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Because of continual generation of new variants of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), it is critical
to design the next generation of vaccines to combat the threat
posed by SARS-CoV-2 variants. We developed human adeno-
virus (HAd) vector-based vaccines (HAd-Spike/C5 and HAd-
Spike) that express the whole Spike (S) protein of SARS-CoV-2
with or without autophagy-inducing peptide C5 (AIP-C5),
respectively. Mice or golden Syrian hamsters immunized intra-
nasally (i.n.) with HAd-Spike/C5 induced similar levels of
S-specific humoral immune responses and significantly higher
levels of S-specific cell-mediated immune (CMI) responses
comparedwithHAd-Spike vaccinated groups. These results indi-
cated that inclusion of AIP-C5 induced enhanced S-specific CMI
responses and similar levels of virus-neutralizing titers against
SARS-CoV-2 variants. To investigate the protection efficacy,
golden Syrian hamsters immunized i.n. either with HAd-Spike/
C5 or HAd-Spike were challenged with SARS-CoV-2. The lungs
and nasal turbinates were collected 3, 5, 7, and 14 days post chal-
lenge. Significant reductions in morbidity, virus titers, and lung
histopathological scores were observed in immunized groups
compared with the mock- or empty vector-inoculated groups.
Overall, slightly better protection was seen in the HAd-Spike/
C5 group compared with the HAd-Spike group.

INTRODUCTION
A novel coronavirus (CoV), severe acute respiratory syndrome CoV 2
(SARS-CoV-2), emerged in Wuhan, China, causing the CoV disease
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2019 (COVID-19) pandemic.1 So far, the ongoing pandemic has in-
fected more than 690 million people, with over 6.8 million deaths
worldwide.2 Several COVID-19 vaccines have been tested in preclinical
and clinical settings.3,4 Notably, COVID-19 vaccines based onmRNA,5

DNA,6 inactivated virus,7 subunits,8 and adenovirus (Ad) vectors9 are
currently being used in humans globally. All of these vaccines are based
on the Spike (S) glycoprotein, an excellent target for virus-neutralizing
antibodies. The S glycoprotein (�180 kDa) of SARS-CoV-2 is cleaved
by a furin protease into N-terminal S1 andC-terminal S2 subunits.10–12

The S1 subunit contains the receptor-bindingdomain (RBD), a primary
target for neutralizing antibodies,whereas the S2 subunit inducesmem-
brane fusion. TheRBDon the S1 subunit interactswith the angiotensin-
converting enzyme 2 (ACE2) receptor on the host cell membrane for
virus internalization.13–17 The identification of neutralizing antibody18
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and CD4 and CD8 T cell responses in recovered patients18 suggests the
importance of the S1 subunit as the primary target for developing an
effective vaccine.

Various countries are undergoing a fourth or fifth wave of the CoV
pandemic because of the emergence of SARS-CoV-2 variants.
These variants are classified as Alpha, Beta, Gamma, Delta,
Epsilon, Eta, Iota, Kappa, Mu, and Zeta and variants of concern,
like Omicron and its descendant lineages.19,20 The Omicron vari-
ants are of significant concern globally because of their transmis-
sibility and less effective treatment with the current monoclonal
antibody therapies.21 Currently used vaccines also elicit markedly
lower neutralizing antibody titers against Omicron variants than
other variants.22

Over 100 COVID-19 vaccines have been developed,4 and several are
in clinical trials in different countries. The extensive use of mRNA-
based or Ad vector-based COVID-19 vaccines suggests that the
next generation of CoV vaccines will be vital for successfully targeting
the virus variants.23

We identified the 22-amino-acid residue autophagy-inducing peptide
C5 (AIP-C5) of Mycobacterium tuberculosis (Mtb) that boosts T cell
immune responses to an Mtb 85B epitope24 or nucleoprotein (NP)
of influenza virus.25 In this study, we explored the usefulness of
AIP-C5 with the S protein of SARS-CoV-2, augmenting S-specific
cell-mediated immune (CMI) responses and providing better protec-
tive efficacy against SARS-CoV-2. Mice or golden Syrian hamsters
immunized intranasally (i.n.) with the human adenovirus (HAd) vec-
tor expressing SARS-CoV-2 S with AIP-C5 (HAd-Spike/C5) resulted
in similar levels of humoral but significantly higher levels of CMI re-
sponses compared with the animal groups vaccinated i.n. with the
HAd vector expressing only the S protein (HAd-Spike). Golden Syr-
ian hamsters immunized i.n. once with HAd-Spike/C5 had superior
protection following challenge with SARS-CoV-2 compared with
the group vaccinated with HAd-Spike, as evidenced by reduced viral
titers in the nasal turbinate and lungs and lower histopathology
scores. The results suggest the importance of AIP-C5 in inducing
improved CMI responses against SARS-CoV-2 S.

RESULTS
Development of Ad vectors expressing Spike or Spike/C5

The HAd-Spike and HAd-Spike/C5 vectors carrying the S gene of
the Wuhan strain of SARS-CoV-2 (accession number MN908947)
without or with AIP-C5 were developed (Figure 1A). The vectors’
initial characterization was done by restriction analysis of the
genome and sequencing the region containing the gene cassette.
Subsequently, the expression of S or S/C5 in vector-infected cell
extracts was examined by immunoblot assay using an S-specific
mouse monoclonal antibody (GeneTex, GTX632604). Similarly
prepared mock- or HAd-DE1E3 (empty vector)-infected cell ex-
tracts were used as negative controls. Bands of �80 kDa are for
S2 or S2/C5 subunits, and �150-kDa bands are for S or S/C5 pro-
teins, confirming expresssion of S or S/C5 in HAd-Spike-infected
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or HAd-Spike/C5-infected cell extract (Figure 1B). To avoid po-
tential interference with the signal peptide of the S protein,
AIP-C5 was added at the C-terminal end.

Development of humoral and CMI responses in mice immunized

i.n. with HAd-Spike or HAd-Spike/C5

The outlines of one-dose (1D) or two-dose (2D) study designs are
presented (Figure 1C). The BALB/c mouse groups were vaccinated
i.n. once or twice (with a 4-week interval) with 1� phosphate-
buffered saline (PBS) or 1 � 108 plaque-forming units (PFUs) of
HAd-DE1E3 (human Ad type 5 E1- and E3-deleted empty vector),
HAd-Spike, or HAd-Spike/C5. High levels of S-specific immuno-
globulin G (IgG), IgG1, IgG2a, and IgA ELISA titers were detected
in sera of mouse groups vaccinated once with HAd-Spike or HAd-
Spike/C5 (Figures 2A–2D). There were no appreciable increases in
S-specific IgG, IgG1, IgG2a, and IgA ELISA titers in sera of mouse
groups vaccinated twice, either with HAd-Spike or HAd-Spike/C5.
The induction of S-specific antibody responses at the mucosal sur-
face was also monitored. Again, high levels of S-specific IgG, IgG1,
IgG2a, and IgA ELISA titers were detected in lung washes of
mouse groups vaccinated once with HAd-Spike or HAd-Spike/
C5 (Figures 2E–2H). Similarly, there were no appreciable increases
in S-specific IgG, IgG1, IgG2a, and IgA ELISA titers in lung washes
of mouse groups vaccinated twice with HAd-Spike or HAd-Spike/
C5. The control groups inoculated with PBS or HAd-DE1E3 did
not elicit antigen-specific antibody levels above the background
(Figures 2A–2H). The failure to observe a significant boost in an-
tigen-specific antibodies in 2D groups could be due to maximiza-
tion of the induction of S-specific humoral immune responses
following the first dose of the vaccine. The comparative
S-specific IgG2a and IgG1 titers suggest development of Th1-
and Th2-type immune responses. The high levels of IgA anti-
bodies, especially in the lung wash, strongly indicated development
of a mucosa-specific immune response in the HAd-Spike and
HAd-Spike/C5 groups.

Previously, we have elucidated that inclusion of AIP-C5 with a
bacterial antigen significantly enhances antigen-specific T cell re-
sponses.24 To explore whether animals vaccinated with HAd-
Spike/C5 have higher S-specific CMI responses compared with
the group immunized with HAd-Spike, the splenocytes, medias-
tinal lymph node (MLN) cells, and lung mononuclear (MN) cells
were analyzed for antigen-specific T cell response by ELISpot. In
the 1D and 2D groups, there were significantly increased numbers
of S-specific interferon g (IFN-g)-secreting T cells in splenocytes
(Figure 2I), MLN cells (Figure 2J), and lung MN cells (Figure 2K)
in the HAd-Spike/C5 groups compared with the HAd-Spike
groups. The higher levels of S-specific T cell responses were attrib-
uted to AIP-C5. In the 2D vaccine groups, there were higher
numbers of S-specific IFN-g-secreting T cells in splenocytes (Fig-
ure 2I), MLN cells (Figure 2J), and lung MN cells (Figure 2K)
compared with the 1D vaccine groups. The control groups inocu-
lated with PBS or HAd-DE1E3 did not elicit antigen-specific T cell
responses above background levels (Figures 2I–2K).
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Figure 1. Generation of adenovirus vectored vaccines and mouse study design

(A) Diagrammatic representation of the genomic structures of HAd-DE1E3, HAd-Spike, and HAd-Spike/C5. The gene cassettes (SARS-CoV-2 Spike or Spike/C5) were

under control of the cytomegalovirus (CMV) promoter and the bovine growth hormone (BGH) polyadenylation signal. The illustrations are not to scale. DE1, deletion of the E1

region; DE3, deletion of the E3 region; C5, C5-AIP. (B) Immunoblot of 293 cells infected with HAd-Spike or HAd-Spike/C5 to demonstrate expression of Spike or Spike/C5.

Mock- or HAd-DE1E3-infected cell extracts were used as negative controls. Themolecular weight marker is shown on the left. The immunoblotting for b-actin was performed

to confirm an equal amount of protein loading in each well. (C) Outlines of 1D (top panel) and 2D (bottom panel) immunogenicity studies in mice.
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Induction of virus-neutralizing antibodies against SARS-CoV-2

variants inmice immunized i.n. with HAd-Spike or HAd-Spike/C5

Levels of SARS-CoV-2-neutralizing antibodies provide evidence of ex-
pected protection efficacy.26,27 To determine virus neutralization anti-
bodies against hCoV-19/USA-WA1/2020 (Wuhan), hCoV-19/En-
gland/204820464/2020 (B.1.1.7; Alpha), hCoV-19/South Africa/
KRISP-K005325/2020 (lineage B.1.351; Beta), hCoV-19/Brazil P.1
(B.1.1.28; Gamma), hCoV-19/USA/PHC658/2021 (lineage B.1.617.2;
Delta), or hCoV-19/USA/MD-HP20874/2021 (lineageB.1.1.529;Om-
icron), serum samples from immunized mice were used for a virus
neutralization assay. All SARS-CoV-2 variants were obtained from
BEI Resources (Manassas, VA,USA). Because the vaccine vectors con-
tained the S gene of theWuhan strain, mouse groups immunized with
HAd-Spike or HAd-Spike/C5 had mean virus neutralization titers of
�104 against the homologous strain (Figure 3A). Significantly high
levels of virus neutralization titers againstAlpha (Figure 3B), Beta (Fig-
ure 3C), Gamma (Figure 3D), and Delta (Figure 3E) were observed in
the immunized groups; however, these titers were approximately one
log down compared with the virus neutralization titers with the Wu-
han strain. Virus neutralization titers against the Omicron variant
were about two logs down compared with the Wuhan strain (Fig-
ure 3F). There were no significant differences in virus neutralization
196 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
titers in animal groups immunized once (1D) or twice (2D). No signif-
icant differences in virus neutralization titers were observed in the
groups vaccinated with HAd-Spike or HAd-Spike/C5.

Development of humoral and CMI responses in golden Syrian

hamsters immunized i.n. with HAd-Spike or HAd-Spike/C5

Golden Syrian hamsters are an excellent small animal model for
assessing SARS-CoV-2 pathogenesis and evaluating vaccine effi-
cacy.28,29 Because our mouse studies did not demonstrate signifi-
cantly enhanced levels of humoral immune responses in the 2D group
compared with the 1D group, we chose to evaluate the immunoge-
nicity of HAd-Spike or HAd-Spike/C5 in golden Syrian hamsters
only as a 1D regimen. The outlines of immunogenicity and challenge
studies are presented in Figure 4A. The serum samples from hamsters
immunized with HAd-Spike or HAd-Spike/C5 developed similar
S-specific IgG and IgG2/IgG3 titers (Figures 4B and 4C), suggesting
that inclusion of AIP-C5 did not have an impact on humoral immu-
nity. Similar S-specific IgG and IgG2/IgG3 ELISA titers were detected
in lung washes of groups vaccinated with HAd-Spike or HAd-Spike/
C5 (Figures 4D and 4E). The control group inoculated with HAd-
DE1E3 did not elicit antigen-specific antibody levels above the back-
ground (Figures 4B–4E). IgG2 and IgG3 cross react in the hamster
mber 2023



Figure 2. Immunogenicity of HAd-Spike and HAd-Spike/C5 in mice

Six- to eight-week-old BALB/c mice (5 animals/group) were mock inoculated (PBS) or inoculated intranasally (i.n.) once (1D) or twice (2D) with 108 PFUs/animal of HAd-

DE1E3, HAd-Spike, or HAd-Spike/C5. (A–D) Four weeks post immunization, blood samples were used to study the development of Spike-specific IgG (A), IgG1 (B), IgG2a

(C), and IgA (D) antibody responses by ELISA. (E–H) Similarly, lung washes were used for monitoring the development of Spike-specific IgG (E), IgG1 (F), IgG2a (G), and IgA

(H) antibody responses by ELISA. ELISA data are shown as the mean ± standard deviation (SD) of the optical density (OD) readings with log10 diluted samples. (I–K) The

development of a Spike-specific T cell response after vaccination was investigated in splenocytes (I), mediastinal lymph node (MLN) cells (J), and lungMN cells (K) by counting

Spike-specific IFN-g-secreting CD8 T cells by ELISpot. ns, non-significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 1D, one dose; 2D, two doses.
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because they share the H band. They are good indicators of the quality
of immune responses following immunization.30

To investigate whether hamsters vaccinated with HAd-Spike/C5
will have higher levels of S-specific CMI responses compared
with the group immunized with HAd-Spike, splenocytes, periph-
eral blood MN cells (PBMCs), and lung MN cells were analyzed
for antigen-specific T cell responses by ELISpot. There were
significantly high numbers of S-specific IFN-g-secreting T cells
in splenocytes (Figure 4F), PBMCs (Figure 4G), and lung MN cells
(Figure 4H) in the HAd-Spike/C5 group compared with the
HAd-Spike group, indicating a role of AIP-C5 in enhancing
T cell responses. The control groups inoculated similarly with
HAd-DE1E3 did not elicit antigen-specific T cell responses above
the background (Figures 4F–4H).

The serum samples from immunized hamsters were also used for
determining virus neutralization antibodies against hCoV-19/USA-
WA1/2020 (Wuhan). The mean virus-neutralizing titers in the group
vaccinated with HAd-Spike or HAd-Spike/C5 were 506.0 and 506.7,
respectively (Figure 5A), suggesting that AIP-C5 did not enhance
development of a virus-neutralizing antibody response.
Molecular The
Protection efficacy of golden Syrian hamsters immunized with

HAd-Spike or HAd-Spike/C5 following challenge with SARS-

CoV-2

Golden Syrian hamsters immunized with HAd-Spike or HAd-Spike/
C5 were challenged with SARS-CoV-2 (B.1.1.28) 35 days post vacci-
nation to evaluate protective efficacy. Our choice for the challenge vi-
rus was based on the fact that B.1.1.28 was the predominant strain in
Brazil at the time of this study, and we were looking for a different
variant than Wuhan. Morbidity (weight loss) and virus titers in the
nasal turbinate and lungs were used to measure protection efficacy.
Minimum morbidity was observed in the groups immunized with
HAd-Spike (3.8% average weight loss on day 4 post challenge) or
HAd-Spike/C5 (1.3% average weight loss on day 2 post challenge)
compared with the morbidity of the non-infected PBS group (Fig-
ure 5B). In contrast, infected control groups inoculated with PBS or
HAd-DE1E3 showed significantly higher morbidity (nearly 7%–9%
average weight loss on days 6 and 7 post challenge) than the non-in-
fected and the vaccinated groups between day 4 and day 10 after
infection (Figure 5B). The animal groups immunized with HAd-
Spike or HAd-Spike/C5 had significantly lower virus titers in the
lungs (Figures 5C and 5D) and nasal turbinate (Figures 5E and 5F)
compared with the PBS or HAd-DE1E3 group. There were slightly
rapy: Methods & Clinical Development Vol. 30 September 2023 197
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Figure 3. Virus Neutralization (VN) titers against SARS-CoV-2 variants in sera of mice immunized with HAd-Spike or HAd-Spike/C5

Six- to eight-week-old BALB/c mice (5 animals/group were inoculated i.n. with PBS (mock inoculation) or once (1D) or twice (2D) with 108 PFUs/animal of HAd-DE1E3, HAd-

Spike, or HAd-Spike/C5. Four weeks post immunization, blood samples were collected and used to study the development of VN titers against SARS-CoV-2 variants by VN

assay. VN assays were performed against original SARS-CoV-2 strain (A), alpha strain (B), Beta strain (C), Gamma strain (D), Delta strain (E), or Omicron strain (F).
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lower levels of virus titers in the HAd-Spike/C5-immunized group
than in the HAd-Spike-immunized group, but the difference was
not statistically significant (Figures 5C–5F).

Protection from lung lesions in golden Syrian hamsters

immunized with HAd-Spike or HAd-Spike/C5

To determine the role of vaccination in reducing lesions in the respi-
ratory tract, lung samples from the hamster challenge groups were
collected and processed for histopathology 3, 5, 7, and 14 days post
infection. Atelectasis, hemorrhage, and congestion were observed
throughout the lung sections, even in uninfected controls, and were
attributed to euthanasia- or necropsy-associated changes.

In the PBS and HAd-DE1E3 groups, there was mild to moderate
(day 3) or moderate to marked (day 5) bronchointerstitial pneu-
monia, characterized by alveolar cell thickening with focal areas
of exudation within the septa and alveolar spaces, peribronchiolar
inflammation with occasional necrosis of the bronchiolar epithe-
lium, and infiltrates in the lumen of the bronchiole, especially in
the PBS group 5 days after infection (Figure 6A). Additionally,
moderate to marked vascular changes, characterized by vasculitis,
endothelialitis, endothelial hyperplasia, and perivascular edema
and inflammation, were seen on day 3 and day 5 after infection
(Figure 6B). The extent and severity of interstitial pneumonia
and bronchiolitis were significantly reduced in the vaccinated
groups. Importantly, no vascular changes were observed in the
HAd-Spike/C5 group.
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7 days post challenge, in the PBS group, there was severe and diffuse
bronchointerstitial pneumonia affecting more than 70% of the lung
sections (Figure 6A). Marked peribronchiolitis and exudative and
necrotic bronchitis, characterized by peribronchiolar infiltration of
inflammatory cells, epithelial cell death, and bronchiolar wall infiltra-
tion and desquamation, were observed. Evidence of tissue repair,
characterized by type 2 pneumocyte hyperplasia, was also observed.
Moderate vascular changes were represented by vasculitis, endothe-
lialitis (mild), endothelial hyperplasia, and perivascular edema and
inflammation. There were significant decreases in lung lesions in
the vaccinated groups. Tissue repair, characterized by type 2 pneumo-
cyte hyperplasia, was noted in the HAd-Spike/C5-vaccinated group,
while minimal hyperplasia was recorded in one animal from the
HAd-Spike-vaccinated group.

14 days post challenge, all groups had minimal lung pathology, char-
acterized by occasional peribronchiolar infiltration and focal areas of
interstitial inflammation (Figure 6A).

The lung pathology scores for days 3, 5, 7, and 14 showed that vacci-
nated groups have significantly lower scores than mock- or empty
vector-inoculated groups (Figure 7).

DISCUSSION
Ad vectors are considered excellent delivery vehicles for developing
vaccines for infectious diseases because of their adjuvant impact
through Toll-like receptor (TLR)-dependent and TLR-independent
mber 2023



Figure 4. Study design and immunogenicity of HAd-Spike and HAd-Spike/C5 in golden Syrian hamsters

(A) Outlines of the 1D immunogenicity study (right panel) and protection study against SARS-CoV-2 (B.1.1.28) challenge (left panel) following a 1D regimen in the golden

Syrian hamster model. Six- to seven-week-old golden Syrian hamsters (3 males and 3 females/group) were inoculated i.n. once with 2 � 108 PFUs/animal of HAd-DE1E3,

HAd-Spike, or HAd-Spike/C5. (B and C) Four weeks post immunization, blood samples were collected and used to study the development of Spike-specific IgG (B) and

IgG2/IgG3 (C) antibody responses by ELISA. (D and E) Similarly, lung washes were used for monitoring the development of Spike-specific IgG (D) and IgG2/IgG3 (E) antibody

responses by ELISA. ELISA data are shown as the mean ± SD of the OD readings with log10 diluted samples. (F–H) The development of Spike-specific T cell response after

vaccination was investigated in splenocytes (F), peripheral blood MN cells (PBMCs) (G), and lung MN cells (H) by counting Spike-specific IFN-g-secreting CD8 T cells by

ELISpot. *p % 0.05, ***p % 0.001, ****p % 0.0001.
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pathways.31 Four Ad vector-based SARS-CoV-2 vaccines have been
used extensively in humans worldwide. These four vaccines are the
HAd26-based Johnson & Johnson/Janssen,32 chimpanzee adenovirus
(ChAd)-based AstraZeneca (Vaxzevria),33 HAd5-based CanSino Bi-
ologics, and HAd5- and HAd26-based34 Gamaleya (prime-boost)
vaccines.35 In addition, the Pfizer-BioNTech36 and Moderna37

mRNA-based COVID-19 vaccines and the Bharat Biotech inactivated
SARS-CoV-2 vaccine35 have been widely used globally. Except for the
inactivated virus vaccine, all COVID-19 vaccines are based on the S
protein, leading to development of virus-neutralizing antibodies.
There has been a continuous struggle to handle the emergence of
various SARS-CoV-2 variants with increased transmissibility and
decreased vaccine efficacy.38 This study tried to address whether the
enhanced Spike-specific T cell response will improve COVID-19 vac-
cine efficacy. We used AIP-C5 to increase antigen presentation
through the autophagy-based pathway. We elucidated previously
that AIP-C5 helps with inducing an enhanced T cell response through
the autophagy pathway.24 I.n. inoculation of the HAd-vector or
bovine Ad (BAd) vector expressing the Ag85B-p25 epitope and
AIP-C5 peptide showed increased levels of effector, central memory,
and tissue-resident memory T cells in the lungs of vaccinated mice,
Molecular The
indicating development of local immune responses in the lungs.
The BAd vector has the advantage of evading HAd pre-existing im-
munity39 and is better suited for the i.n. route because of the available
sialic acid receptors in the respiratory tract.40We used the i.n. route of
immunization because this route provided better mucosal protection
against the influenza virus, a respiratory infectious agent.41,42

Here, we showed that either one or two immunizations of HAd-Spike
or HAd-Spike/C5 in mice induced similar levels of humoral (IgG,
IgG1, IgG2a, or IgA) immune responses. Nevertheless, the vector
containing S with AIP-C5 generated significantly higher levels of
T cell immunity, as assessed by enumerating the S-specific IFN-
g-secreting T cells in the spleen and MLN and lung MN cells. We
repeated the 1D vaccine study with HAd-Spike or HAd-Spike/C5
in hamsters because they serve as a suitable animal model for
SARS-CoV-2 pathogenesis and evaluation of COVID-19 vaccine effi-
cacy. The immunogenicity study in hamsters yielded broadly similar
humoral and CMI responses as observed in mice. We have demon-
strated previously that antigen-presenting cells infected with an Ad
vector expressing a T cell epitope with AIP-C5 resulted in better an-
tigen presentation to CD4 T cells than the Ad vector expressing only
rapy: Methods & Clinical Development Vol. 30 September 2023 199
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Figure 5. Protection efficacy of a single-dose

regimen of HAd-Spike and HAd-Spike/C5 in golden

Syrian hamsters

Six- to seven-week-old golden Syrian hamsters were

inoculated i.n. once with 2 � 108 PFUs/animal of HAd-

DE1E3, HAd-Spike, or HAd-Spike/C5. (A) Four weeks

post immunization, blood samples were collected

and used to study the development of VN titers

against SARS-CoV-2 by VN assay. (B) 35 days post

immunization, animal groups were challenged with a

105 tissue culture infectious dose 50 (TCID50) of SARS-

CoV-2 (B.1.1.28). Animals were weighed daily for

14 days to monitor morbidity following the challenge.

The weight loss or gain percentage with time is shown

as a parameter of morbidity. (C–F) Decreases in virus

titers in immunized groups following the challenge are

shown. Following the challenge, virus titers were

determined in the nasal turbinate on days 3 (C) and 5

(D) and in the lungs on days 3 (E) and 5 (F) by TCID50

assay. The titers are shown as log 10 TCID50/g tissue.

ns, p > 0.05; *p % 0.05; **p % 0.01; ***p % 0.001;

****p % 0.0001. DPI, days post infection.
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the T cell epitope.24 The impact seemed to be partly due to autophagy,
antigen processing, and lysosomal trafficking. The results of our cur-
rent study support the hypothesis that AIP-C5 can augment T cell re-
sponses other than Mtb antigens in mice and hamsters.

Following vaccination, development of SARS-CoV-2-neutralizing
antibody levels and their cross-reactivity against different SARS-
CoV-2 variants are considered significant correlates of protection.26

We observed very high levels (�104) of virus-neutralizing antibody
titers against the homologous strain in mice immunized with HAd-
Spike or HAd-Spike/C5 containing the S gene from theWuhan strain.
Cross-neutralizing antibody titers against variant strains (Alpha,
Beta, Gamma, and Delta) were reduced by �1 log but decreased by
�2 logs against an Omicron variant. The inclusion of AIP-C5 did
not have a measurable impact on virus-neutralizing antibody titers.

Golden Syrian hamsters, ACE2 transgenic mice, and nonhuman pri-
mates are excellent animal models for evaluating SARS-CoV-2 path-
ogenesis and vaccine efficacy.28,29 In our study, vaccinated hamsters
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were challenged with a Gamma variant
(B.1.1.28).43 Our measurable vaccine efficacy
considerations included significant decreases
in morbidity, virus titers in the respiratory tract,
and lung pathology scores. These parameters
have been used widely to assess CoV vaccine ef-
ficacy in animal models.44,45 There were signif-
icant declines in morbidity, virus titers (in the
nasal turbinate and lungs), and lung pathology
scores in animal groups immunized with
HAd-Spike or HAd-Spike/C5 compared with
the control groups. The HAd-Spike/C5 vaccine
performed slightly better in reducing morbidity, virus titers, and lung
pathology scores than HAd-Spike, but the differences were not statis-
tically significant.

Two HAd5 vector-based COVID-19 vaccines are used in humans as a
2D9 or HAd5/HAd26-based prime-boost vaccine.46,47 Because of the
high prevalence of HAd5 infection in humans, the pre-existing HAd5
vector immunity may significantly inhibit the development of anti-
gen-specific immune responses.39,48 Still, the issue of pre-existing vec-
tor immunity can be effectively addressed because of the availability
of several rare HAd, ChAd, and BAd vectors.49

The commercially available ChAdOx1-nCoV-19/AzD1222, contain-
ing the S gene with the D614G mutation, was used as an i.n. vaccine
in rhesus macaques and hamsters.50 The i.n. route of vaccination pro-
vided significantly higher neutralizing antibody titers than the intra-
muscular route in hamsters. The neutralizing antibody levels induced
in this study were similar to those generated in our current study.
Vaccinated hamsters were protected from direct and indirect



Figure 6. Representative photomicrographs of histopathological lesions of lung tissue sections of golden Syrian hamsters inoculated i.n. with PBS, HAd-

DE1E3, HAd-Spike, or HAd-Spike/C5 following challenge with SARS-CoV-2

Six- to seven-week-old golden Syrian hamsters were mock inoculated (PBS) or inoculated i.n. once with 2� 108 PFUs/animal of HAd-DE1E3, HAd-Spike, or HAd-Spike/C5.

35 days post immunization, animal groups were challenged with 105 TCID50 of SARS-CoV-2 (B.1.1.28). (A) Animals were euthanized 3, 5, 7, and 14 days post challenge, and

the lung lobe samples were collected and processed for histopathology. The lung tissue sections at lowmagnification (H&E, 1.5�) are shown as insets on the left side of each

higher-magnification photo (H&E, 10�). At low magnification, darker areas correspond to areas with an increased presence of inflammatory cells (exudation). At higher

magnification, the asterisks correspond to areas of exudation within the bronchiole and alveolar spaces, which are significantly reduced in the vaccinated groups (HAd-Spike

and HAd-Spike/C5) 3, 5, and 7 DPI. 14 DPI, all groups present only minimal exudation. (B) Characteristic histologic features of lung vasculature after challenge with SARS-

CoV-2 compared with a PBS-non-infected control (H&E, 20�). Vessels from a PBS-infected animal 3 DPI show moderate vascular changes, vasculitis (I), and endothelialitis

(details in inset; H&E, 40�). Vessels from a PBS-infected animal 5 DPI show marked vascular changes, wall thickening (T), vasculitis (I), and endothelialitis (details in inset);

note perivascular inflammatory infiltrate (P) and edema (E).
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challenges with SARS-CoV-2, as evidenced by significantly lower
morbidity and reduced virus load in the nasal swab, bronchoalveolar
lavage, and lower respiratory tract compared with the non-vaccinated
group.50

The correlation of protection against SARS-CoV-2 infection is not yet
fully known. The neutralizing antibodies have been shown to corre-
late with protection and survival from SARS-CoV-2 infection.51–53

The CMI response against SARS-CoV-2 can protect from severe dis-
ease when neutralizing antibody levels are suboptimal.53,54 Because of
Molecular The
significantly higher but similar levels of virus-neutralizing antibody
titers with HAd-Spike or HAd-Spike/C5 in hamsters, we could
not thoroughly investigate the role of enhanced CMI response in
protection.

Developing the next generation of CoV vaccines is critical for bet-
ter control of the ongoing CoV pandemic. Some requirements of
new COVID-19 vaccines include breadth of cross-protection to
cover the emerging SARS-CoV-2 variants, durability of vaccine ef-
ficacy (at least for 1 year) and a significant reduction in virus
rapy: Methods & Clinical Development Vol. 30 September 2023 201
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Figure 7. Histopathological scores of the lung

tissue sections from HAd-Spike- or HAd-Spike/C5-

immunized golden Syrian hamsters following

challenge with SARS-CoV-2

Six- to seven-week-old golden Syrian hamsters were

mock inoculated (PBS) or inoculated i.n. once with

2 � 108 PFUs/animal of HAd-DE1E3, HAd-Spike, or

HAd-Spike/C5. 35 days post immunization, animal

groups were challenged with 105 TCID50 of SARS-

CoV-2 (B.1.1.28). Animals were euthanized 3, 5, 7, and

14 days post challenge, and the lung lobe samples

were collected and processed for histopathology. The

tissue sections were scored by a board-certified

veterinary pathologist unaware of the animal groups.

An in-house-developed scoring system (Table 1) was

used to score the lung lesions. ns, p > 0.05; *p % 0.05;

**p % 0.01; ***p % 0.001.
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transmission from vaccinated individuals infected with a variant
virus. It has been elucidated that AIP-C5 can induce enhanced
memory immune responses;24 therefore, further studies are
required to investigate the durability of protection of HAd-
Spike/C5 against various variants, memory B and T cell responses,
and the duration and level of virus excretion in vaccinated ani-
mals. The role of other SARS-CoV-2 antigens, such as membrane
(M) and nucleocapsid (N), in broadening the efficacy of S-based
vaccines should be investigated.

MATERIAL AND METHODS
Cell lines

The HEK293 (human embryonic kidney cells expressing HAd5 E1
proteins),55 293Cre (293 cells expressing Cre recombinase),56

BHH2C (bovine-human hybrid clone 2C),57 and VeroE6 or Vero
CCL-81.4 cell lines were grown as monolayer cultures in Corning
Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA) containing either
10% fetal bovine serum (FBS) or reconstituted FBS (HyClone, Logan,
UT, USA) and gentamycin (50 mg/mL).

Ad vectors and SARS-CoV-2 viruses

The S gene of the Wuhan SARS-CoV-2 strain (GenBank:
YP_009724390) without or with AIP-C5 was synthesized commer-
cially (GenScript, Piscataway, NJ, USA). The Spike or Spike/C5 gene
cassette, under control of the cytomegalovirus (CMV) promoter and
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bovine growth hormone (BGH) polyadenyla-
tion signal, was inserted into the E1 region
of the HAd shuttle plasmid. The vectors
(HAd-Spike and HAd-Spike/C5) were gener-
ated following a Cre-recombinase-mediated
site-specific recombination technique as
described previously.58 Generation of HAd-
DE1E3 (HAd5 with E1 and E3 deletions) has
been described previously.59 Ad vectors were
grown in 293 cells and titrated in BBH2C cells,
as described earlier.60 Vectors were purified by cesium chloride den-
sity gradient ultracentrifugation following a published protocol.61

USA-WA1/2020 (WA) (NR-52281), hCoV-19/England/204820464/
2020 (B.1.1.7; Alpha; NR-54000), hCoV-19/South Africa/KRISP-
K005325/2020 (lineage B.1.351; Beta; NR-54009), hCoV-19/Brazil/
2021 (lineage B.1.1.28.1; Gamma; NR-54982), hCoV-19/USA/
PHC658/2021 (lineage B.1.617.2; Delta; NR-55611), and hCoV-
19/USA/MD-HP20874/2021 (lineage B.1.1.529; Omicron; NR-
56461) were obtained from BEI Resources and grown in Vero E6
cells (CRL-1586, ATCC, USA) and titrated in the same cell line by
tissue culture infectious dose 50 (TCID50).

Immunogenicity studies in mice and golden Syrian hamsters

All studies were performed in a BSL-2 facility with approval from the
Institutional Biosafety Committee (IBC) and the Institutional Animal
Care and Use Committee (IACUC) using 6- to 8-week-old BALB/c
mice (The Jackson Laboratory, Bar Harbor, ME, USA) and 6- to
7-week-old golden Syrian hamsters (Envigo RMS, Indianapolis,
IN, USA).

Mice (5 animals/group, males and females) were mock inoculated
(PBS) or inoculated i.n. once or twice (with a 4-week interval) with
108 PFUs/animal HAd-DE1E3, HAd-Spike, or HAd-Spike/C5. Four
weeks post inoculation (1D regimen) or 4 weeks post booster inocu-
lation (2D regimen), animals were anesthetized, blood samples were



Table 1. Semiquantitative histopathological scoring criteria for the lungs of hamsters challenged with SARS-CoV-2

General evaluation
assessment percentage of lung damage area under
4� objective lens

0, none
1, focal lung inflammation within one lobe or
<30% of the total lung section
2, diffuse lung inflammation within one lobe or
involving 30–70% of the total lung section
3, diffuse lung inflammation involving more than
one lobe or 70% of the total lung section

Bronchioles

assessing appearance and severity of
peribronchiolar infiltration, intrabronchial wall
infiltration, and bronchiolar epithelial cell death/
desquamation

0, none
1, peribronchiolar infiltration
2, bronchiolar epithelial cell death
3, bronchiolar wall infiltration and/or severe
epithelium desquamation

Alveoli
assessing the appearance, scope involved, and
severity of alveolar septal infiltration, alveolar
space infiltration, and alveolar space exudation

0, none
1, only alveolar wall thickening
2, focal area alveolar space infiltration, exudation
involving <30% of lung section
3, diffuse alveolar space

Severity of vasculature inflammation assessing the percentage of vessels affected

0, none
1, only perivascular edema and/or perivascular
infiltration
2, mild infiltration within the vessel wall without
endothelium infiltration
3, intensive infiltration into the smooth muscle or
infiltration beneath the endothelium

Endothelialitis
presence of inflammatory cells beneath or
within the endothelial cell layer

0, absent
1, rare
2, common

Endothelial hyperplasia endothelial cells bulging into the lumen
0, absent
1, rare
2, common

Vasculitis vessel walls infiltrated with inflammatory cells
0, absent
1, rare
2, common

Mural vascular wall degeneration hypereosinophilic areas with loss of cell detail
0, absent
1, rare
2, common

Perivascular assessment perivascular edema or inflammation
0, absent
1, rare
2, common

Repair tissue repair

0, absent
1, hyperplasia
2, pneumocyte type 2 hyperplasia
3, fibrosis or granulation tissue

Total score = sum of all scores of individual category assessments for each lung section. There were five sections representing different lung lobes. The maximum score possible was
25 � 5 = 125.
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obtained via retro-orbital puncture, and lung washes were obtained
by homogenizing a lung lobe from each animal in 1 mL of PBS as
described previously.62 The serum samples and lung washes were uti-
lized to assess the development of humoral immune responses. The
other lung lobe was processed to collect lung MN cells using lympho-
cyte separation medium (Corning, Thermo Fisher Scientific) and
used to evaluate CMI responses. The spleens and MN nodes were
also collected to determine CMI responses.

For the hamster study, animals (6 animals/group, males and females)
were inoculated i.n. once with 2 � 108 PFUs/animal of HAd-DE1E3,
HAd-Spike, or HAd-Spike/C5. Four weeks post inoculation, animals
Molecular The
were anesthetized, blood samples were obtained via retro-orbital
puncture, and lung washes were obtained by homogenizing one lung
from each animal in 1mL of PBS as described previously.62 The serum
samples and lung washes were utilized to assess the development of
humoral immune responses. The second lung was processed to collect
lung MN cells using lymphocyte separation medium (Corning,
Thermo Fisher Scientific) and used to evaluate CMI responses. The
spleens and PBMCs were also collected to assess CMI responses.

Enzyme-linked immunosorbent assay (ELISA)

The assay was performed as described previously.63,64 Briefly, 96-well
ELISA plates (Medisorp and Immulon 2HB, Thermo Fisher
rapy: Methods & Clinical Development Vol. 30 September 2023 203
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Scientific) were coated with purified RBD of SARS-CoV-2 S protein
(NR-52946, BEI Resources; 2 mg/mL). After blocking with 2% bovine
serum albumin (BSA) in PBS, diluted serum samples or lung washes
(log dilutions) were added and incubated at room temperature for 2 h.
After washing with PBS-Tween, the horseradish peroxidase-conju-
gated goat anti-mouse IgG, IgG1, IgG2a, or IgA antibodies (Invitro-
gen, Thermo Fisher Scientific) were added at the suggested dilution
for each antibody and incubated at room temperature for 2 h, fol-
lowed by washing four times with PBS-Tween. A BD OptEIA ELISA
set (Thermo Fisher Scientific) was used as the substrate. The reaction
was stopped with 2 N sulfuric acid solution, and the optical density
readings were obtained at 450 nm using a SpectraMax i3x microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

ELISpot assay

The IFN-g ELISpot assay was performed as described earlier.65 For
the mouse study, splenocytes, MLN cells, and lung MN cells were
stimulated with a dominant CD8+ cytotoxic T lymphocyte (CTL)
epitope (GPKKSTNL)66 (GenScript). The stimulated cells were pro-
cessed for the IFN-g ELISpot assay. For the golden Syrian hamster
study, splenocytes, PBMCs, and lung MN cells were used for this
assay. The spot-forming units (SFUs) were enumerated using the
AID iSpot Advanced Imaging Device (Autoimmun Diagnostika,
Strassberg, Germany).

Virus neutralization assay

Virus neutralization (VN) titers of serum samples were quantified by
a cell-based assay using the following SARS-CoV-2 strains: USA-
WA1/2020 (WA), hCoV-19/England/204820464/2020 (B.1.1.7;
Alpha), hCoV-19/South Africa/KRISP-K005325/2020 (lineage
B.1.351; Beta), hCoV-19/Brazil/2021 (lineage B.1.1.28.1; Gamma),
hCoV-19/USA/PHC658/2021 (lineage B.1.617.2; Delta), and hCoV-
19/USA/MD-HP20874/2021 (lineage B.1.1.529; Omicron). Briefly,
VeroE6 cells were grown as monolayers in 96-well microtiter plates.
Heat-inactivated serum samples were diluted 2-fold in triplicate
and incubated with 100 TCID50 of the virus in a 5% CO2 incubator
at 37�C for 60min. This serum-virus mixture was added to cell mono-
layers and incubated further for 72 h in a 5% CO2 incubator at 37�C.
Plates were visually inspected under a microscope for the presence or
absence of cytopathic effect (CPE). The reciprocal of the highest dilu-
tion of the sample, where at least two of the three wells showed no
CPE, was determined as the VN titer of the sample.

Challenge studies in golden Syrian hamsters

Virus stock and titration

The SARS-CoV-2 strain (SARS-CoV-2/SP02/2020HIAE; GenBank:
MT126808.1. B.1.1.28; Gamma) used for the challenge study was
initially isolated in VeroE6 cells from a nasopharyngeal sample of
one of the first patients infected with SARS-CoV-2 in Brazil.67 The
clinical material was tested by qPCR or qRT-PCR for SARS-CoV-2
and other 15 viral agents (influenza A and B; endemic CoV CoV-
NL63, 229E, HKU1, and OC43; enterovirus; parainfluenza virus 1,
2, 3, and 4; metapneumovirus; rhinovirus; respiratory syncytial virus;
and Ad).67 The assays showed positive results only for SARS-CoV-2.
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The SARS-CoV-2 virus stock was prepared by infecting Vero CCL-
81.4 cells with a multiplicity of infection (MOI) of 0.1 for 48 h at
37�C in a 5% CO2 incubator. The infected cell supernatants were
collected and stored at�80�C as virus stock. For titration, virus sam-
ples were 10-fold serially diluted (10�1–10�12) in DMEM containing
2.5% FBS and inoculated in sextuplicate in 96-well plates containing
2 � 104 Vero CCL-81.4 cells/well for 72 h at 37�C in a 5% CO2 incu-
bator for development of viral CPE. For further confirmation, the
monolayers were fixed and stained with naphthol blue black
(Sigma-Aldrich) solution (0.1% naphthol blue [w/w] with 5.4% acetic
acid and 0.7% sodium acetate) and visually inspected under a micro-
scope. Viral titer was calculated using the Spearman and Karber algo-
rithm68 and expressed as TCID50/mL. The isolate used in this study
was on its third passage in Vero CCL-81.4 cells.

Animal origin and arrival

Sixty-four conventional male golden Syrian hamsters (Mesocricetus
auratus, 6–8 weeks old) were acquired from the Instituto Goncalo
Muniz (Fiocruz, Salvador, Brazil). Animals were transported in an
airplane from Salvador, BA, to São Paulo, SP. Upon arrival, animals
were kept in open cages in a negatively pressured room with
controlled temperature and humidity at the College of Veterinary
Medicine, University of São Paulo, Brazil. Water and food were pro-
vided ad libitum throughout the experiment. Animals were checked
and weighed daily until vaccination.

Grouping and vaccination of the animals

Animals were divided into five groups, homogenized based on body
weight. For all i.n. inoculations, hamsters were anesthetized with ke-
tamine (100 mg/kg) and xylazine (5 mg/kg). Group 1 (n = 4) was the
mock-inoculated control group and inoculated i.n. with PBS++ (PBS
containing 1% CaCl2 and 1% MgCl2) and later mock-infected with
DMEM containing 2.5% FBS. Group 2 (n = 12) was inoculated i.n.
with PBS++, later infected with 105 TCID50 of SARS-CoV-2, and
served as virus-infected group. Groups 3, 4, and 5 (n = 16 each)
were inoculated i.n. once with 2 � 108 PFUs/animal of HAd-
DE1E3, HAd-Spike, or HAd-Spike/C5, respectively, and later chal-
lenged with 105 TCID50 of SARS-CoV-2.

Animal transfer to an animal biosafety level 3 laboratory (ABSL3)

Animals were transferred to ABSL3 of the Institute of Biomedical Sci-
ences, University of São Paulo, Brazil. They were kept in pairs in
ABSL3 microisolators and provided water and food ad libitum. The
acclimatization period was 7 days. Animals were observed for clinical
signs and weighed daily, with disinfection of the biosafety cabinet be-
tween the groups.

SARS-CoV-2 challenge and follow-up

Animals received 2 mg/kg of morphine subcutaneously (s.c.), and af-
ter 20 min were anesthetized with ketamine (100 mg/kg) and xylazine
(5 mg/kg) intraperitoneally (i.p.). Blood samples were collected from
all animals before inoculation, and then groups 2, 3, 4, and 5 received
105 TCID50/animal of SARS-CoV-2 (B.1.1.28) i.n. Animals were
monitored for clinical signs and weighed daily. Weight loss or gain
mber 2023
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for each animal was calculated as the percentage weight loss or gain
compared with the weight on day 0 and expressed as the mean ± stan-
dard deviation.

Euthanasia, necropsy, and sample collection

Three or four animals per group were euthanized 3, 5, 7, and 14 days
post infection with an overdose of ketamine (600 mg/kg) and xylazine
(30 mg/kg, i.p.) after morphine inoculation (5 mg/kg, s.c.). Blood
samples were collected through heart puncture. Sterile instruments
were changed between organ collection (nasal turbinate and lungs)
to avoid cross-contamination. The biosafety cabinet was disinfected
with 70% ethanol after handling animals from each group. Lung lobes
(5 samples) were collected separately for histopathology in 10%
formalin. The nasal turbinate and lung samples were collected for vi-
rus load quantification in DMEM containing penicillin, streptomycin,
and 1-mm glass beads. Organ samples were individually weighed,
rapidly frozen in liquid nitrogen, and then transferred to �80�C.

Virus load quantification

Virus load quantification was performed by determining TCID50/mL/g
of tissue. The nasal turbinate and lung samples were thawed and sub-
jected to disruption with 1-mm glass beads using a QIAGEN Tissue
Lyser II at 50 Hz twice for 2 min, followed by centrifugation at
2,000� g for 30 s. Supernatantswere used for virus titration as described
above, and the results were expressed as TCID50/mL/g of tissue.

Histopathological analysis

Formalin-fixed lung samples were subjected to routine fixation,
paraffin embedding, sectioning, and staining with hematoxylin and
eosin (H&E). A board-certified pathologist (Dr. Andrea Santos, Pur-
due University), who was not associated with the study design, exam-
ined the stained lung tissue sections under a light microscope for the
presence of the SARS-CoV-2-induced lesions that have been
described in the literature69–71 and scored according to an in-
house-developed scoring system (Table 1). All five lung lobes were
analyzed separately (right cranial lobe, right middle lobe, right caudal
lobe, accessory lobe, and left lung).

Statistical analyses

The statistical significance was set at p < 0.05. One-way ANOVA with
Bonferroni post-test was used to ascertain statistical significance.
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