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Abstract

Novel rabies vaccines that are less expensive and more immunogenic than current
vaccines are needed to reduce the human death toll of rabies. Such vaccines
would also allow for more widespread use of rabies vaccines in childhood
immunization programs. A number of adjuvants that would allow for dose
sparing of current vaccines as well as alternative vaccine prototypes including
protein vaccines, genetically modified rabies viruses, pseudotyped viruses, and
different types of genetic vaccines are being explored pre-clinically. Some of
those have reached early clinical testing. This chapter describes the potential of
these different rabies vaccines for use in pre- or post-exposure vaccination.

Introduction

Rabies caused by lyssaviruses, which are divided into three phylogroups and
7 genotypes, claims more than 55,000 human lives annually [1]. Most cases are
caused by rabies virus, a phylogroup1 lyssavirus, that forms the basis of current
rabies vaccines. About 40% of the deaths occur in children below the age of
15 years. Rabies virus is most commonly transmitted by dogs although other
mammals such as cats, raccoons, skunks, foxes, wolves, bats, and others can transmit
the virus. In North America, exposure to rabid bats is the main cause for human
rabies. Mandatory immunization of dogs has dramatically reduced the incidence of
rabies throughout the Americas and Europe but has not yet been successful in Asia
and Africa where free-ranging dogs are common. Oral rabies vaccination of wildlife
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has reduced human rabies virus exposures in Western and Central Europe but is
more challenging in the less densely populated areas of the Americas and elsewhere.

Safe and efficacious rabies vaccines for humans are available. They are based on
rabies virus that is grown in tissue culture or embryonated eggs and then inactivated.
As incubation times for rabies are relatively long and exposures are noteworthy, as
they are linked primarily to bites from a rabid animal, vaccines are most commonly
given after exposure. Rabies vaccines are given prophylactically to humans at high
risk such as veterinarians, wildlife researchers, cavers, or individuals working with
the virus. Recently, Peru opted to include rabies pre-exposure prophylaxis (PrEP)
into childhood immunization programs in highly endemic remote areas to reduce the
increasing death rates due to exposure of children to rabid vampire bats
[2, 3]. Recently, the Philippines implemented a similar national program [3, 4].

Currently, licensed rabies vaccines are relatively poorly immunogenic and are
thus given repeatedly to achieve adequate titers of neutralizing antibodies, the
correlate of protection against infection. For PrEP, rabies vaccines are given three
times to reliably induce virus-neutralizing antibody titers �0.5 international units
(IU). Although rabies vaccines induce long-lasting memory B cell responses [5–7],
antibody titers eventually wane, necessitating periodic booster immunizations. For
post-exposure prophylaxis (PEP), rabies vaccines are given 3–4 times starting as
soon as possible after exposure once the wound has been thoroughly cleaned. In case
of severe exposure, defined as exposures through transdermal bites or scratches and
mucosal contact with saliva or contact with bats, the vaccine is combined with rabies
immune globulin (RIG), which should be infiltrated directly to the site of the bite.
Rabies vaccines and RIG are expansive and therefore underutilized, which together
with lingering ignorance on modes of rabies virus transmission and limited access to
health care, results in the high rabies-related human death rates.

More immunogenic vaccines, that achieve virus-neutralizing antibody titers after
a single dose and that are less costly, would be expected to increase public access to
PrEP and PEP and thereby reduce human death due to rabies. Currently, cost can be
reduced by using ID rather than IM immunization. Vaccine injected ID has ready
access to the rich network of dendritic cells within the skin [8], which are scarcer
within muscle tissue. ID immunization, therefore, triggers more potent immune
responses and allows for a reduction of the vaccine dose. Current rabies vaccines
given ID at a 5- to 10-fold lower dose compared to the IM dose induce adequate
antibody titers. Another way to reduce the cost for rabies vaccinations and increase
compliance with recommended regimens is to reduce the number of vaccine doses
and tighten immunization schedules from several weeks to one week (https://www.
who.int/rabies/PEP_Prophylaxis_guideline_15_12_2014.pdf).

Thus far these changes in rabies vaccination, which are now recommended by
WHO and which already prior to that were used extensively in many rabies-endemic
countries, have not reduced the efficacy of the rabies vaccine.

This chapter discusses the pros and cons of novel human rabies vaccines under
development.
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Vaccine-Induced Immune Correlates of Protections

Protection against infection or spread of rabies virus is mediated by neutralizing
antibodies that cross-react among viral species within lyssavirus phylogroup
1 [9, 10]. Antibodies induced by current vaccines fail to neutralize phylogroup
2 and other genetically disparate lyssaviruses [11, 12]. Neutralizing antibodies are
directed against the lyssavirus glycoprotein, the only protein expressed on the
surface of the bullet-shaped virions. The viral glycoprotein forms trimers and most
of the neutralizing antibodies are directed against conformation-dependent epitopes.
Thus, rabies vaccines must express the viral glycoprotein in its native conformation
to induce neutralizing antibodies [11]. Memory B cell responses to current rabies
vaccines are long lived and can be recalled decades after the initial immunization
[13]. Vaccinated individuals that are exposed to rabies and related lyssaviruses
therefore only require two booster immunizations without RIG rather than the full
PEP regimen. Induction of B cell responses to the rabies vaccine requires help from
CD4+ T cells [14]. Vaccination of individuals with T cell immunodeficiency such as
patients suffering from AIDS may thus not result in adequate antibody titers
[15]. Most of the antigens of rabies virus, including the glycoprotein, carry T helper
cell epitopes [16]. Induction of CD4+ T cells and B cells necessitates stimulation of
an initial innate response to drive activation of antigen-presenting cells. Currently
licensed rabies vaccines do not contain an adjuvant and rely on intrinsic viral factors
to induce inflammatory reactions, such as the single-stranded RNA genome that
activates Toll-like receptors 7/8 [17] and double-stranded loops that can activate
RIG-I helicase [18].

Requirements for Next-Generation Rabies Vaccines

Novel rabies vaccines need to equal current vaccines in safety and efficacy and
surpass their immunogenicity to allow for single-dose regimens and an overall cost
reduction. They need to induce innate immunity, which can be achieved with
adjuvants. Adjuvants affect the flavor of immune responses by driving activation
of type 1 or 2 T helper (Th) cells. Both promote stimulation and affinity maturation
of B cells but they achieve different types of class switching. Th1 cells in humans
promote stimulation of IgG1 and IgG3 while Th2 responses favor switching to IgG4
and IgA. Although it is currently unknown which antibody isotype is best suited to
protect humans against rabies, some evidence obtained in mice suggests that
antibodies with Th1-linked isotypes can more readily be induced within the CNS,
where they may promote virus clearance [19]. Novel vaccines must express the
rabies virus glycoprotein in its native form and they need to induce an antibody
response that broadly neutralizes all phylogroup 1 lyssaviruses. Neutralization of
phylogroup 2 lyssaviruses or other recently isolated lyssaviruses that belong to
neither phylogroups 1 nor 2 [20] would be desirable. Vaccines should induce
sustained antibody and memory B cell responses. Vaccines used for PEP must
induce an antibody response rapidly before the virus spreads into the nervous
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system. As less costly rabies vaccines are most direly needed in developing
countries, the vaccine must be heat-stable as cold chains are expensive and difficult
to maintain. Delivery needs to be easy.

Several vaccines and vaccine adjuvants have undergone pre-clinical and in part
clinical testing. Some meet the criteria required for vaccines use for PEP and PrEP,
while others are only suited for PrEP.

Adjuvants

Adjuvants increase the immunogenicity and potency of vaccines by stabilizing the
antigen and/or affecting its prolonged release, targeting specific cells or promoting
inflammatory responses. Adjuvants that have the latter effect by their very nature
increase the reactogenicity of vaccines and on rare occasions even result in serious
adverse events as was shown with adjuvanted influenza vaccines [21]. Although
tremendous research efforts have focused on the development of new adjuvants very
few have reached licensure. Aluminum salts in the form of aluminum hydroxide,
aluminum phosphate, alum (potassium aluminum sulfate), or mixed aluminum salts
have been approved in the United States for more than six decades. Two other
adjuvants, i.e., AS04 a combination of aluminum hydroxide and monophosphoryl
lipid A, are approved for use with Cervarix, a virus-like particle (VLP) vaccine
against oncogenic types of human papillomaviruses [22] and AS03, an oil-in-water
emulsion, for H5N1 that is currently not used in the United States in humans but is
being stockpiled in case of an avian influenza outbreak [23]. AS03 has been used
outside the United States in 47 countries together with the pandemic H1N1 vaccine,
where it was linked to increases in narcolepsy in children [24]. No other adjuvants
have been licensed in the United States thus far, although many have undergone
pre-clinical and early clinical testing. Adjuvants that have been tested in animals
with inactivated rabies vaccines are listed in Table 1. Most were tested in mice,
where they increased antibody responses to the rabies vaccine and thus protection
against challenge. The caveat should be pointed out that results obtained in rodents,
especially with adjuvants that target pathogen recognition receptors [37], may not
necessarily translate to humans due to differences in innate receptor specificity and
distribution [38].

Data obtained in humans and nonhuman primates indicate that an alum-
adjuvanted rabies vaccine would provide limited advantages [25]. Two adjuvants,
ISCOMATRIXTM, a particle forming adjuvant composed of cholesterol, phospho-
lipid, and saponin and IMO-2170, an immune modulatory oligonucleotide with
agonist activity to TLR-9, yielded promising results in nonhuman primates
[30]. One adjuvant, a TLR-3 agonist based on a synthetic dsRNA analogue and a
refined form of polyinosinic-polycytidylic acid stabilized with kanamycin and
calcium has been tested in human volunteers with no prior history of rabies exposure
or vaccination [36]. Group 1 received RABIPUR in a 4-dose i.m. regimen (1-1-1-1),
group 2 received the same regimen with the adjuvanted vaccine called PIKA® rabies
vaccine, group 3 received the PIKA® rabies vaccine in an accelerated 3 visit regimen
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Table 1 Adjuvants tested with conventional rabies vaccines

Adjuvant Vaccine Species Study outcome References

Aluminum
hydroxide

HDCSV + adjuvant
given s.c. compared
to HDCSV, i.m.,
single or 8-site
i.d. regimen

Humans Response to vaccine
with adjuvant equal
to single-site
i.d. regimen without
adjuvant, inferior to
8-site i.d. regimen

[25]

IL-2, given daily
systemically

Attenuated SAD
strain of rabies

Outbred
mice

Enhanced vaccine
potency tested for by
challenge with
CVS-11 virus

[26]

Polar
glycopeptidolipids
from
Mycobacterium
chelonae

Semple vaccine BALB/c
mice

Enhanced vaccine
potency tested for by
challenge with CVS
virus

[27]

CpG ODN
(BW006)

Inactivated rabies
virus strain CTN

BALB/c
mice

Increased titer of
neutralizing
antibodies, increased
protection upon
challenge

[28]

Activation-
associated protein-1
from Onchocerca
volvulus

VERORAB BALB/c
mice

Increased IgG1 and
IgG2a antibody
responses to the
rabies vaccine

[29]

ISCOMATRIX™
adjuvant

Rabavert® Rhesus
macaques

Significantly
increased titers of
neutralizing
antibodies

[30]

IMO-2170,
synthetic TLR9
agonist

Rabavert® Rhesus
macaques

Significantly
increased titers of
neutralizing
antibodies

Amorphous
aluminum
hydroxylphosphate
sulfate

Rabavert® Rhesus
macaques

Marginally increased
titers of neutralizing
antibodies

Uridine
50-triphosphate

Commercial rabies
vaccine (single
dose)

BALB/c
mice

Marginally increased
protection in PrEP
compared to a
suboptimal dose of
vaccine

[31]

Ginsenoside Re
(Re) is a saponin
from Panax ginseng

Rabvac® Outbred
mice

Enhanced and
prolonged antibody
responses

[32]

Salmonella
typhimurium
flagellin

Whole-killed rabies
vaccines

BALB/c
mice

Slightly increased
antibody responses

[33]

(continued)
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(2-2-1). The experimental vaccine was well-tolerated although 1/12 subjects of
group 2 had to be taken off the trial due to pruritus that eventually resolved.
Group 3 developed titers of rabies neutralizing antibodies faster than control group
1 and antibody responses were more sustained. Group 2 showed a trend toward
accelerated and prolonged responses, which failed to reach significance. Although
the results of phase I safety trial were promising, questions on improved immunoge-
nicity remain. They will need to be addressed in a larger phase II trial. Specifically,
the most promising accelerated 2-2-1 regimen for the PIKA® rabies vaccine was
compared to the standard 1-1-1-1 regimen, which opens the question if the faster and
enhanced response was indeed caused by the adjuvant or differences in dosing and
timing of vaccination.

Protein and Peptide Vaccines

Protein or peptide vaccines are based on the viral glycoprotein, a 65-k Da protein that
contains an intracytoplasmic domain, a hydrophobic transmembrane domain, and an
ectodomain. After synthesis, the protein forms trimers and is N-glycosylated mini-
mally at one of three potential sites, before it is transported to the cell surface
[24]. Protein vaccines based on the rabies virus glycoprotein have the advantage
that they are exceptionally safe and they can be used for both PEP and PrEP.
Depending on the source of the protein, such as plant cells, they may also be cost
effective. Disadvantages of protein vaccines are that correct folding into the native
trimeric structure of the rabies virus glycoprotein, which is essential for the induction
of neutralizing antibodies, remains a challenge. Full-length glycoprotein is poorly
soluble due to the high hydrophobicity of the transmembrane domain [39], which is
nevertheless essential for the protein’s correct folding.

Different types of protein and peptide vaccines that have been explored are listed
in Table 2. Rabies virus glycoprotein produced in mammalian cells, such human
embryonic kidney (HEK) 293 cells [46], baby hamster kidney (BHK)-21 cells [40],

Table 1 (continued)

Adjuvant Vaccine Species Study outcome References

Polysaccharides
IIP-A-1 and IIP-2
from Isatis
indigotica root

Whole-killed rabies
vaccines

BALB/c
mice

Accelerated and
increased antibody
responses

[34]

Hydrogenated soya
phosphatide and
cholesterol
liposomes

Whole-killed rabies
vaccines

BALB/c
mice

Slightly increased
vaccine potency

[35]

TLR-3 agonist RABIPUR® Humans Well tolerated,
increased
immunogenicity of
the vaccine

[36]
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or neuroblastoma cells [41] is glycosylated, although the glycosylation pattern,
which in turn affects the protein’s immunogenicity, varies depending on the host
cell type. It is furthermore affected by culture conditions. Expression in insect cell
systems, such as by baculovirus in Spodoptera frugiperda (Sf-9) cells [47, 48] or in
Drosophila melanogaster Schneider 2 cells [50, 53], also results in oligomeric
glycoprotein able to induce virus-neutralizing antibodies in mice. A baculovirus-
derived glycoprotein that spontaneously forms micelles (nanoparticles) has
undergone testing in mice. A 3-dose regimen induces higher rates of seroconversion
than commercial Rabipur vaccine. This vaccine, developed by CBL Biological, has
undergone phase I and II trials in humans and a phase III trial is planned. Results of
these trials are not yet available to the public.

Expression in Saccharomyces cerevisiae [51] resulted in a protein that failed to be
immunogenic in mice, which may relate to the typically high mannose glycosylation
pattern by yeast. Expression in methylotrophic yeast Pichia pastoris was also
assessed, resulting in a protein that at least in part was correctly folded [52]. Similar
results were obtained in Pichia angusta (Hansenula polymorpha) [54]. Neither
protein was assessed for induction of neutralizing antibodies in animals, the ultimate
test for correct folding and glycosylation of the rabies virus glycoprotein.

The rabies virus glycoprotein has been produced in plant cells, including maize
[56], Nicotiana tabacum plants [57], carrots [58], or spinach [59, 60]. The latter
expressed epitopes of the glycoprotein and the nucleoprotein together with the alpha
mosaic virus coat protein to facilitate oral vaccine delivery. Plant cells appropriately
glycosylate the rabies virus glycoprotein. However, successes upon oral immuniza-
tion varied. A maize-derived glycoprotein fed at 50 μg/dose within the kernels to
mice resulted in protection against challenge with a vampire bat virus [56]. The
chimeric spinach-derived peptide vaccine was initially tested after intraperitoneal
injection of mice, where it achieved protective immunity after three doses
[59]. Humans were fed three times raw spinach containing the chimeric rabies
virus peptides [60]. Volunteers without prior immunization with the rabies vaccines
were then immunized with one dose of a commercial rabies vaccine. Seven days,
later 3 of 9 individuals had developed neutralizing antibodies, indicating that the
plant vaccine had primed a B cell response in at least some of the human volunteers.
In another arm of the study, humans who had previously been immunized with a
commercial rabies vaccine were fed the same material. In this group, 3 of 5 showed a
recall response. Another study demonstrated in mice the immunogenicity and
efficacy of a purified rabies virus glycoprotein grown in Nicotiana tabacum leaves
[57] or in carrots [58].

Results obtained with some of the expression systems, especially the virus-like
particles (VLPs) formed in HEK 293 cells and the maize-produced glycoprotein, are
promising. Unless the glycoprotein is used for oral immunization, it must be
purified, which adds another layer of complexity and cost to protein vaccines. Oral
immunization with raw material, such as maize kernels, carrots, or spinach leaves,
may provide challenges of accurate dosing, not only of the ingested material but also
of the amount of antigen that eventually is presented to the immune system. Several
groups have explored the use of peptides. A branched lipopeptide vaccine, with or
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without TLR7 agonist, was shown to induce T cell responses to rabies virus that
could accelerate the B cell response to a traditional vaccine [61]. A multi-epitope-
based vaccine coated with canine gp69 tested in mice showed limited efficacy
[62]. Considering that rabies vaccines need to induce a very broad antibody response
against multiple isolates and preferentially different genotypes, this approach is
unlikely to replace current vaccines.

Genetically Altered Rabies Vaccines

Rabies virus can be modified by reverse genetics [63]. This has led to the production
of highly attenuated rabies virus and/or virus with improved immunogenicity that
could be used for animal or human vaccination (Table 3). Depletion of the P gene,
which encodes part of the viral polymerase, attenuates rabies virus. The virus is
apathogenic even if injected intracerebrally into adult or suckling immunocompetent
mice or into immunodeficient mice, although in the latter the P gene-deleted vaccine
spread from the periphery into the central nervous system. The P gene-deleted rabies
virus induces a virus-neutralizing antibody response [64]. The response comes up
fairly slowing but then surpasses that of an inactivated vaccine based on wild-type
virus, suggesting that such a construct may be considered for PReP, but not PEP. To
enhance the immunogenicity of the P-gene deleted rabies vaccine, it was further
modified to express two copies of the viral glycoprotein gene. This vaccine more
rapidly induced rabies virus neutralizing antibodies in mice and nonhuman primates
[65]. Rabies virus depleted of the matrix (M) gene is also apathogenic and unlike the
P gene-deleted virus does not disseminate into the brain of immunodeficient mice.
This vaccine very rapidly induces virus-neutralizing antibodies in mice and a
somewhat slower response in nonhuman primates [66]. Both types of viruses induce
a Th1-biased response.

Attenuated viral vaccines are attractive, as they produce higher and more
sustained levels of antigen than an equal dose of an inactivated virus. Nevertheless,
considering that rabies is nearly always fatal, a live vaccine, even if it is shown by all
possible means to be safe in animals, may not be accepted by regulatory authorities
or the public. Attenuated rabies vaccines could be useful for the treatment of human
patients with active symptoms of a CNS rabies virus infection [67].

To overcome this potential safety limitation, mutants, which carry two copies of
the glycoprotein gene, were inactivated and then tested in dogs, in comparison to a
traditional vaccine [68]. After a single dose, the mutant virus-induced an accelerate
antibody response that protected ~80% of the animals against a challenge with a
virulent strain of rabies virus. This vaccine could be suitable for PEP where the speed
of onset of a virus-neutralizing antibody response is of the essence. A further
advantage of the mutant vaccine is its superior growth in BHK-21 cells, compared
to the parental HEP-Flury strain, although additional studies are needed to assess if
this endures scale-up of vaccine production.
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Virus Particle Vaccines

Some viruses can be modified to express the rabies virus glycoprotein on the surface
of the virion (Table 4). These viruses share the advantage of protein vaccines or
genetically modified rabies virus in that the protein is instantly available for induc-
tion of immune responses thus potentially allowing for their use in PEP. They
furthermore have the advantage that the inflammatory response to the parent virus
renders them independent from added adjuvants. Purification methods for viruses are

Table 3 Genetically altered rabies vaccines

Rabies virus
Type of
vaccine

Immunization
protocol Species Results References

P gene-
deficient
rabies virus

Live
attenuated
virus

1 dose, 106

FFUs, i.p.
Mice Induction of

neutralizing
antibodies and
protection
against
challenge,
superior to the
efficacy of an
inactivated
wild-type rabies
virus

[58]

Modified P
gene-deleted
rabies virus

Live
attenuated
virus

1 dose,103–
105 FFUs, i.m.

Mice Rapid induction
of neutralizing
antibodies and
protection
against
challenge

[59]

M gene-
deficient
rabies virus

Live
attenuated
virus

1 dose, 103–
105 FFU, i.m.

Mice Rapid induction
of neutralizing
antibodies,
complete
protection
against
challenges

[60]

2 doses,
6 � 107 FFUs,
i.m.

Nonhuman
primates

Induction of
neutralizing
antibodies

Rabies virus
with two
glycoprotein
gene copies

Inactivated
virus

1 dose,
equivalent of
107 FFU with
adjuvant, s.c.

Dogs Slightly
accelerated
neutralizing
antibody
response, 83%
protection
against
challenge

[62]

FFU focus forming unit
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well established and not affected by peculiarities of the rabies virus glycoprotein
such as the high hydrophobicity of its transmembrane domain. Potential
disadvantages are pre-existing immunity to the parent virus or modest levels of the
displayed rabies virus glycoprotein, both of which could dampen immune responses
to rabies virus. One also needs to consider an increased potential for adverse events
due to pathogenicity of the parent virus.

Newcastle disease virus, an avian parainfluenza virus, was modified to express
the rabies virus glycoprotein on its surface. The vaccine could be grown to high titers
in embryonated chicken eggs and was shown to be safe in mice, dogs, and cats. It
induces high and sustained titers of rabies virus-neutralizing antibodies. A single
intramuscular dose achieved complete protection in mice, while a triple immuniza-
tion regimen was shown to protect cats and dogs [70].

A baculovirus was modified to express the rabies virus glycoprotein on its surface
and to simultaneously express another glycoprotein under the control of the CMV
promoter. This vector thus serves as both a VLP and a genetic vaccine. In mice two,
doses of the recombinant baculovirus induce a virus-neutralizing antibody response
and complete protection against challenge [71].

Parainfluenza virus 5 vectors expressing the rabies virus glycoprotein were
developed and tested initially in a PrEP regimen, where they induced neutralizing
antibodies in mice and complete protection against challenge [72]. In the same study,
the pseudotyped virus was tested in a PEP regimen in mice. Mice were challenged
intramuscularly with rabies virus and then vaccinated three times intracerebrally
with the recombinant virus starting 4–6 days after challenge. A significant reduction
in clinical signs was observed, although it should be noted that early vaccination
with the wild-type virus also reduced illness [72].

Although the pseudotyped virus may be a cost-effective alternative for PEP,
additional studies are needed in more relevant animal models.

Table 4 Pseudotyped viruses as vaccines to rabies virus

Pseudotyped
virus Immunization protocol Species Results References

New castle
disease virus

1 dose, ~106–108 egg infective
doses, i.m.

Mice Complete
protection

[63]

3 doses, ~108–1010 egg
infective doses, i.m.

Cats,
Dogs

Baculovirus 2 doses, 108 IFU, i.m. Mice Complete
protection

[64]

Parainfluenza
virus 5

1 dose,108 PFU, i.m., i.n., oral,
PrEP

Mice Complete
protection

[65]

3 doses, 107 PFU,
intracerebrally, PEP

Mice Partial
protection

[69]

EID egg infectious unit, IFU infectious unit, PFU plaque-forming unit
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Genetic Vaccines

Genetic vaccines are vaccines that introduce genetic material or transcripts of a
pathogen. Such vaccines need to transduce cells. They use the host cell machinery to
produce the immunogen, which then stimulates an immune response. Onset of an
immune response to a genetic vaccine is delayed and although this delay may be
marginal and synthesis of proteins would be expected to occur within hours leading
to steady accumulation of antigen over a span of several days, it nevertheless
precludes the use of genetic vaccines for PEP, where speed of the neutralizing
antibody response determines whether a patient will live or die.

Genetic vaccines that have been explored for vaccination against rabies virus can
be subdivided into mRNA vaccines, DNA vaccines in the form of plasmid vectors or
replicons, viral, and bacterial recombinant vaccines (Table 5).

mRNA Vaccines

Pre-clinical studies showed that mRNA encoding the rabies virus glycoprotein
injected into animal transduces cells and stimulates a Th2-biased antibody response
against rabies virus that protects mice and pigs against challenge [103]. Based on
these promising results, a lyophilized mRNA vaccine encoding the glycoprotein of
the Pasteur strain of rabies virus, termed CV7201, was tested in a dose escalation
trial in human volunteers without previous exposure to a rabies vaccine [104]. The
vaccine was given 2 or 3 times intramuscularly on days 0, 28, and 56 or 3 times
intradermally on days 0, 7, and 28. Injections were either given by a syringe or an
injector device. Ninety percent of participants reported side effects, in 12% of those
side effects were considered severe. Local side effects were more common after
intradermal application, systemic side effects tended to increase at higher vaccine
doses. Intramuscular or intradermal immunization by syringe failed to elicit rabies
virus-specific neutralizing antibody titers at or above 0.5 IU/ml. Using injector
devises about ~50% of individuals that received the vaccine at the highest dose
(400 μg/dose) intramuscularly and ~70% of those injected intradermally developed
titers of or above 0.5 IU/ml. By one year after immunization titers in all individuals
declined to below 0.5 IU/ml. Some of the individuals who had been primed
intradermally with the injector device (80 μg/dose, 3 doses) were boosted one year
later with the same vaccine dose, route, and type of injection used for priming. After
the boost, ~60% of individuals achieved antibody titers above 0.5 IU/ml. Although
this proof of principle studies shows that an mRNA vaccine can induce an immune
response in humans, the trial outcome is far from impressive. Considering the
severity of rabies, a vaccine that does not achieve adequate titers in all vaccine
recipients is not acceptable.
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DNA Vaccines

Plasmid vectors also called DNA vaccines can be given by intramuscular or intra-
dermal injection. They can be applied intradermally upon coating to gold beads with
a gene gun. The plasmids transduce cells locally and then produce the antigen
[73]. Transduction rates can be increased by electroporation following vector injec-
tion [74]. DNA vaccines have clear advantages. They are very easy to produce. They
are heat stable. They carry their own adjuvant in the form of CpG sequences within
the vector genome, which activate TLR-9 [75]. Their testing in humans has shown
that they are well tolerated [76, 78]. They induce a full range of immune responses
including Th1-based antibodies. Immune responses tend to be sustained. Their main
disadvantage is that their potent immunogenicity in animals has not reliably trans-
lated to human studies [77].

Several studies have tested DNA vaccines expressing the rabies virus glycopro-
tein. Initial studies showed that a single dose of 50 μg of a DNA vaccine given
i.m. protected 50% of mice against challenge while 3 doses achieved 80% protection
[79]. Subsequent studies reported complete protection after a single i.m. dose of
10 μg of DNA [80] or 2 μg given by gene gun [81]. Using a DNA vaccine expressing
a chimeric glycoprotein composed of phylogroup 1 and 2 lyssaviruses or 2 DNA
vaccines expressing the entire glycoprotein sequences of these two viruses resulted
in a broadly neutralizing antibody response that neutralized most genotypes of
lyssavirus [82]. Other studies showed induction of virus-neutralizing antibody
responses in nonhuman primates [83], dogs, and cats [84] that as far as was tested
protected against challenge. Responses could be increased by adding either genetic
adjuvants in form of a second DNA vector expressing a cytokine [85] or by
formulating the DNA vaccine in a traditional adjuvants such as monophosphoryl
lipid [87], alum [86], cationic lipids [88], amine-terminated poly(ether imine)
dendrimer [89], or Emulsigen-D [90]. Alternatively, responses could be enhanced
by using a second vaccine such as an adenovirus vector for a booster immunization
[105]. In such prime-boost regimens, DNA vaccines were shown to overcome
impairment of transgene product-specific B cell responses by pre-existing
neutralizing antibodies to the viral vaccine vector [105]. The initial studies focused
on PrEP although a number of studies reported reduced mortality by using rabies
DNA vaccine in PEP regimens in mice or nonhuman primates [106–109].

Viral replicons such as those based on Sindbis virus replicons were also shown to
induce protective levels of neutralizing antibodies in mice and dogs after a single
dose [110].

DNA vaccines for other pathogens, such as Plasmodium falciparum [91], HIV-1
[92], Hantaan virus [95], Ebola, and Marburg viruses [96] have undergone clinical
testing. Immunogenicity was variable. More potent responses were achieved in
clinical trials that used DNA vaccines for priming followed by a boost with a viral
vector [98]. Such an approach would not simplify current rabies vaccine regimens.

170 H. C. J. Ertl



Viral Vector Vaccines

Recombinant viruses, similar to DNA vaccines, induce immune responses after they
infect cells in vivo and transcribe the inserted sequence. They have the advantage
over DNA vaccines that infection rates are higher which together with more potent
signaling to the innate immune system increases their immunogenicity. Their safety
profile varies, those that are replication-defective such as E1-deleted adenovirus
(Ad) vectors are generally well tolerated [99, 111, 112] while some of the poxvirus
vectors are too reactogenic for use in humans [113]. One clear disadvantage of viral
vector vaccines is that their immunogenicity is reduced in the presence of
pre-existing vector-specific neutralizing antibodies induced by natural infections or
previous vaccinations [114, 115]. They are thus suitable for single vaccine regimens
but the same vector should not be used for repeated immunizations. Single-cycle
flavivirus vectors expressing the rabies virus glycoprotein have been developed.
They showed immunogenicity and efficacy against a rabies virus challenge in
experimental animals [116]. This vaccine platform has not yet been tested in clinical
trials and it is thus impossible to predict its potential for cost-effective scale-up and
its performance in humans.

Poxvirus Vectors

Several types of poxviruses have been vectored and used as rabies vaccines
(Table 5). Vaccinia virus recombinants expressing the rabies virus glycoprotein
are being used for immunization of wildlife [100–102, 117–119]. Although they
are highly immunogenic and reliably induce protective immunity after a single dose,
their residual virulence precludes their use in humans [120]. Vectors based on
Modified Vaccinia Ankara (MVA) are more attenuated. The virus, upon serial
passages in cell lines that caused deletions of ~10% of its genome, is no longer
capable to replicate in primate cells. This attenuation reduces the vectors’ immuno-
genicity and in mice, an MVA recombinant expressing the rabies virus glycoprotein
achieved only partial protection [119]. Other poxviruses, such as canarypox virus,
have been vectored to express the rabies virus glycoprotein. The canarypox vaccine
showed efficacy in cats [100] and is now licensed for this species as PureVax feline
rabies for 1- and 3-year duration of immunity vaccines. The vaccine was also tested
in a three-dose regimen in human volunteers in comparison to a traditional tissue
culture-derived rabies vaccine. The vaccine was well-tolerated and induced rabies
virus-neutralizing antibodies. Titers, which contracted rapidly, were well below
those achieved with the commercial vaccine [101]. A recombinant parapoxvirus
induced adequate titers of neutralizing antibodies in mice, dogs, and cats but again its
immunogenicity was below that of the vaccinia virus recombinant [102].

Poxvirus vectors, although licensed for wildlife immunization and for routine
vaccination of cats are overall poor candidates as single-dose vaccines for humans—
those that are highly immunogenic are too reactogenic and those that are more
attenuated lack immunogenicity.
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Adenovirus Vectors

Adenoviruses cause species-specific infections. Multiple serotypes have been
isolated from various species and some of those derived from human or simian
serotypes have undergone clinical testing as preventative vaccines for a plethora of
pathogens [99, 111, 112, 121–123].

Adenovirus vectors can be constructed to retain their replication competence by
inserting foreign sequences into the deleted E3 domain that encodes polypeptides
that are non-essential for virus replication but serve to subvert immune responses.
Replication-competent adenovirus vectors based on human serotype 5 (HAdV5)
expressing the rabies virus glycoprotein have been licensed in North America for
immunization of wildlife [124]. Due to their potential virulence in their human host
where wild-type HAdV5 virus can cause pneumonia, gastroenteritis, and/or hepati-
tis, such vectors are not suited for use in humans [125].

Adenoviruses are rendered replication defective by insertion of sequences into the
deleted E1 domain, which encodes proteins that are essential for the transcription of
the other viral genes. E1-deleted adenovirus vectors induce very potent T and B cell
responses that, due to low-level persistence of the viral vectors, are exceptionally
sustained [126]. They are well tolerated in humans if used at immunogenic doses.
High doses elicit severe side effects due to the induction of strong innate immune
responses. Production and purification methods for use in humans are well
established [127]. Methods to preserve adenovirus vectors independent of cold
chains are available [43, 128]. It is likely that adenovirus vector vaccines for rabies
virus would be cost effective, as it is estimated that a single-dose vaccine could cost
as little as one dollar [44].

The main disadvantage of adenovirus vectors is that their immunogenicity and
efficacy are impaired by pre-existing neutralizing antibodies to the vector
[114, 115]. Adenoviruses are ubiquitous and most humans become infected early
during childhood with different serotypes. The prevalence of neutralizing antibodies
depends on the virus serotype and the geographic location. Around 40% of human
adults in the United States or Europe are seropositive for HAdV5, the best-studied
serotype, while rates exceed 80% in some African counties [44]. Antibodies to
serotypes such as HAdV26 are rare in the United States or Europe but again common
in Africa [45]. Human serotypes of recombinant adenoviruses expressing the rabies
virus glycoprotein, although they have yielded promising results in animal studies
[49], are thus not suited for immunization of humans. Vectors based on viruses
isolated from nonhuman primates, such as chimpanzees, have been generated. These
viruses, which are phylogenetically closely related to human serotypes, do not
circulate in the human population [55]. Most human adults thus lack neutralizing
antibodies to simian adenoviruses and those that have antibodies tend to have very
low titers. An E1-deleted chimpanzee adenovirus SAdV-25 (also called AdC68)
expressing the rabies virus glycoprotein has been tested extensively in mice and
nonhuman primates [55, 69]. The virus induces, after a single intramuscular dose,
potent and sustained virus-neutralizing antibody responses, which can readily be
boosted by rabies virus. Animals, including nonhuman primates, were shown to be
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completely protected against challenge given more than a year after vaccination.
This vaccine, which is scheduled for clinical testing, is thus highly suited for PrEP. It
would provide a cost-effective alternative to the current rabies vaccine and would
thus allow for more wide-spread incorporation of rabies vaccination into childhood
immunization programs. As remains to be tested antibody responses could be
increased by a prime-boost regimen with two heterologous chimpanzee adenovirus
vectors [93], which may broaden the efficacy of the vaccine to lyssaviruses that do
not belong to phylogroup 1.

Summary

The number of rabies vaccines that have undergone pre-clinical testing is impressive
but only a few of those have undergone clinical testing where most were shown to be
relatively ineffective. The most promising approaches right now are the adjuvanted
PIKA rabies vaccine that through the addition of a TLR-3 adjuvant increases the
immunogenicity of a licensed vaccine and may thereby allow for dose sparing
[36]. One protein vaccine based on glycoprotein VLPs produced in baculovirus is
scheduled for phase III clinical trials and although results from the earlier clinical
trials have not been published thus far, one would assume that the vaccine has shown
safety and immunogenicity and overall non-inferiority to current vaccines in phase
I/II trials. Attenuated rabies virus is unlikely to replace current vaccines but geneti-
cally modified inactivated rabies vaccines that express two copies of the rabies virus
glycoprotein may be useful for PrEP and PEP [68]. Pseudotyped viruses have
undergone limited testing, where they gave promising results but concerns about
toxicity in humans may hinder their transition toward clinical trials [70–72]. The
above-described four types of vaccines could be used in PEP and PrEP unlike
genetic vaccines that due to a delayed onset of expression of the immunogen should
only be considered for PrEP. The most promising genetic vaccine is the E1-deleted
SAdV-25 vector that may be sufficiently cost effective for inclusion into childhood
immunization programs in highly rabies endemic areas [69].
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