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Abstract

Adaptive immunity allows an organism to respond in a specific manner to pathogens and other
non-self agents. Also, cells of the adaptive immune system, such as T and B lymphocytes, can
mediate a memory of an encounter with a pathogen, allowing a more efficient response to a
future infection. As for other aspects of physiology and of the immune system, the adaptive
immune system is regulated by circadian clocks. Consequently, the development, differentiation
and trafficking between tissues of adaptive immune cells have been shown to display daily
rhythms. Also, the response of T cells to stimuli (e.g. antigen presentation to T cells by dendritic
cells) varies according to a circadian rhythm, due to T cell-intrinsic mechanisms as well as cues
from other tissues. The circadian control of adaptive immune response has implications for our
understanding of the fight against pathogens as well as auto-immune diseases, but also for

vaccination, a preventive measure based on the development of immune memory.
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Introduction

The immune system consists of various mechanisms aiming at defending the organisms
against various threats such as pathogens (e.g. bacteria, viruses, parasites) or cancer cells. It can
be broadly divided in two main arms: the innate immune system and the adaptive immune
system. Innate immunity is the first line of defense against infectious agents. It involves many
different cell types (e.g. monocytes and macrophages, natural killer cells, granulocytes) which
will respond to pathogens with low specificity, and on a short time scale (hours). Recognition will
often involve receptors for pathogen-associated molecular patterns, that can be shared by many
different pathogens of a group (e.g. bacterial cell wall molecules or viral nucleic acid). There has
been numerous examples in the literature of a regulation of innate immune cells according to the
time of day, based on circadian regulation within those cells, as well as rhythmic signals from
other tissues and cell types [1].

This review article will rather focus on the other arm of the immune system: adaptive
immunity. The adaptive immune system involves specialized cells called lymphocytes (T and B
lymphocytes, also called T and B cells), as well as cells which can present antigens (i.e.
immunogenic molecules from pathogens) to T cells, for example dendritic cells (Figure 1).
Antigen-presenting cells display a fragment of the antigen as part of a complex with a major
histocompatibility complex (MHC) molecule at the cell surface. This MHC-antigen complex is
recognized by a receptor on T cells, called the T cell receptor (TCR). Genetic recombination
events within developing T cells lead to a large diversity of TCRs, with each T cell having a TCR
specific for a particular MHC/antigen complex.

Similarly, B cells also have a B cell receptor, with a high diversity, each being able to
recognize a specific antigen. B cells can also secrete antibodies, antigen-specific molecules, an

important part of humoral immunity (i.e. immunity via secreted macromolecules). T cells can be



divided in two families, based on the expression of the membrane molecules CD4 and CDS8,
which are co-receptors for the TCR. The activation of T and B cells based on recognition of
antigens confers a very high specificity to adaptive responses.

Moreover, after a first infection, T and B cells can differentiate into memory cells, which
remain in the organism for extended periods of times, ready to mediate a strong and rapid
immune response upon future encounter with the pathogen, even years after the initial infection.
This immune memory is harnessed for vaccination, in which an adaptive immune response is
mounted against a pathogen — or antigen from the pathogen) in order to generate memory that
will confer protection against future infections. Also, upon vaccination, B cells secrete antibodies
that will be able to help neutralize the pathogen upon re-infection.

Although the circadian regulation (i.e. the variation across the 24-hour day) of adaptive
immune responses has been less studied than for their innate counterparts, the research question
has gained a lot of interest in the past few years. We now know that many aspects of the adaptive
immunity, including cell trafficking, cell differentiation, and response to antigen presentation, are
controlled by circadian clocks. This circadian control, which has implications for auto-immune

diseases and vaccination, will be described in this review article.

Cells of the adaptive immune system display clock gene expression and cell number

rhythms

Clock genes are expressed in adaptive immune cells
Circadian rhythms are produced by circadian clocks located in most cell types throughout the
body. At the molecular level, these clocks consist of a set of so called clock genes, which interact

in transcriptional-translational feedback loops, giving rise to 24 hour cycles of gene expression (see



lower left panel in Figure 1) [2]. As in many other tissues and cell types, circadian clock genes are
expressed in adaptive immune cells, where they can control gene expression and various cellular
processes. Clock genes (e.g. Per2, Rev-erba) show rhythmic expression in mouse lymph nodes
(LNs), lymphoid organs which are the site of the induction of the T and B cell response, and are
composed in large proportions of these cell types [3, 4]. Additionally, clock gene transcripts show
circadian variations in dendritic cells (DCs) and B cells enriched from mouse spleens [5], as well
as CD4 T cells enriched from mouse LNs or spleen [6, 7] (but notably, not in regulatory T cells,
except for Rev-erbo. [8]). Using knock-in mice with a PER2::Luciferase fusion protein, persistent
circadian oscillations of bioluminescence were observed for several days in LN explants [4], DCs
differentiated from bone marrow [9, 10], CD8 T cells isolated from the spleen [10] and CD4 T cells
from the spleen and thymus [11]. In humans, circadian rhythms of clock genes were observed in
peripheral blood mononuclear cells (PBMCs) [12, 13], which are composed of 70-90%
lymphocytes, as well as in CD4 T cells purified from blood [11]. The expression of circadian clock
components in cells of the adaptive immunity suggests that this arm of the immune system may be
controlled in a circadian fashion by local clocks.

The circadian clock is known to regulate with a 24 hour rhythm the expression of a multitude
of genes, in a tissue-specific manner (Figure 1, lower right) [14]. This is the case for adaptive
immunity, as genes important for the function of adaptive immune cells were shown to be expressed
with a circadian rthythm. A notable example is CD8 T cells (isolated from mouse LNs), in which
6% of all protein-coding transcripts are rhythmic [10] (similar proportion as in macrophages, in
which 8-15% of transcripts are rhythmic [4, 15]). The analysis of this rhythmic CD8 T cell
transcriptome inferred a circadian variation in the activation of signaling pathway important for
TCR signaling and CD8 T cell activation [10]. As for CD4 T cells, some factors relevant for their

function (e.g. IFNy, CD40L, NF-kB) were shown to be rhythmically expressed in purified human



CD4 T cells activated in vitro (using PMA/ionomycin) [11]. Finally, bone marrow-derived DCs
showed genes (seventy) that are expressed according to the time after cell clock synchronization,
the levels and time-dependence of many of these genes being altered in Bmall knock-out (KO)

DCs [9] (Bmall is an essential clock gene, whose deletion abolishes circadian rhythmicity [2]).

Circadian regulation of the trafficking of adaptive immune cells

Lymphocytes are in continuous circulation between blood, lymph and lymphoid organs, to
insure proper immune surveillance throughout the body. This trafficking of T and B cells is under
circadian control. There is a pronounced variation in blood lymphocyte counts over the 24-hour
day in mammals. For example, in the blood of mice and rats, lymphocyte counts peak in the light
phase and have a trough in the early dark phase [16, 17].

The rhythmic pattern is inversed in humans, as is their rest-activity phase. In the human
peripheral blood, total lymphocyte counts as well as naive CD4 and CD8 T cells follow a daily
rhythm with a trough in the daytime and a peak at night [18-23]. These rhythms were preserved in
subjects who were awake for a full 24-hour cycle, indicating that sleep-wake cycles do not directly
induce the rhythmicity in circulating lymphocytes; of note though, subjects remained in bed for the
period they would have normally been sleeping, so it cannot be excluded that the observed rhythms
might be due to 24-hour cycles of activity-inactivity [19, 24]. Studies using for example a constant
routine protocol (where environmental/behavioral cues that could impact on the measures are
avoided [25]) might help address the endogenous circadian nature of the cell count rhythms. Of
note, DCs also present a daily rhythm in human peripheral blood [24].

A number of recent studies have addressed the mechanisms underlying the daily rhythms in
immune cell trafficking. The glucocorticoid cortisol (or corticosterone in rodents) is a hormone

secreted by the adrenal glands, under the control of the circadian system. Cortisol (or



corticosterone) increases during the rest phase to reach a peak around wake, whereas, as mentioned
above, blood T cell counts are generally high during the rest phase (night in humans, day in
nocturnal rodents), and then decline to reach low levels in the day [17, 18, 21, 23]. This inverse
correlation suggested that glucocorticoids might regulate T cell trafficking. This was supported by
a disappearance of the daily rhythm in lymphocytes in the blood and spleen of adrenalectomized
mice [17].

More recent studies in humans provided further ground to the hypothesis that glucocorticoids
may regulate T-cell trafficking. Upon studying different subsets of CD4 and CD8 T cells in human
subjects, Dimitrov and colleagues observed that all the subpopulations (naive, central memory and
effector memory) except effector CD4 T cells showed a 24 hour pattern in their blood cell counts
[21]. In all cases, the peak of these rhythms was in the night and the trough in the afternoon, except
for effector CD8 T cells, which showed antiphase rhythms. When cortisol was administered to
subjects in the evening (when endogenous cortisol levels are low), the T cell populations, usually
high at that time, decreased markedly over the next several hours. On the other hand, epinephrine
administration led to a short selective increase of effector CD8 T cells [21].

Investigating the candidate chemokine receptors and ligand molecules mediating the
distribution of T cells between blood and other tissues, it was found that the cell surface expression
of several markers like CD62L, CD49d, CXCR1, CXCR4, and CX3CR1 was higher in the morning
than the evening [21]. Incubating T cells, taken from the human participants in the evening, with
cortisol, caused an increase in CXCR4 expression in both naive and central memory CD4 and CD8
T cells, suggesting that cortisol upregulates CXCR4 expression [21]. Conversely, administration
of mifepristone (a glucocorticoid receptor antagonist) or metyrapone (which suppresses

endogenous cortisol levels) both attenuated the morning decline in T cell counts and the morning



increase in CXCR4 expression [26]. These data suggested a role for CXCR4 and its ligands
mediating the effect of cortisol on T cell depletion from peripheral blood in the morning.

Results consistent with this were found in mice. The rhythms of lymphocyte counts in the
blood, lymph nodes and spleen were lost in mice lacking the glucocorticoid receptor in T cells [27].
The glucocorticoid receptor directly activates the expression of interleukin (IL)-7 receptor (IL7R),
leading to a rhythm of the levels of this receptor on T cells. This in turn leads to a rhythm in
chemokine receptor CXCR4, with higher levels, and more efficient migration of the T cells towards
cells expressing chemokine ligand CXCL12 in the spleen, in the nighttime. Accordingly, in T cell-
specific Cxcr4 KO mice, rhythms of T cell counts were lost, and levels were high at all times in
the blood and low at all times in LN’ and spleen, supporting that the rhythmic homing of T cells in
lymphoid organs is affected by CXCR4 [27].

Other studies found additional potential factors affecting the migration of T and B cells in and
out of the LNs. In mice, T and B cells in LNs peaked during the night, similar to noradrenaline [28,
29]. This suggested an adrenergic regulation of lymphocyte trafficking. Accordingly, the daily
variation of T and B cell counts in LNs (and in the blood) was abolished in mice treated with 6-
OHDA, a neurotoxic drug depleting adrenergic nerves, and in mice deficient for B2 adrenergic
receptor (B2AR). The entry of lymphocytes in LNs was then blocked (using neutralizing antibodies
against molecules important for this process) at either of two time points, Zeitgeber time (ZT) 1
and ZT13 (ZTO is the time of lights on, ZT12 the time of lights off for animals on a 12 h light:12
h dark cycle). When entry in LN was blocked in the early night (ZT13), the fraction of B, CD4 and
CDS8 T cells remaining in the peripheral LNs was higher than when entry in LN was blocked in the
early day (ZT1). This indicated that lymphocyte egress from LNs follows a circadian pattern with

more egress during daytime. This daily variation was lost when B2 AR-deficient bone marrow cells



or lymphocytes were transferred in WT mice, suggesting a local response to adrenergic input within
T and B cells [28].

Another study also found rhythmic homing and egression of lymphocytes into and from mouse
LNs and went on to investigate the migratory factors responsible for these rhythms [6]. It was found
that the chemokine receptor CCR7 on T and B cells, and its ligand CCL21 on high endothelial
venules showed rhythmic expression with peak around night onset (ZT13), the time when homing
in LNs is highest. A pharmacological inhibition of chemokine signaling (using Pertussis toxin)
suppressed the time-dependent variations in LN T and B cells. These rhythms were also attenuated
when Ccr7 KO lymphocytes were transferred in WT hosts. While CCR7 seems to act on rhythmic
homing into the LNs, the daily variation of egress of the cells from the LNs depends on
Sphingosine-1-phosphate receptor 1 (S1PR1), a receptor for chemoattractant S1P. Indeed, SIPR1
showed daily oscillation, with a peak in the morning (ZT1-9). Interestingly, in contrast to the other
studies described above, which have highlighted mechanisms for the rhythmicity of lymphocyte
trafficking that were non cell-autonomous (i.e. due to rhythms extrinsic to the T and B cells), Druzd
and colleagues identified the T cell clock as being essential for the rhythm of T cell counts in LN,
and Ccr7 and Siprl transcript thythm in CD4 T cells, as they are blunted in T cell-specific Bmall
KO mice [6].

Altogether, autonomic innervation, glucocorticoids and chemokine receptors/ligands, along
with the lymphocyte-intrinsic clocks, seem to be regulators of lymphocyte trafficking. The
respective roles and the interplay of these factors remains to be established. Of note though, other
reports — also performed in mice — found an absence of rhythms in the abundance of B cells,
CD4+, CD8+ T cells in LNs [3], CD8+ T cells in spleen [10], and CD8+ T cells in lungs and LNs
[30]. Although the reasons for these discrepancies remains unclear, it can be noted that among these

studies, only those from Fortier et al and Nobis et al studies report an assessment of cell counts



over 24 hours under constant darkness conditions, i.e. without masking effects of the light-dark

cycle [3, 10].

Circadian regulation of antigen presentation, T cell activation and proliferation

Circadian regulation of T cell activation and proliferation

The previous section has described circadian variations of T cells in the blood and lymphoid
organs, and possible mechanisms underlying them. But are the functions of T cells — e.g. their
response to antigen presentation, their activation and proliferation, and acquisition of effector
functions — controlled by circadian clocks? A number of studies have addressed this question by
triggering the TCR in a non-specific manner, using lectins such as phytohemagglutinin or
concanavalin A. These lectins bind sugars, such as those of glycosylated proteins at the surface of
cells. One of these is the TCR: lectins bind the receptors, which are then crosslinked; this triggers
the activation of signaling pathways downstream of the TCR, and thus, the activation and
proliferation of the T cells. Lectin treatment of cells from human blood sampled at different times
over day and night showed a daily rhythm of T cell response, independent of the rhythm of T cell
counts, although the exact acrophase (time of peak) varied across studies [20, 31]. Experiments
using cells from rat LNs also showed a rhythm of the proliferative response of T cells, generally
with a peak in the daytime (but again with some variation across studies) [32, 33]. Another way to
trigger the clustering of TCRs, and thus, activation of the cells, is by treating them with an antibody
against the CD3¢ chain of the TCR: when this was done on LN cells harvested from mice at

different times over 24 hours, the proliferative response was stronger in the late day and the night

[3].
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Other groups have studied rhythms of T cell response by stimulating them with antigens. For
example, the reactivity of human mixed lymphocyte population (harvested from human subjects
over 24 hours) to a specific antigen (streptokinase-streptodornase) or to another donor's
lymphocytes led to daily variations, with a peak in the night [34]. Another human study using
tetanus toxoid as an antigen found a rhythm of T cell proliferation, but with a very low amplitude
[35]. Human blood stimulated with Staphylococcus aureus enterotoxin B led to a higher cytokine
response of CD4 T cells when the blood was harvested in the evening than in the morning [22].
Finally, after injection of mice with an ovalbumin peptide antigen (OVA) together with CpG
oligodeoxynucleotides (ODN) as adjuvant, either at ZT7 (mid-day) or ZT19 (mid-night), LN cells
from mice immunized in the night showed a higher antigen-induced proliferation and IFNy
production compared to those of ZT7-injected mice [36]. The authors proposed that this was
attributable to a higher level at night of Toll-like receptor 9, the receptor for CpG ODNs [36].

Although these reports were interesting, it is difficult to assess from these results the source of
the circadian rhythmicity. In some cases, the antigen must be taken up by antigen presenting cells,
processed, and presented at the cell surface in the context of an MHC molecule, all steps that could
potentially be regulated in a circadian manner. Also, the response to the immune adjuvant used in
some of these protocols could be rhythmic, as the receptors for such molecules can be rhythmic (as
is the case for example for CpG ODN/TLRY, described above [36]). Therefore, distinguishing a
circadian regulation of T cells themselves vs. other immune cells can be challenging. More recently,
a vaccination model using dendritic cells loaded with an OVA peptide (DC-OVA) was used to
address the mechanisms underlying circadian rhythms of the T cell response to antigen
presentation. In this model, all antigen uptake and processing steps are bypassed, allowing to focus
on T cell-intrinsic mechanisms. DC-OVA were injected in mice at different times of the day or

night, and the CD8 T cell response was checked in the spleen one week later (DCs used for these
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immunizations were not clock-synchronized, and thus, all injected aliquots were equivalent in
terms of circadian time). There were 2-3 times more OVA-specific CD8 T cells in the spleen after
vaccination in the middle of the day, compared to mice vaccinated at other times [3, 10]. Of note,
this rhythm was observed under constant darkness conditions, showing a role of the endogenous
circadian system [10]. Accordingly, the circadian rhythm was lost in mice with a CD8 T cell-
specific Bmall gene deletion, showing an essential role for the clock in these cells.

As previously mentioned, naive CD8 T cells expressed 6% of their transcriptome (796
transcripts) in a circadian fashion. Analysis of these rhythmic genes inferred an increased activation
in the daytime (when vaccination leads to a stronger response) for mediators of TCR signaling
following antigen presentation, such as ZAP-70, AKT and mTOR [10]. Conversely, pathways
known to reduce TCR-mediated responses were predicted to be more active at night. Additional
experiments showed that indeed, the TCR-associated tyrosine kinase ZAP-70 shows higher levels
in the daytime in mouse LNs [3]. Moreover, spleen T cells harvested from mice in the daytime
show stronger responses of AKT and mTOR to antigen presentation than cells harvested in the
night [10]. Overall, there seems to be a transcriptional program in CD8 T cells which primes them
for a strong response to antigen presentation in the day, and to a toned-down response at night
(Figure 2).

The regulation of CD8 T cell activation is probably not only cell-autonomous. The
glucocorticoid rhythm appears to have a role to play. In mice infected with bacteria Listeria
monocytogenes expressing OVA antigen (Lm-OVA), OVA-specific CD8 T cells were higher in
mice infected in the early night (ZT16) than in the early day (ZT4) [27]. This time-dependent
difference was lost in mice lacking the glucocorticoid receptor in T cells. Mice in which the binding
sites for the glucocorticoid receptor have been mutated within //77 enhancer were also used: in

these mice, glucocorticoids cannot impose a rhythm on IL7R and CXCR4 expression. The authors
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noticed a loss of day-night variation in OVA-specific CD8 T cells. This suggested that the day-
night difference in response to Lm-OVA is related to variation in mechanisms (involving IL7R and
CXCR4) mediating changes in LN T cell numbers [27]. In another study, Lm-OVA infection of
mice with transferred OT-I cells (restricted to presentation of OVA in the context of MHC class I)
showed a time of day dependence, with higher IL-2 response at ZT2 (early day) than at ZT14 (early
night) [7]. Of note, this time-dependence persisted when the OT-I cells were ablated for Bmall,
suggesting that this rhythmicity is due to factors extrinsic to the CD8 T cells. Finally, a time-
dependent frequency of IFNy-producing CD4 and CDS8 T cells was found in a prior report, upon
infection with L. monocytogenes at ZTO0 vs. at ZT8 [37], which again supports a stronger response
early in the daytime (although in this study, this time-dependent difference was proposed to be due

to a rthythmicity of inflammatory monocytes and DCs).

Circadian regulation of the antigen-presenting cells

Besides a cell-autonomous regulation of T cell rhythmicity, an alternative regulation could be
by the daily variation of the activity of antigen-presenting cells (APCs). The main professional
APCs are the DCs. A possible role for the clock transcription factors REV-ERBa and f§ in the
differentiation of DCs was uncovered using mice KO for these factors: DCs differentiated in vitro
from bone marrow of either Rev-erba KO or Rev-erbff KO mice had higher expression of MHC
class II and CD86, which are markers of mature DCs [38]. A reverse effect was observed when the
cells were differentiated in the presence of a REV-ERB agonist. More work will be needed to
confirm a role for REV-ERB factors in the differentiation of DCs in vivo.

In the previously described study on CD8 T cell response to OVA antigen presentation, the
possible role of the clock in DCs (which present the antigen in the context of their MHC class I in

this model) was investigated. When DCs prepared from Bmall KO mice were used for the
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immunization, a day/night difference in CD8 T cell expansion was still observed although it was
attenuated [10]. Bmall KO DCs had similar levels of antigen loading, activation and
differentiation, suggesting that the lower activation of CD8 T cells was due to another role for
Bmall in DCs. Indeed, an in vivo migration assay indicated a deficit in migration of the Bmall KO
DCs to the spleen [10], which might explain the reduced T cell activation upon immunization in
the daytime. More work will be needed to investigate how Bmall in DCs regulate their migration
to lymphoid organs.

A role for circadian clocks in controlling DC trafficking was also described in a recent report,
which showed a circadian regulation of the migration of DCs from the skin to lymphatic vessels in
mice [39]. This migration was enhanced in the skin in the day (ZT7) than in the night (ZT19). This
was paralleled with higher daytime expression of pro-migratory factors (such as LYVE-1, CD99
and JAM-A) and chemokine CCL21 in lymphatic endothelial cells, and of CCL21 receptor CCR7
in skin DCs. A pharmacological manipulation of these factors blunted the day-night difference.
Interestingly, deleting Bmall gene in either LECs or in DCs abolished the daily variation in DC
migration, suggesting a role for the circadian clock in both of these cell types [39].

The DC clock also appears to be involved in the whole animal response to infections. Hopwood
and colleagues studied the parasitic worm Trichuris muris and found that the time of day of
infection with eggs had an impact on the subsequent immune response and expulsion of the worm,
which occurs about three weeks later [9]. Early day (ZT0) infection led to an earlier expulsion of
the parasite than following early night infection (ZT12). This was paralleled by a bias towards
Th2/IgG1 responses (which are important for fighting off this kind of parasite) in morning-infected
mice. This morning-evening difference was lost in DC-specific Bmall KO mice, suggesting a role

for the clock in these APCs, in polarizing T cell responses.
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Antigens can also be presented to T cells by other cell types. Another study found a daily
variation in the expression of MHC class II in small intestine epithelial cells (SIECs) [40]. This
rhythm is dependent on the food intake rhythm (via regulation of the gut microbiome) rather than
the circadian clock [40]. Interestingly, SIEC MHC class II modulates the frequency, activity and
time dependence of intra-epithelial CD4+ IL-10+ T cells. In turn, IL-10 secretion from these CD4+
IL-10+ T cells leads to a daily variation in the barrier function of the small intestine (which could

have importance for small intestine auto-inflammatory disorders).

Circadian regulation of Th17 and Treg cells, and implications for immune-related diseases

Among CD4 T cells, several subtypes were shown to be critical to the development of
autoimmune diseases, in which autoreactive T cells target self-antigens. One notable example is
multiple sclerosis (MS), where IFN-y-expressing Thl and IL-17-expressing Th17 cells are key to
the destruction of myelin covering the axons of neurons. Another type of CD4 T cells, regulatory
T cells (Treg), negatively regulate effector T cells (as well as other immune cell types), and thus
show an opposite action on the development of the disease. Recent research has found an
implication of circadian clock components in the differentiation of CD4 T cells into Th17 and Treg
cells, and accordingly, an effect on immune-related diseases.

Mechanisms underlying MS can be studied in mice using a model called experimental
autoimmune encephalitis (EAE): mice are immunized with MOGas.ss, a peptide from a myelin
protein, leading to a pathology reminiscent of human MS, including demyelination of axons. The
time of day at which immunization is performed was shown to impact the disease, with higher
clinical scores and more demyelination after immunization in the daytime (ZT8) than in in the
nighttime (ZT20) [6, 41]. This was paralleled with higher Th17 counts in the LNs [6]. The time-

dependent variation was lost in mice lacking the essential clock gene Bmall specifically in T cells,
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with a clinical score reduced after daytime immunization, to match lower nighttime levels [6].
These data indicate that the clock in T cells is essential for time-of-day variation in EAE pathology,
and that clock regulation of Th17 cells might be among the underlying mechanisms. Of note,
another study did not find any effects of T cell-specific Bmall KO on EAE pathology or Th17 cell
counts [7]; however, the immunization for EAE and cell sampling for T cell stimulation were done
at only one time point, which was unspecified.

Several studies have directly addressed the role of clock components in Th17 biology. Yu and
colleagues observed a reduced Th17 cell frequency after in vitro differentiation of CD4 T cells
from Rev-erbo. KO mice (and similar results using Clock gene mutant mice, which have low Rev-
erba expression) [42]. The master regulator of Th17 differentiation is the nuclear receptor RORyt.
The link from REV-ERBa to RORyt and Th17 differentiation was proposed to be NFIL3 (which is
a well-known circadian-regulated transcription factor, also known as E4BP4 [43]). Indeed, NFIL3
binds and represses Roryt promoter, and RORyt levels are increased in Nfil3 KO mice. Moreover,
Nfil3 expression is increased in Rev-erba KO T cells [42]. This draws a pathway from the clock to
RORqt, via the transcription repressors REV-ERBa and NFIL3, affecting Th17 cell differentiation.

However, more recent studies have suggested that additional mechanisms might be at play. In
contrast to the previous study, Amir and colleagues have observed higher Th17 cell frequencies
among in vitro stimulated CD4 T cells from Rev-erbo. KO mice, compared to WT controls [44].
This was associated with increased RORyt levels, and with a stronger autoimmune phenotype in
the EAE model. A REV-ERBa agonist had reversed effects. These authors proposed a more direct
model for the action of REV-ERBa on RORyt: the two factors compete for the same RORE DNA
elements, and thus, REV-ERBa represses RORyt-mediated T cell differentiation to Th17 [44].
Similarly, Chang and colleagues also presented data supporting a direct REV-ERBo/RORyt

functional competition [45]. However, their T cell-specific Rev-erba/Rev-erbfi double KO mice
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had lower Th17 frequencies (like the Yu et al study) and lower EAE clinical score. Oddly, using a
transgenic mouse model with induced REV-ERBa expression in MOG peptide-specific T cells,
they also found reduced Thl7 differentiation and reduced EAE pathogenesis. These authors
suggested that the discrepancies between the studies might be due to the differences between the
models (tissue location of Rev-erba deletion, magnitude of REV-ERBa activation or induction),
and that the system might be sensitive to subtle changes in REV-ERBua levels or activity [45]:
insufficient REV-ERBa activity would lead to increased NFIL3 expression, lower RORyt
expression, and thus lower Th17 levels. At very high REV-ERBa activity levels, the other model
would come into play, with REV-ERBa out-competing RORyt at genes important for Th17
differentiation. Th17 would be promoted at intermediate REV-ERBa levels/activity.

As mentioned, T cell-specific KO of clock genes (Bmall, Rev-erba/p) led to changes in
magnitude of the disease in the EAE model [6, 45]. This indicates a T cell-autonomous control of
EAE (and of T cell function). This is in contrast to the results of Farez and colleagues, who showed
an effect of melatonin (a hormone from the pineal gland in the brain, secreted with a circadian
rhythm in many animals) on Th17 and Treg cells: melatonin blocks differentiation of T cells into
Th17, where it enhances their differentiation into Tregs) [46]. Accordingly, Th17s and Tregs being
pathogenic and protective in the EAE model, respectively, melatonin-treated mice had reduced
clinical scores. However, melatonin is unlikely to be the factor underlying the circadian regulation
of Th17 and EAE in laboratory mice, as many commonly used strains such as C57BL/6 mice (used
in the previous studies described above) have very low or undetectable levels of melatonin [47].
However, melatonin could play a role in regulating MS in humans, including perhaps the
seasonality of the disease, as suggested by Farez and colleagues [46].

Another disease where Treg cells are involved is theumatoid arthritis (RA). In a mouse model

of inflammatory arthritis (where an emulsion of collagen and complete Freund’s Adjuvant are
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injected intra-dermally at the base of the tail), inflammation in the limbs (paw swelling,
inflammatory cytokine expression) was heightened in the day compared to the night [48]. This was
not paralleled by a daily variation of macrophages or neutrophils in the inflamed joints. Instead, a
daily variation of CD4 T cells (but not CD8 T cells), and in particular Tregs, was found in the joints
of the arthritic mice, with more CD4 T cells or Tregs upon treatment at ZT18 vs. ZT6 [8]. This is
consistent with the known protective role of Tregs in RA. Interestingly, data suggested that the
rhythmicity was due to factors external to the T cells: glucocorticoids were shown to induce the
chemokine receptor CXCR4 in Treg cells of arthritic mice, mirroring finding in naive T cells
described earlier in this review [27]. Another source of rhythmic regulation external to the T cells
could also be the fibroblast-like synoviocytes, joint cells that are important in the maintenance of
joint health and play a role in the development of RA: Bmall KO in the fibroblast-like synoviocytes
had impacts on the pathology in experimental arthritis in mice [49]. Finally, despite the absence of
rhythms in the counts of myeloid cells in the joints, Treg depletion at ZT18 activated the pro-
inflammatory response of monocytes and macrophages in the inflamed limbs [8]. Hence, circadian

rhythms in adaptive immune cells can modulate innate immunity across the day.

Regulation of B cell development and response by the circadian clock

Although circadian rhythms of B cells have been less studied than those of T cells, these
antibody-producing lymphocytes also appear to be controlled by circadian clock components.
Bmall KO mice have lower B cell counts in their blood and spleen compared to WT mice [50],
suggesting a defect in their development from bone marrow progenitors (although lower B cell
numbers could also be due to defective survival of mature B cells). Is this role of Bmall taking
place within bone marrow cells or within other cells in the organism? To address this, Bmall KO

bone marrow cells were adoptively transferred into irradiated recipient mice (irradiation kills all
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bone marrow cells): normal B cell counts were observed. Conversely, transferring WT bone
marrow cells into irradiated Bmall hosts recapitulated the B cell count defect, suggesting that
Bmall in cells of the bone marrow environment (e.g. stromal cells), and not bone marrow cells,
plays a role in B cell development [50]. This is consistent with the normal B cell development in
B cell-specific Bmall KO mice [7].

The trafficking of B cells to and from lymphoid organs could also be the source of circadian
regulation of the activity of these cells. Suzuki and colleagues [28] studied the humoral response
following intra-dermal immunization in the day (ZT5) or in the night (ZT17) with 4-hydroxy-3-
nitrophenyl hapten conjugated with chicken y-globulin in the presence of adjuvant. Titers for
antibodies (IgM, IgG1) specific for this hapten were higher after immunization at ZT17 than at
ZT5. Follow up experiments suggested that this daily variation was abrogated in mice without
B2AR, and was probably dependent on the variations of lymphocyte numbers in the lymph nodes
[28].

As for the response of B cells to a stimulus, an early study had suggested that it could be
regulated in a daily fashion. Fernandes and colleagues measured the number of plaque forming
cells in the spleen 3 or 4 days after immunization of mice with sheep red blood cells. plaque forming
cell numbers, a measure of antibody production by B cells, varied according to the time of
immunization (higher in early day) [51]. However, whether this was due to a variation of T cell
numbers or activity (helping B cells for antibody production), or a variation of the activity of B
cells themselves, was unclear.

A role of circadian clock components in B cell function was also uncovered in a recent study,
where an auto-immune-like phenotype was observed in mice deficient for both Cryl and Cry2
genes (which is an essential pair of genes in the core clock mechanism; see Figure 1) [52]. The

mice had high IgG titers, and autoantibodies for many glomerular and nuclear antigens. The higher
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IgG titers and Ig deposits were also seen in Rag/ mice (i.e. mutant mice lacking T and B cells)
adoptively transferred with Cry KO bone marrow (i.e. hematopoietic cells are all Cry KO). This
was associated with increased bone marrow and peritoneal B cell counts, indicating an alteration
of their development. Moreover, Double Cry KO B cells had an enrichment of expression of genes
related to B cell receptor proximal signaling pathways. Accordingly, the T cell-independent B cell
response to antigen stimulation was enhanced (T cell-dependent response was unchanged). These
data suggest that the auto-immune phenotype of Cry KO mice is caused by B cell hyperactivation,

and argues for a role of cryptochromes in B cell development and/or function.

Circadian regulation of the outcome of vaccination

Vaccination is a widely used strategy to prevent various infectious diseases. It consists in
stimulating the immune system with attenuated pathogen or a molecule antigen from it, in
combination with an adjuvant, to produce a cellular and humoral adaptive response specific to this
pathogen. An immune memory then develops, which will allow, upon a subsequent encounter with
the pathogen, to mount a quick and powerful response. A number of factors, for example age, sex
or geographical location, can affect the efficiency of vaccines and the protection they confer [53].
Recent research has suggested that circadian rhythms and sleep might be additional factors to take
into account to explain variability of the response to vaccines and to improve their efficiency.

As mentioned throughout this review article, various aspects of adaptive immunity, including
T and B cell responses, display circadian rhythms. Some of the experiments we have summarized
are mouse models of vaccination. For example, as described above, in a DC-based vaccination
model in mice, the CD8 T cell response varied according to the time of vaccination [3, 10]. In this
model, increased T cell proliferation and effector functions after vaccination in the daytime led to

a better ability to fight off an infection with Listeria monocytogenes bacteria expressing the antigen
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used for vaccination, compared to infection after nighttime vaccination [10]. Another study
reported above used vaccination with CpG ODN adjuvant and OVA antigen, and showed a higher

response at night [36].

Human studies on circadian rhythms and vaccination

There have been only a handful of studies so far addressing in human subjects a time of day-
dependent variation in the immune response to vaccines (Table 1). One of the first reports looked
at the time-of-day variation of the humoral response to anti-influenza vaccine [54]. Results from
two different cohorts were presented, both using inactivated influenza virus, and with vaccination
times ranging throughout the day (8:30 to17:00), and participant age around 45. In a first study
(with 98 participants), where vaccination time had to be retrospectively estimated, there was a
variation according to time of day, with higher antibody titers when vaccination was done around
11:00 to 13:00, although this was the case only for one of the three antigens. In the other cohort
(with 707 participants, male and female), there was no significant time of day dependence.

Another study also looked at the antibody response to influenza vaccination, but in 276 older
subjects (average age 71, subject of both sexes), using a randomized trial design. The subjects were
vaccinated in the morning (9:00 to 11:00) or afternoon (15:00 to 17:00), with the subjects of the
morning group showing a higher antibody response, independent of sex [55]. In a prior study from
the same group, also with aged male and female participants (average age 73), participants were
not assigned to time groups but were rather binned a posteriori in morning (8:00-11:00) or
afternoon (13:00-16:00) bins based on their recorded times of vaccination. Although there was no
time of day or sex main effects, there was a sex by time of day interaction, where men vaccinated
in the morning showed a better response than those vaccinated in the late day, which was not the

case for female subjects [56].
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In the same article reporting the second influenza study on aged subjects, the authors also
studied hepatitis A vaccination (Havrix) on a group of 75 young subjects (average age 23, males
and females). Again, there was a sex by time of day interaction, with a better antibody response in
male subjects of the morning group (vaccination 10:00-12:00) compared to the afternoon group
(16:00-18:00), whereas female subjects had no time of day difference, but a tendency for a better
antibody response when vaccinated in the afternoon [56]. In contrast, no time of vaccination effects
were found for hepatitis B vaccination in a study where 63 young participants (average age 20.5,
males and females) received the three vaccine doses either in the morning (8:00-8:30) or evening
(17:30-18:00) [57].

A study looked at preterm infants receiving their first hexavalent vaccination (against
diphteria, pertussis, tetanus, poliomyelitis, Haemophilus influenzae type B, hepatitis B and
Pneumococcus), 60 days after their premature birth [58]. Babies were assigned to either a morning
(7:00-10:00) or evening (19:00-22:00) vaccination group. Antibody titers for pertussis and H.
influenzae were measured 3 months later: although the increase in titers appeared slightly higher
after evening vaccination, there was no significant morning-evening differences. It was discussed
by the authors that it is uncertain whether such young infants have developed circadian rhythmicity
in their immune system, which might be a reason for the lack of effect of time [58].

Most of the human studies on the effect of time of day on vaccination have only looked at the
humoral response to vaccination, i.e. titers of antibodies against the antigens within the individuals
vaccinated at different time points. It would be valuable to also assess cellular responses, as was
done in mouse models, and to look at the underlying mechanisms. One article addressed response
to vaccination, namely BCG vaccination against tuberculosis, in much more detail [59]. In this
article, de Bree and colleagues compared 18 participants (male and females) vaccinated in the

evening (18:00) with 36 others vaccinated in the morning (8:00-9:00). Before the vaccination, and
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2 weeks and 3 months after, PBMCs were collected, stimulated with either Mycobacterium
tuberculosis (to test for the specific response to this bacterium) and Staphylococcus aureus, and
cytokine secretion was measured (IL-1B, TNFa, IL-6, IFNYy). The use of the latter bacterium is
because the BCG vaccine, even if it was designed to prevent tuberculosis, is known to confer some
protection to other infections, due to a phenomenon called trained immunity, i.e. an induction of
innate immune memory responses. In both cases, a stronger response was seen in subjects
vaccinated in the morning. This effect of time of day on trained immunity (for S. aureus), but not
the response against M. tuberculosis, was also replicated in a very large second cohort of 302
subjects, although the lack of effect for the response to M. tuberculosis might be due to the fact that
only morning time points (8:00-12:00) were compared. Interestingly, the time dependency was also
replicated on innate immune cells cultured ex vivo (i.e., monocytes harvested from subjects at 8:00
or 18:00, BCG-primed, and then LPS-stimulated in vitro). This showed that the effect of time was
cell intrinsic. Finally, chromatin modification and accessibility was studied in PBMCs, showing
differentially accessible regions in morning vs. evening, including an enrichment of components
of the mTOR signaling pathway [59].

Altogether, the research reports so far are divided about the time of day-dependence of the
outcome of vaccination (Table 1). Many studies had small sample sizes, hence with little statistical
power, and/or very uniform, limiting generalization to other ethnical or age groups. Moreover,
many studies only looked at two time bins (morning and afternoon), and times for lower or higher
response might have been missed; it is understandable though, that studies are constrained by the
times at which the participants are available and vaccination is feasible. Also, it is probably
impossible to generalize the findings: there might be a circadian regulation of some vaccines, not
of others, and the peak time for an optimal response might be different according to the distinct

mechanisms of action of vaccines.
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The effect of sleep and shift work on vaccination

It is known that sleep impacts immune defenses, generally in a positive way [60]. Therefore,
some studies have been designed to specifically address whether sleep duration and quality could
regulate the outcome of vaccination [61]. Young male subjects (27 subjects, average age 26) were
vaccinated for hepatitis A and hepatitis B (3 doses, with 8 weeks between each) [62]. Subjects were
distributed in two groups: in the night following each injection, subjects of one group were allowed
to sleep, while those of the other group were kept awake. The cellular and humoral responses were
measured over the few days after each dose. For both hepatitis A and hepatitis B, the humoral
response (antibody titers) was enhanced in the sleep group compared to the subjects kept awake.
Moreover, hepatitis antigen-specific T helper cells were increased in the sleep group, as well as
their cytokine secretion. Interestingly, the time spent in slow wave sleep (deep, restorative sleep
occurring mainly around the beginning of the night), as well as levels of slow wake activity (an
EEG feature characteristic of slow wave sleep), both correlated with T cell response to hepatitis A
vaccination [62]. Although the subjects in this experiment were all men, the same researchers had
previously performed a similar experiments on a small group of 10 women, for hepatitis A only,
and only looking at the humoral response: in that case also, subjects of the sleep group showed
higher hepatitis A-specific antibody levels compared to those of the sleep deprivation group [63].

A similar study in young subjects, with acute sleep deprivation (or regular sleep) on the night
following vaccination, was done for influenza A HIN1 virus vaccination [64]. Sleep-deprived male
subjects displayed reduced HIN1-specific antibodies five days after vaccination, a difference not
seen in female subjects. Of note though, the effect did not persist at later time points (10-52 days

after vaccination).
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Another report addressed hepatitis B vaccination, but in this case, not using a laboratory
intervention on sleep, but rather quantifying sleep amount and quality, and correlating it with the
outcome of vaccination [65]. Midlife (average age 50) male and female participants were given the
three vaccine doses and sleep was assessed using sleep diaries (over 7 days surrounding each
vaccination) and actigraphy (3 nights before and 3 nights after the initial immunization). Shorter
sleep duration was associated with a lower antibody response after the third dose, and with a
reduced likelihood of mounting a clinically protective response, independent of sex [65].

All in all, even though the literature directly addressing sleep and vaccination is scarce, sleep
is likely to have an impact. Thus, sleep should be considered as a possible factor or confound in
the design and interpretation of studies asking about the effect of circadian rhythms on the outcome
of vaccination [61].

An implication of possible effects of sleep and circadian rthythms on vaccination is for shift
workers. It was shown that night shift work alters the blood levels of different cytokines and
chemokines [66], and that a night shift schedule impacts the rhythms of immune cells (including T
cells) and their response to a stimulus [20]. In a recent study, night shift workers and day shift
workers were vaccinated for meningitis at the same time of day, after a day off, and followed 4 and
8 weeks later [67]. The night shift workers had a lower increase in antigen-specific antibodies after
vaccination compared to the day workers. They also had decreased percentage of CD4 T cells (but
not CD8 T cells, and staining was not for antigen-specific T cells) and dendritic cells (even before
vaccination). Caution is needed to interpret these data, as the shift workers may have altered
lifestyles compared to non-shift workers, e.g. with regards to diet, meal timings, etc. Nevertheless,
the results suggest that circadian disruption (and/or sleep restriction) associated with night shift

work [68] may have an impact on the immune response to vaccines.
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Conclusion

Since circadian rthythms have evolved as an adaptation to the recurring variations of factors in
the environment, it is easy to imagine how innate immunity, the first line of defense against
environmental insults such as pathogens, would benefit from a circadian regulation. On the other
hand, it is more counterintuitive that adaptive immune response would display circadian rhythms:
the responses often occur days or weeks after the stimulating event (e.g. meeting of the pathogen
and presentation of the antigens to cells of the adaptive immune system). Yet research in the past
few years has been uncovering clear rhythmicity in various aspects of the adaptive immune system.
Not only the cell numbers in the blood and organs shows such rhythms, but also the functional
responses of these cells.

Beyond this initial stage of the research of circadian rhythms in adaptive immunity, which has
shown physiological significance, a lot of work remains necessary. Most studies so far have been
rather descriptive: the presence of a rhythm is demonstrated, and in some case data is provided to
support a role for circadian clocks (cell autonomously or by other clocks in the organism) in the
generation of the rhythm, or the need of other external rhythmic cues. However, there is still very
little information on the molecular mechanisms underlying these rhythms.

As for vaccination, the research in animal models and the few (and often small scale) studies
performed in humans suggest that time of day might be a factor to consider to optimize the
response. However, there is a need for more detailed and controlled studies, in larger and more
diverse human populations. Also, it is likely that the optimal times of vaccination would be distinct
for different vaccines, depending on the mechanism of the immunization. Researchers should take
advantage of large scale vaccination drives, documenting the time of administration and relating it

to the outcome of the vaccines.
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Figure legends

Figure 1. The cells of the adaptive immune system and circadian clocks. Schematic
representation of the main cells involved in adaptive immune responses: the dendritic cells (and
other antigen-presenting cells) present antigens from pathogens to T cells in the context of major
histocompatibility complex (MHC) Class I (for presentation to CD8 T cells) or MHC Class II (for
CDA4 T cells). After T cell receptor (TCR) triggering, T cells become activated, they proliferate and
they differentiate into effector cells. B cells can also recognize antigens via their B cell receptor
(BCR), and they can produce antibodies for the neutralization of specific pathogens. All these cell
types express clock genes and proteins, the molecular components of the circadian clock (lower
left inset). The transcription factors CLOCK and BMALI activate genes Period (Per) genes and
Cryptochrome (Cry) genes, whose protein products form complexes and repress CLOCK/BMALI,
and hence, their own expression. CLOCK/BMALI also activate Ror and Rev-erb genes, which
encode nuclear receptors that can activate and repress, respectively, Bmall gene expression (as
well as Clock and Cryl). As a result of these transcriptional-translational feedback loops, the
expression of many of the clock genes follows a circadian rhythms (levels varying over the 24 hour
cycle), as exemplified by Bmall and Per?2 transcript in the lower panel. Transcription factors with
rhythmic transcriptional activity or abundance (such as CLOCK/BMALI or REV-ERBa) also
regulate a large number of downstream genes, called clock-controlled genes, whose expression can
therefore show rhythmicity (4-20% of the transcriptome in any given tissue). This underlies the

circadian rhythms in cell functions.

Figure 2. Circadian regulation of the CD8 T cell response to antigen presentation. Upon

antigen presentation by dendritic cells (DCs) to CD8 T cells, signaling pathways downstream of
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the T cell receptor (TCR) become activated, resulting in the activation of the T cells, their massive
proliferation over the course of several days, and their acquisition of effector functions, in particular
cytotoxic activity allowing these T cells to kill target cells (e.g. cells infected with a virus, cancer
cells). This activation and proliferation of CD8 T cells was shown to be stronger when mice are
immunized with DCs loaded with an antigen in the day, compared to immunization in the night.
This circadian regulation appears to involve the rhythmicity of 6% of the T cell transcriptome, and
the activation of a molecular program that mediates an enhanced TCR-dependent response to
antigen presentation in the daytime (signaling factors in blue), and a toned down response by the

involvement of TCR signaling inhibitor in the nighttime (signaling factors in purple).
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Table 1. Summary of the studies addressing the effect of time of day on the outcome of vaccination

Participants
Vaccine Average - Nun.lb.er of Tl.m ¢ Measures Outcomes Refer
ape Sex Ethnicity participant points ence
s
Stronger
M/F (about |y oy (8re?i[(r)oi7e2?1 Antibody titers | | " Zﬁfielgo-roo
Influenza 45+ 14.6 equal Y 98 p 3-4 weeks after R f [54]
numbers) caucasian yely vaccination vaccination (for
estimated) one of the 3
antigens)
70%
M/F (about | Caucasian, Antibody titers
No effect of
Influenza 439+9 equal 20% Black, 707 9:00-15:00 | 3-4 weeks after ) [54]
o time of day
numbers) 10% vaccination
Hispanic
morning
(9:00 to
0 0
M/F (about (:7; ?glg?l/fn 11:00) or | Antibody titers 1 Stronger
Influenza 71+£5.5 equal U 276 afternoon month after response for [55]
the AM/PM L .
numbers) (15:00 to vaccination morning group
groups PO
17:00);
randomized
binned as
]7 morning sex x time of
Caucasian. 1 (8:00 to Antibody titers 1 | day interaction;
Influenza | 73.1+5.5 | 38 M/51F ];llcacsk 1’ 89 11:00) or month after stronger [56]
h ’r afternoon vaccination response for
othe (13:00 to men/morning
16:00)

30




morning

89% (9:00 to sex x time of
Caucasian, 12:00) or | Antibody titers 1 | day interaction;
Hepatitis A | 22.9+3.9 | 34 M/41F | 2.7% Asian, 75 afternoon month after stronger [56]
1.3% Black, (16:00 to vaccination response for
7% other 18:00); men/morning
randomized
morning
(8:00-8:30) | Antibody titers 1
Hepatitis B 20.5 27M/36 F | not specified 63 or afternoon | month after last It\ilrc;zfiefc(‘;aof [57]
(17:30 to of 3 doses Y
18:00)
morning Antibody titers
42%/29% (7:00 to | Lo pertussis and
60 days . ) H. influenzae
M in 10:00) or
Hexavalent after : . ; type b at No effect of
. morning/ev | not specified 26 evening . [58]
vaccination | premature . . corrected age 3 time of day
. ening (19:00 to )
birth i 22:00): months (i.e. a
groups Tl few months after
randomized .
vaccination)
Counts for
leukocyte Stronger
populations, cytokine
mornin cytokines after | response to both
BCG Western (8:00) ogr PBMC ex vivo | bacteria for the
(antitubercu | 26 £ 10 21 M/33F 54 o stimulation with | morning group [59]
. European evening
losis) (18:00) S. aureus or M. | (also seen upon

tueberculosis, 2
weeks and 3
months after
vaccination

in vitro priming
and stimulation
of monocytes)

31




BCG
(antitubercu
losis)

26 £ 11

131 M/171
F

not specified

302

8:00 to
12:00

Counts for
leukocyte
populations,
cytokines after
PBMC ex vivo
stimulation with
S. aureus or M.
tueberculosis, 2
weeks and 3
months after
vaccination

Effect of time of
day; stronger
cytokine
response to S.
aureus for the
early morning
groups

[59]

32




References

1.

Nobis CC, Labrecque N, Cermakian N (2018) From immune homeostasis to inflammation,
a question of rhythms. Current Opinion in Physiology 5:90-98

Duguay D, Cermakian N (2009) The crosstalk between physiology and circadian clock
proteins. Chronobiol Int 26:1479-1513 doi: 10.3109/07420520903497575

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 doi:
10.4049/jimmunol.1004030

Keller M, Mazuch J, Abraham U, et al. (2009) A circadian clock in macrophages controls
inflammatory immune responses. Proc Natl Acad Sci U S A 106:21407-21412

Silver AC, Arjona A, Hughes ME, Nitabach MN, Fikrig E (2012) Circadian expression of
clock genes in mouse macrophages, dendritic cells, and B cells. Brain Behav Immun
26:407-413 doi: 10.1016/5.bb1.2011.10.001

Druzd D, Matveeva O, Ince L, 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

Hemmers S, Rudensky AY (2015) The Cell-Intrinsic Circadian Clock Is Dispensable for
Lymphocyte  Differentiation and Function. Cell Rep 11:1339-1349  doi:
10.1016/j.celrep.2015.04.058

Hand LE, Gray KJ, Dickson SH, et al. (2020) Regulatory T cells confer a circadian
signature on inflammatory arthritis. Nat Commun 11:1658 doi: 10.1038/s41467-020-

15525-0

33



10.

I1.

12.

13.

14.

15.

16.

Hopwood TW, Hall S, Begley N, et al. (2018) The circadian regulator BMAL]1 programmes
responses to parasitic worm infection via a dendritic cell clock. Sci Rep 8:3782 doi:
10.1038/s41598-018-22021-5

Nobis CC, Dubeau Laramee G, Kervezee L, Maurice De Sousa D, Labrecque N, Cermakian
N (2019) The circadian clock of CD8 T 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

Bollinger T, Leutz A, Leliavski A, et al. (2011) Circadian clocks in mouse and human CD4+
T cells. PLoS one 6:¢29801 doi: 10.1371/journal.pone.0029801

Cuesta M, Boudreau P, Cermakian N, Boivin DB (2017) Rapid resetting of human
peripheral clocks by phototherapy during simulated night shift work. Sci Rep 7:16310 doi:
10.1038/s41598-017-16429-8

Boivin DB, James FO, Wu A, Cho-Park PF, Xiong H, Sun ZS (2003) Circadian clock genes
oscillate in human peripheral blood mononuclear cells. Blood 102:4143-4145

Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB (2014) A circadian gene
expression atlas in mammals: implications for biology and medicine. Proc Natl Acad Sci U
SA111:16219-16224 doi: 10.1073/pnas.1408886111

Collins EJ, Cervantes-Silva MP, Timmons GA, O'Siorain JR, Curtis AM, Hurley JM (2021)
Post-transcriptional circadian regulation in macrophages organizes temporally distinct
immunometabolic states. Genome Res doi: 10.1101/gr.263814.120

Depres-Brummer P, Bourin P, Pages N, Metzger G, Levi F (1997) Persistent T lymphocyte

rhythms despite suppressed circadian clock outputs in rats. Am J Physiol 273:R1891-1899

34



17.

18.

19.

20.

21.

22.

23.

24.

25.

Kawate T, Abo T, Hinuma S, Kumagai K (1981) Studies of the bioperiodicity of the immune
response. 1. Co-variations of murine T and B cells and a role of corticosteroid. J Immunol
126:1364-1367

Abo T, Kawate T, Itoh K, Kumagai K (1981) Studies on the bioperiodicity of the immune
response. 1. Circadian rhythms of human T, B, and K cell traffic in the peripheral blood. J
Immunol 126:1360-1363

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

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 doi: 10.4049/jimmunol.1502422

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
Kirsch S, Thijssen S, Alarcon Salvador S, et al. (2012) T-cell Numbers and Antigen-specific
T-cell Function Follow Different Circadian Rhythms. J Clin Immunol 32:1381-1389 doi:
10.1007/s10875-012-9730-z

Miyawaki T, Taga K, Nagaoki T, Seki H, Suzuki Y, Taniguchi N (1984) Circadian changes
of T lymphocyte subsets in human peripheral blood. Clin Exp Immunol 55:618-622
Dimitrov S, Lange T, Nohroudi K, Born J (2007) Number and function of circulating human
antigen presenting cells regulated by sleep. Sleep 30:401-411 doi: 10.1093/sleep/30.4.401
Dijk DJ, Dufty JF, Czeisler CA (1992) Circadian and sleep/wake dependent aspects of
subjective alertness and cognitive performance. J Sleep Res 1:112-117 doi: 10.1111/5.1365-

2869.1992.tb00021.x

35



26.

27.

28.

29.

30.

31.

32.

33.

Besedovsky L, Born J, Lange T (2014) Endogenous glucocorticoid receptor signaling
drives rhythmic changes in human T-cell subset numbers and the expression of the
chemokine receptor CXCR4. FASEB J 28:67-75 doi: 10.1096/1j.13-237958

Shimba A, Cui G, Tani-Ichi S, et al. (2018) Glucocorticoids Drive Diurnal Oscillations in
T Cell Distribution and Responses by Inducing Interleukin-7 Receptor and CXCR4.
Immunity 48:286-298 €286 doi: 10.1016/j.immuni.2018.01.004

Suzuki K, Hayano Y, Nakai A, Furuta F, Noda M (2016) Adrenergic control of the adaptive
immune response by diurnal lymphocyte recirculation through lymph nodes. J Exp Med
213:2567-2574 doi: 10.1084/jem.20160723

Suzuki S, Toyabe S, Moroda T, et al. (1997) Circadian rhythm of leucocytes and
lymphocytes subsets and its possible correlation with the function of the autonomic nervous
system. Clin Exp Immunol 110:500-508 doi: 10.1046/j.1365-2249.1997.4411460.x
Sengupta S, Tang SY, Devine JC, et al. (2019) Circadian control of lung inflammation in
influenza infection. Nat Commun 10:4107 doi: 10.1038/s41467-019-11400-9

Tavadia HB, Fleming KA, Hume PD, Simpson HW (1975) Circadian rhythmicity of human
plasma cortisol and PHA-induced lymphocyte transformation. Clin Exp Immunol 22:190-
193

Esquifino Al, Alvarez MP, Cano P, Chacon F, Reyes Toso CF, Cardinali DP (2004) 24-hour
pattern of circulating prolactin and growth hormone levels and submaxillary lymph node
immune responses in growing male rats subjected to social isolation. Endocrine 25:41-48
Esquifino Al, Selgas L, Arce A, Maggiore VD, Cardinali DP (1996) Twenty-four-hour
rhythms in immune responses in rat submaxillary lymph nodes and spleen: effect of

cyclosporine. Brain Behav Immun 10:92-102 doi: S0889159196900100 [pii]

36



34.

35.

36.

37.

38.

39.

40.

Kaplan MS, Byers VS, Levin AS, German DF, Fudenberg HH, Lecam LN (1976) Circadian
thythm of stimulated lymphocyte blastogenesis. A 24 hour cycle in the mixed leukocyte
culture reaction and with SKSD stimulation. J Allergy Clin Immunol 58:180-189 doi:
10.1016/0091-6749(76)90153-6

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. Psychoneuroendocrinology 20:335-342

Silver AC, Arjona A, Walker WE, Fikrig E (2012) The circadian clock controls toll-like
receptor 9-mediated innate and adaptive immunity. Immunity 36:251-261 doi:
10.1016/j.immuni.2011.12.017

Nguyen KD, Fentress SJ, Qiu Y, Yun K, Cox JS, Chawla A (2013) Circadian gene Bmall
regulates diurnal oscillations of Ly6C(hi) inflammatory monocytes. Science 341:1483-
1488 doi: 10.1126/science.1240636

Amir M, Campbell S, Kamenecka TM, Solt LA (2020) Pharmacological modulation and
genetic deletion of REV-ERBalpha and REV-ERBbeta regulates dendritic cell
development. Biochem  Biophys @ Res  Commun  527:1000-1007 doi:
10.1016/5.bbrc.2020.05.012

Holtkamp SJ, Ince LM, Barnoud C, et al. (2021) Circadian clocks guide dendritic cells into
skin lymphatics. Nat Immunol doi: 10.1038/s41590-021-01040-x

Tuganbaev T, Mor U, Bashiardes S, et al. (2020) Diet Diurnally Regulates Small Intestinal
Microbiome-Epithelial-Immune Homeostasis and Enteritis. Cell 182:1441-1459 e1421 doi:

10.1016/j.cell.2020.08.027

37



41.

42.

43.

44,

45.

46.

47.

48.

49.

Sutton CE, Finlay CM, Raverdeau M, et al. (2017) Loss of the molecular clock in myeloid
cells exacerbates T cell-mediated CNS autoimmune disease. Nat Commun 8:1923 doi:
10.1038/s41467-017-02111-0

Yu X, Rollins D, Ruhn KA, et al. (2013) TH17 cell differentiation is regulated by the
circadian clock. Science 342:727-730 doi: 10.1126/science.1243884

Male V, Nisoli I, Gascoyne DM, Brady HJ (2012) E4BP4: an unexpected player in the
immune response. Trends Immunol 33:98-102 doi: 10.1016/5.1t.2011.10.002

Amir M, Chaudhari S, Wang R, et al. (2018) REV-ERBalpha Regulates TH17 Cell
Development and  Autoimmunity. Cell Rep  25:3733-3749  e3738  doi:
10.1016/j.celrep.2018.11.101

Chang C, Loo CS, Zhao X, et al. (2019) The nuclear receptor REV-ERBalpha modulates
Th17 cell-mediated autoimmune disease. Proc Natl Acad Sci U S A 116:18528-18536 doi:
10.1073/pnas.1907563116

Farez MF, Mascanfroni ID, Mendez-Huergo SP, et al. (2015) Melatonin Contributes to the
Seasonality ~of  Multiple  Sclerosis  Relapses.  Cell  162:1338-1352  doi:
10.1016/j.cell.2015.08.025

Kennaway DJ (2019) Melatonin research in mice: a review. Chronobiol Int 36:1167-1183
doi: 10.1080/07420528.2019.1624373

Hand LE, Hopwood TW, Dickson SH, et al. (2016) The circadian clock regulates
inflammatory arthritis. FASEB J 30:3759-3770 doi: 10.1096/].201600353R

Hand LE, Dickson SH, Freemont AJ, Ray DW, Gibbs JE (2019) The circadian regulator
Bmall in joint mesenchymal cells regulates both joint development and inflammatory

arthritis. Arthritis Res Ther 21:5 doi: 10.1186/s13075-018-1770-1

38



50.

51.

52.

53.

54.

55.

56.

57.

58.

Sun'Y, Yang Z, Niu Z, et al. (2006) MOP3, a component of the molecular clock, regulates
the development of B cells. Immunology

Fernandes G, Halberg F, Yunis EJ, Good RA (1976) Circadian rhythmic plaque-forming
cell response of spleens from mice immunized with SRBC. J Immunol 117:962-966

Cao Q, Zhao X, Bai J, et al. (2017) Circadian clock cryptochrome proteins regulate
autoimmunity. Proc Natl Acad Sci U S A 114:12548-12553 doi: 10.1073/pnas.1619119114
Prentice S, Dockrell HM (2020) Antituberculosis BCG vaccination: more reasons for
varying innate and adaptive immune responses. J Clin Invest 130:5121-5123 doi:
10.1172/JC1141317

Langlois PH, Smolensky MH, Glezen WP, Keitel WA (1995) Diurnal variation in responses
to influenza vaccine. Chronobiol Int 12:28-36 doi: 10.3109/07420529509064497

Long JE, Drayson MT, Taylor AE, Toellner KM, Lord JM, Phillips AC (2016) Morning
vaccination enhances antibody response over afternoon vaccination: A cluster-randomised
trial. Vaccine 34:2679-2685 doi: 10.1016/j.vaccine.2016.04.032

Phillips AC, Gallagher S, Carroll D, Drayson M (2008) Preliminary evidence that morning
vaccination is associated with an enhanced antibody response in men. Psychophysiology
45:663-666 doi: 10.1111/5.1469-8986.2008.00662.x

Karabay O, Temel A, Koker AG, Tokel M, Ceyhan M, Kocoglu E (2008) Influence of
circadian rhythm on the efficacy of the hepatitis B vaccination. Vaccine 26:1143-1144 doi:
10.1016/j.vaccine.2007.12.046

Gottlob S, Gille C, Poets CF (2019) Randomized Controlled Trial on the Effects of Morning
versus Evening Primary Vaccination on Episodes of Hypoxemia and Bradycardia in Very

Preterm Infants. Neonatology 116:315-320 doi: 10.1159/000501338

39



59.

60.

de Bree LCJ, Mourits VP, Koeken VA, et al. (2020) Circadian rhythm influences induction
of trained immunity by BCG vaccination. J Clin Invest 130:5603-5617 doi:
10.1172/JCI1133934

Lange T, Dimitrov S, Born J (2010) Effects of sleep and circadian rhythm on the human

immune system. Ann N Y Acad Sci 1193:48-59 doi: NYAS5300 [pii]

10.1111/5.1749-6632.2009.05300.x

61.

62.

63.

64.

65.

66.

Benedict C, Cedernaes J (2021) Could a good night's sleep improve COVID-19 vaccine
efficacy? Lancet Respir Med 9:447-448 doi: 10.1016/S2213-2600(21)00126-0

Lange T, Dimitrov S, Bollinger T, Diekelmann S, Born J (2011) Sleep after vaccination
boosts immunological memory. J Immunol 187:283-290 doi: 10.4049/jimmunol.1100015
Lange T, Perras B, Fehm HL, Born J (2003) Sleep enhances the human antibody response
to hepatitis A vaccination. Psychosom Med 65:831-835 doi:
10.1097/01.psy.0000091382.61178.f1

Benedict C, Brytting M, Markstrom A, Broman JE, Schioth HB (2012) Acute sleep
deprivation has no lasting effects on the human antibody titer response following a novel
influenza A HIN1 virus vaccination. BMC Immunol 13:1 doi: 10.1186/1471-2172-13-1
Prather AA, Hall M, Fury JM, Ross DC, Muldoon MF, Cohen S, Marsland AL (2012) Sleep
and antibody response to hepatitis B vaccination. Sleep 35:1063-1069 doi:
10.5665/sleep.1990

Bjorvatn B, Axelsson J, Pallesen S, et al. (2020) The Association Between Shift Work and
Immunological Biomarkers in Nurses. Front Public Health 8:415 doi:

10.3389/fpubh.2020.00415

40



67.

68.

Ruiz FS, Rosa DS, Zimberg 1Z, et al. (2020) Night shift work and immune response to the
meningococcal conjugate vaccine in healthy workers: a proof of concept study. Sleep Med
75:263-275 doi: 10.1016/j.sleep.2020.05.032

Kervezee L, Kosmadopoulos A, Boivin DB (2020) Metabolic and cardiovascular
consequences of shift work: The role of circadian disruption and sleep disturbances. Eur J

Neurosci 51:396-412 doi: 10.1111/ejn.14216

41



CD8 cytokines

T cell [ JPS
N °e°
®
activation
proliferation e

differentiation s g \
Vs 1

Clatmnl
\ X X

/
1
I
\
\
N,

cytolytic ,* —_
\ \____/
Dendritic factors . y
cell cell ::I;ath
(antigen- CD4
presenting
cell) T cell
&
©
® @
MHC-II
c TCR - ° ,
(3) @
activation
— proliferation ® %)
CcD4 differentiation ®
cytokines
B cell
S
Y 4

BCR

Per1/2/3  ~9 m '

crytiz ¥ @
e ™
1 -
ock ’

% ﬁ antibodies
I Bmalit

Cueos ~ @D
| fRev-erba/p i gl REV-ERE J

Per2

- >
o

Rhythmic cell functions, responses
to stimuli, trafficking, metabolism




MHC-I

Activation
Proliferation
Cytotoxic response

Dendritic
Cell

CD8
T Cell

MHC-I

Activation
Proliferation
Cytotoxic response




