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Parainfluenza Virus 5 Expressing the G Protein of Rabies Virus
Protects Mice after Rabies Virus Infection
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Rabies remains a major public health threat around the world. Once symptoms appear, there is no effective treatment to prevent
death. In this work, we tested a recombinant parainfluenza virus 5 (PIV5) strain expressing the glycoprotein (G) of rabies
(PIV5-G) as a therapy for rabies virus infection: we have found that PIV5-G protected mice as late as 6 days after rabies virus in-
fection. PIV5-G is a promising vaccine for prevention and treatment of rabies virus infection.

Rabies is caused by rabies virus (RABV) infection and is almost
always fatal once symptoms occur. Despite significant scien-
tific progress, more than 55,000 human fatalities are reported an-
nually, and millions of others require postexposure treatment (1,
2). Postexposure prophylaxis (PEP) with vaccines and antirabies
immunoglobulin is very efficacious when it is initiated within a
few days (butas soon as possible) (3). However, delayed treatment
with the rabies vaccines currently in use may actually accelerate
the development of rabies (4). It is widely accepted that there is no
effective treatment, and rabies is almost invariably fatal once clin-
ical symptoms of rabies develop (4). Thus, new modalities are
needed to prevent and treat clinical rabies. Recently, laboratory-
attenuated RABV (5) and recombinant RABV expressing three cop-
ies of glycoprotein (G) (6) or granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) (7, 8) have been directly injected into the
brains of mice and were found to stimulate virus neutralization anti-
body (VNA) production and enhance blood-brain barrier (BBB)
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permeability, resulting in the clearance of RABV from the central
nervous system (CNS) and prevention of the development of rabies
after infection with RABV. These studies indicate that it might be
possible to develop therapeutics for treatment of clinical rabies. How-
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FIG 1 Protective efficacy of PIV5-G administered after i.m. infection with DRV. Mice (in a group of 10) at 4 to 6 weeks of age were infected i.m. with 50 IMLD5,
DRV and treated with PBS and 107 PFU of PIV5 or PIV5-G or 10”7 FFU of LBNSE-GM-CSF by the i.c. route at different time points postinfection (4 dpi [A], 5
dpi [B], and 6 dpi [C]). Infected and treated mice were observed daily for 21 days, and survivorship was recorded and analyzed. Asterisks indicate significant
differences between the indicated experimental groups as calculated by the log-rank test as follows: ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 2 Cumulative clinical symptoms in mice treated with PIV5-G after i.m. infection with DRV. Mice (group of 10) at 4 to 6 weeks of age were infected i.m. with
50 IMLD5, DRV and treated with PBS and 10” PFU of PIV5 or PIV5-G or 10’ FFU LBNSE-GM-CSF by the i.c. route at different time points postinfection (4 dpi
[A], 5 dpi [B], and 6 dpi [C]). Infected and treated mice were observed daily for 21 days, and the cumulative clinical scores were recorded. 0 = no sign of disease,
1 = ruffled hair, 2 = motor impairment (hogback, unstable gait, and lack of coordination of the hind legs), 3 = one paralyzed hind leg, 4 = two paralyzed hind

legs and death.

ever, it is highly unlikely that a live RABV recombinant vaccine will
ever be approved for injection into a human brain due to safety con-
cerns.

Parainfluenza virus 5 (PIV5) is a member of the Rubulavirus
genus of the family Paramyxoviridae, which includes mumps virus
(MuV) and human parainfluenza virus type 2 (HPIV2) and
HPIV4 (9). PIV5 is a good vector candidate for vaccine develop-
ment. It is believed that PIV5 may contribute to kennel cough in
dogs (10-14). Even though infection of dogs with PIV5 did not
lead to kennel cough (15, 16), kennel cough vaccines containing
live PIV5 have been used in dogs for over 40 years without safety
concern for animals or humans. PIV5 infects a large number of
mammals without being associated with any diseases, except ken-
nel cough in dogs (10-14). Humans have been exposed to PIV5,
likely due to wide use of kennel cough vaccines, which contain live
PIV5, and dogs can shed virus after vaccination (15). Because
PIV5 does not have a DNA phase in its life cycle, its use avoids the
possible unintended consequences of genetic modifications of
host cell DNA through recombination or insertion. In compari-
son to positive-strand RNA virus genome structures, the genome
structure of PIV5 is stable. A recombinant PIV5 expressing green
fluorescent protein (GFP) has been generated, and the GFP gene
was maintained for more than 10 generations (the duration of the
experiment) (17). PIV5 can be grown to 8 X 10® PFU/ml, indicat-
ing its potential as a cost-effective and safe vaccine vector that may
be used in mass production. We have found that PIV5-based in-
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fluenza virus and respiratory syncytial virus vaccines are effica-
cious (18, 24, 25). Finally, we have found that recombinant PIV5
expressing G of rabies virus provided complete protection in mice
against lethal rabies challenge (19).

To examine whether PIV5-G can be effective to treat mice after
RABV infection, we infected mice by the intramuscular (i.m.)
route with a wild-type virus (DRV strain) at a dose of 50 IMLD5,s
(median lethal doses administered via intramuscular [i.m.] infec-
tion) at the right hind limb. In this infection model, rabies virus
reaches brain of the infected mice within 3 days postinfection
(dpi) (20). At 4, 5, and 6 days after infection, mice were injected
intracerebrally (i.c.) with phosphate-buffered saline (PBS) and
107 focus-forming units (FFU) of PIV5, PIV5-G, or LBNSE-GM-
CSF (an attenuated RABV expressing GM-CSF [21]) by the i.c.
route at 4, 5, and 6 dpi. Mice were monitored daily for 20 days for
developing disease and death. By dpi 6 to 8, animals began to
develop clinical signs, such as ruffled fur, trembling and shaking,
uncoordinated movement, and paralysis. Mice were humanely
sacrificed when they developed complete paralysis by dpi 10 to 13.
As shown in Fig. 1, 100% of the mice infected with DRV by the i.m.
route, but treated with medium by the i.c. route at 4 dpi, devel-
oped rabies and succumbed to infection by 13 dpi. Only 10% of
DRV-infected mice developed any clinical signs when treated i.c.
with LBNSE-GM-CSF at 4 dpi. Significantly more (80%) mice
survived the infection when treated with PIV5-G at 4 dpi. When
the treatment was initiated at 5 dpi, 30% of the mice treated with
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PIV5-G survived and 30% of the LBNSE-GM-CSF-treated mice
survived. When the treatment was initiated at 6 dpi, 50% of the
mice treated with PIV5-G survived and 30% of LBNSE-GM-CSEF-
treated mice were protected. Consistent with the survival results,
PIV5-G reduced clinical symptoms of rabies infection (Fig. 2).
These results demonstrate that PIV5-G was as effective as LBNSE—
GM-CSF in treating rabies virus-infected mice.

To clear rabies virus from the CNS, two factors are absolutely
needed, i.e., enhancement of BBB permeability and the produc-
tion of virus-neutralizing antibodies (8). Our previous studies
showed that recombinant RABVs expressing chemokines/cyto-
kines, e.g., GM-CSF (LBNSE-GM-CSF), activate/recruit den-
dritic cells (DCs) and enhance protective immune responses when
given before and after challenge (21, 22). In this work, we used
only PIV5 expressing G. We can further improve the efficacy of
PIV5-G by expression of GM-CSF as well.

In addition to the fact that PIV5 is not known to cause diseases
in humans, one additional advantage of using PIV5-based rabies
vaccine as a therapy is that PIV5-G can be combined with anti-
rabies antibody. Anti-rabies antibody can and does limit the effec-
tiveness of live RABV (21, 22), and anti-rabies antibody is unlikely
to prevent PIV5-G replication because PIV5-G replication does
not require the G protein of RABV. Furthermore, the presence of
anti-PIV5 antibody did not affect the effectiveness of PIV5-based
vaccine (23). Thus, we can further improve the efficacy of PIV5-G
by combining PIV5-G treatment with the use of anti-rabies anti-
bodies. The rationale for this combined therapy is that an individ-
ual vaccinated with PIV5-G may not be able to generate anti-
rabies antibodies fast enough and that, by adding exogenous
anti-rabies antibodies at the time of immunization, it will be pos-
sible to bridge the gap in time before PIV5-G-induced anti-rabies
antibodies are produced.

In summary, in this work, we have demonstrated that PIV5-G
is as effective as LBNSE-GM-CSF, the most efficacious treatment
reported in literature for animals after rabies infection, in treating
mice after rabies infection. Furthermore, the efficacy of PIV5-G
treatment can be further improved by changing the G insertion
site within the PIV5 genome, modifying the PIV5 genome, coex-
pressing GM-CSF, and combining such treatment with anti-ra-
bies antibody treatment.
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