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Abstract

The circadian system ensures the generation and maintenance of self-sustained ~24 h rhythms in
physiology that are linked to internal and environmental changes. In mammals, daily variations in
light intensity and other cues are integrated by a hypothalamic master clock that conveys circadian
information to peripheral molecular clocks that orchestrate physiology. Multiple immune
parameters also vary throughout the day and disruption of circadian homeostasis is associated with
immune-related disease. Here we discuss the molecular links between the circadian and immune
systems and examine their outputs and disease implications. Understanding the mechanisms that
underlie circadian-immune crosstalk may prove valuable for devising novel prophylactic and
therapeutic interventions.
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Time to address the circadian-immune connection

Circadian rhythms refer to autonomous, self-sustained, ~24 h oscillations in physiologic and
behavioural processes. These rhythms are entrained by environmental cues, predominantly
by daily changes in light intensity. In mammals, light activates a specific group of
photoreceptors in the retina connected to the hypothalamic suprachiasmatic nuclei (the
body’s circadian master clock), which entrain peripheral circadian clocks via neural and
hormonal cues. These rhythms are sustained at the molecular level by a series of
interconnected transcription-translation feedback loops that control the expression of clock
genes comprising the molecular circadian clock[1].

Several parameters of the immune system demonstrate a time of day-dependent variation
evident in many organisms, including humans[2]. Both epidemiologic and clinical data
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suggest circadian involvement in the predisposition, etiology and progression of immune-
related morbidities such as cancer and autoimmune disease [3, 4]. Daily variations in host
immune system status might also determine the outcome of an infectious challenge [5, 6].
Data from the last two decades supports the idea that the circadian system is involved in
coordination of immune-circadian outputs and that there is active cross-talk with other
systems under circadian regulation, such as the neuroendocrine system[2]. The connection
between between the sympathetic nervous system and the immune system is highlighted in
recent study showing that adrenergic signals modulate adhesion molecule expression on
endothelial cells to produce circadian oscillations in leukocyte migration[7]. It has also
recently been shown that components of the circadian clock directly regulate expression of
innate immune molecules such as proinflammatory cytokines[8] and pattern recognition
receptors (PPRs) [9]. These studies provide mechanistic insight into the circadian-immune
dialog. Here we review the current understanding of the molecular mechanisms underlying
circadian-immune interactions, and discuss the functional outputs and disease implications.
Appreciation of the molecular and cellular basis of circadian regulation of immune
surveillance mechanisms and the subsequent responses, may allow the circadian-immune
connection to be exploited for prophylactic and therapeutic interventions.

Circadian-immune molecular links

Molecular control of circadian rhythms is controlled by a series of interacting
transcriptional-translational feedback loops. In mammals, the transcriptional loop is initiated
by the bHLH-PAS transcription factors CLOCK and BMALZ1[10]. These proteins dimerize
and bind to E-boxes present in the promoter region of period genes (Perl1, Per2and Per3)
and cryptochrome genes (CryZ and Cry2) to induce their expression. Upon translation, PER
and CRY proteins form a repressor complex that translocates into the nucleus to inhibit
CLOCK:BMAL1-mediated activation of Per, Cry, and other clock-controlled genes (CCG),
forming a negative feedback loop. The cycle re-starts approximately 24 hours later, upon
degradation of PER proteins. The robustness of the circadian molecular clockwork is
maintained by several oscillatory mechanisms such as post-translational modifications and
chromatin remodeling[11].

Among the core molecular clock components, Per2is emerging as an important connection
point between the circadian and immune systems. Several studies have associated Per2with
cancer, IFN-y expression and NK cell-mediated cytotoxicity[12, 13]. The precise
mechanisms through which Per2 contributes to these processes are unknown. However, Per2
is deregulated in cancer[14] and its over expression leads to suppression of tumor growth in
vivo[15], suggesting a role in cell cycle control. Per2is also necessary for circadian-
mediated changes in expression of the cytotoxic receptors Ly49C and Nkg2d in bone
marrow cells[16].

Other transcription-translation feedback loops interact to fine-tune the circadian clock and
maintain its oscillations. These additional loops involve other clock-controlled transcription
factors such as DBP and REV-ERBa, whose expression is primarily activated by the
CLOCK:BMAL1 heterodimer. REV-ERBa represses Bmall transcription by directly
binding to the ROR elements (RORES) in the Bmall promoter, which adds robustness to the
clock [17]. In addition, DBP and REV-ERBa control the expression of genes containing D-
box and RORE:s in their promoters, acting as molecular relays for the circadian expression
of downstream clock-controlled genes. Of note, REV-ERBa modulates the production of
inflammatory cytokines (in particular 1L-6) in response to endotoxin challenge in murine
and human macrophages[18]. Although most CCGs encode essential regulators of hormonal
and metabolic control[11], it is possible that the CLOCK:BMAL1 heterodimer binds to E-
box elements in of immune-related genes to control their expression. Supporting this idea,
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CLOCK:BMAL1 drives expression of the PRR Toll-like receptor 9 (TLR9), which is an
integral part of the danger/pathogen sensing mechanism that drives innate immune responses
and inflammation[9].

Direct interactions between molecular components of the circadian and immune systems
might be relevant not only for immune surveillance mechanisms (e.g., TLR expression) and
effector functions (e.g., proinflammatory cytokine production) but also for immune cell
development and migration/trafficking. The basic leucine zipper transcription factor,
E4BP4, regulates circadian rhythm in chick pineal gland and is a pivotal modulator of the
period length of the mammalian core circadian expression loop[19]. E4BP4 is also essential
for the development of NK cells and CD8a.(+) conventional dendritic cells, and is involved
in regulation of macrophage activation, CD4+ T cell polarization and IgE class
switching[20]. Pleiotropic transcription factors that modulate the expression of genes
important for immunity might also be controlled by the circadian system. The circadian
clock protein, CRY, regulates proinflammatory cytokine expression [8, 21], and a CRY
mutation in p53-null mice delays the onset of cancer by sensitizing the oncogenically
transformed cells to TNF-a induced apoptosis by hampering the NF-xB signaling pathway
via the GSK3p kinase[22].

There is evidence that the circadian-immune connection is bidirectional. Engagement of the
cytokine receptor TNFR1 by TNF-a transiently upregulates expression of molecular
circadian clock components of the negative feedback loop (Perl, Per2, Cryl, and Decl) in a
MAPK p38 and calcium signaling-dependent manner [23] as well as a suppression of E-box-
driven transcription of Dbp[24]. Thus immune signaling feeds back to the circadian system
by modulating its transcription loops.

The molecular connection between the circadian clock and immunity is also observed in
non-mammalian systems. Studies in Drosophila reveal that the core circadian protein,
Timeless (TIM), mediates resistance against bacterial infection[6]. Wild-type flies show
daily oscillations in resistance to S. pneumonia infection that are absent in TIM mutants
flies. Mechanistically, the TIM mutation blocked upregulated phagocytosis at night which
may explain why mutant flies were more susceptible to infection. In plants, immune
responses triggered by pathogen/danger-associated molecular patterns are regulated by the
circadian clock and temporal regulation allows plants to anticipate and respond more
effectively to pathogen challenge during the day. For example, Arabidopsis thaliana shows
circadian-modulated variations in resistance to the virulent bacterial pathogen Pseudomonas
syringae pv. tomato DC3000 [25]. A functional link between the circadian clock and plant
immunity was also demonstrated in mutagenesis studies showing that circadian clock-
associated 1 (CCAL) modulates the expression of R-gene-mediated resistance against downy
mildew in Arabidposis, allowing plants to anticipate infection at dawn, when spores are
normally dispersed[26].

Circadian outputs in the immune response

Recent work has examined circadian molecular clocks in immune cells and tissues. Analysis
of clock gene expression in mouse spleen, thymus, inguinal lymph nodes, and peripheral
blood shows that these tissues are equipped with functional circadian clocks [27, 28].
Although the clock gene expression profiles differ in amplitude and phase between the
tissues, the spleen, lymph nodes and thymus share similar acrophases for many of the genes
analyzed and Rev-erba. mMRNA peaks at approximately the same time in all four tissues[27,
28]. This suggests that functional immune outputs of these tissues, such as cytokine
expression, are coordinated via systemic circadian signals, as it has been shown for the
circadian regulation of the expression of cytotoxic factors and cytokines in splenocytes and
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NK cells, which is mediated by noradrenergic signals [29]. The data on clock gene
expression in immune tissues is complicated by presence of multiple immune cells types in
each tissue. The spleen, for example, contains various immune cell types, including
dendritic cells, macrophages and B cells [30]. Also, the relative and absolute numbers of
different immune cell types in the spleen fluctuates in a circadian fashion [27]. The
biological significance of the circadian outputs produced within a specific immune tissue, as
well as the contribution of each immune cell type to the overall circadian immune output
requires careful investigation.

The relevance of circadian rhythms for the innate immune inflammatory response has been
examined by challenging splenocytes isolated at various times of the day with LPS, which
results in a time-dependent TNFa and IL-6 response[27]. Similar results were obtained /n
vivo when mice were challenged with LPS at different times of the daily cycle[18].
Microarray analysis of peritoneal macrophages revealed changes in transcriptional
regulation depending on time of challenge at almost all stages of the LPS-induced immune
response [27], further highlighting the complexity of circadian regulation of innate
immunity. The trafficking of immune cells constitutes another circadian output. Circulating
hematopoietic stem cells fluctuate in a circadian manner, and this fluctuation is regulated by
core molecular clock genes through circadian sympathetic signals that regulate chemokine
expression [31].

Recent work has investigated circadian clock influences over adaptive immunity. In humans,
the number of NK cells, y8§TCR expressing cells, T suppressor/cytotoxic cells, T helper
cells and total T cells in peripheral blood undergoes circadian fluctuations and these cell
types have different acrophases that correlate (positively or negatively) with the blood
concentration of several neuro-endocrine humoral factors including cortisol, epinephrine,
melatonin, TRH, TSH, and GH[32, 33]. Cell surface molecules on six (CD8+dim, y§TCR+,
CD8+, CD16+, CD4+, and CD3d+ cells) of 10 lymphocyte subpopulations analyzed were
also reported to show circadian variations in expression[34].

Human CD4+ T cells possess a functional molecular clock and show circadian variations in
IFN-y-, IL-2- and IL-4-production and CD40L expression upon stimulation[35]. Microarray
data suggests that the circadian clock regulates T cell responses via the NF-xB pathway[35].
In murine lymph nodes, the relative abundance of B cells and T cell subsets does show
circadian variations but the rate of T cell proliferation after stimulation does show such
variations [36]. The time of day-dependant T cell proliferation correlated with changes in
protein expression of ZAP70, a signaling molecule that acts downstream of the TCR. This
study also found that timing of immunization influenced the magnitude of an antigen-
specific T cell response.

The work discussed so far demonstrate that circadian system has both direct and indirect
control over innate and adaptive immunity. These arms of the immune response, however,
are not independent of one another; for example innate immune activation is critical for
mounting an effective adaptive immune response. As mentioned earlier, expression and
function of TLR9 is directly modulated by the molecular clock and this has implications for
the innate inflammatory responses [9], as demonstrated in a TLR-9-dependent model of
sepsis, in which disease severity was dependent on the timing of sepsis induction. Circadian
control of TLR9 also influences adaptive immunity. Mice immunized with a TLR9 ligand as
adjuvant at the time of TLR9 peak responsiveness an enhanced adaptive response weeks
after vaccination [9]. These findings highlight the importance of considering the innate/
adaptive cross-talk when assessing circadian output in these two branches of the immune
system.
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Circadian immunity and disease

Daily patterns in disease severity or symptoms are a feature of many diseases with an
immune or inflammatory component. For example, rheumatoid arthritis (RA) patients
exhibit worse joint inflammation, pain and stiffness in the morning hours (reviewed in [3]),
in contrast to patients with osteoarthritis, who exhibit worsening pain through the day. In
line with this, nighttime administration of slow release prednisone is a more effective
treatment regimen for RA, vs. daytime administration[3, 37, 38]. A recent report found an
association between the season of disease onset and short-term outcomes in RA patients[39],
suggesting that RA may also be influenced by circannual rhythms, i.e. variations in the
length of day by season. Circadian rhythms also seem to play a role in Alzheimer’s disease
(AD) (reviewed in [40]). There is a daily fluctuation in cerebrospinal fluid levels of amyloid
beta, the main component of amyloid plaques found in the brains of AD patients[41, 42].
Circadian rhythms may also influence the outcome of patients in the ICU with critical
illnesses. Patients with sepsis are more likely to die between the hours of 2 and 6 am[43],
and as already discussed, in a mouse model of sepsis induced during the nighttime (ZT-19)
vs. the daytime (ZT-7) leads to worse disease, coincident with the peak and nadir of TLR9
expression[9]. Although multiple factors probably contribute to changes in disease
symptoms throughout the day, circadian regulation of immune function may be one
underlying mechanism.

Disruption of circadian rhythms can also contribute to disease pathogenesis. Experimental
alterations in sleeping and eating patterns of human subjects cause adverse metabolic and
cardiovascular effects [44]. Shift work in humans is linked to increased risk and progression
of cancer[45], diabetes[46] and stroke[47]. Furthermore, there is a genetic association
between certain alleles of the clock gene Cry2and non-Hodgkin’s lymphoma[48]. A recent
report indicates that in a rat model of sepsis, survival is impaired when the normal light-dark
cycle is replaced by all-light or all-dark conditions[49]. These studies imply that normal
circadian rhythms protect against disease, possibly by anticipating daily changes in
susceptibility to external insults and challenges such as exposure to pathogens.

Disease can also result in deregulated circadian homeostasis. AD patients exhibit altered
circadian rhythms, glucocorticoid levels and sleep physiology[40]. Circadian rhythms are
disrupted in patients with kidney and lung cancer[50-52]. Patients with severe sepsis also
exhibit loss of circadian melatonin rhythms, despite diurnal light exposure in the ICU[53,
541, while non-septic patients in the ICU maintain circadian rhythms similar to non-
hospitalized controls[53]. Experimental sepsis in rats disturbed the hypothalamic-pituitary
adrenal axis[55, 56] and sleep patterns [57]. In some cases, this may reflect a protective
mechanism in response to disease (for example, cortisol may be elevated to resolve
inflammation), whereas in other cases, this deregulation may be a detrimental component of
the disease process, or even a factor contributing to its etiology.

Concluding remarks

Recent work highlights regulation of the immune response by the circadian system,
suggesting the feasibility of exploiting circadian-immune links for preventing and fighting
disease. For example, understanding the mechanisms that drive daily changes in the
responsiveness of PRRs to their corresponding agonists may be beneficial for optimization
vaccine immunogenicity and for the treatment of conditions such as multiple sclerosis or
asthma[9, 58]. Similarly, dissecting the molecular interplay between core circadian
components, immune signaling and cell cycle mechanisms could unveil novel anti-cancer
strategies [22].
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To fully understand the circadian-immune connection future work should take into account
the complexity of circadian regulation. Although circadian-regulated gene expression has
been observed in different immune cell types, the extent of circadian regulation may differ
depending on the immune cell type, and even within the same cell type [30], and other
factors such as cellular developmental stage, location and trafficking status may also
determine specific circadian immune outputs. In addition, the absence of a functional
circadian molecular clock does not imply that the immune cell type or tissue cannot be
modulated by the circadian system. Systemic cues may convey timing information to the
cell in order to produce rhythmic immune outputs [29]. Canonical clock components may
also modulate immune mechanisms in a circadian-independent manner [59] and at the
molecular level circadian regulation can act in different ways e.g., it is not restricted to
transcriptional mechanisms[60].

Although the innate immune system seems to be particularly well positioned for circadian
regulation due to its surveillance role,(i.e., initial detection of external daily challenges such
as exposure to pathogens), the repercussions on subsequent adaptive responses[9] and the
intrinsic circadian modulation observed in some lymphocytic lineages[35, 36] deserve
careful consideration.

Circadian regulation of immune defense mechanisms seems a conserved feature across
several eukaryotic kingdoms. Whether the goal is to explore the teleological and
evolutionary significance of immunity rhythms or to devise strategies for pharmaceutical
(e.g., target discovery and validation), behavioral (e.g., health education) or procedural (e.g.,
timing of clinical procedures) intervention, it will be important to establish circadian models
that support the translation of experimental findings into humans. For example, a rat model
of rotating shift work and jet-jag has revealed how common circadian disruptions cause
changes in NK cells that can influence cancer growth[61]. Immune circadian outputs may
also become useful biomarkers for immune and inflammatory disease and for identifying the
ideal timing for immunomodulation[62]. Conversely, immune outputs that oscillate in a
circadian fashion under steady-state conditions may be leveraged to evaluate circadian and
sleep homeostasis, as it has been proposed for the human circadian metabolome [63].
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Glossary
Molecular network of transcriptional-translational feedback loops involving the
clockwork circadian expression of core clock genes (Clock, Bmall, Rev-erba,

Per, Cry).

Circadian a biological process (e.g., gene expression, cytokine secretion) directly
output or indirectly controlled by the circadian molecular clock.
Daily resistance immune surveillance mechanisms that oscillate in a circadian fashion.
oscillations
Acrophase the time period during which the circadian output peaks
Zeitgeber From the German, ‘time giver.” Any stimulus capable of resetting a

pacemaker or synchronizing a self-sustaining oscillation. Usually
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refers to an external time cue (e.g. light) that synchronizes an
organism’s internal circadian clocks.

Zeitgeber time in aregular 12 h light/12 h dark cycle, ZTO0 is the start of the light
(ZT) phase and ZT12 corresponds to the beginning of the dark phase.
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Figure 1. A model depicting the cir cadian immune connection

Systemic circadian cues circadian immune outputs can be generated both directly and
indirectly . Circadian clock proteins such as CLOCK and BMAL1 bind promoter E-box
elements and RORES to positively regulate expression of clock-controlled genes (CCGs).
Several CCGs (e.g. Per2) have been linked to control of immune cell function and immune-
related genes might also be under control of clock proteins (immune CCGs, e.g. TLR9).
Clock controlled PER and CRY proteins inhibit CLOCK:BMAL1-mediated activation of
CCGs by, whereas clock controlled REV-ERBa proteins negatively regulate BMALL gene
expression. These pathways create a negative feedback look. REV-ERBa proteins have also
been implicated in negative control of cytokine gene expression. Daily systemic cues
transmitted by the neuroendocrine system might also generate circadian immune outputs by
modulating of immune gene expression and signaling or through the entrainment of
molecular clock mechanisms. Circadian immune outputs underlie daily variations in
immune-mediated disease susceptibility symptoms and treatment efficacy. Immune factors,
for example proinflammatory cytokines, can also feedback to the circadian system, either by
modulating the circadian molecular clock or the neural and humoral mechanisms that
conveying systemic circadian information. Hourglasses depict rhythmic expression of clock
genes and CCGs, while the clocks depict oscillations outside the core molecular clockwork.
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