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Abstract

During normal pregnancy, the mechanism by which the fetus escapes immunological rejection
by the maternal womb remains elusive. Given the biological complexities, the immunological
mechanism is unlikely to be simply an allograft response in acceptance or rejection of the early
pregnancy. Circadian clock responsible for the mammalian circadian rhythm is an endogenously
generated rhythm associated with almost all physiological processes including reproduction.
There is now growing evidence to suggest that the circadian clocks are intricately linked to the
immune system and pregnancy. When perturbed, the role of immune cells can be affected on
maintaining the enriched vascular system needed for placentation. This alteration can be
triggered by the irregular production of maternal and placental melatonin. Hence, the role of
circadian rhythm modulators such as melatonin offers intriguing opportunities for therapy. In
this review, we evaluate the complex interaction between the circadian clock and melatonin
within the immune system and their roles in the circadian regulation and maintenance of
normal pregnancy.
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Introduction

As early as the 1950’s, the reasons as to why the fetus can remain immunologically privileged
whilst an organ transplant faces rejection, with both the fetus and organ transplant being
considered foreign to the host, remains to be completely understood™?. It is envisaged that the
early placenta, derived from trophoblastic cells, play an immunologically protective role
between the fetus and the maternal host® by creating an immunologically privileged barrier
between the maternal circulation and the fetus. The placenta is in fact ‘rhythmic’, and is now
known that clock genes are expressed in the placenta, where the circadian clock controlled
transcriptional and translational feedback loops apply within this organ®. The disruption of this
coordinated process can compromise placental function with an anticipated knock-on effect
toward the immune system®.

Circadian rhythms organize physiological systems across a temporal order and align them to 24-
hours environmental cycles. The term “circadian” comes from the Latin circa, meaning
"around” and diém, meaning "day". This is defined as the biological process that displays an
endogenous, entrainable oscillation of about 24-hours in an environment with no external
constraints. The circadian rhythm has been involved in a number of physiological processes,
including sleep/awakening’, body temperature regulation®, hormone secretion’, tissue repair®
and cardiovascular function®’. This system is present in almost every living organism, including
plants, non-mammalian and mammalian species. Early works demonstrated striking circadian
variation in mice survival rate when challenged with lethal doses of bacteria’®*. These studies
showed enhanced lethality toward the end of the resting phase, approximately 2 hr before
onset of activity (Figure 1). As mice are nocturnal species, therefore, the onset of immune
activity occurs when lights were switched off. Although this complicated immunity remains
speculative, it does coincide with the period of reduced induction of pro-inflammatory cytokines
along with reduced clearance and lethality from bacteria.

In mammals, circadian rhythms are controlled by a central clock located in the suprachiasmatic
nucleus (SCN) of the hypothalamus™ acting through a coordinated network of molecular
circadian clocks in individual cells to generate 24-hours rhythms. This regulation relies on series
of transcription and translation feedback loops by a group of circadian genes known as “clock
genes.” This family of clock genes include the transcription factors BMAL1 and CLOCK; the
proteins encoded by genes PER1, PER2, PER3, CRY1, CRY2 and the enzyme casein-kinase-1
epsilon (CK1&™. In mammals, a typical transcription and translation feedback loop consist of the
two transcriptional activators (Bmall and Clock) which form hetrodimers in the cytoplasm and
enter the nucleus where they bind the E-box sequences in the promoters of Per (Period) 1, 2
and Cry (Cryptochrome) 1, 2 activating their expression. In the cytoplasm, Per and Cry proteins
interact with each other and enters the nucleus to inhibit the activity of Bmal/Clock complexes.
The levels of Per and Cry transcripts and their respective protein hence declines. It is thought
that Bmal and Clock contribute to the activation of transcription activity of other clock genes
through a series of modifications of histones (associated with histone acetyl transferase
activity), phosphorylation and dephosphorylation activities**. Clock genes are expressed in
almost all tissue types, including the heart, liver, muscle, pars tuberalis, and adrenal gland™. The
circadian synchronization within the cell and between different bodily systems is crucial for the
maintenance of health, and the breakdown of this 24-hours clock can lead to pathological
conditions involving the neurological, metabolic, cardiovascular, endocrinological and
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gastrointestinal systems®®. It is hypothesized that the evolution of clock genes in mammals is to
anticipate environmental changes related to the photoperiod and seasonal cycles. This enables
the body to adapt and respond to various environmental cues, including oxidative stress™® *°.

Circadian-controlled humoral factors, including melatonin and glucocorticoids, can regulate a
myriad of gene expressions and protein activities, which are critical regulators for the circadian
clock and immune system®. Among these factors, melatonin appears as a key candidate for
circadian regulation during female reproduction. Besides being a potent antioxidant, numerous
studies have shown the important role of melatonin in follicular and corpus luteal function,
pregnancy, puberty, and parturition, indicating its crucial role in reproduction®. In addition, not
only is melatonin produced by the placenta, it is rapidly transferred from the maternal to the
fetal circulation, providing photoperiodic information to the fetus for tissue differentiation and
hormonal metabolism?.

Hence, the interaction between the immune system and the circadian clock during pregnancy is
of vital importance towards fetal growth, development and pregnancy outcome. However, this
interaction remains complicated. In this review, we aim to provide an overview, from an
immunological perspective, on the roles of circadian clock and melatonin in pregnancy.

The immunity ‘clock’

Studies have revealed that the internal time-keeping system “circadian clock” is responsible for
driving the circadian rhythms evident in the immune system”. For instance, the recruitment of
immune cells (e.g.,, monocytes, neutrophils, and lymphocytes), antigen presentation,
lymphocyte proliferation, and cytokine gene expressions (e.g. TNF-a and IL- 6) follows a 24-hour
daily rhythm to initiate an acute response to infection®” **. Although the circadian susceptibility
in host immune response to lethal infection has been recognized for over 50 years®, it is until
now we have a better understanding of the immune functions being under a circadian control.
Work has demonstrated circadian oscillation of nearly every aspect of the immune response
(innate and adaptive)®. The circadian molecular clocks exist in most immune cells, such as
macrophages, dendritic cells, T- and B-lymphocytes, and impacts on host-pathogens
interactions, leukocyte transport, activation and deactivation of innate and adaptive immunity
responses (Table 1).

The central SCN clock was reported to drive circadian rhythms in the expression of adhesion
molecules (e.g., ICAM-1 and VCAM-1) on endothelial cells or chemokines/chemokine receptors
(e.g., CCL2 and CXCR4) in tissue or leukocytes, which contributes to a time of day-dependent
recruitment of leukocytes into the tissues such as the bone marrow and muscle”. This
regulatory mechanism was further depicted for leukocyte migration by circadian clock in
another study®. It showed that the frequency of Ly6C™" inflammatory monocytes in blood,
spleen and bone marrow exhibited circadian oscillations. It is suggested that CLOCK/BMAL1
heterodimer negatively regulated expression of CCL2 in monocytes, which then contributed to
the circadian oscillations of Ly6C™" inflammatory monocytes. This corresponds to the diurnal
variations in recruitment of the cells into the sites of inflammation.

Further evidences for circadian oscillations in immunity can be found in the regulation of Toll-
like receptors (TLRs) and some of their downstream effector genes®. The TLRs are class of
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proteins critical for the innate immunity. They are responsible for recognition of foreign
pathogens, enabling the activation of immune cascade against the foreign pathogens. This
response was shown to initiate when the CLOCK/BMAL1 heterodimer bound to the promoter of
TLR9, thus promoting the expression and function in a circadian manner®. Transcriptional
analyses in resident peritoneal macrophages have also revealed circadian fluctuations in several
aspects of the TLR4-LPS response pathway. A recent study revealed the impact of clock genes on
the innate immunity involving the deregulatory circadian effect of PER2 and the upregulation of
TLR9™. Silver et al. showed that the disease severity in TLR9-dependent mouse model of sepsis
varied with the daily circadian changes in TLR9 expression and function, making the molecular
link between circadian and innate immune systems. Similarly, the loss of Perl prevented
excessive innate immune response during endotoxin-induced liver injury®, resulting in an
elevated level of pro-inflammatory cytokines production. Fibroblasts with abolished Cry1/2
expression showed an increased in pro-inflammatory cytokine production of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)**. This abolishment would consequently
affect BMAL1 to attenuates NF-kB activation by sequestering CLOCK, which controls the
acetylation of p65 for NF-kB transactivation®?.

Several studies have showed that the circadian clock is also an important regulator of cytokines.
In one of these studies, it demonstrated macrophages being isolated from mouse spleen
displayed circadian rhythms in TNF-a and IL-6 secretion when stimulated with LPS at different
time points”. These cytokine secretion rhythms continue to persist in constant in vitro culture
conditions, suggesting that macrophage-intrinsic circadian clock may govern these oscillations.
In addition, the temporal variations in serum IL-6 following LPS challenge were absent in mice
with specific deletion of BMALL in myeloid cells®>. With the downstream effect of BMAL1 to
activate the transcription of the nuclear receptor REV-ERBa and REV-ERBa, which in turns inhibit
BMALL, these rhythmic immune responses to LPS were abolished in REV-ERBa-deficient mice™®.
This observation suggests a link among BMAL1, REV-ERBa, and IL-6 production in macrophages
upon LPS challenge.

It is widely proposed that circadian clock is a regulatory gatekeeper of immune response and
inflammation where oscillatory cycles can be synchronized in- or out-of-phase to regulate the
duration, intensity and types of immune response mounted by the body. These oscillatory cycles
are generated through either cell-extrinsic or cell-intrinsic mechanisms'®. The homeostatic
trafficking and recruitment of immune cells are largely controlled by cell-extrinsic manner®* .
The cell-intrinsic oscillations regulate the rhythmic release of chemokines and adhesion
molecules for the trafficking of immune cells for the maintenance of local hemostasis®*” . These
rhythmic oscillations can be further modified by the external environmental cues and interact
with ‘chronobiotic' factors, such as melatonin, to exert a myriad of anti-inflammatory and anti-
oxidative effects.

The ‘chronobiotic’ hormone melatonin modulates immunity and pregnancy outcomes

Melatonin, also known as N-acetyl-5-methoxytryptamine, is a neuroendocrine hormone
produced by the pineal gland®®, the placenta®, the ovary®’ and is considered to be a
‘chronobiotic’ hormone with a universal photoperiodic signal, and a molecule with diverse
physiological function®®. Its secretion is regulated by light/dark stimuli and in turn influences
circadian rhythm such as sleep. In human, the peak and trough of circadian rhythms for different
physiological variables, including blood pressure and sleep/wake cycle, occurs at different
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“clock” times. And under normal light-dark cycle, melatonin concentration would reach a peak
during 2 a.m.®.

Melatonin is synthesized in higher concentrations within the placenta than the pineal gland*.
The cyto— and syncytiotrophoblasts from the human placenta contains two enzymes, serotonin
N-acetyltransferase and N-acetylserotonin methyltransferase, which can metabolize serotonin
to melatonin. Once in the circulation, melatonin can increase phagocytosis, antigen
presentation, and exert its anti-oxidative effect on free-radical oxygen species®. Melatonin acts
through two receptors, MT1 and MT2, which are expressed in circadian pattern and be
regulated by endogenous melatonin*. Perl mutant mice exhibits higher plasma and pineal
melatonin concentrations during the night (active phase)**. The removal of MT2 results in a
decrease in Per1 and Cryl expression in the SCN*’. Membrane and nuclear melatonin receptors
identified on leukocytes are thought to modulate the proliferative response of stimulated
lymphocytes. Studies in mice showed melatonin stimulates the production of IL-4 in bone
marrow T-helper cells and of granulocyte macrophage colony-stimulating factor in stromal
cells®,

In mammals, melatonin is a potent immunomodulator® in terms of circadian regulation on
lymphocyte proliferation®, enhancing phagocytosis’’, and stimulate cytokine production®.
Multiple daily injections of melatonin into the rat pineal gland can significantly promote an
increase in macrophage cellularity®. Also, natural killer (NK) cells and monocytes were found to
be increased when mice were orally fed with melatonin®>. Whereas in human, the
administration of melatonin to healthy subjects promoted the stimulation of NK cell activity™".
Importantly, melatonin can significantly influence T cell-mediated immune responses®’. The
endogenous melatonin modulates through the interleukin-2/interleukin-2 receptor system on T-
cell activation and differentiation, especially for Th17 and Treg cells®®. NK cells, Tregs, Th1/Th2
ratio and Th17 are all implicated in conditions of reproductive failure such as recurrent
miscarriage, recurrent implantation failure and preeclampsia; albeit that the question on
causality has yet to be addressed.

It is known that an episodic but consistent rise of maternal melatonin concentration occurs in
the third trimester of pregnancy®*. Melatonin crosses the placenta and blood brain barrier from
the maternal circulation to the fetus®’, and melatonin receptors are widespread in the fetus in
both central and peripheral tissue from early fetal development®. Whilst entraining circadian
rhythmicity may be a necessity in the non-human species for evolutionary purposes, which is to
inform photoperiodic seasonal information, the role and purpose of the transplacental
availability of melatonin in human is more elusive. However, melatonin is capable of reversing
the rhythmic expression of the fetal clock genes in response to maternal exposure to constant
light® and that from 33 weeks onwards, the fetus is capable of 24-hours rhythms in
temperature and oxygen®’. This complex prenatal interaction suggests the possibility of
melatonin in developmental programming with respect to the fetal immune system. The
maturation of the fetal immune system starts around 9 weeks, a period with extreme plasticity
for epigenetic modification®® which makes the notion of melatonin as a programmer of fetal
circadian rhythmicity, biologically plausible®®.

Conversely, the anti-inflammatory facet of melatonin can act as an anti-inflammatory agent, to

inhibit the immune response® by dampening the exacerbated production of pro-inflammatory
mediators, mainly cytokines, in a large number of in vivo models of inflammation®. Melatonin
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can be synthesized by lymphocytes, which help to stimulate IL-2 production in an autocrine
and/or paracrine matter®2. Also, melatonin can stimulate the induction of Th2 lymphocytes that
produce IL-4, thereby inhibiting the function of Thl cells®®. Through the modulation in T-cell
responses, melatonin exerts potential beneficial effects in suppressing various diseases with
inflammatory origin, including preterm labor, gestational diabetes and preeclampsia®®. The
possible mechanisms of melatonin in reproductive processes is outlined in Figure 2.

Circadian regulation of immunity involved in pregnancy complications through melatonin?

The hypothalamic—pituitary axis is under circadian control and affects the timing of ovulation
and hormone secretion. Deregulating circadian rhythms by inappropriate light exposure or
manipulating the body clock at a molecular level negatively affects implantation and pregnancy
success in animals®. Work from our group and others have shown that disruption of the
circadian clock through shift work can result in the increase in infertility, menstrual
dysregulation and miscarriage® ®. In chronobiology, the relationship between the circadian
clock system and the immune system is previously outlined. The mediators of immune factors
and circadian control are summarized in Table 2.

Animal Study

In pregnant rats, decidualization initially takes place in the antimesometrial endometrium, which
later transforms into the decidua basalis persisting throughout gestation. This location of
implantation and pregnancy development coincides with the melatonin binding sites, which are
reported to be progressively reduced and confined to the antimesometrial non-decidualized
outer stroma during pregnancy®’. The decidua basalis mediates inflammatory signals that
activate parturition primarily by controlling the type and function of its resident immune cells,
such as the differentiation and attraction of M2 macrophages, monocytes® ®°, angiogenic
neutrophils’ and NK cells’" 7>, At term, decidual leukocytes possess increasingly inflammatory
phenotype’®, including increased expression of TNF-a and IL-6 and reduced expression of
immunoregulatory cytokines, such as IL-4 and the IL-1 receptor antagonist’*. Consequently, this
promote activated leukocytes within the decidua to produce more prostaglandins, which would
promote uterine contractions for labor.

The ability of melatonin to promote embryo development in different species has been
reported. When mouse embryos were cultured in a medium containing melatonin, increased
blastocyst development rates were observed’. In another experiment using pregnant rats,
suppression of maternal plasma melatonin circadian rhythm was induced by continuous light
exposure during the second half of gestation. It showed several effects on fetal development’®.
First, it induced intrauterine growth retardation. Second, in the fetal adrenal in vivo, it markedly
affected mRNA expression level of clock genes and clock-controlled genes in lowering the
content and precluded the rhythm of corticosterone. Thirdly, an altered in vitro fetal adrenal
response to ACTH for corticosterone production was observed. In addition, this alteration was
concurrent with the relative expression changes in clock genes and steroidogenic genes.
Moreover, all these changes were reversed when the mother received daily dosage of melatonin
during the subjective night, which is at the endogenous circadian rhythm during nighttime.

Human Study
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Dysregulation of immune responses is detrimental to early pregnancy and obstetrics outcomes
such as recurrent pregnancy loss, implantation failure, preeclampsia, preterm birth and
intrauterine growth restriction””” ’®. The question of which specific conditions of reproductive
failure is directly attributable to a deranged immune system in conjunction with a disrupted
circadian clock is not yet fully known and in many cases, can only be a biological plausible
extrapolation. The proposed association between the circadian clock (central and peripheral),
the clock-controlled immune related factors and pregnancy-related pathologies are illustrated in
Figure 3. Transcriptomic analysis of the uterine pre-receptive to receptive phase in the human
endometrium study utilising the more precise method of RNA-Seq has identified novel
transcripts, with gene ontology and pathway analysis highlighting ‘circadian rhythm’ as one the
most significantly up-regulated pathways involved with metabolism and mineral absorption”.
Muter et al., 2015 showed that the siRNA knock down of Per2 in endometrial culture does lead
to a grossly disorganized decidual response and differentially expressed transcripts, and
hypothesized that disordered pro-inflammatory decidual response prolongs the window of
endometrial receptivity, which in turn increases the risk for out-of-phase implantation and
recurrent pregnancy loss®.

The canonical clock genes are described in distinct zones within the term placenta but the
circadian changes were found not to be robust nor well-coordinated®. The state of pregnancy
leads to maternal ‘adaptations’ in the increased expression of Per2 in the SCN, Per3 in the
maternal liver, but dampens those of Clock, Bmall, Per1, Cry1 and Cry2”. It is plausible that the
chronobiologically sensitive mediator — melatonin completes the linkage between the maternal,
foetal and placental physiological rhythms, through mechanisms of entrainment and direct
biological actions. The benefits of melatonin may extend from implantation period® to later in
gestation, where the elevated levels associated with the 3" trimester of pregnancy, improves
progesterone synthesis, inhibits premature release of oxytocin until the time of parturition®.

The paradox of the immunologically privileged fetus may in fact be one intended by nature
where the maternal immune system intents to recognize, and even nurture, the developing
trophoblast. Melatonin innate rhythm correlates with rhythmicity in the Th1/Th2 ratio in
maintaining the survival of the fetus®. Increased IL-12 expression (Th1) and lowered IL-10
expression (Th2) in women is associated with an increased risk of preterm birth®. However, it
has become increasingly clear that melatonin also acts on T-lymphocyte precursors and affects
both NK cell and monocyte function. Several studies found that peripheral NK cells are increased
in women with recurrent miscarriages® . And during luteal phase and early gestation in the
uterus, the uterine NK (uNK) cells are the major lymphocyte population present within the
endometrium®’. While the specific functions of these cells remain unknown, they appear to play
a role in the implantation process and development of the placenta®®. When comparing
between NK cells in our circulation with those found in the uterine endometrium, uNK cells are
CD56™"CD16  in receptivity and lower NK activity, whereas typical NK cells are CD56°™CD16" in
receptivity and higher NK activity®. In addition, unlike the typical NK cells found in the
circulation, they are not phagocytotic and do not lyse the trophoblast. Instead, they produce
numerous cytokines that promote trophoblast growth and proliferation in vitro™®. The presence
of NK cells at the maternal—fetal interface during implantation in many species suggests that
trophoblasts are target cells for uNK cells”. Hence, it is logical that uNK cells play a role in the
dynamic changes of the human endometrial epithelium that occurs throughout the menstrual
cycle and early pregnancy. However, the exact mechanistic relationship between these non-
phagocytotic uNK cells and the circadian clock remains to be uncovered.
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VEGF (vascular endothelial growth factor), a key player in pathological reproductive processes
such as preeclampsia, is known to be controlled by the complex CLOCK-BMAL pathway. Cell
culture experiments showed that the transcription of VEGF co-transfected with CLOCK-BMAL
increases the level of VEGF protein® and the transient expression of Per2 and Cryl would
inhibit such protein expression. In the human cancer xenograft model, the excised lesion
showed circadian rhythmic expressions of Clock genes and VEGF. VEGF and BMAL1 have
similar peaked expression during the light cycle. Melatonin has been reported to inhibit the
expression of VEGF and hypoxia-induced factor-1a (HIF-1a), a mediator of VEGF*. Also, BMAL1
has been shown to dimerize with HIF-1a in vitro and potentially bind to hypoxia response
elements in gene promoters and drive the transcription of target gene594. However, it remains
controversial whether BMAL1/HIF-1a dimer can induce VEGF transcription in vivo. The
hypothesis that VEGF detrimentally influences the outcome of preeclampsia under the
influence of clock genes network is entirely speculative. Normal blood pressure is known to
vary in a circadian manner, but in those with preeclampsia, this circadian relationship is lost. As
VEGF is predominantly active within the vascular endothelial cells, it lends itself as a prime
candidate to this speculative, but plausible association of a ‘clock’ determining factor for
preeclampsia. If the jig-saw pieces relating to melatonin rhythms®, poor reproductive
outcomes®, aberrant expression and activity of VEGF in the fetal-placenta unit®” and an altered
circadian rhythm®® were better assembled with the support of data from well-planned
prospective research studies, there is likely to be a new and promising paradigm shift in terms
of diagnostics and therapeutics.

Although melatonin seemed indispensable and beneficial during pregnancy and early fetal
development, there is currently no evidence from randomized-controlled trial that treatment
with melatonin given to the mother during pregnancy has any beneficial effect on the fetal
growth. Thus, the effect of exogenous melatonin on immunity during pregnancy remains to be
elucidated.

Conclusion

In summary, both regular circadian rhythms and cyclic melatonin availability are critical in
assuring optimal immune regulation during pregnancy. Without a doubt, the effect of melatonin
in rhythmic variations on gene expression suggests an important role in uterine receptivity and
its support for fetal growth and development. It seems likely that a desynchronization of this
system could contribute to possible consequences of impaired implantation, fetal development
and beyond. Introduction of exogenous melatonin might have multiple beneficial effects on
protecting the mother and fetus toward immunocompromised pregnancy. However, much
work is still needed to ascertain the therapeutic effect of melatonin to modulate circadian
influences on immune response during pregnancy.
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Table 1. Mediators of immune factors and circadian control.

Immune Cell Clock- Growth Factors Consequences on References
Types controlled and Cytokines abolishment of Clock
Expression Involved expression on immunity
Neutrophil BMALI1 CXCL12, CXCL5 Increase inflammatory (Ella K et al,
responses to 2016)70
lipopolysaccharide and
bacterial infection
Monocyte BMAL1 CCL2 Attenuates monocyte (Gagnidze K et
recruitment and al, 2016)69
inflammation
Monocyte CRY1 IL-1B, IL-6 and Increase in inflammation (QinBetal,
TNF-a 2015)%
Natural Killer Perl interferon-y, Altered rhythms of NK (Logan RW et
cells perforin and cell immune factors al, 2013)71
granzyme B
Natural Killer Per2 IFN-gamma and Decrease NK cell function (Liu J et al,
cells IL-1B 2006)72
Macrophage CRY1 TNF-q, IL-6, Increase expression of (Keller M et al,
and MIP-1a Inflammatory cytokines 2009)*

A summary of mediators known involved in immunity and their corresponding Clock gene control.
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Table 2. Mediators of immune factors and circadian control in reproduction.

American Journal of Reproductive Immunology

Immune Clock- Role in Reproductive Pathological References
Factors controlled processes processes
or related
Associated
Genes
Involved

Cytokines and Recognition Receptors

MTLRs TBMAL1L Influence immune cell Preeclampsia, (Silver AC et al,
recruitment, cytokine intrauterine 2012)20
secretion and decidual growth

response to invading restriction, and
pathogens preterm labor
JTNF-a and MNPer2 Decrease inflammatory Preterm Birth (Castillo-Castrejon
JIL-6 response M et al. 2014)"
™IL-4 MNPer2 Reduce uterine Preterm Birth (Castillo-Castrejon
contraction during M et al. 2014)74
early gestation
JNF-kB dCryl, Decrease inflammatory Preterm Birth (Narasimamurthy R
Cry2 response etal, 2012)31
™ IL-10 MNPer2 Anti-inflammatory Preterm Birth (Castillo-Castrejon
response M et al. 2014)74
Remodeling Factors
VEGF CLOCK, Stimulation (Anthony RV et al,
BMAL1 monocyte/macrophage Preeclampsia 1995)99
migration
Immune Cells
MMacrophage NPer2, Vascular remodeling Preeclampsia (Faas M et al,
BMALI1 and clearance of 2014)100
apoptotic cells
T regulatory BMAL1 Shift Th1 to Th2 Preterm birth (Yamada H et al,

cells

2003)%

A summary of mediators known involved in immunity during pregnancy and their corresponding Clock

gene control.

/M, increase activity; {1, decrease activity; TLRs, toll-like receptors; TGF-a, Transforming Growth Factor-
a; IL-6, interleukin-6; IL-4, interleukin-4; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B
cells, IL-10, interleukin-10; TH1/2: helper T1/helper T2.
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Figure 1. lllustration on circadian effects on immune function in mammal.
In using a mouse model, the changes in leukocytes infiltration to the tissue is maintained in a
circadian cycle. As mice are nocturnal animal, they are most active during nighttime (ZT12-ZT0),
whereas the immune cells are most active for tissue repair and regeneration. While in human, the
active phase would shifted to being in the daytime (ZT0-ZT12), for which the immune cells
response are enhanced for tissue repair and regeneration.
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Figure 1. Illustration on circadian effects on immune function in mammal.
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Figure 3. lllustration on the effect of clock genes regulation during pregnancy and their subsequent role in clinical

pathology.
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IGF1, insulin-like growth factor; IGF2, insulin-like growth factor; EGF, epidermal growth factor; PDGF, Platelet-
Derived Growth Factor; FGF-2, Fibroblast Growth Factor-2; FGF-2, Fibroblast Growth Factor-4; TGF-B, Transforming
Growth Factor-B; IL-1, Interleukin-1; IL-4, Interleukin-4; IL-6, Interleukin-6; IL-10, Interleukin-10; ROS, Reactive
Oxygen Species; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; TGF-a, Transforming Growth

Factor-a

Figure 3. Illustration on the effect of clock genes regulation during pregnancy and their subsequent role in

clinical pathology.
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