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ABSTRACT

The COVID-19 pandemic has underscored vaccination as a crucial strategy for reducing disease severity and
preventing hospitalizations. Heterologous boosters using aerosolized Ad5-nCoV following two doses of
inactivated vaccine have demonstrated superior antibody responses. However, the comprehensive dynamics
of this antibody boost and the optimal timing for heterologous boosters are still not fully understood. In this
study, we investigated the dynamics of neutralizing antibody (nAb) responses in recipients of heterologous
booster vaccinations with aerosolized Ad5-nCoV following either two (I-I-A) or three (I-I-I-A) doses of COVID-19
inactivated vaccines. The findings indicate that a booster dose of aerosolized Ad5-nCoV vaccine induced
robust and durable nAb responses comparable to those elicited in BA.5 breakthrough infections with similar
doses of inactivated vaccine. Notably, group I-I-A showed higher peak nAb titers against the WT strain, BA.5,
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and XBB.1 variants compared to group I|-I-I-A, inversely correlating with the prior nAb levels. This suggesting
the possible efficacy of the heterologous aerosolized Ad5-nCoV booster and indicates that pre-boost antibody

levels may be related to the outcomes of booster vaccination.

Introduction

The COVID-19 pandemic has highlighted vaccination as
a pivotal intervention for reducing disease severity and pre-
venting hospitalizations."”> Since 2020, numerous vaccines
have been developed and deployed worldwide to combat the
pandemic. As of March 30, 2023, the World Health
Organization (WHO) reported 183 COVID-19 vaccines in
clinical development and 199 in pre-clinical development.
These vaccines are based on various platforms, including inac-
tivated virus, mRNA, protein subunit, and viral vectored
vaccines.” Most approved vaccines are administered via intra-
muscular injections, which primarily induce serological IgG.
However, intramuscular vaccination does not provide a robust
first line of defense in the respiratory tract due to a lack of
mucosal immunity. This limitation underscores the need for
inhalable or intranasal vaccines that mimic the natural entry
route of SARS-CoV-2 via the airways.*”’

To address this issue, several viral vectored vaccines,
including those using adenoviruses® or attenuated influ-
enza viruses’ for intranasal or inhaled administration,
have been approved. Remarkably, clinical studies have
demonstrated that inhaled vaccines utilizing the adenovirus
type 5 vector (Ad5) can generate antibody responses

comparable to those induced by intramuscular injections,
but at significantly lower doses.® Moreover, the inhaled
Ad5 vector COVID-19 vaccine (Ad5-nCoV) has been
reported to be safe and capable of inducing higher levels
of neutralizing antibodies (nAbs) against the prototype and
Omicron BA.5 variant following a sequential vaccination
strategy after two doses of inactivated vaccines (I-I-A).10-12
However, the effectiveness of the aerosol Ad5-nCoV as
a sequential booster after three doses of inactivated vac-
cines remains unknown. Additionally, the optimal sequen-
tial strategy is still under investigation.

In this study, we describe the kinetics of antibody immune
responses induced by two different vaccination strategies:
a heterologous booster with aerosol Ad5-nCoV vaccine after
two (I-I-A) or three (I-I-I-A) doses of inactivated vaccines. We
compared the neutralizing antibody responses elicited by the
heterologous aerosolized Ad5-nCoV booster to those observed
in BA.5 breakthrough infections. Furthermore, we explored
the factors contributing to the differences in nAb responses
between the I-I-A and I-I-I-A groups. Our findings provide
valuable insights for selecting effective vaccination strategies
and suggest that pre-boost antibody levels could be used to
predict the efficacy of booster vaccination.
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Materials and methods
Study cohort

The inhaled aerosol Ad5-nCoV vaccines contain a replication-
defective adenovirus type 5 (Ad5) vector expressing the full-
length spike protein gene of the wild-type SARS-CoV-2, strain
Wuhan-Hu-1. To assess efficiency of heterologous booster
vaccination following two or three doses of inactivated vac-
cines, we recruited 35 participants who inhaled an aerosol
Ad5-nCoV as booster vaccination, consist of 18 who had
finished two doses of inactivated vaccines (I-I-A group; 12
[66.7%] female, 6 [33.3%] male; median age 27 years [22 ~
49]), and 17 with three doses (I-I-I-A group; 13 [76.5%]
female, 4 [23.5%] male; median age 26 years [22 ~ 35]).
Additionally, we enrolled 112 patients who had experienced
BA.5 breakthrough infections during August 2022 to
January 2023, including 33 had received two doses of an
inactivated vaccine before the infection (I-I-Bi group; 23
[69.7%] female, 10 [30.3%] male; median age 38 years [4 ~
89]), and 79 had received three doses of an inactivated vaccine
before the infection (I-I-I-Bi group; 37 [46.8%] female, 42
[53.2%] male; median age 51years [20 ~84]; Table 1).
Plasma samples were collected from each subject at multiple
time points. (Figure la).

Focus reduction neutralization test

The SARS-CoV-2 focus reduction neutralization test (FRNT)
was performed in a certified Biosafety Level 3 (BSL-3) labora-
tory as previously described.'’ Plasma samples (50 uL) were
serially diluted and combined with an equal volume of SARS-
CoV-2 virus (100 focus forming units, FFU) in 96-well plates,
followed by a 1-hour incubation at 37°C. The mixtures were
then added to Vero E6 cell-seeded 96-well plates (ATCC,
Manassas, VA) and incubated for an additional hour at 37°C
to facilitate virus entry. After removing the inoculum, overlay
media (100 uL MEM with 1.2% carboxymethyl cellulose,
CMC) was added, and the plates were incubated at 37°C for
24 hours. Following incubation, the overlays were removed,
and cells were fixed with 4% paraformaldehyde for 30 minutes.
The cells were permeabilized using 0.2% Triton X-100, then
incubated with cross-reactive goat anti-human SARS-CoV
-2-N IgG at 37°C for 1 hour. Afterward, HRP-conjugated
goat anti-human IgG (H+L) antibody (1:10000 dilution)
(Catalog number: 111-035-144, Jackson ImmunoResearch,
West Grove, PA, USA) was added. KPL TrueBlue Peroxidase
substrates (Seracare Life Sciences, Inc., Milford, MA, USA)

Table 1. Demographic characteristics.

were used to develop the reaction. SARS-CoV-2 foci were
quantified using an Elispot reader (Cellular Technology Ltd.,
Shaker Heights, OH). The viral strains used in this study were
isolated from COVID-19 patients in Guangdong, China,
including the wild-type (SARS-CoV-2/human/CHN/
IQTC01/2020, NCBI accession number: MT123290) and
Omicron variants (BA.5, XBB.1, and BQ.1) obtained from
the Guangdong Provincial Centre for Disease Control and
Prevention, China.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was used to
analyze SARS-CoV-2-specific IgG antibodies against the
SARS-CoV 2 spike RBD (RBD), spike 1 (S1), and spike 2
(S2) proteins with a commercial antibody detection kit pro-
vided by the R&D Department of AtaGenix Laboratories Co.,
Ltd., Wuhan, China, as previously described.'” The assay was
conducted on plasma samples following the manufacturer’s
protocol. Absorbance was measured at 450nm using
a BioTek Epoch microplate reader (BioTek Instruments, Inc.,
Vermont, USA). The IgG concentrations were determined by
calculating a standard curve of Ig concentration versus OD450,
using the kit’s provided standard as reference.

Statistical analysis

Data analysis was carried out using GraphPad Prism version
9.5.1. The Wilcoxon matched-pairs signed rank test was uti-
lized for within-group comparisons across different time
points, and the Mann-Whitney test was applied for between-
group comparisons. Correlations between variables were
examined using Spearman and Pearson methods. The ROC
curve was used to assess predictive performance. Moreover,
binary logistic regression was used to calculate the combined
values for predicting vaccine efficacy. A p value < 0.05 was
considered statistically significant.

Result

Inhaled Ad5-nCoV booster induces significantly enhanced
and durable neutralizing antibody responses against
SARS-CoV-2 variants

To evaluate whether the inhaled Ad5-nCoV booster vaccine
effectively induces robust antibody responses, we recruited 35
individuals who had previously received either two (I-I-A, n =
18) or three (I-I-I-A, n=17) doses of inactivated vaccines,

Group I-I-A I-I--A I-1-Bi I-I-I-Bi
Gender-no.(%)
Female 12 (66.7%) 13 (76.5%) 23 (69.7%) 37 (46.8%)
male 6 (33.3%) 4 (23.5%) 10 (30.3%) 42 (53.2%)
Age-yrs
Median 27 38 51
Range 22~49 22~35 4~89 20 ~ 84
Interval between second/third dose and booster/infection — days
Median 212 171 248 302
Range 141-361 54 ~ 263 70-567 139-477
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Figure 1. Dynamics of nAb responses against SARS-CoV-2 wild-type (WT) strain and omicron subvariants after aerosolized Ad5-nCoV vaccination following two or three
doses of inactivated vaccines. (a) Sampling time points. Created with BioRender.com. (b-c) dynamics of nAb responses of the I-I-A group (b) and the I-I-I-A group (c). The
dashed lines represent the detection limit, and the values below the dots stand for the geometric mean of the FRNT50. Wilcoxon matched-pairs signed rank test was
performed for comparison. (d-e) comparison of nAb responses induced by sequential aerosolized Ad5-nCoV vaccination and SARS-CoV-2 breakthrough infection.
Mann-whitney test was used. ns: p >.5, *p < .05, **p <.01, ***p <.001, and ****p <.0001. titers between different time points.

followed by one booster dose inhaled 2-12 months after the
latest intramuscular vaccination. Plasma samples were col-
lected on days 0, 14, 28, 90, and 180 post-booster inhalations
(Figure la). We then measured the kinetics of neutralizing
antibody (nAb) titers against the SARS-CoV-2 wild-type
(WT) strain, as well as the BA.5, XBB.1, and BQ.1 variants,
using authentic virus neutralization assays.

Group I-I-A showed a greatly significant increase (8231-
fold, p <.0001) in nAb levels against WT strain at day 14 after
vaccination (Figure 1b). Although declined by day 28, it stayed
at a durable titer at day 180 after immunization (Figure 1b).
Additionally, the nAb titers against BA.5 were exhibited
a substantial increase (500-fold, p <.0001) at day 14 after
immunization as well, which consistently increased until day
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28, and maintained half of the nAb levels until day 180.
Although the peak antibody responses exhibited a clear escape
from XBB.1 and BQ.1 variants, the conserved neutralizing
capacities were long-lasting for at least 180 days (Figure 1D).
Antibody responses were significantly boosted in group
I-I-I-A as well, although with a lower fold-increase compared
to group I-I-A (Figure 1c¢). In addition, group I-I-I-A showed
a peak in antibody response to WT, BA.5, XBB.1 and BQ.1
variants at day 28 after immunization, and maintained the
neutralizing capacities for over 6 months (Figure 1c).

By better mimicking respiratory infections, aerosolized
immunization can more effectively induce respiratory mucosal
immune responses compared to intramuscular injection. To
determine if the antibody responses from booster mucosal vac-
cination are comparable to those from breakthrough infections,
we included an additional cohort of breakthrough infection
cases. This cohort consisted of 33 patients who had completed
two doses (I-I-Bi) and 79 who had completed three doses
(I-I-I-Bi) of inactivated vaccines before experiencing Omicron
breakthrough infections. Plasma samples were collected on days
14, 28, and 90 post-symptom onset (Table 1, Figure 1a).

Regardless of whether participants had a two-dose or three-
dose inactivated vaccine background, aerosolized Ad5-nCoV
booster vaccination induced neutralizing antibody (nAb)
responses comparable to those observed in BA.5 breakthrough
infections against both the prototype virus and variants such as
BA.5, XBB.1, and BQ.1 (Figure 1d-e). Moreover, at 90 days
post the latest immunization, nAb levels against the WT and
BA.5 variant were higher in the aerosolized Ad5-nCoV vacci-
nation groups (I-I-A and I-I-I-A) than in the breakthrough
infection groups (I-I-Bi and I-I-I-Bi), indicating that aeroso-
lized Ad5-nCoV mounts more durable antibody responses
(Figure 1d-e).

Enhanced peak neutralizing antibody response with
inhaled aerosol Ad5-nCoV booster following two
inactivated vaccine doses compared to three doses

The sequential administration of aerosolized Ad5-nCoV fol-
lowing inactivated vaccination has demonstrated the ability to
induce robust antibody responses. However, the optimal tim-
ing for this sequential administration remains unclear, neces-
sitating further research to determine the most effective
schedule for maximizing the immune response. To address
this question, we compared the antibody responses between
two booster vaccination groups. Despite the I-I-A group exhi-
biting lower baseline nAb levels compared to the
I-I-I-A group, by day 14 post-booster, the I-I-A group demon-
strated significantly higher nAb responses against both the WT
strain and omicron variants (Figure 2a, S1). These findings
suggest that greater enhancement of antibody responses is
achieved when the heterologous aerosolized Ad5-nCoV vac-
cine is administered as a third dose rather than as a fourth.
To further investigate the differences in antigen target-
ing profiles of the enhanced antibody responses following
heterologous Ad5-nCoV vaccination, we conducted ELISA
assays to measure IgG antibodies targeting the SI, S2, and

RBD proteins in plasma samples collected on days 0 and
14. The results indicated that IgG antibodies targeting S1
and RBD were predominantly boosted after heterologous
Ad5-nCoV inhalation, while those targeting S2 showed
only a slight increase (Figure 2b-d). Furthermore, anti-
RBD and anti-S1 antibody levels were lower in group
[-I-A com-pared to group I-I-I-A on day 0, but were
significantly higher on day 14, displaying kinetics similar
to the neutralizing antibodies (Figure 2b-c). In contrast,
anti-S2 antibody levels were comparable between the two
groups before and after booster vaccination (Figure 2d).
Consistently, neutralizing antibody levels showed a strong
positive correlation with anti-RBD and anti-S1 antibody
levels, but not with anti-S2 anti-body levels (Figure 2e-g).

Overall, our results demonstrate that administering the
aerosolized Ad5-nCoV vaccine as a booster following two
doses of inactivated vaccines results in a stronger enhancement
of neutralizing capacities compared to following three doses of
inactivated vaccines.

Inverse correlation of prior neutralizing antibody titers
with Ad5-nCoV vaccine booster response

Next, we aimed to decipher the contributors to the varied
nAb enhancement of Ad5-nCoV vaccination between the
I-I-A and I-I-I-A groups. Previous reports have suggested
that the enhancement of antibody responses is associated
with the intervals between booster vaccinations and preex-
isting antibody levels before vaccination.'*”!” However,
despite a longer interval was observed in group
I-I-A than in group I-I-I-A, no significant correlation was
found between the boosting intervals and the fold in-
creases of peak nAb levels post-Ad5-nCoV vaccination in
either group (Figure S2a-c). When analyzing both groups
collectively, a slight but non-significant positive correlation
was noted (Figure S2d). This indicates that the boosting
interval is not a crucial contributor to the observed differ-
ences in antibody enhancement.

Considering that the lower baseline nAb levels are asso-
ciated with higher peak and greater enhancement after
boosting in the I-I-A group (13, 111036, 8231X) com-pared
to the I-I-I-A group (61, 13928, 228X) (Figures 1b-c and 2a),
we analyzed the association between baseline antibody levels
and the enhancement of antibody responses within the two
groups. Pearson correlation analysis revealed that the fold-
increase in nAb levels following booster Ad5-nCoV inhalation
was negatively correlated with the prior nAb levels
(Figure 3a), as well as with prior anti-RBD and anti-S1 IgG
levels (Figure 3b-c). Conversely, it was positively associated
with prior anti-S2 IgG levels (Figure 3d). Similarly, a strong
negative correlation was observed between prior antibody
titers and the fold-increase in antibody responses for anti-
S1, RBD and S2 IgG antibodies (Figure S3a-c). In addition,
the ratio of anti-S1 to anti-S2 antibody levels showed
a significantly negative correlation with the fold-increase in
nAb levels (Figure 3e).
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Figure 2. Comparison of antibody responses induced by booster Ad5-CoV inhalation after two- or three-doses of inactivated vaccines. (a) The dynamics of nAb titers
against WT strain in the I-I-A group were compared to those in the I-I-I-A group. Dpv: days post-vaccination. (b—d) plasma IgG levels of recognizing the S1, S2 and RBD
protein of WT strain in the I-I-A group (red) and the I-I-I-A group (blue). Mann-Whitney test was performed for comparison. ns: p > .5, *p < .05, **p < .01, ***p < .001 and
***%p < .,0001. (e—g) Pearson correlation analysis was performed between the IgG concentration and the corresponding nAb titers against WT strain.

These results suggest that higher prior nAb titers, accom-
panied by an antibody response biased toward S1, impair the
enhancement of neutralizing capacities following booster aero-
solized Ad5-nCoV inhalation.

Pre-existing antibody composition and levels as predictive
markers for booster efficacy of aerosolized Ad5-nCoV
vaccination

Then we further investigated whether preexisting antibody
composition and levels could serve as predictive markers
for the efficacy of booster responses to aerosol Ad5-nCoV
vaccination. Vaccine recipients were stratified into two
subgroups based on strong or weak antibody responses,
defined by the fold-increase in nAb titers relative to the
geometric mean within groups I-I-A and I-I-I-A. Receiver
operating characteristic (ROC) analysis of pre-booster anti-
body levels were conducted (Figure 4, S4). Result showed

that the area under the curve (AUC) of the ROC was 0.6867
for baseline nAb levels, prior anti-RBD IgG of 0.5700, prior
anti-S1 IgG of 0.6650 and prior anti-S2 IgG of 0.6667
(Figure 4a, S4a-c). Subsequently, the ratio of anti-S1 to
anti-S2 IgG was assessed to integrate the impact of both
antibody responses, yielding a higher AUC of 0.7233
(Figure 4b). Combining baseline nAb levels with the anti-
S1 to anti-S2 IgG ratio resulted in the highest AUC of
0.7283 (Figure 4c), suggesting a promising predictor of
vaccine booster efficacy.

Discussion

Developing effective vaccination strategies and determining
optimal booster timing play crucial roles in enhancing and
sustaining the immune response for preventing infections
from highly prevalent and evolving pathogens like SARS-
CoV-2.>'® The superiority of heterologous boosters over
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homologous ones has been established, with aerosolized Ad5-
nCoV following two doses of inactivated vaccines showing
better outcomes compared to several other injection-based
vaccination strategies.'> However, the impact of varying vac-
cination backgrounds on antibody response enhancement
remains unclear.

In this study, we describe the kinetics of neutralizing anti-
body response following heterologous boosting with aeroso-
lized Ad5-nCoV after two or three doses of inactivated vaccine.
Our data demonstrated that aerosolized Ad5-nCoV inhalation
after either two or three doses of inactivated vaccines induced
comparable nAb responses against the SARS-CoV-2WT
strain, BA.5, XBB.1, and BQ.1 subvariants, similar to those

cutoff value calculation formula is: marker1+(—0.023)/(-0.075) *marker2.

observed in BA.5 breakthrough infections. The strong and
durable nAb response induced by Ad5-nCoV may be attrib-
uted to the vaccination route that simulates virus infection and
the adenovirus vector.'”*® These findings suggest that
a heterologous booster with aerosolized Ad5-nCoV following
two or three doses of inactivated vaccine could be a superior
vaccination strategy. However, further data on human efficacy
is required for validation.

Interestingly, the I-I-A group exhibited a higher peak nAb
response than the I-I-I-A group. Despite a longer interval
being observed in the I-I-A group, no significant correlation
was found between boosting intervals and the fold increases of
peak nAb levels post-Ad5-nCoV vaccination in either group.



This suggests that the boosting interval is likely not a critical
contributor to the observed differences in antibody enhance-
ment. Instead, the varied antibody levels in the host prior to
the booster vaccination, with antibody titers waning after their
peak response to prior vaccination, likely drive this interval
influence.

Further investigation revealed that Ad5-nCoV primarily
induces peripheral antibodies targeting the S1 epitopes. Prior
anti-S1 antibodies were negatively correlated with enhanced
nAb, while pre-vaccination anti-S2 antibodies were positively
correlated, indicating an epitope-dependent antibody feedback
phenomenon. A few studies have reported that higher baseline
antibody titers can impair the antibody response following
booster vaccination or breakthrough infection.”"*> Three
hypotheses have been proposed to explain this: antibody feed-
back via inhibition of B cell activation by Fc receptors,” anti-
genic clearance before antigen presentation, and antigen
epitope masking by preexisting specific antibodies.*
However, the antibody feedback mechanism in our study
cohort requires further investigation.

Based on these findings, we combined the ratio of pre-
vaccination anti-S1 IgG to anti-S2 IgG with baseline nAb levels
to predict vaccine efficacy. We found that these factors can
serve as reliable predictors of post-vaccination antibody
response.

Several limitations exist in this study. First, the present findings
are based on a small cohort, thus findings in the study need to be
further confirmed in larger cohorts. Second, although respiratory
vaccines are superior to intramuscular vaccines in inducing local
immune responses and appear to have a stronger capability in
blocking infection in animals,"*>*® the immune responses in the
respiratory tract induced by aerosolized Ad5-nCoV were not
assessed in this study because nasal wash or induced sputum
sampling was not included in the initial clinical experiment design
and was not covered in the ethics application. Moreover, a longer
follow-up period can provide a clearer depiction of changes in
immune responses following vaccination, offering valuable infor-
mation for vaccine evaluation and the selection of immunization
strategies. However, due to the emergence of new viral strains
a year after booster vaccination, most participants experienced
breakthrough infections, which hindered the ability to monitor
antibody responses over a longer time frame.
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