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Opinion
Rabies virus continues to cause more than 50,000 reported human

deaths each year. The actual number is likely to be higher. Nearly half
of the victims are children below the age of 15 [1]. In most case rabies
virus is transmitted through bites or licks by infected dogs. Rabies
virus is a simple bullet shaped virus with a single stranded RNA
genome. The virus, once transmitted, travels within axons through
retrograde transport to the central nervous system, where is replicates
and causes encephalitis, which, once symptoms develop, is nearly
always fatal. During the late stages of infection, the virus travels back
to the periphery and is shed in saliva from where it is transmitted. It
can also be found in other tissues and the use of organs from rabies
victims has led to transmission to transplant recipients [2]. The
incubation time of rabies virus is highly variable ranging from a few
days to several years. During long incubation periods, it is unknown
where the virus may hide.

Safe and efficacious rabies vaccines are available. They are based on
inactivated virus and mediate protection through induction of rabies
virus neutralizing antibodies directed against the viral glycoprotein. As
infections are memorable, vaccines are in general given after exposure
to a rabid animal and only individuals at very high risk are vaccinated
preventatively. In addition to thorough wound cleaning, post-exposure
prophylaxis (PEP) involves several doses of vaccine. In cases of severe
exposure, the first vaccine dose has to be combined with a rabies
immune serum (RIG) that should largely be injected into the site of
exposure. PEP, which must be initiated shortly after exposure, is very
costly not only in terms of biologicals but also travel and loss of time.
In developing countries this together with ignorance of the
consequences of exposure to a rabid animal and lack of access to health
care facilities or the needed biologicals, especially RIG, is linked to lack
of needed vaccinations and consequently death due to rabies.

Other vaccines, which are routinely given to children as part of the
Expanded Program of Immunization (EPI), prevent viral diseases that
cause far lower fatality rates. For example, in the United States virus
infections such as Mumps and Rubella each were linked to less than
100 fatalities annually before vaccines became available [3].

Rabies pre-exposure vaccination (PrEP) of children is safe and
effective as was demonstrated in Peru where now in highly endemic
areas, the rabies vaccine is included into the childhood immunization
program. Peru has been suffering periodically from increased rates of
rabies death in the Amazon jungle due to transmission from infected
vampire bats [4]. Health care in Amazonia relays on a few health care
centers that for many residents are only accessible by 2-3 day trips by
canoes or by long walks through the forest. Other areas are served by
Medical Boats that visit each community in weekly or 2-weekly
intervals. Rapid medical interventions are thus unavailable to most
residents. Many lack basic knowledge on infectious diseases and prefer

traditional to modern medicine. Village Elders still blame rabies on
witchcraft [5]. Avoidance of exposure is impossible; most residents of
the Peruvian jungle sleep in open-air dwellings that can easily be
entered by bats. Control of rabies in vampire bats through their
vaccination is currently not possible [6] and culling of bats although
practiced is not effective and may actually cause harm by increasing
numbers of juvenile bats that are the most common transmitters of
rabies virus [7]. During a rabies outbreak in 2011 Peru started a mass
rabies vaccination program in remote providences that were deemed at
high-risk for rabies. The incidence of rabies declined dramatically in
these areas and only none of the vaccinated individuals became
infected.

Similarly in the Philippines where rabies virus is mainly transmitted
by dogs, the government implemented in 2007 free routine rabies PrEP
for school children aged 5-15 living in highly endemic areas. Unlike in
Peru vaccines were given intradermally, which allows for dose sparing
and thereby reduces the cost of vaccination. The program was stopped
in 2011 due to vaccine shortage. The World Health Organization and
governments of other countries recommend childhood rabies
vaccination but without access to free vaccines such recommendations
are rarely followed [8].

A number of studies assessed the cost effectiveness of routine rabies
PrEP of children using current vaccines. Even upon PrEP, individuals
must receive PEP upon documented exposure although they only need
two boosters, or as must be further explored, potentially only one
booster immunization, and do not require RIG. This must be included
in cost estimates. Also, rabies vaccination could be combined with
other childhood vaccines, which reduces expenses due to travel and
loss of wages. A Thai study estimated that taking all of this into
consideration childhood PrEP by intradermal vaccination would be
cost neutral if the annual risk of exposure exceeded 20%. As in most
areas including in Thailand the risk of exposure is markedly lower at
around 2-3%, it was concluded that rabies PEP was not cost effective
[9]. Rabies vaccines that would cost no more than $1.32 would achieve
cost neutrality for routine PrEP if ~1% of children were exposed each
year to rabies [10].

An ideal vaccine for routine childhood rabies PrEP would induce
sustained protective titers of neutralizing antibodies after a single dose.
It would induce a potent memory B cell response that could be rapidly
recalled by a single dose of a traditional rabies vaccine in case of
exposure to a rabid animal. The vaccine would be effective and safe in
small children between the ages of 1-2 years and it could be combined
with other vaccines that are part of the EPI. As already mentioned, its
cost could not exceed $1.32 per dose. Such a vaccine is currently not
available but two vaccines that have undergone pre-clinical testing
potentially meet these requirements. One is a genetically modified
attenuated rabies vaccine that expresses two copies of the viral
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glycoprotein, which is the target of virus neutralizing antibodies. Due
to higher expression of the glycoprotein the vaccine induces in
experimental animals rapid protection after a single dose [11]. It is
currently unknown if this vaccine, which is attenuated rather than
inactivated, would be acceptable for use in children and if vaccine
production could be scaled up to meet global needs and if the vaccine
would be significantly cheaper than current vaccines. Another vaccine
that my group developed is based on a replication-defective adenovirus
vector derived from a chimpanzee isolate expressing the rabies virus
glycoprotein. Most humans lack neutralizing antibodies to chimpanzee
adenoviruses, which could blunt the rabies virus-specific antibody
response [12]. In animals, including nonhuman primates, a single
moderate dose of the recombinant subunit vaccine induces high titers
of rabies neutralizing antibodies, memory B cells and most
importantly, complete protection against a severe challenge with a
virulent strain of rabies virus [13]. Production, purification and release
testing procedures for recombinant replication-defective adenoviruses
are well established. Cost-estimates show that the vaccine, once mass-
produced, could cost as little as $1 [14]. The vaccine like all genetic
vaccines that rely on in situ production of the antigen, which causes a
delay in the onset of immune responses, is not suited for PEP where
rapid induction of protective antibody titers before the virus
establishes an infection in the central nervous system is of the essence.
Nevertheless, it is a suitable candidate for childhood PEP and at this
stage should be explored in human trials.
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