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Abstract: In addition to the rabies virus (RABV), 16 more lyssavirus species have been identified
worldwide, causing a disease similar to RABV. Non-rabies-related human deaths have been described,
but the number of cases is unknown, and the potential of such lyssaviruses causing human disease
is unpredictable. The current rabies vaccine does not protect against divergent lyssaviruses such
as Mokola virus (MOKYV) or Lagos bat virus (LBV). Thus, a more broad pan-lyssavirus vaccine is
needed. Here, we evaluate a novel lyssavirus vaccine with an attenuated RABV vector harboring a
chimeric RABV glycoprotein (G) in which the antigenic site I of MOKYV replaces the authentic site of
rabies virus (RABVG-cAS1). The recombinant vaccine was utilized to immunize mice and analyze
the immune response compared to homologous vaccines. Our findings indicate that the vaccine
RABVG-cAS1 was immunogenic and induced high antibody titers against both RABVG and MOKVG.
Challenge studies with different lyssaviruses showed that replacing a single antigenic site of RABV G
with the corresponding site of MOKV G provides a significant improvement over the homologous
RABYV vaccine and protects against RABV, Irkut virus (IRKV), and MOKV. This strategy of epitope
chimerization paves the way towards a pan-lyssavirus vaccine to safely combat the diseases caused
by these viruses.

Keywords: rabies virus; lyssavirus; Mokola virus; Irkut virus; epitope-based vaccine; pan-lyssavirus
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1. Introduction

Lyssaviruses belong to the Lyssavirus genus within the Rhabdoviridae family. In
addition to rabies virus (RABV), 16 additional viruses from the lyssavirus genus have been
identified in Africa, Asia, Australia, and Europe. These viruses are genetically divergent,
have distinct antigenic properties, and are divided into three phylogroups: phylogroup
I, phylogroup II, and an unclassified group [1-3]. Despite their genetic and antigenic
differences, all lyssaviruses cause lethal disease in humans with similar symptoms to rabies.

Dogs remain the leading cause of human exposure to classical RABV, especially in
areas where canine vaccination programs are not effectively enforced, such as in Asia and
Africa. Based on the World Health Organization (WHO) estimates, about 59,000 people die
from rabies each year, and 40% of fatalities are children under the age of 15 [4].

Intensive efforts in North America to eradicate rabies were successful, resulting in
fewer annual human deaths [2]. However, classical rabies persists in wild animals like
raccoons (Procyon lotor), skunks (Mephitis), jackals (Canis), foxes (Vulpes), and bats
(Chiroptera), and new lineages of RABV were discovered in South America, expanding
the list of reservoirs. The CDC reported recently that out of 10 rabies cases, 7 died from
bat-mediated rabies from 2009 to 2018 [5].

Recently, more lyssavirus species have been identified to cause fatal encephalitis
in humans, such as Australian bat lyssavirus in 2000 [6,7], Duvenhage virus in South
Africa in 2006 [8], IRKV in Russia in 2019 [9], European bat 1 Lyssavirus in 2022 [10], and
Mokola virus and Lagos bat viruses in South Africa respectively in 2014 and 2006 [11-13].
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Following exposure to a lyssavirus, the virus infects the tissue at the exposure site followed
by retrograde transport through the peripheral nervous system, eventually reaching the
central nervous system (CNS) and causing encephalomyelitis. In humans, the disease
typically begins with non-specific symptoms (fever, malaise, and headache), followed
by anxiety and agitation. When the virus reaches the CNS, it spreads outward in the
peripheral nervous system in a phenomenon called centrifugal spread, using the nerves to
reach tissues like the salivary glands, and proceeds until the entire nervous system fails,
causing paralysis and rapid death [14].

The currently licensed rabies vaccinations are effective against classical RABV when
given properly. For pre-exposure, the vaccine is given on day 0,7 and 21 or 28, while the
post-exposure schedule varies between a five- or four-dose schedule [15,16]. The correlate
of protection for rabies vaccines is determined by the level of neutralizing antibodies, which
target the viral surface glycoprotein (RABV G) [17].

Being the only target of neutralizing antibodies, the unique surface RABV G of rabies
virus has been the subject of studies determining its crystal structure before and after
fusion and identifying its antigenic sites: 1II, III, IV, and a minor antigenic site “a” [18-20].
Antigenic site 1 (AS1) is a linear epitope, which was characterized using a monoclonal
antibody (mAb) CR57 to bind six residues KLCGVL 226-231 of RABVG [20,21]. The other
antigenic sites are conformational and non-continuous. Lyssavirus glycoproteins share
57-78% similarity [19,22], impacting the cross-protection against non-rabies lyssaviruses
after RABV vaccination. Previous studies have shown that the rabies vaccine protects
against RABV with a neutralizing titer above 0.5 international unit [IU] and cross-protects
against other phylogroup I lyssaviruses with different neutralizing antibody titer cut-
offs [20]. However, the current RABV vaccines do not induce neutralizing antibodies or
protect against lyssaviruses from phylogroup II, such as MOKYV or the very divergent
lyssaviruses assigned to the unclassified phylogroup [23-25].

This limitation of the current rabies vaccine, as well as the ongoing emergence of
non-rabies lyssaviruses [3,26], underlines the unassessed dangers and the need for a more
broadly effective lyssavirus vaccine able to prevent human rabies diseases caused by
viruses of the lyssaviruses genus. Previously, our lab designed a pan-lyssavirus vaccine
where domains between RABV G and MOKYV G were exchanged, creating a chimeric RABV
G, but vaccination with that chimeric G-containing vaccine compromised protection for
other phylogroup I lyssaviruses, leading us to try to redesign the vaccine in a way that
better preserved phylogroup I protection [1]. Using recent developments in structural
biology and the solved structures of RABVG and MOKVG [18,19,27], our paper presents
the development of a novel RABV-G-based vaccine harboring a chimeric AS1, “ RABVG-
cAS1”, in which a single AS1 from MOKVG has been introduced into RABVG, replacing
the authentic ASI.

2. Materials and Methods
2.1. Animals and Care

This study was carried out in strict adherence to the recommendations of the Guide
for the Care and Use of Laboratory Animals and the guidelines of the National Institutes of
Health, the Office of Animal Welfare, and the United States Department of Agriculture. All
animal work was approved by the Institutional Animal Care and Use Committee (IACUC)
at Thomas Jefferson University (protocol ID 01940-1). All procedures were performed
under isoflurane anesthesia by trained personnel under the supervision of veterinary staff.
Swiss Webster mice (Charles River) were housed in cages in groups of five under controlled
conditions of humidity, temperature, and light (12 h light/12 h dark cycles). Food and
water were available ad libitum.

2.2. Cells

HEK 293T Human Embryonic Kidney 293, BSR a clone of Baby kidney Hamster cells,
both available from our laboratory, and Beas.2B (lung cells, ATCC® CRL-9609™, Manassas,
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VA, USA) were cultured using DMEM (Gibco, Grand Island, NY, USA) with 5% Fetal
Bovine Serum (FBS) (Atlanta—Biologicals®, Minneapolis, MN, USA) and 1% penicillin—-
streptomycin (P/S) (Gibco, Grand Island, NY, USA). Mouse neuroblastoma (NA) cells
(available from our laboratory) were cultured in RPMI (Corning®) with 5% FBS and 1x P/S.
Cell cultures were maintained at 37 °C with 5% CO,, whereas virus-infected cells were
cultured at 34 °C with 5% CO,.

2.3. Antibodies

Human anti-RABVG 4C12 mAbs (provided by Dr. Scott Dessain, Lankenau Institute
for Medical Research, Wynnewood, PA, USA), mouse anti-MOKVG mAbs 3A5 (made by
OCMS-bio, King of Prussia, PA, USA, and Schnell lab, Philadelphia, PA, USA), mouse
anti-MOKV-G polyclonal antibody, and rabbit anti-ribonucleoprotein (RNP) polyclonal
antibodies were used in this study. We also used goat anti-mouse IgG Fc-HRP (Southern
Biotech, Birmingham, AL, USA), goat anti-human IgG Fc-HRP (Southern Biotech), and
fluorescein isothiocyanate (FITC)-conjugated anti-rabies virus nucleoprotein (RABV N).

2.4. Viruses

In this study, we used wildtype (wt) Mokola virus (MOKY, isolate 252/97) (GenBank:
GQ500112.1); wt IRKV both provided by Dr. Todd Smith, US Centers for Disease Control
and Prevention, Atlanta, GA, USA (GenBank: EF614260.1); and the RABV CVS-N2C strain
(GenBank: HM535790.1). All work with wtMOKYV and wt IRKV was performed under
BSL3 conditions at Thomas Jefferson University. Work on RABV-N2C- and RABV-based
vaccine strains was conducted under BSL2/3 conditions.

A recombinant Vesicular Somatic Virus (VSV) (Indiana strain) and a recombinant
VSVAG expressing MOKVG and RABVG were used. The use of the above-mentioned
viruses was approved by the institutional biosafety committee at Thomas Jefferson Univer-
sity (IBC protocol ID: 22-09-560).

2.5. In Silico Design

The in silico studies were performed using Chimera X software (version: 1.6rc202304140213).
Initial structural comparisons were made between the glycoprotein structures stemming
from Yang et al. and Belot et al. [18,27] shown in Figure 1. RABV-G post-fusion struc-
ture (PDB ID: 6LGW) [1] and MOKV-G post-fusion structure (PDB ID: 6TMR) [27] were
compared and found to be very similar. The established antigenic sites in RABV-G were
compared between RABV-G pre-fusion and post-fusion structures (PDB IDs: 6LGX and
6LGW, respectively) to establish which antigenic sites appeared to be involved in the
fusion machinery.

2.5.1. cDNA Construction of Vaccine Vectors

The vaccine vector RABV has been described previously [28]. The vaccine vector
BNSPAG-MOKVG was cloned by inserting the codon-optimized (co) MOKV-G gene be-
tween the nucleoprotein (N) and the phosphoprotein (P) of the RABV vector with its G
gene deleted (RABVAG) as previously described [29]. A recombinant RABV-G DNA was
designed to encode the RABV-G gene in which the sequence encoding the antigenic site
from amino acids 222-252 was replaced by the corresponding sequence of MOKVG. The
recombinant chimeric rabies glycoprotein DNA was synthesized by Genescript. A poly-
merase chain reaction (PCR) fragment encoding for RABVG-cAS1 was amplified using
primers SB.38 and SB.39 (Table 1). The fragment was inserted between the BsiWI and Nhel
sites of RABV using In-Fusion cloning (Takara Bio Inc., Mountain View, CA, USA). The
recombinant sequence was confirmed by Sanger sequencing.
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Antigenic Site 1: (222-252)

Rabies: ACKLKLCGVLGLRLMDGTWVSMQTSNETKWC
Mokola: ACKLTLCGKPG RLEDGTWVSEFARPDVHVWC

Figure 1. The in silico study and modeling of the epitope-based pan-lyssavirus vaccine. (A) The struc-
ture of the RABVG trimer in the pre-fusion state showing the different antigenic sites as previously
described [15]. The antigenic site 1: 226-231 is highlighted in maroon, antigenic site 2: 3442, 198-200
is highlighted in blue, antigenic site 3: 330-338 is highlighted in orange, antigenic site 4: 261-264 is
highlighted in green, and minor antigenic site a: 342-343 highlighted in yellow. (B) The antigenic
site from amino acid 222-252 presented in bright blue in RABV-G and purple in MOKV-G. (C) The
structure of RABVG-cASI1, with colors representing the contribution of MOKV-G (purple) to the
combined chimeric G. (D) The amino acid alignment of the antigenic site (222-252) between RABVG
and MOKVG. Conservative mutations are colored with bright pink and, non-conservative mutations
with light pink.

Table 1. List of primers.

Primer Sequence Description
SB.38 5-CTAACACCCCTCCCGTACGCCGCCACCATGG- Forward for IN-Fusion of RABVG-cAS1 into RABV
’ TCCCTCAGGCTCTGC-3’ vector with (BsiWi) restriction site
SB.39 5'-CATACAAAGGGCTCCCCGGTACTTGAG-3  Reverse for IN-Fusion of RABVG-cAST RABV

vector (Nhel) restriction site

Sequencing of foreign gene in RABV vector

. _al
RP951 5-GGAGGTCGACTAAAGAGATCTCACATAC-3 between N and P

Sequencing of foreign gene in RABV vector

/- _n/
RP952 5'-TTCTTCAGCCATCTCAAGATCGGCCAGAC-3 between N and P
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Table 1. Cont.

Primer Sequence Description
SB.28 5'- CCATCTAAGCTGCCCCAACA Elyeoprotei (strain: Gonbanke GOSOT121)
SB.29 5'- AGATGCGGGACCCATTCATG-3' gf;g?fé:f&fiﬁ%g;ﬁik‘éz‘gggfl 21)
5830 - TCGGGCTCCTCTTGTGTCTAY Elyeoprotern (siaim GenBanlk EFS14260.1)
SB.31 5 CGCCTGCTGTCTTCCAACTA-3' zf:;feé‘;;gnicgl%g 61(1;11()\7 virus glycoprotein
SB.42 5/- CGTTATGGTGCCGTTAAATCGCTG-3' gfyrx;ri tf;ﬁé;%: rﬁ(abg&g;gglgzg for
SB.43 5'- TTGGACGGAGTTCAAGGAGGACTA-3/ Reverse for RT-PCR Rabies CVS-N2C for

glycoprotein (GenBank: HM535790.1)

2.5.2. Recovery of Recombinant Vectors

To recover the recombinant rabies viruses, 70% confluent BSR cells were transfected
with the full-length viral cDNA clones (RABVG-cAS1, RABVAG-MOKVG), along with plas-
mids encoding the RABV N, P, and L genes and a plasmid expressing T7 RNA polymerase
in a master mix with X-tremeGENE 9 transfection reagent (Roche Diagnostics, Indianapolis,
IN, USA ) and Opti-MEM medium as previously described [30]. Successful recovery was
determined using rabies virus focus-forming assay. Briefly, four days post-transfection, the
supernatant from each transfected well of the 6-well plate was transferred into BSR cells
in a 12-well plate. Two days later, cells in the 12-well plate were fixed with 80% acetone
and stained with a FITC-conjugated antibody against RABV N (Fujirebio Diagnostics, Inc,
Malvern, PA, USA). Fluorescent microscopy and a cell imager multimode reader BioTek Cy-
tation 5 (Aligent, Santa Carla, CA, USA) were used to visualize the appearance of viral foci,
indicating the successful recovery of the recombinant RABVG-cAS1. A further confirma-
tion of the recombinant glycoprotein’s sequence was determined by RNA extraction using
PureLink RNA Mini Kit, Invitrogen from the supernatant, RT-PCR using SuperScript™ IV
One-Step RT-PCR (Invitrogen, Waltham, MA, USA) using the primers (RP951 and RP952),
and Sanger sequencing using the same primers.

2.5.3. Sucrose Purification and Inactivation of Virus Particles

RABVG-cAS1, RABV, and RABVAG-MOKVG were grown on a large scale by infecting
BSR cells in Corning® 3313 CellSTACK® at an MOI of 0.001. The supernatant of each virus
was collected every four days for a total of 5 harvests. The titers of the harvests were deter-
mined using the rabies virus focus-forming assay, and the harvests with the highest titers
were pooled for each virus and concentrated with an Amicon® 300 mL stirred cell concen-
trator (MilliporeSigma®, Burlington, MA, USA) using a 500 kDa exclusion Polyethersulfone
(PES) membrane (MilliporeSigma®, Burlington, MA, USA). Concentrated supernatants
were then centrifuged for 2 h at 25,000 rpm through a 20% sucrose cushion using an SW32 Ti
rotor (Beckman, Sharon Hill, PA, USA). The virion pellets were resuspended in phosphate-
buffered saline (PBS), and protein concentrations were determined using a bicinchoninic
acid (BCA) assay kit (Pierce, Waltham, MA, USA). The virus particles were chemically
inactivated with 3-propiolactone (BPL) at a dilution of 1:2000 overnight at 4 °C. The BPL in
the virus preparation was inactivated the next day by hydrolysis at 37 °C for 30 min. The
absence of infectious particles was verified by inoculating BSR cells in a T25 vessel with
10 pug of BPL-inactivated virus for 3 passages. Inoculated cells were fixed and stained with
FITC-conjugated anti-RABV N mAb and visualized by fluorescence microscopy for the
presence infection’s foci.
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2.5.4. Western Blot Characterization

Sucrose-purified virus particles (1 ng each) were denatured by boiling at 95 °C for
10 min in a final concentration of 1 x of Laemmli sample buffer supplemented with 2% of f3-
mercaptoethanol (BME). Lysates were resolved on 10% SDS-PAGE. The gel was transferred
onto a nitrocellulose membrane in a transfer buffer (192 mM glycine, 25 mM Tris, 20%
methanol) for Western blot mini-analysis. Blots were then blocked for 1 h at room tempera-
ture in 5% nonfat dry milk dissolved in PBS-T (0.05% Tween® 20 [MilliporeSigma®]). After
three washes, membranes were probed with primary antibody in a solution of 5% bovine
serum albumin (BSA) in PBS. Human anti-RABVG mAbs at a dilution of 2 ug/mL, mouse
anti-MOKVG polyclonal sera at a dilution of 1:5000, and rabbit anti-RABV-RNP polyclonal
antibodies (1:5000) were used as primary antibodies and incubated overnight. The next
day, the blots were washed with PBS-T before being incubated at 1:20,000 with horseradish
peroxidase (HRP)-conjugated goat anti-mouse (Goat anti-mouse IgG Fc HRP Southern
Biotech) and goat anti-human IgG (SouthernBiotech, 2040-05). Proteins were detected using
the SuperSignal West Dura Chemiluminescent substrate (Pierce®) and imaged using the
FluorChem R system (proteinsimple®, San Jose, CA, USA).

2.5.5. Production, Titration, and Sequencing of Challenge Viruses

Wt MOKYV, wt IRKV, and RABV CVS-N2C were grown in 70% confluent NA cells
cultured in RPMI supplemented with 5% FBS and 1% penicillin-streptomycin at an MOI of
0.001. Lyssaviruses were collected at three different times post-infection (day 5, day 8, and
day 11).

For titration, each virus was tittered separately in triplicate. Briefly, 10-fold serial dilu-
tion was performed in round-bottom 96-well plates. Viruses were added on a monolayer
of NA cells (40,000 cells/well), cultured in RPMI supplemented with 5% of FBS and 1%
of P/S, and incubated at 34 °C. Two days later, plates were fixed with 80% cold acetone
overnight, dried, and stained with the lyssavirus cross-reactive FITC-conjugated antibody
against RABV N (Fujirebio Diagnostics, Inc.). Titers were determined by counting the
foci-forming unit (ffu/mL) using a fluorescence microscope. Each lyssavirus virus stock
was validated by RT-PCR and the sequencing of their respective glycoproteins using the
following primers: SB.28, SB.29, SB.30, SB.31, SB.42, and SB.43 (Table 1).

2.5.6. Immunization and Challenge Experiments

Groups of five 8-10-week-old female Swiss Webster mice bought from Charles River
Laboratories were immunized intramuscularly (i.m) with 10 ug of the following BPL-
inactivated rabies vaccines: RABV-cAS1, BNSPAG-MOKVG, and RABV. Each vaccine was
adjuvanted with 5 pug 3D (6 A)-PHAD and 2% SE in a final volume of 100 uL of PBS per
mouse, 50 uL per hind limb. Control mice received an intramuscular injection of PBS. The
intramuscular challenge consisted of injecting 100 pL (50 uL each hind leg). Intranasal
challenge was performed by instilling 20 uL into both nostrils. Both challenges were
conducted under 3% isoflurane/dioxygen gas anesthesia.

Mice were primed on day 0 and boosted on day 28. To assess vaccine immunogenicity
and conduct further testing, sera were obtained by retro-orbital bleeds under isoflurane
anesthesia on the following days: Day of the Prime (D0), day of the booster (D28), a week
after the boost (day 35), and a week before the challenge (day 91). Three months after
the prime immunization, mice were challenged with lethal doses of each of the following
lyssavirus: 10* ffu of wt MOKV intranasally, 10° ffu of wt IRKV intramuscularly, and
5.5 10° ffu of rabies virus CVS-N2C intramuscularly. Following infection, mice were
monitored twice a day for weight and signs of disease such as ruffled fur, lethargy, hind
limb paralysis, and seizures. Mice who lost more than 20% of their initial weight, developed
paralysis, or had seizures were deemed to have reached the humane endpoint and were
euthanized. After 28 days from the day of challenge, all mice were euthanized via heart
puncture, and their brains were collected.
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2.6. Production of Soluble RABV G- and MOKV-G

To generate RABV-G and MOKV-G soluble antigens, Beas.2b cells were infected
with rVSVAG-GFP-RABVG and rVSVAG-GFP-MOKVG, respectively, in OptiPRO™ SFM
(Gibco, Grand Island, NY, USA) at an MOI of 0.01. Three days post-infection, virus
supernatants were filtered through a 0.45um filter, concentrated using an Amicon® Stirred
Cells concentrator, and ultracentrifuged through a 20% sucrose cushion at 25,000 rpm
for two hours (Beckman). Pellets were re-suspended in PBS with 2% OGP (Octyl 3-D-
glucopyranoside) detergent and shaken at room temperature for 30 min. The mixture was
then centrifuged at 3000 g for 10 min, and the supernatant was collected. To separate the
soluble antigens from the rVSV particles, ultracentrifugation was performed in a Beckman
SW 55 Ti rotor at 45,000 rpm for 1.5 h. The supernatant containing soluble RABVG and
MOKVG was evaluated for protein concentration by BCA (Pierce) and purity by Sypro
Ruby stain and Western blot against RABV-G and MOKVG.

2.6.1. Enzyme-Linked Immunosorbent Assay (ELISA)

To test for anti-RABVG and anti-MOKVG humoral responses, the titer of anti-RABV-G
and MOKV-G IgG antibodies was determined by ELISA with mice sera from days 0, 28,
35, and 91 post-vaccination. Individual serum samples were analyzed in triplicate, except
mock group sera, which were pooled.

Soluble RABVG and MOKVG antigens were diluted in coating buffer (50 mM NayCO3
[pH 9.6]) at 500 ng/mL for RABVG and 750 ng/mL for MOKVG and used to coat immulon
4HBX plates (USA scientific Inc, Ocala, FL, USA) 96-well plates and incubated overnight
at 4 °C. The next day, plates were washed three times with PBST (0.05% Tween 20 in
1x PBS) and incubated for 2 h at room temperature with a blocking buffer (5% nonfat dry
milk powder in 1x PBST). The plates were washed three times with PBST before being
incubated overnight at 4 °C with 3-fold serial dilutions of sera from immunized mice
beginning with a starting dilution of either 1:50, 1:450, or 1:1350 to reach the endpoint titer.
Sera were diluted in a buffer containing 0.5% BSA and 0.05% NaN3 in PBST. The next day,
plates were washed, and 100 uL of secondary antibody (horseradish peroxidase-conjugated
goat anti-mouse IgG-Fc [Jackson ImmunoResearch, Cat# 115-005-008 West Grove, PA,
USA]) was diluted in PBST to 25 ng/mL then added to the plates. Two hours later, plates
were washed and developed using 200 pL/well of o-Phenylenediamine Dihydrochloride
substrate (ThermoFisher, Norristown, PA, USA) for 15 min. The reaction was ended using
0.6 M H,S04 per well. The optical density (OD) was measured at 490 nm (experimental)
and 630 nm (background) using a BioTek ELx800 plate reader (BioTek, Winooski, VT, USA)
with Genb5 software (Version 3.10) to calculate the delta values between the experimental
and background readings. ELISA results were analyzed using GraphPad Prism 9 software
to determine the EC50 values of antibodies in mouse sera.

2.6.2. Rabies Virus Neutralization Assay: Rapid Fluorescent Foci Inhibition Test RFFIT

To investigate the presence of rabies-neutralizing antibodies, the RFFIT was performed
as previously described [31]. Briefly, flat-bottom 96-well plates were seeded with BSR cells
at a cell density of 30,000 cells per well in DMEM containing 5% FBS and 1% penicillin—
streptomycin. Sera collected on day 91 were heat-inactivated at 56 °C for 30 min before
being serially diluted 3-fold (in triplicate) in opti-MEM (Gibco) with a starting dilution
range of 1:50 to 1:12,150. In addition, the WHO standard rabies immune globulin was
diluted 3-fold, beginning at 2 international units per milliliter. A predetermined volume
of RABV challenge strain CVS-11, to achieve a 90% infection of confluent BSR cells, was
added to the sera plates followed by incubation for one hour at 34 °C. The total volume
of the virus/sera mixture was added to BSR cells, which were subsequently incubated for
22 h. To determine the percentage of neutralization, plates were fixed with 80% acetone and
stained with FITC anti-RABV-N antibody. The percentage of infection was determined by
fluorescence microscopy and by a Cytation5 reader (Agilent BioTek, Santa Carla, CA, USA).



Viruses 2024, 16, 1107

8 of 22

The 50% endpoint titers were calculated using the Reed—-Muench method and converted to
IU/mL by comparing them to the WHO standard.

2.7. Non-Rabies Lyssavirus Neutralization Assay

Neutralization titers against wt MOKYV and wt IRKV viruses were determined sim-
ilarly to that of rabies virus with the following changes. The assays were performed
under biosafety level 3 (BL3) conditions. Neuroplasma NA cells were used at a density of
45,000 cells/well. Plates were fixed for 22 h post-infection with cold 80% acetone overnight,
dried, and stained with 80uL of FITC-conjugated anti-RABVN antibody. The determina-
tion of 50% neutralizing titers (NT50) was similarly evaluated using a manual inverted
microscope and a Cytation5 reader (Agilent BioTek).

2.8. RNA Extraction and Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Brain tissues were collected from challenged mice in Omni tubes containing 1.4 mm
ceramic beads (Omni International, Cat#: 19-627D, Kennesaw, GA, USA) and 600 uL of
DMEM, which were subsequently homogenized twice for 90 s each until all the brains
were completely dissolved. A total of 250 uL of homogenized brain tissue was mixed with
750 uL of TRIzolReagent and incubated overnight at 4 °C. The next day, RNA extraction was
performed using Trizol reagent and PureLink RNA Kit (Invitrogen, Waltham, MA, USA).
For RNA extraction from the virus suspension, the same process was carried on as described
above, without the homogenization step and with TriZolLS. The RNA concentration was
quantified using NanoDrop (Thermofisher, Norristown, PA, USA). The presence of RNA
encoding the lyssavirus glycoproteins (RABVG, MOKVG, and IRKVG) in the brain was
detected by one-step RT-PCR. Total RNA (100 ng) was amplified using the SuperScript™
IIT One-Step RT-PCR System with Platinum™ Taq DNA Polymerase according to the
manufacturer’s instructions and primers listed above in the virus production section. The
RT phase consisted of a 10 min incubation period at 55 °C, followed by a 2 min inactivation
period at 98 °C. The PCR cycling conditions included an initial denaturation of 98 °C for
10 s followed by 25 cycles of 55 °C for 10 s and 72 °C for 1 min, with a final extension step
at 72 °C for 5 min. RT-PCR reactions were performed in a Labnet MultiGene™ OptiMax
thermal cycler, and the reactions were subsequently analyzed by DNA gel electrophoresis.

2.9. Statistical Analysis

GraphPad Prism 9 was used for all statistical analyses on log-transformed data. In
Elisa EC50 titers, RFFIT, and neuralization, an ordinary one-way ANOVA was used with a
post hoc analysis applying the Tukey Multiple comparison test. The log-rank Mantel-Cox
test was performed to compare the survival of different groups in each virus challenge.

3. Results
3.1. The In Silico Design of the Epitope-Based Rabies Vaccine

In this study, we aimed to broaden the immunogenicity of a current RABV vaccine
towards distant lyssaviruses. To fulfill this goal, the distribution of the antigenic sites as
defined by Yang et al. [18] were visualized and primarily found on the apical head regions
of the G protein (Figure 1A). For structural reasons, AS1 was chosen as the candidate for
designing our vaccine. The structure of RABVG-cAS1 where the AS1 of MOKVG was
introduced in RABVG is illustrated in Figure 1B,C.

3.2. Generation of Recombinant Rabies Vector Expressing Chimeric Glycoprotein with Mokola
Antigenic Site 1 (RABV-cAS1)

To construct a recombinant RABV expressing RABVG with the AS1 from MOKVG
(Figure 2A), we used the RABV vector BNSP333. BNSP333 is an established vector that was
derived from the RABV vaccine strain SAD B19 and further attenuated through an arginine-
to-glutamate mutation at amino acid 333, resulting in reduced neurotropism [32-35]. The
gene encoding the chimeric glycoprotein AS1 contains MOKVG’s AS1 from amino acid 222
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to amino acid 252. The alignment of RABVG and RABV-expressing Mokola AS1 shows
the presence of both conservative and non-conservative mutation (Figure 1D). As a control
vector, we also constructed a BNSPAG-MOKVG where the RABVG was replaced with a
codon-optimized MOKVG between the N and P genes (Figure 2B) [29].

A
rRABVG-cAS1
OOOO, OCCOG OO oooOo
& %oé% G
rRABYV carrying MOKYV antigenic site ( 222-252)
B
333
¢
RABV LN H P H MK G K L -5
Parental

BNSPAG 3, N K P K M H L s
RABVAG-coMOKVG 3. N HIGEE- P H M H L ks

333

Vaccine : RABVG-cAS1 3 -(—Nﬂ—GILH P H M H L 5

333\
G 1
MOKVG

Antigenic site 1
(222-252)

Figure 2. IRABVG-cAS1 genome and rabies virus-based vaccines and vector maps. (A) Schematics
of the genomic structure of the rRABVG-cASI virion: RBVG-cAS1 glycoprotein (orange), the lipid
bilayer (brown), matrix protein (green), Nucleoprotein (yellow), polymerase (big grey circle), phos-
phoproteins (small grey crescents). (B) Recombinant rabies virus-based vaccines and their vector
controls RABV and BNSPAG. The marked 333 in RABV is the R333E attenuation. Recombinant rabies
glycoprotein carrying MOKVG antigenic site (222-252) was inserted between N and P. Figure created
using Biorender.com (accessed on 2 May 2024).

3.3. RABV-cAS1 Is Recovered and Successfully Incorporated

To recover the recombinant virus RABVG-cAS1, BSR cells were transfected with
cRABV-cAS] and support plasmids encoding the RABV N, P, and polymerase L genes
controlled by the T7 promoter, as previously described (Figure 3A) [30]. Ten days post-
transfection with cRABVG-cAS1, we observed RABV-N positively stained foci of RABV
infected cells that spread throughout the culture by day 13, indicating the successful
recovery of the recombinant virus RABVG-cAS1. To confirm the incorporation of the G
proteins into the viral particles, a Western blot analysis of the sucrose-purified virions
RABV, RABV-cAS1, and RABVAG-MOKVG was performed. The incorporation of the
chimeric antigen into the RABV particles was detected using specific antibodies against
RABV and MOKYV (anti-human RABVG-mAb [4C12] and anti-mouse MOKVG polyclonal
antibodies). Probing with an RNP-specific antibody demonstrated similar levels of N for
all viruses (Figure 3).
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Figure 3. Recovery of RABV-cAS1 and virus characterization. (A) Transfection of rabies plasmids
with RABVG-cAS1 construct (brown color) with T7 promoter in BSR cells. Figure created using
Biorender.com. (B) Cell staining with RABV-N-FITC antibody (infected cells with RABV-cAS1 are in
green). Images were taken from BioTek Cytation 5 Cell Imaging Multimode Reader. (C) Western blot
of rabies sucrose-purified virions (controls: RABYV, recombinant RABVG-MOKVG, and the recombi-
nant RABVG-cAS1 using anti-human RABVG (4C12), anti-mouse MOKVG polyclonal antibodies,
anti-rabbit RABV-N polyclonal antibodies.

3.4. Inactivated RABV-cAS1 Vaccine Induces Humoral Response in Mice against RBVG
and MOKVG

To investigate the immunogenicity of the RABV-cAS] vaccine against the RABVG and
MOKVG antigens, groups of five Swiss Webster mice were vaccinated intramuscularly (i.m.)
with 10ug of BPL-inactivated vaccine adjuvanted with 5 ug of the TLR-4 agonist synthetic
Monophosphoryl Lipid A (MPLA) 3D(6A)-PHAD in a 2% squalene-in-oil emulsion (SE)
(Figure 4A). The mice were bled on days 0, 28, 35, and 91. Sera were tested using an
enzyme-linked immunosorbent assay (ELISA) for RABV G and MOKYV G. To prevent
cross-reactivity with other RABV or MOKY proteins contaminating the stripped G proteins,
soluble glycoproteins were purified from a recombinant VSV particle that contained RABVG
or MOKVG. Antibody titers to RABVG were detected at similar levels for sera from mice
immunized with RABV and RABVG-cASI after prime vaccination (day 28) and were
about 10-fold increased after the boost (day 35). In contrast, vaccination with RABVAG-
MOKVG induced an almost undetectable immune response to RABV-G that was still
10-fold lower after the boost compared to the other two vaccines (day 35) (Figure 4C).
In addition to the strong immune response detected after RABVG-cAS1 vaccination, the
chimeric vaccine additionally induced a robust MOKV G antibody response, which was not
detected for the RABV vaccine. Meanwhile, the anti-MOKVG EC50 titers of RABVG-cAS1-
vaccinated animals were significantly lower than that of RABVAG-MOKVG-vaccinated
controls; on day 91, both groups elicited about 10,000 ECs titers to MOKVG with no
significant difference (Figure 4D).

3.5. Rabvg-cAS1 Vaccine Induces Neutralizing Antibodies against Phylogroups I and
II Lyssaviruses

The results presented above indicate that the vaccine induces strong immune responses
against both RAB G and MOKYV G. To further elaborate upon the protective potential of
the chimeric vaccine, we evaluated the sera in virus neutralization assays (VNAs) with
a panel of different lyssaviruses. To that aim, serum samples collected on day 91 from
mice immunized with the three vaccines were evaluated for the ability to neutralize RABV
strain CVS-11 using the rapid fluorescent focus inhibition test (RFFIT) (Figure 5A). Both
RABV-cAS1- and RABV-vaccinated mice induced similar RABV-neutralizing antibody
titers that were well above the threshold of 0.5 international units per milliliter (IU/mL),
considered protective by the WHO [36] (Figure 5A).
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Figure 4. The RABV-cAS] vaccine elicits humoral responses against RABVG and MOKVG. (A) The
study design for the RABV-cAS1 vaccine protection study against lethal doses of lyssaviruses from
phylogroups I and II. The schematic shows the immunization and blood draw schedule. Groups of 5
female Swiss Webster mice were immunized with 10 pg/dose of BPL-inactivated vaccines adjuvanted
with 5 pg of PHAD in 2% SE per dose. In the figure, 1 represents the first immunization, 2 the boost,
blood vials indicate the bleeding schedule, and the brain denotes the necropsy and brain harvest at
the end of the study. (B) A table showing the vaccine groups used in this study, along with their color
codes and lyssavirus challenges. Created using Biorender.com. (C,D) EC50 Elisa titers over time
for the RABVG (C) and MOKVG (D) antigens. Error bars represent the mean with SD for the mice
groups. Elisa was carried out in triplicate for each sample. Statistical differences between groups
were analyzed using an ordinary one-way ANOVA with Tukey’s Multiple comparison test. A 3-star
significance level indicates a p-value below 0.0002 (*** p < 0.0002).
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Figure 5. RABV-cAS1 vaccine elicits neutralizing antibodies against RABV, IRKV, and MOKV.
(A) Rapid fluorescent focus inhibition test (RFFIT) using individual sera from mice immunized
with different rabies-based vaccines against RABV strain CVS-11. Dotted line represents 0.5 IU/mL,
WHO'’s recommended protective threshold. Figure shows 50% neutralization titers (NT50) of rabies-
based vaccines against wt IRKV (B) and wt MOKYV (C) using pooled sera from 3 different immunized
groups for each vaccine. Error bars represent standard deviation (SD). Statistical differences between
groups were determined using ordinary one-way ANOVA with Tukey’s Multiple comparison test
with (**** p <0.0001, * p < 0.0332).

We further determined the neutralization capacity of the sera towards a divergent
lyssavirus from phylogroup I, IRKV, and from phylogroup II, Mokola virus. Our find-
ings revealed that RABVG-MEl-immunized mice produced IRK VNAs similar to the
RABV group with no significant differences, indicating cross-reactivity within the same
phylogroup. As expected, RABVAG-MOKVG immune serum failed to neutralize IRKV
(Figure 5B). Importantly, RABV-cAS1-vaccinated mice induced significantly higher MOKV-
neutralizing antibodies compared to the RABV-vaccinated mice, indicating that antigenic
site I from MOKVG can elicit MOKV VNAs (Figure 5C). However, MOKYV neutralization
was significantly higher (around 3-fold) upon vaccination with RABVAG-MOKVG, sug-
gesting that apart from antigenic site I, additional antigenic sites in MOKVG play a role in
virus neutralization.

In summary, we found that the chimeric G antigen cAS1 acquired the ability to
induce neutralizing antibodies to the phylogroup II lyssavirus MOKV while maintaining
neutralization capacity for the phylogroup I lyssaviruses RABV and IRKV.

3.6. RABV-cAS1 Vaccine Efficacy against Lyssavirus Challenge

As neutralization is a good indication of protection from lyssavirus infection, we tested
the effectiveness of the RABV-cAS1 vaccine in protection against lyssavirus phylogroup I
and II challenge. Vaccinated mice of RABV-cAS1, RABV, RABVAG-MOKVG, and mock-
vaccinated mice were divided into three subgroups and challenged on day 91 with three
different lyssaviruses: RABV, IRKV, and MOKYV (see schedule and groups in Figure 4B). A
lethal dose of 5.5 10 FFU of RABV CVS-N2C and 10° FFU of wt IRKV were injected i.m.,
while a lethal dose of 10* FFU of wt MOKV was administered intranasally, as MOKV is not
lethal to mice when injected i.m. (Supplementary Figure S2) [24]. When challenged with
RABV (Figure 6), mock-vaccinated control mice lost weight and showed severe signs of
disease, including paralysis, and were euthanized (Figure 6B,E), whereas RABV- and RABV-
cASl-vaccinated mice were both protected (100% and 80%, respectively, with no significant
differences). The RABVAG-MOKV-immunized mice did not survive the RABV challenge,
as seen by weight loss and signs of disease, identical to the mock group (Figure 6B,H,]).
The analysis of RABV RNA in mouse brains revealed that surviving mice immunized with
RABYV and RABV-cAS1 were protected from virus spread in the brain. While only one out
of five mice vaccinated with RABVG-cAS] failed the RABV challenge and was detected to
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be positive for RABVG RT-PCR as expected, RABVAG-MOKV-vaccinated mice were all
positive for RABV, confirming the virus spread in the brain, and the MOKYV vaccine failed

to protect against RABV (Figure 6K).
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Figure 6. Challenge study to determine protection efficacy of RABV-cAS1 vaccine against RABV
CVS-N2C. (A) Experimental timeline. Groups of 5 female mice were immunized with 10 pg/dose of
BPL-inactivated vaccines adjuvanted with 5 ug of PHAD in 2% SE per dose. Day 98 indicates when
mice were challenged with 5 x 10° ffu of RABV CVS-N2C via intramuscular route. D127 and brain
mark conclusion of study when any surviving mice were sacrificed. Created with Biorender.com
(accessed 2 May 2024). (B) Kaplan-Meyer survival curves. Log-rank Mantel-Cox test was used to
determine significance of survival of each group (** p < 0.0021, *p <0.0332). (C) Group average
weight change over time. Error bars represent standard deviation. (D) weight change over time for
the unchallenged group. (E-H) indicate weight change over time per group; dotted line indicates 20%
weight loss, N: mouse 1, R: mouse 2, L: mouse 3, 2R: mouse 4, 2L: mouse 5. (I) Euthanasia criteria
and clinical scoring. (J) Daily cumulative clinical score per group. (K) RT-PCR-RABVG from brain
tissues of each challenged group at end of study.
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When infected with wt IRKV (Figure 7), mock- and BNSPAG-MOKVG-vaccinated mice
lost weight and succumbed to infection within 9-10 days on average (Figure 7B,E,H). Each
group was positive (five out of five) for IRKV G by RT-PCR confirming the IRKV spread
in their brain (Figure 7K). Interestingly, the RABVG-cAS1 vaccination conferred 100%
protection and completely prevented rabies symptoms, whereas the RABV vaccination
provided 60% protection (Figure 7B,C). The RABVAG-MOKY vaccine did not protect
against IRKV or avoid symptoms of disease. (Figure 7H). The analysis of IRKV RNA in
mouse brains confirmed that the RABV-cAS1 vaccine provided 100% protection against
IRKV neuro-invasion, whereas two out of five RABV-vaccinated mice had detectable IRKV
RNA (Figure 7K).
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Figure 7. Challenge study to determine protection efficacy of RABV-cAS1 vaccine against wt IRKV.
(A) Experimental timeline. Groups of 5 female mice were immunized with 10 ug/dose of BPL-
inactivated vaccines adjuvanted with 5 ug of PHAD in 2% SE per dose. Day 98 indicates when mice
were challenged with 10° ffu of wt IRKV via intramuscular route. D127 and brain mark conclusion of
study when any surviving mice were sacrificed. Created with Biorender.com (accessed 2 May 2024)..
(B) Kaplan-Meyer survival curves. Log-rank Mantel-Cox test was used to determine significance
of survival of each group (** p < 0.0021). (C) Group average weight change over time. Error bars
represent standard deviation. (D) weight change over time for the unchallenged group. (E-H) indicate
weight change over time per group; dotted line indicates 20% weight loss, N: mouse 1, R: mouse 2, L:
mouse 3, 2R: mouse 4, 2L: mouse 5. (I) Euthanasia criteria and clinical scoring. (J) Daily cumulative
clinical score per group. (K) RI-PCR-RABVG from brain tissues of each challenged group at end of
study. RABV-cAS1 group had only 4 mice.
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Lastly, after the MOKYV challenge (Figure 8), mock- and RABV-vaccinated mice rapidly
lost weight and succumbed to infection within 8-9 days, while RABVAG-MOKYV vacci-
nation conferred 100% protection (Figure 8B). Remarkably, RABV-cAS1-vaccinated mice
had a 40% protection rate, with a significant difference from the RABV-vaccinated mice
(Figure 8B). Two out of five mice were able to recover after weight loss, and no paralysis
was observed in the RABV-cAS1-vaccinated mice (Figure 8C,G,]). The surviving mice
from the RABVG-cAS1- or RABVAG-MOKV-vaccinated groups had no detectable MOKV
RINA in their brains. However, mock-vaccinated mice, RABV-vaccinated mice, and the
non-survivor RABV-cASl-vaccinated mice had detectable MOKYV RNA in the brain.
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Figure 8. Challenge study to determine protection efficacy of RABV-cAS1 vaccine against wt MOKV.
(A) Experimental timeline. Groups of 5 female mice were immunized with 10 ug/dose of BPL-
inactivated vaccines adjuvanted with 5 pug of PHAD in 2% SE per dose. Day 98 indicates when mice
were challenged with 10° ffu of wt IRKV via intramuscular route. D127 and brain mark conclusion
of study when any surviving mice were sacrificed. Created with Biorender.com. (B) Kaplan—-Meyer
survival curves. Log-rank Mantel-Cox test was used to determine significance of survival of each
group (** p < 0.0021, *p <0.0332). (C) Group average weight change over time. Error bars represent
standard deviation. (D) weight change over time for the unchallenged group. (E-H) indicate weight
change over time per group; dotted line indicates 20% weight loss, N: mouse 1, R: mouse 2, L: mouse
3, 2R: mouse 4, 2L: mouse 5. (I) Euthanasia criteria and clinical scoring. (J) Daily cumulative clinical
score per group. (K) RT-PCR-RABVG from brain tissues of each challenged group at end of study.
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In summary, our study showed that RABVG-cAS1 extended the protective capacity
of rabies vaccination to IRKYV, a distant phylogroup I virus; partially protected against
MOKY, a phylogroup II virus; and, most importantly, maintained the protective capacity
against RABV.

4. Discussion

The rapid expansion of structural biology and its associated tools, including compu-
tational biology, X-ray crystallography, and monoclonal antibody mapping, has solved
many viruses’ glycoprotein structures, resulting in a revolution in vaccine development
approaches [37]. In this paper, we proposed a next-generation vaccine against lyssavirus.
Particular attention was paid to the AS1 of rabies and Mokola glycoproteins to develop
the chimeric RABV-cAS1 vaccine design. RABV-cAS1 showed protection against divergent
lyssaviruses of phylogroups I and II without compromising the immunogenicity and the
protection capacity against RABV.

We demonstrated that, being a linear antigenic site [19,21], AS 1 (222 to 252) is a
functional choice for substitution between two divergent lyssaviruses (RABV and MOKYV)
while maintaining a stable replicating recombinant virus. Previous studies have also
sought to develop pan-lyssavirus vaccines using different approaches, such as utilizing
a live vector to express lyssavirus glycoproteins, utilizing multiple vaccine constructs,
and utilizing a recombinant rabies virus to express lyssavirus glycoproteins or one single
chimeric glycoprotein [29,38]. The use of a live vector strategy utilizing recombinant
rabies virus and recombinant vaccinia virus to express lyssavirus glycoproteins might be
difficult to approve for human use for safety reasons [38,39]. The use of multiple vaccine
constructs has been suggested, but this strategy would be costly, especially for low- and
middle-income countries [40,41]. More recently, a recombinant RABV encoding two Gs
(RABV G and MOKYV G) resulted in lower virus growth, and the instability of the Gs was
observed [29]. Therefore, the researcher created a single chimeric G composed of MOKV
G and RABV G based on the pre- and post-fusion structures of a related rhabdovirus,
vesicular stomatitis virus VSV-G [42]. While one of the RABVs that carried the chimeric G
was stable (LyssaVax), the other showed an inefficient viral spread and low infectious viral
titers [29].

Fisher et al. tested LyssaVax's protective capability against two live viruses, rIRABV
and rMOKY, in an intranasal challenge. Although this route is artificial and does not
resemble the natural rabies infection route, they demonstrated good protection against
rRABV and rMOKYV [29]. The same group investigated the serological pattern produced
by LyssaVax against a panel of lyssaviruses from phylogroups I and II, but no phylogroup
III was included. While LyssaVax stimulates VNA titers against phylogroup II viruses, it
has been demonstrated that it loses some capacity in stimulating VNAs against non-RABV
phylogroup I viruses, particularly IRKV and Duvenhage virus DUVV [29]. Fisher et al.’s
research did show that the “domain” strategy they used to develop the vaccine scarified
some loss of VNAs against divergent phylogroup I lyssaviruses.

By inserting one single antigenic side (MOKVG AS]1) in the RABV-G vectored vaccine,
we hypothesized an extension of immunogenicity against MOKV while preserving the
immunogenicity against RABV. Our study showed high IgG titers against both MOKVG
and RABVG. Meanwhile, some cross-reaction by ELISA between heterologous antigens
was observed for sera from rabies-immunized mice, as shown in previous studies [29]; no
VNAs were mediated by such antibodies.

We also hypothesized that the chimeric antigenic site (222-252) would provide broader
protection against diverse lyssavirus challenges when compared to standard vaccines
while still maintaining similar protection from rabies. RABV-cAS1 showed the potential of
the AS1 of MOKY to elicit phylogroup II neutralizing antibodies while maintaining the
VNA against phylogroup I. These outcomes align with other studies that have shown the
specificity of each antigenic site in generating neutralization antibodies. Our results confirm
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the ability of an AS1-based vaccine approach to create a sustained immune response and
specific neutralizing antibodies [43—45].

In our study, we demonstrated the potential of RABV-cAS1 to produce neutralizing
antibodies against two divergent phylogroup I viruses, RABV and IRKYV, with no significant
difference. This appears to be a significant improvement in the chimeric lyssavirus vaccine
via our novel approach, as the previous attempt published by Fisher et al. demonstrated
the loss of VNA stimulation by LyssaVax against IRKV with and without adjuvant [26].
This might be related to the design utilized to create the chimeric G, where more antigenic
portions of antigenic sites of RABVG were sacrificed. Of note, antigenic sites involved in
the protection are not necessarily the same for all lyssaviruses. Cross-protection seen within
phylogroup I by RABV vaccines has been described; however, the level of protection is
undefined and might depend on high levels of G-specific antibodies [46—48]. Our findings
are consistent with other investigations demonstrating that rabies vaccines confer the least
protection against IRKV [48,49]. The most likely explanation for this limited protection is
the antigenic variations within phylogroup I lyssaviruses, as IRKV is more closely related
to European bat lyssavirus and Duvenhage virus than to rabies virus [1,50]. Comparison
between RABV and IRKV showed that the antigenic sites I, II, and III were different, while
the antigenic site IV was fully conserved [49,51].

While the cross-protection evaluation in this paper was limited to IRKYV, this lyssavirus
was reported in various research to display the highest pathogenicity in comparison to the
other bat-associated lyssavirus, which explains why the existing RABV-based biologics
give partial protection against the IRKV challenge [49,51]. Moreover, on the ancestral
level, IRKV, RABV, ABLV, ARAV, BBLV, KHUV, DUVYV, EBLV-1, and EBLV-2 segregated
into one group, which suggests that serologic cross-reactivity should exist among these
viruses [24,50]. Other investigations have divided phylogroup I into two main lineages:
one that covers IRKV, EBLV-1, and DUVYV and another lineage that includes the Palearctic
(ARAYV, BBLV, KHUYV, and EBLV-2), Australian (ABLV), Oriental (GBLV), and American
(RABV) lyssavirus species [52].

Interestingly, mice immunized with RABV-cAS1 were completely protected against
wt IRKV, whereas RABV-immunized mice had limited protection. On one hand, AS1
contains a linear epitope with key residue LCGV, which is responsible for CR57 and
62071-3 mAbs binding. The alignment of IRKV AS1 and RABV AS1 revealed that IRKV
loses V230. This amino acid change may alter the mAbs binding within this linear epitope,
disrupting neutralization and limiting IRKV protection. Recent studies supported our
findings, demonstrating that RABV vaccination is not completely effective against IRKV in
animal models [49,51]. However, it is unclear how AS1 improved protection against IRKV
when compared to RABV. The in silico analysis of RABV, IRKV, and MOKV AS1 showed
that IRKV AS1 is more closely related to RABV AS1 with 64.5% identity, compared to 61.3%
identity with MOKV AS1. However, two IRKV AS1 residues, R245 and D247, were shared
with MOKV AS1 but not with RABV-cAS1 (Supplementary Figure S3). To confirm this, a
future analysis focusing on these two residues may provide a better understanding of the
gain of protection via MOKV AS1.

Our results highlight that while the MOKVG-immunized mice were fully protected,
the RABV-cAS1 vaccine provided 40% protection, a significant improvement over the
rabies vaccine, which does not protect against MOKV. These findings are in accordance
with previous studies confirming that RABV vaccines fail to protect against phylogroup II
lyssaviruses [24,25,53]. Although the protection against wtMOKYV was partial, we think
that it is not related to the vaccine schedule. It is important to highlight that the RABV-cASI
vaccine was administrated as deactivated and adjuvanted with 5 ug of the TLR-4 agonist
synthetic Monophosphoryl Lipid A (MPLA), 3D (6 A)-PHAD (PHAD), in a 2% squalene-
in-oil emulsion (SE). Recent studies with rabies-based vectored vaccines showed that the
administration of the inactivated vaccine adjuvanted with PHAD-SE using (0-28) clearly
improves the immune responses elicited by the vaccine using [32-34].
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Further, we found MOKVG in the postmortem brain tissue of mice that succumbed
to disease but not in those that survived. It is unclear whether the vaccines were able to
prevent the virus reaching the brain or clear it after entry. Post-challenge symptom data
revealed that RABV-cAS1-immunized mice and challenged intranasally with wtMOKV
developed ruffed fur, lethargy, and weight loss, but no paralysis was observed. While
the controls were euthanized from days 9 to 10, the two survivor mice did not meet the
euthanasia criteria and started to recover on day 11 upon the challenge. Based on the
RT-PCR results from brain tissues shown in Figure 8K, the wt MOKYV virus was found
in the brain tissues of the three euthanized mice in the same group but not in these two
survivors. Thus, we speculate that the virus reached the brain, and then the mice recovered,
especially since the wt MOKYV challenge was performed intranasally. This route was shown
to be quick and assure the infection of the brain by penetration through both olfactory and
trigeminal pathways [54-56]

Recovery from rabies post-infection is possible and has been reported in both human
clinical infections and experimental infections in animals such as mice, dogs, ferrets, and
rabbits [57-59]. Once the virus enters the CNS, it is protected from the humoral immune
response unless an antibody can cross the BBB. Previous studies have found a correlation
between recovery and both BBB permeability and antibody presence in cerebrospinal
fluid [59-61]. According to published data, T cell activities can inhibit rabies virus repli-
cation [62,63], but the production of rabies virus-specific antibodies via B cell infiltration
across the blood-brain barrier is critical for rabies virus elimination [17,61,64]. Under
normal conditions, the BBB prevents contact between cells and factors in the bloodstream
and those in the CNS. During the clearance of attenuated rabies virus from CNS tissues,
the BBB opens to fluid-phase markers but not to larger molecules. This presumably allows
immune cells in the neurovasculature to detect chemoattractants produced in the CNS
and travel up the gradient across the BBB to infected tissues [61,64]. These findings are
consistent with our data, reporting a recovery from rabies infection possibly after the virus
has reached CNS tissues.

Our study proposes a novel approach towards the development of a pan-lyssavirus
vaccine. However, this study had a few limitations. Since MOKYV is not pathogenic via
the intramuscular route, the MOKYV challenge was performed via the intranasal route, an
artificial route that increases the risk of severe disease due to its proximity to the CNS.
Moreover, due to the limited sera, we are aware of the limited number of non-rabies
lyssaviruses tested for cross-protection, and we think that threshold determination will aid
further understanding. Protection studies against other phylogroup II lyssaviruses, such
as the Lagos bat and Shimoni bat, may reveal greater protection using the same route of
challenge to enable better data comparison.

Importantly, despite the novelty of this approach, complete protection against phy-
logroups I and II has not yet been achieved and must be extended to phylogroup IIIL
Developing a pan-lyssavirus requires a new strategy that strikes a balance between produc-
ing a stable recombinant virus and a chimeric single glycoprotein with a wider range of
antigens representative of the lyssavirus genus.

5. Conclusions

With a critical need for a pan-lyssavirus vaccine, our study proposed an innovative
broad-spectrum lyssavirus vaccine strategy where the antigenic site 1 of RABVG was
replaced with that of MOKVG. While maintaining the functionality of the chimeric RABV-
G and its protective capacity against RABV, the chimeric vaccine was able to provide full
protection against IRKYV, a distant phylogroup I lyssavirus, and partial protection against
MOKY, a distant phylogroup II lyssavirus. Our research study is the first step towards an
efficient pan-lyssavirus vaccine protecting against diseases like rabies caused by multiple
lyssaviruses, for which no vaccine or other countermeasures are currently available.
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