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SUMMARY

Seasonal rhythms are endogenous timing mechanisms that allow animals living at
temperate latitudes to synchronize their physiology to the seasons. Human viral
respiratory disease is prevalent in the winter at temperate latitudes, but the role
of endogenous mechanisms in these recurring annual patterns is unclear. The
Common Cold Project is a repository of data describing the experimental viral
challenge of 1,337 participants across the seasons of the year. We report a sec-
ondary analysis of these data to investigate if susceptibility to the common
cold is associated with day length. The majority of the participants (78%) showed
signs of infection but only 32% developed clinical signs of disease, and the prob-
ability of infection was significantly higher in longer day lengths (summer), but
the disease was more likely in short (winter) day lengths. The persistence of
winter disease patterns in experimental conditions supports the role of endoge-
nous seasonality in human susceptibility to viral infection.

INTRODUCTION

Animals that live at high or low latitudes have evolved annual rhythms in physiology and behavior that can
be synchronized with the predictable metabolic, thermoregulatory, and pathogenic challenges presented
by the seasons. The mechanisms that mediate this innate seasonality are entrained by day length in
temperate Northern and Southern clines, and by seasonal patterns in climatic variables such as rainfall
in the tropics, where day length does not vary. (O'Brien, 1993; Wood and Loudon, 2014). Seasonality of
reproduction and immunity in temperate regions is driven by day length in animals such as sheep and
hamsters (Lincoln, 2019; Onishi et al., 2020), but very little is known about human seasonality, nor how
seasonality is regulated in the tropics.

Longitudinal studies of samples submitted to clinical pathology services and surveillance studies across latitudi-
nal clines have shown that respiratory diseases caused by viral infections are prevalent in the winter months in the
Northern and Southern hemisphere, and in the rainy season in tropical regions (Baumgartner et al., 2012; Bloom-
Feshbach et al., 2013; Morley et al., 2018; Paynter et al., 2015). Furthermore, seasonality is related to latitude
within countries; cities in northern regions of India (Chadha et al., 2015) and China (Yu et al., 2013) have winter
outbreaks, while southern cities have tropical patterns of respiratory viral disease that track the timing of rainy
seasons. The converse is true in Brazil, where winter epidemics occur in the low latitudes of the south, and sea-
sonality gradually attenuates toward central (equatorial) regions (Alonso et al., 2007).

In contrast, respiratory viral infection is not seasonal; viruses are present at all times of the year and the preva-
lence of infection is not related to clinical disease (Alvarez-Arguelles et al., 2018). The annual prevalence of mul-
tiple respiratory viruses (flu, rhinovirus, coronavirus, respiratory syncytial virus) is consistently highest in summer, )
. . - . S L ‘ . . . 'Kathleen Lonsdale Institute
but its progression to clinical disease is highest in winter (Alvarez-Arguielles et al., 2018; Birger et al., 2018; Galanti for Human Health Research

etal., 2019; Lee etal., 2012; Shaman et al., 2018). A similar pattern of increased infection in summer and increased and the Department of
disease in winter was also reported for the prevalence of respiratory virus disease in pigs (Poljak et al., 2014). Fac- E':;L‘;?z’i'tyiﬁ’l’;c:r’;hlreland
tors other than the prevalence of infection must mediate winter outbreaks of diseases caused by respiratory vi- ' '
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ruses and for some reason, infection is unlikely to progress to clinical disease in summer.
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In parallel with the entrainment of endogenous seasonality in animals, annual variation in the prevalence of res- https://doi.org/10.1016/j isci.
piratory viral infection is thought to be driven by temperature in temperate regions, and by rainfall patterns and 2022.104789
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Table 1. Demographic details of the participants in the Pittsburgh Cold Study and the British Cold Study that were included in this study

Outcome = Infection Outcome = Disease
Parameter Estimate 95% Cl P Estimate 95% Cl p
Daylength —0.10 —0.18 —0.01 0.02 0.08 —0.001 0.16 0.05
Pre-challenge immunity 0.40 0.30 0.55 <0.001 0.46 0.33 0.64 <0.001
Age 0.02 0.01 0.04 0.01
Social Network -0.01 —0.03 —0.01 0.24
Sleep Duration —-0.08 -0.18 —0.02 0.11
Smoking 1.35 0.97 1.89 0.07
Alcohol 1.36 0.98 1.88 0.07

Estimates are regression coefficients (continuous variables) or odds ratios (categorical and binomial variables) derived from multivariable regression analysis.

humidity in the tropics (Chan et al., 1999). However, all of these climatic variables are correlated, making their rela-
tive contribution as timing cues difficult to decipher. Seasonality is not reliably predicted by any single climatic
variable (Baumgartner et al., 2012; Yu et al., 2013) at a population level, and experimental studies have failed
to demonstrate any association between temperature and vulnerability to respiratory virus infection under
controlled conditions (Dowling et al., 1958; Lofgren et al., 2007). Annual variations in vitamin D (Xu et al., 2016)
and human behavior and mobility (Yu et al., 2013) are not strongly associated with seasonal epidemics of winter
respiratory viral disease and are unlikely to play more than a contributory role. Seasonal epidemics of respiratory
viral infection have challenged healthcare as modern medicine began (Dong, 2011), and their origin remains
unclear.

The common cold project is a repository of data from five US and UK viral challenge studies of the factors
underlying susceptibility to the common cold. The studies were carried out at temperate latitudes
(40-50°N), and across the four seasons, facilitating the investigation of associations between annual
changes in day length and susceptibility to experimental viral challenges. If day length-dependent rhythms
in human immunity contribute to this susceptibility, then their endogenous origin should cause them to
persist when variations in temperature, humidity, and exposure to other sources of infection are eliminated.
Here, we test this hypothesis by investigating whether: (i) susceptibility to infection by a respiratory virus or
(i) susceptibility to disease once infection has occurred, are associated with day length following viral
challenge under controlled conditions in the Common Cold Project.

RESULTS
Demographic details of the participants of the PCS and the BCS are shown in Table 1.

Despite the direct application of live virus to the respiratory mucosa, 32% of PCS and 38% of BCS participants did
not develop clinical signs of disease after the viral challenge. The majority showed signs of infection (78 and 82%
for PCS and BCS), and of those participants that were infected, around half (41 and 46% for PCD and BCS) devel-
oped signs of disease. Overall, 22% of the PCS participants and 18% of the BCS evaded infection completely
(failed to seroconvert or shed detectable viral particles in nasal secretions), and 58% (PCS) and 54% (BCS) had
asymptomatic infection (Tables S1-54). Univariate analysis directed the selection of parameters (p < 0.2) for inclu-
sion as fixed effects in multivariable models (Table 1). Day length, age, and pre-challenge immunity were signif-
icantly associated with the probability of infection post-challenge in the PCS, while day length, pre-challenge im-
munity, were associated with the probability of developing disease ifinfected (Table 1). In the PCS, the probability
of developing a cold if infected was negatively associated with day length (p < 0.02), suggesting increased sus-
ceptibility for infection to progress to disease in winter (Figures 1 and 2). The overall probability of infection was
higher in longer day lengths but of borderline statistical significance (Figure 1; Table 1; p = 0.05). Pre-challenge
immunity to the challenge virus was strongly associated with both infection (p < 0.001) and the probability of dis-
ease given infection (p < 0.001). Older age was associated with increased probability of developing a cold if in-
fected (Table 1; p =0.01). There were no associations between infection or disease and multiple demographic and
lifestyle-associated variables (Tables S1-54). The BCS followed the same trends for higher probability of infection
in longer day lengths, and disease in shorter photoperiods, but these associations did not reach statistical signif-
icance (Figure 1).
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Table 2. Predictors of infection and disease post viral challenge in the Pittsburgh Cold Study
Pittsburgh Cold British Cold

Study (n = 978)

Study (n = 399)

Age

Mean (SD) 30.51 (£10.34) 33.56 (+£2.88)
Sex

Male 485 (50%) 153 (38%)
Female 493 (50%) 246 (62%)

Body mass index

Mean (SD)

26.80 (£6.11)

23.37 (£3.54)

Pre-challenge immunity

No 408 (42%) 192 (48%)
Yes 569 (58%) 132 (33%)
High school or lower 249 (25%)

College <2 years 297 (30%)

College >2years + degree 213 (22%)

Bachelor's degree or higher 219 (22%)

O-Levels or lower 228 (57%)
A-Levels 65 (16%)
College, no degree 37 (9%)
Degree or higher 68 (17%)
Social network

Mean (SD) 18.04 (£9.39) 19.1 (£10.24)
Sleep duration (hours)

Mean (SD) 7.04 (+1.534) 7.39 (£1.26)
Physical activity (PCS)

No 227 (23%)

Yes 750 (77%)

Physical activity (BCS, arbitrary units) 3.64 (£1.5)
Smoker

No 598 (61%) 297 (74%)
Yes 380 (39%) 99 (25%)

Alcohol (units/week)

Mean (SD)

6.24 (£13.59)

13.54 (+£16.84)

Developed infection

No
Yes

214 (22%)
764 (78%)

70 (18%)
329 (82%)

Developed disease

No 658 (67%) 248 (62%)
Yes 317 (32%) 151 (38%)
DISCUSSION

Winter outbreaks of viral respiratory disease recur predictably in all temperate regions on Earth. Annual
changes in temperature and humidity are thought to mediate this increased winter prevalence, by

increasing survival and transmission of virus in the environment and possibly through changing human
behavior. The CCP contains data on the susceptibility of healthy participants to respiratory virus-challenge
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Figure 1. Common cold infection and disease by season
(A and B) The percentages of participants infected (A) and that went on to develop clinical signs of disease (B) in the PCS.
Infection was higher in summer (June-August) in both studies, and disease was highest in winter (December-February).

under controlled, experimental conditions, where the direct impact of the environment on survival and
transmission of virus, and on human behavior, are excluded. Here we report that the probability of infection
and disease in the CCP were associated with the prevailing photoperiod at the time of viral challenge and
seasonal patterns of increased prevalence of colds in winter were retained when viral challenge was pre-
sented under experimental conditions. Moreover, the likelihood of infection was higher in long day
lengths, confirming previous clinical observations (Lee et al., 2012), and suggesting that the longer days
of summer might ameliorate the progression of infection to clinical disease. Participants were quarantined
in controlled environments during the viral challenges and the associations we report were independent of
confounding lifestyle factors that could affect seasonal vulnerability to seasonal infection, such as habitual
physical activity, alcohol intake, smoking, and sleep. The persistence of seasonal patterns of infection and
disease in the CCP suggests that factors related to the host immune response might contribute to the
winter prevalence of respiratory virus infection.

The physiology and behavior of animals are characterized by timing mechanisms at two fundamental pe-
riodicities; ~24 h circadian “clocks” and ~12 months circannual “calendars.” These rhythms synchronize
biology to the rotational and axial movements of the Earth, optimizing homeostasis by anticipating the var-
iations in light, temperature, and food that these celestial movements generate. Circadian rhythms are
generated endogenously by a molecular timing mechanism that is present in virtually every mammalian
cell, and that regulates many aspects of human immune function (Cermakian et al., 2022). Seasonal rhythms
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Figure 2. The tilt and orbit of the Earth around the sun generate variation in day length across the year which
were associated with variation in susceptibility to common cold infection and disease in this study

regulate reproductive, metabolic, behavioral, and immune function in animals at temperate clines, and this
action across mammalian systems suggests that circannual timing mechanisms might have a ubiquitous
presence in peripheral tissues, analogous to the circadian clock (Lincoln, 2019). Seasonal rhythms are
evident in human behavior, metabolism, and immunity (Dopico et al., 2015; Lyall et al., 2018; Wyse et al.,
2018), but it is not known if they are a response to climatic seasonal variations or if they represent an endog-
enous mechanism that would persist in constant conditions.

Viral respiratory disease recurs with seasonality so predictable that annual vaccination programs are
routinely planned well in advance of winter outbreaks. Seasonality of respiratory virus infection is strongly
dependent on latitude; countries in northern and southern latitudes have outbreaks in their respective
wintertime (Bloom-Feshbach et al., 2013), while countries around the equator have outbreaks synchronized
with climatic seasons. Latitude is the most consistent predictor of the seasonality of respiratory disease in
humans, and its association extends across multiple parameters of seasonality including amplitude, timing,
duration, and inter-year variability, supporting a causal relationship (Bloom-Feshbach et al., 2013; Yu et al.,
2013). Seasonal changes in day length are a direct function of latitude, and our findings of associations
between day length and viral disease are in agreement with previous reports reporting latitude as
strongest predictor of the seasonality of respiratory viral diseases (Bloom-Feshbach et al., 2013; Yu
et al., 2013).

Outdoor temperature is strongly correlated with day length and we did not attempt to adjust for this po-
tential confounding factor. However, viral challenge was performed under controlled conditions in the
Common Cold Study, which eliminates the contribution of factors related to pathogen survival including
the sensitivity of the virus to environmental temperature or humidity. The possibility that the participants
might be somehow sensitive to the prevailing outdoor temperature remains, but host body temperature
does not affect susceptibility to respiratory viral infection (Dowling et al., 1958; Eccles and Wilkinson,

¢? CellPress

OPEN ACCESS

iScience 25, 104789, August 19, 2022 5




¢? CellPress

OPEN ACCESS

2015). In contrast to the outdoor temperature, there are established mechanisms through which day length
regulates immunity in other mammals (Stevenson and Prendergast, 2015) that could also mediate the
seasonality of human immune function.

Immune function is seasonal in many animals but the specific changes vary widely between species, and
it is likely that seasonal re-programming of immune function serves to optimize the timing of the life cy-
cle of each species to the pathogenic, metabolic and thermoregulatory challenges of their particular
environmental niche. Several functional aspects of the human immune system show seasonal patterns
(circulating immune cells, acute phase proteins, cytokine signaling, gene expression) (Dopico et al.,
2015; Liu and Taioli, 2015; Wyse et al., 2021) and these variations could contribute to our vulnerability
to disease in winter. Seasonal rhythms in the human immune system may have evolved to conserve en-
ergy during winter when the thermoregulatory and metabolic challenges to survival outweigh those pre-
sented by pathogens. The capacity to switch the energetic focus of the immune system from defense to
metabolism may have allowed ancient humans to survive the harsh climatic conditions and reduced food
availability of winter at northern latitudes. The research field of immunometabolism is revealing evidence
for such functional switching of the immune system from defense to metabolism in laboratory animals
and at a cellular level (Spiljar et al., 2021), and in vitro studies investigating the energetic focus of immune
cells across the seasons will progress understanding of the seasonality of human immune function.

The CCP is the largest source of data on human experimental viral challenge to our knowledge, and the sample
size of nearly 1,400 participants is strength of our study that enabled the detection of the relatively small effect
size of day length on the probability of viral infection and disease. The controlled conditions under which the
CCP was performed are also strength, as this eliminated many of the environmental variables that confound
studies of natural infections. Itis also a strength that we were able to adjust our analysis for multiple demographic
and lifestyle variables, which could confound our analysis if they also showed seasonal variations.

Limitations of the study

The findings of this study are evidence of the seasonality of human susceptibility to common cold viruses, but
they must be considered in the context of several important limitations. Firstly, the Common Cold Study data
are highly heterogeneous in terms of viral inoculum (rhinovirus, coronavirus, RSV), year of completion (1993-
2004), location (US and UK), and pre-existing immunity, and there are many times of the year with missing
data. Nevertheless, there was a small effect of seasonality detected in the PCS and a comparable but not sta-
tistically significant trend detected in the BCS. It is a limitation that the studies were carried out decades ago,
and some aspects may not represent current lifestyle or environmental conditions. However, the seasonal prev-
alence of the common cold does not vary, and the parameters investigated in this study, day length and vulner-
ability to seasonal respiratory infection and disease, are likely to be comparable across decades. It is a limitation
that the demographic data were self-reported and that ethnic diversity was low and could not be considered in
the analysis. It is a strength of this study that data representing a range of day lengths throughout the year were
available and that disease induction, diagnosis, and monitoring were quantitative and performed under
controlled, quarantined conditions.

The observations of this study provide further evidence that annual rhythms in human immunity might
contribute to the seasonality of viral respiratory disease. Seasonal rhythms in human immunity have broad
implications for our understanding of the epidemiology of viral infections, and the mechanisms that drive
outbreaks of disease. Increased understanding of the role of the host immune system in generating varia-
tions in vulnerability to viral respiratory disease could confer novel opportunities for curtailing the spread of
novel pathogens, as well as for minimizing the annual impact of circulating viruses such as SARS-CoV-2 and
influenza on the health services.

INSTITUTIONAL PERMISSIONS

This study was a secondary analysis of de-identified data. The BCS was approved by the Internal Review
Board of Carnegie Mellon University and the Harrow District (United Kingdom) Ethical Committee. The re-
maining studies (PCS1, PCS2, PCS3, PMBC) were approved by both the Carnegie Mellon University and
University of Pittsburgh Internal Review Boards.

6 iScience 25, 104789, August 19, 2022

iScience



iScience

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Viral challenge
o METHOD DETAILS
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104789.

ACKNOWLEDGMENTS

The data used for this article were collected by the Laboratory for the Study of Stress, Immunity, and Disease at
Carnegie Mellon University under the directorship of Sheldon Cohen, PhD; and were accessed viathe Common
Cold Project (CCP) website (www.commoncoldproject.com). CCP data are made publicly available through a
grant from the National Center for Complementary and Integrative Health (AT006694); the conduct of the
studies was supported by grants from the National Institute of Mental Health (NIMH) (MH50429) and National
Heart, Lung, and Blood Institute (NHLBI) (HL65111; HL65112); and secondary support was provided by a grant
from the National Institutes of Health to the University of Pittsburgh Medical Center General Clinical Research
Center (NCRR/GCRC 5M01 RRO0056). The BCS was provided with primary funding by the National Institute of
Allergy and Infectious Diseases (RO1 Al23072) and the Office of Naval Research (N00014-88-K-0063). The PCS
were provided with primary funding by NIMH (MH50429), NIH (NHLBI HL65111, HL65112), NIAID (RO1
Al066367), NHLBI (P01 HL65111, PO1 HL65112), NIAID (RO1 Al066367). Clinical and regulatory assistance was
supported by grants from the NIH (5MO1 RRO0056, ULT RR024153, and UL1 TRO005). CW and LL were funded
by ERC Grant H2020ERC/950010/FAMILY/LOPEZ. This project has received funding from the European
Research Council (ERC) under the European Union’s Horizon 2020 research and innovation program (grant
agreement No 950010). AC and EN were funded by a Summer Program for Undergraduate Research (SPUR)
scholarship from Maynooth University. AK was funded by a Health Research Board studentship (SS-2021-
052) and CM was supported by an SFI Starting Grant awarded to LL. This publication has emanated from
research supported in part by a grant from Science Foundation Ireland under Grant No. 15/SIRG/3324.

AUTHOR CONTRIBUTIONS

All authors contributed to the planning and design of the study. CW drafted the article and CW and AC
performed the statistical analysis. All authors critically reviewed the article and approved the final version
to be published.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: May 19, 2022
Revised: July 1, 2022
Accepted: July 13, 2022
Published: August 19, 2022

¢? CellPress

OPEN ACCESS

REFERENCES

Alonso, W.J., Viboud, C., Simonsen, L., Hirano, Epidemiol. 165, 1434-1442. https://doi.org/10. Ona Navarro, M., and Melén Garcia, S. (2018).
E.W., Daufenbach, L.Z., and Miller, M.A. (2007). 1093/aje/kwm012. New clinical and seasonal evidence of infections
Seasonality of influenza in Brazil: a traveling wave ) by Human Parainfluenzavirus. Eur. J. Clin.

from the amazon to the subtropics. Am. J. Alvarez-Arguelles, M.E., Rojo-Alba, S., Pérez Microbiol. Infect. Dis. 37, 2211-2217. https://doi.

Martinez, Z., Leal Negredo, A., Boga Riveiro, J.A., org/10.1007/S10096-018-3363-Y.

Alonso Alvarez, M.A., Rodriguez Suarez, J., de

iScience 25, 104789, August 19, 2022 7



https://doi.org/10.1016/j.isci.2022.104789
http://www.commoncoldproject.com
https://doi.org/10.1093/aje/kwm012
https://doi.org/10.1093/aje/kwm012
https://doi.org/10.1007/S10096-018-3363-Y
https://doi.org/10.1007/S10096-018-3363-Y

¢? CellPress

OPEN ACCESS

Azziz Baumgartner, E., Dao, C.N., Nasreen, S.,
Bhuiyan, M.U., Mah-E-Muneer, S., Mamun, A.A,,
Sharker, M.AY., Zaman, R.U., Cheng, P.Y.,
Klimov, A.l., et al. (2012). Seasonality, timing, and
climate drivers of influenza activity worldwide.

J. Infect. Dis. 206, 838-846. https://doi.org/10.
1093/infdis/jis467.

Birger, R., Morita, H., Comito, D., Filip, I., Galanti,
M., Lane, B., Ligon, C., Rosenbloom, D., Shittu, A.,
Ud-Dean, M., et al. (2018). Asymptomatic
shedding of respiratory virus among an
ambulatory population across seasons. mSphere
3, e00249-18. https://doi.org/10.1128/MSPHERE.
00249-18.

Bloom-Feshbach, K., Alonso, W.J., Charu, V.,
Tamerius, J., Simonsen, L., Miller, M.A., and
Viboud, C. (2013). Latitudinal variations in
seasonal activity of influenza and respiratory
syncytial virus (RSV): a global comparative Review.
PLoS One 8. €54445-4. https://doi.org/10.1371/
journal.pone.0054445.

Cermakian, N., Stegeman, S.K., Tekade, K., and
Labrecque, N. (2022). Circadian rhythms in
adaptive immunity and vaccination. Semin.
Immunopathol. 44, 193-207. https://doi.org/10.
1007/500281-021-00903-7.

Chadha, M.S., Potdar, V.A,, Saha, S., Koul, P.A,,
Broor, S., Dar, L., Chawla-Sarkar, M., Biswas, D.,
Gunasekaran, P., Abraham, A.M., et al. (2015).
Dynamics of influenza seasonality at sub-regional
levels in India and implications for vaccination
timing. PLoS One 10. e0124122-14. https://doi.
org/10.1371/journal.pone.0124122.

Chan, P.K.S., Sung, R.Y.T., Fung, K.S.C., Hui, M.,
Chik, KW., Adeyemi-Doro, F.A.B., and Cheng,
A.F. (1999). Epidemiology of respiratory syncytial
virus infection among paediatric patients in Hong
Kong: seasonality and disease impact. Epidemiol.
Infect. 123, 257-262. https://doi.org/10.1017/
S0950268899002824.

Cohen, S., Tyrrell, D.AJ., and Smith, A.P. (2010).
Psychological stress and susceptibility to the
common cold. N. Engl. J. Med. 325, 606-612.
https://doi.org/10.1056/NEJM199108293250903.

Dong, Q. (2011). Seasonal changes and seasonal
regimen in hippocrates. J. Cambridge Stud. 6,
128. https://doi.org/10.17863/CAM.1407.

Dopico, X.C., Evangelou, M., Ferreira, R.C., Guo,
H., Pekalski, M.L., Smyth, D.J., Cooper, N.,
Burren, O.S., Fulford, A.J., Hennig, B.J., et al.
(2015). Widespread seasonal gene expression
reveals annual differences in human immunity
and physiology. Nat. Commun. 6, 7000. https://
doi.org/10.1038/ncomms8000.

Dowling, H.F., Jackson, G.G., Spiesman, |.G., and
Inouye, T. (1958). Transmission of the common
cold to volunteers under controlled conditions.
Am. J. Epidemiol. 68, 59-65. https://doi.org/10.
1093/oxfordjournals.aje.a119949.

8 iScience 25, 104789, August 19, 2022

Eccles, R., and Wilkinson, J.E. (2015). Exposure to
cold and acute upper respiratory tract infection.
Rhinology 53, 99-106. https://doi.org/10.4193/
RHINO14.239.

Galanti, M., Birger, R., Ud-Dean, M., Filip, .,
Morita, H., Comito, D., Anthony, S., Freyer, G.A.,
lbrahim, S., Lane, B., et al. (2019). Longitudinal
active sampling for respiratory viral infections
across age groups. Influenza Other Respi. Viruses
13, 226-232. https://doi.org/10.1111/IRV.12629.

Lee, W.M., Lemanske, R.F., Evans, M.D., Vang, F.,
Pappas, T., Gangnon, R., Jackson, D.J., and Gern,
J.E. (2012). Human rhinovirus species and season
of infection determine illness severity. Am. J.
Respir. Crit. Care Med. 186, 886-891. https://doi.
org/10.1164/rccm.201202-03300C.

Lincoln, G. (2019). A brief history of circannual
time. J. Neuroendocrinol. 31. €12694-3. https://
doi.org/10.1111/jne.12694.

Liu, B., and Taioli, E. (2015). Seasonal variations of
complete blood count and inflammatory
biomarkers in the US population - analysis of
NHANES data. PLoS One 10, e0142382. https://
doi.org/10.1371/journal.pone.0142382.

Lofgren, E., Fefferman, N.H., Naumov, Y.N.,
Gorski, J., and Naumova, E.N. (2007). Influenza
seasonality: underlying causes and modeling
theories. J. Virol. 81, 5429-5436. https://doi.org/
10.1128/jvi.01680-06.

Lyall, L.M., Wyse, C.A., Celis-Morales, C.A., Lyall,
D.M., Cullen, B., Mackay, D., Ward, J., Graham,
N., Strawbridge, R.J., Gill, JJM.R,, et al. (2018).
Seasonality of depressive symptoms in women
but not in men: a cross-sectional study in the UK
Biobank cohort. J. Affect. Disord. 229, 296-305.
https://doi.org/10.1016/}.jad.2017.12.106.

Morley, C., Grimwood, K., Maloney, S., and Ware,
R.S. (2018). Meteorological factors and
respiratory syncytial virus seasonality in
subtropical Australia. Epidemiol. Infect. 146,
757-762. https://doi.org/10.1017/
S0950268818000614.

O'Brien, G.M. (1993). Seasonal reproduction in
flying foxes, reviewed in the context of other
tropical mammals. Reprod. Fertil. Dev. 5,
499-521. https://doi.org/10.1071/RD9930499.

Onishi, K.G., Maneval, A.C., Cable, E.C., Tuohy,
M.C., Scasny, A.J., Sterina, E., Love, J.A., Riggle,
J.P., Malamut, L.K., Mukerji, A., et al. (2020).
Circadian and circannual timescales interact to
generate seasonal changes in immune function.
Brain Behav. Immun. 83, 33-43. https://doi.org/
10.1016/j.bbi.2019.07.024.

Paynter, S., Ware, R.S., Sly, P.D., Williams, G., and
Weinstein, P. (2015). Seasonal immune
modulation in humans: observed patterns and
potential environmental drivers. J. Infect. 70,
1-10. https://doi.org/10.1016/}.jinf.2014.09.006.

iScience

Poljak, Z., Carman, S., and Mcewen, B. (2014).
Assessment of seasonality of influenza in swine
using field submissions to a diagnostic laboratory
in ontario between 2007 and 2012. influenza other
respi. Viruses. https://doi.org/10.1111/irv.12248.

Shaman, J., Morita, H., Birger, R., Boyle, M.,
Comito, D., Lane, B., Ligon, C., Smith, H., Desalle,
R., and Planet, P. (2018). Asymptomatic
summertime shedding of respiratory viruses.

J. Infect. Dis. 217, 1074-1077. https://doi.org/10.
1093/INFDIS/JIX685.

Spiljar, M., Steinbach, K., Rigo, D., Suérez-
Zamorano, N., Wagner, |., Hadadi, N., Vincenti, I.,
Page, N., Klimek, B., Rochat, M.A,, et al. (2021).
Cold exposure protects from neuroinflammation
through immunologic reprogramming. Cell
Metab 33, 2231-2246.e8. https://doi.org/10.
1016/J.CMET.2021.10.002.

Stevenson, T.J., and Prendergast, B.J. (2015).
Photoperiodic time measurement and seasonal
immunological plasticity. Front.
Neuroendocrinol. 37, 76-88. https://doi.org/10.
1016/J.YFRNE.2014.10.002.

Wood, S., and Loudon, A. (2014). Clocks for all
seasons: unwinding the roles and mechanisms of
circadian and interval timers in the hypothalamus
and pituitary. J. Endocrinol. 222, R39-R59.
https://doi.org/10.1530/JOE-14-0141.

Wyse, C., O'Malley, G., Coogan, A.N.,
McConkey, S., and Smith, D.J. (2021). Seasonal
and daytime variation in multiple immune
parameters in humans: evidence from 329, 261
participants of the UK Biobank cohort. iScience
24, 102255. https://doi.org/10.1016/j.isci.2021.
102255.

Wyse, C.A., Celis Morales, C.A., Ward, J., Lyall,
D., Smith, D.J., Mackay, D., Curtis, A.M., Bailey,
M.E.S., Biello, S., Gill, J.M.R., and Pell, J.P. (2018).
Population-level seasonality in cardiovascular
mortality, blood pressure, BMI and inflammatory
cells in UK biobank. Ann. Med. 50, 410-419.
https://doi.org/10.1080/07853890.2018.1472389.

Xu, C., Fang, V.J., Perera, RAP.M., Kam, AM.S,,
Ng, S., Chan, Y.H., Chan, KH., Ip, D.K.M., Peiris,
J.M., and Cowling, B.J. (2016). Serum
25-hydroxyvitamin D was not associated with
influenza virus infection in children and adults in
Hong Kong, 2009-2010. J. Nutr. 146, 2506-2512.
https://doi.org/10.3945/JN.116.234856.

Yu, H., Alonso, W.J., Feng, L., Tan, Y., Shu, Y.,
Yang, W., and Viboud, C. (2013). Characterization
of regional influenza seasonality patterns in China
and implications for vaccination strategies:
spatio-temporal modeling of surveillance data.
PLoS Med. 10, e1001552. https://doi.org/10.
1371/journal.pmed.1001552.


https://doi.org/10.1093/infdis/jis467
https://doi.org/10.1093/infdis/jis467
https://doi.org/10.1128/MSPHERE.00249-18
https://doi.org/10.1128/MSPHERE.00249-18
https://doi.org/10.1371/journal.pone.0054445
https://doi.org/10.1371/journal.pone.0054445
https://doi.org/10.1007/S00281-021-00903-7
https://doi.org/10.1007/S00281-021-00903-7
https://doi.org/10.1371/journal.pone.0124122
https://doi.org/10.1371/journal.pone.0124122
https://doi.org/10.1017/S0950268899002824
https://doi.org/10.1017/S0950268899002824
https://doi.org/10.1056/NEJM199108293250903
https://doi.org/10.17863/CAM.1407
https://doi.org/10.1038/ncomms8000
https://doi.org/10.1038/ncomms8000
https://doi.org/10.1093/oxfordjournals.aje.a119949
https://doi.org/10.1093/oxfordjournals.aje.a119949
https://doi.org/10.4193/RHINO14.239
https://doi.org/10.4193/RHINO14.239
https://doi.org/10.1111/IRV.12629
https://doi.org/10.1164/rccm.201202-0330OC
https://doi.org/10.1164/rccm.201202-0330OC
https://doi.org/10.1111/jne.12694
https://doi.org/10.1111/jne.12694
https://doi.org/10.1371/journal.pone.0142382
https://doi.org/10.1371/journal.pone.0142382
https://doi.org/10.1128/jvi.01680-06
https://doi.org/10.1128/jvi.01680-06
https://doi.org/10.1016/j.jad.2017.12.106
https://doi.org/10.1017/S0950268818000614
https://doi.org/10.1017/S0950268818000614
https://doi.org/10.1071/RD9930499
https://doi.org/10.1016/j.bbi.2019.07.024
https://doi.org/10.1016/j.bbi.2019.07.024
https://doi.org/10.1016/j.jinf.2014.09.006
https://doi.org/10.1111/irv.12248
https://doi.org/10.1093/INFDIS/JIX685
https://doi.org/10.1093/INFDIS/JIX685
https://doi.org/10.1016/J.CMET.2021.10.002
https://doi.org/10.1016/J.CMET.2021.10.002
https://doi.org/10.1016/J.YFRNE.2014.10.002
https://doi.org/10.1016/J.YFRNE.2014.10.002
https://doi.org/10.1530/JOE-14-0141
https://doi.org/10.1016/j.isci.2021.102255
https://doi.org/10.1016/j.isci.2021.102255
https://doi.org/10.1080/07853890.2018.1472389
https://doi.org/10.3945/JN.116.234856
https://doi.org/10.1371/journal.pmed.1001552
https://doi.org/10.1371/journal.pmed.1001552

iScience

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

The Common Cold Project https://www.cmu.edu/common-cold-project/ Not applicable
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Data and code availability
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® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Healthy men (n = 638) and women (n = 739) aged 18-55 years were recruited by media advertisement in
Pittsburgh (US, 40°N) and Salisbury (UK, 51°N). The potential influence of sex on outcomes was tested
by including sex as a covariable in all analyses. Demographic details of the participants are given in Table
1 and further details of the Common Cold Study are available at www.cmu.edu/common-cold-project/. The
BCS and PBS were considered separately due to slight variations in their study design, and because disease
outcome was based on self-reported signs in the PCS and clinician-diagnosed in the BCS.

Physical activity was self-reported as the total aerobic exercise per week (BCS), or as a binary variable en-
coding engagement in physical activity at least once per week (PCS). Social network was the self-reported
frequency of close contacts with others, and education was a categorical variable, of no education (1),
finished school (2), started college (3), or degree or higher (4). Smoking status was self-reported as current
smoker or not. Participants self-reported their number of alcoholic drinks per week, but this parameter was
binarized to none (0) or any alcoholic drinks (1) per week because a high proportion of participants did not
drink any alcohol. Sleep duration was self-reported in hours per 24h. The date of viral challenge, latitude
and longitude were used to derive day length using vectorial algorithms in the ‘insol’ package in R.

Viral challenge

Participants were quarantined and monitored for signs of disease for 2-3 days before and 5-6 days after
administration of a culture containing live respiratory virus (rhinovirus 2, 9, 14, 39, 21, or 23, respiratory syn-
cytial virus or coronavirus type 229E) directly into the nasal passage (Table S5). There was considerable vari-
ability in the strains of virus administered at different months and missing data, particularly in the BCS
(Table S5).

In the BCS, disease classification was based on examination by a clinician and scoring across a range of
clinical parameters including body temperature, nasal secretion and fatigue. In the PCS, disease status
was defined as being infected with the challenge virus and self-reporting signs and symptoms consistent
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with upper respiratory tract infection (nasal congestion, runny nose, sneezing, cough, sore throat, head-
ache and chills). In both BCS and PCS, infection with common cold virus was defined as showing evidence
of viral replication (shedding) in nasal secretions, and/or greater than 4-fold increase in serum specific anti-
body titre 28 days post challenge. Challenge virus-specific IgG was measured by ELISA 1-2 days prior to
viral challenge and 2-60 days post challenge.

METHOD DETAILS

This study describes a secondary analysis of data collated by the Common Cold Project, which is a repos-
itory of data from studies of susceptibility to infection with respiratory viruses carried out in the UK (British
Cold Study, BCS) and in the US (Pittsburgh Cold Studies, PCS) between 1986-2004.("Laboratory for the
Study of Stress, Immunity, and Disease. (2016). Common Cold Project. Retrieved from http://www.
commoncoldproject.com,” n.d.) The BCS and PCS were analysed separately due to discrepancies between
the definition of the disease outcomes and some of the covariables. All study participants gave informed
consent; the PCS were approved by the Carnegie Mellon University and University of Pittsburgh Internal
Review Boards and the BCS was approved by the Internal Review Board of Carnegie Mellon University
and the Harrow District (United Kingdom) Ethical Committee.

QUANTIFICATION AND STATISTICAL ANALYSIS

These was extensive variability in the times of year that different viruses were tested in the BCS, and the PCS
did not collect data at all in the months of January or February (Table S5). Furthermore, the PCS included
data from four separate experiments, Pittsburgh Cold Study 1, Pittsburgh Cold Study 2, Mind-Body Center
Study, and Pittsburgh Cold Study 3). We expressed the time-dependent data as a categorical variable (sea-
son) or a continuous variable (Day length) rather than month, in order to address the missing data for
January and February. Season was defined by the CCP as winter (December-February), spring (March-
May), summer (June-August), fall (September-November). Pre-challenge immunity (virus-specific 1gG
measured at baseline) was defined as positive at antibody titres above 1:2 for rhinoviruses and at antibody
titre greater than the sample median for coronavirus or respiratory syncytial virus as previously described
for Common Cold Project data (Cohen et al., 2010).

The CCP continuous variables stratified by study name (PCS or BCS) are reported as mean (sd) or n (%) for
continuous or categorical data, respectively . The PCS data were not independent due to their derivation
from four separate iterations of the PCS. A mixed-effects logistic regression model with PCS as a random
effect, was used to address this violation of the assumption of independence. The association between var-
iables and disease outcomes were expressed as odds ratios or regression coefficients with 95% confidence
intervals. All analyses were performed using R version 4.1.3 and values of p < 0.05 were considered to
represent statistical significance.
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