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Summary

Seasonal disease outbreaks are perennial feafunaman infectious disease but the factors
generating these patterns are unclear. Here vestigate seasonal and daytime variability in
multiple immune parameteirs 329,261 participants in UK Biobank, and testdesociations
with a wide range of environmental and lifestyletéais, including changes in day length,
outdoor temperature and vitamin D at the time fbedbsample was collected. Seasonal
patterns were evident in lymphocyte and neutropbuints, and CRP, but not monocytes, and
these were independent of lifestyle, demographicearvironmental factors. All the immune
parameters assessed demonstrated significant dayération that was independent of
confounding factors. At a population level, hunramune parameters vary across season
and across time of day, independent of multipld@mamding factors. Both season and time
of day are fundamental dimensions of immune fumcti@t should be considered in all
studies of immuno-prophylaxis and disease transomss
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I ntroduction

Annual cycles in vulnerability to infectious diseaame an established feature of human
epidemiology: most respiratory viruses cause wititee infection and polio is principally a
summer-time disease (Dowell and Shang Ho, 2004)ldkbod infectious diseases
(meningitis, mumps, pertussis and varicella) (Sétadd., 2006), and many of the contagious
diseases that affect domestic animals (Poljak g2@14)(Jactel et al., 1990) are seasonal as
are relapses in autoimmune diseases (Harding, &04l7; Mori et al., 2019). The factors
that mediate this seasonality are poorly understmaticircannual patterns are simply an
assumed component of the dynamics of infectiousagiss. In addition to seasonality,
animals and humans are more susceptible to infexcticsease during the resting phase of
their daily cycle (Tognini et al., 2017), addinfuather circadian dimension to disease
vulnerability.

The axial and orbital rotations of the Earth geteepaiedictable seasonal and daily rhythms of
light and darkness. These conditions in turn geeeatircadian and seasonal oscillations in
ambient temperature, food availability, predatiod ask of infection. Evolution has

equipped animals with innate timing mechanismsglacks”, that synchronise physiology to
these recurring periods of increased risk. Theadiian clock is generated by a series of
interconnected transcription—translation feedback$ that regulate the expression of a panel
of clock-controlled genes (Takahashi, 2016). Moatmmalian cells contain a molecular
clock and overall rhythmicity is maintained by astea clock located in the suprachiasmatic
nuclei of the hypothalamus, conferring time dep@&adeon most physiological parameters
through hormonal and neural signals (TakahashigROMice deficient in the cryptochrome
clock genes@ryl andCry2), show elevated proinflammatory cytokines (Narasnurthy et

al., 2012), and an autoimmune phenotype (Cao,&2@l7), while loss of clock function by
deletion of the clock ger@mal1 was associated with augmented immunity againgebat
infection (Kitchen et al., 2020), all evidence &close association between circadian timing
mechanisms and immune function.

The mechanisms driving seasonality in humans ackean but in animals, the seasonal clock
is generated by changes in thyroid hormones ibthim that respond to day length signalled
by the pineal hormone melatonin (Wood and Loud®i42. The circadian clock is

entrained by the 24-hour photoperiod, while thesseal clock entrains to day length patterns
in Northern latitudes and to seasonal patternaimand food availability in tropical regions,
where day length is constant (Bronson, 2009; Steweand Prendergast, 2015). This is
analogous with aspects of seasonality of the humarune system, where viral infection and
immune cell numbers are associated with day le(egth winter peak in influenza) in
Northern clines and with climatic changes in tr@piegions (Tamerius et al., 2011).

Together, the seasonal and circadian clock syndeghysiology in two dimensions of
time, optimising homeostasis by anticipating changehe environment. For example,
plants (Gangappa and Kumar, 2018), fish (FortegaSit al., 2019), birds (Markowska et al.,
2017) and mammals (Pawlak et al., 2005; YellonBrah, 2002) all align their immune
defence with the time of day that pathogenic angsjglal challenge are most likely. This
conservation across the biological kingdoms isgfrevidence that temporal modulation of
immune function is an ancient and fundamental mashathat has evolved to optimise
survival in variable environmental conditions.
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Laboratory experiments corroborate epidemiologes@dience of circadian and seasonal
rhythms in disease susceptibility. For exampleenaire more resilient to experimental
inflammatory, (Feigin et al., 1969; Halberg et 4B60) infectious (Bellet et al., 2013; Edgar
et al., 2016; Wongwiwat et al., 1972) and physatalllenges (Cable et al., 2017) delivered at
night (their active circadian phase) or in sumn8ahulman and Kilbourne, 1963).
Importantly, these daily cycles in vulnerabilityrpist in constant conditions (photoperiod,
temperature, or humidity) (Schulman and Kilbourt@63)(Shackelford and Feigin, 1973)
and are absent in animals lacking a circadian d{Gcktis et al., 2015; Edgar et al., 2016),
demonstrating clock-mediated regulation that isdraten by current environmental
conditions. Similar to rodents, humans are mosestant to the effects of inflammatory or
infectious challenge (Alamili et al., 2014polimé&cher et al., 1996) delivered during their
active circadian phase (day time), or in summer(\/ed et al., 201Shadrin et al., 1977,
Zykov and Sosunov, 1987).

Circulating white blood cell counts are known teitlate across 24h under basal conditions,
reflecting distribution of cells between tissuesd #éme periphery (Stenzinger et al., 2019).
Importantly, these rhythms persist in constant @ik and are absent in animals with
ablated clock function (Stenzinger et al., 2018j¢ating that they are mediated via innate
circadian timing mechanisms. The extensive dallacmn within UK Biobank represents
an unprecedented opportunity to assess seasontihadf-day variation in levels of human
immune parameters. Here we provide evidence adgagrbus seasonal and daytime
variability in human immune function at a populatievel and we demonstrate that these
patterns are independent of a wide range of dembgraenvironmental and lifestyle factors.
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Results

The exclusion criteria for this study resultedhe temoval of 173,275 study participants.
The remaining cohort was mostly White (98%), witk bther ethnic groups poorly
represented (<2% participants). Summary datadisstribes the demography and lifestyle
of the 329,261 participants that were eligibleifanlusion are given in Table 1.

Mean values for WBC percentage and CRP were plafjathst month and time of day for

all participants, and annual and daily variatiors\gaident on visual inspection and

univariate analysis (Figures 1-2), but there wasemsonal or diurnal variation in the titre
levels of any antigen (data not shown. The proligtuf seropositive status to any of the 20
antigens analysis was not associated with the mamtime of day of analysis (data not
shown). Summary data for white blood cell cowitamin D and CRP levels at all time
points are shown in Supplementary Data (Tables)SIMean and 95% confidence intervals
for monthly data with fitted cosinor models for Iphocyte, monocyte, neutrophil, and CRP
are shown in Figure 1-2. Cosinor analysis showatithe seasonal patterns were statistically
significant for a 12-month assumed periodicity@®P, and WBC counts (Table 3).

CRP levels were higher in the winter months, pegkinDecember, with lowest levels in
July. The seasonal pattern of neutrophil counts similarly higher in winter, peaking in Jan
with lowest levels recorded in summer (July). Beasonal pattern of lymphocyte counts
peaked in spring (March) and troughed in autumridter) (Table 3; Figure 1). There was
no significant seasonal pattern in monocyte counts.

Multiple linear regression was next applied to stigate whether the immune parameters
were associated with day length and, if so, whetinese were independent of other lifestyle
and environmental factors that could confound aatioos via unrelated seasonality. There
was some degree of correlation between outdoordeatyre and day length, as expected, but
the multicollinearity diagnostic indices, VIR armdrance did not reach the thresholds (>10
and <0.2 respectively) to indicate problematic moaltinearity (Table S5). CRP levels, and
neutrophil and lymphocyte counts were found toigeicantly associated with day length,
independent of demographic, lifestyle and enviromia@efactors (Table 2) including outdoor
temperature, and vitamin D. The relationship betweatamin D and CRP was found to be
dependent on BMI, and an interaction term to acttarthis effect was included in the CRP
regression model. Interaction was also detectesldss vitamin D and sex for all WBC
markers, and these interaction terms were addttkteegression models (Supplementary
Data Tables S5-6). In the fully adjusted modeitraghil count and CRP showed significant
negative associations with day length, while lympfte count was positively associated, as
also shown in cosinor analysis. Monocyte count ma@ssignificantly associated with day
length in the fully adjusted model (Model 3).

Segmented linear regression analysis of CRP and \&BiGts over the daily time course
showed significant daytime variation that was repréed by segmental regression lines
(Figure 2). The peaks and trough, (breakpointsgémh marker are shown in Table 4. All
white blood cells showed significant daily variatjavith counts lowest in the early morning
and increasing as the day progressed. Neutrophiitaeached a plateau at 3pm. CRP levels
were highly variable, peaking at 1pm, and decregttiareafter (Table 4).

Linear regression analysis demonstrated that tinges changes in WBCs and CRP were in
most cases independent of lifestyle and environatéattors (Table 5). The morning
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ascending segment of the CRP daily curve was theseation of any of the curves that did
not retain statistical significance after adjustingdowever the daily CRP curve showed a

significant relationship with time of day for thetér parts of the day, after the breakpoint at
1pm.
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Discussion

The human immune system is not constant over 24croiss the seasons and the time of
exposure to pathogens is an important consideratidetermining risk of infection Here we
report seasonal and daytime patterns in immune aalll inflammatory markers within a
large sample of the UK population. Importantly, demonstrate that these patterns are
independent of multiple demographic, lifestyle &xhl environmental variables, supporting
the existence of endogenous seasonal and daytitt@ersain human immune parameters.
These findings highlight the importance of futunedées to understand the time dimensions
of immune function and their implications for pretieg and controlling outbreaks of
infectious disease.

UK Biobank combines multiple blood, demographic angironmental parameters in a large
sample of the UK population that allowed us to gateenovel information on the factors that
mediate daytime and seasonal variations in pergbliamune cells. It was possible to adjust
for multiple lifestyle-associated parameters thaghnbe seasonal such as physical activity
and sleep duration, and unlike previous studiesyere also able to adjust for the effects of
vitamin-D and outdoor temperature. The timingarhgle collection was randomised in this
study, which allowed us to exclude the possibiityias through self-selection of the time of
sampling. Finally, this study contributes to cuatrknowledge by demonstrating significant
daytime and seasonal variability in immune cellthie biggest population sample reported to
date.

The greatest seasonal and daytime changes irttillig were seen in lymphocyte numbers,
with high-amplitude variation over seasons and daysnphocytes were lower during the
early parts of the day, increasing as the day pssgd, consistent with previous reports that
lymphocytes circulating in blood are lower duritg respective active phase of humans
(Ackermann et al., 2014He et al., 2018)Lange et al., 2010)Born et al., 1997)Abo et al.,
1981) and rodents (Druzd et al., 2017; He et 8l1l83(Suzuki et al., 2016). Interestingly,
longer sleep times were associated with numbecg@ilating white blood cells across
multiple mammalian species (Preston et al., 20@@her supporting a relationship between
the timing of activity and immune function. Circadirhythms in the homing and egress of
lymphocytes through the lymphatic system and atissues underlies these diurnal changes
of lymphocyte numbers in blood (Druzd et al., 204&;et al., 2018Pick et al., 2019).

Since the lymph nodes contain the interaction betwgmphocytes and antigen, longer
accumulation times increase antigen encounterpatahtiate the adaptive immune response
(Scheiermann et al., 202uzuki et al., 2016). Consequently, lymphocytmhbaers in the
periphery drop as trafficking to the tissues inse=a along with increased tissue surveillance
and resistance to infection (He et al., 2088k et al., 2019). Circadian rhythms of
lymphocyte trafficking to the periphery are aboéidhby genetic ablation of clock function
and persist in constant conditions (Deprés-Brumenet., 1997; Druzd et al., 2017),
confirming their regulation by the innate circad@ock in mice. These endogenous rhythms
are associated with time-of-day dependent chamgadaptive immunity, including amplified
response to induction of autoimmunity (experimeatgbimmune encephalomyelitis),
immunisation (Suzuki et al., 2016) and viral infent(influenza) during the active phase
(Druzd et al., 2017). Thus the time of day thahpgenic challenge occurs affects the
adaptive immune response generated days latenfahe mechanisms through which
lymphocyte trafficking might modulate seasonal amdadian vulnerability to infection. In
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agreement with previous findings (Aguirre-Gamboalget2016; Liu and Taioli, 2015),
lymphocytes were positively associated with dagtenn our study; cell numbers were
lower in autumn and peaked in spring. These sehsanations in peripheral lymphocyte
counts suggest that humans have some capacitgdsosal regulation of lymphocyte
trafficking that could contribute to seasonalitysinsceptibility to infection.

Previous studies have reported seasonal and arcaditerns in antibody titres in humans
(Rosenblatt et al., 1982), IgM (Dozier et al., 1p®iten discovered serendipitously in the
course of other investigations (Dozier et al., J997%ucocytes collected at different times of
year showed decreasexdvivo response (thymidine incorporation, cytokine redgds
activation in winter time in humans and rats (Bo&bal., 1989; Brock, 1987, 1983mat

and Torres, 1993), and diurnal patterns in antiadys (Kurupati et al., 2017) and & vivo
response to stimulation of PBMCs (Van Rood etl®91)(de Bree et al., 2020) have been
reported in humans. This study in UK Biobank s finst to investigate circadian and
seasonal patterns in antibody titres to commorctidas agents at a population level.
Despite our comparatively large sample size, wadowo evidence for seasonal or daily
variation in antibody titres or in the probabildftesting immunopositive to any of the 20
antigens investigated in this study. However,ahgbody response to vaccination or viral
infection and subsequent decay is subject to wat@tron between individuals (Antia et al.,
2018), which is not accounted for by the crossigeat design of the present study.
Longitudinal experiments are required to estalfisimtibody titres vary by season or time of
day and how this might impact on response to vaticn or infection. Daytime variation in
antibody titres could confound studies of the eifi¢ of vaccination that use antibody
response as an outcome variable (Kurupati et@L7¥Long et al., 2016a, 2016b), and
future investigations within individuals and withutiple sample time points are warranted to
understand basal variation in antibody titres.

Blood neutrophil counts were lowest in early mognin the UK Biobank participants,
increasing thereafter to plateau after 3pm. Prevgiudies demonstrated comparable
circadian rhythms in peripheral neutrophil coumiat twere low in the rest phase, and that
increased over the active phase in both humansnérel(Ackermann et al., 201@)ilma et

al., 1999). Neutrophils have a half-life less tRR4in, and circadian rhythmicity is regulated
through clock-controlled oscillations in chemokipeghways that drive release of young cells
in the active phase, and clearance of aged neulsdpdm the periphery in the resting phase
(Adrover et al., 2019; Casanova-Acebes et al., R0TBese rhythms in neutrophil tissue
migration were shown to underlie increased rest&tdo infection Candidia albicans),

during the active phase in mice (Adrover et al1@0and to diurnal variation in bactericidal
functionex vivo in human neutrophils (Ella et al., 2016). Neuhibpounts were negatively
associated with day length in our study, in agregmath previous studies in humans living
at temperate latitudes (Goldinger et al., 2015;dnd Taioli, 2015). We extend these
findings to demonstrate high peripheral neutropbints in winter time at a population level
that were related to annual photoperiod, indepenafgmarticipant lifestyle, local
environmental conditions and vitamin D. In additio total counts, previous studies have
demonstrated seasonality of functional aspectgofraphil immune function, including
adhesive capacity, CD11b/CD18 expression and RO&uption, resulting in augmented
bactericidal properties of neutrophils collectegimmer (Klink et al., 2012). The seasonal
and daytime patterns in neutrophil count reportex hand in previous studies support
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evidence from animal studies that time-dependeciesyof tissue migration could contribute
to neutrophil-mediated resilience to infection dgrthe active phase, and relative
vulnerability to infection in winter time (Adrovet al., 2019; Casanova-Acebes et al., 2013).

Monocyte counts were lower in the morning compaeceeivening in UK Biobank
participants, consistent with previous reports thahocytes increase during the active phase
in mice (Nguyen et al., 2013) and humans (Borr.e1897). The acute phase protein, CRP
showed a weak daily pattern in this study, witkelsvhigher in daytime, again corroborating
previous reports of diurnal patterns of CRP in hnsn@Morris et al., 20171Chiriboga et al.,
2009; Liu and Taioli, 2015; Rudnicka et al., 200 immune function of tissue
macrophages was shown to be regulated by intreisiadian timing mechanisms that were
independent of systemic glucocorticoid secretioalkg et al., 2009). Circadian rhythms in
the circulation and tissue migration of monocytemice were similarly regulated through an
innate cell-intrinsic clock mechanism and theiriltestton coincides with an enhanced
inflammatory response when monocytes are decreasiting beginning of the rest phase
(Nguyen et al., 2013) and increased lethality afataxic challenge at this time (Halberg et
al., 1960). In agreement, human volunteers shbeightened response to endotoxic
challenge in the evening (Alamili et al., 2014; IRdcher et al., 1996). This increased
inflammatory response in the active phase mightimae innate immune defence at a time
when pathogenic challenge is most likely (Curtialet2014), but could also leave animals
more vulnerable to the toxic effects of augmentéidmmation.

Monocyte counts are higher in winter in some (Aga#Gamboa et al., 2016) but not all (Liu
and Taioli, 2015) previous studies. There wasvidemce of a seasonal pattern in UK
Biobank participants, and monocytes were not aategtiwith day length in the fully-
adjusted model. While peripheral counts are neags seasonal, monocyte function shows
strong seasonalitgx vivo, with an augmented proinflammatory response tivatobn in
summer time (Myrianthefs et al., 2003; ter Horsalet2016). We found a weak seasonal
pattern in the acute phase protein, CRP in UK Bi&bwaith levels higher in the winter
months. Peripheral CRP and other proinflammatcaykers were higher in winter in many
studies in humans (Sung, 2006ju and Taioli, 2015), and this is thought to admite to
seasonal prevalence of cardiovascular diseaser(iSaral., 2017).

Seasonality of human viral infections is generaltygl intuitively thought to be driven by
annual changes in temperature or humidity, buetieemcreasing evidence that innate
variation in host disease susceptibility is an intgat contributor. In support of this, many
diseases are seasonal in tropical regions wherneet@ture and humidity are constant
(Bloom-Feshbach et al., 201@)amerius et al., 2011 )Furthermore, outbreaks of influenza
occur annually and simultaneously at latitudes #hatoceans apart (Lofgren et al., 2007)
despite variations in local climatic conditions dndnan behaviour. Recurrent seasonality is
a feature of the epidemiology of infectious diseasanimals that do not share human winter
time behaviours such as increased time indoorsydirg or school terms. The prevalence of
human respiratory viruses does not correspondtvélprevalence of the respiratory disease
they cause; remarkably, detection of viral infecti® relatively low in the months that
respiratory disease is highest (Wai Ming Lee et24l12).
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Vitamin D is suspected to contribute to diseass@eality due to known associations with
immune function and highly seasonal serum levets(@ll et al., 2006), but this postulation
is not corroborated by models that compared seritamin-D with influenza transmission in
population based studies (Shaman et al., 2011;140,2016). Our findings in UK Biobank
showed that seasonal changes in white blood aell<C&RP were related to day length
independent of vitamin D levels, in agreement weiidence that circulating vitamin D was
not responsible for seasonality in the proinflanonatunctions of human monocytes (ter
Horst et al., 2016)Finally, evidence of widespread seasonal regulaifdranscription of
genes regulating immune function and of reversguession patterns in Northern and
Southern hemispheres strongly supports endogeregutation of seasonality in human
immune function (Dopico et al., 2015). Seasonalithuman infectious disease may be
driven by an endogenous circannual rhythmicityasthmmunity that generates cycles of
enhancement and suppression of immune functiomamidbws of vulnerability to infection,
as proposed by Dowell in 2001 (Dowell, 2001).

Limitations of Study

This study in UK Biobank is the largest investigatof the seasonal and daytime patterns in
human immune cells, inflammatory markers and andfjitdres at population level, but our
results are subject to many important limitatioAsthough UK Biobank represents a very
large population sample of middle-aged UK adultdy &.5% of those who received an
invitation volunteered to take part. A broad ranfsocioeconomic groups are represented
but ethnic diversity is low (Sudlow et al., 201%jurthermore, UK Biobank specifically
recruited participants aged 40-69 years, so odirfgs may not apply to younger people.
Some of the data that we analysed were self-regharieluding ethnicity, physical activity,
health status and chronotype, and mis-classifiocaroors are possible. The participants
denied chronic disease, but we cannot excluderdsepce of acute infection at the time of
assessment. The study design was cross sectmubs, single blood sample was available
from each participant so the influence of withibjgat variation cannot be assessed. We
were unable to assess circadian patterns since Wexe no night-time blood sample
collections, and our results are limited to analydidaytime variation. Nevertheless, the
daily patterns we report in over 300,000 particisaare consistent with the results of
previous studies where blood was withdrawn at @girnepoints over 24h under
experimental conditions. We present results @fltoell counts only, and further studies are
required to investigate subtypes of lymphocytesragrophils. The immune parameters
that we report are affected by a multitude of fextelated to interactions between host,
pathogen and the environment. It is not possibleonsider all of these in a population-
based study, and the mechanisms driving the assoavith day length and time of day
that we report require investigation under congkexperimental conditions. Furthermore,
the effect sizes we report are small, and likellpemf clinical significance for population-
level disease control, rather than for the hediihdividuals. The strengths of this study are
the large sample size and that the times of saogblection were randomly allocated to each
participant. It is also a strength that we were &b investigate the effects of day length and
time of day on immune parameters while adjustingtber factors thought to affect seasonal
and daytime variability including physical activityitamin D and outdoor temperature.
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Seasonality in the epidemiology of infectious désess considered to be generated by
environment and pathogen related factors, andenveiability in host susceptibility to
infection is rarely considered. Our findings casenal and daytime variability in multiple
immune parameters in a large sample of the UK padjaul under basal, free living
conditions that were independent of environmeraabddions, support the contribution of
innate mechanisms to variability in disease suduiéipt.

Future research should focus on whether electsteicgon of human activity at times of
increased vulnerability to infection through nigime and winter curfews could control the
spread of infectious disease by minimising exposugathogens during susceptible periods.
This is exactly the function that has driven theletion of temporal regulation of the
immune system and harnessing this innate attribmuiél optimise our resilience to COVID-
19 and future pandemics.

Resour ce Availability

Lead Contact
Further information and requests for resourcesraagents should be directed to and will be
fulfilled by the Lead Contact, Cathy Wyse (cathyegrcsi.com).

Materials Availability
This study did not generate any new unique reagents

Data and Code Availability
The datasets generated during this study are alaid the UK Biobank repository,
www.ukbiobank.ac.uk.

Acknowledgements

The authors are grateful to the UK Biobank angh@dicipants for the data used in these
studies. This study was funded by an MRC MentalltieData Pathfinder Award
(MC_PC_17217) to DJS. DJS also acknowledges sufipaon a Lister Institute Prize
Fellowship (2016-2021). GOM was supported by arsR&trategic Academic Recruitment
(StAR) Fellowship. We are grateful to Claire Paliashelpful comments on the manuscript.

Authors Contributions
The study was conceived by CW and DS, data analasscompleted by CW. GOM, SMcC
and AC contributed to writing the manuscript andaathors approved the final manuscript

Declaration of Interests
The authors declare no competing interests.

11/21



References

Abo, T., Kawate, T., Itoh, K., Kumagai, K., (1985tudies on the bioperiodicity of the
immune response. I. Circadian rhythms of human,gri8l K cell traffic in the
peripheral blood. J. Immunol.

Ackermann, K., Revell, V.L., Lao, O., Rombouts,.ESkene, D.J., Kayser, M., (2012).
Diurnal rhythms in blood cell populations and tfieet of acute sleep deprivation in
healthy young men. Sleep 35, 933—-940.

Adrover, J.M., del Fresno, C., Crainiciuc, G., Gesr, M.l., Casanova-Acebes, M., Weiss,
L.A., Huerga-Encabo, H., Silvestre-Roig, C., Roskal., Cossio, Igtal., (2019). A
Neutrophil Timer Coordinates Immune Defense andcMias Protection. Immunity 50,
390-402.e10.

Aguirre-Gamboa, R., Joosten, I., Urbano, P.C.Mn, der Molen, R.G., van Rijssen, E., van
Cranenbroek, B., Oosting, M., Smeekens, S., JabgeFZorro, M.,et al., (2016).
Differential Effects of Environmental and Genetackors on T and B Cell Immune
Traits. Cell Rep. 17, 2474-2487.

Alamili, M., Bendtzen, K., Lykkesfeldt, J., Rosentpel., Gbgenur, I., (2014). Pronounced
inflammatory response to endotoxaemia during niglett A randomised cross-over
trial. PLoS One 9.

Amat, J., Torres, A., (1993). Circannual rhythnihe effects of stress on the humoral
immune response of the rat. Neurosci. Lett. 160;-192.

Antia, A., Ahmed, H., Handel, A., Carlson, N.E., Amna, I.J., Antia, R., Slitka, M., (2018).
Heterogeneity and longevity of antibody memory itoises and vaccines. PLoS Biol.
16, 1-15.

Bellet, M.M., Deriu, E., Liu, J.Z., Grimaldi, B.,I&schitz, C., Zeller, M., Edwards, R.A.,
Sahar, S., Dandekar, S., Baldi,&al., (2013). Circadian clock regulates the host
response to Salmonella. Proc. Natl. Acad. Sci..lA.910, 9897-9902.

Bloom-Feshbach, K., Alonso, W.J., Charu, V., Tamgrd., Simonsen, L., Miller, M.A,,
Viboud, C., (2013). Latitudinal Variations in SeaabActivity of Influenza and
Respiratory Syncytial Virus (RSV): A Global Compiawa Review. PLoS One 8, 3-4.

Boctor, F.N., Charmy, R.A., Cooper, E.L., (198%aSonal differences in the rhythmicity of
human Male and female lymphocyte blastogenic resgmrimmunol. Invest. 18, 775—
784.

Born, J., Lange, T., Hansen, K., Mdélle, M., Fehml,..H(1997). Effects of sleep and circadian
rhythm on human circulating immune cells. J. Immuri®8, 4454-64.

Brock, M.A., (1987). Age-related changes in ciraaairhythms of lymphocyte blastogenic
responses in mice. Am. J. Physiol. - Regul. Int€gmp. Physiol. 252,r299-302

Brock, M.A., (1983). Seasonal rhythmicity in lympiybte blastogenic responses of mice
persists in a constant environment. J. Immunol, 2386-8.

Bronson, F.H., (2009). Climate change and seasepabduction in mammals. Philos. Trans.
R. Soc. B Biol. Sci27, 3331-40.

Cable, E.J., Onishi, K.G., Prendergast, B.J., (R0Cifcadian rhythms accelerate wound
healing in female Siberian hamsters. Physiol. Beh@¥, 165-174.

Cannell, J.J., Vieth, R., Umhau, J.C., Holick, MGrant, W.B., Madronich, S., Garland,
C.F., Giovannucci, E., (2006). Epidemic influenpa &itamin D. Epidemiol. Infect.
134, 1129-1140.

Cao, Q., Zhao, X, Bai, J., Gery, S., Sun, H., DiC., Chen, Q., Chen, Z., Mack, L., Yang,
et al, (2017). Circadian clock cryptochrome prateiegulate autoimmunity. Proc. Natl.
Acad. Sci. U. S. A. 114, 12548-12553.

Casanova-Acebes, M., Pitaval, C., Weiss, L.A., NelaiArrieta, C., Chévre, R., A-

12/21



Gonzélez, N., Kunisaki, Y., Zhang, D., Van Rooijgh, Silberstein, L.E¢t al.,
(2013).Rhythmic modulation of the hematopoietichei¢hrough neutrophil clearance.
Cell 153, 1025.

Chiriboga, D.E., Yunsheng, M., Li, W., lii, E.J.$lébert, J.R., Merriam, P.A., Rawson, E.S.,
Ockene, 1.S., (2009). Seasonal and Sex variatidngbfsensitivity C-reactive protein in
healthy adults: A longitudinal study. Clin. Chend, 313-321.

Curtis, A.M., Bellet, M.M., Sassone-Corsi, P., OilNd_.A., (2014). Circadian clock proteins
and immunity. Immunity 40, 178-186. https://doi/&®1016/j.immuni.2014.02.002

Curtis, A.M., Fagundes, C.T., Yang, G., Palsson-kithott, E.M., Wochal, P., McGettrick,
A.F., Foley, N.H., Early, J.O., Chen, L., Zhang, & al.,(2015). Circadian control of
innate immunity in macrophages by miR-155 targeBngall. Proc Natl Acad Sci U S
A 112, 7231-7236.

de Bree, L.C.J., Mourits, V.P., Koeken, V.A.C.M.pbtlag, S.J.C.F.M., Janssen, R.,
Folkman, L., Barreca, D., Krausgruber, T., Fife-«Gzi, V., Novakovic, B.et al.,

(2020). Circadian rhythm influences induction @ied immunity by BCG vaccination.
J. Clin. Invest. 130, 5603-5617.

Deprés-Brummer, P., Bourin, P., Pages, N., MetZgerl_évi, F., (1997). Persistent T
lymphocyte rhythms despite suppressed circadiartkaatputs in rats. Am. J. Physiol. -
Regul. Integr. Comp. Physiol. 273, 1891-1899.

Dopico, X.C., Evangelou, M., Ferreira, R.C., Guo, Pekalski, M.L., Smyth, D.J., Cooper,
N., Burren, O.S., Fulford, A.J., Hennig, B&.al.,(2015). Widespread seasonal gene
expression reveals annual differences in human imyand physiology. Nat Commun
6, 7000.

Dowell, S.F., (2001). Seasonal variation in hostceptibility and cycles of certain infectious
diseases. Emerg. Infect. Dis.

Dowell, S.F., Shang Ho, M., (2004). Seasonalitinééctious diseases and severe acute
respiratory syndrome - What we don’t know can lusttLancet Infect. Dis. 4, 704—708.

Dozier, M.M., Ratajczak, H. V., Sothern, R.B., ThesnP.T., (1997). The influence of
vehicle gavage on seasonality of immune systermpetexs in the B6C3F1 mouse.
Fundam. Appl. Toxicol. 38, 116-122.

Druzd, D., Matveeva, O., Ince, L., Harrison, U.,, Mé&, Schmal, C., Herzel, H., Tsang, A.H.,
Kawakami, N., Leliavski, A.et al., (2017). Lymphocyte Circadian Clocks Control
Lymph Node Trafficking and Adaptive Immune Resp@iseamunity 46, 120-132.

Edgar, R.S., Stangherlin, A., Nagy, A.D., Nicoll,M, Efstathiou, S., O'Neill, J.S., Reddy,
A.B., (2016). Cell autonomous regulation of herped influenza virus infection by the
circadian clock. Proc. Natl. Acad. Sci. U. S. A3110085-10090.

Ella, K., Csépanyi-Komi, R., Kaldi, K., (2016). Cadian regulation of human peripheral
neutrophils. Brain. Behav. Immun. 57, 209-221.

Feigin, R.D., San Joaquin, V.H., Haymond, M.W., WyR.G., (1969). Daily periodicity of
susceptibility of mice to pneumococcal infectioratiyre.

Fortes-Silva, R., Leme, F.D.O.P., Boaventura, TMendong¢a, H.C.P. De, Moreira, J.P.L.,
Cunha, P.H.H., Luz, R.K., (2019). Daily rhythmsl@ikocytes populations,
biochemical and enzymatic blood parameters in mivarous freshwater catfish
(Lophiosilurus alexandri). Chronobiol. Int. 36, 2287.

Gangappa, S.N., Kumar, S.V., (2018). DET1 and CMBdulate the Coordination of
Growth and Immunity in Response to Key Seasonaidésgn Arabidopsis. Cell Rep.
25, 29-37.e3.

Goldinger, A., Shakhbazov, K., Henders, A.K., McRad-., Montgomery, G.W., Powell,
J.E., (2015). Seasonal effects on gene expreRlayt One 10, e0126995.

Halberg, F., Johnson, E.A., Brown, B.W., Bittned, J(1960). Susceptibility Rhythm to E.

13/21



coli Endotoxin and Bioassay. Proc. Soc. Exp. Butéd.

Harding, K., Tilling, K., Maclver, C., Willis, M.Joseph, F., Ingram, G., Hirst, C., Wardle,
M., Pickersgill, T., Ben-Shlomo, Y., Robertson, [017). Seasonal variation in
multiple sclerosis relapse. J. Neurol. 264, 1058410

He, W., Holtkamp, S., Hergenhan, S.M., Kraus, I.,Jdan, A., Weber, J., Bradfield, P.,
Grenier, J.M.P., Pelletier, J., Druzd, Bt.al.,(2018). Circadian Expression of Migratory
Factors Establishes Lineage-Specific SignaturdsGhale the Homing of Leukocyte
Subsets to Tissues. Immunity 49, 1175-1190.e7.

Jactel, B., Espinasse, J., Viso, M., Valiergue,(EH290). An epidemiological study of winter
dysentery in fifteen herds in France. Vet. Res. @om. 14, 367-379.

Jilma, B., Hergovich, N., Stohlawetz, P., EichldrG., Bauer, P., Wagner, O.F., (1999).
Circadian variation of granulocyte colony stimutatifactor levels in man. Br. J.
Haematol. 106, 368-70

Keller, M., Mazuch, J., Abraham, U., Eom, G.D., #ag, E.D., Volk, H.D., Kramer, A.,
Maier, B., (2009). A circadian clock in macrophagestrols inflammatory immune
responses. Proc. Natl. Acad. Sci. U. S. A. 10607321412.

Kitchen, G.B., Cunningham, P.S., Poolman, T.M.algM., Maidstone, R., Baxter, M.,
Bagnall, J., Begley, N., Saer, B., Hussell,ef al.,(2020). The clock gene Bmall
inhibits macrophage motility, phagocytosis, and amp defense against pneumonia.
Proc. Natl. Acad. Sci. U. S. A. 117, 1543-1551.

Klink, M., Bednarska, K., Blus, E., Kielbik, M., 8wska, Z., (2012). Seasonal changes in
activities of human neutrophils in vitro. InflamRes. 61, 11-16.

Kurupati, R.K., Kossenkoff, A., Kannan, S., HautL, Doyle, S., Yin, X., Schmader, K.E.,
Liu, Q., Showe, L., Ertl, H.C.J., (2017). The effe€timing of influenza vaccination
and sample collection on antibody titers and respsin the aged. Vaccine 35, 3700—
3708.

Lange, T., Dimitrov, S., Born, J., (2010). Effeofssleep and circadian rhythm on the human
immune system. Ann. N. Y. Acad. Sci. 1193, 48-59.

Lee, W M, Lemanske, R.F., Evans, M.D., Vang, Fp@aa, T., Gangnon, R., Jackson, D.J.,
Gern, J.E., (2012). Human rhinovirus species aad@eof infection determine illness
severity. Am J Respir Crit Care Med 186, 886—891.

Lee, Wai Ming, Lemanske, R.F., Evans, M.D., VangHappas, T., Gangnon, R., Jackson,
D.J., Gern, J.E., (2012). Human rhinovirus spear@sseason of infection determine
illness severity. Am. J. Respir. Crit. Care Med6,1836—891.

Liu, B., Taioli, E., (2015). Seasonal VariationsGdmplete Blood Count and Inflammatory
Biomarkers in the US Population - Analysis of NHASIPata. PLoS One 10,
e0142382.

Lofgren, E., Fefferman, N.H., Naumov, Y.N., Gorski, Naumova, E.N., (2007). Influenza
Seasonality: Underlying Causes and Modeling TheodeVirol. 81, 5429-5436.

Long, J.E., Drayson, M.T., Taylor, A.E., Toelln&M., Lord, J.M., Phillips, A.C., (2016a).
Morning vaccination enhances antibody response @fte@moon vaccination: A cluster-
randomised trial. Vaccine 34, 2679-2685.

Long, J.E., Drayson, M.T., Taylor, A.E., Toelln&M., Lord, J.M., Phillips, A.C., (2016Db).
Corrigendum to ‘Morning vaccination enhances artibesponse over afternoon
vaccination: A cluster-randomised trial’ (Vaccirg916) 34(24) (2679—-2685)
(S0264410X16301736) (10.1016/j.vaccine.2016.04)033ccine 34, 4842.

Markowska, M., Majewski, P.M., Skwarto-8@, K., (2017). Avian biological clock —
Immune system relationship. Dev. Comp. Immunol.1&8)-138

Mori, H., Sawada, T., Nishiyama, S., Shimada, Khdara, K., Hayashi, H., Kato, E., Tago,
M., Matsui, T., Tohma, S., (2019). Influence ofsm@al changes on disease activity and

14/21



distribution of affected joints in rheumatoid artist BMC Musculoskelet. Disord. 20.

Morris, C.J., Purvis, T.E., Mistretta, J., Hu, Bgheer, F.A.J.L., (2017). Circadian
Misalignment Increases C-Reactive Protein and B@ssure in Chronic Shift
Workers. J. Biol. Rhythms 32, 154-164.

Myrianthefs, P., Karatzas, S., Venetsanou, K., @idtl, Evagelopoulou, P., Boutzouka, E.,
Fildissis, G., Spiliotopoulou, 1., Baltopoulos, &003). Seasonal variation in whole
blood cytokine production after LPS stimulatiomiormal individuals. Cytokine 24,
286-292.

Narasimamurthy, R., Hatori, M., Nayak, S.K., Liu, Panda, S., Verma, I.M., (2012).
Circadian clock protein cryptochrome regulatesekyeression of proinflammatory
cytokines. Proc. Natl. Acad. Sci. U. S. A. 109, 62612667 .

Nguyen, K.D., Fentress, S.J., Qiu, Y., Yun, K., C&8., Chawla, A., (2013). Circadian gene
Bmall regulates diurnal oscillations of Ly6C(hijlammatory monocytes. Science (80-.
). 341, 1483-1488.

Pawlak, J., Majewski, P., Markowska, M., Skwartai®p K., (2005). Season- and gender-
dependent changes in the immune function of Sibdraansters (Phodopus sungorus).
Neuroendocrinol. Lett. 26, 55-60.

Pick, R., He, W., Chen, C.S., Scheiermann, C.,420l0ime-of-Day-Dependent Trafficking
and Function of Leukocyte Subsets. Trends Immut@yl524-537.

Poljak, Z., Carman, S., Mcewen, B., (2014). Assesgrof seasonality of influenza in swine
using field submissions to a diagnostic laborator@ntario between 2007 and 2012.
Influenza Other Respi. Viruses 8, 482—-492.

Pollmacher, T., Mullington, J., Korth, G., Schreib&/., Hermann, D., Orth, A., Galanos, C.,
Holsboer, F., (1996). Diurnal variations in the framhost response to endotoxin. J.
Infect. Dis. 174, 1040-1045.

Preston, B.T., Capellini, I., McNamara, P., BartBrA., Nunn, C.L., (2009). Parasite
resistance and the adaptive significance of siBMLC Evol. Biol. 9,9-7

Rosenblatt, L.S., Shifrine, M., Hetherington, N.\Raglierioni, T., MacKenzie, M.R., (1982).
A circannual rhythm in rubella antibody titersiterdiscipl. Cycle Res. 13, 81-88.

Rudnicka, A.R., Rumley, A., Lowe, G.D.O., StrachBrR., (2007). Diurnal, seasonal, and
blood-processing patterns in levels of circulafiibginogen, fibrin D-dimer, C-reactive
protein, tissue plasminogen activator, and von &lithnd factor in a 45-year-old
population. Circulation 115, 996-1003.

Sartini, C., Barry, S.J.E., Whincup, P.H., Wanndmeet S.G., Lowe, G.D.O., Jefferis, B.J.,
Lennon, L., Welsh, P., Ford, I., Sattar, N., MarRsW., (2017). Relationship between
outdoor temperature and cardiovascular diseasdéats@irs in older people. Eur. J. Prev.
Cardiol. 24, 349-356.

Scheiermann, C., Gibbs, J., Ince, L., Loudon, 2018). Clocking in to immunity. Nat. Rev.
Immunol. 18, 423-437

Schulman, J.L., Kilbourne, E.D., (1963). Experinaftransmission of Influenza Virus
Infection in Mice. li. Some Factors Affecting thecldence of Transmitted Infection. J.
Exp. Med. 118, 267-75.

Shackelford, P.G., Feigin, R.D., (1973). Periogiat susceptibility to pneumococcal
infection: Influence of light and adrenocorticatsstions. Science (80-. ).

Shadrin, A.S., Marinich, I.G., Taros Yu., L., (197Experimental and epidemiological
estimation of seasonal and climato geographicalifea of non specific resistance of the
organism to influenza. J. Hyg. Epidemiol. Microbimthmunol.21, 155-61.

Shah, A.P., Smolensky, M.H., Burau, K.D., Cech,.].Mai, D., (2006). Seasonality of
primarily childhood and young adult infectious dises in the United States.
Chronobiol. Int. 23, 1065-1082.

15/21



Shaman, J., Jeon, C.Y., Giovannucci, E., Lipsiith,(2011). Shortcomings of vitamin D-
based model simulations of seasonal influenza. R&6, 1-7.

Stenzinger, M., Karpova, D., Unterrainer, C., H&amp, S., Wiercinska, E., Hoerster, K.,
Pfeffer, M., Maronde, E., Bonig, H., (2019). Henadeetic-Extrinsic Cues Dictate
Circadian Redistribution of Mature and Immature rgopoietic Cells in Blood and
Spleen. Cells 8, 1-22.

Stevenson, T.J., Prendergast, B.J., (2015). Photolietime measurement and seasonal
immunological plasticity. Front. Neuroendocrinof., 36-88.

Sudlow, C., Gallacher, J., Allen, N., Beral, V.,rBun, P., Danesh, J., Downey, P., Elliott, P.,
Green, J., Landray, Mgt al., (2015). UK biobank: an open access resource for
identifying the causes of a wide range of compliseases of middle and old age. PLoS
Med 12, e1001779.

Sung, K.C., (2006). Seasonal variation of C-reactixotein in apparently healthy Koreans.
Int. J. Cardiol. 107, 338-42

Suzuki, K., Hayano, Y., Nakai, A., Furuta, F., Nola, (2016). Adrenergic control of the
adaptive immune response by diurnal lymphocyteceakition through lymph nodes. J.
Exp. Med. 213, 2567-2574.

Takahashi, J.S., (2017) Transcriptional architecti the mammalian circadian clock. Nat.
Rev. Genetl8, 164-179

Tamerius, J., Nelson, M.I., Zhou, S.Z., Viboud, Killer, M.A., Alonso, W.J., (2011. Global
influenza seasonality: Reconciling patterns actesgerate and tropical regions.
Environ. Health Perspect. 119, 439-445. https:.tdgi10.1289/ehp.1002383

ter Horst, R., Jaeger, M., Smeekens, S.P., Ooddingswertz, M.A., Li, Y., Kumar, V.,
Diavatopoulos, D.A., Jansen, A.F.M., Lemmers,dtal., (2016). Host and
Environmental Factors Influencing Individual Hum@wtokine Responses. Cell 167,
1111-1124.e13.

Tognini, P., Thaiss, C.A., Elinav, E., Sassone-Cé&s (2017). Circadian Coordination of
Antimicrobial Responses. Cell Host Microbe 22, 1B%2

Van Rood, Y., Goulmy, E., Blokland, E., Pool, JarMRood, J., Van Houwelingen, H.,
(1991). Monthirelated variability in immunological test resuliitsiplications for
immunological follow 'up studies. Clin. Exp. Immunol. 86, 349-354.

Wongwiwat, M., Sukapanit, S., Triyanond, C., SawyD., (1972). Circadian rhythm of
the resistance of mice to acute pneumococcal infedinfect. Immun. 5, 442-448.
Wood, S., Loudon, A., (2014). Clocks for all seasdvnwinding the roles and mechanisms
of circadian and interval timers in the hypothalanand pituitary. J. Endocrinol. 222,

R39-59.

Xu, C., Fang, V.J., Perera, R.A.P.M., Kam, A.MIé§g, S., Chan, Y.H., Chan, K.H., Ip,
D.K.M., Peiris, J.S.M., Cowling, B.J., (2016). Ser@5-hydroxyvitamin D was not
associated with influenza virus infection in chddrand adults in Hong Kong, 2009-
2010. J. Nutr. 146, 2506—-2512.

Yellon, S.M., Tran, L.T., (2002). Photoperiod, reguction, and immunity in select strains of
inbred mice. J Biol Rhythm. 17, 65-75.

Zykov, M.P., Sosunov, A. V., (1987). Vaccinatiortiaity of live influenza vaccine in
different seasons of the year. J. Hyg. Epidemiatrébiol. Immunol.

16/21



List of TableTitles

Table 1 Demographic and lifestyle characteristics.

Table 2: Associations between day length and Cgphocyte, neutrophil and
monocyte count.

Table 3 Parameters describing the amplitude, dpaak (acrophase) and mean value
(mesor) predicted by fitted cosinor model. Daemean and sd.

Table 4 Segmented regression parameters showadgcped breakpoints for each segment
and regression coefficient for overall segmenteddr model

Table 5: Associations between time of day and Gf#Rphocyte, neutrophil and

monocyte counts. Time of day is represented hyeat splines, to account for non-linear
relationships with the independent variables.

17/21



List of FigureTitles

Figure 1: Annual variation in total monocytes, mephils, lymphocytes and CRP. Data
are mean (bars) and 95% confidence intervals (Dowéth fitted cosinor curves (dotted
line). Daylength is indicated by the box colouadjents

Figure 2: Daytime variation in monocytes, neutréggHymphocytes and CRP. Data are mean
(bars) and 95% confidence intervals (boxes), witad segmented regression lines (dotted black
lines). The colour gradient represents mean zamitje of the sun at each timepoint is given to
indicate daylight

18/21



Table 1 Demographic and lifestyle characteristics.

(n=329,261)

Age (years)

Mean (SD) 55.8 (8.19)
Townsend Deprivation Index

Mean (SD) -1.55 (2.94)
Ethnicity

White 306146 (91.0%)
Physical Activity

Mean (SD) 46.0 (62.8)
Sedentary Behaviour

Mean (SD) 4.90 (2.24)
BMI

Mean (SD) 26.8 (4.34)
Smoking

Yes 31063 (9.2%)
Chronotype

More evening than mornir 81240 (24.1%)

Evening 23185 (6.9%)

More morning than evenir 105763 (31.4%)

Morning 78226 (23.2%)
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Table 2: Associations between day length and CRRpthocyte, neutrophil and monocyte count.

Day Length Model 1 Model 2 Model 3

White Blood Cdls (10%litre) | -0.011~  [-0.013,-0.009]| -0.008 [-0.011,-0.006]| -0.0I1 [-0.015,-0.007]
Neutrophils (10%litre) -0.015" [-0.017,-0.014]| -0.013 [-0.015,-0.011]| -0.014 [-0.018,-0.011]
M onocytes (10%litre) 0.00I™  [0.001,0.001]| 0.00f [0.001,0.001] | -0.000 [-0.001,-0.000]
Lymphocytes (10%litre) 0.002”  [0.002,0.003] | 0.003  [0.002,0.004] | 0.004  [0.003,0.005]
CRP (mg/litre) -0.006” [-0.007,-0.004]| -0.005 [-0.006,-0.003]| -0.004 [-0.007,-0.002]

Data are expressed as regression coefficientsift) 95% confidence intervals in parentheses.
Model 1 was adjusted for age, sex, ethnicity, deyion,
Model 2 was adjusted for Model 1 + BMI, physicdiity, sedentary behavior, sleep duration, chrgpet shiftwork, smoking, alcohol,
Model 3 was adjusted for Model 2 + vitamin D, ouwddtemperature, time of day, blood analyser andBibbank assessment centre.

Table 3 Parameters describing the amplitude, dqresk (acrophase) and mean value (mesor) predigted
fitted cosinor model. Data are mean and sd.

Day Length Amplitude | Acrophase | Bathyphase | Mesor p

Neutr ophils (10%litre) 0.80 Jan Jul 4.10 <0.001
Lymphocytes (107litre) | 0.03 April Oct 1.93 <0.001
CRP (mgl/litre) 0.10 Jan Jun 2.23 <0.001

Table 4 Segmented regression parameters showadicped breakpoints for each segment and regression
coefficient for overall segmented linear model

Time of Day Breakpoint p*
time of day(se)

White Blood Cells (10%litre) | 14.34 (0.069) <0.001

Neutrophils (10%litre) 14.62 (0.040) <0.001

M onocytes (10%litre) 13.27 (0.160) <0.001

Lymphocytes (10%litre) 16.12 (0.180) <0.001

CRP (mgllitre) 12.71 (0.220) <0.01

*Davies’ test was applied to test for significaiffefences of slopes between each segmented redhijp

Table 5: Associations between time of day and QgRphocyte, neutrophil and monocyte counts. Tirhe o
day is represented by 2 linear splines, to accfoumon-linear relationships with the independeantiables.
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Day Length Mode 1 Mode 2 Model 3
WBCs (107litre)
Segment 1 0.207" [0.203,0.211] 0.199 [0.195,0.203] 0.197 [0.193,0.202]
Segment 2 0.078" [0.073,0.082] 0.082 [0.078,0.086] 0.082 [0.078,0.087]
Neutr ophils (10%litre)
Segment 1 0.094" [0.033,0.156] 0.095 [0.030,0.159] 0.101 [0.036,0.165]
Segment 2 0.268 [0.243,0.293] 0.262 [0.236,0.289] 0.259 [0.233,0.285]
M onocytes (107litre)
Segment 1 0.085" [0.048,0.122] 0.086 [0.047,0.125] 0.085 [0.046,0.124]
Segment 2 -0.206" [-0.235,-0.177] -0.199 [-0.230,-0.168] | -0.195  [-0.227,-0.164]
Lymphocytes (10%litre)
Segment 1 0.051" [0.050,0.052] 0.050 [0.049,0.051] 0.050 [0.049,0.051]
Segment 2 0.082" [0.079,0.085] 0.085 [0.082,0.088] 0.085 [0.082,0.088]
CRP (mg/litre)
Segment 1 0.015 [-0.000,0.030] 0.009 [-0.007,0.025 0.010 .(498,0.026]
Segment 2 -0.009 [-0.017,-0.001] -0.013 [-0.021,-0.006] -0.013  [-0.021,-0.005]

Data are expressed as regression coefficientsuif) 95% confidence intervals in parentheses.
Model 1 was adjusted for age, sex, ethnicity, deyion,
Model 2 was adjusted for BMI, physical activitydsatary behaviour, sleep duration, chronotype, smgplalcohol
Model 3 was adjusted for Model 2 + day length, Hlaoalyser and UK Biobank assessment centre.
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Highlights
Seasonal outbreaks are common features of human infectious disease
Immune parameters varied across seasons and time of day in UK Biobank participants

Innate variability in immune parameters could influence human susceptibility to disease



