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Abstract

Covid-19 pandemic has struck worldwide by end of 2019 and the use of various vaccine platforms was one of the main
strategies to end this. To meet the needs for vaccine technology equality among many countries, we developed adenovirus-
based Covid-19 vaccine candidate in Indonesia. SARS-CoV-2 Spike gene (S) was constructed into pAdEasy vector. The
recombinant serotype 5 Adenovirus (AdV_S) genome was transfected into AD293 cells to produce recombinant adenovirus.
Characterization using PCR confirmed the presence of spike gene. Transgene expression analysis showed the expression of
S protein in AdV_S infected AD293 and A549 cells. Optimization of viral production showed the highest titer was obtained
at MOI of 0.1 and 1 at 4 days. The in vivo study was performed by injecting Balb/c mice with 3.5x 107 ifu of purified
adenovirus. The result showed that S1-specific IgG was increased up to 56 days after single-dose administration of AdV_S.
Interestingly, significant increase of S1 glycoprotein-specific IFN-y ELISpot was observed in AdV_S treated Balb/c mice.
In conclusion, the AdV_S vaccine candidate was successfully produced at laboratory scale, immunogenic, and did not cause
severe inflammation in Balb/c mice. This study serves as initial step towards manufacturing of adenovirus-based vaccine
in Indonesia.
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Introduction

As the 4th largest population in the world, Indonesia has
about 270 million population according to the data in 2020
[1]. To cover vaccination against various infectious dis-
eases, Indonesia should be able to produce enough vaccine
doses on their own. In the late 2019, coronavirus pandemic
known as Covid-19 has struck the world until now. One of
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the approaches to handle this pandemic is vaccination. To
reach herd immunity against the pandemic, Indonesia needs
enough doses to cover for 80% of about 270 million adult
population. Until now, several Covid-19 vaccines have been
approved for emergency use by the National Regulatory
Agency. However, the dependency of the needed vaccines is
still high since those vaccines were mainly produced abroad.
One of the platforms that was developed worldwide for
Covid-19 was adenovirus-based vaccine. Several adenovi-
rus-based Covid-19 vaccines had obtained their emergency
use authorization. Vaxzevria was developed by Oxford-
AstraZeneca using chimpanzee adenovirus (ChAdOx-1)
and initially showed 70.4% efficacy given in two doses
[2]. Single-dose of Ad26.COV2.S produced by Janssen
Pharmaceuticals showed initial 66.9% efficacy [3], mean-
while single-dose of Convidecia (Ad5-nCoV) produced by
Cansino Biologics showed 57.5% efficacy [4]. Combination
of two types of human adenovirus, i.e. hAd26 and hAd5, was
employed in Sputnik V and it showed 91.6% efficacy during
the predominantly circulating wildtype SARS-CoV-2 [5].
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The use of adenoviral vector as a platform for vaccine
development has been explored for many infectious dis-
eases due to strong induction of immune response. Earlier
study explored the use of adenoviral vectors for the devel-
opment of vaccines against Hepatitis B virus, Ebola virus,
Rotavirus, Dengue, SARS-CoV and MERS-CoV [6]. Stud-
ies performed in animal models using adenovirus carrying
spike gene of SARS-CoV demonstrated reduced pathogen
infection in vaccinated mice and induced cellular immune
response when given via intranasal route. Furthermore, an
adenovirus-based vaccine candidate against MERS-CoV
also induced neutralizing antibody and T cell response in
animal study [7-9]. The use of adenoviral vector also over-
come the needs for adjuvant, as in the use of protein subunit-
based vaccine, or special formulation technology, as in the
mRNA-based vaccine.

This study describes the first development of replication-
defective adenovirus-based vaccine candidate against Covid-
19 in Indonesia. The gene encoding for the SARS-CoV-2
spike protein was first codon-optimized and then sequen-
tially subcloned into the Adeasy-1 plasmid. The recombinant
adenovirus genome was then transfected to AD293 cells to
produce the adenovirus carrying spike gene (AdV_S). The
AdV_S production was optimized at various MOI and time
of harvest. Further analyses on induced antibody titer, cellu-
lar immune response, preliminary toxicity studies in Balb/c
mice were also investigated in this research.

Materials and Methods
Cells

AD293 cells (Agilent, RRID: CVCL_9804) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Lonza)
supplemented with 10% fetal bovine serum (FBS, Gibco),
4mM L-glutamine, 4 mM sodium pyruvate (Lonza) and
100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/
ml amphotericin B (Lonza) at 37 °C and 5% CO,. Human
lung epithelial cells (A549, kind gift from Prof. Yoshiharu
Matsuura, Osaka University, Japan, RRID: CVCL_0023)
were grown in DMEM (Sigma-Aldrich) supplemented with
10% fetal bovine serum, 4 mM L-glutamine and 100 U/ml
penicillin, 100 pg/ml streptomycin and 0.25 ug/ml ampho-
tericin B at 37 °C and 5% CO,. Escherichia coli BJ5183
cells (Agilent) and E. coli DH5a cells were cultivated in
Luria—Bertani medium (1% tryptone, 0.5% yeast extract, 1%
NaCl) containing suitable antibiotics (100 pg/ml ampicillin
for E. coli BI5183; 50 pg/ml kanamycin for E. coli DH5a.-
pShuttle-CMYV and E. coli DH5a-pAdeasy_S).

Design of Spike Gene

The sequence of the SARS-CoV-2 spike gene was designed
based on the genome sequence of hCoV-19/Wuhan/
HB-WH4-206/2020 (GISAID EPI_ISL_454956). The
original spike signal sequence was replaced with the sig-
nal sequence of tissue plasminogen activator (tPa). Kozak
sequence was added, and spike gene was optimized accord-
ing to the human codon usage using bioinformatic tools with
targeted CAI>0.7.

Construction of Recombinant Adenoviral Genome

The recombinant adenoviral genome was constructed using
AdEasy vector system (Agilent). Initially, the spike gene
was subcloned to pShuttle-CMV (RRID: Addgene_16403)
using HindIIl and Sall (ThermoFisher). Both fragments
were ligated using T4 DNA ligase (Promega) overnight.
The recombinant pShuttle_S was transformed into E. coli
DH5a.. The confirmed pShuttle_S plasmid was linearized
with Pmel (ThermoFisher) and transformed into E. coli
BJ5183 competent cells carrying AdEasy-1 plasmid (RRID:
Addgene_16399) to generate recombinant adenoviral
genome containing spike gene (pAdEasy_S). The confirmed
pAdEasy_S was transformed into E. coli DH5a for long
term storage. The purified pAdEasy_S was characterized by
Pacl (ThermoFisher) digestion and PCR of the spike gene.
Primer pair used to detect spike gene was 5'-CCATGAAAC
GGGGCCTGTGTTG-3' and 5'-TTAGGTATAATGCAG
CTTCACCCC-3'. PCR was performed using KOD-Plus-
Neo DNA polymerase enzyme (Toyobo) and reactions were
preliminary denaturation at 94 °C for 2 min followed by 25
cycles 98 °C for 10 s, 65 °C for 30 s and 68 °C for 4 min
followed by 5 min final extension.

Production of Adenovirus

AD293 were plated at 3.5x 10° cells per well in 6-well
plate and transfection was performed by adding 2.5 ug
Pacl-linearized pAdEasy_S plasmid with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instruc-
tion. Cells were harvested and resuspended at 10 days post-
transfection in sterile Dulbecco’s Phosphate Buffered Saline
(DPBS, Lonza). The cells were lysed with four rounds of
freeze—thaw cycles. Cell debris was removed by centrifuga-
tion at 5,000 rpm for 5 min at 6 °C. Collected supernatant
was designated as the primary stock of Adenovirus contain-
ing spike (AdV_S).

Half of the initial AdV_S stock was used for the first-
round (R1) virus propagation by infecting cultured AD293
cells for 9 days incubation. The second (R2) and third
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(R3) round of infection was each incubated for 4 days.
The AdV_S from R3 was expanded to optimize round 4
(R4) amplification at indicated MOI and incubation times.
The optimum condition was used for R4 virus production
in several T75 flasks. The supernatant from R4 was then
purified using AdEasy purification kit (Agilent). For all
experiments, the spike gene confirmation was performed
through PCR and viral titers were determined using
AdEasy viral titer kit (Agilent), according to the manu-
facturer’s instruction.

Detection of Transgene Expression

AD293 and A549 cells were grown at 6 x 10° cells in its
culture medium. Cultured cells were infected at MOI of
5 for AD293 cells and MOI of 500 for A549 cells. After
48 h of infection, cells were washed with DPBS and then
lysed in 1 X protein sample buffer. The protein extract
was collected for Western blot analysis. Protein samples
were separated by SDS-PAGE and then transferred to
PVDF membrane (Amersham) followed by blocking in
3% BSA/TBST. The membrane was blotted with either
mouse anti-spike monoclonal antibody (1:2500; Sigma-
Aldrich, RRID: AB_2893440) or mouse anti-beta actin
(1:500; Sigma-Aldrich, RRID: AB_476692), followed by
secondary antibody blotting using HRP-conjugated goat
anti-mouse IgG (1:1000; Invitrogen, RRID: AB_92472)
in 3% BSA/TBST. Membrane was developed using West-
ernSure® Premium substrate (Li-Cor) and then the signal
was detected using Li-Cor CDigit instrument.

Animal Experiments

Approval of the animal use in this work was obtained from
the research ethics committee of Padjadjaran University,
Bandung, Indonesia with an ethical approval number: 641/
UNG6.KEP/EC/2021. 6-weeks-old male and female Balb/c
mice at 25-30 g were randomly divided into three groups of
five mice each. Mice were vaccinated with a single admin-
istration intramuscularly with 3.5 X 107 ifu of AdV_S or
AdV_lacZ and 100 pl buffer. Mice were punctured at the
retro-orbital sinus for blood collection before vaccination
and every 2 weeks until week 8 after vaccination. The col-
lected blood was then coagulated for 2 h at room temperature
and centrifuged at 10,000 rpm for 10 min and sera were
collected and stored at — 80 °C. On week 8, mice were sac-
rificed, and the organs were collected for histopathological
examination. The splenocytes were harvested by pushing the
spleen through a 70 um cell strainer, followed by incubation
with RBC lysis buffer. The collected splenocytes were fro-
zen and stored in liquid nitrogen for ELISpot assay.
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ELISA

ELISA indirect systems were used to perform SARS-
CoV-2 S-specific IgG and IgM assays in mice. 96-well
high binding ELISA plate (NEST) were coated with 1 pg/
ml Spike (S1) SARS-CoV-2 (GenScript) in 50 mM car-
bonate-bicarbonate pH 9.6, overnight at 4 °C. Plates were
then washed 3 times with PBS containing 0.1% Tween-20
(PBS-T), then blocked with 1% BSA (Merck) in PBS-T
for 1 h at room temperature. Plates were washed twice
with PBS, then mice serum at 1:50 dilution was added and
incubated for 2 h at room temperature. After five times
washes with PBS-T, secondary antibodies goat anti-mouse
IgG HRP-conjugated (Merck) and goat anti-mouse IgM
HRP-conjugated (Novusbio) at 1:10.000 were added at
100 pl/well for 1 h. The plate was washed five times with
PBS-T to remove excess secondary antibody, then incu-
bated with 3,3',5,5'-tetramethylbenzidine (TMB) substrate
(Sigma-Aldrich) for 5 min. Finally, 1 M H,SO, was used
to terminate the reactions, and the absorbance was meas-
ured spectrophotometrically at 450 nm by a microplate
reader (Biorad).

ELISpot Assay

Following the manufacturer's protocols, splenocytes from
vaccinated mice were tested for cytokine production using an
ELISpot kit (RnDSystems). We examined immune responses
from the splenocytes by observing the antigen-specific
IFN-y and IL-4 secreted cells. Cryopreserved splenocytes
were grown overnight in RPMI 1640 (Sigma-Aldrich)
medium supplemented with 10% FBS (Sigma-Aldrich), 1%
Antibiotic—Antimycotic (ThermoFisher) and 50 pM 2-mer-
captoethanol (Sigma-Aldrich) at 37 °C in 5% CO, incubator.
On the following day, 100 ul of 2.5 10> splenocytes were
seeded in duplicate to a 96-well PVDF-backed microplate
and stimulated with Spike (S1) SARS-CoV-2 (GenScript)
2 pg/ml; without spike (S1) as a negative control; and 2 ug/
ml Concanavalin-A (Sigma-Aldrich) as a positive control.
Splenocytes were then incubated in 5% CO, incubator at
37 °C for 24 h. After removing the cells and washing the
plate 4 times, 100 pl biotinylated anti-IFN-y or anti-IL-4 was
added to the plate and incubated at 4 °C overnight. The next
day, plates were washed, then incubated with 100 ul of alka-
line phosphatase-conjugated streptavidin at RT for 2 h. After
rewashing the plates, 100 ul of BCIP/NBT substrates were
added, and incubated at RT for 1 h. The substrate solution
was decanted from the plate, rinsed with deionized water,
then inverted to remove excess water, and dried for 90 min
at room temperature. Developing spots are counted using a
dissecting microscope (Carl Zeiss). Statistical analysis was
performed using two-way anova with Bonferroni posttest.
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Fig. 1 Characterization of recombinant shuttle plasmid and adenovi-
ral genome. A, B pShuttle_S was characterized using 1% agarose gel
electrophoresis in comparison to pShuttle (A) and cut with HindIIl

Preliminary Safety Study

The preliminary safety study of the injected vaccine candi-
date in mice was evaluated through several analyses. Local
reactogenicity was observed at 1 h, 2 h, and 24 h post-
injection on the site of injection with the draize scale on
the appearance of edema and erythema. Body temperature
was recorded 1 h, 2 h, and 24 h post-injection, while body
weight was recorded every day until week 8 post injection.
The organs, i.e. the kidney, heart, and liver, were collected
at week 8 and further histopathological analysis was per-
formed. After hematoxylin—eosin staining, the histopatho-
logical safety examination on the kidney, heart and liver was
observed under a light microscope (Carl Zeiss, Germany)
and then scored by 0 (normal), 1 (mild), 2 (moderate) and
3 (severe).

Results

To construct the adenoviral genome containing spike gene
from SARS-CoV-2, the spike gene was codon optimized
according to human codon preference. Codon optimiza-
tion was performed with CAI index of 0.82 and 57%GC.
This construct was generated synthetically with tPA leader
sequence upstream of the spike gene. The synthesized con-
struct was then subcloned into pShuttle-CMV. The recombi-
nant pShuttle-CMV containing spike gene (pShuttle_S) was
characterized using agarose gel electrophoresis. The result
showed that migration distance of pShuttle_S was shorter
than pShuttle (Fig. 1A). Restriction analysis of pShuttle_S
using HindIII and Sall showed two bands with size of around

pAdeasy_S
M +Pacl

and Sall (B). C, D pAdeasy_S was characterized by restriction analy-
sis using Pacl (C) and characterized by PCR using primer specific for
spike gene (D)

3800 bp, corresponding to the spike gene, and 7400 bp,
corresponding to pShuttle-CMV (Fig. 1B). The confirmed
pShuttle_S was then cut with Pmel and transformed into E.
coli BJ5183 carrying the Adeasy-1 plasmid. The isolated
recombinant Adeasy-1 plasmid was then characterized using
restriction analysis and PCR. Adeasy-1 plasmid contain-
ing the spike gene (pAdeasy_S) was cut using Pacl. The
result showed two bands and the small band size was around
4500 bp (Fig. 1C). This band was known to occur when the
recombination event happened at the ori sequence. The pres-
ence of spike gene was confirmed using PCR and the result
showed one band with size of around 3800 bp (Fig. 1D).
The recombinant pAdeasy_S was then used for AD293 cells
transfection.

Production of recombinant adenovirus carrying spike
gene (AdV_S) was carried out by transfection of pAdeasy_S
into AD293 cells using Lipofectamine 2000. After 10 days
incubation, virus was harvested, and the supernatant was
used for sequential virus amplification from R1 to R4. At
every round, virus harvest was characterized using PCR tar-
geting the spike gene. The result showed that a PCR product
band at the size of around 3800 bp was present at every
round of virus amplification (Fig. 2A). The adenovirus pro-
duced from R3 was then used to infect AD293 and A549
cells for 48 h for spike protein expression analysis. It was
found that AD293 cells infected with AdV_S at MOI of 5
expressed spike protein (Fig. 2B). In parallel, infection of
A549 cells was performed at MOI of 500 and the presence
of spike protein was also detected in these cells (Fig. 2B).
Taken together, these results demonstrated that the spike
protein was expressed in cells that supported the replication
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Fig.2 Characterization of
recombinant adenovirus. A
AdV_S produced from round

1, 2 and 3 amplifications were
analyzed by PCR using primer
specific for spike gene. B
Transgene expression of AD293
and A549 cells infected with
AdV_lacZ and AdV_S were
analyzed by Western blot using
antibody specific for spike and
beta-actin. The depicted results
were representatives from three
independent experiments
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Fig.3 Optimization of recombinant adenovirus production. A
AdV_S production was analyzed upon infection at MOI of 0.1, 1,
2, and 5 after 4 days of infection. B AdV_S production was meas-
ured upon infection at MOI of 0.1 and 1 for 2-8 days. Adenoviral
titer was measured using Adeasy Viral Titer Kit. Data plotted was
mean + SEM from three independent experiments
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of adenovirus (AD293 cells) and in cells that did not support
adenovirus replication (A549 cells).

The produced AdV_S was then used for optimization of
R4 virus production, prior to the immunogenicity study. To
optimize the production of AdV_S, various MOI were used
to infect AD293 cells for 4 days of incubation. The titer of
harvested virus was measured using Adeasy Viral Titer Kit.
It was found that MOI of 0.1, 1, 2, and 5 produced almost
the equal amount of produced adenovirus (Fig. 3A). The
next optimization was carried out using MOI 0.1 and 1 for
2-8 days incubation, with virus harvest performed every
2 days. The result showed that the virus titer peak was
obtained at 4 days incubation, at 3.7 X 108 ifu/ml. The viral
titer at 4 days harvest was similar between MOI of 0.1 and
1, but the produced virus was more consistent at the MOI
of 1 (Fig. 3B). Therefore, production of AdV_S was carried
out at MOI of 1 for 4 days using several flasks to prepare for
the immunogenicity study.

To analyze whether the produced AdV_S was able to
induce immune response, the AdV_S was purified using
Adeasy Viral Purification Kit. Three groups of Balb/c mice
were given buffer, AdV_lacZ, and AdV_S, respectively. The
blood samples were taken prior to vaccination and every
2 weeks until 8 weeks post vaccination. The antibody titer
was then measured by ELISA using S1. The result showed
that the IgG titer against S1 was increased in both male and
female mice starting from week 2 until the end of experi-
ment, in comparison to both control groups, buffer control
and AdV_lacZ control. The antibody titer in male mice was
slightly higher as compared to the antibody titer in female
mice (Fig. 4A). Immunity induced by AdV_S against the
SARS-CoV-2 S1 glycoprotein was measured by ex vivo
IL-4 and IFN-y ELISpot. AdV_S vaccine candidate induced
significant SARS-CoV-2 S1 glycoprotein-specific IFNy-
ELISpot at day 56 post vaccination, compared to both con-
trols (AdV_lacZ and buffer). Statistical analysis performed
using two-way anova with Bonferroni posttest showed that in
the male mice, AdV_S induced higher IFNy when compared
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Fig.4 Immunogenicity and cellular immune responses of AdV_S
in mice. A IgG titer measured before vaccination and every 2 weeks
until week 8 after vaccination using S1-specific ELISA. Data shown
were mean+SEM from 5 animals per group. B IL-4 and IFN-y

to AdV_lacZ control and buffer control groups, with
p-value <0.05. Additionally, in the female mice, AdV_S
induced higher IFNy when compared to AdV_lacZ control
and buffer control groups, with p-value <0.001 (Fig. 4B).
However, the SARS-CoV-2 S1 glycoprotein-specific IL-
4-ELISpot result was slightly increased in mice treated with
AdV_S, as compared to both controls (Fig. 4B).
Preliminary safety study was also performed for the
AdV_S vaccine candidate, by measuring mice body
temperature, weight, and analysis of the organs. During
this study, the body temperature of mice ranged from
35-36 °C in all groups and there was no significant differ-
ence between the temperature of mice treated with AdV_S
with the control groups, AdV_lacZ and buffer (Table S1).
In terms of body weight, average mice weight gained

ELISpot assays performed using ex vivo splenocytes obtained at
week 8 after vaccination. Data shown were mean+SEM from 5 ani-
mals per group. *p <0.05, ***p <0.001, two-way anova with Bonfer-
roni posttest

continuously during the study, and there was no significant
change between all groups on days 1, 7, and 28 (Table S2,
Fig. S1). However, the weight gain of the AdV_S and
AdV_lacZ mice group tended to be greater than the buffer
control group. On day 56, there was no significant change
in male body weight, but there was a significant change
in female body weight. Additional analysis of the organ
weight showed that there was no significant difference in
the weight of the kidneys and heart. There was no signifi-
cant difference in the liver of male mice, whereas there
was a significant difference in liver weight of female mice.
The female liver weight of mice was significantly higher
than that of buffer control animals (Table S3).

The histopathological score of kidneys, heart, and liver
from buffer control, AdV_lacZ, and AdV_S mice groups
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Table 1 Histopathological

) Histopathological criteria
scoring and p-value of organs

Med (Min—Max)

from buffer, AdV_lacZ and Buffer AdV_lacZ AdV_S p*
AdV_S mice groups
Male Female Male Female Male Female Male Female

Kidney
Inflammation 0(0-1) 0(-1) 0(0-1) 0(-1) 0(-1) 1(0-1) >0.999 0.800
Distorted glomerulus 1(0-1) 0(0-1) 1(1-2) 1(1-2) 1(1-1) 1(1-1) 0.073 0.054
Heart
Inflammation 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0(0-0) 1(0-1) >0.999 >0.999
Liver
Inflammation 1(0-1) 1(0-1) 1(0-1) 1(0-1) 1(0-1) 1(1-1) >0.999 >0.999
Binucleated 1(0-1) 1(0-1) 1(0-1) 1(0-1) 1(0-1) 0O(0-1) >0.999 0.800

*Data was analyzed with Kruskal-Wallis test

A score of 0 indicates normal conditions, and a score of 1 indicates mild abnormalities. A score of 2 indi-

cates moderate abnormalities

is shown in Table 1. There was inflammation and dis-
torted glomerulus in some parts of the kidney of all mice
groups (Fig. S2). There was also some inflamed part in the
heart of all groups (Fig. S3). In addition, all groups had
inflammation in some parts of liver tissue and binucleated
hepatocyte cells (Fig. S4). However, there was no signifi-
cant difference in the histopathological abnormalities of
all organs. This result showed that AdV_S did not affect
severe heart, kidney, or liver inflammation.

Discussion

To ending the Covid-19 pandemic, equitable access to safe
and effective vaccines is very critical in all countries in the
world. Conventional existing vaccines for Covid-19 were
based on inactivated virus and recombinant protein subu-
nit. While several conventional candidates have been devel-
oped, most recent Covid-19 vaccines were based on much
newer platforms, such as adenoviral-based vector vaccine
and mRNA vaccine. Some advantages of adenoviral-based
vaccine were induction of strong immune responses, both
humoral and cellular immune responses, and some of them
can be given as single dose, for example the vaccine devel-
oped by Cansino Biologics and Janssen Pharmaceuticals.
In this study, the spike gene was initially modified by
replacing the signal sequence using tPa signal sequence and
by performing codon optimization. The expression of spike
protein from this construct was in accordance with the pre-
vious research [10], where the use of tPa leader sequence
and codon optimization improved the expression of spike
protein. Other study also showed that the use of tPa leader
sequence was one strategy to enhance the expression of
spike protein [11]. In another vaccine candidates, the use of
tPA leader sequence not only improved the antigen expres-
sion, but also elicited higher specific antibody responses [12,
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13]. Production optimization was performed by variations
of the infection MOIs. As reported previously, even MOI
of less than 1 can be used to produce adenovirus [14, 15].
In this study, it was observed that the use of MOI less than
one gave almost the same adenovirus yield as compared
to higher MOI. However, the optimal MOI for adenoviral
production was also dependent on the cell density and cell
viability when the infection was performed [16].

Although the vaccine candidate was developed using the
original sequence of Spike protein from the wildtype SARS-
CoV-2, the current Covid-19 vaccines used for the third and
fourth booster doses were also still employed the original
Spike protein sequence. Decrease of neutralizing antibody
capacity and vaccine efficacy against various SARS-CoV-2
variants were observed. The Ad26.COV2.S vaccine final
vaccine efficacy data showed 69.7% against wildtype and
alfa variants, while the efficacy against other variants were
lower [17]. The Ad26.COV2.S vaccine neutralizing antibod-
ies capacity was also reduced against the variants of concern
(VOC) [18], however breakthrough infection after vaccina-
tion with this vaccine induced high neutralizing antibody
titer against Omicron and other VOCs [19]. However, this
vaccine showed 55% and 72% effectiveness against hospi-
talization during the circulation of Omicron variant in South
Africa at 13 days and 1-2 months after the second dose,
respectively [20]. Similarly, the ChAdOx-1 nCoV-19 vac-
cine showed reduced efficacy against symptomatic infec-
tion of VOCs [21] and during circulation of delta variant,
the efficacy against symptomatic infection was reduced to
44.3% [22]. Meanwhile, the use of ChAdOx-1 nCoV-19
vaccine for the third dose vaccination showed ~60% effi-
cacy against symptomatic infection by Omicron and ~80%
efficacy against hospitalization in older adults [23]. There-
fore, although the use of original Spike protein sequence
showed decrease in efficacy against VOCs, the vaccine
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could still prevent severe/critical Covid-19 infection and
hospitalization.

Here we used the hAdS as the backbone of the vaccine
candidate. Previous studies have explored the use of hAdS,
hAd26 and ChAdOx1 for Covid-19 vaccine. Although the
use of hAd5 was thought to be hampered by pre-existing
immunity, but it was also known that hAd5 has better immu-
nogenicity than other serotypes [24, 25]. The Covid-19
vaccine using hAdS also still showed similar efficacy at the
similar dose to the vaccine using hAd26 [3, 4]. Minimizing
pre-existing immunity could also be done using heterolo-
gous adenovirus serotype between prime and boost vaccine,
as in the Sputnik vaccine, where hAd26 was used for prime
dose and combinations of hAd26 and hAdS were used for
the booster dose [5]. Therefore, the hAdS produced in this
study could still be potentially used as single-dose prime
vaccination or for heterologous booster vaccination together
with other vaccine that used different serotypes.

Regarding the immune response induced in mice, the
single-dose of the adenovirus Covid-19 vaccine candidate
injected by intramuscular route induced the IgG titer at
similar profile to the previous study [10]. In general, the
induction of IgG titer response was similar towards the use
of diverse adenovirus backbone, i.e. hAdS, hybrid hAdS or
ChAdOx-1 in mice or ferrets [10, 26, 27]. In terms of cel-
lular immune response, IFN-y was still observed at week
8 (day 56) after single dose immunization. High titer of
IFN-y was plausible related with high IgG titer in this study,
because IFN-y-produced by CD-4 4T cell, could induce B
cell to switch antibody production to IgG2a [28]. In addi-
tion, there was a low number of IL-4-produced splenocytes
in this experiment, which was probably related to high
IFN-y -produced splenocytes. Liew et al. (2019) shown that
IFN-vy could probably suppress differentiation of Th2 cells
which need IL-4 [29]. Even though IFN-y was significantly
increased in both male and female mice, there was possi-
bility that the level of IFN-y has already peaked at several
weeks prior to week 8 (day 56) after immunization. This
was previously observed that the highest level of IFN-y was
peaked at day 14 and slightly decrease at day 28 after vac-
cination of hAd5 Covid-19 vaccine in phase 1 clinical trial
[30]. However, high level IFN-y was still observed at day 28
after vaccination of hAd5 Covid-19 vaccine in human trial
phase 1 and 2 [30, 31]. Study in BALB/c mice shown that
single immunization with Chimpanzee Adenovirus based
vaccine (AdC68-19S) could increase CD8 +and CD4+T
cells producing IFN-y that also imply the induction of strong
cellular immune response 1 week after immunization by
IM route [27]. Study of vaccination with a single dose of
ChAdOx1 nCoV-19 in clinical trial phase 1/2 demonstrated
that IFN-y production by CD4 +T cells was also observed
at day 14 and slightly decrease at day 28 and 56 [32]. The
higher increase of IFN-y compared to IL-4 in ELISpot assay

of splenocytes from mice treated with AdV_S was consistent
with previous study where AdS vector induced more cellu-
lar-immune response [28, 33]. Liu et al. (2008) showed that
AdS5 vector was able to induce CD4 and high CD8 T cells in
Rhesus Monkeys [34]. Further study on the CD8 and CD4
specific responses were still needed to be explored for our
developed adenovirus-based Covid-19 vaccine candidate.

In the preliminary safety study of the vaccine candi-
date, slight increase of body temperature and body weight
gain was observed in most of the adenovirus treated mice.
However, treatment with adenovirus did not raise the body
temperature more than 2 °C, which were the limit of fever
indication in mice [35]. Meanwhile, the slight increase of
mice body weight was probably related to the effect of hAdS,
which was used as a vector carrying the SARS-CoV2 spike
gene. It seemed that the increase in body weight of the ani-
mals vaccinated with AdV_S was affected by hAd5 vector as
the backbone of AdV_S. So et.al. (2005) demonstrated that
hAd5 can cause an increase in body weight in mice due to
the increase of mice appetite and/or satiety [36]. Moreover,
AdS vector also leads to increase body adiposity in mice.
Weight gains due to hAd5 was also found in previous study
[37]. The effect of Ad5 might be the same as hAd36. hAd36
upregulated the proliferation, adipogenic commitment, and
differentiation of adult adipose tissue-derived stem cells
and other adipogenic progenitors, leading to an increase in
the number of fat cells [38]. Moreover, hAd36 seemed to
increase the lipid content of these fat cells by promotion of
lipid uptake or cellular entry of glucose, which increases cel-
lular lipids by stimulation of de novo lipogenesis. However,
in this study, the hAd5 lacks E1/E3 and unable to reproduce,
therefore the effect of hAdS on weight gain might not be as
high as replication-competent hAdS5.

In summary, the adenovirus-based Covid-19 candidate
that was produced demonstrated immunogenicity in mice,
eliciting a cellular immune response as determined by IFN-y
ELISPOT assay, and did not cause severe inflammation
in mice. This milestone in the development of a locally-
made adenoviral vaccine candidate represents a significant
step towards the creation of viral vector-based vaccines in
Indonesia. However, in order to fully assess the safety and
efficacy of the vaccine candidate, a challenge study and
complete toxicity study in a preclinical setting are still nec-
essary prior to its clinical study. Additionally, the vaccine
candidate will be utilized as a model for the development
of a bioprocess to locally manufacture adenoviral-based
vaccines. By optimizing the bioprocess development and
scaling it up, either upstream or downstream processes,
this could potentially be advantageous for commercializ-
ing adenovirus-based vaccines. It is crucial to overcome
the challenges in bioprocess development for adenovirus-
based vaccines because the same process could be applied
to various adenovirus-based vaccine candidates. Therefore,
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ensuring equitable access to safe and effective vaccines in
all countries, in preparation for possible future pandemics,
is imperative.
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