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An orally active vaccine capable of boosting SARS-CoV-2 immune responses in previously infected or vac-
cinated individuals would help efforts to achieve and sustain herd immunity. Unlike mRNA-loaded lipid
nanoparticles and recombinant replication-defective adenoviruses, replicating vesicular stomatitis
viruses with SARS-CoV-2 spike glycoproteins (VSV-SARS2) were poorly immunogenic after intramuscular
administration in clinical trials. Here, by G protein trans-complementation, we generated VSV-SARS2(+G)
virions with expanded target cell tropism. Compared to parental VSV-SARS2, G-supplemented viruses
were orally active in virus-naive and vaccine-primed cynomolgus macaques, powerfully boosting
SARS-CoV-2 neutralizing antibody titers. Clinical testing of this oral VSV-SARS2(+G) vaccine is planned.

� 2021 Published by Elsevier Ltd.
1. Introduction

Control of the SARS-CoV-2 pandemic will depend in part upon
the global deployment of effective vaccines [1]. However, all cur-
rently approved SARS-CoV-2 vaccines are administered via intra-
muscular injection which increases the cost and complexity of
vaccination programs, contributes to vaccine hesitancy and fails to
stimulate mucosal immunity [2,3]. Also, protective antibody titers
are known to wane after successful vaccination (or after natural
infection), such that periodic booster immunizationswill be needed
to sustain immunity, particularly in vulnerable individuals, so long
as the virus remains endemic in the human population [4–6].

Since oral and nasal mucosal surfaces are the primary portal of
entry for SARS-like coronaviruses, the induction of mucosal immu-
nity (via secretory IgA) may be the best way to prevent the virus
from ever getting a foothold in the upper airways, thereby elimi-
nating the risk of asymptomatic infection and virus shedding in
vaccinated individuals which could aid virus transmission [7].
Available data from previous studies suggests that mucosal protec-
tion can be achieved most readily via mucosal vaccination using an
oral or intranasal delivery route [3] which has been exemplified in
previously licensed vaccines (e.g. Rotarix� and oral polio vaccines).
From a cost, convenience and simplicity perspective, the oral route
is preferred over the intranasal route since it does not require the
use of a specialized delivery device (e.g. nebulizer). Also, from a
safety perspective oral delivery avoids the risk that a live viral vac-
cine administered intranasally might spread into the brain via the
olfactory neurons which pass through the cribriform plate at the
apex of the nasal cavity [8]. Finally, compared to available inject-
able vaccines, oral vaccines are much preferred by children and
adolescents whose high prevalence of vaccine hesitancy is linked
to fear of needles [2,9].
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Here, to develop an orally active viral vaccine capable of
expressing the immunogenic SARS-CoV-2 spike glycoprotein in
oral mucosa, we exploited the known tropism of vesicular stomati-
tis virus (VSV). Vesicular stomatitis is a self-limited illness of cattle
and other ungulate species characterized by blistering of the oral
mucosa and hooves [10]. The disease is endemic in Central America
and the Southern United States, and the causative agent is vesicu-
lar stomatitis virus (VSV), a mosquito borne Vesiculovirus belong-
ing to the family Rhabdoviridae. Human exposures to VSV infected
cattle lead to asymptomatic seroconversion or sometimes a brief
febrile illness with associated oral blistering [10]. VSV seropreva-
lence is very low in the human population, even in endemic areas
[11]. VSV is a bullet-shaped virus with a lipid envelope and a single
stranded negative sense RNA genome of approximately 11 kb,
comprising five genes encoding nucleocapsid (N), phosphoprotein
(P), matrix (M), glycoprotein (G) and polymerase (L) proteins. Virus
entry is mediated via the interaction of the viral G protein with the
low density lipoprotein (LDL) receptor, ubiquitously expressed on
mammalian cells [12].

To generate an orally active VSV-SARS2(+G) vaccine we substi-
tuted the G cistron of an Indiana strain VSV genome with a codon-
optimized sequence encoding the Wuhan strain SARS-CoV-2 spike
glycoprotein (S) and amplified the recombinant virus on Vero cells
transiently expressing the G protein (Fig. 1A). To facilitate S protein
incorporation and G-independent propagation of the recombinant
VSV-SARS2 viruses, a 19 amino acid S protein cytoplasmic tail
truncation was introduced into the S protein [13]. The virus res-
cued from this construct was able to propagate autonomously,
albeit slowly, with characteristic syncytial cytopathic effect on
A549 cells transduced with the ACE2 receptor, but not on parental
A549 cells (Fig. 1B). Autonomously replicating non-G-deleted VSVs
encoding the SARS-CoV2 spike protein that were generated in par-
allel were found to replicate efficiently on ACE2 negative cells, but
rapidly lost expression of the spike protein, primarily via point
mutations in key upstream regulatory sequences (data not shown).
The stably and autonomously replicating VSV-SARS2 virions were
next propagated on ACE2 receptor positive Vero cells transfected
with a VSV-G expression plasmid to trans-pseudotype them with
the G protein, which is also known to drive more efficient virus
budding [14]. G-protein incorporation led to an approximately
10-fold enhancement of the infectious titer of the VSV-SARS2(+G)
virus preparations (titers of 2 x109 TCID50 per ml were achieved
for the G supplemented viruses versus maximum titer of
5.1 � 107 TCID50 without G protein. In a parallel study, incorporat-
ing the SARS-CoV-2 spike coding sequences as an additional cistron
(that is, without deletion of G) proved to be highly unstable since
their replication was not dependent on the integrity of the SARS-
CoV-2 spike.

Biochemical characterization of the recombinant virus particles
confirmed the incorporation a partially cleaved S protein in pure -
VSV-SARS2 virions, and the co-incorporation of S and G proteins in
the G-pseudotyped VSV-SARS2(+G) virions (Fig. 1C). SARS-CoV2 S
protein expression after infection with VSV-SARS2 or VSV-SARS2
(+G) was confirmed by western blotting and/or flow cytometry of
ACE2 negative baby hamster kidney cells (BHK) and ACE2 positive
Vero cells after infection by the respective viruses (Fig. 1C and D).
VSV-SARS2 virions were neutralized by a cocktail of monoclonal
anti-S SARS-CoV-2 neutralizing antibodies, but not by anti-G anti-
bodies, indicating that they enter cells exclusively via their dis-
played S protein (Fig. 1E). In contrast, after treatment with anti-S
or anti-G antibodies, G-pseudotyped VSV-SARS2(+G) virions
retained 20% or 4% infectivity respectively but were more fully
neutralized when the anti-S and anti-G antibodies were used in
combination (Fig. 1E).

To facilitate in vivo studies in non-human primates (NHP), and
possible clinical translation, mid-scale preparations of the VSV-
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SARS2 and VSV-SARS2(+G) viruses were generated using adherent
GMP-qualified Vero cells as the substrate. Crude viral supernatants
from these production runs were clarified by centrifugation and fil-
tration, treated with benzonase, and purified by tangential flow fil-
tration prior to cryopreservation. Viral stocks were titrated post-
thawing by TCID50 assay on Vero cell monolayers, then character-
ized for S and G protein incorporation and endotoxin content.

Expression of ACE2 receptors is not prominent on primate myo-
cytes [14]. However, based on a published report demonstrating
protective immunity to SARS-CoV-2 in hamsters vaccinated by
intramuscular administration of a G-deficient VSV-DG-SARS-CoV-
2 construct [15], we tested our own G-deficient VSV-SARS2 con-
struct by intramuscular (IM, 107 TCID50) vaccination of six virus-
naive cynomolgus macaques (Fig. 2A). Compared to unvaccinated
control animals, all monkeys in this experimental group developed
detectable anti-S antibody responses by 4 weeks after vaccination
(Fig. 2B, C). However, the absolute magnitude of the anti-spike IgG
and neutralizing antibody titers observed in these animals were
very low relative to mean human convalescent titers [16].In paral-
lel with this intramuscular study, 10 mls of the virus (107 TCID50)
was administered into the oral cavity of animals (PO) under brief
sedation. Immune responses to the oral application of the virus
were not detected in any of the animals in this group (Fig. 2B, C).
The conclusion of this preliminary study in cynomolgus macaques
was that the G-deficient VSV-SARS2 virus was weakly immuno-
genic when administered by the intramuscular route and is mini-
mally immunogenic by the oral route.

To determine whether G protein supplementation could
enhance the potency of the recombinant VSV vaccine, we adminis-
tered VSV-SARS2(+G) to a total of four virus-naive cynomolgus
macaques, either by IM injection (n = 2) or PO (n = 2). Both IM vac-
cinated animals and one of the orally vaccinated animals rapidly
generated high IgG and neutralizing antibody titers against the
SARS-CoV-2 spike glycoprotein (Fig. 3, A, B). Neutralizing antibody
titers were well maintained with no significant decline in two of
the three responding animals until the end of the study (six
months post vaccination) indicating excellent durability of the
immune response to this vaccine formulation. Interestingly, even
though the VSV-SARS2(+G) virus does not encode the G protein,
both IM-vaccinated animals generated low titers of G-reactive
VSV neutralizing antibodies (Fig. 3C), indicating that even the small
amount of G protein carried by the injected virus particles was suf-
ficient to induce an immune response via this route. In contrast,
anti-G antibodies were not detected in the orally vaccinated ani-
mals (Fig. 3C), indicating that particle-associated G protein may
be less likely to provoke an immune response when the viruses
are administered orally.

Analysis of T cell responses to the SARS-CoV-2 S protein in vac-
cinated macaques that seroconverted demonstrated an increase in
spike antigen specific interferon gamma (IFN-c) ELISPOT positive T
cells but not IL4 positive T cells, indicating Th1 skewing (Fig. 3D). In
light of the importance of this observation, we conducted confir-
matory studies in immunized immune competent mice by
intraperitoneal injection of the VSV-SARS2(+G) virus. As shown
in supplemental Fig. 1, all vaccinated mice had a robust anti-
spike antibody response with predominance of IgG2a antibodies
compared to IgG1, further confirming the potent immunogenicity
of the platform with associated Th1 skewing [17] of the immune
response in the mouse model.

To determine whether the orally administered VSV-SARS2(+G)
vaccine might have the ability to refresh and amplify the SARS-
CoV-2 immune responses of individuals previously infected or vac-
cinated, but with low or waning titers of SARS-CoV-2 neutralizing
antibodies, we orally boosted all six cynomolgus macaques from
Experiment 1, Group A, 42 days after they received the intramus-
cular G-deficient VSV-SARS2 vaccine (Fig. 4A). Four animals



Fig. 1. Generation and characterization of VSV-SARS2 and VSV-SARS2(+G) viruses. (A) Schematic of the VSV-SARS2 genome and nomenclature of viruses. (B) Crystal violet
stained A549 cells and A549-ACE2 cells at 24 h after virus infection. Note the extensive syncytial formation in the VSV-SARS2 and VSV-SARS2(G) infected A549-ACE2
expressing cells. (C) Immunoblot of virions prepared in untransfected or G-plasmid transfected Vero cells, and of lysates from corresponding virus infected cells were probed
with polyclonal VSV antiserum and a monoclonal antibody against the S2 domain of the SARS-CoV-2 spike glycoprotein. The S2 shadow band in the cell lysates may be a
glycosylation variant. (D) Flow cytometry analysis of anti-spike stained virus infected cells. (E) Neutralization of the infectivity VSV-SARS2 (+/- G) by a cocktail of anti-G and/
or anti-S monoclonal antibodies.
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received a high dose (109 TCID50) of the oral vaccine and two ani-
mals received a low dose (5x106 TCID50). Logarithmic increases in
the total IgG and neutralizing antibody titers were observed in all
four animals in the high dose group within a week of receiving the
oral boost (Fig. 4, B-D). Similar boosting of the antibody response
was observed in one of the two animals in the low dose group
(Fig. 4, B-D). Neutralizing antibody titers were concordant (fig.
S2) between the vesiculovirus (Fig. 4C) and lentivirus pseudovirus
assays (Fig. 4D). In addition, we have previously shown that the
neutralizing antibody assay using the vesiculo-pseudovirus has
good correlation (R = 0.89, p < 0.0001) with the classical plaque
reduction neutralizing titer PRNT assay using the BSL3 live SARS-
CoV-2 virus [18]. Analysis of peripheral blood mononuclear cells
revealed significant increases in S protein specific IFNc-secreting
2344
T cells in these orally boosted animals, but not of IL4-secreting T
cells in a ELISPOT assay (Fig. 4E). Significantly, anti-G antibodies
were not detected in any of the orally boosted animals (Fig. 4F),
suggesting that it may be possible to use the G-pseudotyped plat-
form repeatedly in the same individual to boost immunity against
diverse coronavirus spike glycoproteins. Analysis of buccal and
bronchoalveolar lavage (BAL) fluid obtained at euthanasia from
these orally boosted and control animals revealed a substantial
increase in the level of spike specific IgA as an indicator of mucosal
immunity (Fig. 4, G and H).

The tolerability of VSV-SARS2 and VSV-SARS2(+G) vaccines was
examined in all NHPs via physical examination, behavioral obser-
vations, complete blood counts, and serum chemistries, with a
complete necropsy at the end of the study. Body weights were



Fig. 2. VSV-SARS2 is poorly immunogenic in cynomolgus macaques (IM and oral
routes). (A). Experimental design showing groups of six cynomolgus macaques
vaccinated by intramuscular (IM) or oral (PO) routes using 107 TCID50 VSV-SARS2
virus. Another six animals received vehicle control via both IM and PO routes.
Baseline and post-vaccination samples were harvested at indicated timepoints. (B)
IgG anti-spike antibody titers by ELISA. (C) Neutralizing antibody titers using a live
SARS-CoV-2 spike VSV pseudovirus (IMMUNO-COVTM) assay [18]. Time points are
before (pre) and at 2, 3, and 4 weeks post vaccination. A log2 scale is used for the y
axis.

Kah-Whye Peng, T. Carey, P. Lech et al. Vaccine 40 (2022) 2342–2351
stable with a gain trend and there were no significant changes in
the serum C-reactive protein, an acute inflammation marker (fig.
S3). Mild increases in body temperature were observed within
the normal range for vaccinated animals and were observed with
equivalent frequency in sham-vaccinated animals. A low incidence
of vomiting and inappetence was observed following sedation in
both sham controls and vaccinated animals which is a well-
known side effect of the drugs used for sedation. The vaccine deliv-
ery sites (oral and injection) of all test and control animals were
examined regularly after virus exposure for evidence of irritation
or inflammation. The only finding of note was in one animal that
had transient and mild mucosal changes consistent with blistering,
observed on the upper gingiva (2 � 4 mm) day 11 post vaccination
with complete resolution at the next exam at day 21, and ulcera-
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tion (4 mm) of the buccal mucosa day 35 post vaccination which
resolved by day 56 and did not alter feeding habits or interfere
with daily activities. Importantly, there was no infectious virus
recovered from the saliva or buccal swabs from this animal, nor
from any body fluids collected from any of the experimental ani-
mals (serum, buccal, nasal, rectal swabs) at any time point. Com-
plete blood counts remained within normal limits throughout
follow-up post vaccine administration and the renal and hepatic
functional measurements did not indicate any adverse reaction
to immunization which was confirmed by histology. Overall, there
was minimal vaccine toxicity with oral administration of the VSV-
SARS2(+G) virus particles and the vaccine was well-tolerated in
cynomolgus macaques.

Overall, our data support the clinical advancement of VSV-
SARS2(+G) for oral booster vaccination of individuals previously
infected or vaccinated but who have low or rapidly waning anti-
body titers. Previous studies have shown that peak post-SARS-
CoV-2 infection and post-vaccination neutralizing antibody titers
to SARS-CoV-2 differ between individuals based on age, infection
severity and vaccine identity [19]. Antibody titers have also been
shown to fall quite rapidly over time with half-lives varying from
2.5 and 6 months, signifying 4-fold to 25-fold titer reductions in
the first year [4,6,20]. Thus, while the appropriate timing of
SARS-CoV-2 vaccine booster shots has not yet been determined
for specific subgroups of individuals, booster vaccination will likely
be an important part of the strategy for longer-term control of the
pandemic. Future studies comparing the efficacy of oral booster
doses of VSV-SARS-CoV-2 and VSV-SARS2(G) in non-human pri-
mates would also be warranted after priming with currently
approved vaccines.

Compared to currently approved mRNA and adenoviral vaccines
which are administered by intramuscular injection, mucosal vacci-
nation may offer a more reliable and durable defense against SARS-
CoV-2 infection [3]. Mucosal surfaces in the nose and mouth pro-
vide the primary portal of entry for respiratory pathogens such
as SARS-CoV-2 and are best protected by secretory polymeric IgA
in mucus and saliva. Secretory polymeric IgA is efficiently induced
by mucosal vaccines because they interact directly with mucosal
associated lymphoid tissues such as the lingual and palatine tonsils
which encircle the posterior outlet of the oral cavity. Oral mucosal
vaccination may also overcome some of the logistical drawbacks of
injectable vaccines such as the limited availability and high cost of
vials, needles, syringes, and trained personnel, and the high preva-
lence of needle phobia in preadolescents, adolescents and college
students. Comparing to intranasal vaccine delivery which has been
successfully developed and deployed for influenza prevention [21],
oral delivery may be a preferred approach to avoid the risks (and
costs) of live virus aerosolization and CNS exposure associated
with intranasal delivery.

Interestingly, while it was generally accepted at the outset of
the SARS-CoV-2 pandemic that protein, mRNA and nonreplicating
adenoviral vaccines could be developed very rapidly, it was also
argued that vaccines built on replicating viral platforms might
prove to be more potent, potentially affording protection after a
single dose. Based on the extraordinary success of VSV-EBOV, a
G-substituted VSV encoding the Ebola surface glycoprotein, which
fully protects against Ebola virus infection within 2 weeks after a
single intramuscular shot [22], it was predicted that a G-
substituted VSV encoding the SARS-CoV-2 spike glycoprotein
would be equally effective as an intramuscular vaccine to protect
against COVID-19. However, in human trials the efficacy of this
G-substituted construct, administered by intramuscular injection,
fell short of expectations and induced suboptimal titers of neutral-
izing antibodies [23]. Our studies in cynomolgus macaques con-
firm the low immunogenicity of the VSV-SARS2 vaccine
construct, but further extend the narrative by demonstrating the



Fig. 3. VSV-SARS2(+G) is powerfully immunogenic in cynomolgus macaques. 4 NHP were given the VSV-SARS(+G) vaccine by IM (IM-1, IM-2) or PO routes (PO-1, PO-2).
Titers of anti-spike (A) IgG and (B) neutralizing antibodies against a live SARS-CoV-2 spike pseudovirus were measured at various time points. (C) Anti-VSV.G IgG titers in the
orally or IM vaccinated animals. (D) Th1 (IFN-gamma secreting) and Th2 (IL-4 secreting) ELISPOT assay for spike antigen reactive T cells in peripheral blood mononuclear cells
(PBMC) at day 42.
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enormous promise of the same construct as an oral mucosal boos-
ter vaccine when modified to incorporate the VSV.G protein. We
have therefore recently engineered a series of VSV-SARS2 con-
structs encoding the spike proteins of emerging SARS-CoV-2 vari-
ants. G protein pseudotyping of a replication defective VSV
encoding the SARS-CoV spike glycoprotein was shown previously
to enhance the immunogenicity of the construct when adminis-
tered to NHPs by IM injection, but oral administration was not
attempted [24]. Interestingly, another group recently exploited G
protein trans-complementation as a way to restore the immuno-
genicity of a G-deleted VSV-derived vaccine for SARS-CoV-2 in
ACE2 receptor negative mice [25]. VSV-eGFP-SARS-CoV-2, an
autonomously replicating ACE2 receptor-dependent VSV which
encodes the SARS2 spike glycoprotein and a GFP reporter gene
was trans-complemented with ‘‘a small amount” of VSV-G protein,
then used to vaccinate mice via the intraperitoneal route which
resulted in robust, protective anti-spike antibody responses. These
investigators further demonstrated the feasibility of intranasal vac-
cination using the same construct, but without G protein supple-
mentation, in mice that were transgenic for the ACE2 receptor
[25]. Although not formally proven, we speculate that the superior
immunogenicity of the G-supplemented virus preparation, both by
IM and PO routes, reflects a higher efficiency of muscle cell and oral
mucosal transduction due the virus-displayed G protein interact-
ing with the LDL receptor on myocytes and oral mucosal epithe-
lium. We further speculate that the high potency of the
2346
intramuscular VSV-EBOV vaccine is likely the consequence of a
high abundance of Ebola virus receptors in muscle tissue leading
to efficient transduction by the injected viral particles, and that
conversely the inferior efficacy of the VSV-SARS2 vaccine in the
absence of G protein supplementation, is the consequence of low
muscle expression of ACE2, the primary receptor for the SARS-
CoV-2 spike protein [14,26]. However, we cannot rule out the pos-
sibility of an additional contribution due to an immune adjuvant
effect of the G protein itself.

The absence of an immune response to the VSV G protein when
the G-supplemented viruses were administered orally is an impor-
tant feature of the VSV-SARS2(+G) system which will allow for the
future generation and deployment of G-supplemented VSVs whose
G cistron has been substituted for envelope glycoproteins from
other coronaviruses (e.g. those causing the common cold), or from
pathogenic viruses belonging to non-coronaviridae families. G-
supplemented VSV particles may therefore eventually prove to
be a versatile oral mucosal vaccine platform capable of addressing
a range of respiratory pathogens.

Limitations of this study include the small number of animals
used and that we did not address the IM route of administration
for the G-pseudotyped VSV-SARS2 vaccine. Nevertheless, our study
does show that the G-pseudotyped VSV-SARS2 vaccine is orally
active as a booster in NHPs and therefore may have considerable
relevance for the significant percentage of individuals who refuse
vaccination due to needle phobia.



Fig. 4. Oral VSV-SARS2(+G) powerfully boosts the immune response in vaccine-primed cynomolgus macaques. (A) Experimental design. Animals received initial VSV-
SARS2 vaccine by IM or PO routes, and at day 42, the IM vaccinated NHP received an oral boost of VSV-SARS2(+G). 4 NHP received the high dose of 109 TCID50 and 2 NHP
received the lower dose of 5x106 TCID50 VSV-SARS2(+G) (B) IgG titers against spike. (C) Neutralizing antibody titers using the live SARS-CoV-2 spike VSV pseudovirus and (D)
a lentiviral pseudovector displaying the spike protein. (E) IFN-gamma and IL-4 ELISPOT assay for spike antigen reactive T cells from peripheral blood mononuclear cells
(PBMC) after oral boost with VSV-SARS2(+G). G = VSV-SARS(+G) virus, S = VSV-SARS2 virus (F) Anti-VSV.G IgG antibody titers in boosted animals. (G) Anti-spike IgA titers in
bronchoalveolar lavage fluid (BALF) and (H) buccal fluid of animals.
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In summary, as a proof of concept, we utilized a relevant trans-
lational NHP model to demonstrate the safety and oral immuno-
genicity of a VSV-derived mucosal vaccine for SARS-CoV-2. Since
completing these studies, we have developed a process for the
scaled (GMP) manufacture of VSV-SARS-2(+G) in 293 suspension
cultures and we have demonstrated product stability for up to
2 weeks at 4 �C. Pre-IND discussions with FDA are ongoing.
2. Materials and methods

2.1. Virus generation and characterization

Full-length human codon-optimized SARS-CoV-2 Spike (S) gly-
coprotein (NC_045512.2) in pUC57 was obtained from GenScript
(MC_0101081). The plasmid was used as a PCR template to gener-
ate a cDNA encoding SARS-CoV-2 spike with a deletion in the
2347
nucleotides encoding the C-terminal 19 amino acids (S-D19CT)
and 5’ MluI and 3’ NheI restriction sites. To generate the viral gen-
ome, the amplified PCR product containing S-D19CT was cloned
into pVSV in place of VSV-G using the MluI and NheI restriction
sites (Fig. 1). Plasmid was sequence verified and used for infectious
virus rescue on BHK-21 cells as previously described [27]. VSV-G
was co-transfected into the BHK-21 cells to facilitate rescue but
was not present in subsequent passages of the virus. The viruses
were amplified and propagated in Vero cells. The amplified viruses
do not have VSV (G) glycoprotein and depend on SARS-CoV-2 spike
(S) glycoprotein for entry and infection. To generate VSV-SARS2
(+G), Vero producer cells were electroporated with a plasmid
encoding VSV.G the day before infection with VSV-SARS2. Viruses
were harvested 48h post infection and purified prior to use in
experiments.

Correct incorporation of VSV G, N and M proteins and S glyco-
protein in virions or virus infected cells was analyzed by Western
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blotting using a mouse a-SARS-CoV-2 Spike (1:1000, GeneTex
#GTX632604), rabbit polyclonal a-VSV-G antibody (1:20,000,
Abcam #ab83196), and rabbit polyclonal a-VSV antiserum
(1:8000, Imanis #REA-005). Secondary antibodies were goat a-
mouse IgG-HRP (1:30,000, Prometheus #20-304) and goat a-
rabbit IgG-HRP (1:30,000, Prometheus #20-303). Membranes were
developed for 2 min at room temperature using ProSignal� Dura
ECL Reagent (Prometheus #20-301). Protein bands were imaged
using a BioRad ChemiDoc Imaging System. Flow cytometry was
performed on infected cells at 8h post infection. Cells suspensions
for flow cytometric analysis were prepared by lifting cells with
Versene solution (Gibco #15040066) followed by staining with a
monoclonal antibody against spike protein conjugated to DyLightTM

633.
Inhibition of virus infectivity on Vero cells was performed as

follows. Vero-DSP1 and Vero-DSP2 co-monolayers, which produce
functional Renilla luciferase following virus-mediated cell fusion,
were seeded at 6 � 104 cells per well in 96-well black-walled
plates the day before assay. Neutralizing antibody cocktails were
prepared in OptiMEM as follows: a-SARS-CoV-2 spike cocktail
(mAb10914 at 6 mg/mL combined with mAb10922 at 2 mg/mL, Gen-
script) [4], a-VSV-G cocktail (mAbVSV-G 8G5F11, Absolute Anti-
body #Ab01401-2.3) at 2 mg/mL combined with mAb VSV-G
IE9F9 (Absolute Antibody #Ab01402-2.0) at 10 mg/mL [28], and
a-SARS-CoV-2 spike and a-VSV-G cocktail (combination of all four
antibodies). Three-fold serial dilutions of the antibody cocktails
were prepared and incubated with an equal volume of VSV-
SARS2 or VSV-SARS2(+G). Final antibody concentrations in the
virus mixtures were 3 mg/mL mAb10914, 1 mg/mL mAb10922 and
mAbVSV-G 8G5F11, or 5 mg/mL mAbVSV0G IE9F9, and the final
concentration of virus was 200 pfu/100 mL. Virus mixed with Opti-
MEM alone was used as a control. After a 30 min incubation at
room temperature, 100 mL of each virus mix was overlaid onto
the Vero-DSP1/2 co-monolayers in duplicate. Plates were returned
to a 37 �C/5% CO2 incubator. After 22 h, EnduRenTM live cell sub-
strate (6 mM, Promega #E6482) was added to wells, and lumines-
cence was read after an additional 2 hours using a Tecan M Plex
instrument (1000 ms integration, 100 ms settle time per well). Rel-
ative luciferase activity (infection) was determined for each condi-
tion relative to the virus in media only control.

2.2. Nonhuman primate study

Ethics statement. This study was conducted as approved by the
University of Minnesota Institutional Animal Care and Use Com-
mittee. All animal experiments were executed in an Association
for Assessment and Accreditation of Laboratory Animal Care–ap-
proved facility by qualified staff, following the guidelines and basic
principles in the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals [29], the Animal Welfare Act,
the U.S. Department of Agriculture, and the U.S. Public Health Ser-
vice Policy on Humane Care and Use of Laboratory Animals. The
University of Minnesota Institutional Biosafety Committee (IBC)
approved work with VSV strains under BSL2 conditions and was
performed according to IBC-approved standard operating
procedures.

Animals. Twenty-two adult male and female adult Mauritian
origin cynomolgus macaques (Macaca fascicularis) were allocated
for this study. They were socially housed in same sex pairs or
groups in climate-controlled rooms with a fixed light-dark cycle
(12/12 hours) with a 30 minute sunrise illumination and sundown
fade. Commercial monkey chow, 2055C Teklad Global Certified 25%
Protein Primate Diet from Harlan Laboratories, and fruits or veg-
etables were provided twice daily and water was available ad libi-
tum. The behavioral management program included social housing
in pairs (except during bond breakdown or pending reintroduc-
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tion), enrichment, and basic training. Environmental enrichment
included human interaction and a variety of treats, toys, foraging
puzzles, and sensory stimuli like music. Structural enrichment
included perches, swings, and climbing apparatus. NHPs were
trained prior to study for cooperation with routine husbandry tasks
only which included targeting and shifting [30,31].

In experiment 1, eighteen adult males and females with the
median age of 3.7 years (range 3.4–6.7 years) and median body
weight of 4.8 kg (3.2–6.8kg) were stratified by sex and randomly
assigned to control and vaccine groups (Fig. 2). Animals received
Sham control (N = 6) at an equivalent volume to vaccinated ani-
mals, animals in vaccine groups received VSV-SARS2 at a dose of
107 TCID50 PO (N = 6) or 107 TCID50 IM (N = 6) on day 0. All 12 vac-
cinated animals received an oral dose of VSV-SARS2(+G) as an oral
boost on day +42. In experiment 2, four demographically similar
males with median age of 4.4 years (range 4.4–5.2 years) and med-
ian weight of 5.5kg (range 5.1–6.1 kg) were used (Fig. 3). Animals
received VSV-SARS2(+G) at a dose of 108 TCID50 PO (N=2) or IM
(N=2) on day 0. Intramuscular vaccines were administered with a
needle and syringe without adjuvant or orally using an oral syringe
and gently tipping the head slightly back to deliver under the ton-
gue and into the cheek pouches, with gently swabbing around the
mouth with a cotton swab during the 5 minute dwell to mimic
swishing.

Safety evaluation. Clinical observations of animals were per-
formed at least twice daily for general attitude, activity level, gait,
posture, appearance, feces, urine and any signs of pain or distress.
Body weight was measured at least weekly. Animals were sedated
for sham or test article administration, blood collection, and clini-
cal exams using ketamine (5-15mg/kg IM) and midazolam was
added (0.1–0.3 mg/kg IM), if necessary, to extend sedation. All
exams included weight and temperature measurements, complete
examination of the oral mucosa, swabs, and blood sampling. Blood
was collected using a peripheral vein and standard catheter at
qualification, baseline prior to vaccination, then post vaccination
biweekly, weekly, monthly or bi-monthly based on phase for clin-
ical pathology that included complete blood counts, blood chemis-
tries, CRP, and coagulation profiles. At these same timepoints nasal,
buccal, and rectal swabs and fresh stool were also collected. At
selected timepoints, additional assessment of immune profile pre
and post vaccination was performed that included neutralizing
antibody response and CD4/CD8 T cell response and characteriza-
tion of VSV viremia and viral shedding.

Study Termination. All animals were euthanized at the com-
pletion of study and a full necropsy was performed which included
a full gross examination. Bronchial alveolar lavage (BAL) was per-
formed at necropsy by insertion of tube into the trachea, past the
third bifurcation, and subsequent installation of 5-10 ml of sterile
saline. Manual suction was applied to retrieve the BAL sample.
Harvested tissues were fixed for a minimum of 72 hours in 10%
neutral-buffered formalin and then embedded in paraffin. These
tissues were evaluated histologically for signs of pathology by a
board-certified veterinary pathologist blinded to study group
allocations.

2.3. NHP antigen binding ELISA against SARS-CoV-2 spike trimer

Nunc Maxisorp microtiter plates (ThermoFisher Scientific) were
coated with 100 ng/well of recombinant SARS-CoV-2 spike trimer
protein (Cat.# SPN-C52H2, Acro Biosystems) in 200mM
carbonate-bicarbonate buffer, pH 9.4. overnight at 4�C. Plates were
washed and blocked with 1� SuperBlockTM in PBS for 30 minutes at
room temperature (RT). Plates were washed again and incubated
with serial dilutions of NHP sera or bronchiolar lavage fluid (BALF)
diluted in sample buffer (1� SuperBlockTM T20 in PBS) and incu-
bated for 90 minutes at RT. Plates were washed three times with
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PBS with 0.05% Tween 20 and then incubated for 45 minutes at RT
with either horse radish peroxidase (HRP)- conjugated anti-NHP
IgG (1:10,000, Cat.# PA1-84631, Invitrogen) or HRP-conjugated
anti-NHP IgA (1:5,000, Cat.# 5220-0332, SeraCare) secondary anti-
bodies diluted in sample buffer. After a final washing step, plates
were developed using 100 ll of SureBlueTM 1-Step TMB Substrate
(3,3’,5,5’-tetramethylbenzidine; SeraCare) and the reaction
stopped with an 100 mL volume of HCl TMB Stop Solution (Sera-
Care) before the optical density (OD) was read at 450 nm with a
630 nm reference wavelength nm using an Infinite M200Pro
microplate reader (Tecan). The dilution titers from serum IgG were
determined using a cut point established for each animal based on
Day 0 serum collection (collected prior to vaccination) and then
multiplied by a cut point factor. For analysis of BALF IgA, the cut
point was obtained using the average signal of the control group
animals multiplied by a cut point factor. Cut point factors were
determined separately for each antibody type and matrix using
95% confidence intervals obtained from individual analyses of the
seronegative samples (pre-immune or saline control animals,
respectively). Pre-immune serum paired to each animal was
included on each analytical run to establish the plate-specific cut
point on each assay plate. Dilution titers were calculated by fitting
the data of all dilutions of a sample with a 4-parameter logistic
curve to determine the dilution where absorbance signal falls
below the cut point. Due to limited sample volume in evaluating
IgA from the buccal swabs, the raw OD450 (with subtraction of
630nm reference) was compared directly between swab prepara-
tions prepared from saline control animals with swab preparations
prepared from animals that received the oral VSV-SARS2(+G)
boost.

2.4. IMMUNO-COVTM neutralization assays of NHP samples

Vero-ACE2 cells were seeded at 104 cells/well in 96-well black-
walled plates with clear bottoms 16-24 h before being used for
neutralization assays. On the day of assay, increasing dilutions
(1:80, 1:160, 1:320, 1:640, 1:1280, and 1:2560) of serum samples
were prepared and mixed with VSV-SARS2-Fluc in U-bottom sus-
pension cell culture plates to a final volume of 240 mL/well. Virus,
test samples, and controls were all diluted as appropriate in Opti-
MEM to generate final concentrations. Serum dilutions represent
the final dilution following mix with virus. Virus was used at 300
pfu/assay well (300 pfu/100 mL in U-well mixtures). Pooled
seronegative NHP serum was used as a negative control, and
pooled seronegative NHP serum spiked with monoclonal anti-
SARS-CoV-2 spike antibody was used as a positive control. Virus
mixes in U-well plates were incubated at room temperature for
30-45 min, and then 100 mL of mixes were overlaid onto the
Vero-ACE2monolayers in duplicate. All time points for each animal
were assayed on the same plate. Plates were returned to a 37�C/5%
CO2 incubator for 24-28 hours. D-luciferin was then added to wells
and luminescence was read immediately (30-90 seconds) using a
Tecan M Plex or Tecan Lume instrument (100 ms integration,
100 ms settle time per well). Virus neutralizing titers were deter-
mined for each sample from an individual animal by calculating
the dilution that resulted in luciferase signal greater than 50% of
the Day 0 (prior to treatment) sample for that specific animal
(IC50). The dilution was calculated by fitting all dilutions to a 4-
parameter logistic curve fitting model.

2.5. VSV-G antibody neutralization assays of NHP samples

NHP serum samples and positive control rabbit a-VSV anti-
serum (Imanis #REA-005) were heat inactivated at 56 �C for 30
min. Two-fold serial dilutions of samples and positive controls
were prepared in quadruplicate starting at 1:10. Dilutions were
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mixed with equal volumes of VSV-GFP, such that the final VSV-
GFP concentration was 400 TCID50/100 mL and the final serum
and positive control concentrations were 1:20, 1:40, 1:80, 1:160,
1:320, 1:640, 1:1280, 1:2560, 1:5120, 1:10240, and 1:20480. Virus
mixed with media alone was used as a negative control. After a 1
hour incubation at 37 �C, 2 � 104 BHK-21 cells were overlaid onto
the virus mixes. Plates were incubated at 37 �C/5% CO2 for 48
hours, at which time each well was scored for the presence or
absence of cytopathic effects (CPE; cell death).

2.6. Infectious virus recovery (IVR) assays

Buccal, rectal, and nasal swabs were cut and placed in 700 mL of
OptiMEM containing antibiotics. After a 1 min. vortex at maximum
speed, swabs were snap frozen in liquid nitrogen and then thawed
at room temperature. Samples were centrifuged at 12,000g for 5
minutes at 4 �C, then filtered through a 0.22 mm syringe filter. Test-
ing of swab samples spiked with VSV-DG-SARS-CoV-2-S indicated
that this method of virus extraction was compatible with recovery
of infectious virus from swabs. Ten-fold serial dilutions starting at
10�1 of the samples were overlaid onto monolayers of Vero-aHis
cells plated the day before. VSV-SARS-CoV-2-S-D19CT [18] was
used as a control. Plates were incubated at 37 �C/5% CO2 for 24
hours, at which time media was aspirated from all wells. Wells
were washed with OptiMEM and then 100 mL of OptiMEM with
0.0004% trypsin/EDTA was added to each well. Plates were incu-
bated for an additional 3 days at 37 �C/5% CO2 before each well
was scored for the presence of syncytia, indicative of infectious
virus. Remaining preparations from buccal swabs prepared for
IVR were used to evaluate NHP IgA against SARS-CoV-2 spike tri-
mer in a binding ELISA assay.

2.7. Mice study

All animal procedures were reviewed and approved by the
Mayo Clinic Institutional Animal Care and Use Committee. Female
and male Ifnartm-CD46Ge mice [32] received intra-peritoneally
5 � 105 TCID50 virus particles or 5 lg of SARS-CoV-2 spike protein
(Cat.# V0589-V08B, Sino Biological) adjuvanted with aluminum
(Cat.#vac-alu-250,InvivoGen) on day 0 and 21. On days 21 (before
boost) and 41, blood was collected. Parallel groups of mice were
terminated on day 21 post-immunization for analysis of cellular
immune response.

2.8. Mouse antigen binding ELISA

Nunc ELISAs plates (ThermoFisher Scientific) were coated with
100 ng of recombinant SARS-CoV-2 spike protein (Cat.# V0589-
V08B, Sino Biological) in 50mM carbonate-bicarbonate buffer, pH
9.6. overnight at 4 �C. Plates were washed and blocked with 2%
bovine serum albumin (BSA) in PBS for 2h at room temperature
(RT). Plates were washed again and incubated with serial dilutions
of mouse sera and incubated for 1h at 37�C. Plates were washed
three times with PBS with 0.05% Tween 20 and then incubated
for 1h at RT with horse radish peroxidase (HRP)- conjugated
anti-mouse IgG (1:5,000, Cat.#62-6520, ThermoFisher Scientific) ,
IgG1 (1:5,000, Cat.# 115-035-205, Jackson ImmunoResearch) or
IgG2a (1:5,000, Cat.# 115-035-206, Jackson ImmunoResearch) sec-
ondary antibody. After final wash, plates were developed using
50ll of 1-Step Ultra TMB (3,3’,5,5’-tetramethylbenzidine; Thermo-
Fisher Scientific) and the reaction stopped with an equal volume of
2M sulfuric acid before the optical density (OD) was read at 405
nm using an Infinite M200Pro microplate reader (Tecan). The end-
point titers of serum IgG responses were determined as the dilu-
tion that emitted an optimal density exceeding average of OD
values plus three standard deviations of negative serum samples.
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2.9. Pseudovirus production and neutralization assay

Pseudotyped lentiviruses with the SARS-CoV-2 spike protein
were produced as described elsewhere [33]. In brief, HEK293T cells
seeded overnight were transfected with HDM-Hgpm2, HDM-tat1b,
pRC-CMV-Rev1b, pHAGE-CMV-Luc2-IRES-ZsGreen-W and a
codon-optimized SARS-CoV-2 spike encoding the D614G amino
acid change. The culture media was changed to fresh media con-
taining antibiotics 18h to 24h post-transfection. At 60h post-
transfection, supernatants were harvested and passed through a
0.45lm filter. For pseudovirus neutralization assay, three-fold seri-
ally diluted serum samples were mixed with SARS-CoV-2-pseudo
typed-lentiviruses for 1 hours at 37 �C. And the mixture was added
in quadruplicates to hACE-2-expressing HEK293T cells overnight,
followed by media replenishment. At 60-72 hours-post incubation,
the luciferase activity was detected by Bright-Glo Luciferase assay
system (Cat.# E2610, Promega, Madison, WI, USA). The percentage
of infection was calculated as the ratio of luciferase value with
antibodies to that without antibodies. The half maximal inhibitory
concentration (IC50) was determined by non-linear regression
using GraphPad Prism version 8.4.2 for macOS (GraphPad Soft-
ware, San Diego, CA, USA).
2.10. ELISpot analysis

Frozen PBMCs were used to evaluate IFNc, IL-4 T cell responses
in NHP and frozen splenocytes were used IFNc T cell responses in
murine samples. Individual overlapping SARS CoV-2 Spike peptides
(BEI Resources, NIAID, NIH: Peptide Array, SARS-Related Coron-
avirus 2 Spike (S) Glycoprotein, NR-52402; S1: 1 to 97 peptides,
S2: 98 to 181 peptides), were pooled and dissolved in DMSO. Pep-
tides were used at 0.5ug/ml concentration per peptide to elicit
IFNc and/or IL-4 responses. For NHP samples, low-fluorescent
PVDF membrane (Millipore, Bedford, MA, USA) plates were coated
with IFNc and IL-4 capture antibodies overnight. Previously frozen
PBMCs from NHP were washed, resuspended in T cell media (RPMI
1640 media containing 25 mM HEPES, NEAA, 2 mM L-glutamine, 1
mM sodium pyruvate, 0.05mM 2- mercaptoethanol supplemented
with 10% (vol./vol.) heat-inactivated fetal bovine serum), counted
and added to wells at 250,000 cells per well. SARS CoV2 Spike
domain peptide pools (S1 and S2) were added to the plate and
incubated at 37 �C for 48 hours. Media containing equivalent
DMSO and PMA/I were used as negative and positive controls
respectively. Plates were then developed as per manufacturer’s
instructions (MabTech Inc). Spot forming cells (SFC) were counted
using automated MabTech IRIS reader with excitation/emission of
490 nm/510 nm for IFNc and 550 nm/570 nm for IL-4.

For murine samples, ELISpot assays were performed using the
mouse IFN-gamma ELISpot kit (Cat.# EL485, R&D systems Briefly,
5 � 105 isolated splenocytes were added along with different stim-
uli in 200 ll of RPMI 1640 medium supplemented with 10% (vol./
vol.) heat-inactivated fetal bovine serum for 48 h on each well of
IFN-c coated plates. Pooled 15-mer overlapping peptides from
SARS-CoV-2 spike glycoprotein (BEI Resources) were used to stim-
ulate splenocytes at 0.1 lg of individual peptides/ml. As a positive
control, PMA/Ionomycin cell stimulation cocktail (Biolegend, USA)
was used at 2.5 ll/ml, and as negative control, splenocytes were
stimulated with equivalent DMSO concentration (0.8%). Post 48-
hour incubation, plates were developed in accordance with manu-
facturer instructions. Developed IFN-c spots were counted with an
automated ELISPOT reader (CTL Analyzers LLC, USA). Each spot rep-
resented a single reactive IFN-c–secreting T cell. Spots were nor-
malized to DMSO control and figures represented as SFC per
million cells for S1 and S2 peptide pools combined.
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2.11. Statistical analyses

Tukey’s multiple comparison test or a two-tailed unpaired Stu-
dent’s t test was conducted to compare differences between vac-
cine groups and the control group with Bonferroni correction
applied to control the type I error rate for the comparisons.
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