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A recombinant VSV-vectored vaccine rapidly protects
nonhuman primates against lethal Nipah virus disease
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Nipah virus (NiV) is an emerging highly lethal zoonotic disease that, like SARS-CoV-2,
can be transmitted via respiratory droplets. Single-injection vaccines that rapidly control
NiV outbreaks are needed. To assess the ability of a vaccine to induce fast-acting protec-
tion, we immunized African green monkeys with a recombinant vesicular stomatitis
virus (VSV) expressing the Bangladesh strain glycoprotein (NiVgG) of NiV (rVSV-AG-
NiVG). Monkeys were challenged 3 or 7 d later with a lethal dose of NiVy. All mon-
keys vaccinated with rVSV-AG-NiVgG 7 d prior to NiVy exposure were protected
from lethal disease, while 67% of animals vaccinated 3 d before NiVy challenge sur-
vived. Vaccine protection correlated with natural killer cell and cytotoxic T cell tran-
scriptional signatures, whereas lethality was linked to sustained interferon signaling.
NiV G-specific antibodies in vaccinated survivors corroborated additional transcrip-
tomic findings, supporting activation of humoral immunity. This study demonstrates
that rVSV-based vaccines may have utility in rapidly protecting humans against NiV
infection.
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Nearly 20 y ago, Nipah virus (NiV) emerged and was shown to be a previously
unknown paramyxovirus, now classified along with Hendra virus (HeV) and Cedar
virus within the Henipavirus genus (1). NiV causes febrile encephalitis and severe respi-
ratory disease in humans with a case-fatality rate (CFR) as high as 100% in some out-
breaks (2). Pteropid fruit bats have been identified as the reservoir for NiV in nature,
although pigs served as an amplifying host during the first outbreak of NiV in Malaysia
(3). Additionally, there are numerous other mammalian species that are susceptible to
NiV infection (4).

NiV is classified as a biosafety level-4 pathogen because of the high mortality rates
associated with infection, the lack of effective medical countermeasures, and the ease of
transmission. In addition to causing morbidity and mortality as a naturally acquired
infection, NiV is classified as a Category C priority pathogen and transboundary select
agent by several US government agencies (5). NiV and henipaviral diseases are included
on the World Health Organization’s Blueprint List of Priority Pathogens and NiV is
included on the Coalition for Epidemic Preparedness Innovations priority list (5).
Because of the global pandemic of COVID-19, there is heightened concern regarding
respiratory pathogens. In 2020, the US Centers for Disease Control and Prevention
recommended that NiV be added to the list of Tier 1 Select Agents (6). Indeed, NiV
causes lethal infection in nonhuman primates (NHPs) when delivered by small-particle
aerosol (7-9). The characteristics of NiV enhancing its global pandemic potential are
as follows: humans are susceptible; NiV is capable of person-to-person transmission; it
is an RNA virus with potential to mutate; and if a human-adapted strain were to infect
communities in South Asia, high population densities and global interconnectedness
would rapidly spread the infection (10).

Outbreaks of NiV occur almost annually in Bangladesh and India. In 2018, 23 cases
and 21 deaths of NiV disease were reported in the state of Kerala, India (91% CFR);
in 2019, an isolated case was reported in the same region; in 2020, six cases of NiV dis-
ease were reported; and more recently in September 2021, the virus claimed the life of
a 12-y-old boy in Kerala (11-13). Genetic analysis has identified at least two strains of
NiV responsible for outbreaks in different geographical areas (14, 15). The Malaysia
strain (NiVyy) caused the initial outbreak of NiV from 1998 to 1999 in Malaysia and
Singapore, in which over 270 people were infected with an ~40% CFR (16), and
caused an additional 2014 outbreak in the Philippines with a CFR of ~52% (17). The
Bangladesh strain (NiVp), however, has caused repeated outbreaks in Bangladesh and
India between 2001 and 2018 (16, 18, 19). Outbreaks of NiVy have higher CFRs,
averaging about 75% with human-to-human transmission also observed (20). The
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Concern has increased about the
pandemic potential of Nipah virus
(NiV). Similar to SARS-CoV-2, NiV is
an RNA virus that is transmitted
by respiratory droplets. There are
currently no NiV vaccines licensed
for human use. While several
preventive vaccines have shown
promise in protecting animals
against lethal NiV disease, most
studies have assessed protection
1 mo after vaccination. However,
in order to contain and control
outbreaks, vaccines that can
rapidly confer protection in days
rather than months are needed.
Here, we show that a recombinant
vesicular stomatitis virus vector
expressing the NiV glycoprotein
can completely protect monkeys
vaccinated 7 d prior to NiV
exposure and 67% of animals
vaccinated 3 d before NiV
challenge.
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observations that these two strains reportedly display differences
in CFRs and human-to-human transmission are interesting, as
there is 91.8% nucleotide homology between the genomes
(15). Importantly, we have developed NHP models for both
NiVy (21) and NiVg (22) and showed that NiVg is more
pathogenic in African green monkeys (AGMs) than NiVy
under identical experimental conditions (22). We also showed
that treatments that protect AGMs against NiV)y, have a shorter
therapeutic window against NiVp, demonstrating the impor-
tance of any medical countermeasure to protect against the
more virulent NiVy (22).

Currently, there are no vaccines licensed for the prevention
of NiV disease. To date, at least eight experimental preventive
candidate vaccines against henipaviruses have been evaluated in
preclinical animal models. Vaccinia and canarypox viruses
encoding NiVy F or NiVy G have shown protection against
NiVy in hamsters and pigs (23, 24); a recombinant
adenovirus-associated virus vaccine expressing NiVy G
completely protected hamsters against homologous NiVy, chal-
lenge (25); a recombinant chimpanzee adenovirus vaccine
expressing NiVy G completely protected hamsters against expo-
sure to NiVp and NiVy; (26); and a virus-like particle-based
NiV vaccine protected hamsters against homologous NiVyy
challenge (27). Other vaccine candidates include a recombinant
measles virus vector expressing NiVy; G that demonstrated
some efficacy in the NiVyy AGM model (28), a messenger
RNA (mRNA) vaccine encoding HeV G that partially pro-
tected hamsters against NiVy (29), and a recombinant subunit
vaccine based on the HeV G protein (HeV sG) that completely
protected cats and ferrets against lethal NiVy, infection (30,
31). This vaccine was also shown to be efficacious in AGM
models of NiVy and NiVy infection (32, 33). Several groups
have developed recombinant vesicular stomatitis virus (rVSV)-
based NiV vaccines. A replication-competent rVSV-based vac-
cine encoding NiVy; G was highly efficacious in hamsters (34)
and provided protection even when administered 1 d before
exposure to NiVyy (35). This vaccine also protected AGMs
from NiVy disease 1 mo after a single intramuscular adminis-
tration (36). However, this vaccine relies on inclusion of the
Zaire ebolavirus (EBOV) glycoprotein for replication and has
not yet been tested against NiVp. Single-cycle replication
tVSVs have been developed against NiV and have shown
strong immunogenicity, as high neutralizing antibody titers
were generated in mice vaccinated with an rVSV expressing
either NiVyy F or NiVy G (37). These vaccine vectors were
shown to provide homologous protection in the hamster model
of NiVy infection (38). We recently developed alternative
single-cycle rVSV vaccine vectors expressing either the NiVy F
or NiVp G proteins along with green fluorescent protein (GFP)
(39). These vaccines were evaluated 28 d after a single-dose vac-
cination in ferret and AGM models and were shown to
completely protect ferrets and AGMs from lethal NiVy, chal-
lenge (39); AGMs were also protected against lethal NiVy dis-
ease (40).

While the majority of candidate NiV vaccine platforms dem-
onstrated a robust immune response in laboratory animals,
most of these vaccines required multiple injections to confer
protective efficacy. Few studies have shown complete protection
in the “gold standard” AGM model. In the context of NiV,
which is indigenous to regions of Asia and a potential agent of
bioterrorism, a single-injection vaccine is preferable. In the case
of preventing natural infections, multiple-dose vaccines are
both too costly and not practical in developing countries. In
the case of a deliberate release or a natural outbreak of NiV,
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there would be little time for deployment of a vaccine that
requires multiple injections over a prolonged period. Thus, for
most real-world applications a vaccine against NiV requires a
single immunization providing rapid protection.

Most previous preclinical vaccine studies have assessed pro-
tective efficacy against NiV approximately 4 to 5 wk after the
final vaccination. An NiV vaccine that confers efficacy in days
instead of weeks is needed to control outbreaks most effectively.
The rVSV vectors that we previously developed and employed
to protect AGMs against the highly pathogenic NiVy contain
GFP, which is not suitable for advanced development. There-
fore, we first constructed and rescued an rVSV-based single-
cycle vector expressing NiVpG (rVSV-AG-NiVyG). We then
assessed the ability of the r'VSVAG-NiVgG vaccine to induce
protective immunity in the uniformly lethal AGM model of
NiVy at 3 or 7 d after vaccination.

Results

Recovery of rVSV-AG-NiVgG. As a fluorescent marker would be
an obstacle to clinical trials and future licensure, we created a
single-cycle VSV G-complemented rVSV-vectored NiVy G
vaccine lacking GFP (SI Appendix, Fig. S1). Quantification of
the virus by conventional plaque assay on G-complemented
BHK cells indicated a stock titer of 4.25 X 10® plaque-forming
units (PFU)/mL, confirming the vaccine grows to similarly
high titers in cell culture as other rVSV-based vaccine vec-
tors (41).

To confirm our rVSV vaccine expresses NiVy G immuno-
gen, an immunofluorescence assay was performed on infected
Vero 76 and BHK-21 clone WI-2 cells (S Appendix, Fig. S2).
Unlike mock-infected cells, abundant expression of NiVy G
protein was detected in cells infected with rVSV-AG-NiVy G.
While the subcellular localization of the NiVy G protein was
not confirmed, similar expression in infected permeabilized and
nonpermeabilized cells was observed, suggesting NiVy G pro-
tein is capable of trafficking to the cell surface for immune
recognition.

Vaccination and Challenge of AGMs. Following recovery and
characterization of the rVSV-AG-NiVyG vaccine, we tested its
ability to rapidly protect AGMs from lethal challenge with
NiVg. The AGM model faithfullgl recapitulates human NiV
disease, and challenge with 5 X 10° PFU of NiVy is uniformly
lethal (22). Specifically, we aimed to determine whether shorter
periods between vaccination and challenge were sufficient to
yield protection, as an earlier version of the vaccine fully pro-
tected monkeys from NiVp when given ~1 mo prior to
virus exposure.

Two studies with nine AGMs each (six specifically vacci-
nated with rVSV-AG-NiVy G, three vector control subjects)
were conducted to accomplish this objective. Animals were vac-
cinated either 7 d (study 1) (Fig. 14) or 3 d (study 2) (Fig. 1B)
prior to challenge. Each subject received 1 X 10" PFU of
tVSV-AG-NiVyG vaccine or 1 X 107 PFU of a rVSV-AG-
EBOV 76 nonspecific vector control. All AGMs were subse-
quently challenged with 5 x 10> PFU of NiVg by combined
intranasal and intratracheal routes.

For study 1, 100% of rVSV-AG-NiVgG-vaccinated subjects
survived to the 35-d postinfection (DPI) study endpoint,
whereas AGMs receiving the nonspecific rVSV vaccine suc-
cumbed to NiV disease 7 to 9 DPI (Fig. 2A). For the second
study, 67% of animals receiving rVSV-AG-NiVgG survived to
the study endpoint (Fig. 2B). Thus, the rVSV-AG-NiVyG
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vaccine was highly effective even when administered as soon as
3 d prior to exposure.

AGMs that received the rVSV-AG-NiVgG vaccine 7 d prior
to challenge (study 1) did not exhibit any clinical signs other
than decreased appetite throughout the study (S/ Appendix,
Table S1). Clinical pathology was minimal, although some sub-
jects had transient increases in C-reactive protein (CRP) (V7-2,
V7-5, V7-6), indicating inflammatory processes. Within this
cohort, various hematological cell counts were also outside
baseline values. Conversely, all animals receiving the nonspe-
cific vaccine 7 d prior to challenge developed dyspnea and
depression prior to reaching euthanasia criteria. Increased respi-
ration rates, a hallmark of NiV disease, were evident in vector
control AGMs prior to euthanasia (SI Appendix, Fig. S3A).
These findings indicate an overall respiratory decline in these
subjects. All surviving specifically vaccinated animals had stable
respiration rates over the course of the study. The vector con-
trol cohort also had decreased levels of white blood cells, lym-
phocytes, and thrombocytes, suggesting immune suppression in
association with hemorrhagic disease. Vector controls also had
elevated concentrations of neutrophils, monocytes, and CRP.

Similar to study 1, animals in study 2 receiving the nonspe-
cific tVSV-AG-EBOV 76 vector control (n = 3) developed
respiratory and systemic signs consistent with NiV disease, such
as increased respiration rates, tachypnea, dyspnea, and depres-

sion (S7 Appendix, Fig. S3B and Table S2). All vector controls

reached euthanasia criteria by 7 to 8 DPIL. Unlike study 1, in
which all specifically immunized animals appeared healthy, spe-
cifically vaccinated AGMs in study 2 developed clinical signs
consistent with NiV disease. Two of the animals vaccinated
with r'VSV-AG-NiVgG met euthanasia criteria at 6 DPI (V3-1,
V3-2), which is in line with the typical time-to-death (TTD)
for this model. Therefore, specific vaccination did not appear
to protract the disease course or delay death. The four remain-
ing subjects in this group (V3-3, V3-4, V3-5, V3-6) developed
transient respiratory signs (S Appendix, Fig. S3B and Table S2)
and showed transient CRP increases but recovered and survived
to the 35 DPI study endpoint. Regardless of disposition (survi-
vor/fatal) or vaccine administered, all subjects developed
thrombocytopenia or lymphopenia over the course of the study.
An increase in inflammatory cells (monocytes and granulocytes)
was also a prominent finding in all animals in study 2. Gener-
ally, clinical pathology and disease severity was less severe in
vaccinated survivors. Clinical pathology values returned to nor-
mal by ~10 DPI in these subjects.

Pathology of Vaccinated AGMs Challenged with NiVg. Pathol-
ogy was consistent with NiV infection in the six unvaccinated
control AGMs (C7-1, C7-2, C7-3, C3-1, C3-2, C3-3); similar
lesions were noted in the two specifically vaccinated AGMs vac-
cinated 3 d before NiVy challenge and euthanized 6 DPI (V3-
1, V3-2) (Fig. 3 A-E). Gross lesions present in AGMs that

Study 2

Fig. 2. Survival curves following challenge
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of AGMs with NiVg. Kaplan-Meier survival
curves for AGMs vaccinated with rVSV-AG-
NiVgG (blue line) or a nonspecific control
(rVSV-AG-EBOV 76) (red line) at (A4) 7 d (study
1) or (B) 3 d (study 2) prior to challenge with
NiVg.
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succumbed to infection included hepatic congestion, spleno-
megaly, hemorrhagic interstitial pneumonia, and pleural effu-
sion. Histologic lesions correlated with the gross pathology.
Loss of normal splenic architecture with fibrin deposition
within the red pulp, lymphocytolysis with numerous muldi-
nucleated cells in the white pulp, expansion of pulmonary alve-
olar septac with inflammatory infiltrates, increased alveolar
macrophages, and flooding of alveolar spaces with fibrin,
edema, and hemorrhage were noted in fatal cases, consistent
with NiV infection (Fig. 3 B and D). Additionally, colocalized
immunohistochemistry labeling for anti-NiV nucleoprotein
(N) antigen was present in mononuclear cells, multinucleated
cells, and endothelium within the spleen and lung (Fig. 3 C
and E). No histologic lesions or labeling by immunohistochem-
istry was noted in the examined sections of brain from fatal
cases. The remaining four AGMs vaccinated 3 d prior to NiVy
exposure that survived (V3-3, V3-4, V3-5, V3-6) and all six
AGMs vaccinated 7 d before NiVy challenge (V7-1, V7-2, V7-
3, V7-4,V7-5,V7-6) failed to display gross or histologic lesions
consistent with NiV infection (Fig. 3 F-O).

Viral Loads in Vaccinated AGMs Challenged with NiVg. For
study 1, no animals vaccinated with rVSV-AG-NiVy G had
detectable viremia by either plaque assay or reverse transcriptase
quantitative PCR (qRT-PCR). Conversely, vector controls had
detectable viremia (two animals by plaque assay and all three
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animals by qRT-PCR) shortly prior to being euthanized (Fig. 4
A and B). For study 2, all specifically and nonspecifically vacci-
nated fatal AGMs had similar peak viral loads by plaque assay
and qRT-PCR, ranging from 1 X 10° to 1 X 10° genome
equivalents (GEq) per milliliter for the latter (Fig. 4 Cand D).
Additionally, two of the four survivors vaccinated with rVSV-
AG-NiVy G developed viremia detectable by qRT-PCR,
although viral loads were cleared by 10 DPI (Fig. 4D). No
virus was detected in these subjects by either method prior to 6
DPI or after 8 DPI

Neutralizing and Anti-NiVg G Binding Antibody Titers in
Vaccinated AGMs. To determine if humoral responses contrib-
uted to rapid protection in these studies, we performed 50%
plaque reduction neutralization tests (PRNT5q) and ELISAs to
quantify neutralizing and binding antibody titers to NiV,
respectively. All survivors in study 1 (animals V7-1 through V7-
6) (Fig. 54) and study 2 (animals V3-3 through V3-6) (Fig. 5B)
developed neutralizing antibodies beginning at 7 DPI. Interest-
ingly, animals in study 2 exhibited higher neutralizing antibody
titers than subjects in study 1, suggesting a stronger humoral
response may be needed to control infection whenever the vac-
cine is administered at a shorter interval. None of the vector con-
trol nor specifically vaccinated animals that succumbed to NiV
disease developed neutralizing antibodies.

Fig. 3. Pathology lesions in AGMs exposed
to NiVg. Vector control (Subject C7-1). (A) Mul-
tifocal hemorrhagic interstitial pneumonia
(white arrows). (B) Loss of normal splenic
architecture with lymphocytolysis, hemor-
rhage, and multinucleated cells (black arrow)
in germinal centers. (C) IHC* immunolabeling
(brown) of mononuclear cells and multi-
nucleated cells (black arrow) within the ger-
minal center of the spleen. (D) Expansion of
alveolar septea with mononuclear inflamma-
tory cells, flooding of alveolar space with
edema, hemorrhage, and increased alveolar
macrophages (black arrow). () IHC* immu-
nolabeling (brown) of endothelium (black
arrow) and alveolar septate of the lung.
Pathology representative of AGMs that sur-
vived NiVg infection —7 d (subject V7-6) (F-))
and —3 d (subject V3-3) (K-O) prior to NiVg
challenge. (F and K) No gross pulmonary
lesions; (G and L) no splenic histologic
lesions; (H and M) no IHC immunolabeling
for anti-NiV N antigen of the spleen; (/ and N)
no pulmonary histologic lesions; and (/ and
0) no IHC immunolabeling for anti-Niv N
antigen of the lung. All photomicrographs
taken at 20x.
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Fig. 4. Viremia in AGMs after challenge with
NiVg. Infectious virus isolated from EDTA plasma
by plaque assay (A and C) or viral RNA detected
in whole blood by gRT-PCR specific for NiVg (B
and D) for AGMs challenged with NiVg 7 d after
vaccination (A and B) or 3 d after vaccination (C
and D). Subjects vaccinated with rVSV-AG-EBOV
76 are represented by red circles, and subjects
vaccinated with VSV G-complemented rVSV-AG-
NiVgG are represented by blue circles (bars rep-
resent the mean of the values for all members

Genome equivalents (GEq/mL)

Congruent with the PRNT; results, only specifically vacci-
nated survivors formed substantial binding antibody titers. Anti-
NiV G IgM (Fig. 50) and IgG (Fig. 5E) titers were detected as
eatly as 4 DPI in animals vaccinated 7 d prior to challenge,
whereas IgM (Fig. 5D) and IgG (Fig. 5F) were not detected
until 6 to 10 DPI in subjects vaccinated 3 d prechallenge. These
results suggest that antibodies form as quickly as 10 to 11 d
postvaccination with rVSV-AG-NiV3G. rVSV-AG-NiVpG-vac-
cinated survivors from study 1 and study 2 developed moderate
to robust IgG titers (1:400 to 1:102,400) by 10 DPI (Fig. 5 F
and F). For study 1, IgG titers slightly declined at the 35 DPI
convalescent timepoint in survivors (Fig. 5E), conjointly with

IgM titers for both studies (Fig. 5 Cand D).

Transcriptomics on Fatal and Survivor Whole-Blood Samples.
To identify additional correlates of lethalicy or rVSV-AG-
NiVpG-mediated protection, we performed transcriptomics on
peripheral whole-blood samples collected from AGMs. Dimen-
sional reduction via principal component analysis revealed varia-
tion in the datasets was mostly driven by disposition (vaccinated
survivor vs. vector control subjects) for the day —7 group (Fig.
6A) and DPI (0, 4, 7, 10 [survivors] or the terminal time point
in fatal cases) for the day —3 group (Fig. 6B). Irrespective of
group or DPI, samples clustered similarly at the day of challenge
other than one outlier in the day —7 group, illustrating expres-
sion changes predominantly resulted after NiVy challenge.

For the day —7 group (study 1), the topmost highly expressed
transcripts (Benjamini-Hochberg [BH]-adjusted P < 0.05) in
specifically vaccinated versus vector control samples at late
disease (10 DPI) were predominantly involved in adaptive
immunity (e.g., CD40LG, ITGA4, CD96, LILRBI) and T cell
signaling (SH2DI1A, CD3E, CD8A) (Fig. 60). The two most
highly up-regulated transcripts encode the fractalkine receptor
(CX3CRI) and T cell-specific transcription factor 1 (7CF);
among other functions, CX3CR1 participates in natural killer
(NK) cell and innate lymphoid cell recruitment/development

(42), and TCF7 is involved in T cell differentiation (43).
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of the group at each timepoint, and error bars
represent the SEM). The limit of detection (LOD)
for each assay is indicated by a dotted horizon-
tal line. The LOD for the plaque assays is 25
PFU; qRT-PCR values are reported as 1 GEq/mL
if they were below the LOD (1,000 copies/mL).
EDTA, ethylenediaminetetraacetic acid.

DPI

Additional adaptive immunity-related transcripts that did not
specifically map to the “adaptive immunity” gene set included
IKZF3 (encodes Ikaros), which regulates B lymphocyte prolifera-
tion and differentiation (44), and /L21 (encodes interleukin 21
cytokine), which is implicated in the formation of germinal cen-
ters as well as the generation and maintenance of T follicular
helper (Tth) cells (45).

Down-regulated mRNAs in subjects specifically vaccinated 7
d before challenge at late disease were instead primarily associ-
ated with interferon signaling (e.g., /FIT2, GBPI, IFIT1, MXI,
OASL, IFIT3) (Fig. 6D) or innate immune responses (e.g.,
FCAR, CLEC4E, IL-8). Transcripts encoding C-X-C motif che-
mokine ligand 10 (CXCL10), also known as interferon
v-induced protein 10 (IP-10), were also expressed at lower lev-
els in survivors. IP-10 is considered a key regulator in cytokine
storm for SARS-CoV-2 and EBOV infections (46, 47). Tran-
sient activation of these transcripts was observed at 4 DPI but
subsided by 7 DPI, indicating resolution of the acute-phase
response in specifically vaccinated subjects. Similarly, transcripts
encoding for programmed death ligand 1 (PDL-1), an immune
checkpoint protein (48), were also expressed at higher levels at
4 DPI in vaccinated subjects but decreased in expression at later
time points.

As incomplete protection was observed in study 2, we next
interrogated the immunomes of animals immunized 3 d before
NiVp challenge to determine transcriptional signatures of
lethality or survival (Fig. 7A). Similar to the study 1 results,
specifically vaccinated versus control subjects had higher expres-
sion of transcripts enriching to adaptive immunity at 7 DPI
and 10 DPI (e.g, ZAP70, KLRC2, CD3E, LCK, CD3D,
CD247; BH-adjusted P < 0.05). Other transcripts mapping to
adaptive immunity included those involved in T cell receptor
(TCR) signaling (CD3E, CD3D, CD247, ZAP70). Increased
expression of TNFRSF17, a marker expressed in mature B lym-
phocytes (49), also pointed to B cell activation. The most
highly expressed transcripts in specifically vaccinated AGMs
included granzyme A (GZMA), granzyme K (GZMK),
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Fig. 5. Neutralizing and anti-NiVg G binding antibody titers in AGMs. (A and B) PRNTsq values from EDTA plasma, reported as reciprocal dilutions at which
plaque counts were reduced by 50% compared to control wells, for animals vaccinated with VSV G-complemented rVSV-AG-NiVgG (blue symbols) or rVSV-
AG-EBOV 76 (nonspecific control) (red symbols) (A) 7 d or (B) 3 d prior to challenge with NiVg. (C-F) Reciprocal dilution binding anti-NiV G IgM (C and D) or
1gG (E and F) titers in subjects vaccinated at —7 d (C and E) or —3 d (D and F) postchallenge. Height of the bar graph represents the group mean with SEM at
each indicated time point, while open circles represent values for individual subjects. Parentheses denote respective day of vaccination.

granzyme B (GZMB), and granulysin (GNLY). These mRNAs
encode cytoplasmic granules within cytotoxic T cells (CTLs)
and NK cells that can induce programmed cell death of
infected cells (50). KLRC2 and KLRC3 were also more abun-
dantly expressed in specifically vaccinated subjects, and these
encode for killer cell lectin receptors that are preferentially
expressed on NK cells (51, 52), further supporting NK cells
may participate in viral clearance.

Highly expressed mRNAs shared between day —7 and day
—3 group vaccinated survivors at late-stage disease included
CD3E, NFATC2, and ITGA4 (Figs. 6C and 7A4). CD3E enco-
des a component of the TCR (53); NFATC2 encodes a
cytosolic protein that translocates to the nucleus upon TCR
stimulation (54); and /7GA4 encodes Integrin 4 (CD49d), a
lymphocyte homing receptor (55). In the fatal group, these
molecules were down-regulated at 4 and 7 DPI, indicating they
may be associated with rVSV-AG-NiVyG-mediated protection
(Fig. 7A). At 7 DPI and 10 DPI, fatal cases also had lower
expression of CCL5, LCK, IKBKE, CD5, and ITGA4.

For study 2, the most heavily down-regulated transcripts in
subjects vaccinated with rVSV-AG-NiVgG at late disease
mapped to interferon signaling, as evidenced by diminished
expression of IFIT transcripts (/FIT1, IFIT2, IFIT3) and other
interferon-stimulated genes (DDX58 [encodes RIG-1], IFIHI
[encodes MDA-5], MX1, OASL, GBPI, and so forth) at 7 and
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10 DPI (Fig. 7B). In accordance with study 1, these mRNAs
were more robustly expressed at 4 DPI in specifically vaccinated
subjects (Figs. 6D and 7B). Differentially expressed transcripts
between fatal and survivor vaccinated samples included
CXCLI0 (encodes IP-10) and FCAR (encodes Fc fragment of
IgA receptor, a transmembrane glycoprotein present on the sur-
face of various myeloid lineage cells) (Fig. 7B) (56). These
results suggest sustained interferon signaling, inflammation,
and myeloid cell recruitment may play a role in the immunopa-
thology of NiVy disease.

To predict cell-type quantities based on transcriptional signa-
tures, we performed digital cell quantification (DCQ) via
nSolver. This analysis demonstrated that survival was associated
with increased frequencies of cells involved in adaptive immu-
nity (T cells, CD8 T cells, Thl cells, cytotoxic cells, and B
cells) for both study 1 and study 2, in line with our differential
expression results (Fig. 84). Conversely, lethality regardless of
time of vaccination correlated with increased neutrophil fre-
quencies, which was corroborated by our hematology data (57
Appendix, Tables S1 and S2).

A more in-depth DCQ analysis using CIBERSORT (57) for
study 2 (vaccinated 3 d before NiVy challenge) revealed similar
results (S7 Appendix, Fig. S4). Increased frequencies of plasma
cells and CD8 T cells were detected in survivors at 7 and 10
DPI and memory B cells at 10 DPIL. A notable finding was that
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increased frequencies of NK cells (resting), memory B cells, and
activated CD4" memory T cells were found early in infection
(4 DPI), suggesting earlier activation of adaptive immunity.
Recruitment of these cells corresponded with higher eosinophil
and neutrophil frequencies, which again corresponded with our
clinical pathology results (SI Appendix, Table S2). Lethality cor-
responded with increased predicted frequencies of naive B cells,
resting CDh4* memory T cells, and y6 T cells at late disease
(10 DPI). In this cohort, monocyte-affiliated transcripts were
also more highly expressed at 4 DPI in fatal cases.

Finally, we determined canonical signaling pathways associ-
ated with rVSV-AG-NiVgG-mediated protection (Fig. 8B). In
agreement with our differentially expressed enrichment and
DCQ results, survival at 10 DPI was associated with NK cell
signaling and activation of cell-mediated immunity, including
0OX40 signaling, cytotoxic T lymphocyte-mediated apoptosis of
target cell, calcium-induced T lymphocyte apoptosis, and T cell
receptor signaling pathways. Canonical pathways involved in
humoral or adaptive immunity were also up-regulated in survi-
vors including CD40 signaling, April-mediated signaling,

PNAS 2022 Vol.119 No.12 2200065119

CD27 signaling, ICOS-ICOLS signaling in T helper cells, and
PKC-theta signaling in T lymphocytes.

Collectively, our targeted transcriptome data indicate that
tVSV-AG-NiVpG-mediated vaccination corresponded with
activation of adaptive immunity, whereas nonspecific vaccina-
tion led to sustained interferon signaling and myeloid cell
activation.

Discussion

In summary, we have shown rVSV-AG-NiVyG is a highly
effective single-cycle vaccine in AGMs when administered 7 d
prior to exposure and partially protective when given at 72 h
prechallenge. No overt clinical illness or detectable viremia was
observed in subjects vaccinated with rVSV-AG-NiVpG 1 wk
before virus challenge. Animals vaccinated 3 d prechallenge
developed viremia and clinical signs consistent with NiVy dis-
ease, but these were generally resolved by 10 DPI.

For licensure, rVSV-AG-NiVG has an ideal profile. First,
rVSV-based vaccines are safe and effective, as evidenced by the
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licensure of Ervebo, Merck’s rVSV-vectored Ebola vaccine by the
US Federal Drug Administration and European Medicines
Agency (58). While VSV causes severe disease in cattle, horses,
and swine with symptoms similar to foot-and-mouth disease,
infection in humans is generally asymptomatic or mild (41). The
rVSV-AG-NiVyG vaccine features additional attenuations that
enhance its safety profile. It is a single-cycle vector that does not
encode the main virulence factor of VSV, VSV G (59); however,
since it is complemented with VSV G, the host cell repertoire is
expanded due to the inclusion of a more promiscuous receptor.
Another safety feature of rVSV-AG-NiVgG is that it encodes
only one of the two NiV proteins necessary for viral entry (60).

Late-onset encephalitis and other neurological issues can
accompany NiV infection (61). Ensuring these concerns are
not exacerbated by administration of rVSV-AG-NiVgG will be
important for future development of this vaccine. Our group
has previously shown NHPs intrathalamically inoculated with
an rVSV-AG-based vaccine did not induce neurovirulence, in
contrast to wild-type VSV encoding its native glycoprotein
(62). It is also encouraging that none of the specifically vacci-
nated AGM survivors in this study developed neurological signs
up to the 35 DPI endpoint. Although rVSV-AG-NiVpG is
replication-defective, immunogenicity is retained as evidenced
by the rapid development of humoral and cellular responses in
AGMs in this study. Preexisting immunity against the vector is
an unlikely concern, as there is low VSV seroprevalence in the
general population (41), and previous immunization with a
Lassa virus rVSV-based vector did not abrogate immunity
against EBOV disease following a subsequent rVSV vaccination
with an EBOV-based rVSV vaccine in NHPs (63). Other
attractive features of the rVSV-AG-NiVyG vaccine include its
inability to revert to virulent NiVp, as it is not an attenuated
NiV, and its inability to reassort or integrate into the host
genome (41). Lastly, r'VSV-AG-NiVG grows to high titers
exceeding 1 X 10° PFU/mL within 24 h, so large-scale
manufacturing within a short timeframe is achievable.

The most extensively studied and advanced NiV vaccine candi-

date is HeV sG (64). A phase 1 clinical trial to assess the safety of
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an alum-adjuvanted HeV sG vaccine in human volunteers is cur-
rently underway (Clinical Trial #NCT04199169). In preclinical
trials, HeV sG was shown to be safe, immunogenic, and highly
effective at preventing NiV disease in ferrets, cats, and AGMs
(30-33). Previous experiments evaluating HeV sG as a vaccine
candidate employed two doses, with the second dose given at least
20 d prior to NiV challenge. Conversely, the rVSV-AG-NiVpG
vaccine does not require an adjuvant or boost. For outbreak inter-
vention, a single-dose vaccine providing fast-acting protection is
essential. A more recent report evaluating HeV sG vaccine as a
single dose showed the vaccine was partially protective in AGMs
against NiV disease when given 7 to 14 d prior to challenge (33).
While these results are promising, a larger cohort is needed to bet-
ter interpret these results, as only three to four subjects were used
per time point in this experiment. Shorter vaccination intervals
have not been tested. In our study, a single 1 X 10" PFU dose of
rVSV-AG-NiVgG protected 100% or 67% of AGMs from
lethality when administered 7 or 3 d before exposure to a uni-
formly lethal dose of NiVp, respectively. Given its higher demon-
strated efficacy, continued development of the rVSV-AG-NiVy G
vaccine is a worthwhile endeavor.

Mechanisms of rapid rVSV-mediated immunity are ill-
defined. A previous study showed that 100% of hamsters vacci-
nated with a replicating rVSV-vectored NiV vaccine 1 d prior
to challenge survived a NiVy, challenge, whereas partial protec-
tion was observed in groups vaccinated on the day of challenge
(67% survival; four of six subjects) or 1 d after challenge (17%
survival; one of six subjects) (35). As this vaccination window is
insufficient to mount an adaptive response, the authors attrib-
uted this protection to viral interference or activation of innate
immunity. Corroborating this hypothesis, hamsters vaccinated
with a nonspecific vector also exhibited partial protection, with
50% survival (three of six subjects) observed at 1 d before expo-
sure and 17% survival (one of six subjects) observed on the day
of challenge. For our study, a similar nonspecific control did
not confer protection or even delay the TTD. All control
AGMs vaccinated with rVSV-AG-EBOV 76 succumbed to
NiV disease 7 to 9 DPI. Therefore, survival in this case was
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dependent on antigen-specific responses and not solely based
on innate or rVSV-specific immunity. This is further supported
by the development of humoral responses along with the
expression of CTL-associated transcripts in vaccinated survivors
prior to the typical TTD in this animal model. This discrepancy
could be attributed to several factors, including: 1) the time of
vaccination (an immunization closer to the day of NiV exposure
may afford a greater degree of protection); 2) NiVy is a more
pathogenic variant than NiVy (22); 3) the briefer disease course
of NiVy does not allow ample time for the host to mount an
adaptive response; and 4) compared to hamsters, AGMs serve as
a more stringent animal model for evaluating medical counter-
measures. One caveat to this study is that the nonspecific vector
used as a control in these studies is fully replicative, unlike
rVSV-AG-NiVgG. However, we argue that this control served
as a more robust comparison for evaluating the efficacy of rVSV-
AG-NiV3G as the replicating vaccine should have elicited equal
or greater innate and rVSV-specific responses.

All surviving animals developed neutralizing antibodies to
NiVg, although for AGMs vaccinated 3 d before exposure, these
antibodies were not detectable until the window during which
nonsurvivors were euthanized. Substantial IgM and IgG titers
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Fig. 8. Predicted cell subset frequencies and
canonical signaling pathways in AGMs chal-
lenged with NiVg. (A) Trend plot depicting over-
all nSolver derived cell-type quantities in con-
trol and vaccinated (fatal or survivor) cohorts.
(B) Heatmap depicting the most significant
canonical signaling pathways in —3 d vacci-
nated survivor (3S; n = 4) and nonsurvivor (3F;
n = 2) samples versus vector control (n = 3)
samples at late disease (FDR-adjusted P <
0.05). Red denotes up-regulated pathways;
blue denotes down-regulated pathways; white
denotes no change in expression; gray denotes
lack of sufficient transcripts mapping to spe-
cific pathway. Abbreviations: CF, unvaccinated
control fatal group (n = 3); F3, vaccinated fatal
group (n = 2) for study 2 (—3 d immunization);
S3, vaccinated survivor group (n = 4) for study
2 (-3 immunization); S7, vaccinated survivor
group (n = 6) for study 1 (=7 d immunization);
V3, vector control group (n = 3) for study 2 (-3
d immunization); V7, vector control group (n =
3) for study 1 (=7 d immunization).

were absent in fatal cases, regardless of the vaccine administered,
whereas anti-NiV G binding antibodies formed ~10 to 11 d post-
vaccination, or 4 or 7 DPI for AGM survivors vaccinated at 7 or
at 3 d prechallenge, respectively. These findings indicate non-
neutralizing antibody-mediated mechanisms such as antibody-
dependent cell-mediated cytotoxicity may mediate rVSV-elicited
protection. Enrichment of transcripts showed evidence of activa-
tion and recruitment of NK cells and cytotoxic lymphocyte
degranulation in vaccinated survivors, lending credence to this
hypothesis. Although the involvement of NK cells in host resis-
tance to NiV disease remains largely unexplored, other studies
have demonstrated the importance of NK cells in rVSV-mediated
protection against EBOV (65) and Marburg virus (66).

To define the survivor phenotype, we compared survivor and
fatal samples in AGMs vaccinated with rVSV-AG-NiVpG 3 d
prior to NiVy exposure. Our transcriptomic analyses indicated
both humoral and cellular responses may act in concert to mediate
protection. At late disease, higher predicted frequencies of plasma
cells, memory B cells, and CD8" T cells were observed in survivor
versus fatal cases. Specific pathways associated with T cell-
mediated immunity in vaccinated survivors included nuclear fac-

tor of activated T cells (NFAT), CD40, OX40, and protein kinase
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C (PKC-0) signaling, which are all activated following the produc-
tive engagement of T cells by antgen-presenting cells (54,
67-69). Fatal cases had lower expression of CCL5, LCK, CD5,
and [TGA4 transcripts, all of which are implicated in adaptive
immunity (70-73). These molecules can serve as prognostic indi-
cators along with CXCL10 (IP-10) and FCAR (glycoprotein pre-
sent on the surface of myeloid lineage cells, such as neutrophils,
monocytes, macrophages, and eosinophils), which were expressed
at higher levels in vaccinated nonsurvivors. IP-10 is a chemoattrac-
tant involved in inflammation and neurotoxicity (74), which is
associated with the pathogenesis of NiV disease (75). This protein
was abundantly expressed in the brain of human patients who suc-
cumbed to lethal NiV infection during an outbreak in Malaysia,
indicating its potential role in neuroinflammation. Sustained inter-
feron signaling and activation of innate immunity responses were
also prominent findings in fatal cases, similar to another study
investigating natural immunity to henipaviruses in NHPs (76).
Natural resistance of cynomolgus macaques to henipavirus infec-
tion involved many transcriptional factors we also identified in
this study (e.g., CD5, CD3E, CCL5, GZMB, CX3CRI). Similarly,
lethality corresponded with expression of IP-10 and interferon-
stimulated genes. Further characterization is needed to confirm
our transcriptional results are also reflected at the protein level.
Follow up experiments should include flow cytometry and single-
cell transcriptomics to fully analyze the contribution of NK cells
and humoral and cellular arms of adaptive immunity.

Based on this study, the rVSV vector system appears to accel-
erate activation of innate and adaptive immunity but expression
of NiV-specific antigen is still necessary to elicit protection. As
other vaccine platforms have used NiV G as an immunogen
but required multiple doses or were only partially effective,
antigen presentation and a rVSV-specific antiviral response are
both likely important components for defense against henipavi-
ruses. Although a previous study showed NHPs immunized
with rVSV-NiV-GFP vaccines expressing F, G, or F and G at
~1 mo prior to NiVy challenge all survived (40), this study is
unique in showing rapid onset of protection with rVSV-based
vaccines. Our results indicate presentation of NiV G alone is
sufficient to mount a swift protective response.

In conclusion, rVSV-AG-NiVgG is a safe, immunogenic, and
effective vaccine that protected AGMs from a high dose of NiVy
given shortly after vaccination. These studies are an encouraging
first step in showing the safety and potential efficacy of this vac-
cine in an outbreak scenario. Future studies are needed to identify
the minimum dose needed for efficacy, as well as to define the
durability of vaccine-induced immune responses. Manufacturing
of clinical grade vaccine lots is also needed to push this vaccine
toward licensure. With the recent issues concerning the stability
and transport of COVID-19 vaccines, it will be useful to explore
whether rVSV-based NiV vaccines can be formulated to be stable
for long-term storage at 2 to 8°C or at least —20°C. A fast-
acting and effective vaccine is urgently needed for NiV, which
still causes outbreaks in India and Bangladesh nearly every year
with high CFRs. The rVSV-AG-NiVgG vaccine will be an
invaluable tool in controlling this deadly pathogen.

Materials and Methods

Cloning of pVSV-AG-NiVgG. The pVSV-AG-NiVg G plasmid was constructed by
Gibson assembly. Additional detailed materials and methods are provided in the
Sl Appendix.

Recovery of rVSV-AG-NiVgG. The VSV G-complemented rVSV-AG-NiVB G vac-
cine construct was recovered using a modified previously described protocol
(77). Additional detailed methods are provided in the SI Appendix.
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Characterization of rVSV-AG-NiVgG Vaccine. The rVSV-AG-NiVgG vaccine
was characterized by sequencing as described in the S/ Appendix.

The vaccine was tested and found to be negative for mycoplasma and endo-
toxin contamination.

Immunofluorescence Assay. An immunofluorescence assay was used to
check for expression of NiVg G in VSV-AG-NiVy G-infected cells. Additional
detailed methods and reagents are provided in the S/ Appendix.

Challenge Virus. The isolate of NiVg used in the study (200401066) was
obtained from a fatal human case during the outbreak in Rajbari, Bangladesh in
2004. Additional information is provided in the S/ Appendix.

NHP Vaccination and Challenge. For the first study, nine healthy, adult AGMs
were randomized into a group of six experimental animals and a group of three
control animals. The six experimental animals were specifically vaccinated by intra-
muscular injection of 1 x 107 PFU of WSV-AG-NiVgG, and control animals were
vaccinated by intramuscular injection of 1 x 107 PFU of a nonspecific VSVAG-
EBOV-GP vaccine (78). All nine AGMs were exposed 7 d after vaccination to 5 x
10° PFU of Nivg, with the dose being equally divided between intratracheal and
the intranasal routes. For the second study, nine healthy, adult AGMs were ran-
domized into a group of six experimental animals and a group of three control ani-
mals. The six experimental animals were specifically vaccinated by intramuscular
injection of 1 x 107 PFU of VSV-AG-NiVgG, and control animals were vaccinated
by intramuscular injection of 1 x 107 PFU of a nonspecific VSVAG-FBOV-GP vac-
cine. Al AGMs were exposed 3 d after vaccination to 5 x 10° PFU of NiVg with the
dose being equally divided between the intratracheal and the intranasal routes.
Additional information is provided in the SI Appendiix.

The AGMs were monitored daily and scored for disease progression. The Uni-
versity of Texas Medical Branch Institutional Animal Care and Use Committee
approved our internal NiV humane endpoint scoring sheet. The University of
Texas Medical Branch facilities used in this work are accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Intemational and
adhere to principles specified in the eighth edition of the Guide for the Care and
Use of Laboratory Animals, National Research Council (79).

Hematology and Serum Biochemistry. Blood collected in tubes containing
EDTA was analyzed using a Vetscan HM5 laser based hematologic analyzer (Zoe-
tis). Additional detailed methods are provided in the S/ Appendix.

RNA Isolation from NiVg-Infected AGMs. On specified procedure days, 100
pl of blood was added to 600 pL of AVL viral lysis buffer (Qiagen) for RNA
extraction. For tissues, ~100 mg was stored in 1 mL RNAlater (Qiagen) for 7 d
for stabilization. RNAlater was completely removed, and tissues were homoge-
nized in 600 L RLT buffer (Qiagen) in a 2 mL cryovial using a Tissue Lyser (Qia-
gen) and ceramic beads. Additional detailed methods are provided in the
SI Appendix.

Quantification of Viral Load. Viral loads of RNA from blood or tissues were
quantitatively assessed using gRT-PCR and primers/probe targeting the N gene
and intergenic region between N and P of NiVg. Probe sequences were 6FAM-
5'CGTCACACATCAGCTCTGACAA-3-6TAMRA for NiVg (Life Technologies), as
described previously (76).

Virus titration was performed by plaque assay using Vero 76 cells (ATCC CRL-
1587) from all plasma samples, as previously described (22). Additional detailed
methods and reagents are provided in the S/ Appendix.

ELISA. Sera collected at the indicated time points were tested for total anti-NiV
lgG and IgM antibodies by ELISA using monkey species specific kits (#NIV-015
and #NIV-020) obtained from a commercial vendor (Alpha Diagnostic Interna-
tional) following the manufacturer's recommendations.

Plaque Reduction Neutralization Test. Neutralization titers were calculated
by determining the dilution of serum that reduced 50% of plaques (PRNTs). We
incubated a standard 100 PFU amount of NiVg with twofold serial dilutions of
serum samples in DMEM for 1 h. The virus-serum mixture was then used to inoc-
ulate Vero 76 cells for 30 minutes. Cells were overlaid with 2x MEM agar
medium, incubated for 2 to 3 d, and plaques were counted after 24 h of 5%
neutral red staining.
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Transcriptomics. NHPV2_Immunology reporter and capture probesets (Nano-
string Technologies) were hybridized with ~5 uL of blood RNA at 65°C for
~24h, as previously described (80). A full list of probes detected for each sam-
ple group along with log fold-changes and P values is featured in Dataset S1.
Additional detailed methods are provided in the S Appendix. We used CIBER-
SORT web-based deconvolution software for our cell type predictions (57).

Histology. Tissue sections were processed for histological staining. Detailed
methods and reagents are described in the S/ Appendix.

Statistics and Reproducibility. Indicated statistical tests were performed
using Prism 9 (GraphPad). All data are derived from two experiments.
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