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Despite the disease’s long history, little progress has been made toward a treatment
for rabies. The prognosis for patient recovery remains dire. For any prospect of survival,
patients require aggressive critical care, which physicians in rabies endemic areas may be
reluctant or unable to provide given the cost, clinical expertise required, and uncertain
outcome. Systematic clinical research into combination therapies is further hampered
by sporadic occurrence of cases. In this Perspective, we examine the case for a
One Medicine approach to accelerate development of an effective therapy for rabies
through the veterinary care and investigational treatment of naturally infected dogs in
appropriate circumstances. We review the pathogenesis of rabies virus in humans and
dogs, including recent advances in our understanding of the molecular basis for the
severe neurological dysfunction. We propose that four categories of disease process
need to be managed in patients: viral propagation, neuronal degeneration, inflammation
and systemic compromise. Compassionate critical care and investigational treatment
of naturally infected dogs receiving supportive therapy that mimics the human clinical
scenario could increase opportunities to study combination therapies that address
these processes, and to identify biomarkers for prognosis and therapeutic response.
We discuss the safety and ethics of this approach, and introduce the Canine Rabies
Treatment Initiative, a non-profit organization with the mission to apply a One Medicine
approach to the investigation of diagnostic, prognostic, and therapeutic options for rabies
in naturally infected dogs, to accelerate transformation of rabies into a treatable disease
for all patients.

Keywords: rabies, treatment, pathogenesis, prognosis, canine, neurodegeneration, immunotherapy, blood-brain
barrier
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INTRODUCTION

Rabies is one of the oldest described infectious diseases of
humans and dogs (1). An entry in the Susruta Sambhita, a
text from around 600-1,000 years BCE, states that if a person
bitten by a rabid dog shows signs of hydrophobia—a feature
characteristic of rabies in humans—the person is considered
“doomed” (2). Despite considerable advances in knowledge of
the etiology and pathogenesis of this neglected tropical disease
(NTD) over the intervening millennia, the prognosis for human
(and canine) patients with clinical manifestations of rabies
remains largely unchanged today. This zoonosis has the highest
case fatality of any infectious disease, with death typically
occurring within 14 days of onset of clinical signs. Since the
1970s, survival has been well documented in only around 30 of
the estimated 3 million human cases that have occurred in that
time (3-5). Of these survivors, most suffered severe neurological
sequelae (3, 4).

A report of the recovery, with only minor neurological deficits,
of a previously unvaccinated rabies patient following induction
of a therapeutic coma in Milwaukee, WI, USA in 2004 provided
hope of an effective therapeutic protocol (6). Unfortunately,
multiple efforts to replicate this Milwaukee protocol have been
unsuccessful, with at least 53 documented failures (3). Although
there has been an increase in the number of reports of survival
from rabies in more recent years, particularly from India, this is
likely due to improvements in critical care and more attempts
at aggressive management rather than development of specific
therapies. Survivors frequently have severe neurological sequelae,
with a poor quality of life (3, 7, 8). With abandonment of
the Milwaukee protocol, and with poor patient prognoses even
with aggressive management, physicians are presented with few
therapeutic options beyond palliative care (4, 9).

Worldwide, most human rabies deaths are caused by infection
with rabies virus (RABV) transmitted from domestic dogs.
Accurately determining the number of people who die from dog-
transmitted rabies is hampered by lack of reliable surveillance
data from many of those countries where the disease is most
prevalent, but estimates place this number at ~59,000 each year
(95% confidence intervals 29,000-159,000) (5). The burden of
this NTD falls predominantly on populations in resource-poor
communities in Africa and Asia. The number of dogs that die
from rabies each year is unknown, but extrapolation of figures
used to estimate the burden of human disease would place this
number in the millions, if not tens of millions. This number
does not include those dogs that are not rabid but are killed on
suspicion of being infected or in response to rabies outbreaks.

The fatal outcome of rabies and lack of therapeutic options
have focused efforts on prevention of human cases by reducing
or eliminating transmission of RABV among dogs through
mass vaccination, and through the timely provision of post-
exposure prophylaxis (PEP) to exposed people. These efforts
are culminating in the goal to eliminate human deaths from
dog-transmitted rabies by 2030 (10). Alongside this, efforts to
develop a treatment for this NTD should continue. Rabies is not
a candidate for eradication. The disease will continue to pose
a threat in circumstances in which there is failure to recognize

exposure or to seek PEP; when there is lack of access to PEP
or deviation from recommended PEP protocols; or in rare cases
when PEP fails or is refused (11, 12). Transmission of RABV
from wildlife hosts will continue to pose a risk, including for
the re-emergence of dog rabies through spillover events and host
switching (13). Lyssaviruses against which PEP is not effective
continue to emerge and pose a threat to public and animal health
(14, 15).

Thus, there remains a need to develop an effective therapy
for rabies. This paper examines the case for a One Medicine
approach to research and development of a combination therapy
in naturally infected canine patients, to supplement research in
experimental animal models and human cases. We conclude with
a call to action for veterinarians to play a more active role in
development of an effective therapy for this NTD.

RABIES VIRUS PATHOGENESIS

The pathophysiology of rabies has been reviewed in detail (16-
18). Many of the clinical features of rabies are similar in human
and canine cases, although not all elements are well described
in both species. The main mode of transmission of RABV
in both hosts is through exposure of mucosal membranes or
broken skin to the saliva of an infected dog, typically through a
bite, scratch, or lick. Clinical signs develop after a variable and
occasionally prolonged incubation period, and are often non-
specific, particularly in the early stages of disease. As the disease
progresses to the acute neurological phase, one of two clinical
forms usually become apparent. Most human and canine patients
develop an encephalitic or “furious” form, while the remainder
develop a paralytic or “dumb” form (18, 19). The pathogenesis
of the two forms is unclear, although the host immune response
is thought to play an important role, with a more prominent
inflammatory response evident in paralytic cases (20, 21). Both
forms of the disease typically progress to coma and death within
days, although the time to death may be influenced by critical
care interventions.

A typical feature of rabies is that despite the consistent
and catastrophic clinical outcomes, histopathological changes
observed in the central nervous system (CNS) after death
following acute disease are relatively mild. Preservation of the
neuronal network is essential for this strictly neurotropic virus
to complete its cycle within a host, from site of entry, transit,
and propagation through the nervous system, and exit through
the salivary glands. As such, RABV has evolved mechanisms
to promote survival of infected neurons by inhibiting apoptotic
death and by avoiding or inhibiting activation of inflammatory
responses that would lead to death of infected cells (22—
25). Rabies virus neutralizing antibodies (RVNAs) are often
detectable only late in the course of disease, if at all (7, 18, 26).
There is evidence that RABV infection of the CNS maintains
the blood-brain barrier (BBB), thereby minimizing viral exposure
to circulating RVNAs (27, 28). Permeability of the BBB may
be affected by the animal model and RABV isolate used. Given
the importance of the BBB for effective drug delivery (see
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Therapeutic Approaches), its permeability in naturally infected
cases warrants investigation.

Recent findings have advanced our understanding of the
pathological basis for the severe neurological dysfunction that
occurs in rabies and may open new avenues for treatment.
Although conventional histopathology reveals few changes,
ultrastructural studies in a mouse model showed severe
degeneration of neuronal processes, characterized by swelling
and/or beading of axons in particular (29). These changes are
considered sufficient to explain the severe clinical disease and
fatal outcome in rabies (29, 30). Changes are associated with
oxidative stress resulting from mitochondrial dysfunction (30—
32). Sundaramoorthy et al. (33), using an ex vivo neuronal
model, identified the enzyme SARM1 as the central mediator
of this axonal degeneration in RABV-infected neurons. When
activated, the TIR domain of SARM1 breaks down nicotinamide
adenine dinucleotide (NAD™). The SARM1 enzyme, normally
maintained in an inhibited state, is activated by axon injury or
disease (34). This results in a rapid loss of NAD™ that is sufficient
to drive axon degeneration (35), through an ordered process of
loss of cellular ATP, mitochondrial dysfunction, calcium influx
and loss of membrane permeability (36). In RABV infection,
SARMI1-mediated axonal degeneration impedes the spread of
virus among interconnected neurons, but also results in the
pathological loss of axons and dendrites that could explain
the severe neurological dysfunction in late-stage rabies (33).
Future studies should determine whether this pathway of axonal
degeneration occurs in naturally infected hosts and investigate
upstream initiators of SARMI activation. One candidate for the
latter is the mitochondrial dysfunction seen in RABV infection
that results from interaction of the viral phosphoprotein with
mitochondrial complex 1 in infected neurons (37). Notably, while
mitochondrial dysfunction is a consequence of programmed
axon death following SARMI activation, it has also been
identified as an important upstream initiator of the process (38).

THERAPEUTIC APPROACHES

Given the complexity of the pathological processes following
RABYV infection of the CNS and the severity of the outcome, it
is likely that combination therapies will be needed for successful
treatment, targeting different aspects of the disease process (3,
39, 40). We propose that the following four broad categories
of disease process need to be managed to ensure the best
patient outcome:

Viral Propagation

Inhibition of viral propagation using specific antiviral drugs
or immunotherapeutics will be essential. This could target
different steps of cell infection including receptor recognition,
endosomal pathway, virus replication, intra-neuronal transport
or cell budding. Antiviral drugs for use against RABV have been
reviewed (41-44). Despite promising in vitro and occasionally in
vivo results, no drugs have shown clinical benefits in patients.
Development of an effective antiviral agent for therapy of rabies
remains an important goal for the future.

Immunotherapeutics, in the form of monoclonal antibodies
(mAbs) targeting specific RABV proteins, offer some promise.
Single (SII RMab) and cocktail (docaravimab and miromavimab)
mAb products against the RABV glycoprotein are safe and
effective for rabies PEP given shortly after exposure (45, 46).
Access of antibodies to sites of viral replication in the clinical
phase of the disease, when RABV is widely distributed in the
CNS, is however problematic. Recently, de Melo et al. (47)
showed that continuous intracerebroventricular infusion for up
to 20 days of two mAbs (RVC20 and RVC58) against the
viral glycoprotein led to 56% survival of RABV-infected mice
when initiated in the prodromal phase of the disease. Survival
decreased to 33% when treatment was initiated one day later,
in the early acute neurological phase. Direct administration of
antibodies into the cerebrospinal fluid (CSF) is intended to
bypass the BBB, but results in limited drug penetration into the
brain parenchyma (48). The BBB remains a significant obstacle
to the effective delivery of antivirals and immunotherapeutics
for the treatment of rabies. Strategies to overcome this should
be a part of drug discovery processes or added to the
therapeutic regimen.

Neuronal Degeneration

The molecular mechanisms that induce neuronal degeneration
need to be managed in rabies patients. These mechanisms
may be beneficial in early infection by impeding viral spread,
but destructive once infection is more widespread. Deletion
of the SARMI gene significantly delayed axonal degeneration
in RABV-infected neurons, from 24h in the presence of the
gene to beyond 7 days in SARM1 knockout neurons (33). In
an ex vivo model of axonal damage using the mitochondrial
respiratory chain inhibitor rotenone, which produces SARM1-
dependent axonal degeneration, treatment with a SARMI1
inhibitor not only prevented further axonal degeneration but
also allowed recovery of axons that had already entered an
intermediate stage of damage (49). These findings raise the
possibility that modification of SARMI1 function may be a
novel ancillary therapeutic approach in rabies, in combination
with other therapies. More broadly, enhanced understanding of
rabies as a neurodegenerative disease may lead to application
of neuroprotectants developed for other, more prevalent
neurodegenerative diseases.

Inflammation

Host immune responses are directed toward RABV and
degenerate cellular material. These inflammatory processes may
be lifesaving in early infection through the elimination of
RABV, but damaging in later stages if widely activated in
the CNS (50). A therapeutic benefit of immunomodulators in
late RABV infection is supported by experimental studies in
mice. When corticosteroid treatment was initiated early (0-24 h
after inoculation) in mice inoculated with a bat RABV variant,
mortality rates were 16% higher than in non-treated groups.
However, if corticosteroid treatment was initiated later (72-96 h
after inoculation), mortality rates were 14% lower in treated
groups compared to controls, although this difference was not
statistically significant, possibly due to the small sample size (51).
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More recently, Smreczak et al. (52) tested the effect of selected
inhibitors of pro-inflammatory processes in RABV-infected mice,
with treatment initiated from 5 days post-inoculation. Onset of
clinical signs and time to death were delayed in mice treated with
infliximab, an inhibitor of the pro-inflammatory cytokine TNF-a,
or with sorafenib tosylate, a multi-kinase inhibitor. Treatment
with tocilizumab, an IL-6 receptor blocker, also increased time to
death, but this did not reach statistical significance. Conversely,
Jackson et al. (53) showed that treatment with minocycline, a
tetracycline derivative with anti-inflammatory properties, was
not beneficial in adult mice infected with highly virulent
RABV and was in fact detrimental in neonatal mice infected
with an attenuated strain. In addition to differences due to
RABV type (pathogenic vs. attenuated), host species may also
influence immune responses to RABV infection. A recent study
demonstrated that the inflammatory response in the mouse brain
following RABV infection differed substantially from that in the
human brain, with a more pronounced inflammatory response in
the former (54), suggesting that the effect of immunomodulatory
therapy in mice may not translate to humans. Rabid dogs
naturally infected with wild-type RABV may have more similar
CNS inflammatory responses to humans (55). Further studies
should substantiate this as a basis to address the hypothesis
of therapeutic benefit of immunomodulators in investigational
protocols in rabid dogs.

Systemic Compromise

An indispensable component of any therapeutic protocol
for rabies will be aggressive critical care to manage the
severe systemic compromise that occurs in patients in late-
stage disease. Respiratory and cardiac complications are the
most common (56). Critical care facilities will be needed to
manage these complications, including mechanical ventilation
and administration of supportive drugs (3, 4). Complications
may result from the widespread CNS infection, involvement
of the autonomic nervous system, or from extraneural organ
involvement due to centrifugal spread of RABV from the
CNS (57).

Timing of initiation of therapy for the four categories of
disease process will be important, with expected improved
outcomes from early initiation of therapy. Therapy should
be tailored according to the stage of disease, clinical form
(encephalitic vs. paralytic), immunological response, and patient
prognosis. Tools for rapid, minimally-invasive bedside diagnostic
and prognostic indicators are needed, and initiation of therapy
prior to diagnostic confirmation will need to be considered
in order to achieve optimal clinical outcomes. Neurofilament
proteins from damaged neurons released into CSF and blood
have emerged as sensitive biomarkers of neurodegeneration in
several diseases (58, 59). Their utility in the diagnosis, prognosis
and monitoring of response to therapy in rabies should be
explored. Detection of microRNA signatures associated with
RABYV infection could also offer a novel diagnostic route and their
value as markers of neuronal health and disease during rabies
infection should be investigated (60).

INNOVATION IN THERAPEUTIC
APPROACHES

Preclinical studies of RABV infection are important for
research and development of individual therapeutic components,
particularly viral inhibitors and neuroprotectant drugs. However,
preclinical animal models will not always replicate important
aspects of the disease process in humans. Furthermore,
rodent models do not easily allow for study of the effects
of combination therapies that incorporate aggressive critical
care, as this is not usually feasible in small animal models.
Individual therapies that may only extend time to death in
preclinical studies may have more substantial beneficial effects
when combined and supported by aggressive critical care.
Innovation and refinement of combination therapies for rabies
could potentially be accelerated by systematic application in
a patient population, but several factors reasonably preclude
this investigational approach in human patients. The incidence
of human cases is typically low in any given geographic area
and may be unpredictable over time. Prediction of locations
where outbreaks may occur is challenging, as these depend
on external factors like incidence and vaccination rates in
reservoir animal populations, and availability and uptake of
human PEP. Higher numbers of human cases are generally
restricted to resource-constrained areas, where dog vaccination
may be limited and access to affordable PEP may not be readily
available. In these circumstances, aggressive management of
patients with investigational protocols, even if feasible, poses
substantial ethical dilemmas for physicians, given the uncertainty
of patient outcomes (7, 8).

We propose that development of a successful combination
therapy for rabies could be accelerated by implementation of
investigational protocols in naturally infected dogs, using a One
Medicine approach. “One Medicine” is a term that captures
the similarities between human and veterinary medicine and
the benefit of collaboration in the study of pathogenesis and
treatment of diseases that affect both humans and animals
(https://www.cdc.gov/onehealth/basics/history/index.html). The
etiology and pathogenesis of rabies are similar in dogs and
humans, but the incidence is far higher and arguably more
predictable in the former. Veterinary treatment of canine
patients can, in many ways, mimic critical care and supportive
therapy in human clinical scenarios. In endemic areas with
robust veterinary surveillance and response systems, suspect
rabid dogs are caught and killed by the veterinary services,
thereby providing a potential point of access of canine patients
to specialized critical care and investigational treatment on
a compassionate use basis. In some of these areas, facilities
and veterinary expertise in the critical care of dogs are well
developed and available at a fraction of the cost for human
intensive care patients. These factors create opportunities
to initiate restraint, sedation, support, and critical care of
canine rabies cases while investigating and refining therapeutic
protocols, with dogs themselves standing to benefit through the
compassionate use of investigational drugs. Even in the event of
therapeutic failure, dogs would receive appropriate palliative care
and euthanasia.
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CRTI

..,
24
®

and response systems

Regulatory approval; protocol development; training;
advocacy; facility upgrades; strategic partnerships

clinical research.

Site/partner requirements

TIER 1: Active dog rabies case surveillance

TIER 2: Facilities and protocols for isolation
and observation of suspect rabid dogs

TIER 3: Facilities and protocols for natural
history studies in rabid dogs receiving critical
care and supportive therapy

TIER 4: Facilities and protocols for clinical
studies of investigational new drugs in rabid

dogs (+ established standard of care)

FIGURE 1 | The Canine Rabies Treatment Initiative (CRTI) will implement a tiered approach to clinical research on rabies in naturally infected dogs, progressing to
clinical studies of investigational new drugs in dogs receiving critical care and supportive therapy that mimic the human clinical scenario. Naturally infected dogs
provide a higher and more predictable caseload than human patients, providing opportunities for additional clinical research to supplement preclinical and human

Clinical
research
focus

ANTEMORTEM
DIAGNOSIS

PROGNOSTIC
BIOMARKERS

COMBINATION
THERAPY
+
POST-
THERAPEUTIC
RECOVERY

SAFETY AND ETHICS OF A ONE MEDICINE
APPROACH TO RABIES TREATMENT

Clinical care and investigational treatment of rabid canine
patients requires careful consideration of risks and benefits
to patients, clinical staff, and the public. Humane euthanasia
and testing of brain specimens from suspect rabid animals
reduce risk of RABV transmission and ideally provide timely
information for the appropriate management of exposed persons
and animals. Current antemortem diagnostic methods for rabies
carry a relatively high probability of false negative results (61).
Single negative antemortem test results cannot be relied on
for decisions on whether to initiate or continue human PEP.
Therefore, initiation of care and treatment of suspect rabid
animals should be limited to those cases with no potential
exposure of unvaccinated persons or should be coupled with
timely provision of PEP to all potentially exposed persons
regardless of case outcome.

Canine patients should be treated in specialized facilities that
meet Animal Biosafety Level 2 (ABSL2) criteria (62). Protocols
should include appropriate use of sedation and anesthesia
to allow safe handling and enhance patient welfare. Routine
precautions should be taken by clinical staff to prevent exposure
to infectious material, particularly during procedures such as
airway intubation, suctioning, and esophageal feeding tube
placement. All staff should be fully vaccinated and undergo
regular serological testing for RVNA levels. Clinical criteria
such as euthanasia for therapeutic futility or discontinuation of

ABSL2-level isolation should be established beforehand. Facilities
and plans should be in place for post-therapeutic monitoring
and rehabilitation of recovered patients, including monitoring
for viral shedding over a predefined period.

THE CANINE RABIES TREATMENT
INITIATIVE

The Canine  Rabies  Treatment Initiative  (CRTI;
www.treatrabies.org) is a non-profit organization established to
attain the vision of rabies as a treatable disease for all patients.
While we fully support efforts to eliminate human deaths from
dog-mediated rabies through dog vaccination and human PEP,
we believe there remains a need for an effective rabies therapy.
The mission of the CRTI is to apply a One Medicine approach to
clinical research on rabies in naturally infected dogs, as a model
of the disease in humans and as patients in their own right,
with the goal of developing an effective combination therapy
for successful treatment of the disease. CRTI is implementing
this mission through a tiered approach in canine rabies endemic
areas (Figure 1), in collaboration with governmental agencies,
non-governmental organizations and academic partners. This
approach allows for phased progression toward treatment while
conducting translational research on pathogenesis, diagnosis
and prognosis; developing an ethical framework and clinical and
biosafety protocols; providing training for veterinary personnel;
obtaining regulatory approval; and strengthening strategic
partnerships. Implementation of a One Medicine approach,
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with active involvement of veterinary clinician-scientists
in the provision of compassionate care and investigational
treatment to canine cases, will accelerate development of an
effective combination therapy for rabies, ending the years of
neglect of a treatment for this disease and providing hope
for patients.

DATA AVAILABILITY STATEMENT

The original contributions presented in the
study are included in the article/supplementary
material, further inquiries can be directed to the

corresponding author/s.

REFERENCES

1. Tarantola A. Four thousand years of concepts relating to rabies in animals
and humans, its prevention and its cure. Trop Med Infect Dis. (2017)
2:5. doi: 10.3390/tropicalmed2020005

2. Bhishagratna KKL. An English Translation of the Sushruta Sambhita, Based
on Original Sanskrit Text by Susruta. Volume 1. Calcutta: Kaviraj Kunja Lal
Bhishagratna. (1907). Chapter VI, p. 728-736.

3. Jackson AC. Therapy of human rabies. In: Fooks AR, Jackson AC, editors.
Rabies: Scientific Basis of the Disease and Its Management, Fourth Edition.
London: Elsevier Academic Press (2020), p. 547-66.

4. Jackson AC. Treatment of rabies. In: Post TW, Hirsch MS, Edwards MS, and
Mitty J, editors, UpToDate. Waltham, MA: Wolters Kluwer (2021).

5. Hampson K, Coudeville L, Lembo T, Sambo M, Kieffer A, Attlan M, et al.
Estimating the global burden of endemic canine rabies [published correction
appears in PLoS Negl Trop Dis. 2015 May;9(5):e0003786]. PLoS Negl Trop Dis.
(2015) 9:€0003709. doi: 10.1371/journal.pntd.0003709

6. Willoughby RE Jr, Tieves KS, Hoffman GM, Ghanayem NS, Amlie-Lefond
CM, Schwabe M]J, et al. Survival after treatment of rabies with induction of
coma. N Engl ] Med. (2005) 352:2508-14. doi: 10.1056/NEJM0a050382

7. Mani RS. Human rabies survivors in India: an emerging paradox? PLoS Negl
Trop Dis. (2016) 10:0004774. doi: 10.1371/journal.pntd.0004774

8. Mani RS, Damodar T, S D, Domala S, Gurung B, Jadhav V, et al. Case reports:
survival from rabies: case series from India. Am ] Trop Med Hyg. (2019)
100:165-9. doi: 10.4269/ajtmh.18-0711

9. Warrell M, Warrell DA, Tarantola A. The imperative of palliation in
the management of rabies encephalomyelitis. Trop Med Infect Dis. (2017)
2:52. doi: 10.3390/tropicalmed2040052

10. World Health Organization, Food and Agriculture Organization of the United
Nations & World Organisation for Animal Health. Zero by 30: The Global
Strategic Plan to End Human Deaths From Dog-Mediated Rabies by 2030.
World Health Organization. (2018). Available online at: https://apps.who.int/
iris/handle/10665/272756 (accessed February 28, 2022).

11. Wilde H. Failures of post-exposure rabies prophylaxis. Vaccine. (2007)
25:7605-9. doi: 10.1016/j.vaccine.2007.08.054

12. Kunkel A, Minhaj FS, Whitehill F Austin C, Hahn C, Kieffer AJ, et al.
Notes from the field: three human rabies deaths attributed to bat exposures—
United States, August 2021. MMWR Morb Mortal Wkly Rep. (2022) 71:31-
2. doi: 10.15585/mmwr.mm7101a5

13. Badrane H, Tordo N. Host switching in
from the Chiroptera to the Carnivora orders.
75:8096-104. doi: 10.1128/jvi.75.17.8096-8104.2001

14. Fooks AR, Shipley R, Markotter W, Tordo N, Freuling CM, Miiller T, et
al. Renewed public health threat from emerging lyssaviruses. Viruses. (2021)
13:1769. doi: 10.3390/v13091769

15. Coertse J, Grobler CS, Sabeta CT, Seamark ECJ, Kearney T, Paweska JT, et al.
Lyssaviruses in insectivorous bats, South Africa, 2003-2018. Emerg Infect Dis.
(2020) 26:3056-60. doi: 10.3201/eid2612.203592

Lyssavirus
J  Virol.

history
(2001)

AUTHOR CONTRIBUTIONS

DK wrote the first draft of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

HE receives funding for rabies research from a grant to Oxford
University, UK, from the Wellcome Foundation. Open access
publication fees were paid by the Center for Conservation
Medicine and Ecosystem Health, Ross University School of
Veterinary Medicine.

16. Fooks AR, Cliquet E Finke S, Freuling C, Hemachudha T, Mani RS, et al.
Rabies. Nat Rev Dis Primers. (2017) 3:17091. doi: 10.1038/nrdp.2017.91

17. Ugolini G, Hemachudha T. Rabies: changing prophylaxis and
new insights in pathophysiology. Curr Opin Infect Dis. (2018)
31:93-101. doi: 10.1097/QC0.0000000000000420

18. Hemachudha T, Laothamatas J, Rupprecht CE. Human rabies: a disease of
complex neuropathogenetic mechanisms and diagnostic challenges. Lancet
Neurol. (2002) 1:101-9. doi: 10.1016/s1474-4422(02)00041-8

19. Tepsumethanon V, Lumlertdacha B, Mitmoonpitak C, Sitprija V, Meslin FX,
Wilde H. Survival of naturally infected rabid dogs and cats. Clin Infect Dis.
(2004) 39:278-80. doi: 10.1086/421556

20. Laothamatas ], Wacharapluesadee S, Lumlertdacha B, Ampawong §,
Tepsumethanon V, Shuangshoti S, et al. Furious and paralytic rabies of canine
origin: neuroimaging with virological and cytokine studies. ] Neurovirol.
(2008) 14:119-29. doi: 10.1080/13550280701883857

21. Shuangshoti S, Thepa N, Phukpattaranont P, Jittmittraphap A, Intarut N,
Tepsumethanon V, et al. Reduced viral burden in paralytic compared to
furious canine rabies is associated with prominent inflammation at the
brainstem level. BMC Vet Res. (2013) 9:31. doi: 10.1186/1746-6148-9-31

22. Préhaud C, Wolff N, Terrien E, Lafage M, Mégret F Babault N, et al.
Attenuation of rabies virulence: takeover by the cytoplasmic domain of its
envelope protein. Sci Signal. (2010) 3:ra5. doi: 10.1126/scisignal.2000510

23. Schnell MJ, McGettigan JP, Wirblich C, Papaneri A. The cell biology of
rabies virus: using stealth to reach the brain. Nat Rev Microbiol. (2010)
8:51-61. doi: 10.1038/nrmicro2260

24. Scott TP, Nel LH. Subversion of the immune response by rabies virus. Viruses.
(2016) 8:231. doi: 10.3390/v8080231

25. Embregts CWE, Begeman L, Voesenek CJ, Martina BEE, Koopmans MPG,
Kuiken T, et al. Street RABV induces the cholinergic anti-inflammatory
pathway in human monocyte-derived macrophages by binding to nAChr 7.
Front Immunol. (2021) 12:622516. doi: 10.3389/fimmu.2021.622516

26. Gnanadurai CW, Yang Y, Huang Y, Li Z, Leyson CM, Cooper
TL, et al. Differential host responses after infection
with  wild-type or viruses in dogs. PLoS
Negl Trop Dis. 10.1371/journal.pntd.000
4023

27. Roy A, Phares TW, Koprowski H, Hooper DC. Failure to open the blood-
brain barrier and deliver immune effectors to central nervous system tissues
leads to the lethal outcome of silver-haired bat rabies virus infection. J Virol.
(2007) 81:1110-8. doi: 10.1128/JVI1.01964-06

28. Chai Q, He WQ, Zhou M, Lu H, Fu ZF. Enhancement of blood-brain barrier
permeability and reduction of tight junction protein expression are modulated
by chemokines/cytokines induced by rabies virus infection. J Virol (2014)
88:4698-710. doi: 10.1128/JVI1.03149-13

29. Scott CA, Rossiter JP, Andrew RD, Jackson AC. Structural abnormalities in
neurons are sufficient to explain the clinical disease and fatal outcome of

immune
lab-attenuated  rabies
(2015)  9:0004023. doi:

experimental rabies in yellow fluorescent protein-expressing transgenic mice.
J Virol. (2008) 82:513-21. doi: 10.1128/JV1.01677-07

Frontiers in Veterinary Science | www.frontiersin.org

March 2022 | Volume 9 | Article 867382


https://doi.org/10.3390/tropicalmed2020005
https://doi.org/10.1371/journal.pntd.0003709
https://doi.org/10.1056/NEJMoa050382
https://doi.org/10.1371/journal.pntd.0004774
https://doi.org/10.4269/ajtmh.18-0711
https://doi.org/10.3390/tropicalmed2040052
https://apps.who.int/iris/handle/10665/272756
https://apps.who.int/iris/handle/10665/272756
https://doi.org/10.1016/j.vaccine.2007.08.054
https://doi.org/10.15585/mmwr.mm7101a5
https://doi.org/10.1128/jvi.75.17.8096-8104.2001
https://doi.org/10.3390/v13091769
https://doi.org/10.3201/eid2612.203592
https://doi.org/10.1038/nrdp.2017.91
https://doi.org/10.1097/QCO.0000000000000420
https://doi.org/10.1016/s1474-4422(02)00041-8
https://doi.org/10.1086/421556
https://doi.org/10.1080/13550280701883857
https://doi.org/10.1186/1746-6148-9-31
https://doi.org/10.1126/scisignal.2000510
https://doi.org/10.1038/nrmicro2260
https://doi.org/10.3390/v8080231
https://doi.org/10.3389/fimmu.2021.622516
https://doi.org/10.1371/journal.pntd.0004023
https://doi.org/10.1128/JVI.01964-06
https://doi.org/10.1128/JVI.03149-13
https://doi.org/10.1128/JVI.01677-07
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Knobel et al.

Toward an Effective Rabies Therapy

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Jackson AC. Pathogenesis. In: Fooks AR, Jackson AC, editors. Rabies: Scientific
Basis of the Disease and its Management, Fourth Edition. London: Elsevier
Academic Press (2020). p. 303-45.

Alandijany T, Kammouni W, Roy Chowdhury SK, Fernyhough P, Jackson AC.
Mitochondrial dysfunction in rabies virus infection of neurons. J Neurovirol.
(2013) 19:537-49. doi: 10.1007/s13365-013-0214-6

Jackson AC, Kammouni W, Zherebitskaya E, Fernyhough P. Role of oxidative
stress in rabies virus infection of adult mouse dorsal root ganglion neurons. J
Virol. (2010) 84:4697-705. doi: 10.1128/JV1.02654-09

Sundaramoorthy V, Green D, Locke K, O’Brien CM, Dearnley M, Bingham
J. Novel role of SARM1 mediated axonal degeneration in the pathogenesis of
rabies. PLoS Pathog. (2020) 16:¢1008343. doi: 10.1371/journal.ppat.1008343
Figley MD, DiAntonio A. The SARM1 axon degeneration pathway: control of
the NAD+ metabolome regulates axon survival in health and disease. Curr
Opin Neurobiol. (2020) 63:59-66. doi: 10.1016/j.conb.2020.02.012

Gerdts ], Brace EJ, Sasaki Y, DiAntonio A, Milbrandt J. SARMI1 activation
triggers axon degeneration locally via NAD? destruction. Science. (2015)
348:453-7. doi: 10.1126/science.1258366

Ko KW, Devault L, Sasaki Y, Milbrandt J, DiAntonio A. Live imaging
reveals the cellular events downstream of SARMI activation. Elife. (2021)
10:e71148. doi: 10.7554/eLife.71148

Kammouni W, Wood H, Jackson AC. Serine residues at positions 162
and 166 of the rabies virus phosphoprotein are critical for the induction
of oxidative stress in rabies virus infection. J Neurovirol. (2017) 23:358-
68. doi: 10.1007/s13365-016-0506-8

Merlini E, Coleman MP, Loreto A. Mitochondrial dysfunction as a
trigger of programmed axon death. Trends Neurosci. (2022) 45:53-
63. doi: 10.1016/j.tins.2021.10.014

Jackson AC, Warrell MJ, Rupprecht CE, Ertl HC, Dietzschold B, O’'Reilly
M, et al. Management of rabies in humans. Clin Infect Dis. (2003) 36:60-
3. doi: 10.1086/344905

Marosi A, Dufkova L, Forr6 B, Felde O, Erdélyi K, Sirmarové

J, et al. Combination therapy of rabies-infected mice with
inhibitors of pro-inflammatory host response, antiviral compounds
and human rabies immunoglobulin. Vaccine. (2019) 37:4724-

35. doi: 10.1016/j.vaccine.2018.05.066

Appolinario CM, Jackson AC. Antiviral therapy for human rabies. Antivir
Ther. (2015) 20:1-10. doi: 10.3851/IMP2851

Koraka P, Martina B. Antivirals for human use against rabies and
prospects for their future application. Rev Sci Tech. (2018) 37:673-
80. doi: 10.20506/rst.37.2.2832

Smith SP, Wu G, Fooks AR, Ma J, Banyard AC. Trying to treat
the untreatable: experimental approaches to clear rabies virus infection
from the CNS. J Gen Virol. (2019) 100:1171-86. doi: 10.1099/jgv.0.00
1269

Castel G, Ben-Mechlia M, Jallet C, Tordo N. Rabies therapeutics: development
of anti-viral approaches. In: Rupprecht CE, Nagarajan T, editors. Current
Laboratory Techniques in Rabies Diagnosis, Research and Prevention, Volume
2.(2015). p. 331-51.

Gogtay NJ, Munshi R, Ashwath Narayana DH, Mahendra BJ, Kshirsagar V,
Gunale B, et al. Comparison of a novel human rabies monoclonal antibody
to human rabies immunoglobulin for postexposure prophylaxis: a phase 2/3,
randomized, single-blind, noninferiority, controlled study. Clin Infect Dis.
(2018) 66:387-95. doi: 10.1093/cid/cix791

Kansagra K, Parmar D, Mendiratta SK, Patel ], Joshi S, Sharma
N, et al. A Phase 3, randomized, open-label, noninferiority trial
evaluating anti-rabies monoclonal antibody cocktail (TwinrabTM)
against human rabies immunoglobulin (HRIG). Clin Infect Dis. (2021)
73:€2722-8. doi: 10.1093/cid/ciaa779

de Melo GD, Sonthonnax F, Lepousez G, Jouvion G, Minola A, Zatta F, et al. A
combination of two human monoclonal antibodies cures symptomatic rabies.
EMBO Mol Med. (2020) 12:e12628. doi: 10.15252/emmm.202012628
Pardridge WM. Blood-brain
and gene therapeutics to brain.
11:373. doi: 10.3389/fnagi.2019.00373
Hughes RO, Bosanac T, Mao X, Engber TM, DiAntonio A, Milbrandt J, et al.
Small molecule SARMI inhibitors recapitulate the SARM1-/- phenotype and
allow recovery of a metastable pool of axons fated to degenerate. Cell Rep.
(2021) 34:108588. doi: 10.1016/j.celrep.2020.108588

barrier and  delivery

Front Aging Neurosci.

of protein
(2020)

50. Hooper DC. The role of immune responses in the pathogenesis of rabies. J
Neurovirol. (2005) 11:88-92. doi: 10.1080/13550280590900418

51. Enright JB, Franti CE, Frye FL, Behymer DE. The effects of corticosteroids on
rabies in mice. Can J Microbiol. (1970) 16:667-75. doi: 10.1139/m70-115

52. Smreczak M, Marzec A, Orlowska A, Trebas P, Reichert M, Kycko A, et al.
The effect of selected molecules influencing the detrimental host immune
response on a course of rabies virus infection in a murine model. Vaccine.
(2019) 37:4715-23. doi: 10.1016/j.vaccine.2017.10.098

53. Jackson AC, Scott CA, Owen J, Weli SC, Rossiter JP. Therapy with
minocycline aggravates experimental rabies in mice. J Virol. (2007) 81:6248-
53. doi: 10.1128/JV1.00323-07

54. Feige L. Sdenz-de-Santa-Maria I, Regnault B, Lavenir R, Lepelletier A, Halacu
A, et al. Transcriptome profile during rabies virus infection: identification of
human CXCLI16 as a potential new viral target. Front Cell Infect Microbiol.
(2021) 11:761074. doi: 10.3389/fcimb.2021.761074

55. Liu SQ, Xie Y, Gao X, Wang Q, Zhu WY. Inflammatory response and
MAPK and NF-kB pathway activation induced by natural street rabies
virus infection in the brain tissues of dogs and humans. Virol J. (2020)
17:157. doi: 10.1186/s12985-020-01429-4

56. Jackson AC. Human disease. In: Fooks AR and Jackson AC, editors. Rabies:
Scientific Basis of the Disease and its Management, Fourth Edition. London:
Elsevier Academic Press (2020). p. 277-302.

57. Jackson AC, Ye H, Phelan CC, Ridaura-Sanz C, Zheng Q, Li Z, et al.
Extraneural organ involvement in human rabies. Lab Invest. (1999) 79:945-51.

58. Khalil M, Teunissen CE, Otto M, Piehl E Sormani MP, Gattringer T, et
al. Neurofilaments as biomarkers in neurological disorders. Nat Rev Neurol.
(2018) 14:577-89. doi: 10.1038/541582-018-0058-z

59. Krauss R, Bosanac T, Devraj R, Engber T, Hughes RO. Axons Matter:
The promise of treating neurodegenerative disorders by targeting SARM1-
mediated axonal degeneration. Trends Pharmacol Sci. (2020) 41:281-
93. doi: 10.1016/j.tips.2020.01.006

60. Farr R], Godde N, Cowled C, Sundaramoorthy V, Green D, Stewart C, et
al. Machine learning identifies cellular and exosomal microRNA signatures
of lyssavirus infection in human stem cell-derived neurons. Front Cell Infect
Microbiol. (2021) 11:783140. doi: 10.3389/fcimb.2021.783140

61. World Health Organization, Rupprecht CE, Fooks AR, Abela-Ridder B.
Laboratory Techniques in Rabies, Volume 1, 5th Edition. Geneva: World Health
Organization (2018). Available online at: https://apps.who.int/iris/handle/
10665/310836 (accessed February 28, 2022).

62. Centers for Disease Control and Prevention. Biosafety in Microbiological and
Biomedical Laboratories. 6th Edition. Available online at: https://www.cdc.gov/
labs/pdf/SF__19_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf (accessed
February 28, 2022).

Conlflict of Interest: HE consults for several gene therapy companies (Freeline Inc,
Takeda, Regenexbio, Biogen, Ring Therapeutics) and the Gamaleya Institute and
holds equity in Virion Therapeutics. SM consults for two plasma collection/HRIG
production companies (Kamada and BPL) and one animal rabies vaccine company
(Elanco), advising on rabies serology techniques for vaccine immune response. CR
was employed by LYSSA LLC.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Knobel, Jackson, Bingham, Ertl, Gibson, Hughes, Joubert, Mani,
Mohr, Moore, Rivett-Carnac, Tordo, Yeates, Zambelli and Rupprecht. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

March 2022 | Volume 9 | Article 867382


https://doi.org/10.1007/s13365-013-0214-6
https://doi.org/10.1128/JVI.02654-09
https://doi.org/10.1371/journal.ppat.1008343
https://doi.org/10.1016/j.conb.2020.02.012
https://doi.org/10.1126/science.1258366
https://doi.org/10.7554/eLife.71148
https://doi.org/10.1007/s13365-016-0506-8
https://doi.org/10.1016/j.tins.2021.10.014
https://doi.org/10.1086/344905
https://doi.org/10.1016/j.vaccine.2018.05.066
https://doi.org/10.3851/IMP2851
https://doi.org/10.20506/rst.37.2.2832
https://doi.org/10.1099/jgv.0.001269
https://doi.org/10.1093/cid/cix791
https://doi.org/10.1093/cid/ciaa779
https://doi.org/10.15252/emmm.202012628
https://doi.org/10.3389/fnagi.2019.00373
https://doi.org/10.1016/j.celrep.2020.108588
https://doi.org/10.1080/13550280590900418
https://doi.org/10.1139/m70-115
https://doi.org/10.1016/j.vaccine.2017.10.098
https://doi.org/10.1128/JVI.00323-07
https://doi.org/10.3389/fcimb.2021.761074
https://doi.org/10.1186/s12985-020-01429-4
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1016/j.tips.2020.01.006
https://doi.org/10.3389/fcimb.2021.783140
https://apps.who.int/iris/handle/10665/310836
https://apps.who.int/iris/handle/10665/310836
https://www.cdc.gov/labs/pdf/SF__19_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
https://www.cdc.gov/labs/pdf/SF__19_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	A One Medicine Mission for an Effective Rabies Therapy
	Introduction
	Rabies Virus Pathogenesis
	Therapeutic Approaches
	Viral Propagation
	Neuronal Degeneration
	Inflammation
	Systemic Compromise

	Innovation in Therapeutic Approaches
	Safety and Ethics of a One Medicine Approach to Rabies Treatment
	The Canine Rabies Treatment Initiative
	Data Availability Statement
	Author Contributions
	Funding
	References


