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SUMMARY

More than 100 million people have been infected with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). Common laboratory mice are not suscep-
tible towild-type SARS-CoV-2 infection, challenging the development and testing
of effective interventions. Here, we describe the development and testing of a
mouse model for SARS-CoV-2 infection based on transduction of the respiratory
tract of laboratorymice with an adeno-associated virus vector (AAV6) expressing
human ACE-2 (AAV6.2FF-hACE2). We validated this model using a previously
described synthetic DNA vaccine plasmid, INO-4800 (pS). Intranasal instillation
of AAV6.2FF-hACE2 resulted in robust hACE2 expression in the respiratory tract.
pS induced robust cellular and humoral responses. Vaccinated animals were chal-
lenged with 105 TCID50 SARS-CoV-2 (hCoV-19/Canada/ON-VIDO-01/2020) and
euthanized four days post-challenge to assess viral load. One immunization re-
sulted in 50% protection and two immunizations were completely protective.
Overall, the AAV6.2FF-hACE2 mouse transduction model represents an easily
accessible, genetically diverse mouse model for wild-type SARS-CoV-2 infection
and preclinical evaluation of potential interventions.
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INTRODUCTION

In December 2019 a novel coronavirus was identified as the etiological agent of a severe acute respiratory

syndrome (SARS)-like disease in Wuhan China (Zhu et al., 2020; Zhou et al., 2020). The previously unknown

betacoronavirus, now identified as severe-acute respiratory syndrome coronavirus-2 (SARS-CoV-2), causes

coronavirus disease-2019 (COVID-19) and has spread rapidly from person to person causing a global

pandemic. SARS-CoV-2 is the seventh coronavirus disease known to infect humans. It is similar to, but

distinct from Middle East respiratory syndrome coronavirus (MERS-CoV) and severe acute respiratory syn-

drome coronavirus-1 (SARS-CoV-1), both of which have caused outbreaks this century. Like both MERS-

CoV and SARS-CoV-1, SARS-CoV-2 is suspected to be of bat origin with an intermediate host. To date

SARS-CoV-2 has infected more than 100 million people and caused over two million deaths worldwide.

COVID-19 is characterized by fever, cough, and pneumonia (Huang et al., 2020); however, lower gastroin-

testinal symptoms such as diarrhea have been reported (Jin et al., 2020). The rapid person-to-person

spread of SARS-CoV-2, the increasingly noted potential for asymptomatic spread, and the severe burden

being placed on global health infrastructure, necessitated the rapid development of effective vaccines and

therapeutics. Fortunately, three vaccines have been approved for emergency use in the United States to

date, with many other candidates in clinical trials. The evaluation of these potential interventions requires

the development of new tools for studying SARS-CoV-2 infection.

To date a lack of appropriate small animal models for SARS-CoV-2 virus infection has been a significant hur-

dle for preclinical evaluation of potential vaccine candidates and therapeutics. Like SARS-CoV-1, angio-

tensin converting enzyme-2 (ACE2) is the cellular receptor for SARS-CoV-2. However, mouse ACE2 does
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not permit wild-type SARS-CoV-2 infection. In an effort to bypass this restriction, several models are being

evaluated. These include a transgenic mouse model expressing human ACE2 (hACE2) (Yang et al., 2007;

Moreau et al., 2020; Winkler et al., 2020). This model is an important new tool; however, it is currently

restricted to the C57BL/6 mouse background. The Syrian hamster model has also been implemented for

the study of SARS-CoV-2 infection. SARS-CoV-2 replicates efficiently in the hamster lung and causes path-

ological lesions which recapitulates human disease (Imai et al., 2020). However, due to the abundance of

reagents, the cost-efficiency, and the ease of use, adapting diverse mouse strains for infection by wild-

type SARS-CoV-2 strains would be an additional important tool for studying pathogenesis, therapeutics,

and vaccines.

Adenovirus-transduced models are also under evaluation (Hassan et al., 2020; Zost et al., 2020). Addition-

ally, adenoviruses are immune stimulatory in mice in mice which might limit some measured SARS-CoV-2

infection responses. We previously reported that a modified version of the immune ‘‘silent’’ adeno-associ-

ated virus-6 (AAV6.2FF) can engender robust transgene expression in the lungs of mice when delivered

intranasally (van Lieshout et al., 2018). In order to model SARS-CoV-2 infection in diverse and easily acces-

sible mouse models, we generated an AAV6.2FF vector expressing human ACE2 (AAV6-2FF.hACE2). We

show that intranasal instillation of AAV6-2FF.hACE2 resulted in robust hACE2 expression in the lungs of

mice and permitted successful replication of a clinical SARS-CoV-2 isolate.

We used the clinical candidate INO-4800, a DNA vaccine plasmid encoding the full-length spike (S) glyco-

protein of SARS-CoV-2 (pS) to validate the AAV6-2FF.hACE2 transduction model. pS vaccination induced

SARS-CoV-2 spike receptor binding domain (RBD)-binding IgG in the serum of immunized animals and

significantly enhanced cellular responses. Anti-spike antibodies persisted more than 80 days and were

capable of neutralizing SARS-CoV-2 spike-pseudotyped viruses in vitro. In the AAV6.2FF.hACE2 model,

two pS immunizations completely controlled lung viral replication as compared to control animals. This

strongly correlated with increased total antibody and neutralizing antibody titers in serum prior to chal-

lenge. These results support the utility of hACE2 transduction models for wild-type SARS-CoV-2 infection

studies and indicate that this model will be useful for evaluation of preclinical COVID-19 interventions.
RESULTS

Characterizing an AAV6.2FF-hACE2 transduction model for SARS-CoV-2 infection of wild-

type mice

Since murine ACE2 does not serve as a receptor for SARS-CoV-2 (Bao et al., 2020), and based on the initial

limited availability, expense, and lack of strain diversity of hACE2 transgenic mice, we elected to engineer a

highly lung tropic AAV vector, termed AAV6.2FF (Van Lieshout et al., 2018), to deliver the hACE2 gene (Fig-

ures 1A and 1B) to the lung of vaccinated mice to render them susceptible to challenge with SARS-CoV-2.

Previous studies have demonstrated that AAV6.2FF can mediate long term (>200 days) transgene expres-

sion in themurine lung in both alveolar type 2 and club (Clara) cells (Kang et al., 2020; Santry et al., 2017; van

Lieshout et al., 2018). When we delivered a control version of this vector expressing luciferase, we observed

robust luminescence (Figure 1C) using amodified intranasal method of administration that ensures delivery

of the vector to the entire respiratory tract, including the distal lung. To investigate whether mice trans-

duced with AAV6.2FF-hACE2 were permissive for SARS-CoV-2 replication, mice transduced with 1 x

1011viral genomes of the vector were challenged 10 days later with 1 3 105 PFU of SARS-CoV-2 VIDO-01

P2 delivered intranasally. Mice were euthanized on days 2 and 4 post-challenge and viral RNA copy number

determined by qRT-PCR. Mice infected with AAV6.2FF-luc showed significant luciferase expression in the

lungs beginning as early as day 3 and lasting through day 10 (Days 3, 5, 7 not shown). Day 10 shown in Fig-

ure 1C). Both male and female BALB/c mice given AAV expressing human ACE2 had high levels of SARS-

CoV-2 in the upper and lower lungs on days 2 and 4 post-infection while those that received AAV express-

ing luciferase did not have detectable virus, consistent with previous findings that wild type mice are not

susceptible to SARS-CoV-2 infection (Figures 1E and 1F). Comparable levels of viral RNA and live virus

were seen in the nasal turbinate of both hACE2 and luciferase transduced mice suggesting that hACE2

expression is likely confined mostly to the lungs, consistent with our luciferase data and previous publica-

tions (van Lieshout et al., 2018) (Figures 1E and 1F). Overall, this model resulted in high levels of viral repli-

cation in the lungs of transduced and SARS-CoV-2 infectedmice. This provided us with a suitable challenge

model using a wild-type isolate of SARS-CoV-2.
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Figure 1. Characterization of an AAV6.2FF-hACE2 transduction model for SARS-CoV-2 infection of wild-type

mice

(A) Diagram of AAV genome expressing hACE2 from the CASI promoter.

(B) Western blot of HEK293 cells transduced with AAV6.2FF-hACE and probed with an anti-hACE2 antibody.

(C) BALB/c mice were administered 1 x 1011vg of AAV-Luc intranasally and imaged 10 days later using an IVIS imager.

(D–F) (D) IFA images of lungs harvested from BALB/c mice infected intranasally with 1 x 1011vg of AAV-hACE2 or AAV-Luc

and euthanized 10 days later. Lungs were stained with a rabbit anit-hACE2 antibody and imaged at 20 X (scale bar, 50mM).

Viral RNA (E), and virus TCID50 titers (F) were determined in respiratory tissues on days 2 and 4 post-infection. n = 6

(3M, 3F). Statistical significance determined by Mann-Whitney test. * = p < 0.05, ** = p < 0.01.
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pS immunization induces robust IFNy T cell responses

We hypothesized that this model would allow us to evaluate preclinical efficacy of this DNA vaccine in a

mouse model of SARS-CoV-2 infection. Mice were immunized twice, separated by 4 weeks, by intramus-

cular injection followed by in vivo electroporation (Figure 2A). Animals were euthanized at day 7 postimmu-

nization and IFNg-secreting cells in the spleen were enumerated by ELISpot after stimulation with overlap-

ping spike peptides covering the entire spike protein from SARS-CoV-2, SARS-CoV-1, and MERS-CoV.

Mice immunized with pS had increased IFNg-secreting T cells in their spleens (Figures 2B, 2E, and 2H).

We also observed IFNg secretion in response to stimulation with SARS-CoV-1 peptides, likely due to the

high sequence homology shared between SARS-CoV-2 and SARS-CoV-1 (Figures 2C, 2F, and 2I). We

observed no IFNg secretion in response to stimulation with MERS-CoV stimulation (Figures 2D, 2G, and

2J). These data indicate that pS immunization induces robust IFNg-mediated cellular immunity and sug-

gest that anti-SARS-CoV-1 and anti-SARS-CoV-2 responses may overlap.
iScience 24, 102699, July 23, 2021 3



Figure 2. SARS-CoV-2 spike DNA antigens induce robust T cell immunity in vivo

(A) Mice were immunized twice, separated by four weeks with 10ug of plasmid DNA encoding the full-length SARS-CoV-2

spike glycoprotein (pS) or left naive, and sacrificed at day seven post-second immunization. IFNy-secreting cells were

quantified in spleens by ELISpot after stimulation with overlapping peptides for SARS-CoV-2 (B), SARS-CoV-1 (C), and

MERS-CoV (D) peptides. IFNy + CD8+ T cells were quantified in spleens by flow cytometry after stimulation with

overlapping peptides for SARS-CoV-2 (E), SARS-CoV-1 (F), and MERS-CoV (G) peptides. IFNy+ CD4+ T cells were

quantified in spleens by flow cytometry after stimulation with overlapping peptides for SARS-CoV-2 (H), SARS-CoV-1 (I),

andMERS-CoV (J) peptides. Each point represents an individual animal, bars represent themean and error bars represent

the SD. *p < 0.05, **p < 0.01, ****p < 0.0001 by student’s t-test. Data are representative of three independent

experiments with n = 5/group.
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pS immunization induces robust humoral responses in mice

In order to assess the ability of pS to induce germinal center (GC) responses, we immunized mice once with

2.5ug, 10ug, or 25ug of pS and measured the frequencies of GC follicular helper T cells (TFH) and B cells in

local draining lymph nodes as well as serum antibodies following a single immunization. We observed a

dose-dependent increase in GC TFH when the dose was increased from 3.5ug to 10ug; however no signif-

icant increase was observed when increasing from 2.5ug to 25ug (Figures 3A and 3C). This was also true for

the frequencies of GC B cells (Figures 3B and 3D). In keeping with this pattern, we observed significantly

increased RBD-specific IgG in the serum of animals immunized with 10ug of pS but not those immunized

with 25ug of pS (Figure 3E). These data indicate that the 10ug dose of pS which induces robust cellular im-

munity as measured by ICS and ELISpot also engenders strong GC responses including induction of TFH
and GC B cells. Sera from immunized animals was collected at the time of euthanasia and assayed for

SARS-CoV-2 RBD specific antibody. We detected significant increases in SARS-CoV-2 RBD-specific IgG

endpoint titers in the sera of immunized mice at day 7 post-second immunization (Figure 4A). Upon isotype

characterization we noted increased endpoint titers of RBD-binding IgG of all isotypes (Figures 4B–4D), of
4 iScience 24, 102699, July 23, 2021



Figure 3. SARS-CoV-2 spike DNA vaccine induces germinal center formation in mice

Mice were immunized once with 2.5ug, 10ug, or 25ug of spike DNA and sacrificed at day 14 post-immunization. Popliteal

and inguinal nodes from the vaccinated legs of each animal were homogenized and stained for germinal center follicular

helper T cells (TFH) and B cells using flow cytometry. Representative flow plots for TFH (A) and GC B cells (B) and

frequencies of TFH (C) and GC B cells (D). Each point represents the average of duplicate assays for individual animal, bars

represent the mean and error bars represent the SEM. *p < 0.05 by Tukey’s multiple comparison test (ANOVA). Data are

representative of one experiments with n = 5/group.
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which IgG2a was the most prominent, with a greater than 50-fold increase in the ratio of IgG2a to IgG1 (Fig-

ure 4E), suggestive of strongly TH1-biased immunity. In these experiments, anti-RBD antibody titers re-

mained increased in the serum of pS immunized mice for greater than 80 days post final immunization (Fig-

ure 4F). These data suggest the pS induces robust humoral responses in mice.

In order to interrogate the functional impact of these DNA vaccine-induced SARS-CoV-2 binding anti-

bodies, we performed in vitro pseudovirus neutralization assays in which SARS-CoV-2 spike pseudotyped

lentiviruses were preincubated with sera from immunized animals prior to infection of huACE2-expressing

CHO cells. Sera from pS-immunized mice was capable of potently inhibiting pseudoviral infectivity (Fig-

ure 4G) and displayed reciprocal ID50 titers that were statistically significantly increased compared to naive

mouse sera (Figure 4H). Taken together these data strongly indicate that pS DNA antigens are immuno-

genic in vivo, resulting in robust anti-spike humoral immunity, which is TH1 biased, persistent, and capable

of neutralizing SARS-CoV-2 pseudoviruses in vitro.
pS immunization protects against SARS-CoV-2 challenge in a humanized ACE2 mouse model

Mice were immunized twice separated by four weeks with pS and rested three weeks before serum collec-

tion and delivery of AAV6.2FF-hACE2 to the entire respiratory tract using a modified intranasal
iScience 24, 102699, July 23, 2021 5



Figure 4. SARS-CoV-2 spike DNA antigens induce robust humoral immunity in vivo

Mice were immunized as in Figure 1 and serum was collected at day 18 post-second immunization for challenged animals

and longitudinally for a second cohort of animals. Receptor binding domain (RBD)-specific IgG (A), IgG1 (B), IgG2a (C),

and IgG2b (D) endpoint titers, were quantified in serum at day 7 post-second immunization and the ratio of IgG2a to IgG1

was calculated based on quantified antibody amounts (E). In a second cohort of animals, total RBD-specific IgG endpoint

titers were measured longitudinally (F). SARS-CoV-2 pseudoviral neutralization percentages (G) and ID50 titers (H)were

determined in serum at day 7 post-second immunization. Each point represents the average of duplicate assays for

individual animal, bars represent the mean and error bars represent the SD. *p < 0.05, **p < 0.01, ****p < 0.0001 by

student’s t-test. Data are representative of three independent experiments with n = 5/group (A-E, G,H). Data in F are

representative of one experiment.
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Figure 5. SARS-CoV-2 spike DNA antigens protect from viral replication in vivo

(A) Mice were immunized once or twice separated by four weeks with 10ug of pS via electroporation. Serum was collected

at day 18 post-final immunization. At 35 days post-final immunization mice were infected intranasally with adeno-

associated virus expressing human ACE2 (white). 17 days following AAV6-ACE2 transduction, animals were intranasally

infected with 1 3 105 PFU of SARS-CoV-2 VIDO-01 P2. Four days post infection, animals were sacrificed to quantify viral

replication. SARS-CoV-2 specific serum IgG endpoint titers (B) and pseudoviral neutralization titers (C) at day 18 post-final

immunization. Replication competent virus (D), and viral RNA (E) in the lungs four-days post-infection. Pearson

correlations between virus titer and serum IgG endpoints (F) and neutralization titers (G). Pearson correlations between

viral RNA copies and serum IgG endpoints (H) and neutralization titers (I). Each point represents the average of duplicate

samples from an individual animal, bars represent the mean, lines represent the median, and error bars represent the SD.

*p < 0.05, **p < 0.01, ****p < 0.0001 by student’s t-test (A and B), or Kruskall-Wallis ANOVA (D and E). Spearman

correlations were used to determine relationships (F-I). Data are representative of one experiment with n = 5 males

(squares) and 5 females (circles) per group.
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administration method (Santry et al., 2017). Animals were rested for two weeks to allow for hACE2 expres-

sion in the lungs and then challenged with SARS-CoV-2 (VIDO-01 P2) (Figure 5A). At 3 weeks postfinal im-

munization, mice receiving pS had robust anti-RBD IgG end point tiers in their serum as expected (Fig-

ure 5B). Sera from pS-immunized mice remained capable of potently inhibiting SARS-CoV-2

pseudotyped virus infectivity in vitro (Figure 5C). Four days post-infection, mice were euthanized, and

SARS-CoV-2 viral RNA and live viral titers were measured in the lung via RT-qPCR and TCID50 assay. An-

imals who received two doses of pS had significantly decreased SARS-CoV-2 lung viral titers (Figure 5D)

and RNA (Figure 5E) in their lungs. Strikingly, a single immunization lowered viral loads in 90% of animals,

and 50% of animals which received a single immunization displayed TCID50 values at or below the lower

limit of detection in their lungs at the time of euthanasia (Figure 5D). Furthermore, all immunized animals

had statistically significant decreases in viral RNA in the lung at this time point (Figure 5E). We observed

strong inverse correlations between serum IgG endpoint titers and lung TCID50 values and viral RNA loads

(Figures 5F and 5H). A similar inverse correlation was observed between neutralization titer and TCID50 and

viral RNA loads post-challenge (Figures 5G and 5I). These data support a significant role for anti-SARS-

CoV-2 humoral immunity in mediating protection in vivo.

Previous studies on vaccines targeting SARS-CoV-1 and MERS-CoV suggest that inclusion of the

nucleocapsid antigen is not protective and may promote vaccine-mediated disease enhancement in chal-

lenge models. Immune responses to the nucleocapsid of SARS-CoV-2 have not been studied in great

detail. However, recent evidence suggests that functional antibody responses directed against the nucle-

ocapsid can distinguish convalescent patients from patients who succumb to COVID-19 (Atyeo et al., 2020).

We designed a DNA vaccine encoding the SARS-CoV-2 nucleocapsid protein (pN) and immunized animals

once with 10ug of this antigen alone or in combination with 10ug of pS (pS + pN). Immunized animals were

transduced with AAV6.2FF.hACE2 followed by challenge and viral load was measured in lungs using

TCID50 assay. As expected animals immunized with pN alone were unable to neutralize spike-pseudo-

typed viruses whole sera from animals immunized with pS alone or co-immunized with pS and pN was

equally capable of neutralizing SARS-CoV-2 spike pseudotyped viruses in vitro (Figure S1A). Following

challenge, co-immunization with pN did not significantly change the outcome of pS-mediated protection

as measured by TCID50 (Figure S1B). These data suggest that nucleoprotein-directed responses alone

following a single immunization were not sufficient for protection in this model.

This data supports the further study of the AAV6.2FF-hACE2 transduction model as an easily accessible

small-animal model for wild-type SARS-CoV-2 infection, which may be of value in preclinical evaluation

of SARS-CoV-2 targeting vaccines, such as the DNA vaccine study evaluated here, as well as likely

immune-therapeutics.
DISCUSSION

We used an AAV6.2FF-hACE2-transductionmodel to generate long-term expression of human ACE2 in the

respiratory tract of wild-type mice, making them susceptible to SARS-CoV-2 infection. Moreover, any

genetically modified strain of mice (e.g. IFNR�/-, TLR3�/�) can be transduced with this vector making it

possible to readily investigate the role of various target molecules or cells in SARS-CoV-2 replication or vac-

cine-mediated protection without having to cross genetically modified mouse strains with transgenic mice

expressing the hACE2 receptor. A similar Ad5-hACE2-transduced mouse model has recently been

described as a model for SARS-CoV-2 infection and pathogenesis (Sun et al., 2020). It is important to
8 iScience 24, 102699, July 23, 2021
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note that SARS-CoV-2 has wide cellular tropism in humans and thus infection in humans is not limited solely

to the respiratory tract, making this model less-applicable for studies of non-respiratory SARS-CoV-2 infec-

tion. However, based on the findings of a recent experiment in which we investigated the tropism of

AAV6.2FF-mediated expression of a reporter gene, human placental alkaline phosphatase after systemic

administration (Sylvia Thomas et al., ASGCT, 2020; Tracking Number: 2020-A-1527-ASGCT), it would be

possible to achieve hACE2 expression in most major organs including the heart, liver, pancreas, kidney

and spleen following systemic administration of AAV6.2FF-hACE2. Therefore, combined intranasal and

intraperitoneal delivery of AAV6.2FF-hACE2 should allow for studies involving non-respiratory SARS-

CoV-2 infection. Nevertheless, transient models of human ACE2 expression in the mouse lung such as

the model used here, can provide rapid, quantifiable insights into vaccine-mediated protection until

more robust models are created.

We validated the AAV6.2FF-hACE2 transduction model using plasmid DNA immunization as previously

described (Smith et al., 2020). pS immunization was immunogenic and resulted in robust humoral and

cell-mediated responses. We were able to detect vaccine-induced antibodies at greater than 80 days after

final immunization. Cell-mediated responses to this antigen were robust as we detected increased IFNy

secretion by both ELISpot and intracellular cytokine staining. While it remains unclear what role cell-medi-

ated immunity plays in viral control in humans, it is likely that both humoral and cell-mediated immunity may

be important in controlling viral replication.

Vaccine mediated enhancement or antibody-dependent enhancement (ADE) in the context of coronavirus

vaccines has been previously reported(Liu et al., 2019; Hashem et al., 2019; Tseng et al., 2012; Wang et al.,

2014). Most notably with live attenuated and whole inactivated vaccines (WIVs) (Tseng et al., 2012; Iwata-

Yoshikawa et al., 2014) and TH2-skewed vaccine regimens. Importantly, ADE has never been observed with

the DNA platform for coronavirus vaccines (Yang et al., 2004; Muthumani et al., 2015; Chi et al., 2017).

Indeed, we reported on the in vivo efficacy of an anti-MERS-CoV DNA vaccine in nonhuman primates

and observed no ADE upon challenge of immunized animals (Muthumani et al., 2015), and this construct

was safe and immunogenic in human patients(Modjarrad et al., 2019). In the current studies, we observed

a strong TH1 biased antibody response with a greater than 50-fold increase in the ratio of IgG2a to IgG1 in

pS immunized animals. Furthermore, immunized animals were fully protected from viral replication in our

challenge model, suggesting that vaccine-mediated disease enhancement in mammals for SARS-CoV-2

DNA vaccines is unlikely. Vaccination with nucleocapsid proteins has previously been reported to enhance

vaccine-induced pathology in SARS-CoV-1 vaccination and challenge models and nucleocapsid-directed

responses have been associated with poor prognosis in COVID-19. We therefore immunized animals

DNA encoding the nucleocapsid protein of SARS-CoV-2. Thus, in this model we observed no effect on vac-

cine outcome when animals were immunized with nucleocapsid DNA antigens. In conclusion, AAV6.2FF

transduction of human ACE2 represents a viable approach for the preclinical evaluation of SARS-CoV-2

therapeutics and prophylactics.
Limitations of the study

The AAV6.2FF huACE2 transduction model is easily accessible and allows for SARS-CoV-2 infection of mice

from varied genetic backgrounds. However, intranasal delivery restricts ACE2 expression to the respiratory

mucosa and thus this model does not recapitulate the biology of SARS-CoV-2 infection outside of the

respiratory tract. In these studies, we used both empty-plasmid vector (pVax) control mice as well as naive

mice as controls for vaccination and infection. We have previously reported that pVax immunized animals

display no background response to these antigens and in these studies responses to pVax vector express-

ing SARS-CoV-2 nucleocapsid were not protective (Figure S1) supporting that findings of protection by

SARS-CoV-2 spike DNA antigens.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD8 Biolegend Cat# 100742; RRID: AB_11124344

anti-mouse CD4 Biolegend Cat# 100447; RRID: AB_2564586

anti-mouse CD3e Biolegend Cat# 100216; RRID: AB_49369

anti-mouse CD107a Biolegend Cat# 121606; RRID: AB_572007

anti-mouse IFNg Biolegend Cat# 505810; RRID: AB_315404

anti-mouse TNFa Biolegend Cat# 506346; RRID: AB_2565955

anti-mouse IL-2 Biolegend Cat# 503832; RRID: AB_2561750

anti-mouse CD62L Biolegend Cat# 104445; RRID: AB_2564215

anti-mouse CXCR5 Biolegend Cat# 145520; RRID: AB_2562866

anti-mouse PD-1 Biolegend Cat# 135206; RRID: AB_1877231

anti-mouse IgG(h+l)-HRP Bethyl Cat# A90-216P

Bacterial and virus strains

SARS-CoV-2; hCoV-19/Canada/

ON-VIDO-01/2020

BEI resources GISAID: EPI_ISL_425177

BEI:

NR-53565

Chemicals, peptides, and recombinant proteins

SARS-COV-2 spike peptides Genscript Custom peptide llibrary created

to match DNA plasmid antigens

Critical commercial assays

Mouse IFNy ELISpot kit Mabtech 3321-4APT-10

Experimental models: cell lines

CHO-ACE2 cell line Creativebiolabs VCeL-Wyb019

Recombinant DNA

SARS-CoV-2 spike DNA plasmid Genscript proprietary

SARS-CoV-2 nucleocapsid DNA plasmid Genscript proprietary

Software and algorithms

Prism v. 9 Graphpad V9.1.1(225)
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to lead contacts, Dr. Darwyn

Kobasa at the Public Health Agency of Canada (darwyn.kobasa@canada.ca) for animal challengemodel studies,

Dr. David B.Weiner at theWistar Institute (dweiner@wistar.org) for vaccination studies, Dr. SarahWootton at the

University of Guelph (kwootton@uoguelph.canada.ca) for AAV6 vectors, and Dr. Trevor Smith at Inovio

pharmaceuticals (tsmith@inovio.com) for DNA plasmids.

Flowjo v.10 Treestar v10.7.2
Materials availability

This study generated unique DNA plasmid immunogens and matched peptides as well as ACE2-express-

ing modified AAV6 vectors and SARS-CoV-2 pseudotyped viruses. Please contact listed lead investigators

for materials availability.
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Data and code availability

The published article includes all data sets generated or analyzed during this study.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals and immunization

6-8 week-old female C57BL/6 and BALB/c were purchased from The Jackson Laboratory and were housed

in the Wistar Institute Animal Facility. 10mg of DNA plasmid encoding SARS-CoV-2 Spike glycoprotein (pS)

alone, SARS-CoV-2 nucleocapsid protein (pN) alone, or 10ug of pS and 10ug of pN in 30mL water was in-

jected in the tibialis anterior (TA) muscle, followed by delivery of two 0.1 Amp electric constant current

square-wave pulses by the CELECTRA-3P electroporation device (Inovio Pharmaceuticals) to increase

transfection efficiency. The vaccine schedule is indicated in each figure. All procedures were done in accor-

dance with the guidelines from the Wistar Institute Animal Care and Use Committee. Submandibular

bleeds were taken weekly to isolate sera for future assays. Blood via cardiac puncture, spleens, and

Bronchoalveolar lavage (BAL) fluid were collected at the time of euthanasia.

Pseudovirus neutralization assay

SARS-CoV-2 pseudovirus were produced using HEK293T cells transfected with 1:1 ratio of IgE-SARS-CoV-

2 S plasmid (Genscript) and pNL4-3.Luc.R-E- plasmid (NIH AIDS reagent) using Gene jammer (Agilent) as

transfection reagent. Forty-eight hours post-transfection, transfection supernatant was collected, enriched

with FBS to 12% final volume, and stored at -80�C. SARS-Cov-2 pseudovirus neutralization assay was set up

using D10 media (DMEM supplemented with 10% FBS and 1 X Penicillin-Streptomycin) in a 96 well format

using huCHOAce2 cells (Creative Biolabs, Catalog No. VCeL-Wyb019). For neutralization assay, 10,000

CHO-ACE2 cells were plated in 96-well plates and rested overnight at 37�C and 5% CO2 for 24 hours.

Following day, sera from INO-4800 vaccinated and control groups were heat inactivated and serially

diluted as desired. Sera were incubated with a fixed amount of SARS-Cov-2 pseudovirus for 90 minutes

at RT following which the mix was added to huCHOAce2 cells and allowed to incubate in a standard incu-

bator (37% humidity, 5% CO2) for 72h. Post 72h, cells were lysed using britelite plus luminescence reporter

gene assay system (Perkin Elmer Catalog no. 6066769) and RLU were measured using the Biotek plate

reader. Neutralization titers (ID50) were calculated using GraphPad Prism 8 and defined as the reciprocal

serum dilution at which RLU were reduced by 50% compared to RLU in virus control wells after subtraction

of background RLU in cell control wells.

Generation of AAV6.2FF-hACE2

The cDNA for human ACE2 (SinoBiological; HG10108-M) was cloned into an AAV genome plasmid (pA-

CASI-MSC-WPRE) containing the composite CASI promoter (Balazs et al., 2012) consisting of the human

cytomegalovirus immediate-early gene enhancer region, the chicken beta actin promoter, and the human

ubiquitin C promoter, as well as the woodchuck hepatitis virus posttranscriptional regulatory element

(WPRE) and simian virus 40 polyadenylation sequence downstream of hACE2 with flanking AAV2 inverted

terminal repeats (ITRs). The hACE2 gene was amplified with Inf-AAV-ACE2-KpnI-F (5’-GGGTGACGAA

CAGGGTACCGCCACCATGTCAAGCTCTTCCTGGCTC-3’) and Inf-AAV-ACE2-XbaI-R (5’-CAGAGGT

TGATTATTCTAGACTAAAAGGAGGTCTGAACATC-3’) primers and cloned into the KpnI-XbaI site of

pACASI-MSC-WPRE using In-Fusion Cloning (Takara Bio) as per the manufacturer’s instructions. An AAV

vector expressing firefly luciferase (AAV-Luc) from the same AAV genome was described previously

(Kang et al., 2020). AAV6.2FF pseudotyped vectors were produced by co-transfection of human

embryonic kidney 293 cells with genome and packaging plasmids and purified with heparin columns as

described previously (van Lieshout et al., 2019). AAV vector titers were determined by quantitative

polymerase chain reaction (qPCR) analysis as described elsewhere (Aurnhammer et al., 2012).

SARS-CoV-2 challenge

For challenge with SARS-CoV-2, all mice were anaesthetized with inhalation isoflurane. Mice were admin-

istered 1011 viral genomes of either AAV6.2FF-Luc or AAV6.2FF-hACE2 intranasally in 50mL (25mL per nare).

For SARS-CoV-2 infection, on either day 11 (initial characterization) or day 14 (vaccine efficacy experiments)

post-AAV infection, virus (SARS-CoV-2; hCoV-19/Canada/ON-VIDO-01/2020, GISAID accession# EPI_

ISL_425177) was diluted in plain media and animals were administered 105 TCID50 intranasally in 50mL

(25mL per nare). Animals were recovered and then weighed andmonitored daily for any clinical signs of dis-

ease. On days 2 and 4 post-infection for model development and day 4 post-infection for vaccine studies,
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animals were euthanized to examine viral replication in the respiratory tract. Euthanasia was performed by

cervical dislocation following anesthesia with inhaled isoflurane.
METHOD DETAILS

ELISpot assay

Spleens from immunized mice were harvested and stored in RPMI 1640 media (Invitrogen) before being

dissociated by a stomacher. Red blood cells were removed by ACK lysing buffer. The splenocytes were

filtered and counted. 2 x 105 splenocytes were plated into each well on Mouse IFN-g ELISpotPLUS plates

(Mabtech) and stimulated for 20 hours with SARS-CoV-1, SARS-CoV-2, orMERS-CoV peptides (15-mer pep-

tides overlapping by 9 amino acid from the native SARS-CoV-1, SARS-CoV-2, or MERS-CoV proteins,

Genscript). Cells were stimulated with 5mg/mL of each peptide in complete media (R10). The spots were

developed based on manufacturer’s instructions. R10 and cell stimulation cocktails (Invitrogen) were

used for negative and positive controls, respectively. Spots were scanned and quantified by ImmunoSpot

CTL reader. Spot-forming unit (SFU) per million cells was calculated by subtracting the negative control

wells.
Intracellular cytokine staining and flow cytometry

Wells were seeded with 1,000,000 cells in 100 mL of R10. Cells were stimulated with peptides from SARS-

CoV-2, SARS-CoV, or MERS-CoV proteins at a final concentration of 5 mg/mL per peptide in the presence

of Protein Transport Inhibitor (eBioscience, San Diego, CA, USA). R10 and Cell Stimulation Cocktail (eBio-

science, San Diego, CA, USA) were used as negative and positive controls, respectively. Plates were incu-

bated for 5 h at 37�C with 5% CO2.Splenocytes were stimulated by peptides for 5 hours with protein trans-

port inhibitor (Invitrogen). After stimulation, cells were stained with LIVE/DEAD violet for viability. CD3e

(17A2), CD4 (RM4-5), CD8b (YTS156.7.7), IFN-g (XMG1.2), TNF-a(MP6-XT22), and IL-2 (JES56-5H4) fluoro-

chrome conjugated antibodies (all from BioLegend) were used for surface and intracellular staining. The

samples were run on an 18-color LSRII flow cytometer (BD Biosciences) and analyzed by FlowJo software.

Gates were set using FMOs for each stain. Data were exported and analyzed in GraphPad Prism 8.1.1.
ELISA

For binding and quantification of serum and BAL antibodies, NUNC MaxiSorp 96-well plates (Thermo

Scientific) were coated with 1mg/mL RBD of SARS-CoV-2 spike protein (Genscript) in PBS overnight at

4�C. The following day, plates were washed with PBS-0.5% Tween 20 and blocked with PBS-10% fetal

bovine serum. Next, the plates were again washed and subsequently incubated with diluted mouse sera

for two hours. Following primary serum incubation, plates were incubated with goat anti-mouse IgG-

HRP (Bethyl) for one hour at room temperature. TMB (Thermo) was used to develop the binding signal.

Upon stopping with 1N sulfuric acid, plates were read with the BioTek Synergy 2 plate reader (BioTek) at

450nm. Data were subsequently exported to Microsoft Excel and analyzed in graphpad prism version 8.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistics were analyzed using GraphPad Prism 8. Error bars represent means G SEM or the meanG SD

where denoted. Normality was determined using the Shapiro-Wilk normality test. Outliers were

determined and removed using the ROUT algorithm. For data deemed normal, ordinary one-way analysis

of variance (ANOVA) was performed to determine statistical significance between groups of three or more

(Tukey’s multiple comparison test). For data deemed non-normal, a non-parametric Kruskal-Wallis test was

performed in order to determine statistical differences between groups of three or more. Statistical

differences between groups of two were determined via unpaired t test for data deemed normal, or

Mann-Whitney U test for data deemed non-normal. In all data *p<0.05, **p<0.01, ***p<0.001, and

****p<0.0001.
14 iScience 24, 102699, July 23, 2021


	ISCI102699_proof_v24i7.pdf
	A novel mouse AAV6 hACE2 transduction model of wild-type SARS-CoV-2 infection studied using synDNA immunogens
	Introduction
	Results
	Characterizing an AAV6.2FF-hACE2 transduction model for SARS-CoV-2 infection of wild-type mice
	pS immunization induces robust IFNy T cell responses
	pS immunization induces robust humoral responses in mice
	pS immunization protects against SARS-CoV-2 challenge in a humanized ACE2 mouse model

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental models and subject details
	Animals and immunization
	Pseudovirus neutralization assay
	Generation of AAV6.2FF-hACE2
	SARS-CoV-2 challenge

	Method details
	ELISpot assay
	Intracellular cytokine staining and flow cytometry
	ELISA

	Quantification and statistical analysis
	Statistical analysis







