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ABSTRACT The current pandemic of coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to dramatic eco-
nomic and health burdens. Although the worldwide SARS-CoV-2 vaccination campaign
has begun, exploration of other vaccine candidates is needed due to uncertainties with
the current approved vaccines, such as durability of protection, cross-protection against
variant strains, and costs of long-term production and storage. In this study, we devel-
oped a methyltransferase-defective recombinant vesicular stomatitis virus (mtdVSV)-
based SARS-CoV-2 vaccine candidate. We generated mtdVSVs expressing SARS-CoV-2
full-length spike (S) protein, S1, or its receptor-binding domain (RBD). All of these
recombinant viruses grew to high titers in mammalian cells despite high attenuation in
cell culture. The SARS-CoV-2 S protein and its truncations were highly expressed by the
mtdVSV vector. These mtdVSV-based vaccine candidates were completely attenuated in
both immunocompetent and immunocompromised mice. Among these constructs,
mtdVSV-S induced high levels of SARS-CoV-2-specific neutralizing antibodies (NAbs)
and Th1-biased T-cell immune responses in mice. In Syrian golden hamsters, the serum
levels of SARS-CoV-2-specific NAbs triggered by mtdVSV-S were higher than the levels
of NAbs in convalescent plasma from recovered COVID-19 patients. In addition, ham-
sters immunized with mtdVSV-S were completely protected against SARS-CoV-2 replica-
tion in lung and nasal turbinate tissues, cytokine storm, and lung pathology.
Collectively, our data demonstrate that mtdVSV expressing SARS-CoV-2 S protein is a
safe and highly efficacious vaccine candidate against SARS-CoV-2 infection.

IMPORTANCE Viral mRNA cap methyltransferase (MTase) is essential for mRNA stability,
protein translation, and innate immune evasion. Thus, viral mRNA cap MTase activity
is an excellent target for development of live attenuated or live vectored vaccine can-
didates. Here, we developed a panel of MTase-defective recombinant vesicular stoma-
titis virus (mtdVSV)-based SARS-CoV-2 vaccine candidates expressing full-length S, S1,
or several versions of the RBD. These mtdVSV-based vaccine candidates grew to high
titers in cell culture and were completely attenuated in both immunocompetent and
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immunocompromised mice. Among these vaccine candidates, mtdVSV-S induces high
levels of SARS-CoV-2-specific neutralizing antibodies (Nabs) and Th1-biased immune
responses in mice. Syrian golden hamsters immunized with mtdVSV-S triggered SARS-
CoV-2-specific NAbs at higher levels than those in convalescent plasma from recov-
ered COVID-19 patients. Furthermore, hamsters immunized with mtdVSV-S were com-
pletely protected against SARS-CoV-2 challenge. Thus, mtdVSV is a safe and highly
effective vector to deliver SARS-CoV-2 vaccine.

KEYWORDS SARS-CoV-2, VSV, vaccine, mRNA cap methyltransferase

In December 2019, the sudden outbreak of a novel coronavirus disease 2019 (COVID-
19) pandemic in Wuhan, Hubei Province, China, shocked the world, not only because

this virus had never been isolated before, nor because it infected people, but because
it spread from person to person so rapidly within China and to more than 200 other
countries within 2 months (1–3). The causative agent was named severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). As of 29 July 2021, 195,886,929 cases have
been reported worldwide, with 4,189,148 deaths (;2.1% mortality). Symptoms are pri-
marily pneumonia, as with other human coronaviruses (CoVs), such as severe acute re-
spiratory syndrome coronavirus 1 (SARS-CoV-1) and Middle East respiratory syndrome
coronavirus (MERS-CoV). Currently, remdesivir and convalescent plasma are the only
two U.S. Food and Drug Administration (FDA)-approved treatments for emergency use
in COVID-19 patients (4). Excitingly, several SARS-CoV-2 vaccines based on mRNA, inac-
tivated virus, and adenovirus vectors (Ad5-nCoV and ChAdOx1) have been approved
for emergency use in humans. Since starting the global COVID-19 vaccination cam-
paign in January 2021, the number of new COVID-19 cases reported across the world
has declined, according to the World Health Organization (WHO). However, the dura-
bility of the current vaccines is unknown, as is whether or how well they will protect
against recently emergent SARS-CoV-2 variants. Thus, additional development of alter-
native vaccine strategies continues to be warranted.

SARS-CoV-2 belongs to the genus Betacoronavirus, subfamily Coronavirinae, and
family Coronaviridae. CoVs are enveloped positive-sense viruses containing the largest
RNA genomes, which range from 27 to 32 kb in length. The surface of CoV virions is
the spike (S) protein, a “class 1” fusion protein that mediates receptor binding, fusion
activity, and cellular entry (5–7). The S protein can be further divided into two subunits,
S1 and S2. The S1 subunit contains the receptor-binding domain (RBD) at the top of
the S protein. The S2 subunit is responsible for membrane-fusing activity and contains
the fusion peptide, heptad repeat 1, heptad repeat 2, transmembrane, and cytoplasmic
tail domains. On the virions, the S protein is in its trimeric prefusion form. Upon trigger-
ing, the S1 domain is released, exposing S2, which refolds, extending its fusion peptide
into the target cell membrane to initiate fusion of the virion membrane with the target
cell plasma membrane (5, 6). Importantly, the S protein is a primary target for neutraliz-
ing antibodies (NAbs) that protect the host from reinfection (8). Thus, the S protein is
the major focus for CoV vaccine development.

Vesicular stomatitis virus (VSV) is a member in the family Rhabdoviridae. VSV is an
animal virus that infects cattle, horses, and pigs. The genome of VSV is a nonseg-
mented negative-sense (NNS) RNA that is approximately 11 kb in length, encoding five
structural proteins arranged in the following order: 39-N-P-M-G-L-59 (9). In 1995, an in-
fectious VSV cDNA clone was established, which allows rescue of recombinant VSV
(rVSV) expressing foreign antigens (10, 11). Since then, hundreds of foreign antigens
have been inserted into and expressed from VSV for a variety of purposes, including
vaccines, gene delivery, oncolytic therapies, and antibody production (12). A VSV-
based vaccine is particularly attractive for protection against highly pathogenic agents.
To date, VSV-based vaccine candidates have been developed for filoviruses (Ebola virus
and Marburg virus) (13, 14), arenaviruses (Lassa virus and lymphocytic choriomeningitis
virus [LCMV]) (15), henipaviruses (Nipah virus and Hendra virus) (16), human coronavi-
ruses (SARS-CoV-1 and MERS-CoV) (17, 18), and flaviviruses (Zika virus) (19, 20). These
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rVSV-based vaccines have been shown to be highly effective in small animal models,
nonhuman primates, and, in some cases, humans (12). In 2019, a VSV-based vaccine
expressing Ebola virus glycoprotein (GP) in place of the VSV glycoprotein (G) was
approved by the U.S. Food and Drug Administration (FDA) (21). This is the first rVSV-
based vaccine approved for human use. Importantly, this vaccine was shown to be
safe and highly efficacious in protecting against Ebola virus infection in Africa during
the 2014 to 2016 outbreaks (13).

Soon after the outbreak of SARS-CoV-2, Case et al. constructed a replication-compe-
tent rVSV Indiana strain-based SARS-CoV-2 vaccine candidate (rVSV-eGFP-SARS-CoV-2)
in which the native VSV G gene was replaced by the S gene of SARS-CoV-2 (22). Mice
immunized with rVSV-eGFP-SARS-CoV-2 developed high titers of SARS-CoV-2-specific
NAbs and showed profoundly reduced viral infection and inflammation in the lungs af-
ter SARS-CoV-2 challenge (23). A similar strategy has been reported for construction of
an rVSV New Jersey strain-based SARS-CoV-2 vaccine candidate capable of protecting
hamsters against SARS-CoV-2 challenge (24).

In this study, we used a different approach to develop attenuated rVSV-based
SARS-CoV-2 vaccine candidates. We took advantage of the fact that for all NNS RNA
viruses, the large (L) polymerase protein possesses an mRNA cap methyltransferase
(MTase) activity that is essential for mRNA stability, protein translation, and innate
immune evasion (25–28). Recombinant viruses defective in MTase are genetically sta-
ble and are highly attenuated in vitro and in vivo (26–28). We generated a panel of
MTase-defective recombinant rVSV (mtdVSV)-based SARS-CoV-2 vaccine candidates
expressing full-length S, S1, or several versions of the RBD. All of these recombinant
viruses grew to high titers in cell culture, and SARS-CoV-2 S protein and truncations
were highly expressed by the mtdVSV vector. These mtdVSV-based vaccine candidates
were completely attenuated in both immunocompetent and immunocompromised
mice. Among these vaccine candidates, mtdVSV expressing full-length S protein indu-
ces high levels of SARS-CoV-2-specific NAbs and Th1-biased T-cell immune responses
in mice. Syrian golden hamsters immunized with mtdVSV-S triggered SARS-CoV-2-
specific NAbs at higher levels than those in convalescent plasma from recovered
COVID-19 patients. Furthermore, hamsters immunized with mtdVSV-S were completely
protected against SARS-CoV-2 challenge, including viral replication in lung and nasal
turbinate and lung pathology. These findings demonstrate that the mtdVSV-based S
vaccine candidate is a safe and highly efficacious vaccine candidate against SARS-CoV-
2 infection.

RESULTS
Recovery of mtdVSVs expressing SARS-CoV-2 S and S truncations. To enhance

the safety of VSV as a vector, we modified the viral mRNA cap methyltransferase
(MTase) activity as a means to attenuate the virus. We previously showed that a single
point mutation (D1762A) in the MTase catalytic region of the large (L) polymerase pro-
tein abolished both mRNA cap guanine-N-7 (G-N-7) methylation and ribose 29-O meth-
ylation (28). The resultant recombinant virus (rVSV-D1762A) is highly attenuated in cell
culture, as well as in mice (26). Thus, we used rVSV-D1762A as a backbone to generate
rVSV expressing SARS-CoV-2 S proteins. Briefly, the full-length S, S1, RBD1, and RBD2 of
SARS-CoV-2 were cloned as separate gene units into the G and L gene junction in the
VSV-D1762A plasmid backbone (Fig. 1A). Using reverse genetics, we recovered all
recombinant viruses, namely, rVSV-D1762A-S, rVSV-D1762A-S1, rVSV-D1762A-RBD1,
and rVSV-D1762A-RBD2 (Fig. 1B). We also constructed recombinant VSV (rVSV-SCoV1)
expressing the S protein of SARS-CoV-1 in the wild-type VSV backbone and used it as a
control in our experiments.

After 24 h of incubation, rVSV formed large plaques with an average diameter of
2.94 mm (Fig. 1B). The plaque size of rVSV-SCoV1 was 2.21 mm. rVSV-D1762A formed
small plaques with average size of 0.68 mm, even after 48 h of incubation. rVSV-
D1762A expressing S proteins (rVSV-D1762A-S, rVSV-D1762A-S1, rVSV-D1762A-RBD1,
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and rVSV-D1762A-RBD2) formed significantly smaller plaques (0.41 to 0.45 mm) than
those formed by the parental rVSV-D1762A (Fig. 1B), suggesting that the insertion of
the S gene or S gene truncations further attenuated the rVSV-D1762A virus. All
recombinant viruses were plaque purified and sequenced. All viruses contained the
desired S insertion and attenuating mutation. No additional mutations were found in
the VSV genome or S gene.

We next compared the replication kinetics of each recombinant virus in cell culture
(Fig. 1C). Briefly, confluent BSRT7 cells were infected by each virus at a multiplicity of
infection (MOI) of 1.0, cell culture supernatants were harvested at the indicated time
points, and the viral titer was determined by plaque assay. The wild-type rVSV grew to
a peak titer of 4.79 � 109 PFU/ml at 18 h postinoculation, and cells were completely
killed by 24 h. The highest titer (2.29 � 109 PFU/ml) of rVSV-SCoV1 was observed at 24 h.
The parental rVSV-D1762A had a significant delay in replication and reached its peak ti-
ter of 2.29 � 109 PFU/ml at 36 h postinoculation; cells were killed by 60 h. All rVSV-
D1762A expressing SARS-CoV-2 S proteins grew to similar peak titers at 48 h but were
delayed in replication compared to the parental rVSV-D1762A. These results demon-
strated that insertion of SARS-CoV-2 S genes into rVSV-D1762A resulted in a further
attenuation of rVSV-D1762A.

SARS-CoV-2 S and S truncations are highly expressed by mtdVSV. We next
examined the expression of S protein and S truncations by the VSV vector. Briefly, con-
fluent BSRT7 cells were inoculated with each recombinant virus at an MOI of 3, cell
lysates were harvested at 40 h postinfection, and proteins were detected by Western

FIG 1 Recovery and characterization of mtdVSVs expressing SARS-CoV-2 S proteins. (A) Strategy for insertion of SARS-CoV-2 S and its variants into the VSV
genome. The codon-optimized full-length S, S1, RBD1, and RBD2 genes were amplified by PCR and inserted into the same position at the gene junction
between G and L into the genome of the VSV Indian strain. Domain structure of the S protein. SP, signal peptide; RBD, receptor-binding domain; RBM,
receptor-binding motif; FP, fusion peptide; HR, heptad repeat; CH, central helix; TM, transmembrane domain; CT, cytoplasmic tail. Organization of the
negative-sense VSV genome. N, nucleocapsid gene; P, phosphoprotein gene; M, matrix protein gene; G, glycoprotein; L, large polymerase gene. A star
indicates the D1762A mutation in the MTase catalytic site in the L protein. (B) Plaque morphology of rVSV expressing SARS-CoV-2 S antigens. The plaques
for rVSV and rVSV-SCoV-1 were developed after 24 h of incubation in Vero CCL-81 cells, whereas the plaques for all other viruses were developed at 48 h of
incubation. An average number of 20 plaques for each virus is indicated. (C) Single-step growth curve. Confluent BSRT7 cells in 6-well plates were infected
with each virus at a multiplicity of infection (MOI) of 1.0. After 1 h of absorption, fresh Dulbecco’s modified Eagle’s medium (DMEM) with 2% fetal bovine
serum (FBS) was added. Aliquots (50 ml) of cell culture supernatants were harvested at the indicated time points, and virus titers were determined by
plaque assay. Data are geometric mean titers (GMTs) 6 standard deviation from n = 3 biologically independent experiments.
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blotting using an antibody against SARS-CoV-1 S. As shown in Fig. 2A, rVSV-SCoV-1-
infected cells displayed proteins of 190 kDa and 95 kDa, representing full-length S and
a minor amount of its cleaved form. Conversely, in rVSV-D1762A-S-infected cells, a
minor 190-kDa and a major 95-kDa form were detected (Fig. 2A), consistent with effi-
cient cleavage of the full-length S protein to produce the S1 protein of SARS-CoV-2. A
95-kDa protein band was detected in rVSV-D1762A-S1-infected BSRT7 cells, as
expected. Also, a 40-kDa and a 34-kDa protein were detected in rVSV-D1762A-RBD1-
and rVSV-D1762A-RBD2-infected cells, respectively, consistent with the respective pre-
dicted sizes of the RBD1 and RBD2 fragments. In contrast, no specific band was
detected in rVSV-D1762A-infected cells, as expected. We also cloned S, S1, RBD1, and
RBD2 of SARS-CoV-2 into a pCI plasmid vector. S, S1, RBD1, and RBD2 proteins were all
expressed in 293T cells at their expected size from the pCI vector (Fig. 2B). Therefore,
the SARS-CoV-2 S proteins, S, S1, RBD1, and RBD2 were all expressed by the rVSV-
D1762A and pCI vectors and were recognized by the SARS-CoV-1 S antibody.

Protein expression was also verified using SARS-CoV-2 S antibody (Fig. 2C and D).
For this purpose, cell culture supernatants and lysates were harvested at 20 h and 28 h
following virus infection at an MOI of 1. Two protein bands (190 and 95 kDa) were
detected in lysates of rVSV-SCoV-1 and rVSV-D1762A-S-infected cells (Fig. 2C). One pro-
tein band (95 kDa) was detected in rVSV-D1762A-S1-infected lysates. Interestingly, S1

FIG 2 SARS-CoV-2 S and its truncations are highly expressed by mtdVSV. (A) Analysis of S protein expression by mtdVSV using SARS-CoV-1 antibody. BSRT7
cells in 6-well plates were infected with each recombinant virus at an MOI of 3.0. At 40 h postinfection, cells were lysed in 300 ml of lysis buffer, and 10 ml
of lysate was analyzed by SDS-PAGE and blotted with anti-SARS-CoV-1 S protein antibody (top) or b-actin antibody (bottom). (B) Analysis of S protein
expression by pCI using SARS-CoV-1 antibody. 293T cells were transfected with 2 mg of each plasmid. At 48 h posttransfection, cell lysates were collected
for Western blot analysis using anti-SARS-CoV-1 S protein antibody. (C and D) Analysis of the expression of S and its truncations by mtdVSV using SARS-
CoV-2 antibody. BSRT7 cells in 6-well plates were infected with each recombinant virus at an MOI of 1.0. At 20 h or 28 h postinfection, cells were lysed in
300 ml of lysis buffer, and 10 ml of lysate or supernatant was analyzed by SDS-PAGE and blotted with anti-SARS-CoV-2 S protein antibody (top), VSV G
antibody (middle), or b-actin antibody (bottom). Western blots shown are the representatives of three independent experiments. (E and F) Analysis of the
incorporation of S into VSV virions. Cell culture supernatants were collected from 10 confluent T150 flasks of BSRT7 cells were infected by rVSV-D1762A or
rVSV-D1762A-S. Cell debris were removed by centrifugation at 10,000 � g for 5 min. Virus particles were purified through 10% sucrose cushion (E, left),
followed by 20 to 50% sucrose gradient purification (F, left). Aliquots consisting of 3 mg of total protein from the 10% sucrose cushion (E, left) and 10 mg
from the sucrose gradient purification (F, left) were analyzed by SDS-PAGE and stained with Coomassie blue. Duplicated samples were also blotted with
anti-SARS-CoV-2 S protein antibody (E and F, right). SDS-PAGE and Western blots shown are the representatives of two independent experiments.
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was detected in the cell supernatant of rVSV-D1762A-S and minor amounts of both
full-length S and S1 were detected in the supernatant of rVSV-SCoV-1. RBD1 and RBD2
were detected in lysates, and RBD1 (but not RBD2) was detected in the cell culture su-
pernatant (Fig. 2D). These data demonstrate that S, S1, RBD1, and RBD2 were highly
expressed by rVSV-D1762A and that SARS-CoV-1 S protein cross-reacted with the
SARS-CoV-2 S antibody.

SARS-CoV-2 S is incorporated into rVSV-D1762A-S virions. To examine the incor-
poration of SARS-CoV-2 S into the VSV virions, we generated highly purified virions of
rVSV-D1762A and rVSV-D1762A-S using 10% sucrose cushion ultracentrifugation, followed
by 20 to 50% sucrose gradient ultracentrifugation. The band containing VSV particles was
collected, ultracentrifuged, and the final pellets were resuspended in NTE buffer (100 mM
NaCl, 10 mM Tris, and 1 mM EDTA [pH 7.4]). Aliquots consisting of 3mg of each virus puri-
fied through a 10% sucrose cushion (Fig. 2E, left) and 10 mg of virus particles purified
through a 20 to 50% sucrose gradient (Fig. 2F, left) were resolved by SDS-PAGE. As
expected, five VSV proteins, namely L, G, P, N, and M, were detected in both rVSV-D1762A
and rVSV-D1762A-S by SDS-PAGE. Next, a Western blot was performed to examine
whether S protein is present in these highly purified virions. The S protein was detected
in virions of rVSV-D1762A-S pelleted through a 10% sucrose cushion (Fig. 2E, right) and
the band from the 20 to 50% sucrose gradient (Fig. 2F, right) purification steps. As
expected, the S protein was not present in virions of rVSV-D1762A. Thus, these results
suggest that SARS-CoV-2 S is incorporated into rVSV-D1762A-S virions.

mtdVSV-based vaccine candidates are attenuated and immunogenic in
IFNAR12/2 mice. IFNAR12/2 mice lack the type I interferon receptor (IFNAR), and for
that reason they are highly susceptible to VSV infection (29). A dose of 50 PFU of wild-
type VSV is lethal to IFNAR12/2 mice (29). IFNAR12/2 mice were inoculated intramuscu-
larly with 106 PFU of rVSV-D1762A-RBD1, rVSV-D1762A-RBD2, rVSV-D1762A-S1, or
rVSV-D1762A-S (Fig. 3A). We used a relatively high dose (106 PFU) of recombinant virus
to determine if the mtdVSV-based vaccine candidates were attenuated in the immuno-
compromised mice. Importantly, IFNAR12/2 mice inoculated with rVSV-D1762A-RBD1,
rVSV-D1762A-S1, or rVSV-D1762A-S did not show any abnormal reactions or body
weight loss compared to the mock-inoculated (phosphate-buffered saline [PBS]) con-
trol mice (Fig. 3B). Mice in the rVSV-D1762A-S1 group had more weight gain than those
in the PBS control group, probably because mice in this group were relatively younger
and gained weight faster. IFNAR12/2 mice in the rVSV-D1762A-RBD2 group had mild
clinical signs (such as ruffled coat) and had approximately 10% weight loss at day 7
but quickly recovered by day 10 (Fig. 3B). All mice in all groups remained healthy, and
weight gains were indistinguishable from those in mock-infected controls, except for
the rVSV-D1762A-S1 group, which gained more weight than the PBS control or other
groups. Therefore, these results demonstrate that all of these mtdVSV-based vaccine
candidates were highly attenuated in IFNAR12/2 mice.

At weeks 2, 4, 6, and 10 postimmunization, serum was collected from each mouse, and
SARS-CoV-2-specific antibodies were measured by enzyme-linked immunosorbent assay
(ELISA) using RBD or prefusion S (preS) proteins as antigens. All four mtdVSV-based vaccine
candidates induced RBD-specific antibodies as early as week 2 postimmunization (Fig. 3C).
IFNAR12/2 mice inoculated with rVSV-D1762A-S induced significantly higher levels of
RBD-specific antibodies than those in the rVSV-D1762A-S1, rVSV-D1762A-RBD1, and rVSV-
D1762A-RBD2 groups during the entire experimental period (P , 0.05). In addition, anti-
bodies induced by rVSV-D1762A-S1, rVSV-D1762A-RBD1, and rVSV-D1762A-RBD2 declined
to the detection limit by week 6. When preS protein was used as the ELISA antigen, rVSV-
D1762A-S induced a high level of S-specific antibodies by week 2, which continued to rise
though week 10 (Fig. 3D). However, preS-binding antibodies in all other groups were at
the detectable limit level during the entire experimental period. These results showed that
rVSV-D1762A-S is the most immunogenic vaccine candidate in IFNAR12/2 mice.

mtdVSV-based vaccine candidates are immunogenic in BALB/c mice. We next
performed immunization experiments in immunocompetent mice. Four-week-old BALB/c
mice were immunized intramuscularly with 106 PFU of rVSV-D1762A, rVSV-D1762A-RBD1,
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rVSV-D1762A-RBD2, rVSV-D1762A-S1, rVSV-D1762A-S, or 50 mg of plasmid DNA vaccines
(pCI-S, pCI-S1, or pCI-RBD1) (Fig. 4A). At week 2, all groups were boosted with the same
dose. No abnormal reactions or weight loss were observed in any group (Fig. 4B). At
week 2, some mice were positive for the RBD-specific antibodies, including 3 pCI-S mice,
1 rVSV-D1762A-S1 mouse, and 2 rVSV-D1762A-S mice (Fig. 4C). At week 4, all 5 rVSV-
D1762A-S mice were antibody positive (Fig. 4D), whereas in the other groups, the num-
bers of positive mice and their antibody levels remained the same except for one mouse
each in the pCI-S1 and pCI-RBD1 groups that also became antibody positive. We decided
to terminate all groups with no or low levels of antibodies at week 4 and continued to
monitor the antibody response in the rVSV-D1762A-S and pCI-S groups at weeks 6 and 8.
Results showed that antibody titers in rVSV-D1762A-S group remained stable and were
significantly higher than antibody titers in the pCI-S group during weeks 6 and 8
(P , 0.05 and P , 0.01) (Fig. 4E). These results indicate that rVSV-D1762A-S is the most
immunogenic of the vaccine candidates tested and that pCI and rVSV-D1762A expressing
RBDs and S1 are poorly immunogenic.

rVSV-D1762A-S is highly attenuated in replication in the lungs and the brain of
mice. Having demonstrated that rVSV-D1762A-S is the most immunogenic vaccine
candidate, we further evaluated the pathogenesis and replication of rVSV-D1762A-S in
mice. Briefly, 4- to 6-week-old C57BL/6J mice were intranasally inoculated with 106 PFU
of rVSV, rVSV-D1762A, or rVSV-D1762A-S (Fig. 5A). Mice infected with rVSV developed
severe VSV-associated clinical signs at days 3 and 4. No clinical signs were observed for

FIG 3 Attenuation and immunogenicity of rVSVs expressing SARS-CoV-2 antigens in IFNAR12/2 mice. (A) Immunization schedule in IFNAR12/2 mice.
IFNAR12/2 mice (n = 5) were inoculated intramuscularly with phosphate-buffered saline (PBS) or 1.0 � 106 PFU of each of the rVSV-based vaccine
candidates. Blood was collected from each mouse at weeks 2, 4, 6, and 10 for antibody detection. (B) Body weight changes after mtdVSV inoculation. Body
weight was monitored every 3 to 4 days until week 6 postinoculation. (C) Measurement of SARS-CoV-2 RBD-specific antibody by enzyme-limited
immunosorbent assay (ELISA). Highly purified RBD protein was used as the coating antigen for the ELISA. The dotted line indicates the detectable level at
the lowest dilution. (D) Measurement of SARS-CoV-2 S-specific antibody by ELISA. Highly purified prefusion S (preS) protein was used as the coating
antigen for the ELISA. The dotted line indicates the detectable level at the lowest dilution. Data are expressed as the geometric mean titers (GMTs) of five
mice in each group 6 standard deviation. Data were analyzed using two-way analysis of variance (ANOVA) (*, P , 0.05; **, P , 0.01).
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mice in the rVSV-D1762A or rVSV-D1762A-S groups. At day 4, mice were terminated,
and lungs and brains were isolated for virus titration. As expected, 3.37 � 105 and
5.65 � 105 PFU/g tissue of virus was detected in lungs (Fig. 5B) and brains (Fig. 5C) of
rVSV-infected mice, respectively. In contrast, no infectious virus was detected in the
rVSV-D1762A or rVSV-D1762A-S groups (Fig. 5B and C). Next, we also quantified VSV
genomic RNA copies by real-time reverse transcription-PCR (RT-PCR). High numbers of
VSV genomic RNA copies (1.8 to 1.9 � 109 RNA copies/mg tissue) were detected in
lung (Fig. 5D) and brain tissues (Fig. 5E) in rVSV-infected mice. However, VSV genomic
RNA was near or below the detection limit for both rVSV-D1762A and rVSV-D1762A-S
groups (Fig. 5D and E). Therefore, these data further demonstrated that rVSV-D1762A-S
is highly attenuated in replication in mice.

mtdVSV-based vaccine candidates induce strong Th1-biased T-cell immunity.
Next, we selected rVSV-D1762A-S and rVSV-D1762A-S1 for further characterization of anti-
body and T-cell responses in C57BL/6J mice. Briefly, 4-week-old C57BL/6J mice were
immunized with rVSV-D1762A-S, rVSV-D1762A-S1, or rVSV-D1672A via a combination of
intranasal and subcutaneous routes (5.0 � 105 PFU for each route) (Fig. 5F). Two weeks
later, animals were boosted via the same routes at the same dose. At week 4 postimmuni-
zation, all 10 mice in the rVSV-D1762A-S group developed high levels of S-specific anti-
bodies, whereas only 2 out of 10 mice in the rVSV-D1762A-S1 group were above the
detection limit (Fig. 5G). Next, sera were also tested for NAbs. In a SARS-CoV-2 plaque

FIG 4 Attenuation and immunogenicity of rVSVs expressing SARS-CoV-2 antigens in BALB/c mice. (A) Immunization schedule in BALB/c mice. BALB/c mice
(n = 5) were inoculated intramuscularly with PBS or with 1.0 � 106 PFU of each of the rVSV-based vaccine candidates, or with 50 mg of plasmid DNA
vaccine. Two weeks later, animals were boosted with same construct at the same dose. Blood was collected from each mouse at weeks 2, 4, 6, and 8 for
antibody detection. (B) Body weight changes after mtdVSV inoculation. Body weight of selected groups was monitored every 3 to 4 days until week 6
postinoculation. (C and D) Measurement of SARS-CoV-2 RBD-specific antibody by ELISA at weeks 2 (C) and 4 (D). Highly purified RBD protein was used as
the coating antigen for the ELISA. The dotted line indicates the detectable level at the lowest dilution. (E) Comparison by ELISA of antibody response
between rVSV-D1762A-S and pCI-S. Highly purified RBD protein was used as the coating antigen for the ELISA. Data are expressed as the geometric mean
titers (GMTs) of five mice in each group 6 standard deviation. Data were analyzed using Student’s t test (*, P , 0.05; **, P , 0.01.
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reduction/neutralization test (PRNT), 8 out of 10 mice in the rVSV-D1762A-S group had a
high level of NAbs, and the other two mice were at the minimal detectable level. The av-
erage 50% plaque reduction/neutralization titer (PRNT50) in this group was 1:486 (Fig. 5H).
In the pseudovirus neutralization assay, 9 out of 10 mice in the rVSV-D1762A-S group
were NAb positive. The average 50% inhibitory concentration (IC50) in this group was
1:887 (Fig. 5I). However, all mice in the rVSV-D1762A-S1 group had at least minimally de-
tectable levels of NAbs in both assays.

At week 4, 5 female mice in each group were terminated, and their splenocytes
were used to characterize vaccine-induced T-cell immunity. We first quantified SARS-
CoV-2 antigen-specific gamma interferon (IFN-g)-producing T cells by enzyme-linked
immunosorbent spot assay (ELISPOT). Mice immunized with rVSV-D1762A-S and rVSV-
D1762A-S1 had significantly higher frequencies of S1 peptide-specific IFN-g-producing
T cells than those in the mice vaccinated using empty vector, rVSV-D1762A (Fig. 6A).
The frequencies of antigen-specific T cells were higher in rVSV-D1762A-S-vaccinated
mice than in the rVSV-D1762A-S1-vaccinated mice (Fig. 6A). Next, the four mice with
the highest levels antigen-specific IFN-g-producing T cells in the rVSV-D1762A-S and

FIG 5 Attenuation and immunogenicity of rVSVs expressing SARS-CoV-2 antigens in C57BL/6J mice. (A) Replication of VSV in C57BL/6J mice. C57BL/6J mice
(n = 5, female) were inoculated intranasally with PBS or with 1.0 � 106 PFU of rVSV, rVSV-D1762A, or rVSV-D1762A-S. VSV titer in lungs (B) and brains (C).
At day 4 after inoculation, mice were sacrificed, and lungs and brains were collected for virus titer determination by plaque assay. Viral titers are the
geometric mean titer (GMT) of 5 animals 6 standard deviation. The limit of detection (LoD) is 2.0 log10 PFU per gram of tissue (dotted line). VSV genomic
RNA copies in lungs (D) and brains (E). Total RNA was extracted from each lung and brain sample. VSV genomic RNA copies were quantified by real-time
reverse transcription-PCR (RT-PCR) using primers annealing to the VSV leader sequence and the N gene. Black bars indicate GMT of 5 mice in each group.
The dotted line indicates the detection limit. (F) Immunization schedule in C57BL/6J mice. C57BL/6J mice (n = 10, 5 male and 5 female) were inoculated
(half subcutaneously and half intranasally) with PBS or with 1.0 � 106 PFU of each of the mtdVSV-based vaccine candidates. Two weeks later, animals were
boosted with same virus at the same dose. Blood was collected from each mouse at week 4 for antibody detection. (G) Measurement of SARS-CoV-2 S-
specific antibody by ELISA. Highly purified prefusion S protein was used as the coating antigen for the ELISA. The dotted line indicates the detectable level
at the lowest dilution. (H) Measurement of SARS-CoV-2-specific neutralizing antibodies (NAbs) by plaque reduction/neutralization test (PRNT). Antibody titer
was determined by PRNT. The 50% plaque reduction/neutralization titer (PRNT50) was calculated from each serum sample. The dotted line indicates the
detectable level at the lowest dilution. (I) Measurement of NAbs by a lentivirus-based pseudotype neutralization assay. The 50% inhibitory concentration
(IC50) from each serum sample was calculated. Ten sera from the rVSV-D1762A-S and rVSV-D1762A-S1 groups and 5 sera from rVSV-D1762A group were
used for this assay. Data are expressed as the geometric mean titers (GMTs) of 5 mice in each group 6 standard deviation. Data were analyzed using one-
way ANOVA (*, P , 0.05; ****, P , 0.0001).
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rVSV-D1762A-S1 groups were selected for further analysis by intracellular cytokine
staining. After peptide stimulation ex vivo, CD81 T cells producing one or more of the
three signature Th1 cytokines, namely IFN-g, tumor necrosis factor alpha (TNF-a), and
interleukin 2 (IL-2) were detected in all four mice immunized with either the rVSV-
D1762A-S or rVSV-D1762A-S1 vaccines (Fig. 6B). Moreover, like the ELISPOT data, the
frequencies of antigen-specific T cells producing Th1 cytokines were higher in rVSV-
D1762A-S vaccinated mice compared to the rVSV-D1762A-S1-vaccinated mice (Fig. 6B).
Notably, antigen-specific cytokine-producing CD41 T cells were barely detectable in
both rVSV-D1762A-S and rVSV-D1762A-S1 groups (data not shown), indicating that the
frequencies of CD41 T cells were substantially lower than those of CD81 T cells.
Further analysis of vaccine-induced CD81 T cells in mice vaccinated using rVSV-
D1762A-S or rVSV-D1762A-S1 showed that the majority of the antigen-specific T cells
produced all three Th1 cytokines, indicating their polyfunctional nature (Fig. 6C).
Together, these data suggest that both the rVSV-D1762A-S and rVSV-D1762A-S1 vac-
cines can induce robust T-cell immunity that is predominated by CD81 T cells capable
of producing Th1 cytokines in C57BL/6J mice.

rVSV-S is highly immunogenic in golden Syrian hamsters.We next evaluated the
immunogenicity of the VSV-based vaccines in golden Syrian hamsters, which are

FIG 6 mtdVSV-based SARS-CoV-2 vaccines induce strong Th1-biased T-cell immune responses. The 5 female mice from each group shown in Fig. 5 were
terminated at week 4 postimmunization for the T-cell assays. (A) Enzyme-linked immunosorbent spot assay (ELISPOT) quantification of IFN-g-producing T
cells. Spot-forming cells (SFC) were quantified after the cells were stimulated by peptides representing N (S1 peptides, pink) and C (S2 peptides, green)
termini of the SARS-CoV-2 spike protein. A peptide pool of covering N protein SARS-CoV-2 (N peptide) was used as a control. Data are means of 5
mice 6 standard deviation. *, P , 0.05; **, P , 0.01, determined by unpaired t test. (B) Intracellular cytokine staining of T cells in vaccinated mice.
Splenocytes of 4 rVSV-D1762A-S (left) or 4 rVSV-D1762A-S1 (right) vaccinated mice were stimulated ex vivo for 5 h with pools of N, S1, or S2 peptides (5 mg/
ml each), followed by staining for intracellular cytokines and analysis using multicolor flow cytometry. Frequencies of CD81 T cells expressing cytokines
represent CD81 T cells expressing IFN-g, TNF-a, IL-2, IL-17a, IL-21, IL-4, or IL-10. Data are means of 5 mice 6 standard deviation and were analyzed using an
unpaired t test (*, P , 0.05). (C) Flow plots showing T cells producing the three Th1 cytokines. Splenocytes of rVSV-D1762A-S-vaccinated (upper) and rVSV-
D1762A-S1-vaccinated (lower) mice were stimulated with either S1 peptides or no peptides (one representative plot). CD81 T cells were gated to show the
frequencies of antigen-specific T cells producing IFN-g, TNF-a, or both cytokines. Additionally, CD81 T cells expressing IL-2 are shown in pink.
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susceptible to VSV (24) and SARS-CoV-2 infection (30, 31). Five 4-week-old golden
Syrian hamsters in each group were first immunized with 1.0 � 106 PFU of the parental
rVSV-D1762A, rVSV-D1762A-S, or rVSV-D1762A-S1, and boosted with the same dose 3
weeks later (Fig. 7A). High ELISA antibody titers were detected in all 5 hamsters in the
rVSV-D1762A-S group at week 2 after a single-dose vaccination (Fig. 7B). Antibody
titers had further increased at week 4 after a booster immunization at week 3 and
maintained a similar level at week 6 (Fig. 7B). However, the antibody titers of all 5 ham-
sters in the rVSV-D1762A-S1 group were at the minimally detectable levels at week 2
(Fig. 7B). After the booster immunization, only 1 out of 5 hamsters had an increased
antibody response at week 4, which quickly declined by week 6 (Fig. 7B). Similarly,
high levels of NAbs were detected in the rVSV-D1762A-S group as early as week 2,
increasing to the average PRNT50 of 4,170 at week 4 and retaining a similar level at
week 6 (Fig. 7C). NAbs in the rVSV-D1762A-S1 group were at the detection limit levels
at weeks 2, 4, and 6 (Fig. 7C). Similar results were observed when the pseudovirus neu-
tralization assay was used (Fig. 7D).

We also compared the level of NAbs induced by rVSV-D1762A-S in hamsters with
those in convalescent-phase sera collected from 10 patients recovered from COVID-19.
NAb titers at week 2 from hamsters were similar to those of human convalescent-
phase sera (P . 0.05) (Fig. 7C). Importantly, NAb titers at weeks 4 and 6 in rVSV-
D1762A-S-immunized hamsters were significantly higher than those in these human
convalescent-phase sera (P , 0.0001 and P , 0.01) (Fig. 7C). These results confirmed
that rVSV-D1762A-S is highly immunogenic in hamsters.

rVSV-D1762A-S vaccination provides complete protection against SARS-CoV-2
replication in golden Syrian hamsters. At week 7, hamsters in the rVSV-D1762A,
rVSV-D1762A-S, or rVSV-D1762A-S1 groups were challenged intranasally with 1.0 � 105

PFU of SARS-CoV-2. The normal control hamsters were inoculated with Dulbecco’s
modified Eagle’s medium (DMEM). At day 4 postchallenge, all animals were eutha-
nized. The protective efficacy of the mtdVSV-D1762A-S-based vaccine candidate was

FIG 7 The mtdVSV-based SARS-CoV-2 vaccine is highly immunogenic in Golden Syrian hamsters. (A) Immunization schedule in hamsters. Four-week-old
female Golden Syrian hamsters (n = 5) were immunized (half subcutaneously and half intranasally) with 1.0 � 106 PFU rVSV-D1762A-S, rVSV-D1762A-S1, or
rVSV-D1762A, or with PBS. Hamsters were boosted 3 weeks later. At weeks 2, 4, and 6, sera were collected for antibody detection. At week 7, hamsters
were challenged with 1.0 � 105 PFU SARS-CoV-2. Unimmunized, unchallenged controls were inoculated with DMEM. (B) Measurement of SARS-CoV-2 S-
specific antibody. Highly purified preS protein was used as a coating antigen for ELISA. The dotted line indicates the detectable level at the lowest
dilution. (C) Measurement of SARS-CoV-2-specific NAbs by PRNT. Antibody titer was determined by a plaque reduction/neutralization test. Human
convalescent-phase sera from recovered COVID-19 patients were used as side-by-side controls. The PRNT50 was calculated from each serum sample. The
dotted line indicates the detectable level at the lowest dilution. (D) Measurement of NAbs by a lentivirus-based pseudotype neutralization assay. The IC50

from each serum sample was calculated. Data are expressed as the geometric mean titers (GMTs) of 5 hamsters. Data were analyzed using two-way
ANOVA or Student’s t test (*, P , 0.05; ****, P , 0.0001).
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evaluated based on clinical signs, weight loss, viral replication, viral RNA replication,
cytokine responses in the lung, and lung histology and immunohistochemistry (IHC).

Hamsters in the rVSV-D1762A vector control group that were challenged with SARS-
CoV-2 exhibited mild clinical symptoms, such as ruffled coat and weight loss (Fig. 8A).
Hamsters in the rVSV-D1762A group started to lose weight at day 1 postchallenge and
had approximately 5% weight loss by day 4 (Fig. 8A). The weight loss in the rVSV-D1762A
group was significant compared to that in the normal control group (P , 0.001).
Hamsters in the rVSV-D1762A-S1 groups had mild clinical signs and had similar weight
loss from days 1 to 4 to that in to the rVSV-D1762A-challenged group (P. 0.05) (Fig. 8A).
Importantly, hamsters in the rVSV-D1762A-S group did not have any abnormal reaction
or significant weight loss. The body weight in the rVSV-D1762A-S group was not signifi-
cantly different from that of the normal controls (P. 0.05) (Fig. 8A).

At day 4, all animals were euthanized, and major organs, including lungs, nasal tur-
binate, brain, liver, and spleen, were collected for virus titer determination by plaque
assay. For the rVSV-D1762A control group, average titers of 2 � 106 and 3.8 � 105 PFU/
g of SARS-CoV-2 were detected in lungs (Fig. 8B) and nasal turbinate (Fig. 8C), respec-
tively. For the rVSV-D1762A-S1 group, 9.8 � 105 and 2.2 � 105 PFU/g of SARS-CoV-2
were detected in lungs (Fig. 8B) and nasal turbinate (Fig. 8C), respectively. Viral titers in
lung tissue from the rVSV-D1762A-S1 group were significantly lower than those in the

FIG 8 rVSV-D1762A-S provides complete protection against SARS-CoV-2 challenge in Golden Syrian hamsters. (A) Dynamics of hamster body weight
changes after SARS-CoV-2 challenge. The body weight for each hamster was measured daily and is expressed as a percentage of the body weight on the
challenge day. The average body weight of 5 hamsters (n = 5) in each group is shown. SARS-CoV-2 titer in lungs (B) and nasal turbinate (C). At day 4 after
challenge, 5 hamsters from each group were sacrificed, and lungs and nasal turbinates were collected for virus titer determination by plaque assay. Viral
titers are the geometric mean titer (GMTs) of 5 animals 6 standard deviation. The limit of detection (LoD) is ;2.7 to 2.8 log10 PFU per gram of tissue
(dotted line). SARS-CoV-2 genomic RNA copies in lungs (D), nasal turbinate (E), brain (F), liver (G), and spleen (H). Total RNA was extracted from the
homogenized tissue using TRIzol reagent. SARS-CoV-2 genome copies were quantified by real-time RT-PCR using primers annealing to the 59 end of the
genome. SARS-CoV-2 subgenomic RNA copies in lungs (I), nasal turbinate (J), brain (K), liver (L), and spleen (M). SARS-CoV-2 subgenomic RNA copies were
quantified by real-time RT-PCR using primers annealing to the N gene at the 39 end of the genome. Black bars show GMTs of 5 hamsters in each group.
The dotted line indicates the detection limit. Data were analyzed using two-way ANOVA (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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rVSV-D1762A group (P , 0.05). However, there was no significant difference in viral ti-
ter in nasal turbinate between the rVSV-D1762A-S1 and rVSV-D1762A groups
(P . 0.05). Importantly, infectious SARS-CoV-2 was below the detection limit in the
lungs and nasal turbinate in all animals in the rVSV-D1762A-S group (Fig. 8B and C,
respectively). No infectious virus was detected in brain, liver, or spleen tissues in any
group (data not shown).

We next determined if SARS-CoV-2 genomic RNA was present in these tissues using
primers annealing to the 59 end of the SARS-CoV-2 genome. For the rVSV-D1762A con-
trol group, averages of 3.8 � 106 and 1.4 � 107 genomic RNA copies/mg were detected
in lungs (Fig. 8D) and nasal turbinate (Fig. 8E), respectively. Approximately 10-fold fewer
genomic RNA copies were detected in lungs (Fig. 8D) and nasal turbinate (Fig. 8E) from
the rVSV-D1762A-S1 group. Importantly, SARS-CoV-2 genomic RNA in lungs was below
the limit of detection (LoD) in the rVSV-D1762A-S group, whereas an average of 102 RNA
copies were detected in the nasal turbinate of this group. Interestingly, moderate levels
(104 copies) of viral RNA were detected in brain tissue from the rVSV-D1762A-S1 and
rVSV-D1762A groups, whereas levels of the SARS-CoV-2 genome were below the detec-
tion limit in the rVSV-D1762A-S group (Fig. 8F). The SARS-CoV-2 genome level was near
or below the detectable limit in liver (Fig. 8G) and spleen (Fig. 8H) tissues for all groups.

During replication, SARS-CoV-2 generates both genomic RNA and subgenomic RNAs.
Thus, we determined the levels of total viral RNA, including genomic and subgenomic
RNA, using primers annealing to the N gene located at the 39 end of the genome.
Overall, the patterns of total RNA copies in lung (Fig. 8I), nasal turbinate (Fig. 8J), brain
(Fig. 8K), liver (Fig. 8L), and spleen (Fig. 8M) were similar to those of genomic RNA in
these tissues. Collectively, these results demonstrate that rVSV-D1762A-S vaccination
provided complete protection against SARS-CoV-2 infection in hamsters, whereas rVSV-
D1762A-S1 was unable to protect hamsters from SARS-CoV-2 infection.

rVSV-D1762A-S vaccination prevents SARS-CoV-2-induced cytokine storm in
lungs. SARS-CoV-2 infection causes a cytokine storm, which plays a key role in COVID-19
disease progression, leading to multiple organ failure and death (32). Thus, a successful
vaccine candidate must prevent this cytokine storm in the lungs after SARS-CoV-2 infec-
tion. To test this, total RNA was extracted from the lungs of each group, and major
inflammatory cytokines (IFN-a1, IFN-g, IL-1b , IL-2, IL-6, and TNF-a) and chemokine
(CXCL10) were quantified by reverse transcription-quantitative PCR (RT-qPCR) and nor-
malized to the uninfected controls. Strikingly, IL-6 (Fig. 9A), IFN-g (Fig. 9B), and CXCL10
(Fig. 9C) mRNA had approximately 51- to 64-, 26- to 35-, and 38- to 56-fold increases,
respectively, in the rVSV-D1762A and rVSV-D1762A-S1 groups compared to the normal
control group. In contrast, the increases of IFN-g, IL-6, and CXCL10 in the rVSV-D1762A-S
group were minimal—0.85-, 4.4-, and 0.36-fold, respectively. Levels of IFN-g and IL-6
mRNAs were not statistically different between the rVSV-D1762A-S group and the nor-
mal control group (P . 0.05). In addition, increases in TNF-a (Fig. 9D) and IL-1b (Fig. 9E)
in the rVSV-D1762A-S group were significantly less than those in the rVSV-D1762A and
rVSV-D1762A-S1 groups (P , 0.05 and P , 0.01). Levels of IL-2 (Fig. 9F) in rVSV-D1762A,
rVSV-D1762A-S1, and rVSV-D1762A-S groups were similar (P . 0.05). Hamsters in the
rVSV-D1762A-S group had approximately 2.5-fold and 1.7-fold more IFN-a1 than those
in the rVSV-D1762A and rVSV-D1762A-S1 groups, respectively (Fig. 9G). Overall, these
results suggest that rVSV-D1762A-S vaccination strongly inhibits the cytokine storm in
hamster lungs caused by a SARS-CoV-2 infection.

rVSV-D1762A-S vaccination protects hamsters from SARS-CoV-2-induced lung
pathology. The right lung from each golden Syrian hamster was stained with hematoxy-
lin and eosin (H&E), and the severity of histological changes was scored in a blind man-
ner by a trained veterinary pathologist (Fig. 10). All lung tissues from the rVSV-D1762A
group had extremely severe lung histopathological changes (average score of 4.0),
including interstitial pneumonia, alveolar damage, multinucleated giant cells, extensive
inflammation, bronchiolitis, pulmonary hemorrhage, mononuclear cell infiltration, and
peribronchiolar inflammation (Fig. 11). Lung damage in the rVSV-D1762A-S1 group was
also severe (average score of 3.4), although less severe than that in the rVSV-D1762A
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group (Fig. 10 and 11). Importantly, lung tissues from the rVSV-D1762A-S group had
mild pathological changes (average score of 1.0) with occasional inflammation (Fig. 10
and 11). No lung pathology was found in the normal control group (score of 0) (Fig. 10
and 11). Next, all lungs from each group were subjected to immunohistochemistry using
a SARS-CoV-2 N antibody. All lung sections from the rVSV-D1762A group had a large
amount of SARS-CoV-2 N antigen distribution (Fig. 12). Significant amounts of N antigen
were detected in the rVSV-D1762A-S1 group, although they were lower than those in
the rVSV-D1762A group (Fig. 12). Importantly, no N antigen was detected in the lungs of
the rVSV-D1762A-S group or the mock control group (Fig. 12). Collectively, these results
demonstrate that rVSV-D1762A-S vaccination protects hamsters from lung pathology
and prevents SARS-CoV-2 antigen expression in lungs.

DISCUSSION

Although several SARS-CoV-2 vaccines have been approved for use in humans, ex-
ploration of other vaccine candidates is needed because many questions concerning
the durability, cross-protection, production costs, and temperature stability of the cur-
rently approved vaccines remain. In this study, we generated a panel of mtdVSVs
expressing SARS-CoV-2 S and S truncations and tested their safety and immunogenic-
ity in immunocompromised (IFNAR12/2 mice) and immunocompetent animals (BALB/
c, C57BL/6J, and hamsters). All mtdVSV-based vaccine candidates grew to high titers in
cell culture, and the S and S truncations were highly expressed. We found that all
mtdVSV-based SARS-CoV-2 vaccines were highly attenuated and safe in all four animal
models. Among them, rVSV-D1762A-S is the most immunogenic vaccine candidate,
generating SARS-CoV-2-specific NAbs that were higher than those in human convales-
cent-phase sera from recovered COVID-19 patients, and inducing strong Th1-biased T-
cell immune responses. Furthermore, hamsters immunized with rVSV-D1762A-S were

FIG 9 rVSV-D1762A-S immunization prevents a cytokine storm in the lungs. Total RNA was extracted from lungs of hamsters
terminated at day 4 after challenge with SARS-CoV-2. Hamster IL-6 (A), IFN-g (B), CXCL10 (C), TNF-a (D), IL-1b (E), IL-2 (F), and IFN-a1
(G) mRNAs were quantified by real-time RT-PCR. GAPDH mRNA was used as an internal control. Data are shown as fold change in
gene expression compared to normal animals (unimmunized and unchallenged) after normalization. Data were analyzed using two-
way ANOVA. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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completely protected against SARS-CoV-2 challenge. These data demonstrate that
rVSV-D1762A-S is a safe and highly immunogenic and efficacious vaccine candidate for
SARS-CoV-2.

VSV is an NNS RNA virus and an excellent platform for vaccine development. The
natural hosts of VSV are cattle and swine, and as such, there is no preexisting immunity
against VSV in the human population (33). The VSV genome is relatively small, allowing

FIG 10 Lung pathology score after challenge with SARS-CoV-2. Fixed lung tissues from day 4 after SARS-
CoV-2 challenge were embedded in paraffin, sectioned at 5 mm, deparaffinized, rehydrated, and stained
with hematoxylin and eosin (H&E) for the examination of histological changes under light microscopy.
Each slide was quantified based on the severity of histologic changes, which included interstitial
pneumonia, alveolar damage, multinucleated giant cells, extensive inflammation, bronchiolitis, pulmonary
hemorrhage, mononuclear cell infiltration, and peribronchiolar inflammation. 4 = extremely severe lung
pathological changes; 3 = severe lung pathological changes; 2 = moderate lung pathological changes;
1 = mild lung pathological changes; 0 = no pathological changes.

FIG 11 rVSV-D1762A-S immunization protects lung pathology. Hematoxylin and eosin (H&E) staining of lung tissue of
hamsters euthanized at day 4 after SARS-CoV-2 challenge is shown. Micrographs with �1, �2, �4, and �10 magnification
of a representative lung section from each group are shown. Scale bars are indicated at the left corner of each image.
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the accommodation of multiple foreign genes, and as such, it could be developed as a
multivalent vaccine vector. VSV has an extremely high level of antigen expression, ena-
bling the generation of strong systemic immune responses (12, 33). VSV grows to high
titers in most cell lines, making vaccine production economically feasible. Most com-
mon administration routes, such as intranasal, intramuscular, intradermal, subcutane-
ous, and oral routes, are effective for VSV-based vaccines (12, 33). Unlike DNA viruses
(e.g., adenovirus), VSV RNA genomes do not recombine with each other or integrate
into host cell DNA, thereby increasing the safety of the vector. Finally, attenuated VSV
is safe for use in humans. In 2019, the FDA approved the first VSV-based vaccine for
Ebola virus, which has been shown to be safe and highly efficacious in protecting peo-
ple against Ebola in Africa.

Wild-type VSV is virulent for wild and domestic animals, such as cattle, horses, deer,
and pigs, and causes vesicular lesions in the mouth, tongue, lips, gums, teats, and feet.
In rodents, wild-type VSV can cause neurotropic infection that results in a high mortal-
ity (34). Thus, VSV must be attenuated before it can be used as a vaccine vector.
Glycoprotein snatching is one of the most attractive attenuation approaches for VSV
vector (17, 18, 35). During the outbreaks of SARS-CoV-1 in 2003, Kapadia et al. con-
structed a replication-defective single-cycle VSV vector in which the VSV G gene was
replaced by the SARS-CoV-1 S gene (18). Mice immunized with this recombinant virus
(VSVDG-S) generated a high NAb response. Similarly, during MERS-CoV outbreaks, Liu
et al. reported a VSVDG-MERS in which the VSV G gene was replaced by the MERS-CoV
S gene (17). VSVDG-MERS induced NAbs and T-cell responses in rhesus monkeys after
a single intramuscular or intranasal immunization dose. Soon after the SARS-CoV-2 out-
break in December 2019, the Whelan group replaced the VSV G gene with the SARS-
CoV-2 S gene in VSV-enhanced green fluorescent protein (eGFP), Indiana serotype (22).
The resulting VSV-eGFP-SARS-CoV-2 grew poorly in Vero-E6 cells. However, truncation
of the cytoplasmic tail of the SARS-CoV-2 S by 21 amino acids led to a recombinant vi-
rus (VSV-eGFP-SARS-CoV-2-SD21) that can grow to titers of 106 PFU/ml in Vero-E6 cells.

FIG 12 rVSV-D1762A-S immunization prevents SARS-CoV-2 antigen expression in the lungs. Immunohistochemistry (IHC)
staining of lung sections from hamsters euthanized at day 4 after SARS-CoV-2 challenge is shown. Lung sections were
stained with anti-SARS-CoV-2 N antibody. The same lung sections shown in Fig. 11 are presented to show the correlation
of pathological change and SARS-CoV-2 antigen distribution. Micrographs with �1, �2, �4, and �10 magnification are
shown. Scale bars are indicated at the left corner of each image.
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Mice immunized with VSV-eGFP-SARS-CoV-2 induced high titers of SARS-CoV-2 NAbs
(23). The immunized mice were transduced with adenovirus expressing human angio-
tensin converting enzyme 2 (hACE2) and challenged with SARS-CoV-2. Immunized
mice showed significantly reduced viral replication and inflammation in the lungs,
demonstrating the high immunogenicity of VSV-eGFP-SARS-CoV-2 (23). A similar strat-
egy was reported for construction of an rVSV-DG-S vaccine candidate based on a VSV
New Jersey serotype strain (24). Hamsters vaccinated with rVSV-DG-S at doses of 104,
105, 106, 107, or 108 PFU developed average NAb titers of 142, 789, 649, 1,080, and
2,201, respectively (24). All immunized hamsters were protected from SARS-CoV-2 chal-
lenge (24).

In this study, we modified the viral mRNA cap MTase as a means to attenuate the
VSV vector. The mRNA cap MTase activity in VSV is unique in that a single MTase cata-
lytic site in the L protein is essential for both G-N-7 and 29-O methylation, and that 29-
O methylation is required for the subsequent G-N-7 methylation (25, 36). Thus, a single
mutation (such as D1762A) in the MTase catalytic site abolished both G-N-7 and 29-O
methylations (28, 36). Previously, we showed that rVSV-D1762A is the most attenuated
virus among all the mtdVSVs (26), and the rVSV-D1762A backbone has been recently
used as a vector to deliver Zika virus antigen (37). Functionally, G-N-7 methylation is
essential for mRNA stability and viral protein translation, whereas 29-O methylation
serves as a molecular signature for host innate immunity to discriminate self from non-
self RNA (27, 38). Virus lacking G-N-7 and 29-O methylations is not only highly attenu-
ated in vitro and in vivo, but also induces a stronger innate immune response, which
promotes subsequent adaptive immunity (27, 38). Thus, MTase has been used as a
novel approach to attenuate paramyxoviruses, pneumoviruses, coronaviruses, and fla-
viviruses for the development of live attenuated vaccines (39–42).

In this study, we found that all mtdVSV-based vaccine candidates were not only
highly attenuated in immunocompetent mice (BALB/c and C57BL/6J mice) but also in
IFNAR12/2 mice, which are extremely sensitive to VSV infection. Because SARS-CoV-2 S
is incorporated into rVSV-D1762A-S virions, we further evaluated whether incorpora-
tion of S into virions can alter the pathogenesis and replication of rVSV-D1762A-S in
mice. Similarly to its parental rVSV-D1762A virus, infectious virus and copies of its RNA
genomes were below the detection limit in the lungs or brains of mice infected by
rVSV-D1762A-S, demonstrating that rVSV-D1762A-S is highly attenuated in vivo.
Importantly, all mtdVSVs tested here replicate to a very high titer (109 PFU/ml) in cell
culture, whereas glycoprotein-swapped VSV (such as VSV-SARS-CoV-2-SD21) only repli-
cates to 106 PFU/ml. The much higher titer of rVSV-D1726A-S would make vaccine
production more economically feasible. Despite the high attenuation phenotype,
rVSV-D1762A-S is highly immunogenic in mice and hamsters, induces NAbs at levels
significantly higher than those in convalescent plasma from COVID-19 recovered
patients, and provides complete protection against viral replication in the upper and
lower respiratory tracts, cytokine storm, and lung pathology.

Antibody-dependent enhancement (ADE) has been a concern for SARS-CoV-2 vac-
cine development because of the previous experience of ADE in some CoV vaccines
(such as MERS-CoV and SARS-CoV-1) (43). It is thought that the excessive Th2-cytokine-
biased responses and inadequate Th1-biased T-cell responses contribute to ADE (44,
45). Thus, an ideal SARS-CoV-2 vaccine should induce a high level of Th1- but not Th2-
biased T-cell response. Importantly, we found that both rVSV-D1762A-S and rVSV-
D1762A-S1 induce strong antigen-specific T-cell immunity that is predominated by
CD81 T cells capable of producing Th1 cytokines in C57BL/6J mice. A similar Th1-bi-
ased response was observed for a replication-competent recombinant VSV-DG-spike
vaccine in C57BL/6J mice (24). Thus, VSV-based SARS-CoV-2 vaccine can reduce the risk
of potential ADE and enhance the safety of the vaccine. Consistent with antibody
responses, rVSV-D1762A-S induced significantly stronger T-cell immunity than
rVSV-D1762A-S1 (P , 0.05). We also found that the frequencies of CD41 T cells were
barely detectable in both rVSV-D1762A-S- and rVSV-D1762A-S1-immunized animals.
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Interestingly, low frequencies of CD41 T cells were also observed for other SARS-CoV-2
vaccines that express the SARS-CoV-2 S protein via mRNA, adenovirus, or measles virus
(MeV) (46–48).

Unlike the glycoprotein-switching strategy, an advantage of using mtdVSV as a
backbone is that it allows us to express and deliver RBDs or modified, nonfunctional S
proteins such as the stabilized prefusion form of the S protein. This is important
because the stabilized prefusion form of the glycoprotein protein is much more immu-
nogenic than the native glycoprotein for many enveloped viruses, including paramyxo-
virus, pneumovirus, and HIV (49, 50). In fact, the Pfizer mRNA vaccine produces a tri-
merized form of the RBD, whereas the Moderna mRNA vaccine produces the stabilized
prefusion S protein (48, 51). Using measles virus (MeV), another NNS RNA virus, as a
vector, we recently demonstrate that the stabilized prefusion S protein of SARS-CoV-2
is significantly more potent than the native full-length S protein for inducing NAbs
(52). Thus, the stabilized prefusion S is the most immunogenic antigen for use in subu-
nit or vectored vaccines. Our data demonstrate that mtdVSVs expressing S1, RBD1, or
RBD2 are poorly immunogenic, likely due to their production as monomers. Our future
experiments will test mtdVSV delivery of the stabilized prefusion S protein trimer and
trimerized S1 and RBDs in attempts to enhance immunogenicity.

In mid-2020, after we had begun the work presented in this report, the pharmaceu-
tical company Merck announced that they were developing two SARS-CoV-2 vaccines
based on the same two vector systems we were using, MeV and VSV. However, late in
2020, Merck announced that they were discontinuing these programs based on their
phase 1 clinical studies. Specifically, they found that both vaccine candidates were
generally well tolerated, but the immune responses were lower than those seen in nat-
ural SARS-CoV-2 infection and those reported for other SARS-CoV-2 vaccines, such as
the Moderna and Pfizer mRNA vaccines. The compositions of their vaccine candidates
have not been made public, but Merck had previously used a glycoprotein replace-
ment strategy for construction of their rVSV-based vaccine for Ebola Zaire, VSV-DG-S,
the first rVSV vaccine approved for use in humans (https://www.iavi.org/news
-resources/press-releases/2020/iavi-and-merck-collaborate-to-develop-vaccine-against
-sars-cov-2). Although we do not know whether rVSV-D1762A-S is more immunogenic
than VSV-DG-S, it is more immunogenic than the 10 convalescent-phase sera from
recovered COVID-19 patients that we tested. In the future, one strategy that is likely to
further enhance the efficacy of the mtdVSV-based vaccine platform is to express a sta-
bilized version of the prefusion S protein.

In summary, we have proved that mtdVSV is an effective vaccine vector for deliver-
ing the SARS-CoV-2 S protein. We showed that rVSV-D1762A-S is a safe and efficacious
vaccine candidate, protecting animals from SARS-CoV-2 infection and lung disease in
preclinical trials.

MATERIALS ANDMETHODS
Biosafety. All experiments with infectious SARS-CoV-2 were conducted under biosafety level 3

(BSL3) or animal BSL3 (ABSL3) at The Ohio State University using standard operating procedures and
were approved by the BSL3 Advisory Group, the Institutional Biosafety Committee (IBC), and the
Institutional Animal Care and Use Committee (IACUC).

Cell culture. Vero CCL81 (ATCC no. CCL-81), Vero E6 (ATCC no. CRL-1586), and 293T (ATCC no. CRL-
3216) cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA). HEK293T
cells expressing ACE2 were obtained from BEI Resources. BSRT7 cells, which stably express T7 RNA poly-
merase, are clones of BHK-21 cells. All cells were grown in Dulbecco’s modified Eagle’s medium (DMEM;
Life Technologies) supplemented with 10% fetal bovine serum (FBS).

Virus strain. The SARS-CoV-2 USA-WA1/2020 natural isolate (GenBank accession number
MN985325) was obtained from BEI Resources (NR-52281) and amplified on Vero E6 cells. This strain was
originally isolated from an oropharyngeal swab from a patient with respiratory illness in January 2020 in
Washington, USA.

Animals. Specific-pathogen-free (SPF) IFNAR12/2, BALB/c, and C57BL/6J mice were purchased
from Jackson Laboratories (Bar Harbor, ME). Golden Syrian hamsters were purchased from Envigo
(Indianapolis, IN).

VSV plasmid construction. Genes encoding the full-length S protein of SARS-CoV-1 or the full-
length S, S1, receptor-binding domain 1 (RBD1), or RBD2 proteins of SARS-CoV-2 were cloned into the
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infectious VSV plasmid cDNA of the Indiana strain. To attenuate VSV, we took advantage of a point
mutation, D1762A, in the large (L) polymerase protein, which rendered a recombinant virus (rVSV-
D1762A) that abolishes both mRNA cap G-N-7 and 29-O methylation and is completely attenuated in
mice (26, 28, 37). Briefly, full-length S, S1 (amino acids [aa] 1 to 698), and two different RBDs (RBD1 [aa
319 to 589] and RBD2 [aa 319 to 541]) were amplified from a codon-optimized S gene of the 2019-nCoV/
USA-WA1/2020 strain (GenBank accession no. MN985325, synthesized by GenScript) by high-fidelity
PCR. For two RBDs, the signal peptide derived from the human CD5 gene was fused to the amino termi-
nus to enable secretion. These DNA fragments were digested with SmaI and XhoI and cloned into pVSV
(1)GxxL (provided by Sean Whelan) carrying the D1762A mutation at the same sites. The resulting plas-
mids were designated pVSV(1)-D1762A-S, pVSV(1)-D1762A-S1, pVSV(1)-D1762A-RBD1, and pVSV
(1)-D1762A-RBD2. In addition, the S gene of SARS-CoV-1 was cloned into the SmaI and XhoI sites in
wild-type pVSV(1)-GxxL vector, which resulted in construction of pVSV(1)-SCoV-1. All of the constructs
were confirmed by DNA sequencing.

Construction of DNA vaccine plasmids. For side-by-side controls, S, S1 (aa 1 to 698), and two RBDs
(RBD1 [aa 319 to 589] and RBD2 [aa 319 to 541] of SARS-CoV-2 were cloned into pCI vector (Promega),
which resulted in the construction of pCI-S, pCI-S1, pCI-RBD1, and pCI-RBD2.

Recovery of rVSV expressing SARS-CoV-2 antigens. Recovery of rVSV from the infectious clone
was carried out as described previously (10, 28). Briefly, rVSV was recovered by cotransfection of a plas-
mid expressing the VSV RNA genome and support plasmids encoding VSV nucleocapsid complex (pN,
pP, and pL) into BSRT7 cells infected with a recombinant vaccinia virus (vTF7-3) expressing T7 RNA poly-
merase (kindly provided by Bernard Moss) (53). At 96 h posttransfection, cell culture fluids were col-
lected and filtered through a 0.2-mm filter, and the recombinant virus was further amplified in BSRT7
cells. Subsequently, the viruses were plaque purified as described previously (19). Individual plaques
were isolated, and seed stocks were amplified in BSRT7 cells. The viral titer was determined by a plaque
assay performed in Vero cells. The recombinant viruses with the D1762A mutation were designated
rVSV-D1762A-S, rVSV-D1762A-S1, rVSV-D1762A-RBD1, and rVSV-D1762A-RBD2. The recombinant virus
carrying the S gene of SARS-CoV-1 in a wild-type VSV background was designated rVSV-SCoV-1.

RT-PCR. Viral RNA was extracted from rVSVs using a RNeasy minikit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions. SARS-CoV-2 genes were amplified by a OneStep RT-PCR kit (Qiagen)
using primers annealing to the VSV G gene at position 4524 (59-CGAGTTGGTATTTATCTTTGC-39) and the
L gene at position 4831 (59-GTACGTCATGCGCTCATCG-39) (numbering refers to the complete VSV
Indiana genome sequence). The amplified products were analyzed by 1% agarose gel electrophoresis
and sequenced.

Single-cycle growth curves. Confluent monolayers of BSRT7 cells were infected with individual
viruses at a multiplicity of infection (MOI) of 1.0. After 1 h of absorption, the inoculum was removed, the
cells were washed twice with Dulbecco’s modified Eagle’s medium (DMEM), fresh DMEM (supplemented
with 2% fetal bovine serum) was added, and the infected cells were incubated at 37°C. Aliquots of the
cell culture fluid were collected at the indicated intervals, and virus titers were determined by plaque
assay in Vero cells in triplicate.

VSV and SARS-CoV-2 plaque assay. Confluent Vero CCL81 cells in 6-well plates were infected with
10-fold serial dilutions of rVSV expressing SARS-CoV-2 antigens in DMEM. After absorption for 1 h at
37°C, cells were washed three times with DMEM and overlaid with 2 ml of DMEM containing low-melt-
ing-point agarose (0.25% wt/vol), 2% FBS, 0.12% sodium bicarbonate, 100 mg/ml streptomycin, 100 U/
ml penicillin, 25 mM HEPES (pH 7.7), and 2 mM L-glutamine. After incubation at 37°C for 2 to 3 days, cells
were fixed with 4% neutral buffered formaldehyde for 2 h. The overlays were removed, and the plaques
were visualized after staining by crystal violet. SARS-CoV-2 plaque assay was the same as VSV plaque
assay, except that it was carried out in Vero-E6 cells in 12-well plates and the infected cells were fixed at
2 days postinfection. The diameter of plaques for each virus were measured using ImageJ Software.

Detection of SARS-CoV-2 S antigen by Western blotting. BSRT7 cells were infected with parental
rVSV or rVSV expressing SARS-CoV-2 S antigens as described above. At the indicated time postinfection,
cell culture medium was harvested and clarified at 5,000 � g for 15 min. In the meantime, cells were
lysed in radioimmunoprecipitation assay (RIPA) buffer (catalog no. ab156034; Abcam). Proteins were
separated by 12% SDS-PAGE and transferred to a Hybond enhanced chemiluminescence nitrocellulose
membrane (Amersham) in a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad). The blot was probed
with rabbit anti-SARS-CoV-1 S (catalog no. 40592-T62; Sino Biological), SARS-CoV-2 S (catalog no. 40150-
R007; Sino Biological), or RBD (catalog no. 40592-MP01; Sino Biological) antibody at a dilution of 1:2,000,
followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Santa
Cruz) at a dilution of 1:5,000. The blot was developed with SuperSignal West Pico chemiluminescent
substrate (Thermo Scientific) and exposed to BioMax MR film (Kodak).

Purification of rVSV-D1762A and rVSV-D1762A-S. Purification of VSV was performed by a previ-
ously described method (28, 54). Briefly, 10 confluent T150 flasks of BSRT7 cells were infected by rVSV-
D1762A or rVSV-D1762A-S at an MOI of 0.01. At 1 h postinoculation, 15 ml of DMEM (supplemented
with 2% FBS) was added to the cells, which were then incubated at 37°C. After 72 h postinfection, cell
culture supernatant was harvested by centrifugation at 10,000 � g for 5 min. Virus was concentrated by
centrifugation at 40,000 � g for 90 min at 4°C in a Ty 50.2 rotor. The pellet was resuspended in NTE
buffer (100 mM NaCl, 10 mM Tris, and 1 mM EDTA [pH 7.4]) and further purified through 10% sucrose-
NTE by centrifugation at 150,000 � g for 1 h at 4°C in an SW50.1 rotor. The pellet was resuspended in
0.3 ml of NTE buffer. Virus was further purified by 20 to 50% sucrose-NTE gradient centrifugation at
150,000 � g for 4 h at 4°C in an SW50.1 rotor. The band containing VSV particles was collected by nee-
dle, diluted 5 times in NTE buffer, and centrifuged at 150,000 � g for 1 h at 4°C in an SW50.1 rotor. The
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final pellet was resuspended in 0.3 ml of NTE buffer. The protein content was measured by Bradford rea-
gent (Sigma Chemical Co.).

Human sera. Human serum samples were collected from 10 patients who had recovered from
COVID-19. All human studies were conducted in compliance with all relevant local, state, and federal
regulations and were approved by the Institutional Review Board (IRB) of The Ohio State University,
Columbus, OH.

Animal experiments. All animals were housed within university laboratory animal resources (ULAR)
facilities of The Ohio State University under approved Institutional Animal Care and Use Committee
(IACUC) guidelines (protocol no. 2009A0160 and 2020A00000053). Each inoculation group was sepa-
rately housed in rodent cages under animal biosafety level 2 (ABSL2 for VSV) or ABSL3 (for SARS-CoV-2)
conditions.

Immunization experiment in IFNAR12/2 mice. Twenty-five 4- to 8-week-old specific-pathogen-free
(SPF) female IFNAR12/2 mice (Jackson Laboratory, Bar Harbor, ME) were randomly divided into 5 groups
(5 mice per group). Mice in group 1 were inoculated intramuscularly with PBS. Mice in groups 2 to 5
were inoculated intramuscularly with 1.0 � 106 PFU of rVSV-D1762A-S, S1, RBD1, or RBD2, respectively.
After inoculation, the animals were evaluated twice every day for mortality and the presence of any
symptoms of VSV infection, such as ruffled fur, hyperexcitability, tremors, circling, and paralysis. The
body weight of each mouse was monitored every 3 to 4 days. Blood was collected at weeks 2, 4, 6, and
10 from each mouse to determine the SARS-CoV-2-specific antibody.

Immunization experiment in BALB/c mice. Forty-five 4- to 6-week-old specific-pathogen-free
female BALB/c mice (Jackson Laboratory) were randomly divided into 9 groups (5 mice per group). Mice
in groups 1 to 5 were inoculated intramuscularly with 1.0 � 106 PFU of rVSV-D1762A, rVSV-D1762A-S,
S1, RBD1, or RBD2. Mice in groups 6 to 9 were immunized intramuscularly with 50 mg of pCI, pCI-S, S1,
or RBD1. After 2 weeks, mice in each group were boosted with respective antigen at the same dose via
the same route. After inoculation, the animals were evaluated twice every day for mortality and the pres-
ence of any symptoms of VSV infection, as described above. The body weight of each mouse was moni-
tored every 3 to 4 days. Blood was collected every 2 weeks from each mouse to determine the SARS-
CoV-2-specific antibody.

Replication of VSV in C57BL/6J mice. Twenty 4- to 6-week-old female SPF C57BL/6J mice were ran-
domly divided into 4 groups (n = 5). Mice in groups 1 to 3 were intranasally inoculated with 1.0 � 106

PFU of rVSV, rVSV-D1762A, or rVSV-D1762A-S. Mice in group 4 were inoculated with PBS and served as
the uninfected control. At day 4 postinoculation, all mice were euthanized, and lung and brain from
each mouse were collected and homogenized for virus titration by plaque assay. In addition, total RNA
was extracted from lung and brain samples and VSV genomic RNA copies were quantified by real-time
RT-PCR using primers annealing to the VSV leader sequence and the N gene sequence, as described pre-
viously (55).

Immunization experiment in C57BL/6J mice. Thirty 4- to 6-week-old SPF C57BL/6J mice were ran-
domly divided into 3 groups (n = 10, 5 male and 5 female mice per group). Mice in groups 1 to 3 were
intranasally inoculated with 1.0 � 106 PFU (half intranasal and half subcutaneous route) of parental
rVSV-D1762A, rVSV-D1762A-S, and rVSV-D1762A-S1. After 2 weeks, mice in each group were boosted
with the same virus at the same dose with the same route. After inoculation, the animals were evaluated
twice every day for mortality and the presence of any symptoms of VSV infection, as described above.
Blood was collected at week 4 from each mouse to determine the SARS-CoV-2-specific ELISA antibody
and NAbs. At week 4 postinoculation, five female mice with from each group were euthanized with CO2,
and spleens were collected for lymphocyte isolation for T-cell assay.

Immunization and challenge experiments in Golden Syrian hamsters. Twenty 4-week-old female
Golden Syrian hamsters (Envigo, Indianapolis, IN) were randomly divided into 4 groups (n = 5). Hamsters
were initially housed in a BSL2 animal facility at The Ohio State University. Group 1 was inoculated with
PBS and served as an unimmunized, unchallenged control. Groups 2 to 4 were immunized intranasally
(5.0 � 105 PFU/hamster) plus subcutaneously (5.0 � 105 PFU/hamster) with rVSV-D1762A, rVSV-D1762A-
S, and rVSV-D1762A-S1, respectively. Three weeks later, hamsters in groups 2 to 4 were boosted with
the respective virus at the same dose via the same routes. At week 4 post booster immunization, ham-
sters in groups 2 to 4 were moved to an ABSL3 animal facility for challenge with SARS-CoV-2. For chal-
lenge studies, hamsters in groups 2 to 4 were anaesthetized with isoflurane and were intranasally inocu-
lated with 40 ml DMEM or 1.0 � 105 PFU of SARS-CoV-2 in 40 ml DMEM. At day 4 postchallenge, all
hamsters were euthanized. The left lung, nasal turbinate, and half each of brain, liver, and spleen from
each hamster were collected and homogenized for both virus titration and RNA extraction. The right
lung and half each of the brain, liver, and spleen were fixed for histology and immunohistochemistry
(IHC) analysis as described below.

S and RBD protein purification. The stabilized prefusion S (preS) protein (amino acids 1 to 1,273)
and RBD (amino acids 319 to 541) of SARS-CoV-2 were cloned into pCAGGS and transfected into
FreeStyle293F cells for protein expression. The secreted preS and RBD in cell culture supernatants were
then purified via affinity chromatography. The purity of the protein was analyzed by SDS-PAGE and
Coomassie blue staining. Protein concentration was measured using Bradford reagent (Sigma Chemical
Co., St. Louis, MO).

Peptides. A set of 181 peptides spanning the complete S protein of the USA-WA1/2020 strain of
SARS-CoV-2 (GenPept accession number QHO60594) and a set of 57 peptides spanning the Urbani strain
of SARS-CoV-2 (GenPept accession number AY278741) were obtained from BEI Resources (National
Institute of Allergy and Infectious Diseases) (catalog no. NR-52402 and NR-52419, respectively). These
peptides are 13 to 20 amino acids long, with 10-amino-acid overlaps. The S1 peptide pools contain
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93 peptides representing the N-terminal half of the S protein (MFVFLVLLPL to AEHVNNSYE), and the S2
peptide pools contain 88 peptides representing the C-terminal half of the S protein (GAEHVNNSYE to
VLKGVKLHYT). Peptides were dissolved in sterile water containing 10% dimethyl sulfoxide (DMSO).

ELISPOT assay. Spleens of immunized C57BL/6J mice were aseptically removed 35 days after immu-
nization and minced by pressing through cell strainers. Red blood cells were removed by incubation in
0.84% ammonium chloride, and, following a series of washes in RPMI 1640, cells were resuspended in
RPMI 1640 supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 10% fetal calf serum. Antigen-specific T cells secreting IFN-g were
enumerated using anti-mouse IFN-g enzyme-linked immunosorbent spot assay (ELISpot) assay (catalog
no. CT317-PB5; U-CyTech). Cells were plated in 96-well polyvinylidene difluoride (PVDF) plates at 2 � 105

per well in duplicate, and stimulated separately with the SARS-CoV-2 peptide pools (2 mg/ml) or with
concanavalin A (5 mg/ml, Sigma), or medium alone, as positive and negative controls, respectively. The
plates were incubated for 42 to 48 h and then developed according to the manufacturer’s instructions.
The number of spot-forming cells (SFC) was measured using an automatic counter (ImmunoSpot).

Quantification of intracellular cytokine production. For detection of SARS-CoV-2-specific intracel-
lular cytokine production, 106 cells were stimulated in 96-well round-bottomed plates with peptide pool
(5 mg/ml), or with medium alone or phorbol myristate acetate (PMA)/ionomycin (BioLegend) as negative
and positive controls, respectively, for 5 h in the presence of GolgiPlug (BD Biosciences). Following incu-
bation, cells were surface stained for CD3, CD4, and CD8 for 30 min at 4°C, fixed and permeabilized using
the Cytofix/Cytoperm kit (BD Biosciences), and intracellularly stained for IFN-g, TNF-a, IL-2, IL-21, IL-17A,
IL-10, and IL-4 for 30 min at room temperature. Dead cells were removed using the Live/Dead fixable
near-infrared (near-IR) dead cell stain kit (Invitrogen). A positive response was defined as .3 times the
background of the negative-control sample. The percentage of cytokine-positive cells was then calcu-
lated by subtracting the frequency of positive events in negative-control samples from that in test
samples.

Flow cytometric analysis. The following mouse-reactive antibodies (clone, catalog number, dilu-
tion) from BioLegend, BD Biosciences, and Thermo Fisher Scientific were used for analysis of T cells:
CD3-phycoerythrin (PE)/cyanine 7 (145-2C11, 100319, 1:400), IFN-g-PE/Dazzle 594 (XMG1.2, 505845,
1:400), TNF-a-brilliant violet 785 (MP6-XT22, 506341, 1:400), IL-17a Alexa Fluor 488 (TC11-18H10.1,
506909, 1:100), IL-21 allophycocyanin (APC) (mhalx21, 51-7213-80, 1:100), IL-4-brilliant violet 711 (11B11,
504133, 1:100), CD4-BUV 496 (GK1.5, 612952, 1:400), CD8-BUV737 (53-6.7, 612759, 1:400), IL-10-brilliant
violet 510 (JES5-16E3, 563277, 1:100), and IL-2-PE (JES6-5H4, 12-7021-82, 1:200). Surface and intracellular
staining were performed as described previously (56). Events were collected on an LSRFortessa X-20
flow cytometer (BD) following compensation with UltraComp eBeads (Invitrogen). Data were analyzed
using FlowJo v10 (TreeStar).

Determination of SARS-CoV-2 titer in hamster tissues. After SARS-CoV-2 challenge, the left lung,
nasal turbinate, brain, liver, and spleen were collected. Organs were weighed and homogenized by
hand with a mortar and pestle (Golden, CO) in 1 ml of sterile PBS. Each sample was subjected to 10-fold
serial dilutions. The initial dilution of each tissue sample was 1:10. The presence of infectious SARS-CoV-
2 was determined by plaque assay in Vero E6 cells in 12-well plates. The limit of detection (LoD) was cal-
culated with the following formula: LoD = log10[([1/0.2] � 10)/average tissue weight], where 1 represents
1 plaque in a well, 0.2 represents a 0.2-ml tissue sample, and 10 is the lowest dilution.

Measurement of SARS-CoV-2 genomic and subgenomic RNA burden. Total RNA was extracted
from homogenized left lung, nasal turbinate, brain, liver, and spleen tissue samples using TRIzol reagent
(Life Technologies, Carlsbad, CA). For total viral RNA (genome and subgenome), reverse transcription (RT)
was conducted using a primer (59-GTCATTCTCCTAAGAAGCTATTAAAATC-39) targeting the 39 untranslated
region (UTR) of the SARS-CoV-2 genome and the SuperScript III transcriptase kit (Invitrogen, Carlsbad, CA).
For genomic RNA, the RT primer (59-GTGTCTTTGATTTCGAGCAAC-39) was annealed to the 59 UTR of
the SARS-CoV-2 genome. The RT products were then used to perform real-time PCR using primers specifi-
cally targeting the nucleocapsid (N) gene of SARS-CoV-2 (forward, 59-CATTGGCATGGAAGTCACAC-39;
reverse, 59-TCTGCGGTAAGGCTTGAGTT-39) or the 59 end of the SARS-CoV-2 genome (forward, 59-ACT
GTCGTTGACAGGACACG-39; reverse, 59-ACGTCGCGAACCTGTAAAAC-39) in a StepOne real-time PCR system
(Applied Biosystems). A standard curve was generated using a plasmid encoding the full-length genome
of SARS-CoV-2. Amplification cycles used were 2 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C.
The threshold for detection of fluorescence above the background was set within the exponential phase
of the amplification curves. For each assay, 10-fold dilutions of standard plasmid or viral RNA were gener-
ated, and negative-control samples and double-distilled water (ddH2O) were included in each assay. After
real-time qPCR, the threshold cycle (CT) value from each sample was converted into log10 viral RNA copies/
mg tissue according to the standard curve. The RNA copies were calculated with the following formula:
RNA copies/mg tissue = log10 [(no. of CT-converted copies/ml � 10 [2 ml from 20ml total cDNA] � 25 [2 ml
from 50ml total RNA] � 10 [100ml from 1 ml homogenized tissue])/tissue weight in mg]. The LoD is set as
the maximum value of the normal control group. The exact log10 RNA copies/mg was reported for each
sample.

Quantification of cytokines in lungs of hamsters. Total RNA was extracted from lungs of golden
Syrian hamsters, and IFN-a1, IFN-g, IL-1b, IL-2, IL-6, TNF, and CXCL10 mRNAs were quantified by real-
time RT-PCR (57, 58). GAPDH mRNA was used as an internal control. The cytokine mRNA of each group
was expressed as fold change in gene expression compared to that in normal animals (unimmunized
and unchallenged) after normalization by GAPDH. The primers used for RT-qPCR were described in our
previous publication (52).
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Detection of SARS-CoV-2 RBD- or S-specific antibodies by ELISA. Ninety-six-well plates were first
coated with 50 ml of highly purified RBD or preS protein (2 mg/ml in 50 mM Na2CO3 buffer [pH 9.6]) per
well at 4°C overnight, and then blocked with bovine serum albumin (BSA; 1% wt/vol, in PBS, 200 ml/well)
at 37°C for 2 h. Subsequently, individual serum samples were tested for SARS-CoV-2 S-specific antibody
on antigen-coated plates. Briefly, serum samples were 2-fold serially diluted and added to RBD protein-
coated wells. After incubation at room temperature for 2 h, the plates were washed five times with phos-
phate-buffered saline (PBS)-Tween (0.05%), followed by incubation with 100 ml of horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG (catalog no. 31430; Thermo Scientific) or goat anti-hamster
IgG (catalog no. PA1-28823; Invitrogen) at a dilution of 1:150,000 at room temperature for 1 h. Plates
were washed, developed with 100 ml of 3,39,5,59-tetramethylbenzidine (TMB), and stopped by 100 ml of
H2SO4 (2 mol/liter), and the optical density (OD) at 450 nm was determined by BioTek microplate reader.
Endpoint titers were determined as the reciprocal of the highest dilution that had an absorbance value
2.1-fold greater than the background level (DMEM control). Antibody titers were calculated by geomet-
ric mean titer (GMT).

SARS-CoV-2 pseudovirus neutralization assay. The SARS-CoV-2 pseudovirus neutralization titer
was determined using a lentiviral SARS-CoV-2 pseudotyped virus as described in a previous study (59).
Specifically, 100 ml of virus was incubated with mouse or hamster serum solutions for 1 h at 37°C, and
the mixture was added to HEK293T cells expressing ACE2 in 96-well plates. At 72 h postinfection, super-
natants were collected from each well for measurement of luciferase activity. Briefly, 20 ml of superna-
tant was transferred to a new 96-well plate and mixed with 20 ml of Gluc substrate (0.1 M Tris [catalog
no. T6066; Millipore Sigma] pH 7.4, 0.3 M sodium ascorbate [catalog no. S1349; Spectrum], and 10 mM
coelenterazine [catalog no. CZ2.5; GoldBio]). Luminescence was immediately read by a plate reader. A
nonlinear regression of x-y analyses was performed and fitted with an inhibition curve. The 50% inhibi-
tory concentration (IC50) titer was calculated.

Plaque reduction/neutralization test. SARS-CoV-2-specific NAbs were determined using an end-
point dilution plaque reduction neutralization test (PRNT). The serum samples were heat-inactivated at
56°C for 30 min. Twofold dilutions of the serum samples were mixed with an equal volume of DMEM
containing approximately 100 PFU/well SARS-CoV-2 in a 96-well plate, and the plate was incubated at
37°C for 1 h with constant rotation. The mixtures were then transferred to confluent Vero-E6 cells in a
12-well plate. After 1 h of incubation at 37°C, the virus-serum mixtures were removed, and the cell
monolayers were covered with 1 ml of Eagle’s minimal essential medium (MEM) containing 0.25% aga-
rose, 0.12% sodium bicarbonate (NaHCO3), 2% FBS, 25 mM HEPES, 2 mM L-glutamine, 100mg/ml strepto-
mycin, and 100 U/ml penicillin. The cells were then incubated for another 2 days and then fixed with 4%
formaldehyde. The plaques were counted; serum dilution with 50% plaque reduction/neutralization titer
(PRNT50) were calculated as the SARS-CoV-2-specific NAb titers.

Histology. Half of the tissues (right lung, brain, liver, and spleen) from each experiment were pre-
served in 4% (vol/vol) phosphate-buffered paraformaldehyde for 2 weeks before being transferred out
of the BSL3 facility. Fixed tissues were embedded in paraffin, sectioned at 5 mm, and stained with hema-
toxylin and eosin (H&E) for the examination of histological changes by light microscopy. The pathologist
was blind to each group.

Immunohistochemical staining. Sections of paraffin-embedded lung tissues (5 mm) were placed
onto positively charged slides. After deparaffinization, sections were incubated with target retrieval solu-
tion for antigen retrieval. Immunohistochemical staining (IHC) was performed using a rabbit anti-SARS-
CoV-2 N protein antibody (catalog no. NB100-56576; Novus Biologicals). Slides were counterstained with
hematoxylin (HistoWiz).

Statistical analysis. Quantitative analysis was performed by either densitometric scanning of auto-
radiographs or by using a phosphorimager (Typhoon; GE Healthcare, Piscataway, NJ) and ImageQuant
TL software (GE Healthcare) or ImageJ software (NIH, Bethesda, MD). Statistical analysis was performed
by one-way multiple comparisons using SPSS (version 8.0) statistical analysis software (SPSS, Inc.,
Chicago, IL), one-way or two-way analysis of variance (ANOVA), or Student’s t test. A P value of ,0.05
was considered statistically significant.

Data availability. We declare that the data supporting the findings of this study are available with
the article or are available from the corresponding author upon request.
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