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Abstract

The mammalian brain has an endogenous central circadian clock that regulates central and peripheral cellular activities. At
the molecular level, this day-night cycle induces the expression of upstream and downstream transcription factors that influ-
ence the immune system and the severity of viral infections over time. In addition, there are also circadian effects on host
tolerance pathways. This stimulates adaptation to normal changes in environmental conditions and requirements (including
light and food). These rhythms influence the pharmacokinetics and efficacy of therapeutic drugs and vaccines. The impor-
tance of circadian systems in regulating viral infections and the host response to viruses is currently of great importance for
clinical management. With the knowledge gained from the COVID-19 pandemic, it is important to address any outbreak of
viral infection that could become endemic and to quickly focus research on any knowledge gaps. For example, responses
to booster vaccination COVID-19 may have different time-dependent patterns during circadian cycles. There may be a link
between reactivation of latently infected viruses and regulation of circadian rhythms. In addition, mammals may show dif-
ferent seasonal antiviral responses in winter and summer. This article discusses the importance of the host circadian clock
during monkeypox infection and immune system interactions.
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Introduction

Monkeypox virus (mpox) is a viral zoonosis (transmitted to
humans from animals—rope tree squirrels, Gambian pouched
rats, dormice, non-human primates). Several neurological
manifestations, such as headache, fatigue, malaise, myal-
gia, altered consciousness, agitation, nausea, anorexia, and
vomiting, have been reported in patients with mpox (Shafaati
and Zandi 2022). The dynamics are uncertain of the mpox
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outbreak in 2022, which spread from endemic countries in
Africa to other regions of the world. However, although
we know little about its host range, evidence suggests that
changes in virus ecology itself are probably responsible for
the unexpected emergence of mpox in the human population
[including men who have sex with men (MSM)] (Patrono
et al. 2020). In addition, “epigenetics” and “circadian clocks,”
two relatively recent models, are novel for mpox, and addi-
tional is needed. Current evidence indicates that the circadian
clock controls and regulates innate and adaptive immunity,
virus replication and spread, and the severity of viral infec-
tions. A better understanding of the circadian clock’s effects
on mpox infection can help improve clinical management of
the 2022 outbreak and clarify the epidemiology and clinical
manifestations of zoonotic pathogens. Circadian rhythms play
an important role in regulating daily physiological activities,
particularly the immune response, which has a large impact
on human health. Mpox infection can occur via respiratory,
mucosal, or skin contact. It has been demonstrated in both
natural and experimental infections that these exposure path-
ways influence how diseases manifest and their severity, with
dermal exposure producing more severe disease including
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exanthema (Reynolds et al. 2006; Saijo et al. 2009; Zhuang
et al. 2017). Thus, clinical signs may be influenced by how
virus infection occurs (Shafaati and Zandi 2022; Choudhary
et al. 2022).

Circadian clock and viral infections

Because any disruption of the host’s circadian rhythm results
in increased pathogen proliferation and spread, thus having a
significant impact on the severity of acute infection. Humans
are more susceptible to infection at certain times of the day
due to the daily rhythmic circadian cycle (Man et al. 2016).
Edgar et al. showed that the time of virus infection has a
positive correlation with the severity of herpes and influenza
A virus infections (Edgar et al. 2016). In viral infections,
the infection-biological clock is a new concept that reveals
the complex relationships between circadian timing, host
immunity, and virus-host interactions (Table 1). Table 1
describes that many viruses interact with circadian clock
components (BMAL-1, CLOCK, REV-ERB, etc.), upsetting
its order through a variety of processes for their own replica-
tion requirements. Research is needed in this new field with
regard to re-emerging and emerging viral infections with
unknown spread dynamics. Moreover, this will assist treat-
ment and lead to improvements in public health policies (Ko
and Takahashi 2006).

A host is obligatory for viral replication, propagation, and
spread. Circadian rhythms can control a variety of viral dis-
eases, including SARS-CoV-2, herpes, flavivirus, vesicular
stomatitis virus, and influenza A infections (Soltani et al.
2021). Disruption of the circadian clock promotes the virus’s
proliferation and spread, which is further explained in Fig. 1.
Numerous immunological markers change during the day to
predict environmental changes and lower the risk of infec-
tion. For various innate immune system functions, the cellu-
lar clock—where CLOCK, BMALL1, and REV-ERB regulate
crucial processes including developing pattern recognition
receptors (PRRs) involved in nucleic acid sensing, during
viral infections. Understanding these processes is essential
in defeating pathological virus infections (Silver et al. 2018).

That virus infections, as mentioned, including COVID-
19 are influenced by the circadian clock (Ray and Reddy
2020; Zandi et al. 2022; Zandi 2022). That the circadian
clock effects on viruses may be a general phenomenon, sup-
ports the notion that mpox pathophysiology is likely under
the control of the clock as well, even though there is as
yet no direct evidence. This highlights the importance of
researching mpox infection in relation to the circadian clock
(Mazzoccoli et al. 2020).

Host cells are necessary for the replication, survival,
and spread of viruses. The biological clock, which controls
the circadian rhythmicity of immunological and cellular
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processes, shapes the host’s response to viral infections and
patterns of host—pathogen interaction. Viral infections, like
other infectious diseases, have an impact on the circadian
clock circuitry of the infected host, which then interacts with
the host’s molecular components. This shows that timing
is important in this intricate interplay and raises the pos-
sibility that adopting chrono-modulated antiviral treatment
strategies may be advantageous (Mazzoccoli et al. 2020). It
has been demonstrated that the circadian clock affects viral
infection by changing the host pathways necessary for viral
replication. Viruses, unlike bacteria, do not have their own
circadian rhythms, but they can affect and be influenced
by the circadian rhythms of their hosts when they infect a
cell. Viral infection may also alter circadian gene expres-
sion. According to previous studies of other viral infections
(Ray and Reddy 2020; Ray et al. 2020; Mazzoccoli et al.
2020; Borrmann et al. 2021), the severity of mpox infection
may depend on the time of exposure to the infectious agent
in the day-night cycle. It has been demonstrated that sim-
ian immunodeficiency virus (SIV) infection impairs several
components of circadian timing in monkeys, with significant
ramifications for physiological processes, including temper-
ature control and gross motor activity. These pathological
changes are not connected to those found in the acute febrile
response followed by viral infection. However, the animals
show substantial circadian irregularities and hypothalamus
microglia infiltration and macrophage development, imply-
ing similar physiological and psychological changes in HIV-
infected people (Huitron-Resendiz et al. 2007).

Viral infections can be acute, like those caused by the
influenza virus, or chronic, like those caused by the hepa-
titis B virus (HBV). It displays a coordination between the
host immune response and viral escape mechanisms in both
conditions. Given that viral replication depends on cellular
pathways and since more than 80% of protein-coding genes
in diverse tissues in humans exhibit daily rhythmic expres-
sion, it is not surprising that host clock components have
been documented to either directly or indirectly influence
virus replication (Borrmann et al. 2021). The significance
of natural killer T cells, natural killer cells, and inflam-
matory monocytes in the daily dependence of influenza
infection was shown by Sengupta et al. (2019). Nguyen
et al. (2013) revealed that BMALI1 controls inflamma-
tory monocytes’ diurnal rhythm. According to Majumdar
et al. (2017), BMALLI deficiency increases susceptibility
to the respiratory syncytial virus (RSV) and PIV3 (human
parainfluenza virus type 3) infection. Other respiratory
viruses are also circadian dependent. In the context of pul-
monary inflammation, REV-ERB can inhibit inflammatory
responses including chemokine production (Caratti et al.
2018). Interleukin-6 (IL-6) production and the endotoxin
response in macrophages were both boosted by genetic
disruption of REV-ERB (Gibbs et al. 2012). These results
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Fig.1 Circadian oscillations of physiological infection. Most of brain
central cells (glial cells and the neurons) and all the body’s periph-
eral tissues include molecular clocks. The brain’s pacemaker neurons
in the SCN (supra-optic chiasmatic nucleus—a central clock) set
clocks to the natural cycle of light and night. Almost all cell types
have molecular clocks that control gene transcription in association
with tissue-specific elements. Potential therapies include those that
modify the activity of the central clock (such as light and melatonin,
which both influence the sleep—wake cycle), as well as those that tar-

demonstrate how the circadian clock controls the immune
response, which has an impact on virus replication.

There is currently a lack of useful information on this
topic for mpox, but given that the circadian rhythm is con-
nected to the course of viral replication and the course of
host tolerance, much needs to be accomplished for the out-
break of mpox in 2022. This also affected the unanticipated
and surprising transmission routes in the mpox 2022 out-
break. By using monkeypox-specific cell lines and animal
models (every 12 h and checking between the resting and
active phases), the severity of the infection can be evalu-
ated and correlated with the time of the viral infection and
to what extent the mpox replication and its neutralization
by the immune system require diverse circadian cycles. In
addition, comparing common reservoirs of mpox in wild
animals with the clock-dependent group will help to explain

@ Springer

Systemic
rhythms

get peripheral targets such nucleotide levels, cryptochrome (CRY)
stability, and nuclear receptor function [Abbreviation: P: proteins, C:
carbohydrates, F: fatty acid, Circadian proteins: (BMAL1, CLOCK,
PER, and CRY), SIRTS: sirtuin 1 is conserved mammalian nicotina-
mide adenine dinucleotide (NAD+) dependent histone deacetylase,
which is encoded by the SIRT1 gene, SCN: the suprachiasmatic
nucleus, often known as the SCN, is a collection of nerve cells (neu-
rons) that functions as the body’s main clock. Direct input from the
eyes is sent to the SCN, located in the hypothalamus part of the brain]

how mpox replication and progression may be grounded on
circadian cycles (Shafaati and Zandi 2023).

It should be noted that “time of dosing and pharmacokinetic
effectiveness” have an impact on circadian clocks (Sengupta
et al. 2019). The dosage time affects most drugs with moderate
(8 to 15 h) half-lives. The level of neutralizing antibodies that
are induced after vaccination is regulated in part by the dosing
time, which also controls the efficacy of viral vaccines (Ruben
et al. 2019). Influenza virus strains A and B, for instance,
respond better to morning vaccination than to evening vac-
cination (Long et al. 2016). To achieve the optimal clinical
outcomes, circadian rhythm should not be neglected while for-
mulating drugs, determining their dosage, and administering
mpox vaccines. Mpox-host interactions affect essential physi-
ological processes such as metabolic pathways, protein syn-
thesis, macrophage activation, and apoptosis, which suppress
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inflammatory responses and disrupt interleukin and comple-
ment signaling (Lu and Zhang 2020; Weaver and Isaacs 2008).

Circadian clock and monkeypox virus infection

Because monkey and human poxviruses are so similar, mon-
keys were first used in smallpox experiments. The serial
passage of monkeypox, variola, vaccinia, and chimpanzee
poxviruses in baboons (Papio cynocephalus) has been the
focus of numerous studies as well (Heberling et al. 1976).
53.4% of baboon genes, 8120 genes, undergo body-wide
oscillations. Among these genes, there are daytime and
nighttime variation groups (Soltani et al. 2021). Nighttime
groups predominantly are enriched for cellular signaling and
growth, whereas daytime groups of genes are predominantly
enriched for metabolism.

The critical parts of the circadian network are CLOCK
(along with its paralog NPAS2), its heterodimeric partner
BMALI (ARNTL), and its downstream targets, PER1,
PER2, CRY1, and CRY2 (Rijo-Ferreira and Takahashi
2019). To control circadian gene expression, the tran-
scription factors CLOCK and BMAL combine to create
heterodimers that bind to E-boxes, which are genomic
regulatory regions. The repressors PER (period) and CRY
(cryptochrome) are expressed as a result of this complex,
and they dimerize to establish a negative feedback loop that
inhibits CLOCK: BMAL1-mediated transcription (Sengupta
et al. 2019). Different biological-physiological rhythms are
produced because of core clock genes’ regulation. Although
it is well established that a considerable portion (3—-16%) of
mRNA transcripts express themselves rhythmically, it is yet
unknown how circadian cycles affects the transcriptomes
in different cells (Hughes et al. 2009). Genes that interact
with SARS-CoV-2 proteins are highly indicative of this
rhythmicity. Notably for influenza and SARS-CoV-2, the
inflammatory phase of viral infections is highly correlated
with the circadian rhythm. Possible impacts on health care
could result from viral infections linked to circadian cycles.
The most circadian-regulated organs or cells may respond to
infection in a time-dependent approach. These findings sug-
gest that patients should refrain from actions that interfere
with their circadian rhythms, such as insufficient sleep and
excessive fatigue (Sengupta et al. 2019; Gachon et al. 2018).
Melatonin may help anyone with certain circadian rhythm
sleep disorders, whether they are adults or children.

Epigenetics, circadian clocks, and viral infection

DNA methylation, histone post-translational modifica-
tions (PTMs), and non-coding RNAs are the main mecha-
nisms of epigenetic regulation. They all result in chromatin

remodeling and changes in control of gene expression.
Inputs to the cell, such as light or nutrients, allow the tran-
scription of genes to turn on and off, eventually leading
to signaling pathway activity clock-BMAL1-dependent
clock-controlled gene activation is correlated with circadian
modifications of histone PTM promoters (Shafaati et al.
2023). Chromatin remodelers are continuously recruited to
the promoter region of clock-controlled genes, including
sirtuin deacetylase 1 (SIRT1, a NAD*-dependent histone
deacetylase) and histone deacetylase 3 (HDAC3). Clock
transcription factor regulates activity of histone acetyl-
transferase. The clock-controlled genes’ rhythmic expres-
sion is canceled in its absence. The DNMT1, DNMT3a, and
DNMT?3b enzyme family methylates a cytosine residue in
CpG dinucleotides, which is necessary for biological clock
function (DNA methylation) (Sahar and Sassone-Corsi
2013) and is disrupted by viral infection. Approximately
3% of the world’s population is infected with hepatitis C
virus (HCV), which infects the liver. Different genotypes
of HCV have been demonstrated to interfere with molecular
clock and epigenetic modifications (Jueliger et al. 2016). To
control lipid metabolism, cell proliferation, and regenera-
tion, SIRT1 regulates the circadian cycle of clock-controlled
genes in the liver (Sato et al. 2017). It has been shown that
HCV has a direct effect on the circadian clock system.
Treatments for conditions linked to HCV infection may be
more effective if circadian modulation of the HCV life cycle
by host rhythmic oscillations were better understood (Ko
and Takahashi 2006). The molecular clock and viral interac-
tion with cellular processes are both influenced by genetic
and epigenetic factors.

Conclusion

The host response to viral infections is determined by the bio-
logical circadian rhythm, which also regulates immune and
cellular activity. This affects the patterns of host—pathogen
interactions. Consequently, interference between the circa-
dian clock and viral infection increases host susceptibility to
emerging and re-emerging viral infections. Given the high
endemic potential of mpox and other zoonotic viral infections,
to improve clinical management and outcomes, it is important
to determine whether infection is severe at specific times of
the circadian cycle. In addition, the effects of environmental
and genetic changes (epigenetic factors and ecosystem) should
also be investigated.

Abbreviations mpox: Monkeypox; MSM: Men who have sex with
men; HBV: Hepatitis B virus; HCV: Hepatitis C virus; HIV: Human
immunodeficiency virus; SIV: Simian immunodeficiency virus;
DNMTs: DNA methyltransferases; HDAC-3: Histone deacetylase 3
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