npj | vaccines

Article

Published in partnership with the Sealy Institute for Vaccine Sciences

https://doi.org/10.1038/s41541-025-01164-3

Single dose VSV-based vaccine protects
mice against lethal heterologous
Crimean-Congo hemorrhagic fever virus

challenge
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Crimean-Congo hemorrhagic fever virus (CCHFV) causes a severe, sometimes fatal hemorrhagic fever
(CCHF) in humans. Currently, there are no approved therapies against CCHF. In this study we used the
recombinant vesicular stomatitis virus (VSV) platform to generate live-attenuated recombinant CCHF
vaccine candidates expressing the CCHFV nucleoprotein (NP) and glycoprotein precursor (GPC). As
one approach, we utilized the established VSV expressing the full-length Ebola virus glycoprotein
(VSV-EBQV) or a truncated version of the EBOV glycoprotein and added the CCHFV-NP (VSV-
CCHFnp1 or VSV-CCHFnp2, respectively). Additionally, we prepared a vaccine candidate, VSV-
CCHFgpc, in which the VSV glycoprotein was replaced with the CCHFV-GPC. Vaccine constructs
induced CCHFV-specific IgG antibodies comprising largely IgG2c subclass. Only, the VSV-CCHFgpc
vaccine candidate induced significant T cell immune responses directed against epitopes in the
CCHFV-NSm and Gc proteins. Efficacy of the vaccine candidates was evaluated using a prime-only
approach in a transiently immune-suppressed mouse model. Animals vaccinated with VSV-CCHFnp2
succumbed to lethal CCHFV challenge, while the VSV-CCHFgpc vaccine candidate afforded partial
protection. In contrast, vaccination with VSV-CCHFnp1 uniformly protected animals against death.
Ourresults demonstrate the promise of VSV-CCHFnp1 as a vaccine candidate for CCHFV and warrant

continued development.

Crimean-Congo hemorrhagic fever virus (CCHFV) belongs to the Ortho-
nairovirus genus, Nairoviridae family and possesses a tri-segmented single
stranded RNA genome of negative polarity. The three segments are desig-
nated small (S) encoding the nucleoprotein (NP), medium (M) encoding the
glycoprotein precursor (GPC), and large (L) encoding RNA-dependent
RNA-polymerase'. GPC undergoes serial cleavage by host proteases into
structural proteins (Gn and Gc), non-structural M protein (NSy,)*, secreted
non-structural proteins (GP160, GP85, GP38)™, and uncharacterized
proteins (GPmuc and ProGc)’. CCHFV is the etiological agent of Crimean-
Congo hemorrhagic fever (CCHF), a tickborne viral zoonosis. The disease is
widespread in Africa, Asia, the Middle East, and Eastern Europe’, over-
lapping with the described distribution of ticks of the Hyalomma genus.

CCHEFV circulates in nature in a life cycle involving ticks and vertebrate
animals that serve as amplifying hosts. Hyalomma ticks are regarded as the
principal viral vector and reservoir’®. Studies report CCHFV antibodies in
wild and domestic animals’ without apparent disease, underscoring the role
of animals in CCHFV epidemiology. Human infections are a result of bites
from infected ticks, exposure to blood or tissue of infected livestock or
healthcare associated. In humans, CCHFV often results in asymptomatic or
subclinical infections but may result in CCHF with varying case fatality
rates, typically in the range of 5-30%"".

Currently, there are no internationally recognized specific therapies or
vaccines against CCHF. Therefore, there is a need for a vaccine to prevent
disease in humans. Bulgaria uses an inactivated vaccine prepared from the
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brain tissue of CCHFV-infected newborn mice''. Vaccine efficacy, however,
is yet to be established in controlled clinical trials. Furthermore, safety
concerns and production methods will limit the utility of this vaccine
elsewhere. Several other vaccine candidates are in preclinical
development®>". Even though vaccine-mediated immune correlates of
protection are yet to be described, efforts on CCHF vaccine development
have focused on the CCHFV glycoproteins and NP. The surface glyco-
proteins elicit neutralizing antibodies, but studies in animal models suggest
that neutralizing antibodies are not required for protection against CCHFV
infection'*"”. The CCHFV-M segment exhibits the greatest nucleotide
diversity of the three segments'” complicating efforts to develop a broadly
protective CCHF vaccine. The NP is produced in large amounts during
infection and is highly immunogenic'®. Despite inducing non-neutralizing
antibodies only, vaccine studies targeting the NP have been reported pro-
tective against CCHFV in animal models'’~"’. The NP amino acid sequence
shows the least variation among isolates® thus, an NP-based vaccine is
hypothesized to offer broad protection against diverse CCHFV strains.

Recombinant vesicular stomatitis virus (VSV) expressing foreign gly-
coproteins (GP) have shown promise as experimental vaccines for several
viral pathogens™ . Advantages of VSV as a vaccine platform include its
ability to grow to high titers, capability to induce innate and adaptive
immune responses as well as the demonstrated safety profile” . Accord-
ingly, the VSV-EBOV is approved for vaccination against Ebola virus
(EBOV) (Ervebo, Merck)™. In this study, we used the VSV platform to
generate live-attenuated recombinant CCHFV vaccine candidates. As
vaccine antigens, we selected the CCHFV-NP and GPC that are known to
confer protective immune responses in CCHF animal models studying
vaccine efficacy®”. The protective efficacy of the vaccine candidates was
evaluated in mice vaccinated with a single dose of the recombinant VSV
candidates and challenged with either the homologous CCHFV strain Hoti
or a heterologous CCHFV strain UG3010. The VSV-CCHFgpc vaccine
candidate induced neutralizing antibody responses and cellular immunity
and was efficacious against homologous challenge, but could only afford
partial protection against heterologous challenge. The VSV-CCHFnpl
vaccine elicited robust non-neutralizing IgG antibody responses and uni-
formly protected mice against heterologous lethal CCHFV challenge. Our
results support further development of VSV-CCHFnpl as a vaccine can-
didate against CCHF.

Results

Preparation and characterization of recombinant VSV vaccine
candidates

To prepare constructs expressing the CCHFV-NP, we utilized the estab-
lished recombinant VSV platform expressing either the full-length Ebola
virus glycoprotein  (VSV-EBOV)®™" or the recombinant VSV-
EBOVAGCAMLD" that harbors deletions of the glycan cap (GC) and
mucin-like domain (MLD) which carry important immunodominant
regions of the EBOV-GP**™** to prepare constructs expressing the CCHFV-
NP. The latter approach was chosen to skew immune responses toward the
CCHFV-NP. The gene coding the full-length open reading frame of the
CCHFV-NP from strain Hoti was ligated into either the VSV-EBOV (VSV-
CCHFnpl) or the recombinant VSV-EBOVAGCAMLD plasmid (VSV-
CCHFnp2) (Fig. la). Sequencing confirmed that no mutations were
observed in VSV-CCHFnpl and VSV-CCHFnp2. Additionally, we pre-
pared the VSV-CCHFgpc vaccine candidate by replacing the gene encoding
the VSV glycoprotein with the CCHFV strain Hoti GPC gene (Fig. 1a). The
CCHFV-GPC gene used possesses a deletion of 53 amino acids off the
carboxy terminal region of the Gc previously shown to promote rescue of
VSV-CCHFgpc but retaining the Gc transmembrane domain™, designated
CCHFV-GPC_del53. The VSV-CCHFgpc vaccine candidate grew poorly
and was therefore passaged four times in Vero E6 cells to enhance viral titers.
Deep sequencing of the passaged VSV-CCHFgpc revealed one synonymous
mutation at nucleotide position 1122 (S374S) and two non-synonymous
mutations (R520K & N759T) in the open reading frame of the CCHFV-
GPC (Supplementary Fig. 1a). In vitro expression of CCHFV-NP, CCHFV-

GPC,EBOV-GP, and VSV-M was confirmed by immunofluorescence assay
(Fig. 1b) and western blot (Supplementary Figs. 1b, ¢, 2) on Vero E6 cells
infected with the different recombinant VSV vaccine candidates.

To demonstrate in vitro attenuation of the recombinant VSV vaccine
candidates, we compared virus growth kinetics on Vero E6 cells at various
time points up to 96 h post infection (PI). Infectious virus from the cell
culture supernatant was titrated using a TCIDs, assay. The VSV wildtype
(VSV-wt) grew rapidly and achieved significantly higher viral titers between
6-36 h PI compared to the recombinant VSV vaccine candidates (Fig. 1c).
As expected, VSV-CCHFnp1 and VSV-CCHFnp2 displayed slower growth
kinetics compared to the VSV-wt. In line with greater attenuation, the
recombinant VSV vaccine candidate encoding the full-length EBOV-GP
gene attained significantly lower viral titers compared to the recombinant
VSV vaccine candidate encoding the truncated EBOV-GP gene at 24 h P1.
The VSV-CCHFgpc vaccine candidate achieved peak viral titers at 36 h PI,

as has been reported before™.

VSV-CCHFgpc vaccination induces significant B cell and T cell
responses

To determine whether the recombinant VSV vaccine candidates were
immunogenic, wild-type C57BL/6] mice were vaccinated intraper-
itoneally (IP) with 10* PFU following a prime-only approach (Sup-
plementary Fig. 3). Serum samples from a subset of vaccinated mice
were evaluated for the presence of CCHFV-specific antibodies on day
28 post vaccination (Fig. 2a-f). CCHFV-NP specific IgG antibodies
were detected in all VSV-CCHFnpl and VSV-CCHFnp2 vaccinated
animals, with significantly higher responses in the former (Fig. 2a).
Anti-CCHFYV IgG NP antibodies were mostly from the IgG2c subclass
(Fig. 2b). The VSV-CCHFgpc vaccine candidate induced CCHFV Ge-
and GP38-specific IgG antibodies, predominantly IgG2c subclasses in
immunized animals (Fig. 2c-f), while Gn specific IgG antibodies were
low or undetectable (Supplementary Fig. 4a). Taken together, IgG
subclass profiling suggests induction of a predominant T helper 1
response. As expected, neither CCHFV-NP nor Ge- nor Gn- nor GP38-
specific antibodies were measured in sera from mice vaccinated with
the VSV-EBOV vaccine.

To examine the ability of the antibody response to neutralize the
homologous CCHFYV strain Hoti and heterologous CCHFV strain UG3010,
we tested mice sera using the microneutralization assay. Mice vaccinated
with VSV-CCHFgpc but not VSV-CCHFnp1 or VSV-CCHFnp2 generated
low levels of neutralizing antibody response against both CCHFV strain
Hoti (Supplementary Fig. 4b) or the CCHFV strain UG3010 (Supplemen-
tary Fig. 4c), confirming that VSV-CCHFgpc elicited antibodies capable of
neutralizing both homologous and heterologous CCHFV strains. We also
analyzed EBOV-GP-specific IgG antibodies in vaccinated mice (Supple-
mentary Fig. 4d). Vaccinating animals with the VSV-CCHFnpl vaccine
resulted in higher, but not statistically different, EBOV-GP-specific anti-
body titers compared to VSV-CCHFnp2.

To investigate CCHFV-specific T cell responses following immuni-
zation with the recombinant VSV vaccine candidates, splenocytes were
harvested from vaccinated mice euthanized on day 28 post-vaccination
and stimulated in vitro with peptide pools spanning CCHFV Hoti NP or
GPC. IFN-y secretion by stimulated splenocytes were evaluated as an index
of T cell responses. No significant CCHFV-specific T cell response was
measured in mice vaccinated with the VSV-CCHFnpl or the VSV-
CCHFnp2 compared to the VSV-EBOV immunized group (Fig. 2g). In
contrast, immunizations with the VSV-CCHFgpc candidate vaccine
induced a significant IEN-y T cell response against CCHFV-GPC peptide
pools 9 and 10 (Fig. 2h), which span the C-terminus of the NSm protein
and the N-terminus of the Gc protein. Cumulatively, our immunological
analyses of VSV-based CCHFV-NP and GPC vaccine candidates show
that VSV-CCHFnpl vaccination primarily elicited a robust non-
neutralizing antibody response while VSV-CCHFgpc elicited a modest
neutralizing antibody response and cellular immunity against epitopes in
the CCHFV-NSm and Gc proteins.
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VSV-CCHFnp1 vaccine protects mice from death against het-
erologous CCHFV challenge

Next, we evaluated the protective efficacy of the VSV-CCHF vaccine can-
didates against a heterologous CCHFV strain UG3010 challenge. CCHFV
strain UG3010 differs in amino acid sequence from the vaccine-encoded
CCHFV Hoti GPC by >25% and from the NP by 4.5%"". Animals were

immunized (IP) with 10* PFU of VSV-CCHFnpl or VSV-CCHFnp2 or
VSV-CCHFgpc vaccine candidates. Control group animals received 10*
PFU of the VSV-EBOV vaccine. Twenty-eight days after vaccinations,
animals were treated with MAR1-5A3, a type I IFN receptor blockade
antibody to render the mice susceptible to CCHFV infection”, and were
subsequently challenged (IP) with a lethal dose of the CCHFV strain

Fig. 1 | VSV vector design and characterization.
a Schematic representation depicting the genomic
organization of the VSV vectors. N nucleoprotein, P
phosphoprotein, M matrix protein, G glycoprotein,
L polymerase, EBOV-GP Ebola virus full-length
glycoprotein, EBOV GPAGCAMLD Ebola virus N
glycoprotein lacking the glycan cap and mucin-like
domain, CCHFV-NP CCHFYV full-length nucleo-
capsid protein, CCHFV-GPC_del53 CCHFV gly-
coprotein precursor lacking 53 amino acid
sequences of the carboxy terminal (see also Sup-
plementary Fig. 1A). b Intracellular protein
expression. Vero E6 cells were infected with each
virus at an MOI of 0.01. CCHFV-NP, Gc, and
EBOV-GP expression was detected by immuno- N
fluorescence following permeabilization. VSV-M
served as a control (magnification, 10x). ¢ In vitro
growth kinetics of the VSV vectors. Vero E6 cells
were infected with VSV vectors at an MOI of 0.01.
Cell culture supernatants were collected at the
indicated time points. The infectious virus was
titrated using a TCIDs assay. One representative
experiment in triplicate is shown. Statistical sig-
nificance was analyzed using one-way ANOVA with
Tukey’s multiple comparisons test in Prism 10
(GraphPad), and results are indicated as *p < 0.05,
**p <0.01, and ***p < 0.001. Comparisons with p
values >0.05 were not displayed. Data shown as
geometric mean plus standard deviation. Graphical
illustrations were prepared with Adobe Illustrator
version 28.7 (public domain).
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Fig. 2 | VSV-CCHFgpc vaccination induces significant B cell and T cell responses.
Six-week-old C57BL/6] mice were vaccinated intraperitoneally with 1 x 10* PFU
VSV-CCHFnpl or VSV-CCHFnp2 or VSV-CCHFgpc or VSV-EBOV on day -28.
On day 0, groups of six mice were euthanized and blood and spleen samples were
collected for evaluation of immune responses. Whole virion ELISA (a) or specific
isotypes (b) was used to detect IgG responses elicited by the CCHFV-NP vaccines.
¢ CCHFV-Ge specific IgG antibodies were evaluated by recombinant ELISA or

d specific isotypes. CCHFV-GP38-specific IgG antibodies were evaluated by
recombinant ELISA (e) or specific isotypes (f). Dashed line represents the cut-off for

seropositivity, which was set at 3 standard deviations above the mean absorbance of
wells that received no serum. g, h CCHFV-specific T cell responses were measured
using IFN-y ELISpot. The number of spot-forming cells against individual CCHFV-
NP (g) or GPC peptide pools (h), the mitogen concanavalin A or DMSO vehicle
alone are shown. Statistical significance was calculated using one-way ANOV A with
Tukey’s multiple comparisons test (a, ¢, e) or two-way ANOVA with Sidak’s mul-
tiple comparisons test (b, d, f, g, h) and results are indicated as *p < 0.05, **p < 0.01,
and ***p < 0.001. Comparisons with p values >0.05 were not displayed. Data shown
as geometric mean plus standard deviation.

UG3010 (100 TCIDs) as established previuosly'’. One animal in the VSV-
EBOV group succumbed during viral challenge at day 0 (cause unknown),
leaving five animals in the group. Following viral challenge, mice were
monitored daily for the development of disease symptoms. As expected,
mice in the control group lost weight beginning day 3 PI (Fig. 3a) and all
succumbed by day 6 PI (Fig. 3b). Surprisingly, mice vaccinated with VSV-
CCHFnp2 progressively lost weight beginning day 3 PI and (Fig. 3a) all
succumbed by day 7 PI (Fig. 3b). Disease was delayed in VSV-CCHFgpc
vaccinated animals compared to the VSV-EBOV and VSV-CCHFnp2
groups with animals losing weight starting day 4 PI and 5 out of 8 animals
succumbed to challenge by day 6 PI (Fig. 3a,b). In contrast, vaccination with
VSV-CCHFnpl prevented weight loss and uniformly protected all the
animals against lethal disease (Fig. 3a, b).

We collected blood, liver, and spleen samples from challenged animals on
day 5 PI and evaluated viral loads as measured by RT-qPCR and titration
assays. Viral RNA was detected in control and vaccine groups, including the
VSV-CCHFnpl group, suggesting CCHFV replication (Fig. 3c—e). However,
statistically reduced viral RNA copy numbers were only seen in the VSV-
CCHEFnpl group compared to the VSV-EBOV group. Similarly, infectious
virus was detected in all vaccinated animals. Even though animals had sig-
nificantly reduced infectious CCHFV in the blood, infectious titers in the
spleen were only significantly different for the VSV-CCHFnpl but not the
VSV-CCHFnp2 and VSV-CCHFgpc mice compared to VSV-EBOV vacci-
nated mice (Fig. 3F-H). Taken together, these results show that VSV-
CCHFnpl conferred significant protection against clinical disease that cor-
related with significantly reduced viral RNA and infectious virus in key tissues.

Histological lesions and anti-CCHFV-NP immunoreactivity were
assessed in liver and spleen, key tissues for CCHFV replication and
pathology, to better characterize protection conferred by the recombinant
VSV vaccine candidates (Supplementary Table 1). Liver lesions in the VSV-
EBOV and VSV-CCHFnp2 groups were characterized by multifocal to
coalescing random hepatocellular degeneration and necrosis (Fig. 4a, b).
Lesions in the VSV-CCHFnpl group were ~50-75% fewer and more
inflammatory rather than necrotic as in the VSV-EBOV and VSV-
CCHFnp2 groups (Fig. 4c). These VSV-CCHFnpl group lesions were
multifocal and randomly distributed and consisted of macrophages and
neutrophils forming clusters within sinusoids. The VSV-CCHFgpc group’s
lesions were also multifocal and randomly distributed with inflammation
and scattered necrosis throughout the sinusoids (Fig. 4d). Diffuse anti-
CCHFV immunoreactivity was observed in the VSV-EBOV group, with
~25% less observed in the VSV-CCHFnp2 group (Fig. 4e, f). Whereas in the
VSV-CCHFnpl group, immunoreactivity was reduced by ~50% and was
focused on inflamed areas and within Kupffer cells (Fig. 4g). The VSV-
CCHFgpc group demonstrated less anti-CCHFV immunoreactivity than
the VSV-EBOV and the VSV-CCHFnp2 groups but ~50% more than the
VSV-CCHFnp1 group (Fig. 4h).

For the spleen, the white pulp was depleted, and the red pulp contained
abundant necrotic cellular debris in the VSV-EBOV and VSV-CCHFnp2
vaccinated animals (Fig. 4i, j). The VSV-CCHFnp1 group showed mice with
normal appearing spleens (Fig. 4k) and mice with loss of the white pulp. The
VSV-CCHFgpc group also showed a loss of the white pulp and necrotic
debris were scattered throughout the red pulp (Fig. 41). Anti-CCHFV
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Fig. 3 | VSV-CCHFnpl vaccine protects mice from death against heterologous
CCHFYV challenge. Six-week-old C57BL/6] mice were vaccinated intraperitoneally
(IP) with 1 x 10* PFU VSV-CCHFnp1 or VSV-CCHFnp2 or VSV-CCHFgpc or
VSV-EBOV on day -28 relative to challenge. On day 0, mice were treated IP with
MARI-5A3 to block type I IFN receptor signaling and challenged IP with 100
TCIDso CCHFYV strain UG3010. Mice were weighed daily (a), and monitored for
survival (b). N = 8 mice per group. c-e Viral RNA in indicated tissues at day 5 post
challenge was quantified by RT-qPCR. f-h Replicating virus in indicated tissues at

day 5 post challenge was quantified by a TCIDs assay. N = 6 mice per group. One
animal in the VSV-EBOV group succumbed during viral challenge at day 0 (cause
unknown), leaving five animals in the group. The dashed line indicates the limit of
detection. Statistical comparisons were calculated using log-rank test with Bonfer-
roni’s correction for multiple comparisons test (b) one-way ANOVA with Tukey’s
multiple comparisons test (c~h) and results are indicated as *p < 0.05, **p < 0.01,
**¥p <0.001, and ****p < 0.0001. Comparisons with p values >0.05 were not dis-
played. Data shown as geometric mean plus standard deviation.

immunoreactivity was diffusely abundant throughout the red pulp and the
white pulp of VSV-EBOV and VSV-CCHFnp2 vaccinated mice (Fig. 4m, n)
while anti-CCHFV immunoreactivity for the VSV-CCHFnp1 was reduced
by over 75% and limited to punctate foci within individual cells scattered

throughout the red pulp and much less in the white pulp (Fig. 40). A
moderate amount of anti-CCHF immunoreactivity was observed in mac-
rophages and debris within the red pulp for the VSV-CCHFgpc group
(Fig. 4p) (~50% more than the VSV-CCHFnpl group). Cumulatively, the
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Fig. 4| VSV-CCHFnpl vaccine reduces liver and spleen pathology. Six-week-old
C57BL/6] mice were vaccinated intraperitoneally (IP) with 1 x 10* PFU VSV-
CCHFnpl, VSV-CCHFnp2, VSV-CCHFgpc, or VSV-EBOV on day -28 relative to
challenge. On day 0, mice were treated IP with MARI-5A3 to block type I IFN

VSV-CCHFgpc

receptor signaling and challenged IP with 100 TCIDs, CCHFYV strain UG3010. Liver
tissue (a-h) and spleen tissue (i-p) were collected from euthanized animals for
Hematoxylin and Eosin staining and CCHFV anti-NP immunohistochemistry at
day 5 post challenge. All photomicrographs taken at 200x; scale bar = 100 pm.

VSV-CCHFnpl conferred the greatest protection against a heterologous
CCHEFV challenge, suggesting that the more conserved CCHFV-NP antigen
elicits an immune response capable of protecting against genetically diverse
strains of CCHFV.

VSV-CCHFgpc vaccination prevents weight loss and reduces
liver pathology in homologous challenged animals

Several vaccines for CCHFV utilizing the GPC, including a VSV-
CCHFgpc™ have shown protection, in contrast to our findings. However,
many of these studies utilized a homologous viral challenge, and incomplete
protection was observed when mice vaccinated with a DNA-based GPC
vaccine were challenged with a heterologous strain®. Therefore, we hypo-
thesized that our recombinant VSV-CCHF vaccine candidates would confer
more potent protection against a homologous CCHFV strain Hoti chal-
lenge. Since VSV-CCHFnp2 did not show good protection against the
CCHEFYV strain UG3010, we did not include this recombinant VSV vaccine
candidate in this experiment. Animals were immunized (IP) with 10* PFU
of VSV-CCHFnpl1 or VSV-CCHFgpc vaccine candidates. Control group
animals received 10* PFU of the VSV-EBOV vaccine. All vaccinated animals
produced either CCHFV-NP (VSV-CCHFnpl) or Gc and GP38-specific
antibodies (VSV-CCHFgpc) (Supplementary Fig. 5). On day 0, all animals
were treated with MAR1-5A3 antibody and were subsequently challenged
(IP) with 100 TCIDs, of the CCHFYV strain Hoti. Following the viral chal-
lenge, mice weights were monitored daily. In contrast to mice vaccinated
with the VSV-EBOV vaccine that lost 10-16% of their pre-infection weights,
VSV-CCHFnpl and VSV-CCHFgpc vaccinated animals showed no weight
loss after CCHFV infection (Fig. 5a), demonstrating that both VSV-
CCHFnpl and VSV-CCHFgpc confer protection against homologous
challenge. In contrast to the CCHFV strain UG3010 challenge, infection of
MARI1-5A3-treated animals with 100 TCID5, of CCHFV Hoti is non-lethal,
and all animals recovered from CCHFYV infection.

To examine the extent of protection following CCHFV challenge, we
collected blood, spleen, and liver samples on day 5 PI and evaluated viral
RNA genome copies by RT-qPCR. CCHFV -specific viral RNA was detected
in all challenged groups, although viral loads trended lower in vaccine
groups compared to VSV-EBOV-vaccinated animals (Fig. 5b-d). VSV-
CCHFgpc-vaccinated animals displayed lower but not statistically sig-
nificant viral RNA levels in the blood, liver, and spleen compared to the
VSV-CCHFnp1 group (Fig. 5b-d), and infectious CCHFV was not detected
in any samples, independent of vaccination group. This result demonstrates
that all animals developed viremia following viral challenge despite the
presence of a robust antibody response.

To further determine specific differences in protection conferred by the
recombinant VSV-CCHF vaccine candidates, we next assessed histologic
lesions in liver and spleen collected on day 5 PI (Supplementary Table 2).
Histological lesions in the liver consisted predominantly of macrophages
and neutrophils forming clusters within sinusoids. Marked intra-sinusoidal
inflammation and cellular swelling as well as multifocal to coalescing ran-
dom hepatocellular degeneration and necrosis was observed in the VSV-
EBOV group (Fig. 6a). Similar but often more coalesced lesions occurred in
the VSV-CCHFnpl1 group (Fig. 6b). VSV-CCHFgpc group’s lesions were
also multifocal, coalescing and randomly distributed but with less necrosis
than in the VSV-EBOV and VSV-CCHFnpl groups (Fig. 6¢). Near diffuse
anti-CCHFV immunoreactivity was observed in hepatocytes and Kupffer
cells in the VSV-EBOV group (Fig. 6d) contrasted to multifocal and coa-
lescing but not diffuse immunoreactivity in the VSV-CCHFnpl group
(Fig. 6e) and scant immunoreactivity in the VSV-CCHFgpc group (Fig. 61).

Significant histologic lesions were not noted in spleens from the three
groups (Fig. 6g-1), however, proliferation of mononuclear cells, presumably
macrophages, did occur at the margin of the red and white pulp of the VSV-
EBOV group. Anti-CCHFV immunoreactivity was greatest and nearly
diffuse throughout the red pulp of the VSV-EBOV group (Fig. 6j), with 75 to
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Fig. 5| VSV-CCHFgpc vaccines prevents weight loss and reduces viral RNA load
following challenge with the CCHFV strain Hoti. Six-week-old C57BL/6] mice
were vaccinated intraperitoneally (IP) with 1 x 10* PFU VSV-CCHFnpl, VSV-
CCHFgpc, or VSV-EBOV on day -28 relative to challenge. On day 0 mice were
treated IP with MARI-5A3 to block type I IFN receptor signaling and challenged IP
with 100 TCIDs, CCHFV strain Hoti. a Mice were weighed daily. N = 8 mice per
group. Statistical significance compared to VSV-EBOV vaccinated animals is shown.

b-d Viral RNA in indicated tissues at day 5 post challenge was quantified by RT-
qPCR. N = 6 mice per group. Statistical comparisons calculated using two-way
ANOVA with Sidak’s multiple comparisons test (a) or one-way ANOVA with
Tukey’s multiple comparisons test (b-d) and results are indicated as *p < 0.05,
**p < 0.01, ¥**p < 0.001, and ****p < 0.0001. Comparisons with p values >0.05 were
not displayed. Data shown as geometric mean plus standard deviation.

90% less immunoreactivity in both the VSV-CCHFnp1 and VSV-CCHFgpc
groups, respectively (Fig. 6k, 1). Overall, the VSV-EBOV group developed
lesions consistent with CCHFV infection in mice, confirming the absence of
protection, while the VSV-CCHFnp1 and VSV-CCHFgpc presented with
fewer lesions and CCHFV immunoreactivity.

Overall, in contrast to our heterologous challenge model, both
recombinant VSV vaccine candidates mediate protection against homo-
logous CCHFV challenge in a non-lethal mouse model. As expected, based
on sequence diversity in the CCHFV-GPC, VSV-CCHFVgpc performed
better against homologous than heterologous CCHFV challenge.

Discussion

In this study, we evaluated the protective efficacy of single-dose recom-
binant VSV-CCHF vaccine candidates targeting the NP and GPC as
immunogens. VSV-CCHFVnp2 completely failed in protection against
lethal heterologous CCHFV challenge. In contrast, a single dose vaccina-
tion with VSV-CCHFnpl uniformly protected mice against lethal het-
erologous CCHFV challenge, while the VSV-CCHFgpc vaccine only
showed partial protection. Subsequent efficacy testing in a non-lethal
homologous CCHFV challenge model, both recombinant VSV vaccine
candidates performed similarly in reducing clinical signs and pathology in
key target tissues.

Truncation of the Gc C-terminal region has been reported to facilitate
VSV pseudotyping with CCHFV-GPC™* and the CCHFV-GPC_del53
mutant grew to highest viral titers among all CCHFV-GPC mutants
investigated”. Even though we generated recombinant VSV with CCHFV-

GPC_del53 (VSV-CCHEFgpc) relatively easily, viral titers for our recombi-
nant VSV-CCHFgpc vaccine candidate were rather low. To enhance virus
growth, we passaged the VSV-CCHFgpc in Vero E6 cells, which led to two
amino acid mutations (R520K and N759T) and a synonymous mutation at
nucleotide position 1122 (S374S). All three mutations occurred in the region
encoding the PreGn, with one mutation (R520K) positioned within the
subtilisin kexin isozyme-1/site-1 protease cleavage site that generates
mature Gn. The consensus motif for subtilisin kexin isozyme-1 (SKI-1)/site-
1 protease cleavage is typically described as (R/K)X-(hydrophobic amino
acid), where R/K represents either arginine or lysine, X is any amino acid,
and the cleavage occurs after the hydrophobic residue®”. SKI-1 cleavage is
essential for the proper function of the CCHFV glycoproteins. Herein, we
show that VSV-CCHEFgpc is infectious, demonstrating that the glycopro-
teins are functionally expressed, mediating virus entry and fusion. Another
group reported rescuing a recombinant VSV expressing a different CCHFV
strain GPC that contained an L518V mutation™ and not violating the SKI-1
consensus motif suggesting that rescue of recombinant VSV expressing
CCHFV-GPC requires modification but not abolishment of the motif.
Interestingly, despite the sequence flexibility of the consensus SKI-1 motif,
the sequence conservation of the motif in CCHFV, 520-R(K/R)LL within a
broader conserved amino acid 518-526 region suggests that additional
selective pressures beyond SKI-1 cleavage maintain this sequence in
authentic CCHFV. Further, two independent rescues of recombinant VSV
utilizing GPCs from two different CCHFV strains and both with mutations
in the motif suggest that selective pressures acting on this motif are distinct
between authentic CCHFV and VSV-CCHFgpc particles. Further studies
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Fig. 6 | VSV vaccines reduce liver pathology. Six-week-old C57BL/6] mice were
vaccinated intraperitoneally (IP) with 1 x 10* PFU VSV-CCHFnpl, VSV-
CCHFnp2, VSV-CCHFgpc, or VSV-EBOV on day -28 relative to challenge. On day
0 mice were treated IP with MAR1-5A3 to block type I IFN receptor signaling and

challenged IP with 100 TCIDso, CCHFYV strain Hoti. Day 5 post challenge Liver tissue
(a—f) and spleen tissue (g-1) were collected on day 5 post challenge for Hematoxylin
and Eosin staining and CCHFV anti-NP immunohistochemistry. All photo-
micrographs taken at 200x; scale bar = 100 um.

will be needed to understand how these mutations impact CCHFV-GPC
polyprotein processing.

Synonymous mutation S374S occurred in the vicinity of S368T,
another previously reported mutation™, suggesting that this genomic region
is also under distinct selective pressure between CCHFV and VSV-
CCHFgpc. Yet our synonymous mutation suggests the selective pressures
may occur at the RNA sequence rather than the protein level. The N759T
mutation has not been reported before, and its potential influence has not
been determined. The precise mechanisms by which partial deletion of the
Gc C-terminal region and additional mutations in the CCHFV-GPC
enhances recombinant virus production is unclear, but while CCHFV buds
into the ER/Golgi’, VSV buds from the cytoplasmic membrane®. Thus,
these mutations may promote interaction with the VSV-M, known to
localize at the plasma membrane and to promote VSV assembly and bud-
ding of virions from host cells"*>. The effects of these mutations on
immunogenicity need to be studied in future experiments, but since our
VSV-CCHFgpc is replication-competent, the mutated glycoproteins retain
their binding and entry functions.

Our findings show that VSV-CCHFgpc candidate vaccine pre-
vented weight loss and reduced liver pathology against a homologous
challenge but could only confer ~40% protection against a hetero-
logous challenge demonstrating that the high-sequence diversity of
the CCHFV-M segment can lead to vaccine failure. This is an
important consideration for CCHFV vaccines, as the development of
vaccines tailored to each strain of CCHFV is impractical. Since
CCHFV is endemic in regions with limited healthcare resources, it is

unlikely that a regional vaccine approach for each CCHFV clade
would find sufficient funding to advance the multiple vaccines
through clinical trials. Partial protection conferred by the VSV-
CCHFgpc vaccine candidate in this study against a heterologous
CCHFV challenge correlates with our previous findings with the
repRNA CCHF GPC vaccine'’. A GPC DNA-vaccine also exhibited
incomplete protection against heterologous challenge’, cumulatively
suggesting the high genetic diversity of CCHFV in the GPC may
enable escape of vaccine-elicited immunity. However, in contrast to
our findings with a repRNA and DNA-based GPC vaccine which
elicited T cell but not antibody responses, here the VSV-CCHFgpc
vaccine candidate induced both neutralizing IgG and IFN-y T cell
response in vaccinated animals that resulted in better protection
against a homologous than heterologous CCHFV challenge. We also
detected GP38-specific antibodies in VSV-CCHFgpc vaccinated
mice. The non-structural protein GP38 may be an important com-
ponent of GPC-based vaccines’™***, but GP38-specific antibodies
may be strain-specific*.

The GP38 of CCHFV strain Hoti and UG3010 GP38 share only 71%
amino acid similarity. Recently, a DNA-based GPC vaccine was shown to
require T cell responses for protection. Further, it is unclear if the CCHFV -
specific T-cells elicited by VSV-CCHFgpc vaccination are virus strain-
specific or if those T-cells could recognize strain UG3010-infected cells. We
have previously shown that infection of naive C57BL6/J mice resulted in the
majority of CCHFV- specific CD8 T-cells targeting a single, highly con-
served Gc epitope™. The minimal Gc epitope was identified as an 8-mer
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1148-YSPVFEYL®. This epitope is in peptide pool 10, the same pool against
which we measured the strongest response in VSV-CCHFgpc vaccinated
mice, suggesting this conserved peptide may also be targeted in vaccinated
mice. Vaccinating mice with the repRNA CCHFV-GPC vaccine induced
IFN-y T cell responses directed against GPC peptide pools 9 and 107,
suggesting that other vaccine platforms target similar epitopes. However,
further study will be needed to precisely map the T cell epitopes targeted by
VSV-CCHFgpc-elicited T-cells. Previously, high-dose (10° PFU) prime-
only and prime-boost vaccination with a recombinant VSV expressing
CCHFV-GPC vaccine was reported to be protective in a CCHF STAT1 ™~
mice model against lethal heterologous CCHFV challenge®. This dis-
crepancy may be explained by the sensitivity of VSV replication to the
inhibitory effects of IFN signaling"**; thus, the STAT1 ™~ mice model is
expected to better promote replication of recombinant VSV vaccines than in
immunocompetent C57BL6/J] mice used in our study. The higher dose of
recombinant VSV vaccine used in that study may have also promoted
greater immune responses.

Our findings with VSV-CCHFnpl1 confirm the protective effects of
immune responses directed against the CCHFV-NP. The CCHFV-NP has
previously been investigated as a target antigen for CCHF vaccine
development'”'>*~*, These studies in animals suggest that the vaccine
platform influences CCHFV-NP vaccine efficacy. Uniform protection has
been reported with RNA vaccines'””" while viral vectored vaccines have
either failed to protect™ or conferred partial protection®. Here, we observed
a robust antibody response to NP, characterized by a dominant IgG2c
subclass similar to NP vaccine studies based on the repRNA'” and the CCHF
replicon particle (VRP)™ but different to a dominant IgG1 response
observed with bovine herpesvirus type 4 (BoHV-4) and adenovirus type 5
based vaccines (Ad5-N)". Comparing the immunogenicity of these vaccines
is challenging because of differences in study designs, but the mouse strain
used could also influence the resultant immune profile. The Thl response
observed with the repRNA, VRP, and our present study is consistent with
the dominant immunological profile induced by C57BL/6] mice, while the
Th2 response with the BoHV-4 and Ad5-N-based vaccines is compatible
with the dominant immune response in BALB/c mice. We have recently
shown that antibodies against the CCHFV-NP protect through engagement
of the cytoplasmic Fc-receptor tripartite motif-containing protein 21
(TRIM21)*, and future studies have to demonstrate if VSV-CCHFnp1 may
protect through similar mechanisms.

To be replication-competent, the recombinant VSV vaccines expres-
sing the CCHFV nucleoprotein need to express a functional glycoprotein to
mediate receptor binding and entry. We used an in-house VSV-EBOV
plasmid expressing the EBOV-GP for these purposes. Based on a previous
efficacy study with VSV-EBOV and lethal EBOV challenge”, we had
hypothesized that deleting the immunodominant regions of the EBOV-GP,
which are located in the mucin-like domain and glycan cap™***, would
divert immune responses towards the CCHFV-NP. Here, we did not con-
firm this hypothesis as VSV-CCHFVnpl expressing the full-length EBOV-
GP mediated higher humoral immune responses and resulted in uniform
protection against lethal CCHFV challenge. Interestingly, previous studies
evaluating similar VSV-based Kyasanur Forest disease virus vaccines did
not result in a lack of immunity and protection when comparing the use of
full-length versus truncated EBOV-GP*. Differences in outcome could be
explained by the choice of antigens and the challenge models, and future
studies need to look closer into those factors.

Since VSV-CCHFnpl showed complete but non-sterile protection
against heterologous challenge, improvement may be feasible. A combined
recombinant VSV vaccine expressing both GPC and NP may result in even
greater protective immunity by eliciting protective immunity to multiple
CCHFV antigens. Therefore, a combined recombinant VSV approach
expressing both GPC and NP may optimize the here-presented recombi-
nant VSV-based CCHFV vaccine approach. This could be achieved through
blending both VSV-CCHFgpc and VSV-CCHFnpl vaccine candidates. A
similar approach had been successful previously for adenoviral and VSV-
based vaccines against SARS-CoV-2" and filoviruses™. Another strategy

would be to generate a single recombinant VSV expressing both antigens as
has been done for filoviruses and SARS-CoV-2 with VSV, adenoviral and
modified vaccinia Ankara (MVA) platforms™ . A third option could be a
prime-boost approach immunizing sequentially with two recombinant
VSV vaccine candidates, in this case VSV-CCHFgpc followed by VSV-
CCHFVnpl or vice versa. VSV vector immunity is likely not a big concern,
as a similar approach has been used before®’. Thus, multiple strategies for
future improvement of the VSV platform can be considered. In addition,
recombinant VSV vaccine candidates can be combined with other vaccine
platforms to optimize protection in a blended or prime-boost strategy.

Our study has important limitations. First, the non-lethal animal
model we used to evaluate vaccine efficacy against homologous CCHFV
challenge is less optimal and may have to be replaced in the future with a
lethal animal model to better reflect the performance of the recombinant
VSV-based CCHF vaccine candidates. Second, truncation of the C-terminal
domain of the Gc facilitated the generation of recombinant VSV-CCHFgpc
and did not abolish binding and entry functions of the CCHFV glycopro-
teins. However, the effect of this modification on the efficiency of Gc protein
processing, folding, interaction with the Gn, and ultimately, the function of
the surface glycoproteins remains unknown. Third, the VSV-CCHFnpl
vaccine shows great potential asa CCHFV vaccine candidate but may not be
readily accepted due to the inclusion of the EBOV glycoprotein. This,
however, did not stop the development of similar VSV vaccine candidates
for other pathogens from the flavivirus, orthomyxovirus, and para-
myxovirus families™***. Recently, a live-attenuated recombinant VSV
expressing the EBOV and Nipah virus glycoproteins moved into clinical
trials®. Fourth, the VSV platform may raise safety concerns as a live-
attenuated vaccine, especially neurovirulence. Rodent models have gener-
ated inconsistency of neurovirulence patterns with different recombinant
VSV candidates, favoring neurovirulence testing in nonhuman primate
models. Neurovirulence testing of several recombinant VSV vaccine can-
didates in nonhuman primates revealed favorable data indicating that the
vaccines will have an acceptable safety profile also for humans” . In
addition, most of the recombinant VSV vaccine candidates lack the VSV
glycoprotein, an important protein associated with VSV pathogenicity,
including neurovirulence’. Furthermore, the use of VSV-EBOV in humans
during Ebola outbreaks has generated little concern regarding side effects".
Fifth, there is concern about the potential for recombinant VSV vaccines
causing spillover into animal populations, especially livestock. Studies with
the VSV-EBOV vaccine, however, show that vaccine virus shedding was
minimal in pigs”, suggesting the risk of spillover infections in animals is
low”. Further studies looking at the spillover potential of recombinant VSV
vaccines into livestock and other animal species are needed for more precise
risk assessment.

In summary, we have developed and characterized recombinant VSV
expressing the CCHFV-NP and GPC as vaccine candidates. The VSV-
CCHFnpl vaccine candidate protected all animals against lethal hetero-
logous CCHFYV challenge in a transiently immune-suppressed CCHF mice
model, while the VSV-CCHFgpc vaccine candidate afforded partial pro-
tection against lethal heterologous CCHFV challenge. Together, these data
suggest that (1) immunity to the CCHFV-NP or GPC can protect against
CCHFV challenge, (2) live-attenuated recombinant VSV expressing
CCHFV-NP elicits complete protective immunity after a single immuni-
zation, (3) recombinant VSV vaccine candidate utilizing the CCHFV gly-
coproteins may require tailoring to match circulating strains of CCHFV to
generate regionally strain-specific vaccines. At this point, we propose to
move ahead with VSV-CCHFVnpl as the most promising vaccine
candidate.

Methods

Biosafety and ethics

All infectious work with CCHFV was conducted at biosafety level 4 (BSL-4)
following operating procedures approved by the Institutional Biosafety
Committee of the Rocky Mountain Laboratories, Division of Intramural
Research, National Institute of Allergy and Infectious Diseases, National
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Institutes of Health (Hamilton, MT, USA). Animal experiments were
approved by the Rocky Mountain Laboratories Animal Care and Use
Committee. All animal procedures were carried out by trained and certified
personnel in accordance with the guidelines of the Association for Assess-
ment and Accreditation of Laboratory Animal Care, International and the
Office of Laboratory Animal Welfare. Mice were group-housed in HEPA-
filtered cage systems enriched with nesting material. Commercial food and
water were available ad libitum.

Cells and viruses

Vero E6 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS) (Wisent Inc., St. Bruno, Canada), 2 mM 1-glutamine,
50 U/mL penicillin, and 50 pg/mL streptomycin (all Thermo Fisher Scientific,
Waltham, MA). Baby hamster kidney cells expressing the T7 polymerase
(BHK-T7) were grown at 37 °C and 5% CO, in minimum essential medium
(MEM) containing 10% tryptose phosphate broth (both Thermo Fisher
Scientific), 5% FBS, 2 mM 1-glutamine, 50 U/mL penicillin, and 50 pg/mL
streptomycin. VSV-wt, VSV-EBOV, and VSV-EBOVAGCAMLD were
previously generated in-house™””. CCHFV strain UG3010 was originally
provided by Eric Bergeron, Centers for Disease Control and Prevention.
CCHFV Hoti was provided through the European Virus Archive, https://
www.european-virus-archive.com/”,

Generation of vaccine candidates

Recombinant VSV vaccine candidates were prepared using sequences for
the NP and a codon-optimized GPC from the CCHFV strain Hoti (Gen-
bank Accession numbers: MH483984 and MH483985, respectively). The
NP was ligated into the VSV-EBOV or VSV-EBOVAGCAMLD plasmids™
using Pacl and Ascl restriction enzyme sites (NEB) while the GPC was
cloned into the pATX-VSVAG-XN2 plasmid” at the Avrll and Mlul
restriction sites (NEB). The replication-competent recombinant VSV vac-
cine candidates were recovered from the plasmid on BHK-T7 cells as pre-
viously described”. The complete genome sequences of the generated
vaccine candidates were confirmed by Next-generation sequencing. The
titer of virus stocks was determined using a standard plaque assay on Vero
E6 cells. Briefly, Vero E6 cells grown to 100% confluence in six-well plates
were infected in triplicate with recombinant VSV vaccine candidates serially
diluted from 10" to 10~%. Following incubation at 37 °C for 1 h, the virus
inoculum was replaced with a 1:1 mixture of 2% LMP agarose (Invitrogen,
Carlsbad, CA) in 2 x MEM/4% FBS (Thermo Fisher Scientific). The agarose
was allowed to solidify at room temperature. Subsequently, the plates were
incubated at 37 °C for 72 h. The plaques were stained with crystal violet and
vaccine titers were calculated in PFU/mL.

VSV growth kinetics

Confluent Vero E6 cells were infected in triplicate with the recombinant
VSV vaccine candidates and VSV-wt (see above) at a multiplicity of
infection of 0.01. After 1 h incubation, infected cells were washed three times
with plain DMEM, and 2% DMEM added to the wells. Supernatant samples
were collected at 0, 6, 12, 24, 36, 48, and 72-h post infection and stored at
—80°C. Virus was titrated on Vero E6 cells using the TCIDsj, assay pre-

76

viously described”.

Immunofluorescence assay

Vero E6 cells were infected with the recombinant VSV vaccine candidates
and VSV-wt at an MOI of 0.01. At 24 h post infection, the cells were fixed
with 2% paraformaldehyde (PFA) and permeabilized using 0.05% Triton
X-100 in PBS. Cells were first stained with CCHFV-NP specific sera raised in
rabbits, 11E7 monoclonal antibody (BEI resources), anti-EBOV-GP 12/1.1
(kindly provided by Ayato Takada, Hokkaido University, Sapporo, Japan),
or anti-VSV-M (23H12, Kerafast Inc., Boston, MA). Secondary staining was
performed using an Alexa Fluor 488 goat anti-mouse IgG (Invitrogen).
Images were taken using the Revolve fluorescent cell imager (ECHO, San
Diego, CA).

Western blot analysis

Tissue culture supernatant samples and cell lysates derived from Vero E6
cells infected with the recombinant VSV vaccine candidates and VSV-wt
were mixed with sodium dodecyl sulfate-polyacrylamide (SDS) gel elec-
trophoresis sample buffer containing 20% (-mercaptoethanol and heated to
99°C for 10 min. Analysis of the samples was performed as described
elsewhere’'. The CCHFV-NP and Gc protein blots were probed with NP
specific sera raised in rabbits and 11E7 monoclonal antibody (BEI resour-
ces), respectively. While the EBOV glycoprotein and VSV-M protein blots
were probed with the following mouse monoclonal antibodies: anti-EBOV-
GP 12/1.1 (kindly provided by Ayato Takada, Hokkaido University, Sap-
poro, Japan), and anti-VSV-M (23H12; Kerafast Inc., Boston, MA). Sec-
ondary staining was performed with anti-rabbit or anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA). Detection was performed using
SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Sci-
entific), and images were captured with the iBright™ CL1500 imaging
system (Thermo Fisher Scientific).

Vaccine efficacy studies

Groups of 20 C57BL6/] mice (6-8 weeks of age; males and females) were
anaesthetized with isoflurane and vaccinated IP on day -28 with 1 x 10* PFU
of VSV-EBOV, VSV-CCHFnpl, VSV-CCHFnp2, or VSV-CCHFgpc.
Vaccination appeared well tolerated, and no adverse events attributable to
the vaccine were observed during the studies. On day 0, mice (n = 6) in each
group were euthanized for blood sample collection. The remaining mice
received 2.5 mg/mouse of MAR1-5A3 (Leinco) and were challenged with
100 TCIDs, of CCHFV strain UG3010 or CCHFYV strain Hoti via the IP
route. On day 5 post infection (PI), mice (n=6) in each group were
euthanized for blood and tissue sample collection. The remaining mice were
monitored daily for 14 days for clinical disease and survival outcomes. Mice
were euthanized via isoflurane overdose followed by cervical dislocation at
the time points indicated or when meeting euthanasia criteria according to
protocols approved by Rocky Mountain Laboratories Institutional Animal
Care and Use Committee. No sex-specific differences in vaccine immuno-
genicity or disease outcome were observed.

Total RNA extraction and quantitative reverse transcription PCR
(RT-qPCR)

Liver, spleen, and whole blood specimens were collected at day 5 PIL
Approximately 30 mg of tissue specimens were homogenized with a steel
bead in RLT buffer supplemented with 10 uL/ml B-mercaptoethanol using
the TissueLyser II (Qiagen). After a 10-min spin at 8000 rpm, the super-
natant was added to an equal volume of 70% ethanol. RNA from blood and
tissues was extracted using Qiagen Qiamp viral RNA mini-isolation kit and
Qiagen RNeasy mini-isolation kit, respectively, as per the manufacturer’s
instructions. A one-step RT-qPCR was performed using primers and probes
specific for the CCHFV-NP" as previously described.

Tissue infectious virus titers

Infectious CCHFV from liver, spleen, and whole blood specimens was
quantified on SW-13 cells as previously described”. TCIDs, values were
then calculated using the Reed and Muench method”.

ELISA

Total CCHFV IgG and IgG subclasses specific antibodies were detected
using an in-house ELISA using whole CCHFV Hoti antigen or recombinant
GP38 or Gn or Gc antigen as previously described”*””. Total EBOV-GP IgG-
specific antibodies were evaluated using recombinant Ebola virus GP
antigen (IBT Bioservices). Nunc MaxiSorp 96-well plates (Thermo Fisher
Scientific) were coated with 100 ul of CCHFV whole virion-antigen or
CCHFV-GP38 or Gn protein with His-tag or Gc protein with sheep Fc-tag
(Native antigen) or Ebola virus glycoprotein minus the transmembrane
domain (IBT Bioservices) at 1 pg/mL and incubated overnight at 4 °C. The
following day, plates were washed with phosphate-buffered saline (PBS)
containing 0.05% Tween 20 (PBST) and blocked with 1% skim milk in
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PBST, followed by 1h incubation at room temperature. Subsequently, a
fourfold dilution of mouse sera in PBST starting at 1:100 was added to the
plate and incubated for 1 h at room temperature. Detection was performed
using horseradish peroxidase-labeled goat anti-mouse total IgG, IgGl,
IgG2b, IgG2c, and IgG3 (Southern Biotech) and developed by addition of
ABTS substrate solution for 30 min. Absorbance was read at 405 nm using
the BioTek Synergy HTX Multimode Reader. Absorbances were plotted on
the y-axis and the reciprocal serum dilutions on the x-axis. The limit of
detection was calculated as follows: average OD,g5 of the control antigen
coated + 3xSD. The cutoff for seropositivity was deemed where the test
OD,s intersects the limit of detection.

Virus neutralization assay

Two-fold dilutions in triplicate of sera from vaccinated mice was incubated
with 120 TCIDsy of either CCHFV strain Hoti or UG3010 for 1 h at 37°C
followed by infection of confluent SW-13 cells. Serum toxicity was checked
24h post infection, and cytopathic effect was read on day 5 PI Neu-
tralization titers (NT) were described as the highest serum dilution that
completely neutralized 120 TCIDs, of either the CCHFV strain Hoti or
UG3010. The initial dilution of sera was 1:10, which was set as the limit of
detection.

IFNy ELISpot
An IFNy ELISpot was performed on splenocytes stimulated with peptides
derived from the CCHFV Hoti NP and GPC as previously described"”.

Histopathology

Tissues were fixed in 10% Neutral Buffered Formalin with two changes, for
aminimum of 7 days. Tissues were placed in cassettes and processed with a
Sakura VIP-6 Tissue Tek, on a 12-hour automated schedule, using a graded
series of ethanol, xylene, and PureAffin. Embedded tissues were sectioned
at 5pum and dried overnight at 42°C prior to staining. Specific anti-
CCHFV immunoreactivity was detected using Rabbit anti-CCHFV
nucleoprotein (IBT Bioservices) at a 1:2000 dilution. The Immpress-VR
anti-rabbit IgG polymer kit (Vector Laboratories, California) was used as
the secondary antibody. The tissues were processed for immunohis-
tochemistry using the Discovery Ultra automated stainer (Ventana Med-
ical Systems) with a ChromoMap DAB kit (Roche Tissue Diagnostics
catalog # 760-159).

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 10.1.0. 316
for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com,
20 May 2024). Statistical significance was set at p < 0.05.

Data availability

Relevant source data for figures are provided within the manuscript and its
supporting Information files. Sequence data for recombinant VSV vaccine
candidates has been deposited on GenBank (Accession numbers:
PV506373-PV506375).
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