143]. However, the two subsets
possess differential immunosuppressive activity, and M-MDSCs have consistently
shown higher immunosuppressive potential than PMN-MDSCs in tumor mod-
els [143].

The Emerging Role of MDSCs in Tuberculosis and Tuberculous
Granuloma

The earliest evidence for the involvement of regulatory myeloid cell populations
resulted from studies of immune responses following Mycobacterium bovis Bacillus
Calmette-Guerin (BCG) infection [136]. These studies showed that BCG infection
induced expansion of myeloid progenitor cells in the bone marrow and that these
cells subsequently migrate to the peritoneal cavity and spleen [9, 10]. Later studies
demonstrated that BCG administration expands both bone marrow-derived and
splenic suppressor cells [105, 110]. Accumulation of such suppressive cell popula-
tions was also observed in mice exposed to Complete Freund’s adjuvant (CFA),
which contains inactivated mycobacteria [221]. These studies also established that
these suppressive cells blocked T-cell proliferation, dampened T-cell activation, and
showed no cytotoxic activity against mycobacteria [105, 110, 221].

Later investigations demonstrated the presence of MDSCs in the blood of both
BCG vaccinated mice [142] and in humans with active TB [56]. Interestingly, the
level of MDSC:s has also been demonstrated to increase in recently exposed house-
hold contacts of TB patients [107]. Also, the levels of MDSCs seem to be higher in
necrotic granuloma-prone murine strains such as NOS2~-, C3HeB/Fel, 129S2
compared to strains which are resistant to necrotic granuloma formation [111, 209].
However, the frequency of MDSCs and MDSC subset populations have still not
been correlated with various disease factors such as bacterial burden, lung radio-
logical involvement, and degree of AFB smear positivity. M-MDSCs have been
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mainly identified in pleural effusions, while PMN-MDSCs have been shown to be
abundant in bronchoalveolar lavage (BAL) of pulmonary TB patients [61]. While it
is not directly known, the relative abundance of MDSC subsets in such biological
compartments may be related to disease stage in humans. Indeed, in murine models
of acute TB infection, MDSCs initially appear in the lung and subsequently spread
to other compartments such as the pleural, bronchi (BAL fluid), and peripheral
blood as the disease progresses [209].

In addition to suppressing T-cell responses, lung residing M-MDSCs serve as a
favorable niche for Mtb replication through IL-4/IL4R dependent mechanisms
[111]. One contributing factor could be insufficient antibacterial activity of
M-MDSCs against Mtb. Secondly, in tumor models, MDSCs present in the tumor
microenvironment have been shown to consume oxygen at a higher rate and utilize
fatty acid oxidation as the primary source of energy [94]. This altered metabolic
state of M-MDSCs may also be driving Mtb growth inside M-MDSCs, as in the case
of alveolar macrophages, since bacilli have been shown to use host cholesterol and
fatty acids [96]. However, no studies have yet established a link between fatty acid
oxidation and Mtb proliferation. Additionally, there is also no clarity on the meta-
bolic state or the subcellular localization of Mtb inside M-MDSCs. Interestingly,
ex vivo derived human M-MDSCs do not support robust Mtb replication as well as
macrophages [2]. Thus, much remains to be learned.

Immunosuppressive Mechanisms Mediated by MDSCs

As shown in Fig. 11.2, in many cancers MDSCs have been shown to exhibit potent
immunosuppressive functions in the tumor microenvironment via multiple mecha-
nisms: (1) blocking of lymphocyte homing; (2) depletion of metabolites important
for T cell function; (3) production of reactive oxygen and nitrogen species; (4)
expression of exoenzymes that regulate adenosine metabolism; and (5) expression
of inhibitory immune checkpoint molecules.

Inhibition of T-Cell Lymphocyte Homing and Tissue Infiltration

Perhaps the most important immunosuppressive characteristic of MDSCs is to
block both antigen-dependent and -independent activation of CD4* and CD8*
T-cells. This blockade is caused either by impairing lymphocyte homing or deplet-
ing the metabolites essential for T-cell function. MDSCs have been shown to
induce down-regulation of several cell adhesion molecules in T-cells that are criti-
cal for cell migration and infiltration of infected tissue sites. For example, splenic
MDSCs downregulate the expression of the cell adhesion molecule L-selectin
(CD62L) on T- and B-cells, reducing the homing and antigen-dependent activation
of CD8* cells in lymph nodes [113, 162]. This downregulation was found to be
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Fig. 11.2 Schematic representation of prominent MDSC-mediated immunosuppressive mecha-
nisms. These include (1) expansion of immunosuppressive cell populations of Tregs and
M2-polarized macrophages; (2) induction of immune checkpoint molecules such as PD-LI,
CTLA-4 and FasL etc.; (3) Regulation of adenosine metabolism by overexpressing ectoenzymes
(CD39 and CD73) and expanding the exhausted effector T cell population; (4) inhibition of T-cell
lymphocyte homing and infiltration into the affected tissues by downregulating the expression of
one or more adhesion molecules; (5) depletion of the metabolites such as arginine and cysteine
crucial for the proliferation of effector T-cells and; (6) generation of reactive oxygen and nitrogen
species killing the effector T-cells. Both M-MDSCs and PMN-MDSCs utilize slightly different
immunosuppressive mechanisms in various cancer models [143]. Several of these mechanisms
also need to be verified in the context of TB infection

inversely correlated with MDSC levels in mice and is likely driven by metallopro-
tease ADAM 17 (TACE), which is expressed on the surface of MDSCs [86]. In
vitro, the M-MDSC subset, which is NO-dependent, has been shown to offset the
activation-induced changes in CD44, CD62L, and CD162 expression by T-cells,
leading to impaired T-cell infiltration of tissues [187].

Inhibition of T-Cell Proliferation by Depleting Essential
Metabolites

MDSCs can also modulate the immune system by creating a depletion of essential
metabolites in the tumor microenvironment by secreting a battery of four different
enzyme categories: (1) nitric oxide synthases (NOS1, NOS2, and NOS3), (2) argi-
nases (ARG-1 and ARG-2), (3) arginine-glycine amidino transferase, and (4)
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L-arginine decarboxylase. In addition, MDSCs have been shown to deplete
L-arginine by increasing CAT-2B transporter mediated uptake, which is accompa-
nied with increased ARG-1 expression in these cells [180]. The scarcity of extracel-
lular L-arginine may inhibit the proliferation of activated T cells and reduce the
expression of the TCR-{ chain critical for the process of antigen recognition and
signal transduction [19]. It should be noted, however, that it was recently reported
that ARG-1 expression is not crucial for MDSC-mediated immunosuppression,
although ARG-1 expression could be induced by activated T cells [13]. In this set-
ting, direct cell-cell contact was necessary for MDSCs to inhibit T cell proliferation
[13]. Since multiple studies verified the contribution of ARG-1 to MDSC function,
further investigations will be critical to understand its precise role in MDSC
function.

T cells are also known to lack cystathionine y-lyase and certain cystine transport-
ers, making cysteine an essential amino acid for their homeostasis [77]. Accordingly,
T-cells depend upon macrophages and dendritic cells, which take up cystine, con-
vert it into cysteine, and secrete it into the extracellular space through alanine—ser-
ine—cysteine (ASC) transporters. Since MDSCs express the SLC7A11 transporter,
they are able to deplete cystine from the tumor microenvironment and thereby
impair T cell functions [198]. Depletion of cysteine also compromises the resistance
of immune cells to reactive oxygen species by limiting the generation of glutathi-
one, an important antioxidant molecule [161].

Generation of Reactive Oxygen and Nitrogen Species

MDSC:s also secrete toxic reactive oxygen species (ROS) such as superoxide anions,
hydroxyl radicals, hydrogen peroxide, and singlet oxygen, which serve to (1) inhibit
or kill local susceptible immune cells including lymphocytes, (2) promote MDSC
expansion and, (3) recruit additional MDSCs probably via VEGF receptors present
on MDSCs [117, 130]. It has been shown that MDSCs isolated from NOX2 knock-
out mice generate lower amounts of ROS and, as a result, were unable to inhibit
IFN-y secretion or proliferation of antigen-specific CD8* T cells [40]. Also, as ROS
production decreases, MDSCs tend to differentiate into F4/80* Gr1~ macrophages
or CD11c* CD11b* dendritic cells [40]. It has also been shown that MDSCs can
partially protect themselves from the adverse effects of ROS by adopting metabolic
changes such as by expressing Nrf2, a transcription factor mediating the cellular
antioxidant responses [11], or by increasing glycolysis, which leads to the cytosolic
accumulation of the anti-oxidative intermediate phosphoenolpyruvate (PEP) [101].
PEP has been shown to not only prevent ROS-induced apoptosis but also to promote
MDSCs accumulation [101]. In a mouse ovarian cancer model, increased expres-
sion of VEGFR-1 and -2 on intra-tumoral MDSCs was linked to their recruitment to
the tumor site in a STAT3 dependent fashion [93, 153, 219, 238].

In addition to ROS, MDSCs have also been shown to generate high levels of
reactive nitrogen species (RNS), primarily nitric oxide (NO), by activating iNOS
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[172]. Elevated NO levels then lead to the upregulation of multiple immunosuppres-
sive markers including IDO, IL-10, ARG-1 in ex-vivo-derived MDSCs [156]. In
combination with low L-arginine levels, iNOS was shown to induce the production
of peroxynitrites (ONOO-), a highly reactive ion that causes T cell apoptosis and
nitration of T cell receptors (TCRs), thereby inhibiting T cell activation. Earlier
studies have also suggested that iNOS-dependent NO production by MDSCs
adversely affects different FcR-mediated functions of NK cells [200]. In both PMN-
MDSCs and neutrophils, high levels of myeloperoxidase (MPO) have been shown
to induce production of free radicals [233]. The level of MPO also increases in the
plasma of renal cell carcinoma patients, and is perhaps produced by PMN-
MDSC [179].

Modulation of Other Immune Cell Populations

MDSCs have been shown to induce the de novo generation of Tregs in vivo via
IFN-y, TGF-f, and IL-10-dependent mechanisms [95, 121]. M-MDSCs derived
from hepatocellular carcinoma patients induced formation of Tregs when co-cul-
tured with matched T cells [239]. In turn, Tregs potentiate MDSC activity by
inducing the expression of ligands related to programmed cell death ligand 1 (PD-
L1, B7-H1), and production of IL-10 [69]. M-MDSCs have also been shown to
facilitate the recruitment of Tregs to the tumor microenvironment by a CCRS5
dependent process [185]. MDSCs were also found to facilitate the reprograming
of macrophages towards an M?2-like phenotype, thereby promoting tumor
growth [12].

Several studies have shown that MDSCs can impair NK cell function by down-
regulating the expression of NK cell-activating receptors (NKp46, NKp44 and
NKG2D), by down-regulating the production of perforin which mediates target cell
apoptosis, or by interfering with their ability to sense and respond to IL-2.

Expression of Ectoenzymes Regulating Adenosine Metabolism

Extracellular ATP functions as a Danger-Associated Molecular Pattern (DAMP)
and promotes both innate and adaptive immune responses. MDSCs are known to
dampen this response by high expression of ectonucleotidases (most prominently
CD39 and CD73) on their cell surface. These ectonucleotidases progressively
dephosphorylate ATP into adenosine and thereby inhibit T cell function [127]. In
ovarian carcinoma patients, the administration of metformin, which downregulates
the expression of CD39 and CD73 in MDSCs, was found to enhance overall sur-
vival rates accompanied by a decrease in total count of MDSCs and improvement in
effector T-cell function [128].
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Expression of Immune Checkpoint Molecules

PD-L1 is a well-known negative regulator of T effector cell function that mediates
immunosuppression [102]. PD-L1 induces anergy and apoptosis by binding to its
cognate receptor PD-1 on the T cell surface. Interestingly, various reports have dem-
onstrated that MDSCs upregulate PD-L1 expression in cancer patients and murine
tumor models [230]. The induction of PD-L1 on MDSCs is likely to be mediated by
soluble factors M-CSF, VEGF, and IFN-y [98].

MDSC Immunosuppressive Mechanisms During TB Infection

As described above, the immunosuppressive mechanisms mediated by MDSCs
have been well studied in cancer biology. However, their roles in TB infection
remain less defined. Myeloid cells induce adaptive immunity, are the first respond-
ers to Mtb aerosol challenge, and play critical roles in the containment of the bacilli.
These first-responder myeloid cells also serve to prevent excess inflammation [57].
In active TB lesions, however, there is a pathologic progression of local inflamma-
tion, which is associated with MDSC accumulation [162]. To date, studies on the
roles of MDSCs in TB pathogenesis have mostly focused on MDSCs involvement
in T-cell suppression [57].

As described above, it is known that MDSCs interact extensively, both through
direct cell/cell interactions, and indirectly through other immune cell populations
such as macrophages, dendritic cells, and regulatory B- and T-cells [124, 167, 220].
This network of interactions remains poorly characterized in TB. Despite the recent
observation that MDSCs are correlated with reduced T-cell function in TB patients,
there is still no clarity on the mechanism by which MDSCs impair lymphocyte
function during TB. The effects perhaps could be mediated either by inhibition of
cytokine production, impaired T-cell activation, reduced T-cell mobility and traf-
ficking, or dampened T-cell priming leading to suppressed polyclonal T-cell prolif-
eration [58, 142]. In the case of BCG vaccinated mice, iNOS is known to mediate
suppression of lymphocytes, with the concomitant in situ co-expression of ARG1
and iNOS in lung lesions [111]. Furthermore, in experimental TB studies, MDSC
function has been shown to be regulated by several cell surface molecules. For
instance, direct cell-to-cell contact between tmTNF-a expressing MDSCs and
TNFR2-expressing CD4 T-cells has been shown to regulate MDSC activity in mice
with mycobacterial pleurisy [27]. Also, TB infection has been shown to up-regulate
PD-L1 on human MDSCs in vitro [2] and restrict T-cell proliferation [37, 237]. This
expression may contribute to the profound immunosuppression observed in end-
stage TB patients.

Additionally, the role of various enzymes/factors crucial to MDSC functions has
not been established in the context of TB. Prominent examples are NADPH-oxidase-
mediated ROS production [20], Cox-2-mediated production of prostaglandins
[140], and the upregulation of autophagy molecules in MDSCs [3]. The impact of
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MDSCs on other immunosuppressive cell populations such as Tregs, Bregs, and NK
cells also remains unknown. It will be important to understand the interaction
between MDSCs and macrophages, which are preferred intracellular niche of Mtb
bacilli in the host.

MDSCs have been shown to be critical for granuloma stability by either modu-
lating or producing cytokines such as IFN-y, TNF-a, IL-10, and IL-6. In murine
models of TB infection, MDSCs have also been shown to harbor the bacilli (prefer-
entially M-MDSCs) and promote tissue damage. Targeting of MDSCs, either alone
or in conjunction with standard TB chemotherapy, reduces bacillary load and
improves prognosis [83, 111, 142, 209]. Moreover, in a non-human macaque pri-
mate model, a population of macrophages co-expressing nitric oxide synthase and
arginase-1 were detected specifically in necrotic granulomas [144]. However, in TB
patients, the interaction(s) of human MDSCs with Mtb and their impact upon granu-
loma formation and pathology remains in need of further study.

It is known that T-cells secrete the protective cytokines, IFN-y and TNF-a, which
are critical to the maintenance of granuloma structure, which may serve to contain
bacterial replication and prevent reactivation of latent TB [2]. Along these lines,
MDSCs have been proposed to play a role in TB reactivation by blocking the pro-
duction of protective cytokines by T cells and exacerbating immunosuppression in
the tuberculous granuloma.

In cancer biology, the role of PDL-1/PD-1 axis and its blockade has been shown
to restore T-cell activation and the down-regulate IL-6 and IL-10 [154]. However, to
date PD-L1-mediated suppression of effector T-cell function by MDSCs has not
been demonstrated [120, 234]. In TB, Agarwal et al. have shown upregulation of
PD-L1 on Mtb-infected MDSCs as well as an increased frequency of PD-L1 posi-
tive cells in “in vitro granuloma like structures (IVGLSs)” [2]. However, PD-L1
neutralization using anti-PD-L1 antibody did not restrict mycobacterial growth
although it promoted infiltration of CD3* cells. Studies in humans receiving antimi-
crobial therapy for TB have revealed that, while PD-L1 levels are elevated at the
time of initial diagnosis, there is down-regulation of PD-1, PD-LI1, and PD-L2
expression during treatment [89]. Studies in murine models and active TB patients
indicate that PD-1 inhibitors inhibit the immunosuppressive activity of MDSCs pri-
marily by interfering with PD-1/PD-L2 cross-talk [2, 208]. A few studies, however,
have demonstrated granuloma formation and development of tuberculosis in cancer
patients that were treated with checkpoint blockade therapy [7, 70, 175]. The latter
observation, if confirmed, would question the efficacy of checkpoint blockade as
host-directed immunotherapy for tuberculosis.

Therapeutic Targeting of MDSCs in TB

Over the last decade, MDSCs have emerged as a novel and promising therapeutic
target for adjunctive host-directed therapies (HDT) for TB. The major focus of this
approach has been to alleviate the immunosuppression conferred by MDSCs on
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T-cells by employing strategies that either inhibit MDSC induction/activation or
block MDSC functions. MDSC-targeting strategies have shown promise in cancer
both in preclinical and clinical studies and may be valuable HDT treatment options
for TB [55]. These strategies may be broadly classified as approaches to (1) inhibit
MDSC expansion and recruitment, (2) block MDSC function, and (3) promote dif-
ferentiation of MDSCs into other non-immunosuppressive cells.

Inhibition of MDSC Expansion and Recruitment

Several cytokines, such as vascular endothelial growth factor (VEGF), TNF-a, and
IL-6, have been shown to be critical for the expansion of MDSCs. Approaches tar-
geting these cytokines have shown encouraging results in animal models of TB and
in patients with severe cases of pulmonary TB [44, 159]. In Mtb-infected mice,
administration of anti-TNF-o antibodies led to higher bacterial burden in liver,
spleen, and lungs, and decreased survival. Interestingly, anti-TNF-a treatment also
results in the occurrence of immature granulomas in the same organs. Since TNF-o
is required for granuloma formation, anti-TNF-a antibody treatment most likely
destabilized tuberculous granulomas and their ability to contain bacterial prolifera-
tion, thereby leading to bacterial expansion. Treatment with the anti-VEGF mono-
clonal antibody bevacizumab has been shown to induce vascularization of
granulomas and to alleviate hypoxia in a rabbit model of TB [44]. Also, granuloma
re-vascularization may help improve the delivery of the chemotherapeutic drug to
the lesion and thereby improve the efficacy of the available treatment regimen. Both
TNF-a and anti-VEGF therapies has been shown to reduce MDSC frequencies in
cancer models [178, 217].

Transcription factors such as STAT3 and STAT3-induced S100A9 proteins have
been also found to be critical for MDSC expansion and development [30, 196, 203].
Drugs targeting the kinases responsible for STAT3 phosphorylation have shown
promise in murine cancer models and patients [28, 55]. Studies from our laboratory
showed that the FDA-approved JAK-STAT inhibitor tofacitinib reduced the time to
organ sterilization when added to standard anti-TB drug therapy in a mouse model
of TB [137]. Along similar lines, the FDA-approved drug gefitinib, which inhibits
the tyrosine kinase activity of the EGFR, exhibited both in vitro and in vivo efficacy
against Mtb infection [197, 199]. Another drug, imatinib, which inhibits the tyro-
sine kinase activity of the Abelson proto-oncogene protein ABL1 as well as that of
the platelet-derived growth factor receptor, has also shown efficacy against TB in
murine models [57, 150]. However, the role of MDSCs was not specifically investi-
gated. Cytotoxic agents, such as 5-fluorouracil and gemcitabine, which are known
to deplete MDSCs in cancer models and also may have direct antibacterial activity
against Mtb, may offer a potential dual role as mixed antibacterial and host-directed
therapies [119, 195, 215]. However, their significant bone marrow suppressive
activity may limit their utility.

The serum DAMP molecules of SI00A8 and S100A9, which are produced by
myeloid cells, are heavily expressed in tuberculous granulomas and are thought to
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play a role in MDSC trafficking to the granuloma. Their expression has also been
associated with disease severity, neutrophilic inflammation, and lung pathology in
animal TB models [80, 103]. Tasquinimod, a drug that binds S100A9 and appears
to block it from engaging cell surface receptors, has been used to block MDSC traf-
ficking [193]. In a murine model, administration of tasquinimod resulted in signifi-
cant decline in MDSCs population in lung and spleen after 21 days of the treatment,
along with significant reduction in the bacillary burden [84]. This suggests that
agents that reduce MDSC trafficking may have beneficial HDT activity in TB.

Blockade of MDSC Function

Treatment of phagocytes with the Arginase-1 inhibitor N°-hydroxy-L-arginine (nor-
NOHA) resulted in decreased bacterial burden and lowered IL-10 production
by mycobacteria-challenged macrophages in vitro [48]. Similarly, phosphodiester-
ase-5 inhibitors (PDE-5-1), such as sildenafil and tadalafil, were shown to decrease
MDSC:s functionality by reducing iNOS and Argl expression, thereby compromis-
ing tumor growth [155, 190]. In TB, treatment with phosphodiesterase inhibitors
(PDE-i), including FDA-approved agents, resulted in reduced bacterial load,
improved lung pathology, and decreased disease severity in mouse models [138,
201]. Cyclooxygenase-2 (COX2)-inhibitors also have shown promising results in
improving Thl immune responses to Mtb infection [92]. Treatment of blood sam-
ples from TB patients with indomethacin, a COX2 inhibitor, reduced Mtb-specific
Treg frequencies, T-cell proliferation and cytokine production; however, this study
did not investigate the effect on MDSCs [207]. An ongoing trial with another COX?2
inhibitor, etoricoxib, is currently being evaluated for its impact upon the myeloid
cell populations during human TB [59]. In macaques, administration of the small
molecule inhibitor 1-methyltryptophan, which blocks indoleamine 2,3-dioxygenase
(IDO), a host enzyme known to activate MDSC and Treg function, decreased TB
disease severity, reduced bacterial burden, and improved pathological symptoms,
presumably by perturbing granuloma organization [74]. Related experiments in
IDO deficient mice, however, did not reveal an effect during Mtb infection [15].
Neither IDO study reported specific analyses of the effect on MDSC function,
therefore further studies are needed.

Promoting Differentiation of MDSCs into Other
Non-immunosuppressive Cells

In cancer models, all trans-retinoic acid (ATRA), a naturally occurring isomer of
retinoic acid (a vitamin A metabolite), works as a differentiation factor, since it
promotes conversion of MDSCs into mature dendritic cells, macrophages, and gran-
ulocytes both in vitro and in vivo [116]. It also downregulates the expression of
immunosuppressive genes including PD-L1, IL-10, and IDO in MDSCs [206]. In
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TB, ATRA and other retinoic acids exhibited antibacterial activity in Mtb infected
phagocytes in vitro [41, 224]. In a murine TB model, ATRA treatment led to reduced
MDSC frequencies, improved T-cell population, reduced bacillary burden, and
improved pathology [111]. ATRA has also been shown to augment autophagy of
Mitb bacilli in alveolar macrophages of both murine and human origin [35].

Regulatory T Cells (Tregs): Friend or Foe?

Regulatory T-cells (Tregs) are an immunosuppressive subset of T cells that are
often classified as CD4* CD25* FoxP3" cells. These cells can be divided into two
subsets: (1) natural Tregs (nTregs), which develop in the thymus as a result of
interactions with self-antigens, and (2) induced or adaptive Tregs (iTregs/aTregs),
which accumulate in the peripheral blood and other organs upon chronic exposure
to antigens [147]. Abbas et al. has recently recommended to rename nTregs as
‘Thymus-derived Tregs (tTregs)’ and iTregs/aTregs as ‘Peripherally-derived Treg
(pTreg)’ based on the anatomical location of their development [1]. tTreg genera-
tion strongly depends on TCR and CD28 signals and cytokines such as IL-2, IL-15,
and TGFp, which increase FoxP3 expression [186]. In contrast, pTreg generation
is stimulated in an anti-inflammatory milieu and is a dendritic cell-dependent pro-
cess [51, 214]. Both Treg subsets share many suppressive mechanisms and cell
surface molecules, such as CTLA-4, LAG, and NRP1, which mediate both contact-
dependent inhibition and secretion of soluble cytokines such as IL-10 and TGF-f
[32]. Tregs have also been classified based on the cytokine production. For exam-
ple, the T3 subset produces TGFp, the Trl subset produces IL-10, and the Tr35
subset produces IL-35. These subsets elicit their suppressive functions in a contact-
independent fashion [6]. Tregs were initially identified as cell populations that pre-
vented autoimmune diseases [223, 232]. Further, the significance of Tregs to
human diseases was clearly established by the discovery that individuals who carry
mutations in their FoxP3 locus and have non-functional Tregs develop a fatal sys-
temic autoimmunity, also known as immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked syndrome (IPEX), which can only be managed by trans-
plantation of bone marrow [218].

The Emerging Role of Tregs in Tuberculosis and Tuberculosis
Granuloma

The role of Tregs in TB and their effect on disease outcome is still incompletely
understood. Several reports describe the expansion of Tregs in the blood, lungs, and
other tissues of patients with active TB, and have associated their accumulation with
arole in T cell immunosuppression and disease progression [85, 90]. Several other
studies, however, found no increase of Tregs in TB patients [31, 152]. It has been
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proposed that increased Tregs may provide an anti-inflammatory counterbalance
response during TB to limit pro-inflammatory tissue destruction [52]. This down
modulation may be beneficial to the host during acute infections, but in chronic
infections, particularly when the pathogen is not rapidly destroyed, may adversely
affect the host [115]. An additional consideration is that mounting an effective Thl
cellular response during TB is critical to the eradication of the bacilli. However,
certain regulatory mechanisms, including Treg functions, may down modulate Th1
response to prevent exacerbation of disease pathology at the expense of compro-
mised pathogen clearance [52, 118].

Moreover, it remains unclear whether Treg expansion in TB causes or is caused
by disease progression. During Mtb infection, the expansion of Tregs is believed to
be induced by IL-10 and TGF-p, which are known to be abundantly secreted in
active TB patients [52]. Ribeiro-Rodrigues et al. reported that Treg frequencies
increased in PBMCs of active TB patients and did not decrease even after 6 months
of standard antibiotic therapy. Thus, it has been proposed that Treg persistence fol-
lowing treatment may contribute to sustained suppression of IFN-y production
[177]. Another study in pulmonary TB patients by Chen et al. found a positive cor-
relation between the decreased levels of Treg and improved prognosis in patients
after 2 years of chemotherapy [29].

Major Immunosuppressive Mechanisms Mediated by Tregs

An understanding of the mechanism of Treg function is critical not only to under-
standing peripheral tolerance but also to identify putative therapeutic targets. In
cancer, immunosuppressive mechanisms of Tregs can be classified into four broad
categories: (1) secretion of immunomodulatory cytokines such as TGFf, IL-10, and
IL-35; (2) granzyme- and perforin-mediated cytolysis of effector T cells; (3) meta-
bolic disruption by inhibiting either IL-2R-dependent proliferative responses or
cAMP-mediated and A2 adenosine receptor-mediated metabolic responses; and (4)
affecting the function and maturation of dendritic cells (Fig. 11.3).

Secretion of Immunomodulatory Cytokines

Tregs secrete multiple immunomodulatory cytokines, such as IL-10, TGFp, and
IL-35, which affect various immune cells expressing the receptors for these cyto-
kines and polarize immune responses [6].

IL-10 is a central immunomodulatory cytokine that can act by both paracrine
and autocrine signaling [125, 146]. IL-10 is known to down-regulate Th1 responses
and IFN-y production by inhibiting the production of inflammatory cytokines such
as IL-12 [131]. IL-10 also prevents tyrosine phosphorylation of the co-stimulatory
molecule CD28 and adversely impacts the interaction of effector T-cells with
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Fig. 11.3 Schematic representation of major Treg-mediated immunosuppressive mechanisms.
These include (1) secretion of inhibitory cytokines such as IL-10, IL-35 and TGF-f blunting anti-
TB responses mediated by effector T-cells and dendritic cells; (2) induction of immune checkpoint
molecules such as PD-L1, CTLA-4 and FasL etc.; (3) Regulation of adenosine metabolism expand-
ing the exhausted effector T cell population; (4) direct cytotoxic killing of effector T-cells via
granzyme and perforin mediated pathways; (5) depletion of IL-2 by upregulating IL-2R. Deprived
of IL-2, T-cells cannot proliferate and eventually undergo apoptosis; (6) inhibition of both den-
dritic cell maturation and its function via both contact-dependent and -independent mechanisms.
Immunosuppressive mechanisms in cancer models needs to be verified in the context of TB
infection

antigen-presenting cells [165, 204]. IL-10 also induces SOCS3 expression in
monocytes thereby inhibiting the NF-kB-induced factor MyD88 and the produc-
tion of IL-1p, IL-6, and TNF-a [26, 204].

TGF-p has been shown to act by several mechanisms including (i) suppression of
effector T cell differentiation; (ii) promotion of the differentiation of naive T cells
into Tregs or Th17 cells; (iii) inhibition of T and B cell proliferation; (iv) inhibition
of macrophage, dendritic cell, and NK cell activities; (v) regulation of dendritic cell
maturation and differentiation; (vi) inhibition of IL-2 production; and (vii) modula-
tion of cell proliferation by regulating the expression of cell cycle-regulating factors
such as cyclin-dependent kinases (CDKs such as p15, p21, and p27) and cell cycle
promoters (such as cMYC, cyclin D2, CDK2, and cyclin E) [134].

IL-35, a heterodimeric cytokine, acts via several mechanisms including (i) sup-
pressing T helper cell proliferation; (ii) promoting the differentiation of naive T
cells into Tregs subset secreting IL-35 (iTr35), and (iii) inducing the conversion of
B lymphocytes into B regulatory cells [36, 218].
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Granzyme- and Perforin-Mediated Cytolysis of Effector T Cells

Tregs produce granzyme B, a serine protease that induces apoptosis in effector T
cells [23, 32,78, 79]. Tregs secrete granules containing granzymes and perforins via
directed exocytosis to the extracellular milieu. Once released, perforin molecules
insert into the target cell membrane and create a pore through which granzymes
enter the cell. Granzyme can also be endocytosed in a mannose-6-phosphate
receptor-mediated process and released from the endosome into the cytosol in a
perforin-dependent manner [63, 129]. Additionally, granzyme recruitment is also
induced by the membrane damage caused by perforins. Within the affected cell,
granzyme B induces apoptosis by caspase-dependent and independent processes
[100, 126, 135]. Granzyme B has also been shown to suppress CD4* CD25* effector
cells in a perforin-independent manner [23, 79]. By cytolysis, Tregs effectively
decrease the population of pro-inflammatory immune cells thus skewing immunity
in an anti-inflammatory direction [6].

Metabolic Disruption

Tregs control the activity and proliferation of T effector cells and other immune
cells both non-specifically by consuming IL-2 and specifically, by cAMP release
and/or 2A adenosine receptor-mediated signaling pathways. Each of these three
pathways serves to modulate effector T cell responses.

IL-2 is the main cytokine secreted by T-cells upon antigenic stimulation and is
essential for T-cell proliferation [8]. By constitutively over-expressing high-affinity
IL-2 receptors, Tregs deplete IL-2 from the intracellular milieu. This competition
for IL-2 deprives T effector cells and interrupts their ability to proliferate [21].

cAMP is a second messenger that also regulates the functions of T effector and
antigen presenting cells. Tregs accumulate high cAMP levels in the cytoplasm by
activating several adenylyl cyclases such as AC7 and AC9 [4, 225]. Tregs are then
able to transfer cAMP to the target cells via gap junctions. This results in the acti-
vation of protein kinase A (PKA), which functions in multiple signaling pathways
to: (1) prevent proximal activation of T-cell receptor by inactivating lymphocyte
specific protein tyrosine kinase (Lck); (2) inactivate NF-xB, which induces the
transcription of proinflammatory cytokines (TNF-a, IL-6, IL-8, VEGF, IL-1b)
and metalloproteases (for example, MMP-1, —2, —3 and —13) and; (3) regulate
the activation of Rap-1 GTPase to inhibit T cell proliferation and differentiation
[33, 50, 213].

Tregs also overexpress the surface-bound ectoenzymes CD39 and CD73, which
promote the conversion of ATP to adenosine. Adenosine then interacts with adenos-
ine receptors on the membranes of T-cells, B-cells, NK-cells, macrophages, den-
dritic cells, and granulocytes [158]. This interaction activates a signaling cascade
regulating the transcription of several inflammatory genes resulting in suppression
of pro-inflammatory cytokines (such as TNF-a) and promotion of anti-inflammatory



186 S. Parveen et al.

cytokines (such as IL-10) [49, 64, 88, 145]. Adenosine can also act as autocrine fac-
tor and modulate the anti-inflammatory response of Tregs. Adenosine can also com-
promise the ability of dendritic cells to express co-stimulatory molecules and inhibit
the activation of effector cells [88, 158].

Adverse Effect upon the Function and Maturation of Dendritic
Cells

Dendritic cells (DCs) govern many aspects of the immune response through anti-
gen presentation and activation of resting helper T cells. Upon interaction with
Tregs, DCs adopt a tolerogenic behavior inducing Treg cell expansion thereby
favoring an immunosuppressive microenvironment. Furthermore, Tregs compete
with T effector cells for ligands, such as CTLA-4 and LAG3, on the surface of
DCs [6, 122]. The Treg-DC interaction via CTLA-4 results in IFN-y production,
which in turn induces indoleamine 2,3-dioxygenase (IDO). IDO, which metabo-
lizes tryptophan, creates a local deficit of this amino acid thereby arresting growth
of effector cells. IDO-mediated tryptophan degradation also produces multiple
immunomodulatory metabolites, such a 3-hydroxyanthranillic acid, quinolinic
acid, kynurenine and 3-hydroxykynurenine. These metabolites induce apoptosis in
T effector cells either by direct activation of caspases or by inducing oxidative
stress and depleting glutathione, the main antioxidant in animal cells [18, 81,
97, 229].

Treg-Mediated Immunosuppressive Mechanisms During TB
Infection

In murine TB models, Mtb infection induces pathogen-specific Tregs that delay
CD4* and CD8* lymphocytes priming in pulmonary lymph nodes, and adversely
affect their recruitment into the lung [191]. Tregs also prevent pathogen clearance
in lung tissue and granulomas [115, 188]. Mtb-induced Tregs also delay the onset
of adaptive immunity, facilitating Mtb proliferation as the infection establishes in
the lung [39, 163, 191]. The depletion of Tregs and other CD25* cells, soon after
infection, reduces the bacterial burden and granuloma formation [164]. TB pro-
gression also positively correlates with the accumulation of CD8* Tregs producing
IL-10 in granulomas [42]. CD4* Foxp3* and CD4* CTLA-4* Tregs also increase
in patients with consistently positive IGRA tests compared to the consistently
negative TB case contacts, suggesting Tregs expansion during latent TB infection
[73]. Accordingly, circulating Treg levels may serve as an indicator of therapeutic
response in different states of TB disease. For example, Treg frequencies decline
in pulmonary TB patients treated with chemotherapy [90, 99, 194] while their
levels tend to increase during extra-pulmonary TB treatment [65, 90]. Interestingly,
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Treg levels did not change in TB patients who developed MDR-TB during the
course of the therapy [194].

The involvement of Tregs in extrapulmonary TB and extrapulmonary dissemina-
tion has also been reported [47]. For example, pleural TB patients showed enrich-
ment of Tregs in pleural fluid relative to peripheral blood [75, 228]. Pleural Tregs
suppressed production of IFN-y by lymphocytes [75]. Pleural CD39* Treg (i.e.,
activated Tregs) blocked the generation of Th17 cells in a TGF-p-dependent fashion
[231]. Additionally, Yuan et al. demonstrated that adhesion molecule present on the
surface of pleural mesothelial cells, promoted non-antigen-specific expansion of
Tregs, inhibited leukocytes homing, and dampened anti-Mtb T-cell responses [235].
These adhesion molecules include intercellular adhesion molecule-1(ICAM-1) and
vascular cell adhesion molecule-1(VCAM-1).

In juvenile patients presenting with TB lymphadenitis, Treg accumulation, as
well as high levels of TGF-p and IL-13, but not IFN-y, TNF-a, or IL-17, has been
reported [173]. Similarly, military TB patients exhibit enrichment of both Treg
and IL-10 in peripheral blood, pleural fluid, and bronchoalveolar lavage [192].
Increased levels of IL-10 and TGF-f mediate Treg expansion during Mtb infec-
tion in active TB patients [17, 29, 53, 176]. Some studies have reported a prefer-
ential suppressive capacity of Tregs against IFN-y* cells compared to IL-17* cells,
which may cause accumulation of IL-17* cells at the site of infection and promote
Mtb dissemination [108, 141, 211]. Other studies showed an abundance of Tregs
after 2 months of TB treatment, contradicting a role for Tregs in down-regulating
inflammation. However, the abundance of Tregs declined as the treatment pro-
gressed [52]. Moreover, MDR- and XDR-TB patients exhibit an altered immuno-
phenotype with abundant Tregs both in the circulation and in pulmonary lesions,
compared to patients with drug-susceptible TB or latent TB infection [45, 76].
Tregs isolated from these patients could suppress T-lymphocyte proliferation,
impair their function, and reduce bacillary containment in macrophages through a
cell-to-cell contact independent mechanism [45, 76]. Geffner et al. also showed
that Tregs isolated from the blood of MDR-TB patients suppress anti-Mtb-
immune responses by inducing IL-10 production, inhibiting IFN-y secretion and
CTL degranulation [76].

Therapeutic Targeting of Tregs in Tuberculosis

Historically, Tregs have been an attractive therapeutic target due to their crucial
role in TB pathogenesis and progression [24]. Multiple research groups observed
therapeutic benefits upon Tregs depletion in murine TB models. Ozeki et al. showed
that depletion of CD25* cells with an anti-CD25 monoclonal antibody before Mtb
aerosol infection in a DBA/2 mouse model reduced bacillary burden in lungs and
spleen as well as improved histopathology in the lungs [164]. However, the effect
was only sustained for 2 weeks post-infection. Depletion of CD25* cells during the
chronic phase of infection showed no significant improvement in outcomes. In
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another study using a bone marrow chimera system in which all FoxP3* cells
expressed Thyl.1, FoxP3* cells could be depleted using an anti-Thy1.1 antibody.
Despite an approximately 1 log reduction in bacillary load of lungs, there was no
significant change in the numbers of pathogen-specific effector T cells in this study.
The result could potentially be caused by the reduced abundance of Mtb antigens
[188]. Another study by Quinn et al. used an anti-CD25 antibody to deplete the
Tregs in vivo 3 days before aerosol infection with BCG or Mtb. This study also
observed significantly decreased CD25 expression on CD4" T-cells in the periph-
eral blood, spleen, and lungs, with a concomitant increase in IFN-y* and IL-2*
cells. However, the authors did not detect significant differences in the lung bacte-
rial burden or histopathology. Together, the data implied that, depletion of natural
Tregs causes only small changes in cytokine production and does not adversely
affect the course of Mtb or BCG infection [171].

In a more recent study by Gupta et al., a diphtheria toxin-related IL-2 fusion
protein known as denileukin diftitox (Ontak®) was used to deplete Tregs in mice
challenged with Mtb [83, 114]. Monotherapy with denileukin diftitox reduced the
frequency of both Tregs and MDSCs in lungs and spleen and caused a substantial
reduction of Mtb CFU counts at 3 weeks post-therapy, compared with untreated
controls. In the same study, the addition of denileukin diftotox to standard anti-TB
chemotherapy resulted in the reduction of bacterial CFU counts compared with
standard anti-TB therapy alone [83, 114].

In contrast to these studies, several Treg depletion studies in vivo have also
shown contradictory results and emphasized host-protective functions of Tregs. For
example, a study with two closely related mouse strains, C3HeB/FeJ and C3H/HeN,
which share similar haplotypes but display different susceptibility to Mtb infection,
showed that the more resistant strain, CeH/HeN, displayed higher numbers of Tregs
upon mycobacterial challenge [25]. Moreover, depletion of CD25" cells with an
anti-CD25 antibody in the more resistant C3H/HeN strain resulted in more severe
lung pathology [123]. Another study compared a hyper-susceptible mouse strain, I/
StSnEgYCit, with a relatively resistant strain, C57BL/6Jcit, and found that the sus-
ceptible strain had lower Treg levels in mediastinal lymph nodes. In contrast, Tregs
levels increased in the resistant C57BL/6Jcit strain, implying that Tregs may have
host protective roles [104]. Yet another study by Leepiyasakulchai et al. showed
higher numbers of Tregs in the lungs of resistant mouse strains such as C57BL/6
and BALB/c relative to the susceptible strain DBA/2 following Mtb infection [123].
Interestingly, the hypervirulent Mtb strain HN878 induces elevated CD4* CD25*
FoxP3+* CD223* IL-10* Tregs populations, which appear to suppress Thl
responses [160].

The therapeutic approach of Treg depletion has also been tested in combination
with BCG vaccination. When C57BL/6 mice were treated with a murine IL-28B
expressing adenoviral vector with BCG and a subunit vaccine booster, no additive
protective effects were seen, although Tregs were downregulated [133]. Besides,
anti-CD25 monoclonal antibody administration did not improve BCG effective-
ness [171]. Thus, Treg depletion does not appear to augment BCG vaccine
effectiveness.
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The discrepancy among the studies showing contradictory results may poten-
tially be explained by: (1) inadequate Treg depletion methods; (2) plasticity of Tregs
depending upon the disease site and stage and; (3) differences in the markers used
to identify the population.

Conclusions and Future Perspectives

During the course of Mtb infection, the complex interplay of Mtb bacilli and host
immune system aids in suppressing anti-TB immune responses and facilitates Mtb
proliferation and dissemination in the host. Targeting major immunosuppressive
cell populations such as MDSCs and Tregs may boost the host immune system to
mount an effective anti-TB response that counteracts the Mtb persistence mecha-
nisms. This approach might lead to the clearance of bacilli from the affected tis-
sues without causing excessive tissue damage, as seen in the case of
chemotherapeutic approaches. However, our current knowledge of Mtb mediated
immunomodulatory mechanisms and the roles played by MDSCs/Tregs is limited.
Future studies are needed to understand these mechanisms at the cellular and
molecular levels, and may lead to the development of effective host-directed ther-
apies for the treatment of TB either as stand-alone agents or in combination with
current antimicrobial regimens.
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