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Rabies is a vaccine-preventable fatal disease in man and most mammals. Although rabies is recorded in 150
territories and is responsible for at least 60,000 human deaths every year worldwide, it is a neglected tropical
Biting problem. Most of the rabies free countries are considered to be fragile free as the disease may re-emerge easily

:‘:‘éifs through wild mammals. For the performance of effective rabies eradication programs, a complex set of strategies
Treatment and activities is required. At the time, a joint project of WHO-OIE-FAO which was announced in 2015, plans to
Vaccine control animal-human-ecosystems rabies interface. For effective rabies control, prophylactic policies must be

applied. These include various educational outreaches for farmers and people living in endemic areas, enforced
legislation for responsible dog ownership, control programs for the free-ranging stray dog and cat populations,
field large-scale vaccination campaigns, and the development of new vaccine delivery strategies for both humans
and animals. The present work presents the advances in the development of new safe, effective and economic
vaccines for domestic dogs, and oral vaccines for the control of the disease in wild animals. It presents also some
therapeutic protocols used for the treatment of patients.

1. Introduction

Rabies is a zoonotic viral disease infecting all mammals, resulting in
the highest fatality rate among all known infectious diseases. The dis-
ease is caused by a negative-stranded RNA “bullet” shaped member of
the genus Lyssavirus, which is a member of Rhabdoviridae family.
Rabies is a vaccine-preventable fatal disease which has almost a case
fatality score of 100% in none vaccinated cases [1,2]. The current
formal classification of the genus Lyssavirus no longer considers geno-
types. The genotypes were upgraded to species to be more in agreement
with the taxonomical nomenclature used for higher organisms namely,
Rabies lyssavirus, Duvenhage lyssavirus, European bat 1 lyssavirus, Eur-
opean bat 2 lyssavirus, Australian bat lyssavirus, Aravan lyssavirus, Khu-
jand lyssavirus, Irkut lyssavirus, Bokeloh bat lyssavirus, Gannoruwa bat
lyssavirus, Taiwan bat lyssavirus, Lagos bat lyssavirus, Mokola lyssavirus,
Shimoni bat lyssavirus, West Caucasian bat lyssavirus, Ikoma lyssavirus and
Lleida bat lyssavirus. Although, phylogroups are not recognized by ICTV
as taxonomical units of classification, rather as an evolutionary and
functional sub-classification scheme. Based on such criteria members of
the genus are divided into three Phylogroups namely; Phylogroup 1
contains the rabies virus (RABV), Aravan virus (ARAV), Khujand virus
(KHUV), European bat lyssavirus type 1 and 2 (EBLV-1, -2), Bokeloh bat
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lyssavirus (BBLV), Australian bat lyssavirus (ABLV), Irkut virus (IRKV),
Duvenhage virus (DUVV) and the two newly recognized Gannoruwa bat
lyssavirus (GBLV) and Taiwan bat lyssavirus (TBLV) [3,4]. The phy-
logroup 1 members seem to have a common ancestor. They are 100%
neutralized when rabies-virus-based biologics are used. The second
phylogroup contains the African Lyssaviruses. In opposite to the first
group, they are not neutralize by rabies virus —based biologics. This
group contains the Lagos bat virus (LBV), Shimoni bat virus (SHIBV),
and Mokola virus (MOKV). Among phylogroup 2 members, only MOKV
was shown to have zoonotic impact. The third phylogroup is re-
presented by the most genetically distant lyssaviruses. It is represented
by three members, which have no zoonotic importance, namely, the
West Caucasian bat virus (WCBV), Lleida bat virus (LLEBV) and the
Ikoma lyssavirus (IKOV) [5,6]. Based on their evolutionary history,
members contained within the Rabies lyssavirus species could be di-
vided into two phylogroups bat-related RABVs and dog-related RABVs
[7,8].

2. History, distribution and transmission of the disease

The first case of rabies was recorded in 2300 BCE, where Aristotle
described the saliva of rabid dog as a venomous. The origin of the word
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rabies comes from the Latin word ‘rabere: to be mad’ or from the word
Rabbahs in old Indian language (Sanskrit) which means (violent)
[9-11]. Rabies virus has a wide mammalian reservoir host species from
the orders Carnivora and Chiroptera including dog, cat, wild animals as
fox, wolves, raccoons, jackal, skunk, coyote, and bats [8]. Infections
result mainly from bites of rabied dogs. Rabies virus cannot penetrate
intact skin. However, the contact between infected saliva and wounds,
mucous membranes or skin abrasions may lead to infections. Aerosol
and transplantation transmission were also reported [12-15]. The ra-
bies virus was isolated from the brain and salivary glands of slaughtered
dogs to be eaten in South East Asia and some parts of Africa. So that
butchers in these countries are at risk [16,17].

Although the humans are considered to be (dead end host), person
to person transmission was reported in Ethiopia where the disease was
transmitted through direct contact with infected saliva in two patients
[5,13]. Additional 15 cases were infected via recipient of transplanted
organs or corneas. Transplacental transmission of rabies was also re-
corded in Turkey. The child was infected inside the uterus before being
normally born via the vagina. Vertical transmission is more common in
animals than in humans. This may be attributed to the anatomical
differences of the placenta between man and animals [18,19].

Rabies occurs in more than 150 countries and territories worldwide
(Fig. 1). The disease is a neglected tropical problem because it is dis-
tributed mainly in the slums of Africa and Asia. Every year at least
60,000 people die from rabies worldwide. Every 15min, one person
dies and 300 people get in risk mostly children under 15 years. The
WHO plans to eliminate human rabies mortalities worldwide by the
year 2030. To achieve this goal, a joint project of WHO-OIE-FAO was
announced in 2015 to control animal-human—ecosystems rabies inter-
face [5,20-22]. It was previously suggested that different forms of ra-
bies infections exist in nature according to the invading virus [23].
While infection with paralytic rabies virus (PRV) results in dog pa-
ralysis within 6days, the convulsive rabies viruses (CRV) induces
convulsions in dogs after a longer incubation period [24]. Rabies
caused by some abortive rabies strains — in opposite to encephalic
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strains- may run unnoticed in man and animals without leaving any
health abnormalities. The patients even survive without getting in-
tensive medical care. However, in 60% of the cases, they may suffer
later from neurological disorders such as limb paralysis [15,25-27]. It
was also noticed, that people bitten by a bat have a better chance to
survive than those bitten by a rabied dog [28].

The disease is transmitted mainly through dog bites. Blood and
blood products do not play any role in disease transmission as the
disease is not accompanied with viremia. In about 54% of the cases the
incubation period ranges from 1 to 3 months. In 30% of the cases the
incubation period may be less than 30 days, and in 15% may last over
3 months. In the rest cases (1%), the incubation period may extend
beyond 1 year. However, in exceptional cases it would extend up to
25years. The length of the incubation period depends upon many
factors including; the species of the biting animal, the severity and site
of the bite; the virulence of virus strain and the dose of virus inoculated.
In addition to other factors related to the bitten animal including pre-
vious vaccination and the general immune status [29-34].

In Europe, rabies was almost eradicated from dogs in the 20 cen-
tury. However, the virus was kept maintained in wild animals there.
The rabies virus became adapted to the red fox (Vulpes vulpes) in Russia
and east Europe in the 1940 s and spreads west and south words with
about 20-60 km per year. Although Europe is almost rabies free con-
tinent, new human cases were reported in Europe between 2008 and
2013 The recurrence of rabies in rabies free countries indicates how
fragile is the (rabies free Status) as long as the virus is maintained in
wild animals [35]. To overcome this problem oral vaccination control
programs were applied to eliminate rabies in wild animals. The recent
discovery of new rabies virus variants complicates this mission
[8,35,36].

3. Advances in rabies prevention and treatment

Prophylactic immunization and treatment of clinical cases are cri-
tical components of disease control. However, disease control entails
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Fig. 1. Global map of dog transmitted rabies to human according to the WHO. The presented data refer to rabies transmission via domestic dogs. Data concerning
rabies caused by wild animals are not involved. Wild animals are the major threat for rabies transmission in Europe and North America. Source of the map: WHO map
of the year 2015 downloaded from: http://www.who.int/rabies/Presence_dog_transmitted_human_Rabies_2014.png?ua=1.
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more comprehensive activities and strategies targeting the disease
major reservoir hosts and most vulnerable affected populations.
Prophylaxis is possible since Pasteur developed his first anti-rabies
vaccine in 1885. However, due to the poor immune response of the
CNS, no prophylaxis could be achieved once the virus already entered
the CNS. The prognosis in such cases is very poor [14]. The mechanism
how the rabies causes death is not completely clear. The actual cause of
death following rabies infection has not been conclusively established.
It is speculated that the massive viral multiplication in the CNS leads to
serious complications due to the upregulation of the interferons, cyto-
kines, and chemokines production in the CNS. This leads to the increase
chemokine production and intensive immune response in CNS parti-
cularly T cells [5]. It was also hypothesized that rabies infection leads to
mitochondrial disorders in the nerve cells. Cell death occurs due to the
resulting mitochondrial dysfunction and oxidative stress [37].

3.1. Immunization

The virus avoids the stimulation of the immune system before
reaching the CNS through its low replication rate in the periphery and
by avoiding the induction of viremia [5]. In addition, the virus devel-
oped many strategies to kill migratory T cells, to escape to the CNS
without causing apoptosis of infected neurons and to maintain the BBB
impermeability as will be discussed later [38]. There are pre- and post-
viral exposure immunization protocols. Pre-exposure immunization
(active immunization, vaccines) are usually given to veterinarians and
forest workers while the post-exposure ones are mainly injectable anti-
rabies human (HRIG) or equine (ERIG) origin immunoglobulin (passive
immunization) usually described in combination with active vaccines
(active immunization). Regular booster doses are required to maintain
the immunity [14].

3.1.1. Immunoglobulins

Due to the high price and unavailability of large amounts of natural
antibodies, possibly blood born infections, and the immunogenicity of
the plasma itself, trials were carried out to develop new approaches
including the use of monoclonal antibodies or bacterial produced virus-
neutralizing nanobodies (VHH) against G protein. The new approaches
showed promising results. Due to the narrow scope of the monoclonal
antibodies, it is recommended to use a cocktail of them to cover all
possible variants. Additional disadvantage of the monoclonal anti-
bodies is their poor tissue penetration capacity and high cost of pro-
duction [39,40].

3.1.2. Vaccination

Rabies virus is a highly neurotrophic single stranded RNA virus
which encodes 5 proteins; namely the nucleoprotein (N), phosphopro-
tein (P), matrix protein (M), glycoprotein (G) and finally the RNA
polymerase (L) [14]. The development of rabies vaccines passed
through 4 historical stages (1) the production of neural tissue vaccines,
(2) followed by non-neural vaccines, (3) cell culture vaccines and re-
cently (4) rabies recombinant DNA vaccines. During these develop-
mental stages, various living attenuated or inactivated vaccines were
tested. In general, the killed vaccines were less efficient as they are poor
immunogenic and do not induce strong inflammatory response required
for effective T- and B- cell responses [41].

The first known rabies study was done by Georg Gottfried Zinke in
1804. He infected a rabbit by the saliva of a rabied dog. Later on, he
immunized a sheep by intravenous injection of the treated saliva, which
protected the sheep from later challenge. In 1885, Pasteur developed
the first live attenuated rabies vaccine. The vaccine was attenuated in a
rabbit where it was harvest from the spinal cord. The vaccine could
protect dogs against challenge. It was later applied on a boy whom was
bitten by a rabied dog. By the year 1886, Pasteur could treat 350 pa-
tients all over Europe [10,42]. However, the vaccine developed by
Pasteur contained high concentration of myelin which caused
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neurological disorders in recipients and lead some times to their death.
Other concerns accompanied the vaccine developed by Pasteur, such as
resumption of the virulence status of the attenuated viruses and the
inability of rabbit based vaccine to meet the large demand from the
vaccine [14]. To overcome the resumption of virus virulence, the vac-
cine was inactivated by phenol. The phenol helped not only to in-
activate the virus but also to preserve the vaccine for a longer time and
prevents its contamination. In the same time, for mass production of the
vaccine, the sheep and goat replaced the rabbits as vaccine producers.
Their brains were used in vaccine preparation [43,44]. However, the
newly modified Pasteur vaccine after its treatment with phenol and
preparation in sheep and goat CNS still had serious side effects such as
paralysis and allergic encephalomyelitis. These side effects occurred
mainly due to the use of adult mammalian nervous tissue in vaccine
preparation or the incomplete inactivation of the virus. To overcome
this problem, Fuenzalida and colleagues developed myelin-free killed
rabies vaccines prepared in neonatal mouse brains [10]. The members
of the first generation of rabies vaccines (vaccines prepared in neural
tissues) included: Pasteur vaccine (1885, living attenuated), Hogyes
Vaccine (1887, Live attenuated) and Puscariu Vaccine (1895, in-
activated vaccine). Later on, brains of baby animals were used instead
of those of adult animals as they contain less myelin and therefore have
less side effects, such as Suckling Mouse Brain Vaccine (1955, In-
activated), Suckling rat Brain Vaccine (1955, Inactivated) and Suckling
Rabbit Brain Vaccine (1955, Inactivated). All these vaccines advocated
autoimmune reactions, caused radiculitis and acute inflammatory de-
myelinating polyradiculoneuropathy in the patients [45-47].

In the second stage, non-neural based rabies vaccines were devel-
oped. These included different embryonated (duck or chick) egg in-
activated vaccines. These vaccines are simple and economic to produce.
They are safer than the first generation vaccines. Several attenuated
rabies strains are adopted for use in vaccine production including
Pasteur rabies strain, Evelyn Rokitniki Abelseth and Street-Alabama-
Dufferin. Additional viruses are also used such as 3aG, Fuenzalida S-51
and S-91, Ni-Ce, SRV9, PM, Nishigahara, RC-HL, Kelev, Flury,
“Shelkovo-51”7, “0-73 Uz-VGNKI”, “RV-71”, “Krasnopresnenskii-85”,
and finally RV-97 isolate. The major disadvantage of these vaccines is
the need for large number of doses to induce sufficient protection be-
side their serious side effects [3]. A new era started with the in-
troduction of tissue culture based vaccines. The first TC rabies vaccine
was grown on hamster kidney cells, followed by human diploid cell line
(HDCV, inactivated vaccine) and purified chick embryo cells (PCECV,
inactivated) in the 1970s. Other commonly used tissue cultures in-
volved in the production of inactivated vaccines include: Rhesus diploid
foetal lung T.C., Purified vero cells T.C., Primary hamster kidney T.C.,
Foetal bovine kidney T.C., and Primary dog kidney T.C. Living atte-
nuated vaccines were also produced using tissue culture cell lines in-
oculated with certain rabies virus strains usually primarily attenuated
through low egg passage (LEP) such as Hamster kidney — LEP flury
strain, Vnukovo 32, and porcine kidney — ERA LEP. The tissue culture
based vaccines are more economic than previous vaccines, much saver,
highly immunogenic and are protective in small doses. However, they
are still expensive as the given doses must be repeated for at least
3-4 weeks, and must be stored in refrigerators which is not practical
everywhere in Africa and Asia where it is needed. Moreover, they de-
liver poor immune response in malnourished animals or humans
[20,48-52]. The fourth stage in the development of rabies vaccines
started with the evolution of DNA recombinant technology. The con-
cept of DNA vaccines is based on the insertion of a viral gene, which
encodes an immunogenic protein, in a plasmid. For this purpose, rabies
virus glycoproteins (G) are usually used as target of immunization as
they are surface-exposed protein [53]. The expression of the plasmid in
a eukaryotic expression vector leads to the production of high amounts
of viral proteins in an economic way. The genetic manipulation of the
inserted gene enables the increase of protein immunogenicity. In ad-
dition, the vaccine production in this way protects the laboratory
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workers, veterinarians and the wild animals from getting in contact
with the living pathogen. DNA vaccines, in opposite traditional vaccine,
are easy and cheap to produce, requires only few doses and are stable if
stored at room temp. The plasmids coated in gold beads can be in-
troduced to the host either intradermally or intramuscularly by the
mean of gene-gun. Field trials could not detect anti-DNA antibodies
[20]. In addition, the used plasmids can also be constructed to deliver
protection against more than one disease, e.g. the plasmid vector
(pIRES) encodes antigens of both rabies virus glycoprotein and VP2
protein of canine parvo virus [54]. The resulting immune response can
be improved if the vaccine is given with a suitable DNA adjuvant such
as plasmids encoding cytokines Tumor Necrosis Factor (TNF) [55].

Later on, the use of plasmids as a carrier for the expression of the
rabies virus G protein was replaced by certain viruses such as Vaccinia-
recombinant DNA vaccine. Later on, this vaccine was shown to be in-
efficient in the immunization of skunks which are rabies reservoir an-
imals. In addition to other safety concerns as it is a live attenuated
virus. Therefore another canary-pox virus recombinant vaccine was
developed. The vaccine is safe and efficient in foxes but less efficient in
other species. Other recombinant vaccines were developed later in-
cluding the human adenovirus type 2 and 5 (AdHu2 and 5) re-
combinant vaccine, and the Parainfluenza Virus 5. [4,56-58]. In the
fact, the pox virus family members are commonly used in the manu-
facturing of recombinant vaccines as they are easy to be manipulated in
the lab. In addition, they have (1) large DNA genome which allows
external insertions of up to 30,000 bp of foreign DNA. (2) potent anti-
genicity so that they can induce both arms of the immune response, (3)
members like vaccinia virus can infect a wide range of animal species
and finally (4) high thermal stability under normal conditions [59,60].

Another evolutionary step began with the development of orally
administrated rabies vaccines. Oral vaccines were developed mainly to
enable vaccination of wild animals. Most rabies strains used in the
preparation of oral vaccines are derived from the parent strain SAD
(Street-Alabama-Dufferin) which was isolated from a rabied stray dog
in 1935 in USA. The virus strain was attenuated through passage in
chick embryos, baby mice, and many other cell lines. The resulting
attenuated strain (recalled ERA; Evelyn Rokitnicki Abelseth) is now
used for oral vaccine preparation in USA. Other variants from SAD were
used in different countries such as SAD Bern strain used in Switzerland.
The SAD Bern was further adapted to baby hamster kidney cell line
(BHK21) to produce SAD B19 and SAD 5/88 strains. However, the use
of all these variants in the field failed as they could not completely
eliminate their pathogenicity [61-63].

Later on, a new modified SAD Bern strain was selected for vaccine
production. The selected strain possesses a mutation in position 333 of
the viral glycoprotein. The new strain was called SAG1 (SAD Avirulent
Gif) which was seen to be avirulent strain but remained immunogenic
like the parent strain. As the frequency of mutations in RNA viruses is
relatively high, great concerns about the resumption of the viral pa-
thogenicity of SAG1 strains was made. Therefore, another strain with
double mutations was selected (SAG2), the strain was seen to be double
avirulent mutant and is now in use for oral vaccine preparation in
Europe in the form of baits. The baits are made of paraffin cover (to
resist water and to give the shape) in which fats (vehicle) and fish
aroma (for palatability) are mixed. The commonly used biomarker in
the baits is the tetracycline hydrochloride which can be deposit in the
teeth and bones of vaccinated animals. The baits are also labeled to
warn humans from touching it. If humans come in contact with them,
they must receive the standard rabies post exposure prophylaxis vac-
cines and immunoglobulins. The baits are designed to be water and
heat resistant as they are mostly dropped by helicopters [64,65].

Another concept was developed by Cenna 2009, in which two var-
iants of replication-deficient rabies virus were developed. The first
variant lacks the matrix (M) gene completely while the second one lacks
the phosphoprotein (P) gene. The virus lacking the M gene was shown
to offer rapid and better protection than the second variant [66].
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Replication deficient variants have the advantage in being safe, unable
to multiply inside the cells without affecting its capacity to induce the
inflammatory response [41]. The Phosphoprotein (P) gene acts as a
non-enzymatic cofactor which regulates the viral polymerase gene (L)
responsible for viral replication. The P protein is also an antagonist of
IFN-a/[3 antagonist. It interferes with the phosphorylation of the host
IFN regulatory factor 3 (IRF-3) and to consequently inhibit type I IFN
induction and prevents IFN-a/[3 stimulated JAK- STAT signaling usually
occurs in rabies virus infected cells. In vaccine variants lacking the P
gene, the virus can infect the cell, where the genes will be transcripted,
without being able to replicate. As a result, the viruses do not spread
from the periphery to the CNS. Although the virus was able to express
limited amounts of the G protein, it produced 10-fold more immune
response than the killed vaccines. The nature of the produced anti-
bodies (balanced IgG2a/IgGl) was similar to that following natural
infection but not that resulting from injection of killed vaccine (Dom-
inance of IgG1) [41,67]. Another variant of the recombinant vaccines is
the V-RG vaccine. It is a recombinant vaccinia virus vector live atte-
nuated vaccine in which the rabies virus glycoprotein gene was inserted
to replace the non-essential vaccinia thymidine kinase (TK) gene. The
vaccine is genetically stable, safe for more than 50 susceptible species,
and disappears from the saliva within 48 h after ingestion. It is not shed
from the animal in the environment and is thermally stable. No rever-
sion to virulence could be observed in field trials. It was great safety
concerns wither the V-RG vaccine can recombine with other ortho-
poxviruses in the environment such cow pox virus is endemic in Eur-
opean forests and infects wild rodents. If recombination occurs, the new
virus may infect non target species. This assumption was excluded
through field studies [60]. In the former Soviet Union, another rabies
virus (strain RV-97) was adapted for use in oral vaccination programs.
The strain has close relationship to the Japanese vaccine strains. Both G
and P genes show several unique mutations which attenuated the iso-
late without affecting its immunogenicity [4].

Another alternative concept for rabies control in stray dogs through
hormone-based vaccine-induced contraception was tested in Latin
American countries. Field trials showed promising results. However,
the use of immune-contraceptive vaccines needs more investigations
about their efficacy, safety and practicality in the field. For the effective
mass vaccination programs, the vaccination campaigns must be ac-
companied with legislation and strong law enforcement of responsible
dog ownership [68].

3.1.3. Safety and efficiency of modern vaccines

Some concerns started to occur after massive application of oral
vaccine to vaccinate wild animals. Hypersensitivity reactions following
the ingestion of the baits were recorded in dogs due to the presence of
tetracycline markers. Other adverse effects include gastrointestinal
disturbances and behavioural changes as restlessness and listlessness
[11].

Typing of the rabies virus using monoclonal antibodies could dif-
ferentiate among 5 different field types, two of them reacted in a similar
pattern as the vaccinal SAD virus group. This could be related to re-
verted vaccine strains [4]. Therefore, beside their ability to induce
protective immune response, the vaccine candidate strains must also be
safe, i.e. unable to resume their virulence with time, have minimal side
effects, not oncogenic, stable and do not recombine with other viruses
in the environment, not shed outside the host and if shed must be none
hazardous, be safe for public health, and finally they must have genetic
markers to be traced [69]. The safety and efficiency of SAG2 vaccines
were evaluated in dogs, cats and other non-target species. Monitoring of
3160 orally vaccinated dogs did not reveal any adverse effects fol-
lowing vaccination. The neutralizing antibodies were released after
14 days of vaccine ingestion. Challenge test of the dogs indicated that
all dogs which had neutralizing antibodies in any concentration sur-
vived the exposure. No virus or viral antigens could be detected in the
saliva or brain of the euthanized dogs. Six hours following oral
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vaccination of 15 cats, shedding of the vaccinal virus could be detected
in the saliva of 3 cats, which disappeared later within 3 days after
vaccination. Challenge test with a street canine rabies virus killed 2 out
of 7 vaccinated dogs, compared with 5 out of 6 of the negative control
group. Safety investigation of SAD B19 could not detect living virus
particles in the saliva or organs of 5 out of 6 orally vaccinated dogs,
while the virus could be recovered from the intestine of the sixth dog
one days after vaccination. In the same time, the virus could be isolated
from the tonsils of 7 out of 8 foxes, and from the oral mucosa of 3 out of
8 foxes up to the 4th day. In parallel, 82 wild rodents were also involved
in the investigation. During the investigation period, 8 rodents died.
Rabies could be diagnosed in 5 of them. None of the non-vaccinated
rodents in contact attracted the virus [70]. Both DNA rabies vaccine
(DRV) and the combination rabies vaccine (CRV) were shown to be safe
even if administrated in 10 X of the recommended doses in mice [71].

At the time, plant based vaccines are under development. Trials are
carried out to use some plants like tobacco, tomato, spinach, carrot, and
maize for mass production of the target recombinant proteins with low
cost. They are easy to produce and store. For antigen production, the
alfalfa mosaic virus is used to express the rabies antigen protein. The
modified virus is allowed to infect tobacco plants. The produced rabies
antigen in the plant can be easily purified to be used in animal vacci-
nation. In a similar manner, maize plants were treated to express the G
protein of rabies virus. The obtained virus antigen offered 100% pro-
tection against challenge with bat rabies strains [4].

A promising linear peptide of 29 amino acid structure derived from
rabies glycoprotein protein is used to enable the entrance of rabies virus
neutralizing single-chain antibody (ScFv) cross the blood brain barrier
(BBB). This peptide has the ability to interact with the nicotinic acet-
ylcholine receptors (nAchR) which enables the entrance of the anti-
bodies in the muscle and nerve cells. A protein was constructed via the
fusion of both ScFv and ScFv-29 A.A. peptide. This conjugated protein
could be cloned and expressed in Tobacco related plant. The delivered
data favor further development of this promising and economic ap-
proach to deal with pre- and post- exposures cases [58]. Another carrier
was also used to deliver the antibodies cross the BBB; namely the
cholera toxin B subunit (CTB). It was used as a potent adjuvant. New
generation of transgenic plants and recombinant plant viruses were
developed for the production of oral vaccines. To achieve this goal, the
alpha mosaic virus (AMV) coat protein is used as a carrier for N and G
rabies virus proteins. The proteins are then expressed inside the plants
by the tobacco mosaic virus (TMV) [58,70].

One of the main differences among virulent and avirulent rabies
strains is the ability of avirulent strains to induce transiently open the
BBB. The B cells cannot be observed in the brain during infection with
encephalitic rabies strains, so that no neutralizing antibodies can be
secreted in the CNS. Mutant strains like Pasteur strain is less patho-
genic, however, it causes irreversible paralysis of limbs. The severe
immune response in the CNS leads to damage and dysfunction of the
CNS which ends with death of the case. The immune cells are some-
times incriminated in the spread of virus by carrying it from poorly
innervated sites or infected transplanted organs to highly innervated LN
or organs. The microglia cells present the viral antigens to the T cells. In
turn, the T cells become activated through the effect of produced cy-
tokines during the migration of the mononuclear cells in the CNS.
Following their activation, the T cells begin to secrete IFN y, which
stimulates the microglia to secrete MHC class I and II resulting in the
activation of an intracerebral inflammatory reaction. The body tries to
control the inflammatory reaction by blocking the cytokines and the
MHC I and II using different mediators as the prostaglandins and var-
ious INF types. The potent inflammatory reaction starts to cause da-
mage to neurons in the CNS leading to the production of nitric oxide in
the CNS. The production of nitric oxides causes neurotoxicity and leads
to the accumulation of phagocytic microglia. The process ends with
CNS dysfunction with a fatal end [11,38]. The T cells are inefficient in
the elimination of the encephalitic strains of rabies which cause limited
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neuroinflammatory reactions, resulting in the absence of T cells in the
CNS. However, T cells play a major role in the protection from infec-
tions caused by abortive strains due to their activation in the periph-
eries. The infected neurons upregulate the immune response which
leads to the activation of programmed cell death of the migratory T
cells [11,20]. Abortive strains cause high T cell activation in the per-
iphery while the encephalitic strains induce little T cell activations
[38]. The IFN is required to allow the infected neurons to produce B7-
H1 (which is an IFN-dependent immunoglobulin-like immune sup-
pressive molecule). By so doing, the INF which usually supports the
action of the immune system, supports the survival of infected neurons
and consequently supports the rabies virus and its spread in the CNS.
This may clarify why INF should not be used in the treatment of rabies.
The rabies G protein stimulates survival signaling in the infected neu-
rons to ensure their survival and prevents apoptosis [11,20].

3.1.4. Adjuvants

In the veterinary field, many adjuvants are used to improve the
immune response against weak antigens. The most commonly used
adjuvant is the aluminum hydroxide. However, it induces serious side
effects such as prolonged inflammation, severe irritation and probably
necrosis at the site of injection, weak cellular immune response, and not
effective in the production of antiviral response. Aluminum leads also
to the production of homocytotropic antibodies (mainly IgE) which
bind to the animal cells from which they originate [72]. Modern al-
ternative adjuvants were developed such as the nanoparticle adjuvants.
The nanoparticles increase the immunogenicity of antigens and can trap
the antigens or DNA until delivering them to the antigen presenting
cells. They may be also coupled to the rabies glycoproteins to target the
brain via the BBB. The use of silver green nanoparticles produced by
Eucalyptus procera improved the immune response against inactivated
rabies virus vaccine [72-74]. A new stable chemical adjuvant was de-
veloped which is an analog of a double-stranded RNA under the name
(PIKA). PIKA interacts with toll-like receptor 3 (TLR3) responsible for
the recognition of foreign antigens by the antigen-presenting cells
(APCs) and stimulates the production of pro-inflammatory cytokines.
By so doing, PIKA is able to stimulate both humoral and cellular im-
munity. The use of PIKA in combination of viral vaccines enables the
protection of 70-80% of challenged animals, compared to 20-30% if
PIKA was not applied [75].

3.2. Treatment

Rabies virus (RABV) is a neurotropic virus that causes fatal disease.
Although the course of the disease ends traditionally with the death of
the case, many cases could survive the disease even after the occurrence
of the clinical signs. This depends upon many factors related to the
source of the virus (e.g. viruses delivered via bat bites are less virulent
than dog bites), type of the virus (abortive strains are less virulent than
encephalitic ones), and factors related to the host as the immune status
and previous immunization. After exposure, the wound must be washed
with soap, and the patient must receive passive and active immuniza-
tion. The anti-sera must be injected at the site of bite because the virus
persists at the site of inoculation for a time before get attached to the
nerve ending. If the clinical signs appear, the patient must be kept in
dark and quite place, must be supplied with oxygen, nutrients and
energy. Additional treatment protocols are under investigation. They
differ completely among different clinics. The administration of both
vaccine (active immunization) and rabies immunoglobulins (passive
immunization) must start as soon as possible following exposure to
close the gap between the introduction of the virus and the production
of rabies antibodies by the patient immune system. However, the ad-
ministration of the immunoglobulin can be saved if the animal was
previously vaccinated within a proper time [40].

The absence of neuro-inflammatory reactions and keeping the BBB
impermeable are key strategies in the pathogenesis of rabies infection.
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Since the BBB prevents the passage of antibodies from the peripheral
circulation to the CNS, it is useless to treat the clinical patients with
anti-rabies antibodies. Trials to induce controlled encephalitis to open
the BBB bring the patients in high risk [39]. Many therapeutical pro-
tocols were developed in the last decades through combining the im-
munization of the patients and the administration of anti-viral drugs or
ketamine HCI. Brain cooling (Hypothermia) and the induction of drug-
induced (therapeutic) coma were also recommended by some re-
searchers. The induction of therapeutic coma aims to reduce the da-
mage of neural cells due to the excessive stimulation caused by neu-
rotransmitters. One of the most famous protocols is the Milwaukee
protocol. This protocol was first tried on a 15 years old girl who sur-
vived the bat‘s bite with definite neurological sequelae [5,28,39].The
Milwaukee protocol involves the induction of coma, optimized oxygen
supply and RBCs transfusion. Additional medication including keta-
mine, midazolam, heparin, the antiviral drug ribavirin, Amantadine,
and high doses of benzodiazepines with supplemental barbiturates were
given. No rabies vaccine or immunoglobulins were administrated in this
protocol. The immune system of the girl developed its own antibodies
over the time. However, this protocol failed to save the lives of other
patients worldwide. The survival of the girl may also be attributed to
the low virulence of the bat originating rabies viruses. The detailed
protocol is described in Willoughby et al. [26].

The administration of high doses of ketamine HCl aims to inhibit
viral transcription. The admission of the synthetic antiviral preparation
amantadine inhibits viral replication inside the cells without exerting
any effect on viral adhesion or penetration of the virus [37]. There is
insufficient evidence to support the continued use of ketamine or
amantadine for the therapy of rabies. Also the minocycline or corti-
costeroids should not be used in rabies therapy because of concerns
about aggravating the disease. Steroids suppress the immune system
and close the BBB leading to the reduction of antibodies and drugs entry
to the brain. As a result, the patients die after a shorter incubation
period. A variety of new antiviral agents are under development and
evaluation, including favipiravir, RNA interference [26,37]. The use of
therapeutic hypothermia by cooling the head and neck was also tested
in order to reduce metabolism, inflammatory responses and other
physiological activities in the brain [37]. Meanwhile, the induction of
the therapeutic coma aims to offer enough time for the immune system
to produce anti rabies antibodies. However, as the viral phosphoprotein
antagonizes the production of any intra-cerebral immune response, this
approach for treatment failed to help patients to survive [26,32,76-79].
The use of Milkwaukee protocol could save the life of only 5 out of 44
patients. The rest of the patients died due to neurological immune re-
constitution syndrome caused by the discontinuation of supplying po-
tentially immunosuppressive drugs. The Milkwaukee protocol is no
more recommended for the treatment of rabies [37,39]. Supplementa-
tion with antiviral drugs, which can cross the BBB, is important to
prevent further spread of the virus in the CNS. There are many me-
chanisms used by the antiviral drugs to cross the BBB as the association
with endogenous carriers able to cross BBB. One of the most commonly
used drugs is the Ribavirin which induces mutation in the viral genome
and prevents its replication [80]. Most of recent protocols depend on
the use of Ribavirin and interferon (IFN)-a for the treatment of rabies.
Ribavirin is a RNA mutagen broad spectrum antiviral drug. It stimulates
the innate immune response in the CNS and has, in addition, pro-in-
flammatory effect. While the interferon IFN-a reduces the virus spread
from the site of entrance to the spinal cord. The administration of
exogenous INF or INF inducers inhibits viral replication in experiments
done with tissue culture and animal model. The use of new antiviral
preparations such as Favipiravir is under investigation [26,37]. How-
ever, Ribavirin and interferon-a showed disappointing results when
applied for the treatment of rabies in many clinics [37]. The adminis-
tration of interferon and interferon inducers is debated. Interferons are
immunomodulatory substances which have an antiviral effect and
capable of modifying the immune response in the CNS [81].
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A new approach for the treatment of rabies was successfully de-
veloped through molecular engineering of rabies antibodies to offer a
protective level of passive immunotherapy. The new antibody in made
of a fused molecule of a trivalent single chain Fv specific for binding
rabies virus glycoprotein with the bacteriophage T4 trimerization do-
main of the fibritin (foldon) to enable its production in bacterial cells
[82-84].

Shivasharanappa and his team studied the effect of the induction of
TLR-3 receptors and their associated cytokines (IL1-a, TNF-a, and IFN-
a) in the treatment of clinical cases of rabies. The aim of the study was
to investigate the effect of giving exogenous cytokines to influence the
endogenous cytokines. This approach of treatment could mild the
symptoms, delay the death and increase the number of survivals
[85,86]. The development of NanoLuc luciferase (NanoLuc) molecules
enabled screening of intracellular molecules which can inhibit RABV
infection. The NanoLuc molecules are small luminescent proteins
(19 kDa), which are very stable and ATP independent. The development
of recombinant RABV-NanoLuc viruses enables the exact screening of
the intracellular changes following RABV infection, which in turn, en-
ables us from developing new tools to inhibit RABV multiplication and
spread [87]. Another receptor subunit peptides (nicotinic acetylcholine
receptor alpha 1; nAChR a 1) play also a major role in the attachment of
the RABV to the neurons. Blocking the receptors, which are usually
present at the neuromuscular junction, results in the inhibition of viral
replication and exhibits therefore an anti-viral activity [88,89]. Other
unconventional approaches were also developed to treat rabies such as
switching off the viral genes expression through the use of silencing
(siRNA) preparations. siRNA targeting the rabies gene N were much
more efficient than those targeting the gene L. Different artificial mi-
croRNAs (amiRNAs) are now under development. Multiple amiRNAs
against various genetic variants which can be given in one shot were
also developed. However, the presence of unknown genetic variations
among wild type isolates limits the use of this approach. Kumar et al.
developed a new assay to deliver the siRNA directly to the CNS with the
aid of a small peptide of 29 A.A. This peptide is a part of the rabies G
protein which binds to the nicotinic acetylcholine receptors of the CNS
and by so doing, it enables the passage of the siRNA across the BBB
[90]. Another promising approach for the treatment of rabies is under
investigation. The concept is based on the blockage of the viral exist
from infected cells by the interference with the Nedd4-PPxY interaction
and PPxY-dependent budding [37].

Finally, rabies is the most fatal known infectious disease worldwide.
Although the disease was neglected due to many reasons, the interna-
tional community gave attention to the disease in the last years. The
international health organizations (WHO, OIE and FAO) work together
hand in hand to eradicate the disease by the year 2030. They adapted
different strategies to achieve this goal mainly through intensive vac-
cination for domestic and wild carnivore. New generation rabies vac-
cines provide safe, economic and highly efficient alternatives to con-
ventional vaccines. Edible vaccines (plant based vaccines) show
promising results despite technological obstacles [91,92].

4. Conclusions

Rabies is one of the most serious but neglected tropical diseases. The
present review presented the international distribution of rabies at the
time, various routes of transmission, and the advances in its prevention
and therapeutic concepts. New rabies vaccines were developed based
on the developing recombinant DNA technology and Nano-technology.
The newly developed vaccines are safer, more economic and enable
efficient rabies control among both domestic and wild animals com-
pared to the conventional ones. By so doing, the rabies free countries
can easily maintain their fragile status as rabies free. The developed
assays support the huge running projects since 2015 aiming to com-
pletely eradicate rabies in the year 2030.
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