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Abstract Booster vaccinations are highly recommended in combating the SARS-CoV-2 Omicron

variant and its subvariants. However, the optimal booster vaccination strategies and related immune

mechanisms with different prior vaccinations are under-revealed. In this study, we systematically evalu-

ated the immune responses in mice and hamsters with different prime-boost regimens before their pro-

tective efficacies against Omicron were detected. We found that boosting with Ad5-nCoV, SWT-2P or

SOmicron-6P induced significantly higher levels of neutralization activities against Omicron variants than
andra Chiu), yucaiwang@ustc.edu.cn (Yucai Wang), jmlan@ips.ac.cn (Jiaming Lan), wangwei@wh.iov.cn (Wei

s to this work.

hinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

d by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:qiux@ustc.edu.cn
mailto:yucaiwang@ustc.edu.cn
mailto:jmlan@ips.ac.cn
mailto:wangwei@wh.iov.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.12.030&domain=pdf
https://doi.org/10.1016/j.apsb.2024.12.030
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.12.030
https://doi.org/10.1016/j.apsb.2024.12.030


948 Yi Wu et al.
Commercial vaccines;

Booster vaccination;

Immune response
CoronaVac and ZF2001 by eliciting stronger germinal center (GC) responses. Specifically, SOmicron-6P

induced even stronger antibody responses against Omicron variants in CoronaVac and Ad5-nCoV-primed

animals than non-Omicron-specific vaccines but with limited differences as compared to Ad5-nCoV and

SWT-2P. In addition, boosting with a specific vaccine has the potential to remodel the existing immune

profiles. These findings indicated that adenovirus-vectored vaccines and mRNA vaccines would be more

effective than other types of vaccines as booster shots in combating Omicron infections. Moreover, the

protective efficacies of the vaccines in booster vaccinations are highly related to GC reactions in second-

ary lymphatic organs. In summary, these findings provide timely important information on prime-boost

regimens and future vaccine design.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

To date, coronavirus disease 2019 (COVID-19) has caused more
than 768 million infections, including 6.9 million deaths, as recor-
ded by the World Health Organization (WHO) (https://covid19.
who.int). As the virus evolves, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) variants with mutations are esca-
lating1-3. A new SARS-CoV-2 variant, B.1.1.529 (namely, Omicron
BA.1), reported in late 2021, has emerged and replaced the previous
dominant variants4,5. More than 30 mutations were characterized in
the spike protein of Omicron variants, resulting in more favorable
spike protein binding to angiotensin-converting enzyme 2 (ACE2)
on human cells. The mutations endowed the virus with high trans-
missibility and immune evasion6-9. Since then, the Omicron lineage
has continued to evolve with additional or different mutations
(including BA.2, BA.4, BA.2.75, and BA.5)10-13. The continued
evolution of increased transmissible SARS-CoV-2 variants greatly
jeopardizes the protective efficacy conferred by historical vaccines
targeting the wild-type (WT) strain of SARS-CoV-2 and causes
repeat infections around the world that contributes additional risks
of death14-16. To rescue the lost protective efficacy of prior vaccines
against Omicron and its sublineages, updated vaccines or booster
doses are highly needed17-21. Although booster vaccinations have
been studied by some scientists22,23, systematic comparisons of the
differences in immune responses elicited by these immunization
regimes (including Omicron-specific vaccines) and the protective
efficacies of different booster vaccines, which could guide future
vaccine design and vaccination strategy determination, are under
investigation.

A set of vaccines against COVID-19 of different vaccine
technologies were approved or admitted for emergency use
authorization (EUA), most of which were based on the original
WT strain (especially the spike protein) of SARS-CoV-224.
Among the COVID-19 vaccines, mRNA vaccines (mRNA-1273
and BNT162b2), inactivated whole-virus vaccines (BBIBP-CorV
and CoronaVac), adenovirus-vectored vaccines (Ad26.COV2. S,
ChAdOx1 nCoV-19, and Ad5-nCoV), and adjuvanted protein
subunit vaccine (ZF2001) are most widely used in the world25-32.
The use of these vaccines significantly reduced the number of
infections, hospitalizations, severe cases, and deaths33. Nonethe-
less, the highly transmissible Omicron and its sublineages
significantly escaped the antibody response elicited by prior vac-
cinations, which threatens the protective efficacy34,35.

Here, we systematically compared the humoral and cellular
immune responses in mice and hamsters, in addition to protective
activities against Omicron variants in hamsters after different
booster shots. In inactivated vaccine (CoronaVac)-primed, adju-
vanted protein subunit vaccine (ZF2001)-primed, and adenovirus-
vectored vaccine (Ad5-nCoV)-primed animals, booster vaccina-
tions with CoronaVac, ZF2001, Ad5-nCoV, WT mRNA vaccine
(SWT-2P, based on the full-length protein sequence of WT SARS-
CoV-2 virus), and Omicron-specific mRNA vaccine (SOmicron-6P,
based on the full-length protein sequence of SARS-CoV-2 Omi-
cron BA.1 virus) were carried out36-38. After the primary vacci-
nation series, boosting with Ad5-nCoV, SWT-2P, or SOmicron-6P
elicited significantly stronger germinal center (GC) reactions in
secondary lymphatic organs than that elicited by CoronaVac and
ZF2001 and conferred broad immunologic protection against the
virus. Among these vaccines, boosting with Ad5-nCoV induced
the highest levels of follicular helper T (TFH) cells, GC B cells,
plastic CD38þGL7þ B cells, and class-switched IgG1þ/IgG2aþ B
cells but the lowest levels of CD4þ and CD8þ T cells in secondary
lymphatic organs. Additionally, a booster vaccination could also
remodel the immune system and elicit a different biased immune
response. More importantly, our data suggest the optimal prime-
boost strategies against SARS-CoV-2 in different regimens and
highlight the importance of GC reactions in booster vaccinations
for generating potent protective immune responses.
2. Materials and methods

2.1. Experimental design

This study aimed to provide optimal booster vaccination strategies
for populations with different regimen cohorts and reveal the
underlying mechanisms. We systematically compared the protec-
tive efficacies and immune responses in mice and hamsters by
different booster shots (Fig. 1). Animals were first immunized
with inactivated whole-virus vaccine (CoronaVac), adjuvanted
protein subunit vaccine (ZF2001), or adenovirus-vectored vaccine
(Ad5-nCoV), which are widely used in humans, according to the
regulations and established guidelines. Ten weeks or more than
ten weeks after the last vaccinations, homologous and heterolo-
gous booster vaccinations with CoronaVac, ZF2001, Ad5-nCoV,
WT mRNA vaccine (SWT-2P), and Omicron BA.1-specific mRNA
vaccine (SOmicron-6P) were carried out. The binding antibody re-
sponses against WT and BA.1 and neutralizing antibody responses
against BA.1 and BA.5 were evaluated after booster vaccinations.
The corresponding immune responses were also analyzed by flow
cytometry and ELISPOT. The underlying correlations of neutral-
izing activities and GC reactions were assessed by using
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Spearman’s rank coefficient. In Syrian hamster models, the pro-
tective efficacies were further performed after different booster
shots. Mouse experiments were performed under protocols
approved by the Institutional Animal Care and Use Committee of
the USTC (USTCACUC25010122049). Syrian hamster studies
were approved by the Animal Ethics Committee of the Wuhan
Institute of Biological Products (WIBP) (WIBP-AII382020001).
The animal experiments with SARS-CoV-2 challenge were con-
ducted in the biosafety level 3 (BSL-3) facility in Wuhan Institute
of Virology, Chinese Academy of Sciences.

2.2. Vaccines

The inactivated vaccine, CoronaVac, was kindly provided by
Sinovac Life Sciences. The protein subunit vaccine ZF2001 was
kindly provided by Anhui Zhifei Longcom Biologic Pharmacy
(China). The adenovirus-vectored vaccine, Ad5-nCoV, was kindly
provided by Beijing Institute of Biotechnology (China).WTmRNA
vaccine (SWT-2P) and Omicron BA.1-matched mRNA vaccine
(SOmicron-6P) were designed based on the specific sequences of
spike proteins and produced as previously described36-38.
Briefly, SWT-2P, with the same sequence as BNT162b2 RNA, was
developed based on the spike protein sequence of ancestral SARS-
CoV-2 with two beneficial proline substitutions (K986P and
V987P), and SOmicron-6P encodes the BA.1 spike protein with six
beneficial proline substitutions (F817P, A892P, A899P, A942P,
K986P, and V987P). In vitro transcribed and purified mRNA was
subsequently introduced into lipid nanoparticles (LNPs) for further
use.

2.3. Animal immunizations

Two animal models were used in this study, i.e., BALB/c mice and
Syrian hamsters. The dosages applied in the animals were set as
ten percent of the corresponding human doses. For CoronaVac,
ZF2001, and Ad5-nCoV, 50 mL doses of the vaccine were applied
to animals. For SWT-2P and SOmicron-6P, 3 mg mRNA in 50 mL
PBS was applied to mice and hamsters.

For the CoronaVac-primed group, female BALB/c mice and
hamsters were primed with two doses of CoronaVac via the
intramuscular route on Day 0 and Day 21 and boosted with
CoronaVac, ZF2001, Ad5-nCoV, SWT-2P, or SOmicron-6P on Day
188. For the ZF2001-primed group, female BALB/c mice and
hamsters were immunized intramuscularly with a primary series
over a 14-day interval with three doses of ZF2001. On Day 190,
animals were boosted with ZF2001, CoronaVac, Ad5-nCoV, SWT-
2P, or SOmicron-6P. For the Ad5-nCoV-primed group, mice and
hamsters were immunized with a single dose of Ad5-nCoV and
boosted with CoronaVac, ZF2001, SWT-2P, or SOmicron-6P after 71
days. Serum samples harvested from mice and hamsters were
tested for binding and neutralizing antibodies before (data not
shown) and after booster vaccinations. All hamsters were further
evaluated for protective efficacies by challenge with 1 � 104 PFU
authentic Omicron BA.1 at 9 days post booster immunizations.

2.4. Binding antibody titer determination

Binding antibody responses in mice and hamsters after different
booster immunizations were determined by an enzyme-linked
immunosorbent assay (ELISA). ELISA plates (ThermoFisher)
were precoated overnight with 100 mg/mL trimer spike proteins
(WT or BA.1) (Sino Biological) in PBS, followed by blocking
with 5% skim milk in PBST. Heat-inactivated sera were diluted
(starting at 1:100), added to each well of the ELISA plates and
incubated for 1 h at room temperature. After incubation, HRP-
conjugated goat anti-mouse and goat anti-hamster IgG antibodies
were added to the plate and incubated for another 1 h at room
temperature. Next, the plates were developed with TMB substrate
(Beyotime) and halted with a stop solution (Beyotime). The
absorbance was measured at 450 nm by a microplate reader
(SpectraMax iD5, Molecular Devices).

To calculate the binding antibody titers, set the initial serum
dilution factor as m, followed by gradient dilutions at a factor of n,
resulting in dilution factors of m, nm, nnm, nnnm, and so on. We
perform a total of 7 gradient dilutions, labeled from 1 to 7 on the
X-axis, with the corresponding OD values measured by ELISA
plotted on the Y-axis. We select 3 to 4 data points that show a
good linear relationship to establish a linear equation. Assuming
the slope and intercept of this equation are a and b respectively,
we use the following formula: (c � 2.1ea)/b, where c is the OD
value of the blank control and 2.1 is the threshold constant.
Solving for d, we then substitute d into the formula: POWER(n,
de1)*m, to calculate the binding antibody titer.

2.5. Neutralizing antibody titer determination

Circulating neutralizing antibody titers against authentic BA.1 and
BA.5 were measured by a plaque reduction neutralization test
(PRNT). Vero E6 cells were seeded in 24-well plates at a density
of 1 � 105 cells per well and incubated for 16 h at 37 �C. Heat-
inactivated sera were diluted 4-fold with DMEM in a volume of
200 mL and incubated with the Omicron BA.1 and BA.5 viruses
(120 PFU in 200 mL DMEM) for 1 h at 37 �C. Virus mixed with
200 mL DMEM served as the mock control. An antibody-virus
mixture of 250 mL was added to a 24-well culture plate. After
infection at 37 �C for 1 h, the supernatant was discarded, replaced
with medium containing 1% methylcellulose and incubated for 5
days. The plates were further fixed with 8% paraformaldehyde and
stained with 1% crystal violet.

The neutralizing antibody titers in the tested samples were
determined by counting the number of plaques. The infection in-
hibition rates of each sample were calculated according to Eq. (1):

Inhibition rate ð%ÞZ ½1eðAverage number of plaques in sample=

Average number of plaques in virus controlÞ� � 100

ð1Þ

Based on the inhibition rate results, the VNT50 of each sample
was calculated using the ReedeMuench method with GraphPad
Prism software. The parameters were set to “log(inhibitor) vs.
normalized response - variable slope least squares fit”.

2.6. Flow cytometry

For T/B-cell phenotyping, lymph nodes (LNs) and spleens were
harvested from different immunized mice and minced and lysed
for single-cell suspensions. Single cells were incubated with anti-
CD16/32 at 4 �C for 15 min prior to staining for extracellular
antigens with fluorescent dye-conjugated antibodies in PBS buffer
at 4 �C for 30 min. After staining, the cells were washed and
acquired by using the CytoFLEX LX flow cytometer, and the data
were analyzed with the associated CytoFLEX LX software.

For ICS, 5 � 106 splenocytes were ex vivo restimulated with
overlapping peptide pools spanning full-length spike protein (Sino
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Biological) for 12 h at 5% CO2 and 37 �C. The restimulated cells
were stained for extracellular antigens as described for T/B-cell
phenotyping. Then, the cells were fixed and permeabilized using
a Foxp3/Transcription Factor Staining Buffer Set (Invitrogen).
Permeabilized cells were next stained for intracellular antigens
with fluorescent dye-conjugated antibodies in Perm Buffer.
Furthermore, the cells were acquired, and data were analyzed as
described above.

2.7. Analysis of viral titers by plaque assay

To determine viral titers in hamsters, the infected animals were
sacrificed at 3 days post infection, and the nasal turbinates, tra-
cheas, and lungs were harvested and ground in 1 mL DMEM. Vero
E6 cells were seeded in 24-well plates at a density of 1 � 105 cells
per well and incubated for 16 h at 37 �C. The supernatants of
collected tissues were diluted 10-fold and added to a 24-well
culture plate. After infection at 37 �C for 1 h, the supernatant
was discarded, and the cells were overlaid with medium con-
taining 1% methylcellulose and incubated for 5 days at 37 �C.
Later, the viral titers were determined by performing crystal violet
staining and calculated by using GraphPad Prism 8.0 software.

2.8. Analysis of viral RNA loads by RT-qPCR assay

To determine viral RNA loads in hamsters, viral RNA was
extracted from nasal turbinates, tracheas, and lungs using a Virus
DNA/RNA Extraction Kit 2.0 (Vazyme). The quantification of
viral RNA was tested using a HiScript� II One Step RT-qPCR
SYBR� Green Kit (Vazyme Biotech) with the primers ORF1a/b-F
(50-CCCTGTGGGTTTTACACTTAA-30) and ORF1a/b-R
(50-ACGATTGTGCATCAGCTGA-30). Serial dilutions of the
SARS-CoV-2 ORF1ab gene control plasmid was tested to generate
standard curves.

2.9. Statistical analysis

Flow cytometric data were analyzed using Beckman CytoFlex
software. All statistical analyses and relative graphs were per-
formed using GraphPad Prism version 8.0. Data are displayed as
the mean � standard error of mean (SEM). Analysis of variance
(ANOVA) or t test was used to determine statistical significance
among different groups (*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001).

3. Results and discussions

3.1. Study design

Animals were primed with three commercial vaccines,
CoronaVac, ZF2001, and Ad5-nCoV, via the intramuscular route
and boosted with homologous as well as heterologous CoronaVac,
ZF2001, Ad5-nCoV, SWT-2P, and SOmicron-6P 5e6 months later
(10 weeks later for Ad5-nCoV primed groups). The dosages of
different vaccines in the study were set as one-tenth of the human
dose. For CoronaVac-primed animals, female BALB/c mice and
Syrian hamsters were first immunized intramuscularly with two
doses of PBS or CoronaVac at a 21-day interval (Fig. 1A). After a
167-day rest period, booster vaccination with PBS, CoronaVac,
ZF2001, Ad5-nCoV, SWT-2P, or SOmicron-6P was carried out.
Serum samples were harvested from mice and hamsters on Days
0 (before immunization), 21 (before immunization), 28, 35, 188
(before immunization), and 195. On Day 197, mice were sacri-
ficed for immune response analysis, and hamsters were challenged
intranasally with 1 � 104 plaque-forming units (PFU) authentic
Omicron BA.1. For ZF2001-primed animals, mice and hamsters
were immunized over a 14-day interval with three doses of PBS or
ZF2001 and boosted with PBS, ZF2001, CoronaVac, Ad5-nCoV,
SWT-2P, or SOmicron-6P on Day 190 (Fig. 1B). Serum samples were
collected at the indicated time points. Subsequently, immune
response analysis and Omicron challenge were carried out 9 days
post booster shots. Ad5-nCoV-primed animals were immunized
with one dose of PBS or Ad5-nCoV, followed by boosting with
PBS, CoronaVac, ZF2001, SWT-2P, or SOmicron-6P on Day 71
(Fig. 1C). Serum samples were collected from mice and
hamsters at the indicated time points. On Day 80, the mice were
euthanized to evaluate the induced immune responses, and the
hamsters were challenged for protection analysis. Sera were
evaluated both for spike-specific binding antibody responses and
neutralizing activities against Omicron variants (part of the data
was not presented). In addition, all challenged hamsters were
sacrificed and analyzed for viral loads in different tissues 3 days
post infection.

3.2. SARS-CoV-2 spike-specific antibody responses in mice and
hamsters after different booster vaccinations

The IgG responses against spike proteins of the WT strain and
variant Omicron BA.1 were investigated in the serum of mice and
hamsters before and after different boosters. For CoronaVac-
primed animals, boosting with the homologous vaccine
CoronaVac elicited the lowest level of binding antibodies against
spike proteins (WT and BA.1) compared with heterologous shots
(Fig. 2AeD and Supporting Information Fig. S1). However,
mRNA vaccines (SWT-2P and SOmicron-6P) as heterologous
boosters induced the highest levels of IgG responses among the
five groups. These two boosters induced a similar level of WT and
Omicron-specific antibody response. In addition, Ad5-nCoV, as an
adenovirus vectored vaccine, also elicited high levels of IgG re-
sponses against both WT and BA.1 spike proteins. For ZF2001-
primed mice, compared with the heterologous CoronaVac
booster, boosting with homologous ZF2001 produced higher
levels of IgG antibodies against WT and BA.1 spike proteins,
although no significant differences were observed (Fig. 2E and F).
Among the five boosters, Ad5-nCoV induced the highest and
second-highest levels of binding antibodies against WT and BA.1
spike proteins. Moreover, the Omicron BA.1-specific mRNA
vaccine, SOmicron-6P, induced the highest levels of anti-spike (WT)
IgG antibody and anti-spike (BA.1) IgG antibody responses in
mice. However, the specific humoral immune responses were
severely disrupted in the ZF2001 (adjuvanted RBD subunit
vaccine)-primed hamsters (Fig. 2G and H, and Supporting
Information Fig. S2). Specifically, the IgG antibody titers ranged
from 100 (lower limit of detection, LLOD) to 1060 against the
WT spike protein and 143 to 2543 against the BA.1 spike protein
in ZF2001-primed hamsters after different booster vaccinations.
Nonetheless, booster shots with Ad5-nCoV, SWT-2P, or SOmicron-
6P elicited more robust IgG antibody responses against WT and
BA.1 spike proteins than CoronaVac and ZF2001. The low
immunogenicity of RBD-based vaccines in Syrian hamsters has
been reported, but the potential mechanisms are under revealed39.
Furthermore, we evaluated the spike protein-specific antibody
responses in Ad5-nCoV-primed animals after booster



Figure 1 The overall schedule of the study. (AeC) Timeline of immunization, serum collection, immune response, and challenge in mice and

hamsters. Purple arrows indicate the prime immunizations, green arrows indicate the booster immunizations, blue dots indicate the serum col-

lections, and red dots indicate the immune response analysis and the virus challenge.
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vaccinations. As shown in Fig. 2IeL and Supporting Information
Fig. S3, among the boosters, boosting with SOmicron-6P induced
the highest levels of IgG antibodies against WT and BA.1 spike
proteins in both animal models. In addition, boosting with SWT-2P
also induced high levels of binding antibody responses against the
spike proteins. Overall, after full comparisons, it seems that
boosting CoronaVac, ZF2001, or Ad5-nCoV-primed animals with
Ad5-nCoV, SWT-2P, or SOmicron-6P instead of CoronaVac or
ZF2001 would elicit a significantly higher level of humoral im-
mune responses against both WT SARS-CoV-2 and variant Om-
icron BA.1.

3.3. Neutralizing antibody responses against authentic Omicron
BA.1 and BA.5 after different booster vaccinations

Functional antibodies in blood circulation are neutralizing anti-
bodies that can block the entry of live viruses into host cells. Given
that the new infections rising worldwide are caused by Omicron
and its subvariants, we compared the levels of neutralizing anti-
body responses against live Omicron BA.1 and BA.5 after different
booster vaccinations. For CoronaVac-primed animals, consistent
with the results in Fig. 2, boosting with CoronaVac or ZF2001
elicited the lowest levels of neutralizing antibody responses against
live Omicron BA.1 and BA.5 (Fig. 3AeD and Supporting
Information Figs. S4eS6). Comparatively, Ad5-nCoV, SWT-2P,
and SOmicron-6P, as heterologous booster shots, induced highly
potent neutralizing antibodies against Omicron and its variants in
mice and hamsters. In particular, the Omicron BA.1-specific
mRNA vaccine SOmicron-6P showed the highest neutralization ti-
ters. Next, we assessed the neutralizing activities in ZF2001-
primed animals. For mice, ZF2001 as a homologous booster
vaccination exhibited the lowest neutralizing activities against
Omicron variants, which differed from the data in anti-spike IgG
titers (Fig. 3E and F, and Supporting Information Fig. S7). We
observed approximately 2-fold higher neutralization titers against
BA.1 and BA.5 in CoronaVac-boosted mice than in ZF2001-
boosted mice (Fig. 3E and F). Moreover, the other three heterol-
ogous booster vaccines, Ad5-nCoV, SWT-2P, and SOmicron-6P,
induced significantly higher levels of neutralizing antibodies
against BA.1 and BA.5 than CoronaVac and ZF2001. Interestingly,
Ad5-nCoV and SWT-2P exhibited even better performances than
the BA.1-specific mRNA vaccine in combating Omicron in-
fections. However, except for two animals in the SWT-2P shot
group, the neutralizing activities disappeared in all ZF2001-primed
hamsters after booster vaccinations (Fig. 3G and H, Supporting
Information Figs. S8 and S9). Furthermore, the neutralizing ac-
tivities in Ad5-nCoV-primed animals were studied after different
booster shots. SOmicron-6P induced the highest neutralization titers
against BA.1 but not BA.5 in both mice and hamsters, while
ZF2001, SWT-2P, and this BA.1-specific vaccine exhibited similar
abilities in combating BA.5 (Fig. 3IeL, Supporting Information
Figs. S10eS12). CoronaVac induced the lowest levels of neutral-
izing antibody responses against BA.1 in mice but higher levels of
neutralizing antibodies than ZF2001 in hamsters. However, we
observed no obvious neutralizing activities against BA.5 in Ad5-
nCoV-primed hamsters after all these booster vaccinations. Over-
all, the data in Fig. 3 shows that animals primed with Ad5-nCoV
instead of CoronaVac or ZF2001 elicited higher levels of neutral-
izing antibody responses against Omicron infections after booster
vaccinations.

3.4. Immune responses to different prime-boost vaccinations in
inactivated whole virus vaccine-primed mice

In addition to antibodies, we analyzed the immune responses in
inactivated whole virus vaccine (CoronaVac)-primed mice with
different booster strategies. T/B-cell responses in LNs and spleen
were determined by flow cytometry on Day 9 after booster
vaccination. The gating strategy for flow cytometry analysis can
be found in Supporting Information Fig. S13. We observed a
significant reduction in T cells in LNs in the CoronaVac þ Ad5-
nCoV group, specifically total T cells (CD3þ) and CD4þ and
CD8þ T cells (Supporting Information Fig. S14AeS14C). In
contrast to that of T cells, the proportion of B cells in the LNs of
this group was robustly increased after booster vaccination
(Fig. S14D). The groups CoronaVac boosted with mRNA vaccines



Figure 2 Binding antibody responses against spike proteins of wild-type SARS-CoV-2 (WT) and variant Omicron BA.1 in mice and hamsters

after different booster vaccinations. The anti-spike IgG antibody titers in mice and hamsters were measured by an enzyme-linked immunosorbent

assay (ELISA). (AeD) Serum IgG responses in CoronaVac-primed mice (A, B) and hamsters (C, D) after booster vaccinations against WT or

BA.1 spike proteins. (EeH) IgG titers in ZF2001-primed mice (E, F) and hamsters (G, H) after booster vaccinations against WT or BA.1 spike

proteins. (IeL) Binding antibody responses in Ad5-nCoV-primed mice (I, J) and hamsters (K, L) after booster vaccinations against WT or BA.1

spike proteins. All statistics were calculated using unpaired one-way ANOVA with multiple comparison tests. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001; ns, not significant. The values of the geometric mean titers (GMTs) of each group are displayed in the graph.
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(including CoronaVac þ SWT-2P and CoronaVac þ SOmicron-6P)
exhibited no significant changes in T-cell proportions but elevated
B-cell ratios (Fig. S14AeS14D). In the spleen, compared to the
PBS group, no significant fluctuations in T-cell frequencies were
observed after CoronaVac þ Ad5-nCoV immunization (Fig.
S14EeS14G). However, boosting with Ad5-nCoV induced a
lower level of B cells in the spleen (Fig. S14H). Compared to the
Ad5-nCoV-boosted vaccination, the other four vaccines (including
CoronaVac, ZF2001, SWT-2P, and SOmicron-6P) induced a notable
increase in T cells in the spleen, particularly CD4þ T cells.
Among the four vaccines, the mRNA vaccines, similar to Ad5-
nCoV, also decreased the B-cell ratios in the spleen. Overall, it
seems that in both LNs and spleen, the levels of T cells are
opposite to the levels of B cells after booster vaccinations. We
speculated that the discriminating immune responses were
attributed to the spatiotemporal differences in lymphocyte recir-
culation and homing and proliferation after vaccination with
different types of vaccines40. The exact mechanisms and potential
effects are being investigated.

Next, we studied the subcellular population changes of func-
tional T/B cells in both LNs and spleen after different booster
shots. Among the five vaccines, Ad5-nCoV induced the highest
levels of TFH cells, which are essential for GC reactions, GC B
cells (the source of the high affinity and class-switched



Figure 3 Neutralizing antibody responses against live Omicron BA.1 and BA.5 in mice and hamsters after different booster vaccinations. The

collected sera after different booster vaccinations were further evaluated for neutralizing activities by a plaque reduction neutralization test

(PRNT). (AeD) The 50% virus-neutralization titers (VNT50) in CoronaVac-primed mice (A, B) and hamsters (C, D) after booster vaccinations

against authentic SARS-CoV-2 Omicron BA.1 and BA.5. (EeH) VNT50 in ZF2001-primed mice (E, F) and hamsters (G, H) after booster

vaccinations against BA.1 and BA.5. (IeL) VNT50 in Ad5-nCoV-primed mice (I, J) and hamsters (K, L) after booster vaccinations against BA.1

and BA.5. The GMTs of each group are displayed in the graph.
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antibodies), plastic CD38þGL7þ B cells (the multipotent pre-
cursors having the potential to differentiate into memory B cells
and later GC B cells), and class-switched IgG1þ/IgG2aþ B cells
(produce specific antibodies to neutralize antigens) in both LNs
and spleen (Fig. 4AeH)40-44. The two types of mRNA vaccines
exhibited a similar (but weaker than Ad5-nCoV, and SOmicron-6P
seems better than SWT-2P) ability to elicit these immune responses
in the LNs and spleen. Boosting with ZF2001, a kind of
aluminum-adjuvanted protein subunit vaccine, elicited a slight
elevation of the percentages of these cells (elicited a weak immune
response). However, the inactivated vaccine, CoronaVac, as a
homologous vaccine, built up the lowest level of functional im-
mune responses compared to the other four heterologous vaccines.
These findings were consistent with the different levels of humoral
immune response in different vaccine groups in Figs. 2 and 3.

In addition to humoral immune responses, T-cell-mediated
immunity also contributes to protection against re-exposure to the
virus by secreting active cytokines. For intracellular cytokine
staining (ICS) of T cells, splenocytes were ex vivo restimulated
with the spike peptide pool and analyzed by flow cytometry.
Boosting CoronaVac with Ad5-nCoV, SWT-2P, or SOmicron-6P
instead of CoronaVac and ZF2001 induced a higher fraction of
CD8þ and CD4þ T cells that secreted the type 1 intracellular
cytokine IL-2 (Fig. S14I and S14J). However, except for SOmicron-
6P, the other four vaccines did not increase the expression of
INF-g (type 1 intracellular cytokine) in CD8þ or CD4þ T cells



Figure 4 T-cell and B-cell responses in CoronaVac-primed mice after boosting with CoronaVac, ZF2001, Ad5-nCoV, SWT-2P, or SOmicron-6P.

Nine days postboost, all mice were sacrificed, and the spleen and draining lymph nodes (LNs) (popliteal and inguinal lymph nodes) were har-

vested for T/B-cell analysis, as described in Fig. 1A. n Z 7 for all groups except for specific statements. (AeD) Flow cytometric analysis of

follicular helper T (TFH) cells (A), germinal center B (GC B) cells (B), plastic CD38þGL7þ B-cell precursors (C), and class-switched IgG1þ/
IgG2aþ B cells in LNs (D). (EeH) Frequencies of TFH cells (E), germinal center B cells (F), plastic CD38þGL7þ B-cell precursors (G), and

class-switched IgG1þ/IgG2aþ B cells in the spleen (H). (IeP) For T-cell intracellular cytokine staining (ICS), splenocytes were restimulated with

the spike peptide pool for 12 h and then stained with fluorescence-conjugated antibodies and analyzed by flow cytometry (n Z 4e6). The

expression of interferon-g (IFN-g) (I, J) among CD4þ (I) and CD8þ (J) T cells in the spleen. Frequency of interleukin-4 (IL-4)-positive CD4þ T

cells in the spleen (K). Scatter plots showing the correlations of IFN-g- and IL-4-secreting cells by flow cytometry (LeP). The groups contained
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(Fig. 4I and J). Therewere no significant fluctuations in CD4þ T cells
that secreted the type 2 intracellular cytokine IL-4 after different
vaccinations (Fig. 4K)45. Furthermore, we evaluated the balance of
Th1 and Th2 responses in different vaccinated mice. We found that
CoronaVac boosted with itself or ZF2001 induced a low-level
but Th2-biased immune response, while CoronaVac boosted with
Ad5-nCoV, SWT-2P, or SOmicron-6P induced a Th1-biased immune
response (Fig. 4LeP). Although the sample sizes of some groups are
small due to an operating loss, these results are still instructive.

3.5. Immune responses to different prime-boost vaccinations in
adjuvanted protein vaccine-primed mice

In adjuvanted protein vaccine (ZF2001)-primed mouse models, we
investigated the immune responses after different booster vaccina-
tions by flow cytometry. Similar to the data shown in CoronaVac-
primed mice, boosting with Ad5-nCoV significantly decreased the
frequencies of CD4þ T cells and increased the frequencies of B
cells in LNs but not in spleen Supporting Information Fig. S15). No
significant differences in the T-cell frequencies were observed
among the PBS þ PBS, ZF2001 þ ZF2001, ZF2001 þ CoronaVac,
ZF2001 þ SWT-2P, and ZF2001 þ SOmicron-6P groups. The B-cell
frequencies in LNs of the ZF2001 þ SWT-2P and
ZF2001 þ SOmicron-6P groups were increased compared with the
control group. However, these changes in immune cell frequencies
were attenuated in the spleen. The lower frequencies of CD4þ T
cells corresponded to the higher frequencies of B cells or the
opposite, which has been revealed in the above results.

We next determined the frequency and phenotype of T/B cells
in mice after different vaccinations. Interestingly, in ZF2001-
primed mice, among the five vaccines (including ZF2001,
CoronaVac, Ad5-nCoV, SWT-2P, and SOmicron-6P) as the booster
shots, Ad5-nCoV induced almost the highest frequencies of TFH
cells, GC B cells, plastic CD38þGL7þ B cells, and class-switched
IgG1þ/IgG2aþ B cells in both LNs and spleen, which were
already observed in the CoronaVac-primed mice (Fig. 5AeH).
Compared with ZF2001, CoronaVac, as a heterologous vaccine,
exhibited no advantages in eliciting these beneficial immune re-
sponses. Boosting with ZF2001 or CoronaVac induced no
increased frequencies of the functional immune cells compared
with the control group. However, boosting with mRNA vaccines,
SWT-2P or SOmicron-6P, significantly increased the frequencies of
the above-mentioned immune cell populations, although they were
weaker than those in the Ad5-nCoV-boosted group.

In addition to quantitative analysis of the frequency and
phenotype of T/B cells, we also characterized the cytokine profiles
at the single-cell level. Boosting ZF2001 with Ad5-nCoV, SWT-2P,
or SOmicron-6P instead of ZF2001 and CoronaVac induced a higher
fraction of CD8þ and CD4þ T cells that secreted the type 1
intracellular cytokine interferon-g (IFN-g) (Fig. 5I and J). There
were no significant differences in the secretion of interleukin-4
(IL-4) among the six groups (Fig. 5K). Based on the intracel-
lular cytokine-secreting data, we analyzed the balance of Th1 and
Th2 responses in mice under different vaccinations. Four doses of
the protein subunit vaccine, ZF2001, elicited a Th1/Th2-balanced
cellular immune response in mice (Fig. 5L)46. Three doses of
ZF2001 boosted with a dose of CoronaVac elicited low levels of
mice immunized with two doses of CoronaVac and then boosted with Cor

(P). All statistics were calculated using unpaired one-way ANOVA with

****P < 0.0001; ns, not significant.
both Th1 and Th2 cellular immune responses in mice (Fig. 5M).
However, boosting ZF2001 with Ad5-nCoV, SWT-2P, or SOmicron-
6P resulted in a Th1-biased immune response in mice
(Fig. 5NeP). Taken together, in both inactivated vaccine
(CoronaVac) and protein subunit vaccine (ZF2001)-primed mice,
boosting with the adenovirus type 5 vectored vaccine and mRNA
vaccines rather than the CoronaVac or ZF2001 vaccines induced
higher levels of functional immune responses, and the cellular
immune responses were Th1-biased.

3.6. Immune responses to heterologous prime-boost
vaccinations in adenovirus-vectored vaccine-primed mice

In the adenovirus-vectored vaccine (Ad5-nCoV)-primed mouse
models, we studied the immune responses after different booster
vaccinations. Except for SOmicron-6P booster vaccination inducing
increased percentages of CD8þ T cells in the spleen, Ad5-nCoV
boosted with CoronaVac, SWT-2P, or SOmicron-6P exhibited
nondistinctive changes in T cells and B cells in the LNs and spleen
compared with the control group (Supporting Information
Fig. S16). Ad5-nCoV þ ZF2001 treatment induced a signifi-
cantly decreased level of CD4þ T cells and an increased level of B
cells in the spleen compared with the other groups, although this
effect was not evident in LNs. Similar to the results in inactivated
vaccine-primed animals, the lower levels of CD4þ T cells corre-
sponded to higher levels of B cells in Ad5-nCoV-primed mice
after booster vaccination.

The T/B-cell phenotyping of Ad5-nCoV-primed mice after
boosting with different vaccines was also analyzed. The fre-
quencies of TFH cells in LNs significantly increased in the Ad5-
nCoV þ CoronaVac and Ad5-nCoV þ ZF2001 groups, especially
the latter group (Fig. 6A). However, the frequencies of GC B cells
in LNs did not increase in the Ad5-nCoV þ CoronaVac or Ad5-
nCoV þ ZF2001 groups but increased in the mRNA vaccine-
boosted groups (Fig. 6B). The same effects were also observed
for TFH cells, GC B cells, plasma B cells (the long-lived medi-
ators of lasting humoral immunity), and plasmablast B cells (the
rapidly produced and short-lived effector cells of the early anti-
body response) in the spleen (Fig. 6CeF)47. However, the
mechanisms of this phenomenon remain to be further elucidated.

We next studied the intracellular cytokine-producing abilities
of mice in different groups. The expression of IFN-g and IL-4 was
determined by an enzyme-linked immunospot (ELISPOT) assay.
All mice after booster vaccination induced increased IFN-g, and
the mRNA vaccines as the booster shots induced the highest levels
of IFN-g (Fig. 6G and Supporting Information Fig. S17). In
contrast to IFN-g, no significant differences in IL-4 secretion were
found among these groups (Fig. 6H and Fig. S17). Taken together,
in Ad5-nCoV-primed mice, CoronaVac induced the lowest level of
immune responses among the four vaccines, while mRNA vac-
cines (including SWT-2P and SOmicron-6P) elicited significantly
increased humoral and cellular immune responses. Furthermore,
we analyzed Th1- or Th2-biased immune responses in different
groups. We found that all groups exhibited a strong Th1-biased
immune response, which indicated that priming with Ad5-nCoV
induces a Th1-biased immune response that is irrelevant to the
booster vaccines (Fig. 6IeL).
onaVac (L), ZF2001 (M), Ad5-nCoV(N), SWT-2P (O), or SOmicron-6P

multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001,



Figure 5 T-cell and B-cell responses in ZF2001-primed mice after boosting with ZF2001, CoronaVac, Ad5-nCoV, SWT-2P, or SOmicron-6P. On

Day 200, all groups of mice were sacrificed for T/B-cell analysis, as described in Fig. 1B. n Z 6e7 per group. (AeD) Frequencies of TFH cells

(A), GC B cells (B), plastic CD38þGL7þ B-cell precursors (C), and class-switched IgG1þ/IgG2aþ B cells (D) in LNs. (EeH) Frequencies of TFH

cells (E), GC B cells (F), plastic CD38þGL7þ B-cell precursors (G), and class-switched IgG1þ/IgG2aþ B cells (H) in the spleen. (IeP) For T-cell

ICS, splenocytes were restimulated with the spike (S) peptide pool for 12 h and then stained with fluorescence-conjugated antibodies and analyzed

by flow cytometry. The expression of IFN-g (I, J) among CD4þ (I) and CD8þ (J) T cells in the spleen. Frequency of IL-4-positive CD4þ T cells in

the spleen (K). Scatter plots showing the correlations of IFN-g- and IL-4-secreting cells by flow cytometry (LeP). The groups contained mice

immunized with three doses of ZF2001 and then boosted with ZF2001 (L), CoronaVac (M), Ad5-nCoV (N), SWT-2P (O), or SOmicron-6P (P). All
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Figure 6 T-cell and B-cell responses in Ad5-nCoV-primed mice after boosting with CoronaVac, ZF2001, SWT-2P, or SOmicron-6P. Nine days

after the booster shot, all mice were sacrificed for T/B-cell analysis, as described in Fig. 1C. n Z 6 per group. (A, B) Frequencies of TFH cells

(A), and GC B cells (B) in LNs. (CeF) Frequencies of TFH cells (C), GC B cells (D), plasma B cells (E), and plasmablast B cells (F) in the

spleen. (G, H) The expression levels of IFN-g (G) and IL-4 (H) in splenocytes stimulated by the spike peptide pool were measured by enzyme-

linked immunospot (ELISPOT) assay. (IeL) Scatter plots showing the correlations of IFN-g- and IL-4-secreting cells by ELISPOT assay. The

groups contained mice immunized with a single dose of Ad5-nCoVand then boosted with CoronaVac (I), ZF2001 (J), SWT-2P (K), or SOmicron-6P

(L). All statistics were calculated using unpaired one-way ANOVA with multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001; ns, not significant.
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3.7. Booster vaccinations enhance potent GC reactions in
secondary lymphatic organs associated with neutralizing antibody
production

After characterizing the neutralizing activities and functional
immune responses in the three vaccine-primed animals, we
further investigated the potential relationships. Class-switched
IgG1þ/IgG2aþ B cells have the potential to generate high-affinity
neutralizing antibodies. As shown in Fig. 7AeD, the neutralizing
statistics were calculated using unpaired one-way ANOVA with mult

****P < 0.0001; ns, not significant.
antibody titers against Omicron BA.1 and BA.5 were strongly
associated with IgG1þ/IgG2aþ B cells in LNs, while they showed
a weaker correlation in spleen. As reported, B cells undergo class
switch recombination within the GC to ultimately produce high-
affinity, class-switched antibodies48. We thus hypothesized the
existence of an association between neutralizing responses and
GC B cells. As anticipated, the anti-BA.1 and BA.5 neutralizing
activities correlated with GC B cells in the secondary lymphatic
organs, especially in LNs (Fig. 7EeH). In addition, GC responses
iple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001,



Figure 7 Correlations of neutralizing antibody activities and functional immune cells. For all correlations, the data of mice from the whole-

virus neutralization assay in Fig. 3 and flow cytometric analysis in Figs. 4e6 were used. (AeD) Spearman correlations of neutralization titers

against BA.1 and class-switched IgG1þ/IgG2aþ B cells in LNs (A) and spleen (B), and neutralization titers against BA.5 and class-switched

IgG1þ/IgG2aþ B cells in LNs (C) and spleen (D). (EeH) Spearman correlations of neutralization titers against BA.1 and GC B cells in LNs

(E) and spleen (F), and neutralization titers against BA.5 and GC B cells in LNs (G) and spleen (H). (IeL) Spearman correlations of neutralization

titers against BA.1 and TFH cells in LNs (I) and spleen (J), and neutralization titers against BA.5 and TFH cells in LNs (K) and spleen (L). Every

hollow dot represents a geometric mean value of a group of data. Spearman’s correlation coefficients (r) and P values (P) are shown in the graphs.
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are tightly regulated by specialized TFH cells through the delivery
of costimulatory molecules and cytokines to GC B cells41,49. We
observed positive correlations between neutralizing titers (against
BA.1 and BA.5) and TFH cells in the LNs and spleen (Fig. 7IeL).
Interestingly, the LNs showed stronger correlations of neutrali-
zation titers and switched IgG1þ/IgG2aþ B cells, GC B cells, and
TFH than the spleens. Furthermore, we directly evaluated the
correlations of these functional immune cells that are involved in
GC reactions. We found that switched IgG1þ/IgG2aþ B cells, GC
B cells, and TFH cells correlated strongly with each other in LNs
but showed weaker associations in the spleen (Supporting
Information Fig. S18).

Taken together, these data indicate that booster vaccination-
elicited GC responses play an important role in producing high-
quality neutralizing antibodies, and the switched IgG1þ/IgG2aþ B
cells and GC B cells are tightly regulated by TFH cells within the
GC. Boosting prior vaccinations with a booster vaccine that can
effectively reactivate a cyclic program of GC functions would
significantly facilitate long-lasting immunologic protection
against SARS-CoV-2 infection.

3.8. Protective efficacies in hamsters after receiving different
booster vaccinations

After characterizing the humoral and cellular immune responses,
we further investigated the protection efficacies in the hamster
models. To simulate the acute COVID-19 infection after booster
immunization, Syrian hamsters in different groups were



Figure 8 The protective efficacies of three commercial vaccines after boosting with homologous or heterologous vaccines in hamster models.

(A, B) Female hamsters were primed with two doses of CoronaVac, followed by boosting with CoronaVac, ZF2001, Ad5-nCoV, SWT-2P, or

SOmicron-6P, as described in Fig. 1A. Viral RNA loads in the nasal turbinate, trachea and both lungs were determined by quantitative reverse

transcription-polymerase chain reaction (RT-qPCR) (A). Live viral loads in hamster tissues were quantified by using a plaque assay (B). (C, D)

Hamsters were primed with three doses of ZF2001 followed by boosting with ZF2001, CoronaVac, Ad5-nCoV, SWT-2P, or SOmicron-6P, as

described in Fig. 1B. RT-qPCR analysis of the viral loads in hamster tissues (C). Plaque assay determines the live viral loads in hamster tissues

(D). (E, F) Hamsters were primed with a single dose of Ad5-nCoV followed by boosting with CoronaVac, ZF2001, SWT-2P, or SOmicron-6P, as

described in Fig. 1C. Viral RNA loads were determined by RT-qPCR (E). Viral load tests measured the amount of live virus in hamster tissues (F).

All statistics were calculated using unpaired one-way ANOVA with multiple comparison tests. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001; ns, not significant.
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challenged with 1 � 104 plaque-forming units (PFU) of authentic
Omicron BA.1. Nine days after booster shots and analyzed for
viral RNA loads and viral titers 3 days post infection. For inac-
tivated vaccine (CoronaVac)-primed hamsters, the viral RNA
loads and live viral titers in the nasal turbinate, trachea and both
lungs of all vaccine-boosted animals were significantly decreased
compared with those of the PBS control (Fig. 8A and B). How-
ever, there were no significant differences in the viral RNA loads
of the five different booster vaccinations. In contrast, a certain
amount of live virus was detected in the nasal turbinate and tra-
chea of the CoronaVac and ZF2001-boosted hamsters instead of
the Ad5-nCoV, SWT-2P, and SOmicron-6P groups. No live virus was
detected in either lung of any of the boosted hamsters. The
differences in protective efficacy among different booster vaccines
were not significant enough, which could be attributed to the
reduced pathogenicity of BA.1. Nonetheless, these data indicated
that a WT-based inactivated vaccine boosted with a WT-based
adenovirus vectored vaccine or mRNA or BA.1-specific mRNA
vaccine could provide more robust protection against Omicron
BA.1 than a WT inactivated vaccine and an adjuvanted protein
subunit vaccine. We next evaluated the protective efficacies in
ZF2001 (a tandem-repeat dimeric RBD protein)-primed hamsters
after different booster immunizations. Consistent with the IgG and
neutralization titers revealed above, we observed weak protective
efficacies in these animals (Fig. 8C and D). These data suggest
that further studies are needed to evaluate the immunogenicity of
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RBD-based vaccines in other animal models39. Nonetheless, Ad5-
nCoV and mRNA vaccines, especially SWT-2P, were more effec-
tive than CoronaVac and ZF2001 in combating BA.1 infection.
For Ad5-nCoV-primed hamsters, all heterologous booster vacci-
nations significantly reduced the viral RNA loads, and no live
virus was detected in hamster tissues 3 days post infection
(Fig. 8E and F).

Furthermore, the lungs of hamsters after challenge were also
evaluated by hematoxylin-eosin staining (H&E) for detecting
damage and inflammatory changes. All hamsters in PBS groups
displayed pathology with immune cell infiltration, airway space
thickening, mild alveolar congestion, and interstitial edema. In
contrast, hamsters boosted with Ad5-nCoV, SWT-2P, or SOmicron-
6P did not develop lung pathology and while those receiving
booster immunizations with CoronaVac or ZF2001 exhibited
minor to moderate pathology (Supporting Information Figs.
S19eS21). However, no significant fluctuations in body weight
were observed among the different immunization groups of
hamsters (Supporting Information Fig. S22).

Taken together, Ad5-nCoV, SWT-2P and SOmicron-6P exhibited
greater potential than CoronaVac and ZF2001 as booster vaccines
in protecting against Omicron infections. However, the differences
in the protective efficacies of Ad5-nCoV, SWT-2P and SOmicron-6P
in the live virus challenge experiments are indistinguishable.
4. Conclusions

Omicron and its subvariants, with numerous mutations and de-
letions in the spike proteins, escape the immune protection
conferred by WT-based vaccinations or previous infections. It has
resulted in a rapid spread in vaccinated or unvaccinated pop-
ulations worldwide. Moreover, many people around the world are
experiencing SARS-CoV-2 Omicron reinfections, which contrib-
uted additional risks of death50. Additional vaccination or updated
vaccines are highly needed to conquer the loss in protective effi-
cacies against Omicron variants by authorized vaccines based on
the WT strain. Consequently, pressing scientific questions are
raised in the vaccine booster field: Among the SARS-CoV-2
vaccines of different types, which ones are the optimal booster
vaccination strategies? What are the potential mechanisms and the
differences in the humoral and cellular immune responses by the
different vaccines? In this study, we performed a systematic
comparison in two animal models with different prime-boost
regimens, including inactivated whole-virus vaccine
(CoronaVac), aluminum hydroxide-adjuvanted RBD protein vac-
cine (ZF2001), adenovirus-vectored vaccine (Ad5-nCoV), WT
mRNA vaccine (SWT-2P), and Omicron BA.1-specific mRNA
vaccine (SOmicron-6P). Compared with homologous immuniza-
tions, heterologous boosters elicited significantly stronger humoral
immune responses against WT SARS-CoV-2, Omicron BA.1, and
BA.524,51-53. Among the five SARS-CoV-2 vaccines, we found
that Ad5-nCoV, SWT-2P, and SOmicron-6P as heterologous immu-
nizations induced high levels of neutralizing antibodies against the
Omicron variants, especially SOmicron-6P, which showed many
advantages. Interestingly, booster immunizations did not exhibit
immunogenicity in RBD protein vaccine-primed hamsters, with
undetectable neutralization activities, which have been reported
previously, but the mechanisms are unknown.

In-depth studies were conducted by assessing the humoral and
cellular immune responses with flow cytometry and ELISPOT. We
observed significantly stronger GC responses in mice that have
been characterized by high levels of neutralization activities
against Omicron variants. Specifically, boosting with Ad5-nCoV,
SWT-2P, or SOmicron-6P induced markedly elevated frequencies of
TFH cells, class-switched IgG1þ/IgG2aþ B cells, and GC B cells
in secondary lymphatic organs, especially in LNs. Prolonged an-
tigen availability presented by antigen-presenting cells (APCs)
and intrinsic TFH cell adjuvanticity of the vaccine systems that
encode SARS-CoV-2 antigens could be the two potential expla-
nations41,54,55. Furthermore, the study indicated the important role
of GC responses in booster vaccinations, which meant that a good
GC reaction inducer could be a good booster by enhanced
immunologic protection efficacy. It seems that Th1-biased im-
mune responses would be more protective in SARS-CoV-2 vac-
cine immunizations56. Consistent with that, a specific booster
vaccination that can remodel the existing immune profiles and
modify to a Th1-biased immune response showed better perfor-
mance in the study.

In the live virus challenge studies, consistent to the above re-
sults, boosting with Ad5-nCoV, SWT-2P, or SOmicron-6P exhibited
the best protective efficacies against Omicron BA.1 infection in
hamsters. No live virus was detected in the tissues of hamsters
receiving these boosters. These results indicated the advantages of
Ad5-nCoV, SWT-2P, and SOmicron-6P as booster vaccinations in
protecting against Omicron variants. However, there are some
limitations to our study. (1) We chose some historical vaccines as
typical types of vaccines, but we did not conclude that the same
types of vaccines were generated by different producers in the
animal experiments. (2) SARS-CoV-2 Omicron evolved a number
of subvariants (such as XBB and BQ.1.1) with increased trans-
missibility and immunity escape potential compared to the his-
torical BA.1 strain, but the neutralizing activities and protective
efficacies against these viruses after different booster vaccinations
were not determined due to the lack of viral strains. (3) No sig-
nificant differences were observed in the BA.1 challenge studies
between Omicron-specific (SOmicron-6P) and non-Omicron-specific
vaccines (Ad5-nCoV and SWT-2P) when used as boosters. We
propose that vaccines expressing the spike protein in vivo can
induce stronger specific GC responses and cross-reactive memory
T/B cell-mediated immune responses against Omicron infections.
In addition, the results could be partly attributed to the reduced
pathogenicity of Omicron variants. Utilizing a higher infection
dose of BA.1 and a nonhuman primate (NHP) model could provide
more effective insights. Further studies exploring the specific un-
derlying mechanisms are warranted.

Taken together, our studies in mice and hamsters suggest
optimal prime-boost strategies for combating SARS-CoV-2 Omi-
cron infections. More importantly, the protective efficacies of the
vaccines in booster vaccinations are highly related to GC reactions
in secondary lymphatic organs. This study coupled with other
vaccine efforts could have impacts on the design of the next
generation of vaccines against coronavirus and other pathogens.
Acknowledgments

We thank Sinovac Life Sciences, Anhui Zhifei Longcom Biologic
Pharmacy, and Beijing Institute of Biotechnology for kindly
providing the commercial SARS-CoV-2 vaccines (CoronaVac,
ZF2001, and Ad5-nCoV). We thank the National Virus Resource
Center for kindly providing SARS-CoV-2 Omicron BA.1 (CCPM-
B-V-049-2112-18) and BA.5 (NPRC2.062200006). This study
was supported by the National Key R&D Program of China



Immune responses to different booster vaccination strategies 961
(2020YFA0710700), the Strategic Priority Research Program of
the Chinese Academy of Sciences (XDB0490000, China), the
National Natural Science Foundation of China (52025036,
51961145109), and the Shanghai “Belt and Road” Joint Labora-
tory Project (22490750200, China). This work was partially car-
ried out at the USTC Center for Micro and Nanoscale Research
and Fabrication.

Author contributions

Yi Wu: Writing e original draft, Methodology, Investigation, Data
curation, Conceptualization. Xiaoying Jia: Investigation, Formal
analysis, Data curation. Namei Wu: Methodology, Investigation,
Formal analysis, Data curation. Xinghai Zhang: Methodology,
Investigation, Data curation. Yan Wu: Investigation, Data curation.
Yang Liu: Methodology, Investigation. Minmin Zhou: Validation,
Methodology. Yanqiong Shen: Methodology, Investigation. Entao
Li: Methodology. Wei Wang: Writing e review & editing, Re-
sources, Methodology, Funding acquisition. Jiaming Lan:
Writing e review & editing, Supervision, Resources, Funding
acquisition. Yucai Wang: Writing e review & editing, Supervi-
sion, Resources, Project administration, Funding acquisition,
Conceptualization. Sandra Chiu: Writing e review & editing,
Writing e original draft, Supervision, Resources, Project admin-
istration, Funding acquisition, Conceptualization.

Conflicts of interest

Yucai Wang is the inventor on pending patent applications related
to the Omicron mRNA vaccine. The other authors declare no
competing interest.

Appendix A. Supporting information

Supporting information to this article can be found online at
https://doi.org/10.1016/j.apsb.2024.12.030.

References

1. Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J,

Consortium CGU, et al. SARS-CoV-2 variant biology: immune

escape, transmission and fitness. Nat Rev Microbiol 2023;21:162e77.

2. Harari S, Tahor M, Rutsinsky N, Meijer S, Miller D, Henig O, et al.

Drivers of adaptive evolution during chronic SARS-CoV-2 infections.

Nat Med 2022;28:1501e8.

3. Xia H, Zou J, Kurhade C, Cai H, Yang Q, Cutler M, et al. Neutrali-

zation and durability of 2 or 3 doses of the BNT162b2 vaccine against

Omicron SARS-CoV-2. Cell Host Microbe 2022;30:485e8.

4. Wang J, Lan T, Wei Y, Tanaka Y. Omicron variant: a booster

depending on infection histories. Signal Transduct Target Ther 2023;

8:6.

5. Gao SJ, Guo H, Luo G. Omicron variant (B.1.1.529) of SARS-CoV-2,

a global urgent public health alert! J Med Virol 2022;94:1255e6.

6. Yin W, Xu Y, Xu P, Cao X, Wu C, Gu C, et al. Structures of the

Omicron spike trimer with ACE2 and an anti-Omicron antibody.

Science 2022;375:1048e53.

7. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-

CoV-2 spike receptor-binding domain bound to the ACE2 receptor.

Nature 2020;581:215e20.

8. Zhao Z, Zhou J, Tian M, Huang M, Liu S, Xie Y, et al. Omicron

SARS-CoV-2 mutations stabilize spike up-RBD conformation and

lead to a non-RBM-binding monoclonal antibody escape. Nat Com-

mun 2022;13:4958.
9. McCallum M, Czudnochowski N, Rosen LE, Zepeda SK, Bowen JE,

Walls AC, et al. Structural basis of SARS-CoV-2 Omicron immune

evasion and receptor engagement. Science 2022;375:864e8.

10. Scheaffer SM, Lee D, Whitener B, Ying B, Wu K, Liang CY, et al.

Bivalent SARS-CoV-2 mRNA vaccines increase breadth of neutrali-

zation and protect against the BA.5 Omicron variant in mice. Nat Med

2023;29:247e57.

11. Gruell H, Vanshylla K, Korenkov M, Tober-Lau P, Zehner M, Munn F,

et al. SARS-CoV-2 Omicron sublineages exhibit distinct antibody

escape patterns. Cell Host Microbe 2022;30:1231e41.

12. Cao Y, Yisimayi A, Jian F, Song W, Xiao T, Wang L, et al. BA.2.12.1,

BA.4 and BA.5 escape antibodies elicited by Omicron infection. Na-

ture 2022;608:593e602.

13. Muik A, Lui BG, Bacher M, Wallisch AK, Toker A, Finlayson A, et al.

Omicron BA.2 breakthrough infection enhances cross-neutralization

of BA.2.12.1 and BA.4/BA.5. Sci Immunol 2022;7:eade2283.

14. Krause PR, Fleming TR, Longini IM, Peto R, Briand S, Heymann DL,

et al. SARS-CoV-2 variants and vaccines. N Engl J Med 2021;385:

179e86.
15. Shrestha LB, Foster C, Rawlinson W, Tedla N, Bull RA. Evolution of

the SARS-CoV-2 omicron variants BA.1 to BA.5: implications

for immune escape and transmission. Rev Med Virol 2022;32:

e2381.

16. Uraki R, Ito M, Furusawa Y, Yamayoshi S, Iwatsuki-Horimoto K,

Adachi E, et al. Humoral immune evasion of the omicron subvariants

BQ.1.1 and XBB. Lancet Infect Dis 2023;23:30e2.

17. Li X. Omicron: call for updated vaccines. J Med Virol 2022;94:

1261e3.

18. Zhang NN, Zhang RR, Zhang YF, Ji K, Xiong XC, Qin QS, et al.

Rapid development of an updated mRNA vaccine against the SARS-

CoV-2 Omicron variant. Cell Res 2022;32:401e3.

19. Omer SB, Malani PN. Booster vaccination to prevent COVID-19 in

the era of Omicron: an effective part of a layered public health

approach. JAMA 2022;327:628e9.
20. Hoffmann M, Behrens GMN, Arora P, Kempf A, Nehlmeier I,

Cossmann A, et al. Effect of hybrid immunity and bivalent booster

vaccination on omicron sublineage neutralisation. Lancet Infect Dis

2023;23:25e8.
21. Ying B, Scheaffer SM, Whitener B, Liang CY, Dmytrenko O,

Mackin S, et al. Boosting with variant-matched or historical mRNA

vaccines protects against Omicron infection in mice. Cell 2022;185:

1572e87.
22. Li J, Hou L, Guo X, Jin P, Wu S, Zhu J, et al. Heterologous AD5-

nCOV plus CoronaVac versus homologous CoronaVac vaccination: a

randomized phase 4 trial. Nat Med 2022;28:401e9.
23. Corbett KS, Gagne M, Wagner DA, O’Connell S, Narpala SR,

Flebbe DR, et al. Protection against SARS-CoV-2 Beta variant in

mRNA-1273 vaccine-boosted nonhuman primates. Science 2021;374:

1343e53.
24. Garcia-Beltran WF, St Denis KJ, Hoelzemer A, Lam EC, Nitido AD,

Sheehan ML, et al. mRNA-based COVID-19 vaccine boosters induce

neutralizing immunity against SARS-CoV-2 Omicron variant. Cell

2022;185:457e66.
25. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al.

Efficacy and safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl

J Med 2021;384:403e16.
26. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S,

et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine.

N Engl J Med 2020;383:2603e15.

27. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and

immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-

CorV: a randomised, double-blind, placebo-controlled, phase 1/2

trial. Lancet Infect Dis 2021;21:39e51.

28. Wu Z, Hu Y, Xu M, Chen Z, Yang W, Jiang Z, et al. Safety, tolera-

bility, and immunogenicity of an inactivated SARS-CoV-2 vaccine

(CoronaVac) in healthy adults aged 60 years and older: a randomised,

double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect

Dis 2021;21:803e12.

https://doi.org/10.1016/j.apsb.2024.12.030
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref1
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref1
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref1
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref1
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref2
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref2
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref2
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref2
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref3
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref3
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref3
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref3
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref4
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref4
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref4
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref5
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref5
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref5
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref6
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref6
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref6
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref6
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref7
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref7
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref7
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref7
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref8
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref8
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref8
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref8
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref9
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref9
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref9
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref9
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref10
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref10
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref10
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref10
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref10
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref11
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref11
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref11
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref11
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref12
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref12
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref12
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref12
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref13
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref13
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref13
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref14
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref14
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref14
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref14
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref15
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref15
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref15
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref15
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref16
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref16
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref16
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref16
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref17
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref17
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref17
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref18
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref18
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref18
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref18
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref19
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref19
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref19
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref19
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref20
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref20
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref20
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref20
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref20
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref21
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref21
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref21
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref21
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref21
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref22
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref22
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref22
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref22
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref23
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref23
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref23
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref23
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref23
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref24
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref24
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref24
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref24
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref24
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref25
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref25
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref25
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref25
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref26
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref26
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref26
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref26
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref27
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref27
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref27
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref27
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref27
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28
http://refhub.elsevier.com/S2211-3835(24)00487-8/sref28


962 Yi Wu et al.
29. Sadoff J, Gray G, Vandebosch A, Cardenas V, Shukarev G,

Grinsztejn B, et al. Safety and efficacy of single-dose Ad26.COV2.S

vaccine against Covid-19. N Engl J Med 2021;384:2187e201.

30. Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-

Rammerstorfer S, et al. Safety and immunogenicity of the ChAdOx1

nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a

phase 1/2, single-blind, randomised controlled trial. Lancet 2020;396:

467e78.

31. Wu S, Huang J, Zhang Z, Wu J, Zhang J, Hu H, et al. Safety, toler-

ability, and immunogenicity of an aerosolised adenovirus type-5

vector-based COVID-19 vaccine (Ad5-nCoV) in adults: preliminary

report of an open-label and randomised phase 1 clinical trial. Lancet

Infect Dis 2021;21:1654e64.

32. Dai L, Gao L, Tao L, Hadinegoro SR, Erkin M, Ying Z, et al. Efficacy

and safety of the RBD-dimer-based Covid-19 vaccine ZF2001 in

adults. N Engl J Med 2022;386:2097e111.
33. Mohammed I, Nauman A, Paul P, Ganesan S, Chen KH, Jalil SMS,

et al. The efficacy and effectiveness of the COVID-19 vaccines in

reducing infection, severity, hospitalization, and mortality: a system-

atic review. Hum Vaccin Immunother 2022;18:2027160.

34. Gruell H, Vanshylla K, Tober-Lau P, Hillus D, Schommers P,

Lehmann C, et al. mRNA booster immunization elicits potent

neutralizing serum activity against the SARS-CoV-2 Omicron variant.

Nat Med 2022;28:477e80.

35. Yu J, Collier AY, Rowe M, Mardas F, Ventura JD, Wan H, et al.

Neutralization of the SARS-CoV-2 omicron BA.1 and BA.2 variants.

N Engl J Med 2022;386:1579e80.
36. Wu Y, Shen Y, Wu N, Zhang X, Chen S, Yang C, et al. Omicron-

specific mRNA vaccine elicits potent immune responses in mice,

hamsters, and nonhuman primates. Cell Res 2022;32:949e52.
37. Wu Y, Wu N, Jia X, Wu Y, Zhang X, Liu Y, et al. Long-term immune

response to Omicron-specific mRNA vaccination in mice, hamsters,

and nonhuman primates. MedComm 2023;4:e460.

38. Lu M, Chamblee M, Zhang Y, Ye C, Dravid P, Park JG, et al. SARS-

CoV-2 prefusion spike protein stabilized by six rather than two pro-

lines is more potent for inducing antibodies that neutralize viral var-

iants of concern. Proc Natl Acad Sci U S A 2022;119:e2110105119.

39. Merkuleva IA, Shcherbakov DN, Borgoyakova MB, Isaeva AA,

Nesmeyanova VS, Volkova NV, et al. Are hamsters a suitable model

for evaluating the immunogenicity of RBD-based anti-COVID-19

subunit vaccines?. Viruses 2022;14:1060e72.

40. Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M,

et al. BNT162b vaccines protect rhesus macaques from SARS-CoV-2.

Nature 2021;592:283e9.

41. Lederer K, Castano D, Gomez Atria D, Oguin TH, Wang S,

Manzoni TB, et al. SARS-CoV-2 mRNA vaccines foster potent
antigen-specific germinal center responses associated with neutral-

izing antibody generation. Immunity 2020;53:1281e95.

42. Crotty S. T follicular helper cell biology: a decade of discovery and

diseases. Immunity 2019;50:1132e48.

43. Taylor JJ, Pape KA, Jenkins MK. A germinal center-independent

pathway generates unswitched memory B cells early in the primary

response. J Exp Med 2012;209:597e606.

44. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immunol

2015;15:149e59.

45. Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, et al. Development of

an inactivated vaccine candidate for SARS-CoV-2. Science 2020;369:

77e81.
46. An Y, Li S, Jin X, Han JB, Xu K, Xu S, et al. A tandem-repeat dimeric

RBD protein-based covid-19 vaccine zf2001 protects mice and

nonhuman primates. Emerg Microbes Infect 2022;11:1058e71.

47. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The generation of

antibody-secreting plasma cells. Nat Rev Immunol 2015;15:160e71.

48. Young C, Brink R. The unique biology of germinal center B cells.

Immunity 2021;54:1652e64.
49. Vinuesa CG, Linterman MA, Yu D, MacLennan IC. Follicular helper

T cells. Annu Rev Immunol 2016;34:335e68.

50. Bowe B, Xie Y, Al-Aly Z. Acute and postacute sequelae associated

with SARS-CoV-2 reinfection. Nat Med 2022;28:2398e405.

51. Atmar RL, Lyke KE, Deming ME, Jackson LA, Branche AR, El

Sahly HM, et al. Homologous and heterologous COVID-19 booster

vaccinations. N Engl J Med 2022;386:1046e57.

52. Barros-Martins J, Hammerschmidt SI, Cossmann A, Odak I,

Stankov MV, Morillas-Ramos G, et al. Immune responses against

SARS-CoV-2 variants after heterologous and homologous ChAdOx1

nCoV-19/BNT162b2 vaccination. Nat Med 2021;27:1525e9.
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