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ABSTRACT

COVID-19 vaccines have played an important role in reducing the impact of the current pandemic.
Previously, we developed NARUVAX-C19 vaccine based on a recombinant Wuhan spike protein extra-
cellular domain expressed in insect cells and formulated with a squalene emulsion adjuvant (Sepivac
SWE™). The current study assessed the immunogenicity, efficacy, and safety of NARUVAX-C19 vaccine in
rhesus macaques and hamsters. Macaques immunized intramuscularly with two doses of NARUVAX-C19
vaccine showed no adverse effects and demonstrated cellular immunity as assessed by T cell IFN-y
responses against spike protein, in addition to inducing a humoral response. Serum from immunized
animals neutralized the homologous wild-type SARS-CoV-2 virus as well as the Alpha and Delta variants.
In hamsters, immunization with NARUVAX-C19 vaccine protected against a heterologous challenge with
the Delta virus, as reflected by reduced lung and nasal viral loads and lung pathology in immunized
animals. Nevertheless, some NARUVAX-C19 vaccinated animals were still shown to transmit infection to
naive sentinel animals. Overall, NARUVAX-C19 vaccine induced broadly cross-neutralizing antibody and
T cell IFN-y responses in rhesus macaques and provided heterologous protection of hamsters against
infection by the Delta virus variant. This data supports the utility of squalene emulsion-based adjuvanted
recombinant vaccine in protection against SARS-CoV-2 and supports their continued clinical
development.
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developed by Vaxine/Cinnagen (SpikoGen®)” and
Novavax.® Subunit protein approaches have extensive
past experience, being used to produce a wide range of
licensed vaccines, including for influenza, hepatitis B and
human papilloma virus.”'°

We developed a subunit vaccine called NARUVAX-C19
based on a recombinant spike protein extracellular domain
(ECD) expressed in insect cells that was formulated with
Sepivac SWE™ (SWE), a nano-emulsion squalene oil adju-
vant. SWE is included as an adjuvant in COVAC-2,
a subunit COVID-19 vaccine candidate developed by the
University of Saskatchewan which is in Phase II human
trials.'' Results of a previous study of NARUVAX-C19
showed that it induced both Thl and Th2-mediated cellular
responses in mice and protected against a challenge with

Introduction

Since the first identification of human infections caused by
the SARS-CoV-2 virus in Wuhan, China in late 2019, there
have been over 750 million cases and 6.8 million deaths
registered worldwide." SARS-CoV-2 infection can cause
severe clinical manifestations, particularly in elderly indivi-
duals with multiple medical comorbidities.? Fortunately, vac-
cines help reduce the risk of severe disease consequent upon
COVID-19.” Vaccines have proven less effective at providing
durable protection against SARS-CoV-2 infection and trans-
mission, due to relatively rapidly waning of vaccine protec-
tion. The continued evolution of the SARS-CoV-2 virus
supports the need for ongoing COVID-19 vaccine develop-
ment efforts and research.

The four main COVID-19 vaccine approaches include

nucleic acid, adenoviral vector, inactivated virus, and pro-
tein subunit vaccines. Notable examples of these different
vaccine types are the mRNA vaccines developed by
Moderna and BioNTech-Pfizer, the adenovirus vector
vaccine developed by AstraZeneca,® the inactivated whole
virus vaccines (BBIBP-CorV) developed by Sinopharm,’
and the recombinant spike protein subunit vaccines

homologous SARS-CoV-2 wild-type (WT) virus strain
(Wuhan-Hu-1) in Syrian hamsters.'> The present study pre-
sents data completing the preclinical regulatory package on
NARUVAX-C19, reporting on its safety and immunogeni-
city in nonhuman primates (rhesus macaques) and its effi-
cacy in protecting against a heterologous Delta variant
challenge in hamsters.
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Methods
Recombinant spike protein and vaccine formulation

The detailed method for obtaining spike protein ECD was
described previously.'® Briefly, the spike protein was identified
from the genome sequence of the wild-type SARS-CoV-2
Wuhan-Hu-1 strain in NCBI (accession number:
NC_045512).!* Recombinant baculovirus containing the
codon optimized spike protein ECD with various modifications
was propagated in Sf9 cells and the expanded virus then used to
infect Tni cells for protein expression. The purified spike pro-
tein was mixed with SWE adjuvant in a 1:1 ratio by volume. The
hamster studies also included an adjuvant comparator group
where the spike protein ECD was mixed with an aluminum
hydroxide adjuvant (Alhydrogel® adjuvant 2%, InvivoGen, CA,
USA) at a final concentration of 0.25mg/mL (0.05mg
Aluminum per hamster dose). Injection of phosphate-buffered
saline (PBS) was used as a negative control. All vaccine formu-
lations were sterile and contained less than 2.0 EU of endotoxin
per dose. Once the vaccines were prepared, they were stored at
2-8°C and used to vaccinate animals the following day.

NARUVAX-C19 safety and immunogenicity studies in
rhesus macaques

Nine clinically healthy male rhesus macaques (Macaca
mulatta) were used, with three animals randomly assigned to
each group based on body weight, ensuring that the average
weight in each group did not differ by more than 10%. Prior to
inclusion in the study, the macaques underwent a mandatory
quarantine period of 21 days during which they were accli-
mated to the animal housing conditions and personnel. The
quarantine measures included deworming according to the
following regimen: Metronid 50 intramuscularly twice with
a 48-hours interval, at a dose of 0.2 mL/kg of body weight.
Ivermek was administered 7 days after the Metronid injection,
at a dose of 0.05 mL/kg, via intramuscular injection. The ani-
mals were housed in individual cages, each with a unique
identification number. The cages were equipped with
a centralized water supply system. The ambient air tempera-
ture was maintained at 21-28°C, with a relative humidity of
40-70%, and natural daylight duration. Blood samples were
collected at predetermined time intervals for hematological
and biochemical safety analyses and immunogenicity assess-
ment including sera and collection of peripheral blood mono-
nuclear cells (PBMC) samples to assess cellular immunity.
Regular measurements were taken of the animals’ weight and
temperature. The control group consisted of three animals
injected with PBS, the second group were injected with
NARUVAX-C19 0.5mL containing 5 ug of spike protein,
and the third group with NARUVAX-C19 0.5 mL containing
25 pg of spike protein. Vaccine was administered intramuscu-
larly into the thigh muscle on two occasions, 14 days apart with
the first injection into the left, and the second injection into the
right, leg. The duration of the study was 28 days.

Injection site assessment
The injection site was shaved. External assessments of the
injection site for edema, erythema, or any other signs of

inflammation were conducted for a duration of 7 days after
each injection (days 0-7 and 14-21)

Complete blood count and biochemistry

As part of the safety assessment blood samples were taken on
days 7 and 21 after vaccine administration for a complete
blood count and biochemistry. An automatic hematological
analyzer MEK-7300K (Nihon Kohden, Japan) was used follow-
ing the manufacturer’s instructions to determine the following
blood parameters: hemoglobin (Hgb), red blood cell (RBC),
mean cell volume (MCV), mean cell hemoglobin (MCH),
hematocrit (Hct), platelets (PIt), white blood cell (WBC),
monocytes (MO), lymphocytes (LY), neutrophils (NE), eosi-
nophils (EO), and basophils (BA). A biochemical analyzer
StatFax 3300 (USA) was used to measure the following bio-
chemistry parameters: glucose (GLU), alkaline phosphatase
(ALP), alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), lactate dehydrogenase (LDH), total bilirubin
(TB), urea nitrogen (BUN), creatinine (CRE), cholesterol
(CHOL), triglycerides (TG), total protein (TP), albumin
(ALB), globulin (GLB), sodium (Na), and potassium (K).

RBD-ACE2 binding inhibition antibodies

The SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT)
Kit (GenScript, Piscataway, US) was used as per the manufac-
turer’s guidelines. Briefly, the samples and controls were incu-
bated with HRP-conjugated RBD (HRP-RBD) at 37°C for 30
min. Next, the mixture was added to wells of a 96-well plate
coated with hACE2 and incubated at 37°C for 15 min to allow
for capture. The plates were then washed and then TMB
solution added prior to incubation at room temperature for
15 min, followed by the addition of stop solution to halt the
reaction. The optical density (OD) was measured at 450 nm
using a spectrophotometric method. The sample inhibition
percentage was calculated as (1 — mean OD of sample/mean
OD of negative control) x 100%. Samples with an inhibition
percentage less than 30% were categorized as “negative” for
RBD-ACE2 binding inhibition antibodies, while samples with
an inhibition percentage equal to or greater than 30% were
considered positive for RBD-ACE2 binding inhibition antibo-
dies. Based on the level of inhibition of RBD-ACE2 binding
antibodies, the samples were further classified into three cate-
gories: low (30-59% inhibition), medium (60-89% inhibition),
and high (=290% inhibition).

Neutralizing antibodies to Wuhan, Alpha, and Delta
variants

The serum samples were complement-inactivated at 56°C for
30 min. Then, they were serially two-fold diluted in medium
(DMEM-2% FCS-1% Antibiotic-Antimycotic, Gibco™) to
achieve final dilutions of 1:10 to 1:10,240. Subsequently, the
diluted serum samples were incubated in duplicates at a 1:1
ratio with 1000 TCIDs, of the SARS-CoV-2 (hCoV-19/
Kazakhstan/KazNAU-NSCEDI-4635/2020, WT variant with
spike protein mutations D614G and M153T; or hCoV-19/
Kazakhstan/KazNAU-NSCEDI-Kaissar/2021, Alpha variant;
or hCoV-19/Kazakhstan/KazNARU-NSCEDI-5526/2021, Delta
variant). After 1 h of incubation at room temperature, the
serum-virus mixture was transferred to a 96-well plate



(#3596, Corning) that had been previously covered with
a monolayer of Vero-E6 cell culture. The monolayer was
obtained by seeding 5 x 10* cells per well and incubating for
24 h until the confluence reached about 95%. After an addi-
tional 1h of incubation, the inoculums were removed, fresh
medium was added, and the plates were further incubated at
37°C with 5% CO, for 3 days. The neutralizing antibody titer
was determined as the highest dilution of serum that inhib-
ited the cytopathic effect in 100% of the wells. Visual assess-
ment of the cytopathic effect was conducted using a MIB-R
trinocular inverted biological microscope (LOMO-
Microsystems, Russia) at a magnification of x10.

Spike-specific T cell IFN-y production

Peripheral Blood Mononuclear Cells (PBMCs) were cul-
tured in 24-well flat bottom plates (#04618024, Sigma-
Aldrich, USA) at a concentration of 1x10° cells/well
(1 mL) in RPMI-1640 + GlutaMax medium (#2242279,
Gibco) supplemented with 20 mM HEPES (#15630-080,
Gibco), 10% heat-inactivated FBS, and 1% Antibiotic-
Antimycotic (#15240096, Gibco™). The cultures were main-
tained in a 5% CO, incubator (INCO 153, Memmert,
Germany) at 37°C. To stimulate the T cells, 10 ug of
rSpike was added to the wells, with some wells left unsti-
mulated to serve as negative controls. After incubation for
72 h, the supernatant was collected for the analysis of IFN-
y production using the Rhesus Macaque IFN-gamma
ELISA kit (#EP8RB, ThermoFisher Scientific), following
the manufacturer’s instructions. The data were presented
as the difference in concentrations (pg/mL) between the
stimulated and non-stimulated samples.

T cell proliferation

T cell proliferation analysis was conducted by incubating
PBMCs of rhesus macaques for 5min in the dark on ice
with 5puM CFSE (Carboxyfluorescein succinimidyl ester,
eBioscience™, #2298273, Invitrogen, USA). The reaction
was then quenched with 3% FBS. The splenocytes were
cultured at a concentration of 1 x 10° cells/mL in 24-well
plates for 5days at 37°C in 5% CO,, either with or with-
out 10 ug of WT spike protein ECD. Next, the cells were
incubated with an antibody specific to CD3" surface mar-
kers (CD3 Antibody, anti-non-human primate, PE,
Miltenyi Biotec B.V. & Co. KG, Germany) at
a concentration of 0.2ul per 100 ul of PBMC cells for
30min in the dark on ice. After incubation, the cells
were resuspended in Flow Cytometry Staining Buffer
(Invitrogen, USA) up to 0.5mL, stained with 0.25pug of
7-AAD solution to exclude dead cells, and incubated for
5-10 min in the dark (BioLegend). At least 5 x 10° cells
were analyzed for each sample using the Attune™ NxT
flow cytometer (Thermo Fisher Scientific, USA) with the
Attune NxT Software program (Thermo Fisher Scientific,
USA). The analysis was performed within a lymphocyte
gate isolated on the FCS/SSC dot plot. The T cell prolif-
eration index was calculated as the ratio of samples cul-
tured with and without spike protein, relative to the total
number of live proliferating CD3"CFSE" cells.
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Hamster challenge study procedures

Vaccination

Male Syrian hamsters, aged 6-8 weeks, were sourced from the
laboratory animal nursery of the M. Aikimbayev National
Scientific Center for Especially Dangerous Infections
(NSCEDI). To ensure proper acclimatization, the animals
were housed in ventilated cages with HEPA filters
(Allentown, USA) for 7 days before the experiment. For
immunization, the hamsters received intramuscular injections
in the thigh, of 5 pg of rSpike formulated with either SWE or
Alum adjuvants, while a control group received injections of
PBS. The vaccination in a volume of 200 pl was administered
twice, with a 21-day interval between doses.

Assessment of the vaccine protective effectiveness

On day 21 after the 2™ vaccine dose, the hamsters were
challenged with 1 x 10° TCIDs, of SARS-CoV-2 Delta intra-
nasally under intraperitoneal anesthesia with ketamine (100
mg/kg) and xylazine (10 mg/kg). The challenge virus was
diluted in DMEM medium and 100 pl of the diluted virus
was placed into the nostrils, approximately 50 ul to each
nostril, using a pipette. Subsequently, the animals were
observed closely twice daily for 3 days post challenge with
their body weight recorded daily. On day 3 after the chal-
lenge, the animals were sacrificed, and samples from the
nasal turbinates and lungs collected. For histopathological
examination, the three right lung lobes of each animal were
fixed in 10% formalin. To determine the virus titer, two
lobes of the left lung were homogenized in 1 ml of DMEM
using a TissueLyser II (QIAGEN) device, vibrating at 300
cycles per minute for 60 s. After centrifugation (5000 g for
15 min at 4°C), the supernatant was collected and stored at
-70°C for later analysis.

Virus transmission analysis

Naive sentinel hamsters were placed in the same cage as
infected animals on day 2 post challenge with two sentinel
hamster added to four challenged animals in cages measuring
19“x 10” x 8.” Oropharyngeal swabs were taken from all
challenged hamsters on day 2 post challenge to assess viral
load before the sentinels were housed together with the
infected animals. The sentinels were in contact with the
infected animals for one day, after which they were separated
and housed individually for an additional 2 days before being
sacrificed for assessment of viral load in the nasal turbinates
and lungs and assessment of the lungs by histology.

Determination of the infectious virus load

Virus titers in homogenates of respiratory tract tissues were
determined using 50% tissue culture infectious dose (TCIDs)
analysis. The tissue homogenates were diluted ten-fold in
a medium (DMEM-2% FCS-1% antibiotic-antimycotic) and
then transferred in quadruplicate into 96-well plates contain-
ing Vero-E6 confluent cells. Following this, the plates were
incubated at 37°C with 5% CO, for 5 days. The titration results
were visually assessed by studying the cellular monolayer
under a microscope, looking for specific cytopathic effects
such as cell rounding and cell separation from the monolayer.
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The viral titer was determined using the Reed and Muench
method and expressed as log;o TCIDso/mL.

Histological analysis of hamster lungs
After excision, the lungs of hamsters were fixed in 10% neutral
buffered formaldehyde, washed with water, and treated with
four portions of 100% isopropyl alcohol, followed by two
portions of xylene. The material was then soaked in four
portions of paraffin, and blocks were created. Histological
blocks were sectioned to a thickness of 5um using
a microprocessor microtome MZP-01 (CB Technom, Russia).
To prepare the sections for examination, the sections were
dewaxed in two portions of xylene and three portions of
ethyl alcohol with reduced concentrations (96%, 80%, 70%).
They were then stained with hematoxylin (#05-002,
BioVitrum, Russia) and eosin (#C0362, DiaPath, Italy).
Subsequently, the sections were clarified in increasing concen-
trations of ethyl alcohol (70%, 80%, 96%) and two portions of
xylene. The sections were covered with glass coverslips using
the synthetic medium Bio Mount (#2813, Bio Optica, Italy).
Microscopic examination of the lungs followed classical
canons adopted for parenchymal organs, and the description
of pathological conditions induced by SARS-CoV and SARS-
CoV-2 was used for narration. Each slide was quantitatively
assessed based on the severity of histological changes, includ-
ing interstitial pneumonia, alveolitis, bronchiolitis, alveolar
destruction, interstitial infiltration, pulmonary hemorrhage,
and peribronchiolar inflammation. For evaluation of patholo-
gical changes in peribronchiolar and perivascular infiltrates,
a scoring system was used: 0 - no changes, 1 - slight
changes, moderate changes, 3 — severe changes. Interstitial
and intra-alveolar infiltrates, alveolar edema, and hemorrhages
were assessed based on their incidence in the studied sections:
0 - no changes, 1 - <10%, 2 - 11-25%, 3 - 26-50%, 4 - 50—
75%, 5 — 275%. Neutrophil infiltration was evaluated by the
presence of cells in the field of vision at x400 magnification,
with at least 20 fields of vision examined: 0 — no neutrophils in
the field of vision, 1 - 1 neutrophil in the field of vision, 2 - 2-5
neutrophils in the field of vision, 3 - more than 5 neutrophils in
the field of vision (Table 1). The slides were examined using
the Mshot microscope (China), model MF52-N, with photos
taken at a magnification of x40 using Mshot MS23 camera tips
(China) and the MShot Image Analysis System program
(China). All measurements were recorded in pm.

Biosafety and bioethics
Safety studies of the NARUVAX-C19 vaccine in rhesus maca-

ques were carried out at the Research Institute of Medical

Table 1. Scoring system of lung pathological changes.

Assessable symptom Maximum number of scores for one symptom

Perivascular infiltrates

Peribronchial infiltrates

Interstitial infiltrates

Intra-alveolar infiltrates

Neutrophil infiltration

Alveolar edema

Hemorrhages

Maximum score 2

VWuUuuwuulww

Primatology in Sochi, Russian Federation. The study protocol,
designated as No. 74 and dated June 24, 2021, received
approval from the Institutional Animal Care and Use
Committee of the Research Institute of Medical Primatology.

All activities involving the SARS-CoV-2 virus were con-
ducted in the BSL-3 (Biosafety Level 3) and ABSL-3 (Animal
Biosafety Level 3) laboratories of NSCEDI, adhering to the
international standard ISO 35001:2019 “Biological Risk
Management for Laboratories and Other Related
Organizations.” The laboratory animals were housed in indi-
vidually ventilated cages (Techniplast, Italy, and Allentown,
USA) and were maintained under a 12/12 day and night cycle.
This study was conducted in full compliance with both
national and international laws and guidelines pertaining to
the handling of laboratory animals. The protocol received
approval from the Institutional Animal Care and Use
Committee of NSCEDI, Protocol No. 4, dated September 22,
2020.

Statistical analysis

The statistical data analysis was performed using GraphPad
Prism program, version 9.0.0 (San Diego, California, USA).
To assess differences in antibody titers, T cell proliferation,
cytokine production, weight loss, viral load, and pathologi-
cal changes in the lungs between the groups of animals, the
Tukey multiple comparison test was applied. For statistical
analysis of IgG titers and neutralizing antibodies, data were
converted to log,. The limit of detection for viral titer was
1.2 log;o TCIDso/mL, while for IgG titers, it was 6.0 log,,
and for neutralizing antibodies, it was 2.3 log,. Geometric
mean titers (GMT) were calculated for all antibody types
with a 95% confidence interval. For all comparisons,
a P-value of less than 0.05 was considered statistically
significant.

Results

NARUVAX-C19 vaccine immunogenicity and safety in
rhesus macaques

Body weight, temperature, clinical examination, and
injection site assessment

During the 28-day experiment, there were no adverse devia-
tions in the clinical status of the macaques in any of the
experimental groups that received 5 or 25 ug NARUVAX-
C19 vaccine. The animals remained active with no significant
differences in food consumption or body weight
(Supplementary Figure Sla) compared to the control group.
There were no signs of erythema or edema at the injection site
at any time. All groups of macaques exhibited minimal fluc-
tuations in average body temperature, with the pattern of
temperature changes similar between the groups
(Supplementary Figure SIb).

Blood biochemical and hematological analysis

Higher levels of urea and creatinine were seen at day 7
and day 21 in the groups that received 5 or 25pug of
NARUVAX-C19 vaccine when compared to the control
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group, although all results remained within the physiologi- Vaccine-induced cellular immune response
cal ranges. These changes were more pronounced in ani- The potential for NARUVAX-C19 vaccine to induce cellular
mals given the 25-pg vaccine dose (Figure S2). Receipt of immunity in macaques was assessed by measuring T cell prolif-
the vaccine did not lead to changes in any hematological eration and IFN-y production by PBMC after restimulation with
parameters (Figure S3). spike protein. Spike-stimulated IFN-y levels was significantly
higher on day 28 in the groups that received either 5 or 25 g
Vaccine-induced humoral immune responses NARUVAX-C19 vaccine when compared to controls (Flgure 2)
At 21 days after the 1 NARUVAX-C19 vaccination and day A significant increase in spike-stimulated T cell proliferation was
7 after the booster, animals showed increased serum titers of ~ also seen on day 28 (Figure 2). There was no significant difference
anti-spike IgG binding antibodies by ELISA (Figure 1), as in the level of T cell responses between the two vaccine doses.
well as ACE2-RBD blocking antibodies, and neutralizing
antibody titers against WT, Alpha, and Delta viruses. No
significant differences in spike binding IgG, ACE2-RBD
blocking antibody, and WT, Alpha, and Delta neutralizing
antibody titers were observed between the 5 and 25ug The efficacy of NARUVAX-C19 vaccine containing 5 ug of

Vaccine efficacy against heterologous Delta virus
challenge in hamsters

NARUVAX-C19 doses. rSpike protein formulated with either SWE or aluminum
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Figure 1. SARS-CoV-2 antibody responses in macaques after vaccination. (a) Virus neutralizing antibody titers against Wuhan, Alpha and Delta variants of SARS-CoV-2
virus in macaques on days 14 and 28 after initial immunization with 5 and 25 ug NARUVAX-C19 vaccine; (b) Anti-rSpike 1gG antibody titers in macaques at days 0, 14,
21, and 28 after primary immunization (c) RBD-ACE2 blocking antibody levels in macaques at day 28 after primary immunization. RBD-ACE2 blocking antibodies were
determined according to the level of inhibition: negative (<30%), low (30-59%), medium (60-89), and high (90<). Differences in the studied variables between animal
groups were assessed using Tukey's multiple comparisons test. A P < 0.05 value was considered a significant difference. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 2. Antigen-specific T cell proliferation (a) and IFN-y production by peripheral blood mononuclear cells (b) from vaccinated and control macaques on days 14 and
28 of the experiment. The stimulation index was calculated as the difference (A) in the number of proliferating (CFSE+) T cells (CD3*) between rSpike-stimulated and
non-stimulated cells. IFN-y data are presented as concentration differences (pg/mL) between samples with and without stimulation with rSpike. Differences between
groups were assessed using Tukey’s multiple comparisons test. P < 0.05 was considered significant. *P < 0.05.

hydroxide (alum) adjuvant was assessed in hamsters. The
immunized hamsters were then given a heterologous Delta
virus challenge. All challenged animals lost weight through
to 2days post challenge, with only the NARUVAX-CI19
vaccinated group then showing weight gain on day 3
(Figure 3a). The viral loads in the lungs and nasal turbi-
nates of NARUVAX-C19 vaccinated hamsters when sacri-
ficed at Day 3 were significantly lower than in the control
group (Figure 3b). Histological analysis of the lungs at
termination showed that the NARUVAX-C19 immunized
animals had significantly less lung pathology as compared
to the control group and the alum-adjuvanted rSpike vac-
cine group. Notably, the severity of lung lesions was simi-
lar in the alum-adjuvanted rSpike and control groups.
Features of acute respiratory distress syndrome typical of
SARS-CoV-2 infection, were observed in the lungs of ani-
mals from the control and the alum-adjuvanted rSpike
vaccine groups but not the NARUVAX-C19 vaccinated
groups (Figure 3d).

Virus transmission studies in hamsters

Hamsters immunized with NARUVAX-C19 vaccine and chal-
lenged with Delta virus demonstrated reduced transmission of
their infection to sentinel animals when compared to the
control group. Interestingly, sentinel animals exposed to the
challenged NARUVAX-C19 group did not lose weight during
the observation period (Figure 3a) and no virus was detected in
their lungs at termination (Figure 3a), although virus was
detected in their nasal turbinates, albeit at significantly lower
levels than the control and alum-adjuvanted rSpike vaccinated
groups (Figure 3c). In contrast, the alum-adjuvanted rSpike
vaccine demonstrated no ability to block transmission of infec-
tion to sentinel animals when compared to the control group.

The viral transmission study showed that disease severity,
as characterized by weight loss (Figure 3a) and lung inflam-
mation (Figure 3c), was significantly lower in the infected
sentinel animals when compared to directly virus challenged
naive animals, even when the respiratory viral loads were

equivalent in infected sentinel animals and infected directly
challenged animals (Figure 3b). Furthermore, while viral
loads were reduced in the turbinates and lungs of both
NARUVAX-C19 and alum-adjuvanted rSpike immunized
animals, a clear difference was seen in viral loads in the
sentinel animals from these groups. NARUVAX-C19 immu-
nized groups were associated with significantly reduced tur-
binate and lung viral loads in their co-housed sentinels when
compared to alum-adjuvanted rSpike and control groups
(Figure 3b).

Discussion

The rapid development of vaccines to mitigate the burden of
COVID-19 is a historic achievement. However, the early pro-
mise of the inactivated virus, mRNA and viral vector vaccines,
in providing high level protection against severe disease caused
by SARS-CoV-2 infection was tempered by the recognition
that vaccine protection against infection was of relatively short
duration'” and that, although rare, potentially vaccine-
associated adverse reactions could occur including severe
thrombosis associated with adenoviral vector vaccines,'® and
myocarditis/pericarditis associated with mRNA vaccines.'”'®
Vaccines based on adjuvanted protein antigens have been
successfully used for many decades with excellent safety and
efficacy."” NARUVAX-C19 is a subunit COVID-19 vaccine
based on recombinant spike protein ECD combined with
SWE adjuvant. NARUVAX-C19 showed strong immunogeni-
city in mice and protected against ancestral WT viral infection
in Syrian hamsters where it also blocked virus transmission to
naive sentinels.'> Additionally, in a cat model of SARS-CoV-2
infection, NARUVAX-C19 (Pets) vaccine not only protected
the lower respiratory tract against infection but also protected
the cats against severe viral myocarditis.*’

As part of the completion of the NARUVAX-C19 vaccine
regulatory dossier, we sought to establish a NARUVAX-C19
vaccine safety and immunogenicity in non-human primates,
and to conduct a study in hamsters to establish NARUVAX-
C19 vaccine’s ability to protect against infection and
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Figure 3. Efficacy against SARS-CoV-2 infection and viral transmission of NARUVAX-C19 vaccine in Syrian hamsters. All animals were intranasally challenged with SARS-

CoV-2 Delta variant. Shown are 1) changes in body weight (a); 2) viral load in

nasal turbinates and lungs (expressed as log;o TCIDso/mL; (b) on day 3 after the

challenge; 3) lung pathology on day 3 after challenge (c). The protective effect of vaccine due to the viral transmission was assessed by the weight dynamics of sentinel
animals (a), viral load in respiratory organs of sentinel animals (added to the cages with challenged hamsters on day 1; b), lung pathology (c, d). Photographs were
taken at x40 magnification. Scale bars are 500 um. Differences between groups were assessed by Tukey's, multiple comparison test. P < 0.05 was considered significant.

*P <0.05, **P < 0.01 and ***P <0.001 and ****P < 0.0001.

transmission of a heterologous virus variant, namely the Delta
variant. As shown, NARUVAX-C19 vaccine was immuno-
genic, well tolerated, and safe in macaques, inducing immune
responses similar to those seen with a commercial full-length
spike protein vaccine formulated with a saponin-based adju-
vant, Matrix-M (NVX-CoV2373, Novavax).?! In macaques,
NARUVAX-C19 vaccine induced both humoral as well as
T cell proliferation and IFN-y responses against spike protein.
After receipt of two vaccine doses, serum antibodies in immu-
nized animals were able to block ACE2-RBD binding and to
neutralize WT virus as well as the Alpha and Delta variants.

This is consistent with previous data on this vaccine in mice
where maximal spike binding IgG and neutralizing antibody
responses required two vaccine doses.'” Similarly, in olive
baboons receiving the subunit vaccine NVS-Com 2373 the
antibody response to a single immunization was only formed
after 21 days following vaccination.”’ NARUVAX-C19 also
induced T cell responses against spike protein in the macaques
as reflected by T cell proliferation and IFN-y recall responses,
consistent with a Th1 cellular immune response, and similar to
previous T cell findings in mice.'? Interestingly, the humoral
and cellular responses of the NARUVAX-C19 vaccine was
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similar for both the 5 and 25 pg doses, suggesting that the 5 ug
dose was already sufficient to induce a maximal response.
Similarly, the Novavax Phase 1 clinical trial showed minimal
serum antibody differences induced by their 5 and 25 pg doses,
with the 5ug dose consequently selected as the vaccine for-
mulation to take forward in clinical development.*” Similarly,
a monkey study of another COVID-19 vaccine also demon-
strated higher antigen-specific IgG, virus neutralizing antibo-
dies and cellular immune response with a 5 pg as compared to
a 25-pg dose.”’

Another important question is the extent to which
COVID-19 vaccines are able to provide protection against
infection and transmission of heterologous SARS-CoV-2
variants.”>** Hamsters are a convenient model for studying
SARS-CoV-2 infection and transmission, although the
infection even in naive hamsters is generally extremely
transient with virus being rapidly cleared and often being
no longer being detectable just 3-4 days post-challenge.”
Our recent studies showed that vaccination of hamsters
with two doses of NARUVAX-C19 resulted not only pre-
vention of clinical disease and weight loss in infected ham-
sters but also provided 100% protection against
transmission to sentinel unimmunized animals.'” The cur-
rent hamster study extends these findings and shows that
NARUVAX-C19 vaccine similarly provides significant pro-
tection of hamsters against clinical disease caused by the
heterologous Delta variant, as reflected by reduced lung
and nasal turbinate viral load and faster recovery of early
weight loss post challenge. This accords well with results of
other COVID-19 vaccines that have shown vaccine cross-
protection against newer SARS-CoV-2 variants.*®"?®
NARUVAX-C19 vaccinated animals also were less likely
to transmit Delta infection to sentinel animals, than control
animals or those immunized with alum-adjuvanted rSpike
vaccine. In addition, where some infected NARUVAX-C19
vaccinated animals still transmitted Delta infection to sen-
tinels, what was remarkable was that these recipient ani-
mals demonstrated significantly less disease severity than
animals acquiring infection from control or alum-
adjuvanted rSpike immunized infected animals. Notably,
those animals that acquired infection from NARUVAX-
C19 vaccinated animals exhibited less weight loss, had no
detectable lung virus and reduced nasal turbinates viral
loads as compared to infections transmitted by control or
alum-adjuvanted rSpike immunized animals. This reduced
disease severity in recipient sentinels suggests that the
NARUVAX-C19 vaccinated animals either were transfer-
ring a lower virus dose to their sentinels or that the virus
they were shedding while still infectious, may have been
modified in some way in the infected immunized host so as
to reduce virus virulence in the recipient animal.
Interestingly, the alum-adjuvanted rSpike immunized ani-
mals had similar virus loads in their nasal turbinates as the
NARUVAX-C19 vaccinated animals, but did not show the
same effect in respect of reduced clinical disease in their
recipient sentinels that became infected. Alum-adjuvanted
SARS CoV vaccines were shown to cause enhanced SARS-
CoV lung disease, which was prevented if the same vac-
cines were formulated with more Thl-skewed adjuvants.*

Our study data suggests caution might similarly need to be
exercised when using Th2-biased adjuvants such as alum in
SARS-CoV-2 vaccines.

There is an ongoing need for vaccines able to efficiently
prevent SARS-CoV-2 transmission. The mechanism whereby
NARUVAX-C19 vaccine was able to reduce the virulence of
the transmitted virus in recipient animals is currently
unknown but raises interesting questions. In particular, it
would be interesting in future studies to test whether the
virus shed by NARUVAX-C19 vaccinated animals is modified
in some way so as to reduce its virulence in subsequent
recipients.

This study has several limitations. Although results were
consistent within each group, the size of the macaque groups
was small due to resource limitations and challenges were not
able to be performed in these animals. Similarly, it is not
known how the protection against the Delta variant mediated
by NARUVAX-C19 vaccine might translate to cross-
protection against more recent Omicron variants.”®’!
Furthermore, NARUVAX-C19 vaccine’s ability to inhibit
virus transmission in small rodents may or may not translate
to much larger humans. In the future, we plan to test an
updated Omicron spike protein version of NARUVAX-C19
vaccine for its ability to protect against Omicron infection and
transmission. Notably, populations infected with different var-
iants during epidemics develop different immune memories,
which has implications for protection against future variants of
concern.>

In conclusion, the current studies showed NARUVAX-C19
vaccine to be safe and immunogenic in rhesus macaques where
administration of two intramuscular doses 2 weeks apart
resulted in robust broadly neutralizing humoral and T cell
IFN-y responses. NARUVAX-C19 vaccine was shown for the
first time to protect Syrian hamsters against the heterologous
Delta variant. Notably, it reduced Delta virus transmission to
naive sentinels and even where transmission occurred see-
mingly reduced virus virulence in the recipient infected ani-
mals via an as-yet unknown mechanism. This data supports
ongoing clinical development of NARUVAX-C19 vaccine as
a highly effective and safe subunit COVID-19 vaccine. Based
on these studies NARUVAX-CI19 vaccine has been recom-
mended to advance to clinical studies by the regulatory author-
ity of the Republic of Kazakhstan.
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