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A single subcutaneous or intranasal immunization with
adenovirus-based SARS-CoV-2 vaccine induces robust
humoral and cellular immune responses in mice
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Optimal vaccines are needed for sustained suppression of SARS-CoV-2 and other novel coronaviruses. Here, we devel-
oped a recombinant type 5 adenovirus vector encoding the gene for the SARS-CoV-2 S1 subunit antigen (Ad5.SARS-CoV-
2-S1) for COVID-19 immunization and evaluated its immunogenicity in mice. A single immunization with Ad5.SARS-
CoV-2-S1 via S.C. injection or I.N delivery induced robust antibody and cellular immune responses. Vaccination elicited
significant S1-specific IgG, IgG1, and IgG2a endpoint titers as early as 2 weeks, and the induced antibodies were long
lasting. I.N. and S.C. administration of Ad5.SARS-CoV-2-S1 produced S1-specific GC B cells in cervical and axillary
LNs, respectively. Moreover, I.N. and S.C. immunization evoked significantly greater antigen-specific T-cell responses
compared to unimmunized control groups with indications that S.C. injection was more effective than L.N. delivery in
eliciting cellular immune responses. Mice vaccinated by either route demonstrated significantly increased virus-specific
neutralization antibodies on weeks 8 and 12 compared to control groups, as well as BM antibody forming cells (AFC),
indicative of long-term immunity. Thus, this Ad5-vectored SARS-CoV-2 vaccine candidate showed promising immuno-
genicity following delivery to mice by S.C. and LN. routes of administration, supporting the further development of
Ad-based vaccines against COVID-19 and other infectious diseases for sustainable global immunization programs.
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Introduction

Outbreaks caused by coronaviruses represent an unprecedented
global health challenge. Previous coronavirus outbreaks, Severe
Acute Respiratory Syndrome (SARS) and Middle East Respiratory
Syndrome (MERS), have been a cause of substantial morbidity
and mortality [1-3].The ongoing COVID-19 outbreak, caused by
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2), constitutes a major threat to public health and global eco-
nomic growth [4-7]. COVID-19, which first emerged in late 2019,
was declared a global pandemic by the World Health Organi-
zation on March 11, 2020, and has claimed approximately 2.7
million lives as of March 15, 2021. Despite public health con-
cerns presented by coronaviruses, progress in the development of
therapeutics and vaccines for coronaviruses has been slow until
recently.

To prevent the spread of COVID-19, safe and effective vac-
cines that induce potent and long-lasting virus-specific immune
responses are needed [8-12]. Betacoronaviruses (Beta-CoVs),
such as SARS-CoV-2, are enveloped, positive-sense, ssRNA viruses
[13, 14]. BetaCoVs encode the envelope, nucleocapsid, mem-
brane, and spike (S) proteins [15, 16]. Among these components,
the spike protein has received considerable attention due to its
proven role in the virus infection process [17]. The S protein of
the viral envelope comprises two subunits, S1 and S2, that func-
tion in viral attachment to the host cell receptor and in fusion
to the cells, respectively [17, 18]. For instance, the S protein on
the envelope of SARS-CoV-2 binds to the cell receptor angiotensin
converting enzyme 2 (ACE2) and facilitates viral entry [18, 19].
Importantly, it has been demonstrated with the two preceding
Beta-CoVs (SARS-CoV and MERS-CoV) that antibodies target-
ing the S protein can block the binding of these viruses to the
cell receptor, rendering the S protein an attractive target for
vaccine development to elicit virus-specific neutralizing antibody
responses, and in turn, protective immunity against coronaviruses
[20]. Indeed, vaccine candidates based on the viral S protein have
been previously developed for SARS-CoV and MERS-CoV, estab-
lishing the immunogenicity of the S protein of Beta-CoVs [21-23].
Furthermore, our previous efforts on the development of vaccines
against MERS-CoV and SARS-CoV have shown that vaccine can-
didates targeting the S1 subunit are capable of generating effi-
cacious neutralizing antibody responses [24, 25]. More recently,
we have also presented that skin-targeted S1 subunit protein vac-
cines induce antigen-specific antibody responses against MERS-
CoV and SARS-CoV-2 [8]. As such, the literature suggests that the
S1 subunit is an important target for vaccine candidates against
coronaviruses.

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Remarkable progress in the fields of molecular biology and
biotechnology has enabled production of novel vaccines to combat
infectious diseases [26-28]. Recombinant DNA technology has
proven a viable approach due to its versatility, cost-effectiveness,
and logistic advantages [29-32]. Genetic immunization based
on recombinant DNA or mRNA vaccines, where the intracellu-
lar delivery of nucleic acids enables the synthesis of a rationally
selected antigen of pathogens to elicit virus-specific protective
immunity, has been investigated toward combatting infectious dis-
eases [11, 26, 33-38].

Engineered viral vectors have been an attractive alternative to
nonviral transgene expression [39-41]. Adenovirus (Ad)-vectored
vaccines encoding a target antigen gene have been increasingly
used for their demonstrated capacity to induce both humoral and
cellular immune responses [42-45]. The promising immunogenic-
ity of Ad vaccines has been shown in several animal models and
there are a number of Ad-based vaccine candidates against a myr-
iad of pathogens currently being evaluated in clinical trials [46—
49]. Interestingly, our previous studies have demonstrated that
Ad-vectored vaccines expressing SARS-CoV-S1 and MERS-CoV-
S1 antigens generate potent and efficacious antibody responses,
making recombinant Ad-based vaccines an appealing candidate
against emerging coronaviruses diseases [24, 25]. Importantly,
several Ad-based SARS-CoV-2 vaccine candidates have recently
emerged with promising results in large clinical trials [50-53],
prompting the approval of a number of Ad-based SARS-CoV-2 vac-
cines for emergency use. In addition to the prevailing Ad serotype
(Ad5), Ad26 and a chimpanzee adenovirus have been used for
development of SARS-CoV-2 vaccines to overcome pre-existing
Ad immunity [50-53]. Interestingly, recent clinical studies have
demonstrated the promising immunogenicity of intramuscularly
delivered Ad5-vectored COVID-19 vaccines encoding the gene for
the full S protein [50, 51]. Despite the unprecedented progress
with Ad-based SARS-CoV-2 vaccines, there is still an important
need for development of alternative Ad-based vaccine candidates
for COVID-19 and other infectious diseases, as well as for inves-
tigation of the different administration routes with new adenovi-
ral vaccine candidates to enable sustainable global immunization
programs.

Here, we describe the development of an Ad-vectored SARS-
CoV-2 vaccine candidate for COVID-19 immunization. Based
on our experience with Ad-based vaccines for prior BetaCoVs
(SARS-CoV and MERS-CoV) [24, 25], we designed and con-
structed a recombinant type 5 Ad vector encoding the gene for the
SARS-CoV-2-S1 subunit antigen (Ad5.SARS-CoV-2-S1). We eval-
uated the immunogenicity of the developed Ad vaccine in BALB/c
mice through S.C. injection or L.N. delivery to test its ability to
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induce antigen-specific humoral and cellular immune responses,
and investigated virus-specific neutralization activity of the gener-
ated antibodies. Our study demonstrates the rational design and
development of an Ad-based SARS-CoV-2 vaccine that is capa-
ble of eliciting robust and durable SARS-CoV-2-specific immune
responses in mice, supporting the further development of recom-
binant adenovirus vaccines against COVID-19 and other emerging
infectious diseases.

Results
Adenoviral SARS-CoV-2-S1 vaccine

To produce E1/E3 deleted, replication-deficient, human type
5 adenovirus expressing SARS-CoV-2-S1 protein, we generated
pAd/SARS-CoV-2-S1 by subcloning the codon-optimized SARS-
CoV-2-S1 gene into the shuttle vector, pAd (GenBank U62024) at
Sall & NotI sites. Next, Ad5.SARS-CoV-2-S1 (Ad5.S1) was created
by loxP homologous recombination (Fig. 1A). To detect SARS-
CoV-2-S1 expression driven by the generated Ad candidate, the
serum-free supernatants from A549 cells infected with Ad5.S1
were characterized by SDS-PAGE and Western blot analysis. The
recombinant SARS-CoV-2-S1 proteins (both positive control and
Ad5.S1-infected cells) were recognized by the polyclonal antibody
at the expected glycosylated monomer molecular weights of about
110 kDa, while no expression was detected in the mock-infected
cells (Fig. 1B).

SARS-CoV-2-S1-specific antibody endpoint titers

To evaluate the immunogenicity of the constructed Ad5.SARS-
CoV-2-S1 vaccine, we first determined antigen-specific IgG, IgG1,
and IgG2a antibody endpoint titers in the sera of vaccinated mice
(either via L.N. delivery or S.C. injection) and control mice (PBS
or AdYy5 immunized groups). Serum samples, collected from all
mice before immunization (Week 0) and subsequent weeks after
vaccination, were serially diluted to determine SARS-CoV-2-S1-
specific IgG, I1gG1, and IgG2a endpoint titers for each immuniza-
tion group using ELISA (Fig. 2). Results suggest that both I.N. and
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S.C. immunization induced significantly increased S1-specific IgG,
IgG1, and IgG2a endpoint titers as early as 2 weeks after a single
vaccination with Ad5.SARS-CoV-2-S1 compared to unimmunized
groups (Fig. 2A-C, p < 0.05, Kruskal-Wallis test, followed by
Dunn’s multiple comparisons) and the elicited IgG, IgG1l, and
IgG2a antibody responses remained significantly higher with
respect to control groups through week 24 (maximum length of
the study to date) (Fig. 2 and Supporting information Fig. S1
present the results of two independent experiments to show the
reproducibility of antibody responses elicited by I.N. and S.C.
vaccination with Ad5.SARS-CoV-2-S1). Together, these results
indicate that a single immunization with Ad5.SARS-CoV-2-S1 via
either S.C. delivery or I.N. administration is capable of generating
robust and long-lived S1-specific antibody responses, and the
choice of the route of vaccine administration (S.C. or I.N.) had
no significant effect on the generated antibody endpoint titers.

Antigen-specific B-cell responses

To support the generation of long-lasting antibody responses
against SARS-CoV-2 with our Ad-based vaccine, we performed
studies to investigate vaccination-induced GC reactions. GC reac-
tions are highly associated with generation of long-lived, high
affinity antibody forming cells (AFC) and, hence, long-term
humoral immunity. Mice were immunized with Ad5.SARS-CoV-2-
S1, and S1-specific GC reactions and antibody-secreting plasma
cells in the BM were measured through flow cytometry and
ELISpot, respectively. LN. and S.C. vaccination resulted in sig-
nificant S1-specific GC reactions in cervical and axillary LNs of
immunized mice, respectively, (Fig. 3A-D). As expected, neither
S.C. vaccination with Ad5.SARS-CoV-2-S1, nor any of the con-
trol immunization groups induced GC reactions in cervical LNs
(Fig. 3A), whereas L.N. vaccination with Ad5.SARS-CoV-2-S1 pro-
duced S1-specific B cells with GC phenotype in cervical LNs in
eight out of ten mice, with Ig isotype switch to IgG1 and 1gG2a
(Fig. 3A and B). Nine out of ten mice vaccinated by S.C. injection
of Ad.SARS-CoV-2-S1 displayed S1-specific GC B cells in axillary
LNs, with induced class switch to IgG1 and IgG2a (Fig. 3C and D),
whereas [.N. immunization with Ad.SARS-CoV-2-S1 did not result
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Figure 1. Adenoviral-vectored SARS-CoV-2-S1 vaccine. (A) A shuttle vector carrying the codon-optimized SARS-CoV-2-S1 gene encoding N-terminal
1-661 was designed as shown in the diagram. The vector was used to generate recombinant type 5 replication-deficient adenoviruses (Ad5) by
homologous recombination with the adenoviral genomic DNA. ITR, inverted terminal repeat; RBD, receptor binding domain. (B) Detection of the
SARS-CoV-2-S1 protein by western blot with the supernatant of A549 cells infected with Ad5.SARS-CoV-2.51 (Ad5.S1) (10 MOI) using antispike
protein of SARS-CoV rabbit polyclonal antibody (lane 2). Mock (AdW5)-infected cells were treated the same and used as a negative control (lane
1). As a positive control, 100 ng of recombinant SARS-CoV-2-S1 (Sino biological, 1-685 amino acids with ten histidine tag) was loaded (lane 3). The
supernatants were resolved on SDS-10% polyacrylamide gel after being boiled in 2% SDS sample buffer with g-ME. The images of original Western
blots used for preparation of Fig. 1B are shown in Supporting information Fig. S5.
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Figure 2. Antigen-specific antibody responses in mice immunized with adenoviral vectored SARS-CoV-2-S1 vaccine. BALB/c mice were immunized
S.C. or LN. with 1.5 x 10 vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or Ad¥5, while mice were immunized subcutaneously with PBS as a negative control.
On weeks0, 2,4, 6, 8,12, and 24 after vaccination, the sera from mice were collected, diluted, and SARS-CoV-2-S1-specific antibodies were quantified
by ELISA to determine the (A) IgG (weeks 0, 2, 4, 6, 8, 12, and 24), (B) IgG1 (weeks 0, 2, 4, 6, and 24), and (C) IgG2a (weeks 0, 2, 4, 6, and 24) endpoint
titers. Horizontal lines indicate geometric mean antibody titers. Significance was determined by Kruskal-Wallis test, followed by Dunn’s multiple
comparisons (*p < 0.05). Representative data are from one of two independent experiments (n = 5 mice per group for each experiment).

in GC reactions in axillary LNs (Fig. 3C). Preliminary results from
ELISpot analysis showed that both I.N. and S.C. vaccination pro-
duced S1-specific antibody-producing plasma cells in the BM of
immunized mice (Supporting information Fig. S3). Collectively,
these results show that S.C. and IN. immunization with Ad5-
SARS-CoV-2-S1 are capable of forming significant antigen-specific
GC reactions in draining LNs, which yielded detectable antigen-
specific plasma cells in the BM of immunized mice, thereby sug-
gesting that our Ad5.SARS-CoV-2-S1 vaccine has the potential to
generate durable humoral immune effector cells, such as long-
lived plasma cells.

Antigen-specific cellular immune responses

To evaluate antigen-specific cellular immune responses induced
by a single immunization of BALB/c mice with Ad5.SARS-CoV-2-
S1, we investigated S1-specific cellular immunity in mice after
vaccination by quantifying antigen-specific IFN-y* CD8" and
CD4" T-cell responses through intracellular cytokine staining
(ICS) and flow cytometry. Results suggest that both I.N. and S.C.
immunization elicited significantly enhanced systemic S1-specific

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

CD8* and CD4" T-cell immunity compared to control groups.
(Fig. 4, p < 0.05, one-way Welch’s ANOVA, followed by Dun-
nett’s T3 multiple comparisons). Interestingly, S.C. vaccination
induced significantly increased systemic S1-specific IFN-y™ CD8*
T-cell responses compared to I.N. immunization. (Fig. 4, p < 0.05,
one-way Welch’s ANOVA, followed by Dunnett’s T3 multiple com-
parisons). Taken together, these findings indicate that a single
vaccination with Ad5.SARS-CoV-2-S1 via either S.C. delivery or
I.N. administration is capable of generating robust systemic S1-
specific cellular immune responses, and the choice of the route of
vaccine administration (S.C. or I.N.) has a significant effect on the
Ad5.SARS-CoV-2-5S1 vaccine-induced CD8* T-cell responses.

SARS-CoV-2 neutralizing antibody titers

To evaluate the functional quality of vaccine-generated antigen-
specific antibodies, we used a microneutralization assay (NTgo)
to test the ability of sera from immunized mice to neutralize the
infectivity of SARS-CoV-2. Sera, collected from all mice 8 and 12
weeks after vaccination, were tested for the presence of SARS-
CoV-2-specific neutralizing antibodies, and the results are shown

www.eji-journal.eu
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Figure 3. Antigen-specific humoral responses in mice immunized with
AdS5.SARS-CoV-2-S1. Formation of GC reactions and Ig isotype switch-
ing in draining LNs. BALB/c mice were vaccinated S.C. or I.N. with 1.5 x
100 vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or AdW5, while mice were immu-
nized S.C. with PBS as a negative control. Cervical and axillary LNs were
harvested 14 days after I.N. and S.C. vaccination and single-cell suspen-
sions of LNs were stained and analyzed by flow cytometry to determine
the frequencies of S1-specific GC-B cells and their IgM, IgG1, and IgG2a
isotype distribution. (A) S1-specific GC B cells in cervical LNs. (B) IgM,
IgG1, and IgG2a isotype distribution of S1-specific B cells in cervical LNs.
(C) S1-specific GC B cells in axillary LNs. (D) IgM, IgG1, and IgG2a isotype
distribution of S1-specific B cells in axillary LNs. As outlined in the gat-
ing strategy presented in Supporting information Fig. S2, %GC of S1* B
cells in A and C were calculated as %CD95" CD38" of live CD19* S1*,
and frequencies of isotype-specific GC B-cell subsets in B and D were
calculated as %Isotype® of live CD19" S1* CD95" CD83~ cells. Results
are mean =+ SD. Groups were compared by one-way Welch’'s ANOVA,
followed by Dunnett’s T3 multiple comparisons, and significant differ-
ences are indicated by *p < 0.05. Data are from two independent experi-
ments (n = 5 mice per group for each experiment) that are indicated by
circles or triangles.

in Fig. 5. As expected, there were no detected neutralizing anti-
body responses in the sera of mice immunized with PBS or Ady/5
control groups, while SARS-CoV-2-neutralizating antibodies were
detected in mice immunized by either I.N. delivery or S.C. injec-
tion of Ad5.SARS-CoV-2-S1 both 8 and 12 weeks after vaccina-
tion. The resulting SARS-CoV-2-neutralizing activity on weeks 8

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 4. Antigen-specific cellular responses in mice immunized with
AdS5.SARS-CoV-2-S1. BALB/c mice were immunized S.C. or LN. with 1.5 x
10'° vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or AdWS5, or subcutaneously with
PBS as a negative control. Twelve days after vaccination, splenocytes
were isolated and stimulated with SARS-CoV-2 S1 PepTivator, followed
by intracellular cytokine staining (ICS) and flow cytometry to identify
SARS-CoV-2 S1-specific T cells (see Supporting information Fig. S4 for
complete gating strategy). Frequencies of SARS-CoV-2 S1-specific (A)
CD8" IFN-y* and (B) CD4" IFN-y* T cells, presented after subtracting
background responses detected in corresponding unstimulated spleno-
cyte samples. Results are mean + SD. Groups were compared by one-
way Welch’s ANOVA, followed by Dunnett’s T3 multiple comparisons,
and significant differences are indicated by *p < 0.05. Data are from two
independent experiments (n = 5 mice per group for each experiment)
that are indicated by circles or triangles.

and 12 after I.N. and S.C. immunization was statistically signif-
icant (Fig. 5, p < 0.05, Kruskal-Wallis test, followed by Dunn’s
multiple comparisons) compared to PBS control, with no signifi-
cant differences with respect to each other.

Discussion

Sustainable immunization programs against SARS-CoV-2 and
other novel coronaviruses require cost-effective, patient-friendly,
rapidly scalable, and clinically feasible vaccines that are capable
of inducing long-term immunity after a single immunization. To
address this continuing demand, our study presents the devel-
opment of an Ad-based COVID-19 vaccine (Ad5.SARS-CoV-2-S1)
and its immunogenicity in mice. Current leading Ad-based SARS-
CoV-2 vaccines, Oxford-AstraZeneca, Janssen, CanSinoBio, and
Sputnik V COVID-19 vaccines, encode the gene for full-length
SARS-CoV-2 spike protein and are administered intramuscularly,

www.eji-journal.eu
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Figure 5. Neutralizing antibody responses in mice immunized with
Ad5.SARS-CoV-2 S1. BALB/c mice were immunized S.C. or LN. with 1.5
x 10%° vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or AdW5, while mice were
immunized subcutaneously with PBS as a negative control. Neutral-
izing antibodies in serum of mice 8 or 12 weeks after immunization
were measured using a microneutralization assay (NTgp) with SARS-
CoV-2. Serum titers that resulted in a 90% reduction in cytopathic effect
compared to the virus control were reported. Horizontal lines represent
geometric mean neutralizing antibody titers. Groups were compared
by Kruskal-Wallis test at each time point, followed by Dunn’s multi-
ple comparisons. Significant differences relative to the PBS control are
indicated by *p < 0.05. The minimal titer tested was 5, and undetectable
titers (those with NTq serum titers < 5) were assigned a value of 2.5.
Data are from a single experiment (n = 5 mice per group).

whereas our vaccine encodes the gene for SARS-CoV-2-S1 subunit
and is being tested for its immunogenicity via I.N and S.C admin-
istration. A single immunization of BALB/c mice via either I.N.
or S.C. delivery of our Ad5.SARS-CoV-2-S1 vaccine elicited robust
S1-specific humoral and cellular immune responses, where I.N.
administration represents a minimally invasive option. Further
improvements could be achieved with different immunization reg-
imens including homologous or heterologous prime-boost vacci-
nation strategies [54-56]. For instance, intracutaneous vaccina-
tion with microneedle arrays, which have been shown to deliver
a broad range of recombinant DNA or protein vaccines, with or
without adjuvants, could be utilized to achieve different prime-
boost immunization strategies [57-60].

In support of long-lasting S1-specific antibody responses, our
mechanistic studies suggest that a single vaccination of BALB/c
mice via either I.N. administration or S.C. delivery of Ad5.SARS-
CoV-2-S1 was capable of forming antigen-specific GC reactions
and inducing Ig isotype switches to IgG1l and IgG2a in GCs in
the corresponding draining LNs 14 days after vaccination. Fur-
ther, these Ig-isotype switched GC reactions in draining LNs likely
enabled the generation of S1-specific antibody-secreting plasma
cell responses in the BM of immunized mice 6 weeks after immu-
nization, as GCs are typically the source of long-lived humoral
immune effector cells ensuring sustained antibody production
[61-63]. These results are promising and support the use of
Ad5.SARS-CoV-2-S1 vaccine against COVID-19 to induce antigen-
specific GC reactions, leading to the generation of long-lived
plasma cells and mutated memory B cells in response to a single
vaccination.

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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We also analyzed S1-specific T-cell responses in the spleen of
mice to investigate the capacity of Ad5.SARS-CoV-2-S1 adminis-
tered by either S.C. or LN. routes to elicit antigen-specific sys-
temic cellular immune responses. A single vaccination via either
LN. or S.C. delivery of Ad5.SARS-CoV-2-S1 was capable of gen-
erating significant systemic cellular immune responses compared
to unimmunized control groups. In agreement with a previous
report [64], vaccination via S.C. route was more efficient in induc-
ing systemic S1-specific CD8* T-cell responses compared to LN.
delivery. Our future work will include more comprehensive inves-
tigation of these differences to establish the impact of the route
of Ad5.SARS-CoV-2-S1 administration on antigen-specific cellu-
lar immune responses. In addition, we will study the magnitude,
kinetics, and types of S1-specific cellular immune responses in dif-
ferent organs, such as lungs and various draining LNs, to provide
additional insight into the quality, breadth, and durability of pro-
tective T-cell responses induced by Ad5.SARS-CoV-2-S1 vaccine.

Neutralization assays are pivotal for testing the quality of
the immunization-induced antibodies in terms of their ability
to reduce the amount of infectious virus titer in culture. Here,
we used a microneutralization test (NTyg) to evaluate the func-
tion of the generated antibodies in the sera of immunized mice
and showed that a single immunization using either L.N. deliv-
ery or S.C. injection of Ad5.SARS-CoV-S1 vaccine was capable
of inducing significant SARS-CoV-2-neutralizing antibody titers
at weeks 8 and 12 after vaccination with respect to control
groups. If needed, it may be possible to further improve neu-
tralizing antibody responses with different prime-boost vaccina-
tion strategies. Further, clinical translation of Ad vaccines has
been predominantly hampered by pre-existing immunity against
the viral capsid, which diminishes vaccine efficacy [65]. Notably,
a recent study demonstrated that intramuscular immunization
with a recombinant type 5 adenovirus vaccine encoding the gene
for the full spike protein could overcome the pre-existing vector
immunity [50]. Thus, immunization with Ad-based vaccines could
be a feasible alternative to combat emerging infectious respiratory
diseases including COVID-19.

BALB/c mice have been widely used to investigate the
immunogenicity of different vaccines against coronaviruses [8,
24, 36, 66], thereby representing a reliable model for the
immunogenicity testing of Ad5.SARS-CoV-2-S1. The rational
design and construction of our Ad5.SARS-CoV-2-S1 vaccine
resulted in promising immune responses in BALB/c mice; how-
ever, it will still be important to test the immunogenicity of
Ad5.SARS-CoV-2-S1 in different mouse strains and especially in
larger animal models to extrapolate these responses to human
studies. Our future studies will include animal challenge models
with more detailed T- and B-cell studies. Two recent studies have
investigated viral replication and clearance after challenge in rhe-
sus macaque and guinea pig models and demonstrated promising
results [36, 67]. We are currently working on the development
and validation of a transgenic hACE2 mouse model to perform
protection studies in the future.

In sum, our Ad-based vaccine induces significant antigen-
specific humoral and cellular immune

responses against
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SARS-CoV-2. These results suggest that Ad-based vaccines
have the potential to be versatile candidates for the induction
of virus-specific protective immune responses against COVID-19
and other emerging infectious diseases.

Materials and methods

Construction of recombinant adenoviral vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to
661 of full length from BetaCoV/Wuhan/IPBCAMS-WH-05,/2020
(GISAID accession id. EPI_ISL_403928) flanked with Sall &
Notl was codon-optimized using the UpGene algorithm for opti-
mal expression in mammalian cells [68] and synthesized (Gen-
Script). pAd/SARS-CoV-2-S1 was then created by subcloning
the codon-optimized SARS-CoV-2-S1 gene into the shuttle vec-
tor, pAdlox (GenBank U62024), at Sall/NotI sites. Subsequently,
replication-deficient human recombinant serotype 5 adenovirus
vector (Ad5.SARS-CoV-2-S1) was generated by loxP homologous
recombination and purified [24, 69, 70].

SDS-PAGE and western blot

To evaluate the infectivity of the constructed recombinant aden-
oviruses, A549 (human lung adenocarcinoma epithelial cell line)
cells were transduced with a MOI of 10 of Ad5.SARS-CoV-2-S1.
At 6 h after infection, cells were washed three times with PBS,
and then incubated with serum-free media for 48 h. The super-
natants of A549 cells transduced with Ad5.SARS-CoV-2-S1 were
subjected to SDS-PAGE and Western blot. Briefly, after the super-
natants were boiled in Laemmli sample buffer containing 2% SDS
with beta-mercaptoethanol (B-ME), the proteins were separated
by Tris-Glycine SDS-PAGE gels and transferred to nitrocellulose
membrane. After blocking for 1 h at room temperature (RT) with
5% nonfat milk in PBS-T, rabbit anti-SARS-CoV spike polyclonal
antibody (1:3000) (Sino Biological) was added and incubated
overnight at 4°C as primary antibody, and HRP-conjugated goat
anti-rabbit IgG (1:10 000) (Jackson immunoresearch) was added
and incubated at RT for 2 h as secondary antibody. After washing
three times with PBS, the signals were visualized using ECL West-
ern blot substrate reagents and Amersham Hyperfilm (GE Health-
care). Mock (AdW¥5)-infected A549 cells and 100 ng of recom-
binant SARS-CoV-2-S1 (Sino biological, 1-685 amino acids with
ten histidine tag) were used as negative and positive controls,
respectively.

Animals and immunization
BALB/cJ mice (n = 5 animals per group in each independent
experiment unless otherwise noted) were vaccinated by either

S.C. injection or LN. delivery of 1.5 x 10 viral particles (vp)

© 2021 The Authors. European Journal of Immunology published by
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of Ad¥5 (a null Ad5 vector control) or, Ad5.SARS-CoV-2-S1, or
by S.C. injection of PBS as a negative control. Mice were bled
from retro-orbital vein at weeks 0, 2, 4, 6, 8, 12, and 24 after
immunization, and the obtained serum samples were diluted and
used to evaluate S1-specific antibodies by ELISA. Serum sam-
ples obtained on weeks 8 and 12 after vaccination were also
used for microneutralization (NT) assay. Mice were maintained
under specific pathogen-free conditions at the University of Pitts-
burgh, and all experiments were conducted in accordance with
animal use guidelines and protocols approved by the Univer-
sity of Pittsburgh’s Institutional Animal Care and Use (IACUC)
Committee.

ELISA

Sera from all mice were collected prior to immunization (week 0)
and every two weeks (weeks 2, 4, 6) after inmunization and eval-
uated for SARS-CoV-2-S1-specific IgG, IgG1, and IgG2a antibodies
using ELISA [8]. Further, sera from all mice collected at weeks
8, 12, and 24 after immunization were tested for SARS-CoV-
2-S1-specific IgG antibodies using ELISA for long-term humoral
responses. Sera collected at week 24 after vaccination were also
tested for SARS-CoV-2-S1-specific IgG1 and IgG2a antibodies
using ELISA. Briefly, ELISA plates were coated with 200 ng of
recombinant SARS-CoV-2-S1 protein (Sino Biological) per well
overnight at 4°C in carbonate coating buffer (pH 9.5) and then
blocked with PBS-T and 2% BSA for 1 h. Mouse sera were diluted
in PBS-T with 1% BSA and incubated for 72 h. After the plates
were washed, anti-mouse IgG-HRP (1:2000, SantaCruz) or anti-
mouse IgM-HRP (1:5000, Jackson Immunoresearch) were added
to each well and incubated for 1 h. The plates were washed
three times, developed with 3,3’5,5-tetramethylbenzidine, and
the reaction was stopped. Next, absorbance was determined
at 450 nm using a plate reader. For IgG1 and IgG2a ELISAs,
mouse sera were diluted in PBS-T with 1% BSA and incu-
bated for 72 h. After the plates were washed, biotin-conjugated
IgG1 and IgG2a (1:1000, eBioscience) and streptavidin alka-
line phosphatase (1:500, PharMingen) were added to each well
and incubated for 1 h. The plates were washed three times and
developed with para-nitrophenylphosphate, and the reaction was
stopped and absorbance at 405 nm was determined using a plate
reader.

Flow cytometry analysis for humoral immune
responses

In order to address the humoral immune response, mice were
sacrificed 14 days after vaccination and single cell suspensions
of draining LNs were analyzed by flow cytometry, adhering to
the recently published guidelines [71]. We biotinylated SARS-
CoV-2-S1 protein, which allowed us to use it as “bait” in flow
cytometric analysis to identify antigen-specific B cells, forma-
tion of GC reactions, and immunoglobulin isotype switching in
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draining LNs. Lymph nodes were disrupted by crushing them
between frosted glass slides in staining buffer (SB; PBS/2%FCS/
2 mM EDTA). Single cell suspensions were subjected to viabil-
ity staining using Zombie NIR fixable viability dye [FVD] (BioLe-
gend) for 15 min on ice and then incubated with anti-CD16,/CD32
Abs in SB for 5 min on ice to block Fc receptors. Cells were then
stained in SB with antibodies against CD19-BV786 (clone 1D3),
CD38-Al594 (clone 90), CD95-PE-Cy7 (clone Jo2), 1gM-Al680
(clone B7-6), IgG1-V450 (clone A-85), 1gG2a-Al488 (goat poly-
clonal; Southern Biotech), and biotinylated-SARS-CoV-2-S1. Cells
were washed and stained with Streptavidin PE (PROzyme) for 15
min and then washed and fixed with 1% PFA over night at 4°C
before data acquisition (0.5-1 x 10° cells per flow stain) on the
Cytek™ Aurora Cytometer (Cytek Biosciences). For flow cytomet-
ric analysis, SARS-CoV-2-S1-specific GC B cells were defined as
live singlets (fixable viability dye™®) and consecutively gated as
SARS-CoV-2-S1P% ) CD19P%, CD38"°¢, CD95P* using the software
FlowJo Version 10. The corresponding gating strategy is shown in
Supporting information Fig. S2.

ELISpot for antibody-secreting cells

The frequency of SARS-CoV-2-specific antibody producing cells in
the BM of mice was determined by ELISpot assay 6 weeks after
immunization using our established and previously published
methods [63, 72]. Briefly, 4-HBX plates were coated as described
for ELISA assays, and nonspecific binding was blocked with RPMI
media containing 5% FCS. Cells were plated at the indicated den-
sity and incubated at 37°C for 5 h. Secondary Ab (anti-mIgG-
alkaline phosphatase; Southern Biotech) was detected using 5-
bromo-4-chloro-3-indolyl phosphate substrate (BCIP; Southern
Biotech) in 0.5% low melting agarose (Fisher Scientific). Spots
were counted using a binocular on a dissecting microscope and
the detected numbers of IgG anti-SARS-CoV-2-S1 AFCs were cal-
culated per million BM cells. The picture of the ELISpot plate was
prepared in Photoshop.

Flow cytometry analysis for cellular immune
responses

Antigen-specific T-cell responses in the spleen of BALB/c mice
immunized as described above were analyzed 12 days after immu-
nization by flow cytometry, adhering to the recently published
guidelines [71]. A number of previous studies also investigated
systemic cellular immune responses induced by Ad-based vaccines
in the spleen of mice at day 12 postimmunization [45, 73, 74].
Splenocytes isolated from vaccinated and PBS control mice were
stimulated with PepTivator SARS-CoV-2-S1 (a pool of S1 MHC
class I- and MHC class II-restricted peptides) for 6 h in the pres-
ence of protein transport inhibitors (Brefeldin A + Monensin) for
the last 4 h. Unstimulated cells were used as negative controls.
Cells were stained with antibodies for CD4 (GK1.5, BUV395, BD
Biosciences), CD8b (H35-17.2, BUV737, BD Biosciences), and a

© 2021 The Authors. European Journal of Immunology published by
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(FVD, eFluor 780, eBioscience), followed by ICS using a Fix &
Perm Cell Permeabilization Kit (Invitrogen) and IFN-y antibody
(XMG1.2, BV421, BD Biosciences). Data were collected and ana-
lyzed using a BD LSR II cytometer and FlowJo v10 software (BD
Biosciences). Live, antigen-specific, IFN-y-producing CD8* and
CD4" T cells were identified according to the gating strategy
in Supporting information Fig. S4. Frequencies of IFN-y™ cells
from unstimulated controls were subtracted from corresponding
peptide-stimulated samples, and any negative values set to zero.

SARS-CoV-2 microneutralization assay

Neutralizing antibody (NT-Ab) titers against SARS-CoV2 were
defined according to the following protocol [75, 76]. Briefly,
50 pL of sample from each mouse, in different dilutions, were
added in two wells of a flat bottom tissue culture microtiter plate
(COSTAR, Corning Incorporated, NY 14831, USA), mixed with
an equal volume of 50 TCID50 of a SARS-CoV2 chinese strain
isolated from a symptomatic chinese patient, previously titrated
and incubated at 33°C in 5% CO,. All dilutions were made in
Eagle’s Minimum Essential Medium with addition of 1% peni-
cillin, streptomycin, and glutamine and 5 y/mL of trypsin. After
1 h incubation at 33°C 5% CO,, 3 x 10* VERO E6 cells [VERO
C1008 (Vero 76, clone E6, Vero E6); ATCC® CRL-1586™] were
added to each well. After 72 hours of incubation at 33°C 5%
CO2 wells were stained with Gram’s crystal violet solution (Merck
KGaA, 64271 Damstadt, Germany) plus 5% formaldehyde 40%
m/v (Carlo ErbaSpA, Arese (MI), Italy) for 30 min. Microtiter
plates were then washed in running water. Wells were scored to
evaluate the degree of cytopathic effect (CPE) compared to the
virus control. Blue staining of wells indicated the presence of neu-
tralizing antibodies. Neutralizing titer was the maximum dilution
with the reduction of 90% of CPE. A positive titer was equal or
greater than 1:5. Sera from mice before vaccine administration
were always included in microneutralizaiton (NT) assay as a neg-
ative control.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v9
(San Diego, CA). Antibody endpoint titers and neutralization data
were analyzed by Kruskal-Wallis test, followed by Dunn’s multi-
ple comparisons. B- and T-cell data were analyzed by one-way
Welch’s ANOVA, followed by Dunnett’s T3 multiple comparisons.
Significant differences are indicated by *p < 0.05. Comparisons
with nonsignificant differences are not indicated.
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