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Abstract

Background Several COVID-19 vaccines are in widespread use in China. Few data exist on comparative immuno-
genicity of different COVID-19 vaccines given as booster doses. We aimed to assess neutralizing antibody levels raised
by injectable and inhaled aerosolized recombinant adenovirus type 5 (Ad5)-vectored COVID-19 vaccine as a heterolo-
gous booster after an inactivated COVID-19 vaccine two-dose primary series.

Methods Using an open-label prospective cohort design, we recruited 136 individuals who had received inactivated
vaccine primary series followed by either injectable or inhaled Ad5-vectored vaccine and measured neutralizing
antibody titers against ancestral SARS-CoV-2 virus and Omicron BA.T and BA.5 variants. We also measured neutralizing
antibody levels in convalescent sera from 39 patients who recovered from Omicron BA.2 infection.

Results Six months after primary series vaccination, neutralizing immunity against ancestral SARS-CoV-2 was low and
neutralizing immunity against Omicron (B.1.1.529) was lower. Boosting with Ad5-vectored vaccines induced a high
immune response against ancestral SARS-CoV-2. Neutralizing responses against Omicron BA.5 were > 80% lower than
against ancestral SARS-CoV-2 in sera from prime-boost subjects and in convalescent sera from survivors of Omicron
BA.2 infection. Inhaled aerosolized Ad5-vectored vaccine was associated with greater neutralizing titers than inject-
able Ad5-vectored vaccine against ancestral and Omicron SARS-CoV-2 variants.

Conclusions These findings support the current strategy of heterologous boosting with injectable or inhaled Ad5-
vectored SARS-CoV-2 vaccination of individuals primed with inactivated COVID-19 vaccine.
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Background

The ongoing COVID-19 pandemic has caused emergence
of SARS-CoV-2 variants [1]. Omicron BA.1 was discov-
ered in late 2021 and quickly replaced Delta to become
the dominant variant, characterized by high transmis-
sibility and immune escape [2—4]. Subsequently, several
Omicron sub-lineages gradually become prevalent SARS-
CoV-2 variants, including BA.2, which appeared in early
March 2022 [5, 6], and BA.4 and BA.5, which are antici-
pated to become globally dominant variants due to their
transmissibility and replacement of earlier variants [7].

Safe and effective COVID-19 vaccines are critically
important for responding to the pandemic and reduc-
ing morbidity and mortality from SARS-CoV-2 infec-
tion [8, 9]. However, many reports have shown waning
of vaccine-elicited neutralizing antibodies in both mag-
nitude and protective efficacy for multiple types of vac-
cines, especially against SARS-CoV-2 variants [10-14].
A third homologous booster dose is known to have a
satisfactory safety profile and a high immune response
[15-17]. Heterologous boosting induces higher neu-
tralizing responses than does homologous prime-boost
vaccination [18-20].

In October 2021, China launched a booster dose cam-
paign among those who had completed a primary series
with either two doses of inactivated vaccines or one dose
of recombinant adenovirus type 5 (Ad5)-vectored vac-
cine at least 6 months earlier. By January 2023, more
than 820 million people in mainland China received
booster doses.

Inactivated whole-virion SARS-CoV-2 vaccines, such
as BBIBP-CorV and CoronaVac, have been used in large-
scale vaccination programs in China as both primary
series and booster doses. Injectable and inhaled versions
of the recombinant Ad5-vectored vaccine, Convidecia
(injectable) and Convidecia Air (inhaled) by CanSinoBIO,
which were shown to be safe and immunogenic in clinical
trials [21-23], have been authorized as booster doses in
China. Clinical trials and real-world studies have shown
that following inactivated vaccine primary series, homol-
ogous inactivated and heterologous adenovirus-vectored,
protein subunit vaccines, and mRNA vaccines boost-
ers all enhance immune response [19, 24-28]. These
data are providing evidence for boosting strategies. It is
not known how the neutralizing antibody response of a
booster dose of inhaled aerosolized Ad5-vectored vac-
cine compares with an injectable Ad5-vectored vaccine
booster dose.

We conducted a prospective cohort study of healthy
adults aged 18-59 years that assessed neutralizing anti-
body responses against ancestral virus and Omicron sub-
variants (BA.1 and BA.5) of two COVID-19 vaccines as
booster doses 6 months after two doses of inactivated
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vaccines (BBIBP-CorV or CoronaVac) and of convales-
cent sera from survivors of Omicron BA.2 infection. We
report results of our study.

Methods

Study design setting

The design was a prospective cohort, open-label study
of booster vaccination against COVID-19 and was con-
ducted from August 2021 to September 2022 in Beijing
municipality and Yunnan and Shaanxi provinces, China.

Participants

Participants were eligible if they were 18-59 years old
and had received two dose of inactivated COVID-19
vaccines (BBIBP-CorV, Sinopharm Beijing CNBG; or
CoronaVac, Sinovac,Co., Ltd) at least 6 months before
enrolment. Participant exclusion criteria were history of
infection with SARS-CoV-2, history of using blood prod-
ucts or immunosuppressive drugs after primary doses,
and history of serious vaccine-related adverse reaction.
Exit and suspension criteria were leaving the local area or
becoming lost to follow-up, subject request to withdraw
or suspend the survey, and failure to complete follow-up
and sample collection due to serious adverse reactions or
health conditions.

In addition to sera from the vaccinated subjects, we
obtained convalescent sera following a COVID-19 out-
break in Shaanxi province. On March, 2022, Xian City
reported a COVID-19 case, leading to an outbreak
involving Xian, Baoji, and Hanzhong cities. All cases
were infected with the SARS-CoV-2 Omicron (B.1.1.529)
BA.2 variant; 5.1% of infections were asymptomatic, and
the 94.9% of cases that were symptomatic were of mild or
moderate severity. Convalescent sera were obtained from
cases in this outbreak for comparison with sera from vac-
cinated subjects in our study.

Procedures

Provincial centers for disease control and prevention
(CDCs) identified potential subjects using contact and
vaccination data from their immunization information
systems and screened for willingness to participate and
eligibility via telephone. Individuals who met all inclu-
sion and no exclusion criteria were invited to a base-
line visit during which they signed informed consent to
participate. The baseline visit was considered day 0 and
was timed to be in the window of booster dose eligibil-
ity for the study. During the baseline visit, we admin-
istered a questionnaire to obtain demographic data,
assigned subjects to study groups, drew blood, and
administered booster doses. Participants received their
day 0 booster dose at least 6 months after having com-
pleted primary vaccination.
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Injectable Convidecia was administered via injection in
the deltoid muscle; aerosolized Convidecia was adminis-
tered orally by inhalation. Inhaled aerosolized Ad5-nCoV
vaccine, Convidecia Air, was developed by Institute of
Biotechnology (Beijing, China) and CanSino Biologics
(Tianjin, China) and was supplied as a liquid formulation
of 1.5 mL per vial at a concentration of 1 x 10! viral par-
ticles per milliliter. We used a continuous vaporing sys-
tem to aerosolize the Ad5-nCoV and flow the aerosolized
vaccine into a disposable cup. Participants inhaled 0.1 mL
of the aerosolized vaccine droplets through their mouth.

Participants were divided into three groups according
to the type of priming and booster vaccines: BBIBP-CorV
+ Convidecia (group A), BBIBP-CorV + aerosolized
Convidecia (group B), CoronaVac + aerosolized Con-
videcia (group C). Blood samples were obtained for neu-
tralizing antibody analyses at baseline (immediately prior
to the booster dose, day 0) and on day 7 and month 6 fol-
lowing booster dose administration.

In Shaanxi province, we recruited subjects who recov-
ered from COVID-19 in the outbreak and obtained
demographic information and blood samples 4 to 24 days
after each person’s first positive polymerase-chain-reac-
tion (PCR) assay during their infection with the Omicron
BA.2 variant.

Laboratory testing

Neutralization assays were conducted in a BSL-3 labora-
tory. Serum nAb responses were assessed by reduction
of cytopathic effect (CPE) in Vero cells with infectious
SARS-CoV-2 strain 19nCoV-CDC-Tan-HB01 (HBO1),
19nCoV-CDC-Tan-Omicron-BA.1-SHO1 (BA.1), and
19nCoV-CDC-Tan-Omicron-BA.5-SHO1 (BA.5). Briefly,
serum was inactivated at 56 °C for 30 min and succes-
sively diluted from 1:4 to the required concentration in
2-fold series. An equal volume of challenge virus solution
containing 100 CCID50 virus was added. After neutral-
ization in a 37 °C incubator for 2 h, a 1.5-2.5 x 10°/ml
cell suspension was added to the wells; cytopathic effect
was assessed 4 days after infection. Neutralization titers
(NTj5,) were expressed as the reciprocal of the highest
dilution protecting 50% of the cells from the virus chal-
lenge. To facilitate comparison of SARS-CoV-2 neu-
tralization assay data from multiple assay formats and
vaccines, we used the WHO international standard (IS)
and an internal neutralization standard.

Statistical analysis

We used mean + standard deviations (SD), medians, and
interquartile ranges (IQR) for continuous variables and
numbers (percentages) for categorical variables. Immu-
nogenicity was expressed by nAb seroconversion per-
centage, geometric mean titers (GMT), with associated
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95% confidence intervals (CI). Antibody titers were
log-transformed to calculate GMT per group. We used
Kruskal-Wallis test to compare GMTs of convalescent
sera with GMTs of sera from the prime-booster group.
All analyses were conducted using SAS statistical soft-
ware (version 9.4; SAS Institute Inc., Cary, NC, USA)
and R (version 4.1.0). Statistical tests were two-sided,
and we considered P values of 0.05 or less as statistically
significant.

Results
Participants
Between August 2021 and September 2022, we recruited
136 individuals who met all inclusion criteria and no
exclusion criteria and who had completed full primary
series COVID-19 vaccination 6 months before enroll-
ment (Fig 1). Participants ranged in age from 19 to 59
years, with a mean age of 37.5 (SD 10.3 years); 47.1% of
participants were male; 29.4% were overweight (24 <
BMI < 28.0 kg/m?) and 5.2% were obese (BMI > 28.0 kg/
m?); 11.0% had > 1 underlying medical conditions; 101
were in group A: BBIBP-CorV + injectable Convidecia,
12 were in group B: BBIBP-CorV + aerosolized Convide-
cia, and 23 were in group C: CoronaVac + aerosolized
Convidecia; the median interval between completing
primary vaccination and receiving booster doses was 188
days (range: 184—191) in group A, 328 days (180-550) in
group B, and 204 days (185-261) in group C (Table 1).
We obtained 39 blood samples from recovered COVID-
19 patients who had been infected with the SARS-
CorV-2 Omicron BA.2 variant. These survivors ranged
in age from 18 to 59 years, with a mean age of 41.7 (SD
12.0 years); 18 (46.2%) were male and 21 (53.88%) were
female; 15 (38.5%) were unvaccinated and 24 (61.5%)
completed primary vaccination with two doses of inacti-
vated vaccine more than 6 months before their infection.
Among vaccinated subjects, intervals between their last
dose of vaccine and their Omicron infection ranged from
188 to 274 days, with a median of 261.5 days. We consid-
ered these vaccinated and Omicron-infected subjects to
have hybrid immunity.

NADb response before and after booster vaccination
Six months after primary vaccination, NT50 positivity
rates were 64.5%, 24.3%, and 4.3% against ancestral virus,
BA.1, and BA.5, respectively, and corresponding nAb
titers were 4.7 (4.1-5.4), 2.5 (2.3-2.8), and 2.1 (2.0-2.2).
Ten months after primary vaccination, NT50 positiv-
ity rates were 25.0%, 0%, and 0% against ancestral virus,
BA.1, and BA.5, and corresponding nAb titers were 2.6
(1.1-6.3), 2.0, and 2.0.

Figure 2 and Table 2 show NT;, positivity rates and
geometric mean titers (GMTs) of neutralizing antibodies
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Fig. 1 Study flow diagram

against ancestral virus, BA.1, and BA.5 by boosting group
before (day 0) and 7 days—6-months after boosting.

All COVID-19 vaccines given as booster doses induced
significantly higher immunogenicity post boost com-
pared with before the boost. In group A (BBIBP-CorV
+ injectable Convidecia), at 7 days post-boosting, GMTs
increased to 236.2 (160.8-347.0), 12.2 (8.4-17.8), and
8.6 (6.3-11.7) against ancestral virus, BA.1, and BA.5. At
1 month, GMTs increased to 589.3 (497.3-698.3), 27.9
(21.6-36.1), and 21.6 (17.1-27.4) against ancestral virus,
BA.1, and BA.5. At 6 months, GMTs were 76.4 (55.5—
105.1), 12.5 (9.1-17.3), and 4.4 (3.3-5.9) against ancestral
virus, BA.1, and BA.5.

In group B (BBIBP-CorV + aerosolized Convidecia), at
7 days post-boosting, GMTs increased to 20.1 (7.5-53.7),
2.7 (1.4-5.0), and 3.3 (1.6-6.8) against ancestral virus,
BA.1, and BA.5. At 14 days, GMTs increased to 561.1
(104.5-3013.1), 76.2 (13.6—427.1), and 42.0 (7.8-228.2).

At 1 month, GMTs increased to 1128.3 (598.3-2127.8),
75.8 (29.1-197.1), and 43.0 (15.8-116.9). At 2 months,
GMTs were 5551.7 (2723.4-11317.5), 120.3 (55.4—261.2),
and 40.5 (18.9-86.9). At 3 months, GMTs were 1341.8
(832.7-2162.3), 76.1 (39.3-147.5), and 31.0 (17.8-54.0).
At 5 months, GMTs were 474.4 (293.5-766.9), 82.2
(36.8-183.7), and 18.3 (10.3-32.6). At 6 months, GMTs
were 458.6 (348.9-602.9), 78.4 (37.7-162.9), and 17.5
(10.8-28.3).

In group C (CoronaVac + aerosolized Convidecia), at
14 days post-boosting, GMTs increased to 1188.5 (600.0—
2354.2), 137.0 (73.5-255.5), and 64.0 (33.6—122.1) against
ancestral virus, BA.1, and BA.5. At 1 month, GMTs
increased to 1191.2 (696.5-2037.3), 124.3 (71.5-215.9),
and 52.4 (31.3-87.8). At 3 months, GMTs were 1741.2
(1110.3-2730.8), 80.3 (49.8—129.4), and 28.2 (18.2-43.8).
At 6 months, GMTs were 1162.7 (657.2-2057.1), 44.9
(27.8-72.5), and 16.9 (10.2-28.0).
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Table 1 Baseline characteristics by prime-boost COVID-19 vaccine study group
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Characteristic Group A: BBIBP-CorV+

Convidecia (n=101)

Group B: BBIBP-CorV+ aerosolized
Convidecia (n=12)

Group C: CoronaVac+
aerosolized Convidecia (n = 23)

Gender
Male 47 (46.53)
Female 54 (53.47)
Age group (at first dose, years)
18-29 26 (25.74)
30-39 36 (35.64)
40-49 24 (23.76)
50-59 15 (14.86)
BMI (kg/m?)
Normal (BMI< 24) 66 (65.35)
Overweight (24<BMI< 28) 28(27.72)
Obese (BMI > 28) 7(6.93)
Underlying comorbidities
> 1type 7 (6.93)
None 94 (93.07)
Interval between first and second doses (days)
21-27 94 (93.07)
28- 7 (6.93)
Interval between primary and booster doses (days)
180-194 (6-6.5 months) 101 (100)
195-209 (6.5-7 months) 0(0)
240-299 (8-10 months) 0(0)
300-359 (10-12 months) 0(0)
360- (12— months) 0(0)

3 (25.00) 14 (60.87)
9(75.00) 9(39.13)
6 (50.00) 4(17.39)
3 (25.00) 6 (26.09)
3 (25.00) 7 (30.43)
0(0) 6 (26.09)
12 (100) 11 (47.83)
0(0) 12(52.17)
0(0) 0(0)
0(0) 8 (34.78)
12 (100) 15 (65.22)
11(91.67) 19(82.61)
1(8.33) 4(17.39)
1(8.33) 2(87)
0(0) 19(82.61)
2(16.67) 2(87)
8 (66.67) 0(0)
1(8.33) 0(0)

Comparing nAb response to ancestral virus, BA.1, and BA.5
Compared with nAb response to ancestral virus, the
neutralizing response to BA.5 was a statistically signifi-
cant > 80% lower. Neutralizing response to BA.5 was also
lower than to BA.1.

In group A (BBIBP-CorV + Convidecia), at 1 month
post-boosting, the GMT against BA.5 was 96.3% lower
than against ancestral virus and 22.5% lower than against
BA.1. On day 180 post-boosting, the GMT against BA.5
was 94.2% lower than against ancestral virus and 64.7%
lower than against BA.1.

In group B (BBIBP-CorV + aerosolized Convidecia),
at 1 month post-boosting, the GMT against BA.5 was
96.2% lower than against ancestral virus and 43.3% lower
than against BA.1. On day 180 post-boosting, the GMT
against BA.5 was 96.2% lower than against ancestral virus
and 77.7% lower than against BA.1.

In group C (CoronaVac + aerosolized Convidecia),
at 1 month post-boosting, the GMT against BA.5 was
95.6% lower than against ancestral virus and 57.8% lower
than against BA.1. On day 180 post-boosting, the GMT

against BA.5 was 98.6% lower than against ancestral virus
and 62.4% lower than against BA.1.

Comparing Nab response between natural infection,
vaccination, and hybrid immunity

Table 2 shows NT50 positivity rates and GMTs of neu-
tralizing antibodies of convalescent sera against ances-
tral virus and Omicron variant by vaccination history.
Respective neutralizing antibodies against ancestral
virus, BA.1, and BA.5 were 125.1 (36.7-426.5), 67.3
(35.3-128.3), and 23.0 (11.4-46.4) in unvaccinated
patients and 555.9 (332.5-929.4), 109.8 (75.7-159.1), and
41.0 (25.4-66.2) in vaccinated patients.

At 1 month post-boosting, GMTs against ancestral
virus following boosting with injectable Convidecia
or aerosolized Convidecia were comparable to GMTs
of patients with hybrid immunity (group A vs. hybrid
immunity: P = 0.99; group B vs. hybrid immunity:
P = 0.52; group C vs. hybrid immunity: P = 0.06), with
1.1-fold (group A), 2.0-fold (group B), and 2.1-fold (group
C) greater than that of hybrid immunity.
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Fig. 2 Immune responses against ancestral virus, BA.1, and BA.5 by booster vaccine and convalescent sera. GMTs against ancestral virus A, B, C, BA.1
E, F, G and BA5 1, J, K were showed over time by prime-boost groups. GMTs of unvaccinated convalescent and vaccinated convalescent against
ancestral virus D, BA.1 H, and BA.5 L were also showed. Comparing Nab response between natural infection, vaccination, and hybrid immunity:
against ancestral virus—group A vs. natural immunity: P = 0.08; group A vs. hybrid immunity: P = 0.99; group B vs. natural immunity: P = 0.04; group
B vs. hybrid immunity: P = 0.52; group C vs. natural immunity: P = 0.004; group C vs. hybrid immunity: P = 0.06; against BA.1—group A vs. natural
immunity: P = 0.08; group A vs. hybrid immunity: P < 0.001; group B vs. natural immunity: P = 0.99; group B vs. hybrid immunity: P = 0.91; group
Cvs. natural immunity: P = 0.71; group C vs. hybrid immunity: P = 1.00; against BA.5—group A vs. natural immunity: P = 1.00; group A vs. hybrid
immunity: P = 0.04; group B vs. natural immunity: P = 0.83; group B vs. hybrid immunity: P = 1.00; group C vs. natural immunity: P = 0.27; group C

vs. hybrid immunity: P = 0.93

Against BA.1 or BA.5, GMTs following boosting with
aerosolized Convidecia were comparable to GMTs of
patients with hybrid immunity, and GMT following
boosting with injectable Convidecia was comparable to
patients with natural immunity (against BA.1: group A
vs. natural immunity: P = 0.08; group A vs. hybrid immu-
nity: P < 0.001; group B vs. natural immunity: P = 0.99;
group B vs. hybrid immunity: P = 0.91; group C vs. nat-
ural immunity: P = 0.71; group C vs. hybrid immunity:
P = 1.00. Against BA.5: group A vs. natural immunity:
P =1.00; group A vs. hybrid immunity: P = 0.04; group B
vs. natural immunity: P = 0.83; group B vs. hybrid immu-
nity: P = 1.00; group C vs. natural immunity: P = 0.27;
group C vs. hybrid immunity: P = 0.93).

Neutralizing antibody levels by study group and gender
and by study group and BMI group are in Supplementary
Information (see Additional file 1: Tables S1-S2).

Discussion

Our cohort study measured neutralizing antibody
responses from injectable and inhaled aerosolized
Ad5-vectored COVID-19 vaccine in 136 participants
who had completed primary series with inactivated

COVID-19 vaccines. We found that these two heter-
ologous prime-boost regimens were highly effective
at raising neutralizing antibody levels against SARS-
CoV-2 ancestral strain and Omicron subvariants, BA.1
and BA.5.

Six months after completion of primary series and
prior to boosting, the inactivated COVID-19 vaccines
BBIBP-CorV and CoronaVac retained neutralizing activ-
ity against ancestral SARS-CoV-2 virus, with positivity
rates over 50%, but neutralizing responses against Omi-
cron subvariants BA.1 and BA.5 were much lower. Ten
months after priming doses, no participants had detect-
able neutralization against BA.1 or BA.5. Zhang and
colleagues found that 4—8 months after a two-dose pri-
mary series with inactivated vaccines (BBIBP-CorV or
CoronaVac), neutralizing GMTs were still detectable, but
were lower compared to 14 days after the second primary
series dose [27]. Several other studies have shown attenu-
ation of antibody levels against prototype strain 6 months
after primary vaccination regardless of technological
platform [10, 11, 29], with even greater declines in anti-
body levels against Omicron variants [12, 30]. These find-
ings are consistent with our results.
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We found that the immunogenicity of heterologous
booster doses with both tested vaccines was superior
to primary series alone. Thirty days after booster doses,
GMTs against prototype strain increased 127.8—-428.7-
fold, GMTs against BA.1 increased 13.2-37.9-fold, and
GMTs against BA.5 increased 10.6—24.7-fold. This is
consistent with other studies showing that booster vac-
cination enhances immune response [22, 26, 28].

The neutralizing response induced by boosting with
Ad5-vectored vaccine given as an orally inhaled aero-
sol (Convidecia Air) was greater than boosting with
Convidecia given by intramuscular injection. Wei
Chen and colleague found that an Ad5-nCoV booster
induced potent neutralizing activity against the ances-
tral virus and Omicron variants [31], while aerosolized
Ad5-nCoV generated the greatest neutralizing antibody
responses against the Omicron variant on day 28 after
booster vaccination—14.1-fold more than homologous
CoronaVac boosting and 2.0-fold more than intramus-
cular Ad5-nCoV boosting. Compared with intramuscu-
lar injectable vaccines, airway mucosal vaccine-elicited
IgA and resident memory B and T cells in the respira-
tory mucosa may provide an effective barrier to infec-
tion at these sites. Resident memory B and T cells,
which encounter the antigen early and respond more
quickly than systemic memory cells, may impede viral
replication and reduce viral shedding and transmis-
sion. One study showed that an aerosolized Ad5-nCoV
booster produced a greater IFNy T-cell response at 5.0-
fold that of intramuscular Ad5-nCoV [31]. These results
suggest that for boosting, oral inhalation enhances the
nAb responses of aerosolized Ad5-vectored vaccine
compared with intramuscular injection.

The kinetics of GMTs against ancestral virus, BA.1,
and BA.5 that our study found suggested that GMTs
peaked about one month after a booster dose and
then declined over the next 5 months, staying always
higher than GMTs 6 months after priming doses. A
phase 2/3 trial by Moderna of their bivalent (ancestral
and Beta variant) vaccine, mRNA-1273.211, given as a
first booster 9 months after primary vaccination with
mRNA-1273 showed that GMTs against the ancestral
SARS-CoV-2 strain with the D614G mutation and Beta,
Delta, and Omicron variants were lower 6 months post
boosting compared with 1 month post boosting [32].
Among older adults, Vanshylla and colleagues found
that neutralizing titers 3.5 months after BNT162b2
booster doses had decreased by 2.7-fold against ances-
tral virus, 2.3-fold against Delta variant, and 3.0-fold
against Omicron variant [33]. A vaccine effectiveness
study found that effectiveness of three doses of mRNA-
1273 against infection with Delta or Omicron variants
began to wane at about 2 months [34].
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Omicron subvariants showed substantial resistance
to infection-induced and vaccine-induced serum neu-
tralizing activity, regardless of technical platform of the
vaccines. Using a pseudovirus assay, Gao and colleagues
found that in individuals vaccinated with either three
doses of inactivated virus vaccines (BBIBP-CorV or
CoronaVac), three doses of the protein-subunit vaccine
ZF2001, or two doses of CoronaVac boosted by ZF2001,
neutralizing antibody titers against BA.4/5 were 10.8 to
31.6 times lower than titers against the ancestral strain,
and 2.1 to 2.6 times lower than titers against BA.2 [35].
Planas and colleagues estimated that after boosting, the
duration of neutralization was markedly shorter against
BA.5 than against D614G mutation strain (5.5 months
vs 11.5 months) [36]. Using a pseudovirus neutralization
assay, Ma and colleagues showed that people with BA.1
breakthrough infections had 2.4-times lower neutraliz-
ing titers against BA.1 compared with D614G-mutated
variant, and people with BA.2 breakthrough infections
had 2.3-times lower neutralizing titers against BA.2 com-
pared with D614G-mutated variant [37]. Although dif-
ferences in neutralization may be due to differences in
laboratory methods between pseudovirus and live virus
assays, these findings all indicate that neutralizing anti-
body titers against Omicron subvariants BA.4/5 are sig-
nificantly lower than corresponding titers against the
SARS-CoV-2 prototype isolate, indicating substantial
immune escape for Omicron subvariants.

Although neutralizing activity does not equal protec-
tion from infection, Khoury and colleagues [38, 39] found
that neutralizing antibody titers were strongly corre-
lated with vaccine effectiveness against symptomatic and
severe COVID-19, and the higher the ratio of neutraliz-
ing antibodies generated after vaccination compared with
convalescent levels, the higher the protective rate of the
vaccine. According to their correlates model curve, neu-
tralizing antibody levels against ancestral virus of any
group in our study was comparable with or higher than
convalescent and could yield over 80% vaccine effective-
ness against symptomatic illness and over 90% vaccine
effectiveness against severe COVID-19 caused by the
ancestral virus. It is noteworthy that neutralizing anti-
body levels against Omicron subvariants BA.1 or BA.5
were 40% above nAb levels of convalescent sera, implying
that vaccines can elicit about 60% vaccine effectiveness
against symptomatic illness and over 85% vaccine effec-
tiveness against severe COVID-19 caused by Omicron
subvariants BA.1 or BA.5.

Strengths of this study are that we studied booster
immunization of two distinct routes of booster dose
administration (injected and inhaled) and evalu-
ated neutralizing antibodies levels against the ances-
tral strain and Omicron subvariants. Furthermore,
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we predicted vaccine effectiveness by comparing Nab
responses raised by natural infection and vaccines. Our
study has several limitations. First, we only assessed live
virus neutralizing antibody levels and did not test indi-
vidual antigens or cellular immune responses, which
play an important role in immunity to the SARS-CoV-2
virus. Second, due to the limited sample size, our study
could not conduct subgroup analyses by comorbidity.
Third, our study was conducted only in participants
aged 18-59 which precludes making conclusions about
immune responses in the elderly or in children. Fourth,
we did not obtain mucosal samples and therefore can-
not address directly mucosal immunity.

Conclusions

In conclusion, neutralizing activity against the Omicron
BA.1 subvariants or BA.5 raised by inactivated vaccines
was minimally detectable or undetectable 6 months
after priming vaccination. Heterologous prime-boost
vaccination with injectable Convidecia or aerosolized
Convidecia was immunogenic against not only the
SARS-CoV-2 prototype strain but also against Omicron
subvariants BA.1 and BA.5. Our study adds to the evi-
dence supporting the current immunization strategies
of heterologous boosting in populations primed with
inactivated COVID-19 vaccines in China.

Abbreviations

BMI Body mass index

COVID-19  Coronavirus disease of 2019

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-023-02942-3.

Additional file 1: Table S1. Immune responses against ancestral virus,
BA.1 and BA.50f prime-booster groups by gender. Table S2. Immune
responses against ancestralvirus, BA.1 and BA.5 of prime-booster groups
by Body Mass Index group.

Acknowledgements
We thank colleagues from Yunnan CDC and Shaanxi CDC for recruiting partici-
pants and obtaining blood samples.

Authors’ contributions

The study was conceived and designed by WT, ZY and GG. SZ, XL1, LW,
WH, HY, SW, XL2, CW, XG, RW, YZ, and XZ were responsible for data collec-
tion. BH, YD, LZ, WW, FY, JR, and WX completed the laboratory testing. QL,
LT, and XW designed and conducted the statistical analysis. FW, QL, LT, XW,
HZ, DW, ZA, and LR drafted the report. All authors reviewed and approved
the final report.

Funding

This work was supported by the National Key Research and Development
Program of China (2021YFC2301600) and the National Natural Science Foun-
dation of China (82041021, 82061138008).

Page 9 of 10

Availability of data and materials
The data analyzed are not publicly available as they contain personal informa-
tion. Data with personally identifiable information are available upon request.

Declarations

Ethics approval and consent to participate

The study protocol and informed consent form were approved by the Medical
Ethics Committee of the Chinese Center for Disease Control and Prevention
(Approval notice: 202126). Written informed consent was obtained from all
study participants prior to study procedures.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Immunization Program, Chinese Center for Disease Control and Pre-
vention, Beijing, China. 2National Health Commission (NHC) Key Laboratory

of Biosafety, Institute for Viral Disease Control and Prevention, Chinese Center
for Disease Control and Prevention, Beijing, China. *Shaanxi Provincial Center
for Disease Control and Prevention, Xi'an, China. *Yunnan Provincial Center

for Disease Control and Prevention, Kunming, China. *Hubei Provincial Center
for Disease Control and Prevention, Wuhan, China. °Chinese Center for Disease
Control and Prevention, Beijing, China.

Received: 9 February 2023 Accepted: 14 June 2023
Published online: 03 July 2023

References

1. McCallum M, Bassi J, De Marco A, Chen A, Walls AC, Di lulio J, et al.
SARS-CoV-2 immune evasion by the B.1.427/B.1.429 variant of concern.
Science. 2021;373(6555):648-54.

2. McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, et al.
Molecular basis of immune evasion by the Delta and Kappa SARS-CoV-2
variants. Science. 2021;374(6575):1621-6.

3. Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, et al.
Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in south-
ern Africa. Nature. 2022;603(7902):679-86.

4. Mlcochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira |, et al. SARS-
CoV-2 B.1.617.2 Delta variant replication and immune evasion. Nature.
2021;599(7883):114-9.

5. Yamasoba D, Kimura I, Nasser H, Morioka Y, Nao N, Ito J, et al. Viro-
logical characteristics of the SARS-CoV-2 Omicron BA.2 spike. Cell.
2022;185(12):2103-2115.2119.

6.  Suzuki R, Yamasoba D, Kimura I, Wang L, Kishimoto M, Ito J, et al. Attenu-
ated fusogenicity and pathogenicity of SARS-CoV-2 Omicron variant.
Nature. 2022;603(7902):700-5.

7. Tegally H, Moir M, Everatt J, Giovanetti M, Scheepers C, Wilkinson E, et al.
Emergence of SARS-CoV-2 Omicron lineages BA.4 and BA.5 in South
Africa. Nat Med. 2022;28(9):1785-90.

8. Huang Z XuS, Liu J, Wu L, Qiu J, Wang N, et al. Effectiveness of inacti-
vated and Ad5-nCoV COVID-19 vaccines against SARS-CoV-2 Omicron BA.
2 variant infection, severe illness, and death. BMC Med. 2022;20(1):400.

9. Kirwan PD, Charlett A, Birrell P, Elgohari S, Hope R, Mandal S, et al. Trends
in COVID-19 hospital outcomes in England before and after vaccine intro-
duction, a cohort study. Nat Commun. 2022;13(1):4834.

10. Levin EG, Lustig Y, Cohen C, Fluss R, Indenbaum V, Amit S, et al. Waning
immune humoral response to BNT162b2 COVID-19 vaccine over 6
months. N Engl J Med. 2021,385(24): e84.

11. Shrotri M, Navaratnam AMD, Nguyen V, Byrne T, Geismar C, Fragaszy
E, et al. Spike-antibody waning after second dose of BNT162b2 or
ChAdOx1. Lancet. 2021;398(10298):385-7.

12. LuL, Mok BW, Chen LL, Chan JM, Tsang OT, Lam BH, et al. Neutralization
of SARS-CoV-2 Omicron variant by sera from BNT162b2 or Coronavac
vaccine recipients. Clin Infect Dis. 2021.


https://doi.org/10.1186/s12916-023-02942-3
https://doi.org/10.1186/s12916-023-02942-3

Wang et al. BMC Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

(2023) 21:233

Pegu A, O'Connell SE, Schmidt SD, O'Dell S, Talana CA, Lai L, et al. Durabil-
ity of mRNA-1273 vaccine-induced antibodies against SARS-CoV-2
variants. Science. 2021;373(6561):1372-7.

Barouch DH, Stephenson KE, Sadoff J, Yu J, Chang A, Gebre M, et al. Dura-
ble humoral and cellular immune responses 8 months after Ad26.COV2.S
vaccination. N Engl J Med. 2021;385(10):951-3.

Falsey AR, Frenck RW Jr, Walsh EE, Kitchin N, Absalon J, Gurtman A, et al.
SARS-CoV-2 neutralization with BNT162b2 vaccine dose 3. N Engl J Med.
2021,385(17):1627-9.

Tjan LH, Furukawa K, Kurahashi Y, Sutandhio S, Nishimura M, Arii J, et al.
As well as Omicron BA.1, high neutralizing activity against Omicron BA.2
can be induced by COVID-19 mRNA booster vaccination. J Infect Dis.
2022,226(8):1481-3.

Choi A, Koch M, Wu K, Chu L, Ma L, Hill A, et al. Safety and immunogenic-
ity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: an
interim analysis. Nat Med. 2021;27(11):2025-31.

Munro APS, Janani L, Cornelius V, Aley PK, Babbage G, Baxter D, et al.
Safety and immunogenicity of seven COVID-19 vaccines as a third dose
(booster) following two doses of ChAdOx1 nCov-19 or BNT162b2 in the
UK (COV-BOOST): a blinded, multicentre, randomised, controlled, phase 2
trial. Lancet. 2021;398(10318):2258-76.

Pérez-Then E, Lucas C, Monteiro VS, Miric M, Brache V, Cochon L, et al.
Neutralizing antibodies against the SARS-CoV-2 Delta and Omicron
variants following heterologous CoronaVac plus BNT162b2 booster vac-
cination. Nat Med. 2022,28(3):481-5.

GroB R, Zanoni M, Seidel A, Conzelmann C, Gilg A, Krnavek D, et al. Het-
erologous ChAdOx1 nCoV-19 and BNT162b2 prime-boost vaccination
elicits potent neutralizing antibody responses and T cell reactivity against
prevalent SARS-CoV-2 variants. EBioMedicine. 2022;75: 103761.

ZhuF, Jin P, Zhu T, Wang W, Ye H, Pan H, et al. Safety and immunogenicity
of a recombinant adenovirus type-5-vectored COVID-19 vaccine with a
homologous prime-boost regimen in healthy participants aged 6 years
and above: a randomised, double-blind, placebo-controlled, phase 2b
trial. clinical infectious diseases : an official publication of the Infectious
Diseases Society of America. 2021:ciab845.

Li JX, Wu SP, Guo XL, Tang R, Huang BY, Chen XQ, et al. Safety and
immunogenicity of heterologous boost immunisation with an orally
administered aerosolised Ad5-nCoV after two-dose priming with an inac-
tivated SARS-CoV-2 vaccine in Chinese adults: a randomised, open-label,
single-centre trial. Lancet Respir Med. 2022;10(8):739-48.

Jin P, Guo X, Chen W, Ma S, Pan H, Dai L, et al. Safety and immunogenicity
of heterologous boost immunization with an adenovirus type-5-vectored
and protein-subunit-based COVID-19 vaccine (Convidecia/ZF2001):

A randomized, observer-blinded, placebo-controlled trial. PLoS Med.
2022;19(5): €1003953.

Zeng G, Wu Q, Pan H, Li M, Yang J, Wang L, et al. Immunogenicity and
safety of a third dose of CoronaVac, and immune persistence of a two-
dose schedule, in healthy adults: interim results from two single-centre,
double-blind, randomised, placebo-controlled phase 2 clinical trials.
Lancet Infect Dis. 2022;22(4):483-95.

Cheng ZJ, Huang H, Zheng P, Xue M, Ma J, Zhan Z, et al. Humoral immune

response of BBIBP COVID-19 vaccination before and after the booster
immunization. Allergy. 2022;77(8):2404-14.

LiJ,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(2):401-9.

Ai J, Zhang H, Zhang Q, Zhang Y, Lin K, Fu Z, et al. Recombinant protein
subunit vaccine booster following two-dose inactivated vaccines
dramatically enhanced anti-RBD responses and neutralizing titers against
SARS-CoV-2 and Variants of Concern. Cell Res. 2022;32(1):103-6.

Costa Clemens SA, Weckx L, Clemens R, Aimeida Mendes AV, Ramos
Souza A, Silveira MBV, et al. Heterologous versus homologous COVID-19
booster vaccination in previous recipients of two doses of CoronaVac
COVID-19 vaccine in Brazil (RHH-001): a phase 4, non-inferiority, single
blind, randomised study. Lancet. 2022;399(10324):521-9.

Zeng G, Wu Q, Pan H, Li M, Yang J, Wang L, et al. Immunogenicity and
safety of a third dose of CoronaVac, and immune persistence of a two-
dose schedule, in healthy adults: interim results from two single-centre,
double-blind, randomised, placebo-controlled phase 2 clinical trials.
Lancet Infect Dis. 2021.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 10 of 10

Cheng SMS, Mok CKP, Leung YWY, Ng SS, Chan KCK, Ko FW, et al. Neutral-
izing antibodies against the SARS-CoV-2 Omicron variant BA.1 following
homologous and heterologous CoronaVac or BNT162b2 vaccination. Nat
Med. 2022;28(3):486-9.

Zhang Z,Wu S, LiuY, Li K, Fan P, Song X, et al. Aerosolized Ad5-nCoV
booster vaccination elicited potent immune response against the
SARS-CoV-2 Omicron variant after inactivated COVID-19 vaccine priming.
medRxiv. 2022:2022.2003.2008.22271816.

Chalkias S, Eder F, Essink B, Khetan S, Nestorova B, Feng J, et al. Safety,
immunogenicity and antibody persistence of a bivalent Beta-con-
taining booster vaccine against COVID-19: a phase 2/3 trial. Nat Med.
2022,28(11):2388-97.

Vanshylla K, Tober-Lau P, Gruell H, Minn F, Eggeling R, Pfeifer N, et al.
Durability of omicron-neutralising serum activity after mRNA booster
immunisation in older adults. Lancet Infect Dis. 2022;22(4):445-6.

Tseng HF, Ackerson BK, Luo Y, Sy LS, Talarico CA, Tian Y, et al. Effectiveness
of mRNA-1273 against SARS-CoV-2 Omicron and Delta variants. Nat Med.
2022,28(5):1063-71.

Zhao X, Zhang R, Qiao S, Wang X, Zhang W, Ruan W, et al. Omicron SARS-
CoV-2 Neutralization from Inactivated and ZF2001 Vaccines. N Engl J
Med. 2022;387(3):277-80.

Planas D, Staropoli |, Porot F, Guivel-Benhassine F, Handala L, Prot M, et al.
Duration of BA.5 neutralization in sera and nasal swabs from SARS-CoV-2
vaccinated individuals, with or without omicron breakthrough infection.
Med (N'Y). 2022,3(12):838-47.

Yao L, Zhu KL, Jiang XL, Wang XJ, Zhan BD, Gao HX, et al. Omicron sub-
variants escape antibodies elicited by vaccination and BA.2.2 infection.
Lancet Infect Dis. 2022,22(8):1116-7.

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing antibody levels are highly predictive of immune protection
from symptomatic SARS-CoV-2 infection. Nat Med. 2021;27(7):1205-11.
Cromer D, Steain M, Reynaldi A, Schlub TE, Sasson SC, Kent SJ, et al. Neu-
tralising antibodies predict protection from severe COVID-19. medRxiv.
2022:2022.2006.2009.22275942.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Neutralizing antibody levels associated with injectable and aerosolized Ad5-nCoV boosters and BA.2 infection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design setting
	Participants
	Procedures
	Laboratory testing
	Statistical analysis

	Results
	Participants
	NAb response before and after booster vaccination
	Comparing nAb response to ancestral virus, BA.1, and BA.5
	Comparing Nab response between natural infection, vaccination, and hybrid immunity

	Discussion
	Conclusions
	Anchor 21
	Acknowledgements
	References


