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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 infection is a global public health threat. Vaccines are considered amongst the most important tools
SARS-CoV-2 to control the SARS-CoV-2 pandemic. As expected, deaths from SARS-CoV-2 infection have dropped dramatically
Vaccine

with widespread vaccination. However, there are concerns over the duration of vaccine-induced protection, as
well as their effectiveness against emerging variants of concern. Here, we constructed a recombinant chimpanzee
adenovirus vectored vaccine expressing the full-length spike of SARS-CoV-2 (AdC68-S). Rapid and high levels of
humoral and cellular immune responses were observed after immunization of C57BL/6J mice with one or two
doses of AdC68-S. Notably, neutralizing antibodies were observed up to at least six months after vaccination,
without substantial decline. Single or double doses AdC68-S immunization resulted in lower viral loads in lungs of
mice against SARS-CoV-2 challenge both in the short term (21 days) and long-term (6 months). Histopathological
examination of AdC68-S immunized mice lungs showed mild histological abnormalities after SARS-CoV-2
infection. Taken together, this study demonstrates the efficacy and durability of the AdC68-S vaccine and con-
stitutes a promising candidate for clinical evaluation.

Chimpanzee adenovirus vector
Neutralizing antibodies
Long-term protection

1. Introduction vaccines were developed in response to this pandemic, with at least 14

different COVID-19 vaccines approved by the WHO for Emergency Use

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the
causative agent of coronavirus disease 2019 (COVID-19), has caused a
pandemic that shows no signs of abating (Zhu et al., 2020b). Unlike most
other viral diseases, whose outbreaks were more limited in geographical
scope, e.g., Ebola virus disease outbreaks/epidemics in Central/Western
Africa, or Middle East respiratory syndrome (MERS) in the Middle East
and the Western Asia, high numbers of COVID-19 cases have been
continuously reported on all inhabited continents. According to the
Coronavirus Resource Center at Johns Hopkins University, 519,936,669
confirmed cases and 6,259,865 deaths resulting from COVID-19 have
been reported globally as of May 13, 2022 (JHU, 2021). A number of

* Corresponding authors.

(WHO, 2021a). In addition, an estimated 156 different vaccines are
currently under clinical development, and a further 198 ones are in the
pre-clinical pipeline (WHO, 2021b).

In addition to mRNA vaccines, recombinant protein vaccines, inac-
tivated vaccines, and viral-vectored vaccines have also been approved for
emergency use. Among these, adenovirus (Ad)-vectored vaccines have
substantial advantages including a strong safety record, and the ability to
drive strong expression of the inserted gene due to the broad tissue
tropism of Ad (Kerstetter et al., 2021). In addition, Ad can be readily
scaled up via good manufacturing practice (GMP) production processes,
enabling them to meet the global demand for SARS-CoV-2 vaccines, as
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evidenced with the development of ChAdOx-vectored vaccines (Men-
dongca et al., 2021). Considering the influence of pre-existing immunity in
humans (Elkashif et al., 2021), this class of vaccines typically use sero-
types known to be rare in the human population (Bos et al., 2020), or
adenovirus vectors from animal origin, including chimpanzee (van Dor-
emalen et al., 2020) and gorilla (Capone et al., 2021) adenoviruses as
vectors against SARS-CoV-2 infection.

At present, much of the global population has received between one
and three doses of vaccine against SARS-CoV-2 (JHU, 2021), which has
resulted in fewer COVID-19 related deaths. The attention now turns to
whether vaccination can induce long-term sustained protection, and
whether these vaccines are also protective against emerging variants of
concern (VOQ). In this study, we constructed a chimpanzee recombinant
adenovirus vectored vaccine (AdC68-S) containing the SARS-CoV-2 spike
(S) protein. After mice were immunized with either one or two doses of
this vaccine, the immune responses induced by AdC68-S in vivo and their
ability to protect against SARS-CoV-2 challenge were investigated.

2. Materials and methods
2.1. Cells and virus

HEK293T (ATCC: ACS-4500), HEK293 (ATCC: CRL-1573) and Vero
E6 (ATCC: CRL 1586) cells were cultured in DMEM containing 10% Fetal
bovine serum (FBS) at 37 °C in 5% CO,. The SARS-CoV-2 isolate (nCoV-
2019BetaCoV/Wuhan/WIV04,/2019) employed in the challenge studies
was obtained from the National Virus Resource, Wuhan Institute of
Virology, Chinese Academy of Sciences. The recombinant virus rAd5-
hACE2 was constructed, rescued, amplified and purified in-house (Xu
et al., 2021).

2.2. Construction, rescue, amplification and purification of recombinant
chimpanzee adenovirus vector vaccine AdC68-S

The codon optimized full-length S gene of SARS-CoV-2 (GenBank
accession number MN908947.3) was synthesized by GenScript (Nanjing,
China) and cloned into a pShuttle2 vector between the restriction sites
Notl and Kpnl using restriction enzymes (NEB, USA). Subsequently, after
digestion with I-Ceul and PI-Scel restriction enzymes, the whole S
expression cassette containing the CMV promoter, S gene, and BGH
polyA tail was inserted into the El-deleted region of the chimpanzee
adenoviral vector pAdC68 to generate the recombinant pAdC68-S. The
empty chimpanzee adenovirus vector pAdC68 was utilized as the control.
After linearization with Pacl, the recombinant pAdC68-S was transfected
into HEK293 cells to generate recombinant AdC68-S. Following rescue,
the recombinant virus was amplified in HEK293 cells and purified using
cesium chloride density gradient ultracentrifugation. The viral particle
titer was determined spectrophotometrically and the vaccine stocks were
stored at —80 °C.

2.3. Western-blot identification of recombinant virus AdC68-S

HEK293 cells in 6-well plates were infected with AdC68-S and empty
AdC68 at a dose of 10° viral particles (vp) per well. At 24 h after infec-
tion, the cells were harvested in RIPA lysis buffer with a proteinase in-
hibitor of phenylmethylsulfonyl fluoridenone (PMSF), the protein
samples were separated by SDS-PAGE and transferred to a PVDF mem-
brane at 150 V for 70 min. The membranes were then incubated with a
primary antibody against the SARS-CoV-2 S protein (N0.40150-T62-
CoV2, Sino Biological, China), following incubation with HRP-
conjugated goat anti-rabbit secondary antibodies (A0208, Beyotime
Biological, China). The expression of GAPDH was used as an internal
control. The membrane was visualized using Chemister™ High-sig ECL
Western Blotting Substrate (No.180-501, Tanon, China).
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2.4. Animals, immunization, challenge, and sample collection

Forty-four female, 6-8 weeks old, wild-type C57BL/6J mice were
purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd and divided into six groups (3 different immunogens, 1 or 2 vaccine
doses) for the detection of immune responses and long-term challenge
studies. The PBS and AdC68 control groups each contained 12 mice. The
AdC68-S experiment group included 20 mice. Twenty-two female, 6-8
weeks old, transgenic hACE2 mice were purchased from GemPharmatech
Co., Ltd. and divided into six groups (the same as the wild-type C57BL/6J
mice groups) for short-term challenge studies. The PBS and AdC68
control groups each contained six animals. The two AdC68-S experiment
groups included five mice each.

For immunization, the wild-type and transgenic C57BL/6J mice were
injected intramuscularly with 50 pL PBS, or an equal volume containing
1 x 10! vp of recombinant AdC68 or AdC68-S once (1 dose), or twice (2
doses) at a 21-day interval. For wild-type C57BL/6J mice, 3 mice in each
group were sacrificed (except for 5 mice in the two-dose AdC68-S group).
Sera and splenocytes were harvested for detection of humoral and
cellular immune responses. For all groups, sera were also harvested at 4
months (day 141) and 6 months (day 201) after the last immunization. At
the 6-month timepoint, the mice received an intranasal challenge of 1 x
10° TCIDs( SARS-CoV-2 in 50 pL PBS. For wild-type C57BL/6J mice, they
also received an intranasal administration of 1 x 10'° vp rAd5-hACE2,
which render the mice transiently susceptible to SARS-CoV-2 infection
(Xu et al., 2021). For the transgenic mice, the animals received 1 x 10°
TCIDsp SARS-CoV-2 in 50 pL PBS, administered intranasally at 21 days
after the last immunization. At 5 days after challenge, the lung tissues
were harvested for viral load determination via PCR and live virus
titration, as well as pathology assessment.

2.5. Antibody detection by enzyme-linked immunosorbent assay (ELISA)

96-well microplates were coated with recombinant SARS-CoV-2 S
protein (CG-202-01, Vazyme, China) at a concentration of 50 ng per well.
After incubation at 4 °C overnight, the plates were washed and blocked
with 5% non-fat dry milk. A total volume of 100 pL mice sera were
serially diluted 2-fold, starting at 1:25, in PBS supplemented with 5%
non-fat dry milk, and added to each well. After incubation at 37 °C for 2
h, diluted HRP-conjugated goat anti-mouse IgM (1:10000), IgG, I1gG1 or
IgG2a (1:3000 each) were added. Following 1.5 h incubation at 37 °C
with TMB (Beyotime, China), the plate was washed and the reaction was
stopped by 2 mol/L HSO4. The OD values at 450 nm were then measured
by using the ELISA microplate reader.

2.6. Neutralizing antibody detection by pseudovirus neutralization assay

Levels of neutralizing antibodies in the immunized mouse sera were
determined using a SARS-CoV-2 pseudovirus system based on a lentivirus
(HIV-1) backbone. In brief, the pseudovirus was generated by co-
transfection of HEK293T cells with the HIV backbone expressing firefly
luciferase (pNL4-3.Luc.R-E-) and pVAX1 encoding S proteins from the
wild type S protein Wuhan-Hu-1 (GenBank: MN908947.3), the Alpha
variant (GenBank: MW422255), the Gamma variant (GenBank:
MW869183), the Delta variant (GenBank: MW989805), the Epsilon
variant (GenBank: MW550155), the Omicron variant (GenBank:
OM172026). After 48 h, the cell supernatant containing the pseudovirus
was collected, measured, and stored at —80 °C until further use. Serum
samples were serially diluted 2-fold in 96-well tissue culture plates, and
incubated at 37 °C for 2 h after the addition of SARS-CoV-2 pseudovirus
to each well. The resultant mixtures were then transferred to duplicate
wells containing confluent Huh7.5.1 cells. After incubation for 72 h, the
luciferase assay was performed using an Ultra 384 luminometer (Tecan,
Switzerland). The amount of neutralizing antibodies was calculated as:
(Relative luciferase units of mock sera — relative luciferase units of im-
mune serum for a given dilution)/Relative luciferase units of mock sera.
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2.7. Plaque reduction neutralization test (PRNT) of SARS-CoV-2

Vero E6 cells were seeded in a 24-well plate with 1 x 10° cells/well
overnight. The next day, sera from mice were serially diluted in DMEM
and incubated with 100 TCIDs, SARS-CoV-2 at 37 °C for 1 h. DMEM
without sera was used as a negative control. The mixture was then added
to the Vero E6 cells. After incubation at 37 °C for 1 h, the supernatants
were completely removed, the cells were washed with PBS, and replaced
with 0.9% methylcellulose-2% FBS-DMEM. Plaque formation was
observed daily in the infected Vero E6 cells. Four days later, the overlay
was removed, and the cells were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet solution. The plaques from serum-treated
wells were normalized to those of non-treatment controls (set as 100%).
The dilution of sera which reduced the percentage of plaques by 50%
(PRNTs50) was calculated using nonlinear regression analysis.

2.8. Evaluation of antigen-specific T-cell responses by enzyme-linked
immunospot (ELISpot) assay

An IFN-y ELISpot assay was performed following manufacturer in-
structions (3321-4APT-10, Mabtech, Sweden) to evaluate the antigen-
specific T-cell responses induced by the AdC68-S vaccine. In brief,
freshly harvested splenocytes (5 x 10°/well) were stimulated in dupli-
cate for 24 h with 4 mg/mL of a synthesized 18-mer peptide library
(GenScript, China) spanning the entire S protein of SARS-CoV-2, with
overlaps of 10 amino acids. After 20-24 h of stimulation, biotinylated
detection antibody and streptavidin-horseradish peroxidase were added.
The numbers of IFN-y spot-forming cells (SFCs) were counted after the
addition of 3-amino-9-ethylcarbazole (AEC) substrate solution. Phorbol
12-myristate 13-acetate (PMA) was added to the positive-control group,
whereas the negative-control group received no stimuli. The numbers of
antigen-specific IFN-y secreting T-cells were calculated by Smart-count in
the Cellular Technology Limited (CTL) software.

2.9. Viral load detection by real time quantitative reverse transcriptase
PCR

After the mice were euthanized, the lungs were collected for viral load
examination. The right lung was homogenized in 1 mL DMEM in a tissue
grinder. One hundred and forty pL of the homogenate was then subjected
to RNA isolation using the Qiagen RNeasy Mini kit (74104, Qiagen,
China), and the total RNA was eluted in 50 pL RNase-free water. cDNA
was synthesized from 3 pL total RNA in a 20 pL reaction system using the
PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A, Takara,
Japan). Viral copies were quantified from 1 pL cDNA template by stan-
dard curve method on the ABI 7500 (using the Takara TB Green® Premix
Ex Taq™ II) with a pair of primers targeting the S gene: forward primer
5’-CAATGGTTTAACAGGCACAGG-3’; reverse primer 5’-
CTCAAGTGTCTGTGGATCACG-3’. The standard curve was constructed
with the following viral copies in a 20 pL reaction system (2.35 x 10°
copies, 2.35 x 108 copies, 2.35 x 107 copies, 2.35 x 108 copies, 2.35 x
10° copies, 2.35 x 10* copies, 2.35 x 10° copies, 2.35 x 102 copies).
Samples <2.35 x 102 copies were defined as negative. The copy numbers
for positive samples were calculated with the equation: (sample well -
blank well) copies x 20 x 10/0.2 mL/g lung tissue in 1 mL.

2.10. Viral isolation from the lungs of challenged mice

Fifty pL of the lung tissue homogenate was used in a 10-fold gradient
dilution (1071, 1072, 1073, 1074, 1075, 107%), and 150 pL of each dilu-
tion was inoculated onto a monolayer of Vero E6 cells seeded in 24-well
plates for 1 h. Afterwards, the inoculum was completely removed. The
cells were washed once with PBS and then overlaid with 0.9% methyl-
cellulose-2% FBS-DMEM. Four days later, the covering was removed and
the cells were fixed with 4% paraformaldehyde and stained with 1%
crystal violet solution. The plaques were manually counted and the viral
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titer was calculated, in which no plaques at the 10! dilution were
defined as negative. The limit of the plaque assay experiments was
approximately 67 PFU/mL.

2.11. Histopathology detection from the lungs of challenged mice

The left lung was used for histopathology detection. Samples were
fixed in 10% neutral buffered formalin, embedded in paraffin, sequen-
tially sectioned to 4-pm thickness, and stained with haematoxylin and
eosin (HE) prior to examination by light microscopy. To obtain a repre-
sentative result, different sites of the lung tissue were sampled for the
histopathology analysis. Finally, quantitation of 4-5 slides per animal
was used to assess the overall effect and the impact of vaccination on the
challenged animals.

2.12. Statistical analysis

Statistical analyses were conducted using one-way ANOVA with
Bonferroni post-test via SPSS. The unpaired two-tailed Student’s t-test
was used to compare means between different groups. A value of P <
0.05 was taken to indicate statistical significance. Results were expressed
as mean + SD. All figures were generated using the Prism 5 software
package.

3. Results

3.1. Successful rescue of the recombinant chimpanzee adenovirus
expressing the full SARS-CoV-2 S protein

To acquire the recombinant AdC68-S vaccine, the recombinant pAdC-
68-S was constructed as Fig. 1A. The linearized plasmid pAdC68-S was
transfected into HEK293 cells. Cytopathic effects (CPE) including cellular
enlargement, rounding and detachment from the wall of the culture flask
were observed 10 days after the transfection (Fig. 1B). When the CPE was
present in over 90% of the monolayer, the cells were harvested and
expression of the S protein was assayed by Western-blot. As shown in
Fig. 1C, the S protein, approximately 200 kDa in size, was observed in the
PVDF membrane. After large scale amplification and purification, the
harvested virus titer was 2.86 x 102 vp/mL. The control empty vector
AdC68 titer was determined to be 1.94 x 102 vp/mL using the same
methods.

3.2. AdC68-S induced rapid and robust humoral and cellular immune
responses in mice after one or two doses

The immunization and challenge schedules of wild-type and trans-
genic mice were shown in Fig. 2A and Fig. 2B respectively. AdC68-S was
administered to the mice in one dose (1 x 10! vp) or two doses at a 21-
day interval. Seven days after each immunization, the sera and spleno-
cytes were harvested for the detection of specific humoral and cellular
responses. As shown in Fig. 3A, AdC68-S induced a high level of cellular
immune responses. Additionally, two doses of vaccination induced a
significant T-cell response compared to the one dose vaccination group
(P < 0.01), as evidenced by a higher frequency of IFN-y secreting cells.

Seven days after the injection of AdC68-S, specific IgM and IgG could
be detected in the sera of the immunized mice. Subsequently, after the
second dose of AdC68-S, the IgG titer increased dramatically (P < 0.001)
at 28 days after the first immunization (Fig. 3B). Further studies indi-
cated that the high titer of IgG consisted of both IgG1 and IgG2a subtypes,
indicating that AdC68-S induced a mixed Th1/Th2 immune response, but
with a Th1 bias, as shown in Fig. 3C.

Furthermore, pseudovirus neutralization and PRNTs, assays were
conducted to analyze the level of neutralizing antibodies induced by
AdC68-S. Seven days after injection of the first vaccine dose, neutralizing
antibodies were detected in all three mice (AdC68-S1-S3 in Fig. 3D).
Additionally, seven days after the second injection in the two-dose group,
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Fig. 1. Construction and confirmation of the AdC68-S vaccine candidate. A Schematic diagram of recombinant plasmid AdC68 construction. B Cytopathic effect (CPE)
was observed in HEK293T cells transfected with linearized plasmids AdC68-S or AdC68. Magnification: x200. C The S protein was detected in HEK293T cells infected

with AdC68-S via Western blotting. GAPDH was used as the internal control.

A A Transduction of rAd5-hACE2
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B SARS-CoV-2 challenge
(both 1 and 2 doses groups)
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Fig. 2. Immunization and challenge schedule for mice. A Wild-type C57BL/6J mice were immunized with the recombinant vaccine either once (1 dose) or twice (2
doses). Seven days after each immunization, the sera and splenocytes were harvested for immune response detection. Four or six months after the last immunization in
the two different dose group, the sera were harvested for antibody detection. In addition, both mouse groups were challenged with SARS-CoV-2 intranasally at six
months after the second dose. The mice were transduced with rAd5-hACE2 five days before challenged with SARS-CoV-2. The lungs were harvested for detection of
viral loads and live virus titers five days after the challenge. B Transgenic mice H11-K8-hACE2 were immunized with the same regimens. At twenty-one days after each
immunization, the mice were challenged intranasally with SARS-CoV-2. Similarly, the lungs were harvested for the detection of viral loads and live virus titers at five

days after the challenge.

a high level of neutralizing antibodies (50% Pseudovirus Inhibition (PIsg)
as high as 980.98) was observed in all five mice (AdC68-S1-S5 in
Fig. 3E). Levels of neutralizing antibodies detected in the pseudovirus
neutralization assay were further quantified through a PRNT5, assay
using live SARS-CoV-2 (Isolate: nCoV-2019BetaCoV/Wuhan/WIV04/
2019), which showed that the vaccine induced high level of neutral-
izing antibodies at seven days after each immunization (Fig. 3F). The
PRNTs of the one and two-dose immunization groups were 321.37 and
1166, respectively. More importantly, the neutralizing antibodies, espe-
cially at higher antibody titers, are also able to neutralize several current
representative divergent SARS-CoV-2 variants of concern, although the
neutralization ability decreased 10-20 fold (Fig. 3G).

3.3. AdC68-S significantly reduced the viral load in lung tissues and
protected mice against SARS-CoV-2 challenge in mice

To investigate the efficacy induced by the recombinant vaccine, the
mice were challenged with SARS-CoV-2 at 21 days after the hACE2
transgenic mice were immunized with the recombinant AdC68-S (one or
two doses). As shown in Fig. 4A, viral RNA in the lungs decreased
dramatically in the AdC68-S group compared with the PBS or AdC68
control groups, especially after the mice received two doses of the vac-
cine. Similarly, live virus titers in the lungs of the vaccine immunized

mice were at undetectable levels, as shown in Fig. 4B. Consistently, there
were fewest pathogenic changes observed in the SARS-CoV-2 infection in
the AdC68-S group, as shown in Fig. 4C. The lungs in the AdC68-S
vaccinated mice showed a slight proliferation of inflammatory cells
around the blood vessels, mainly consisting of lymphocytes and mono-
cytes (Fig. 4C, panels i and iv). In contrast to the AdC68-S vaccine group,
the lungs of the mice in the AdC68 and PBS control groups showed
widening of the interstitial space, inflammatory cell proliferation and
other changes associated with interstitial pneumonia, as shown in

shown in Supplementary Fig. S1.

3.4. AdC68-S induced long-lasting antibodies response in mice

To characterize long-term immune responses induced by either
vaccination regimens, the sera of the mice were collected at four and six
months after the last immunization and the total IgG and neutralizing
antibodies were assayed. As shown in Fig. 5A, in both vaccine immuni-
zation regimens, the total S-specific IgG remained at high levels and did
not show a significant decline even at six months post-vaccination.
Pseudovirus neutralization assay results showed that neutralizing anti-
bodies could still be detected in most (75%-100%) of the immunized
mice, as shown in Fig. 5B, C, E and F. The PI5( values of one and two dose
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Fig. 3. Immune responses induced by AdC68-S in mice. A IFN-y secreting splenocytes induced by the vaccine were detected by ELISpot in wild-type C57BL/6J mice at
7 days after the first or second immunization. Z1-Z6 indicate different peptide pools covering full length of the S protein. B Binding antibodies from mice sera at 7 days
after the first or second immunization were detected by ELISA. C Antibody subtyping of IgG1 and IgG2a in the mice sera at 7 days after the second immunization. D-E
Neutralization test of SARS-CoV-2 pseudovirus at 7 days after one dose (D) and two dose immunization (E). F Neutralizing antibody detection based on live SARS-CoV-
2 at 7 days after the first or second immunization. G Neutralization of different SARS-CoV-2 variant pseudoviruses at 7 days after 1 dose (top row) and 2 dose (below
row) immunization. Different variants of SARS-CoV-2 include Alpha, Gamma, Delta, Epsilon and Omicron. The vaccine had the best neutralization ability against the
Alpha and Epsilon variants, followed by the Gamma and Delta variants, and the neutralization to Omicron variant was the least effective.

groups at four months, and the one and two-dose groups at six months
were 447.16, 223.35, 992.09, and 478.93, respectively. The neutralizing
antibody titers as detected by PRNT against live SARS-CoV-2 were found
to be over 1:1000 (Fig. 5D) in all of the vaccine immunized groups,
including the single and dual dose groups, at four and six months after
the last immunization. Additionally, the vaccine induced long-lasting
neutralizing antibodies against current representative SARS-CoV-2 vari-
ants of concern four months after the immunization, but the vaccine has

the least neutralization observed with delta and omicron variants, as
shown in Fig. 5G. When it came to the six months after the immunization,
long-lasting neutralizing antibodies had the highest neutralization ability
against the Alpha variants and the least neutralization ability against the
Delta variants in Supplementary Fig. S2 (the neutralization ability to the
Omicron variants was not detected due to sera limitations). Overall, one
and two doses immunization with AdC68-S induced long-term antibody
responses in mice lasting at least 6 months.
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Fig. 4. Viral load and live virus titers in hACE2 transgenic mice challenged with SARS-CoV-2. A Viral load in the lungs of mice. B Live viral titers in the lungs of mice.
C Histopathology results for the lung tissues of mice. Panels i-iii (top row) represent lung samples after 1 immunization dose. Panels iv-vi (below row) represent lung

samples after 2 immunization doses.

3.5. AdC68-S provides long-term protection against SARS-CoV-2 infection
in mice

Six months after the second immunization with AdC68-S, all wild-
type C57BL/6J mice were transduced with recombinant Ad5-hACE2
and challenged with SARS-CoV-2 five days later. The lungs were then
harvested at five days after the challenge. In Fig. 6A, the vaccine was
observed to decrease the viral load to undetectable levels. Consistently,
SARS-CoV-2 could not be detected in the lungs of the immunized mice
(Fig. 6B). The effective protection by the vaccine was verified by path-
ological changes in the lung tissues. In Fig. 6C (panels i and iv), the mice
in the immunized groups showed mild histological abnormalities, and
slight atrophy of the local alveoli. Conversely, the mice in the AdC68 or
abnormal tissue structure and parenchyma involving a large area of the
lungs. Furthermore, a small number of epithelial cells were shed in the
bronchus and a large number of inflammatory cells could be observed in
the tissue. The panoramic scans of the lungs were shown in Supple-
mentary Fig. S3.

4. Discussion

Over two years have passed since the start of the COVID-19 pandemic,
with the end nowhere in sight. Although many vaccines including those
based on the inactivated virus (Palacios et al., 2020; Wang et al., 2020),
mRNA (Polack et al., 2020; Laczké et al., 2020), viral-vector (Zhu et al.,
2020a; Logunov et al., 2021), and recombinant protein (Keech et al.,
2020; Yang et al., 2020; Heath et al., 2021) have been widely adminis-
tered to the human populations, many questions are yet to be
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conclusively answered. It is unknown whether current vaccines, espe-
cially those based on delivery of the S protein, are able to provide
long-term protection, and whether this strategy is also effective against
emerging SARS-CoV-2 variants of concern. In this study, we investigated
these questions by testing the candidate vaccine AdC68-S in a mouse
model.

SARS-CoV-2 is mainly transmitted through droplets from the cough,
sneeze or breath of an infected person (Scheuch, 2020). Additionally,
these droplets may contaminate food and other objects in the sur-
rounding environment (Ong et al., 2020), and possibly infect humans via
fomites. A rapid and highly effective COVID-19 vaccine with long lasting
protection would be of vital importance in combating the COVID-19
pandemic. The results from this study show that at seven days after
intramuscular administration of AdC68-S, both IgM and IgG antibodies
were detected. Several previously published studies (Tostanoski et al.,
2020; Khoury et al., 2021; McMahan et al., 2021) have suggested that
neutralizing antibodies could serve as a correlate of protection induced
by vaccination against SARS-CoV-2 infection. Thus, we characterized the
neutralizing activity of vaccine-induced antibodies by pseudovirus and
live SARS-CoV-2 neutralization assays. Effective induction of cellular
immune responses was also evidenced by IFN-y secreting splenocytes at
seven days after administration of the AdC68-S vaccine. The protective
efficacy of a single dose of the vaccine was also demonstrated in the
hACE2 transgenic mouse challenge model. Consistent with our results, an
AdC68-19S (Li et al., 2021b) study conducted by another group showed
that the vaccine could induce specific immune responses and protect
animals against SARS-CoV-2 infection. The rapid immune response eli-
cited by the vaccine candidate described in this study further reinforces
these findings and supports the feasibility of using AdC68-vectored



M. Lu et al.

Virologica Sinica 37 (2022) 581-590

A B Cc
_ - PBS - PBS
g1oo ~ AdC68 g1oo - AdC68
s 2 - AdC68-S-1 o — AdC68-S-1
% 2 80 ~Adcess2 & 80 ~ AdC68-S-2
= £ o0 AdCE8-S3 S AdC68-S-3
5 5 ~Adcess4 B 0 = AdCE8-5-4
= g TTTTYTUNUUUUttTTT €
% g 40 o 40
g g2 3 20
IS = =
% [
o 0l — ; 7 t & ol \ : S — :
100 200 400 800 1600 3200 100 200 400 800 1600 3200
Serum dilution ratio (1 dose) Serum dilution ratio (2 doses)
D 4m 6m E F
. _ - PBS _ - PBS
goo = AJCB8 1004 = AdC68
° — AdCE8-S1 o -+ AdC68-S-1
5 3 T 80 —~ AdCes-s-2 £ 801 —~ AdC68-S-2
o S AdC68-S-3 S AdC68-S-3
3 5 60 - AdC68-S-4 3 604 - AdC68-S-4
8 2 IR e IR R | NG
£ o 40 @ 404
4 £ £
o >
1 g § 204
H : S 3
B & ool — =1 . ¢ ol — :
s > 3 & 100 200 400 800 1600 3200 100 200 400 800 1600 3200
z>°6 G a>°a o%?’ Serum dilution ratio (1 dose) Serum dilution ratio (2 doses)
NTET AT S

Serum dilution ratio (2 doses)

g g g ~ PBS
2100' 2 Alpha 2100' Iy Gamma 9100' Delta = AdCE8
£ 80 £ g0 € 80 -+ AdC68-S-1
2 S \ S - AdC68-S-2
Z 60 Z 60+ \ Z 60 AdCE8-5-3
£ = £ “e- AC68-S-4
o 40 % 40 . S 404
£ g £
3 20 3 20 . 3 20 .
3 ] v Y A 3 o —
$ 0- s 0 T T 1 ) T 1 $ 0 T T T T 1
a 40 160 640 2560 10240 40960 o 40 160 640 2560 10240 40960 o 40 1é0 640 2560 10240 40960
Serum dilution ratio (1 dose) Serum dilution ratio (1 dose) Serum dilution ratio (1 dose)
3 s <
100+ Alpha <100+ Gamma §1 00+ Delta
2 2 o
S ] =
- 804 = 804 = 80+
S S S
5 60 3 60 £ 60
= = =
€ £ €
% 40 » 40 5 404
2 2 2
8 201 . § 20 . 2 20 .
3 . N I B s e 3, ——
& &
4 40 160 640 256010240 40960 & 40 160 640 256010240 40960 & 40 160 640 256010240 40960
Serum dilution ratio (2 doses) Serum dilution ratio (2 doses) Serum dilution ratio (2 doses)
£ isil g
<100 . Episilon %1 00- Omicron
® =
5% 5
3 60 5 604
€ €
‘o 404 . ‘» 401
£ 2
2 20 3 20-
! . . 7] % , :
3 0 T T T T T 1 g0 T L - T 1
o 40 160 640 2560 10240 40960 O 40 160 640 2560 10240 40960
Serum dilution ratio (1 dose) Serum dilution ratio (1 dose)
9 -
£100- 21004 )
) Episilon o Omicron
Z 80 S 804
s c
£ 60 £ 60
N 2%
S 504 =
K] 20 3 204
= °
S 0- 3 0 ; -
I 3 T T T T T 1
o 40 160 640 2560 10240 40960

Serum dilution ratio (2 doses)

Fig. 5. Long-term immunization responses induced by AdC68-S in mice. A IgG binding antibodies of mice immunized with one or two doses AdC68-S were detected
after four or six months by ELISA. B-C The pseudovirus neutralization of SARS-CoV-2 was tested at 4 months after one (B) and two-dose (C) immunization. D
Neutralization antibodies of mice immunized with one or two doses AdC68-S after four or six months by live SARS-CoV-2 (WIV04). E-F The pseudovirus neutralization
of SARS-CoV-2 was tested at 6 months after one (E) and two-dose (F) immunization. G Neutralization of different SARS-CoV-2 variant pseudovirus at 4 months after
one dose (top line) and two doses (below line) immunization. Different variants of SARS-CoV-2 include Alpha, Gamma, Delta, Epsilon and Omicron respectively. The
vaccine had neutralization ability against the Alpha, Gamma, Delta and Epsilon variants.

vaccines for emergency immunization of medical personnel, who are at
high risk of exposure to the SARS-CoV-2.

Pre-existing immunity to adenoviral vectors, which may result in the
reduction of efficacy and unwanted side effects, is one of the most crit-
icized shortcomings for this class of viral-vectored vaccines (Elkashif

et al.,, 2021). We therefore utilized a chimpanzee adenovirus as the
backbone for this vaccine candidate, in which the vector is known to
have low seroprevalence rates in the human population. A second
concern with adenovirus vaccines is whether the candidate could be
applied as a homologous prime-boost regimen. Our results showed that at
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one dose immunization. Panels iv-vi (below row) represent lungs samples after two dose immunization.

seven days after the boost immunization, higher levels of Thl and Th2
antibody responses, neutralizing antibodies and cellular immune
response were detected, compared to animals that only received one
dose. However, since the sera and splenocytes of mice immunized with a
single dose were not analyzed at the same time (28 days after one shot
immunization) as the mice receiving the two dose regimens, it cannot be
concluded whether an enhanced level of humoral and cellular immune
responses was induced by the second immunization, or the residual
response to the initial vaccine prime. This will be a topic of future in-
vestigations. Regardless, the in vivo experiments indicated that one dose
of the AdC68-S vaccine was sufficient for protection, and that in this
mouse challenge model, a second dose was not needed for further
protection.

The duration of vaccine-induced antibody responses is also recurring,
unresolved question regarding current COVID-19 vaccine candidates.
Although a previous AdC68-19S study showed that sustained antibody
responses can be induced in mice (Li et al., 2021b), long-term protection
was not verified by SARS-CoV-2 challenge. In this study, we observed
vaccine-induced neutralizing antibodies at four and six months after the
last immunization, and antibody levels were high for both the single-dose
and two-dose groups. Neutralization assays with live SARS-CoV-2
showed that the antibody titers were over 1:1000, but the results
generated with the pseudovirus assay showed large within-group
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differences, especially in the 2 doses group at the 4-month timepoint
(Fig. 5C). We believe that the pseudovirus neutralization assay system,
rather than the vaccination itself, resulted in this difference as the same
sera showed excellent within-group neutralization consistency (Fig. 5D)
with SARS-CoV-2 live virus. AdC68-S conferred complete protection
against SARS-CoV-2 challenge at six months after immunization in a
mouse model pre-transduced with rAd5-hACE2. The specific role of
memory T- or B-lymphocytes in maintaining the observed long-term
immunity remains to be elucidated, and will be part of our future
investigations.

In this study, hACE2 transgenic mice and wild-type mice pre-
transduced with rAd5-hACE2 were utilized in experiments to charac-
terize the short-term and long-term protection, respectively, against
SARS-CoV-2. This was based on the previously-reported effects of aging
in mice, which may also impact susceptibility to SARS-CoV-2 infections.
With increasing age and decline in immune function, mice often develop
spontaneous tumors and other age-related complications, which may be
more prominent in transgenic mice models. In order to mitigate these
potentially confounding factors, we selected the most representative
transgenic mouse model for short-term protection studies, while wild-
type mice were selected for long-term investigations. Both animal
models were shown to be useful for studying SARS-CoV-2 infection (Bao
et al., 2020; Sun et al., 2020a; Sun et al., 2020b) and have been widely
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used in the development of specific vaccines (Ma et al., 2020; Huang
et al., 2021), antibodies (Hassan et al., 2020; Li et al., 2020; Ge et al.,
2021) and therapeutic agents (Li et al., 2021a). In a previous study,
scientists (Rathnasinghe et al., 2020) compared these two mice models,
and demonstrated that the K18-hACE2 model provides a stringent model
for testing vaccines and antivirals, whereas the adenovirus transduction
model could be used across multiple genetic backgrounds and modified
mouse strains to study SARS-CoV-2 infections.

5. Conclusions

With the emergence of VOCs and specific variants of interest (VOIs),
all SARS-CoV-2 vaccine candidates face the potential challenge of
reduced protection towards these VOCs and VOIs. In this study, the sera
of mice immunized with AdC68-S were tested for neutralization against
different variants of SARS-CoV-2 via a pseudovirus neutralization assay.
The results showed that the sera could neutralize selected variants with
good levels of neutralization against the alpha VOC, but poor levels of
neutralization against the delta VOC. This result is consistent with a
previous study using sera from convalescent patients in Wuhan (Liu et al.,
2021). In addition, the pseudovirus neutralization assay showed that the
sera of mice with higher titers of neutralizing antibodies against the
parent strain were more likely to neutralize the other variants of
SARS-CoV-2, which may be due to the induction of broad-spectrum an-
tibodies. Further investigation into the nature and mechanism of action
for this array of neutralizing antibodies may contribute to the develop-
ment of broad-spectrum vaccines and immunotherapeutics against
SARS-related coronaviruses in the future.
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