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Abstract
In the long co-evolution of host-pathogen interaction, bacteria have developed sophisticated strategies to manipulate host cell
mechanisms and reprogram host transcription. Targeting chromatin, mainly through post-translational modification (PTM) of
histone proteins, is one strategy that has been revealed over the last decade. Indeed, histone modifications play a crucial role in
regulating transcription during cell type and stimulus specific responses, making them good targets during infection. Therefore,
the study of host-pathogen interactions provides breakthroughs in understanding virulence mechanisms, but also in host cell
mechanisms. Although chromatin is regulated by DNA methylation, noncoding RNAs, and post-translational modifications of
histones, most studies have concentrated on bacteria-induced histone modifications, which will be the focus of this review. We
will discuss the different mechanisms used by bacteria to induce histone PTMs, whether it is through direct targeting of pathogen
effector enzymes, or indirectly through modulation of cellular signaling cascade. We will summarize the concepts we learned in
cell biology from exploring bacteria-triggered histone modifications, by focusing on the signaling cascades modified by bacteria,
bacterial mimics of eukaryotic enzymes, and the novel histone marks imposed upon infection.
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Introduction

To achieve confinement into the tight space of cell nucleus, the
genetic material of eukaryotic cells is packaged in tight associ-
ation with histone proteins. This highly architectured DNA-
protein structure is defined as chromatin, which is made up of
repeating building blocks called nucleosomes. Inside the nucle-
osomes, two copies of each of the core histones H2A, H2B,
H3, and H4 form an octamer, around which approximately 147
base pairs of DNA are wound [1]. Outside the nucleosomes,
linker histone H1 (or its isoforms) associates with this unit,
keeping in place the DNA that has wrapped around the nucle-
osome, and forming nucleosomal arrays along the genome [2].

The state of compaction of chromatin is highly dynamic but
tightly regulated. In nuclear processes requiring access to
DNA, such as transcription, replication, recombination, and
DNA repair, several regulatory mechanisms are involved in
altering nucleosome architecture to open or close regions of
the genome for appropriate outcomes. One important mecha-
nism is chromatin remodeling, during which nucleosomes un-
dergo recurrent structural rearrangements through DNA
unwrapping and rewrapping and histone core disassembly
and assembly. ATP-dependent chromatin-remodeling com-
plexes, such as SWI/SNF and ISWI, use the energy of ATP
hydrolysis to regulate chromatin architecture by repositioning
or restructuring nucleosomes [3]. The second mechanism is
through covalent post-translational modifications (PTMs) of
chromatin components. These epigenetic marks, including the
methylation on DNA and a wide array of PTMs on histones,
physically regulate the accessibility of the transcriptional ma-
chinery to certain regions of genome, making nucleosomal
DNA more or less permissive for transcription [4]. Post-trans-
lational modifying mechanisms frequently cross-talk with
ATP-dependent chromatin-remodeling complexes and function
together to regulate chromatin structure [4]. Other players, such
as noncoding RNAs and miRNAs, are also involved in
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regulation of chromatin structure and function, but for reasons
of space, they will not be discussed in this review. It is impor-
tant to note that the combination of histones and associated
proteins is termed the epigenome, which is as important to
the regulation of gene expression as the core genome itself,
composed solely of DNA.

Histones, especially N-terminal histone tails, are subject to
a variety of PTMs, including acetylation, methylation, phos-
phorylation, ubiquitination, sumoylation, carbonylation, and
glycosylation [5, 6]. The presence and maintenance of such
marks are dynamic and are attributed to the expression, local-
ization, and activity of enzymes that mediate the addition,
deletion, and reading of these marks. Enzymes creating his-
tone marks are defined as “writers,” which utilize cofactors
(mostly metabolites) to add the covalent modifications on his-
tones. Enzymes removing histone modifications are defined
as “erasers,” and the regulatory proteins that recognize and
bind to modified histones are called “readers” [7]. In general,
two mechanisms are employed by histone PTMs to affect
chromatin remodeling. First, histone PTMs are able to alter
DNA accessibility through the formation of higher-order chro-
matin structures, which is either loosely packaged and tran-
scriptionally active euchromatin, or highly condensed and
transcriptionally silent heterochromatin. In addition to having
a role in chromatin architecture, histone PTMs play a role in
the recruitment of reader proteins which mediate fundamental
processes such as transcription, DNA replication, and DNA
repair. The binding of reader protein to a particular histone
PTM can be affected by the presence or absence of neighbor-
ing marks. Indeed, many reader proteins have more than one
reader domain, which confers the ability to recognize combi-
nations of histone marks [8].

The most studied histone modifications are those on lysine
residues, which are strongly associated with distinct states of
gene transcription. For instance, lysine acetylation on histone
H3 and H4 and trimethylation on lysine 4 of histone 3
(H3K4me3) are linked with the promoters of transcriptionally
active genes [9, 10], whereas the trimethylation on lysine 9
(H3K9me3) and lysine 27 (H3K27me3) of histone H3 com-
monly marks transcriptional silencing of repressed genes [11,
12]. Both the acetylation on lysine 27 (H3K27ac) and the
monomethylation on lysine 4 of histone H3 (H3K4me1) are
enriched in active cis-regulatory enhancer elements important
for transcriptional regulation [13]. Many other histone modi-
fications have been found to be correlated with different chro-
matin states and gene expression; however, the causality of
some histone modifications with transcriptional regulation
still needs further study [14, 15].

As a ubiquitous life form on this planet, bacteria have
adapted and evolved to colonize a wide range of ecological
niches. To successfully survive in the human niche, both sym-
biotic and pathogenic bacteria have acquired cross talk mech-
anisms allowing for a close interaction with host organisms or

cells [16–18]. In recent years, accumulated studies have de-
scribed an intricate interplay between bacteria and the host cell
epigenome [19]. Whether histone modifications induced upon
infection help host cells to ensure a proper response during
infection, or are actively induced in a manipulative process to
alter transcription and the corresponding infection outcomes,
remains to be studied case by case. Herein, we aim to summa-
rize and discuss the importance and prevalence of histone
modifications exploited by a variety of different bacteria and
how this field of study has revealed new findings in chromatin
biology.

Bacterial sensing triggers signal
transduction–mediated histone modifications

Histone H3 acetylation and phosphorylation are highly dy-
namic modifications which are often downstream of signal-
ing cascades and allow cells to adapt their transcriptional
response to environmental stimuli. Physiologically, histone
acetylation is well described as being a mark of active tran-
scription [20]. The regulation of histone acetylation of ly-
sine residues relies on two families of enzymes, histone
acetyltransferases (HATs) and histone deacetylases
(HDACs). By utilizing the cofactor acetyl CoA, HATs act
as writers to add an acetyl group onto lysine side chains,
which neutralizes the lysine’s positive charge, leading to
decreased affinity between histones and DNA, and to open-
ing of the chromatin structure. Acetylated lysines also act as
scaffolds to recruit reader proteins bearing bromodomains,
which in turn recruit and associate with the transcriptional
machinery [21]. Histone acetylation is tightly linked to H3
phosphorylation on such residues as S10 and S28, which
upon modification can recruit HATs and bromodomain pro-
teins [22–24]. The study of H3 phosphorylation is mostly
carried out in response to extracellular stimuli as several
kinases, including Rsk2, JNK, and MSK1/2 from MAPK,
and Ikkα from nuclear factor-κB (NF-κB), are reported to
mediate this modification [25–28]. As bacterial factors and
products are well described cellular agonists, they are often
used for molecular characterization of signaling cascades
and downstream histone modifications.

Lipopolysaccharide

Bacterial pathogens are sensed by pathogen recognition recep-
tors (PRRs), including Toll-like receptors (TLRs) and Nod-
like receptors (NLRs) that detect a vast array of different types
of bacterial molecules, such as nucleic acids, cell wall compo-
nents, and metabolites [29]. The bacterial cell wall compo-
nent, lipopolysaccharides (LPSs), is the prototypical represen-
tative widely used as cellular agonist. Upon sensing of LPS,
PRRs initiate an early, rapid, and nonspecific response
through the activation of multiple signaling pathways,
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including two major pro-inflammatory signaling cascades,
NF-κB and MAPKs [30]. The activation of these kinase-
signaling cascades ultimately triggers the expression of in-
flammatory genes, and histone modifications such as acetyla-
tion and phosphorylation are necessary for full transcriptional
activation [31, 32]. The mechanism of NF-κB-mediated his-
tone phosphorylation is relatively well characterized and de-
pends on the association of IκB kinase alpha (IKKα) with
NF-κB subunits, their transport into the nucleus where they
associate to the promoters of inflammatory genes and phos-
phorylate histones at those loci [25, 31]. NF-κB binding upon
LPS stimulation was first shown in primary mouse macro-
phages at the il-12 promoter, and this correlated with acetyla-
tion of histone H3 and H4 [33]. Further studies demonstrated
that LPS stimulation leads to phosphorylation of H3S10 and
phosphorylation/acetylation of H3S10K14 at multiple inflam-
matory genes [34, 35]. It has been suggested that S10 phos-
phorylation and phosphorylation/acetylation helps reposition
histones upon LPS treatment in primary humant dendritic
cells. Such histone movement allows chromatin to adopt an
open state, allowing NF-kB to gain access to a subset of in-
flammatory promoters [35]. More recently, genome-wide ap-
proaches are used to identify epigenetic regulation patterns of
histone phosphorylation/acetylation in LPS stimulation mod-
el. ChIP-seq analysis of H3 acetylation and phosphorylated
RNA polymerase II showed a correlation between H3 acety-
lation and upregulation of inflammatory genes in human THP-
1 cells [36]. In addition, H3S28ph rapidly accumulates at the
most highly induced inflammatory genes in mouse bone
marrow–derived macrophages (BMDM) upon LPS treatment
and selectively promotes p300-dependent transcription of
these [24]. Mechanistically, histone H3 has been identified
as the substrate of JNK and MSK1/2 (kinase downstream of
P38) in vitro, and phosphorylated H3 at either serine 10 or 28
will stimulate the acetylation of neighboring lysines. For ex-
ample, H3S10ph promotes binding of the HAT GCN5 to his-
tone tails resulting in an enhanced acetylation of H3K9 and
H3K14, which is observed in both yeast cells and BMDM [22,
23]. Similarly, H3S28ph increases binding of the HAT p300,
which enhances H3K27 acetylation and transcriptional activa-
tion in BMDM [24]. In addition, the reader protein 14-3-3
binds to H3S10ph and recruits the HAT MOF, which subse-
quently induces H4K16ac and release of paused Pol II poly-
merase from promoter proximal regions in HEK 293 cells
[37]. Therefore, the notion that histone phosphorylation/
acetylation contributes to the transcriptional activation of in-
flammatory genes was shown in a setting using bacterial prod-
ucts as agonists in many different cell types.

Similarly to bacterial products, bacterial infection also in-
duces pro-inflammatory signaling pathways and histone mod-
ifications. In endothelial cells, infection with Listeria
monocytogenes leads to a MAPK-dependent acetylation (ly-
sine 8) of histone H4 and phosphorylation/acetylation (serine

10/lysine 14) of histone H3 at il8 promoter [38]. In lung epi-
thelial cells, Legionella pneumophila has similar effects on
histone modifications and the IL8 gene expression [39].
L. pneumophila–mediated acetylation of histone H4 and
phosphorylation/acetylation (serine 10/lysine 14) of histone
H3 depends on the MAPK and IKK and correlates with in-
creased binding of the HAT p300/CBP and decreased binding
of HDAC to the IL8 promoter.

Bacterial toxins

In theory, any bacterial stimulus activating NF-κB and
MAPKs has the potential to trigger histone phosphorylation
(mostly H3S10ph and H3S28ph) and associated acetylation
(Fig. 1). Accordingly, successful bacterial pathogens have
evolved factors that interfere with host innate immunity by
disrupting NF-κB and MAPKs (Table 1). We will highlight
two bacterial toxins that dampen host innate immune re-
sponses through inhibiting histone phosphorylation/acetyla-
tion. The first one is lethal toxin (LT) from Bacillus anthracis,
the agent of anthrax. After LT treatment, NF-κB is prevented
from binding to the IL8 promoter upon stimulation of cells
with TNFα [40]. However, LT toxin does not affect NF-kB
activation itself, suggesting that chromatin remodeling at the
IL8 locus is being affected. Correspondingly, LT toxin treat-
ment prevents P38-dependent phosphorylation of histone
H3S10 and acetylation of H3K14 at the IL8 locus upon stim-
ulation with TNFα. A previously reported mechanism, which
showed that endocytosed LT toxin cleaves and inactivates
MAPKKs to block MAPK signaling, could explain how LT
toxin affects histone phosphorylation/acetylation [41].

Another toxin family inducing histone modifications is the
pore-forming toxin (PFT) family (Fig. 1). Cholesterol-
dependent cytolysins, produced by such pathogens as
Listeria monocytogenes, Streptococcus pneumoniae, and
Clostridium perfringens, perturb host cell membranes by
binding to cholesterol and generating protein pores [61].
Upon treatment of cells with these toxins, H3S10 is dephos-
phorylated and H4 deacetylated [62]. These modifications
correlate with downregulation of key inflammatory genes,
such as cxcl2, dusp4, and ifit3, and occur at the promoters of
those genes. A further study revealed that pore formation–
induced potassium efflux is required for this process [63].
More recently, Pseudomonas aeruginosa was shown to in-
duce similar potassium efflux and histone H3 dephosphoryla-
tion; however, pore formation was not induced by a toxin but
by the PopB-PopD translocon generated by type III secretion
system (T3SS) insertion into host cell membrane [64].
Together, these studies suggest that modulation of histone
phosphorylation/acetylation through the disruption of plasma
membrane integrity could be a common mechanism for bac-
terial pathogens to reprogram host signaling and transcription.
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Bacteria alter the role of host enzymes to reprogram
epigenome and transcription

Subversion of host signaling cascades by bacterial pathogens
is a common feature, and targeting chromatin-modifying com-
ponents is no exception. Interestingly, the study of host-
pathogen interactions has helped to reveal the function, or
new function, of chromatin-targeting proteins (Fig. 2).

Shigella flexneri OspF

The type III secreted effector protein OspF of Shigella is a
phosphothreonine lyase mediating an enzymatic reaction
called eliminylation [65, 66]. OspF, as well as another factor
SpvC from Salmonella, is able to convert a phosphothreonine
residue into a dehydrobutyrine residue and irreversibly inacti-
vates MAPK [65]. Thus, OspF prevents MAPK phosphoryla-
tion (P38 and ERK), and thereby abrogates subsequent his-
tone H3S10 phosphorylation at a subset of NF-kB-regulated
promoters and blocks inflammatory gene transcription (Fig. 2)
[67]. OspF also controls the activity of an important chromatin
reader, heterochromatin protein 1 (HP1), to repress gene ex-
pression during Shigella infection (Fig. 2) [68]. OspF directly
interacts with HP1γ and causes HP1 dephosphorylation on
S83, through inactivating the kinase MSK1. The activity of

OspF is unique and to our knowledge, no eukaryotic homolog
has yet been found.

Listeria monocytogenes

The eukaryotic protein Bromo adjacent homology domain con-
taining 1 (BAHD1)was identified in a screen for human proteins
interacting with the nuclear-targeted listerial factor LntA; how-
ever, its function in the cell was undefined. An early study sug-
gested that BAHD1 targets insulin-like growth factor II (IGF2)
transcript and its antisense transcript (IGF2AS) in HEK293 cells,
and overexpression of BAHD1 induces large-scale chromatin
condensation [69]. In fact, BAHD1 was shown to promote het-
erochromatin formation and gene repression in partnership with
several repressive chromatin factors, such as HP1, HDAC1/2,
KAP1, SETDB1, and SUV39H1. However, the genes regulated
byBAHD1 and signals controllingBAHD1were unknown until
the finding that L. monocytogenes regulates the activity of
BAHD1 (Fig. 2). LntA, which is targeted to chromatin, co-
localizes with BAHD1 at heterochromatic regions. LntA-
BAHD1 interaction alleviated the binding of BAHD1 to type
III interferon (IFN) promoters, thereby upregulating their expres-
sion [70]. In agreement, interactome studies of BAHD1 showed
that it co-purifies with repressive complex components such as
HDACs and probably acts to repress gene transcription [71].

Fig. 1 Bacteria alter signal
transduction–mediated histone
modifications. Sensing of bacteria
or other inflammatory signal
receptors trigger the activation of
kinase signaling, including
MAPK and NF-κB, which leads
to the downstream MSK1/2 or
Ikkα-mediated phosphorylation
of histone H3. To counteract this
effect, LT toxin from Bacillus
anthracis dampens MAPK and
prevents MAPK-mediated H3S10
phosphorylation, and pore-
forming toxins, such as LLO from
Listeria monocytogenes, induce
dephosphorylation of histone H3
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L. monocytogenes was also described to hijack the
deacetylase SIRT2 during infection thereby revealing a new
function for this host protein (Fig. 2). SIRT2 is a nicotinamide-

adenine-dinucleotide-dependent deacetylase that was known
to target tubulin for deacetylation and to localize mainly in the
cytoplasm. However, upon infection, SIRT2 is relocalized

Table 1 Bacterial factors intercepting host MAPK and NF-κB signaling

Bacteria Effector Pathway Target

Bacillus anthracis Lethal toxin MAPK MKKs [41]

Listeria monocytogenes InlC NF-κB IKK [42]

Yersinia pestis YopJ MAPK MKKs [43]

NF-κB IKK [44]

NF-κB TAK1 [45]

Salmonella enterica AvrA MAPK MAPKK [46]

SptP MAPK Raf-1 [47]

SpvC MAPK ERK [48]

SpvD NF-κB RelA [49]

PipA/GogA /GtgA NF-κB RelA/RelB [50]

Shigella flexneri OspF MAPK MKKs [51]

IpaH1.4 NF-κB LUBAC [52]

IpaH2.5 NF-κB LUBAC [52]

IpaH9.8 NF-κB IKK [53]

OspG NF-κB E2 enzyme [54]

OspI NF-κB E2 enzyme [55]

OspZ NF-κB TAB2/3 [56]

Chlamydia trachomatis CT441 NF-κB RelA [57]

Vibrio parahemeolyticus VopA MAPK MKKs [58]

Escherichia coli NleE NF-κB TAB2/3 [56, 59]

NleC NF-κB RelA [60]

Fig. 2 Bacteria alter the role of host histone-modifying enzymes. In
uninfected cells, LPS stimuli leads to P38-dependent H3S10
phosphorylation and expression of inflammatory genes; MSK1
phosphorylates HP1 at S83, which interacts with RNAPII and promotes
gene transcription; BAHD1 associates with HP1 and HDAC, forms
heterochromatin to suppress ISG transcription; SIRT2 with S25
phosphorylation localizes in cytoplasm. Upon Shigella infection, T3SS
effector OspF dampens P38 signaling induced by LPS and prevents the
corresponding H3S10ph. Furthermore, OspF prevents HP1 S83

phosphorylation through blocking MSK1, thereby decreases the
transcription of HP1-targeted genes. During Listeria infection, bacterial
factor LntA interacts with BAHD1 complex, alleviates the binding of
BAHD1 with chromatin and restores the H3 acetylation level, resulting
in the transcription of ISGs. In addition, bacterial surface protein InlB
interacts with cell receptor c-Met, which induces a PPM1A/B-
dependent dephosphorylation of SIRT2 at S25. SIRT2 without S25ph
becomes chromatin associated, causes deacetylation of H3K18 and
transcriptional repression
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from the cytoplasm to the nucleus of infected cells. In the
nucleus, SIRT2 is specifically targeted to chromatin where it
binds to transcriptional start sites of genes repressed during
infection and induces deacetylation of H3K18 [72]. SIRT2
relocalization and H3 deacetylation were shown to occur upon
binding of the listerial factor internalin B (InlB), which is a
surface-expressed protein. InlB binds to the host cell surface
receptor c-Met and engages downstream Akt/PI3K signaling,
which is required for H3K18 deacetylation [72]. This report
was the first to show a role for SIRT2 at chromatin and in
transcriptional regulation. Closer study revealed that SIRT2
is dephosphorylated on serine 25 during Listeria infection,
and this dephosphorylation enhances the chromatin associa-
tion of SIRT2 [73]. Infection-induced dephosphorylation of
SIRT2 on S25 is mediated by the host phosphatases PPM1A
and PPM1B. Importantly, blocking H3K18 deacetylation
through inhibition of SIRT2, or PPM1A, and PPM1B greatly
attenuates the L. monocytogenes load, suggesting this histone-
modifying mechanism is critical for bacterial infection. These
studies revealed a novel link between c-Met signaling, SIRT2,
and histone modifications of H3K18 and highlight how infec-
tion can uncover new functions for host proteins.

Mycobacterium tuberculosis 19-kDA lipoprotein

Infection with Mycobacterium tuberculosis, or activation of
TLR2 signaling, leads to repression of a subset of interferon-
stimulated genes, such as CIITA, which codes for the master
regulator of MHC class II genes [74–76]. Importantly, histone
deacetylation is involved in transcriptional repression of this
locus, and 19-kDA lipoprotein is a bacterial factor required for
this process. The HDAC C/EBP is recruited to the CIITA locus
thereby blocking IFN-γ-induced acetylation of histones H3 and
H4 [77]. Furthermore, mycobacterial infection induced the re-
cruitment of the co-repressor Sin3A limiting expression of the
CIITA-regulated genes, HLA-DRα and HLA-DRβ [78]. These
studies suggest that mycobacteria are able to suppress IFN-γ-
dependent responses in macrophages by modulating histone
acetylation. Although a mycobacterial 19-kDA lipoprotein
was shown to be essential for modulating the MHC-II genes,
whether this response is specific or mediated by general activa-
tion of TLR2 signaling cascades remains to be determined.

Bacteria produce new histone-modifying enzymes

In addition to targeting host chromatin modifiers, bacteria
can alter the host epigenome directly through the catalytic
ac t iv i ty o f sec re t ed bac t e r i a l p ro t e in s t e rmed
nucleomodulins (Fig. 3). The major histone modification
targeted by bacteria in this manner is histone methylation.
Histone methylation is deposited on lysine residues,
which can be mono-, di-, or trimethylated, and arginine
residues, which can be mono-, symmetrically, or

asymmetrically di-methylated [79]. Histone methylation
is a mark involved in both gene activation and gene si-
lencing depending on the site and type of methylation.
For instance, trimethylated H3K4 (H3K4me3) at pro-
moters stimulates transcription by recruiting a variety of
reader proteins involved in the assembly of pre-initiation
complex (PIC) containing Pol II and general transcription
factors [10]. In contrast, H3K9me2/3 is associated with
gene repression, as this mark recruits heterochromatin-
binding protein 1 (HP1) leading to transcriptional repres-
sion and formation of heterochromatin [80]. Through the
recruitment of polycomb repressive complex PRC1,
H3K27me3 also contributes to the compaction of chroma-
tin [81]. Like other histone modifications, the level of
histone methylation is regulated by both writers, such as
histone lysine methyltransferases (HKMTs) or protein ar-
ginine methyltransferases (PRMTs), and erasers, such as
LSD demethylases or JMJC demethylases. Importantly,
almost all HKMTs contain a SET domain, which is the
enzymatic domain catalyzing the transfer of a methyl
group from S-adenosylmethionine (SAM) to lysines
[82]. Interestingly, recent studies have shown that bacteria
harbor HKMT homologs containing SET domains that
can directly methylate histone proteins.

Legionella pneumophila LegAS4

LegAS4, a Legionella pneumophila type IV secretion system
(T4SS) effector, localizes to the nucleus during infection and
regulates the expression of ribosomal RNA genes (rDNA) in a
manner depending on its SET domain (Fig. 3) [83]. The SET
domain of LegAS4 has catalytic activity towards histone H3,
mainly catalyzing H3K4me2. LegAS4 has a high-affinity
binding to HP1α/γ, the reader proteins recognizing
H3K9me2 and enriched in transcriptionally silent rDNA lo-
cus. Through the interaction with HP1α/γ, LegAS4 associates
with the promoter and intergenic spacer regions of rDNA to
promote transcription. Strikingly, bioinformatic analysis iden-
tified a large family of LegAS4-like SET domain proteins
from various bacteria, suggesting that histone methylation
might be a common strategy used by bacteria to modulate host
transcription [83]. In fact, experimental data suggested that
LegAS4-like protein BtSET, a type III secretion system
(T3SS) effector from Burkholderia thailandensis, is also able
to methylate histones. Similarly to LegAS4, BtSET promotes
H3K4me2 and activates rDNA transcription [83].

Chlamydia trachomatis NUE and Bacillus anthracis
BaSET

Two other secreted bacterial methyltransferases containing
SET domains have been reported, but the link between their
histone-modifying ability and transcriptional regulation
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remains to be determined. Nuclear effector (NUE) is secreted
through T3SS by Chlamydia trachomatis. After injection into
infected cells, NUE localizes to the cell nucleus and associates
with chromatin (Fig. 3). Although NUE methylates histones
H2B, H3, and H4 in vitro, the sites of histone methylation by
NUE, the methylation types, and regulated genes in infected
cells have yet to be identified [84].

The BaSET protein from the extracellular pathogen
B. anthracis is another example of a bacterially encoded
SET domain protein targeting host histones. BaSET
trimethylates histone H1 in vitro, but does not target other core
histones. Furthermore, BaSET represses the expression of
NF-κB target genes in a reporter assay system [85]. Further
studies will be necessary to determine whether the role of
BaSET on NF-κB genes is mediated through histone H1
methylation.

Mycobacterium tuberculosis Rv1988

Interaction studies of Mycobacterium tuberculosis pro-
teins with histone H3 identified Rv1988 (Fig. 3) [86].
During infection, it is secreted, localizes to the host nu-
cleus, and interacts with chromatin. Interestingly, Rv1988
was shown to target a non-tail histone H3 arginine,
H3R42, which is a non-canonical site of modification
present at the entry/exit point of DNA in the nucleo-
some. Infect ion revealed that Rv1988 induced
H3R42me2 and repressed the transcription of ROS-

related genes, which could contribute to bacterial surviv-
al in macrophages. However, the role of H3R42me2 in
gene regulation is still controversial, as studies have
shown that this modification is involved in both tran-
scriptional activation and repression. In a cell-free sys-
tem, in the presence of p53 and p300, H3R42me2 pro-
moted transcriptional activation [87]. However, in yeast,
where a lysine is present instead of arginine, H3K42me2
caused gene repression, and this repressive effect
persisted even when this lysine was replaced by arginine
[88]. The study of Rv1988-mediated H3K42me2 and its
link to gene repression could therefore provide a useful
tool for dissecting gene regulation by this histone
modification.

Mycobacterium tuberculosis Rv3423 and RV0018

Besides histone methylation, bacteria also have the potential to
target histone acetylation or phosphorylation. Rv3423.1 is an
acetyltransferase secreted byM. tuberculosis that associates with
histones during infection of macrophages, which correlates with
an increase in histone acetylation (Fig. 3) [89]. In vitro biochem-
ical assays with purified recombinant protein showed that
Rv3423.1 is able to acetylate histoneH3 on theK9/K14 residues,
and transfection of macrophages with Rv3423.1 confirmed its
co-localization with chromatin. However, although Rv3423.1
contributes to bacterial survival, the impact of Rv3423.1-mediat-
ed histone acetylation on gene expression has not been explored.

Fig. 3 Bacteria produce new histone-modifying enzymes and create new
histone modifications. Through T4SS, Legionella pneumophila secretes
RomA to induce H3K14me3, which represses the expression of targeted
genes. Another T4SS effector LegAS4 from Legionella pneumophila, as
well as the T4SS effector BtSET from Burkholderia thailandensis,
induces H3K4me2 and the expression of ribosomal RNA genes
(rDNA). Chlamydia T3SS effector NUE methylates histones, but the

target genes are unknown. Methyltransferase RV1988 secreted by
Mycobacterium tuberculosis methylates histone H3 at residue R42,
which promotes gene activation. Another Mycobacterium-secreted
protein Rv3423.1 is acetyltransferase that enhances H3 acetylation
levels during infection, but its role is not known. In addition to
pathogenic bacteria, the gut microbiota is able modulate H3K18cr
through the HDAC inhibitor butyrate, which is a metabolic byproduct
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Another secreted effector Rv0018c fromM. tuberculosis is
a serine/threonine phosphatase that has been shown to dephos-
phorylate histones in vitro, but the evidence that Rv0018c
induces histone dephosphorylation during infection is still
lacking [90]. Similarly, a serine/threonine phosphatase SP-
STP from extracellular pathogen Streptococcus pyogenes is
able to dephosphorylate histone H1 in an in vitro assay [91].
Treating Detroit 562 pharyngeal cells with purified SP-STP
suggested that SP-STP has an internalization mechanism to
cross cell membrane and nuclear membrane. Again, whether
SP-STP is able to induce histone dephosphorylation during
infection has not yet been shown.

Bacteria create new histone modifications in host
cells

Non-canonical targeting of histones could be a mechanism
that bacteria have evolved to induce distinct modifications
during infection. In fact, several bacterial effector proteins
have been shown to induce modifications that have not yet
been reported in eukaryotic cells (Fig. 3).

Legionella pneumophila RomA

RomA is a SET domain–containing methyltransferase secret-
ed by the T4SS of L. pneumophila [92]. The other SET do-
main protein of Legionella, LegAS4, has some homology to
RomA; however, its substrate preference is different. By mass
spectrometry and through the probing of a large panel of an-
tibodies, RomA was shown to mediate H3K14me3 but not
H3K4me2, as LegAS4. During infection, RomA specifically
trimethylates K14 of histone H3, a histone mark not previous-
ly described in mammals. The presence of H3K14 methyla-
tion was found to counteract H3K14 acetylation, leading to a
loss of an active histone mark, and repression of host gene
expression [92]. In fact, H3K14me3 was found to mark pro-
moter regions of a large number of genes, including inflam-
matory genes, and to be essential for a productive infection.
Interestingly, RomA was also shown to target other proteins
besides histones suggesting additional roles for RomA besides
transcriptional regulation [93].

Microbiota and histone crotonylation

In recent years, a number of new histone PTMs have been
discovered or “re-discovered.” For example, histone lysines
can be acylated with intermediates from metabolism, generat-
ing longer chain acylations such as crotonylation,
butyrylation, and hydroxybutyrylation [94]. Those acylation
modifications are similar to well-studied lysine acetylation in
general, but their role in gene regulation might be distinct, due
to the difference of hydrocarbon chain length and hydropho-
bicity or charge [95]. Among the identified non-acetyl histone

acylations, histone crotonylation is an interesting modification
that has recently been the focus of several studies. Crotonyl-
CoA is the crotonyl donor for histone crotonylation, which is
added by HATs and removed by HDACs [96]. In a cell-free
system, p300-dependent crotonylation of H3K18 (H3K18cr)
induced gene expression, demonstrating a causal relationship
between crotonylation and transcriptional activation [97]. In
fact, the levels of H3K18cr directly affect LPS-mediated tran-
scriptional activation of the inflammatory response [97]. In
addition to LPS, more recently, a link between bacteria and
lysine crotonylation has been identified. Short-chain fatty
acids (SCFAs) are major products of gut bacterial fermenta-
tion, provide energy sources for the gastrointestinal tract track
epithelial cells, and affect multiple cellular functions including
immune responses [98]. Such microbiota-derived SCFAs
were shown to regulate H3K18cr in intestinal epithelial cells
(Fig. 3) [99]. One of the microbiota-derived SCFAs butyrate is
a well-known HDAC inhibitor. Depletion of the gut microbi-
ota results in a decrease of butyrate, leading to a correlated
reduced histone crotonylation globally in the colon.
Therefore, intestinal microbiota can affect host cell gene ex-
pression through epigenomic regulation mediated by metabo-
lism products.

Bacterial products triggered histone modifications
uncover novel memory-like response

The lasting potential of bacteria-mediated histone modifica-
tions could have important consequences for either expression
of inflammatory genes in cell defense or promoting bacterial
survival or persistence. Although epigenetic modifications are
dynamic and reversible, certain histone modifications, such as
histone methylations, have a relatively longer half-life, which
can even be maintained across cell division [100]. Given the
fact that bacterial infections trigger histone modifications,
these represent attractive candidates for mediating infection-
induced memory-like responses. Such memory-like responses
may determine the choice or the effectiveness of subsequent
host responses in a tailor-made fashion, dependent on the his-
tory of stimuli.

Endotoxin tolerance, which occurs upon exposure to high
levels of LPS, is one such example of lasting changes leading
to a lack of response to a subsequent challenge. This immu-
nosuppression phenomenon is characterized by the downreg-
ulation of the pro-inflammatory genes and is associated with
poor patient prognosis [101]. A series of studies illustrate the
role of epigenetic modifications in endotoxin tolerance, which
is characterized by sustained levels of H3K9me2 and binding
of HP1α, reduced level of H3S10ph, and diminished binding
of NF-κBRelA to the promoter of certain inflammatory genes
in LPS tolerant THP-1 cells (Fig. 4) [102, 103]. A further
study suggested that another NF-κB subunit RelB is required
for endotoxin tolerance in THP-1 cells, which induces
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facultative heterochromatin formation by directly interacting
with the H3K9 methyltransferase G9a to suppress inflamma-
tory genes (Fig. 4) [104]. Additionally, in primary human
monocyte–derived macrophages, LPS stimulation leads to
the transcriptional inaction of certain genes upon LPS re-ex-
posure, and this is correlated with the impaired accumulation
of H3K27ac at the enhancers of those genes [105]. Therefore,
host cells utilize histone-modifying strategies to prevent an
overwhelming response upon systemic inflammation, a phe-
nomenon observed well beyond primary exposure. The im-
pact of bacteria on such a tolerance response has not yet been
studied.

In contrast to endotoxin tolerance, exposure to low levels
of LPS generates an increased response to recurrent chal-
lenges. Accumulated evidence indicates that this memory-
like response of innate immunity could be conferred through
epigenetic reprogramming similarly to what has been shown
for tolerance [106]. Treating peritoneal macrophages with
LPS leads to a p38-dependent phosphorylation of ATF7 and
its dissociation from chromatin. Since ATF7 suppresses a
group of immunity-related genes by recruiting G9a, the re-
lease of ATF7 induces a decrease of H3K9me2 and an in-
crease in basal expression of target genes even upon removal
[107]. Treating macrophages with β-glucan further

demonstrate the important role of epigenetics in memory-
like response. β-glucan is able to induce enhanced response
to secondary challenge, which is associated with changes in
histone H3K4me3 [108]. Interestingly, β-glucan can rescue
both the transcription and levels of H3K27ac at the enhancers
of unresponsive genes in endotoxin tolerance macrophages
[105].

The important role for enhancers in innate memory was
further demonstrated by the discovery that the repertoire of
genetic regions marked with H3K4me1 could change upon
external stimulation. Indeed, stimulation of BMDM with
LPS leads to sequential binding of transcriptional factors to
certain regions that are completely unmarked in unstimulated
conditions, enabling deposition of enhancer marks including
H3K4me1 and H3K27ac (Fig. 4) [109]. After removal of the
LPS stimulus, many of these enhancers return to a resting
state, in parallel with loss of H3K27ac but not H3K4me1
(Fig. 4). In fact, persistent H3K4me1 at those latent enhancers
endures for a long time and mediates an enhanced transcrip-
tional response of neighboring genes upon re-stimulation.
Innate memory mediated by histone marks on enhancers is
observed not only in non-lymphoid macrophage cells but also
in innate lymphoid cells such as natural killer (NK) cells. A
recent study illustrated that NK cells isolated from mice

Fig. 4 Bacterial products induced
histone modifications are involved
in memory-like responses. LPS
stimulation induces
phosphorylation and acetylation
of histone H3 at promoters, and
H2K27ac at enhancers. However,
dependent on the nature and
intensity of primary stimulates,
cells can develop a memory-like
phenomenon leading to a different
response from naïve cells upon re-
challenge. High levels of LPS
exposure induces endotoxin
tolerance, which is associated with
G9a-mediated H3K9me2 at
promoters and the impairment of
H3K27ac at enhancers of certain
genes. Low levels of LPS
exposure lead to transcriptional
hyper-stimulation, which is linked
with latent enhancers. In this novel
type of enhancer, H3K4me1 and
H3K27ac are deposited at
unmarked regions upon primary
stimulation. Although H3K27ac is
a transient mark, H3K4me1
persists and enables an enhanced
response to a secondary stimulus
with fast recovery of H3K27ac
upon re-challenge
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postendotoxemia acquire memory-like features characterized
by a higher production of IFNγ upon secondary LPS stimu-
lation [110]. This memory to LPSwas shown to depend on the
appearance of a latent enhancer, which becomes marked with
H3K4me1 at the ifng locus. Blocking LPS-induced H3K4me1
with a chemical methyltransferase inhibitor abolishes the
memory acquired by NK cells to secondary stimulation.
Therefore, the study of cellular responses to bacterial factors
has uncovered a new class of enhancers, which is latent under
basal conditions but amenable to subsequent stimulus. This
finding changes the view that enhancers are fixed in differen-
tiated cells and reveal that these regulatory components re-
spond to external stimuli and maintain a transcriptional mem-
ory of passed encounters. Further studies will determine
whether similar memory occurs upon infection and if bacteria
are able to modify it.

Conclusions and perspectives

The study of bacteria-host interactions has provided
breakthroughs in our knowledge of cell biology.
Similarly, new mechanisms and players are being uncov-
ered in the study of epigenomic regulation of gene ex-
pression. Indeed, bacteria provide privileged stimuli to
induce specific responses mediated by histone modifica-
tions. Investigating the role of histone modifications, es-
pecially the new marks or novel functional types, will
promote the understanding of how histone modifications
influence chromatin structure and the regulatory mecha-
nism of gene transcription. Furthermore, beyond a mech-
anistic role, function in a cellular process could be asso-
ciated with specific sets of histone marks.

Beyond a novel understanding of cell biology mecha-
nisms, bacteria-induced histone modifications could pro-
vide targets for host-directed therapy, a good alternative
for antibiotics that target the pathogen. Indeed, manipu-
lation of epigenomic processes is important for efficient
bacterial infection, and targeting or inhibiting these may
alter the outcome of infection. In fact, epigenetic therapy
has been proposed and applied in multiple human dis-
eases, including cancer, diabetic retinopathy, cardiac dys-
function, and mental diseases. Epigenetic therapy might
either modulate the immune response from host cells or
directly restrict bacterial infection. With the emerging
classes of pharmacological agents and increased target
specificity, the therapeutic potential of the infection area
has been opened up, especially for chronic or antibiotic-
resistant bacterial infections.
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