
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Vaccine 40 (2022) 574–586
Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier .com/locate /vacc ine
Induction of Th1 and Th2 in the protection against SARS-CoV-2 through
mucosal delivery of an adenovirus vaccine expressing an engineered
spike protein
https://doi.org/10.1016/j.vaccine.2021.12.024
0264-410X/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Room No. R1-7033, No. 35, Keyan Road, Zhunan Town,
Miaoli County 350, Institute of Infectious Disease and Vaccinology, National Health
Research Institutes, Taiwan.

E-mail address: choeyenh@nhri.edu.tw (Y.-H. Chow).
Nai-Hsiang Chung a,b,c, Ying-Chin Chen a, Shiu-Ju Yang a, Yu-Ching Lin a, Horng-Yunn Dou a,
Lily Hui-Ching Wang c, Ching-Len Liao a, Yen-Hung Chow a,d,⇑
aNational Institute of Infectious Disease and Vaccinology, National Health Research Institutes, Zhunan, Taiwan
bGraduate Program of Biotechnology in Medicine, National Tsing Hua University, Hsinchu, Taiwan
c Institute of Molecular and Cellular Biology, National Tsing Hua University, Hsinchu, Taiwan
dGraduate Institute of Biomedical Sciences, China Medical University, Taichung, Taiwan
a r t i c l e i n f o

Article history:
Received 3 August 2021
Received in revised form 1 November 2021
Accepted 12 December 2021
Available online 17 December 2021

Keywords:
SARS-CoV-2
Immunogenicity
Adenovirus
Vaccine
a b s t r a c t

A series of recombinant human type 5 adenoviruses that express the full-length or membrane-truncated
spike protein (S) of SARS-CoV-2 (AdCoV2-S or AdCoV2-SdTM, respectively) was tested the efficacy against
SARS-CoV-2 via intranasal (i.n.) or subcutaneous (s.c.) immunization in a rodent model. Mucosal delivery
of adenovirus (Ad) vaccines could induce anti-SARS-CoV-2 IgG and IgA in the serum and in the mucosal,
respectively as indicated by vaginal wash (vw) and bronchoalveolar lavage fluid (BALF). Serum anti-SARS-
CoV-2 IgG but not IgA in the vw and BALF was induced by AdCoV2-S s.c.. Administration of AdCoV2-S i.n.
was able to induce higher anti-SARS-CoV-2 binding and neutralizing antibody levels than s.c. injection.
AdCoV2-SdTM i.n. induced a lower antibody responses than AdCoV2-S i.n.. Induced anti-S antibody
responses by AdCoV2-S via i.n. or s.c. were not influenced by the pre-existing serum anti-Ad antibody.
Novelty, S-specific IgG1 which represented Th2-mediated humoral response was dominantly induced
in Ad i.n.-immunized serum in contrast to more IgG2a which represented Th1-mediated cellular response
found in Ad s.c.-immunized serum. The activation of S-specific IFN-ɣ and IL-4 in splenic Th1 and Th2 cells,
respectively, was observed in the AdCoV2-S i.n. and s.c. groups, indicating the Th1 and Th2 immunity
were activated. AdCoV2-S and AdCoV2-SdTM significantly prevented body weight loss and reduced pul-
monary viral loads in hamsters. A reduction in inflammation in the lungs was observed in AdCoV-S via i.n.
or s.c.-immunized hamsters following a SARS-CoV-2 challenge. It correlated to Th1 cytokine but no
inflammatory cytokines secretions found in AdCoV-S i.n. -immunized BALF. These results indicate that
intranasal delivery of AdCoV2-S vaccines is safe and potent at preventing SARS-CoV-2 infections.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

COVID-19 is an emerging respiratory infectious disease that is
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). SARS-CoV-2 is efficiently transmitted from person
to person and has thus been able to spread rapidly across all con-
tinents globally.

The coronavirus is an enveloped virus containing a positive
single-stranded RNA associated with a lipid membrane derived
from the host cell. The coronavirus has the largest RNA genome
among all the known RNA viruses [1]. Coronavirus encodes the
spike (S) protein, which forms homotrimers that protrude from
the surface of viral particles and is used for entry into host cells
[2]. During viral replication in the infected cell, translated prema-
ture S protein is cleaved at the boundary between the S1 and
S2 subunits, which remain noncovalently bound in the prefusion
conformation [3]. S1 is responsible for binding to the host cell
receptor, and S2 is responsible for the fusion of the viral and cellu-
lar membranes after S1–receptor interactions occur [3,4]. Recent
studies have indicated that SARS-related coronaviruses, including
SARS-CoV-2, interact directly with angiotensin-converting enzyme
2 (ACE2) via S1 to enter target cells [5].

A replication-incompetent adenoviral vector (Ad) with a recom-
binant E1-deficient Ad carrying a transgene has been shown to be a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2021.12.024&domain=pdf
https://doi.org/10.1016/j.vaccine.2021.12.024
mailto:choeyenh@nhri.edu.tw
https://doi.org/10.1016/j.vaccine.2021.12.024
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine


Nai-Hsiang Chung, Ying-Chin Chen, Shiu-Ju Yang et al. Vaccine 40 (2022) 574–586
potential vaccine vector in multiple successful preclinical and clin-
ical studies [6–8]. Ad is a strong dendritic cells (DCs) activator that
can coordinate and stimulate T helper (Th) cells to activate B cells
for antibody secretion [9] or to trigger cellular immunity [8,10].
Distinct subsets of Th cells, such as Th1 and Th2, can be determined
by what cytokines secretion upon activation [11]. In which Th1
cells produce IL-2, IFN-c, and TNF-b, and Th2 cells produce IL-4,
IL-5, IL-6, IL-10, and IL-13. The balance of cytokines produced by
these subsets of Th is a key factor to skew the character of an
immune response [12–14]. Th1 cells promotes cell-mediated
immune responses and is required for host defense against intra-
cellular viral and bacterial pathogens. Th2 cells mediate the activa-
tion and maintenance of the antibody-mediated immune response
against extracellular parasites, bacteria, allergens, and toxins [15].
A third subset of Th cells, Th17, which secrets IL-17 have a pro-
inflammatory bias. Th17 plays a key role in the defense against
extracellular pathogens as well as the development of autoimmune
diseases. The secretion of IL-23 from antigen-presenting cells such
as DCs, which have been activated by the uptake and processing of
pathogens, in turn activates Th17 cells [16]. Also, a specialized sub-
set of CD4 T cells named T follicular helper (Tfh) cells that partic-
ipating in the generation of effective and long-lived humoral
immune responses to antigen [17] are required for helping
antigen-specific B cells to generate the matured antibodies
occurred in the germinal center [17,18]. The germinal center is
the origin of long-lived memory B cells and plasma cells that pop-
ulate the periphery and bone marrow (respectively), and provide
long-term antibody-mediated protection against pathogens[19].
Previous studies have shown that the induction of neutralizing
antibodies, as well as pathogen-specific cellular immunity against
coronavirus infection, are important for effective vaccine develop-
ment [20].

The Ad vector can be delivered by different routes such as sys-
temic or mucosal site administration, which makes vaccines con-
venient for immunization against respiratory pathogens that
preferentially initiate infection at a mucosal site or in the respira-
tory tract [6,8,21]. Several Ad vector-based vaccines encoding S of
SARS-CoV2 had been developed and were permitted to systemic
inject into people via one or two doses in clinical trials [22]. Their
efficacy and safety requirement are satisfied and are proven to use
in control of SARS-CoV2 infection in many countries. Chimpanzee
Ad (ChAd) and human serotype 26 of Ad (Ad26) carrying of
SARS-CoV2 S gene are currently used in clinic. The study of
ChAd-SARS-CoV-2-S pointed out that intranasal (i.n.) injection
could trigger better mucosal immune responses and inhibit
SARS-CoV2 infection in human ACE2-transgenic mice [23] and in
rhesus macaques [24]. Other studies showed that the Ad vaccine
using the i.n. route can effectively protect some viral infections
such as Ebola Zaire and respiratory syncytia virus (RSV)[25,26].
Also, i.n. immunization can effectively reduce the impact of pre-
existing anti-adenovirus immunity and effectively induce an
anti-pathogen immune response [25]. The approach to Ad vaccine
via mucosal immunization is one of the application trials in the
future. Other major vaccine design such as mRNA-based vaccines
[27,28] also has been shown to elicit a good efficacy in preventing
viral transmission. However, mRNA-based vaccines require extre-
mely cold condition (>-20 �C) for storage and transportation that
presents a challenge in clinical use, particularly for developing
regions. In contrast, Ad vaccines are shown to be stable at cool con-
dition (2–8 �C).

Here, we characterize the immunogenicity of recombinant Ad
expressing S and S-engineered proteins of SARS-CoV-2 in animals.
The immune responses induced by Ad vaccine mucosal immuniza-
tion indicated significant Th1/Th2-balanced immunity and a
reduction in pulmonary viral loads and the associated inflamma-
tion induced by SARS-CoV-2 infection. The increased efficacy of
575
the Ad vaccine against SARS-CoV-2 when administered intrana-
sally rather than systemically was investigated. These results sup-
port the future development of mucosal Ad vaccines for clinical use
to control SARS-CoV-2.
2. Materials and methods

2.1. Ethics statement

The study was carried out in compliance with the ARRIVE
guidelines. All animal experiments were conducted in accordance
with the guidelines of the Laboratory Animal Center of the National
Health Research Institutes (LAC-NHRI) in Taiwan. The animal use
protocols were reviewed and approved by the NHRI Institutional
Animal Care and Use Committee (Approval Protocol No. NHRI-
IACUC-109073-M1-A-S01). To perform immunization or a viral
challenge, the animals were placed in an anesthetic inhalator
inhalation chamber containing isoflurane (initial phase: 5%; main-
tenance phase: 3%–4%) for 1 min before vaccine administration or
SARS-CoV-2 challenge. After the investigation, the animals were
euthanized by 100% CO2 inhalation for 5 min followed by cervical
dislocation to minimize suffering.

2.2. Cell lines and viruses

Human embryonic kidney cells (293A) were purchased from
Invitrogen (Cat. R70507), and green monkey kidney cells (Vero)
were purchased from the American Type Culture Collection (ATCC
No. CCL-81). The 293 cells were cultured, grown and maintained in
DMEM (HyClone, Cat. SH300) supplemented with 10% FBS in an
incubator at 37 �C with 5% CO2. Vero cells were cultured, grown
and maintained in M199 medium (GIBCO-BRL) supplemented with
5% FBS in an incubator at 37 �C with 5% CO2. The SARS-CoV-2 strain
(hCoV-19/Taiwan/4/2020) was isolated from the Taiwan Centers
for Disease Control and propagated in Vero cells. The propagation
of SARS-CoV-2 was performed in the P3-grade laboratory, which
was maintained in accordance with the regulations and approved
by the Taiwan CDC inspection service. The viral stocks were stored
at –80 �C. Viral stock titers were tested by cytopathic effect (CPE),
and the TCID50 values were calculated by Reed-Muench method.

2.3. Animals, immunization, and live SARS-CoV2 challenge

BALB/c mice and Syrian hamsters (purchased from the National
Laboratory Animal Center, Taiwan) aged six to ten weeks were
maintained in pathogen-free cages at the LAC-NHRI throughout
the animal study. The BALB/c mice were primed with 1 � 107

pfu/50 ml of Ad intranasally (i.n.) or subcutaneously (s.c.). After
14 days, the mice were boosted with the same dose of the respec-
tive immunogens administered via the same route. The mice were
bled at 14 days and 1, 2, and 3 months after the booster immuniza-
tion. The serum was analyzed by ELISA for the binding activity to
recombinant S expressed in Sf9 insect cells (GenScript, Cat.
Z0.481–100) and for neutralizing activity against SARS-CoV-2 by
the neutralization- TCID50 assay. For the challenge studies per-
formed in the P3 laboratory, 1 � 105 TCID50/hamster of live
SARS-CoV-2 was administered i.n. 1 month after the second immu-
nization. The hamsters were monitored for 6 days to record their
body weights or sacrificed on days 3 and 6 after viral challenge,
and the lung tissues were isolated for plaque assays and
histochemistry.

Whole lungs were excised from the hamsters and homogenized,
clarified, and titrated by the TCID50 on Vero cells in 96-well plates.
The cells were inoculated with serially diluted lung homogenate in
M199 with 5% FBS and incubated for 5 days. The cells were visual-
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ized when 50% were lysed by microscopy and used as sets of
diluted lung homogenates according to the calculation of the virus
titer in the sample.

For histochemistry, the lung tissues were placed directly into
10% formalin (Sigma-Aldrich) solution overnight and embedded
in paraffin for sectioning. The sections were stained with 1% H/E,
and the pictures of each section were obtained at 100� and
200� magnification (Nikon DXM1200 CCD digital camera). The
severity of inflammation in the H/E-stained sections was scored
by following the reported criteria: grade 1: mixed mononuclear
cell infiltrate next to the bronchus; grade 2: diffuse monocyte infil-
tration in alveolar spaces; grade 3: mixed diffuse infiltrates and
small foci of mixed mononuclear cells (BALT); and grade 4: exten-
sive dense collections of BALT and diffuse infiltrates [29].

2.4. Production of recombinant Ads

E1 and E3 genes-deleted recombinant human adenovirus type
5-based vector was used to construct and produce AdCoV2 vac-
cines. AdCoV2 which encodes the codon-optimized SARS-CoV-20s
S (AdCoV2-S) gene and transmembrane-deleted S (AdCoV2-
SdTM) gene, the mutant S (AdCoV2-S(GA)) gene that has 2 amino
acids mutated from LY to GA at 611 and 612 residues of S, and
the codon-optimized S gene of SARS-CoV (AdSARS-S), were cloned
and generated with the pAd⁄CMV⁄V5-DESTTM Gateway Vector Kit
(purchased from Cat. V49320, ThermoFisher Scientific) [30,31].
AdCoV2-S(GA) and AdSARS-S that are not related to this study
are only shown in the supplementary Fig. 1. Ad-LacZ, which
encodes the reporter gene bacterial b-galactosidase (LacZ), was
also constructed as a control vector. The propagation of AdCoV2-
S, AdCoV2-SdTM, and Ad-LacZ was performed in adherent 293A
cells in the presence of 10% FBS [6]. Three days after Ad infection,
cell pellets were harvested for freezing and thawing twice at –80 �C
for 30 min and 37 �C for 1 min. The lysates were centrifuged at
3500 rpm for 15 min at room temperature (RT), and the super-
natants that contained Ad were collected. Recombinant Ad was
purified and concentrated using Vivapure adenoPACK 100RT (Sato-
rius Stedin Biotech). The purified viral titer was determined using a
modified standard plaque assay [6].

2.5. Western blot

Parts of the culture medium and the lysate were harvested from
the Ad-infected or non-infected 293cells. Lysates were extracted to
obtain cytosolic and membrane fractions by using Mem-PER Plus
Membrane Protein Extraction Kit (ThermoFisher Scientific, Cat.
89842). Ten micrograms of cytosolic and membrane fractions
was individually mixed with loading dye, heated in a boil water
for 3 min, and loaded onto each well in a 10% SDS-
polyacrylamide gel (SDS-PAGE; Amersham Biosciences-GE Health-
care, USA) and subjected to electrophoresis in 1� Tris-glycine SDS-
running buffer (pH 8.3). 20 lg Mab5 (20 lg/sample, a monoclonal
antibody produced from a hybridoma line which was derived from
the recombinant SARS’s S protein-immunized BALB/c mouse’s
spleen) was mixed with 20 ll Protein G PLUS-Agarose (Santa Cruz,
Cat. sc-2002) and then supplemented with 1� PBS (pH 7.0) to
300 ll following slow end-over-end mixing for 1 h at RT. 1 mL cul-
ture medium sample were centrifuged at 12,000g for 10 min and
then the supernatant was went through a 100 K MWCO cutoff tube
to collect 300 ll of the residual supernatant. The Mab5-Protein G
complexes were mixed with the concentrated supernatant and
incubated on slow end-over-end mixing for overnight at 4 �C.
The precipitates were span at 1000g for 3 min and the pellets were
washed three times with 1� PBS (pH 7.0). The precipitates were
ready to mix with loading dye for following 10% SDS-
polyacrylamide gel electrophoresis as described above. The SDS-
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PAGE gel was resolved, and the proteins in the gel were then trans-
ferred onto a nitrocellulose membrane (Hybond-ECL, Amersham
Biosciences-GE Healthcare, USA). The membrane was soaked in
5% skim milk in 1� PBS buffer (pH 7.0) for 1 h at RT and then incu-
bated with diluted SARS spike protein antibody, Mab5 (1:5000) for
detecting antigens derived from the cytosolic and membrane frac-
tions, or SARS-CoV-2 (COVID-19, 2019-nCoV) spike antibody
(1:3000; ProSci, Cat. 3525) for IP samples, or anti-S antibody
(1:12,000, TaiVax, Cat. TVX-IRP001) for samples from the vaccine
immunized serum or vw. The membrane stained with beta-actin
antibody (1:10,000; Novus, Cat. NB600-501) or ATP1A1 mono-
clonal antibody (1:2000; Abnova, Cat. MAB2407) as internal con-
trols for cytosolic or membrane fractions, respectively, for 14 to
16 h at 4 �C. The membrane was subsequently washed with 1�
PBS plus 0.05% Tween 20 (PBS-T) followed by incubation with
the respective antibodies conjugated with HRP, anti-mouse IgG
antibody (1:10,000; ThermoFisher Scientific, Cat. 31430) or anti-
rabbit antibody (1:10,000; Genetex, Cat. GTX213110-01), respec-
tively. After 1 h of incubation, the membrane was washed three
times with PBS-T, the Millipore ECL substrate (Millipore, Cat.
WBKLS0500) was layered onto the membrane, and then the signal
was detected using an Amersham Imager 600.

2.6. Collection of bronchoalveolar lavage fluid (BALF)

BALF were collected by performing consecutive washes of the
airspace of the lungs of individual experimental mice, with
1.0 mL of sterile PBS (pH 7.4). The samples obtained were stored
in a �80 �C freezer until tested for their contents of specific proin-
flammatory cytokines.

2.7. Enzyme-linked immunosorbent assay (ELISA)

The SARS-CoV-2 spike protein (GenScript, Z03481-100) was
coated onto a 96-well microplate at 50 ng per well (Corning, Cat.
9018) overnight at 4 �C. The uncoated spike protein was removed,
and the wells were blocked with 200 ml of blocking buffer (1� PBS
with 1% BSA) for 2 h at room temperature. The plates were washed
with 200 ml of PBS-T three times and added with 100 ml of diluted
serum and incubated at room temperature for 2 h. The plates were
washed with 200 ml of PBS-T three times, 10000-fold diluted HRP-
conjugated donkey anti-mouse IgG, HRP-conjugated rabbit anti-
mouse IgG1, and IgG2a antibodies (Invitrogen, Cat. 31430) were
added to the wells and incubated for 1 h. The plates were washed
with 200 ml of PBST. TMB substrate (Seracare, Cat. 5120–0077) was
used at 100 ml per well and incubated for 10 min at room temper-
ature. The reaction was halted with 100 ml of 2 N H2SO4. The optical
density (O.D.) measurements were determined at 450 nm using a
microplate reader. The endpoint serum dilution was calculated
using the O.D. values and the cutoff value of serially diluted sera
was set to three-fold the background signal. For detection of
anti-Ad antibody, 100 ml of diluted serum from the immunized
hamster were added into the 96-well microplates which were pre-
coated with 1 � 106 pfu per well of heat-inactivated Ad-VR5 (wild
type of Ad5 strain) and then blocked with blocking buffer. 10,000-
fold diluted HRP-conjugated rabbit anti-hamster IgG antibody
(Arigo, Cat. ARG23730) were added to the wells. After washing
wash PBS-T, TMB substrate was added to the wells and then mea-
sured the OD at 450 nm using a microplate reader.

ELISA kit specific to mouse IFN-c, IL-1, IL-2, and IL-4 (Thermo-
Fisher Scientific, Cat. 88–7314-88, 88–5019-88, 88–7024-88, and
88–7044-88, respectively) were used. The limitation of each cyto-
kine detection was 15 pg (IFN-c), 4 pg (IL-1), 2 (IL-2), and 4 pg (IL-
4), respectively. 100 ll/well of capture antibodies specific to cyto-
kine were added into 96-well plate and then incubate at 4 �C for
overnight. The plate was washed 3 times with 200 ll/well PBS-T
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and then blocked with 200 ll/well ELISA/ELISPOT Diluent (1�)
Buffer at room temperature for 1 h. After washing 3 times with
PBS-T, 100 ll/well of BAL fluid or the respective recombinant cyto-
kine standard protein was added to wells and incubate at room
temperature for 2 h. The plate was washed again with PBS-T and
added with 100 ll/well the respective detection antibody to all
wells and incubated at room temperature for 1 h. The plate was
washing again with PBS-T and 100 ll/well of diluted
Streptavidin-HRP was added and incubated at room temperature
for 30 min. The plates were washed forth with PBS-T and added
with TMB substrate to react for 15 min. Reaction was halted with
stop solution and the O.D. measurements were determined at
450 nm.

2.8. Neutralizing assay

One hundred microliters of serially diluted serum (reconsti-
tuted with preimmunized normal mouse serum to equal amounts
of serum) was mixed with 200 TCID50/100 ml of SARS-CoV-2 and
incubated for 2 h at 37 �C. The mixture was then added to
2.4 � 104 Vero cells in a 96-well plate, and each dilution was
repeated four times. Vero cell cultures that had been treated with
the same dose of virus without sera were used as a positive control.
Five days later, the CPE of the cells was visualized by microscopy at
the set point of the diluted-fold sera according to the calculation of
the titer of neutralizing antibody possessed by the sera.

2.9. Enzyme-linked immunoSpot assay (ELISPOT)

RBC-free splenocytes (5 � 105) prepared from individual mice
were seeded into each well of the 96-well filtration plates (Milli-
pore, Cat. S2EM004M99) precoated with 0.5 lg/well of monoclonal
capture antibodies against murine IL-4 (BD, Cat. 551878) or IFN-c
(BD, Cat. 551881), and then subjected to ELISPOT assays [32]. 3-
amine-9-ethylcarbazole (AEC; Sigma-Aldrich, Cat. AEC101-KT)
substrate was added to react for cytokine-specific immunospot
generation. The generated spots were scored using an immunospot
counting reader (Immunospot, Cellular Technology Ltd.). The
obtained number of spots was then subtracted to the number of
spots gained from the respective well without restimulation (med-
ium only). The results are expressed as the number of cytokine-
secreting cells per 5 � 105 splenocytes seeded in the initial well,
and the assay limit is higher than 1 cytokine-secreting cell per
5 � 105 splenocytes.

2.10. Flow cytometry

RBC-free splenocytes (5 � 105) from vaccine-immunized BALB/c
mice were harvested and seeded into the 96-well plate. Spleno-
cytes were co-cultured with or without nCoV recombinant spike
protein (GenScript, Z03481-100) for 24 or 48 h to detect IFN-
c+CD3+CD4+ cells or IL-4+CD3+CD4+ cells, respectively. The stimu-
lated splenocyte were pretreat with brefeldin A (TONBO, Cat.
TNB-4506), phorbol 12-myristate 13-acetate (PMA) (5 ng/ml),
and ionomycine (0.5 lg/ml) for 6 h before cell harvesting. The cells
were stained with Zombie yellow viability kit (1:200, Biolegend,
Cat. 423104) and incubated in the dark for 20 min at RT. Cells were
wash two times with 1 %BSA PBS, and then added Fc block-CD16/
CD32 monoclonal antibody (1:100, ThermoFisher, Cat: 14–0161-
85) and stayed in the dark 15 min at 4℃. Cells were extracellularly
stained with APC anti-mouse CD3 (Elabscience, Cat. E-AB-
F1013UE) and PE-Cyanine5 anti-mouse CD4 (eBioscience, Cat.
15–0042-82). After washing, cells were fixed with 100 ll IC Fixa-
tion Buffer (ThermoFisher, Cat. 00–8222-49) for overnight at
4 �C. After fixation, cell permeabilized with Permeabilization buffer
(ThermoFisher, Cat. 00–8333-56) and then washed two times. Cells
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were intracellularly stained with FITC anti-mouse IFN-c (1:200,
Biolegend, Cat. 505806) and PE anti-mouse IL-4 (1:200, Biolegend,
Cat. 504104) antibody. After washing two times, stained samples
were analyzed by Attune NxT Flow Cytometer (ThermoFisher).

2.11. Statistical analysis

One-way ANOVA test was used to analyze the results from
Figs. 2, 3B, 3C, 3D, 5, 5B, 5C, 6, and 9C. Two-way ANOVA test was
used to analyze the results from Figs. 3A, 5D, and 9B. A nonpara-
metric Mann-Whitney test was used to analyze the results from
Figs. 4, 7, and 8. The results were considered statistically significant
when P < 0.05. The symbols *, **, and *** are used to indicate
P < 0.05, P < 0.01, and P < 0.001, respectively.
3. Results

3.1. Expression of S and SdTM of SARS-CoV-2 in Ad-infected cells

We had constructed an Ad5 genome that carried the full-length
and transmembrane-deleted S genes of the SARS-CoV-2, AdCoV2-S
and AdCoV2-SdTM (Fig. 1A). To detect the expression of spike pro-
tein in Ad-infected cells, the immunoblotting of the culture med-
ium and lysates with anti-S antibody was performed. The bands
located at �185 kDa and �182 kDa corresponded to S- and
SdTM-expressed proteins, respectively, and some degraded S pro-
teins were detected in the cytosolic fraction of the lysates. An addi-
tional band located at �130 kDa which could be a cleavaged form
of STM observed in AdCoV2-SdTM-expressed protein (Fig. 1B and
supplementary Fig. 1A). S and SdTM were also detected in the
membrane fraction of the lysate (Fig. 1C and supplementary
Fig. 1B). However, only SdTM was detected in the Ad-infected cul-
ture medium (Fig. 1D and supplementary Fig. 1C). No signals were
detected in any of the Ad-LacZ-infected samples (Fig. 1B, C, D). b-
actin, ATP1A1, and mouse IgG heavy chain (supplementary
Fig. 1A, 1B, and 1C, respectively) were detected independently as
sample controls. These results indicated that either intact S or
SdTM could be expressed in the respective Ad vector-infected cells.
In addition, the membrane-deleted S that formed as a secretory
protein was expected.

3.2. Induction of SARS-CoV-2-specific antibody responses by AdCoV2
vaccines

To investigate the immunogenicity of AdCoV2-S and AdCoV2-
SdTM via systemic or mucosal administration, we immunized i.n.
or s.c. BALB/c mice with 1 � 107 pfu of AdCoV2s on days 1 and
14. The sera were serially collected at 2 weeks and 1, 2, and
3 months after the second immunization. The anti-SARS-CoV-2
IgG response and the binding titer in the sera were analyzed. The
specific IgG antibody was significantly detected as early as 2 weeks
(titer = 12,800–25,600; Fig. 2A) and increased at one month
(titer = 204,800; Fig. 2B), reaching its peak at the 2nd month (titer
= >409,600; Fig. 2C) and then maintaining the antibody level at the
3rd month (titer = 409,600; Fig. 2D) in AdCoV2-S-immunized i.n.
serum. The antibody titers were 3200, 25,600, 102,400, and
25,600 at 2 weeks and 1, 2, and 3 months, respectively, in the
AdCoV2-SdTM-immunized i.n. serum. Antibody titers of 6400,
25,600, 51,200, and 25,600 were detected in the AdCoV2-S-
immunized s.c. serum at 2 weeks and 1, 2, and 3 months, respec-
tively. No anti-SARS-CoV-2 IgG was detected at any of the time
points in the Ad-LacZ-immunized serum (Fig. 2). In parallel,
SARS-CoV-2-specific IgA was observed in the mucosal site of the
vaginal wash (vw), which was collected from the mice immunized
i.n. with AdCoV2-S at 2 weeks and 1 month after the second immu-



Fig. 1. Construction and analysis of SARS-CoV-2 spike expression in AdCoV2 vaccines AdCoV2-S and AdCoV2-SdTM were constructed as described in the Materials and
Methods, and their brief genetic maps are shown (A). Uninfected 293 cells (mock) and cells infected individually with Ad-LacZ, AdCoV2-S, and AdCoV2-SdTM at an MOI of 0.1
for 24 h were used. Parts of the culture medium (D) and the lysate were harvested. Lysates were extracted to obtain cytosolic (B) and membrane (C) fractions as described in
the Materials and Methods. The prepared samples (B, C, and D) were mobilized in SDS-PAGE electrophoresis and antigenically transferred onto the western blot membrane,
then blotted with S-specific antibodies, (B and C) Mab5 or (D) COVID-19, 2019-nCoV. The target proteins marked by arrow were shown. Specific antibodies against b-actin,
ATP1A1, and mouse IgG heavy chain were used as sample controls for the immunoblots of the cytosolic fraction, membrane fraction, and culture medium, respectively. The
data are representative of the results derived from two independent experiments.

Fig. 2. Induction of SARS-CoV-2-specific IgG by AdCoV2 vaccines. Five mice per group of BALB/c were immunized with 1� 107 pfu Ad-LacZ, AdCoV2-S, or AdCoV2-SdTM via
i.n. or AdCoV2-S via s.c., five mice per group at 14-day intervals. The varying dilutions of sera collected at 14 days (A) or 1 (B), 2 (C), or 3 (D) months post boost were analyzed
using IgG anti-recombinant intact S protein-immobilized ELISA. Anti-mouse IgG conjugated with HRP was used as the detection antibody. The titer of specific antibody in the
serum was calculated as a fold dilution of the tested sera, whose detected value at OD450 nm of absorbance > 3 times the value at OD450 nm of absorbance obtained from the
medium alone.
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nization, compared to the lower level of SARS-CoV-2-specific IgA
found in the vw obtained from the AdCoV2-SdTM-immunized i.n.
mice. The vw from AdCoV2-S s.c. or Ad-LacZ i.n.-immunized mice
did not have SARS-CoV-2-specific IgA (Fig. 3A). We also detected
SARS-CoV-2-specific IgA in BALF at 6 days after the second immu-
nization. Similarly, IgA was detected in the BALF from AdCoV2-S i.
578
n. and AdCoV2-SdTM i.n.-immunized mice, but not found in the
BALF from AdCoV2-S s.c. and Ad-LacZ i.n.-immunized mice. In
which higher level of IgA was found in the AdCoV2 i.n. group, com-
pared to the AdCoV2-SdTM i.n. group (Fig. 3B).

A higher or lower antigen-specific IgG1/IgG2a ratio in immu-
nized sera that represented an immune response biased to Th2-



Fig. 3. Induction of the anti-SARS-CoV-2 IgA and IgG subclass by AdCoV2 vaccines. Sera and vw from BALB/c immunized twice with 1 � 107 pfu Ad-LacZ, AdCoV2-S, or
AdCoV2-SdTM via i.n. or AdCoV2-S via s.c. at 14-day intervals were set to detect the subclass of specific Ig. (A) vw was collected at 14 days or 1 month and (B) BALF was
collected at 6 days after the second immunization. 1/10 or 1/40-diluted individual vw and BALF were then subjected to recombinant intact S protein-immobilized ELISA for
IgA detection. For SARS-CoV-2-specific (C) IgG1 IgG2a detection, diluted immune sera were examined using recombinant intact S protein-immobilized ELISA. Anti-mouse
IgG1 or IgG2a conjugated with HRP was used as the detected antibody. (D) The ratio of IgG1/IgG2a based on the titer obtained from (B) was calculated. The results from 2
independent experiments were combined and presented. Eleven mice per group were included.

Fig. 4. Induction of neutralizing antibody against SARS-CoV-2 by AdCoV2 vaccines. BALB/c mice were immunized with 1 � 107 pfu Ad-LacZ (N = 4), AdCoV2-S (N = 5), or
AdCoV2-SdTM (N = 5) via i.n. or AdCoV2-S (N = 5) via s.c. at 14-day intervals. Sera collected from AdCoV vaccine-immunized BALB/c mice at 14 days (A), 1 month (B), and
3 months (C) post-immunization were applied to the neutralizing assay which was described in the Materials and Methods. N represents as numbers of mice per group. The
experimental protocol was followed for the regulation of the RG-3 level during laboratory operation.
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mediated humoral or Th1-mediated cellular immunity, respec-
tively, was reported [33]. SARS-CoV-2-specific IgG1 and IgG2a
from all the AdCoV-2 vaccine sera were detected, in which the
high to low sequence of IgG1 were AdCoV-2-S i.n. > AdCoV2-S
s.c. � AdCoV2-SdTM-S i.n., but IgG2a levels were AdCoV-2-S i.n.
> AdCoV2-SdTM-S i.n. > AdCoV2-S s.c. (Fig. 3B). A higher IgG1
titer than that of IgG2a was significantly induced in the i.n.
groups administered AdCoV2-S, but a similar amounts of IgG1
and IgG2a was observed in the AdCoV2-S s.c., and AdCoV2-
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SdTM-S i.n. (Fig. 3B). Therefore, the IgG1/IgG2a ratio from individ-
ual samples was calculated, and we found that AdCoV2-S i.n.
induced a higher ratio score (2.1log2) than AdCoV2-S s.c.
(0.55log2). The lowest ratio score (-0.55log2) was found in
AdCoV2-SdTM i.n. (Fig. 3C). This finding reveals that different
immunization routes might affect the immune reaction, whereas
AdCoV2-S i.n. immunization favors the Th2-mediated antibody
response, in contrast to Th1 response, which are favored by
AdCoV2-S s.c. immunization.



Fig. 5. Induction of SARS-CoV-2-specific cellular immunity by AdCoV2 vaccines. Five mice per group of BALB/c were individually primed and boosted at 14-day intervals
though i.n. or s.c. routes with 1 � 107 pfu of AdCoV2 or Ad-LacZ. Ad-immunized mice were sacrificed 3 months after the vaccine boost, and splenocytes were collected and
cultured in the presence or absence of 10 mg/mL S protein or 10 mg/ml Con A. A total of 5 x105 splenocytes were seeded on (A) anti-IFN-ɣ or (B) anti-IL-4 capture antibody-
coated ELISPOT plates for 24 or 48 h, respectively, for the ELISPOT assay. Cytokine-positive spots were developed, and the obtained number of spots from S-stimulated
lymphocytes was then subtracted to the number of spots gained from the respective well with medium only. The results are expressed as the number of spots for each mice in
the experimental group. (C) The ratio of IFN-c-positive spot numbers/IL-4-positive spot numbers was calculated and shown. Two independent experiments were performed
and one of the representative data was shown. In parallel, the results regarding the percentage of (D) IFN-c+ or (E) IL-4+ populations in CD3+CD4+ splenocytes with or without
S protein restimulation were shown. The method was described in the section of Materials and Methods. Briefly, S-stimulated splenocytes were double stained with anti-CD3
and anti-CD4 antibodies conjugated with APC and PE-Cyanine5- dye, respectively. After fixation and permeabilization, splenocytes were stained with (D) FITC-conjugated
IFN-c-specific antibody or (E) PE-conjugated IL-4-specific antibody. The 3-colouried splenocytes were individually analyzed by flow cytometry.
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3.3. Neutralizing antibody against SARS-CoV-2 induced by AdCoV2
immunization

We further examined the SARS-CoV-2-specific neutralizing
antibody induced by AdCoV2 immunization. Sera collected from
AdCoV2-immunized i.n. or s.c. BALB/c mice at 2 weeks and 1 and
3 months after the second immunization were subjected to the
SARS-CoV-2 neutralizing assay based on TCID50, which was
described in the Materials and Methods. The neutralizing antibody
was detected as early as 2 weeks later in serum from the AdCoV2-S
and AdCoV2-SdTM groups, in which the titer of anti-SARS-CoV-2
antibody was approximately 192, 24, 120, and 0 (the limitation
of TCID50 assay = 20) in the serum from the AdCoV2-S i.n.,
AdCoV2-SdTM i.n., AdCoV2-S s.c., and vector control Ad-LacZ i.n.
groups, respectively (Fig. 4A). After that, the neutralizing antibody
was increased and the titers were approximately 576, 56, 144, and
0 in the 1-month serum from the AdCoV2-S i.n., AdCoV2-SdTM i.n.,
AdCoV2-S s.c., and Ad-LacZ i.n. groups, respectively (Fig. 4B). The
titers were steadily increased to approximately 1088, 64, 144,
and 0 in the 3-month serum from the AdCoV2-S i.n., AdCoV2-
SdTM i.n., AdCoV2-S s.c., and Ad-LacZ i.n. groups, respectively
(Fig. 4C). These results indicated that neutralizing antibodies
against SARS-CoV-2 could be effectively induced and reached a
peak at 3 months post vaccination with AdCoVs. The increase in
protective antibodies elicits a long-term pattern in AdCoV2-
immunized subjects. This finding is consistent with the SARS-
CoV-2 binding activity results showing that AdCoV2-S possesses
stronger immunogenicity than AdCoV-2-SdTM in inducing the
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anti-SARS-CoV-2 antibody response. In addition, the i.n. route is
better than the s.c. route for AdCoV2 immunization.
3.4. Induction of Th1/Th2-mediated cellular immunity by the AdCoV2
vaccine

Cellular immunity is important for providing protective efficacy
during the development of SARS-CoV-2 vaccines [34]. To examine
which type of cellular immunity was induced by AdCoV2 vaccines,
splenocytes were isolated from the Ad-immunized spleen at
3 months after the boost, followed by in vitro restimulation with
medium only or recombinant S from SARS-CoV-2, and then
assayed for cytokines by ELISPOT. S-stimulated lymphocytes from
Ad-LacZ i.n.-immunized mice produced background IFN-c levels.
By contrast, the highest IFN-c levels were detected in S-
stimulated lymphocyte cultures from AdCoV2-S s.c.-immunized
mice and moderate levels in AdCoV2-SdTM i.n. and the lowest
levels in AdCoV2-S i.n.–immunized mice (Fig. 5A). Within the
panel of Th2 cytokines that were assayed, IL-4 was most highly
secreted by lymphocytes from AdCoV2-S s.c.-immunized mice
compared to moderate levels in AdCoV2-S i.n.- and the following
AdCoV2-SdTM i.n.-immunized mice (Fig. 5B). The IL-4/IFN-c ratio
was also calculated, and the mean of ratio score obtained from
AdCoV2-S i.n. group was 0.80. It was higher than that of the
AdCoV2-S s.c group (0.17) and AdCoV2-SdTM i.n. group (0.11)
(Fig. 5C). Furthermore, CD3+CD4+ T cells were isolated from S-
stimulated or unstimulated lympnocytes. The IFN-c+ and IL-4+

populations within the isolated lymphocytes were intracellularly



Fig. 6. Detection of proinflammatory cytokines in the AdCoV2-immunized BALF BALF from individual mice immunized twice via i.n. route with Ad-LacZ, AdCoV2-S, or
AdCoV2-SdTM, or s.c. route with AdCoV2-S, five mice per group, were quantitated for their contents of (A) IFN-c and (B) IL-1, IL-2 and IL-4, using the reagents and protocols
that were described in the Material and Methods. Results are presented as the concentration of the cytokine in pg per mL.
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stained with the respective antibody conjugated with fluorescence
dye and then analyzed by flow cytometry. The populations IFN-
c+CD3+CD4+ T cells were significantly increased in AdCoV2-S s.c.-
immunized mice, compared to non-significant change of IFN-
c+CD3+CD4+ T cells in AdCoV2-S i.n. and AdCoV2-SdTM i.n.-
immunized mice after S antigen stimulation. (Fig. 5D). Consis-
tently, the higher populations of IL-4+CD3+CD4+ T cells were
detected in AdCoV2-S i.n.-immunized mice and AdCoV2-S s.c.-
immunized mice as well (Fig. 5E). Both of IFN-c+ CD3+CD4+ and
IL-4+ CD3+CD4+ T cell populations were shown no any change in
Ad-LacZ i.n.-immunized mice after S antigen stimulation (Fig. 5D
and 5E). It thereby indicate that AdCoV2-S i.n. group elicited Th2
activation biasedly, in contrast to both of AdCoV2-S s.c. and
AdCoV2-SdTM i.n. that skewed cellular response to Th1.

To further examine the secretion of proinflammatory cytokines
in the lung by AdCoV2 vaccine immunization, DMEM medium
(Mock) or AdCoV2-immunized mice were sacrificed, and individual
BALFs were prepared on 1 week after the two-dose immunization
for detecting the secretion of proinflammatory cytokines. IFN-c
was significantly induced in the BALF from AdCoV2-S in. and Ad-
CoV2-SdTM i.n.-immunized groups but was not induced in the
BALF from AdCoV2-S s.c. or Ad-LacZ i.n.. It indicates that i.n. deliv-
ery of AdCoV2 vaccine can induce Th1-biased responses in the
lungs (Fig. 6A). IL-1, IL-2, and IL-4 (Fig. 6B) were measured and
all of them were not induced after Ad vaccines immunization.
The amounts of these cytokines were detected as background level
as Mock group, suggesting that s.c. and i.n. of AdCoV2 vaccine did
not induce the proinflammatory cytokines except IFN-c in the res-
piratory tract.

3.5. Potency of AdCoV2 vaccine in protection against SARS-CoV-2
infection

A previous study showed that hamsters were an animal model
for SARS-CoV and SARS-CoV-2 [35]. Therefore, we assessed the
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protective effect of AdCoV2 vaccines against SARS-CoV-2 in this
animal model. Because of the limitation for SARS-CoV2 resources
and ABSL-3 operation capacity, we performed only the protection
1-month post-infection study. Administration of AdCoV2-S or
AdCoV2-SdTM via the i.n. route (Exp. 1) or AdCoV2-S i.n. vs.
AdCoV2-S s.c. (Exp. 2) in hamsters following a challenge with live
SARS-CoV-2 was performed paralleled. The animals were then sac-
rificed, and the pulmonary viral loads and lung tissue sections and
histochemical staining were examined at days 3 and 6 post-viral
challenge. On day 3 post-challenge, there was significant inhibition
(104–103-fold reduction) of SARS-CoV-2 in the lungs of hamsters
that were immunized with AdCoV2-S i.n. or AdCoV2-SdTM i.n. in
comparison to Ad-LacZ-vaccinated tissues that contained high
amounts of SARS-CoV-2 (Exp. 1, Fig. 7A). Compared to the most
inhibition (107 � 104-fold reduction) inducted by AdCoV2-S i.n.,
mild inhibition (103–101-fold reduction) was observed in
AdCoV2-S s.c. immunization (Exp. 2, Fig. 7A). On day 6 post-
challenge, no (lower than the detection limit) SARS-CoV-2 was
detected in AdCoV2-S i.n.- and AdCoV2-SdTM i.n.-immunized
lungs compared to some virus (103 TCID50/mL) that was detected
in Ad-LacZ-immunized lungs (Exp. 1, Fig. 7B). Similarly, very few
SARS-CoV-2 were detected in the group of AdCoV2-S i.n. or
AdCoV2-S s.c., respectively, compared to virus (105 TCID50/mL)
detected in Ad-LacZ-immunized lungs (Exp. 2, Fig. 7B). Addition-
ally, Ad-LacZ was not able to prevent SARS-CoV-2-induced weight
loss, while AdCoV2-S i.n. and AdCoV2-SdTM i.n. could prevent
weight loss in hamster (Exp. 1, Fig. 7C). Compared to AdCoV2-S i.
n., AdCoV2-S s.c. also showed some activity in preventing weight
loss, even though no significant difference was observed (Exp. 2,
Fig. 7C).

To evaluate the inhibition of SARS-CoV-2-induced lung inflam-
mation and the safety of AdCoV2 vaccine administration in animals
upon viral infection, we examined the lung pathogenesis of ham-
sters immunized with AdCoV2-S i.n. vs. AdCoV2-SdTM i.n. (Exp.1)
or AdCoV2-S i.n. vs. AdCoV2-S s.c. (Exp. 2) followed by SARS-



Fig. 7. AdCoV2 vaccines protect animals from SARS-CoV-2 infection. Four hamsters per group were preimmunized twice i.n. with 3 � 107 pfu Ad-LacZ i.n., AdCoV2-S i.n.,
AdCoV2-S s.c., or AdCoV2-SdTM i.n. over a 14-day interval and then infected i.n. with 1 � 105 pfu of live SARS-CoV-2 1 month after the second vaccine shot. (A) On days 3 and
(B) 6 post-infection, the hamsters were sacrificed and the lung tissues were homogenized for the TCID50 assay. The lowest limitation of detection for TCID50 assay was 1 � 101

TCID50/mL. (C) The body weight of AdCoV2-immunized hamsters followed by SARS-CoV-2 challenge was recorded. The results from 2 independent experiments (Exp. 1 and 2)
were presented separately. When Ad-LacZ i.n. compares with AdCoV2-S i.n., the symbols * are used to indicate P < 0.05. When Ad-LacZ i.n. compares with AdCoV2-SdTM i.n.
and AdCoV2-S s.c., the symbols # are used to indicate P < 0.05.
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CoV-2 infection. H/E-stained lung tissues from Ad-LacZ-
immunized hamsters showed severe inflammation associated with
lymphocyte infiltration among the alveoli, as expected (Exp. 1 and
2, Fig. 8A). Mild inflammation was found in AdCoV-S i.n.-
immunized tissues and mild to moderate inflammation was
observed in AdCoV-SdTM i.n.-immunized tissues (Exp. 1, Fig. 8A).
Compared to AdCoV-S i.n., even very mild inflammation was found
in AdCoV-S s.c.-immunized lung sections (Exp. 2, Fig. 8A). We
scored the degree of inflammation in the lungs of each visualized
section. The sections from Ad-LacZ i.n.-immunized mice exhibited
the highest score (average = 3.75 and 2.75 in exp. 1 and exp. 2,
Fig. 8B, respectively) for inflammation in the lung sections. By con-
trast, the lowest inflammation score (average = 0.875) was
observed in AdCoV-S s.c.-immunized tissues (exp. 2, Fig. 8B). The
similar degree of inflammation (average = 0.5 and 1.375 in exp. 1
and exp. 2, respectively, Fig. 8B) was observed in AdCoV-S i.n.-
immunized tissues. A medium inflammation score (average = 3)
was found in AdCoV-SdTM-immunized tissues (Exp. 1, Fig. 8B).
These pathologic results was consistent to the protection study
showing that AdCoV2-S was better than AdCoV2-SdTM at the
reduction of viral amounts in the lungs. Additionally, AdCoV2-S
was better than AdCoV2-SdTM at inhibiting SARS-CoV-2-induced
lung inflammation and was safe during the immunization in
animals.
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3.6. The effect of pre-existing anti-Ad antibody in the induction of anti-
S humoral responses by AdCoV2 vaccine

To investigator whether the pre-existing anti-Ad antibody could
influence the immunogenicity of AdCoV2 vaccine in the induction
of anti-S antibody response or not, we performed the intramuscu-
lar (i.m.) injection of 1.5 � 108 pfu of AdLacZ (PEI) to induce pre-
existing anti-Ad antibody, and following priming/boosting
(3 � 107 pfu per dose, 2-week interval) of AdCoV2-S i.n. or s.c. in
hamster (Fig. 9A). The raising anti-Ad antibody were found
(titer = �10log2) in PEI-injected mice at day 20 before Ad vaccine
immunization. However, similar anti-Ad antibody level (�10log2)
was detected in PEI + AdCoV2-S i.n. and PEI + AdCoV2-S s.c. groups
at day 65 after two-dose of AdCoV2-S immunization. A lower level
of anti-Ad antibody (�7.5log2) was observed in AdCoV2-S i.n. and
AdCoV2-S s.c. groups without PEI-injection (Fig. 9B). Interestingly,
the anti-S antibody from PEI + AdCoV2-S i.n. or PEI + AdCoV2-S s.c
(5log10, or 3log10, respectively) were all significantly induced and
no any harm by pre-existing high level of serum anti-Ad antibody,
compared to the similar titer of anti-S antibody detected in
AdCoV2-S i.n. or AdCoV2-S s.c.-immunized groups without PEI pre-
treatment (5log10, or 3log10, respectively, supplementary Fig. 9C).
In summary, mucosal delivery of the AdCoV2 vaccine has advan-
tages of expressing full protection against SARS-CoV-2.



Fig. 8. Inhibition of lung inflammation induced in SARS-CoV-2-challenged hamsters by AdCoV2 vaccines. Sections of lung tissues collected from AdCoV vaccine-
immunized hamsters on day 6 post-infection as described in the legend of Fig. 7 were stained with H/E dye. (A) A representation of the pictures of H/E-stained lung sections
from each hamster is shown and the score of disease as judge by the criteria as described in the Materials and Methods is marked. (B) The severity of the histopathology in
each section is graded and shown based upon the score. The results from 2 independent experiments (Exp. 1 and 2) were presented separately.

Fig. 9. Induction of pre-existing anti-Ad antibody following immunization of AdCoV2 vaccine in hamster. Hamster were pre-injected i.m. with 1.5 � 108 pfu of AdLacZ
(PEI) at day 0 and then primed/boosted (3 � 107 pfu per dose, 2-week interval) with AdCoV2-S i.n. or s.c. at day 21 and day 35 after 3 weeks of PEI injection(A). Another group
of hamster immunized with AdCoV2-S i.n. or s.c. without pre-treatment of PEI was included. The serum at day 20 before AdCoV2-S injection and at day 65 (post 1 month of
AdCoV2-S immunization) were taken for subsequent (B) anti-Ad and (C) anti-S antibodies detection by ELISA that was described under the methods.
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4. Discussion

Antibody-dependent enhancement (ADE) has been observed in
coronaviruses, including SARS, MERS [36], and other human respi-
ratory virus infections, such as RSV [37] and measles [38,39]. SARS-
CoV prototype vaccines that induce a Th2-type immune response
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have a risk of ADE in animal models [40,41]. Thus, there is a sug-
gested risk of ADE in SARS-CoV-2 vaccines and antibody-based
interventions that should receive attention [36]. Recombinant
replication-incompetent adenoviruses have an acceptable safety
profile in humans and are able to induce neutralizing antibodies,
CD4 and CD8 T cell responses and a Th1-biased immune response
in animals and humans [42–45]. Recently, a study showed that
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express wild-type or modified S protein by Ad5 via neither s.c. nor
i.n. immunization was able to detect the IL-4+ T cell response[46].
However, our studies showed that AdCoV2s elicited strong anti-
body response (e.g., AdCoV2-S; Fig. 2) and activated the Th1 and
Th2-comparable cellular immunity (e.g., splenic IFN-c and Il-4
release and the populations IFN-c+Th and IL-4+Th cells, respec-
tively, shown in Fig. 5, and IgG2a and IgG1 induction, respectively,
shown in Fig. 3) in response to AdCoV2-S and AdCoV2-SdTM.
Moreover, we found that AdCoV2-S i.n. induced a better antibody
response than s.c., but AdCoV2-S s.c. induced a better cellular
immune response than i.n.. This result is consistent to the previous
study which showed that Ad5-SARS-CoV2 i.m. is better than i.n. in
cellular immune response in rhesus macaques [47]. Other studies
showed that immunization of Ad5 expressing S1 or RBD domain
(Ad-S1 or Ad-RBD, respectively) via i.n. also induced a good immu-
nity against SARS-CoV2 in animal models[48,49]. Meanwhile, Ad-
S1 or Ad-RBD s.c. induced a stronger cellular immunity[48]. Thus,
what the mechanism of other subsets of Th (such as Tfh and
Th17) activation involved in AdCoV2 vaccines immunization via
different route that influence the differential immune response
and long-term memory will be investigated in the future.

AdCoV2-SdTM induced a weaker neutralizing antibody
response than AdCoV2-S (Fig. 4). Is it possible that the souble S
(SdTM) which even elicited a stronger expression in cell culture
(Fig. 2) is presented in the Ad-immunized serum and vw that
might reduce the anti-S IgG and IgA titer? Indeed, we examined
the presence of S antigen in Ad-immunized mouse serum and vw
after 2 week of the second immunization by western blot. The
results showed that S antigens were detected in neither AdCoV2-
immunzed serum nor vw samples (Supplementary Fig. 2A and B,
respectively). Another explanation that the intact S protein
expressed by AdCoV2-S-infected cells might highly mimic the pre-
fusion form of S protein on the viral particle that could activate an
adequate host antibody to recognize and neutralize the natural
virus. In other words, the structure could be changed after the
deletion of the membrane domain from the S protein, which might
induce inadequate antibodies and subsequently affect binding and
neutralizing to the virus (Figs. 2 and 4, respectively). Mucosal
administration (i.n.) of Ad-based vaccines is more immunogenic
than systemic administration (s.c.) in the induction of antibody
response, especially for respiratory infections. In fact, mucosal
delivery of AdCoV2-S induced the dominant IgG and IgA (Figs. 2
and 3. Respectively), compared to the systemic administration of
AdCoV2-S which induced IgG only. Clinical study reveals that IgA
is dominated than IgG and IgM in the serum, saliva, and BALF of
SARS-CoV2-infected patients. IgA peaks at 3 weeks after symptom
onset but persists for several more weeks in saliva. Also, IgA is
more potent than IgG in neutralizing SARS-CoV2 [50]. An Ad5-
encoded influenza A/PR/8/34 hemagglutinin (HA) with an i.n. or
epicutaneous injection route in humans was found to be safe and
immunogenic for inducing the anti-HA antibodies. The intranasal
vaccine of Ad-PR.8.HA was more potent than when administered
epicutaneously [51]. However, the third event in this study reveals
that AdCoV2-S administration via the i.n. or s.c. route, or AdCoV2-
SdTM via the i.n. route, all showed sufficient efficacy in preventing
SARS-CoV-2 infection, as evidenced by the effect on hamsters that
were immunized following challenge with SARS-CoV-2 (Fig. 7).

Several pre-clinical studies have shown that mucosal but not
systemic immunization with an Ad vaccine induced long-term
immunity against pathogens, such as the Ad vector-expressing gly-
coprotein B of herpes simplex virus type 2 (HSV-2) against HSV-2
[52]. Long-lasting anti-respiratory syncytia virus (RSV) immunity
was induced by a nasal Ad vector expressing the fusion protein
Ad-RSV-F [53]. Our results also confirmed that the neutralizing
antibody against SARS-CoV-2 induced by i.n. delivery of AdCoV2-
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S was even continuingly increased up to highest titer after three
months of the second booster (Fig. 4).

Pre-existing anti-Ad host immunity is always an issue to track
when assessing the efficacy of Ad-based vaccines. A high titer of
anti-influenza HI antibody was induced in subjects who had a high
pre-existing antibody titer to Ad by Ad-PR.8 HA vaccine immuniza-
tion. This finding indicated that the Ad-PR.8. HA vaccine showed no
correlation with pre-existing neutralizing antibodies to Ad and the
potency of Ad vaccines in a human trial [51]. The high amount of
serum pre-existing Ad antibody partially diminished both the
SARS-CoV2-specific antibody response and CD4+ T cells and CD8+

T cells responses induced by intramuscular injection of Ad5 vec-
tored COVID-19 vaccine in phase I clinical study [54]. Nasal injec-
tion of an Ad5-expressing Ebola Zaire glycoprotein (Ad5-ZGP),
which bypassed the influence of the pre-existing anti-Ad antibody,
fully protected mice from a lethal challenge with Ebola [25]. The
anti-Ad antibody did not influence either anti-RSV antibody induc-
tion by Ad-RSV-F via i.n. immunization or the induction of protec-
tion against RSV challenge in mice [6]. Indeed, pre-existing anti-Ad
antibody did not influence the S-specific antibody responses which
induced by AdCoV2 vaccine via i.n. or s.c. immunization (Fig. 9).
Thus, the regiment for multiple injections of different Ad vaccines
could be achieved to control SAS-CoV-2 variants or other infections
in the future.

There were clinical observations of COVID-19 patients who had
severe inflammatory responses in the lungs corresponding to viral
burdens in the pulmonary epithelial cells and resulting in respira-
tory failure [55]. This finding also correlated with our result that
pulmonary inflammation was recapitulated by Ad-LacZ immuniza-
tion following a challenge with SARS-CoV-2 in animals. No or very
mild inflammation in the lungs of mice that received AdCoV2-S
was observed (Fig. 8). This consequence is corresponding to the
Th1 cytokine and no proinflammatroy cytokine secretions except
IFN-c in the lungs of mice which received AdCoV2-S i.n. (Fig. 6).

Collectively, this evidence indicates that the protective
immunogenicity of AdCoV2 is potent against SARS-CoV-2 infec-
tions. AdCoV2 administered through different routes of injection
might induce different immune characteristics; mucosal vs. sys-
temic immune responses, all showed that they can induce protec-
tive immune responses against SARS-CoV-2, while mucosal
delivery of vaccine elicits the prevention of virus-induced lung
inflammation and no vaccine-enhanced disease effects and
prompts us to conduct further human trials.
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