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Abstract Inducing durable and effective immunity against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) via vaccination is essential to combat the current pandemic of coronavirus disease 2019 (COVID-
19). It has been noticed that the strength of anti-COVID-19 vaccination-induced immunity fades over time, which
calls for an additional vaccination regime, as known as booster immunization, to restore immunity among
previously vaccinated populations. Here we report a pilot open-label trial of a third dose of BBIBP-CorV, an
inactivated SARS-CoV-2 vaccine (Vero cell), on 136 participants aged between 18 to 63 years. Safety and
immunogenicity in terms of neutralizing antibody titers and cytokine/chemokine responses were analyzed as the
main endpoint until day 28. While systemic reactogenicity was either absent or mild, SARS-CoV-2-specific
neutralizing antibody titers rapidly arose in all participants within 4 weeks, surpassing the peak antibody titers
elicited by the initial two-dose immunization regime. Broad increases of cellular immunity-associated cytokines
and chemokines were also detected in the majority of participants after the third vaccination. Furthermore, in an
exploratory study, a newly developed recombinant protein vaccine, NVSI-06-08 (CHO Cells), was found to be safe
and even more effective than BBIBP-CorV in eliciting humoral immune responses in BBIBP-CorV-primed
individuals. Together, these results indicate that a third immunization schedule with either homologous or
heterologous vaccine showed favorable safety profiles and restored potent SARS-CoV-2-specific immunity,
providing support for further trials of booster vaccination in larger populations.
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Introduction

As of December 16, 2021, the coronavirus disease 2019
(COVID-19) pandemic has infected over 260 million cases
and led to over 5 million deaths since its emergence in late
2019 (data from the World Health Organization (WHO)
website). To contain this ongoing pandemic, more than
300 vaccines targeting various elements of SARS-CoV-2
have been developed using a variety of technologies [1],
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eight of which have been placed on Emergency Use
Listing (EUL) by the WHO, including 3 inactivated virus
vaccines, 2 mRNA vaccines, and 3 recombinant virus
vaccines [2]. However, vaccine-induced immunity typi-
cally wanes over time and newly emerged SARS-CoV-2
variants may evade the immunity primed with vaccines
developed against older variant(s) [3—6]. To address these
concerns, booster immunization using additional dosing
schedules has been proposed as a possible solution [7].
Although serological and clinical benefits of booster
immunization of several COVID-19 vaccines have been
shown in immunocompromised individuals and in coun-
tries where additional doses have been made available
[8,9], the safety and efficacy of additional vaccination
programs warrant thorough assessment in small trials
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before their application in larger populations. Here we
report the results of a small open-label trial of booster
vaccination on 136 participants who were primed with two
doses of BBIBP-CorV, an inactivated vaccine, whose
safety and performance have been evaluated by rando-
mized, double-blind, controlled, pilot trials in different age
groups [10-12]. Moreover, in an exploratory study,
humoral immune responses to a newly developed
recombinant vaccine NVSI-06-08 (CHO) were examined
in five BBIBP-CorV-primed volunteers. Our study offers
support that booster immunization with either homologous
or heterologous vaccines is effective in restoring potent
immunity against SARS-CoV-2.

Materials and methods
Patient cohort

This study was performed with approval by National
Vaccine and Serum Institute Ethics Committee. Informed
consent was obtained from all enrolled cases. For
longitudinal antibody monitoring study, neutralizing anti-
body titers over the course of 1 year were monitored in 12
individuals after receiving two doses of BBIBP-CorV
(Vero) inactivated vaccines. For the open-label trial of
homologous booster vaccination, a third dose of BBIBP-
CorV was administered by intramuscular injection to 136
participants who were primed with two doses of BBIBP-
CorV. For the exploratory heterologous booster vaccina-
tion study, a single dose of NVSI-06-08 recombinant
vaccine (CHO) was administered by intramuscular injec-
tion to 5 participants who were primed with two doses of
BBIBP-CorV. For all participants, the intervals between
the 2nd and 3rd vaccinations were more than 6 months.
And no participant had reported adverse symptoms post
the priming vaccination schedules.

ELISA-based anti-SARS-CoV-2 antibody detection

The total IgG antibodies against receptor binding domain
(RBD) of S-protein and N-protein were detected with anti-
SARSCoV-2 S-RBD protein Human IgG ELISA Kit
(KE30003, ProteinTech, Rosemont, IL, USA) and anti-
SARS-CoV-2 N protein Human IgG ELISA Kit
(KE30001, ProteinTech) according to the manufacturer’s
instructions. Briefly, serum samples were diluted and
added into SARS-CoV-2 S-RBD protein or N-protein-
coated plates, followed by incubation with horseradish
peroxidase-conjugated anti-human IgG antibodies and
then tetramethylbenzidine substrates before adding the
stop solution. The plates were read at 450 nm and 630 nm
using Varioskan® Flash (Thermo Fisher Scientific,
Waltham, MA, USA).

Plaque reduction neutralization test

Plaque reduction neutralization test was used to measure
the neutralization capacity induced by the vaccine against
live SARS-CoV-2 viruses in a Biosafety Level 3 laboratory
as described earlier [12]. Briefly, in each experiment,
0.3 mL of 4-fold serial dilutions were added to 0.2 mL of
~600 pfu/mL of SARS-CoV-2 and incubated for 1h at
37°C. The 0.5mL mixtures were then added to a
monolayer of Vero cells in six-well plates and incubated
for 1 h at 37 °C. After removing the supernatant, 1.0 mL of
0.9% (w/v) LMP agarose (Promega) in 2x DMEM
supplemented with 4% (v/v) FBS was added onto the
infected cells. After further incubation for 2 days at 37 °C
in a 5% CO, atmosphere, the wells were stained with
0.05% (w/v) crystal violet dissolved in 8% (v/v)
formaldehyde to visualize the plaques. IC50 values were
determined using the Reed-Mench method.

Pseudovirus-based SARS-CoV-2 neutralizing antibody
detection

Pseudovirus-based neutralizing antibody detection was as
previously described [12]. The collected plasma was first
heated at 56 °C to inactivate the complement proteins, and
then diluted with culture media and incubated with
pseudovirus for one hour at 37 °C. Subsequently, the
virus-plasma mix was added into Huh7 cells for 24 h
before measuring luciferase activity using the EnSight@
Multimode Microplate Reader (HH34000000, PerkinEl-
mer, Singapore). The 50% neutralization titer (NTso) was
used to evaluate the neutralizing ability of the antibodies in
the plasma.

Clinical laboratory tests

Routine blood tests—including analysis of blood cell
counts and blood cell percentages—were performed with
the Sysmex XN-1000 Hematology Analyzer. Coagulation-
related markers were detected with the STA-R MAX
coagulation analyzer. Subsets of lymphocytes were labeled
with the BD Multitest™ 6-color TBNK and detected by the
BD FACSCanto™. Biochemical analyses, including
albumin, alkaline phosphatase, creatine kinase, creatinine,
lactate dehydrogenase, and total protein, were performed
by ACCELERATOR a3600/ARCHITECT ¢16000 Auto-
matic biochemistry analyzer (Abbott Diagnostics).

Cytokine and chemokine measurements

Plasma concentrations of 48 cytokines/chemokines were
measured in duplicate using the Bio-Plex Pro Human
Cytokine Screening 48-Plex Panel according to the
manufacturer’s instructions (Bio-Rad, Cat#: 12007283).
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In total, 141 samples from the booster immunization
cohort, 3 healthy volunteers (negative control), and 4 acute
COVID-19 patients (positive control) were tested. Test
results were analyzed according to Liu et al.’s study [3].

Statistical analysis

Data are presented as the geometric mean titers. Standard
deviation (SD) is estimated on log;, transformed neutra-
lization titers. Categorical variables were compared using
Pearson’s Chi-square or Fisher’s exact test. Unpaired two-
sided Student’s t-tests were used to compare two unpaired
groups of variables. Paired two-sided Student’s 7-tests were
used to compare the significance of paired samples.
Wilcoxon tests were performed to compare non-normally
distributed continuous variables. Statistical significance
was defined as P < 0.05 and the R version 4.1.0 was used
for all statistical analysis. The results were visualized by
the ggplot2 (version 3.3.3), ComplexHeatmap (version
2.8.0), and supraHex (version 1.30.0) R packages [13—15].

Results

Booster vaccination of BBIBP-CorV enhances humoral
immunity against SARS-CoV-2

To determine the durability of BBIBP-CorV-induced
immunity, we monitored, for up to a year, the titers of
neutralizing antibodies (nAbs) in serum samples of 12
volunteers, who were previously immunized with two
doses of BBIBP-CorV (Table S1). Blood samples were
collected before and at six time points after the first dose
(day 14/21, and month 3/6/9/12). Clinical blood laboratory
tests showed that the vaccine was well tolerated in all 12
participants (Table S2). As expected, nAb titers showed a
consistent increase within the first 3 months, with an
almost 5-fold increase during this time (geometric mean
titers (GMT): 18.0 at day 14 vs. 91.1 at month 3; Fig. 1A
and 1B). However, starting from month 6, the nAb titers
regressed to low levels similar to those of at day 14 post the
first vaccination (Fig. 1A and 1B).

Next, to assess if nAb titers could be restored by booster
immunization, we analyzed the nAb titers of 136
individuals, who participated in a small open-label trial
to administer a third dose of BBIBP-CorV (Table 1 and
Table S3). This cohort was previously primed with two
doses of BBIBP-CorV (21-28 days apart), and 6-16
months had passed since the first vaccination. We
confirmed that the sera collected at the onset of this
study contained only baseline anti-SARS-CoV-2 nAbs
titers (nAb GMT: 18.3) (Fig. 1C and 1D). In contrast, after
the third dose, nAbs titers rapidly increased in nearly all
subjects within the first month, from 18.3 at day 3 to 439.8

at day 28 (24-fold increase, GMT; Fig. 1C and 1D). The
rate of nAb increase appeared to be relatively constant
during the first 14 days and then declined between day 14
and day 28, suggesting that the nAb titers might reach a
plateau level in about a month. Interestingly, nAb titers at
day 28 post the third dose (GMT: 439.8) were even higher
than those at month 3 after the first dose (GMT: 91.1), a
4.83-fold increase, indicating that booster vaccination
induced a stronger humoral response than the initial two-
dose immunization regime. Furthermore, although the sera
of female participants contained a slightly higher nAb titer
at day 3 (female 27.15 vs. male 19.61, GMT, P = 0.002),
this difference was not evident at other times (Table 1).
Last, systemic reactogenicity in this cohort was either
absent or mild after the third immunization, with only
minor side effects such as local granuloma formation and
temporary fatigue observed in three participants.

Booster vaccination of BBIBP-CorV activates cytokine
and chemokine responses

To evaluate cellular immune responses to the third dose of
BBIBP-CorV, we examined the levels of 48 cytokines/
chemokines in the plasma of the above sequentially
vaccinated individuals (Table S4). For comparison, plasma
samples of four acutely SARS-CoV-2-infected individuals
were used as positive controls, and those of three healthy
individuals prior to being vaccinated were used as negative
controls. As shown in Fig. 2A, after the third dose of
BBIBP-CorV, there was a broad low-to-moderate increase
of cytokine and chemokine levels in the majority of
sequentially vaccinated samples (Fig. 2 and Fig. S1). The
cytokine and chemokine responses were already evident at
day 3, and the temporal patterns of many were coordinated
over time in the next 25 days (Fig. 2B and Fig. S2).
Nevertheless, the levels of most cytokines and chemokines
subsided to low levels by day 28 (Fig. 2B). These results
were in congruence with the expectation that the additional
vaccination activated broad cellular immune responses in
the hosts.

On the other hand, in consistence with previous studies,
a number of pro-inflammatory cytokines were prominently
induced in acutely infected samples (positive controls)
(Figs. 2B, 2C, and S1), including IL-6, IL-18, CXCL10,
and IL-1RN whose increases were implicated in cytokine
storm syndromes in severe COVID-19 cases [16]. It is
worth noting that even though these pro-inflammatory
cytokines were also significantly elevated in sequentially
vaccinated samples, their levels in the latter were much
lower than in acute COVID-19 samples (Fig. 2C),
suggesting that pathogenic pro-inflammatory responses
were not activated in vaccinated groups, a conclusion that
was in agreement with the overall lack of adverse
symptoms in the individuals post booster immunization.
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Fig. 1 Booster vaccination of BBIBP-CorV enhances humoral immunity against SARS-CoV-2. (A,B) Neutralizing antibody titers of 12
individuals during the first year after receiving two doses of BBIBP-CorV vaccine. Geometric mean titer (GMT) values (A) and log;q
values of neutralizing antibodies (B) are shown. (C,D) Neutralizing antibody titers of 136 BBIBP-CorV-primed individuals during the first
month after receiving a third dose of BBIBP-CorV vaccine. GMT values (A) and log;, values of neutralizing antibodies (B) are shown.
Standard deviation (SD) is estimated on log; transformed neutralization titers. * Pygj < 0.05, ** P,g; < 0.01, **** P,y < 0.0001; ns, not

significant; d, day; m, month.

Table 1 General information about 136 cases enrolled in the booster
vaccination

Characteristics Female (n = 64)  Male (n = 72) P value
Age (year) 0.372

<40 43 (67.2) 40 (55.6)

40-60 20 (31.2) 30 (41.7)

=60 1(1.6) 2 (2.8)
Post-0 day 18.48 (0.33) 18.17 (0.28) 0.889
Post-3 days 27.15 (0.27) 19.61 (0.26) 0.002
Post-7 days 95.35 (0.38) 79.85 (0.35) 0.222
Post-14 days 384.15 (0.28) 346.85 (0.32) 0.393
Post-28 days 453.11 (0.31) 428.36 (0.33) 0.661

Data are geometric mean titers (SD) or n (%). SD is estimated on log,
transformed neutralization titers. Fisher exact test was performed to compare
categorical variables, and Wilcoxon tests were performed to compare
continuous variables between groups.

Heterologous vaccination with recombinant vaccine
NVSI-06-08 enhances immunity in BBIBP-CorV-
primed individuals

In an exploratory study, we also evaluated the safety and
efficacy of heterologous vaccination schedule, by vacci-
nating five BBIBP-CorV-primed volunteers with a single
dose of NVSI-06-08, a recombinant COVID-19 vaccine
(CHO Cells) composed of a heterologous trimer of
receptor binding domain (RBD) of SARS-CoV-2
(Table 2). The interval between the initial and booster
vaccination schedules was also more than six months.
Blood samples were collected between day 14 and day 28
post the third vaccination to test neutralizing antibodies
titers. For comparison, samples from five individuals
receiving homologous vaccinations (BBIBP-CorV was
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Fig. 2 Booster vaccination of BBIBP-CorV activates cytokine and chemokine responses. (A) Heat map of the measurement of 48 cytokines/
chemokines. Colors indicate Z-scores. Factor names are shown at right. SARS-CoV-2 infection-related factors were labeled in red. Information of the
age and sex of the subjects, and sample collection time are shown on the right. BBIBP, samples from subjects receiving the third dose of BBIBP-CorV
vaccination; Pos.Ctrl, positive control (acutely infected COVID-19 cases); Neg.Ctrl, negative control. (B) Self-organizing map of four clusters of
cytokines and chemokines in plasma samples of subjects receiving a third dose of BBIBP-CorV. The samples were divided according to the time of
blood collection. Red represents higher levels and blue represents lower levels. (C) Violin plots of representative cytokines/chemokines induced by the
third dose of BBIBP-CorV. P values of Wilcoxon tests are shown on each plot. *P,qj < 0.05, ¥*P,q; < 0.01, ***P,4; < 0.001, ****P, 5 < 0.0001;
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Table 2 Characteristics of individuals in the exploratory study using a third dose of BBIBP-CorV vaccine and NVSI-06-08 vaccine

Time interval to the 2nd dose Before 3rd vaccination After 3rd vaccination (14-28 days)
Type Age Sex - ; - -

(month) nAb titers Sampling date nAb titers Sampling date

B.,B,B 57 Male 6 24 2021/8/5 512 2021/8/19
B,B,B 61 Female 6 24 2021/8/5 384 2021/9/2
B.B.B 50 Male 13 12 2021/8/9 256 2021/8/23
B.B.B 44 Female 14 12 2021/7/30 256 2021/8/26
B.B.B 62 Male 6 16 2021/8/9 384 2021/9/6
B,B,N 40 Female 6 / / 1280 2021/8/19
B,B,N 27 Male 6 / / 960 2021/9/2
B,B,N 27 Male 6 / / 1280 2021/8/23
B,B,N 31 Male 6 5 2021/7/30 1240 2021/8/26
B,B,N 30 Male 9 5 2021/8/9 960 2021/9/6

nAb, neutralizing antibodies; B,B,B, BBIBP-CorV-primed individuals with a third dose of BBIBP-CorV vaccine; B,B,N, BBIBP-CorV-primed individuals with

a third dose of NVSI-06-08 vaccine.

used for both priming and booster vaccination) at about the
same time were used. As shown in Fig. 3, the geometric
mean nAbs titers in the homologous-vaccination group
were 345.8 (GMT), whereas their counterparts in the
heterologous-vaccination group were 1133.6 (GMT), a
3.28-fold difference, suggesting that the recombinant
vaccine NVSI-06-08 might have induced stronger humor
immunity than the BBIBP-CorV in individuals primed
with the latter (Fig. 3A). Moreover, we observed no
statistical significances in the neutralizing capacity induced
by NVSI-06-08 against multiple live or pseudotyped
SARS-CoV-2 variants (i.e., Alpha, Beta, Gamma, Delta,
and Kappa) (Fig. 3B and Fig. 3C).

Discussion

Here we have examined the safety and immunogenicity of
booster anti-SARS-CoV-2 immunization in a small group
of Chinese adult volunteers (over 18 years of age), who
were previously immunized with two doses of the
inactivated vaccine BBIBP-CorV for over 6 months and
whose neutralization antibody titers (GMT) had reduced to
baseline levels. In one study, we analyzed the humoral
responses of 136 participants to a third dose of BBIBP-
CorV. This homologous vaccination schedule quickly
restores neutralizing antibody titers (GMT) to levels that
are even higher than the peak antibody titers generated by
the priming two doses. Additionally, low-to-moderate
induction of a panel of 48 cytokines/chemokines were
observed in the plasma of most participants, which was
indicative of broad cellular immune responses to the
additional vaccination. Taking together with the observa-
tion that no significant adverse effects were identified in
this cohort, our study suggests that booster immunization
of BBIBP-CorV is safe and effective in restoring anti-
COVID-19 immunity among individuals who were

previously immunized by the same vaccine. In another
study, five individuals participated in an exploratory study
of boosting immunization by a third dose of a hetero-
logous, recombinant vaccine NVSI-06-08. The blood
samples from this heterologous booster vaccination
group also showed a rapid rise of nAbs titers, reaching
levels that were about three times more than those in the
homologous vaccination group.

Of note, while this manuscript was in preparation,
several studies were published, which examined the
reactogenicity and immunogenicity of inactivated vac-
cine-primed individuals (CoronaVac or BBIBP-CorV)
after receiving a third dose of a homologous vaccine or a
heterologous vaccine (ZF2001, an RBD dimer subunit
recombinant vaccine) [17-19]. In these studies, a third
dose elicited enhanced humoral immunity against multiple
SARS-CoV-2 variants, including the highly infectious
Delta variant [17-19]. Though we used a different priming
(BBIBP-CorV vs. CoronaVac) or booster (NVSI-06-08 vs.
ZF2001) vaccine, our study support that both homologous
and heterologous vaccinations could boost the immunity of
individuals previously vaccinated by inactivated virus
vaccines. Additionally, enhanced immunity was observed
after a third dose of BNT162b2 (a mRNA vaccine) as
homologous vaccination [20,21], or as heterologous
vaccination for ChAdOx1-nCoV-19-primed individuals
[22]. A more recent study even tested seven different
COVID-19 vaccines as a third dose after two doses of
ChAdOx1 nCov-19 or BNT162b2 [23]. Together, these
studies provided multiple lines of independent evidence
that immunity could be enhanced by booster immunization
with different types of vaccines. Because different vaccines
might produce different antigens, various combinations of
heterologous immunization schedules could be a means to
increase the diversity of B or T cell immunity and prolong
protection of the already large number of SARS-CoV-2
variants.
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Fig. 3 Heterologous vaccination with recombinant vaccine NVSI-06-08 enhances immunity in BBIBP-CorV-primed individuals.
(A) Neutralizing antibody titers of BBIBP-CorV-primed individuals at 14-28 days after receiving a third dose of BBIBP-CorV vaccine
(B,B,B; n = 5) or NVSI-06-08 vaccine (B,B,N; n = 5). Geometric mean titer (GMT) values are shown and standard deviation (SD) is
calculated based on the raw neutralization titers. (B) NTso of plaque reduction neutralization test (PRNT) was used to evaluate the
neutralization capacity induced by the vaccine against live SARS-CoV-2 variants. (C) NTs, of pseudovirus-based neutralizing antibody
detection tests against a panel of pseudotyped SARS-CoV-2 variants. **P < 0.01, ****P < 0.0001; ns, not significant.

In summary, recent studies, including our study here, ever, thus far, all studies assessing the safety and
suggest that booster vaccination, especially heterologous immunogenicity of a third vaccination schedule were
vaccination, could offer potent protection against SARS-  based on relatively small open-label trials, nor did they
CoV-2 among previously vaccinated populations. How- include young children or adults older than 65 years of
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age. Therefore, the reactogenicity and immunogenicity
of additional vaccination schedules shall be further
interrogated by multi-center studies with larger sample
sizes. Furthermore, all recent studies on the efficacy of
additional dosing schedules only examined humoral
immune responses during the first month after the third
dose, and questions remain regarding how long they could
last. Last, even though T lymphocytes play a critical role
for vaccine-induced immunity, few studies have yet
explicitly evaluated whether T cell immunity also becomes
faded as quickly as humoral immune responses, or whether
they can also be enhanced by additional dosing schedules.
Future studies on these issues shall prove invaluable for
developing effective immunity against emerging infectious
viruses such as SARS-CoV-2.
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