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Epigenetics involves changing the gene function without any change in the
sequence of the genes. In the case of tuberculosis (TB) infections, the
bacilli, Mycobacterium tuberculosis (M.tb), uses epigenetics as a tool to pro-
tect itself from the host immune system. TB is a deadly disease-causing
maximum death per year due to a single infectious agent. In the case of
TB, there is an urgent need for novel host-directed therapies which can
effectively target the survival and long-term persistence of the bacteria
without developing drug resistance in the bacterial strains while also reduc-
ing the duration and toxicity associated with the mainstream anti-TB
drugs. Recent studies have suggested that TB infection has a significant
effect on the host epigenome thereby manipulating the host immune
response in the favor of the pathogen. M.th alters the activation status of
key genes involved in the immune response against TB to promote its sur-
vival and subvert the antibacterial strategies of the host. These changes are
reversible and can be exploited to design very efficient host-directed thera-
pies to fight against TB. This review has been written with the purpose of
discussing the role of epigenetic changes in TB pathogenesis and the thera-
peutic approaches involving epigenetics, which can be utilized for targeting
the pathogen.

Introduction

Tuberculosis

caused by the obligate
pathogen, M.th, leads to approximately 1.3 million

if it gets activated. Despite almost a century of
research,  Bacillus—Calmette-Guerin  (BCG)  still

intracellular

deaths each year [1]. One-fourth of the global popula-
tion is latently infected with M.th. However, only 5-
10% of infected people develop active TB during their
lifetime [1]. The latently infected population poses a
major threat globally, as it may turn into a pandemic

Abbreviations

remains the only licensed vaccine against TB [2]. BCG
vaccine is efficacious against disseminated forms of TB
in children, but is unsuccessful in protecting against
adult pulmonary TB. Although many new vaccines are
in clinical trial, none has been approved till date [2].

APC, antigen-presenting cell; BCG, Bacillus—Calmette—Guerin; CIITA, class Il transactivator gene; DC, dendritic cells; DOTS, directly
observed treatment short-course; HAT, histone acetyltransferase; HDAC, histone deacetylase; IFN-y, interferon-y; M.tb, Mycobacterium
tuberculosis; MMP, matrix metalloproteinases; PRMT, protein arginine N-methyltransferases; ROS, reactive oxygen species; SAM,
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resistance-associated gene.
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Current anti-TB therapy, directly observed treatment
short-course (DOTS) consists of multiple antibiotics, is
lengthy, and causes severe lung toxicity [3] leading to
noncompliance among the patients and therefore to
the emergence of drug resistance in M.tb strains.

Recently, there has been a major advance in
research on host-directed therapies against various dis-
eases including TB. Host-directed therapies work on
the host system and work in complementarity to
pathogen-targeted therapeutic approaches [4]. During
the 70 000 years co-evolution of M.rb with humans,
M.th has evolved various mechanisms to survive
within the host system [5]. Understanding these mecha-
nisms can result in the development of new therapeutic
approaches to eradicate this deadly organism.

Recent studies have reported the interaction between
M.th infection and changes in host epigenetic machin-
ery; however, the molecular basis of the mechanism is
yet to be fully explored [6]. Epigenetic changes, for
example, histone modifications, DNA methylation,
and miRNA-mediated up/downregulation of immune
genes, play an important role in immunomodulation
of the host at the post-TB infective phase. Notably,
M.th secretes virulence products that regulate the host
cellular transcriptional machinery and induces a cas-
cade of reactions that help in further pathogenesis and
establishment of infection [6,7].

The area of epigenetics is new and needs intense
high-throughput research in order to identify potential
therapeutic targets which can be used as host-directed
therapy against TB. Host-directed therapies can suc-
cessfully ameliorate host responses to pathogens,
attack virulence factors of the pathogens, and poten-
tially initiate both innate and adaptive immune
responses and develop long-living immunological
memory response without the risk of development of
drug resistance [8]. Therefore, in this paper we review
all the host epigenetic changes reported in case of TB
infection and their role which can be exploited for
therapeutic advantage.

Pathogenesis of TB and role of
immunity

Tuberculosis infection cycle starts with the inhalation
of M.th containing aerosol droplets in the alveoli of
the lungs. Lung alveolar macrophages are the primary
cells to encounter M.tb bacteria and hence provide the
first line of defense against the invading pathogen.
Alveolar macrophages are the preferred habitat of the
M.th bacteria in the human system [9]. After infection,
M.th-infected alveolar macrophages invade the under-
lying lung epithelium and secrete myriad cytokines and

Host epigenome during tuberculosis

chemokines to allow other immune cells to invade the
lung through nearby blood vessels such as dendritic
cells (DCs), monocytes, and neutrophils [10]. Together,
these cells form a compact structure in the lungs
known as the granuloma. Formation of the granuloma
containing fused macrophages, DCs, and various other
cell types is an attempt of the host immune system to
restrict the disease, followed by its eventual elimina-
tion. Granuloma formation is the hallmark of pul-
monary TB infection [9]. In case of M.zb infection, the
initial immune response in the lung plays a crucial role
in the outcome of the infection. During maximum
number of cases, the initial innate immune defense is
sufficient to clear the infection. These individuals do
not rely on the adaptive immune system to get rid of
the disease. However, in cases of active TB disease, the
natural resistance of the individual fails and this leads
to active disease and therefore those affected need the
anti-TB therapy and other immunogenic/immunomod-
ulatory agents which help in clearing the bacteria [9].
The infected lung macrophages move through the lym-
phatic system to other organs such as lymph nodes,
kidneys, and other extra-pulmonary tissues [10]. The
alveolar macrophages often destroy the bacteria after
ingesting it through autophagy, nitric oxide species,
and reactive oxygen species (ROS) mediated killing
mechanisms [11]. M.th-primed macrophages and DCs
secrete copious amounts of proinflammatory cytokines
such as interferon-y (IFN-y) and tumor necrosis
factor-o. (TNF-a). Interleukin-12 and interleukin-18 are
cytokines produced by macrophages that favor Thl
type of protective immune response. These cytokines
help in granuloma formation as well as maintenance
and also in bacterial elimination [10].

M.th-primed macrophages and dendritic cells pre-
sent M.th antigen to the T cells and encourage them
to differentiate into specific lineages based on their
cytokine milieu [12]. Following establishment of M.t
infection in the lungs, the migratory cells (monocytes)
carry the phagocytosed bacteria to the draining lymph
nodes through the action of cytokines (interleukins:
IL) and chemokines involved in lymphocyte recruit-
ment such as IL-12p40, CCR2, and CCR7 [13]. The
mycobacterial antigens subsequently stimulate naive T
cells through antigen-presenting cells (APCs) via MHC
class I and class II molecules. APCs secrete additional
cytokines and chemokines to drive T-cell proliferation
and also to determine their polarization depending on
the antigen. Hereafter, the activated T cells move from
their activation site in the lymph nodes to the site of
infection through the vasculature. T cells which are
CXCR3+ move to the lung parenchyma whereas
CX3CR+ cells remain in the vasculature [14]. The
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activated T cells, especially Thl cells and Th17 cells
that produce IFN-y, TNF-a, and IL-17, are crucial
for eliminating intracellular bacterial infection by
recruiting and activating macrophages, natural killer
(NK) cells, and granulocytes at the site of infection
and initiating mycobactericidal activity [15]. M.tb-
primed immune cells secrete cytokines such as IL-1f,
IL-6, IL-12, IL-18, and IL-23 that play important
roles in the containment of TB infection and effective
immune clearance [12,15]. Notably, cytotoxic CD8" T
cells (CTLs) are also involved in the direct killing of
M .th-infected cells through cytotoxic granules like
granzyme B and perforin [16]. However, T regulatory
cells have also been shown to proliferate during M.tb
infection and effectively suppress the antimycobacte-
rial immunity through anti-inflammatory cytokine 7L-
10 and TGF-f to maintain immune homeostasis and
prevent tissue damage [16]. So, the availability of
both pro- and anti-inflammatory cytokines influences
the effective clearance of M.th and is crucial in deter-
mining the disease outcome. Moreover, M.th is
known to secrete several virulence molecules that
actively target both innate and adaptive immune cells.
Therefore, the interplay between the host immune
responses and bacterial virulence determines the
pathogenesis and severity of TB infection. Host-
directed therapies have evolved which target the
immune system to effectively eliminate the pathogen
and provide long-term protection against reinfection
by induction of memory T cells [8].

The emerging role of epigenetics
during infections

The concept of epigenetics was introduced in 1940s by
CH Waddington [17]. He described epigenetics as the
process which may influence genetic outcome without
changing the gene sequences of the cell [17]. Lately,
epigenetic changes have been identified as an impor-
tant regulatory process which has critical contribution
in various processes such as X chromosome inactiva-
tion, stem cell differentiation, chromosome condensa-
tion, and transcriptional activation or repression of the
genes [18].

Recently, it has been reported that pathogenic
organisms target epigenetic process to alter host pro-
tective immune response to favor its survival in the
host system [18]. These processes include DNA methy-
lation, histone modifications, and RNA-modifying reg-
ulatory processes which effectively modulates host
immune response [17,18]. Since these modifications are
reversible, they may be effectively targeted to develop
a therapy against the pathogen.

S. Fatima et al.

Epigenetic modifications during TB
infection

Epigenetic modifications are heritable changes in the
DNA, which regulate the transcription of genes with-
out affecting the nucleotide sequence of the DNA [19].
These changes are stable and heritable but reversible
[19]. Epigenetic modifications which have been studied
till date in the context of TB include DNA methyla-
tion, histone modification, and microRNA (miRNA)
regulation (Fig. 1). We will discuss about each of these
modifications in detail (Table 1).

DNA methylation

Alteration in the transcriptome is eventually related
with the epigenome and therefore DNA methylation is
majorly involved in changing the cellular response to
external stimuli [20]. DNA methylation has a crucial
role in various physiological and developmental pro-
cesses. It is important in regulating epigenetics mecha-
nism not only in eukaryotes but also in the bacterial
system [21]. This is a highly specified chemical process
that involves addition of methyl (CH3) group derived
from S-adenosyl methionine (SAM) to the cytosine (C)
residue of CpG sequence present in the genome [22].
SAM is an intermediate metabolite of methionine and
acts as a co-substrate in the transfer of methyl groups.
CpG islands, 500-1500 base pairs (bp) long stretches
of DNA found at promoters near the 5 end of the
transcript, are considered to be the methylation hot
spots [22,23]. Various enzymes responsible for initiat-
ing and maintaining DNA methylation are DNMT,
DNMT2, DNMT3a, and DNMT3b. Among all the
DNMTs, DNMT]1 is the most abundant and methy-
lates the hemi-methylated CPG dinucleotides. DNMT?3
shows preference for both hemi- and nonmethylated
CPG [24,25]. The epigenetic control by DNA methyla-
tion is sometimes irreversible and may lead to long-
term gene silencing [26]. Identification of 6-
methyladenine motifs coupled methyltransferases
(MamA, MamB, and HsdM) is correlated with epige-
netic modifications conferred by M.zb [27].

During any bacterial attack on the host cells, multi-
ple lineages of genes in different cells undergo acetyla-
tion and methylation at their promoter region [27].
The CD8" and CD4" T cells also provide the hub for
epigenetic regulations.

The in vitro studies in M.th-infected THP-1 macro-
phages [28] have uncovered the presence of 23 000 dif-
ferentially methylated regions. Moreover, the global
DNA methylation status also revealed the modifica-
tions occurring in the cytosine of non-CPG
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M.th targets the host genome
by releasing proteins such as

M.th infection in
the lung ESAT-6, Rv0560c, Rv1198,
Rv1988, SET8 and RV2966¢

etc.
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Fig. 1. Epigenetic modifications induced by M.tb in the host cell. Upon uptake by the alveolar macrophages, M.tb targets the host genome
directly or indirectly to induce epigenetic modifications like DNA methylations, histone modifications, or miRNA expression for better

survival and persistence.

dinucleotides [29]. MamA, one of the mycobacterial
DNA methyl transferase necessary for the replication
of M.th in vitro, has the capability to introduce N°-
methyladenine in a recognition sequence which has
2000 copies in the M.th genome [30]. Their presence
marks the survival of M.tbh even under hypoxic condi-
tions [31,32]. These methylation changes play crucial
role both in regulating M.th survival function and in
the host cells where it infects. In a study by Looney
et al. [33], it has been stated that upon M.zb infection,
host miRNAs and methylation changes together gov-
ern the critical macrophage responses such as immune
cell activation, metabolism, and signaling pathways
(AMPK signaling). The mRNAs dysregulated are the
targets of the altered miRNAs. M.7b infection is stud-
ied to alter the miRNA expression pattern as well as
DNA methylation patterns in infected macrophages
[33] and these changes aid in changing the transcrip-
tional response of the host to eventually alter the host
M.th clearance capacity and may lead to immune sup-
pression, to effect the outcome of the TB disease.

It is well-known fact that host susceptibility to infec-
tion by M.th is increased by VDR gene polymor-
phisms. Therefore, hypermethylation in the region of
CpG islands in the VDR gene increases the
pathogenicity of TB [34]. According to a recent study,
region-specific strain of M.th has the ability to cause
drug resistance and DNA methylation thus depicting
lineage specificity. Due to the effect of M.th on the

host chromatin, there are many pathways that are crit-
ically examined in response to the infection within
host. NFxB is crucial during proinflammatory
response and DNA methylation of NF«kB is evident
during tuberculosis along with IFN-y, TNF, IL-6, and
IL-1B [35]. Hypermethylation of nuclear factor-kappa
B (NF-xB) implicates the downregulation of various
cytokines and chemokines [35]. Methylation in signal-
ing components of pathways like NF-xkb, MAPK, and
AKT signaling affects the outcome of immune
responses and leads to the secretion of cytokines or
initiates processes which assist in bacterial clearance.
We have summarized the role of histone methylation
in regulation of key pathways involved in M.th patho-
genesis [18,36]. Specific methylation-inducing agents
add methyl group to explicit moieties in the DNA and
change the expression of genes. These methylation reg-
ulators also change the expression of nonhistone pro-
teins such as components of cellular signaling
pathways. Methylation occurs on two abundant his-
tone residues lysine (K) and arginine (R), although
other amino acids such as histidine, aspartic acid, and
glutamic acid also get methylated [37]. Methylation of
proteins function as docking sites for specific binding
proteins called histone readers [38]. Histone methyla-
tion modifiers are proteins which modify a lysine or
arginine residue in the protein. The protein arginine
N-methyltransferases (PRMTs) facilitate the adding of
the methyl groups to the arginine residues in a cellular
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Table 1. An overview of the epigenetic changes induced by M.tb.

S. Fatima et al.

Epigenetic Nature of
change Target Effect of modification experiments References
DNA Hypermethylation in CpG islands of VDR gene  Increase in pathogenicity Human study 32
methylation of M.tb
Hypermethylation of Nuclear factor-kappa B Decreases the cytokine production in host Human study 33
(NF-xB) of host
Hypomethylation of CD82 of the host Decrease in phagosomal lysosomal fusion In vitro and 34-36
human
studies
M.tb genome is targeted by Rv0560c, a Increase in drug resistance In vitro study 40
methyltransferase of M.tb
Methylation of Kca3.1, potassium calcium- Effect on cytokine production in the host Human 42,43
activated channel upon BCG immunization studies
Histone ESAT-6 induces methylation of histone at Regulating the expression of IFN-y In vitro study 49
modification  H3K4 site and acetylation at CIITA of host
Dimethylation at the arginine residue on the Downregulates production of ROS and type In vivo 52-55
histone H3 (H3R42me2 modification) of host I'IFN studies
cells
Rv2966¢ and Rv1988 modify the key histones  Downregulates phagolysosomal fusion and In vitro and 51,62
of the host and hijack the host immune secretion of proinflammatory cytokines in vivo
system studies
In TB patients H3K14Ac is decreased and Increase in active TB cases Human study 56
H3K27me2 increased
Increase in H3K27me3 in host Leads to high pathogenicity and bacterial Human study 56
burden in patients
H3K14 hypoacetylation in host Leads to development of active pulmonary Human study 56
TB disease
Deacetylation of CIITA (class Il transactivator) Reduced antigen presentation and M.tb In vitro study 58
at its promoter site elimination
Acetylation of free histones by Rv2416c in the  Inhibits the activation of the T cells In silico and 59
macrophages and T cells in vitro
study
Acetylation of matrix metalloproteinases Enhanced bacterial survival by degradation of /n vitro and 60-63
(MMP-1 and MMP-3) the extracellular matrix of the lung in vivo
studies
Rv3423.1, a novel histone acetyltransferase Responsible for the increase in virulence of In silico and 64
acetylates histone H3 at the K9/K14 (H3K9/ the bacterial strain in vitro
K14) positions study
Class | HDAC inhibitors reduce the expression  Promote reduced bacterial survival and less In vivo study 66
of IL-6 and TNF and increase the level of level of host evasion in the host
proinflammatory cytokines
M.tb Eis protein acetylates Lysb5 of DUSP16/  Leads to inhibition of JNK-dependent In silico and 57-59,70
MKP-7 autophagy pathway, phagosome in vitro
maturation, and ROS synthesis, enabling studies
better bacterial survival
miR-155 targets SHIP1, an inositol It increases the level of IFN-y, IL-4, TLR-2, Ex vivo, 85-89
phosphatase that promotes apoptosis in T and TLR-4 and provides better protection in vitro, and
cells and macrophages during M.tb infection in vivo
studies
RNA miR-21 inhibits IL-12 expression by targeting It promotes bacterial survival and host In silico, 90-92
modification ~ 3’UTR of genes such as IL-10, IL-12, TLR-4 evasion in the host in vitro, and
in vivo
studies
miR-125a targets the UV radiation resistance- Inhibits the autophagy process and In vitro study 94
associated gene (UVRAG) in the promotes survival of the bacteria
macrophages
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Table 1. (Continued).

Host epigenome during tuberculosis

Epigenetic Nature of
change Target Effect of modification experiments References
miR-27b inhibits the TLR-2/MyD88 signaling Reduces the production of proinflammatory In vitro, 95-97
pathway cytokines and prevents host inflammation in vivo, and
human
studies
miR-146a targets IRAK1 and TRAF6 genes of Leads to reduction in the level of nitric oxide  In vitro, 99-100
the host production and supports bacterial survival in  ex vivo, and
the host Human
studies
miR-223 inhibits the genes of CCI3, CXCL2, Promotes myloid cell entry in the lungs and Ex vivo and 101
and IL-6 cytokines protection against the bacteria in vivo study
miR-99b targets TNF-o and TNFRSF-4 receptor Promotes bacterial survival in the host Human study 103
genes macrophages
miR-33 targets autophagy genes and increases It leads to better intracellular survival and Ex vivo and 104
host lipid generation pathogen stability in the host in vivo study
miR-144 targets autophagy by directly binding Upregulation of miR-144 in macrophages In silico, 108
to the 3'UTR region of DRAM2 mRNA and T cells upon M.tb infection inhibits in vitro, and
phagosome maturation and depreciates T- human
cell function study

protein [39]. p65 methylation leads to the binding of
p65 to the promoters of genes regulated by NF-KB
such as IKBA, IP-10, and TNF. Other pathways are
also initiated and regulated by these histone modifiers
such as the MAPK pathway in which the lysine
demethylase KDM2A activates ERK signaling by
downregulating the expression level of DUSP3, an
ERK phosphatase [39]. Also, PRMT1 enhances AKT
signaling by methylating Er-alpha [40]. These path-
ways play a protective role in M.th infection and are
targeted by the pathogen to evade the host immune
system by modulating the host defense mechanisms
(Fig. 2).

Another example of DNA methylation playing
essentially important role in TB pathogenesis is the
tumor suppressor protein, CD82. Diversified role of
CDS82 has gathered a lot of attention during tuberculo-
sis infection [41]. Phagosome formation and fusion
with lysosomes are associated with MHC-II and CD82
upregulation, suggesting a vital role of CD82 in anti-
gen presentation during M.tb infection [42]. According
to a study, CD82 is reprogrammed epigenetically dur-
ing M.th infection by RUNXI-Rab5/22 transcription
factor. The hypomethylation of CD82 is necessary for
its interaction with this transcription factor and so the
elevated level of both (CD82 and RUNXI1-Rab5/22) is
preferentially desired and studied in granuloma forma-
tion [43].

Although isoniazid and rifampicin are the first-line
treatment regimen for TB but extensive resistance to
these drugs is a major concern [44]. Drug inactivation

and modification can be due to many underlying rea-
sons, with DNA methylation being one of the major
cause [45]. For instance, negative association of methy-
lated genes involved in nitrogen metabolism pathway
has been observed in rifampicin and isoniazid resis-
tance [46]. Furthermore, Rv0560c, a methyltransferase
of M.tb nullifies the activity of pyrido-benizimidazole
and TPSA [47].

Bacillus—Calmette—Guerin is the only available vac-
cine against M.th but its unpredictable efficiency is a
global concern. Epigenetic reprogramming of various
immune cells can be seen in BCG-vaccinated models
[48]. In South African infants, methylation of Kca3.l,
potassium calcium-activated channel was observed
during a study in groups with high and low IFN-y and
IL-2, respectively [49]. Kca 3.1 is a potassium channel
that hyperpolarizes the membrane due to increase in
intracellular calcium levels [49]. Phagocytosis is an
important event during M.tbh infection that is strongly
correlated with differential methylated genes. Many
different methylated genes have been identified that
are involved in actin modification which in turn affects
the phagocytosis of mycobacteria [50]. These studies
on the role of methylation changes although few are
very significant in hinting at the relatively unstudied
role these changes may play in M.rb internalization,
disease establishment, and clearance mechanisms in
the host. Therefore, understanding the host and bacte-
rial methylation upon infection to restore the host bal-
ance may have far reached implications for altering
outcome of M.th infection in the host and may be
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Fig. 2. Role of methylation in effecting different signaling pathways involved in infection and in inflammation. Methylation-inducing agents
change the activation of genes involved in signaling pathways involved in infection which govern the host immune response.

used as a target for developing host-directed therapies
targeting key regulatory pathways.

Histone modifications

Histone modifications are reversible epigenetic modifi-
cations which are responsible for maintaining the
structure of the chromatin which decides the accessibil-
ity of the transcription factors to the DNA [51]. His-
tone proteins also known as chromatin remodeling
proteins are basic proteins which form an octamer
which binds the DNA to form a nucleosome [51]. Dur-
ing the formation of nucleosomes, the four core his-
tone proteins are responsible for forming the octamer
which binds through 1.7 turns of DNA (approximately
147 bp). These histone proteins are H2A, H2B, H3,
and H4. The nucleosome consisting of DNA and his-
tone proteins is the elementary unit of chromatin orga-
nization which has a repeat length of approximately
200 bp. The core histone octamer is secured by the lin-
ker histone H1 which induces condensation of the
DNA helix and prevents its transcriptional activity
[52]. The chromatin is an extremely dynamic structure
which keeps changing from highly condensed hete-
rochromatin to an actively transcribed euchromatin

structure [52]. The chromatin remodeling depends
upon the function of various histone and chromatin
remodeling enzymes and proteins such as ISWI (Imita-
tion SWltch), SWI/SNF (switching defective/ sucrose
nonfermenting), Ino 80 (inosine requiring 80), and Mi-
2 [53]. These enzymes introduce various post-
translational modifications on the chromatin such as
ubiquitylation, sumoylation, phosphorylation, ADP-
ribosylation, methylation, and acetylation on the N
termini of the histone core [6]. Due to these covalent
modifications, the positive charge of the histone pro-
teins which interacts with negatively charged DNA is
neutralized and it effects the association and therefore
the association of histone with DNA. Their binding
loosens up and destabilizes to expose the DNA pro-
moters for transcription factors to bind on them and
promote gene expression [0].

Histone methylation is associated with both gene
activation and repression depending on the amino acid
which is methylated whereas deacetylation usually
leads to condensation of the chromatin and suppres-
sion of the gene expression [54]. Recently, within the
past decade several new studies have reported the role
of chromatin remodeling in the host during the
mycobacterial TB infection. Many studies have
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reported histone modifications and chromatin changes
in the host by the bacteria and their metabolic prod-
ucts in order to establish their long-term survival by
modulating the host immune machinery [18,54,55].
Few studies have reported chromatin remodeling in
the host during TB infections [56,57]. The M.th secre-
tory protein, ESAT-6, has been reported to induce
methylation of histone at H3K4 site and acetylation at
CIITA (class II trans activator gene) promoter,
thereby regulating the expression of primary Thl cyto-
kine, IFN-y [56]. CIITA is responsible for expression
of various genes involved in the process of antigen pre-
sentation and bacterial killing [56]. This and many
other studies before and post this study have given
major insight on the role of histone modifications in
establishment of infection as well as in host evasion
mechanism. In the next paragraphs, we would be dis-
cussing the effect of both histone methylation and
acetylation/deacetylation on M.th infection establish-
ment, survival, and clearance as reported by different
studies.

Histone methylation

Histone methylation occurs majorly on lysine and/or
arginine residue of the histone and may, respectively,
activate or suppress the expression of genes which are
involved in the immune response against TB [57].
Methylation can be mono, di, or trimethylation
depending upon the number of methyl groups added
on the lysine residues. Each of the number of methyl
groups changes the chromatin differently. For
instance, trimethylation at H3K9 (K: lysine residue)
leads to suppression of gene expression by stabilizing
the histone-DNA complex and preventing the tran-
scription factor binding [57]. Several M.tb-specific pro-
teins have been identified and studied for their role in
methylation of histones during TB infection. Few of
these proteins with role clearly defined are, Rv1198,
Rv1988, SET8, and RV2966¢c, to name a few [S8].
Rv1988 is a methyltransferase which dimethylates the
arginine residue at the 42 position on the histone H3
(described as H3R42me2 modification) [59]. This secre-
tory protein is present only in pathogenic M.tb and
hijacks the host immune system to support bacterial
survival by altering the expression of genes important
for the ROS production, viz., NOX1, NOX4, NOS2,
and TRAF3, which is responsible for type I IFN pro-
duction [60-62]. Sharma et al. [58] reported that
Rv2966¢c, another secretory protein of M.th and a
methyltransferase, moves to the host cell nucleus from
the cytoplasm, and binds to specific DNA sequences
to methylate at non-CpG islands. Rv2966c methylates

Host epigenome during tuberculosis

cytosines preferentially in non-CpG fashion and its
methylation function is supported by its phosphoryla-
tion status. Rv2966c together with Rv1988 modifies
host histone proteins and plays a key role in hijacking
the host immune system and altering its action [59].
Moreover, Rv2966¢ interacts with histone H3 and H4
and has similarity in action to the mammalian DNA
methyltransferases, DNMT3L in promoting bacterial
survival [58].

A modification within the host histone by M.th can
lead to multiple outcomes. For instance, methylation
at histone 3 lysine 9 residue trimethylation (H3K9me3)
is associated with repression and histone 3 lysine 4
residue trimethylation (H3K4me3) with activation of
DNA complex [63,64]. These modifications which
include global methylation within the genome, control
cell signaling, alter the host histones, and even acts
upon the BCG vaccine response [65].

Global H3K14Ac is decreased and H3K27me2
increased in TB patients as compared to that in
healthy humans [66]. This study suggested that H3K 14
hypoacetylation and H3K27 hypermethylation play a
role in the development of active pulmonary TB dis-
ease by upregulation of histone deacetylase 1
(HDACI1) and downregulation of KDM6B gene [66].
These studies ardently demonstrate that bacterial
methylases modulate the host environment and aid in
the long-term bacterial survival in the host. However,
this area has very little information available and
needs more research input.

Histone acetylation

Alteration of the histone proteins by acetylation on
lysine residues of core histones has also been very well
documented in case of TB. This modification leads to
the addition of acetyl group to the chromatin binding
the DNA which leads to the activation of the genes
[52]. Histone acetyltransferases (HATs) are enzymes
which add acetyl groups onto lysine residues of host
proteins such as histones and transcription factors.
M.tb proteins and enzymes act as HATs and induce
the acetylation of the lysine residue on both histone
and nonhistone proteins for their better survival dur-
ing infection [67-69]. An example of acetylation on
nonhistone proteins is NF-kB p65 acetylation. p65 is
responsible for activation of NF-kB [67]. TLR signal-
ing is modulated at NF-xB transcription factor level
by DC-SIGN, a C-type lectin. M.tb infection activates
DC-SIGN on DCs and activates Raf-1 (a serine and
threonine kinase), leading to acetylation of p65. Acety-
lation of p65 augmented IL-10 transcription and
increased its expression level to promote anti-
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inflammatory immune response [67]. Mycobacterial
lipoprotein, LpqH, facilitates the internalization of
M.th by interaction with mannose receptors. LpqH is
a 19-KDa mycobacterial lipoprotein. LpqH triggers
TLR-2 activation in host macrophages, leading to
increase in expression of death receptors and ligands,
leading to activation of death receptor signaling cas-
cade by upregulation of both caspase 8 and caspase 3
[67]. This leads to apoptosis in macrophages via both
extrinsic and intrinsic pathways. This reduces antigen
presentation by macrophages to T cells via deacetylat-
ing the CIITA gene (class II transactivator) at its pro-
moter site [68]. Furthermore, mycobacterial Eis
(enhanced intracellular survival) protein (Rv2416¢)
acts as an acetyltransferase and is reported to add
acetyl groups to free histone proteins [69]. Eis activates
DUSP16/MKP-7 (dual-specificity protein phosphatase
16 and mitogen-activated protein kinase phosphatase-7
via acetylation of Lys55, inactivating JNK protein
through phosphorylation) [69]. Acetylation of free his-
tones by Eis inhibits the induction of the ERKI/2-
JAK pathway and thus leads to compromised function
of the T cells [69]. Acetylation of matrix metallopro-
teinases (MMP-1 and MMP-3) regulates intracellular
survival of the bacteria in the host by degrading the
extracellular matrix of the lung. Acetylation not only
regulates host factors but also targets bacterial
histone-like proteins [70—73]. Nucleoid-associated pro-
tein HU is conserved across eubacterial species and is
essential for nucleoid organization and regulation of
gene expression in bacteria [60]. MtHU is mycobacte-
rial histone-like protein. Eis acts as an acetyl trans-
ferases which modifies MtHU at lysine residues.
Acetylation of MtHU alters its function and may help
in the bacterial entry and replication in the host cell
[68]. Another study demonstrated that Rvll5lc
deacetylates the acetylated HU (MtHUAc) which
alters the DNA conformation and function [60-63].
However, our review mainly focuses on the role of epi-
genetic changes in the host.

Many histone acetyltransferases of the bacteria help
in the survival of the M.rh bacteria in the host.
Rv3423.1 is one such acetyltransferase which acetylates
histone H3 at the K9/K14 (H3K9/K14) positions while
residing in the nucleus of infected macrophages [74].
The researchers reported that Rv3423.1 protein was
detected in the culture filtrate of only virulent and not
avirulent M. tuberculosis which indicates at its poten-
tially crucial role in the virulence of the bacterium as
well as its survival.

Moreover, certain class I HDAC inhibitors also
effect the host immune response by modulating the
level of proinflammatory cytokines after M.th
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infection. It has been reported that upon treating
peripheral blood monocytes with class I HDAC inhibi-
tors, depsipeptide and sodium butyrate, there was
reduction in expression of both IL-6 and TNF-o
accompanied by elevation in IL1J levels [75] Another
HDAC inhibitor, Tubastatin A, which is specifically a
HDAC 6 inhibitor, prevents the growth of avirulent
M.th (H37Ra) in mice. Treatment with tubastatin A
leads to augmentation in the levels of the host sup-
portive proinflammatory cytokines such as TNF-a, IL-
12p40, and IFN-y and a significant reduction in levels
of the anti-inflammatory cytokine, IL-10 [76]. The
HDAC 6 inhibitor while initiating successful adaptive
immune response also controls the pathogen by exag-
gerated innate immune responses. It has been reported
that tubastatin A treatment led to huge recruitment of
innate cells such as macrophages, dendritic cells, and
neutrophils into the lungs. The result of the finding
was also significant in case of the virulent H37Rv
strain infection as shown by increase in the proinflam-
matory immune response and reduced growth of the
bacterium [76]. In another important study on the role
of HDAG:S, it was reported that HDAC3 inhibitor,
RGFPY66, is effective in reducing bacterial survival in
case of both virulent and avirulent strains of M.th
while not being significantly useful in control of other
intracellular and extracellular bacteria. This inhibitor
has proven to increase proinflammatory cytokine
secretion in response to M.tb infection [77].

In yet another study in zebrafish, it was observed
that HDACs play a critical role in the differentiation
of the macrophages [78]. It was shown that inhibition
of HDACs enhanced the protective capacity of both
proinflammatory macrophages (M1) and anti-
inflammatory macrophages (M2). Moreover, inhibition
of HDAC3 activity polarizes the macrophages into
more bactericidal population. Also, there was a signifi-
cant increase in levels of inflammatory cytokines and
increase in the phagocytic ability of the macrophages.
In vivo results demonstrated that inhibition of HDACs
led to significant reduction in bacterial burden [78].

A report from Kleinnijenhuis et a/. had shown that
BCG vaccination causes the reprogramming of mono-
cytes to exhibit enhanced innate immune response. It
was demonstrated through both in vitro and in vivo
studies that NOD2 mediated epigenetic modification at
the level of histone methylation at H3K4me3 [79].
ManLAM, a cell wall component of M.th binds to
DC-SIGN, a C-type lectin expressed by DCs that
modulates TLR-dependent responses in human DCs.
Binding of ManLAM to DC-SIGN activate the serine
and threonine kinase Raf-1 that led to the acetylation
of p65, one of the key activating subunits of NF-«B.
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Acetylation of p65 prolonged transcriptional activity
of NF-kB and enhanced the transcription rate of
immunosuppressive cytokine IL/0. It was demon-
strated that Raf-1-acetylation-dependent pathway is
central to modulation of TLR-specific immune
responses elicited by DCs in response to mycobacteria,
fungi, and viruses [67]. M.tbh Eis protein plays a critical
role in mycobacterial survival in the host macrophages
by suppressing host immune system [80]. It is an effi-
cient N-acetyltransferase that acetylate Lys55 of
DUSP16/MKP-7 (dual-specificity protein phosphatase
16  (DUSPI16)/mitogen-activated  protein  kinase
phosphatase-7) and initiates inhibition of JNK-
dependent autophagy, phagosome maturation, and
ROS [69]. Addition to this, recent microarray study of
human CpG island showed DNA hypermethylation in
IL-17 gene family members, promoter region of their
receptors, and macrophage receptors in active and
latent patients of TB [7]. The inflammatory immune
response against M.th is associated with tissue degra-
dation and cavitation during pulmonary TB. MMPs
are host enzymes required for cavitation. MMP-1 and
MMP-3 increased expression drive immunopathology
after M.th infection is regulated by HDAC and HAT
activity has been shown using inhibitors [81]. The
chromatin remodeling and post-translational modifica-
tion patterns regulating gene expression are pro-
nounced target sites for pathogens for manipulation
during the course of infection. The host immune sys-
tem is a prominent target for manipulation by these
pathogens required for the establishment of the dis-
ease, its transmission, and survival in the host system
[82]. Mainly, the effector mechanism of adaptive
immune system is epigenetically altered under patho-
genic pressure leading to loss of capability to eliminate
pathogens, for example, CD8" T-cell differentiation,
T-cell polarization, FOXP3 expression to name a few
[83,84]. In the case of M.th infections, histone alter-
ations in both innate and adaptive immune cells of the
host system have been shown.

These studies establish that histone modification is a
very important process through which the mycobacte-
ria establishes itself in the host environment and tar-
geting the enzymes responsible for histone
modification is very promising area of future therapies.

RNA modifications

The host immune response against M.tb can eliminate
mycobacteria through various mechanisms, such as
induction of phagocytosis, apoptosis, and immune-
inflammatory responses. However, M.th has the abil-
ity to modulate the host immune response to
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establish its intracellular survival and persistence
inside the host [85]. In addition to histone modifica-
tions, mechanisms of immune evasion also include
dysregulation of the host miRNAs that are involved
in apoptosis, autophagy, inflammation, and other
immune processes [86]. miRNAs are small, noncoding
RNAs that regulate gene expression at the post-
transcriptional level [87]. miRNAs bind to their com-
plementary sequences in the 3’untranslated region
(3’UTR) of their respective protein-coding mRNA
targets to either degrade the transcript or inhibit
translation [88]. It is estimated that half of all
protein-coding transcripts are regulated by miRNAs
[89,90]. Therefore, disease-associated miRNAs have
potential as diagnostic markers or therapeutic targets
[91,92]. Different miRNAs are distinctively expressed
in the diverse stages of TB infection which might dis-
close the outcome of the infection. miRNAs can be
exploited as host-directed therapy against TB due to
their active involvement in regulation of immune
response against M.th [93]. The following section
focuses on the miRNAs involved in TB pathogenesis
and on the mechanisms through which miRNAs
induced during TB, modulate cellular antimicrobial
responses.

Many studies reported altered expression profiles of
circulating and cellular miRNAs in patients with
active TB vs. those with LTBI or healthy controls
[94]. Differentially expressed miRNAs were further
investigated to identify their role within the innate
immune response during M.tb infection. Recent stud-
ies confirmed the involvement of miRNAs in modu-
lating gene expression in the major target cells of
M.th, like macrophages, DCs, natural killer (NK),
and T cells [87]. M.th can induce or inhibit miRNA
expression in order to escape the immune response
(Fig. 3).

In the following section, we have discussed all the
host miRNAs which have been found to be significant
during TB infection.

miR-155

miR-155 is one of the most studied miRNA during
M.th infection. miR-155 is found upregulated in M.tb-
infected macrophages, DCs and T cells [95]. It inhibits
innate immunity during the early phases of infection
but plays a protective role in chronic M.th infection.
miR-1557" mice were able to control M.th infection
during the early stage of infection, when macrophage
function is critical, but during the chronic phase of
infection, miR-1557" mice showed a higher bacterial
load and increased cellular apoptosis in the lungs.
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Fig. 3. Schematic representation of miRNA-mediated regulation of host immune responses during M.tb infection. Inside the host, M.tb is
known to hijack various antimycobacterial pathways by modulating the expression of different miRNAs.

Additionally, miR-1557" mice have less number of
antigen-specific CD4" and CD8" T cells during chronic
infection phase and have decreased production of pro-
tective cytokines, such as IFN-y and TNF-o by T cells
[95,96]. miR-155 targets SHIPI (SH2 domain-
containing inositol 5’-phosphatase 1), an inositol phos-
phatase that promotes cell apoptosis in T cells and
macrophages during M.tb infection [97]. M. bovis also
induces miR-155 expression in BCG-infected macro-
phages via TLR-2, NF-kB, and JNK signaling path-
ways [98]. In a nutshell, miR-155 exerts a protective
role against TB infection by inhibiting IFN-y, IL-4,
TLR-2, and TLR-4 and regulating T-cell-mediated
immune responses while promoting the survival of
innate immune cells [99].

miR-21

miR-21 is an anti-inflammatory miRNA and highly
expressed in myeloid cells [100]. In Mycobacterium
leprae lesions, expression of miR-21 is associated with
dormancy through negative regulation of multiple
proinflammatory processes [100]. During M.th infec-
tion, increased expression of miR-21 results in poor
activation of both the macrophages and Thl-
dependent immunity [101]. Inhibition of miR-21
induces antimycobacterial responses through IL-12
production [102]. miR-21 is upregulated in lung
macrophages of BCG-vaccinated mice and in

macrophages and DCs infected ex vivo with M. bovis,
BCG [90]. In this infection model, miR-21-5p pro-
motes DC apoptosis by targeting Bcl-2 and inhibiting
host Thl response by targeting IL-12 production
[101]. A recent study reported that M.tb alters macro-
phage immune-metabolic programming via miR-21 to
ensure survival and replication inside the host [103].
miR-21 targets phosphofructokinase muscle isoform
and inhibits glycolysis in macrophages during M.th
infection [103]. In miR-21-deficient macrophages,
intracellular growth of bacteria is reduced via
increased production of proinflammatory mediators
[103]. Collectively, miR-21 helps M.tb in intracellular
survival and persistence by inhibiting IL-12 expres-
sion by directly targeting 3'UTR of target genes such
as IL-10, IL-12, TLR-4 and reducing their expression
level.

miR-125

M.th is also an inducer of miR-125b which directly
targets mRNA of TNF-a and results in its destabiliza-
tion [88]. M.tb cell wall component lipomannan blocks
TNF biosynthesis in human macrophages by upregu-
lating miR-125b, thereby allowing M.th to subvert
host immunity and potentially increases its virulence
[104]. M.th infection of macrophages leads to
increased expression of miRNA-125a-3p (miR-125a)
which inhibits autophagy by targeting UV radiation
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resistance-associated gene (UVRAG). miR-125a regu-
lates the innate host defense by inhibiting the activa-
tion of autophagy and antimicrobial effects against
M.th through targeting UVRAG [105].

miR-27

A recent study reported the role of miR-27a in tuber-
culosis [106]. miR-27a targets ER-located Ca2+ trans-
porter CACNA2D3 (calcium channel, voltage-
dependent, alpha2/delta subunit 3) to downregulate
Ca2+-mediated signaling which results in inhibition of
autophagosome formation and intracellular survival of
M.th [106]. Following transfection of miR-27a mimics,
miR-27a restrains immune response against M.th by
decreasing IFN-y, IL-1b, IL-6, and TNF-a expression
levels [107]. M.tbh also induces the expression of miR-
27b-3p by the TLR-2/MyD88/NF-kB signaling path-
way and targets the production of proinflammatory
factors and NF-kB activity. miR-27b-3p provides a
negative feedback loop to inhibit excessive inflamma-
tion during M.tbh infection [108].

miR-146a

M .tb infections in macrophages significantly induce the
miR-146a expression in a dose-dependent manner.
miR-146a modulates inflammatory response by target-
ing IRAK1 and TRAF6 and supports mycobacterial
replication in macrophages [109]. Mycobacterium
bovis-BCG-induced miR-146a inhibits iNOS expression
and NO production in macrophages to facilitate
mycobacterial survival. Moreover, miR-146a suppresses
NF-xB and MAPKs pathways by targeting TRAFG,
thus impeding iNOS expression [110]. miR-146a might
regulate mycobacterial growth or fitness, as a lower bac-
terial burden was observed in THP-1 differentiated
macrophages transfected with miR-146a mimic [111].

miR-223

miR-223 is found upregulated in blood and lung par-
enchyma of TB patients and during murine TB [112].
miR-223 controls neutrophil-driven lethal inflamma-
tion and lung recruitment of myeloid cells. Upregu-
lated miR-223 is the inhibitor of CCIl3, CXCL2, and
IL-6 cytokines. miR-2237" mice are found to be
hypersensitive to TB infection due to high amount of
aberrant neutrophils migration and exacerbated
inflammation [112]. miR-223 also regulates macro-
phage function by inhibition of cytokine production
and NF-xB activation [113].
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miR-99b

miR-99b expression is significantly upregulated in
M.th-infected DCs and macrophages. Blockade of
miR-99b expression reduces bacterial growth in DCs
by upregulating proinflammatory cytokines such as
IL-6, 1L-12, and IL-1B. miR-99b targets TNF-a and
TNFRSF-4 receptor genes [114]. MiR-99b is another
miRNA which is upregulated by M.rtb to modulate
host immunity by controlling TNF-o production [114].

miR-33

miR-33 is upregulated in macrophages upon M.th
infection [115]. miR-33 targets genes (ATGS, ATGI2,
LC3B, and LAMPI1) involved in autophagy and also
reprograms host lipid metabolism for intracellular bac-
terial survival and pathogen stability [115].

miR-144

miR-144 is found overexpressed in the sputum and
PBMCs of active TB patients. However, its level
decreases after anti-TB treatment [116,117]. The expres-
sion of miR-144 is upregulated in human monocyte-
derived macrophages (THP-1) after M.th infection
in vitro [118]. MiR-144 targets autophagy by directly
binding to the 3UTR region of DRAM2 mRNA
(DNA damage-regulated autophagy modulator 2),
which encodes a transmembrane lysosomal protein
[119]. Transfection of T cells with miR-144 inhibits cell
proliferation and decrease in IFN-y and TNF-o secre-
tion upon TCR stimulation [117]. Taken together, miR-
144 upregulation in macrophages and T cells upon
M.th infection is a mechanism to inhibit phagosome
maturation in the monocytes and diminishing the T-cell
functions.

miR-889

miR-889 level is found to be elevated in patients with
LTBI as compared to patients without infection. miR-
889 targets TNF-like weak inducer of apoptosis
(TWEAK) whose expression is upregulated in macro-
phages and PBMCs upon infection with M.zb or expo-
sure to heat-killed M.th [120]. In LTBI, increased
miR-889 expression is associated with TNF-a and
granuloma formation. MiR-889 targets autophagy via
post-transcriptional inhibition of TWEAK expression
to facilitate mycobacterial survival in granulomas.
Treatment with adalimumab, an anti-TNF-o0 mono-
clonal antibody reduces levels of both TNF-o and
miR-889 and causes granuloma destruction and LTBI
reactivation to active disease [120].
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These studies suggest that miRNAs are very signifi-
cantly involved in pathogenesis of M.th infection and
may provide a promising therapeutic target for TB.
Identifying differentially expressed miRNAs and tar-
geting them for host-directed therapy can be a good
approach to target MDR and XDR tuberculosis.
Advantage of targeting miRNAs over other protein
inhibitors is because of the ability of single miRNA to
regulate multiple genes and pathways. Inhibiting and
restoring the expression level and function of a dysreg-
ulated miRNA have more advantage over targeting
multiple dysregulated proteins. The immense potential
that this therapy can have highlights the importance of
the need of better understanding of these noncoding
RNAs in disease contexts. Several researchers are
focusing to develop screening assays based on miR-
NAs, which are capable of detecting high-risk condi-
tions of TB and active vs latent condition of TB,
especially in low-income countries. However, more
efforts are required to understand the role of the
miRNA in modulating the epigenetic signatures of the
host immune response genes in order to develop better
therapeutic strategies.

Host targeted therapies targeting
epigenetic modifications in TB

The intracellular pathogen, M.th, has developed very
smart strategies to evade the host immune response
[121]. Among all the host evasion strategies employed
by M.th, changes in the epigenetic signatures of key
protective genes play a very prominent role [122]. Dur-
ing the last decade, alteration in histone modifications
and acetylation in host cells have emerged as a very
interesting and clever strategy employed by the bacte-
ria to undergo immune evasion [123]. Metabolic prod-
ucts and secretory proteins of the bacteria modulate
the expression and transcriptional activity of histone-
modifying enzymes, HATs, HDACs, and DNMTs in
order to reduce the transcriptional activation of host
protective genes through epigenetic changes [123]. This
has created new avenues for using HDAC inhibitors as
therapeutics to treat microbial infections. However,
the mechanism(s) behind the therapeutic use of HAT,
DNMT, and HDAC inhibition is not fully deciphered,
ongoing studies using high-throughput genome
sequencing and analysis of key targets and genes using
bioinformatics tool may provide a better understand-
ing of the mechanism(s) which can be unraveled to
study epigenetics as therapy of the future.

Although there is lot of information regarding use
of epigenetic modifications as therapy in cancer, stud-
ies involved in its role in TB are very few. Studies
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conducted till date establish that HATSs acetylate his-
tone proteins on their N-terminal lysine residues [124].
This leads to reduction in compactness of chromatin
structure leading to increase in employment of tran-
scriptional factors and their binding to the promoter
which is associated with increased transcription of the
downstream gene [124]. HDACs, however, remove the
acetyl groups from histone proteins inhibiting the tran-
scriptional machinery of the downstream gene [125].
This makes these enzymes as attractive targets to
achieve immunomodulatory response during TB infec-
tion. HDAC inhibitors have been reported to regulate
the activation of several cell types involved in antimi-
crobial responses such as macrophages and T cells. It
has been reported that M.th down-regulates sirtuin 1
(SIRT1), a nicotinamide adenine dinucleotide (NAD)
dependent deacetylase, after infection; in macrophages,
in mice model, and in TB patients infected with active
TB [125]. Activation of SIRT1 leads to reduced viabil-
ity of both drug-susceptible and drug-resistant strains
of M.th in mice model of TB [125]. Activation of
SIRT1 leads to reduced inflammatory responses
mainly by deacetylation of RelA/p65, followed by
compromised attachment of RelA/p65 to the promoter
of genes responsible for host defense [126]. Recently,
our group has further reported the immunotherapeutic
role of another deacetylase Sirtuin2 (SIRT2) where
they have shown that after M.zb infection this deacety-
lase moves to the nucleus of the macrophage to
deacetylate the histone H3KI18 and leads to greater
macrophage activation [127]. Also, in T cells, SIRT2
has been shown to deacetylate NFxB-p65 at K310
position to modulate T helper cell differentiation and
promote bacterial survival. Inhibition of SIRT2 using
pharmacological inhibitors has shown to reduce the
bacterial burden both in vitro and in mice model
infected with both drug-sensitive and resistant strains
of M.th [127]. Treatment with inhibitor of SIRT2 has
also been reported to effectively augment the potential
and duration of treatment by isoniazid [127]. Another
study related to function of HDAC inhibitors revealed
their role in epigenetic modification of MMP proteins,
MMP-1 and MMP-3 which drives disease outcome
[81]. MMPs are calcium and zinc-dependent endopep-
tidases, which are responsible for degradation of extra-
cellular matrix and cavitation in TB progression. It
has been shown that M.rh infection alters HDAC
expression in macrophages and the level of MMP-1
depends on HDAC/HAT inhibition (108). In addition,
a significant increase in the level of histone acetylation
at MMP-1 and MMP-3 promoter regions was
observed in infected cells compared with control. That
further confirms that epigenetic modification via

4184 The FEBS Journal 289 (2022) 4172-4191 © 2021 Federation of European Biochemical Societies.

85UB017 SUOWIWOD @A 1D 3|gealjdde sy Aq peussnob afe sajoie YO ‘8sn Jo Sajni 1o} AzeiqiT auljUO A3]1M UO (SUOIIPUOD-PUe-SLLBW0Y 8| IM° Afe1q 1 BU1|UO//SANY) SUONIPUOD pue Swie | 84} 8eS *[£202/70/2T] Uo Arid1Taulluo A3|IM ‘0LT9T SERY/TTTT OT/I0P/L0D A |1 Aeiq Ul |uo'sge)//sdny wolj papeojumoq ‘vT ‘2202 ‘8S9vey.T



S. Fatima et al.

histone acetylation by HDAC and HAT has a signifi-
cantly considerable regulatory role in M.th induced
gene expression in macrophages and in the secretion of
enzymes responsible for disease progression [81]. Tar-
geting these enzymes by inhibitors has been proposed
as a therapy. In yet another significant study, it was
reported that inhibition of HDACSs by chemical inhibi-
tors reduces mycobacterial survival in macrophages
while polarizing the macrophages toward a more bac-
tericidal form (M1) while increasing the level of proin-
flammatory cytokines [78]. These studies offer that
DNA-modifying enzymes and their inhibitors can be
used as therapeutics in combination with the DOTs
therapy in order to prevent formation of drug resis-
tance and in reducing the treatment duration. To sum
up, these host-directed therapies involving epigenetic
changes in the host can be considered crucial in
achieving the 2035 World Health Organization (WHO)
“End TB goal” when administered along with the
standard anti-TB treatments.

Conclusion

Epigenetic modifications play an important role in the
pathogenesis of Tuberculosis. Epigenetic modifications
regulate transcriptional profiles of genes related to the
immune system that contribute to the host—pathogen
interaction and stimulus specificity of the transcrip-
tional response. We discussed the evidence that
mycobacteria can modulate epigenetic mechanisms in
addition to established mechanisms in order to survive
within the host. Understanding of these unconven-
tional survival mechanisms can provide novel targets
that can be used as host-directed therapy against
tuberculosis. For instance, mycobacterial infection
inhibits the IFN-y-induced expression of HLA-DRa
and HLA-DRPB mRNA and partially inhibits CIITA
expression in infected macrophages without affecting
the expression of IFN regulatory factor-1 mRNA.
Inhibition of HDACs with butyric acid or MS-275
results in the inability of M.th to block expression of
HLA-DRa and HLA-DRP mRNA in response to
IFN-y and leads to effective antigen presentation
[128].

It is apparent that our increasing knowledge of how
epigenetic modifications influence immune function
and specialization has unveiled the therapeutic poten-
tial of this interestingly novel area. The possible modu-
lations of histone modification and miRNA regulation
can be exploited as therapeutic targets in the manage-
ment of both active and dormant TB using site specific
and more potent HDAC inhibitors, bromodomain
inhibitors, and CRISPR technology. As the field of

Host epigenome during tuberculosis

phytochemicals seems very promising against TB, the
strategy should be to search for phytochemicals and/or
small molecules which may be used to modify the host
epigenetic signatures to the state which is host protec-
tive. Dietary phytochemicals such as tea genistein, sul-
foraphane, polyphenols, resveratrol, curcumin, and
others have been reported to be effective agents
against diseases such as cancer and are known to act
through epigenetic mechanisms [129]. This would make
this area very interesting for our readers who are inter-
ested in this field of research. In the case of TB, cur-
cumin, bergenin, allicin, gingerol, and other plant-
based bioactive compounds were found to be effective
[130—133] although their effect on host epigenetics is
still to be explored. Evidence available in other dis-
eases such as cancer opens up new and highly promis-
ing dimensions of the use of phytochemicals and other
immunogenic agents as host-directed therapy to target
host epigenetic mechanisms to manage TB. Thus, in
our opinion, modulation of host epigenome may offer
a range of potential therapeutic options in future.
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