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Abstract

Rabies virus infection has affected human and animal health since ancient times and existing treatments are only
partially effective. A thorough understanding of rabies virus pathogenesis is required to achieve improved treatment
options and the eventual elimination of the disease. In recent years, multi-omics technology has emerged as a powerful
tool for understanding viral pathogenesis. However, multi-omics data is lacking for the rabies virus. The aim of this
review is to summarize our current understanding of rabies pathogenesis and its study using omics approaches. Several
mechanisms have been proposed to contribute to rabies pathogenesis using the results of omics studies. Using data
from different omics levels, we highlight the potential role of pathways involved in host immunity and cytoskeletal
protein expression in rabies pathogenesis. Future studies should focus on in-depth investigation of these pathways as
well as the discovery of potential drug targets. This review will be beneficial to scientists interested in investigating
viral pathogenesis with molecular tools, especially in rabies.
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Introduction

Rabies is a zoonotic viral disease that has affected
humans since ancient times and has yet to be
eliminated. Rabies is a serious public health threat in
many developing countries. Human deaths from
rabies infection are continuously being reported, and
approximately 60,000 cases occur each year worldwide
(Fooks, et al.,, 2017). Human rabies infection mainly
occurs following a bite from an infected animal,
resulting in the introduction of the saliva-borne rabies
virus (RABV) into the wound (Fooks, et al., 2017).
Thereafter, RABV infects nearby neurons, moves in a
retrograde fashion via axons to adjacent neurons, and
eventually reaches the central nervous system (Fooks,
et al., 2017; Ugolini and Hemachudha, 2018). RABV
replicates inside the brain, causing inflammation and
producing the characteristic signs of the disease
including hydrophobia, aerophobia, hypersalivation,
painful laryngospasm and seizures (Mahadevan, et al.,
2016; Fooks, et al, 2017). Patients with rabies
encephalitis usually die within a few weeks and no
treatment has proven effective for late-stage infection
(Mahadevan, et al, 2016). The World Health
Organization has initiated a strategic plan to achieve
“zero human rabies deaths by 2030” (WHO, 2019). To
achieve this ambitious goal, extensive research and
development efforts will be required.

Understanding pathogenesis is a prerequisite step
toward disease treatment and elimination. The precise
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mechanisms of RABV-induced clinical manifestations
remain elusive. RABV is a bullet-shaped enveloped
virus belonging to the Rhabdoviridae family and the
Lyssavirus genus (Fooks, et al., 2017). RABV has a
single-stranded RNA genome approximately 12
kilobases in length (Fooks, et al., 2017). The genome
encodes  five  proteins: the  nucleoprotein,
phosphoprotein, matrix protein, glycoprotein and viral
RNA polymerase (Finke and Conzelmann, 2005;
Dietzschold, et al., 2008) (Fig. 1). These proteins are
essential for viral replication and pathogenesis. The
RABV nucleoprotein interacts with viral RNA to form
the nucleocapsid (Wunner, 2007), while the
multifunctional phosphoprotein regulates viral RNA
polymerase as well as nucleoprotein assembly
(Wunner, 2007; Okada, et al., 2016). The dimeric matrix
protein plays a primary structural role (Wunner, 2007).
The RABV glycoprotein is present on the virion surface
and plays a vital role in host cell entry; this protein has
been extensively studied because of its key roles in
viral pathophysiology and immunogenicity (Finke and
Conzelmann, 2005, Wunner, 2007). The RNA
polymerase is responsible for RNA transcription and
replication (Wunner, 2007; Nakagawa, et al., 2017). The
viral proteins work in coordination to maintain
replication and to produce pathogenesis in
mammalian hosts. To gain more insight into RABV
pathogenesis, cutting-edge technologies must be
combined to yield comprehensive information on
RABV infection.

Gene Number of .
Name S z S Function
position amino acid
Nucleoprotein 71-1423 450 Binds to viral RNA and forms
(N protein) nucleocapsid
Phosphoprotein 1514 - 2407 297 Regulates L proteinand helps
(P protein) p nucleoprotein assembly
Matrix protein 2496 - 3104 202 Forms structure of virus
(M protein) ®=*®
Glycoprotein 3320 - 4894 524 Controls of viral entry to the
(G protein) & cells
RNA polymerase | 5414 - 11797 2127 Controls of RNA transcription
(L protein) @ and replication

* From rabies virus strain BDR5 (GenBank: AB699220.1; Jamil, et al., 2012)

Figurel RABV genome organization and protein localization in RABV particles. A. Arrangement of RABV genes in the viral
genome. B. Localization of RABV proteins on the viral particle. The table describes gene location, the number of amino

acids and the function of each protein.

Omics and multi-omics approaches in
medical research

Omics is the suffix used to describe the
comprehensive or holistic study of a field or molecule
(e.g, genomics, transcriptomics, proteomics and
metabolomics). In the last few decades, scientists
worldwide have used omics technologies to answer

biological questions as these technologies have several
advantages. Omics studies generate high-throughput
data. A genome is considered the most static level of
the central dogma. By contrast, the transcriptome,
proteome and metabolome are dynamic and can be
influenced by environmental factors. To extract
meaningful information from multi-omics data,
integrative  approaches and computer-assisted
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methods are required to understand the findings as a
whole; such methods are not generally applied in
conventional studies (Zhang, ef al., 2010). Moreover,
the findings of omics studies are derived from data-
driven processes, which can help other researchers to
target key molecules or pathways (Zhang, et al., 2010;
Raja, et al., 2017). Omics studies at all levels have their
strengths and challenges. Therefore, data from all
omics levels should be combined in multi-omics
studies to understand the larger picture of cellular
events and to overcome the drawbacks of any
individual level (Zhang, et al., 2010; Hasin, et al., 2017;
Martins, et al., 2019; Solovev, et al., 2020).

Multi-omics approaches have been applied in
diverse fields of medical research including biomarker
discovery (Namani, ef al., 2019; Kiebish, et al., 2020),

Phylogenetics

Transcriptomics

drug development (Birrell, et al.,, 2019; Chen, et al.,
2020) and disease pathogenesis (Gao, et al., 2019).
Multi-omics approaches have been applied to many
viruses including adenovirus (Zhao, et al, 2019),
influenza A virus (Soderholm, et al., 2016) and human
papilloma virus (Costa, et al., 2018). Unfortunately, no
multi-omics data on RABV is currently available.
Therefore, this review attempts to integrate the results
of prior omics studies, and specifically genomic,
transcriptomic, proteomic and metabolomic data, to
summarize our current understanding of rabies
pathogenesis (Fig. 2). This data also suggests potential
pathogenic mechanisms that should be the focus of
future studies. This review will be of benefit for
researchers interested in RABV pathogenesis and
multi-omics technologies.

Biomarker
Drug
targets
Metabolomics

Proteomics

Pathogenesis
Pathogenesis

Multi-Omics approach

Example of markers altered following Rabies virus infection:

- Immune response and host defense: Interferon regulatory factor 7, Chemokine
(C-X-C motif) ligand 10, Macrophage migration inhibitory factor, etc.

- Cytoskeleton: Tubulin, Vimentin, Tropomyosin, Neurofascin, Dynamin, Nebulin-
related anchoring protein isoform 2, etc.

- Other pathways (e.g. signal transduction, oxidative stress)

Pathogenesis
Pathogenesis

<

Potential pathogenesis of rabies virus

Figure 2  Schematic diagram of multi-omics approaches to understand rabies pathogenesis.

Genomic studies of RABV pathogenesis

Genome sequencing is an excellent tool for
studying viral genetic variation. Genomic platforms
provide information that can help us understand viral
pathogenesis of the virus; they can also be applied to
studies of molecular evolution as well as in outbreak
investigations (Seto, 2010; Chabria, et al., 2014; Li, et al.,
2014; Wohl, et al., 2016; Brunker, et al., 2018). The first
step for genomic studies of RNA viruses like RABV is
genome fragmentation. Subsequently, the fragmented
genome is tagged with virus-specific primers and
converted into DNA using the reverse transcription-
polymerase chain reaction. Complementary DNA is
amplified before starting the sequencing process
(Wohl, et al., 2016). Several genomic studies of RABV
have been performed but few have focused on disease
pathogenesis. Crossing species barriers can affect the
pathogenesis of RABV infection. Bonnaud et al., (2019)
found that fox-adapted RABV lost its ability to be
transmitted to dogs. The authors used a genomic
approach to identify mutations in fox-adapted RABV.

Although they identified many mutations, these could
not explain the reduced pathogenesis of fox-adapted
RABV. Borucki et al., (2013) investigated a rabies
outbreak in California from 2009-2010 using viral
genome sequencing. Their study identified mutations
in the viral glycoprotein that resulted in polarity
changes in the amino acid residues of this protein. The
authors hypothesized that these mutations might have
enhanced viral spread in foxes and this contributed to
the severity of the outbreak.

Other genomic studies of RABV infection did not
focus on investigating pathogenesis. Several studies
focused on phylogenetic analyses (Yu, et al, 2014;
Troupin, et al, 2016), which are important for
understanding the evolution of the virus. Thus, many
knowledge gaps in RABV pathogenesis could be
addressed by future studies wusing genomic
approaches. For instance, such studies might define
associations between viral genome features and
clinical manifestations of the disease.
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Transcriptomic studies of RABV
pathogenesis

Transcriptomic studies involve measurement and
comparison of RNA expression levels, including
messenger RNA (mRNA), microRNA (miRNA) and
long non-coding RNA (IncRNA). Transcriptomic
studies begin with isolation of RNA from samples,
their conversion into complementary DNA and
quantitation of their abundance. Sequences of RNA
molecules are studied and aligned with reference
genomes to establish RNA expression profiles.
Transcriptomics is a promising tool for investigating
disease pathogenesis (Lowe, et al., 2017; Van den Esker
and Koets, 2019). Transcriptomic approaches have
been used extensively to study RABV infection both in
vitro and in vivo. Immune responses are the major
mechanisms identified as playing dominant roles in
RABV infection (Ubol, et al., 2006; Zhao, et al., 2011;
Zhao, et al., 2012a; Zhao, et al., 2012b; Zhao, et al., 2013;
Zhang, et al., 2016; Zhao, et al., 2018; Ji, et al., 2019).
Following RABV infection, several anti-viral genes,
including interferon (IFN)-stimulated genes, IFN-
inducible transcription factors, cytokines and their
complement, were significantly up-regulated (Zhao, et
al., 2011). Moreover, many immune-related pathways
were dysregulated including those involved in T-cell
receptor signaling, cytokine-cytokine receptor
interactions, Fc gamma R-mediated phagocytosis,
antigen processing and presentation and the Janus
kinase-signal transducer and activator of transcription
(JAK-STAT) signaling (Zhao, et al., 2011; Zhao, et al.,
2012a; Zhao, et al., 2012b). Changes in RNA levels of
immune-related molecules may influence host defense
against RABV in the brain. The role of intracranial
immunity in protection against RABV has been shown
by Zhang et al., (2016): after infecting mice with a non-
pathogenic RABV (HEP-Flury strain), the expression of
genes related to innate immunity was dramatically
activated. Subsequently, the authors challenged the
infected mice with a pathogenic RABV, CVS-11. Their
findings indicate that prior infection of mice with HEP-
Flury strain increased their survival following
challenge with the pathogenic RABV strain CSV-11
(Zhang, et al., 2016).

Alteration of neuronal homeostasis was also
highlighted as a potential mechanism contributing to
the pathogenesis of RABV. Suppressed expression of
genes related to neuronal homeostasis and function
has been shown in the brains of rabies patients (Reinke,
et al., 2013). Moreover, infection of mouse neurons by
RABV caused variation in miRNA expression. The
major role of miRNA is in controlling expression of
genes. Shi et al., (2014) reported altered miRNA levels
following RABV infection of mouse neurons. Most
identified miRNA targets were involved in neuronal
function and the authors proposed that neuronal
dysfunction resulting from RABV infection might be
caused by alterations of miRINA levels. Transcriptomic
approaches have also been used to explore potential
markers of RABV infection (Han, et al,, 2011). The
versatility of transcriptomic approaches has helped
shed light on many biological questions. Hence,
transcriptomic studies of viral pathogenesis are of
great interest to many researchers.

Proteomic studies of RABV pathogenesis

The field of proteomics studies whole proteins of
cells, organs or organisms using mass spectrometry.
Gel-based and non-gel-based approaches are used for
protein complex separation. Proteins of interest are
subjected to tryptic digestion and analyzed using a
tandem mass spectrometer. Proteomic data can be
used to identify and quantitate proteins, as well as to
detect  post-translational =~ modifications. =~ The
advantages of proteomic methods for medical research
are their general applicability for the exploration of
disease pathogenesis, biomarker discovery and
identification of therapeutic targets (Mehta, et al., 2015).
Many researchers have used proteomic methods to
study RABV pathogenesis. Several studies have found
that proteins involved in cytoskeleton formation (e.g.,
vimentin, tubulin and tropomyosin) have increased
their  expression following RABV  infection
(Thanomsridetchai, et al., 2011, Wang, et al., 2011).
Bioinformatic analysis of differentially-expressed
proteins has revealed the disturbance of cytoskeleton-
related pathways (Zandi, et al., 2009;
Thanomsridetchai, et al., 2011, Wang, et al, 2011;
Farahtaj, et al., 2013; Zandj, et al., 2013; Sun, et al., 2016).
Moreover, when the proteomes of cells infected with
pathogenic and non-pathogenic RABV strains have
been compared, the findings reveal that pathogenic
RABV disrupts the expression of neuronal structural
proteins to a greater degree than non-pathogenic
RABV (Wang, et al, 2011; Zandi, et al., 2013). The
overall findings suggest that RABV infection
dysregulates the cytoskeleton and cellular structural
proteins leading to impaired integrity and cellular
architecture. Specifically, altered cytoskeletal proteins
and abnormal morphology of neurons affect axonal
arrangement and cell-to-cell communication (Kapitein
and Hoogenraad, 2015; Leterrier, et al, 2017).
Therefore, pathogenesis of RABV might occur by
damaging neuronal networks through the disturbance
of cytoskeletal proteins.

Proteomic studies have also highlighted other
effects of RABV on host cells. As in transcriptomic
studies, proteomic studies have shown disturbance of
immune-related proteins following RABV infection.
Pathogenic and non-pathogenic RABV infection of
mice results in altered protein expression in
lymphocytes, which are the major cell type involved in
defense against viral infection. Pathways with altered
expression include those involved in T and B
lymphocyte activation, antiviral activity —and
cytoskeletal reorganization (Vaziri, et al, 2012).
Interestingly, a mutant RABV bearing two
glycoprotein-encoding genes was less pathogenic and
induced more potent cellular immune responses than
wildtype RABV. The mutant virus triggered enhanced
IFN signaling and other defenses against viral infection
(Yang, et al., 2015). RABV-induced autophagy has been
proposed as another mechanism contributing to
neuronal pathology. Li ef al.. (2017) reported that non-
pathogenic RABV infection promoted autophagy-
associated protein dysregulation in the brains of mice
to a greater degree than pathogenic RABV infection.
The results of proteomic analyses were confirmed by
evaluation of the autophagosome, which supported
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the earlier findings. Hence, the induction of cellular
immunity and autophagy pathways have been
proposed as potential mechanisms to overcome RABV
infection.

In addition to investigations of disease
pathogenesis, proteomic approaches have been used to
discover novel markers of disease. Several studies have
been conducted to identify such markers (Venugopal,
etal., 2013; Mehta, et al., 2016). No studies have focused
on the role of post-translational modifications of the
proteome in RABV infection. Post-translational
modification is key to understanding protein function
as well as cell biology. Therefore, the relationship
between post-translational modification of host
proteins and RABV pathogenesis merits further study.

Metabolomic studies of RABV pathogenesis

Metabolomic studies are important tools for
detecting changes in the levels of small molecules
(Noto, et al., 2014). Metabolomic studies start with
whole metabolite extraction. The dynamic range of
detection is increased by subjecting the metabolite
mixture to gas or liquid chromatography. The
separation device is usually coupled with a mass
spectrometer for metabolite detection. The resulting
chromatograms and mass spectra are interpreted to

enable metabolite identification and quantification.
Only a few metabolic studies of RABV infection have
been conducted and few have focused on
pathogenesis. Metabolites in brain tissue have been
generally altered in RABV-infected patients (Reinke, ef
al., 2013). Schutsky et al, (2014) found that post-
exposure prophylaxis in RABV-infected mice
increased the levels of neuroprotective molecules
(carnitine and its derivative, acylcarnitine) in the brain,
as well as levels of corticosteroids in serum. The
authors hypothesized that increased levels of
corticosteroid in serum might facilitate viral
pathogenesis via suppression of host immunity.
Inhibition of corticosteroid synthesis decreased the
severity of the disease. In addition, metabolomic
approaches were applied to study RABV infection
using other biological samples. Cerebrospinal fluid is a
rich source of metabolites for studying viral infection
and most metabolomic studies of cerebrospinal fluid in
RABYV infection have focused on biomarker discovery
(O’Sullivan, et al., 2013; French, et al.,, 2018). Other
sources of metabolites have included the feces of
vaccinated animals; the analysis of volatile metabolites
helped determine levels of immune response to the
virus (Kimball, et al., 2019) and demonstrated the
usefulness of this technology.

Table 1 Pathways potentially involved in rabies pathogenesis identified using multi-omics technologies.

References

No. Potential pathways associated with
pathogenesis
1 Immune response and host defense
2 Alteration of cytoskeletal proteins
3 Impairment of signal transduction

4 Oxidative stress

5 Alteration of cellular metabolism

6 Disturbance of transcription and
translation factors

7 Autophagy and death-mediated factors

8 Proteolysis

9 Neuronal dysfunction

10 Increased infectivity conferred by viral
genome mutations

Ubol, et al., 2006; Zhao, et al., 2006; Thanomsridetchai, et al., 2011; Zhao, et al.,
2011; Vaziri, et al., 2012; Zhao, et al., 2012a; Zhao, et al., 2012b; Farahtaj, et al.,
2013; Reinke, et al., 2013; Schutsky, et al., 2014; Yang, et al., 2015; Zhao, et al.,
2018; Ji, et al., 2019.

Zandj, et al., 2009; Thanomsridetchai, et al., 2011; Wang, et al., 2011; Vaziri, et
al., 2012; Farahtaj, et al., 2013; Zandj, et al., 2013; Sun, et al., 2016.

Ubol, et al., 2006; Wang, et al., 2011; Zhao, et al., 2012a; Zhao, et al., 2012b;
Zandi, et al., 2013; Zhao, et al., 2018; Ji, et al., 2019.

Zandj, et al., 2009; Thanomsridetchai, ef al., 2011; Wang, et al., 2011; Zandi, et
al., 2013; Li, et al., 2017.

Ubol, et al., 2006; Wang, et al., 2011; Farahtaj, et al., 2013; Zandi, et al., 2013; Sun,
etal., 2016.

Ubol, et al., 2006; Zandi, et al., 2009; Thanomsridetchai, et al., 2011; Zandji, et al.,
2013; Ji, et al., 2019.

Ubol, et al., 2006, Thanomsridetchai, et al., 2011; Yang, et al., 2015; Li, et al.,
2017.

Ubol, et al., 2006; Thanomsridetchai, ef al., 2011; Zhao, et al., 2011; Farahtaj, et
al., 2013.

Thanomsridetchai, et al., 2011; Shi, et al., 2014; Sun, et al., 2016; Zhang, et al.,
2016.

Borucki, et al., 2013.

Conclusions and future perspectives

RABV infection has long been a threat to human
health, especially in Asian and developing African
countries. Despite intensive research, the precise
pathogenic mechanisms of RABV are incompletely
understood. Multi-omics approaches have shown
promise in biomedical research. Here, we have
summarized the results of studies aiming to elucidate
the pathogenesis of RABV using omics technologies.
From the available data, we suggest two potential
pathogenic mechanisms as well as areas for future
investigation. Firstly, several omics studies have
demonstrated that immunity and host defense are

altered following RABV infection. Vaccination is
highly effective against RABV both for pre-exposure
and post-exposure prophylaxis. Moreover, inhibiting
the synthesis of immunosuppressive corticosteroids
reduces the severity of the disease (Schutsky, et al.,
2014). Therefore, we suggest that enhancement of
neuronal immune responses, particularly in the brain,
might represent a potential mechanism to reduce
disease severity. However, significant preliminary
data and in vivo studies will be required to produce a
practical protocol for rabies treatment. Secondly, omics
data, and especially the results of proteomic studies,
have highlighted the dysregulation of cytoskeletal and
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structural proteins following RABV infection.
Cytoskeletal proteins are the building blocks of neuron
axons and dendrites, and their disturbance may affect
cellular organization, morphology and
neurotransmission. To date, no studies have attempted
to inhibit cytoskeletal damage during RABV infection.
Studies in this area would provide greater insight into
the relationship between cytoskeletal proteins and
rabies pathogenesis.
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