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VIROLOGY

Single-dose VSV-based vaccine protects against
Kyasanur Forest disease in nonhuman primates

Bharti Bhatia'f, Tsing-Lee Tang-Huau'#, Friederike Feldmann?, Patrick W. Hanley?,
Rebecca Rosenke?, Carl Shaia?, Andrea Marzi', Heinz Feldmann'*

Kyasanur Forest disease virus (KFDV) is an endemic arbovirus in western India mainly transmitted by hard ticks
of the genus Haemaphysalis. KFDV causes Kyasanur Forest disease (KFD), a syndrome including fever, gastroin-
testinal symptoms, and hemorrhages. There are no approved treatments, and the efficacy of the only vaccine
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licensed in India has recently been questioned. Here, we studied the protective efficacy of a vesicular stomatitis
virus (VSV)-based vaccine expressing the KFDV precursor membrane and envelope proteins (VSV-KFDV) in pig-
tailed macaques. VSV-KFDV vaccination was found to be safe and elicited strong humoral and cellular immune
responses. A single-dose vaccination reduced KFDV loads and pathology and protected macaques from KFD-like
disease. Furthermore, VSV-KFDV elicited cross-reactive neutralizing immune responses to Alkhurma hemor-

rhagic fever virus, a KFDV variant found in Saudi Arabia.

INTRODUCTION

Kyasanur Forest disease virus (KFDV) is an emerging tick-borne
flavivirus endemic in parts of western India. KFDV can cause a
severe clinical syndrome with chills, fever, headache, myalgia, vom-
iting, gastrointestinal symptoms, and hemorrhages known as Kya-
sanur Forest disease (KFD). A subset of patients may develop a
biphasic illness including recurring fever with or without neurolog-
ical symptoms (1-3). It is estimated that up to 500 human KFDV
infections occur annually with a case fatality rate of 3 to 5% (1—4).
Because of its life-threatening pathogenicity and the absence of ef-
fective countermeasures, KFDV is classified as a Biosafety level 4
(BSL4) pathogen and, in the United States, as a select agent (5).

Hard ticks of the genus Haemaphysalis are vectors for KFDV
with the main vector being Haemaphysalis spinigera (2). These
ticks ingest vertebrate blood meals during different development
stages, acquiring/transmitting KFDV to different avian and mam-
malian hosts as well as from tick-to-tick through co-feeding.
Asymptomatic replication of KFDV has been reported from most
avian and mammalian hosts including birds, cattle, and bats (2,
6). Human KFDV infections occur mostly through tick bites
during spring and summer seasons, which overlap with peak activ-
ity of adult H. spinigera (7).

Apart from humans, natural KFDV infections cause severe
disease in some nonhuman primate species such as red-faced
bonnet macaques (Macaca radiata) and black-faced langures (Pres-
bytis entellus) (2, 4). Symptomatic infection can be achieved exper-
imentally in immunocompetent and immunodeficient mice, which
serve as small-animal models for KFDV (4, 8). Recently, a nonhu-
man primate model was established using pigtailed macaques
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(Macaca nemestrina) presenting with KFDV viremia and clinical
disease recapitulating hallmark features of human KFD including
flushed appearance, piloerection, dehydration, loss of appetite,
weakness, and hemorrhagic signs (9). The pigtailed macaque repre-
sents an important animal disease model for countermeasure devel-
opment against KFD.

The KFDV genome consists of a positive-sense, single-stranded
RNA of 10,774 nucleotides (nt) that encodes a single polyprotein
cleaved into three structural proteins [capsid, precursor membrane
protein (prM), and envelope protein (E)] and seven non-structural
proteins (10-12). Besides live-attenuated vaccines for yellow fever
and Japanese encephalitis virus, vaccine development for flavivirus-
es such as Dengue and Zika virus is based on a variety of platforms
mainly utilizing the structural proteins prM and E as immunogens
(13-20).

In the past, India has used a formalin-inactivated whole virus
vaccine to prevent KFDV infections (21). However, even with mul-
tiple booster immunizations, vaccinees still develop viremia and
clinical illness following KFDV infection demonstrating limited
vaccine efficacy (21). The future use of this vaccine has recently
been questioned (22, 23) leaving the public health response vulner-
able to an emerging infectious disease. With increasing case
numbers and the expansion of its endemicity, KFDV is considered
an emerging regional public health concern on the Indian subcon-
tinent. In addition, Alkhurma hemorrhagic fever virus (AHFV), a
variant of KFDV, is of considerable emerging disease concern in
Saudi Arabia and potentially other countries (24). Thus, the devel-
opment of a cross-reactive and effective KFDV vaccine candidate is
becoming of high importance for countries bordering the Arabian
Sea (6).

Recently, we developed two versions of a KFDV vaccine candi-
date based on the vesicular stomatitis virus Ebola vaccine (VSV-
EBOV) (25) additionally expressing the KFDV prM and E proteins
(VSV-KFDV) (26). Both live-attenuated recombinant VSV vectors,
which differ only in their EBOV glycoprotein (GP) gene (full-length
versus truncated), provided strong protection against disease in
BALB/c mice challenged with a lethal dose of KFDV. Protection
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by these VSV-based vaccines was most likely mediated through an-
tibodies as evidenced by passive transfer studies (26).

Here, we used the slightly more potent VSV vector expressing
the full-length EBOV GP and the KFDV prM and E proteins,
here designated VSV-KFDV, for evaluation of protection in the re-
cently established pigtailed macaque model. We demonstrated that
a single intramuscular vaccination with VSV-KFDV was safe and
elicited specific and potent humoral and cellular immune respons-
es. VSV-KFDV vaccination strongly reduced KFDV loads and uni-
formly protected macaques from disease following KFDV
challenge. We also demonstrated that the humoral immune re-
sponse elicited by VSV-KFDV potently neutralized AHFV infection
in vitro. We conclude that VSV-KFDV is a promising second-gen-
eration KFDV vaccine candidate ready to enter clinical trials.

RESULTS

Study design

Ten female pigtailed macaques (M. nemestrina) were randomly as-
signed to either the control (tables S1 and S2, KFDV 1 to 4) or the
study (tables S1 and S2, KFDV 5 to 10) group and vaccinated once
intramuscularly with VSV-EBOV [1 x 10 plaque-forming units
(PFU)] or VSV-KFDV (1 x 10’ PFU), respectively (fig. S1). No
adverse events were observed in the vaccinated animals except for
one macaque (KFDV 5) that developed temporary muscle firmness
at the vaccination site, a condition that resolved quickly without
medical intervention. Later histopathological evaluation of the vac-
cination site of this animal showed no pathology. On DO (28 days
post-vaccination), macaques were challenged with KFDV [2 x 10°
median tissue culture infectious dose (TCIDs,)] via the combined
subcutaneous and intravenous routes. Venous blood draws and
physical examinations were performed on DO, D1, D3, D6, and
D9 after KFDV challenge (fig. S1). Because this is not a lethal
model with animals clearing virus and recovering from disease,
we humanely euthanized all macaques on D9 to enable analysis of
important disease parameters such as hematology, blood chemistry
organ/blood loads, and histopathology to demonstrate vaccine
efficacy.

VSV-KFDV vaccine induced antigen-specific humoral
immune responses

Serum samples from vaccinated animals were analyzed for the pres-
ence of KFDV-specific immunoglobulin G (IgG) antibodies before
(D-28, D—-27, D-25, D—18, and DO0) and after KFDV challenge
(D1, D3, D6, and D9). All VSV-KFDYV vaccinated animals serocon-
verted to KFDV-prM and -E antigens between D—18 and D0 with
titers >1:100 at DO0. Post-challenge titers increased to around 4 log;,
indicating an anamnestic response to KFDV infection (Fig. 1A).
Similarly, initial neutralizing antibody titers in VSV-KFDV vacci-
nated animals were detected at DO ranging from 1:50 to 1:200
with titers increasing after challenge to >3 log,, again representing
an anamnestic response to KFDV infection (Fig. 1B). Some VSV-
EBOV vaccinated animals developed low-level IgG antibodies to
KFDV-prM-E starting at D6 as a response to KFDV challenge but
neutralizing antibodies to KFDV were not detected in these animals
(Fig. 1, A and B). Humoral immune responses were also tested
against AHFV, a KFDV variant. All VSV-KFDV vaccinated
animals showed AHFV cross-reactive IgG antibodies starting at
DO with a titer around 1:100. The titers increased to up to 5 log;
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following KFDV challenge (fig. S2A). Some VSV-EBOV vaccinated
animals developed AHFV cross-reactive IgG antibodies by the time
of euthanasia (fig. S2A). Similarly, neutralizing antibodies against
AHFV were detected in all VSV-KFDV but not in VSV-EBOV vac-
cinated animals (fig. S2B). Overall, the kinetics and strength of the
cross-reactive humoral immune response to AHFV were very
similar to the humoral response to KFDV (Fig. 1, A and B). All
study animals seroconverted to EBOV GP as expected (fig. S1C).
Peak IgG responses were reached at D—18 with titers of ~3.5 to 4
log,o, which did not change throughout the experiment, indicating
a strong adaptive immune response to the vaccination.

VSV-KFDV vaccine induced T, 1-biased CD4* and cytotoxic
CD8* T cell responses

VSV-KFDV vaccinated animals presented with antigen-specific cy-
tokine secretion from both CD4" (Fig. 1, Cand D) and CD8" (Fig. 1,
E and F) T cells before (D0) and after KFDV challenge (D9). We
observed a significant increase in tumor necrosis factor (TNF)—a
and interferon (IFN)-y production by CD4" T cells compared to
control group animals suggesting a bias toward Tyl responses
(Fig. 1, C and D) following vaccination (D0) and KFDV challenge
(D9). CD8" T cells presented with an increase of inflammatory cy-
tokines (IFN-y and TNF-a) (Fig. 1, E and F), the cytotoxic molecule
perforin, and the degranulation marker CD107a (fig. S3, A and B),
suggesting cytotoxic function. Together, these data indicate that
vaccination with VSV-KFDV induced KFDV-specific T cell
responses.

VSV-KFDV vaccine protected animals from clinical disease
After challenge, macaques were monitored at least twice daily and
were scored for clinical signs following an approved scoring sheet
(9, 27). Animals in the VSV-EBOV vaccinated group displayed
varying degrees of clinical signs including decreased appetite, pi-
loerection, hunched posture, mild dehydration, muddy mucosal
membranes, nasal discharge, irregular respiration, mild facial
edema, shivering, and reduced activity (table S1). The clinical
scores for the control group animals started to increase around
D2 (scores of about 5) and peaked at D6 (scores ranging from ap-
proximately 10 to 30) before they began to decline (Fig. 2A). In con-
trast, animals in the VSV-KFDV vaccinated group showed
decreased appetite as the sole clinical sign, which may be the
result of frequent anesthesia rather than KFDV infection (table
S1). These animals had either no or very low (scores of <3) scores
following KFDV challenge (Fig. 2A). All study animals maintained
largely normal blood chemistry and hematology parameters (Fig. 2,
B and C, and fig. S4). In contrast to the VSV-KFDV vaccinated
animals, VSV-EBOV vaccinated animals demonstrated with signif-
icantly reduced platelet counts and modestly reduced albumin start-
ing after D3 (Fig. 2, B and C) after KFDV challenge. These abnormal
parameters are associated with poor outcome in human KFDV
cases (2, 6, 28).

VSV-KFDV vaccine inhibited KFDV replication in blood and
target organs

KFDV viremia was analyzed on serum samples collected on DO, D1,
D3, D6, and D9. In VSV-KFDV vaccinated animals, viremia was
measured on D1, peaked on D3 (10° TCIDso/ml) and was cleared
on D9 (Fig. 2D). In contrast, KFDV was only isolated at one time
point post-challenge (D3) in two of the six VSV-KFDV vaccinated
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Fig. 1. Adaptive immune responses following VSV-KFDV vaccination and KFDV challenge. (A) Total IgG-specific antibodies to KFDV-prM-E were determined by
ELISA on serum samples collected from animals immunized with VSV-KFDV (red bars, n = 6) and VSV-EBOV (black bars, n = 4). Geometric mean and SD are depicted. (B)
The same serum samples were tested for their neutralizing activity. The highest titer that completely neutralized 100 TCIDs, of KFDV is shown. (C to F) VSV-KFDV-specific T
cell responses. Cryopreserved PBMCs were stimulated with pooled overlapping peptides derived from the KFDV E protein and analyzed by flow cytometry. All measure-
ments were performed in duplicate for each animal. (C) CD4*TNF-q, (D) CD4*IFN-y, (E) CD8*TNF-q, and (F) CD8"IFN-y. Each dot represents a single animal. The dotted line
represents the cutoff value of the assay. [(B) to (F)] Mean and SEM are depicted. The dotted line represents assay limit. Statistical significance was analyzed using two-way
ANOVA with Sidak’s multiple comparisons; results are indicated as *P < 0.01, ***P < 0.001, and ****P < 0.0001.

animals (10° TCID5,/ml) (Fig. 2D). Necropsies were performed on
D9 to evaluate viral tissue loads and histopathological changes.
Guided by the model development study (9), we chose different in-
testinal tissues, cervical lymph nodes, mesenteric lymph node,
spleen, and central nervous system (CNS) for the analyses. Infec-
tious KFDV was isolated from the gastrointestinal tissues of most
VSV-EBOV vaccinated animals, whereas infectious virus could
only be detected in gastrointestinal tissues of a single VSV-KFDV
vaccinated animal (Fig. 2E). No live virus was detected in the CNS
and spleen. The colon was an exception; all VSV-EBOV vaccinated
animals presented with titers between 10* and 10° TCID5, and most
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VSV-KFDV vaccinated animals with around 10*
TCIDs, (Fig. 2E).

Gross pathology findings of the VSV-EBOV vaccinated animals
included enlarged liver, spleen, and mesenteric lymph nodes as well
as hemorrhages in liver, lungs, nasal mucosa, and meninges (table
S2). In contrast, VSV-KFDV vaccinated animals presented only
mild gross pathology with findings such as a pale liver and ileus
in the small intestine of a single animal (table S2). Similarly,
KFDV genomic RNA was detected by in situ hybridization (ISH)
in the lymphoid tissues of the gastrointestinal tract (stomach, duo-

denum, jejunum, ileum, cecum, and colon), mesenteric lymph

titers
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Fig. 2. Clinical, pathophysiologic, and virologic markers of KFDV challenge. (A) Animals were monitored daily throughout the study. No clinical signs were observed
following vaccination; the scores following KFDV challenge are presented. (B and C) Blood and serum samples were collected at examination days. EDTA blood was used
for hematology and serum was used for blood chemistry. (B) Platelets; (C) albumin. (D) EDTA blood samples were used to determine viral titers in blood using a TCIDs,
infectivity assay. [(A) to (E)] Mean and SEM are depicted. (E) The study end point was D9 following KFDV challenge when all animals were euthanized and necropsied.
Organ titers were determined by a TCIDs, infectivity assay. Geometric mean and SD are depicted. Statistical significance was analyzed using two-way ANOVA with Sidak’s
multiple comparisons; results are indicated as *P < 0.05, **P < 0.01, and ****P < 0.0001.

node, spleen, and lungs of all VSV-EBOV but not in VSV-KFDV
vaccinated animals (Fig. 3). The colon of all VSV-KFDYV vaccinated
animals showed weak ISH reactivity with diffuse viral genomes that

were only visible at higher magnification (fig. S5).
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DISCUSSION

Here, we report the development of a live-attenuated VSV-based
KFDV vaccine that was safe, elicited strong humoral and cellular
immune responses, and provided solid protection against KFD-
like disease in two animal disease models, the mouse (26) and the
pigtailed macaque (this study). This completes the basic preclinical
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Fig. 3. Detection of KFDV genomic RNA in tissue sections. Animals were euthanized and necropsied at D9 following KFDV challenge (study end point). Formalin-fixed
tissue sections were processed for hematoxylin and eosin (H&E) stain and ISH targeting KFDV genome RNA. Representative control (left panel, VSV-EBOV vaccinated) and
study (right panel, VSV-KFDV vaccinated) animals are shown: stomach (A to D), duodenum (E to H), jejunum (I to L), ileum (M to P), cecum (Q to T), colon (U to X),
mesenteric lymph node (Y, Z, a, and b), spleen (c to f), and lungs (g to j). Note the presence of genomic signal (black arrows) in the lymphoid follicles of each tissue. The

magnification of the images is x40; the scale bar represents 500pm.

development and allows VSV-KFDV to progress toward clinical
development.

Currently, the tissue culture-derived, formalin-inactivated
whole virus vaccine is the only KFD vaccine option administered
in a two-dose regimen 1 month apart (23). However, immunity is
short-lived and requires annual booster immunizations. In addi-
tion, recent reports of vaccine failures raise concerns and question
its future use (21, 23, 29). Efforts to develop a second-generation
vaccine are sparse, challenging public health, which faces expansion
of KFDV distribution, increasing KFD case numbers and the

Bhatia et al., Sci. Adv. 9, eadj1428 (2023) 6 September 2023

existence of variants such as AHFV. There is a promising attempt
to develop KFDV E protein—based multi-epitope vaccine candidates
using predicted B and T cell epitopes from conserved protein
regions. Those candidate KFDV vaccines showed good antigenic
properties even with cross-reactivity against AHFV. The vaccine
candidates are likely administered as subunit vaccines, but in vivo
efficacy data are missing (30). Thus, VSV-KFDYV is the only second-
generation vaccine with good immunogenicity and preclinical effi-
cacy as an option for public health response if clinical trials were to
be successful.
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One explanation for a reduced efficacy of the formalin-inactivat-
ed vaccine is the development of KFDV escape variants. As such,
cross-protection against emerging KFDV variants would be of par-
ticular interest for a next-generation KFD vaccine. In contrast to a
lack of data on cross-protection of the formalin-inactivated vaccine,
VSV-KFDV vaccinated macaques in this study clearly generated in
vitro cross-reactive neutralizing immune responses to AHFV, a
known KFDV variant. This suggests that VSV-KFDV vaccination
may elicit cross-protective responses against KFDV variants, but
future in vivo experiments need to confirm cross-protective efficacy
of VSV-KFDYV in animal models against challenge with KFDV
variants.

The formalin-inactivated current vaccine has been reported to
mainly mediate humoral immunity, indicating that weak T cell re-
sponses may be another explanation for reduced efficacy of this
vaccine (31). Human KFDV infections have been associated with
robust T and B cell responses, particularly responses by CD8" T
cells (31). The peak of CD8" T cell activation coincided with the
appearance of KFDV-specific IgG leading to KFDV clearance in
those patients. In our study, VSV-KFDV vaccination elicited both
humoral and T cell-based immunity in the vaccinated macaques
and thus may provide stronger and broader protective efficacy
than the currently existing formalin-inactivated vaccine (31).

Given the infrequent emergence/re-emergence of KFDV in
mainly rural areas in India with insufficient health care coverage
and logistical difficulties administering vaccines, a single-shot,
fast-acting second-generation vaccine would be most beneficial.
As such, the VSV platform has multiple benefits over the current
multi-boost and slow-acting formalin-inactivated vaccine. As a rep-
lication-attenuated vaccine, VSV-KFDYV is prone to mediate strong
humoral and cellular immune responses following a single vaccina-
tion. VSV-EBOV is the prototype VSV-based vaccine and has
shown convincing efficacy as a single-shot approach against
EBOV infection (25). Furthermore, it quickly achieves protective
immunity by approximately 1-week post-vaccination in preclinical
and clinical applications (32, 33). Therefore, the VSV platform is a
promising option for emergency vaccination in remote locations.
VSV-KFDV immune response durability following immunization
is the subject of further evaluation.

In contrast to VSV-EBOV (34), VSV-KFDV is not a monovalent
glycoprotein (G) replacement vector. So far, we have not been suc-
cessful in rescuing this simple replacement vector for KFDV preM/
E (26) or for Zika virus preM/E (35), a mosquito-borne flavivirus. A
plausible explanation may be the lack of proper receptor binding
and/or fusion for rescue of a monovalent VSV only carrying flavi-
virus glycoproteins. While most rescuable VSV G replacement
vectors carry trimeric class I fusion proteins, flavivirus E proteins
are class II fusion proteins and mature through a different cellular
pathway (36). Thus, incompatibility with VSV in virus structure,
particle maturation, and protein function may result in a failure
of rescue. On the other hand, VSV-EBOV has demonstrated
strong adaptive humoral immune responses likely due to its favor-
able immune cell targeting mediated through the EBOV GP (37).
VSV-EBOV is licensed, and clinical toxicity and efficacy data
appear promising in humans (38). Therefore, this vector is a plau-
sible choice to deliver a second antigen (bivalent VSV-based
vectors). This has been successfully achieved previously in preclin-
ical studies for Andes virus (39), Nipah virus (40), Zika virus (35),
and SARS-CoV-2 (severe acute respiratory syndrome coronavirus
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2) (41). This together with the demonstrated preclinical efficacy
of VSV-KFDV supports the choice of this strategy.

The KFDV pigtailed macaque model (9) is a relatively recent
disease model showing certain laboratory blood abnormalities in-
dicative of organ damage (e.g., liver and kidney) and clotting abnor-
malities resulting in hemorrhages, and edema regularly seen in
severe KFD cases (2, 9, 42, 43). These parameters are important clin-
ical biomarkers that are often associated with poor outcome in KFD
cases. Nevertheless, the pigtailed macaque model may not be per-
fectly suited for countermeasure efficacy studies as it does not uni-
formly progress to severe disease. More disease severity and higher
lethality may be achieved with alternative nonhuman primate
species such as bonnet macaques or black-faced langurs (4), but
those animals are not widely available for experimental studies.
Even pigtailed macaques have limited availability for experimental
use, making it difficult to design strongly powered studies with ba-
lanced sex and age distribution as experienced in our study here
with only female animals being available to us. Therefore, future
efforts may have to focus on better defining the pigtailed
macaque model and on developing alternative animal models
for KFDV.

In summary, our data have demonstrated that the VSV-KFDV
vaccine was well tolerated, mediated strong adaptive immune re-
sponses, and provided strong protection against KFDV infection
in a rodent (26) and nonhuman primate KFD-like disease model.
This vaccine is well-suited to fill the gap for a proper public
health response to a neglected, expanding emerging disease and is
ready to enter clinical development.

MATERIALS AND METHODS

Biosafety and ethics

All infectious work with VSV and KFDV was performed in the
BSL2 and BSL4 laboratories at the Rocky Mountain Laboratories
(RML), Division of Intramural Research (DIR), National Institute
of Allergy and Infectious Disease (NIAID), National Institutes of
Health (NIH), respectively. All sample processing and sample re-
movals followed standard operating protocols (SOPs) for BSL4 ap-
proved by the Institutional Biosafety Committee (IBC). All
experiments involving pigtailed macaques were performed in
strict accordance with approved Institutional Animal Care and
Use Committee protocols and followed recommendations from
the Guide for the Care and Use of Laboratory Animals of the
Office of Animal Welfare, NIH and the Animal Welfare Act of
the U.S. Department of Agriculture, in an Association for Assess-
ment and Accreditation of Laboratory Animal Care International—
accredited facility. Pigtailed macaques were placed in a climate-con-
trolled room with a fixed 12-hour light-dark cycle. Animals were
single housed in adjacent primate cages allowing social interactions
and were provided with commercial monkey chow, treats, and fruit
twice daily and with water ad libitum. Environmental enrichment
was provided with a variety of human interactions, manipulanda,
commercial toys, movies, and music. Macaques were monitored
at least twice daily throughout the study by trained staff under the
supervision of board-certified clinical veterinarians.

Cells
VeroE6 (African green monkey kidney) cells (ATCC CCL-81,
Washington, DC, USA) were propagated in Dulbecco’'s modified
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Eagle's medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA)
containing 2 or 10% fetal bovine serum (FBS) (Wisent Inc.,
St. Bruno, Canada), 2 mM L-glutamine (Thermo Fisher Scientific,
Waltham, MA, USA), penicillin (50 U/ml; Thermo Fisher Scientific,
Waltham, MA, USA), and streptomycin (50 pg/ml; Thermo Fisher
Scientific, Waltham, MA, USA). The cells were incubated at 37°C
and 5% CO,. Cell lines and viral stocks were tested regularly for my-
coplasma contamination and were found to be negative.

Viruses

The KFDV strain P9605 (Genbank accession number JF416958;
https://www.ncbi.nlm.nih.gov/nuccore/JF416958) was obtained
from the University of Texas Medical Branch. KFDV was propagat-
ed one time on VeroE6 cells, titrated using a TCIDs, assay, and
sequence confirmed. VSV-KFDV (passage 2) and VSV-EBOV
(passage 2) vectors were previously generated in-house on Vero
cells and titrated using a PFU assay (26, 44).

Peptide library

Peptides spanning the full-length KFDV E protein sequence were
used in antigen-specific T cell assays (Genscript, NJ, USA). A
total of 62 peptides were synthesized as 15-mers overlapping by
seven amino acids. Five peptides needed to be shortened to 13
amino acids to be successfully synthesized.

Animal study

Pigtailed macaques have limited availability for experimental use,
making it difficult to design strongly powered studies with balanced
sex and age distribution. Only female pigtailed macaques were avail-
able to us for our study. Ten female pigtailed macaques (M. nemes-
trina; 10 to 16 years of age) were randomly assigned to the VSV-
KEDV (n = 6) and the VSV-EBOV (n = 4) group. Animals in the
VSV-KFDV group were vaccinated intramuscularly with 1 x 10
PFU of VSV-KFDV on day —28 (D-28) (1 ml and injected into
two sites of the caudal thighs). Animals in the VSV-EBOV
control group were intramuscularly vaccinated at the same time
with 1 x 107 PFU of VSV-EBOV. On DO, all animals were chal-
lenged with 2 x 10° TCIDs, KFDV by a combination of the subcu-
taneous [1 x 10> TCIDs, KEDV; four different sites (250 ul each) in
the subscapular region] and intravenous [1 x 10> TCIDs, KFDV;
saphenous, cephalic, or femoral vein (1 ml)] routes. Clinical exam-
inations were performed on D-28, D—-27, D-25, D—18, D0, D1,
D3, D6, and D9 including a full-body evaluation and a venous
blood draw for virology, immunology, hematology, and blood
chemistry. Swab samples (oral, nasal, and rectal) were collected
on D-28, D—27, D-25, D—18, and DO to analyze VSV viral shed-
ding. Clinical scoring of non-anesthetized animals was performed
by an experienced researcher blinded to the study. All hands-on
procedures were performed by board-certified clinical veterinarians
on anesthetized animals. Necropsies were performed on all eutha-
nized animals by board-certified veterinary pathologists blinded to
the study groups. The group sizes were determined with the as-
sumption that all VSV-EBOV vaccinated animals will display clin-
ical signs and reach high KFDV organ/blood loads, and only one of
the VSV-KFDYV vaccinated animals will display clinical signs and
show high KFDV organ/blood loads with the rest of the animals
in this group showing no clinical signs and reduced KFDV organ/
blood loads (>3 log10 reduction). Using the “Fisher Exact Test Cal-
culator,” four VSV-EBOV and six VSV-KFDV vaccinated animals
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would give a P value of 0.0476, a result that was significant at P
< 0.05.

Enzyme-linked immunosorbent assay

For the detection of KFDV-specific IgG antibody responses,
enzyme-linked immunosorbent assay (ELISA) antigen was pre-
pared by transfecting 293-T (ATCC CRL-3216, Washington, DC,
USA) cells with an unaltered pCAGGS plasmid (control) or a
pCAGGS plasmid expressing KFDV prM and E proteins. At 24
hours after transfection, cells were lysed with radioimmunoprecipi-
tation assay buffer (Thermo Fisher Scientific, Waltham, MA, USA)
and diluted in phosphate-buffered saline (PBS) (26). For the detec-
tion of EBOV-specific IgG antibody responses, purified EBOV GP
was used (45). AHFV-specific IgG was detected using concentrated
AHFYV lysed with Triton X-100. ELISA plates (96-well flat bottom,
NUNC, Waltham, MA, USA) were coated with 100 pl (1 ng/ul) of
the antigens at 4°C overnight and blocked for 1 hour at room tem-
perature with 5% powdered milk in PBS and 0.05% Tween 20
(Thermo Fisher Scientific, Waltham, MA, USA) (PBST). Subse-
quently, serial dilutions (1:100 then 10-fold dilutions) of macaque
sera in PBST were added to the plate and incubated for 1 hour at
room temperature. Detection was performed using anti-mouse
IgG coupled with horseradish peroxidase (Jackson ImmunoRe-
search, PA, USA) for 1 hour at room temperature followed by
adding ABTS substrate solution (Seracare, MA, USA) for 15 min
at room temperature. Plates were read at 405 nm using a Synergy
HTX, Biotek reader (Agilent, CA, USA). Note that for the evalua-
tion and interpretation of KFDV-specific ELISA, the OD g5 (optical
density at 405 nm) of the control antigen-coated wells was subtract-
ed from that of the KFDV antigen-coated wells. Negative results
were assigned the value “1."

Virus neutralization assay

Serum from vaccinated and infected macaques was inactivated by
gamma-irradiation with a dose of 10 megarad (46) and heat-inacti-
vated at 55°C for 30 min. Fourfold serial dilutions of the serum were
incubated with 100 TCIDs, of KFDV or AHFV for 1 hour at 37°C
followed by infection of confluent VeroE6 cells. Cytopathic effect
was monitored for 96 hours after infection. Neutralization titers
were described as the highest titer that completely neutralized 100
TCIDs, of KFDV or AHFV. The initial dilution of sera was 1:50,
which was set as the limit of detection for the assay. Negative
results were assigned the value “0." Titers shown represent the
average of three independent experiments, each performed with
technical replicates.

T cell activation assay

Peripheral blood mononuclear cells (PBMCs) were stimulated with
peptides spanning the entire KDFV E protein at a final concentra-
tion of 5 pg/ml or dimethyl sulfoxide as a negative control. As a pos-
itive control, cells were stimulated with phorbol 12-myristate 13-
acetate (50 ng/ml; Sigma) and ionomycin (1 ug/ml; Merck Calbio-
chem). PBMCs were stimulated for 6 hours in the presence of Bre-
feldin A (1x; eBioscience) at 37°C, 5% CO, and stained for either
extracellular or intracellular flow cytometry. For extracellular stain-
ing, PBMCs were stained with BV-650 anti-CD3 (catalog #563916,
BD Biosciences, dilution 1/200), APC anti-CD4 (catalog #551980,
BD Biosciences, dilution 1/200), and PerCP/Cyanine5.5 anti-CD8
(catalog #344710, BioLegend, dilution 1/200) for 30 min at 4°C.
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For intracellular staining, the cells were stained with fluorescein iso-
thiocyanate anti-Perforin (catalog no. 3465-7, MabTech, Stock-
holm, Sweden; dilution 1/50), BV786 anti-CD107a (catalog no.
328644, BioLegend, CA, USA; dilution 1/50), APC/Cyanine7 anti-
TNF-a (catalog no. 502944, BioLegend, CA, USA; dilution 1/50),
PE/Cyanine7 anti-IFN-y (catalog no. 502528, BioLegend, CA,
USA; dilution 1/50), and BV421 anti-Ki67 (catalog no.151208, Bi-
oLegend, CA, USA; dilution 1/100) for 45 min at room temperature
in permeabilization wash buffer (eBioscience, Thermo Fisher Scien-
tific, MA, USA). Cells were washed twice with PBS 1x and fixed
overnight in 2.5% paraformaldehyde (PFA), pelleted and resus-
pended in 0.5 ml of fresh 2.5% PFA, and then transferred in a 2-
ml cryotube before removal from BSL-4. The samples were analyzed
using the BD FACS Symphony instrument (BD Biosciences, NJ,
USA) and FlowJo v10. Single-fluorochrome compensation was cal-
culated on beads (catalog no. 01-2222-42, Thermo Fisher Scientific,
MA, USA). Peptide-specific responses were calculated by subtrac-
tion of the unstimulated controls from the peptide-stimulat-
ed samples.

Hematology and blood chemistry

Hematology analysis was completed on a ProCyte DX (IDEXX Lab-
oratories, Westbrook, ME, USA), and the following parameters were
evaluated: red blood cells, hemoglobin, hematocrit, mean corpuscu-
lar volume, mean corpuscular hemoglobin, mean corpuscular he-
moglobin concentration, red cell distribution width, platelets,
mean platelet volume, white blood cells, neutrophil count (abs
and %), lymphocyte count (abs and %), monocyte count (abs and
%), eosinophil count (abs and %), and basophil count (abs and %).
Serum chemistry levels were determined on a VetScan VS2 Chem-
istry Analyzer (Abaxis, Union City, CA, USA) and the following pa-
rameters were evaluated: glucose, blood urea nitrogen, creatinine,
calcium, albumin, total protein, alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, total bilirubin, globulin,
sodium, potassium, chloride, and total carbon dioxide.

Histopathology

Tissue specimens (<30 mg) were fixed by immersion in 10% neutral
buffered formalin for a minimum of 7 days before removal from
biocontainment. Tissues were processed with a Sakura VIP-6
Tissue Tek on a 12-hour automated schedule using a graded
series of ethanol, xylene, and paraffin. Chromogenic detection of
KFDV genomic RNA was performed using the RNAscope VS Uni-
versal AP assay (Advanced Cell Diagnostics Inc.) on the Ventana
Discovery ULTRA STAINER using a probe targeting the KFDV
genome sequence at position 7597-8486 (Advanced Cell Diagnos-
tics Inc. catalog no. 591199). ISH was performed according to the
manufacturer’s instructions. Histological examinations were per-
formed by a board-certified veterinary pathologist blinded to
the study.

Tissue viral loads

Tissue samples were homogenized in 1 ml of plain DMEM with a
stainless steel bead at 30 Hz for 10 min using a Tissue Lyser II
(Qiagen). Clear homogenate was separated from tissue debris at
8000 rpm for 10 min. Serial dilutions (10-fold) of tissue homoge-
nate were prepared in DMEM and inoculated onto confluent
wells of VeroE6 cells in triplicate. The cytopathic effect was
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monitored for 96 hours after inoculation and TCID5, was calculated
for each sample using the Reed and Muench method (47).

Statistical analysis

All statistical analysis was performed in Prism 9 (GraphPad). Data
were examined using two-way analysis of variance (ANOVA) with
Sidak’s multiple comparisons test to evaluate statistical significance
for all samples at all time points. Statistically significant differences
are indicated as follows: ****P < 0.0001, ***P < 0.001, **P < 0.01, and
*P < 0.05.

Supplementary Materials
This PDF file includes:

Figs. S1 to S5

Tables S1 and S2
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