Chapter 6
Cross Talk Between Bacteria and the Host
Epigenetic Machinery

Hélene Bierne

Abstract Multidisciplinary approaches combining microbiology, cell biology, and
genetics have improved our understanding of bacterial diseases by elucidating
mechanisms employed by bacteria to manipulate eukaryotic cellular processes. In
parallel, research on epigenetics has increased our knowledge about eukaryotic
gene expression by providing a mechanistic basis for the amazing plasticity of the
genome in response to developmental and environmental cues. These two fields of
research have now converged, providing information about the ways in which
bacteria shape the epigenome and the mechanisms by which the epigenetic machin-
ery allows the host to respond to colonization by pathogenic or commensal bacteria.
The study of this cross talk has revealed remarkable diversity in the mechanisms of
action of bacteria on chromatin and has identified epigenetic regulators involved in
host responsiveness to bacteria. One powerful strategy used by intracellular path-
ogens (e.g., Anaplasma, Chlamydia, Ehrlichia, Legionella, Listeria, Mycobacteria,
Mpycoplasma, Shigella) is the secretion of nucleomodulins that manipulate chroma-
tin structure in the host nucleus. The effects of this dialog are often limited in time,
causing transient gene expression changes. However, increasing evidence suggests
that certain epigenetic changes triggered by bacterial molecules are long-lasting,
leading to the priming of transcriptional responses and the reprogramming of genes
involved in inflammation or tolerance, with consequences for reinfection and
polymicrobial infections. In addition, the effects of bacteria on the host epigenome
may ultimately modify the identity of the cell by breaking epigenetic barriers,
leading to cell differentiation, dedifferentiation, or trans-differentiation, thereby
potentially contributing to tissue remodeling and emergence of complex diseases.
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6.1 Introduction

Pathogenic bacteria have evolved a wide range of mechanisms for manipulating
eukaryotic cell functions to their advantage (Diacovich and Gorvel 2010; Jimenez
et al. 2016). In particular, by modifying the host cell transcriptional program, they
disturb diverse cellular processes and take control of host defense systems. The
commensal bacteria of the microbiota also affect host transcriptional gene networks
by producing metabolites that influence the differentiation, proliferation, migration,
and metabolic functions of mucosal cells (Brestoff and Artis 2013). Conversely, in
conditions of microbial attack or colonization, host cells trigger various responses
enabling them to tolerate or eliminate the invaders by mobilizing genes involved in
key processes (e.g., immunity, cell death/survival, adhesion/motility, metabolism)
(Jenner and Young 2005). Studies of the molecular basis of this cross talk are
crucial for an understanding of infectious diseases and mucosal homeostasis.
Research has long focused on the manipulation of transcription factors (e.g.,
NF-xB, FOS/JUN, IRFs, STATs, HIFs, SMADs) (Jenner and Young 2005; Bhavsar
et al. 2007), through the bacteria-mediated deregulation of signaling pathways, or
through posttranslational modifications (PTMs), activating, shutting down, or
delocalizing these transcription factors. Another powerful means by which bacteria
alter the expression of host genes has recently emerged from studies in different
bacterial models: specific modifications of chromatin in the cell nucleus. This
chapter will update a previous contribution dealing with the relationship between
bacteria and chromatin regulation (Bierne et al. 2012) and will present new
evidence for the epigenetic inheritance of bacterial imprints in cells and tissues.
We will first recall the general principles of epigenetic regulation, and several
examples will then be used to illustrate the diversity of mechanisms employed by
bacteria and animal or human cells to mobilize the epigenetic machinery and
modify the expression of susceptibility or resistance genes in the short or long
term. The epigenetic control of adaptive immunity (Alvarez-Errico et al. 2015) and
the effects of plant-associated bacteria on chromatin (Ma et al. 2011; Canonne and
Rivas 2012; Holeski et al. 2012) will not be addressed here.

6.2 The Machinery of Chromatin Regulation

6.2.1 Chromatin Marks

In eukaryotic cells, DNA is wrapped around histone proteins to form nucleosomes,
which are themselves packed with non-histone chromosomal proteins in the chro-
matin fiber. Chromatin condensation organizes and confines the genome into the
tight space of the nucleus. More locally, the state of chromatin compaction plays a
major role in nuclear processes by controlling the accessibility of DNA to the
transcription, replication, and repair machineries. The regulation of chromatin
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structure is a dynamic process that involves DNA methylation (mostly on cyto-
sines) (Klose and Bird 2006; Chen and Riggs 2011), histone PTMs (e.g., phosphor-
ylation, methylation, acetylation, ubiquitination, SUMOylation, citrullination,
ADP-ribosylation) (Kouzarides 2007; Sadakierska-Chudy and Filip 2015), and
the sliding of nucleosomes along the DNA. Mechanisms for modifying and
remodeling chromatin function together, controlling the formation of higher order
chromatin structures that are either loosely packed and transcriptionally active (i.e.,
“euchromatin”) or highly condensed and transcriptionally silent (i.e., “heterochro-
matin”). Different combinations of histone PTMs and DNA methylation patterns
form a code that controls transcription by affecting either chromatin structure itself
or the recruitment of DNA-binding transcription activators or repressors. Several
chromatin marks are known to be associated essentially with transcriptional acti-
vation (e.g., H3K4me, H3S10p, and H3K14ac; all abbreviations are listed in
Table 6.1), whereas others are associated with repression (e.g., H3K9me,
H3K27me, and deacetylated histones). However, it is often difficult to interpret a
specific chromatin signature for the prediction of gene expression outcomes. Some
genes may carry both repressive and activating histone marks, and RNA polymer-
ase II may constitutively bind their proximal promoters, preparing the gene for
efficient future transcription while remaining silent (Mikkelsen et al. 2007). Such
active chromatin states at sites of repressed transcription may “poise” transcripts for
rapid activation in cells in which a rapid change in expression levels is required,
during immune and metabolic responses, for example (Cuddapah et al. 2010; Rye
et al. 2014).

Chromatin modifications also contribute to the alternative splicing of
pre-mRNA, making it possible for a single eukaryotic gene to encode several
proteins with different functions (Allemand et al. 2008; Hnilicova and Stanek
2011). An additional level of complexity is added by noncoding RNAs and
RNA-binding proteins (Turner and Morris 2010; Kaikkonen et al. 2011;
Sadakierska-Chudy and Filip 2015). Most of the genomic DNA of eukaryotes is
transcribed, but only 1-2% of transcripts encode proteins. The vast majority of
RNAs are thus noncoding RNAs (ncRNA) of various sizes, generated from exons,
introns, enhancers, or intergenic regions, in sense or antisense orientation (Mattick
and Makunin 2005; Tisseur et al. 2011). Antisense RNAs and small ncRNAs play
diverse roles in chromatin regulation by recruiting chromatin-modifying enzymes
(Faghihi and Wabhlestedt 2009; Kaikkonen et al. 2011; Cao 2014) and/or acting as
scaffolds localizing genes to specific subnuclear regions (Yang et al. 2011; Schmitz
et al. 2010). Last but not least, RNA can itself be modified, particularly by
adenosine methylation (Dominissini et al. 2012), which affects messenger RNA
localization, stability, splicing, and translation (Meyer and Jaffrey 2014;
Dominissini et al. 2016). The role of the RNA world in the relationship between
microbes and epigenetic regulation is an emerging field of research worthy of
consideration in its own right. This chapter focuses exclusively on the role of
histone and DNA modifications.
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Table 6.1 List of abbreviations

H. Bierne

Name Full name Function

5SmC 5-methylcytosine Epigenetic mark

BAHD1 Bromo Adjacent Homology Domain Scaffold and reader subunit of the
containing 1 BAHDI complex

CHD Chromodomain-helicase-DNA-binding Nucleosome remodeler
protein

CIITA Class II, major histocompatibility complex, | Transcription factor
transactivator

DNMT DNA methyltransferase DNA modifier (writer)

G9a/ Euchromatic histone-lysine Histone modifier (writer)

EHMT2 N-methyltransferase 2

GATAD GATA Zinc Finger Domain Containing Subunits of the NurD complex

2A/2B 2A/2B

H2A Histone H2A Core histone

H2AX H2A histone family, member X Histone variant

H3T3p Histone H3 phosphorylated at threonine 3 Epigenetic mark

H3K4me | Histone H3 methylated at lysine 4 Epigenetic mark

H3K8ac Histone H3 acetylated at lysine 8 Epigenetic mark

H3K9ac Histone H3 acetylated at lysine 9 Epigenetic mark

H3K9me | Histone H3 methylated at lysine 9 Epigenetic mark

H3K9ac Histone H3 acetylated at lysine 9 Epigenetic mark

H3S10p Histone H3 phosphorylated at serine 10 Epigenetic mark

H3K14ac | Histone H3 acetylated at lysine 14 Epigenetic mark

H3K14me | Histone H3 methylated at lysine 14 Epigenetic mark

H3K18ac | Histone H3 acteylated at lysine 18 Epigenetic mark

H3K23ac | Histone H3 acetylated at lysine 23 Epigenetic mark

H3K27me | Histone H3 methylated at lysine 27 Epigenetic mark

HDM Histone demethylase Histone modifier (eraser)

HDAC Histone deacetylase Histone modifier (eraser)

HMT Histone methyltransferase Histone modifier (writer)

HP1 Heterochromatin protein 1 Chromatin reader

INOS8O INOsitol requiring protein 80 Nucleosome remodeler

IKKa IkB kinase alpha Kinase

ISG Interferon-stimulated gene Immunity gene

ISWI Imitation Switch (ISWI) Nucleosome remodeler

JNK c-Jun N-terminal kinase Kinase

LPS Lipopolysaccharide Major component of the outer

membrane of Gram-negative
bacteria

LSD1 Lysine (K)-specific demethylase 1A Histone modifier (eraser)

MAMPS | Microbe-associated molecular patterns Bacterial molecules

MAPK Mitogen-activated protein (MAP) kinase Kinase

MBD1/2 | Methyl-CpG-binding protein 1/2 SmC reader

MIER1/2/ | Mesoderm induction early response protein | Subunits of the BAHD1 complex

3 1/2/3

(continued)
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Name Full name Function

MSK1/2 Mitogen- and Stress-activated Kinase 1/2 Kinase-Histone writer

MTAL1/2/ | Metastasis-associated gene 1/2/3 Scaffold subunit of the NurD

3 complex

MRN Mrel1-Rad50-Nbs1 (MRN) complex DNA repair complex

NF-«xB nuclear factor kappa-light-chain-enhancer of | Transcription factor
activated B cells

NOD1/2 Nucleotide-binding oligomerization domain- | Pattern-recognition receptor
containing protein 1/2

NuRD Nucleosome remodeling and histone Chromatin-remodeling complex
deacetylase

p300/CBP | E1A-binding protein p300/CREB-binding Histone modifier (writer) and
protein reader of histone modifications

PRC1/2 Polycomb repressive complex 1/2 Chromatin-repressive complex

RBBP4/7 | Retinoblastoma Binding Protein 4/7 Subunit of the NurD complex

SATB1 Special AT-rich sequence-binding protein-1 | Nuclear matrix attachment protein

SETDBI1 SET domain, bifurcated 1 Histone modifier (writer)

SIN3A SIN3 transcription regulator homolog A; Scaffold subunit of the SIN3
Histone deacetylase complex subunit Sin3a | complex

SIRT2 Sirtuin 2 Histone modifier (eraser)

SWI/SNF | SWItch/Sucrose Nonfermentable Nucleosome remodeler

TET Ten-eleven translocation Enzyme converting 5-mC to ShmC

TLR Toll-Like-Receptor Pattern-recognition receptor

TNF-R Tumor necrosis factor-receptor Cytokine receptor

VRK1 Vaccinia-Related kinase 1 Kinase

6.2.2 Chromatin Regulators

The molecular machinery controlling chromatin structure includes about 800 pro-
teins with diverse functions (referenced in the EpiFactors database (Medvedeva
et al. 2015); abbreviations for those mentioned here are listed in Table 6.1).
ATP-dependent remodeling enzymes from the SWI/SNF, ISWI, CHD, and
INO80O/SWR families position the nucleosomes by catalyzing the movement of
histone octamers relative to DNA, using energy from ATP hydrolysis to move,
destabilize, evict, or reassemble nucleosomes (Langst and Manelyte 2015). Cova-
lent modifications of chromatin are added or removed by a wide range of enzymes
known as “writers”, such as histone kinases, acetyltransferases (HATs), and
methyltransferases (HMTs), and “erasers”, such as histone phosphatases,
deacetylases (HDACS), and demethylases (HDMs) (Fig. 6.1) (Zhou et al. 2011).
In DNA methylation, the writers of 5-methylcytosine (SmC) are DNA
methyltransferases (DNMTs), which either establish methylation (i.e., the “de
novo” methyltransferases DNMT3a and DNMT3b) or copy methylation patterns
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Fig. 6.1 The epigenetic machinery. Histone posttranslational modifications, histone sliding, and
5-cytosine methylation (SmC) control chromatin structure and gene expression. Chromatin is
modified and remodeled by enzymes known as “writers,” “erasers,” and “remodelers.” Examples
of chromatin enzymes and marks are shown. Activating marks include serine phosphorylation on
lysine 10 (S10p) and acetylation on lysine 14 (K14ac) of histone H3 and methylation on lysine
4 (K4me) of histone H4. Repressive marks include dephosphorylation, deacetylation, and demeth-
ylation of the same residues, as well as methylation of lysine 9 (K9me) of H3. Cytosine
methylation is a repressive mark at promoter sequences and an activating mark at gene bodies.
Its erasure involves a complex pathway with chemical modifications of SmC, followed by passive
demethylation or DNA repair. Epigenetic marks are recognized and interpreted by protein
modules known as “readers.” For instance, the bromodomain of the HAT p300 binds H3K 14ac,
the chromodomain of HP1 binds H3K9me, and the MBD domain of MBD1 binds 5SmC. Writers,
readers, erasers, and nucleosome remodelers act within large macromolecular complexes that open
or close chromatin, leading to gene activation or repression. Cell signaling pathways triggered by
external stimuli control interaction or stability of chromatin-activating or -repressive complex
subunits and their combinatorial interaction with transcription factors (not shown). HAT, histone
acetyltransferase; HMT, histone methyltransferase; HDAC, histone deacetylase; HDM, histone
demethyltransferase; DNMT, DNA methyltransferases. All other abbreviations are listed in
Table 6.1. Adapted from (Bierne et al. 2012)

onto the newly synthesized DNA strand during replication (i.e., the “maintenance”
methyltransferase DNMT1). DNA methylation can be reversed passively, through a
lack of 5SmC copying during DNA replication, or actively through an active erasure
process, involving intermediate chemical modifications of SmC, followed by
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passive demethylation or DNA repair. Several groups of proteins, such as the
ten-eleven translocation (TET) proteins and DNA glycosylases, have been shown
to be involved in this complex process (Bhutani et al. 2011; Chen and Riggs 2011;
Wu and Zhang 2011). 5SmC and histone PTMs serve as signaling platforms for
proteins known as “readers”, which interact, stabilize, or modify other chromatin
components (Fig. 6.1). Histone readers are docked onto specific PTMs via
chromatin-binding modules, such as bromodomains (BRD), bromo-adjacent
homology domains (BAH), chromodomains, 14-3-3, Tudor, or PHD domains
(Taverna et al. 2007). Methyl-cytosine readers include methyl-DNA-binding
domains (MBD), SET and RING-associated domains (SRA), and some specific
zinc finger motifs (Sasai and Defossez 2009; Liu et al. 2013; Buck-Koehntop and
Defossez 2013).

Writers, readers, and erasers are often modular proteins with several properties.
The enzyme p300/CBP illustrates this well: it acts as a writer (via its HAT module),
a reader (via its bromodomain), and an adaptor (via other modules). In addition,
writers, readers, erasers, and remodelers often function as subunits of large macro-
molecular complexes assembled with scaffold proteins. NurD is a paradigm of such
chromatin-remodeling complexes (Fig. 6.2). It contains MTA scaffolding proteins
(MTA1, MTA2, MTA3) that bridge subunits involved in nucleosome remodeling
(CHD3, CHD4), histone deacetylation (HDAC1, HDAC2), and demethylation
(LSD1), binding to other subunits and histones (RBBP4, RBBP7, GATAD2A,
GATAD2B), and the targeting of methylated DNA (MBD2) and transcription
factors (MBD3) (Lai and Wade 2011). The combinatorial assembly of these sub-
units determines the function of NuRD in genomic targeting and in the mediation of
cell type-specific transcriptional regulations, such as the repression of tumor sup-
pressor genes.

6.2.3 Signaling to Chromatin

The modular, multifunctional, and combinatorial nature of this regulation ensures
extremely precise temporal and spatial control over chromatin structure (Ram et al.
2011). The vast array and different combinations of histone PTMs coordinate the
sequential recruitment of complexes in a regulatory process that reinforces or
reverses existing histone PTMs (Latham and Dent 2007; Lee et al. 2010; Suganuma
and Workman 2011). For instance, the Polycomb repressive complexes PRC2 and
PRCI1 are sequentially recruited, first to “write” H3K27me3 and then to “read” this
mark to induce the mono-ubiquitylation of histone H2A, ultimately leading to
chromatin compaction at target genes (Margueron and Reinberg 2011). Such
cross talk also takes place between histone PTMs and DNA methylation (Cedar
and Bergman 2009; Du et al. 2015), via the interaction of histone and DNA
modifiers and readers (Li et al. 2006; Vire et al. 2006; Fujita et al. 2003; Ichimura
et al. 2005). Cooperation between chromatin-remodeling complexes and DNMTs is
particularly important in the maintenance of a specific chromatin state (Cai et al.
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Fig. 6.2 The NuRD and BAHDI1 chromatin-repressive complexes. NuRD and BAHD1 com-
plexes are examples of chromatin-associated macromolecular complexes involved in gene repres-
sion. Both contain scaffold proteins (MTA1/2/3 and BAHD1-MIER1/2/3, respectively) that bridge
subunits involved in histone deacetylation (HDAC1, HDAC2), nucleosome remodeling (CHD3,
CHD4), and binding to methylcytosine (SmC) (MBD2 and MBDI, respectively). The BAHD1
complex also contains a HMT subunit (e.g., G9a) that “writes” the H3K9me mark to which the
heterochromatin protein HP1 binds. In addition, the BAH domain of BAHDI1 is a reader of the
H3K27me mark. The function and targeting of these complexes to specific loci depend on the
combinatorial assembly of the different subunits with transcription factors (TF) in response to
external signals. Upon Listeria infection, the BAHD1 complex assembles at promoters of a set of
interferon-stimulated genes (as shown in Fig. 6.3). BAHD1 also controls expression of metabolic
genes. Adapted from (Lakisic et al. 2016)

2014). The spatial information required to guide chromatin regulators towards
specific sites within the genome is provided by combinatorial interactions with
DNA-bound transcriptional factors and/or ncRNAs.

Diverse PTMs induced by cell signaling pathways alter the interaction or
stability of subunits of chromatin-associated complexes and transcription factors.
Signal transduction information is thus translated into chromatin structure in
response to various external signals (Mohammad and Baylin 2010; Arzate-Mejia
et al. 2011). In particular, phosphorylation and sumoylation are important modifi-
cations in the function of chromatin-modifying complexes (Garcia-Dominguez and
Reyes 2009; Baek 2011). For instance, phosphorylation of the transcription factor
¢c-JUN by JNK kinase impairs the binding of c-JUN to the MBD3 subunit of the
NuRD complex, thereby relieving repression of target genes (Aguilera et al. 2011).
Several kinases of signal transduction pathways, such as JNK, MSK1/2, and IKKa,
can directly phosphorylate histones (Baek 2011; Tiwari et al. 2011) or histone
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readers, such as HP1 (Hiragami-Hamada et al. 2011). The signaling molecules
activated in cells in response to a wide range of stimuli thus have major effects on
the language and syntax of chromatin, through their control of transcription factors
and large chromatin-associated co-activator or co-repressor complexes (Fig. 6.1).

6.2.4 Epigenetic Inheritance

Some chromatin modifications remain stable in interphase cells and can be trans-
mitted to daughter cells through mitosis, resulting in their persistence after the
disappearance of the initiating signal. This transmission process, resulting in
heritable changes in gene expression without altering the sequence of nucleotides
in the DNA, defines epigenetic regulation (Riggs et al. 1996).

Epigenetic marks play a key role in cell differentiation, by enabling a cell to
“remember” its transcriptional profile. Specific epigenetic signatures fix the identity
of the cell while allowing it to respond to external signals. This plasticity explains
how the DNA sequence of single cell, the zygote, can generate a huge number of
different cell types (about 200 in the human body), most of which being highly
differentiated and specialized, whereas others remaining undifferentiated and plu-
ripotent for cell renewal. However, many of the epigenetic marks induced by cell
signaling, DNA repair, or cell cycle transitions are short-lived and do not result in
long-term memory. This has led to controversy concerning the use of the terms
“epigenetic” and “epigenetic marks” to describe chromatin-associated processes
and modifications that are not heritable. Adrian Bird has proposed a definition of
epigenetic events accounting for both transient and stable modifications of epige-
netic language: “a structural adaptation of chromosomal regions so as to register,
signal or perpetuate altered activity states” (Bird 2007).

Intense efforts are currently focused on unraveling the mechanisms by which
transient epigenetic changes are converted into epigenetic inheritance, particularly
given the great importance of these processes in regenerative medicine and research
on complex diseases, such as cancer and metabolic and autoimmune diseases.
Novel technologies, such as genome-wide epigenomics, chromosome conformation
capture (3C), and super-resolution microscopy, have highlighted the complex three-
dimensional organization of the genome with large chromatin domains (Guelen
et al. 2008; Padeken and Heun 2014; Mattout et al. 2015), the formation of
chromosomal loops (Kohwi-Shigematsu et al. 2012; Noordermeer and Duboule
2013), and a nonrandom subnuclear localization of chromatin-associated com-
plexes (Wani et al. 2016). Diverse elements, including enhancers and insulators,
regulate topological domains, their boundary regions, and gene looping
(Noordermeer and Duboule 2013). The formation of boundaries blocking the
spread of heterochromatin is particularly critical for the maintenance of stable
gene expression patterns. Recent studies compiling data from a hundred of
human epigenomes have highlighted the importance of examining chromatin at
the megabase scale and of defining epigenetic profiles for regulatory elements
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located at some distance from promoters (Roadmap Epigenomics et al. 2015;
Romanoski et al. 2015). Such chromatin signatures constitute epigenetic barriers
to transcription factor-mediated reprogramming processes. Here, it is worth
recalling a groundbreaking discovery in 2006: exogenous expression of a cocktail
of transcription factors (Oct4, Sox2, K1f4, and Myc) is sufficient to turn any cell of
the body into a pluripotent stem cell (iPS) (Takahashi and Yamanaka 2006).
However, this nuclear reprogramming is an inefficient process. Recently, it was
reported that depletion of the MBD3 subunit of the NuRD complex greatly
improves the efficiency of reprogramming (Rais et al. 2013). This highlights the
need to reset the epigenetic landscape of differentiated cells, so they can go back to
pluripotency.

In conclusion, the epigenome can change rapidly in response to developmental,
physiological, or environmental stimuli, but its stability is also important for the
maintenance of cell identity. The mechanisms underlying this plasticity are highly
sophisticated. Many studies have shown that bacterial products affect these mech-
anisms, through the activation of signaling cascades or the direct targeting of
chromatin and chromatin regulators in the nucleus, as reviewed below through
several examples (Table 6.2). Assessing the magnitude of these effects is an
emerging fundamental question, which will also be illustrated here.

6.3 Bacterial Effects on the Host Epigenome

6.3.1 Lessons from Listeria and Anaplasma

Listeria monocytogenes is a food contaminant causing listeriosis, a serious disease
for immunocompromised individuals, fetuses, and newborns. This facultative intra-
cellular bacterium is a powerful model to study various aspects of the molecular
interactions between pathogen and mammalian cells (Hamon et al. 2006), espe-
cially as it invades many different cell types and reaches various organs, such as the
liver, spleen, placenta, and brain. In addition, it triggers a wide range of innate
immune responses and a potent protective T-cell response (Pamer 2004).
Anaplasma phagocytophilum, the causative agent of human granulocytic anaplas-
mosis, is another interesting bacterial model to address fundamental questions in
cellular microbiology, as it displays a remarkable tropism for neutrophils. This
obligate intracellular pathogen survives in the hostile environment of the neutrophil
by abrogating key antimicrobial functions. This property is partly attributed to A.
phagocytophilum’s ability to shape the transcriptional program of the host cell to its
advantage (Borjesson et al. 2005; Lee et al. 2008; Sinclair et al. 2014). The studies
on Listeria and Anaplasma have proven to be particularly suitable to identify
mechanisms involved in chromatin modifications induced by microbial pathogens
(Fig. 6.3).
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Table 6.2 Examples of bacteria-mediated effects on chromatin regulation

Bacterial species

Bacterial factor

Effect

Anaplasma AnkA Nucleomodulin. Binding to chromatin at AT-rich
phagocytophilum DNA sequences; silencing of the CYBB gene
? Increased expression of HDACI and DNMT3a genes
? Genome-wide DNA methylation changes
Bacillus LT Toxin. Inhibition of MAPK and of H3S10p and
anthracis downregulation of /L-8 and KC genes
BaSET Nucleomodulin. Putative histone methyltransferase
Campylobacter ? Hypermethylation in the promoter region PO of the
rectus IGF?2 gene in the murine placenta
Chlamydia NUE Nucleomodulin. Histone methyltransferase
trachomatis
Chlamydia SinC Nucleomodulin. Binding to the nuclear inner
psittaci membrane
Coxiella burnetii | Cbul314 Nucleomodulin. Binding to chromatin
Ehrlichia Ank 200 Nucleomodulin. Binding to chromatin at Alu-Sx
chaffeensis Trp120 elements
Nucleomodulin. Binding to G+C-rich motifs
Escherichia coli | NleC Nucleomodulin. Protease that degrades the HAT
p300/CBP (in EPEC and EHEC)
? DNA methylation and downregulation of CDKN2A
(in UPEC)
? Change expression of the HMT EZH2 (PRC2 com-
plex) (in UPEC)
Helicobacter ? Induction of H3 modifications
pylori ? Induction of DNA methylation in gastric mucosa
Legionella Flagellin Histone acetylation in infected lung epithelial cells
pneumophila RomA/LegAS4 Nucleomodulin. Histone methyltransferase at
H3K14 (in chromosomes) or H3K4 (in the
nucleolus).
Listeria MAMPS PRR-induced signaling pathways leading to H4
monocytogenes acetylation and H3 phosphorylation/acetylation
LLO Toxin. Induction of a signaling pathway via K*
efflux at the plasma membrane, leading to histone
dephosphorylation and deacetylation
InlB Invasin. Activation of the Met-PI3K-Akt signaling
pathway, leading to nuclear translocation of the
sirtuin SIRT2 and histone H3K18 deacetylation
? Repression of ISGs by the BAHDI chromatin-
repressive complex (epithelial cells)
LntA Nucleomodulin. Inhibitor of BAHDI and activator
of ISGs (epithelial cells)
Moraxella ? Induction of histone H3 and H4 modifications at the
catarrhalis IL8 promoter
?

Reduction in expression and activity of HDAC1/2 in
airway epithelial cells.

(continued)
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Bacterial species

Bacterial factor

Effect

Mycobacterium | Rv1988 Nucleomodulin. Histone methyltransferase at
tuberculosis H3R42
Rv3423 Nucleomodulin. Histone acetyltransferase at H3K9/
K14
Rv2966¢ Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a non-CpG context
? Control of the chromatin-repressive complex SIN3a
at ISGs
? Genome-wide DNA methylation changes
? Epigenetic reprogramming of monocytes
Mycoplasma Mhyl Nucleomodulin. DNA methyltransferase that meth-
hyorhinis ylates cytosines in a CG context
Mhy2 Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a CG context
Mhy3 Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a GATC context
Porphyromonas | ? Reactivation of latent viruses via chromatin modifi-
gingivalis cation induced by butyrate
Shigella flexneri | OspF Nucleomodulin. Downregulation of MAP-kinase in
the nucleus by eliminylation. Inhibition of phos-
phorylation of H3S10 and HP1-y. Downregulation
of immune response genes.
OspB Nucleomodulin. Binding to Rb
IpaH Nucleomodulin. Ubiquitin ligase targeting a splicing
factor
Bacterial product | Butyrate Inhibition of HDAC activity
Flagellin Activation of NF-kB pathways leading to histone
phosphorylation and acetylation
LPS Inducer of innate immunity via activation of TLR4-

mediated responses and the production of
pro-inflammatory cytokines; induces immunosup-
pression by chromatin modifications upon repeated
challenge.

2-aminoacetophenone

A bacterial quorum-sensing molecule that dampens
host immune responses, by increasing HDAC1
expression and activity

Bacterial species are listed by alphabetical orders. References are in the text

6.3.1.1 Histone Modifications as a Host Response to Bacterial
Molecular Patterns

A first effect of L. monocytogenes infection on chromatin has been described in
human umbilical vein endothelial cells (HUVECs) cells, in which sensing of
cytosolic bacterial molecules by pattern-recognition receptors, such as NODI,
activates MAP-kinases (MAPK). The downstream signaling pathway activates
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Fig. 6.3 Impacts of Listeria monocytogenes and Anaplasma phagocytophilum on chromatin
regulation. (a) Detection of intracellular L. monocytogenes by pattern-recognition receptors
(PRR) activates MAPK signaling pathways, leading to histone phosphorylation by MSK1/2 and
histone acetylation by p300/CBP and transcriptional activation of pro-inflammatory genes. To
control host genes, L. monocytogenes secretes effectors that activate signaling cascades or directly
act on the chromatin-regulatory machinery. Toxin LLO induces dephosphorylation and
deacetylation of histones via a signaling pathway involving potassium efflux at the plasma
membrane. Invasin InlB activates the Met-PI3K pathway, leading to translocation of histone
deacetylase SIRT?2 into the nucleus and SIRT2-mediated H3K18 deacetylation and repression at
a set of defense genes. In epithelial cells, L. monocytogenes infection induces interferon signaling
pathways and recruitment of the BAHD1 repressive complex at interferon-stimulated genes by an
unknown signal. When bacteria express the /ntA gene, the nucleomodulin LntA enters the nucleus
where it binds BAHD1, inhibits the BAHD1-HDACT silencing complex, restores H3K9 acetyla-
tion, and enhances the expression of ISGs. (b) A. phagocytophilum infection activates expression
of HDACI and DNMT3a genes and induces genome-wide DNA hypermethylation. Anaplasma
secretes the nucleomodulin AnkA that binds host DNA at AT-rich motifs overlapping with nuclear
matrix attachment regions. One AnkA targeted locus is the CYBB promoter, where AnkA recruits
HDACI, leading to CYBB silencing. Adapted from (Lebreton et al. 2012) and (Rennoll-Bankert
and Dumler 2012)
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MSK1/2-mediated H3S10 phosphorylation and increased binding of the HAT
p300/CBP at the IL-8 gene promoter. The subsequent phosphorylation and acety-
lation of histones (H3S10p, H4K8ac, and H3K14ac) activate expression of this
pro-inflammatory gene (Opitz et al. 2006; Schmeck et al. 2008). This is an illus-
tration of how the host cell responds to an invading pathogen through local change
of the chromatin structure at a defense gene (Fig. 6.3).

6.3.1.2 Histone Modifications Induced by Bacteria-Induced Specific
Signaling

To control host responses, L. monocytogenes secretes specific effectors that dampen
expression of a set of defense genes through activation of cellular signal transduc-
tion pathways (Fig. 6.3a). The pore-forming toxin Listeriolysin O (LLO) triggers
potassium efflux by forming a pore at the plasma membrane. In human epithelial
HeLa cells, this signal promotes a drastic and global deacetylation and dephos-
phorylation of histones and downregulates expression of a subset of immune genes,
encoding for instance the inflammatory cytokine CXCL2, interferon regulatory
factor 3 IFIT3, and phosphatase MKP2 (Hamon et al. 2007; Hamon and Cossart
2011). It is worthy to note that LLO also increases phosphorylation of the histone
variant H2AX, a marker for DNA damage. The mechanism at play involves
degradation of Mrell, a sensor of double-strand DNA breaks involved in DNA
repair pathways (Samba-Louaka et al. 2014). Thus, signaling responses to
LLO-mediated membrane perforation impact both the genome and epigenome.
This suggests a mechanism by which LLO may prime the host cell for genetic
and epigenetic changes before bacterial invasion.

Listeria invasion itself impacts chromatin regulation through the action of the
internalization protein InlB, a ligand of the tyrosine kinase receptor c-Met. InIB—
cMet interaction activates the PI3K-Akt pathway, leading to relocalization of the
histone deacetylase SIRT2 from the cytoplasm to the nucleus. SIRT2 represses
expression of a set of genes during Listeria infection by catalyzing H3K18
deacetylation at their transcription start sites (Fig. 6.3a). A significant number of
these genes are implicated in transcription regulation (i.e., SMAD1, FOXM1, IRF2)
and cell signaling (RASGRP1, MAPKI4, PIK3R3, PTPNG, SOSI, VAV3, ABLI,
CAMK26, MAP2K6, LEFI). The inactivation of the Sir¢2 gene in a mouse model of
listeriosis has demonstrated the importance of the SIRT2 regulation in Listeria
infection (see Sect. 4.1). The link between Akt signaling and SIRT?2 is intriguing
and remains to be characterized.

6.3.1.3 Direct Control of the Chromatin-Regulatory Machinery by
Bacterial Nucleomodulins: The LntA and AnkA Paradigms

Searching for L. monocytogenes effectors targeting intracellular organelles was an
opportunity to discover a more active manner used by L. monocytogenes to subvert
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chromatin regulation processes. This approach led to the identification of Listeria-
nuclear-targeted protein A (LntA), a small basic protein that translocates into the
nucleus when expressed by intracellular Listeria. LntA interacts with a chromatin
repressor, BAHDI1 (Bierne et al. 2009; Lebreton et al. 2011), which is a core
component of a chromatin-repressive complex that stimulates histone modifica-
tions, DNA methylation, and chromatin compaction (Libertini et al. 2015; Lakisic
et al. 2016). The BAHD1-associated complex displays analogy with NuRD: it
contains BAHD1 and MIER proteins that share structural features with the scaffold
proteins MTAs of NuRD and bridge together chromatin writers, erasers, and
readers mostly involved in gene repression (Fig. 6.2). As for NurD, the set of
genes repressed by the BAHD1 complex depends on the cell type, as well as on
the signal to which cells are submitted. Upon infection of epithelial cells with
L. monocytogenes, BAHDI1 represses Interferon-Stimulated Genes (ISGs)
(Lebreton et al. 2011), which are important players in the innate immune response
(Dussurget et al. 2014). When L. monocytogenes expresses IntA, the secreted factor
LntA enters the nucleus and alleviates BAHD1 and HDAC1/2 binding to ISG
promoters, leading to histone deacetylation and upregulation of ISG expression
(Fig. 6.3a). LntA interacts directly with a central proline-rich region of BAHD1, via
a surface patch containing a dilysine motif (K180/K181), located nearby a groove
on the elbow region of LntA identified by crystallography (Lebreton et al. 2014).
Mutation of this strategic dilysine abolishes LntA binding to BAHD1 and LntA-
mediated stimulation of interferon responses upon infection. Inactivation or
overexpression of /ntA in bacteria, as well as knockdown of Bahdl in the mouse
(see Sect. 4.1), alters the infectious process in vivo (Lebreton et al. 2011). However,
the signaling pathways that govern BAHD1 and LntA synthesis and the loading of
these factors onto chromatin nearby ISGs are unknown. Thus, several questions
remain to be addressed to understand how the LntA-BAHDI interplay modulates
the interferon (IFN) response in time and space during bacterial colonization of
the host.

The study of LntA enabled to define the family of nucleomodulins, which
encompasses bacterial effectors acting on nuclear processes after translocation
into the nucleus (Bierne and Cossart 2012). A. phagocytophilum produces several
nucleomodulins (Sinclair et al. 2015a). The extensive characterization of one of
them, Ankyrin A (AnkA), has provided other conceptual advances on mechanisms
by which bacterial actors may act on chromatin. AnkA is a large bacterial effector
characterized by a central region containing ankyrin (Ank) repeats (Park et al. 2004;
Garcia-Garcia et al. 2009b). Interestingly, Ank repeats are commonly found in
eukaryotic proteins, notably in several nuclear proteins that bind transcription
factors. Following its secretion in the cytoplasm by a bacterial type IV secretion
system (T4SS), AnkA enters the granulocyte nucleus, binds stretches of AT-rich
DNA, and alters transcription of antimicrobial defense genes. In particular, AnkA
represses CYBB, which encodes the subunit beta (NOX2) of the NADPH oxidase
(Garcia-Garcia et al. 2009b; Rennoll-Bankert and Dumler 2012). The mechanism at
play involves binding of AnkA to DNA in the CYBB promoter region, direct
recruitment of HDAC1 by AnkA, and deacetylation of H3 (Rennoll-Bankert et al.
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2015) (Fig. 6.3b). As a consequence, the pathogen obtains a significant fitness
advantage as it prevents superoxide anion production by the NADPH oxidase and
associated bactericidal effects.

AnkA not only binds the CYBB locus. It also targets several DNA regions rich in
AT nucleotides on distinct chromosomes (Park et al. 2004; Garcia-Garcia et al.
2009b). Remarkably, AnkA-binding sites overlap within matrix attachment regions
(MARs) that serve as attachment sites for nuclear matrix proteins and mediate
structural organization of the chromatin within the nucleus (Rennoll-Bankert et al.
2015). AnkaA is in this way a functional mimic of the host MAR-binding protein
SATBI1, which is known to bind to the CYBB promoter and represses transcription
early during myeloid differentiation by recruiting HDACs (Wang et al. 2010).
SATBI1 has a wide action on chromatin, as it contributes to the formation of nuclear
architectural platforms that anchor hundreds of gene loci and control large-scale
transcriptional reprogramming (Kohwi-Shigematsu et al. 2012). This opens the
fascinating hypothesis that bacterial effectors like AnkA could act as global
genome organizers both acting in cis (locally) and trans (at a distance) to a target
gene. By controlling the dynamics of chromosomal looping, they may change the
three-dimensional structure of chromatin (Sinclair et al. 2014). Recent mapping of
AnkA binding sites on the neutrophil genome by ChIP-seq further supports this
concept of microbial factors acting as genome “re-organizers” (Dumler et al. 2016).
Also in line with this idea, there is evidence that BAHD1-mediated heterochromatin
formation plays a role in the spatial architecture of the genome (Libertini et al.
2015). Thus, LntA-mediated inhibition of BAHD1 might also change the structure
of large domains involved in the co-regulations of ISGs upon L. monocytogenes
infection.

6.3.1.4 Deregulation of Epigenetic Factor Genes and Genome-Wide
Mediated Epigenetic Changes

Numerous neutrophil genes are differentially expressed during A. phagocytophilum
infection (Borjesson et al. 2005; Lee et al. 2008; Sinclair et al. 2014). Several of
them are downregulated, coinciding with HDACT1 binding and H3 deacetylation at
their promoters (Garcia-Garcia et al. 2009a, b). However, most of them are
upregulated (Borjesson et al. 2005), in agreement with the complex effects of
infection on host gene expression. It was recently shown that DNA methylation
levels in the neutrophil genome are profoundly altered after 24 h of infection with
A. phagocytophilum. In particular, many regions within 3 kb from gene transcrip-
tional start and termination sites and at intron—exon junctions become
hypermethylated. In addition, expression of the HDACI and DNMT3A genes is
increased with infection (Garcia-Garcia et al. 2009a; Borjesson et al. 2005)
(Fig. 6.3b). Overall, these findings highlight that Anaplasma infection induces
large epigenomic changes as a result from the combined action of diverse mecha-
nisms, including changes in expression of epigenetic factors and cross talk between
these factors. Pharmacologic inhibition of histone deacetylases or DNA
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methyltransferases decreases Anaplasma intracellular survival (Garcia-Garcia et al.
2009a; Sinclair et al. 2015b), supporting the notion that broad epigenetic changes
contribute to disease.

In summary, the Listeria and Anaplasma paradigms illustrate the diversity of
mechanisms involved in modification of chromatin structure during bacterial infec-
tion, both at local and large genomic scales.

6.3.2 Chromatin Modifications Driven by Bacteria:
Additional Examples

6.3.2.1 Histone Modifications

As shown for Listeria, bacteria in contact with eukaryotic cells have the ability to
activate a large repertoire of host signaling pathways (e.g., MAPKs, NF-xB, and
PI3K pathways) acting on histone kinases and acetylases (Yamamoto et al. 2003;
Baek 2011). This is particularly the case of pro-inflammatory pathways. For
instance, Moraxella catarrhalis, a saprophytic bacterium of the respiratory tract,
and Bacteroides vulgatus, a commensal of the intestinal flora, induce inflammatory
signaling cascades leading to phosphorylation/acetylation of H3 (Haller et al. 2003;
Slevogt et al. 2006). The gastric pathogen Helicobacter pylori secretes the peptidyl
prolyl cis-, trans-isomerase HP0175 that activates a TLR4-MAPK-MSK1 pathway
leading to H3 phosphorylation and activation of the pro-inflammatory gene /L-6 in
THP-1 monocytes (Pathak et al. 2006). Bacterial lipopolysaccharide (LPS) and
flagellin trigger histone acetylation and phosphorylation events at the IL-§ gene
downstream of the NF-xB pathway (Saccani et al. 2002; Schmeck et al. 2008).
However, inflammation is often counteracted by bacteria-driven mechanisms. In
the case of B. vulgatus, this is performed by induction of the TGF-f1 anti-
inflammatory pathway, which in turn induces H3 deacetylation and gene silencing
via HDAC recruitment at pro-inflammatory gene promoters (Haller et al. 2003).
This mechanism prevents B. vulgatus from eliciting a strong inflammatory response
in the gut and contributes to its tolerance by the host. Bacterial toxins also dampen
the host innate immune responses by inhibiting H3 phosphorylation/acetylation
events. As described above for Listeria LLO (Fig. 6.3a), the pore-forming toxins
PFO of Clostridium perfringens, PLY of Streptococcus pneumoniae, and aerolysin
from Aeromonas hydrophila share a common mechanism that modulates histone
marks, and subsequent gene expression, by acting on intracellular potassium levels
(Hamon et al. 2007). Lethal toxin (LT) from Bacillus anthracis, the agent of
anthrax, uses another mechanism by cleaving and inactivating MAPKKs, leading
to disruption of MAPK signaling (Bardwell et al. 2004). In lung epithelial cells
activated by TNF-a, LT-mediated MAPK inhibition promotes a decrease in the
levels of H3S10p and H3K 14ac at the promoters of /L-8 and KC genes (Raymond
et al. 2009). In macrophages exposed to LT, MAPK inhibition induces expression
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of HDACS, which results in a decrease of H3K27ac levels at one enhancer of the
ILI-p gene and the subsequent repression of this gene (Ha et al. 2016).

It is interesting to notice that besides immunity and inflammatory genes, changes
in histone PTMs can also enable a pathogen to control expression of host genes
involved in cell proliferation and death, as illustrated by the carcinogenic bacterium
H. pylori. In gastric epithelial cells, this pathogen induces transient dephosphory-
lation of H3S10 and H3T3, as well as deacetylation of H3K23 (Fehri et al. 2009;
Ding et al. 2010a). These modifications impact both the cell cycle (Fehri et al. 2009)
and transcription of the oncogene c-JUN and heat shock gene hsp70 (Ding et al.
2010a). In addition, H. pylori-mediated pre-mitotic arrest involves dephosphoryla-
tion of H3S10 upon deregulation of the mitotic histone kinase VRK1, followed by
rephosphorylation of H3S10 by an IKKa-dependent pathway. Furthermore, expo-
sure of H. pylori to gastric epithelial cells promotes release of HDAC1 from the
promoter of the cell cycle regulator gene p21"*”, hyper-acetylation of H4, and
increased expression of p21"" (Xia et al. 2008). These mechanisms may contrib-
ute to various H. pylori-associated gastric pathologies, including ulcers, mucosa-
associated lymphoid tissue lymphoma, and cancer.

IFN responses are also modulated by diverse chromatin-based mechanisms. Like
Listeria, Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis,
controls histone-modifying multiprotein complexes at IFN-responsive genes
(Lebreton et al. 2012). In macrophages infected with Mtb or exposed to Mtb
components, such as the lipoprotein LpqH, genes induced in response to IFN-y
are partly repressed (Wang et al. 2005; Pennini et al. 2006). These genes include
CIITA, coding for the master regulator of MHC class II genes, as well as some of its
targets (e.g., HLA-DR). Activation of the TLR2-MAPK-dependent pathway upon
Mtb infection stimulates recruitment of the transcriptional repressor C/EBP and
histone deacetylation at the promoter of CIITA, antagonizing the nucleosome-
remodeling activity of the SWI/SNF complex and downregulating CIITA expres-
sion (Pennini et al. 2007). Additionally, mycobacterial infection upregulates the
expression of SIN3A, which encodes a core subunit of a HDAC-associated macro-
molecular complex (Wang et al. 2005) related to NuRD and BAHD1 complexes.
Thus, to counteract IFN-y-induced pathways, Mtb not only silences CIITA but also
CIITA-regulated genes, such as HLA-DR, upon increased recruitment of SIN3A-
HDAC: to their promoters.

6.3.2.2 DNA Methylation

The importance of DNA methylation events associated with bacterial infections is
also becoming increasingly appreciated. However, as for histone PTMs, alteration
of SmC patterns can result from an amalgam of bacteria-driven and host-driven
effects on chromatin. Moreover, it can be difficult to connect gain or loss of this
epigenetic mark to transcriptional changes. Indeed, the transcriptional effects of
5mC marks depend on their localization. Gain of DNA methylation is mainly
coupled with transcriptional silencing at CpG-rich regions in promoters and
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enhancers and transcriptional activation at CpG-poor regions in gene bodies (Klose
and Bird 2006; Chen and Riggs 2011). Interpreting the effect of bacteria on cytosine
methylation is thus complex. This is illustrated by genome-wide studies of Myco-
bacterium-induced DNA methylation changes. On one hand, the response of human
dendritic cells to Mtb infection is accompanied by both widespread de novo
methylation and active demethylation primarily at enhancer elements (Pacis et al.
2015). On the other hand, the response of human THP-1 macrophages to Mtb
infection is mostly accompanied by hypermethylation predominantly at cytosines
present in a non-CpG dinucleotide context (Sharma et al. 2016). These differences
may be explained by the use of different host cell models and infection times.
Several DNA methylome maps have probably to be drawn in order to assess with
robustness the dynamics of cytosine methylation during infection.

H. pylori infection also induces aberrant DNA methylation. In the human gastric
mucosa, changes in SmC patterns upon infection have been identified, strikingly at
promoters of genes found methylated in gastric cancer cells (Maekita et al. 2006;
Ding et al. 2010b; Hattori and Ushijima 2016). H. pylori-associated
hypermethylation occurs for instance at the E-cadherin gene CDHI (Chan et al.
2003), tumor suppressor genes (e.g., USF1/2 and WWOX (Bussiere et al. 2010; Yan
et al. 2011), DNA repair genes [e.g., MLHI (Yao et al. 2006)], as well as in CpG
islands of miRNA genes (Ando et al. 2009). The ability of H. pylori to induce DNA
methylation in the gastric mucosa was confirmed in the gerbil animal model, and,
interestingly, this effect was relieved upon treatment with the immunosuppressor
cyclosporin A (Niwa et al. 2010). Moreover, H. pylori-mediated inflammation
triggers lymphocyte and macrophage infiltration, which appears to have a key
role in induction of DNA methylation (Hur et al. 2011). It is currently believed
that DNA methylation changes upon H. pylori infection are mostly the indirect
consequence of the associated inflammatory responses (Hattori and Ushijima
2016). Signals from macrophages produced by chronic inflammation, such as
IL-1pB, TNF-a, or nitric oxide, may affect factors that protect DNA from methyla-
tion, such as TET proteins (Hattori and Ushijima 2016). It remains unclear whether
H. pylori effectors contribute more directly to aberrant epigenetic changes during
gastric cancer progression (Valenzuela et al. 2015). There is a growing number of
studies showing that epigenetic changes, particularly in DNA methylation, are
linked to an increased inflammatory response (Bayarsaihan 2011; Medzhitov and
Horng 2009), as well as increased risk of chronic disease development and
cancerization. The role of bacteria in shaping patho-epigenetic landscapes will be
discussed in detail in Sect. 5.

Epithelia other than that of the stomach can undergo bacteria-induced DNA
methylation changes. There is evidence that in the oral cavity bacterial-induced
chronic infection and uncontrolled inflammatory response may trigger epigenetic
modifications. As an illustration, periodontally inflamed gingival biopsies showed a
significant increase in promoter methylation of the gene encoding the
pro-inflammatory enzyme COX-2, compared with non-inflamed biopsy samples
(Zhang et al. 2010). This would allow a chronic inflammatory stimulus to be
tolerated, preventing unrestricted tissue destruction. Whether this is a bacteria-
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triggered phenomenon is unknown, but it is noteworthy that resident bacteria, such
as Porphyromonas gingivalis, can induce hypermethylation of specific genes in
gingival epithelial cells (Yin and Chung 2011).

In human uroepithelial cells, infection with uropathogenic Escherichia coli
(UPEC) results in the upregulation of DNMT activity and DNMTI expression
and induces CpG methylation and downregulation of CDKN2A, a Gl cell cycle
inhibitor regulator (Tolg et al. 2011). This may increase uroepithelial cell prolifer-
ation and pathogen persistence, by counteracting infection-stimulated host cell
apoptosis. The placenta can also be targeted by bacteria-mediated epigenetic
changes. Indeed, maternal infection with Campylobacter rectus induces
hypermethylation of the imprinted /GF2 gene promoter in murine placental tissue
(Bobetsis et al. 2007). This finding suggests that bacterial infections during preg-
nancy might epigenetically affect genes involved in fetal development.

Last but not least, there is evidence that nonpathogenic inhabitants of the gut
shape the DNA methylome. The gene TLR4, which encodes a LPS-sensing recep-
tor, is downregulated in intestinal epithelial cells, and a role of the commensal
bacteria in TLR4 methylation and silencing is suspected (Takahashi et al. 2011).
This is proposed to maintain intestinal homeostasis by preventing an excessive
inflammatory reaction to the gut microbiota.

6.3.3 Bacterial Nucleomodulins

6.3.3.1 Nucleomodulins Acting Via Protein—Protein or Protein~-DNA
Interactions

As discussed above, L. monocytogenes LntA is a paradigm for nucleomodulins
acting as inhibitor of HDAC-associated complexes, while A. phagocytophilum
AnkA is a paradigm for nucleomodulins binding DNA and recruiting HDAC-
associated complexes. So far, LntA orthologs have not been identified in other
bacterial species, at least at the level of the primary protein sequence. In contrast,
Ank-containing proteins are present in several human intracellular bacterial path-
ogens, such as Ehrlichia, Rickettsia, Orientia, Coxiella, and Legionella species. In
particular, the protein Ank200 (or p200) from Ehrlichia chaffeensis (Wakeel et al.
2010) binds Alu-Sx elements located in promoters and introns of various human
genes (Zhu et al. 2009). Several p200 target genes are strongly upregulated during
infection, suggesting that p200 may affect gene transcription at a large genomic
scale through mechanisms associated with Alu element gene regulation. Several
other tandem-repeat containing proteins (TRPs) from E. chaffeensis may also enter
into the nucleus (Luo et al. 2011; Luo and McBride 2012). Of those, the
E. chaffeensis 32-kDa and 120-kDa tandem repeat proteins, TRP32 and TRP120,
are nucleomodulins that binds host cell DNA particularly at G-rich motifs (Luo
et al. 2011; Farris et al. 2016). Genes targeted by TRP120 are most frequently
associated with transcriptional regulation, signal transduction, and apoptosis,
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whereas those targeted by TRP32 are linked to immune cell differentiation, chro-
matin remodeling, and RNA transcription. Interestingly, like many host nuclear
factors, these nucleomodulins are subjected to post-translational modifications,
TRP32 being phosphorylated and TRP120 sumoylated in host cells (Dunphy
et al. 2014; Farris et al. 2016). Nucleomodulins may not only bind DNA and
chromatin factors but also chromatin-anchoring factors. SinC, a protein secreted
by Chlamydia psittaci via a type III secretion system (T3SS), exemplifies this
potential mechanism. This effector targets the inner membrane of the nucleus in
infected cells and may control chromatin interaction with the nuclear lamina
(Mojica et al. 2015).

6.3.3.2 Nucleomodulins Acting as Epigenetic Modifiers

Several bacterial pathogens, and particularly those living in intracellular vacuolar
compartments, can alter host chromatin structure by producing mimics of
chromatin-modifying enzymes (Fig. 6.4). A first of such bacterial mimics, NUE,
is a HMT discovered in the human pathogen Chlamydia trachomatis, based on its
sequence similarities with eukaryotic lysine-specific methyltransferases containing
a SET domain. After secretion by a T3SS, NUE enters the nucleus and associates
with chromatin (Pennini et al. 2010). However, while NUE methylates mammalian
histones in vitro, its target genes in the infected cell remain unknown.

Other SET domain-containing proteins were thereafter identified in Legionella
pneumophila (Rolando et al. 2013; Li et al. 2013), Burkholderia thailandensis
(Li et al. 2013), and Bacillus anthracis (Mujtaba et al. 2013) (Fig. 6.4). In
L. pneumophila, LpSET is characterized as a bacterial HMT with dual functions.
In L. pneumophila strain Paris, LpSET (named RomA: “Regulator of methylation
A”) has been shown to act as a HMT that trimethylates K14 of H3 (H3K14me3), a
modification that does not exist in mammals (Rolando et al. 2013). By promoting a
burst of H3K14me3 genome wide, including at innate immune gene loci, RomA
decreases H3K 14 acetylation, which is an activating mark, thus leading to repres-
sion of host gene expression and playing an important role in bacterial replication
inside macrophages. In a separate study performed with L. pneumophila strain
Philadelphia, LpSET (named LegAS4) was reported to act in the nucleolus on
the expression of ribosomal RNA (rRNA) (Fig. 6.4). Human cells contain several
hundred rDNA genes organized in tandem repeats that are clustered into nucleolar
organizer regions. The chromatin structure of rRNA genes plays a fundamental role
in regulating transcription of rDNA loci. LegAS4 binds rDNA at promoter and
intergenic-spacer regions, by interaction with the chromatin reader HP1. In vitro
studies suggest that LegAS4 catalyzes dimethylation of histone H3 on lysine
4 (H3K4me?2). Consistently, ectopic expression of LegAS4 in human cells is
associated with increased levels of H3K4me2 at rDNA promoters and activation
of the transcription of these genes (Li et al. 2013). B. thailandensis secretes a
LegAS4-like protein (BtSET) that also activates rDNA transcription in the nucle-
olus. Stimulation of rDNA expression and increased 45S pre-RNA synthesis seems
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Fig. 6.4 Bacterial nucleomodulins with enzymatic activities. Several bacterial pathogens inject
bacterial effector proteins into the host nucleus, and some are enzymes that modify chromatin
residues or regulators. 1. Legionella pneumophila, Burkholderia thailandensis, and Chlamydia
trachomatis secrete SET domain containing effectors via type 3 (T3SS; Burkholderia; Chlamydia)
or type 4 (T4SS; Legionella) secretion systems. L. pneumophila secretes a histone methyltransferase
(LpSET) that has been assigned two functions: (i) in the nucleus, LpSET termed “RomA”
trimethylates histone H3 at K14, causing a switch from acetylated to methylated H3K 14 at specific
gene promoters and thus transcriptional repression, and (ii) in the nucleolus, LpSET termed
“LegAS4” binds HP1 at rDNA promoters and activates transcription by stimulating H3K4
methylation. B. thailandensis secretes a LegAS4-like protein (BtSET) that also activates rDNA
transcription in the nucleolus. 2. C. trachomatis secretes the histone methyltransferase NUE that
methylates host histones H2B, H3, and H4. Bacillus anthracis produces a histone Hl
methyltransferase, BaSET. Mycoplasma hyorhinis Mhy1, Mhy2, and Mhy3 are nucleomodulins
with CG- and GATC-specific cytosine methyltransferase activities. 3. Mycobacterium tuberculosis
secretes at least three nucleomodulins: Rv1988 is a histone methyltransferase that methylates H3
on R42 in the nucleosome core; Rv3423 is a histone acetyltransferase; and Rv2966¢ is a DNA
methyltransferases. 4. The Shigella flexneri T3SS effector OspF is a posttranslational modifier
with a phosphothreonine lyase activity. OspF eliminylates MAP-kinases in the nucleus, leading to
the downregulation of a subset of immunity genes. 5. The T3SS effector NleC from pathogenic
E. coli is a metalloproteinase targeting the host histone acetyltransferase p300 for degradation. Ac
Acetylation, Me methylation, P phosphorylation, E eliminylation. Adapted from (Bierne 2013)

to contribute to bacterial replication, though the mechanism at play is not yet
understood. Having different substrates and functions is a property that LpSET
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shares with eukaryotic HMTs. For instance, the H3K9 HMT G9a preferentially
methylates K9 on histone H3 but can also methylate K27 and K56. This HMT
predominantly represses genes at euchromatic regions but also acts as a positive
activator of rDNA transcription (Yuan et al. 2007). Considering the number of SET
domain proteins present in bacterial species that interact with eukaryotes, it is
tempting to speculate that several bacteria might employ this strategy.

The agent of tuberculosis also modulates the host epigenetic machinery by
secreting an original HMT, here methylating a noncanonical arginine located in
the core of histone H3 (Yaseen et al. 2015) (Fig. 6.4). This effector, Rv1988, targets
genes involved in defense against pathogens, including genes participating in the
generation of reactive oxygen species (ROS). During infection, Rv1988 not only
targets gene promoters for H3R42me2 but also putative regulatory regions. Aside
from HMTs, MtB also secretes effectors with histone acetyltransferase [Rv3423.1
(Jose et al. 2016)] or DNA methyltransferase [(Rv2966c, (Sharma et al. 2015)]
activity. It is interesting to notice that Rv2966¢ methylates cytosines present in a
non-CpG context. Thus, MtB has evolved diverse strategies to directly manipulate
chromatin in the nucleus. Mycoplasma species also produce nucleomodulins. For
instance, three DNA methyltransferases have been identified in Mycoplasma
hyorhinis, an intracellular commensal that can shift to an opportunist pathogen.
M. hyorhinis produces Mhyl and Mhy2, promoting CG methylation, and Mhy3
acting on GATC sites (Chernov et al. 2015). There is evidence that these bacterial
DNMTs have the ability to translocate to the human cell nucleus and establish
aberrant genome-wide methylation patterns. Yet, it remains to be proven that the
host epigenome is reshaped in human cells naturally infected by M. hyorhinis.

Bacteria-induced epigenetic effects can also occur by specific modifications of
epigenetic factors. The Shigella flexneri T3SS effector OspF nicely illustrates this
mechanism. OspF is a phosphothreonine lyase that irreversibly modifies host
MAPKSs by eliminylation (Li et al. 2007; Brennan and Barford 2009). This enzy-
matic reaction converts a phosphothreonine residue into a dehydrobutyrine residue
that can no longer be phosphorylated and hence locks the substrate in an inactive
form. Inhibition of MAPK phosphorylation in the nucleus enables OspF to abrogate
phosphorylation of histone H3 at a set of NF-kB-regulated promoters, thus
impairing expression of a pool of pro-inflammatory genes (Arbibe et al. 2007). In
addition, this effector alters the phosphorylation at S83 of the heterochromatin
protein HP1-y, demonstrating that in addition to histones, bacteria can control
chromatin regulator PTMs (Harouz et al. 2014) (Fig. 6.4). Furthermore, OspF and
another nuclear-targeted effector, OspB, interact with the human retinoblastoma
protein Rb, which is known to bind several chromatin-remodeling factors
(Zurawski et al. 2009). Shigella likely uses OspF—OspB synergy to downregulate
host innate immunity via alteration of the chromatin structure at specific genes.

S. flexneri also secretes an effector acting as an E3 ubiquitin ligase, IpaH9.8,
which targets several host cytosolic or nuclear proteins for proteasome-dependent
degradation (Rohde et al. 2007). In the nucleus, IpaH9.8 disrupts the activity of a
mRNA splicing factor, U2AF?, thus interfering with U2AF>*>-dependent splicing
(Toyotome 2001; Seyedarabi et al. 2011) and impairing host inflammatory
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responses (Okuda et al. 2005). IpaH9.8 defines a family of bacterial effectors
characterized by an N-terminal domain containing leucine-rich repeats (LRR)
involved in substrate recognition and a C-terminal E3 ligase domain (Hicks and
Galan 2010). The ortholog of IpaH9.8 in Salmonella enterica is SspHI, a
nucleomodulin that targets for instance the host kinase PKN1 (Haraga and Miller
2003; Rohde et al. 2007). Yersinia pestis also encodes a LRR-containing
nucleomodulin targeting host kinases, YopM (Benabdillah et al. 2004;
Soundararajan et al. 2011). However, YopM is not itself a modifier but rather
acts as a scaffolding protein that facilitates the formation of a complex between
serine/threonine kinases RSK1 and PKN2 (McDonald et al. 2003; McCoy et al.
2010). Recent data suggest that the YopM causes enhanced phosphorylation of
RSK1 in the nucleus, leading to enhanced transcription of immunosuppressive
cytokines, such as IL-10. YopM intranuclear levels are dependent on its interaction
with the DEAD-box helicase 3 (DDX3) (Berneking et al. 2016).

Other types of bacterial modifiers acting in the nucleus include proteases and
phosphatases. The T3SS effector NleC from enteropathogenic (EPEC) and
enterohemorrhagic (EHEC) E. coli is a zinc metalloprotease that targets the HAT
p300/CBP and decreases the abundance of this epigenetic factor in the
nucleus (Fig. 6.4). Overexpression or knockdown of NleC impacts IL-8 secretion
by EPEC, indicating that NleC contributes to dampening of inflammatory signaling
during infection (Shames et al. 2011). The Gram-positive bacterium Streptococcus
pyogenes expresses a serine/threonine phosphatase, SP-STP, which is secreted into
host cells and targets the nucleus (Agarwal et al. 2012). There, it acts as a
pro-apoptotic factor that induces apoptosis of pharyngeal cells, a hallmark of
streptococcal infections, by influencing transcription of apoptotic genes and
preventing the transcription of other genes, such as cytochrome p450.

6.3.4 Change in Expression and/or Activity of Epigenetic
Regulators

As illustrated above with upregulation of HDACI in A. phagocytophilum-infected
cells (Garcia-Garcia et al. 2009a) and SIN3a in Mtb-infected cells (Wang et al.
2005), some bacterial species positively or negatively modulate expression of
epigenetic factors. Mtb infection induces HDACI expression in macrophages
(Chandran et al. 2015). In contrast, the levels of HDAC1 and DNMT1 transcripts
decrease in gingival epithelial cells treated with the oral pathogen Porphyromonas
gingivalis (Yin and Chung 2011), and LPS from this bacterial species
downregulates DNMT1, DNMT3a, and JMJD3 gene expression levels
(de Camargo Pereira et al. 2013). M. catarrhalis also reduce HDAC1/2 expression
in bronchial epithelial cells (Slevogt et al. 2006). In human urothelial cells, infec-
tion with UPEC results in the upregulation DNMT1 expression (Tolg et al. 2011),
as well as of EZH2, encoding the H3K27 HMT of the Polycomb chromatin-
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repressive complex PRC2 (Ting et al. 2016). EZH2 plays a role in early host cell
proliferative responses to infection. Bacteria can also produce metabolites, acting as
inhibitors of chromatin-modifying enzymes, such as lactate and butyrate, proven to
be potent inhibitors of HDACs (Latham et al. 2012).

6.3.5 Bacterial Molecular Patterns Acting on the Epigenetic
Machinery

Certain bacterial-derived metabolites can modify the epigenome of host cells and in
turn alter the development and function of the cell, either by acting on precursors of
enzymatic reactions involved in chromatin modifications or by modulating the
activity of epigenetic regulators (Alenghat and Artis 2014). In particular, commen-
sals of the microbiota produce diet-dependent molecules that influence DNA
methylation and histone acetylation. One such product is butyrate, a potent inhibitor
of HDAC:s (Riggs et al. 1977). Butyrate exerts beneficial anti-inflammatory effects
on the host, particularly on immune cells (Segain et al. 2000; Arpaia et al. 2013;
Chang et al. 2014), possibly via epigenetic upregulation of anti-inflammatory genes
(see Sect. 4.1). Such observations open the interesting possibility to use butyrate-
producing probiotic bacteria as immunosuppressors (Licciardi et al. 2010). Inter-
estingly, a recent study has shown that a bacterial quorum-sensing molecule can
also act on HDACs. Prolonged exposure to 2-aminoacetophenone, which is
excreted by the pathogen Pseudomonas aeruginosa, increases the expression and
activity of HDACI, resulting in hypoacetylation of H3K 18 and attenuated expres-
sion of pro-inflammatory cytokine genes. This is proposed to promote host toler-
ance to infection (Bandyopadhaya et al. 2016).

6.4 Epigenetic Factors Engaged in Host Responses
to Bacteria and Bacterial Imprinting

6.4.1 Lessons from BAHDI-, SIRT2-, and HDAC3-
Deficient Mice

Considering the crucial role of epigenetic factors in embryonic development and
cell differentiation, it is not surprising that knocking out their coding genes in the
mouse often causes embryonic or perinatal lethality. Thus, so far only a few studies
have addressed the role of epigenetic regulators in bacterial infections at the level of
a mammalian organism. The use of Bahdl haplo-deficient (heterozygous) mice
(Lebreton et al. 2011) and Sirt2 knockout mice (Eskandarian et al. 2013) has
confirmed the involvement of BAHD1 and SIRT?2 in murine listeriosis. Following
intravenous inoculation with L. monocytogenes, the spleens of these deficient mice
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were significantly less infected than those of wild-type littermates after 72 hours of
infection. It was not possible to further refine the role of BAHDI1 by infecting
Bahdl knockout mice, because the total ablation of Bahdl induces a high neonatal
mortality rate (Lakisic et al. 2016). However, it is worthy to note that it also causes
restriction of placental growth, indicating a key role of BAHDI1 in placental
development. This finding opens the possibility that manipulation of the BAHD1
complex by Listeria contributes to the fetoplacental step of listeriosis. Bahdl
deficiency also leads to deregulation of carbohydrate and lipid metabolism, which
may play roles in infection (Lakisic et al. 2016). Together these results support the
notion that mutations in epigenetic regulatory genes influence the outcome of
bacterial infections.

The use of HDAC conditional knockout mice permitted to investigate the
functional roles of chromatin regulation in intestinal homeostasis and its cross
talk with the microbiota. Intestinal epithelial cells (IECs) integrate numerous
microbial signals from the intestinal microenvironment and respond to these stimuli
by changing their transcriptional program. Interestingly, IEC-specific Hdac3-defi-
cient mice show increased susceptibility to intestinal damage and inflammation and
a change in microbial communities (i.e., dysbiosis) (Alenghat et al. 2013). Strik-
ingly, when rendered germ free, Hdac3-conditional KO mice recover a normal
intestinal barrier function, as observed in wild-type germ-free mice. These data
indicate that HDAC3 has an important role in maintaining intestinal homeostasis
and establishing normal host—commensal relationships. Ablating both Hdacl and
Hdac2 in murine IECs also alters the structure and functions of the gut, via a defect
in cell differentiation and chronic intestinal inflammation (Turgeon et al. 2013).
While a possible dysbiosis induced by this double mutation has not yet been
addressed, it is possible that major alterations of the gut induced by the double
Hdacl-Hdac2 mutation impacts the composition of the population of commensals.
Thus, HDAC:s are likely to be key epigenetic programmers of the host in response to
signals from the gut microbiota.

It is important to note that while loss of Hdac3 expression in IECs impairs
microbiota-dependent intestinal barrier function, inhibition of HDACs by commen-
sal bacteria-derived SCFAs, such as butyrate, generally protects from pathologic
intestinal inflammation. However, rather than acting on epithelial cells, butyrate is
described to inhibit HDAC function in intestinal immune cells, such as peripheral
blood mononuclear cells (PBMCs) (Segain et al. 2000), Tregs (Arpaia et al. 2013),
and macrophages (Chang et al. 2014). These results suggest that HDACs may have
opposite effects in different intestinal cell populations, leading to either protective
or pathologic immunity (Alenghat and Artis 2014).

6.4.2 Immune Tolerance and Toxin-Induced Resistance

Host—commensal mutual relationships require that commensal bacteria do not
trigger an uncontrolled immune response, and thus become tolerated by the host
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immune system, while the latter efficiently eliminates invading pathogens. HDACs
and other epigenetic regulators are involved in this tolerance. For instance, intes-
tinal commensal bacteria induce DNA methylation at the gene encoding the main
sensor of LPS, TLR4, leading to its downregulation in the large intestine
(Takahashi et al. 2011). This is believed to maintain intestinal homeostasis by
preventing an excessive inflammatory reaction to the gut microbiota. The commen-
sal bacterium Bacteroides vulgatus triggers an anti-inflammatory response via
recruitment of HDACs at pro-inflammatory gene promoters (Haller et al. 2003).
Likewise, Bifidobacterium breve and Lactobacillus rhamnosus GG inhibit tran-
scriptional activation of inflammatory bowel disease-causing factors through inhi-
bition of histone acetylation and enhancement of DNA methylation (Ghadimi et al.
2012).

In the presence of opportunist pathogens, similar mechanisms may dampen
uncontrolled inflammatory responses triggered by bacteria-induced chronic infec-
tions. For instance, in the oral cavity, periodontally inflamed gingival biopsies show
a significant increase in promoter methylation of the gene encoding the
pro-inflammatory enzyme COX-2, when compared with non-inflamed biopsy sam-
ples (Zhang et al. 2010). This would allow a chronic inflammatory stimulus to be
tolerated, preventing unrestricted tissue destruction. Whether this is a bacteria-
triggered phenomenon remains unknown, but it is remarkable that resident bacteria,
such as P. gingivalis, can induce DNA hypermethylation of specific genes in
gingival epithelial cells (Yin and Chung 2011).

When pathogenic species manage to cross epithelial barriers and to multiply in
the blood, sustained exposure to microbial inflammatory products, such as LPS,
leads to tissue damage, multi-organ dysfunction, septic shock, and death. To
compensate these adverse effects, the immune system has developed post-septic
immunosuppression (PSI) mechanisms that enable hematopoietic cells to become
hypo-responsive to repeated stimulation by microbial insults. This compensatory
anti-inflammatory response counteracts the harmful effects of sepsis but leaves
individuals more susceptible to opportunistic infections for extended periods of
time (weeks to years). Although PSI is a complex multifactorial process, the
contribution of epigenetic regulation is recognized (McCall et al. 2010; Carson
et al. 2011). One of the facets of PSI is LPS tolerance, in which LPS-elicited TLR4
responses are reprogrammed towards silencing of pro-inflammatory cytokine genes
and expression of anti-inflammatory or antimicrobial mediators. LPS activation of
TLR4 first elicits transcription of poised pro-inflammatory genes, which are rapidly
derepressed and then returned to basal state within hours. Opening the chromatin at
target genes during this acute phase involves histone phosphorylation and acetyla-
tion. However, sustained exposure to LPS or subsequent LPS challenge activates a
pathway leading to permanent gene repression (Fig. 6.5). One mechanism was
studied at the proximal promoters of TNF-a and ILI-f3 genes, where a change in
the composition of the NF-kB transcription factor occurs (El Gazzar et al. 2008;
Chen et al. 2009). LPS-mediated upregulation of RelB expression induces a shift
from activating p65-p50 TF to repressive RelB-p50 TF. RelB interacts with H3K9
HMT G9a, leading to H3K9me2 and subsequent recruitment of HP1. The
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Fig. 6.5 Bacterial imprints. Scheme of mechanisms supporting an epigenetic memory of bacterial
infection or bacterial colonization

repressive complex formed by G9a and HP1 recruits DNMT3A/B, which induces
de novo CpG methylation and assembly of silent, facultative heterochromatin
(McCall et al. 2010). Interestingly, LPS stimulation has also been shown to leave
epigenetic footprints on enhancers (Ostuni et al. 2013). As discussed in Sect. 2.4,
the epigenetic topography of distal regulatory elements, such as enhancers and
insulators, plays a key role in maintaining epigenetic memory. Thus, immune
tolerance is likely to involve reshaping of the epigenetic landscape at both proximal
and distal regions of pro-inflammatory genes.

LPS tolerance can last for weeks in humans. Tissue-resident macrophages,
which appear to persist in the long term, may be the cells that support this memory
(Perdiguero and Geissmann 2016). However, whether these cells keep an epige-
netic memory along cell divisions is not yet proven. Furthermore, even if imprinted
cells divide, why new cells from progenitors in the bone marrow do not restore an
efficient immune system is an open question. A tempting hypothesis would be that
epigenetic imprinting also occurs at the level of stem cells. This hypothesis needs to
be investigated by analyzing the epigenome of stem cells isolated from animal
models of sepsis. The reversal of heterochromatin to euchromatin at genes targeted
for LPS-mediated repression is also a key issue to understand how “imprinted”
immune cells return to homeostasis.

The reduced responsiveness to an effect of a bacterial product caused by prior
exposure to this product has also been observed in the case of anthrax Lethal toxin.
Some studies indicate that epigenetic modifications contribute to this toxin-induced
tolerance (TIR) (Salles et al. 2003). Macrophages exposed to a sublethal dose of
anthrax LT become refractory to subsequent cytolytic doses of toxin, and a subset
of them retains this phenotype for up to six weeks. The histone deacetylase HDACS
promotes TIR by changing the chromatin acetylation state of promoter regions of
mitochondrial death genes, producing tolerance to a next intoxication (Ha et al.
2014).
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6.4.3 Trained Innate Immunity

The priming of innate immune cells by a bacterial challenge can trigger effects
opposite to that of tolerance, with cells mounting a faster and longer response than
the initial response. This adaptive feature of innate immunity has been defined as
“trained immunity” (Netea et al. 2016). A first observation of this phenomenon in
humans has been reported upon vaccination with bacilli Calmette-Guérin (BCG).
When compared to unvaccinated patients, vaccinated healthy volunteers mounted a
more robust response to subsequent infection with unrelated pathogens, and this
effect persisted three months after vaccination. The phenomenon was dependent on
NOD2 but independent from T- and B-lymphocyte protection (Kleinnijenhuis et al.
2012). The mechanism at play involves BCG-induced epigenetic reprogramming of
monocytes through the activating mark H3K4me3 (Kleinnijenhuis et al. 2012). The
effect could be downregulated by vitamin A, which increases the levels of the
silencing mark H3K9me3 (Arts et al. 2015). Likewise, training of monocytes with a
fungal component, B-glucan, induces stable change in histone marks (Quintin et al.
2012) (Fig. 6.5). The list of genes whose expression is induced by this epigenetic
reprogramming includes genes involved in glucose metabolism (Cheng et al. 2014).
Interestingly, a study supports the notion that the functional programming of
monocytes towards either enhanced (training) or decreased (tolerance) cytokine
production depends on the nature of the bacterial ligand and of the subsequent
activated pattern-recognition receptor (Ifrim et al. 2014).

6.4.4 Polymicrobial Infections and Viral Reactivation

A bacterial infection can also influence viral infections by reactivating latent
viruses (Fig. 6.5). This kind of adverse effect is suspected to be associated, for
instance, with periodontal pathogens colonizing the oral cavity, such as
P. gingivalis. This opportunistic bacterium is proposed to be a risk factor for
AIDS or Herpes, by reactivating latent Kaposi’s sarcoma-associated herpesvirus
(KSHV) (Morris et al. 2007), human immunodeficiency virus (HIV), and Epstein—
Barr virus (EBV) (Imai et al. 2009, 2011). It is proposed that the high production of
butyrate by this bacterial species in gingival pockets reactivates viral genes
maintained silent by HDAC-containing complexes. One effect of butyrate-
mediated EBV reactivation is the increase of the expression of ZEBRA, a lytic
gene transactivator (Imai et al. 2012). Butyrate and other SCFAs also downregulate
expression of the HDAC SIRT1 and of the HMT EZH2 and SUV39H1, leading to
histone hyperacetylation and reduction in the levels of H3K27me3 and H3K9me3,
respectively (Ye and Karn 2015). P. gingivalis also elicits changes in the expression
of gene encoding chromatin modifiers (as discussed in Sect. 3.4).
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6.5 Bacterial Reprogramming of Cell and Tissue Fate

The ultimate effect of bacteria on the epigenome could manifest by a change of
identity in the host cell itself. Several recent lines of evidence strongly support the
existence of such a drastic change, which would occur when bacterial signals target
stem cells or they are potent enough to disrupt the epigenetic barriers that maintain
the differentiated cells in their locked state (Fig. 6.5).

6.5.1 Bacteria-Induced Cell Differentiation

The observation that the gut of germ-free mice is altered by defects in the matura-
tion of the intestinal epithelium and of the immune and vascular systems of the
gastrointestinal tract is a strong indication that the microbiota contributes to tissue
morphogenesis (Sommer and Backhed 2013). The mechanisms are complex and the
contribution of epigenetic regulation is not clearly established. Nevertheless, there
is evidence that bacteria manipulate the stem cells that generate the different cell
types of the intestinal epithelium at the bottom of the crypts. First, intestinal crypts
of germ-free mice exhibit a slower turnover of the epithelial cells than conventional
mice. Second, stem cells respond to bacterial patterns, such as muramyl-dipeptide
(MDP) of the peptidoglycan (Nigro et al. 2014). The commensal microbiota also
shapes the intestinal immune system by regulating T helper (TH) cell lineage
differentiation (Furusawa et al. 2015). One mechanism involves butyrate secretion
by the anaerobic commensal class of bacteria, Clostridia. In particular, butyrate
enhances histone acetylation at the promoter of the master regulator of regulatory T
cells, FOXP3 (Furusawa et al. 2013).

There is also evidence for pathogen-mediated targeting of cell differentiation
pathways in the gut. For instance, the enteroinvasive species Salmonella enterica
serovar Typhimurium can convert lymphoid follicle-associated enterocytes into
intestinal epithelial microfold (M) cells, though activation of the Wnt/p-catenin
signaling pathway mediated by the T3SS effector SopB (Tahoun et al. 2012). This
is proposed to promote intestinal invasion by this pathogen.

6.5.2 Bacteria-Induced Cell Dedifferentiation

The study of the behavior of human dermal fibroblasts (HDF) artificially infected
with nonpathogenic lactic acid bacteria (LAD) led to an intriguing observation:
these LAB-treated HDFs became clustered like embryoid spheres and lost their
self-renewal ability (Ohta et al. 2012). In addition, LAB-incorporated cell clusters
expressed a subset of pluripotent stem cell marker genes, such as NANOG, OCT3/
4, and SOX2, while expression HOX genes, which control the body plan of an
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embryo, was decreased. Furthermore, LAB-incorporated cell clusters could trans-
form into any of the derivatives of the three germ layers. The mechanism involved
in this artificial cell reprogramming by LAD is unclear, but supports the concept
that there is a potential for bacterial molecules to revert the host transcriptional
program of differentiated cells towards pluripotency.

The study of Mycobacterium leprae (ML), the causative agent of human leprosy,
supports this hypothesis. During infection of the peripheral nervous system, this
pathogenic bacterium promotes an amazing reprogramming process on adult
Schwann cells, by triggering their dedifferentiation into progenitor/stem cell-like
cells (Masaki et al. 2013). By using this sophisticated strategy, bacteria disseminate
to other niches without being detected by immune cells (Fig. 6.5). ML not only
migrates within reprogrammed cells but also spreads the infection to skeletal and
smooth muscles by re-differentiating stem cells into these tissues. Moreover,
infected stem cells display immunomodulatory properties that promote recruitment
of macrophages and formation of granuloma-like structures (Masaki et al. 2014).
The mechanism of dedifferentiation of Schwann cells involves activation of differ-
entiation/myelination and lineage-associated genes as well as silencing of numer-
ous developmental genes. ML-induced cellular reprogramming also correlates with
changes in DNA methylation supporting a key role of epigenetic regulation in this
phenomenon (Masaki et al. 2013).

6.5.3 Bacteria-Induced Epithelial-Mesenchymal Transition
and Oncogenesis

The existence of a link between bacteria-mediated aberrant somatic cell
reprogramming and cancer is supported by the example of H. pylori, an important
acquired risk factor for gastric cancer. Besides H. pylori-mediated effects on cell
proliferation, DNA integrity, and DNA methylation (Ushijima and Hattori 2012),
infection by this bacterium may also induce dedifferentiation of mature epithelial
cells by changing the expression program of the stem cell signaling network.
Recent evidence supports a role for H. pylori in inducing the so-called “intestinal
metaplasia,” which transforms stomach cells to intestine-like cells via epithelial—
mesenchymal transition (EMT) (Fig. 6.5) (Bessede et al. 2014). EMT is known to
participate in different carcinogenesis processes and is involved in the generation of
cancer stem cells. The bacterial secreted effector CagA promotes the EMT pheno-
type by activating the expression of master transcription factor genes regulating
intestinal differentiation and maintenance.

The “Helicobacter paradigm” may be transposable to bacteria targeting other
tissues. It is speculated that E. coli infection may be linked with bladder carcinoma
risk (Tolg et al. 2011) and a set of intestinal bacteria might predispose to colon
cancer (Sun 2010). More generally, deregulation of tumor-suppressor and/or stem
cell-associated pathways (e.g., WNT, JAK-STAT, JNK, and NOTCH) upon genetic
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alteration and epigenetic reprogramming induced by bacteria is a possible cause of
cancer development in epithelial niches.

6.6 Conclusions

The “patho-epigenetics” research field has been defined by Janos Minarovits as the
elucidation of the epigenetic consequences of microbe—host interactions leading to
pathogenesis (Minarovits 2009). We now propose to add the field of “probio-
epigenetics” to cover studies addressing the beneficial effects of bacterial interac-
tions with epigenetic factors. Both themes are developing rapidly as important
emerging subtopics at the frontier of Epigenetics and Microbiology sciences.
Deciphering the mechanisms underlying the plasticity of gene expression under
the action of endogenous (from the microbiota) or exogenous (from food-associated
or aerosol-transported bacteria), stimuli may have important impacts on health and
disease. Patho-epigenetics may lead to new treatments against bacterial infectious
diseases, at a time when pathogenic bacteria became a serious concern due to the
emergence of drug resistances. In addition, epigenetic marks may be used as
biomarkers to monitor latent infection, disease reactivation, or responses to treat-
ment. Probio-epigenetics can help to characterize the benefits of commensal bac-
teria on health and to understand the deleterious effects of dysbiosis, which may
promote pathological epigenetic signals. Indeed, it is recognized that alterations of
microbial communities can cause immune dysregulation, leading to autoimmune
disorders, and may contribute to metabolic diseases, neuropathies, and behavioral
problems. Restoring the composition of altered intestinal microbiota with fecal
flora transfer is now tested as a way to counteract these adverse effects. The
interplay of bacteria and nutrients is also an important emerging field of research,
due to the key role of metabolites on epigenetic regulation. Western food may
change epigenetic patterns in the gut, favoring pathogens associated with intestinal
inflammatory diseases. There is evidence that changes in nutritional habits, such as
low intake in methyl donor molecules, promote abnormal epigenetic marks in a
mouse model mimicking susceptibility to E. coli-mediated gut inflammation and
Crohn’s disease (Denizot et al. 2015).

At the level of basic science, these investigations highlight the amazing molec-
ular tools used by intracellular pathogens to manipulate chromatin and to fine-tune
host gene expression. The number of nucleomodulins discovered in the bacterial
world is rising steadily, in particular thanks to bioinformatic analysis. For instance,
five of over 80 T4SS substrates of Coxiella burnetii, the agent of Q fever, are
predicted to carry a nuclear localization signal. One of them, Cbul314, has recently
been confirmed as a protein binding to chromatin and controlling transcription of
host cell genes (Weber et al. 2016). In the toolbox of bacterial molecules, bacterial
metabolic by-products, such as SCFAs, are also prone to induce epimutations.
Several of such molecules may emerge as novel epigenetic drugs. It is also striking
that the study of bacterial factors promotes innovation in the epigenetics field. For
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instance, studies carried out in L. monocytogenes have led to the discovery of the
BAHDI1 chromatin-repressive complex (Bierne et al. 2009; Lebreton et al.
2011; Libertini et al. 2015; Lakisic et al. 2016) and of a nuclear function for the
histone deacetylase SIRT2 (Eskandarian et al. 2013).

How bacterial modulation of the epigenetic information is spatio-temporally
coordinated, at specific genome loci, according to time, cell type, and stimuli, is not
fully understood. In addition, the impact of bacterial signals on the epigenetic
profile of structural elements, such as enhancers, insulators, and DNA repeats,
has been poorly addressed. Moreover, how expression and secretion of bacterial
factors is controlled in the host and how chromatin writers and erasers become
engaged in response to a cocktail of bacterial stimuli are important questions to be
solved. In this regard, deciphering how chromatin modifications are spread
throughout the genome (the “patho-epigenome” or the “probio-epigenome”) is
likely to provide important clues. Technological advances in human genome-
wide mapping of DNA methylation and histone modifications, as well as in systems
biology, will help to make significant progress. Investigations will have to be
performed at both the tissue and single cell levels, with the objective of analyzing
precursors of cell lineages or differentiated cells with long life spans, in order to
determine the “chromatin signature” of bacterial cues. As epigenetic processes can
be reverted, elimination of patho-epigenetic changes induced by microbes may
prevent chronic or latent infections, as well as some cancers and autoimmune
diseases. This opens avenues for future research.
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