1' frontiers

in Cellular and Infection Microbiology

MINI REVIEW
published: 13 March 2020
doi: 10.3389/fcimb.2020.00096

OPEN ACCESS

Edited by:
Luigina Romani,
University of Perugia, Italy

Reviewed by:

Sandipan Ray,

University of Pennsylvania,

United States

Oleh Andrukhov,

University Dental Clinic Vienna, Austria

*Correspondence:

Ricardo Orozco-Solis
drorozcos@inmegen.gob.mx
Lorena Aguilar-Arnal
loreaguilararnal@
iibiomedicas.unam.mx

Specialty section:

This article was submitted to
Bacteria and Host,

a section of the journal

Frontiers in Cellular and Infection
Microbiology

Received: 09 January 2020
Accepted: 25 February 2020
Published: 13 March 2020

Citation:

Orozco-Solis R and Aguilar-Arnal L
(2020) Circadian Regulation of
Immunity Through Epigenetic
Mechanisms.

Front. Cell. Infect. Microbiol. 10:96.
doi: 10.3389/fcimb.2020.00096

Check for
updates

Circadian Regulation of Immunity
Through Epigenetic Mechanisms

Ricardo Orozco-Solis ™ and Lorena Aguilar-Arnal®*

" Laboratorio de Cronobiologia y Metabolismo, Instituto Nacional de Medicina Gendmica, Mexico City, Mexico,
2 Departamento de Biologia Celular y Fisiologia, Instituto de Investigaciones Biomédicas, Universidad Nacional Auténoma de
Meéxico, Mexico City, Mexico

The circadian clock orchestrates daily rhythms in many physiological, behavioral and
molecular processes, providing means to anticipate, and adapt to environmental
changes. A specific role of the circadian clock is to coordinate functions of the immune
system both at steady-state and in response to infectious threats. Hence, time-of-day
dependent variables are found in the physiology of immune cells, host-parasite
interactions, inflammatory processes, or adaptive immune responses. Interestingly,
the molecular clock coordinates transcriptional-translational feedback loops which
orchestrate daily oscillations in expression of many genes involved in cellular functions.
This clock function is assisted by tightly controlled transitions in the chromatin fiber
involving epigenetic mechanisms which determine how a when transcriptional oscillations
occur. Immune cells are no exception, as they also present a functional clock dictating
transcriptional rhythnms. Hereby, the molecular clock and the chromatin regulators
controlling rhythmicity represent a unique scaffold mediating the crosstalk between the
circadian and the immune systems. Certain epigenetic regulators are shared between
both systems and uncovering them and characterizing their dynamics can provide clues
to design effective chronotherapeutic strategies for modulation of the immune system.

Keywords: circadian rhythm, chromatin, epigenetics, transcriptional regulation, infection

INTRODUCTION

The immune response is perhaps the most evident organismal response against infection, and
mounting research depicts the circadian system as a critical regulator of immune defense. Circadian
rhythms are endogenous processes with an oscillatory pattern following a daily cycle, mostly
controlled by the circadian system. Circadian clocks are hierarchically organized, with the central
pacemaker located in the suprachiasmatic nucleus (SCN) in the brain, and subordinate clocks in
almost all peripheral tissues (Hastings et al., 2018). Through sensing and integrating light signaling,
the SCN adjust its time to external day/night cycles and in turn provides cues to synchronize
peripheral clocks. At the cellular level, a molecular clock machinery is expressed and sustains
circadian oscillations in cellular functions such as gene expression, protein translation, intracellular
signaling, metabolism, and many cell type-specific functions (Takahashi, 2017). At this regard, the
molecular clock is present in distinct types of immune cells, and the circadian and immune systems
interact in many manners to set the time of multiple processes controlling the immunological

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1

March 2020 | Volume 10 | Article 96


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00096
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00096&domain=pdf&date_stamp=2020-03-13
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:drorozcos@inmegen.gob.mx
mailto:loreaguilararnal@iibiomedicas.unam.mx
mailto:loreaguilararnal@iibiomedicas.unam.mx
https://doi.org/10.3389/fcimb.2020.00096
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00096/full
http://loop.frontiersin.org/people/923861/overview
http://loop.frontiersin.org/people/687214/overview

Orozco-Solis and Aguilar-Arnal

Epigenetic Control of Circadian Immunity

surveillance and response to infection (Man et al, 2016;
Westwood et al., 2019). Indeed, nearly every aspect of the
immunity, both innate and adaptive, display a daily oscillatory
pattern, including immune cell trafficking and circulating
humoral components, inflammatory processes, responses to
infection, expression of cytokines, chemokines and recognition
receptors, signaling, amongst others (Scheiermann et al., 2013;
Man et al., 2016). However, the molecular gears implicated in
the collaborative interactions between the circadian and immune
systems remain largely uncovered. Interestingly, fundamental
mechanisms contributing to rhythmicity occur in the chromatin
fiber, through oscillations in the genome functions including
transcription (Takahashi, 2017; Pacheco-Bernal et al., 2019).
Hundreds of genes are daily transcribed, most of them
regulating critical processes to sustain homeostasis. The rhythmic
transcriptome is assisted by a specific epigenetic machinery that
cooperates with the molecular clock to impose transcriptional
oscillations (Orozco-Solis and Sassone-Corsi, 2014; Pacheco-
Bernal et al., 2019). Intriguingly, these circadian gene regulatory
mechanisms have been shown to contribute to a broad number of
processes within the immune system. Hence, in this minireview
we postulate that epigenetic mechanisms are at the crossroad
between the circadian and the immune systems. We first
provide some insights on the epigenetic regulation of circadian
rhythms. Then, we dissect known examples reinforcing this idea
at four fundamental levels: physiology of the immune cells,
host-pathogens interactions, the inflammatory response and the
adaptive immune system.

EPIGENETIC MECHANISMS UNDERLYING
CIRCADIAN RHYTHMS

The mammalian circadian clock machinery is present in nearly
all cells in the organisms and consist of interconnected and
autoregulated feedback loops driving cyclic transcription of
a set of genes, named clock-controlled genes (CCGs). The
core components of this machinery are the clock proteins,
mostly transcriptional regulators. Within the positive loop, the
heterodimer CLOCK:BMALI rhythmically binds to e-boxes at
regulatory regions in the genome, hereby inducing architectural
changes in chromatin states to promote transcription of CCGs
and the clock repressors Period (Perl-3) and Cryptochrome
Cryl-2 genes (Figurel). PER and CRY proteins conform
a repressor complex which opposes CLOCK:BMALI driven
transcriptional activation, hence silencing CCGs. Additional
loops interlock, as described for the nuclear receptors Rev-
Erba and ROR, which bind to ROR-elements at Bmall
promoter to drive rhythmic transcription of the gene. Also,
some CCGs are transcription factors (TFs) themselves, such
as the PAR (proline and acidic amino acid-rich) basic leucine
zipper (bZIP) TF family including DBP (D-box binding
protein), TEF (thyrotroph embryonic factor) and HLF (hepatic
leukemia factor), which impose circadian transcription to
subordinate genes. Remarkably, the coordinated action between
all these transcriptional regulators orchestrates a tissue or
cell type-specific circadian transcriptome, and constitutes the

molecular basis of circadian rhythmicity (Takahashi, 2017).
Notably, post-transcriptional mechanisms and post-translational
modifications of clock proteins regulate circadian function, and
confer means to attend intracellular signaling, as evidenced
for example by adjustment of the oscillatory period length
by phosphorylation of PER and CRY proteins mediated
by the casein kinase family [extensively reviewed elsewhere
(Kojima et al.,, 2011; Hirano et al, 2016; Wong and O’Neill,
2018)].

Transcriptional oscillations within the chromatin fiber
are tightly regulated by a particularly dynamic epigenome
(Pacheco-Bernal et al., 2019). Indeed, chromatin conformation
and function has been the subject of intense research for
decades, and the relevance of epigenetic control in determining
cellular fate has long been recognized (Allis and Jenuwein,
2016; Baldi et al,, 2020). Epigenetic approaches significantly
advance our understanding of gene regulation in health and
disease, and we can now explain functionality for many
epigenomic features. Epigenetic mechanisms include histone
post-translational modifications, DNA methylation events,
chromatin conformation and transitions defining accessibility
or specific non-coding RNAs, and excellent reviews can be
found in Allis et al. (2015), Allis and Jenuwein (2016), Berdasco
and Esteller (2019), and Klemm et al. (2019). Because the
molecular clock drives daily transcriptional oscillations, a tight
cooperation with the regulatory epigenome is necessary. For
example, in the mouse liver the transcriptional activating histone
post-translational modifications (PTMs) H3K4me3 and H3K9ac
appear rhythmic at promoters of CCGs, and their abundance
is antiphasic to the repressive H3K9me3 and H3K27me3 marks
(Koike et al., 2012; Takahashi, 2017). The coordinated action
between the molecular clock and epigenetic remodelers appear
to underlie circadian chromatin transitions (Pacheco-Bernal
et al, 2019). For example, rhythmic histone acetylation is
achieved by recruitment of CLOCK:BMAL1 together with
p300 and CBP histone acetiltransferases (HATs) (Etchegaray
et al., 2003; Lee et al.,, 2010), and PER complexes can recruit
the H3K9 methyltransferase SuVar3-9 to assist repression
(Duong and Weitz, 2014). Also, spatial configuration of the
genome and rhythmic interactions between CCG promoters
and their distal regulatory elements are essential mechanisms
to sustain transcriptional oscillations, and both BMAL1 and
REV-ERBa regulate the 3D chromatin conformation during
the circadian cycle (Aguilar-Arnal et al, 2013; Kim et al,
2018). Remarkably, metabolic cues can be integrated by
specific sensors which in turn translate this information to
the chromatin fiber in a circadian manner, as is the case for
the nicotinamide adenine dinucleotide (NAD™)- dependent
histone deacetylase (HDAC) SIRT1 (Sirtuinl) (Berger and
Sassone-Corsi, 2016). At this regard, SIRT1 HDAC activity is
circadian due to rhythmic biosynthesis of its cofactor NAD™,
hence acetylation levels of SIRT1 targets oscillate (Nakahata
et al, 2009; Ramsey et al., 2009). For example, the H3K4
methyltransferase MLL1 is a SIRT1 target, and rhythmic
deacetylation controls its activity in a way that deposition of
the H3K4me3 epigenetic mark oscillates at CCG promoters
such as Dbp, Per2, or Cryl (Aguilar-Arnal et al, 2015). In

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2020 | Volume 10 | Article 96


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Orozco-Solis and Aguilar-Arnal

Epigenetic Control of Circadian Immunity

— Circadian regulation of leukocyte and HSC trafficking
— Regulation of circadian gene expression in macrophages
L Regulation of NFkB dynamics during inflammation
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FIGURE 1 | Transcriptional-translational feedback loops control circadian gene expression. Rhythmic binding to e-boxes on chromatin of the clock components of the
positive loop, CLOCK:BMAL1, induce the expression of clock-controlled genes and the clock negative regulators PER and CRY. Additionally, the nuclear receptor
REV-ERBa and ROR impose transcriptional rhythms on genes via RORE cis regulatory elements, while the PAR-bZIP transcription factors DBP, and the repressor
NFIL3 interplay to drive transcriptional rhythms in a set of genes through binding to D-boxes. Blue arrows relate molecular components of the clock TTFL involved in
epigenetic regulation of the indicated mechanisms of immunity and infection, which are further discussed across the text.

—> Trancriptional regulation of immune
cells differentiation and function

summary, epigenetic mechanisms significantly contribute to
define the clock transcriptional output in a tissue-specific
manner. This orchestrates daily fluctuations in the chromatin
conformation and compaction, but also constitutes a platform
to rapidly respond and adapt to environmental challenges
such as infection. In the next sections we discuss how the
epigenetic component of the circadian clock contributes to the
immune function.

CLOCK-CONTROLLED PHYSIOLOGY OF
IMMUNE CELLS VIA EPIGENETIC
MECHANISMS

Epigenetic Regulation of Circadian

Trafficking of Immune Cells

It has been extensively described that the immune response is
tightly controlled by the circadian clock (Scheiermann et al,
2013). Persistent oscillations in immune cell trafficking in
the blood evidences the intervention of circadian rhythms

in immunity. For example, the number of circulating
neutrophils, monocytes and lymphocytes in the peripheral
blood fluctuate around the day in humans and mice (Haus
and Smolensky, 1999; Dimitrov et al., 2009; Scheiermann
et al., 2012). Interestingly, circadian-controlled neural signals
influence leukocyte recruitment to tissues under homeostasis
or inflammatory conditions (Scheiermann et al., 2012). Indeed,
rhythmic recruitment of hematopoietic cells to skeletal muscle
and bone marrow can be entrained by photic cues and
are completely abolished in Bmall~/~ mice, underscoring
the importance of the molecular clock in leukocyte trafficking
(Scheiermann et al., 2012). Also, mouse inflammatory monocytes
Ly6CM trafficking into tissues varies in a diurnal manner with
a ~3-fold difference, while patrolling monocytes Ly6C°" do
not (Nguyen et al, 2013). Remarkably, diurnal rhythms of
Ly6CM depend on BMALI, and are necessary for a proficient
immune response to infection (Nguyen et al., 2013). Along this
line, myeloid cell specific deletion of Bmall gene eliminates
the Ly6CM™ monocyte rhythm, rendering mice prone to
death by sepsis (Nguyen et al, 2013; Man et al, 2016).
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Interestingly, this deletion also promotes expression of the
chemokine genes Ccl2, Ccl8, and S100a8, because BMALI1
recruits members of the Polycomb repressive complex (PRC)
to their promoters, such as the H3K27 methyltransferases
EZH2 and SUZI12 and their partner EED (Nguyen et al.,
2013; Aranda et al, 2015) (Figure2). Hence, H3K27me3
mark appears rhythmic at these genes’ promoters, while in the
absence of BMALL, RNA Pol II, and H3K4me3 are favored,
driving their transcriptional oscillations (Nguyen et al., 2013).
Along these lines, EZH2 is an critical epigenetic regulator of
hematopoiesis and B-cell differentiation, and regulates clock
function in cultured cells through epigenetic mechanisms
(Etchegaray et al., 2006; Herviou et al., 2016), suggesting that
the molecular interplay between the clock machinery and PRC
to regulate cyclic transcription might further extend to other
immune cells.

Haematopoietic stem cells (HSCs) and their progenitors also
circulate in the bloodstream in physiological conditions, showing
marked circadian fluctuations in their trafficking (>2-fold),
both in mice and humans (Lucas et al., 2008; Méndez-Ferrer
et al., 2008). These fluctuations are abolished in Bmall =/~ mice,
relay on circadian sympathetic innervation activity, and photic
cues entrain them (Lucas et al, 2008; Méndez-Ferrer et al.,
2008; Weger et al., 2017). Intriguingly, haematopoietic stem and
progenitor cells (HSPC) release from the bone marrow (BM)
during the early resting period coincides with a reduction in
production of the chemokine CXCL12 by the BM mesenchymal
stromal cells. CXCL12 and its receptor, CXCR4, are critical for
colonization, homing and maintenance of HSPC in the BM,
thereby daily fluctuations in CXCL12-CXCR4 axis signaling
trigger HSPC circadian mobilization (Méndez-Ferrer et al., 2008;
Nagasawa, 2014). Remarkably, CXCL12 expression and function
is tightly regulated by the O, sensor HIFla TE in a way
that discrete hypoxic regions within the BM show increased
CXCLI12 expression and HSC cell tropism (Ceradini et al,
2004; Morikawa and Takubo, 2016). Moreover, deletion of
HIFla in mouse HSCs impairs their natural quiescence state
and maintenance upon transplantation (Takubo et al., 2010).
Indeed, fluctuations in O levels are effective synchronizers of
the molecular clock machinery, and a large number of genes
related to rhythmic processes are directly regulated not only
by BMALI recruitment to their promoters, but also by co-
occupancy by HIFla in hypoxic conditions, indicating that
clock and hypoxia signaling present reciprocal regulation at the
chromatin level (Adamovich et al., 2017; Wu et al., 2017). While
the epigenetic mechanisms coordinating the interplay between
BMALI and HIFlo remain largely obscure, recent research
points toward JMJC (Jumonji-C) family lysine demethylases
KDM5A, KDM6A, and KDM3A as effective oxygen sensors
(Batie et al., 2019; Chakraborty et al, 2019; Qian et al,
2019). Along these lines, early hypoxia increases H3K4me3
epigenetic mark in human fibroblasts due to inactivation of
KDMS5A, and many genes with upregulated H3K4me3 are
related to hypoxia signaling (Batie et al., 2019). KDM5A may
participate in repression of cytokines such as CXCL12, thus
allowing its expression in hypoxic conditions. Interestingly,
KDM5A has been shown to interact with CLOCK:BMALI1

heterodimers in human cells to regulate Per2 transcription
(DiTacchio et al., 2011). Also, KDM6A is essential for proper
HSPC migration and normal hematopoiesis, while KDM3A
promotes fitness within the mesenchymal stromal cells in the BM
(Thieme et al., 2013; Huang et al.,, 2019). Taken together, these
evidences support the idea that hypoxia signaling and circadian
rhythms might coordinate dynamic changes in the epigenome
to generate transcriptional responses controlling HSC physiology
and functionality.

Indeed, 24-h rhythms in immune cell trafficking have
further consequences both in disease and treatment.
For example, myeloid cell recruitment to atherosclerotic
lesions oscillates, presenting a peak at the onset of the
resting phase, while myeloid cell adhesion to microvascular
beds happens with opposite phase (Winter et al, 2018).
Hence, time-of-day specific inhibition of leukocyte
recruitment provides means to treat atherosclerotic
lesions without affecting inflammatory processes in the
microcirculation (Winter et al, 2018). In this scenario,
it would be interesting to determine which epigenetic
components of the circadian clock are involved in
mediating time of day-specific immune cell trafficking and
recruitment, as they could provide new therapeutic targets for
diseases involving the immune system, and foundation to design
chronotherapeutic strategies.

The Circadian Clock in Macrophages
Control Enhancer Activity and the

Transcriptional Program

The molecular clock sustains rhythmic expression of hundreds
of genes in every tissue, implicating rhythmic fluctuations in
the epigenome. Growing research define the role of epigenetic
remodelers in regulating circadian function in many tissues
or cell types. However, the way the circadian clock and
the epigenome converge to regulate the immune functions
is just emerging. At the cellular level, eight percent of all
transcripts in mouse peritoneal CD11b™ macrophages are
expressed with a circadian rhythm (Keller et al, 2009), many
of which are implicated in response to infection. Amongst
these, members of the stress response such as Hspal, Hspdl,
or Hspa5, genes implicated in immune regulation including
Cd59a, Cd69, Cd86, Cd200r1, and 4, components involved in
phagocytosis such as Vamp8 or scavenger receptors, and certain
adhesion molecules oscillate in a circadian fashion (Keller et al.,
2009). Interestingly, when cultured mouse bone marrow-derived
macrophages (BMDMs) are activated through the TLR4 receptor,
Bmall deletion profoundly alters the NF-«kB signaling pathway,
and extends the inflammatory response trough overexpression
of proinflammatory genes (Oishi et al., 2017). Moreover, in
these TLR4 activated macrophages, BMAL1 protein binds to
genomic sites coincident with the presence of the TFs PU.1
and NF-kB (Oishi et al, 2017). Interestingly, PU.1 appears
central to shape the genomic landscape in macrophages and
B cells, by initiating nucleosome remodeling and directing
the enhancer mark H3K4mel deposition, thus determining
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Cell type Epigenetic regulatory Circadian rhythms
mechanism

Ly6C" monocytes

Trafficking of immune cells

Macrophages

Transcription of genes regulating
immune responses

Intestinal epithelial

cells Transcription of genes regulating

host-pathogen interactions
Circadian susceptibility to infection

Dendritic cells

T-cell differentiation

FIGURE 2 | Epigenetic regulatory mechanisms at the core of circadian function in the immune system. Circadian trafficking in the bloodstream is observed for many
types of immune cells. In Ly6Chi inflammatory monocytes, circadian trafficking is regulated by an epigenetic mechanism involving molecular interactions between the
circadian TF BMAL1 and the Polycomb repressive complex to regulate levels of the H3K27 methylation at the promoters of chemokine genes. In macrophages,
transcription of regulatory genes appears cyclic, and the clock component REV-ERBa could be responsible by inhibiting enhancer function together with the TF PU.1,
and their location is coincident with the enhancer mark H3K4me1 (black dots). Intestinal epithelial cells are components of the mucosal barrier in the gut, hence they
participate in host-pathogens interactions. In these cells, the repressor complex REB-ERBa-NCoR-HDACS3 rhythmically deacetylate histones to promote chromatin
compaction and cyclic silencing of genes involved in host pathogens interactions, and this mechanism could also participate in regulating circadian responses to

infection. Differentiation of dendritic cells is orchestrated by the TF STAT3. The circadian HDAC SIRT1 deacetylates and inactivates STAT3, and this mechanism could
be implicated in circadian regulation of differentiation and proliferation of T cells.
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functional enhancers through collaborative interactions with
additional TFs (Ghisletti et al., 2010; Heinz et al., 2010).
In LPS-induced TRL4 activation, some of these TFs are the
stress inducible NF-kB and IRF family members (Ghisletti
et al, 2010). Recruitment of the HAT p300 occurs at active
enhancers, including those activated by LPS (Visel et al., 2009;
Ghisletti et al., 2010), although the mechanisms enabling this
recruitment remain mostly unknown. Interestingly BMALI’s C-
terminal transactivation domain activates rhythmic transcription
by interacting with the KIX domain of p300, hereby recruiting
the HAT to specific sites in the genome and promoting histone
H3 K9/K14 acetylation (Etchegaray et al,, 2003; Garg et al,
2019). Yet, loss of BMALI in macrophages results in increased
H3K27ac epigenetic mark, associated with active enhancers,
underscoring that a mechanism involving a repressor instead of
an activator is compromised (Rada-Iglesias et al., 2011; Oishi
etal., 2017).

Mounting research points to the negative regulator of
circadian transcription Rev-Erba, as a major repressor of
enhancer activity in several cell types, including macrophages
(Lam et al.,, 2013; Kim et al., 2018) (Figure 2). In BMDMs, Rev-
erba probably opposes transcription of enhancer RNAs (eRNAs),
a subset of small non-coding RNAs which are hallmarks of
active enhancers (Wu and Shen, 2019). Similarly to BMALL, in
mouse BMDM:s Rev-Erba is mostly bound at enhancer elements,
coincident with the H3K4mel epigenetic mark and the PU.1
pioneer TF (Lam et al., 2013) (Figure 2). Specific deletion of
Rev-erba/p in macrophages results in increased expression of
some genes including Mmp9 and Cx3crl, and a significant
increase of eRNA expression and H3K9ac mark at their distal
regulatory elements (Lam et al., 2013). Additionally, Rev-Erba is
a direct repressor of several genes controlling innate immunity
in macrophages, such as I16, 1119, Cxcl6, Cxcl11, and Ccl2 (Gibbs
et al,, 2012; Sato et al., 2014). Along the same lines, BMALI is
a direct positive regulator of Nrf2 gene transcription in mouse
BMDMs, and NRF2 is a master TF inducing the expression of
antioxidant genes such as HmoxI, Gst, or Nqol (Early et al.,
2018). Thereby, rhythmic expression of NRF2 and suppression
of oxidative stress could be related to rhythmic inflammatory
mechanisms observed for example in production of IL-1p (Early
et al., 2018).

HOST-PATHOGENS INTERACTIONS

Host-pathogen interactions conform a highly dynamic system
in which each part rapidly evolves; pathogens intend to
defeat the host defenses and hijack the cellular components
needed for infection while the host phenotypically adjusts and
responds to counter such threats. In this scenario, epigenetic
mechanisms emerge as fast and highly plastic gears which could
define the outcome of host-pathogen interactions (Gémez-Diaz
et al., 2012). Also, the circadian system incorporates a very
significant epigenetic component to the clockwork to drive
transcriptional oscillations; however, we still know little about
the extent and significance of the rhythmic epigenome in host-
pathogen interactions. Remarkably, circadian rhythms dictate the

outcomes of infection. For example, mice differentially respond
to Salmonella enterica infection at daytime or nighttime, showing
striking differences in inflammatory response and cecum gene
expression depending on the time-of-day when infection initiates
(Bellet et al., 2013). Similarly, viral infections are enhanced in
Bmall~/~ mice (Edgar et al., 2016), while the magnitude of
infection by distinct protozoan parasites, including Plasmodium
and Leishmania major also presents significant variation along
the day (Kiessling et al., 2017), or even in response to time of
feeding (Hirako et al., 2018; Prior et al, 2018). Interestingly,
Leishmania secretes a histone H3 mimic, LmaH3, in infected
cells which is incorporated into human chromatin, providing
evidence that the genome structure and function in the host
is a direct target of the pathogens’ mechanisms of infection
(Dacher et al., 2019). Whether Leishmania histone hijacking of
the host’s chromatin depends on the time of the day remains to
be elucidated.

NFIL3 and HDACS3 Relay Inputs From

Intestinal Microbes to the Host Genome

The TF NFIL3, also known as E4BP4, is emerging as a
link between the circadian clock and the host’s susceptibility
to intestinal pathogens. NFIL3 is a basic leucine zipper TF
which represses transcription through binding to D-boxes in
the genome, hence counteracting the function of the PAR-
bZIP TF family such as DBP (Figurel). These TFs are
clock-controlled, and their molecular interplay drive circadian
transcription of a set of genes (Mitsui et al, 2001; Ueda
et al, 2005). Interestingly, Nfil3~/~ mice are susceptible to
infection by the enteric pathogens Citrobacter rodentium and
Clostridium difficile, probably due to a defect in the production
of Type 3 innate lymphoid cells (ILC3) or T helper 17 cells
(T17), which participate in defense mechanisms on mucous
membranes (Yu et al,, 2013; Geiger et al., 2014). Remarkably,
Nfil3 transcription oscillates in intestinal epithelial cells, and
these rhythms are governed by the core clock repressor Rev-
Erba, and by the intestinal microbiome, as their amplitude is
dampened in germ free mice (Wang et al., 2017). Hence, bacterial
signals at barrier surfaces are integrated through multiple
regulatory layers convergent in NFIL3 and circadian function.
Notably, epithelial NFIL3 controls expression of a circadian
lipid metabolic program which is also regulated by the histone
deacetylase HDAC3 (Alenghat et al., 2013; Wang et al., 2017;
Davalos-Salas et al., 2019). Along these lines, intestinal HDAC3
expression is induced by gut microbes and is rhythmically
recruited to chromatin together with the corepressor NCoR and
the clock protein Rev-Erba, directly imposing diurnal rhythms in
H3K9ac and H3K27ac at the regulatory regions of genes involved
in lipid metabolism and nutrient transport (Kuang et al., 2019)
(Figure 2). Hence, HDAC3 emerges as a key epigenetic effector
that integrates inputs from intestinal microbes and circadian
rhythms and relays them to host metabolic genes (Kuang
et al., 2019). Interestingly, intestinal epithelial cell expression
of HDAC3 also confers protection to Citrobacter rodentium
infection (Navabi et al., 2017). Further research will be needed
to understand the molecular interplay between HDAC3 and
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NFIL3 to control circadian intestinal homeostasis through signal
integration from the gut microbes. Finally, it will be interesting
to determine the epigenetic role of HDAC3-NCoR-Rev-Erba
complex in the control of circadian susceptibility of the host to
enteric pathogens.

THE INFLAMMATORY RESPONSE
TRIGGERED BY NF-«B

The Molecular Clock and NF-kB Cooperate

in the Chromatin Fiber

The nuclear factor binding near the k light-chain gene in B cells,
or NF-kB, is a master transcriptional regulator of hundreds of
genes implicated in inflammatory responses (Zhang et al., 2017).
In non-pathological conditions, NF-kB is generally sequestered
to the cytoplasm through interaction with a set of inhibitors
pertaining to the “Inhibitor of kB” (IkB) family (Zhang et al,
2017). Activation of NF-kB can be triggered by infectious
threats, and results in rapid translocation into the nucleus
and binding to regulatory elements for inflammatory target
genes, including II-1 and Ccl2/Ccl7/Ccl11 gene clusters (Barish
et al., 2010). Yet, at each tissue or cell type, the inflammatory
response triggered by NF-kB is unique, and specific for the
stimulus due to the cooperative chromatin binding of NF-kB
with other TFs (Smale et al., 2014). Remarkably, mounting
evidence relates the circadian positive regulators of transcription,
CLOCK:BMALLI, to NF-kB-dependent inflammatory responses.
For example, in the mouse liver, a set of enhancers bound by
CLOCK:BMALLI remain inactive in normal conditions, and
these are highly enriched in NF-«kB binding motif (Trott and
Menet, 2018). Notably, CLOCK and the p65 subunit of NF-kB,
and BMALLI and the RelB subunit of NF-kB physically interact
in vitro and in cell lines (Bellet et al., 2012; Spengler et al., 2012).
Remarkably, after LPS stimulation, hepatic p65 relocates to the
promoters of clock repressor genes such as Perl, Per2, and Cry2,
and the H3K27ac activator epigenetic mark decreases at these
sites, hereby repressing them (Hong et al., 2018). Moreover,
acute inflammation induces a genome wide re-localization of
CLOCK:BMALL to sites in proximity to genes involved in the
immune system response or interferon signaling, most of them
bound by p65 and with increased H3K27ac and polymerase
II (Hong et al., 2018). Consistently, chronic inflammatory
responses such as those associated with unbalanced diets are
accompanied by a re-localization of p65 to core clock repressor
genes, including Per1 and Rev-erba, which in turn decrease their
transcription, while CLOCK:BMALI1 complexes become active
at sites associated with the immune response in the mouse liver
(Hong et al., 2018). Contrary, when mice are subjected to healthy
eating patterns such as calorie restriction, the hepatic circadian
expression of NF-kB signaling pathways is reinforced, probably
contributing to the beneficial effects of calorie restriction
(Fabbiano et al., 2016; Sato et al., 2017; Wu et al., 2019).
Taken together, these evidences demonstrate a tight interplay
between the molecular clock and NF-kB in the chromatin
context, to control circadian responses to infection. It will be
necessary to dissect the epigenetic regulators contributing to

this interplay, and specifically the long-range interactions
directing the transcriptional reprogramming associated
to inflammatory responses to determine the relevance of
circadian enhancers.

THE ADAPTIVE IMMUNE SYSTEM AND
THE CIRCADIAN CLOCK: AN EPIGENETIC
LINK

Antigen presentation triggers the adaptive immune response in
which different cell types participate. Epigenetic mechanisms on
the antigen-presenting cells have a pivotal role on regulating
expression of essential effectors. For example, in dendritic
cells (DC) histone deacetylation is crucial for differentiation
(Nencioni et al., 2007). Also, the TF signal transducer and
activator of transcription 3 (STAT3) controls dendritic function
by regulating target genes involved in DC differentiation, such
as the IDO enzyme and the HLA class II genes (Sun et al,
2009; Cacalano, 2016; Kitamura et al, 2017). Importantly,
the circadian HDAC SIRT1 is a master regulator of STAT3
function by deacetylation, hereby inactivating it (Nie et al., 2009)
(Figure 2). Interestingly, SIRT1 signaling in DC orchestrates
T helper 1 (Ty1) and regulatory T-cell (Treg) differentiation
(Liu et al, 2015), while CD8+ T cells activation depends
on inhibition of Sirtl expression, which is accompanied by
increased histone acetylation at the Tbx2I (T-bet) locus and a
metabolic switch toward oxidative reactions (Kuroda et al., 2011).
Hereby, it would be possible that this control is modulated by
the circadian clock, as the nicotinamide adenine dinucleotide
(NAD™)- dependent SIRT1 HDAC activity is circadian by the
fluctuating levels of NAD" due to the circadian expression of
the enzyme NAMPT, the rate-limiting enzyme on the NAD™
biosynthesis (Nakahata et al., 2008). Accordingly, CD8+ and
CD4+ T cells show circadian fluctuation in proliferation, which
is dampened in Clock mutant mice (Fortier et al., 2011; Druzd
et al, 2017). Moreover, a circadian transcriptional program
is apparent in CD8+ T cells, which allows them to respond
more efficiently to antigen presentation during daytime, by
rhythmically modulating downstream effectors of the T cell
receptor, such as IRF4, AKT, and mTOR pathways (Nobis
et al, 2019). At tissue level, lymphocytes including T cells
CD8+, CD4+, and B cells show circadian oscillation in the
entry/egress from the lymph nodes, and BMALI is necessary
for this function by directing the circadian expression of key
regulators of lymphocyte trafficking such as Ccr7 and Slpri
(Druzd et al., 2017). Interestingly, histone acetylation at Ccr7,
SIprl, and Slpr4 promoters is modulated by HDAC3 in Tregs
(Wang et al., 2015), while in B cells, Hdac3 deletion impairs VD]
recombination, implying epigenetic mechanism of chromatin
conformation in the production of fully recombined B-cell
receptor (Stengel et al., 2017). Whether the epigenetic remodeler
complex HDAC3-NCoR-RevErba regulates VD] recombination
should be addressed to find out the possibility of a direct
link with the clock machinery in this crucial element of the
adaptive immunity. Finally, sleep disturbance appears to be
related with a reduction in NK cells, and sleep modulates
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immunological memory in humans (Geiger et al., 2015; Suzuki
et al., 2017), while in Drosophila the gene nemuri is a neuronal
antimicrobial peptide that also promotes sleep (Toda et al., 2019).
All together, these findings reinforce the notion that the circadian
clock is necessary to the induction of appropriate adaptive
immune responses.

CONCLUDING REMARKS

Responses to infection require big amounts of energy and
resources to adequately fight threats, however these responses
need to be balanced to avoid compromising critical organism
functions. The circadian clock regulates daily rhythms in
immune functions in normal conditions; however, during
infection circadian regulation becomes critical to temporally
organize the immune response and make it more effective and
compatible with the host vital functions. The clock machinery
are mostly transcriptional regulators which act in the chromatin
fiber, and many epigenetic mechanisms are shared between the
circadian and the immune systems. The circadian TFs BMAL1
and RevErba regulate immune cell trafficking by directing
the expression of chemokines involved in mobilization, and
to do so they cooperate with chromatin modifiers such as
members of the Polycomb family, or regulate active enhancers.
Histone acetylation also plays a prominent role in orchestrating
a circadian transcriptome in regulatory cell types for the
immune response, while inflammatory processes are coordinated
by multiple interactions between NF-kB and the clock TFs.
At this regard, it will be necessary to further dissect the
interactions between metabolism and the epigenome during the

REFERENCES

Adamovich, Y., Ladeuix, B., Golik, M., Koeners, M. P., and Asher, G. (2017).
Rhythmic oxygen levels reset circadian clocks through HIFla. Cell Metab. 25,
93-101. doi: 10.1016/j.cmet.2016.09.014

Aguilar-Arnal, L., Hakim, O., Patel, V. R, Baldi, P., Hager, G. L., and Sassone-
Corsi, P. (2013). Cycles in spatial and temporal chromosomal organization
driven by the circadian clock. Nat. Struct. Mol. Biol. 20, 1206-1213.
doi: 10.1038/nsmb.2667

Aguilar-Arnal, L., Katada, S., Orozco-Solis, R., and Sassone-Corsi, P.
(2015). NADT-SIRT1 control of H3K4 trimethylation through circadian
deacetylation of MLL1. Nat. Struct. Mol. Biol. 22, 312-318. doi: 10.1038/ns
mb.2990

Alenghat, T., Osborne, L. C., Saenz, S. A., Kobuley, D., Ziegler, C. G.
K., Mullican, S. E. et al. (2013). Histone deacetylase 3 coordinates
commensal-bacteria-dependent intestinal homeostasis. Nature 504, 153-157.
doi: 10.1038/nature12687

Allis, C. D., and Jenuwein, T. (2016). The molecular hallmarks of epigenetic
control. Nat. Rev. Genet. 17, 487-500. doi: 10.1038/nrg.2016.59

Allis, C. D., Jenuwein, T., Caparros, M.-L., and Reinberg, D. (2015). Epigenetics,
2nd Edn. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Aranda, S., Mas, G., and Di Croce, L. (2015). Regulation of gene transcription by
Polycomb proteins. Sci. Adv. 1:¢1500737. doi: 10.1126/sciadv.1500737

Baldi, S., Korber, P., and Becker, P. B. (2020). Beads on a string—nucleosome array
arrangements and folding of the chromatin fiber. Nat. Struct. Mol. Biol. 27,
109-118. doi: 10.1038/s41594-019-0368-x

Barish, G. D., Yu, R. T., Karunasiri, M., Ocampo, C. B., Dixon, J., Benner, C,,
et al. (2010). Bcl-6 and NF-kB cistromes mediate opposing regulation of
the innate immune response. Genes Dev. 24, 2760-2765. doi: 10.1101/gad.
1998010

circadian cycle in immune cells, as it will provide means to
understand how metabolic cues regulate immunity. Finally, it
is important to note that much of our understanding in the
circadian aspects of immunity has been studied in rodents, thus
advancing this knowledge in humans will be essential for opening
possibilities of translation and, specifically, to design adequate
strategies in circadian medicine (Munch and Kramer, 2019;
Ruben et al., 2019).

AUTHOR CONTRIBUTIONS

RO-S and LA-A wrote the paper.

FUNDING

Research in the Aguilar-Arnal lab was supported by grants
PAPIIT IN210619 from Universidad Nacional Auténoma de
México and the Early Career Return Grant CRP/MEX16-
05_EC from The International Center for Genomic
Engineering and Biotechnology (ICGEB). The Orozco-
Solis Laboratory of Chronobiology and Metabolism of the
National Institute of Genomic Medicine (INMEGEN) was
supported by National Council of Science and Technology
(CONACYT) (grants FC 2016/2672 and FOSISS 272757) and
the INMEGEN (09/2017/1).

ACKNOWLEDGMENTS

The authors thank members of Aguilar-Arnal and Orozco-Solis
laboratories for discussions.

Batie, M., Frost, J., Frost, M., Wilson, J. W., Schofield, P., and Rocha, S.
(2019). Hypoxia induces rapid changes to histone methylation and reprograms
chromatin. Science 363, 1222-1226. doi: 10.1126/science.aau5870

Bellet, M. M., Deriu, E., Liu, J. Z., Grimaldi, B., Blaschitz, C., Zeller, M., et al. (2013).
Circadian clock regulates the host response to Salmonella. Proc. Natl. Acad. Sci.
U.S.A. 110, 9897-9902. doi: 10.1073/pnas.1120636110

Bellet, M. M., Zocchi, L., and Sassone-Corsi, P. (2012). The RelB subunit of
NFkappaB acts as a negative regulator of circadian gene expression. Cell Cycle
11, 3304-3311. doi: 10.4161/cc.21669

Berdasco, M., and Esteller, M. (2019). Clinical epigenetics: seizing opportunities
for translation. Nat. Rev. Genet. 20, 109-127. doi: 10.1038/s41576-018-0074-2

Berger, S. L., and Sassone-Corsi, P. (2016). Metabolic signaling to chromatin. Cold
Spring Harb. Perspect. Biol. 8:a019505. doi: 10.1101/cshperspect.a019463

Cacalano, N. A. (2016). Regulation of natural killer cell function by STAT3. Front.
Immunol. 7:128. doi: 10.3389/fimmu.2016.00128

Ceradini, D. J., Kulkarni, A. R,, Callaghan, M. J., Tepper, O. M., Bastidas, N.,
Kleinman, M. E., et al. (2004). Progenitor cell trafficking is regulated by
hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 10, 858-864.
doi: 10.1038/nm1075

Chakraborty, A. A., Laukka, T., Myllykoski, M., Ringel, A. E., Booker, M. A,,
Tolstorukov, M. Y., et al. (2019). Histone demethylase KDM6A directly
senses oxygen to control chromatin and cell fate. Science 363, 1217-1222.
doi: 10.1126/science.aaw1026

Dacher, M., Tachiwana, H., Horikoshi, N., Kujirai, T., Taguchi, H., Kimura,
H., et al. (2019). Incorporation and influence of Leishmania histone H3 in
chromatin. Nucleic Acids Res. 47, 11637-11648. doi: 10.1093/nar/gkz1040

Dévalos-Salas, M., Montgomery, M. K., Reehorst, C. M., Nightingale, R., Ng, I,
Anderton, H,, et al. (2019). Deletion of intestinal Hdac3 remodels the lipidome
of enterocytes and protects mice from diet-induced obesity. Nat. Commun.
10:5291. doi: 10.1038/541467-019-13180-8

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2020 | Volume 10 | Article 96


https://doi.org/10.1016/j.cmet.2016.09.014
https://doi.org/10.1038/nsmb.2667
https://doi.org/10.1038/nsmb.2990
https://doi.org/10.1038/nature12687
https://doi.org/10.1038/nrg.2016.59
https://doi.org/10.1126/sciadv.1500737
https://doi.org/10.1038/s41594-019-0368-x
https://doi.org/10.1101/gad.1998010
https://doi.org/10.1126/science.aau5870
https://doi.org/10.1073/pnas.1120636110
https://doi.org/10.4161/cc.21669
https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1101/cshperspect.a019463
https://doi.org/10.3389/fimmu.2016.00128
https://doi.org/10.1038/nm1075
https://doi.org/10.1126/science.aaw1026
https://doi.org/10.1093/nar/gkz1040
https://doi.org/10.1038/s41467-019-13180-8
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Orozco-Solis and Aguilar-Arnal

Epigenetic Control of Circadian Immunity

Dimitrov, S., Benedict, C., Heutling, D., Westermann, J., Born, J., and Lange, T.
(2009). Cortisol and epinephrine control opposing circadian rhythms in T cell
subsets. Blood 113, 5134-5143. doi: 10.1182/blood-2008-11-190769

DiTacchio, L., Le, H. D., Vollmers, C., Hatori, M., Witcher, M., Secombe,
J., et al. (2011). Histone lysine demethylase JARIDla activates CLOCK-
BMALL and influences the circadian clock. Science 333, 1881-1885.
doi: 10.1126/science.1206022

Druzd, D., Matveeva, O., Ince, L., Harrison, U., He, W., Schmal, C., et al. (2017).
Lymphocyte circadian clocks control lymph node trafficking and adaptive
immune responses. Immunity 46, 120-132. doi: 10.1016/j.immuni.2016.12.011

Duong, H. A., and Weitz, C. J. (2014). Temporal orchestration of repressive
chromatin modifiers by circadian clock period complexes. Nat. Struct. Mol. Biol.
21, 126-132. doi: 10.1038/nsmb.2746

Early, J. O., Menon, D., Wyse, C. A., Cervantes-Silva, M. P., Zaslona, Z.,
Carroll, R. G,, et al. (2018). Circadian clock protein BMALLI regulates IL-1B
in macrophages via NRF2. Proc. Natl. Acad. Sci. U.S.A. 115, E8460-E8468.
doi: 10.1073/pnas.1800431115

Edgar, R. S., Stangherlin, A., Nagy, A. D., Nicoll, M. P., Efstathiou, S., O’Neill,
J. S., et al. (2016). Cell autonomous regulation of herpes and influenza virus
infection by the circadian clock. Proc. Natl. Acad. Sci. U.S.A. 113, 10085-10090.
doi: 10.1073/pnas.1601895113

Etchegaray, J.-P., Lee, C., Wade, P. A., and Reppert, S. M. (2003). Rhythmic histone
acetylation underlies transcription in the mammalian circadian clock. Nature
421, 177-182. doi: 10.1038/nature01314

Etchegaray, J.-P., Yang, X., DeBruyne, J. P., Peters, A. H. F. M., Weaver, D. R,,
Jenuwein, T., et al. (2006). The polycomb group protein EZH2 is required
for mammalian circadian clock function. J. Biol. Chem. 281, 21209-21215.
doi: 10.1074/jbc.M603722200

Fabbiano, S., Sudrez-Zamorano, N., Rigo, D., Veyrat-Durebex, C., Stevanovic
Dokic, A., Didier Colin, J., et al. (2016). Caloric restriction leads to browning of
white adipose tissue through type 2 immune signaling. Cell Metab. 24, 434-446.
doi: 10.1016/j.cmet.2016.07.023

Fortier, E. E., Rooney, J., Dardente, H., Hardy, M.-P., Labrecque, N., and
Cermakian, N. (2011). Circadian variation of the response of T cells to antigen.
J. Immunol. 187, 6291-6300. doi: 10.4049/jimmunol.1004030

Garg, A, Orru, R, Ye, W,, Distler, U., Chojnacki, J. E., Kéhn, M., et al. (2019).
Structural and mechanistic insights into the interaction of the circadian
transcription factor BMALI with the KIX domain of the CREB-binding
protein. J. Biol. Chem. 294, 16604-16619. doi: 10.1074/jbc.RA119.009845

Geiger, S. S., Fagundes, C. T., and Siegel, R. M. (2015). Chrono-immunology:
progress and challenges in understanding links between the circadian and
immune systems. Immunology 146, 349-358. doi: 10.1111/imm.12525

Geiger, T. L., Abt, M. C,, Gasteiger, G., Firth, M. A., O’Connor, M. H., Geary,
C. D, et al. (2014). Nfil3 is crucial for development of innate lymphoid cells
and host protection against intestinal pathogens. J. Exp. Med. 211, 1723-1731.
doi: 10.1084/jem.20140212

Ghisletti, S., Barozzi, 1., Mietton, F., Polletti, S., De Santa, F., Venturini, E.,
et al. (2010). Identification and characterization of enhancers controlling
the inflammatory gene expression program in macrophages. Immunity 32,
317-328. doi: 10.1016/j.immuni.2010.02.008

Gibbs, J. E., Blaikley, J., Beesley, S., Matthews, L., Simpson, K. D., Boyce,
S. H., et al. (2012). The nuclear receptor REV-ERBa mediates circadian
regulation of innate immunity through selective regulation of inflammatory
cytokines. Proc. Natl. Acad. Sci. U.S.A. 109, 582-587. doi: 10.1073/pnas.11
06750109

Gomez-Diaz, E., Jorda, M., Peinado, M. A., and Rivero, A. (2012). Epigenetics of
host-pathogen interactions: the road ahead and the road behind. PLoS Pathog.
8:¢1003007. doi: 10.1371/journal.ppat.1003007

Hastings, M. H., Maywood, E. S., and Brancaccio, M. (2018). Generation of
circadian rhythms in the suprachiasmatic nucleus. Nat. Rev. Neurosci. 19,
453-469. doi: 10.1038/s41583-018-0026-z

Haus, E., and Smolensky, M. H. (1999). Biologic rhythms in the immune
system.  Chronobiol. Int. 16, 581-622. doi: 10.3109/07420529908
998730

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C,, Laslo, P., et al. (2010).
Simple combinations of lineage-determining transcription factors prime cis-
regulatory elements required for macrophage and B cell identities. Mol. Cell 38,
576-589. doi: 10.1016/j.molcel.2010.05.004

Herviou, L., Cavalli, G., Cartron, G., Klein, B., and Moreaux, J. (2016). EZH2
in normal hematopoiesis and hematological malignancies. Oncotarget 7,
2284-2296. doi: 10.18632/oncotarget.6198

Hirako, I. C., Assis, P. A., Hojo-Souza, N. S., Reed, G., Nakaya, H., Golenbock, D.
T, et al. (2018). Daily rhythms of TNFa expression and food intake regulate
synchrony of plasmodium stages with the host circadian cycle. Cell Host
Microbe 23, 796-808 e6. doi: 10.1016/j.chom.2018.04.016

Hirano, A., Fu, Y.-H., and Ptacek, L. J. (2016). The intricate dance of post-
translational modifications in the rhythm of life. Nat. Struct. Mol. Biol. 23,
1053-1060. doi: 10.1038/nsmb.3326

Hong, H.-K., Maury, E., Ramsey, K. M., Perelis, M., Marcheva, B., Omura,
C., et al. (2018). Requirement for NF-kB in maintenance of molecular
and behavioral circadian rhythms in mice. Genes Dev. 32, 1367-1379.
doi: 10.1101/gad.319228.118

Huang, B., Wang, B., W., Yuk-Wai Lee, K., Pong, U, Leung, K. T, et al. (2019).
KDM3A and KDM4C regulate mesenchymal stromal cell senescence and bone
aging via condensin-mediated heterochromatin reorganization. iScience 21,
375-390. doi: 10.1016/j.is¢i.2019.10.041

Keller, M., Mazuch, J., Abraham, U., Eom, G. D., Herzog, E. D., Volk, H.-D.,
et al. (2009). A circadian clock in macrophages controls inflammatory
immune responses. Proc. Natl. Acad. Sci. US.A. 106, 21407-21412.
doi: 10.1073/pnas.0906361106

Kiessling, S., Dubeau-Laramée, G., Ohm, H., Labrecque, N., Olivier, M.,
and Cermakian, N. (2017). The circadian clock in immune cells controls
the magnitude of Leishmania parasite infection. Sci. Rep. 7:10892.
doi: 10.1038/541598-017-11297-8

Kim, Y. H., Marhon, S. A., Zhang, Y., Steger, D. ], Won, K. ], and
Lazar, M. A. (2018). Rev-erbalpha dynamically modulates chromatin
looping to control circadian gene transcription. Science 359, 1274-1277.
doi: 10.1126/science.aa06891

Kitamura, H., Ohno, Y., Toyoshima, Y., Ohtake, J., Homma, S., Kawamura,
H., et al. (2017). Interleukin-6/STAT3 signaling as a promising target to
improve the efficacy of cancer immunotherapy. Cancer Sci. 108, 1947-1952.
doi: 10.1111/cas.13332

Klemm, S. L., Shipony, Z. and Greenleaf, W. J. (2019). Chromatin
accessibility and the regulatory epigenome. Nat. Rev. Genet. 20, 207-220.
doi: 10.1038/541576-018-0089-8

Koike, N., Yoo, S. H., Huang, H. C., Kumar, V., Lee, C,, Kim, T. K,, et al. (2012).
Transcriptional architecture and chromatin landscape of the core circadian
clock in mammals. Science 338, 349-354. doi: 10.1126/science.1226339

Kojima, S., Shingle, D. L., and Green, C. B. (2011). Post-transcriptional control of
circadian rhythms. J. Cell Sci. 124, 311-320. doi: 10.1242/jcs065771

Kuang, Z., Wang, Y., Li, Y., Ye, C,, Ruhn, K. A,, Behrendt, C. L., et al. (2019). The
intestinal microbiota programs diurnal rhythms in host metabolism through
histone deacetylase 3. Science 365, 1428-1434. doi: 10.1126/science.aaw3134

Kuroda, S., Yamazaki, M., Abe, M., Sakimura, K., Takayanagi, H., and
Iwai, Y. (2011). Basic leucine zipper transcription factor, ATF-like (BATF)
regulates epigenetically and energetically effector CD8 T-cell differentiation
via Sirtl expression. Proc. Natl. Acad. Sci. US.A. 108, 14885-14889.
doi: 10.1073/pnas.1105133108

Lam, M. T. Y., Cho, H., Lesch, H. P., Gosselin, D., Heinz, S., Tanaka-Oishi, Y., et al.
(2013). Rev-Erbs repress macrophage gene expression by inhibiting enhancer-
directed transcription. Nature 498, 511-515. doi: 10.1038/nature12209

Lee, Y., Lee, J., Kwon, I, Nakajima, Y., Ohmiya, Y., Son, G. H., et al. (2010).
Coactivation of the CLOCK-BMALI complex by CBP mediates resetting of the
circadian clock. J. Cell Sci. 123, 3547-3557. doi: 10.1242/jcs.070300

Liu, G, Bi, Y., Xue, L., Zhang, Y., Yang, H., Chen, X,, et al. (2015). Dendritic
cell SIRT1-HIFla axis programs the differentiation of CD4+ T cells
through IL-12 and TGF-B1. Proc. Natl. Acad. Sci. U.S.A. 112, E957-E965.
doi: 10.1073/pnas.1420419112

Lucas, D., Battista, M., Shi, P. A., Isola, L., and Frenette, P. S. (2008). Mobilized
hematopoietic stem cell yield depends on species-specific circadian timing. Cell
Stem Cell 3, 364-366. doi: 10.1016/j.stem.2008.09.004

Man, K., Loudon, A., and Chawla, A. (2016). Immunity around the clock. Science
354, 999-1003. doi: 10.1126/science.aah4966

Meéndez-Ferrer, S., Lucas, D., Battista, M., and Frenette, P. S. (2008).
Haematopoietic stem cell release is regulated by circadian oscillations. Nature
452, 442-447. doi: 10.1038/nature06685

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2020 | Volume 10 | Article 96


https://doi.org/10.1182/blood-2008-11-190769
https://doi.org/10.1126/science.1206022
https://doi.org/10.1016/j.immuni.2016.12.011
https://doi.org/10.1038/nsmb.2746
https://doi.org/10.1073/pnas.1800431115
https://doi.org/10.1073/pnas.1601895113
https://doi.org/10.1038/nature01314
https://doi.org/10.1074/jbc.M603722200
https://doi.org/10.1016/j.cmet.2016.07.023
https://doi.org/10.4049/jimmunol.1004030
https://doi.org/10.1074/jbc.RA119.009845
https://doi.org/10.1111/imm.12525
https://doi.org/10.1084/jem.20140212
https://doi.org/10.1016/j.immuni.2010.02.008
https://doi.org/10.1073/pnas.1106750109
https://doi.org/10.1371/journal.ppat.1003007
https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.3109/07420529908998730
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.18632/oncotarget.6198
https://doi.org/10.1016/j.chom.2018.04.016
https://doi.org/10.1038/nsmb.3326
https://doi.org/10.1101/gad.319228.118
https://doi.org/10.1016/j.isci.2019.10.041
https://doi.org/10.1073/pnas.0906361106
https://doi.org/10.1038/s41598-017-11297-8
https://doi.org/10.1126/science.aao6891
https://doi.org/10.1111/cas.13332
https://doi.org/10.1038/s41576-018-0089-8
https://doi.org/10.1126/science.1226339
https://doi.org/10.1242/jcs065771
https://doi.org/10.1126/science.aaw3134
https://doi.org/10.1073/pnas.1105133108
https://doi.org/10.1038/nature12209
https://doi.org/10.1242/jcs.070300
https://doi.org/10.1073/pnas.1420419112
https://doi.org/10.1016/j.stem.2008.09.004
https://doi.org/10.1126/science.aah4966
https://doi.org/10.1038/nature06685
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Orozco-Solis and Aguilar-Arnal

Epigenetic Control of Circadian Immunity

Mitsui, S., Yamaguchi, S., Matsuo, T., Ishida, Y., and Okamura, H. (2001).
Antagonistic role of E4BP4 and PAR proteins in the circadian oscillatory
mechanism. Genes Dev. 15, 995-1006. doi: 10.1101/gad.873501

Morikawa, T., and Takubo, K. (2016). Hypoxia regulates the hematopoietic
stem cell niche. Pfliigers Archiv. Eur. ]. Physiol. 468, 13-22.
doi: 10.1007/500424-015-1743-z

Munch, M., and Kramer, A. (2019). Timing matters: New tools for
personalized chronomedicine and circadian health. Acta Physiol. 227:¢13300.
doi: 10.1111/apha.13300

Nagasawa, T. (2014). CXC chemokine ligand 12 (CXCL12) and its receptor
CXCRA4. J. Mol. Med. 92, 433-439. doi: 10.1007/s00109-014-1123-8

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D,
et al. (2008). The NAD+--dependent deacetylase SIRT1 modulates CLOCK-
mediated chromatin remodeling and circadian control. Cell 134, 329-340.
doi: 10.1016/j.cell.2008.07.002

Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M., and Sassone-Corsi, P. (2009).
Circadian control of the NAD+ salvage pathway by CLOCK-SIRT1. Science
324, 654-657. doi: 10.1126/science.1170803

Navabi, N., Whitt, J.,, Wu, S.-E., Woo, V., Moncivaiz, J., Jordan, M. B,
et al. (2017). Epithelial histone deacetylase 3 instructs intestinal immunity
by coordinating local lymphocyte activation. Cell Rep. 19, 1165-1175.
doi: 10.1016/j.celrep.2017.04.046

Nencioni, A., Beck, J., Werth, D., Griinebach, F., Patrone, F., Ballestrero,
A, et al. (2007). Histone deacetylase inhibitors affect dendritic cell
differentiation and immunogenicity. Clin. Cancer Res. 13, 3933-3941.
doi: 10.1158/1078-0432.CCR-06-2903

Nguyen, K. D., Fentress, S. J., Qiu, Y., Yun, K., Cox, J. S., and Chawla, A. (2013).
Circadian gene bmall regulates diurnal oscillations of Ly6Chi inflammatory
monocytes. Science 341, 1483-1488. doi: 10.1126/science.1240636

Nie, Y., Erion, D. M., Yuan, Z., Dietrich, M., Shulman, G. I., Horvath, T. L., et al.
(2009). STAT3 inhibition of gluconeogenesis is downregulated by SirT1. Nat.
Cell Biol. 11, 492-500. doi: 10.1038/ncb1857

Nobis, C. C., Dubeau Laramée, G., Kervezee, L., D., Maurice De Sousa,
Labrecque, N., and Cermakian, N. (2019). The circadian clock of CD8T
cells modulates their early response to vaccination and the rhythmicity of
related signaling pathways. Proc. Natl. Acad. Sci. U.S.A. 116, 20077-20086.
doi: 10.1073/pnas.1905080116

Oishi, Y., Hayashi, S., Isagawa, T., Oshima, M., Iwama, A., Shimba, S., et al. (2017).
Bmall regulates inflammatory responses in macrophages by modulating
enhancer RNA transcription. Sci. Rep 7:7086. doi: 10.1038/s41598-017-07100-3

Orozco-Solis, R., and Sassone-Corsi, P. (2014). Epigenetic control and the
circadian clock: linking metabolism to neuronal responses. Neuroscience 264,
76-87. doi: 10.1016/j.neuroscience.2014.01.043

Pacheco-Bernal, I, Becerril-Pérez, F., and Aguilar-Arnal, L. (2019).
Circadian rhythms in the three-dimensional genome: implications of
chromatin interactions for cyclic transcription. Clin. Epigenetics 11:79.
doi: 10.1186/s13148-019-0677-2

Prior, K. F., van der Veen, D. R., O’'Donnell, A. J., Cumnock, K., Schneider, D., Pain,
A, et al. (2018). Timing of host feeding drives rhythms in parasite replication.
PLoS Pathog. 14:¢1006900. doi: 10.1371/journal.ppat.1006900

Qian, X,, Li, X,, Shi, Z., Bai, X, Xia, Y., Zheng, Y., et al. (2019). KDM3A senses
oxygen availability to regulate PGC-la-mediated mitochondrial biogenesis.
Mol. Cell 76, 885-895.¢7. doi: 10.1016/j.molcel.2019.09.019

Rada-Iglesias, A., Bajpai, R., Swigut, T., Brugmann, S. A, Flynn,
R. A, and Wysocka, J. (2011). A unique chromatin signature
uncovers early developmental enhancers in humans. Nature 470,

279-283. doi: 10.1038/nature09692

Ramsey, K. M., Yoshino, J., Brace, C. S., Abrassart, D., Kobayashi, Y., Marcheva, B.,
etal. (2009). Circadian clock feedback cycle through NAMPT-mediated NAD+
biosynthesis. Science 324, 651-654. doi: 10.1126/science.1171641

Ruben, M. D., Smith, D. F., FitzGerald, G. A., and Hogenesch, J. B. (2019). Dosing
time matters. Science 365, 547-549. doi: 10.1126/science.aax7621

Sato, S., Sakurai, T., Ogasawara, J., Takahashi, M., Izawa, T., Imaizumi, K., et al.
(2014). A circadian clock gene, rev-erba, modulates the inflammatory function
of macrophages through the negative regulation of Ccl2 expression. ] Immunol.
192, 407-417. doi: 10.4049/jimmunol.1301982

Sato, S., Solanas, G., Peixoto, F. O., Bee, L., Symeonidi, A., Schmidt, M. S., et al.
(2017). Circadian reprogramming in the liver identifies metabolic pathways of
aging. Cell 170, 664-677.e11. doi: 10.1016/j.cell.2017.07.042

Scheiermann, C., Kunisaki, Y., and Frenette, P. S. (2013). Circadian control of the
immune system. Nat. Rev. Immunol. 13, 190-198. doi: 10.1038/nri3386

Scheiermann, C., Kunisaki, Y., Lucas, D., Chow, A, Jang, J.-E., Zhang, D., et al.
(2012). Adrenergic nerves govern circadian leukocyte recruitment to tissues.
Immunity 37, 290-301. doi: 10.1016/j.immuni.2012.05.021

Smale, S. T., Tarakhovsky, A., and Natoli, G. (2014). Chromatin contributions
to the regulation of innate immunity. Annu. Rev. Immunol. 32, 489-511.
doi: 10.1146/annurev-immunol-031210-101303

Spengler, M. L., Kuropatwinski, K. K., Comas, M., Gasparian, A. V., Fedtsova, N.,
Gleiberman, A. S., et al. (2012). Core circadian protein CLOCK is a positive
regulator of NF-kB-mediated transcription. Proc. Natl. Acad. Sci. U.S.A. 109,
E2457-E2465. doi: 10.1073/pnas.1206274109

Stengel, K. R., Barnett, K. R., Wang, J., Liu, Q., Hodges, E., Hiebert, S. W., et al.
(2017). Deacetylase activity of histone deacetylase 3 is required for productive
VD] recombination and B-cell development. Proc. Natl. Acad. Sci. U.S.A. 114,
8608-8613. doi: 10.1073/pnas.1701610114

Sun, Y., Chin, Y. E., Weisiger, E., Malter, C., Tawara, I, Toubai, T,
et al. (2009). Cutting edge: negative regulation of dendritic cells through
acetylation of the nonhistone protein STAT-3. J. Immunol. 182, 5899-5903.
doi: 10.4049/jimmunol.0804388

Suzuki, H., Savitz, ., Kent Teague, T., Gandhapudi, S. K., Tan, C., Misaki, M., et al.
(2017). Altered populations of natural killer cells, cytotoxic T lymphocytes,
and regulatory T cells in major depressive disorder: association with sleep
disturbance. Brain Behav. Immun. 66, 193-200. doi: 10.1016/j.bbi.2017.06.011

Takahashi, J. S. (2017). Transcriptional architecture of the mammalian circadian
clock. Nat. Rev. Genet. 18, 164-179. doi: 10.1038/nrg.2016.150

Takubo, K., Goda, N., Yamada, W., Iriuchishima, H., Ikeda, E., Kubota, Y., et al.
(2010). Regulation of the HIF-1a level is essential for hematopoietic stem cells.
Cell Stem Cell 7, 391-402. doi: 10.1016/j.stem.2010.06.020

Thieme, S., Gyarfés, T., Richter, C., Ozhan, G., Fu, J., Alexopoulou, D., et al. (2013).
The histone demethylase UTX regulates stem cell migration and hematopoiesis.
Blood 121, 2462-2473. doi: 10.1182/blood-2012-08-452003

Toda, H., Williams, J. A., Gulledge, M., and Sehgal, A. (2019). A sleep-inducing
gene, nemuri, links sleep and immune function in Drosophila. Science 363,
509-515. doi: 10.1126/science.aat1650

Trott, A. J., and Menet, J. S. (2018). Regulation of circadian clock
transcriptional output by CLOCK:BMALIL. PLoS Genet. 14:e1007156.
doi: 10.1371/journal.pgen.1007156

Ueda, H. R, Hayashi, S., Chen, W., Sano, M., Machida, M., Shigeyoshi, Y.,
et al. (2005). System-level identification of transcriptional circuits underlying
mammalian circadian clocks. Nat. Genet. 37, 187-192. doi: 10.1038/ng1504

Visel, A., Blow, M. J., Li, Z., Zhang, T., Akiyama, J. A., Holt, A., et al. (2009).
ChIP-seq accurately predicts tissue-specific activity of enhancers. Nature 457,
854-858. doi: 10.1038/nature07730

Wang, L., Liu, Y., Han, R,, Beier, U. H., Bhatti, T. R,, Akimova, T, et al. (2015).
FOXP3+ regulatory T cell development and function require histone/protein
deacetylase 3. J. Clin. Invest. 125, 1111-1123. doi: 10.1172/JCI77088

Wang, Y., Kuang, Z., Yu, X., Ruhn, K. A., Kubo, M., and Hooper, L. V. (2017).
The intestinal microbiota regulates body composition through NFIL3 and the
circadian clock. Science 357, 912-916. doi: 10.1126/science.aan0677

Weger, M., Diotel, N., Dorsemans, A.-C., Dickmeis, T., and Weger, B. D.
(2017). Stem cells and the circadian clock. Dev. Biol. 431, 111-123.
doi: 10.1016/j.ydbio.2017.09.012

Westwood, M. L., O’Donnell, A. J., de Bekker, C., Lively, C. M., Zuk, M., and Reece,
S. E. (2019). The evolutionary ecology of circadian rhythms in infection. Nat.
Ecol. Evol. 3, 552-560. doi: 10.1038/s41559-019-0831-4

Winter, C., Silvestre-Roig, C., Ortega-Gomez, A., Lemnitzer, P., Poelman,
H., Schumski, A., et al. (2018). Chrono-pharmacological targeting of the
CCL2-CCR2 axis ameliorates atherosclerosis. Cell Metab. 28, 175-182.e5.
doi: 10.1016/j.cmet.2018.05.002

Wong, D. C. S, and O'Neill, J. S. (2018). Non-transcriptional processes
in circadian rhythm generation. Curr. Opin. Physiol. 5, 117-132.
doi: 10.1016/j.cophys.2018.10.003

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2020 | Volume 10 | Article 96


https://doi.org/10.1101/gad.873501
https://doi.org/10.1007/s00424-015-1743-z
https://doi.org/10.1111/apha.13300
https://doi.org/10.1007/s00109-014-1123-8
https://doi.org/10.1016/j.cell.2008.07.002
https://doi.org/10.1126/science.1170803
https://doi.org/10.1016/j.celrep.2017.04.046
https://doi.org/10.1158/1078-0432.CCR-06-2903
https://doi.org/10.1126/science.1240636
https://doi.org/10.1038/ncb1857
https://doi.org/10.1073/pnas.1905080116
https://doi.org/10.1038/s41598-017-07100-3
https://doi.org/10.1016/j.neuroscience.2014.01.043
https://doi.org/10.1186/s13148-019-0677-2
https://doi.org/10.1371/journal.ppat.1006900
https://doi.org/10.1016/j.molcel.2019.09.019
https://doi.org/10.1038/nature09692
https://doi.org/10.1126/science.1171641
https://doi.org/10.1126/science.aax7621
https://doi.org/10.4049/jimmunol.1301982
https://doi.org/10.1016/j.cell.2017.07.042
https://doi.org/10.1038/nri3386
https://doi.org/10.1016/j.immuni.2012.05.021
https://doi.org/10.1146/annurev-immunol-031210-101303
https://doi.org/10.1073/pnas.1206274109
https://doi.org/10.1073/pnas.1701610114
https://doi.org/10.4049/jimmunol.0804388
https://doi.org/10.1016/j.bbi.2017.06.011
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1016/j.stem.2010.06.020
https://doi.org/10.1182/blood-2012-08-452003
https://doi.org/10.1126/science.aat1650
https://doi.org/10.1371/journal.pgen.1007156
https://doi.org/10.1038/ng1504
https://doi.org/10.1038/nature07730
https://doi.org/10.1172/JCI77088
https://doi.org/10.1126/science.aan0677
https://doi.org/10.1016/j.ydbio.2017.09.012
https://doi.org/10.1038/s41559-019-0831-4
https://doi.org/10.1016/j.cmet.2018.05.002
https://doi.org/10.1016/j.cophys.2018.10.003
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Orozco-Solis and Aguilar-Arnal

Epigenetic Control of Circadian Immunity

Wu, M, and Shen, J. (2019). From super-enhancer non-coding RNA to
immune checkpoint: frameworks to functions. Front. Oncol. 9:1307.
doi: 10.3389/fonc.2019.01307

Wu, Y., Tang, D, Liu, N, Xiong, W., Huang, H., Li, Y., et al. (2017).
Reciprocal regulation between the circadian clock and hypoxia signaling at
the genome level in mammals. Cell Metab. 25, 73-85. doi: 10.1016/j.cmet.2016.
09.009

Wu, Z., Isik, M., Moroz, N., Steinbaugh, M. J., Zhang, P., and Blackwell, T.
K. (2019). Dietary restriction extends lifespan through metabolic regulation
of innate immunity. Cell Metab. 29, 1192-1205.e8. doi: 10.1016/j.cmet.2019.
02.013

Yu, X, Rollins, D., Ruhn, K. A, Stubblefield, J. J, Green, C. B,
Kashiwada, M., et al. (2013). TH17 cell differentiation is regulated
by the circadian clock. Science 342, 727-730. doi: 10.1126/science.l
243884

Zhang, Q., Lenardo, M. J., and Baltimore, D. (2017). 30 Years of NEF-
kB: a blossoming of relevance to human pathobiology. Cell 168, 37-57.
doi: 10.1016/j.cell.2016.12.012

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Orozco-Solis and Aguilar-Arnal. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

11

March 2020 | Volume 10 | Article 96


https://doi.org/10.3389/fonc.2019.01307
https://doi.org/10.1016/j.cmet.2016.09.009
https://doi.org/10.1016/j.cmet.2019.02.013
https://doi.org/10.1126/science.1243884
https://doi.org/10.1016/j.cell.2016.12.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Circadian Regulation of Immunity Through Epigenetic Mechanisms
	Introduction
	Epigenetic Mechanisms Underlying Circadian Rhythms
	Clock-Controlled Physiology of Immune Cells via Epigenetic Mechanisms
	Epigenetic Regulation of Circadian Trafficking of Immune Cells
	The Circadian Clock in Macrophages Control Enhancer Activity and the Transcriptional Program

	Host-Pathogens Interactions
	NFIL3 and HDAC3 Relay Inputs From Intestinal Microbes to the Host Genome

	The Inflammatory Response Triggered by NF-κB
	The Molecular Clock and NF-κB Cooperate in the Chromatin Fiber

	The Adaptive Immune System and the Circadian Clock: An Epigenetic Link
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


