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The Ebola virus (EBOV) is a member of the Orthoebolavirus genus, Filoviridae family, which causes severe hem-
orrhagic diseases in humans and non-human primates (NHPs), with a case fatality rate of up to 90%. The
development of countermeasures against EBOV has been hindered by the lack of ideal animal models, as EBOV
requires handling in biosafety level (BSL)-4 facilities. Therefore, accessible and convenient animal models are
urgently needed to promote prophylactic and therapeutic approaches against EBOV. In this study, a recombinant
vesicular stomatitis virus expressing Ebola virus glycoprotein (VSV-EBOV/GP) was constructed and applied as a
surrogate virus, establishing a lethal infection in hamsters. Following infection with VSV-EBOV/GP, 3-week-old
female Syrian hamsters exhibited disease signs such as weight loss, multi-organ failure, severe uveitis, high
viral loads, and developed severe systemic diseases similar to those observed in human EBOV patients. All animals
succumbed at 2-3 days post-infection (dpi). Histopathological changes indicated that VSV-EBOV/GP targeted
liver cells, suggesting that the tissue tropism of VSV-EBOV/GP was comparable to wild-type EBOV (WT EBOV).
Notably, the pathogenicity of the VSV-EBOV/GP was found to be species-specific, age-related, gender-associated,
and challenge route-dependent. Subsequently, equine anti-EBOV immunoglobulins and a subunit vaccine were
validated using this model. Overall, this surrogate model represents a safe, effective, and economical tool for rapid
preclinical evaluation of medical countermeasures against EBOV under BSL-2 conditions, which would accelerate
technological advances and breakthroughs in confronting Ebola virus disease.

1. Introduction ranging from 2 to 21 days, the disease symptoms begin suddenly,

including fever, headache, and sore throat. This is followed by rash,

Ebola virus (EBOV), a member of Orthoebolavirus genus, Filoviridae
family, causes severe hemorrhagic fever in human and non-human pri-
mates (NHPs). Among the six species in Orthoebolavirus genus, Ebola
virus is the most lethal pathogen, resulting in the largest outbreak. It
caused 28,646 cases and 11,323 deaths in multiple countries between
2013 and 2016 since the discovery of EBOV in 1976 (Coltart et al., 2017).
EBOV is transmitted from wild animals to people and spreads through
contact with infected blood, tissues, organs, other bodily fluids, and
contaminated items (Jacob et al., 2020). After an incubation period
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vomiting, diarrhea, and in severe cases, multi-organ failure, hemorrhage,
and death (Baseler et al., 2017; Jacob et al., 2020; Leligdowicz et al.,
2016). Ebola viruses are non-segmented single-stranded negative-sense
RNA viruses with a genome size of 18.9 kb. They have eight sub
genomic mRNAs encoding seven structural proteins (Feldmann et al.,
2020). Among these proteins, the membrane-associated protein (glyco-
protein, GP) is responsible for viral attachment to target cells, viral entry
into cells, membrane fusion, and eliciting a protective antibody response.
Thus, it is the primary target for studying the pathogenesis of EBOV and
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developing preventative vaccines and therapeutic antibodies against
EBOV (Martin et al., 2016, 2017).

Animal models that accurately mimic Ebola virus disease (EVD) in
humans are urgently needed to fully uncover the pathogenesis and trans-
mission mechanism and to be better prepared for potential outbreaks of
EBOV. Several infection models of EVD have been established, including
mice, guinea pigs, ferrets, Syrian hamsters, and NHPs (Bente et al., 2009;
Bradfute et al., 2012; Bray et al.,, 1999; Connolly et al., 1999; Geisbert
etal., 2002; Kozak et al., 2016; Wahl-Jensen et al., 2012; Yan et al., 2019).
The NHP model is the gold standard of EVD as it closely mimics human
infection (Nakayama and Saijo, 2013). However, ethical issues, costs,
experimental facilities, and the availability of reagents limit the applica-
tion of NHPs. Mice, hamsters, and guinea pigs were resistant to wild-type
EBOV (WT EBOV) infection; therefore, virus adaption should be conducted
to accomplish effective infection, which is time-consuming and introduces
additional mutants (Bray et al., 1999; Connolly et al., 1999; Ebihara et al.,
2013). In contrast, ferrets, an alternative small animal model for NHPs,
are naturally susceptible to WT EBOV (Cross et al, 2016).
Immunocompromised mice (IFN-u/p receptor-knockout (IFNAR /7y and
transcription factor STAT1-knockout (STATI / ) mice) are also used as
surrogate models since they are highly susceptible to WT EBOV(Bray,
2001). However, these naturally susceptible models should be conducted
in BSL-4, which limits the preclinical screening of anti-EBOV drugs. In
comparison, surrogate models enable the simulation of EVD symptoms and
the screening of medical countermeasures under BSL-2, which is more
feasible and economical.

In this study, a recombinant vesicular stomatitis virus bearing the
glycoprotein of EBOV was rescued, termed VSV-EBOV/GP, which serves
as a surrogate virus for EBOV infection in hamsters. VSV-EBOV/GP
infection results in fatal infection in age, gender, and challenge route-
dependent manners, and exhibits several critical aspects of human in
hamsters. Additionally, the efficacy of equine anti-EBOV immunoglob-
ulins and a subunit vaccine have been evaluated in this model. Overall,
this study provides a valuable tool for screening vaccines and antibodies
under BSL-2 conditions.

2. Materials and methods
2.1. Cells, viruses, and antibodies

Vero E6 cells (ATCC® CRL-1587™) were stored at the Changchun
Veterinary Institute and cultured in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS, Gibco, Thermo Fisher Scientific, MA, USA), and 1% Pen-
strep in a 37 °C, 5% CO3 incubator for the duration of culture. Recom-
binant vesicular stomatitis viruses were generated by replacing the VSV
glycoprotein with full-length GPs from Ebola virus (Genbank NO.
AF086833.2), Sudan virus (Genbank NO. NC_006432.1) and Lassa virus
(Genbank NO. HQ688672.1), termed as VSV-EBOV/GP, VSV-SUDV/GP
and VSV-LASV/GP, and were passaged in Vero E6 cells and stored at —80
°C. Wild-type VSV (WT VSV) (Genbank NO. OR712768.1), murine anti-
EBOV antibody, equine anti-EBOV immunoglobulins and a subunit vac-
cine (EBOV GP Amuc) (truncated forms of EBOV GP) (amino acids 1 to
311 linked through an aspartic acid to residues 464 to 637) were stored
at the Changchun Veterinary Institute. Subunit vaccines are designed and
expressed as previously described (Keck et al., 2016).

2.2. Construction and rescue of VSV-EBOV/GP

The VSV full-length plasmid, named p3.1-VSV-eGFP, was constructed in
the pcDNA3.1 vector as described previously (Wang et al., 2022). A re-
combinant full-length plasmid (named p3.1-VSVAG-EBOV GP) was gener-
ated by replacing the VSV glycoprotein with full-length GPs from Ebola virus
(AF086833.2) and inserting an enhanced green fluorescence (eGFP)
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reporter gene between the N and P genes. The generation of
pcDNA3.1-VSV-N, pcDNA3.1-VSV-P, pcDNA3.1-VSV-L, and
pcDNA3.1-VSV-G plasmids were performed as previously described and
stored at —80 °C (Wang et al., 2022). The p3.1-VSVAG-EBOV GP and four
adjuvant plasmids were co-transfected into BSR/T7 cells. The procedure
was carried out in accordance with the calcium phosphate transfection kit
instructions (Invitrogen, Waltham, MA, USA). Recombinant virus rescue
was determined by cytopathological effects and expression of eGFP reporter
genes. Recombinant viruses were passaged on Vero E6 cells (Fig. 1A).

2.3. In vitro growth kinetic of viruses

Vero E6 cells were cultured overnight in 24-well plates and infected
with WT VSV, VSV-EBOV/GP, VSV-SUDV/GP, and VSV-LASV/GP,
respectively, at an MOI of 0.1. The cell culture supernatants were har-
vested at 12, 24, 48, 60, 72, 84, and 96 hpi (hours post-infection),
respectively, and then the viral titers were calculated using the Reed-
Muench method. Finally, growth curves were outlined based on the
viral titers of the viruses at different times (Fig. 1B).

2.4. Virus inoculation of animals

Syrian hamsters, BALB/c mice, and Sprague-Dawley (SD) rats were
purchased from Beijing Vital River Laboratory Animal Technology
Company Limited (Peking, CN). Hartley guinea pigs were purchased
from Beijing Keyu Animal Breeding Center (Peking, CN). All animals
were housed in a special pathogen-free facility with a 12:12-h light-dark
cycle, on sterile chow and sterilized water.

In common rodent infection experiment, four groups (n = 5 per
group) of 3-week-old female SD rats, BALB/c mice, guinea pigs, or Syrian
hamsters were intraperitoneally inoculated with 107 tissue culture
infective dose (TCIDsy) of VSV-EBOV/GP, while animals in control
groups were intraperitoneally injected with the same volume of PBS.
Further, twenty 3-week-old female Syrian hamsters were randomly
divided into four groups and inoculated intraperitoneally with 107
TCIDgp of WT-VSV, VSV-EBOV/GP, VSV-SUDV/GP, and VSV-LASV/GP,
respectively.

In the assessment of the effect of gender on the lethality of VSV-
EBOV/GP infection in Syrian hamsters, groups of 3-week-old female
and male Syrian hamsters (n = 10 per group) inoculated intraperitone-
ally with 107 TCIDsy of VSV-EBOV/GP. After 36 h infection, blood
samples were collected through the orbital venous plexus and analyzed
with complete blood count and blood chemistry. In order to assess sys-
temic viral spread to different organs, heart, liver, spleen, lung, kidney,
stomach, intestine, and brain were collected, and analyzed pathologies
and viral distributions.

In the evaluation of the effect of age on the lethality of VSV-EBOV/GP
infection in Syrian hamsters, 3-week-old, 3-month-old, and 1-year-old
female and male Syrian hamsters (n = 8 per group) were inoculated
intraperitoneally with 107 TCIDs, of VSV-EBOV/GP, while animals in
control groups were intraperitoneally injected with the same volume of
PBS. After 36 h infection, three animals in each group were sacrificed,
liver and spleen were collected and used to determine viral loads.

In the appraisal of the impact of challenge route on the lethality of
VSV-EBOV/GP infection in Syrian hamsters, four groups of 3-week-old
female Syrian hamsters (n = 8 per group) infected with 107 TCIDgg of
VSV-EBOV/GP via intraperitoneal (i.p.), subcutaneous (s.c.), intramus-
cular (i.m.), or intranasal (i.n.) route. After 36 h infection, blood samples
were collected through the orbital venous plexus and analyzed with
complete blood count and blood chemistry. Meanwhile, internal organs
were harvested and assessed for viral titers and pathologies, including
the liver, lung, spleen, and kidney.

All animals were monitored daily for signs of disease, including
changes in weight, physical activity, and food and water intake.
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Fig. 1. A Scheme diagram of the generation of recombinant vesicular stomatitis virus VSV-EBOV/GP. The recombinant full-length plasmid (p3.1-VSVAG-EBOV GP)
and four helper plasmids (pcDNA3.1-VSV-N, pcDNA3.1-VSV-P, pcDNA3.1-VSV-L, and pcDNA3.1-VSV-G) were co-transfected into BSR/T7 cells and obtained a re-
combinant virus bearing the glycoprotein of EBOV. B One-step growth curves of WT VSV, VSV-EBOV/GP, VSV-SUDV/GP, and VSV-LASV/GP. WT VSV, VSV-EBOV/GP,
VSV-SUDV/GP, and VSV-LASV/GP were inoculated into Vero E6 cells at an MOI of 0.1. Viruses were collected at 12 h intervals to measure titers.

2.5. Quantification of viral loads by TCIDsg

Vero E6 cells were plated in 100 pL of complete DMEM media in a 96-
well plate to target confluency of 70%-90% at 24 h after plating. Organs
were homogenized and cleared of cellular debris by centrifugation. The
supernatant was serially diluted at a tenfold ratio, and 100 pL was added
to 96-well cell culture plates. The plates were incubated at 37 °Cfor 1 h
and then washed thrice with sterile PBS. 100 pL of incomplete medium
containing 2% FBS and 1% penicillin-streptomycin was added to each
well of 96-well plate. The median TCIDs;, was calculated by observing the
number of wells with cytopathic effect (CPE) based on the Reed and
Muench method after incubating for 72 h (Manangeeswaran et al., 2016).

2.6. Hematological tests

Blood samples were collected through the orbital venous plexus into
anticoagulant tubes containing EDTAK2 and heparin to determine Syrian
hamsters' complete blood count and blood biochemical parameters. A
complete blood count was carried out under the automatic blood
analyzer (BC-5000vet, Mindray, CN), and the operation procedures were
carried out according to the instrument’s operation instructions.

2.7. Histopathology and immunohistochemistry

Syrian hamsters were euthanized at the appointed time. Heart, liver,
spleen, lung, kidney, stomach, intestine, and brain were collected. Tissue
samples were fixed in 10% neutral buffered formalin. Samples were cut,
paraffin-embedded, sectioned with a 5 pm slicer, placed on slides, and
stained with hematoxylin and eosin (H&E) for histopathological exami-
nation. For immunohistochemistry (IHC), quenching of paraffin-
embedded tissues was performed with 3% hydrogen peroxide in meth-
anol for 10 min, and specific anti-EBOV GP immunoreactivity was
detected using murine anti-EBOV antibody as the primary antibody. After
incubation with primary antibody, sections were washed with PBS 3
times and species-matched secondary antibodies were applied for 2 h at
4 °C. The brown color represents the immunoreactivity of the tissue
sections. The histopathology and immunohistochemistry assays were
performed as previously described (Cooper et al., 2018). Pathological
scores by the International Norms for the Terminology of Pathological
Changes and Diagnostic Criteria in Rats and Mice (INHAND). Histo-
chemical score IRS—SI (strength of positivity) x PP (percentage of pos-
itive cells). SI is classified into three levels, with no positive coloring in
level 0, weakly positive yellowish in level 1, moderately positive
brownish yellow in level 2, and strongly positive brownish brown in level
3; PP is classified into four levels, with 0-5% in level 0, 6%-25% in level

1, 26%-50% in level 2, 51%-75% in level 3, and >75% in level 4 (Xie
et al., 2014). Percentage of positive cells = number of positive cells/total
number of cells (Benonisson et al., 2019).

2.8. Virus neutralization assays

EBOV-specific virus neutralization antibody (VNA) titers were
analyzed in serum samples collected from immunized hamsters using a
neutralization assay. Briefly, serum samples were complement-
inactivated at 56 °C for 30 min and serially diluted two-fold (Syrian
hamster sera, from 1:8) in cell culture medium, 100 pL of diluted serum
samples were added to a 96-well plate, and 100 TCIDsg VSV-EBOV/GP
was added to each well and incubated at 37 “C for 1 h and then added
1 % 10" Vero E6 cells into each well. Virus-only control wells and
uninfected-cell control wells were also included in the plate. CPE was
detected under a microscope after the cells were cultured at 37 °C in 5%
CO, for 48-72 h. The neutralizing antibody titers were defined as the
inverse of the highest dilution, which could completely inhibit the pro-
duction of the CPE compared with viral controls.

2.9. Evaluation of equine anti-EBOV immunoglobulins and EBOV GP
Amuc in Syrian hamster model

Thirty-three female 3-week-old Syrian hamsters were randomized
into three groups. Each hamster was intraperitoneally given 5 mg of
equine anti-EBOV immunoglobulins. In the prevention group, Syrian
hamsters were first intraperitoneally given 5 mg purified equine anti-
EBOV immunoglobulins and challenged by i.p. administration of 107
TCIDgp VSV-EBOV/GP in 1 mL DMEM after 24 h. In the treatment group,
Syrian hamsters were first challenged with 107 TCIDgo VSV-EBOV/GP in
1 mL DMEM and given 5 mg anti-EBOV equine immunoglobulins via the
i.p. route injection 24 h post-infection. The treatment was carried out for
the control group with an equal volume of PBS.

Twenty-two female 3-week-old Syrian hamsters were randomized
into two groups. Each hamster was immunized intraperitoneally with 5
mg EBOV GP Amuc in 50 pL PBS mixed with equal volume Freund's
complete adjuvant (Thermo Fisher Scientific, USA). Hamsters in the
control group were given an equivalent volume of PBS. All groups
received a second and third identical vaccination one week and three
weeks after the primary immunization. Blood samples were collected
through the orbital venous plexus at different time points post-
immunization, and serum was separated and stored at —80 “C for anti-
body titration.

At 3dpi and 5 dpi, three hamsters in each group were sacrificed. Liver
tissue from euthanized animals was harvested to test the viral loads,
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histopathology, and immunohistochemistry tests. All animals were
monitored for clinical signs of disease, percent of survival, and weight
change.

2.10. Statistical analysis

GraphPad Prism v9.0 (GraphPad Software Inc. San Diego, CA, USA)
was used to analyze the data, which were expressed as mean standard
error of mean (SEM). To assess changes in complete blood count and liver
parameters, we performed a one-way repeated measures analysis of
variance (ANOVA) followed by a paired t-test comparing mean blood
counts and liver parameters. p < 0.05 was considered a statistically sig-
nificant difference. *, P < 0.05; **, P < 0.01; *** P < 0.001; **** P <
0.0001.

3. Results
3.1. Syrian hamsters were uniformly lethal to the VSV-EBOV/GP infection

To explore the lethality of VSV-EBOV/GP to different rodents, five SD
rats, Hartley guinea pigs, BALB/c mice or Syrian hamsters in each group
were inoculated with 107 TCIDsp of VSV-EBOV/GP via the i.p. route.
Post-inoculation, animals in each group were monitored daily for clinical
signs of EVD. At the end-point of the experiment, SD rats, Hartley Guinea
Pigs, and BALB/c mice survived and exhibited significant weight loss of
5%-15% at 1-2 dpi, and the overall body weight gain were lower than
control groups (Fig. 2A—2C). However, infected Syrian hamsters showed
a significant weight loss of 15% and succumbed to the disease at 2-3 dpi
whereas Syrian hamsters in control group survived, and were euthanized
as planned at the scheduled end of project at 10 dpi (Fig. 2D). To exclude
the potential pathogenicity of VSV backbone, four groups of Syrian
hamsters were further inoculated with WT-VSV, VSV-SUDV/GP, VSV-
LASV/GP, and VSV-EBOV/GP via i.p. route, respectively. All animals in
VSV-EBOV/GP-infected group, not those in VSV-SUDV/GP or VSV-LASV/
GP-infected group, succumbed to the disease at 3 dpi. Only one Syrian
hamster survived for the WT VSV infection group (Fig. 2E). These results
suggest that WT VSV is lethal to Syrian hamsters, but the pathogenicity of
recombinant virus based on VSV virus vector depends on exogenous
glycoproteins carried, VSV-EBOV/GP could be further investigated as a
lethal surrogate virus model for EBOV in Syrian hamsters.

3.2. Characterization of the 3-week-old Syrian hamsters infected with
VSV-EBOV/GP

To reveal the gender-associated pathogenicity of the VSV-EBOV/GP,
groups of five female and male Syrian hamsters were inoculated via the
i.p. route with VSV-EBOV/GP at a dose of 107 TCIDsgq (Fig. 3A). All fe-
male Syrian hamsters showed decreased rectal temperature and 10%-—
18% weight loss and died at 2-3 dpi, while only three of five male Syrian
hamsters lost 15% weight and succumbed to the disease at 1.5-3.5 dpi.
At the project’s end at 10 dpi, two male Syrian hamsters survived and
gained 20% more weight than pre-infection (Fig. 3B).

Further, for hematological analysis, blood samples from animals
infected with VSV-EBOV/GP were collected one day before and 36 h
post-infection. Specifically, increases in concentrations of alkaline
phosphatase (ALP) and aminotransferase (ALT) and a decrease in albu-
min (ALB) were observed, indicating liver damage or other pancreas-
related disorders (Fig. 3C). A moderate increase in white blood cell
(WBC) count and the percentage of granulocytes (GRAN%), with sig-
nificant decreases in platelet count (PLT) and a medium decrease in the
percentage of lymphocytes (LYM%), was also observed, indicating the
severe viral infections and blood clotting disorders (Fig. 3D). Overall, the
disease process in hamsters showed many similarities to that observed in
NHPs and EVD patients (Jacob et al., 2020; Johnson et al., 2023).
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To investigate the replication of VSV-EBOV/GP in Syrian hamsters”
multiple organs or tissues such as heart, liver, spleen, lung, kidney,
stomach, intestine, and brain were harvested at 36 h post-infection to
quantify viral titers by TCIDs,. VSV-EBOV/GP were detected in heart,
liver, spleen, lung, kidney, stomach, intestines and brain tissues, with a
mean viral load range of 10°% to 1082 TCIDsp per gram of tissue. The
highest viral loads were found in the liver (10“ TCIDs0/g), and the
lowest levels were found in the brain (10” TCIDso/g) (Fig. 3E).

Further, the gross pathology and histological assays were performed
to check the pathological changes in the liver, spleen, lung, and kidney at
36 h post-infection. Viral antigens were identified in liver, hepatocyte
necrosis, nuclear fragmentation, and marked inflammation were
observed. In the spleen, abundant amounts of viral antigen were detected
within macrophages, and throughout the white pulp and red pulp areas.
Pathological findings showed multiple lymphocytic necrosis with nuclear
fragmentation, and neutrophilic infiltrate. Moreover, capillary cells were
predominantly present with virus-positive antigens, and the lung was
characterized by mild thickening of the diffuse alveolar walls and nar-
rowing or loss of alveolar lumens, accompanied by a large inflammatory
cellular infiltrate. A few lesions were observed in the epithelial cells of
the renal tubules in the kidney (Fig. 3G and H).

Notably, VSV-EBOV/GP-infected Syrian hamsters developed secre-
tions in their eyes, which impaired their vision and covered the surface of
the eyeballs (Fig. 3F). It has been demonstrated that survivors of Ebola
disease are at risk for ocular complications, such as uveitis and optic
neuropathy, which lead to secondary structural complications, visual
impairment, and blindness (Shantha et al., 2017). It is a sign that
3-week-old Syrian hamsters infected with VSV-EBOV/GP have the pos-
sibility of playing a role in the study of optic nerve disorders caused by
EVD.

In conclusion, 3-week-old Syrian hamsters infected with VSV-EBOV/
GP show a rapid onset of symptoms, are predominantly hepatophilic,
cause systemic infection, and develop severe systemic diseases similar to
those observed in human EBOV patients. More importantly, female
Syrian hamsters have more uniform lethality and morbidity than males.

3.3. Age-related lethality in VSV-EBOV/GP infected Syrian hamsters

To further explore the characterization of the lethal model for VSV-
EBOV/GP infection in Syrian hamsters, we evaluated the lethality of
Syrian hamsters of different genders and ages following infection with
VSV-EBOV/GP. It has been shown that 3-week-old female Syrian ham-
sters had more uniform lethality of VSV-EBOV/GP infection than males,
died within 2-3 dpi, and had a significant 10%-18% weight loss.
(Fig. 4A). In contrast, there was no mortality after infection with VSV-
EBOV/GP on either 3-month-old or 1-year-old hamsters; all the ham-
sters lost weight (~7% loss of group mean body weight on 3 months
hamsters and ~10% on 1-year-old hamsters) but recovered to their
original weights by day 3 and 5 post-challenge (Fig. 4B and C). Overall,
the liver had a higher viral load than the spleen; Syrian hamsters in the 3-
week-old group had the highest viral loads; and the viral load in females
were higher than males at 3 dpi. Those in the 3-month-old group had the
lowest viral loads and recovered quickly from the infection, as evidenced
by the fast rate of body weight gain (Fig. 4D). The above results suggest
that 3-week-old female Syrian hamsters are the most uniformly lethal
model in VSV-EBOV/GP infection.

3.4. Challenge route-dependent lethality in VSV-EBOV/GP infected Syrian
hamsters

To investigate differences in lethality of Syrian hamsters infected via
different routes of infection with VSV-EBOV/GP, 3-week-old female
hamsters were infected via i.p., s.c.,, im., and in. route. The results
showed that Syrian hamsters injected intraperitoneally succumbed at 2.5
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Fig. 2. Weight change and percent of survival in rodents of VSV-EBOV/GP infection.
hamsters (D) were inoculated with VSV-EBOV/GP (llfl7 TCIDsg) via intraperitoneal
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Sprague-Dawley (SD) rats (A), Hartley guinea pigs (B), BALB/¢ mice (C), Syrian
(i.p.) route. Weight change and percent of survival were monitored. E Weight

change and percent of survival were monitored in Syrian hamsters inoculated with WT-VSV, VSV-SUDV/GP, VSV-LASV/GP, and VSV-EBOV/GP via i.p. route.

dpi and weight loss of 10%-15%, while those infected subcutaneously,
intramuscularly, and intranasally resulted in weight loss followed by
gradual recovery (Fig. 5A). Blood biochemical analyses were similar to
those observed for human EBOV disease (Nicastri et al., 2019). Specif-
ically, there was an increase in concentrations/activities of ALP, ALT,
WBC, and GRAN%, but a decrease in ALB, PLT, and LYM% was observed.
The most pronounced changes were observed in the i.p. infection group
(Fig. 5B). Additionally, viral loads were determined in the liver, spleen,
lung, and kidney tissues of each group of hamsters and were highest in
the i.p. infection group. Overall, viral loads in the liver were slightly
higher (Fig. 5C). Meanwhile, i.p. infection group had the most severe
lesions with massive inflammatory cell infiltration, lymphocytic necrosis,

and viral antigens in the liver, spleen, lungs, and kidneys compared to
other groups (Fig. 5D and F). Pathological and histochemical scores were
also the most severe in the i.p. infection group (Fig. 5E and G). The above
results indicate that among various infection routes tried, only the i.p.
route resulted in lethal disease in hamsters.

3.5. Preventive and therapeutic effects of equine anti-EBOV
immunoglobulins in lethal Syrian hamster model

The availability of this lethal model was demonstrated by evaluating
the preventive and therapeutic effects of equine anti-EBOV immuno-
globulins. The hamsters were injected with 5 mg hyperimmune equine
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immunoglobulin via i.p. route one day before or after the VSV-EBOV/GP
inoculation. Weight changes and survival were followed for 15 days, and
livers were harvested at 3 dpi and 5 dpi for viral loads, histopathology
and immunohistochemistry analysis (Fig. 6A). Hamsters treated with PBS
succumbed at 2-3 dpi. In contrast, the hamsters in the treatment group
lost 15% weight within 3 dpi and gradually regained in following 12
days, while the prevention group consistently gained weight at 20%-—
60% (Fig. 6B) and progressively reduced viral burden levels in the liver
compared to the attack control group (Fig. 6C). For the attack group, liver
tissue showed severe liver damage, necrosis, nuclear fragmentation, and
lymphocytic infiltration, while the treatment and prevention groups
exhibited significantly reduced lesions (Fig. 6E). The treatment and

prevention groups also had significantly fewer viral antigens than the
attack group (Fig. 6F). The result of the neutralization assay we measured
that the equine anti-EBOV immunoglobulins have complete neutralizing
activity against VSV-EBOV/GP at a concentration of 0.15 (pg/ml)
(Fig. 6D). These results showed that Syrian hamsters can serve as a tool
for evaluating equine anti-EBOV immunoglobulins' preventive and
therapeutic effectiveness.

3.6. Preventive effects of EBOV GP Amuc in lethal Syrian hamster model

The practicality of this lethal model was proved by evaluating the
preventive effects of EBOV GP Amue, a subunit candidate vaccine
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Fig. 5. Comparison of challenge route-dependent of Syrian hamster infected with VSV-EBOV/GP (107 TCIDsg) via intr i 1l (i.p.), subc (s.c.), intra-
muscular (i.m.), and intranasal (i.n.) route. Animals were monitored for weight changes and survival (A). B Blood biochemistry and blood cell count were analyzed at
1.5 days post-infection. C Viral loads including liver, spleen, lung, and kidney were determined at 1.5 days post-infection. D, E Histopathological changes of the liver,
spleen, lung and kidney, and pathological scores at 1.5 days post-infection. Scale bar — 100 pm. Hepatic lesions including hepatocellular necrosis, nuclear frag-
‘mentation (black arrows), lymphocytic infiltration (blue arrows), granulocytic infiltration (green arrows), and hepatocellular steatosis (yellow arrows) were observed.
Splenic lesions including cellular necrosis with nuclear fragmentation (blue arrows), neutrophilic infiltrate (green arrows), and bruising (yellow arrows) were
observed. Lung lesions including alveolar hemorrhage (red arrows), granulocytic infiltration (green arrows), vascular stasis (yellow arrows) and moderate thickening
of the alveolar wall (black arrows) were observed. Kidney lesions including necrosis of tubular epithelial cells (black arrows), eosinophilic material in the lumen of the
tubules (yellow arrows), glomerular capillary stasis (red arrows), and interstitial capillary stasis (blue arrows) were observed. F, G Inmunchistochemistry assays of the
liver, spleen, lungs and kidneys, and histochemistry scores. Data presented as mean -+ SEM. Statistical analyses were performed using One-way ANOVA. *, P < 0.05;
:", P < 0.01; ***, P < 0.001; **** P < 0.0001.
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(Fig. 7A). All animals survived; the control group showed weight loss at any of the groups of hamsters since these animals were 7-8 weeks old at
8% within 2 dpi and gradually regained in the following 12 days and the the time of the challenge. The above results confirm that the hamster
immunized group also conducted a sustainable weight increase at 20% model also plays a role in assessing the preventive effect of vaccines.
(Fig. 7B). Furthermore, liver viral burden levels in the immunized group

significantly decreased from 3 dpi to 5 dpi, and lower than in the control 4. Discussion

group (Fig. 7C). Additionally, there were significant increases in the

serum-neutralizing antibody after the third immunization compared to The clinical symptoms and progression of EVD are well-documented.
the second (Fig. 7D). Overall, the livers exhibited hepatocellular necrosis However, the sporadic nature of its outbreaks, combined with its highly
and inflammatory cell infiltration at 3 dpi but showed alleviated symp- contagiousness and lethality, has led to limited clinical data for a thor-
toms at 5 dpi, and the control group was more severe than the immunized ough understanding of the immune response to EVD or establishing
group (Fig. 7E). The positive antigens d d by i histochem- 2 for protection. The lack of suitable animal models and the
istry also proved the above results (Fig. 7F). No deaths were observed in requirement for high containment labs also have impeded studies on

10
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EBOV's pathogenesis and treatment. Therefore, constructing surrogate
BSL-2 compliant EBOV and establishing models to replicate EVD disease
will accelerate technological advances and breakthroughs confronting
EVD.

VSV is a well-characterized model virus that has been extensively
applied in viral vector vaccines, oncolytic viruses, and pseudo-virus
packaging systems (Wang et al.,, 2023). It has a non-segmented neg-
ative-strand RNA genome that can be manipulated by reverse genetic
approaches (Lawson et al., 1995). The most noteworthy design strategy,
VSVAG, involves replacing VSV G with foreign glycoprotein, resulting in
a recombinant virus with altered cell and tissue tropism, depending on
the foreign glycoproteins involved (Bukreyev et al., 2009; Geisbert and
Feldmann, 2011). The above intrinsic properties provide the theoretical
basis for the rational application of recombinant VSV-based surrogate
virus for EBOV. Therefore, a series of recombinant VSV-based filoviruses
were rescued and investigated in rodents in this study. Our results indi-
cate that VSV-based recombinant virus shows potential as a surrogate
viral platform, which may be applicable to other pathogens.

Previously, ferrets and non-human primates have been identified as
naturally susceptible models of EBOV, which replicate certain aspects
of human EVD (Bowen et al., 1978; Brasel et al.,, 2021; Cross et al.,
2016; Ebihara et al., 2011; Geisbert et al., 2002; Kozak et al., 2016; Liu
et al., 2023; Warren et al., 2020; Wong et al., 2018; Woolsey et al.,
2022; Zumbrun et al., 2012). However, these models must be handled
in BSL-4 containments. For convenience, accessibility and economy,
surrogate models in small animal models under lower biosafety con-
ditions are preferred. Unfortunately, conventional small animal
models, such as mice, hamsters, and guinea pigs, were either insus-
ceptible or less well susceptible to EBOV (Bowen et al., 1977; Bray,
2001; Bray et al., 1999; Simpson et al., 1968; Warfield et al., 2009). To
address this obstacle, virus adaptation or immune-deficient animals
were utilized, enabling EBOV's lethal infection. The virus adaptation
approaches introduced additional mutants, which may distinguish it
from the original virus. Immune-deficient animals compromise the
host immune response, limiting their application for live vaccine
evaluation (Banadyga et al., 2016; Bente et al., 2009; Bray et al., 1999;
Connolly et al., 1999; Ebihara et al., 2006, 2013; Ryabchikova et al.,
1996; Subbotina et al., 2010). Similarly, the insusceptibility of EBOV
in rodents poses a challenge to applying the surrogate virus, as rodents
may also resist the surrogate virus. In response, this study investigated
the surrogate virus in terms of species-specific, age/gender-related,
and challenge route-dependent manners. Among SD rats, BALB/c mice,
guinea pigs, and Syrian hamsters, only 3-week-old female hamsters
were uniformly lethal to VSV-EBOV/GP by i.p. injection. Specifically,
this model replicated several aspects of human EVD, including weight
loss, diarrhea, arched backs, depression, coarse coats, respiratory
distress, loss of exploratory behavior, uniform lethality, multi-organ
failure, along with abnormal blood parameters such as low WBC and
PLT, elevated ALP and ALT, and viral load, suggesting systemic
replication and hepatophilic of the virus, all of which have been
observed in EVD patients and NHPs (Glaze et al., 2015; Jacob et al.,
2020). Of particular note, infected hamsters experienced eye exudates,
highly comparable to the optic nerve problems in infected humans
(McWwilliams et al., 2019). Previous studies have shown that Syrian
hamsters infected with mouse-adapted EBOV (MA-EBOV) developed
clinical signs of EVD, such as ruffled fur and reduced activity at 3 dpi
and succumbed to the disease at 4-5 dpi (Ebihara et al., 2013). Severe
coagulation disorders, thrombocytopenia, and high viral loads in the
body were also observed as histopathological changes, including in-
flammatory cell infiltration, cell necrosis, apoptosis, and severe liver
damage. Instead of MA-EBOV, we used VSV-EBOV/GP to infect the
Syrian hamster, which completely replicated the above symptoms and
operated under BSL-2 conditions for preclinical evaluation of EBOV
antibodies and vaccines.

In addition, two previously established medical countermeasures for
EVD, including therapeutic equine-origin immunoglobulin antibodies
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and preventive subunit vaccines, were validated in this model (Wang
et al., 2019). The results of the neutralization assay showed that the
equine anti-EBOV immunoglobulin exhibited complete neutralizing
activity against VSV-EBOV/GP at a concentration of 0.15 (pg/mL).
Equine anti-EBOV immunoglobulins protected Syrian hamsters from
the lethal challenge of the surrogate virus, with a protective efficacy of
100%. Regarding the subunit vaccine, EBOV GP Amuc provided pro-
tective efficacy in hamsters, presented as reduced viral loads and alle-
viated pathological damage. The above results suggest that the
surrogate model would be an economical and efficient choice for the
preliminary and rapid screening of medical countermeasures against
EBOV.

Generally, we established a surrogate model with precise prerequisites
and validated medical countermeasures, but the underlying mechanisms
contributing to pathogenesis remain unknown. For instance, in line with
previous studies, we confirmed that i.p. injection is the most effective
infection route in rodents, but further clarification on potential mechanisms
isneeded (Banadyga et al., 2016; Siragam et al., 2018; St Claire et al., 2017).
This delivery route-dependent phenomenon may be attributed to the rapid
uptake of the virus by phagocytic cells in the peritoneal cavity, lack of
recruited innate immunity, and systemic distribution of the surrogate virus.
Moreover, due to the hepatophilic nature of EBOV, the i.p. injection route
allows rapid and timely exposure of hepatocytes compared to other delivery
routes, together with the rapid replication capability of VSV, leading to
multiorgan failure and fatal outcome (Bradfute et al., 2010; Ebihara et al.,
2013). We also observed that the lethality of VSV-EBOV/GP in Syrian
hamsters is age-related; 3-week-old female Syrian hamsters were the most
uniformly lethal following infection with VSV-EBOV/GP. Lethal meningo-
encephalitis in neonatal C57BL/6 mice challenged with VSV-EBOV pseu-
do-virus has been reported (Lee et al., 2021), suggesting that 3-week-old
Syrian hamsters, being in the weaning stage and having incomplete im-
munity, are probably less able to fight the virus than the adult Syrian
hamster, thus resulting in more uniformly lethal. Previous studies have
shown that WT VSV replicated efficiently in multiple organs and led to fatal
infection in hamsters (Fultz and Holland, 1985; Fultz et al., 1981). More-
over, the virus entry and pathogenicity were proved to be glyco-
protein-associated(Beier et al., 2011, 2013; Garbutt et al., 2004; Muik et al.,
2014; Wollmann et al., 2015). Our study further confirmed this phenome-
non. As VSV-EBOV/GP, but not VSV-SUDV/GP and VSV-LASV/GP, could
cause lethal infection in Syrian hamsters. Compared with WT VSV,
VSV-EBOV/GP showed marked hepatophilic behavior in hamsters. Taken
together, the pathogenicity of VSV-EBOV/GP was glycoprotein-associated.
The interaction between foreign glycoprotein and the VSV backbone and its
corresponding impact on pathogenicity should be further investigated in
further studies.

5. Conclusions

Overall, this study provides a surrogate model of EVD with high cost-
effectiveness, which were uniformly lethal and replicated several critical
aspects of human EVD. This model enabled rapid preclinical evaluation
of medical countermeasures against EBOV under BLS-2 conditions. The
surrogate virus and matched hamster EVD model will improve the se-
curity and economy of the research in the EBOV field. Reasonable
application of the surrogate model would accelerate technological ad-
vances and breakthroughs against EVD.
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