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Abstract
rVSV-ΔG-SARS-CoV-2-S is a clinical stage (Phase 2) replication competent recombinant vaccine against SARS-CoV-2. To 
evaluate the safety profile of the vaccine, a series of non-clinical safety, immunogenicity and efficacy studies were conducted 
in four animal species, using multiple doses (up to  108 Plaque Forming Units/animal) and dosing regimens. There were no 
treatment-related mortalities or any noticeable clinical signs in any of the studies. Compared to unvaccinated controls, hema-
tology and biochemistry parameters were unremarkable and no adverse histopathological findings. There was no detectable 
viral shedding in urine, nor viral RNA detected in whole blood or serum samples seven days post vaccination. The rVSV-
ΔG-SARS-CoV-2-S vaccination gave rise to neutralizing antibodies, cellular immune responses, and increased lymphocytic 
cellularity in the spleen germinal centers and regional lymph nodes. No evidence for neurovirulence was found in C57BL/6 
immune competent mice or in highly sensitive type I interferon knock-out mice. Vaccine virus replication and distribution 
in K18-human Angiotensin-converting enzyme 2-transgenic mice showed a gradual clearance from the vaccination site with 
no vaccine virus recovered from the lungs. The nonclinical data suggest that the rVSV-ΔG-SARS-CoV-2-S vaccine is safe 
and immunogenic. These results supported the initiation of clinical trials, currently in Phase 2.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a member of the Coronaviridae family, is respon-
sible for the COVID-19 pandemic that emerged from the 
Wuhan Province in China in 2019 and rapidly spread Noa Madar-Balakirski and Amir Rosner have contributed equally 
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globally, with over 256 million confirmed cases of COVID-
19, including over 5 million deaths, reported to WHO as of 
21 November 2021, and a total of 7.4 ×  109 vaccine doses 
have been administered.

Global efforts to prevent, treat and control the COVID-19 
pandemic, include multiple approaches: vaccines and drug 
development; drug repurposing; development or isolation 
of neutralizing antibodies for prevention and treatment, as 
well as, additional therapeutic measures, such as immune 
modifiers and other drugs, to circumvent the overt host 
immune response and lung-tissue injury (Rodriguez-Guerra 
et al. 2021; Welte et al. 2021).Whereas vaccines are mainly 
intended for prevention of disease, drugs and other therapeu-
tic countermeasures are mainly applied for the treatment of 
the disease. Consequently, preclinical and clinical approval 
of vaccines differs from that of antiviral drugs, as vaccines 
are intended for a large and healthy population.

The urgent need for an efficacious vaccine for SARS-
CoV-2 led to unprecedented innovation worldwide. Thir-
teen vaccines have been approved under emergency use 
authorizations (EUA) in different countries (WHO Coro-
navirus Dashboard. Available on line https:// covid 19. who. 
int/). In August 23, 2021, the U.S. Food and Drug Admin-
istration has approved the Biologics License Application 
(BLA) for Pfizer-BioNTech’s vaccine COMIRNATY ® to 
prevent COVID-19 in individuals 16 years of age and older. 
COMIRNATY was also the first COVID-19 vaccine to 
receive a conditional marketing authorization in the EU on 
21 December 2020 (https:// www. ema. europa. eu/ en/ medic 
ines/ human/ EPAR/ comir naty# autho risat ion- detai ls- secti 
on), and was later approved for use for children 12 years 
and older (14 October 2021, CHMP Product. Available on 
line https:// www. ema. europa. eu/ en/ docum ents/ produ ct- infor 
mation/ comir naty- epar- produ ct- infor mation_ en. pdf). FDA 
granted EUA for an additional two COVID-19 vaccines; 
Moderna’s vaccine (December 18, 2020) and Janssen’s vac-
cine (February 27, 2021); Astra Zeneca received conditional 
marketing approval for its vaccine throughout the European 
Union (January 29, 2021).

However, while several countries, including Israel, the 
United Kingdom and Canada, have made significant pro-
gress toward vaccinating a large portion of their citizens, 
with over 70% of their population receiving at least one 
vaccine dose (Our World in Data. Available on line https:// 
ourwo rldin data. org/ covid- vacci natio ns), vaccines are not yet 
readily available in most countries. It is, therefore, essen-
tial to develop and produce vaccines, to promptly meet this 
pressing. As of 21 October 2021, more than 300 vaccines 
were in development using a variety of technologies, includ-
ing 128 vaccines that are currently undergoing clinical trials 
(WHO COVID-19 vaccine tracker and landscape. Available 
on line https:// www. who. int/ publi catio ns/m/ item/ draft- lands 
cape- of- covid- 19- candi date- vacci nes).

We are developing rVSV-ΔG-SARS-CoV-2-S vaccine, 
currently in phase 2 clinical trials in Israel. rVSV-ΔG-
SARS-CoV-2-S is a vector-based vaccine that utilizes the 
recombinant vesicular stomatitis virus (VSV) platform. The 
glycoprotein gene of VSV (VSV-G) was genetically replaced 
by the human codon-optimized spike protein gene of SARS-
CoV-2 (Lawson et al. 1995). The approach for developing 
this vaccine is similar to the one used by Merck Sharp & 
Dohme B.V. for  Ervebo®, a vaccine developed against Ebola 
virus, in which the VSV-G was replaced by that of Zaire 
Ebola Virus Kikwit 1995 strain glycoprotein (Suder et al. 
2018). The efficacy of the vaccine was demonstrated using 
the golden Syrian hamster in-vivo model for COVID-19, 
where it was shown that a single-dose vaccination with the 
rVSV-ΔG-SARS-CoV-2-S vaccine resulted in a rapid and 
potent induction of SARS-CoV-2 neutralizing antibodies. 
In addition, vaccination protected hamsters against SARS-
CoV-2 challenge. This was evident in immunized, compared 
to unvaccinated, hamsters by the abrogation of body weight 
loss, as well as alleviation of extensive tissue damage and 
reduced viral loads in the lungs and nasal turbinates (Yaha-
lom-Ronen et al. 2020).

To evaluate the safety profile of the rVSV-ΔG-SARS-
COV-2-S vaccine, and to support its clinical development 
and licensure, a series of nonclinical safety, immunogenicity 
and efficacy (potency) studies were performed. In this work, 
we present the results of the nonclinical safety and immuno-
genicity studies conducted in four species; mouse, hamster, 
rabbit and pig. The design of the studies was based on the 
principles described in the WHO Guideline of Nonclinical 
Evaluation of Vaccines—Annex 1 (Available on line https:// 
www. who. int/ publi catio ns/m/ item/ annex1- noncl inical. p31- 
63), which is recognized by both FDA and EMA as well as 
by the EMA Guideline on quality, non-clinical and clinical 
aspects of live recombinant viral-vectored vaccines (Avail-
able on line https:// www. ema. europa. eu/ en/ quali ty- non- clini 
cal- clini cal- aspec ts- live- recom binant- viral- vecto red- vacci 
nes), and included single- and repeated-dose studies. In addi-
tion, attention was given to potential risks that may be asso-
ciated with viral-vectored vaccines, including the potential 
for neurovirulence, vaccine shedding, vaccine replication 
and potential distribution to tissues of interest.

Materials and methods

Virus and vaccine

Generation of the pVSVΔG-S construct was described in 
detail, previously (Yahalom-Ronen et al. 2020). Briefly, 
the pVSV-spike expression plasmid was constructed by 
PCR amplification of the full-length human codon-opti-
mized S gene from pCMV3-SARS-CoV-2 S expression 
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plasmid (Sino Biological, Cat# VG40588-UT) that was 
used to replace the VSV-G (Glycoprotein) open reading 
frame within the VSV full-length expression vector, yield-
ing pVSV-ΔG-spike. Primary recovery of the rVSV-ΔG-
SARS-CoV-2-S was performed in BHK-21 cells infected 
with Modified Vaccinia Ankara T7 (MVA-T7), followed by 
co-transfection with the rVSV-SARS-CoV-2-S, and the VSV 
accessory plasmids encoding for VSV-N, P, L and G proteins 
under control of a T7 promoter. Recovered rVSV-ΔG-spike 
was collected, centrifuged, and used for further passaging. 
Fourteen subsequent passages on Vero E6 cells were per-
formed, aimed to eliminate the carryover of the VSV-G pro-
tein used during the initial recovery steps, and to increase the 
viral replication efficiency and titer. Stock virus for vaccina-
tion was propagated on Vero E6 cells, concentrated using 
10% polyethylene Glycol (PEG, Sigma) 8000 – 0.5 M NaCl 
(V/V) for 1 h at 11,000 rcf. The pellet was re-suspended 
in PBS containing 15 mM D-Trehalose (Sigma). The virus 
stock was titrated on Vero E6. Aliquots for single use were 
stored in -800C for further use.

Animals

C57BL/6 J, knockout for type I interferon (IFN) receptors 
(Ifnar-/-) and hACE2-K18 mice were obtained from The 
Jackson Laboratory, USA, and were 6–12 weeks of age at 
study initiation. Golden Syrian hamsters were obtained from 
Charles River, USA, and were 6–7 weeks of age at study 
initiation.

Female New Zealand White (NZW) rabbits were obtained 
from Charles River, France, and were 14–16 weeks of age 
at study initiation. Female pigs (Topigs 20, a cross between 
the Z line, Large-White dam and the N-line, Landrace) were 
obtained from Van Beek, Netherlands, and were 9–10 weeks 
of age at study initiation.

Animals were housed in group cages in a biosafety level 2 
(BSL-2) containment facility, maintained at room tempera-
ture between 18 and 24 °C and 30 to 70% relative humidity, 
with a 12-h light/12-h dark cycle. Animals received a pel-
leted diet. Mice, hamsters and rabbits had free access to food 
and water throughout all the studies. Pigs were fed twice a 
day (4% of their body weight daily) and allowed free access 
to drinking water supplied by automated watering valves.

Ethics statement

Experiments were approved by the IIBR animal care and use 
committee (IACUC) and performed by trained peroneal at 
IIBR in accordance with the guidelines of the care and use 
of laboratory animals published by the Israeli Ministry of 
Health (protocols: mice C57BL/6J # No. M-52-20, Ifnar1 
knock-out and hACE2-K18 mice # No. M-65-20, ham-
ster # No. HM-02-20, rabbits # No. RB-13-29, pigs # No. 

P-03-20). All efforts were made to minimize animal suffer-
ing. All animals were observed for morbidity and mortality, 
overt signs of toxicity (including abstinence from food and 
water), and any signs of distress throughout the studies.

Procedures and examinations

Animal vaccination

Golden Syrian hamsters were vaccinated by a single i.m. 
injection (hind shin, left leg) at a dose of 0 (n = 8) or  106 
Plaque-forming unit (PFU), (n = 20) and at a dose volume 
of 0.05 ml/animal.

Four groups of rabbits (n = 4 females/group) were vacci-
nated by two successive i.m. injections of 0,  106,  107 or  108 
PFU respectively (shin area of left leg), at a dosing interval 
of two weeks and at a dose volume of 1 ml/animal (full 
human dosing volume).

Three groups of pigs (n = 2 females/group) were vacci-
nated by two successive i.m. injections of 0,  106 and  108 
PFU, respectively (alternating thigh muscles) at a dosing 
interval of two weeks and at a dose volume of 1 ml/ani-
mal (full human dosing volume). To mark the injection area 
boundaries, a circle was marked by a durable marker and 
photographed. Body weight, general observations and local 
reactions at injection sites were monitored throughout each 
study period. Body temperature was also measured in rab-
bits and pigs.

Control animals were injected with carrier buffer (PBF 
solution; PBS containing 2% fetal bovine serum) at an 
identical dose volume and under identical experimental 
conditions.

Immunogenicity and cellular immunity 
determination

The immunogenicity of the vaccine was evaluated by deter-
mining 50% SARS-CoV-2 neutralization titer by plaque 
reduction neutralization test (PRNT), as described in detail, 
previously (Yahalom-Ronen et al. 2020). Briefly, Vero E6 
cells were seeded in 12-well plates. Heat-inactivated sera 
(56 °C or 60 °C for 30 min) were diluted in twofold serial 
dilutions (between 1:20 and 1:40,960) in 400 µl of infection 
medium, mixed with 400 µl of 300 PFU/ml SARS-CoV-2, 
and incubated at 37 °C, 5%  CO2 for 1 h. Virus mixture with-
out serum served as control. Monolayers were washed once 
with DMEM w/o FBS (for SARS-CoV-2 neutralization only) 
and 200 µl of each serum–virus mixture was added in tripli-
cates to the cells. Plates were incubated for 48 h (37 °C 5% 
 CO2), and cells were fixed and stained (1 ml/well of crystal 
violet solution). The number of plaques in each well was 
determined and NT50 was calculated using Prism software 
(GraphPad Software Inc.)
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Cellular immunity was analyzed in vaccinated and naïve 
pigs. Peripheral blood mononuclear cells (PBMC) were 
stimulated for 48 h in the presence of spike protein (0, 1 or 
10 μg) (Noy-Porat et al. 2020). Interferon γ (IFNγ)-secreting 
cells were enumerated with Pig IFN-γ Single-Color ELIS-
POT kit (ImmunoSpot, CTL Technologies, Germany) with 
strict adherence to the manufacturer’s instructions. The 
frequency of cytokine-secreting cells was quantified with 
an ImmunoSpot S6 reader and analyzed with ImmunoSpot 
software (ImmunoSpot, Cellular Technology Limited, Ger-
many). Secreted cytokine (IL-2, IFNγ, IL-4, IL-10) concen-
trations were determined with MILLIPLEX MAP Porcine 
Cytokine/Chemokine Magnetic Bead Panel (Merck-Milli-
pore) with strict adherence to the manufacturer’s instruc-
tions. ConA (2 μg/ml, Sigma-Aldrich) served as a positive 
control for the stimulation, in which for all the examined 
samples the spot count was higher than 800 spots per  106 
PBMC.

Hematology, biochemistry, coagulation, viremia 
and viruria

Blood was collected from rabbits and pigs via the central 
(auricular) artery or the marginal ear veins, after applying 
local anesthesia to the outer ear (e.g., Emla 2.5% Topical 
Cream, applied 30 min prior to blood sampling) and follow-
ing mild pre-heating of the animal environment (~ 5 min). 
Blood for hematology was collected in EDTA tubes (inverted 
and stored on wet ice); blood for biochemistry was collected 
in serum separator tubes. The serum was allowed to clot 
at room temperature for at least half an hour; blood was 
centrifuged at 1000 g for 15 min and serum poured off into 
two labeled 1.2 mL cryogenic vials, immediately analyzed 
or frozen at, or below, − 70 °C for future analysis (viremia).

For hematological analysis, a complete blood count, 
including platelet and differential count was performed on 
the day of collection (Oxford Science GenX, USA). For 
clinical biochemistry, serum samples were evaluated for 
the following: albumin, alkaline phosphatase alanine ami-
notransferase, amylase, total bilirubin, blood urea nitrogen, 
calcium, phosphorous, creatinine, glucose, sodium, potas-
sium, total protein and globulin. For coagulation, serum 
samples were evaluated for the following endpoints: pro-
thrombin time (PT), partial prothrombin time (PTT) and 
fibrinogen (Abaxis-Vet Scan VS2, USA).

Whole blood and urine samples were collected for assess-
ment of viremia and viruria, respectively, at several time 
points (see “Results” section). Whole blood was collected 
using the same procedures as described above, and urine 
samples were collected from the cage’s tray. Samples were 
prepared as follows: 200 µl of urine or blood sample was 
added to 150 µl of lysis buffer (LBF, supplied with the 
extraction kit) and incubated for 20 min at room temperature 

to complete lysis. Following lysis, RNA extraction was com-
pleted using an RNAdvance Viral kit as per manufacturer’s 
instructions. Real-time RT-PCR was performed using the 
SensiFAST™ Probe Lo-ROX one-step kit. In each reac-
tion, the primers final concentration was 600 nM and the 
probe concentration was 300 nM. Primers and probes were 
designed using the Primer Express Software (Applied Bio-
systems), targeting: (1) the native Nucleocapsid gene (N) of 
Vesicular Stomatitis Virus Indiana strain and (2) the human 
codon-optimized SARS-CoV-2 Spike gene (S). Thermal 
cycling was performed at 48 °C for 20 min for reverse tran-
scription, followed by 95 °C for 2 min, and then 45 cycles 
of 94 °C for 15 s, 60 °C for 35 s. Thermal cycling conditions 
were taken from the Berlin protocol published in the WHO 
recommendation for the detection of SARS-CoV-2 (Corman 
et al. 2020).

Primers and probes

N gene: forward: TGA TCG ACT TTG GAT TGT CTT CTA A,
reverse: TCT GGT GGA TCT GAG CAG AAGAG,
probe: ATA TTC TTC CGT CAA AAA CCC TGC CTT CCA;
S gene: forward: GAG TGA GTG TGT GCT GGG ACAA,
reverse: AAA CAC TCC CTC CCT TGG AAA,
probe: AGT TTT CCA CAG TCT GCC CCT CAT GGA.
The probes used were 6-FAM and ZEN/Iowa Black FQ 

combination. Assay performance was verified using appro-
priate controls.

Macroscopic and histopathological examinations

Hamsters were euthanized and the following organs: brain, 
heart, lung, liver, kidney, colon and the shin-injection site 
were collected. Organs were fixed in 4% formaldehyde, 
trimmed in a standard position per organ and placed in 
embedding cassettes. Paraffin blocks were sectioned at 
approximately four microns thickness. The sections were 
placed on glass slides and stained with Hematoxylin & Eosin 
(H&E). Histopathological evaluation of the slides was per-
formed by PATHO-LOGICA Ltd.

Rabbits and pigs were subjected to a full detailed nec-
ropsy and gross pathological examination following the 
respective scheduled termination. At necropsy, all animals 
were thoroughly examined, including the external surface of 
the body, all orifices, cranial, thoracic and abdominal cavi-
ties and their contents. Any abnormalities or gross patholog-
ical changes observed in tissues and/or organs were recorded 
accordingly. All organs/tissues were collected from all ani-
mals during necropsy and fixed in 10% neutral-buffered 
formalin (approximately 4% formaldehyde solution) apart 
from the eyes, which were fixed in Davidson’s solution. All 
organs/tissues were trimmed, embedded in paraffin, sec-
tioned at approximately five micron thickness and stained 
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with Hematoxylin & Eosin (Alizée Pathology, Inc). The 
slides were subjected to histopathological evaluation by a 
board-certified toxicologic pathologist, using state-of-the-
art recommended morphological criteria published by the 
International Harmonization of Nomenclature and Diagnos-
tic Criteria (INHAND), https:// www. toxpa th. org/ inhand. asp. 
A grading scheme, derived from Schafer et al. (Schafer et al. 
2018), was used to evaluate pathologic lesions in the tissues 
as follows: no lesion (0), minimal (grade 1), mild (grade 2), 
moderate (grade 3) and marked (grade 4).

Vaccine replication in the K18 hACE2 transgenic 
mouse model

Animals were euthanized by cervical dislocation immedi-
ately following vaccination (time 0), 24, 48 and 72 h post 
vaccination (n = 4 mice per time point). The site of injec-
tion and the lungs were excised, then snap-frozen (liquid 
nitrogen followed by storage at – 70 °C). The organs were 
homogenized for 30 s in ice cold PBS (1.5 ml) sonicated 
(3X, 30 s) centrifuged (270 g, 10 min, 40 °C) and superna-
tants were collected for virus titration on Vero-E6 cells, as 
described previously (Israely et al. 2012). Briefly, samples 
were serially diluted and allowed to adsorb to Vero-E6 cells 
for 1 h at 37 °C on a reciprocal rocker, then overlaid with a 
sterile Gum-Tragacanth (Merck) overlay. The infected cul-
tures were incubated, uninterrupted, at 37 °C in a 5%  CO2 
incubator for 3 days, then aspirated, fixed and stained for five 
minutes at room temperature with a crystal violet solution 
(0.1% W/V crystal violet (Merck) in 20% Ethanol). The cells 
were washed with tap water, dried, and PFU were counted.

The limit of detection (LOD) was determined based on 
the volume used for cell infection (0.2 ml/well), dilution fac-
tor, and tissue processing volume (e.g., 1 ml per organ). The 
LOD (PFU/organ) was calculated based on an average of one 
plaque at the minimal possible dilution (for most tissues 1:10 
from the undiluted tissue) multiplied by the dilution factor 
and volumes.

Neurovirulence testing

VSV-WT or rVSV-ΔG-SARS-CoV-2-S vaccines were 
injected intracranially (i.c.) to C57BL/6 immune competent 
mice (6–12 weeks old, n = 3/dose level) and to type I inter-
feron receptor knock-out (IFNAR KO) mice (6–12 weeks 
old, n = 3/dose level) at a dosing volume of 30 μl.

Naïve mice were injected with the formulation buffer only 
(n = 3/group for each mouse strain) and were used as controls. 
For i.c. viral injection, mice were anesthetized (Ketamine 
75 mg/kg, Xylazine 7.5 mg/kg in PBS) and injected with 30 
μL of the examined virus diluted in PBS + 2% heat-inactivated 
fetal calf serum (or formulation buffer alone), using a 27-G 
needle into the right frontal cerebral hemisphere. Penetration 

of the needle was restricted to a depth of 2 to 3 mm (Israely 
et al. 2019). Mice were monitored daily for morbidity for 14 
consecutive days. For histopathology evaluations, rVSV-ΔG-
SARS-CoV-2-S C57BL/6 (n = 3), rVSV-ΔG-SARS-CoV-2-S 
IFNAR (n = 6) or VSV-WT C57BL/6 (n = 5) i.c. injected mice 
were sacrificed on day 14, 14 and 2, respectively. In addi-
tion, vehicle-injected (n = 3/strain) and naïve (n = 3/strain) 
mice were sacrificed on day 14 and served as controls. Mice 
were sedated, perfused and fixed with 4% formaldehyde, and 
brains were collected and fixed with 4% formaldehyde for 
histopathological examination. Paraffin blocks were trans-
versely sectioned at approximately four microns thickness. 
For each brain, three transverse sections were cut at the level 
of the striatum (Sr), hippocampus (Hc) and cerebellum (C), to 
include the frontal cortex (FC), striatum (Sr), thalamus (TH), 
hypothalamus (H), hippocampus (Hc) and cerebellum (C). 
Sections were placed on glass slides and stained with H&E 
for general histopathology. The slides were evaluated by the 
IIBR histology unit. H&E-stained sections were examined and 
graded according to a semi-quantitative scoring scale for the 
presence and severity of pathological changes. Histopatho-
logic changes consistent with neurovirulence were scored in a 
double-blinded manner, based on the presence and severity of 
perivascular infiltrates, gliosis, neurodegeneration, satellitosis, 
and necrosis. Cumulative assessment of all changes was scored 
on a severity scale of 0–4, based on previously published work 
(Mire et al. 2012).

Statistical analysis

Data were analyzed with GraphPad Prism 6 software or 
with SPSS (V25) software. Body weight changes (hamsters) 
were analyzed according to the Holm–Sidak method, with 
alpha = 5.000%. Body weights (rabbits) were normalized to 
baseline using a mixed model ANOVA, with time post expo-
sure as a repeated within subject factor, and the different 
groups as a between subject factor. A Greenhouse–Geisser 
correction for violation of sphericity was used. Body tem-
perature (rabbits) was analyzed using a separate one-way 
ANOVA for each of the time points examined. ANOVA 
results indicating a significant difference between groups 
were followed up further, post hoc, by comparing each of 
the vaccinated groups to control group, using (2-sided) Dun-
nett’s t tests.

Results

rVSV‑ΔG‑spike vaccine safety in a COVID‑19 hamster 
model

We recently reported that a single-dose vaccination with 
rVSV-ΔG-SARS-CoV-2-S vaccine resulted in a rapid and 

https://www.toxpath.org/inhand.asp
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potent induction of SARS-CoV-2 neutralizing antibodies 
in a golden Syrian hamster model, and protected hamsters 
against SARS-CoV-2 challenge (Yahalom-Ronen et  al. 
2020). We further utilized this model to evaluate the safety 
of the candidate vaccine, in three groups of female Syr-
ian hamsters. One group of hamsters (n = 20 females) was 
administered with rVSV-ΔG-SARS-CoV-2-S vaccine by a 
single i.m. injection at a dose of  106 PFU and at a dose 
volume of 0.05 ml/animal. A vehicle control group (n = 4 
females) was administered with the carrier buffer (PBF 
solution) and a naïve control group (n = 4 females) served 
as an additional control group. The dose of  106 PFU was 
selected as it was shown to be immunogenic and protec-
tive in this model (Yahalom-Ronen et al. 2020). Following 
administration of rVSV-ΔG-SARS-CoV-2-S vaccine, no 
treatment-related mortality, nor noticeable systemic or local 
reactions were noted in any of the animals throughout the 
24-day observation period. The vaccinated animals exhibited 
mean group body weight gain similar to that of the control 
groups, seven days post vaccination (Fig. S1, Table 1). His-
topathological evaluation carried out seven days post vacci-
nation revealed no treatment-related pathological, cytotoxic 
or other adverse effects in the tested organs (brain, heart, 
lung, liver, kidney, colon and the shin-injection site) in all 
treated animals. Blood samples were obtained from five vac-
cinated hamsters, 20 days post vaccination for determination 
of neutralizing antibody titer. Neutralizing antibodies were 
detected in all vaccinated hamsters, although high variabil-
ity was observed (n = 5, Mean = 2371, SEM = 806.6 Range: 
301.9–5133. Fig. S2). Taken together, a single-dose vacci-
nation of hamsters with rVSV-ΔG-SARS-CoV-2-S vaccine 
 (106 PFU/animal) was found to be safe and immunogenic 
and did not lead to any treatment-related histopathological 
changes in the main organs tested (data not shown).

Safety and immunogenicity in NZW rabbits

Four groups of female NZW rabbits (n = 4 females/group) 
were tested. Three groups were vaccinated with rVSV-
ΔG-SARS-CoV-2-S vaccine at dose levels of  106,  107 or 
 108 PFU (1 ml/animal/injection). An additional group was 
injected with the vehicle and served as control. All animals 
were subjected to two repeated i.m. vaccinations (prime and 
boost) at an interval of two weeks, and follow-up continued 
for an additional 21-day recovery period (total observation 
period of 35 days). Body weight, general observations, local 
reactions at injection sites and body temperature were moni-
tored throughout the study period. No mortality occurred 
and no noticeable systemic or local reactions were noted 
in any of the animals throughout the 35-day study period 
(Table 1). All rVSV-ΔG-SARS-CoV-2-S vaccine-treated 
groups exhibited increased body weight gain comparable 
to that of the control group, consistent with young animal 

growth (Fig. 1a) and no statistically significant differences 
were noted in all vaccine-treated groups vs. control. Mean 
group body temperature values of all groups were within 
the normal range throughout the seven days post-prime and 
post-boost vaccinations (i.e., no signs of hypothermia or 
hyperthermia). Statistically significant differences (p < 0.05) 
were noted at several time points between vaccine-treated 
groups vs. control  (106 PFU: Day 0;  107 PFU: Day 0, 21; 
 108 PFU: Day 17, 21); however, as in all cases, the measured 
values were within the normal ranges (i.e., 38–40 °C); these 
differences were deemed as normal physiological variation 
as per the breeder model information sheet (New Zealand 
White Rabbits. Available on line https:// www. criver. com/ 
sites/ defau lt/ files/ resou rces/ rm_ rm_d_ NZW_ rabbit. pdf) 
(Fig. 1b).

Serum samples were collected on day 14 (prior to vac-
cination boost) and on day 31, 17 days after the vaccina-
tion boost and analyzed for the presence of neutralizing 
antibodies against SARS-CoV-2. Dose–response depend-
ency in mean group neutralizing antibodies was evident 
following each vaccination session and mean group NT50 
was increased in response to the boost vaccination in the 
low- and medium-dose groups. Following vaccination with 
the high dose  (108 PFU), neutralizing titers were efficiently 
induced following prime vaccination, and boost vaccination 
did not significantly affect the neutralization titer (Fig. 1).

Hematology, biochemistry and coagulation parameters 
were assessed at several time points. In all vaccinated 
groups, these parameters were found to be similar to the 
baseline or control animals’ values throughout the study 
period. The potential for viral shedding in urine samples 
(viruria), whole blood and serum (viremia) was tested to 
evaluate the extent of the vaccine dissemination from the 
site of administration, the rapidity of its clearance and its 
potential dissemination through secretions. No evidence of 
viremia was noted in any of the serum samples obtained 
three and seven days post the prime vaccination, in addi-
tion, no shedding of viral vaccine was detected on day three 
post the prime vaccination in any of urine samples collected 
(data not shown).

At necropsy, 21 days post second vaccination, no treat-
ment-related macroscopical findings or changes in organ 
weight and organ to body weight ratio values were evident 
in any of the vaccine-treated animals. Histopathological 
evaluation revealed treatment-related changes in all treated 
groups, generally being dose-related in incidence and/or 
severity, and which corresponded to the pharmacological 
activity of the vaccine. The changes were seen at the injec-
tion sites, regional iliac lymph nodes and spleen (Fig. 2).

The changes at the injection sites consisted of multi-
focal minimal myofiber necrosis (limited to the 2 higher 
doses); multifocal minimal- to mild-mixed inflamma-
tory cell infiltration (i.e., cells consisting of a mixture of 

https://www.criver.com/sites/default/files/resources/rm_rm_d_NZW_rabbit.pdf
https://www.criver.com/sites/default/files/resources/rm_rm_d_NZW_rabbit.pdf
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polymorphonuclear cells, lymphocytes and macrophages 
within the skeletal muscle and/or interstitial fat tissue) and 
focal minimal granulomatous inflammation (seen in a single 
Low-dose and in a single High-dose animal). This inflamma-
tory reaction was also seen in the fat tissue surrounding the 
sciatic nerve, but did not extend into the sciatic nerve itself. 
This change is considered an extension of the primary injec-
tion-site inflammation, possibly related to the needle loca-
tion/insertion and is not considered to reflect any increase 
in local irritation (Fig. 2a, b).

In the spleen, minimal to mild germinal centers increased 
lymphocytic cellularity (i.e., follicular hyperplasia) were 
noted (Fig. 2c, d). In the iliac lymph nodes (i.e., regional 
lymph node to the injection site), mild to moderate germi-
nal centers increased lymphocytic cellularity (i.e., follicular 
hyperplasia) were seen in all treated groups (Fig. 2e, f). The 
germinal centers increased lymphocytic cellularity (i.e., fol-
licular hyperplasia), seen in spleen and iliac lymph nodes, 
is considered to reflect a secondary change due to antigenic 
stimulation of the test compound (Willard-Mack et al. 2019), 
and were reported previously in rabbits exposed to vaccina-
tion (Baldrick 2016).

Safety and immunogenicity in domestic pigs

In this study, two groups of female Topig-20 pigs (n = 2 
females/group) were vaccinated with rVSV-ΔG-SARS-
CoV-2-S vaccine at dose levels of  106 and  108 PFU (1 ml/
animal, in a single injection site). An additional group (n = 2 
females) was injected with the carrier buffer and served as 
control. Similar to the rabbit study, the pigs were subjected 
to two repeated i.m. vaccinations (prime and boost) at an 
interval of two weeks, with follow-up continued for an addi-
tional 18-day recovery period (total observation period of 
32 days). No mortality occurred and no noticeable systemic 
or local reactions were noted in any of the animals through-
out the 32-day study period (Table 1). All rVSV-ΔG-SARS-
CoV-2-S vaccine-treated groups exhibited increased body 
weight gain comparable to that of the control group, consist-
ent with young animal growth (Fig. 3a), and the temperature 
profile of all animals was within the normal range (i.e., no 
signs of hypothermia or hyperthermia; Fig. 3b) (Hannon 
et al. 1990).

Blood samples for immunogenicity were collected on day 
14 (prior to vaccination boost) and on day 31, 17 days after 
the vaccination boost. These samples were analyzed for the 
presence of neutralizing antibodies and for cellular immu-
nity responses.

A positive association was found between the neu-
tralization antibodies levels and the stimulation of the 
cellular immunity. Both rVSV-ΔG-SARS-CoV-2-S vac-
cine doses induced a neutralization response (Fig. 3c) and 
an increase in T cell response to spike protein (Fig. 4). Ta
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Significant levels of IFNγ-secreting cells were observed 
among all the vaccinated pigs, up to 4 ×  103 cells per  106 
PBMC, following boost. The boost effect was observed in 
all the vaccinated animals, in accordance with increased 
neutralization antibodies levels (Fig. 4a). Interleukin-2 
and TNFα secretion were evident following spike anti-
genic stimulation in all the vaccinated pigs, with no IL-4 
and marginal IL-10 secretion, indicative of a clear Th-1 
response, (Fig. 4b). Hematology, biochemistry and coag-
ulation parameters were assessed at several timepoints 
throughout the study and were generally similar to base-
line values or to control animals’ values. There was no 
evidence of viremia in either whole blood (day 2 and 31) 
or serum (day 2, 7, 14 and 31), or viral shedding in urine 
samples (day 2/3 and 7/8) throughout the study period.

At necropsy and histopathology evaluation, no treat-
ment-related findings were observed. Sporadic minimal 
spontaneous lesions were noted in the liver, i.e., minimal 
inflammatory cell infiltration. Such changes are reported 
to occur spontaneously in pigs/minipigs. In the spleen 
and lungs, congestion was noted, which was compara-
ble in control and treated animals and are well known 
to be associated with barbiturate injection for euthanasia 
(Grieves et al. 2008), the termination technique used in 
this experiment.

Replication of rVSV‑ΔG‑SARS‑CoV‑2‑S vaccine in K18 
hACE2 transgenic mice

To further evaluate the safety of rVSV-ΔG-SARS-CoV-
2-S vaccine, the ability of the vaccine to propagate at the 
site of injection and to spread to the lungs was assessed in 
K18-hACE2 transgenic mice in which the human ACE-2 
receptor (hACE2) is expressed under the K18 promotor in 
all epithelial cells. K18-hACE2 transgenic mice are consid-
ered to be a highly sensitive animal model for SARS-CoV-2 
(Golden et al. 2021; Yinda et al. 2021; Zheng et al. 2021), 
and were also shown to induce neutralizing antibodies in 
response to rVSV-ΔG-SARS-CoV-2-S vaccination (manu-
script in preparation). Mice were vaccinated i.m. in the right 
shin limb with  107 PFU in a volume of 0.05 ml, and were 
euthanized immediately following vaccination (time 0), 24, 
48 and 72 h post vaccination (n = 4 mice per time point, 
Table 1). The site of injection and the lungs were collected 
and processed, and infectious virus was quantified by plaque 
assay, as described above (Noy-Porat et al. 2020; Yahalom-
Ronen et al. 2020).

A gradual decrease in the viral titer was observed at 
the site of injection (Fig. 5). Out of the injected  107 PFU, 
an average of 4.1 ×  106 (41%) was recovered immediately 
after injection. This reduction can be attributed to the 

Fig. 1  Body weight, temperature and serum neutralizing antibody 
titers in rabbits after prime/boost vaccination. a Body weight change 
percentage compared between groups (n = 4 /group). b Group mean 
body temperature (°C) following prime and boost vaccination of rab-
bits. Dashed lines indicate normal body temperature range. c Vac-
cinated rabbit sera neutralization assay results [mean group NT50, 

using plaque reduction neutralization test (PRNT)]. Sera were col-
lected on day 14 (14 days post first vaccination; “prime”) and on day 
31 (17 days post the second vaccination; “boost”). Dotted line repre-
sents the limit of detection (LOD). Error bars show median interquar-
tile range (IQR). Means and SD are indicated below the graph
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technical procedures performed on all organs following 
retrieval. The viral load then gradually reduced, reaching 
an over 4-log reduction after 72 h (0.003% of the dose 
observed at time zero). Virus was not detected in the lungs 
at any time point, in any of the animals. These results dem-
onstrate the existence of the vaccine at the site of injection 
and its gradual clearance (over three days), but also show 
that there was still viable virus up to 72 h post vaccination 
in some of the animals — a time window which allows 
for formation and induction of a robust immune response.

Neurovirulence in mice

Several studies in cultured cells and mice demonstrated the 
role of VSV-G as a major virulent component of wild-type 
VSV, mediating infection of neurons and neurovirulence 
in mice. Consequently, when VSV-G was eliminated and 
replaced with a heterologous viral surface protein, neu-
rovirulence was abrogated (Muik et al. 2011, 2014). In 
 ERVEBO®, elimination of VSV-G and replacing it with 
the glycoprotein (GP) of Ebolavirus (rVSV-ZEBOV-GP) 

Fig. 2  Rabbit histopathology following prime/boost vaccination. His-
topathological evaluation performed 3 weeks post second-vaccination 
session. a–b Injection-Site Analysis (high dose,  108 PFU/animal)- 
arrows indicate changes at the injection sites consisting of focal mini-
mal mixed inflammatory cell infiltration (a) (× 100) and focal mini-
mal muscle fiber necrosis associated with mixed inflammatory cell 
infiltration (b) (× 400) which are not considered as adverse treatment 
effects. c Spleen of control animal (× 100) and d high dose  (108 PFU) 
animal (× 100): arrows indicate minimal to mild germinal centers 
increased lymphocytic cellularity (i.e., follicular hyperplasia), noted 

following vaccination and considered to reflect a secondary change 
due to antigenic stimulation. No evidence of germinal centers was 
observed in a control animal (c). e Iliac Lymph Node (regional lymph 
node to the injection site) of control animal (× 40) and (f) of the high 
dose  (108 PFU) animal (× 40): arrows indicate mild to moderate ger-
minal centers increased lymphocytic cellularity (i.e., follicular hyper-
plasia), noted following vaccination and considered to reflect a sec-
ondary change due to antigenic stimulation. No evidence of germinal 
centers was observed in a control animal (e)
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rendered the viruses non-virulent and safe in general. In 
particular  ERVEBO® was safe to the nervous system as 
demonstrated by intra-thalamic injection in non-human pri-
mates, compared to the highly neurovirulent wild-type VSV 
(VSV-WT) (Monath et al. 2019). To address the safety of 
rVSV-ΔG-SARS-CoV-2-S vaccine in the nervous system, 
a comparative neurovirulence study was conducted using a 
single intracranial (i.c.) injection at various doses of either 
the wild-type VSV (VSV-WT) or rVSV-ΔG-SARS-CoV-2-S 
vaccine to C57BL/6 immune competent mice, and type I 

interferon receptor knock-out (IFNAR KO) mice. The latter 
are incapable of transducing signals through the interferon 
receptors alpha and beta and, as such, are highly sensitive to 
viral infections (Marin-Lopez et al. 2019).

In C57BL/6 immune competent mice, a single i.c. injec-
tion of VSV-WT at doses of  103,  104 and  105 PFU, resulted 
in rapid weight loss and death within 72 h, while injection 
of a high dose of  105 PFU of rVSV-ΔG-SARS-CoV-2-S 
was well tolerated, with all mice surviving and no reduction 
observed in body weight (n = 3/group; Fig. 6a, Table 1). In 

Fig. 3  Body weight, tem-
perature and serum neutralizing 
antibody titers in pigs after 
prime/boost vaccination. a 
Individual body weight change 
(percentage). b Individual body 
temperature (°C) following 
prime and boost vaccination 
of pigs. Dashed lines indicate 
normal body temperature range. 
c Individual pig sera neutraliza-
tion assay results (mean group 
NT50, using plaque reduction 
neutralization test (PRNT). 
Sera were collected on day 
14 (14 days post first vaccina-
tion; “prime”) and on day 31 
(“boost”). Error bars show 
median interquartile range 
(IQR)

Fig. 4  Cytokine secretions in pigs after prime/boost vaccination. a 
IFNγ secretion by Elispot assay: Antigen induced IFNγ producing 
T cells (spots/106 PBMCs). b Cytokine secretion three weeks post 
boost dose in pigs: Cytokine measurements were in duplicates for no 

antigen controls and naïve animals, and were in quadruplates for pigs 
vaccinated with rVSV-SARS-CoV-2-S. Positive controls (not shown) 
were measured for each cytokine in duplicate
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IFNAR KO mice, VSV-WT was uniformly lethal following a 
single i.c. injection at doses of  102 or  103 PFU/mouse. Mice 
rapidly deteriorated and died within 48–72 h. IFNAR KO 
mice injected i.c. with rVSV-ΔG-SARS-CoV-2-S vaccine 
at doses of  103 or  104 PFU/mouse survived throughout the 
follow-up period. Mice did not show any sign of morbidity 
and no reduction in body weight was noted (n = 3/group; 
Fig. 6b).

Histopathology evaluation of the brains of mice injected 
with rVSV-ΔG-SARS-CoV-2-S vaccine, from both strains, 
revealed no perivascular inflammatory infiltrate, no gliosis, 
no neurodegeneration, no satellitosis and no necrosis in 
all the evaluated brain areas (including the frontal cortex, 

striatum, thalamus, hypothalamus, hippocampus and cer-
ebellum); representative images from C57/BL6-injected 
mice are shown in Fig. 7. Neurovirulence was absent in both 
C57BL/6 immune competent mice and IFNAR KO mice, 
injected with the rVSV-ΔG-SARS-CoV-2-S vaccine.

In contrast, brains of mice injected with VSV-WT pre-
sented with profound histological damage. Pathology was 
pronounced in the striatum (Sr) area, mainly in the Corpus 
Callosum (CC) and in the Medial Septal Nuclei sub regions 
(MSN), (Fig. S2), Thalamus (TH, mostly in lateral thalamus 
nuclei) and in the Hippocampus (Hc) (predominantly in the 
CC, Fig. S3). Damage consisted of extensive parenchymal 
inflammatory cells infiltration (lymphocytes, macrophages) 
in CC, MSN, TH brain regions and mild sporadic hemor-
rhages (detected only in CC area of the Hc). These findings 
were accompanied by extensive necrosis and degeneration.

The apparent safety of the vaccine when inoculated 
directly into the brain of C57BL/6 J mice and, furthermore, 
to the sensitive IFNAR KO mice, confirms the safety of the 
vaccine with respect to the nervous system and strongly sup-
ports the overall safety profile of rVSV-ΔG-SARS-CoV-2-S 
vaccine.

Discussion

Beyond proving immunogenicity and efficacy, there is great 
importance to an in-depth characterization of the safety pro-
file of a vaccine under development, in order to maintain 
public trust, especially in times of emergency. To this end, 
there is an advantage in choosing a vaccine platform which 
has already proven to be safe. In addition, the nonclinical 
safety profile should be carefully established in a variety of 
different models.

In light of the need for the development of vaccines for 
SARS-CoV-2 in a timely manner, we developed a replication 
competent recombinant VSV-∆G-spike vaccine, in which 

Fig. 5  Vaccine viral loads at the injection site in K18-hACE2 trans-
genic mice. Vaccine viral loads were determined at in the injection 
site (muscle) at the time points indicated following vaccine adminis-
tration to K18-hACE2 transgenic mice

Fig. 6  Comparison of VSV-WT with rVSV-ΔG-SARS-CoV-2-S vac-
cine effects following i.c. administration to C57BL/6  J or IFNAR 
KO mice. a C57BL/6  J mice, 6–12  weeks of age, administered i.c. 
with VSV-WT or rVSV-ΔG-SARS-CoV-2-S vaccine virus at doses 
ranging from  103 to  105 PFU (n = 3/group). b IFNAR KO mice, 

6–12  weeks of age, administered i.c. with VSV-WT or rVSV-ΔG-
SARS-CoV-2-S vaccine virus doses ranging from  102 to  104 PFU. 
VSV-WT-injected mice were censored at day 2/3 due to lethality, 
while rVSV-ΔG-SARS-CoV-2-S-injected mice survived throughout 
the follow-up period (14 days)
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the G gene which encodes the viral envelope glycoprotein 
of VSV was deleted from the viral genome and replaced 
with the S gene of SARS-CoV-2 (Yahalom-Ronen et al. 
2020), which mediates entry to cells expressing hACE2 
receptor and is a major viral surface antigen to which neu-
tralizing antibodies and T cell response are induced. The 
rVSV-ΔG-SARS-CoV-2-S vaccine utilizes the VSV back-
bone employed by other live vaccines including rVSV-
EBOV which was approved by the FDA (under the trade 
name  ERVEBO®), at the end of 2019, for the prevention of 
Zaire ebolavirus-caused disease in individuals 18 years of 
age and older (Available on line https:// www. fda. gov/ vacci 
nes- blood- biolo gics/ ervebo). The proven efficacy of the 
 ERVEBO® vaccine to prevent Ebola infection in humans 
is remarkable and validates the VSV-ΔG backbone as a 
platform to produce effective and safe vaccines (Fathi et al. 
2019).

During the development and manufacturing processes, 
rVSV-ΔG-SARS-CoV-2-S vaccine evolution was accom-
panied by spontaneous acquisition of several mutations, 
some of which are at sites of major importance to antibody-
mediated immunity, such as N501 and E484 located in the 
receptor-binding domain (RBD) of the spike protein. Several 
additional mutations also emerged, such as R685G at the 
RRAR multi-basic SARS-CoV-2 furin cleavage site, located 
at the junction of the spike protein receptor-binding (S1) and 
fusion (S2) domains. Final vaccine batches are genetically 
stable. The ability of the candidate vaccine to confer pro-
tection against emerging SARS-CoV-2 variants of concern 
(VOCs) is currently being investigated.

To evaluate the safety profile of our rVSV-ΔG-SARS-
CoV-2-S vaccine, we have completed a series of nonclini-
cal safety, immunogenicity and efficacy (potency) studies in 

four animal species, mouse, hamster, rabbit and pig, using 
multiple dose levels, up to  108 PFU/animal (Table 1). In 
addition, a repeat-dose GLP toxicity study was conducted 
in rabbits (not described here). Justification for dose selec-
tion was based on available preclinical data (Yahalom-Ronen 
et al. 2020) and supported by relevant preclinical and clinical 
experience with the ERVEBO® vaccine.

Particular attention was given to species selection, which 
was based on scientific, ethical and practical factors. Accord-
ing to the WHO guidelines on nonclinical evaluation of vac-
cines, a relevant animal species should develop an immune 
response similar to the expected human response after vac-
cination. Ideally, the animal species should also be sensi-
tive to the pathogenic organism, and/or mimic the disease 
in humans. In line with these recommendations, the tested 
species presented increased levels of binding and neutral-
izing antibodies in response to vaccination, supporting their 
relevancy. Since no single model is ideal, several comple-
mentary models were used.

The first model to be established, the golden Syrian ham-
ster (Mesocricetus auratus) model, was found to be suscepti-
ble to the COVID-19 disease and was used for evaluation of 
both the safety and efficacy of the vaccine (Yahalom-Ronen 
et al. 2020). In addition, safety was evaluated in the K18 
transgenic mouse model, which is considered a highly sensi-
tive animal model for SARS-CoV-2. In these mice, human 
ACE-2-dependent replication of SARS and SARS-CoV-2 
is observed, followed by morbidity and mortality (McCray 
et al. 2007; Munoz-Fontela et al. 2020).

Interestingly, accumulated data place the hamster and the 
transgenic mouse model as pivotal and indicative challenge 
models for SARS-CoV-2. While some other vaccine can-
didates have been tested in non-human primates (NHPs), 

Fig. 7  Histopathology of C57/
BL6 mouse brain after injection 
with rVSV-ΔG-SARS-CoV-2-S. 
a Frontal cortex; b Striatum; c 
Thalamus; d Hypothalamus; e 
Hippocampus; f Cerebellum. 
Scale bar = 100 µm, Magnifica-
tion: X10, H&E staining

https://www.fda.gov/vaccines-blood-biologics/ervebo
https://www.fda.gov/vaccines-blood-biologics/ervebo


872 Archives of Toxicology (2022) 96:859–875

1 3

the different NHP strains tested show a variable response to 
SARS-CoV-2 infection and thus, results may be difficult to 
interpret with respect to determining the effectiveness and 
safety of the vaccine tested (Munoz-Fontela et al. 2020). In 
addition, ethical considerations and limited availability of 
NHPs make this model less favorable and highly complex 
for use.

The rabbit, a non-rodent animal species, is considered 
suitably robust, sensitive and regulatory acceptable as an 
animal species for vaccine testing, and was shown to develop 
an antibody signature response to SARS-CoV-2 (Ravichan-
dran et al. 2020). In addition, the observed histopathological 
changes in our vaccinated rabbits (i.e., increased lympho-
cytic cellularity in the germinal centers of the spleen and 
regional lymph node) were considered to reflect a second-
ary change, due to antigenic stimulation. Pigs, on the other 
hand, are more physiologically similar to humans than some 
other animal models, in terms of body weight and meta-
bolic rate. The pig is a valuable model for testing human 
vaccines safety and immunogenicity (Gerdts et al. 2015). 
It may also provide an indication of the type of immune 
response induced and is thus considered a valid non-rodent 
model for nonclinical safety testing. In addition, the pig is 
considered to be an acceptable alternative to the dog, which 
is commonly used as non-rodent toxicology model, or to 
non-human primates which are less accessible and less eas-
ily justifiable for ethical reasons.

Altogether, the use of four different animal species, 
rodent and non-rodent, is important in building a reliable 
and comprehensive safety profile to support further clinical 
research.

Under the study conditions described here, the rVSV-ΔG-
SARS-CoV-2-S vaccine was found to be well tolerated, did 
not raise any safety signals of concern, up to the highest 
dose tested  (108 PFU) and evoked high levels of neutralizing 
antibodies against SARS-CoV-2, in all species tested.

No shedding of the viral vaccine was detected in urine, 
nor was it found in blood. There were no rVSV-ΔG-SARS-
CoV-2-S-related histopathological changes in hamsters and 
pigs. In rabbits, the observed treatment-related histopatho-
logical findings (i.e., lymphoid hyperplasia in local lymph 
nodes and spleen, and mild local inflammation) are in line 
with what can be expected from an immunogenic vaccine 
with immune stimulation.

Interestingly, in a recent work by Sun et al., (2021), 
ACE-2 expression was profiled in cows, pigs, rabbits 
and goats. The authors have shown that in these animals, 
ACE-2 is highly expressed in multiple tissues but not in 
muscles. Therefore, it could be assumed that the observed 
immunogenicity in rabbits and pigs, following immuniza-
tion with rVSV-ΔG-SARS-CoV-2-S is primarily driven by 
an antigen-based mechanism rather by active replication, 
which is further supported by the lack of viremia in these 

two animal models. In the K18 hACE2 transgenic mouse 
model, in which ACE-2 receptor is expressed under the 
K18 promoter demonstrated containment of the vaccine 
at the site of injection and its gradual clearance, with no 
distribution to the lungs. We also showed that viable vac-
cine virus remains up to 72 h post vaccination in some of 
the animals—a time window which supports the formation 
and induction of a robust immune response. It is important 
to note in this respect that in humans, hACE2 receptor is 
mostly expressed in the respiratory organs and the gastro-
intestinal tract. As the receptor distribution to the site of 
injection (muscle) is limited, vaccination with a VSVΔG 
spike-based vaccine is not expected to result in extensive 
replication, further supporting the vaccine’s safety profile.

No evidence for neurovirulence was found follow-
ing intracranial injection of the vaccine (a “worst possi-
ble case” scenario for maximal toxic effect) in C57BL/6 
immune competent mice or in IFNAR KO mice, deficient 
in the interferon alpha/beta receptor, hence highly sen-
sitive to viral infections, supporting our conclusion that 
upon removal of the VSV-G protein, the ΔG-based vac-
cine lost the inherent neurovirulence potential which is 
associated with the G protein, significantly contributing 
to its safety profile.

It is noteworthy that the emerging nonclinical safety 
profile of rVSV-ΔG-SARS-CoV-2-S vaccine is found to 
be very similar to that of the rVSV-EBOV (FDA Summary 
Basis For Regulatory Action Available on line https:// www. 
fda. gov/ media/ 134227/ downl oad; EMEA EPAR Available 
on line https:// www. ema. europa. eu/ en/ medic ines/ human/ 
EPAR/ ervebo). A single dose of rVSV-EBOV did not lead 
to any biologically significant rVSV-ZEBOV-GP-related 
effects on clinical observations, mortality, body weights, 
body temperature, clinical chemistry and hematology in the 
two animal models tested (mice and non-human primates). 
Similar treatment-related histopathological changes in injec-
tions site, iliac lymph nodes and spleen, observed here, also 
indicate a similar mechanism of vaccine-induced antigenic 
stimulation.

Novel vaccines necessarily require critical safety evalu-
ation to address possible adverse effects, either antigen-
related (reactogenicity due to interaction with host pathways 
or immune related), or platform-related (over-replication, 
allergic or hyper-active immune response). Currently, sev-
eral billion vaccine doses, exploiting the spike antigen, have 
been administered without major severe adverse events. As 
to the vaccine’s platform, different platform technologies 
have their own pros and cons, but with increased use of 
a specific platform, the overall safety and efficacy profile 
becomes more established. This is the advantage of using the 
rVSV-ΔG platform, an already approved platform (in terms 
of  ERVEBO®) to help establish the safety of our candidate 
vaccine.

https://www.fda.gov/media/134227/download
https://www.fda.gov/media/134227/download
https://www.ema.europa.eu/en/medicines/human/EPAR/ervebo
https://www.ema.europa.eu/en/medicines/human/EPAR/ervebo
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One major potential concern associated with COVID-19 
vaccines is the risk of Vaccine-Associated Enhanced Dis-
ease (VAED), including, but not limited to Vaccine-Asso-
ciated Enhanced Respiratory Disease (VAERD) which 
involves exacerbation of the respiratory viral infection’s 
clinical presentation, via antibody and complement-medi-
ated mechanisms (namely Antibody-Dependent Enhance-
ment, ADE) or via antibody-independent mechanisms 
which may involve cytokine release or cellular immune 
activation, recently reviewed by Lee et al. (2020). As far as 
we know, to date, accumulating clinical data have shown 
no evidence of VAED/VAERD in any COVID-19 vac-
cine clinical trials, including those based on viral vectors. 
Nevertheless, VAED was previously noted in the devel-
opment of Dengue virus, RSV (Graham 2016), and mea-
sles vaccines (Polack 2007). In addition, preclinical data 
with other coronaviruses family members, SARS-CoV 
and Middle East respiratory syndrome (MERS) (Du et al. 
2016; Wang et al. 2014), also suggested signs of VAERD, 
when vaccinated animals were subsequently challenged 
with the wild-type SARS-CoV/MERS-CoV (Agrawal et al. 
2016; Weingartl et al. 2004), and developed immuno-path-
ologic lung reactions that were attributed to a Th-2-biased 
immune response.

According to the recent FDA guidance document for 
development and licensure of COVID-19 vaccines (Avail-
able on line https:// www. fda. gov/ regul atory- infor mation/ 
search- fda- guida nce- docum ents/ devel opment- and- licen 
sure- vacci nes- preve nt- covid- 19), assessment of potential 
enhanced respiratory disease (ERD) in preclinical models 
should include an evaluation of neutralization versus total 
antibody responses, and a Th1/Th2 balance. A vaccine 
showing a relatively high antibody titer of neutralizing anti-
bodies, and an immune response that is primarily Th1, is 
thereby considered at low risk for ERD. Accordingly, vac-
cination with rVSV-ΔG-SARS-CoV-2-S vaccine led to high 
neutralizing antibody titers in all animal species tested, and 
a Th1-type T cell polarization was demonstrated in pigs, 
manifested by IFNγ, IL-2 and TNFα production but not Th2 
cytokines (IL-4, IL-10) in spike-stimulated PBMCs. These 
results are consistent with what is generally known for other 
vaccines based on live viruses, specifically, for the VSV-∆G 
platform which was shown to elicit such a response (Farooq 
et al. 2016). Furthermore, using two reliable SARS-CoV-2 
challenge models, Syrian hamsters (Yahalom-Ronen et al. 
2020) and K18 hACE2 transgenic mice (data not shown), 
we demonstrated that vaccination with rVSV-ΔG-SARS-
CoV-2-S vaccine protected the animals, and did not lead to 
disease enhancement, once the animals were subjected to a 
challenge with the wild-type SARS-CoV-2 virus. Lungs of 
these animals were sustainably less damaged, and exhibited 
reduced viral load and improved in tissue-to-air ratio, as 
compared to infected, unvaccinated animals.

Conclusion

In conclusion, rVSV-ΔG-SARS-CoV-2-S vaccine was 
found to be safe and immunogenic in a series of nonclini-
cal studies, conducted in four animal species (rodent and 
non-rodent), using multiple doses (up to  108 PFU/animal) 
and various dosing regimens. There were no treatment-
related mortalities in any study, nor any noticeable sys-
temic or local clinical signs. The rVSV-ΔG-SARS-CoV-
2-S vaccine immune response gave rise to neutralizing 
antibodies, cellular immune response, and increased 
lymphocytic cellularity in the spleen germinal centers 
and regional lymph node. These studies were part of the  
nonclinical package that supported the initiation of clinical 
trials (NCT04608305), currently in Phase 2.
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