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Circadian rhythms influence virtually all life forms on our planet, a notion that opens the
question on how the circadian cycles of individual organisms may interplay with each other.
In mammals, a potentially dangerous environmental stress is represented by encounters with
infectious agents. Microbial attack is a major risk for organismal homeostasis and therefore
needs to be efficiently counteracted by mechanisms implemented by the host immune
system. Accumulating evidence shows that the immune system may anticipate an emerging
pathogenic exposure through an enhanced inflammatory state. Notably, the circadian clock
orchestrates these anticipatory responses to fluctuating conditions in the external world. In
this article, we review the current knowledge about the relationship between the circadian
clock and pathogenic infections. We discuss the role of the circadian clock against infection
and specific pathogens, the core clock proteins involved in the defense mechanisms, and the
specific tissue or cell type in which they function to counteract the infection. Finally, circa-
dian oscillations in the gut microbiome composition and its possible role in protecting against
foodborne pathogen colonization are presented.

ircadian clocks are intrinsic, time-tracking
Csystems that allow organisms to adapt their
behavior and physiology to the appropriate time
of day. Circadian rhythms have evolved to en-
able organisms to anticipate environmental
changes such as food availability and predatory
pressure, and are indeed conserved among vir-
tually all forms of life on Earth (Peek etal. 2015).
A wide array of biological processes function
under circadian control and contribute to
whole-body physiology and homeostasis (Schi-
bler and Sassone-Corsi 2002; Abbott et al. 2015;
Gerber et al. 2015; McLoughlin et al. 2015;
Tsang et al. 2016).

In mammals, the master circadian time-
keeper is localized in the suprachiasmatic nucle-
us (SCN) of the hypothalamus and is mainly
entrained by light signals and transduced by
specialized photoreceptors present in the retina
(Doyle and Menaker 2007). In addition, differ-
ent regions of the brain or peripheral organs,
such as the liver, intestine, and heart, have local
clocks (Kyriacou and Hastings 2010) whose
function contributes to regulate homeostasis
and physiological responses (Mohawk et al.
2012). Through signaling mechanisms that re-
main uncharacterized, the SCN appears to op-
erate as an orchestra director to keep peripheral
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clocks in synchrony, ensuring that physiology
across the entire organism is temporally inte-
grated and thus maximally adaptive (Hastings
et al. 2003).

The clock molecular machinery is character-
ized by a complex transcriptional-translational
feedback loop that ensures 24 h oscillation in
gene expression. The positive arm of the mam-
malian clock machinery is comprised of CLOCK
and BMALLI, two transcriptional activators that
heterodimerize and induce the expression of
clock-controlled genes (CCGs) by binding to
their promoters at E-box consensus sites. Cryp-
tochromes (Cryl, Cry2) and Period genes (Perl,
Per2, Per3) are CCGs encoding proteins that
form the negative arm of the circadian machin-
ery. PER and CRY proteins are classically
thought to translocate into the nucleus to inhibit
CLOCK:BMALI-mediated transcription, there-
by closing the negative feedback loop. Moreover,
the nuclear related orphan receptors (RORs)
and REV-ERB-a/B represent additional layers
of circadian regulation through the control of
Bmall rhythmicity (Guillaumond et al. 2005).
An important aspect of the clock system is that
a delay between positive element transcription
and negative element expression is required to
keep the clock in an appropriate phase. Post-
translational modifications, such as phosphory-
lation and acetylation, play an essential role in
generating this delay, thus being involved in
fine-tuning the function and accuracy of the
molecular clock system (Aguilar-Arnal and Sas-
sone-Corsi 2013).

An additional, important layer of control re-
lates to chromatin remodeling of cyclic ex-
pressed genes. Notably, the core circadian pro-
tein CLOCK has an acetyltransferase activity
counterbalanced by the deacetylase activity of
SIRT1 (Asher et al. 2008; Nakahata et al.
2008), a protein showing direct interaction
with CLOCK. SIRT1 activity and the levels of
NAD?, its cofactor necessary for acetyl group
removal, oscillate following a 24 h cycle (Naka-
hata et al. 2009; Ramsey et al. 2009), revealing a
link between protein acetylation, cyclic rhythms,
and cell energy metabolism. Indeed, both NAD"
and the CLOCK cofactor acetyl-CoA can be con-
sidered as indicators of the cellular energy status.

Acetyl-CoA is at the metabolic crossroads of
glycolysis, fatty acid oxidation, ketogenesis, ami-
no acid metabolism, and tricarboxylic acid cycle,
making its synthesis and usage an ideal param-
eter to sense metabolic network functions. Sim-
ilarly, the intracellular NAD"/NADH ratio is a
central determinant of nutritional status, regu-
lating the activity of NAD"-dependent deacety-
lases, such as SIRT1 and SIRTS6, which in turn
might regulate the global acetylation processes
(Masri and Sassone-Corsi 2014).

ANTICIPATION OF ENVIRONMENTAL
CHALLENGES BY THE ENDOGENOUS
CLOCK

A remarkable feature of the endogenous clock is
to anticipate a variety of fluctuations in the en-
vironment allowing an appropriate physiologi-
cal adaptation. An imminent threat in everyday
life is the potential encounter with pathogens.
The vulnerability of the susceptible host and
the virulence of the pathogen may vary both
with developmental stage and the time of the
day, thus affecting the outcome of the interac-
tion. Obviously, during the active phase and
feeding, the probability of infection with food-
borne pathogens is higher, requiring anticipato-
ry mechanisms that entrain the magnitude of the
immune response to the time of maximal risk.
Circadian variations in immune function and
disease susceptibility have been noted in animals
as well as in humans (Roberts 2000). Lympho-
cyte proliferation and trafficking (Hiemke et al.
1995; Fortier et al. 2011; Druzd et al. 2017), T-
cell lineage specification (Yu et al. 2013), cyto-
kine and chemokine expression (Hayashi et al.
2007; Rahman et al. 2015), response to antigen
presentation (Fortier et al. 2011), and leukocyte
tissue recruitment (Scheiermann et al. 2012) are
significant examples of diurnal immune func-
tions. In the human blood, higher counts of lym-
phocytes, T lymphocytes, and B lymphocytes
have been consistently observed in the nighttime
(Dimitrov et al. 2009; Mazzoccoli et al. 2010;
Ackermann et al. 2012; Cermakian et al. 2013).
Moreover, cytokines and other effector mole-
cules present daily changes in their levels. Serum
concentration and in vitro production of inter-
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feron (IFN)-y, tumor necrosis factor (TNF)-a,
interleukin (IL)-1, IL-2, IL-6, and IL-12 are os-
cillating in humans with a zenith at night or in
the early morning (Born et al. 1997; Dimitrov
et al. 2006; Cermakian et al. 2013).

Not only immune system components, but
also the manifestation of many human diseases
display diurnal characteristics. Chronic ob-
structive pulmonary disease and asthma show
more severe exacerbation during night and early
morning (Sundar et al. 2015), whereas patients
with rheumatoid arthritis experience the most
painful joint stiffness in the morning, which is
often ascribed to joint fluid viscosity, but is also
associated with a peak in proinflammatory cy-
tokine blood level at that time of the day (Gibbs
and Ray 2013). On the other hand, ischemic and
hemorrhagic stroke (Elliott 1998; Gupta and
Shetty 2005), myocardial infarction (Cohen
et al. 1997; Muller et al. 1997), and vaso-occlu-
sive crisis (Auvil-Novak et al. 1996) are more
frequent at dawn.

The clock within immune cells (Arjona and
Sarkar 2005; Keller et al. 2009; Curtis et al. 2014),
together with circadian neuronal and endocrine
signals (Logan and Sarkar 2012), work in con-
cert to regulate the host immune response. Re-
cently, several studies have highlighted the im-
portance of a functional clock system to cope
with a variety of bacterial and viral pathogens
(Tognini et al. 2017). In this article, we will re-
view the mechanisms underlying the interaction
between the circadian clock and specific infec-
tious agents. We will discuss how diurnal varia-
tions in the host immune response are generated
and how the clock and the infectious state recip-
rocally influence each other. Additionally, we
will give some evidence on the importance of a
healthy gut microbiota for normal development
of the immune system and its responses.

CIRCADIAN CLOCK GATING OF
INFLAMMATORY RESPONSES

More than 50 years ago, it was noted that the
severity of Escherichia coli endotoxin adminis-
tration in mouse models depended on the daily
time of treatment (Halberg et al. 1960). In par-
ticular, the immune system responded in a more

Microbes and the Circadian Clock

efficient manner during or immediately before
the host phase of activity. It is conceivable that,
to optimize the host fitness, control exerted by
the circadian clock on the immune system might
boost the inflammatory response when potential
pathogen attacks are most likely.

Intriguingly, the peaks of circadian oscilla-
tion of various immune system features are
unique and time-of-day specific. For the mouse
they are blood and splenic Ly6C" monocytes
(Zeitgeber time [ZT]8) (Nguyen etal. 2013), leu-
kocyte recruitment to tissues (ZT13) and blood
(ZT5) (Scheiermann et al. 2012), lung cytokines
(ZT6) and chemokines (ZT0-ZT18) after lipo-
polysaccharide (LPS) treatment, Cxcl5 expres-
sion in bronchiolar epithelial cells (ZT0) (Gibbs
etal. 2014), Toll-like receptor 9 (TIr9) expression
in splenic tissue (ZT19), macrophages (ZT11)
and B cells (ZT15-ZT19) (Silver et al. 2012),
and lymphocytes (ZT5 in blood, ZT13 in lymph
nodes) (Druzd et al. 2017). Moreover, the achro-
phase of core clock genes involved in the inflam-
matory response does not overlap, suggesting
that the asynchronicity in the diurnal profile of
the diverse immune molecules and effectors
might work as a defense in case of an overwhelm-
ing immune reaction such as during sepsis (Man
et al. 2016). Sepsis is a serious illness caused by
an abnormal activation of the immune system
against an infection, leading to tissue and organ
injuries, and possibly death. Interestingly,
splenic TIr9 expression, a highly conserved
pattern recognition receptor (PRR) that recog-
nizes pathogen-associated molecular patterns
(PAMPs) from both viruses and bacteria, dis-
plays circadian fluctuation that correlates with
severity in sepsis outcome in mice. Indeed, ani-
mals subjected to cecal ligation and puncture
(CLP) at ZT19, when TLR9 is elevated, experi-
ence exacerbated sepsis and earlier mortality as
compared to mice receiving puncture at ZT7
(Silver et al. 2012). In keeping with an involve-
ment of the circadian system, Clock-deficient
mice, a model characterized by lack of rhythmic-
ity in peripheral oscillators (DeBruyne et al.
2007), had a higher survival rate, lower serum
levels of inflammatory cytokines, and, finally, a
better outcome after polymicrobial sepsis re-
gardless of the CLP circadian time (Wang et al.
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2016). While the molecular mechanisms have
not been fully elucidated, CLOCK directly binds
the promoter of TIr9 gene, activates its expres-
sion (Silver et al. 2012), and positively controls
the expression of nuclear factor (NF)-«B, a key
transcription factor involved in innate immune
response (Spengler et al. 2012), indicating a pos-
sible dampening of the excessive inflammatory
reaction driven by sepsis with a consequently less
severe result on clock disruption.

THE CIRCADIAN CLOCK PRIMES THE
IMMUNE SYSTEM TO FIGHT AVARIETY
OF PATHOGEN ATTACKS

A tight circadian regulation of the host immune
system is emerging as a crucial strategy to fight
different infectious agents, and distinct immune
cells and clock proteins have been implicated in
the response to specific pathogens. In this sec-
tion, we show how the clock system in different
tissues contributes to fight infection agents of
various origins, in particular, airborne and
foodborne pathogens.

Airborne Pathogens

During the active period of the circadian cycle,
mammals may be in contact with environmental
microorganisms. The clock appears to coordi-
nate the immune response to intranasal attacks
in a diurnal fashion, as highlighted by the stud-
ies discussed below.

Herpes and Influenza Viruses

Murid herpesvirus 4 (MuHV-4) and Herpes
simplex virus 1 (HSV-1) showed higher viru-
lence in mice infected at ZTO compared to
mice infected at ZT'12 (Edgar et al. 2016), con-
firming the higher susceptibility of the host dur-
ing the resting phase. Disruption of the clock in
mice ablated of the Bmall gene results in com-
plete abolishing of the infection diurnal gating.
Indeed, high levels of replications were observed
when the Bmall-null animals were inoculated at
any time of the day. It is worth noting that the
clock is primarily involved in regulating and an-
ticipating the first encounter with the pathogen

(acute phase). Indeed, circadian disruption by
deletion of Bmall did not influence the latent
infection.

A remarkable twist in the relationship be-
tween the clock system and herpes viruses was
the demonstration of physical and functional
interaction between the regulatory protein
ICPO of HSV-1 and BMALLI in vitro, promoting
the expression of specific transcripts (Kawagu-
chi et al. 2001). Whereas the precise mechanism
responsible for this transcriptional alteration
has not been explored, another in vitro study
has shown that CLOCK is a component of the
HSV-1 transcriptional machinery and its acetyl-
transferase activity might contribute to chroma-
tin remodeling and viral gene expression (Doi
et al. 2006; Kalamvoki and Roizman 2011). The
diurnal behavior of these interactions, however,
needs further investigation.

Interestingly, in contrast to herpes virus, in-
fluenza A virus (IAV) does not exploit the host-
cell transcriptional machinery, although it still
displays an increase in viral protein production
in arrhythmic cells, which is linked to modifica-
tion in the levels of specific enzymes implicated
in protein biosynthesis (Edgar et al. 2016).
Therefore, different types of viruses appears to
directly influence the molecular clock via a sub-
set of distinct interactions with core clock pro-
teins (Kawaguchi et al. 2001; Kalamvoki and
Roizman 2011) and their gene expression (Ed-
gar et al. 2016), or indirectly through secondary
mechanisms of cell physiology governed by the
circadian clock. Whereas the exact mechanisms
have not been elucidated to date, the cited ex-
amples clearly highlight that the host immune
response and, in particular, the cellular reaction
to viral attack are profoundly associated with
diurnal oscillations by a functional clock.

Streptococcus Pneumoniae

It has been recently shown that the endogenous
clock in bronchiolar epithelial cells regulates the
magnitude of pulmonary inflammation and the
circadian oscillation in its manifestation (Gibbs
etal. 2014). S. pneumoniae was more aggressive
when the mice were infected at ZT0 (light ON,
beginning of the sleeping phase) instead of at
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ZT12 (light OFF, beginning of the active/feeding
phase), displaying a higher bacterial burden in
lung and blood 48 h after treatment. The mech-
anism responsible for the daily inflammatory
response operates through the lung oscillation
of the chemokine CXCL5, a powerful neutrophil
chemoattractant. CXCL5 was shown to be un-
der circadian regulation through rhythmic glu-
cocorticoid receptor (GR)-driven repression.
Importantly, diurnal GR binding to the Cxcl5
promoter was disrupted by bronchiolar-specific
ablation of Bmall, causing an abnormal CXCL5
production and an enhancement in neutrophil
recruitment on S. pneumoniae infection. Finally,
bronchiolar epithelial cell-specific Bmall-null
mice displayed a lack of circadian gating in their
immune response to bacterial infection (Gibbs
et al. 2014). This finding indicates that the local
clock cross talking with systemic glucocorticoid
signals plays a crucial role in the time-of-day-
dependent synchronization of pulmonary in-
nate immunity, making the immune response
more efficient when the pathogenic attack is
most likely to happen. Thus, the results of this
study highlight the tight link between lung clock
function, glucocorticoid signals, and innate im-
munity. In humans, several inflammatory pul-
monary diseases, such as chronic obstructive
pulmonary disorder and asthma, show circadian
fluctuations in the manifestation of the sympto-
matology (Sundar et al. 2015). Local pharmaco-
logical targeting of the endogenous clock in the
lung might be a promising treatment to alleviate
the severity of these pathologies. On the other
hand, the data suggests that variability among
patients in the efficacy of steroid-based medica-
ments might be caused by disruption of circadi-
an rhythms.

Vesicular Stomatitis Virus (VSV)

Intranasal VSV administration is a classic model
of encephalitis in mice. Importantly, it has been
shown that VSV infection displays a strong di-
urnal rhythmicity. Mice infected at the begin-
ning of the resting phase (ZT0) had a lower
survival rate than animals infected at the start
of the active phase (ZT12). This finding was
associated with an increase in blood CCL2 and
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higher levels of inflammatory monocytes in the
olfactory bulb. To dissect the molecular mecha-
nisms behind the diurnal control of the mortal-
ity on VSV infection, the authors investigated
changes in core clock genes along the circadian
cycle in the olfactory bulb. The nuclear receptor
Rev-erb-o. was differentially expressed between
ZT0 and ZT12, identifying this transcriptional
repressor as a possible regulator of the rhythmic
VSV effects in vivo. Interestingly, the peak of
Rev-erb-o. gene expression (ZT12) coincided
with the time of greater survival rate after VSV
treatment, and REV-ERB-o-driven repression
of CCL2 was identified as the mechanism un-
derlying this specific neuroinflammatory state
and mediating the diurnal effect on the survival
rate (Gagnidze et al. 2016). Therefore, REV-
ERB-o appears to operate as a modulator of
the expression of important inflammatory me-
diators during virus-dependent encephalitis.

Sendai Virus (SeV)

SeV is naturally found in mice, rats, guinea pigs,
hamsters, and pigs. Its infection principally af-
fects the respiratory system, causing acute bron-
chiolitis followed by chronic airway changes that
resemble the manifestation of asthma in hu-
mans. Wild-type (WT) mice were compared to
Bmall-null mice and tamoxifen-inducible
Bmall-null mice after being inoculated with
SeV (Ehlers et al. 2017). Both Bmall mutant
animals displayed greater susceptibility to infec-
tion characterized by higher mortality rate, viral
RNA expression, and viral load. Moreover, the
altered antiviral response caused by Bmall ab-
lation exacerbated chronic lung inflammation.
Similar effects were observed in jet-lagged
mice after SeV inoculation. Intriguingly, de-
creased levels of Bmall and some CCGs were
found in airway cells of patients with asthma,
suggesting an important connection between
circadian disruption and lung pathology (Ehlers
et al. 2017). Although the diurnal character of
the sensitivity to infection was not analyzed,
these data nonetheless strengthen the necessity
of a functional clock and a correct circadian
rhythmicity for an efficient host immune reac-
tion to pathogenic insults.
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Foodborne Pathogens

Feeding is an essential aspect of organismal ev-
eryday life. Feeding-time corresponds to the
phase of activity, which, as already mentioned,
is distinguished by a higher probability to be
attacked by bacteria or viruses present in the
external milieu. Food is essential for survival;
however, it might be an easy source of infectious
agents. As in the case of airborne pathogens, the
internal clock positions the immune system for a
possible foodborne pathogen assault, by antici-
pating the imminent risk. Here, the last animal
model studies in the field are discussed.

Listeria Monocytogenes

Ly6C™ monocytes represent fundamental de-
fenses against L. monocytogenes infection,
which is responsible for a specific infection
called “listeriosis.” Mice infected at the starting
of their resting phase (ZT0) displayed a higher
number of bacteria in their spleen, liver, and
peritoneum than animals treated at ZT8 (4 h
before the start of their active phase). Further-
more, Ly6Chi monocyte recruitment to the peri-
toneum features daily rhythmicity, with mono-
cyte numbers being higher at ZT8 than at ZT0.
The investigators found that in myeloid-specific
Bmall knockout (KO) mice characterized by a
cell-specific disruption of the clock system, the
diurnal tissue trafficking of Ly6C™ monocytes
was totally abolished. The chemokine Ccl2 gene
circadian fluctuation in bone marrow-derived
macrophages was BMALIl-mediated through
the recruitment of the polycomb repressive
complex 2 (PRC2) to the promoter of its gene,
indicating that functional interactions between
the clock and epigenetic modifications are re-
sponsible to sustain diurnal variation in cyto-
kine levels and, thus, in Ly6C™ monocytes
(Nguyen et al. 2013). This study highlights the
important role of myeloid BMALLI as an “epige-
netic” anti-inflammatory mediator through its
rhythmic binding to the Ccl2 promoter and si-
lencing via histone methylation via the PRC2
complex recruitment. Although far from being
a therapeutic application, further investigations
might elucidate the molecular events that under-

line the phenotype observed in this study, hope-
fully opening novel avenues for clinical applica-
tions.

Salmonella Typhimurium

Salmonella Typhimurium is a pathogenic
Gram-negative bacterium generally found in
the intestinal lumen. The outer membrane con-
sisting largely of LPSs is principally responsible
for its toxicity. In a mouse model of infectious
colitis, animals showed specific reactions to
acute Salmonella enterica infection in a time-
of-day-dependent fashion. Bacterial coloniza-
tion in the colon was higher in mice treated at
ZT4 (daytime, resting phase) than in mice
treated at ZT16 (nighttime, active phase), as
was the level of cecum inflammation. Remark-
ably, Clock mutant mice, which display pro-
found impairment in circadian rhythmicity,
showed no difference in colonization between
daytime and nighttime infection. Moreover a
significant decrease in overall proinflammatory
gene expression was present, indicating that a
functional clock is indispensable to coordinate
the host immune response to Salmonella (Bellet
et al. 2013). Outstanding questions remain un-
solved: which cell-specific clocks are involved in
the timing regulation of the immune response to
Salmonella? Are components of the core clock
directly interacting with the pathogens? Is the
intestinal clock cross talking with other periph-
eral clocks during the infection? Their elucida-
tion could unveil novel approaches to treat in-
fectious colitis in humans.

CIRCADIAN RHYTHMS AND NUTRITION:
HOW A HEALTHY LIFESTYLE CONTRIBUTES
TO A STRONGER IMMUNE SYSTEM

The studies discussed show an intimate relation-
ship between clock function and the host im-
mune response to various infectious agents in
multiple tissues. The endogenous clock has
also been involved in other important aspects
related to organismal homeostasis, and in par-
ticular to metabolic regulation (Eckel-Mahan
and Sassone-Corsi 2013). Metabolically active
organs, such as the liver, pancreas, and intestine,
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all contain clocks, whose oscillation is orches-
trated by the central SCN clock and, important-
ly, by other external cues such as food (Richards
and Gumz 2012). Indeed, feeding and food ac-
cessibility are fundamental ZTs for peripheral
tissue clocks (Asher and Sassone-Corsi 2015).
On the other hand, rhythmic feeding behavior
is controlled by the endogenous clock system,
and both master clock and peripheral clocks
participate in the maintenance of diurnal feed-
ing patterns and energy metabolism (Bechtold
and Loudon 2013). The importance of the cir-
cadian cycle for a correct metabolic function has
been elucidated both by genetic animal models
and by human studies. In particular, clock A19
mutant mice displayed altered feeding rhythms,
hyperphagia, and obesity and developed meta-
bolic syndrome (Turek et al. 2005). Clock KO-
(deficient) mouse model showed a disruption in
both the diurnal transcriptome and metabolome
in the liver and altered energy expenditure
(Eckel-Mahan et al. 2012). Furthermore, tis-
sue-specific deletion of distinct core clock com-
ponents has unveiled how clock proteins are tied
to distinct metabolic processes ranging from
glucose transport to gluconeogenesis, lipolysis,
adipogenesis, mitochondrial oxidative phos-
phorylation, etc. (Asher and Schibler 2011).
These are just a few examples highlighting
the importance of a functional clock to preserve
metabolic homeostasis. Even more impressive
are epidemiological studies showing the adverse
effects of circadian misalignment on metabo-
lism and other aspects of organismal physiology
such as immunity and mental health (Johnston
et al. 2016). Accumulating evidence has consis-
tently shown that some modern lifestyle habits
contribute to disrupt the endogenous body
rhythm through alteration in sleep-activity cy-
cles and food intake. Shift work, frequent trans-
oceanic flights, or simply spending late nights
awake in front of the laptop or smartphone pro-
foundly influence our body timing with possible
detrimental consequences. Indeed, shift workers
show a higher incidence of sleep and mood dis-
orders, metabolic, and cardiovascular diseases
(Baron and Reid 2014). Moreover, shift-work-
associated disorders include increased risk of
infections, autoimmune diseases, and cancer,

Microbes and the Circadian Clock

suggesting the importance of a correct body
rhythm synchrony for immune system function.
In humans, sleep and, consequently, circadian
rhythms appear to be a regulator of immunity
(Labrecque and Cermakian 2015). Sleep depri-
vation or other modifications of the sleep regi-
men seem to influence immune functions, for
example, by partially shifting the phase of cyto-
kine secretion (Cuesta et al. 2016). As previously
mentioned, many parameters belonging both to
innate or adaptive immunity are characterized
by circadian oscillations in human blood. This
fluctuation originates by a synergistic action of
the circadian system and sleep (Lange et al.
2010), the latter being a consequence of the
body diurnal rhythm. The daily changes in the
immune system components are reached
through a tight coordination of endocrine and
electrical signals (cortisol, epinephrine), which
depends on the sleep-wake cycle (Lange et al.
2010). Thus, it becomes clear how important it is
to maintain a correct daily cycle, via the align-
ment of the internal clock with the 24-h envi-
ronmental rhythm, for optimizing the organis-
mal immune response.

Intracellular metabolic reprogramming in
immune cells modulates their function (O’Neill
et al. 2016). Therefore, nutrition and calorie in-
take are not only involved in sustaining meta-
bolic homeostasis, but are also critical determi-
nants of immune responses. Food composition
and, in particular, the role of macronutrients
and micronutrients on immune system function
has been deeply explored, showing that both
malnutrition and overnutrition (i.e., overweight
and obesity) can actually affect immunity (Cun-
ningham-Rundles et al. 2005). One of the com-
mon nutrients, which shape both innate and
adaptive immune responses, are amino acids.
Indeed, polarization of macrophages, T-cell pro-
liferation, and differentiation are governed by
the amino acid metabolic pathway, in which
mechanistic target of rapamycin (mTOR) sig-
naling plays the central role (Newton et al.
2016; O’Neill et al. 2016). On the other hand,
activation of AMP kinase, which turns on intra-
cellular catabolic processes and inhibits mTOR,
limits inflammation (O’Neill and Hardie 2013).
Commensal bacteria are one of the unique crit-
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ical mediators linking nutrition to immune
function. For instance, dietary fat perturbs host
immune homeostasis in various peripheral or-
gans through change in the gut microbiome,
leading to detrimental effects on the host phys-
iology (Devkota et al. 2012; Caesar et al. 2015).
Little is known about the effect of the fasting/
feeding cycle and the “timing” of food intake on
the ability of the immune system to fight infec-
tions, reducing the risk of developing tumors or
autoimmune and neurodegenerative diseases.
The triple link between nutrition, circadian cy-
cles, and immunity is emerging; however, fur-
ther investigation is required to unveil the spe-
cific principles underlining this complex
interaction and for future clinical applications.

DIURNAL CHANGES IN GUT MICROBIOME
AND BODY RHYTHMS

Recent evidence has shown that the gut micro-
biota displays circadian fluctuation, which is
mainly driven by diurnal food intake, leading
to rhythmic abundance of microbial metabolites
(Thaiss et al. 2014; Zarrinpar et al. 2014; Leone
et al. 2015). The systemic oscillation of micro-
biota-derived metabolome reprograms the cir-
cadian transcriptome both locally and distally,
thereby regulating host physiology such as met-
abolic function and drug detoxification (Leone
et al. 2015; Montagner et al. 2016; Murakami
et al. 2016; Thaiss et al. 2016). Furthermore,
bacterial adherence to the epithelium shows
temporal fluctuations, which also correlate to
the host transcriptional oscillations. Thus, the
disruption of microbiota oscillatory activity as
aresult of antibiotic treatment or specific dietary
intake leads to disorganization of host rhythmic-
ity (Thaiss et al. 2016), indicating that the gut
microbes serve as a circadian organizer of pe-
ripheral clocks. This transcriptional reprogram-
ming appears to function through nuclear re-
ceptors that occupy a pivotal position in the
process of integrating microbiota-derived sig-
nals into the circadian network (Mukherji et
al. 2013; Montagner et al. 2016; Murakami et
al. 2016). The rhythmic expression of nuclear
receptor PPARoin the gut epithelial cells, which
is synchronized by microbial cues through TLR,

keeps a proper corticosterone secretion for the
temporal systemic demand (Mukherji et al.
2013). Although the core clock machinery ro-
bustly oscillates independently of microbial ef-
fect, the expression pattern of canonical clock
genes is influenced by the presence and structure
of the gut microbiota (Leone et al. 2015; Govin-
darajan et al. 2016). Altogether, the host-mi-
crobe interaction appears to be essential in keep-
ing the host clock timed in an appropriate
manner, which can be integrated with fluctuat-
ing environmental signals. In turn, a functional
clock impacts the time-of-day oscillations of the
microbial structure.

Because the commensal bacteria compete
with the invading pathogens, the compositional
oscillation of the microbiota contributes to the
circadian variation of host defense against in-
vading pathogens. Together with the circadian
gating of host immunity, the host-microbe cross
talk over the course of a day that will enhance the
host defense system might be a promising target
to fight against pathogens.

Despite accumulating evidence regarding
the cross talk between microbiome and circadi-
an gating of host physiological functions, many
important questions remain unanswered. First,
the cell-intrinsic roles for clock components in
response to microbial exposure remain largely
unsolved. It is also unclear how the various mol-
ecules with distinct circadian phase rhythmicity
are coordinated so as to enable the host to effec-
tively gain proper functions. This phase diversity
might confer biological advantages to the organ-
isms as to enhance flexibility in the response to
the time-of-day-specific environmental stimuli.
The same applies for the interaction between
different organs, in which temporal coordina-
tion of tissue-specific functions may maximize
their role in encountering external stress.

Finally, application of our basic research
knowledge on the circadian clock to therapeutic
approaches (chronotherapy) is gaining momen-
tum among clock biologists and clinicians. The
circadian disruptions induced by modern life-
styles lead to dysbiosis, which may predispose
host-to-metabolic disorders and inflammation.
Therefore, either timed feeding or probiotic
therapies may be applied as the preventive ap-

8 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028365
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proaches. Moreover, the optimal daily timing of
antibiotic therapy for infectious diseases based
on the scientific findings of temporal host im-
munity may minimize the side effects and max-
imize the effectiveness of the drugs. Further in-
sights on clock-governed host response to the
microbiome might pave the way for powerful
therapeutic advances.

ACKNOWLEDGMENTS

We thank all the members of the Sassone-Corsi
Laboratory for constructive comments. This
work is supported by National Institutes of
Health (NIH) Grant DA036408, the Institute
National de la Sante et de la Recherche Medicale
(INSERM, France), and the Novo Nordisk
Foundation Challenge Grant (P.S-C.). P.T. is
supported by EMBO ALTF 1510-2012 and the
Human Frontiers Science Program (HFSP) LT
000576/2013.

REFERENCES

Abbott SM, Reid KJ, Zee PC. 2015. Circadian rhythm sleep-
wake disorders. Psychiatr Clin North Am 38: 805-823.
Ackermann K, Revell VL, Lao O, Rombouts EJ, Skene DJ,
Kayser M. 2012. Diurnal rhythms in blood cell popula-
tions and the effect of acute sleep deprivation in healthy

young men. Sleep 35: 933-940.

Aguilar-Arnal L, Sassone-Corsi P. 2013. The circadian epi-
genome: How metabolism talks to chromatin remodeling.
Curr Opin Cell Biol 25: 170-176.

Arjona A, Sarkar DK. 2005. Circadian oscillations of clock
genes, cytolytic factors, and cytokines in rat NK cells. ]
Immunol 174: 7618-7624.

Asher G, Sassone-Corsi P. 2015. Time for food: The intimate
interplay between nutrition, metabolism, and the circadi-
an clock. Cell 161: 84-92.

Asher G, Schibler U. 2011. Crosstalk between components of
circadian and metabolic cycles in mammals. Cell Metab
13:125-137.

Asher G, Gatfield D, Stratmann M, Reinke H, Dibner C,
Kreppel F, Mostoslavsky R, Alt FW, Schibler U. 2008.
SIRT1 regulates circadian clock gene expression through
PER2 deacetylation. Cell 134: 317-328.

Auvil-Novak SE, Novak RD, el Sanadi N. 1996. Twenty-
four-hour pattern in emergency department presentation
for sickle cell vaso-occlusive pain crisis. Chronobiol Int
13: 449-456.

Baron KG, Reid KJ. 2014. Circadian misalignment and
health. Int Rev Psychiatry 26: 139-154.

Bechtold DA, Loudon AS. 2013. Hypothalamic clocks and
rhythms in feeding behaviour. Trends Neurosci 36: 74-82.

Microbes and the Circadian Clock

Bellet MM, Deriu E, Liu JZ, Grimaldi B, Blaschitz C, Zeller
M, Edwards RA, Sahar S, Dandekar S, Baldi P, et al. 2013.
Circadian clock regulates the host response to Salmonella.
Proc Natl Acad Sci 110: 9897-9902.

Born J, Lange T, Hansen K, Molle M, Fehm HL. 1997. Effects
of sleep and circadian rhythm on human circulating im-
mune cells. ] Immunol 158: 4454-4464.

Caesar R, Tremaroli V, Kovatcheva-Datchary P, Cani PD,
Backhed F. 2015. Crosstalk between gut microbiota and
dietary lipids aggravates WAT inflammation through
TLR signaling. Cell Metab 22: 658-668.

Cermakian N, Lange T, Golombek D, Sarkar D, Nakao A,
Shibata S, Mazzoccoli G. 2013. Crosstalk between the
circadian clock circuitry and the immune system. Chrono-
biol Int 30: 870-888.

Cohen MC, Rohtla KM, Lavery CE, Muller JE, Mittleman
MA. 1997. Meta-analysis of the morning excess of acute
myocardial infarction and sudden cardiac death. Am |
Cardiol 79: 1512-1516.

Cuesta M, Boudreau P, Dubeau-Laramee G, Cermakian N,
Boivin DB. 2016. Simulated night shift disrupts circadian
rhythms of immune functions in humans. J Immunol
196: 2466-2475.

Cunningham-Rundles S, McNeeley DF, Moon A. 2005.
Mechanisms of nutrient modulation of the immune re-
sponse. | Allergy Clin Immunol 115: 1119-1128; quiz
1129.

Curtis AM, Bellet MM, Sassone-Corsi P, O’Neill LA. 2014.
Circadian clock proteins and immunity. Immunity 40:
178-186.

DeBruyne JP, Weaver DR, Reppert SM. 2007. Peripheral
circadian oscillators require CLOCK. Curr Biol 17:
R538-R539.

Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H,
Nadimpalli A, Antonopoulos DA, Jabri B, Chang EB.
2012. Dietary-fat-induced taurocholic acid promotes
pathobiont expansion and colitis in 1110~ mice. Nature
487: 104-108.

Dimitrov S, Lange T, Benedict C, Nowell MA, Jones SA,
Scheller J, Rose-John S, Born J. 2006. Sleep enhances IL-
6 trans-signaling in humans. FASEB ] 20: 2174-2176.

Dimitrov S, Benedict C, Heutling D, Westermann J, Born J,
Lange T. 2009. Cortisol and epinephrine control opposing
circadian rhythms in T cell subsets. Blood 113: 5134—
5143.

Doi M, Hirayama J, Sassone-Corsi P. 2006. Circadian regu-
lator CLOCK is a histone acetyltransferase. Cell 125: 497-
508.

Doyle S, Menaker M. 2007. Circadian photoreception in
vertebrates. Cold Spring Harbor Symp Quant Biol 72:
499-508.

Druzd D, Matveeva O, Ince L, Harrison U, He W, Schmal C,
Herzel H, Tsang AH, Kawakami N, Leliavski A, et al.
2017. Lymphocyte circadian clocks control lymph node
trafficking and adaptive immune responses. Immunity
46: 120-132.

Eckel-Mahan K, Sassone-Corsi P. 2013. Metabolism and the
circadian clock converge. Physiol Rev 93: 107-135.

Eckel-Mahan KL, Patel VR, Mohney RP, Vignola KS, Baldi P,
Sassone-Corsi P. 2012. Coordination of the transcriptome

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028365 9



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

P. Tognini et al.

and metabolome by the circadian clock. Proc Natl Acad
Sci 109: 5541-5546.

Edgar RS, Stangherlin A, Nagy AD, Nicoll MP, Efstathiou S,
O’Neill S, Reddy AB. 2016. Cell autonomous regulation
of herpes and influenza virus infection by the circadian
clock. Proc Natl Acad Sci 113: 10085-10090.

Ehlers A, Xie W, Agapov E, Brown S, Steinberg D, Tidwell R,
Sajol G, Schutz R, Weaver R, Yu H, et al. 2017. BMALLI
links the circadian clock to viral airway pathology and
asthma phenotypes. Mucosal Immunol doi: 10.1038/
mi.2017.24.

Elliott WJ. 1998. Circadian variation in the timing of stroke
onset: A meta-analysis. Stroke 29: 992-996.

Fortier EE, Rooney J, Dardente H, Hardy MP, Labrecque N,
Cermakian N. 2011. Circadian variation of the response
of T cells to antigen. J Immunol 187: 6291-6300.

Gagnidze K, Hajdarovic KH, Moskalenko M, Karatsoreos
IN, McEwen BS, Bulloch K. 2016. Nuclear receptor
REV-ERBo mediates circadian sensitivity to mortality
in murine vesicular stomatitis virus-induced encephalitis.
Proc Natl Acad Sci 113: 5730-5735.

Gerber A, Saini C, Curie T, Emmenegger Y, Rando G, Gos-
selin P, Gotic I, Gos P, Franken P, Schibler U. 2015. The
systemic control of circadian gene expression. Diabetes
Obesity Metab 17: 23-32.

Gibbs JE, Ray DW. 2013. The role of the circadian clock in
rheumatoid arthritis. Arthritis Res Ther 15: 205.

Gibbs J, Ince L, Matthews L, Mei J, Bell T, Yang N, Saer B,
Begley N, Poolman T, Pariollaud M, et al. 2014. An epi-
thelial circadian clock controls pulmonary inflammation
and glucocorticoid action. Nat Med 20: 919-926.

Govindarajan K, MacSharry J, Casey PG, Shanahan F, Joyce
SA, Gahan CG. 2016. Unconjugated bile acids influence
expression of circadian genes: A potential mechanism for
microbe-host crosstalk. PLoS ONE 11: e0167319.

Guillaumond F, Dardente H, Giguere V, Cermakian N. 2005.
Differential control of Bmall circadian transcription by
REV-ERB and ROR nuclear receptors. ] Biol Rhythms 20:
391-403.

Gupta A, Shetty H. 2005. Circadian variation in stroke—A
prospective hospital-based study. Int J Clin Practice 59:
1272-1275.

HalbergF, Johnson EA, Brown BW, Bittner JJ. 1960. Suscept-
ibility rhythm to E. coli endotoxin and bioassay. Proc Soc
Exp Biol Med 103: 142-144.

Hastings MH, Reddy AB, Garabette M, King VM, Chahad-
Ehlers S, O’Brien J, Maywood ES. 2003. Expression of
clock gene products in the suprachiasmatic nucleus in
relation to circadian behaviour. Novartis Found Symp
253: 203-217; discussion 102-209, 218-222, 281-204.

Hayashi M, Shimba S, Tezuka M. 2007. Characterization of
the molecular clock in mouse peritoneal macrophages.
Biol Pharm Bull 30: 621-626.

Hiemke C, Brunner R, Hammes E, Muller H, Meyer zum
Buschenfelde KH, Lohse AW. 1995. Circadian variations
in antigen-specific proliferation of human T lymphocytes
and correlation to cortisol production. Psychoneuroen-
docrinology 20: 335-342.

Johnston JD, Ordovas JM, Scheer FA, Turek FW. 2016. Cir-
cadian rhythms, metabolism, and chrononutrition in ro-
dents and humans. Adv Nutr 7: 399-406.

Kalamvoki M, Roizman B. 2011. The histone acetyltransfer-
ase CLOCK is an essential component of the herpes sim-
plex virus 1 transcriptome that includes TFIID, ICP4,
ICP27, and ICP22. ] Virol 85: 9472-9477.

Kawaguchi Y, Tanaka M, Yokoymama A, Matsuda G, Kato
K, Kagawa H, Hirai K, Roizman B. 2001. Herpes simplex
virus 1 o regulatory protein ICPO functionally interacts
with cellular transcription factor BMALL. Proc Natl Acad
Sci 98: 1877-1882.

Keller M, Mazuch ], Abraham U, Eom GD, Herzog ED, Volk
HD, Kramer A, Maier B. 2009. A circadian clock in mac-
rophages controls inflammatory immune responses. Proc
Natl Acad Sci 106: 21407-21412.

Kyriacou CP, Hastings MH. 2010. Circadian clocks: Genes,
sleep, and cognition. Trends Cogn Sci 14: 259-267.

Labrecque N, Cermakian N. 2015. Circadian clocks in the
immune system. J Biol Rhythms 30: 277-290.

Lange T, Dimitrov S, Born J. 2010. Effects of sleep and cir-
cadian rhythm on the human immune system. Ann NY
Acad Sci 1193: 48-59.

Leone V, Gibbons SM, Martinez K, Hutchison AL, Huang
EY, Cham CM, Pierre JF, Heneghan AF, Nadimpalli A,
Hubert N, et al. 2015. Effects of diurnal variation of gut
microbes and high-fat feeding on host circadian clock
function and metabolism. Cell Host Microbe 17: 681-689.

Logan RW, Sarkar DK. 2012. Circadian nature of immune
function. Mol Cell Endocrinol 349: 82-90.

Man K, Loudon A, Chawla A. 2016. Immunity around the
clock. Science 354: 999-1003.

Masri S, Sassone-Corsi P. 2014. Sirtuins and the circadian
clock: Bridging chromatin and metabolism. Sci Signal 7:
re6.

Mazzoccoli G, De Cata A, Greco A, Carughi S, Giuliani F,
Tarquini R. 2010. Circadian rhythmicity of lymphocyte
subpopulations and relationship with neuro-endocrine
system. J Biol Regul Homeost Agents 24: 341-350.

McLoughlin SC, Haines P, FitzGerald GA. 2015. Clocks and
cardiovascular function. Methods Ezymol 552: 211-228.

Mohawk JA, Green CB, Takahashi JS. 2012. Central and
peripheral circadian clocks in mammals. Annu Rev Neu-
rosci 35: 445-462.

Montagner A, Korecka A, Polizzi A, Lippi Y, Blum Y, Canlet
C, Tremblay-Franco M, Gautier-Stein A, Burcelin R, Yen
YC, et al. 2016. Hepatic circadian clock oscillators and
nuclear receptors integrate microbiome-derived signals.
Sci Rep 6: 20127.

Mukherji A, Kobiita A, Ye T, Chambon P. 2013. Homeosta-
sis in intestinal epithelium is orchestrated by the circadian
clock and microbiota cues transduced by TLRs. Cell 153:
812-827.

Muller JE, Kaufmann PG, Luepker RV, Weisfeldt ML, Deed-
wania PC, Willerson JT. 1997. Mechanisms precipitating
acute cardiac events: Review and recommendations of an
NHLBI workshop. National Heart, Lung, and Blood In-
stitute. Mechanisms precipitating acute cardiac events
participants. Circulation 96: 3233-3239.

Murakami M, Tognini P, Liu Y, Eckel-Mahan KL, Baldi P,
Sassone-Corsi P. 2016. Gut microbiota directs PPARy-
driven reprogramming of the liver circadian clock by nu-
tritional challenge. EMBO Rep 17: 1292-1303.

10 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028365



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Nakahata Y, Kaluzova M, Grimaldi B, Sahar S, Hirayama J,
Chen D, Guarente LP, Sassone-Corsi P. 2008. The NAD"-
dependent deacetylase SIRT1 modulates CLOCK-medi-
ated chromatin remodeling and circadian control. Cell
134: 329-340.

Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi
P. 2009. Circadian control of the NAD" salvage pathway
by CLOCK-SIRT1. Science 324: 654-657.

Newton R, Priyadharshini B, Turka LA. 2016. Immunome-
tabolism of regulatory T cells. Nat Immunol 17: 618-625.

Nguyen KD, Fentress SJ, Qiu Y, Yun K, Cox JS, Chawla A.
2013. Circadian gene Bmall regulates diurnal oscillations
of Ly6C" inflammatory monocytes. Science 341: 1483-
1488.

O’Neill LA, Hardie DG. 2013. Metabolism of inflammation
limited by AMPK and pseudo-starvation. Nature 493:
346-355.

O’Neill LA, Kishton RJ, Rathmell J. 2016. A guide to immu-
nometabolism for immunologists. Nat Rev Immunol 16:
553-565.

Peek CB, Ramsey KM, Levine DC, Marcheva B, Perelis M,
Bass J. 2015. Circadian regulation of cellular physiology.
Methods Enzymol 552: 165-184.

Rahman SA, Castanon-Cervantes O, Scheer FA, Shea SA,
Czeisler CA, Davidson AJ, Lockley SW. 2015. Endoge-
nous circadian regulation of pro-inflammatory cytokines
and chemokines in the presence of bacterial lipopolysac-
charide in humans. Brain Behav Immun 47: 4-13.

Ramsey KM, Yoshino J, Brace CS, Abrassart D, Kobayashi Y,
Marcheva B, Hong HK, Chong JL, Buhr ED, Lee C, et al.
2009. Circadian clock feedback cycle through NAMPT-
mediated NAD" biosynthesis. Science 324: 651-654.

Richards J, Gumz ML. 2012. Advances in understanding the
peripheral circadian clocks. FASEB ] 26: 3602-3613.

Roberts JE. 2000. Light and immunomodulation. Ann NY
Acad Sci 917: 435-445.

Scheiermann C, Kunisaki Y, Lucas D, Chow A, Jang JE,
Zhang D, Hashimoto D, Merad M, Frenette PS. 2012.
Adrenergic nerves govern circadian leukocyte recruit-
ment to tissues. Immunity 37: 290-301.

Schibler U, Sassone-Corsi P. 2002. A web of circadian pace-
makers. Cell 111: 919-922.

Microbes and the Circadian Clock

Silver AC, Arjona A, Walker WE, Fikrig E. 2012. The circa-
dian clock controls Toll-like receptor 9-mediated innate
and adaptive immunity. Immunity 36: 251-261.

Spengler ML, Kuropatwinski KK, Comas M, Gasparian AV,
Fedtsova N, Gleiberman AS, Gitlin II, Artemicheva NM,
Deluca KA, Gudkov AV, et al. 2012. Core circadian pro-
tein CLOCK is a positive regulator of NF-kB-mediated
transcription. Proc Natl Acad Sci 109: E2457-E2465.

Sundar IK, Yao H, Sellix MT, Rahman 1. 2015. Circadian
molecular clock in lung pathophysiology. Am ] Physiol
Lung Cell Mol Physiol 309: L1056-L1075.

Thaiss CA, Zeevi D, Levy M, Zilberman-Schapira G, Suez J,
Tengeler AC, Abramson L, Katz MN, Korem T, Zmora N,
et al. 2014. Transkingdom control of microbiota diurnal
oscillations promotes metabolic homeostasis. Cell 159:
514-529.

Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, Jaitin
DA, David E, Winter DR, Gury-BenAri M, Tatirovsky E,
etal. 2016. Microbiota diurnal rhythmicity programs host
transcriptome oscillations. Cell 167: 1495-1510.e1412.

Tognini P, Thaiss CA, Elinav E, Sassone-Corsi P. 2017. Cir-
cadian coordination of antimicrobial responses. Cell Host
Microbe doi: 10.1016/j.chom.2017.07.007.

Tsang AH, Astiz M, Friedrichs M, Oster H. 2016. Endocrine
regulation of circadian physiology. ] Endocrinol 230: R1-
R11.

Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDear-
mon E, Laposky A, Losee-Olson S, Easton A, Jensen DR,
et al. 2005. Obesity and metabolic syndrome in circadian
Clock mutant mice. Science 308: 1043-1045.

Wang CY, Hsieh MJ, Hsieh IC, Shie SS, Ho MY, Yeh JK, Tsai
ML, Yang CH, Hung KC, Wang CC, et al. 2016. CLOCK
modulates survival and acute lung injury in mice with
polymicrobial sepsis. Biochem Biophys Res Commun
478: 935-941.

Yu X, Rollins D, Ruhn KA, Stubblefield JJ, Green CB, Ka-
shiwada M, Rothman PB, Takahashi JS, Hooper LV. 2013.
TH17 cell differentiation is regulated by the circadian
clock. Science 342: 727-730.

Zarrinpar A, Chaix A, Yooseph S, Panda S. 2014. Diet and
feeding pattern affect the diurnal dynamics of the gut
microbiome. Cell Metab 20: 1006-1017.

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028365 il




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


