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ARTICLE INFO ABSTRACT
Keywords: Although severe acute respiratory syndrome coronavirus 2 messenger ribonucleic acid
SARS-CoV-2 mRNA vaccines (SARS-CoV-2 mRNA) vaccines are effective in kidney transplant recipients (KTRs), their
kidney transplantation immune response to vaccination is blunted by immunosuppression. Other tools enhancing
immunosuppression vaccination response are therefore needed. Interestingly, aligning vaccine administration
circadian rhythms with circadian rhythms (chronovaccination) has been shown to boost immune response.
chronovaccination However, its applicability in KTRs, whose circadian rhythms are likely disrupted by immu-
Bayesian modeling nosuppressants, remains unclear. To assess the impact of vaccination timing on sero-
vaccination timing conversion in the KTRs population, we analyzed data from 553 virus-naive KTRs who
vaccination response received 2 doses of messenger ribonucleic acid (mRNA) vaccine. Bayesian logistic
seroconversion regression was employed, adjusting for previously identified predictors of seroconversion,

including allograft function, maintenance immunosuppressants, or time since trans-
plantation. SARS-CoV-2 immunoglobulin G (IgG) levels were measured with a median of 47
days after the second dose. The results did not reveal a reliable effect of timing of the first
dose but did indicate that earlier timing for the second dose brings a notable benefit—every
1-hour delay in the application was associated with a 16% reduction in the odds of sero-
conversion (OR 0.84, 95% CI 0.71, 0.998). Similar results were obtained from quantile
regression modeling 1gG levels. In conclusion, morning vaccination is emerging as a
promising and easily implementable strategy to enhance vaccine response in KTRs.

Abbreviations: Cl, credible interval; COVID-19, coronavirus disease 2019; IgG, immunoglobulin G; KTRs, kidney transplant recipients; mRNA, messenger ribonucleic acid; OR, odds ratio; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2.
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I. Zahradka et al.

1. Introduction

Coronavirus disease 2019 (COVID-19) proved to be espe-
cially harmful to vulnerable patient groups, including kidney
transplant recipients (KTRs).1 Emergence of severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) vaccines
notably broadened our ability to battle the infection.? However, it
soon became clear that although COVID-19 vaccines are effec-
tive in KTRs, the protection provided is considerably lower than in
the general population.a'6 As KTRs are especially prone to the
development of serious complications of COVID-19, procedures
such as temporary mycophenolate withdrawal or heterologous
vaccination were tested to overcome the blunted vaccination
response, but with little to no effect.””'" Even repeated booster
doses are not the solution, as they do not sufficiently induce
neutralization against some variants of concern in KTRs with
previously impaired vaccination response.'?

It has been proposed that circadian rhythmicity could play an
important role in the immune regulation of vaccination response
and that the timing of vaccine administration could be used to
improve vaccine response.13 Indeed, the benefits of harnessing
circadian rhythms in vaccinology (so-called chronovaccination)
have been previously demonstrated in cases of influenza'* and
BCG vaccines.'® More recently, a large study by Hazan et al.'®
showed that morning dosing of the SARS-CoV-2 vaccine was
associated with better real-world vaccine effectiveness compared
to an afternoon dose. Furthermore, Lin and Hung17 reported that
morning vaccination with an adenovirus-based vector vaccine was
associated with improved seroconversion among hemodialysis
patients, another vulnerable patient group where vaccination
response might be blunted.*'® Thus, moring vaccination may
represent an easy-to-implement and cost-effective way of
improving vaccine effectiveness even in vulnerable and polymorbid
patients. However, it has also been previously shown in humans
and in animal models that the use of immunosuppressive drugs
such as corticosteroids and calcineurin inhibitors may disrupt
circadian rhythmicity,'®? potentially altering or negating the effect
of morning vaccination in KTRs specifically compared to other
patient populations.

To clarify whether morning vaccination might be beneficial in
the specific immunosuppressed patient cohort of KTRs with
various levels of kidney dysfunction, we performed a secondary
analysis of a prospective observational study (NCTO4832841).4
The original study examined the determinants of immune
response in KTRs following messenger ribonucleic acid (mRNA)
COQVID-19 vaccination with either Pfizer/BioNTech BNT162b2 or
Moderna mRNA-1273. The primary research question of the
current study is whether the timing of the first or second vaccine
dose influences humoral response measured after the complete
course of primovaccination (that is after the application of the
second vaccine dose).
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2. Methods
2.1. Patients

Patient enrollment took place between March 18, 2021, and
June 3, 2021.* Of the 626 virus-naive KTRs from the primary
study, 553 were included in the analysis as they were vaccinated
at the local transplant center and therefore the time of their
vaccination was known. A KTR was considered as virus-naive if
no previous SARS-CoV-2 infection was recorded. To eliminate
reporting bias, all previous SARS-CoV-2 infection records were
verified in the official government central registry for infectious
diseases,23 where all positive test results were mandatorily re-
ported from all laboratories throughout the country. This study
was approved by the local IRB under No. G-21-07.

2.2. SARS-CoV-2 immunoglobulin G (IgG)
measurements, seroconversion definition

SARS-CoV-2 IgG levels against the spike protein were
measured using the LIAISON SARS-CoV-2 S1/S2 IgG chem-
iluminescence immunoassay (DiaSorin S.p.A., ltaly) with a cut-
off value of 9.5 AU/ml for seroconversion as previously
described.” The detection limits of the assay are 3.6 AU/mL
(lower limit) and 8000 AU/mL (upper limit). Antibody levels were
evaluated after the second vaccine dose (median 47 days, range
14-113 days).

2.3. Statistics

Continuous variables are reported as medians with inter-
quartile ranges, and categorical variables as proportions (%).
Intergroup differences were calculated with the Mann-Whitney
test, chi-square test, or Fischer test as appropriate.

2.4. Bayesian regression modeling

We decided to use the Bayesian approach as it enables direct
incorporation of external knowledge into statistical models (in the
form of so-called prior). Because the effect of morning vaccina-
tion on seroconversion has been already reported in hemodial-
ysis patients,17 a similar vulnerable group of patients, we believe
that employing a methodology that takes these insights into ac-
count can contribute to more informed inferences.

We used Bayesian logistic regression in R software (version
4.3.1) and “brms” package®* to analyze the timing effect of first
and second doses of SARS-CoV-2 mRNA vaccines on the
seroconversion measured after the second vaccine dose. Data of
all 553 patients were entered into the Bayesian models (see full
report online®®).
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Table 1
Patient characteristics.
Characteristic Unsuccessful seroconversion Successful seroconversion P value
(n = 341) (n=212)

Male sex, n (%) 202 (59%) 152 (72%) .003

Age, y, median (IQR) 67 (58, 72) 63 (56, 71) .017

Months from transplantation, 55 (20, 115) 100 (42, 170) <.001
median (IQR)

Timing of first dose, median 12:09 PM (11:09 AM, 1:22 PM) 12:17 PM (11:20 AM, 1:26 PM) 4
(IQR)

Timing of second dose, 12:25 PM (11:24 AM, 1:20 PM) 12:19 PM (11:10 AM, 1:11 PM) 2
median (IQR)

Days between the second 43 (28, 67) 49 (31, 66) 2
dose and testing, median
(IQR)

Timing of IgG testing, median 7:20 AM (6:49 AM, 7:52 AM) 7:22 AM (6:52 AM, 7:47 AM) .8
(IQR)

Diabetes mellitus, n (%) 104 (30%) 62 (29%) .8

Body mass index (kg/m?), 28.3 (24.8, 31.3) 27.7 (24.9, 31.3) 5
median (IQR)

Last eGFR before 43.8 (33, 57.6) 51 (41.4, 67.8) <.001
vaccination (mL/min/1.73
m?), median (IQR)

Maintenance immunosuppression
Calcineurin inhibitor, n (%) 306 (90%) 190 (90%) >.9
Tacrolimus, n (%) 279 (82%) 161 (76%) A
Trough level tacrolimus, 6.5 (5.5, 7.6) 6.3 (5.7,7.4) >.9
median (IQR)
Cyclosporin A, n (%) 27 (7.9%) 29 (14%) .029
Trough level cyclosporin A, 109 (90, 138) 105 (95, 129) .8
median (IQR)
Mycophenolate mofetil/ 295 (87%) 131 (62%) <.001
mycophenolic acid, n (%)
Mycophenolate mofetil/ 1000 (875, 1500) 1000 (500, 1500) 9
mycophenolic acid dose
(mg/d), median (IQR)
Corticosteroid, n (%) 316 (93%) 187 (88%) .075

T cell depletive 22 (6.5%) 2 (0.9%) .002
immunosuppression year
before vaccination, n (%)

Albumin (g/L), median (IQR) 42.4 (40.1, 44.4) 42.6 (40.2, 44.3) 5
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Table 1 (continued)

Characteristic Unsuccessful seroconversion Successful seroconversion P value
(n = 341) (n=212)
Lymphocytes (n/uL), median 1.99 (1.46, 2.47) 2.37 (1.76, 3.13) <.001
(IQR)

Administered vaccine

Vaccine BNT162b2, n (%) 333 (97.7%) 203 (95.8%) 2
Vaccine mRNA-1273, n (%) 8 (2.3%) 9 (4.2%)
SARS-CoV-2 IgG antibody 0(0, 0) 57 (23, 171) <.001

level (AU/mL), median

(IQR)

eGFR, estimated glomerular filtration rate; IQR, interquartile range; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Vaccine timings were primarily used as a continuous variable Models were adjusted for the effect of other covariates
with linear and additive effects, as there were no significant previously shown to influence the probability of seroconversion
nonlinearities or apparent interactions between the timing of the 2 after SARS-CoV-2 vaccination in hemodialysis patients and

doses (Supplementary Fig. S1 and Supplementary Table S1). KTRs.*'” The covariates included: time after kidney
A et dlosa 2] Glose B Posterior distributions, main model Figure 1. The effects of morning vaccination
25 ; OR: 111 on seroconversion following SARS-CoV-2
; 865 Cl: [0.93, 1.35] vaccination in kidney transplant recipients.
1 i (A) Predicted probability of seroconversion in
081 ; 2 [CRSATA013 relation to the timing of vaccine dose
: administration (first dose in the left panel and
0.6- i second dose in the right panel) and 95%
1

1stq * OR: 0.84 credible intervals (Cls) (shaded regions). The
displayed curves show the effects of vacci-

95% Cl: [0.71, 0.998] " : ° .
nation times, averaged across binary vari-

o [=]
[N} IS
h '

Probability of seroconversion
Dose of anti-Covid vaccination

RIORE1IR00 1 ables and based on mean values of
continuous covariates. (B) Posterior distribu-
tion and 95% CI representing the impact of a
. Y Y 2nd g ! | | | ., 1-hour delay in vaccination time on sero-
£ 8 M9 b w2 L s 06 0.8 1.0 1.2 1.4 16 conversion according to the main model. The
Time of vaccination Odds ratio (1-hour change) L.
o value P [OR < 1] indicates the model-
Cc Posterior distributions, sensitivity analyses estimated probability that earlier vaccination
1st dose 2nd dose improves seroconversion (i.e., OR (odds
y OR: 1.09 ' OR: 0.85 ratio) for time is smaller than 1). (C) Posterior
' 95% Cl:[0.92, 1.3] 95% Cl: [0.72, 0.9995] distribution for the effect of a 1-hour delay in
Redueeds : ORI {2 OR: 0.84 vaccination time, or afternoon vs morning
) 1 95% Cl: [0.93, 1.34] 95% CI: [0.71, 0.9954] vaccination times, based on 5 different
_ non-int. pr. | | OR: 1.09 OR: 0.85 sensitivity analyses (reduced = model with
3 : 95% CI: [0.91, 1.3] 95% CI:[0.72,09994]  reduced covariate adjustments [only vari-
§ Sero+: 3.6- —_—— .
| OR: 1.11 1 OR: 0.79 ables that differ between seroconverted and
: = 95% Cl: [0.7, 1.77] ! 95% Cl: [0.49, 1.274] not seroconverted patients, as shown in
By 12 pm- T OR. 1.16 ¢ : OR: 0.55 Table 1, were included]; non-inf. pr. = model
f 95% Cl: [0.69, 1.93] 1 95% Cl: [0.33, 0.898] with a noninformative prior [i.e., a prior that
5 p p!
By 1pm- v v has minimal influence on the inference] for all
05 10 1's 20 05 10 1'5 2% predictors including vaccination times;

Odds ratio (1-hour change or afternoon vs. morning) sero-+: 3.6 = a model where the threshold for
antibody positivity was changed to > 3.6 AU/
mL [laboratory limit of detection, rather than
seroconversion]; By 12 PM = a model with
dichotomized vaccination times, the after-
noon is defined as later than 12 PM; By 1 PM
= a model with dichotomized vaccination
times, the afternoon is defined as later than 1
PM). The impact of the timing of the first dose
is presented on the left and the second dose
on the right. Cl indicates bounds of 95% ClI.
See methods for details and Supplementary
Tables S3-S7 for detailed results of sensitivity
analyses.
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transplantation, the time between the second dose and blood
collection (modeled as a nonlinear effect, Supplementary Fig.
S1), age at vaccination, sex, most recent estimated glomerular
filtration rate before the first dose (mL/min/1.73 m2), body mass
index (kg/mz), serum albumin (g/L), lymphocyte count (n/uL),
diabetes mellitus, vaccine type (mRNA-1273 or BNT162b2),
and maintenance immunosuppression, namely mycophenolate
mofetil or mycophenolic acid, calcineurin inhibitors, and ste-
roids. For Bayesian models, continuous variables were stan-
dardized by 2 standard deviations.?®

We used Gaussian noninformative priors with mu
0 (assuming no effect) and sigma = 5 (reflecting a large prior
uncertainty) for all covariates except the vaccination time ef-
fects. A noninformative prior has minimal influence on the
inference and reflects a neutral assumption about the effects.
For the administration timing effect, mu was set according to the
estimate of Lin and Hung,'” with sigma = 5*SE of their esti-
mates on day 56 (mu = —0.9, sigma = 2). In our perspective,
this prior acknowledges differences in our study population and
design, yet informs the statistical models about the already
gained insights. Throughout the manuscript, we report odds
ratio (OR, median posterior estimate) along with 95% credible
intervals (Cls) and probability of direction which is an index (0.5
to 1) representing the certainty that the effect goes in a partic-
ular direction.?” We also show a model-estimated probability of
the negative effect of a later vaccination time (i.e., the probability
that OR is less than 1).

Finally, we conducted additional sensitivity analyses, rerun-
ning models with various adjustments as follows: (1) employing
reduced covariate adjustments only with covariates that differed
between successful and unsuccessful seroconversion groups
(see Table 1); (2) employing a noninformative prior (i.e., a prior
that has minimal influence on the inference) for all the covariates
including the vaccination time effect (mu = 0, sigma = 5); (3) the
threshold for antibody positivity was changed to > 3.6 AU/mL
(laboratory limit of detection, rather than seroconversion); (4)
examining dichotomized vaccination times with 2 “afternoon”
thresholds at 12 PM and 1 PM; and (5) utilizing quantile
regression to model antibody IgG levels as a continuous outcome
variable.

The complete statistical procedure and code are available
online as a full statistical report with R code.?®

3. Results
3.1. Baseline characteristics

We included 553 KTRs who were vaccinated with mRNA
vaccines. The baseline demographics are given in Table 1
(categorized by seroconversion) and Supplementary Table S2
(categorized by vaccination times). Seroconverted KTRs were
more often men (72% vs 59%; P = .003), younger (63 vs 67
years; P=.017), longer since transplantation (100 vs 55 months;
P <.001), had better graft function (51 vs 43.8 mL/min/1.73 m2; P
< .001), had less often mycophenolate in maintenance immu-
nosuppression (62% vs 87%; P <.001), less often T cell deple-
tive immunosuppression year or less before vaccination (0.9% vs
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6.5%; P =.002), and had higher absolute lymphocyte count on
the day of the first vaccine dose (2.37 vs 1.99/uL; P < .001).
Distribution of vaccination times and SARS-CoV-2 IgG levels in
patients with successful seroconversion are shown in Supple-
mentary Figures S2 and S3, respectively.

3.2. Bayesian modeling of morning vaccination

Bayesian models support the beneficial effect of the earlier
administration for the second, but not the first vaccination dose.

The result of the main model is shown in Figure 1A, illustrating
how the probability of seroconversion changes with each hour
later of the day of the vaccine administration. The model does not
support the beneficial effect of early vaccination of the first dose
for the KTR patients (OR 1.11, 95% CI 0.93, 1.33, Fig. 1B). In
contrast, the model estimated 97.7% probability that earlier
administration of the second dose enhances seroconversion,
with a 1-hour delay reducing the odds of seroconversion by
approximately 16% (Table 2). However, the magnitude of this
effect carries uncertainty (OR 0.84, 95% CI 0.71, 0.998), and the

Table 2
Results of Bayesian logistic regression modeling the probability of sero-
conversion following mRNA SARS-CoV-2 vaccination.

Parameter Full model
OR 95% Cl PD
Timing of first dose (h) 1.1 0.93, 1.33 0.866
Timing of second dose (h) 0.84 0.71, 0.998 0.977
Male sex 2.02 1.29, 3.2 1.000
Age (10y) 0.72 0.55, 0.94 0.993
Time since transplantation 2.12 1.46, 3.1 1.000
(10y)
Diabetes mellitus 0.91 0.56, 1.49 0.645
Body mass index (5 units) 0.97 0.77,1.22 0.611
eGFR (10 mL/min/1.73 m?) 1.38 1.23,1.55 1.000
Calcineurin inhibitor 1.79 0.79, 4.11 0.922
Mycophenolate mofetil/ 0.12 0.07, 0.21 1.000
mycophenolic acid
Corticosteroid 0.73 0.35, 1.54 0.791
T cell depletive 0.24 0.04, 1.14 0.961
immunosuppression year
before vaccination
Albumin (g/L) 1.03 0.97, 1.1 0.855
Lymphocyte counts (log[n/ 2.53 1.49, 4.35 1.000
uL)
Vaccination with mRNA-1273 1.39 0.39, 4.8 0.703

OR implies odds ratio, an expected fold-change in odds when the predictor
changes by the unit defined in parenthesis.

Cl, credible interval; eGFR, estimated glomerular filtration rate; OR, odds ratio;
PD, probability of direction.
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Figure 2. Posterior distributions (gray) and 95%
credible intervals (black) for the effects of recorded
covariates on odds of seroconversion following SARS-

Time after TX[10 years]- ¢ CoV-2 vaccination in kidney transplant recipients. This
Figure illustrates in more detail the posterior proba-
. bilities of all covariates from the model shown in
Steroids [0/1]- ¢ . Table 2. BMI, body mass index; eGFR, estimated
1 glomerular filtration rate; MMF, mycophenolate mofetil;
Moderna [0/1]- _:._ MPA, mycophenolic acid; TX, transplantation.
1
1
MMF/MPA [0/1]- —— :
I
1
Male sex [0/1]- : ——
1
|
Lymphocyte counts [log(1079/L)]- : ——
I
1
eGFR [10 mL/min/1.73 m2]- R 2
1
1
Diabetes Mellitus [0/1]- +
I
1
Depleting therapy [0/1]- ¢ :
1
!
Calcineurin inhibitor [0/1]- :—0—
1
1
BMI [5 units]- <
!
1
Albumine [10 g/L]- —:—0—
1
1
Age [10 years]- -
1
! ' | \ '
116 1/4 1 4 16

Odds ratio (log—scaled axis)

actual benefit likely falls into a wide range between 0.2% to 29%
decrease in the odds of seroconversion per hour. The effects of
other covariates are shown in Figure 2.

The sensitivity analyses generally support our primary find-
ings (Fig. 1C). Variants of models incorporating reduced covari-
ate adjustments, noninformative priors, and using laboratory limit
of detection of SARS-CoV-2 IgG antibodies (IgG > 3.6 AU/mL)
instead of seroconversion as the outcome variable, all indicate
the benefits of early vaccination for the second dose (Supple-
mentary Tables S3-S5). When vaccination times are treated as
binary (i.e., “afternoon” vs “morning”), the effect is dependent on
the threshold chosen to define “morning” (Supplementary
Table S6). Using a 1 PM threshold supports the benefits of
morning vaccination (OR for afternoon vs morning 0.55, 95% Cl
0.33, 0.898), whereas a 12 PM threshold suggests a smaller and
rather uncertain effect (OR 0.79, 95% CI 0.49, 1.274). Lastly, we
calculated a quantile regression model where continuous abso-
lute antibody levels were used as the outcome variable (Sup-
plementary Table S7). In this model, each additional hour of
vaccination delay was associated with a 4.7% decrease in anti-
body levels, which also supports the beneficial effect of earlier
vaccination time.
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4. Discussion

In this study, we found that morning vaccination with an mRNA
SARS-CoV-2 vaccine likely improves seroconversion rates in
KTRs, despite the well-described blunted vaccination response
and the use of immunosuppression potentially disrupting circa-
dian rhythmicity. To our knowledge, this is the first report on the
beneficial role of chronovaccination in the specific cohort of KTRs
using mRNA vaccines.

We previously reported that shorter time from transplantation,
mycophenolate in the maintenance immunosuppression, and
worse allograft function were all independently associated with a
lower likelihood of seroconversion.* Importantly, in this analysis,
we discovered that morning vaccination resulted in higher sero-
conversion rates independent of all these variables. Taken
together, these results suggest that morning vaccination is both
an easy-to-implement approach and a cost-effective one and
might help offset other factors that negatively affect humoral
response.

However, chronovaccination is mechanistically poorly under-
stood. Body functions as a whole, as well as single-cell or subcel-
lular functions are controlled by circadian rhythmicity.”®?° Both
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adaptive and innate immunity are no exception to these rules.?%*

Yet, we can only speculate about the mechanisms underlying
chronovaccination.'® Among the possible mechanisms are circa-
dian steroid hormone variations,34 variable migration of immune
cells to lymph nodes during the day,*>*° or intracellular diurnal
variation (e.g., protein synthesis following mRNA injection).36

Interestingly, the benefit of morning vaccination was only
documented for the second dose and not the first one. We
believe that this is a result of enhanced immune response (sec-
ond dose) following the initial development of immunological
memory (first dose). For example, it has been recently shown,
that ipsilateral vaccination is associated with better humoral
response than contralateral vaccination, suggesting that the
immunological memory of immune cells in the regional lymph
nodes is of importance.37 Therefore, it is possible, that even the
timing of the first dose might be beneficial, but the stronger effect
of the second dose overshadows it. Because we did not measure
the SARS-CoV-2 antibodies in the time between the 2 doses, we
cannot reasonably test this hypothesis and the lack of these
measurements is a limitation of our study. The other limitations
are the observational design, the fact that we did not investigate
the association between morning vaccination and the risk of
COVID-19 infection, and the possibility of other unmeasured
confounding factors. Lastly, because the upper 95% CI of OR of
vaccination time is near 1, some uncertainty in the results re-
mains, especially regarding the magnitude of the effect.

Among the strengths of our study are the large prospective
cohort and the use of reliable data for the selection of virus-naive
individuals from the central nationwide registry, where data from all
laboratories in the country were mandatorily reported.>?3
Furthermore, the Bayesian approach allows the incorporation of
previously published data, which provides more realistic estimates.

In conclusion, our analysis indicates that morning vaccination
is likely beneficial even for the specific patient population of KTRs.
Despite reported circadian rhythmicity disturbances in KTRs due
to the use of immunosuppression,'®??> morning vaccination can
still improve vaccination response and may be considered a sim-
ple and cost-effective method of increasing vaccination efficacy in
this vulnerable patient population. However, the exact extent of the
positive effect seen is still unclear, emphasizing the need for
further studies to improve the accuracy of our estimation.
Furthermore, the underlying mechanisms of chronovaccination
should be further studied and ideally harnessed.

Funding

This work was supported by the Ministry of Health of the
Czech Republic grant NU22-C-126 and by the National Institute
for Research of Metabolic and Cardiovascular Diseases (Pro-
gram EXCELES, Project No. LX22NPO5104) funded by the
European Union—Next Generation EU.

Declaration of competing interest

The authors of this manuscript have no conflicts of interest to
disclose as described by the American Journal of Transplantation.

1696

American Journal of Transplantation 24 (2024) 1690-1697

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ajt.2024.03.004.

ORCIiD

lvan Zahradka @ https://orcid.org/0000-0002-0043-7216

Filip Tichanek @ https://orcid.org/0000-0003-4139-1979
Maria Magicova (& https://orcid.org/0000-0001-5556-9972
Istvan Modos & https://orcid.org/0000-0003-4692-1625

Ondrej Viklicky
Vojtech Petr

https://orcid.org/0000-0003-1049-2195
https://orcid.org/0000-0002-6024-0562

References

1. Williamson EJ, Walker AJ, Bhaskaran K, et al. Factors associated with
COVID-19-related death using OpenSAFELY. Nature. 2020;584(7821):
430-436. https://doi.org/10.1038/s41586-020-2521-4.

. Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. Global
impact of the first year of COVID-19 vaccination: a mathematical
modelling study. Lancet Infect Dis. 2022;22(9):1293-1302. https:/
doi.org/10.1016/S1473-3099(22)00320-6.

. Zahradka |, Petr V, Modos |, Magicova M, Dusek L, Viklicky O.
Association between SARS-CoV-2 messenger RNA vaccines and lower
infection rates in kidney transplant recipients: a registry-based report.
Ann Intern Med. 2022;175(7):961-968. https://doi.org/10.7326/M21-
2973.

. Magicova M, Zahradka |, Fialova M, et al. Determinants of immune
response to anti-SARS-CoV-2 mRNA vaccines in kidney transplant
recipients: a prospective cohort study. Transplantation. 2022;106(4):
842-852. https://doi.org/10.1097/TP.0000000000004044.

. Callaghan CJ, Mumford L, Curtis RMK, et al. Real-world effectiveness of
the Pfizer BioNTech BNT162b2 and Oxford-AstraZeneca ChAdOx1-S
vaccines against SARS-CoV-2 in solid organ and islet transplant
recipients. Transplantation. 2022;106(3):436-446. https://doi.org/
10.1097/TP.0000000000004059.

. Reischig T, Kacer M, Vlas T, et al. Insufficient response to mRNA SARS-
CoV-2 vaccine and high incidence of severe COVID-19 in kidney
transplant recipients during pandemic. Am J Transplant. 2022;22(3):
801-812. hitps://doi.org/10.1111/ajt.16902.

. Kho MML, Messchendorp AL, Frolke SC, et al. Alternative strategies to
increase the immunogenicity of COVID-19 vaccines in kidney transplant
recipients not responding to two or three doses of an mRNA vaccine
(RECOVAC): a randomised clinical trial. Lancet Infect Dis. 2023;23(3):
307-319. https://doi.org/10.1016/S1473-3099(22)00650-8.

. Regele F, Heinzel A, Hu K, et al. Stopping of mycophenolic acid in
kidney transplant recipients for 2 weeks peri-vaccination does not
increase response to SARS-CoV-2 vaccination—a non-randomized,
controlled pilot study. Front Med (Lausanne). 2022;9:914424. hitps://
doi.org/10.3389/fmed.2022.914424.

. Reindl-Schwaighofer R, Heinzel A, Mayrdorfer M, et al. Comparison of
SARS-CoV-2 antibody response 4 weeks after homologous vs
heterologous third vaccine dose in kidney transplant recipients: a
randomized clinical trial. JAMA Intern Med. 2022;182(2):165-171.
https://doi.org/10.1001/jamainternmed.2021.7372.

. Medina-Pestana J, Almeida Viana L, Nakamura MR, et al.
Immunogenicity after a heterologous BNT262b2 versus homologous
booster in kidney transplant recipients receiving 2 doses of CoronaVac
vaccine: a prospective cohort study. Transplantation. 2022;106(10):
2076-2084. https://doi.org/10.1097/TP.0000000000004260.

. Korber N, Holzmann-Littig C, Wilkens G, et al. Comparable cellular and
humoral immunity upon homologous and heterologous COVID-19
vaccination regimens in kidney transplant recipients. Front Immunol.
2023;14:1172477. https://doi.org/10.3389/fimmu.2023.1172477.


https://doi.org/10.1016/j.ajt.2024.03.004
https://orcid.org/0000-0002-0043-7216
https://orcid.org/0000-0002-0043-7216
https://orcid.org/0000-0003-4139-1979
https://orcid.org/0000-0003-4139-1979
https://orcid.org/0000-0001-5556-9972
https://orcid.org/0000-0001-5556-9972
https://orcid.org/0000-0003-4692-1625
https://orcid.org/0000-0003-4692-1625
https://orcid.org/0000-0003-1049-2195
https://orcid.org/0000-0003-1049-2195
https://orcid.org/0000-0002-6024-0562
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1016/S1473-3099(22)00320-6
https://doi.org/10.1016/S1473-3099(22)00320-6
https://doi.org/10.7326/M21-2973
https://doi.org/10.7326/M21-2973
https://doi.org/10.1097/TP.0000000000004044
https://doi.org/10.1097/TP.0000000000004059
https://doi.org/10.1097/TP.0000000000004059
https://doi.org/10.1111/ajt.16902
https://doi.org/10.1016/S1473-3099(22)00650-8
https://doi.org/10.3389/fmed.2022.914424
https://doi.org/10.3389/fmed.2022.914424
https://doi.org/10.1001/jamainternmed.2021.7372
https://doi.org/10.1097/TP.0000000000004260
https://doi.org/10.3389/fimmu.2023.1172477

I. Zahradka et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Karaba AH, Johnston TS, Aytenfisu TY, et al. A fourth dose of COVID-
19 vaccine does not induce neutralization of the Omicron variant among
solid organ transplant recipients with suboptimal vaccine response.
Transplantation. 2022;106(7):1440-1444. https://doi.org/10.1097/
TP.0000000000004140.

Otasowie CO, Tanner R, Ray DW, Austyn JM, Coventry BJ.
Chronovaccination: harnessing circadian rhythms to optimize
immunisation strategies. Front Immunol. 2022;13:977525. https://
doi.org/10.3389/fimmu.2022.977525.

Long JE, Drayson MT, Taylor AE, Toellner KM, Lord JM, Phillips AC.
Morning vaccination enhances antibody response over afternoon
vaccination: a cluster-randomised trial. Vaccine. 2016;34(24):
2679-2685. https://doi.org/10.1016/j.vaccine.2016.04.032.

de Bree LCJ, Mourits VP, Koeken VA, et al. Circadian rhythm influences
induction of trained immunity by BCG vaccination. J Clin Invest. 2020;
130(10):5603-5617. https://doi.org/10.1172/JCI133934.

Hazan G, Duek OA, Alapi H, et al. Biological rhythms in COVID-19
vaccine effectiveness in an observational cohort study of 1.5 million
patients. J Clin Invest. 2023;133(11):e167339. https://doi.org/10.1172/
JCI167339.

Lin TY, Hung SC. Morning vaccination compared with afternoon/evening
vaccination on humoral response to SARS-CoV-2 adenovirus vector-
based vaccine in hemodialysis patients. Clin J Am Soc Nephrol. 2023;
18(8):1077-1079. https://doi.org/10.2215/CJN.0000000000000207.
Zahradka |, Petr V, Modos |, Kabrtova K, Slavcev A, Viklicky O. SARS-
CoV-2 mRNA vaccination is not associated with the risk of
allosensitization in patients awaiting kidney transplantation.
Transplantation. 2022;106(12):e522-e524. https://doi.org/10.1097/
TP.0000000000004384.

Ding JM, Buchanan GF, Tischkau SA, et al. A neuronal ryanodine
receptor mediates light-induced phase delays of the circadian clock.
Nature. 1998;394(6691):381-384. https://doi.org/10.1038/28639.

Lalic T, Steponenaite A, Wei L, et al. TRESK is a key regulator of
nocturnal suprachiasmatic nucleus dynamics and light adaptive
responses. Nat Commun. 2020;11(1):4614. https://doi.org/10.1038/
s$41467-020-17978-9.

Shimba A, lkuta K. Glucocorticoids regulate circadian rhythm of innate
and adaptive immunity. Front Immunol. 2020;11:2143. https://doi.org/
10.3389/fimmu.2020.02143.

Leyking S, Budich K, van Bentum K, et al. Calcineurin inhibitors
differentially alter the circadian rhythm of T-cell functionality in transplant
recipients. J Transl Med. 2015;13(1):51. https://doi.org/10.1186/s12967-
015-0420-5.

Komenda M, Bulhart V, Karolyi M, et al. Complex reporting of the
COVID-19 epidemic in the Czech Republic: use of an interactive web-
based app in practice. J Med Internet Res. 2020;22(5):e19367. https://
doi.org/10.2196/19367.

1697

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

American Journal of Transplantation 24 (2024) 1690-1697

Birkner PC. brms: An R Package for Bayesian multilevel models using
Stan. J Stat Soft. 2017;80(1):1-28. https://doi.org/10.18637/
jss.v080.i01.

Zahradka |, Tichanek F, Magicova M, Modos |, Viklicky O, Petr V.
Morning administration enhances humoral response to SARS-CoV-2
vaccination in kidney transplant recipients: statistical report [Accessed
15 February 2024]. https://filip-tichanek.github.io/CovidTimeRTX/.
Gelman A, Hill J. Data Analysis Using Regression and Multilevel/
Hierarchical Models. 1st ed. Cambridge University Press; 2006. https://
doi.org/10.1017/CB0O9780511790942.

Makowski D, Ben-Shachar MS, Chen SHA, Liidecke D. Indices of effect
existence and significance in the Bayesian framework. Front Psychol.
2019;10:2767. https://doi.org/10.3389/fpsyg.2019.02767.

Hastings MH, Maywood ES, Brancaccio M. Generation of circadian
rhythms in the suprachiasmatic nucleus. Nat Rev Neurosci. 2018;19(8):
453-469. https://doi.org/10.1038/s41583-018-0026-z.

Scheiermann C, Gibbs J, Ince L, Loudon A. Clocking in to immunity. Nat
Rev Immunol. 2018;18(7):423-437. https://doi.org/10.1038/s41577-018-
0008-4.

Dimitrov S, Benedict C, Heutling D, Westermann J, Born J, Lange T.
Cortisol and epinephrine control opposing circadian rhythms in T cell
subsets. Blood. 2009;113(21):5134-5143. https://doi.org/10.1182/
blood-2008-11-190769.

Silver AC, Arjona A, Walker WE, Fikrig E. The circadian clock
controls Toll-like receptor 9-mediated innate and adaptive immunity.
Immunity. 2012;36(2):251-261. https://doi.org/10.1016/
j.immuni.2011.12.017.

Druzd D, Matveeva O, Ince L, et al. Lymphocyte circadian clocks control
lymph node trafficking and adaptive immune responses. Immunity.
2017;46(1):120-132. https://doi.org/10.1016/j.immuni.2016.12.011.
Holtkamp SJ, Ince LM, Barnoud C, et al. Circadian clocks guide
dendritic cells into skin lymphatics. Nat Immunol. 2021;22(11):
1375-1381. https://doi.org/10.1038/s41590-021-01040-x.

Phillips AC, Carroll D, Burns VE, Drayson M. Neuroticism, cortisol
reactivity, and antibody response to vaccination. Psychophysiology.
2005;42(2):232-238. https://doi.org/10.1111/j.1469-

8986.2005.00281 .x.

Bureau JP, Labrecque G, Coupé M, Garrelly L. Influence of BCG
administration time on the in-vivo migration of leukocytes. Chronobiol
Int. 1986;3(1):23-28. https://doi.org/10.3109/07420528609083156.
Bollinger T, Leutz A, Leliavski A, et al. Circadian clocks in mouse and
human CD4+ T cells. PLoS One. 2011;6(12):e29801. https://doi.org/
10.1371/journal.pone.0029801.

Ziegler L, Klemis V, Schmidt T, et al. Differences in SARS-CoV-2
specific humoral and cellular immune responses after contralateral and
ipsilateral COVID-19 vaccination. eBioMedicine. 2023;95:104743.
https://doi.org/10.1016/j.ebiom.2023.104743.


https://doi.org/10.1097/TP.0000000000004140
https://doi.org/10.1097/TP.0000000000004140
https://doi.org/10.3389/fimmu.2022.977525
https://doi.org/10.3389/fimmu.2022.977525
https://doi.org/10.1016/j.vaccine.2016.04.032
https://doi.org/10.1172/JCI133934
https://doi.org/10.1172/JCI167339
https://doi.org/10.1172/JCI167339
https://doi.org/10.2215/CJN.0000000000000207
https://doi.org/10.1097/TP.0000000000004384
https://doi.org/10.1097/TP.0000000000004384
https://doi.org/10.1038/28639
https://doi.org/10.1038/s41467-020-17978-9
https://doi.org/10.1038/s41467-020-17978-9
https://doi.org/10.3389/fimmu.2020.02143
https://doi.org/10.3389/fimmu.2020.02143
https://doi.org/10.1186/s12967-015-0420-5
https://doi.org/10.1186/s12967-015-0420-5
https://doi.org/10.2196/19367
https://doi.org/10.2196/19367
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://filip-tichanek.github.io/CovidTimeRTX/
https://doi.org/10.1017/CBO9780511790942
https://doi.org/10.1017/CBO9780511790942
https://doi.org/10.3389/fpsyg.2019.02767
https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.1038/s41577-018-0008-4
https://doi.org/10.1038/s41577-018-0008-4
https://doi.org/10.1182/blood-2008-11-190769
https://doi.org/10.1182/blood-2008-11-190769
https://doi.org/10.1016/j.immuni.2011.12.017
https://doi.org/10.1016/j.immuni.2011.12.017
https://doi.org/10.1016/j.immuni.2016.12.011
https://doi.org/10.1038/s41590-021-01040-x
https://doi.org/10.1111/j.1469-8986.2005.00281.x
https://doi.org/10.1111/j.1469-8986.2005.00281.x
https://doi.org/10.3109/07420528609083156
https://doi.org/10.1371/journal.pone.0029801
https://doi.org/10.1371/journal.pone.0029801
https://doi.org/10.1016/j.ebiom.2023.104743

	Morning administration enhances humoral response to SARS-CoV-2 vaccination in kidney transplant recipients
	1. Introduction
	2. Methods
	2.1. Patients
	2.2. SARS-CoV-2 immunoglobulin G (IgG) measurements, seroconversion definition
	2.3. Statistics
	2.4. Bayesian regression modeling

	3. Results
	3.1. Baseline characteristics
	3.2. Bayesian modeling of morning vaccination

	4. Discussion
	Funding
	Declaration of competing interest
	Appendix A. Supplementary data
	References


