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Abstract  The COVID-19 pandemic has necessitated novel approaches and col-
laborative efforts across multiple disciplines. It is known that various aspects of
our physiology and response to pathogens are under tight clock control.
However, the assimilation of circadian biology into our clinical and research
practices is still evolving. Using a focused review of the literature and original
analyses of the UK Biobank, we discuss how circadian biology may inform our
diagnostic and therapeutic strategies in this pandemic.
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The coronavirus disease 2019 (COVID-19) epi-
demic, which as caused by severe acute respiratory
coronavirus-2 (SARS-CoV2), has prompted a scramble
for safe and effective treatments. Our focus remains on
vaccine development and repurposing approved
drugs. However, reviewing our current understanding
of chronobiology as applicable to other viral patho-
gens may help us realize opportunities to harness the
power of circadian biology for SARS-CoV-2.

Circadian rhythms are evolutionarily conserved
pathways that serve as a means for living organisms
to adapt to the environment. It is an anticipatory sys-
tem, preparing us to deal with challenges to our
resilience, including infections. Molecular clock-
works are highly conserved, tightly regulated, and
exhibit a high degree of redundancy (Takahashi,
2017). Directed by a master clock in the suprachias-
matic nucleus, peripheral tissue clocks are among
the most prominent biological networks that inte-
grate cross-tissue functions, such as are intrinsic to

cardiovascular homeostasis, metabolism, and the
immune response (Yang et al., 2013).

The clock may be relevant to the pathophysiology
and treatment of COVID-19 in the following ways:

1. The time of infection relative to the circadian
day: The molecular clock determines the
response to infection via a wide range of
pathogens in many species because of circa-
dian control of the immune system (Curtis
et al,, 2014; Man et al.,, 2016; Zhuang et al,,
2019; Stone et al., 2012; Ehlers et al., 2018). For
example, we have demonstrated that mice
infected with influenza virus at dusk have a
3-fold higher mortality than those infected at
dawn. This did not result from attenuation of
the viral burden but rather from modulation of
the immune response to infection. This circa-
dian variation in lethality was abolished when
the clock was broken in immune cells and
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Figure 1. The top 10 infection phenotypes associated with relative circadian amplitude among participants of the UK Biobank, by
-log10 of the Benjamini-Hochberg g-values. Cases were extracted by lifetime occurrence of ICD-10 codes and associations computed by
a linear model controlling for age, sex, socioeconomic status, body mass index, smoking status, and self-reported overall health. Relative
amplitude was computed as a ratio (M10-L5/M10+L5) where M10 and L5 are are the participant’s average activity levels of the ten hours
of highest activity and five hours of the lowest activity, respectively ( Witting et al., 1990).

pulmonary epithelial cells by deletion of the
nonredundant core clock gene, Bmall
(Sengupta et al., 2019). Consistent with this
observation, we discovered an interesting
association between circadian rhythms and
the need for hospitalization for influenza.
Approximately 100,000 participants in the UK
Biobank have activity measurement for 1 week
using a wrist-worn accelerometer device
(Doherty et al., 2017). Activity was classified
using a machine-learning algorithm (Willetts
et al.,, 2018) and summarized to participant-
level measures of sleep, activity, and rhythmic
patterns. We found that having a robust circa-
dian amplitude in activity levels was associ-
ated with less likelihood of having been treated
for influenza (false-discovery rate—corrected q
value <2 X 107%%) and other lower respiratory
infections, as well as other viral and bacterial
infections (q value <107; Fig. 1). Might the
time of infection contribute to the diversity of
clinical response to SARS-CoV-2? The entry of
SAR-CoV2 virus depends on the cellular
receptor angiotensin converting enzyme 2
(ACE2; Hoffmann et al., 2020), a common tar-
get for antihypertensive therapy. ACE2 itself is
a negative regulator of the renin-angiotensin-
aldosterone system (RAAS), which is known
to oscillate under circadian control (Ohashi
et al. (Ohashi et al., 2017; Nonaka et al., 2001).
There are no published reports of a circadian
pattern of expression of ACE2 protein or
mRNA. However, given its close connection to
the oscillatory RAAS system, it is still plausi-
ble that ACE2 expression is affected by circa-
dian rhythms, thus directly influencing
cellular access by SARS-CoV-2.

As we reopen institutions and design sched-
ules and workspaces, we could test whether
time of day influences the susceptibility to or
severity of COVID-19 infection. Historically,
shift workers have been known to have
increased susceptibility to many diseases
(Smith and Eastman, 2012) and demonstrate
differences in their immunological profile
modified by their chronotype and the time
from last night shift (Loef etal., 2019). However,
in the context of the pandemic, the central
question is whether the risk of infection among
shift workers is influenced by the time of their
shift. This is applicable to all shift workers,
including health care workers, but it has par-
ticular relevance to the clustered outbreaks in
workplaces where social distancing has been
a challenge, such as the meat-processing
industry (Waltenberg et al., 2020). In many
ways, the COVID-19 pandemic presents us
with a natural experiment. Thus, an intriguing
possibility would be to leverage the many
well-designed contact-tracing initiatives to
address the time-of-day—specific susceptibility
of various populations.

Circadian variation in the immune system
across the day: Control of the immune system
by the molecular clock includes regulation of
inflammatory cytokines (Gibbs et al., 2012;
Early et al., 2018; Keller et al., 2009), neutrophil
maturation (Adrover et al., 2019), myeloid and
lymphoid cell trafficking (Druzd et al., 2017),
and migration as well as development and dif-
ferentiation of immune cells, such as Th;, cells
(Yu et al., 2013). Similarly, various aspects of
human physiology have been shown to oscil-
late across the circadian day (Skarke et al,,



2017). Thus, although there is evidence that the
various components of the immune system
oscillate in a circadian manner, this is not usu-
ally factored into sample collection for immu-
nophenotyping (Mathew et al., 2020). Sample
collection is typically driven by the availability
of patient and staff and/or the relation to
drugs already administered, and it is agonis-
tic to timing. Given the magnitude of oscilla-
tions in immune cell number and function in
model systems and humans, time stamping
such samples to account for this variable can
limit the source of biological noise, refine data
interpretation, and reduce the required sample
size for studies of COVID-19.

Circadian biology and time of vaccination:
There is evidence from animal studies that
both the innate immune system (Silver et al.,
2012) and the adaptive system (Suzuki et al,,
2016), such as the CD8 cell-intrinsic clock
(Nobis et al.,, 2019), influence the immune
response to vaccination in model systems. In a
cluster randomized design study in humans,
morning vaccination with the inactivated
influenza vaccine resulted in higher antibody
responses than afternoon vaccination in
adults older than 65 years (Long et al., 2016).
However, this may be confounded by factors
such as vaccination history (Cobey and
Hensley, 2017). In the case of a novel pathogen
such as SARS-CoV-2, there is the opportunity
to perform a controlled comparison of morn-
ing versus evening vaccination to determine if
time conditions the immune response. Another
related factor that has been shown to affect
vaccine response, at least for influenza immu-
nization, is sleep deprivation (Benedict et al.,
2012; Brown et al., 1989; Spiegel et al., 2002).
Further, we speculate that chronotype, which
refers to the endogenous propensity of an
individual to sleep during particular periods
of the day, contributes to the heterogeneity of
response to vaccinations. While there are no
studies that clearly implicate chronotype in
determining vaccine response, the effect of
the time of day on vaccination response
would likely be modified by the endogenous
chronotype. Thus, although the approach to
leveraging the principles of chronobiology in
improving the efficacy of the vaccine response
against SARS-CoV2 is multilayered, simply
time stamping vaccination across the day
would allow us to rapidly scale up to define
the impact of time in observational studies. An
additional consideration is that circadian
rhythms tend to deconsolidate in the elderly,
so the likelihood of a time-dependent response
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to vaccination may be conditioned by the age
of the patient.

Further, these differences in the immune sys-
tem based on time of day should be considered
when working on animal models of COVID-
19. That there are differences between the
mouse and man, in terms of immune architec-
ture and response, is well documented (Mestas
and Hughes, 2004; Shay et al., 2013). However,
specifically relevant here is the fact that mice
are nocturnal and humans are not. Promising
results from mice containing a humanized
ACE2 (Hassan et al., 2020) and other models
need to be interpreted in the light of the noctur-
nal habitus of mice. Appreciation of the differ-
ences in their circadian rhythms may improve
the reproducibility of data and directly affect
the translation of findings from animal to
human studies.

4. Using circadian rhythms to optimize the
effect of antivirals and anti-inflammatory
agents: Just like the immune system, many
drug targets, transporters, and metabolizing
enzymes are subject to circadian variation
under the control of the clock (Zhang et al.,
2014). The response to many drugs, particu-
larly those with shorter half-lives, is greatly
influenced by time of dosing (Sulli et al., 2018).
While targeting drugs to a particular time of
day to enhance efficacy and reduce adverse
effects is common practice for some medica-
tions, it is still not practiced for all drugs with
shorter half-lives (Erkekoglu and Baydar,
2012). Similarly, chronotherapy may be rele-
vant to antivirals such as remdesivir and anti-
inflammatory drugs such as aspirin (Chen
et al., 2018; Bonten et al., 2015; Buurma et al.,
2019), which are being used to treat COVID-19,
but might also be relevant to antithrombotic
medications used to treat COVID-19 complica-
tions. Finally, clock genes (Kojetin and Burris,
2014) and melatonin (Farias et al., 2019; Prado
et al., 2018) have been shown to have anti-
inflammatory effects in other models, and the
use of melatonin to reentrain the clock in cases
of lifestyle-related misalignment may also be
considered to reduce the risk of infection.

In conclusion, our molecular clocks may modulate
viral cellular entry and the consequent immunologi-
cal response to infection. Timing of administration
may influence the response to administration of a
vaccine or to the drugs used to attenuate the severity
of COVID-19. The various intersections of the circa-
dian clocks and immunobiology as well as the epide-
miology of COVID-19 (Fig. 2) constitute biologically
plausible hypotheses that are readily testable.
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Figure 2. Summarized representation of the ways circadian
rhythms interface and thus may be harnessed against COVID-19.
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