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Abstract Data from human and animal studies are highly suggestive of an 
influence of time of day of vaccine administration on host immune responses. 
In this population-based study, we aimed to investigate the effect of time of day 
of administration of a COVID-19 vector vaccine, ChAdOx1 nCoV-19 
(AstraZeneca), on SARS-CoV-2 anti-spike S1 immunoglobulin (IgG) levels. 
Participants were 803 university employees who received their first vaccine 
dose in March 2021, had serology data at baseline and at 3 weeks, and were 
seronegative at baseline. Antibody levels were determined in binding antibody 
units (BAU/mL) using enzyme-linked immunosorbent assay (ELISA). 
Generalized additive models (GAM) and linear regression were used to evalu-
ate the association of time of day of vaccination continuously and in hourly 
bins with antibody levels at 3 weeks. Participants had a mean age of 42 years 
(SD: 12; range: 21-74) and 60% were female. Time of day of vaccination was 
associated non-linearly (“reverse J-shape”) with antibody levels. Morning  
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vaccination was associated with the highest (9:00-10:00 h: mean 292.1 BAU/
mL; SD: 262.1), early afternoon vaccination with the lowest (12:00-13:00 h: 
mean 217.3 BAU/mL; SD: 153.6), and late afternoon vaccination with interme-
diate (14:00-15:00 h: mean 280.7 BAU/mL; SD: 262.4) antibody levels. Antibody 
levels induced by 12:00-13:00 h vaccination (but not other time intervals) were 
significantly lower compared to 9:00-10:00 h vaccination after adjusting for 
potential confounders (beta coefficient = −75.8, 95% confidence interval [CI] = 
−131.3, −20.4). Our findings show that time of day of vaccination against SARS-
CoV-2 has an impact on the magnitude of IgG antibody levels at 3 weeks. 
Whether this difference persists after booster vaccine doses and whether it 
influences the level of protection against COVID-19 needs further evaluation.

Keywords COVID-19, vaccination, chronobiology, time of day of vaccination, immune 
response

The coronavirus disease 2019 (COVID-19) pan-
demic caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) is still ongoing. A key 
element in controlling the pandemic is the develop-
ment and application of safe and effective vaccines. 
Therefore, identifying factors that could potentially 
enhance the immune response to vaccination (anti-
body levels) could be very important. Parameters 
related to vaccine administration, such as the time of 
day of vaccination, would be comparatively simple 
to implement.

Circadian rhythms regulate the immune system by 
a temporal modulation of the immune function (Giri 
et  al., 2021; Sengupta et  al., 2021), with human 
immune cell counts and inflammatory markers show-
ing daytime variation (Wyse et  al., 2021). Circadian 
parameters such as the time of day of vaccine admin-
istration may influence vaccine-induced immune 
response. As shown in a few previous studies on vac-
cines against seasonal influenza, Hepatitis A, and 
antituberculosis vaccine bacillus Calmette-Guérin 
(BCG), morning vaccination generally enhanced pro-
duction of antibodies compared to afternoon vaccina-
tion (de Bree et  al., 2020; Long et  al., 2016a, 2016b; 
Phillips et  al., 2008). However, findings on optimal 
time are not entirely consistent across studies, and 
Langlois et  al. (1995) found a significantly higher 
antibody response if an influenza vaccine (strain A/
Philippines) was administered at 1 pm, as compared 
to morning or afternoon, but no significant differ-
ences for the other two vaccine strains tested (A/
Chile or B/USSR). This was in line with Kurupati 
et al. (2017), as well as Long et al. (2016a, 2016b) who 
also reported no significant effect of timing of sea-
sonal influenza vaccination for two of their three sub-
groups, the H3N2 A and the B-influenza strain 
vaccines. Evidence on whether time of day of vacci-
nation affects the responsiveness of vaccinated per-
sons to the recently developed COVID-19 vaccines is 

sparse. In a small prospective cohort study conducted 
among 63 health care workers in Guangzhou, China, 
vaccination with an inactivated COVID-19 vaccine, 
BBIBP-CorV (Sinopharm, Beijing), in the morning led 
to significantly higher levels of neutralizing antibod-
ies (NAbs) against the receptor-binding domain of 
SARS-CoV-2 spike protein and higher B-cell counts 
56 days after vaccination (Zhang et al., 2021). A recent 
UK-based study of 2784 health care workers vacci-
nated with either an mRNA-based (BNT162b2, Pfizer) 
or vector-based (ChAdOx1 nCoV-19, Astra Zeneca) 
vaccine against COVID-19 corroborated an influence 
of time of day of vaccination on anti-spike immuno-
globulin (IgG) levels measured over 2-10 weeks after 
vaccination, but results were not consistent across 
subgroups of exposure (age, sex, type of vaccine) and 
follow-up time points (Wang et al., 2021). Additional 
studies among non-shift workers, with more detailed 
information on time of day of vaccination and on 
other vaccine types, are warranted.

We sought to investigate the potential association of 
time of day of administration of a vector vaccine against 
SARS-CoV-2, ChAdOx1 nCoV-19 (AstraZeneca), on 
the SARS-CoV-2 anti-spike S1 subunit (S1) IgG levels 
3 weeks after vaccination in a retrospective analysis of 
a large sample of university employees vaccinated 
continuously throughout the day. We hypothesized 
that time of day of vaccination would be associated 
with antibody levels.

MATERIALS AND METhODS

Study Population and Data Collection

Study participants were employees of the Medical 
University of Vienna (MUV) from five centers/
departments with regular daytime working hours, 
who received their first dose of ChAdOx1 nCoV-19 
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(AstraZeneca) vaccine in March 2021, as part of the 
MUV COVID-19 vaccination program. On the day of 
their vaccination, employees could opt for having 
their antibody levels measured at baseline and at 
3 weeks after vaccination. Among those who agreed 
to antibody measurements, blood was drawn and 
anti-S1 IgG levels were determined at baseline (same 
day as the first vaccine dose) and at 3 weeks (21 or 
22 days) after vaccination. Information on age and sex 
was also available. The study received approval by 
the Ethics Committee of the Medical University of 
Vienna (ECS 1588/2021).

Information on time of day of vaccination was 
available for a total of 1160 employees. Of them, 853 
(74%) had serological information on antibody levels 
at 3 weeks. Employees with missing antibody levels 
at 3 weeks (non-participants) comprised of those that 
missed their appointment or received the vaccine but 
opted out of the antibody measurement. Non-
participation was not associated with time of day of 
vaccination, but females and slightly younger 
employees were more likely to participate (Suppl. 
Table S1). Employees with missing baseline antibody 
levels (N = 22) and those who were seropositive or 
gray zone (antibody levels > 25.6 binding antibody 
units/mL [BAU/mL]; N = 28, 3.4%) at baseline were 
excluded from the analysis (Figure 1).

Time of Day of Vaccination and Blood Sampling

All vaccinations were administered in 2021 between 
2 and 29 March. Information on the exact time of day 
(hours and minutes) of vaccination was collected 
based on fixed predefined vaccination appointments, 
scheduled in 2-min intervals between 9:00 and 16:00 h 
by the administrative personnel of each sub-unit. 
There was no possibility for appointment re-arrange-
ments according to personal preferences. Blood sam-
ples for antibody measurements were taken just prior 
to vaccination at baseline and between 9:00 and 12:00 
h at 3 weeks after vaccination.

Serology

Blood samples were stored at 4 °C overnight, cen-
trifuged the next day, and stored again at 4° until 
their analysis, which took place on the same day or 
the following. Serum samples were prepared to deter-
mine anti-S1 IgG antibody levels (in BAU/mL) using 
the Anti-SARS-CoV-2 QuantiVac (IgG) ELISA 
(Euroimmun). Antibody levels at 3 weeks which were 
above the assay’s upper sensitivity limit (limit of 
detection [LoD]) of 384 BAU/mL (N = 124 samples; 
15.4%) were not further titrated; these values were 
replaced by two times the upper LoD (768 BAU/mL). 

Values of baseline antibodies below the lower LoD of 
3.2 BAU/mL (N = 621 samples; 53.5%) were replaced 
by half the lower LoD (1.6 BAU/mL). We used manu-
facturer’s instructions (Euroimmun, 2021) to classify 
antibody level test result as negative (<25.6 BAU/
mL), gray zone (25.6-35.2 BAU/mL), positive (35.2-
384 BAU/mL), and above LoD (>384 BAU/mL).

Statistical Analysis

The analytic dataset consisted of participants with 
complete information on vaccination time, antibody 
levels at baseline and 3 weeks, and covariates (age 
and sex). Descriptive analyses of the exposure (time 
of day of vaccination), outcome (antibody levels at 
3 weeks), and covariates (age, sex, and baseline anti-
body levels) were conducted. Time of day of vacci-
nation was analyzed as a continuous variable and in 
hourly bins (9:00-10:00, 10:01-11:00, 11:01-12:00, 
12:01-13:00, 13:01-14:00, 14:01-15:00, 15:01-16:00 h). 

Figure 1. Flow chart of study participants included in the anal-
ysis.
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Summary statistics of the continuous time variable 
and frequencies of the hourly bins were described. 
Mean and median antibody levels 3 weeks after vac-
cination were determined for each hourly bin. Linear 
regression analysis (natural and log-transformed 
antibody levels) was used for calculation of beta coef-
ficients (β coef) and 95% confidence intervals (CIs) for 
each hourly bin of time of day of vaccination, in order 
to estimate the difference in antibody levels associ-
ated with later vaccination time points; the first 
morning hourly bin (9:00-10:00) was used as the refer-
ence group. Linear and quadratic terms of vaccina-
tion time were added in linear regression models to 
inspect the linearity of associations. We used general-
ized additive models (GAM) to explore the shape of 
the association (smooth function) of time of day of 
vaccination with antibody levels at 3 weeks after vac-
cination. We used natural splines (normal distribu-
tion) with 3 degrees of freedom and the identity link 
and report the p > Gain which is a measure of good-
ness of fit of the GAM compared to the linear model 
(StataCorp, 2021). We used crude and multivariable 
adjusted models for age, sex, and baseline antibody 
levels. In the main analysis, antibody levels were ana-
lyzed in the original scale and in secondary analysis 
they were log-transformed. In order to assess effect 
modification by sex and age, interactions were tested 
in linear regression models using the linear and qua-
dratic term of time of day of vaccination. Statistical 
interactions between vaccination time (linear and 
quadratic term) and (1) sex (female/male) and (2) age 
(continuous) were tested by adding both interaction 
terms (e.g., age × time and age × time2) in regression 
models and by using log-likelihood ratio tests to 
compare models with and without the interaction 
terms. Analyses were stratified by sex and 10-year 
age categories (<30, 30-40, 40-50, >50 years). p-values 
were not adjusted for multiple testing and should be 
interpreted exploratorily only.

Several sensitivity analyses were conducted to 
account for the uncertainty related to the non-titra-
tion of antibody levels >384 BAU/mL and imputa-
tion of these values. First, Cox proportional hazards 
models (Dinse et  al., 2014; Wood et  al., 2011) using 
antibody levels as the “time” variable and censoring 
participants with levels >384 BAU/mL were used 
and hazard ratios (HR) and 95% CI were calculated. 
Hazard in these models can be interpreted as lower 
antibody levels. Second, values > 384 BAU/mL were 
replaced with one and three times the assay’s upper 
LoD (384 and 1152 BAU/mL, respectively), and 
results were compared to the main analysis that used 
two times the upper LoD (768 BAU/mL). Third, a cat-
egorical outcome was created (seronegative/gray 
zone: <35.2 BAU/mL, seropositive: 35.2-384 BAU/
mL, highly seropositive: >384 BAU/mL), and the 

association of time of day of vaccination with odds of 
being seronegative and highly seropositive compared 
to seropositive was assessed. Odds ratios (ORs) and 
95% CIs were estimated in multinomial logistic 
regression models adjusted for age, sex, and baseline 
antibody levels. Finally, values >384 BAU/mL were 
excluded in sensitivity analysis. All statistical analy-
ses were performed using Stata/IC 16.1. All tests 
were two-sided and significance level was set to 5%.

RESuLTS

The analytical dataset consisted of 803 SARS-
CoV-2 naïve participants, 485 (60.4%) women, and 
318 (39.6%) men (Table 1). Mean age of the partici-
pants was 42 years (SD = 12). Time of day of vaccina-
tion ranged between 9:00 and 16:00 h, with a mean of 
12:06 h (Suppl. Fig. S1). Age and sex were evenly dis-
tributed across hourly bins of time of day of vaccina-
tion (Suppl. Table S2). Three weeks after vaccination, 
anti-S1 IgG levels were negative in 4.7%, borderline 
in 3.1%, positive in 76.2%, and above LoD in 15.4% of 
participants (Table 1).

Time of day of vaccination was associated with 
anti-S1 IgG levels at 3 weeks according to the multi-
variable-adjusted GAM spline (Figure 2, Suppl. Fig. 
S2), and the association was U-shaped or reverse 
J-shaped (p > Gain = 0.036). The quadratic term of 
time of vaccination was statistically significant 
(p = 0.01) in the regression model, consistent with 
departure from linearity (results not shown).

Mean antibody levels were highest after morning 
(9:00-10:00 h) vaccination (292.1 BAU/mL), lowest 
after midday or early afternoon (12:00-13:00 h) vacci-
nation (217.3 BAU/mL), and intermediate after late 
afternoon (14:00-16:00 h) vaccination (264.4 BAU/
mL) (Table 2). In the linear regression models, vaccine 
administration between 12:00 and 13:00 h was associ-
ated with significantly lower antibody levels com-
pared to 9:00-10:00 h administration and differences 
remained significant after adjusting for age, sex, and 
baseline antibody levels (beta coefficient: −75.8; 95% 
CI: −131.3, −20.4).

The difference in antibody levels between morning 
and afternoon vaccination was larger among men 
(Table 3, Figure 3); however, the interaction with sex 
was not statistically significant (LR-test p for interac-
tion = 0.43). Evidence of statistically significant 
variation in the effect of time of vaccination (size 
and shape) was found across age groups (LR-test p 
for interaction = 0.04). A U-shaped association was 
observed among younger participants (≤40 years) 
suggesting that morning or late afternoon vaccina-
tion may both predict higher antibody levels. The 
association was linear in participants older than 
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40 years, suggesting that in this age group morning 
vaccination led to a higher antibody response, com-
pared to later in the day vaccination.

Results of the several sensitivity analyses were in 
line with the main analysis. Cox-proportional haz-
ard regression of the hourly time bins censoring par-
ticipants with antibody levels of >384 BAU/mL 
yielded hazard ratios similar in direction and sig-
nificance to the main results (Suppl. Table S3). 

Results imputing 1 times upper LoD and 3 times 
upper LoD mirrored the main results that used the 2 
times factor but the magnitude was smaller in the 
first and greater in the latter (Suppl. Table S4). In 
logistic regression analysis, we found that compared 
to 0900-1000 vaccination, 1200-1400 vaccination sig-
nificantly increased the odds of being seronegative, 
which supports the results of the main analysis 
(Suppl. Table S5). The proportion of samples below 
the limit for seronegativity/gray zone (<35.2 BAU/
mL) and above the upper LoD (>384 BAU/mL) 
were evenly distributed with small variation across 
hourly bins of time of day of vaccination (Suppl. 
Table S5). Finally, the inclusion of positive or gray 
zone antibody levels at baseline to the analysis 
(Suppl. Table S6) and the exclusion of non-titrated 
high antibody levels from the analysis (Suppl. Table 
S7) did not change the results. Analysis of log-trans-
formed antibody levels was consistent with the 
analysis results based on non-transformed levels 
(Suppl. Table S8).

DISCuSSION

In summary, our results from a study population 
of 803 SARS-CoV-2 infection naïve adults demon-
strate an association of time of day of the first vacci-
nation dose with the vector-based vaccine ChAdOx1 

Table 1. Age and anti-S1 IgG antibody levels and test results at baseline and at 3 weeks after vaccination overall and by gender 
(N = 803).

All (N = 803) Women (N = 485) Men (N = 318)

Age (years)
 Min-max 21-74 21-66 22-74
 Mean (SD) 41.9 (11.9) 39.4 (11.3) 43.6 (12.1)
 Median (IQR) 40 (21) 38 (20) 43 (21)
Time of day of vaccination (h)  
 Min-max 9-16 9-16 9-16
 Mean (SD) 12.1 (1.7) 12.2 (1.7) 12.0 (1.8)
 Median (IQR) 12.2 (2.6) 12.2 (2.6) 12.0 (2.6)
Antibody levels at baseline (BAU/mL)  
 Min-max 1.6-25.5 1.6-25.1 1.6-25.5
 Mean (SD) 3.2 (3.7) 3.1 (3.4) 3.4 (4.0)
 Median (IQR) 1.6 (1.7) 1.6 (1.7) 1.6 (1.8)
Antibody levels at 3 weeks (BAU/mL)  
 Min-max 3.3-768 3.3-768 6.7-768
 Mean (SD) 241.8 (240.7) 268.7 (251.9) 200.8 (216.4)
 Median (IQR) 156.2 (189.6) 173.9 (217.8) 123.0 (164.6)
Antibody test result at 3 weeks, N (%)  
 Negative (<25.6 BAU/mL) 38 (4.7) 15 (3.1) 23 (7.2)
 Gray zone (25.6-35.2 BAU/mL) 25 (3.1) 16 (3.3) 9 (2.8)
 Positive (35.2-384 BAU/mL) 616 (76.2) 365 (75.3) 251 (78.9)
 Highly positive (>384 BAU/mL) 124 (15.4) 89 (18.4) 35 (11.0)

Abbreviations: IgG = immunoglobulin; IQR = interquartile range; BAU = binding antibody units.

Figure 2. Multivariable adjusted general additive model 
(GAM) splines (smooth function) for the association of time of 
day of vaccination and anti-S1 IgG antibody levels at 3 weeks 
after vaccination in the full study population (N = 803). Abbre-
viation: IgG = immunoglobulin.
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nCoV-19, Vaxzevria (AstraZeneca) on the magnitude 
of anti-S1 IgG levels after 3 weeks. Antibody levels 
were highest after morning vaccination (0900-1100), 
lowest after early afternoon vaccination (1200 and 
1400), and intermediate after late afternoon vaccina-
tion (1400-1500).

We found a reverse-J association between time of 
day of vaccination and antibody levels, with stron-
gest antibody responses after morning vaccination. 
Our results, although exploratory, are in line with a 
recent comparable study (Zhang et  al., 2021) of an 
inactivated COVID-19 virus vaccine, BBIBP-CorV 
(Sinopharm, Beijing), among 63 health care workers. 
Participants vaccinated with both doses in the morn-
ing (0800-1000) showed 1.8-fold higher levels of 
NAbs against the receptor-binding domain of SARS-
CoV-2 spike protein, compared to those vaccinated 
in the afternoon (1500-1700). Participants vaccinated 
in the morning also yielded stronger B cell and T fol-
licular helper cells responses, and higher frequen-
cies of monocytes and dendritic cells. However, this 
study compared predefined groups of exposure 
(morning vs afternoon), whereas we analyzed 

vaccination times continuously and described a 
daily pattern of variation in vaccine response. A sig-
nificant influence of time of day of vaccination on 
SARS-CoV-2 anti-spike IgG antibody levels after 
vaccination was also supported in a recent study of 
2784 health care workers vaccinated with an mRNA-
based (BNT162b2, Pfizer) or vector-based (ChAdOx1 
nCoV-19, Astra Zeneca) vaccine against SARS-CoV-2 
(Wang et  al., 2021). This study was indicative of 
slightly higher antibody levels (measured at 
2-10 weeks) among those vaccinated later in the day, 
though not consistently across sex, age, and vaccine 
type subgroups. This finding is partly in agreement 
with the non-linear association pattern we observed. 
Furthermore, our study included persons working 
on day schedules with presumably more intact cir-
cadian rhythms, whereas both previous studies 
(Wang et  al., 2021; Zhang et  al., 2021) were con-
ducted among health care workers. As such, they 
were likely exposed to night shift work, circadian 
misalignment, and sleep disruption (and thus pre-
sumably vaccinated at different internal times), 
which may interfere with vaccine-induced antibody 

Table 2. Association of hourly bins of time of day of vaccination with anti-S1 IgG antibody levels (N = 803) in linear regression 
models.

Hourly bins (h) N (%)

Antibody levels at 3 weeks (BAU/mL) β Coef (95% CI)

Mean (SD) Median (IQR) Crude Adjusteda

9:00-10:00 114 (14.2) 292.1 (262.1) 196.3 (208.0) Ref Ref
10:00-11:00 115 (14.3) 252.1 (253.4) 142.1 (214.5) –46.2 (–108.5, 16.1) –39.2 (–100.6, 22.2)
11:00-12:00 137 (17.1) 274.4 (259.4) 160.0 (210.2) –31.3 (–91.1, 28.4) –36.6 (–95.4, 22.2)
12:00-13:00 181 (22.5) 217.3 (226.4) 153.6 (174.0) –75.2 (–131.6, –18.9) –75.8 (–131.3, –20.4)
13:00-14:00 130 (16.2) 228.6 (236.9) 137.1 (168.8) –61.5 (–122.0, –1.04) –53.5 (–113.3, 6.3)
14:00-15:00 74 (9.2) 280.7 (266.2) 166.2 (232.5) –9.2 (–79.6, 61.1) –12.0 (–81.3, 57.3)
15:00-16:00 52 (6.5) 264.4 (262.4) 170.9 (198.5) –28.7 (–107.5, 50.2) –30.7 (–108.5, 47.0)

Abbreviations: β coef = beta coefficient; 95% CI = 95% confidence interval; IgG = immunoglobulin; IQR = interquartile range; 
BAU = binding antibody units.
aAdjusted for age (continuous), sex (female/male), and baseline antibody levels (continuous).

Table 3. Time of day of vaccination with anti-S1 IgG antibody levels 3 weeks after vaccination grouped by sex (N = 803) in linear 
regression models.

Time of day of vaccination
Anti-S1 IgG antibody levels at 3 weeks

β Coef (95% CI)a

Time slots (h)
Women
(N = 485)

Men
(N = 318)

9:00-10:00 Ref Ref
10:00-11:00 –18.1 (–103.7, 67.6) –70.2 (–155.9, 15.6)
11:00-12:00 –7.3 (–90.6, 76.0) –76.5 (–156.7, 3.6)
12:00-13:00 –49.5 (–126.3, 27.2) –113.2 (–191.5, –34.8)
13:00-14:00 –10.0 (–92.2, 72.3) –121.1 (–206.5, –35.7)
14:00-15:00 1.1 (–91.6, 93.7) –22.9 (–127.2, 81.4)
15:00-16:00 24.9 (–85.4, 135.3) –103.1 (–209.4, 3.3)

Abbreviations: β coef = beta coefficient; 95% CI = 95% confidence interval; IgG = immunoglobulin.
aAdjusted for age (continuous) and baseline antibody levels (continuous).
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responses (Fatima et al., 2021; Maidstone et al., 2021; 
Prather et al., 2021; Ruiz et al., 2020). We also found 
that morning vaccination increased the odds of 
being seropositive, compared to afternoon vaccina-
tion, which supports and strengthens our main anal-
ysis findings and if confirmed might be relevant for 
optimizing antibody responses among individuals 
with weak or no vaccination responses. In our study, 
the shape of the association changed (from reverse 

J-shape to linear) with age, but morning vaccination 
was the most potent in mounting antibody titers 
across all age groups. The age-specific results might 
be explained by a cross-talk of aging of the circadian 
system and sleep homeostasis (Giri et al., 2021) with 
age-related declines in immunity such as impaired 
immune cell function, diminished chemokine pro-
duction, that may lead to reduced antibody response 
following vaccination or infection (Bartleson et al., 

Figure 3. Multivariable adjusted general additive model (GAM) splines (smooth function) for the association of time of day of vaccina-
tion and anti-S1 IgG antibody levels at 3 weeks after vaccination grouped by sex and age. Abbreviation: IgG = immunoglobulin.
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2021; Blomberg and Frasca, 2013). We also found 
suggestive evidence of effect modification by sex, 
with morning vaccination (vs early afternoon) stim-
ulating a stronger vaccine response among male 
participants, although our stratified analyses were 
of limited power. Similarly, one previous study 
(Phillips et  al., 2008) also reported that men—but 
not women—mounted a better peak antibody 
response after morning administration of hepatitis 
A and seasonal influenza compared to afternoon. 
Age and sex-specific differences in daily variation of 
vaccine response, underlying mechanisms, and their 
consequences for immunity need further study.

The impact of time of day of vaccination on vac-
cine responsiveness is biologically plausible (Giri 
et al., 2021; Sengupta et al., 2021). Circadian rhythms 
regulate many aspects of immune function, includ-
ing the innate but also the adaptive immunity (Abele 
et  al., 2019; Scheiermann et  al., 2018; Wang et  al., 
2022). A number of animal and human studies sup-
port the occurrence of circadian oscillations in 
immunity including cytokine-mediated chemotaxis, 
T-cell differentiation, and leukocyte mobilization 
and activation (Haspel et al., 2020; Wyse et al., 2021). 
In animal models, immune response to antigenic 
challenge varies with time of day, with mice injected 
with lipopolysaccharides (LPS) in the evening exhib-
iting increased mortality compared with those chal-
lenged in the morning (Silver et al., 2012). Similarly, 
experimental animal studies have demonstrated 
time-of-day-dependent immune responses after 
vaccination (Fortier et  al., 2011; Nobis et  al., 2019; 
Silver et al., 2012). In one experiment, mice vaccina-
tion with ovalbumin (OVA) at night resulted in 
increased antigen-induced lymphocyte proliferation 
and increased interferon (IFN)-γ production com-
pared with day vaccination. This phenomenon was 
correlated with rhythmic expression of toll-like 
receptor 9 (TLR9) on macrophages and B cells (Silver 
et  al., 2012). In another experiment, Nobis et  al. 
(2019) also showed circadian vaccination responses 
after injection of mice with dendritic cells loaded 
with the OVA peptide antigen (DC-OVA) vaccine. 
These effects were mediated by the intrinsic clock of 
CD8 T-cells that led to differential T-cell activation 
and proliferation according to time of day of vacci-
nation. On the contrary, when circadian clock func-
tion in lymphocytes is lost, the rhythmic lymphocyte 
trafficking through lymph nodes and lymph—which 
is an important immune surveillance mechanism—
is ablated (Druzd et al., 2017). Finally, there is sig-
nificant amount of evidence connecting circadian 
rhythms to the function of the digestive system, gut 
microbiota, and immunity (Wang et al., 2022). The 
observed reverse J-association pattern in our data 
could be explained by behavioral aspects such as 

meal timing that exerts a strong influence in periph-
eral clocks and thus may impact the gut microbial 
diversity, gut cell motility, and nutrient absorption 
which might in turn influence immune responses to 
infection or vaccination (Brooks et al., 2021; Zheng 
et al., 2020). Despite the longer time frame compared 
to innate immunity, interestingly and despite earlier 
skepticism, adaptive immunity exhibits circadian 
rhythmicity even weeks after the initial challenge 
(Wang et al., 2022). However, it is still unclear how 
circadian rhythms in immune responses observed 
weeks or months after the initial stimulus are 
defined and maintained, and this is a high-priority 
research area for future studies (Haspel et al., 2020).

Another relevant question is whether reported dif-
ferences in antibody levels correlate with higher levels 
of protection. Antibody-mediated immunity in protec-
tion against SARS-CoV-2 infection is supported by 
results from a large natural experiment in health care 
workers from the United Kingdom (N = 12,541) 
(Lumley et al., 2021) showing that the presence of anti-
S or anti-nucleocapsid IgG antibodies due to infection 
was associated with a substantially reduced risk of 
SARS-CoV-2 reinfection after 6 months. A large meta-
analysis pooling data from three single-blind random-
ized controlled trials of ChAdOx1 nCoV-19 (Voysey 
et al., 2021) reported a relationship between antibody 
levels and vaccine efficacy against primary symptom-
atic COVID-19 for both binding and neutralizing anti-
body levels. Data from an efficacy trial of the ChAdOx1 
nCoV-19 vaccine in the United Kingdom (Feng et al., 
2021) showed that a vaccine efficacy of 80% against 
symptomatic infection with SARS-CoV-2 was achieved 
with an average of 264 (95% CI: 108, 806) BAU/mL of 
anti-S antibodies. Results from a large UK-based cohort 
of 92,584 individuals without evidence of prior infec-
tion after having received two doses of ChAdOx1 
found that 67% of individuals were protected against 
infection at estimated levels of 107 BAU/mL anti-spike 
IgG (Wei et al., 2021). Therefore, the observed variation 
in antibody levels in our study could indicate a clini-
cally relevant effect of time of day of vaccination.

Strengths of our study include (1) the large sample 
size, (2) the collection of detailed information on 
time of day of vaccination in a large time window 
covering from early morning to late afternoon, (3) 
the inclusion of an infection naïve population of reg-
ular (day) working hours, and (4) the synchronous 
assessment of antibodies at 3 weeks (day 21 or 22) 
after vaccination for all participants that increased 
precision. Our study also has a number of limitations. 
First, it included only limited information on poten-
tial confounders, for example, chronotype and thus 
confounding might have occurred, although vaccina-
tion appointments were predefined and not influ-
enced by personal preferences. Second, antibody 
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levels greater than the upper LoD of the assay (17.2% 
of samples) were imputed, which might have led to 
an under- or overestimation of the true effects. 
However, several sensitivity analyses showed that 
this did not substantially impact the results in terms 
of effects direction and significance. Third, the time 
of day of blood collection for antibody measure-
ments at 3 weeks was not known, but there is no con-
clusive evidence of daily variation in antibody titers 
(Kurupati et  al., 2017; Reinberg et  al., 1977; Wyse 
et  al., 2021), and in a recent relevant study, SARS-
CoV-2 anti-spike IgG antibody levels post-vaccina-
tion were not influenced by time of day of blood 
collection (Wang et al., 2021). Fourth, p-values were 
not adjusted for multiple testing and results should 
be interpreted explanatorily only. In terms of gener-
alizability, participants were university employees 
and therefore of working age and presumptive 
above-average socioeconomic and educational sta-
tus. Our analysis focused on the short-term (3 weeks) 
effects of only the first dose of a vaccination against 
SARS-CoV-2 in a naïve population without consider-
ing the second and third doses that are recommended 
for optimal protection (European Centre for Disease 
Prevention and Control, 2021). However, our results 
are in line with studies that have evaluated first and 
second doses of a COVID-19 vaccine (Zhang et al., 
2021). Finally, although vaccine effectiveness is 
reflected in both cellular and humoral immune 
responses (He et  al., 2021), we evaluated only one 
type of antibody response (anti S1 IgG), but binding 
and neutralizing antibodies have been shown to cor-
relate in healthy populations (Dolscheid-Pommerich 
et al., 2022; Mendrone-Junior et al., 2021).

Overall, our data indicate that circadian parame-
ters such as time of day of vaccination may play a role 
in human COVID-19 vaccination immune responses. 
When feasible circadian rhythms could be harnessed 
to help elicit a stronger immune response and opti-
mize vaccination strategies against SARS-CoV-2. 
Future studies need to evaluate if time of day of vac-
cination has an impact on the responsiveness to the 
full vaccination scheme against SARS-CoV-2 and 
whether this might influence the protection rate. Our 
study included healthy participants, but a “timed” 
vaccination approach might be in particular useful 
among people showing weaker vaccine-induced 
antibody responses. Further studies should aim to 
include vulnerable populations such as immunocom-
promised patients and older adults.
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