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Dear Editor,
The coronavirus disease 2019 (COVID-19) pandemic that

caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has affected millions of people and is an ongoing
issue globally. The application of effective and safe vaccines is
critical to achieving control of the pandemic.1 Data from clinical
trials have shown that several vaccines can induce humoral and
cellular immune responses against SARS-CoV-2.2–4 However,
given the long time required for vaccine production, difficulty in
vaccine distribution and public skepticism about their safety and
benefits, the vaccine coverage rate is growing slowly worldwide.
Therefore, to make full use of available resources and maximize
the efficacy of vaccination is critically important in fighting
against COVID-19.
Currently, there are limited data on the immune responses to

SARS-CoV-2 vaccination regarding the potential impact of timing
of vaccination in a 24-hour circadian rhythm cycle. We know that
the immune system is influenced by circadian rhythm, and
immune cells vary in cell number and immune function in the
blood in a circadian fashion.5 In certain cases, antibody response
to flu vaccines is stronger when vaccinated in the morning than in
the afternoon.6 However, whether circadian rhythm affects
immune response to SARS-CoV-2 vaccines is not known. We have
therefore investigated the immunological response to SARS-CoV-2
vaccine delivered in the morning vs afternoon among healthcare
workers (HCWs). The receptor binding domain (RBD) of SARS-CoV-
2 spike protein-based chemiluminescent immunoassay (CLIA) was
utilized for neutralizing antibody (NAb) measurement, and flow
cytometry for immune phenotype monitoring and antigen-
specific memory B cell measurement.
To investigate the potential impact of vaccine delivery timing

on immune responses,7 a prospective cohort study design was
adopted. Sixty-three HCWs from the First Affiliated Hospital of
Sun Yat-sen University (FAH-SYSU) in Guangzhou, China,
received vaccination in the morning (9 am–11 am) or afternoon
(15 pm–17 pm) according to the assignment of relevant hospital
staffs (Supplementary information, Table S1). All participants
received an inactivated SARS-CoV-2 vaccine (BBIBP-CorV, Sino-
pharm, Beijing) on day 0 and day 28. The two doses of vaccine
were given at the same time of a day. Blood samples were
collected on day 0, day 14, day 21, day 28 and day 56. The study
was approved by the research committee of FAH-SYSU and
registered to Chinese Clinical Trial Registry (ChiCTR2100042222).
Written informed consents were obtained from all participants.
During the study, no serious adverse events related to the
vaccination were recorded (Supplementary information,
Table S1).
We found that the inactivated vaccine elicited strong immune

responses. Percentages of antibody-secreting cells (ASCs) among
B cells and follicular helper T (Tfh) cells were increased in the

peripheral blood after vaccination (Fig. 1a). The kinetic changes of
immune cell subsets in the peripheral blood revealed that there
was an expansion of Tfh cells along with increased HLA-DR
expression on B cells, indicating a germinal center response was
initiated by the vaccination. Other T cell subsets were largely
unaffected by the vaccination (Supplementary information,
Figs. S1, S2).
We monitored the dynamic changes of B cell subsets by flow

cytometry (Supplementary information, Figs. S3, S4), and no
significant changes of B cells in the total naïve and memory
compartments after the vaccination were observed (Supple-
mentary information, Fig. S4b, c). As for the memory B cell
subpopulations, we found that the percentages of switched
memory, IgD+ memory and unswitched memory B cells were
not affected by the vaccination (Supplementary information,
Fig. S4e, g, h), except that the percentage of IgM+ memory B
cells was increased (Supplementary information, Fig. S4f). It has
been reported that extrafollicular B cell response was enhanced
in COVID-19 patients. The expansion of double negative (DN,
IgD–CD27–) B cells, especially the DN2
(IgD–CD27–CD11c+CXCR5–) subset, was correlated with the
neutralizing antibodies against SARS-CoV-2 in these patients.8

Here we found that the percentage of DN B cells was also
increased after vaccination (Supplementary information, Fig. S4i).
Unlike DN2 B cells, there was a robust induction of DN1
(IgD–CD27–CD11c–CXCR5+) subset by the inactivated vaccine
(Supplementary information, Figs. S4j–l and S5), implying that B
cells responded differently between pathological condition and
vaccination. As for cytokine reaction, TNF-α was stimulated by
the vaccination and maintained at a relatively high level when
compared to the baseline. IL-6 was increased after first dose, but
retrieved to the baseline rapidly, while IL-10 was unaffected
(Supplementary information, Fig. S6).
Further, serological response was shown to be induced by the

vaccination and the concentration of NAbs was increased
gradually after the first dose of vaccine. Although the concentra-
tion of NAbs was low after the first dose of vaccine, it was boosted
strongly by the second dose (Fig. 1b). NAbs in the sera increased
from 6.9 AU/mL at day 28 to 24.5 AU/mL at day 56 (Fig. 1b).
Strikingly, participants vaccinated in the morning showed
significantly higher level of NAbs in the sera, 34.70 (IQR: 21.61,
43.59) vs 19.35 (IQR: 11.83, 25.09), and the difference with its 95%
confidence interval is 14.84 (7.37, 24.15) (Fig. 1b, c). Participants
vaccinated in the morning also experienced stronger B cell and
Tfh responses to the vaccination. By day 56, the percentages of
ASC cells and CD138+ ASC cells were significantly higher in the
morning vaccination group (Fig. 1d, e). The percentage of Tfh cells
in the morning vaccination group was 1.4 fold to that of afternoon
vaccination group (Fig. 1f, g). The percentages of monocytes and
dendritic cells were also higher in the morning vaccination group
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by day 56 (Supplementary information, Fig. S7). However, the
extrafollicular response was not different between morning and
afternoon vaccination (Supplementary information, Fig. S8).
Previous work shows that immunological memory to SARS-CoV-

2 is relative stable for up to 8 months after SARS-CoV-2 infection.

Spike-specific memory B cells were even more abundant at
6 months than 1 month after symptom onset.9 Immunological
memory is critical for durable protective immunity after vaccina-
tion. To further investigate whether there is an immune memory
established after the vaccination, we analyzed SARS-CoV-2-specific
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memory B cells in the peripheral blood of the vaccinated HCWs by
flow cytometry, uncovering spike- and RBD-specific memory B
cells in the blood (Supplementary information, Fig. S9). The
percentages of spike- and RBD-specific memory B cells were 3.3
and 1.6 fold to that of afternoon vaccination group, respectively
(Fig. 1h–k).
Our results demonstrate that the inactivated vaccine could

stimulate strong serological response in HCWs, who also acquired
long-term protective immunological memory against SARS-CoV-2.
The establishment of immune memory against SARS-CoV-2 is
critical for vaccine efficacy and long-term protection. Interestingly,
our data suggest that vaccination in the morning leads to a
stronger immune response to the inactivated vaccine than in the
afternoon.
The immune system is influenced by circadian rhythm, and

immune response varies at different times of day.10 Consistently,
we also observed that immune cells in the blood changed from
morning to afternoon (Supplementary information, Figs. S10,
S11). Therefore, by taking advantage of the circadian rhythm of
human immune system, stronger immune responses could be
achieved by morning vaccination. Our study provides evidence
that morning vaccination might enhance serological response
and could therefore enhance the efficacy of vaccination in
HCWs. Future studies are needed to validate these findings.
Besides, if circadian rhythm does impact the immune responses,
it is important to understand whether these variations are
clinically significant and the potential changes that might be
warranted for the current vaccination protocols, procedures,
and/or dosages.
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Fig. 1 Stronger immune response by morning vaccination of an inactivated SARS-CoV-2 vaccine. The 63 healthcare workers (HCWs) who
either received vaccination in the morning (9 am–11 am, n= 33) or afternoon (15 pm–17 pm, n= 30) on D0 and D28. a Blood samples from
D0, D14, D21, D28 and D56 were stained with antibodies against CD3, CD4, CD19, CD27, CD38, CD138, PD-1 and CXCR5. Cells were then
analyzed by flow cytometry for antibody-secreting cells (ASC): CD3–CD19+CD27+CD38++ and follicular helper T cells (Tfh):
CD3+CD4+CD19–PD1+CXCR5+. Relative fold changes are shown. Data are means ± SEM. b, c NAbs against the RBD of SARS-CoV-2 spike
protein in the sera were measured by chemiluminescent immunoassay (CLIA). Medians of the data are shown. Comparisons were done by
Mann–Whitney U test and Wilcoxon rank sum test. d–g Blood samples collected on D56 were analyzed by flow cytometry. Gating strategy was
performed as described above (d, f). Percentages of ASCs, CD138+ ASCs and Tfh cells were summarized and representative counter plots are
shown (e, g). FMO, Fluorescence Minus One. h–k Blood samples from D56 were analyzed for spike- and RBD-specific memory B cells by flow
cytometry, and representative counter plots were shown (h, j). Percentages of spike- and RBD-specific memory B cells were summarized for
the morning and afternoon groups (i, k). Data are means ± SEM. Comparisons were done by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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