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Human rabies is virtually always fatal despite numerous 
attempts at aggressive therapy. Most survivors received 
one or more doses of rabies vaccine prior to the onset 
of the disease. The Milwaukee Protocol has proved to be 
ineffective for rabies and should no longer be used. New 
approaches are needed and an improved understanding 
of basic mechanisms responsible for the clinical disease 
in rabies may prove to be useful for the development 
of novel therapeutic approaches. Antiviral therapy is 
thought to be an important component of combina-
tion therapy for the management of human rabies, and 
immunotherapy and neuroprotective therapy should also 
be strongly considered. There are many important issues 
for consideration regarding drug delivery to the central 

nervous system in rabies, which are in part related to 
the presence of the blood–brain barrier and also the 
blood–spinal cord barrier. Ribavirin and interferon-a 
have proved to be disappointing agents for the ther-
apy of rabies. There is insufficient evidence to support 
the continued use of ketamine or amantadine for the 
therapy of rabies. Minocycline or corticosteroids should 
not be used because of concerns about aggravating the 
disease. A variety of new antiviral agents are  under 
development and evaluation, including favipiravir, RNA 
interference (for example, small interfering [si]RNAs) 
and novel targeted approaches, including  interference 
with viral capsid assembly and viral egress.

Although rabies can be very effectively prevented 
after recognized exposures, the disease remains vir-
tually always fatal despite numerous attempts of 
aggressive approaches to the management of human 
disease. Most rabies survivors have received one or 
more doses of rabies vaccine prior to the onset of the 
disease [1,2]. Approaches to the therapy of human 
rabies were recently reviewed, including the failure 
of the ‘Milwaukee Protocol’ that should no longer 
be used because of a lack of efficacy [3]. Current 
approaches to the therapy of rabies are compromised 
by limitations on our understanding of basic mecha-
nisms that are responsible for neuronal injury and 
dysfunction in the disease [4]. In this review, we will 
focus on the issues and challenges associated with 
antiviral therapy of rabies. In the future, antiviral 
therapy of human patients will ideally be combined 
with other therapies. Both immunotherapy and neu-
roprotective therapy are clearly areas of consider-
able interest and these therapies will only be briefly 
addressed here.

Rabies pathogenesis

Current knowledge about the pathogenesis of rabies, 
mostly derived from animal models, has recently been 
reviewed [4]. Rabies virus is usually transmitted in 
saliva by an animal bite, although rarely transmis-
sion has occurred by inhalation of an aerosol in a 
laboratory or in a cave containing millions of bats, or 
iatrogenically by transplantation of tissues (cornea or 
vascular conduit) or organs. The virus is inoculated 
in saliva into subcutaneous tissues and/or muscles, 
and usually remains at the site of entry for weeks or 
months. Rabies virus binds to nicotinic acetylcholine 
receptors at the neuromuscular junction (with bites 
involving muscles) and spreads within peripheral 
nerves by retrograde fast axonal transport towards 
the central nervous system (CNS) and subsequently 
spreads throughout the CNS by fast axonal trans-
port along neuroanatomical connections. Neurons are 
predominantly infected and histopathological studies 
show mild inflammatory changes without prominent 
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neurodegenerative changes. There is centrifugal spread 
from the CNS along sensory and autonomic nerves to 
multiple organs, including the eyes, heart (sometimes 
associated with myocarditis), adrenal medulla, gastro-
intestinal tract, salivary glands (important in rabies 
vectors) and skin. The skin involvement forms the basis 
of a skin biopsy to demonstrate the presence of either 
rabies virus RNA or detection of rabies virus antigen 
around hair follicles using immunofluorescence.

Clinical features of human rabies

The clinical features of rabies in humans have recently 
been reviewed [5]. Rabies usually develops weeks or 
months (rarely a year or more) after a rabies expo-
sure. Prodromal symptoms are non-specific and include 
malaise, anorexia, headache, fever, anxiety and agita-
tion. The first neurological symptoms are pain, pares-
thesias or pruritus at the site of the wound that may 
have already healed, which reflect viral infection and 
associated inflammation in local sensory (dorsal root or 
cranial) ganglia. There are two clinical forms of the dis-
ease: encephalitic rabies in 80% and paralytic rabies in 
20%. Encephalitic rabies is characterized by hydropho-
bia, in which on attempts to swallow there are invol-
untary contractions of the diaphragm and inspiratory 
muscles lasting 5 to 15 seconds, episodes of generalized 
arousal or hyperexcitability lasting minutes that are 
separated by lucid periods and then progressive deterio-
ration in the level of consciousness to coma. Autonomic 
features, including hypersalivation, piloerection (goose-
flesh), cardiac arrhythmias and priapism are common. 
In paralytic rabies there is weakness usually beginning 
in the bitten extremity with progression to quadripa-
resis and facial weakness with sphincter involvement 
but with minimal sensory involvement. Although the 
clinical course is usually longer, patients with paralytic 
rabies also progress to coma. In both clinical forms 
cardiac and respiratory complications are common 
when patients are managed aggressively in critical care 
units and multiple organ failure may develop. Rabies is 
almost always fatal with only 10 known survivors [2] 
and all except one patient received one or more doses 
of rabies vaccine prior to the onset of clinical disease.

Pathway for evaluation of antiviral agents

The initial evaluation of a potential antiviral agent for 
rabies virus infection involves testing in cultured cells, 
particularly by using rabies virus-infected neuronal cells 
or primary neurons. Once efficacy is demonstrated, 
then further evaluation should involve a laboratory 
animal model of experimental rabies. Most models use 
either a fixed rabies virus strain (for example, challenge 
virus standard [CVS] or a street [wild-type] rabies virus 

strain in adult mice [mice or rats] by a natural route 
of inoculation [intramuscular, footpad or intradermal]). 
Bat rabies virus strains should be given by more superfi-
cial routes (intradermal or subcutaneous) because viral 
adaptation has occurred for these routes. An approach 
should be taken that is potentially effective for drug 
delivery to the CNS (see Issues with drug delivery into 
the CNS). Ideally, the next step should include evalua-
tion in a more natural model of rabies, such as using a 
dog rabies virus variant in a dog model using a periph-
eral route of inoculation. Use of primates with infec-
tion by peripheral inoculation of a street rabies virus 
would also potentially be a desirable approach, because 
primates are the closest species to humans and are also 
dead-end hosts for rabies virus infection. One draw-
back to all animal models is replicating aggressive ther-
apy in humans that would include critical (intensive) 
care because of the high costs, requirements for subspe-
cialty veterinary expertise and availability of numerous 
laboratory and imaging investigations. Without critical 
care of infected animals, the effectiveness of potential 
therapies may not be fully realized. Funding of these 
important studies is nearly an insurmountable barrier 
for a disease that is rare in developed countries.

Issues with drug delivery into the CNS

Many obstacles must be overcome in order to effec-
tively deliver therapeutic agents to the CNS, which is an 
important issue for the treatment of diverse neurologi-
cal diseases. Consideration must be given to first-pass 
metabolism on entering the systemic circulation, the 
uptake of the drug by other non-target body tissues and 
the blood–brain barrier (BBB) [6] and the blood–spinal 
cord barrier [7]. Although there are some fundamental 
differences between the BBB and blood–spinal cord bar-
rier [7], these will not be addressed in this review. The 
BBB is composed of endothelial cells with tight junctions 
sealing intercellular clefts and assisted by pericytes and 
astrocytic endfeet and their respective basement mem-
branes, which regulate the entry of compounds. Invasion 
of T-lymphocytes occurs at the postcapillary venules, 
where there is a perivascular space [8]. The meninges and 
the choroid plexus are additional physical barriers that 
protect the CNS. For the therapy of viral infections of the 
brain, therapeutic agents must be able to cross the BBB. 
A number of strategies have been developed in order to 
achieve this goal.

A prodrug is an inactivated drug form that is biologi-
cally converted to an active form by chemicals or enzymes 
in the target tissue, which is a method to alter undesir-
able physiochemical characteristics of a drug in order to 
improve its entry into the CNS [6]. A prodrug can receive 
a polar group and become lipophilic and increase per-
meability through the BBB or become associated with an 
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endogenous carrier such as a neutral amino acid (LAT1) 
or hexose (GLUT 1) [9]. This strategy allows large pro-
teins or peptides to cross the BBB via an endocytotic 
process and can also be used for the delivery of small 
interfering (si)RNAs into the CNS (see RNA interfer-
ence). There are also biological strategies based on the 
use of cell-penetrating peptides that can be transported 
into the CNS; short sequences of amino acids (rich in the 
positively charged amino acids arginine and lysine) have 
the ability to pass through lipid bilayers of cell membrane 
and enter cells [6].

Nanoparticles are another approach. Drugs may be 
loaded into a nanocarrier and because they are so small 
nanoparticles can easily pass through BBB capillar-
ies and diffuse into target cells [6]. Nanoparticles can 
assume a broad range of types such as polymeric, lipid, 
magnetic and dendritic carriers [10]. While nanocarri-
ers enable efficient passage of therapeutic agents into 
the CNS, they can also increase the risks of overexpo-
sure to drugs and nanomaterials resulting in neurotox-
icity [10].

Another very promising non-invasive method is 
intranasal drug delivery [6]. This method avoids liver 
metabolism that all compounds are subjected to when 
administered systemically. The drug may be delivered 
into the CNS through the olfactory epithelium in 
the nasal cavity, first going to the olfactory bulb and 
spreading to the olfactory and trigeminal nerves with 
distribution to the brain [6]. A variety of factors may 
interfere with the delivery such as the chemical nature, 
molecular weight and particle size of the drug, as well 
as the drug formulation and physiological aspects of 
the host, including nasal blood flow, the speed of muco-
ciliary clearance and pathological conditions of the 
nose [11]. The uptake of chemotherapy drugs in the 
cerebrospinal fluid using intranasal drug delivery in 
glioblastoma studies was found to be higher than using 
intravenous administration, showing the major poten-
tial of this strategy [12]. An experimental study in rats 
showed that intranasal therapy with ribavirin effec-
tively bypassed the BBB [13].

Invasive approaches are based on a drug physically 
gaining access to the CNS by using surgical procedures 
(for example, intraventricular administration via an 
Ommaya reservoir), disruption of the BBB or direct 
injection into a target site. These methods exclude drugs 
from the systemic circulation and also reduce periph-
eral side effects as well as maximize the total amount 
of drug that reaches the target tissue. BBB permeability 
can be modulated by a transient disruption of vascu-
lar integrity that allows macromolecules to enter the 
CNS. For example, osmotic disruption of the BBB may 
be achieved using intracarotid injection of mannitol. 
Ultrasound-mediated drug delivery is a technique that 
uses small air, lipid or protein-filled bubbles that are 

injected along with the drug and then are stimulated 
by ultrasound waves causing a transient and controlled 
BBB disruption [6]. An important advantage of this 
method is that there is no need to chemically alter the 
drug and thus its therapeutic activity is maintained [14].

Agents that are currently available for use

The goal of antiviral drug therapy in rabies is to inhibit 
viral replication and reduce viral spread within the CNS 
and also potentially reduce centrifugal spread from the 
CNS to multiple extraneural organs. Antiviral therapy 
is thought to be an essential component of combination 
therapy for rabies. Ribavirin and interferon (IFN)-a are 
the main currently available agents with known activ-
ity against rabies virus and studies of their efficacy in 
rabies are limited.

Ribavirin
Ribavirin (1-b-D-ribofuranosyl-1,2,4-triazole-3-car-
boxamide) is a purine analogue and an RNA muta-
gen that induces mutations by acting as a template 
for incorporation of cytidine and uridine with equal 
efficiency  [15]. Ribavirin functions as a broad spec-
trum antiviral agent and it is currently used to treat 
HCV [16], Lassa fever virus [17] and respiratory syn-
cytial virus  [18] infections in humans. Ribavirin has 
in vitro activity against rabies virus infection [19–21]. 
Ribavirin also has pro-inflammatory properties and 
has recently been shown to induce a transient innate 
immune response in the mouse brain [21]. No effi-
cacy was demonstrated in a study using intracerebral 
inoculation of ribavirin in street rabies virus-infected 
mice  [22]. Similarly, a recent in vivo study of ribavi-
rin therapy administered orally in experimental rabies 
in mice using three different street rabies virus strains 
failed to demonstrate efficacy of ribavirin therapy [21].

One patient was treated with intrathecal (2 mg/kg 
daily via an Ommaya reservoir) and intravenous (load-
ing dose of 2 g [30 mg/kg], then 1 g every 6 h for 4 days 
[60 mg/kg/day] and finally 0.5 g every 8 h thereafter 
[25  mg/kg/day]) ribavirin for rabies in Thailand and 
did not survive [23]. A summary of therapy for human 
rabies at the You-An Infectious Disease Hospital in 
Beijing, China over a 15-year period indicated that 16 
of 64 patients received intravenous therapy with riba-
virin with no beneficial effect on their survival [24]. 
Another patient in the United States received intra-
venous therapy with ribavirin beginning in the third 
week of illness without apparent benefit [23,25]. Riba-
virin is known to shift the immune response toward a 
Th1-type inflammatory response [26]. Because of the 
importance of a Th1/Th2 balanced immune response 
for clearance of rabies virus infection, there is concern 
that ribavirin could suppress antibody production that 
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is essential for recovery from rabies. In the case of a 
Canadian rabies patient who received ribavirin and 
other drugs for therapy of rabies, the patient died and 
at autopsy there was a high viral burden and extensive 
neuronal loss in the brain with marked lymphocytic 
infiltration, which suggested the possibility of a neu-
rological immune reconstitution syndrome that devel-
oped followed discontinuation of therapy [27].

Ribavirin was one component of therapy (Milwaukee 
Protocol) given to a survivor of rabies [28]. Subsequently, 
there have been numerous failures of the Milwaukee 
Protocol [3]. Even the most enthusiastic advocate of 
this failed protocol no longer recommends inclusion of 
ribavirin for therapy of rabies patients because of lack of 
efficacy and adverse effects [29].

IFN-a
IFNs, especially type I IFN (IFN-a/b), are important 
primary defences against viral infections. They are 
produced in almost all cells after the recognition of 
pathogen-associated molecular patterns (PAMPs) by 
several receptors, including Toll-like receptors (TLR) 
and cytoplasmic retinoic-acid-inducible gene I (RIG-I), 
and induce an activation cascade that leads to the pro-
duction of type I IFNs. Rabies virus triggers an innate 
immune response after it enters the nervous system, 
which includes a type I IFN response, and recent work 
has shown that this response limits rabies virus dis-
semination in inoculated muscle, slows down spread 
to the spinal cord and delays mortality in peripher-
ally inoculated mice [30]. Treatment with exogenous 
IFN has been shown to prevent rabies virus replica-
tion in cell culture, especially when therapy is admin-
istered before or at the time of the infection [31,32]. 
Treatment with exogenous IFN or IFN-inducers such 
as polyriboinosinic-polyribocytidylic acid (poly I:C), 
including PICKCa that is a poly I:C derivative, can 
partially or completely inhibit rabies virus infection 
in mouse and rhesus monkey models  [33,34]. Effi-
cacy was greater when large doses of each compound 
were administered before or shortly after viral infec-
tion and  as close as possible to the site of the viral 
inoculation.

Combined intramuscular and intrathecal (lumbar) 
therapy with human leukocyte IFN beginning one 
day after viral inoculation showed incomplete pro-
tection of street rabies virus – infected cynomolgus 
monkeys, but not when therapy was initiated after 
the development of clinical disease [35]. Merigan 
et al. [36] reported on the administration of human 
leukocyte IFN of three patients with rabies in the 
United States, two in France and one in Brazil; three 
were semicomatose at the time therapy was initi-
ated. Both intramuscular (1–20 MU/day for 10–17 
days) and intrathecal (0.5–5 MU/day for 10–17 days 

via Ommaya or Rickham reservoirs) therapy was 
used. Although there was a 30–10,000-fold greater 
elevation in serum and cerebrospinal fluid titres of 
IFN than normally observed in rabies, there was no 
evidence of any effect on the progression of the neu-
rological disease. Low and perhaps delayed rabies 
antibody titres were noted in the three patients from 
the United States, possibly due to an immunosuppres-
sive effect of the therapy. Warrell et al. [23] treated 
three human rabies patients with IFN-a in Thailand. 
The patients were given an intravenous loading dose 
of 50 MU/m2 over six h and then repeated at 18 h 
and given daily as a continuous intravenous infusion. 
Intrathecal IFN was given by the lumbar route for the 
first dose and subsequently administered into the lat-
eral ventricle via an Ommaya reservoir with a load-
ing dose of 2 MU/m2 and then repeated after six h 
and then daily (for the third patient the dose was 
halved after the first week). Consistently high con-
centrations of IFN-a were detected in the serum and 
cerebrospinal fluid for several days, but there was no 
apparent effect on clinical progression of the disease. 
One of the patients developed severe hyperkalemia. 
Only one of the three patients developed neutralizing 
anti-rabies virus antibodies prior to death.

Ketamine
Ketamine is a dissociative anaesthetic and a non-
competitive N-methyl-D-aspartate (NMDA) receptor 
antagonist. In very high concentrations (1–2 mM) 
ketamine was shown to inhibit rabies virus genome 
transcription [37], whereas NMDA receptor activity 
occurs at 1 µM concentrations. After stereotaxic inoc-
ulation of a fixed rabies virus strain into the neostri-
atum of rats, high-dose ketamine (60 mg/kg given 
intraperitoneally every 12 h) led to reduced infection 
in multiple brain regions, including the hippocampus, 
cerebral cortex and thalamus [37]. However, more 
recent evidence from studies in primary neuron cul-
tures and in mice does not support this approach [38]. 
Ketamine was also a component of therapy (Milwau-
kee Protocol) given to a survivor of rabies [28]. In 
the case of Canadian rabies patient who received 
ketamine and other drugs for the therapy of rabies, 
the patient died and at autopsy there was a high viral 
burden and extensive neuronal loss in the brain with 
marked lymphocytic infiltration, which suggested the 
possibility of a neurological immune reconstitution 
syndrome that developed followed discontinuation 
of potentially immunosuppressive drugs [27], includ-
ing ketamine [39], midazolam [40] and propofol [41]. 
Hence, there is no real justification for the continued 
use of ketamine for the treatment of human rabies 
unless further studies provide evidence of therapeutic 
efficacy.
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Amantadine
Amantadine (1-adamantylamine) is a synthetic antiviral 
agent that can inhibit the replication of viruses in cells 
and it is also a weak non-competitive NMDA receptor 
antagonist that accelerates channel closure during chan-
nel block [42]. Amantadine has been used for therapy 
of Parkinson’s disease, but currently there is inadequate 
evidence of efficacy [43]. There are two in vitro studies 
evaluating amantadine in rabies virus infection. In one 
study amantadine was found to interfere with rabies 
virus (CVS) production in CER cells with dose-depend-
ent inhibition ranging from 10% at 25 µg/ml to 99.9% 
at 250 µg/ml [19]. In another study rabies viral antigen 
synthesis was inhibited in CER cells with amantadine at 
concentrations of 4–200 µM in the media beginning at 
the time of infection and up to 30 min later [44]. Aman-
tadine did not inhibit viral replication when the drug 
was preincubated with the cells and removed before 
viral infection or when amantadine was added to the 
virus during the attachment step, suggesting that viral 
attachment and penetration are probably not affected 
by the drug. It is likely that amantadine impedes viral 
uncoating. Amantadine failed to show efficacy in mice 
when inoculated into the site of intramuscular inocula-
tion of street rabies virus at daily intervals (for up to 5 
doses) beginning on the day of viral inoculation [22]. 
Amantadine was one component of therapy (Milwau-
kee Protocol) given to a rabies survivor of rabies [28], 
but there is little justification for its use based on the 
above reports.

Minocycline
Minocycline is a tetracycline derivative with broad 
spectrum antimicrobial activity with anti-inflammatory, 
anti-apoptotic and anti-oxidant properties. Minocy-
cline has also been reported to suppress viral replica-
tion in HIV infection [45]. Beneficial effects have been 
observed in animal models of encephalitis due to neu-
roadapted Sindbis virus, simian immunodeficiency 
virus and Japanese encephalitis virus infection, whereas 
there was a lack of beneficial effects in reovirus infec-
tion in mice and in a human clinical trial for therapy of 
HIV-associated cognitive impairment [46]. In contrast, 
harmful effects were observed with minocycline ther-
apy in rabies virus infection of neonatal mice [47] and 
also in a variety of animal models of neurodegenerative 
diseases [46,47]. Hence, empiric use of minocycline is 
strongly discouraged [46].

Steroids
Corticosteroids are generally considered contraindi-
cated in the therapy of rabies except in the setting of 
adrenocortical insufficiency [48]. In mice [49], rats, 
hamsters and guinea pigs [50] administration of cor-
ticosteroids increased the mortality rate and shortened 

the incubation period. Brain oedema with the associ-
ated risk of brain herniation is rare in rabies except 
under unusual circumstances (for example, intrathecal 
therapy of rabies with human rabies immune globu-
lin [51]). Because corticosteroids act to close the BBB 
there is also concern that this therapy may reduce the 
entry of other therapeutic agents that may be used for 
therapy of rabies [52]. Roy and Hooper [53] found that 
administration of steroid hormone dehydroepiandros-
terone in silver-haired bat rabies virus-infected PLSJL 
mice reduced BBB permeability changes and reduced 
infiltration of immune effectors into the brain, resulting 
in greater mortality.

New antiviral agents in development

Molecular strategies to inhibit the replication of RNA 
viruses and the associated challenges have recently been 
reviewed [54,55]. Viral enzymes, particularly poly-
merases, are potential targets of antiviral drugs [56]. 
Oligonucleotide antiviral therapeutics will also be a 
future area for development [57]. Aptamers are single-
stranded oligonucleotides that bind their targets with 
high affinity and specificity. Liang et al. [58] showed 
that two aptamers targeting rabies virus-infected cells 
protected mice from a lethal dose of street (wild-type) 
rabies virus.

Favipiravir
Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxam-
ide), which is also known as T-750, is a pyrazine deriva-
tive that is a new broad-spectrum RNA polymerase 
inhibitor, but does not interfere with cellular DNA and 
RNA [59]. The antiviral effects of this drug have been 
studied in vivo and in vitro in several RNA viral infec-
tions caused by West Nile virus [60], influenza virus 
[61], arenaviruses  [62] and hantaviruses [63]. Favip-
iravir has shown efficacy in a mouse model of western 
equine encephalitis  [64] and also appears to avoid the 
toxicity of ribavirin. The promising results, especially 
those obtained in clinical phases of the diseases, should 
encourage researchers to evaluate this therapy in rabies.

RNA interference
RNA interference (RNAi) is an endogenous mechanism 
that was first described in the late 1990s leading to 
post-transcriptional gene silencing. It is present and well 
conserved in a broad variety of species, including plants 
and animals. A short nucleotide sequence (about 21–23 
nucleotides in length), also known as siRNAs, which 
is associated with the RNA-induced silencing complex 
(RISC), recognizes and binds to complementary mRNA, 
causing its cleavage into smaller fragments and thus 
inactivating its expression. RNAi mechanisms play an 
important role in cellular defence against viral infection 
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as well as other important cellular functions such as 
controlling the mobility of transposable genetic ele-
ments and regulation of gene expression during animal 
development [65]. In recent years, the general potential 
of these mechanisms have stimulated studies of the use 
of siRNA and microRNA as therapeutic options for a 
variety of both infectious and non-infectious diseases.

In rabies siRNAs have been evaluated in both in 
vitro and in vivo studies and usually the sequences are 
developed against rabies nucleoprotein (N), glycopro-
tein (G) and/or polymerase (L) genes with delivery by 
a vector such as an adenovirus [66] or a liposome [67]. 
In all studies, siRNAs inhibited viral replication at 
some level, but in most studies cells or mice were 
infected with the strain (usually a laboratory-adapted 
strain) on which the siRNA design was based [65–68]. 
Therapeutic studies in mice with intracerebral deliv-
ery of siRNAs using both an adenoviral vector [66] 
and liposome-mediated delivery [67] showed protec-
tion of mice against a lethal peripheral challenge. The 
efficacy of protection was much higher (also greater 
reduction of rabies virus multiplication in cells) with 
siRNAs against the rabies virus N gene (67%) than the 
L gene (33%) [66]. The potential of applying this tech-
nology may be more limited against wild-type rabies 
viruses, because there can be a high rate of genetic 
variation that leads to a mismatching between the viral 
gene and the designed sequences. Israsena et al. [69] 
performed studies evaluating single or multiple artifi-
cial microRNAs (amiRNAs) targeting the rabies virus 
nucleocapsid protein gene and inserted into a vector. 
Neuro 2A cells were infected with a highly pathogenic 
wild-type virus and treatment was given with single or 
multiple amiRNAs. Efficacy of single amiRNAs was 
lower when compared to multiple amiRNAs, which 
remained highly effective for inhibition of viral repli-
cation. This strategy could be useful to overcome the 
barriers in the use of RNAi in rabies therapy, because 
most rabies cases are caused by wild-type virus with an 
unknown genome.

Kumar et al. [70] have developed a method for 
delivery of siRNAs to the brain using a small peptide 
(29 amino acids) derived from the rabies virus gly-
coprotein, which binds to the nicotinic acetylcholine 
receptor and is exclusively expressed in neuronal cells. 
A derivative of the rabies virus glycoprotein peptide 
containing 9 arginine residues (RVG-9R) binds the 
RNA and delivers it across the BBB after peripheral 
administration [70]. Protection of mice from fatal fla-
vivirus encephalitis (due to Japanese encephalitis virus 
and West Nile virus) has been successfully achieved 
with administration of intracranial siRNAs [71]. Sub-
sequently, Kumar et al. [70] developed an intravenous 
therapy with siRNA bound to RVG-9R and admin-
istered intravenous therapy daily to mice beginning 

4 h after intraperitoneal inoculation with Japanese 
encephalitis virus. Mortality decreased from 100% to 
20%. It is likely that this therapy was effective as pro-
tection against the development of fatal encephalitis 
rather than functioning as effective therapy of estab-
lished encephalitis. Use of RVG for delivery will tar-
get all host neurons that bear nicotinic acetylcholine 
receptors, which will include the brain, spinal cord 
and peripheral nervous system. This is particularly 
important because some of the complications of rabies 
are likely directly related to infection of extraneural 
organs after centrifugal spread of the virus occurs [5].

Viral PPxY-Host Nedd4 interface for blocking viral 
egress
Budding of filoviruses, arenaviruses and rhabdoviruses 
is facilitated by subversion of host proteins (for exam-
ple, Nedd4 E3 ubiquitin ligase) by viral PPxY late (L) 
budding domains expressed within viral matrix pro-
teins  [72]. A small molecule hit inhibited the Nedd4-
PPxY interaction and PPxY-dependent budding and 
had broad spectrum antiviral activity and exhibited 
anti-budding activity against five different viruses, 
including rabies virus.

Host protein–rabies virus protein interactions as 
antiviral targets
An unconventional approach to antiviral drug discovery 
was used to identify small molecules against rabies virus 
with conceptualization of viral capsid assembly as occur-
ring via a host-catalysed biochemical pathway rather 
than by self-assembly [73]. Active compounds were 
identified without knowing the precise protein target. A 
cell-free small molecule screen was established in order 
to recreate hypothesized interactions involving newly 
synthesized capsid proteins as host assembly machine 
substrates. By these means a set of proteins, including 
ATP-binding cassette family E1 (ABCE1), which is a host 
protein previously known to have a role in ribosome 
recycling [74] and for HIV capsid formation [75], were 
identified with marked antiviral potency and an excellent 
therapeutic index in cell culture.

Immunotherapy for prevention and treatment 
of rabies

Following a rabies exposure, thorough wound cleansing 
and both active and passive immunization are necessary 
for effective post-exposure prophylaxis (PEP). Current 
guidelines (Centers for Diseases Control and Preven-
tion [76] and World Health Organization [77]) must 
be closely followed because minor deviations have led 
to failure of PEP. Active immunization consists of four 
(recently reduced from five) doses of a cell culture rabies 
vaccine (for example, purified chick embryo cell vaccine 
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or human diploid cell vaccine given intramuscularly in 
the deltoid muscle on days 0, 3, 7 and 14  [78]). Pas-
sive immunization consists of administration of human 
rabies immune globulin (HRIG; 20 IU/kg) with infiltra-
tion into and around the wounds with the residual quan-
tity of HRIG given intramuscularly at a site other than 
where rabies vaccine was administered (for example, 
gluteal muscles). The development of serum neutralizing 
anti-rabies virus antibodies, which are directed against 
the rabies virus glycoprotein on the surface of mature 
virus particles, is considered the standard correlate of 
immunity [79] and, accordingly, is used to determine 
the need for booster doses of vaccine with pre-exposure 
rabies vaccination. However, the cell-mediated immune 
response (via T-lymphocytes) is also a very important 
aspect of the host’s response. Activated T-lymphocytes 
mediate clearance of rabies virus by different mecha-
nisms. Cytotoxic T-lymphocytes can kill cells with viral 
surface antigens, whereas T-helper cells can elaborate 
effector molecules (lymphokines) for stimulation of 
both cytotoxic T-lymphocytes and B-lymphocytes and 
for the recruitment macrophages [80].

Immune-mediated viral clearance is thought to be 
necessary for recovery from rabies [81]. A detailed 
discussion of immunotherapy for rabies is beyond 
the scope of this review. The usefulness of administra-
tion of rabies vaccine in human patients with rabies is 
uncertain and possibly detrimental. Inactivated rabies 
vaccines for humans do not elicit a cytotoxic T-cell 
response that occurs with live attenuated vaccines for 
animal use, which is thought to be important for viral 
clearance [81]. Also, the usefulness of administering 
human rabies immune globulin to a patient with rabies 
is unknown. Because immunoglobulins to not normally 
cross an intact BBB [82], there is uncertainty about the 
extent to which immunoglobulins would gain entry 
into the CNS and promote viral clearance. Intravenous 
administration of rabies immune globulin in associa-
tion with a method of opening the BBB for entry into 
the CNS may be effective. Immunostimulatory sub-
stances (for example, oligodeoxynucleotides) have been 
shown to be effective adjuvants for rabies vaccines [83] 
and also may potentially be useful for therapy of rabies.

Neuroprotective therapy

An improved understanding of basic mechanisms 
underlying neuronal injury/dysfunction in rabies virus 
infection may open the door to novel neuroprotective 
therapies for rabies, which likely do not have ‘antiviral’ 
mechanisms of action and, hence, should not be con-
sidered antiviral therapy. Rather than addressing viral 
replication and spread, the focus would be on amelio-
rating the neuronal injury induced by the viral infection 
with an improved understanding of the mechanisms 

involved. The development of neuroprotective thera-
pies has proved to be very challenging with disappoint-
ing results for relatively common acute neurological 
diseases such as ischaemic stroke [84]. As evidence 
accumulates that rabies virus infection is a mitochon-
drial disorder [85–87], the door becomes open for the 
development of therapies to address the mitochondrial 
dysfunction and oxidative stress. It is expected that 
approaches to treatment will follow advances in thera-
pies of other mitochondrial disorders; this remains in 
its infancy. As a neuroprotective approach, Jackson [3] 
has suggested using therapeutic hypothermia and, in 
particular, regional hypothermia involving the head and 
neck using a cooling helmet or intranasal administration 
of inert coolant that rapidly evaporates after contact 
with the nasopharynx. Therapeutic hypothermia is used 
for therapy on patients who remain unconscious after 
witnessed cardiac arrest due to ventricular fibrillation; 
body cooling prevents neuronal injury and improves 
clinical outcomes [88,89]. Although it is widely used, 
uncertainty about the efficacy of therapeutic hypother-
mia has recently been raised in light of two very recent 
clinical trials, even though it is currently widely used 
after cardiac arrest [90]. Hypothermia reduces cerebral 
metabolism, production of reactive oxygen species, 
lipid peroxidation and inflammatory responses, which 
may explain its benefit. Mitochondrial free radical pro-
duction is thought to be an important target mechanism 
for therapeutic hypothermia in ischaemia/reperfusion 
injury [91]. These new neuroprotective therapies need 
to be fully evaluated in experimental animal models.

Conclusions

Antiviral therapy is an important component in an 
effort to develop effective therapy for human rabies. 
Access to infected neurons in rabies is challenged by 
the presence of the BBB and there are multiple potential 
strategies for drugs to effectively penetrate this barrier. 
Therapy with ribavirin and IFN-a have proved to be 
disappointing for rabies and both agents are associated 
with potential adverse effects of concern and, hence, 
there is little rationale for the continued use of these 
agents. Steroids may reduce the entry of other agents 
into the brain by closing the BBB. Minocycline should 
not be used empirically for rabies or other viral infec-
tions of the nervous system because of potential det-
rimental effects, which may be anti-inflammatory or 
occur through other mechanisms [46,47]. There are 
new antiviral drugs in development, including favipira-
vir that have broad-spectrum activity. RNAi (for exam-
ple, siRNAs) may prove to be effective, but the diversity 
of wild-type rabies virus strains with sequence differ-
ences complicates this approach. Finally, novel targeted 
approaches, including interference with viral capsid 
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assembly, viral egress or other steps in the viral life 
cycle, may prove to have therapeutic efficacy for this 
ancient disease. Combination therapy for rabies should 
potentially include antiviral therapy, immunotherapy 
and neuroprotective therapy. Neuroprotective therapy 
is an important area for development in the therapy of 
rabies, particularly as we gain an improved understand-
ing of basic mechanisms involved in the disease.
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