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Abstract

Hepaciviruses and pegiviruses constitute two closely related sister genera of the family 

Flaviviridae. In the past five years, the known phylogenetic diversity of the hepacivirus genera has 

absolutely exploded. What was once an isolated infection in humans (and possibly other primates) 

has now expanded to include horses, rodents, bats, colobus monkeys, cows, and, most recently, 

catsharks, shedding new light on the genetic diversity and host range of hepaciviruses. 

Interestingly, despite the identification of these many animal and primate hepaciviruses, the equine 

hepaciviruses remain the closest genetic relatives of the human hepaciviruses, providing an 

intriguing clue to the zoonotic source of hepatitis C virus. This review summarizes the significance 

of these studies and discusses current thinking about the origin and evolution of the animal 

hepaciviruses as well as their potential usage as surrogate models for the study of hepatitis C virus.
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INTRODUCTION

Hepacivirus is one of the four genera included in the positive-strand RNA virus family 

Flaviviridae, a genetically diverse group of human and animal pathogens known for causing 

clinically relevant diseases such as yellow fever, dengue, and Zika fever. Hepatitis C virus 

(HCV), identified in 1989 (1), is the type species of the genus Hepacivirus (2) and the 

etiological agent of hepatitis C in humans. Following acute infection, HCV establishes 

persistence in 60–80% of individuals (3). Approximately 160 million people worldwide are 

chronically infected with HCV and are therefore at significant risk for developing severe 

liver diseases such as progressive fibrosis, cirrhosis, and hepatocellular carcinoma (4, 5).
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Despite tremendous advancements in HCV research over the past 25 years, the origin of 

HCV still remains a mystery. The vast majority of emerging infectious diseases are caused 

by viral zoonoses (6). Humans are constantly exposed to a plethora of genetically diverse 

animal viruses through direct contact with domestic and wild animal populations 

(coronaviruses, Ebola virus) and via vector intermediates such as arthropods (dengue virus, 

Zika virus) (7). Due to the presence of multiple biological and epidemiological transmission 

barriers, however, these exposure events infrequently lead to infection and disease (8). 

Nevertheless, zoonotic viruses do sporadically jump the species barrier, often causing 

immediate and significant diseases, as illustrated by the transmission of simian and human 

immunodeficiency viruses (SIV and HIV), coronaviruses, influenza viruses, and 

paramyxoviruses (8–11). Cross-species transmission of viruses often leads to accelerated 

viral evolution and altered virulence patterns, yet their basic biological characteristics 

remain unchanged (11). The identification and characterization of animal-derived viruses 

therefore warrant significant attention, as these viruses may represent lurking reservoirs of 

human disease as well as potential surrogates for the study of human viral homologs (12, 

13).

HCV exhibits a restricted host range pattern, with natural infection occurring only in 

humans, although experimental infection of chimpanzees is possible. Although this might 

suggest that the HCV pandemic originated from a nonhuman primate reservoir, akin to 

SIV/HIV (9), no evidence for the existence of such a source has been identified (14, 15). 

Remarkably, in 2011, a novel HCV-like homolog was unexpectedly discovered in nasal 

samples collected from dogs with respiratory illness (16). This work provided the first 

evidence for a wider hepaciviral host range and helped pave the way for the subsequent 

identification of novel hepacivirus species in horses, rodents, bats, Old World primates, 

cows, and, most recently, the graceful catshark. This review summarizes the current 

understanding of the animal hepaciviruses, discusses their potential as surrogate HCV 

animal models, and offers hypotheses regarding their origin, evolution, and host range (see 

the Summary Figure). Figure 1 provides a timeline of discoveries related to the animal 

hepaciviruses.

OVERVIEW OF ANIMAL HEPACIVIRUSES

Current Classification and Evidence for the Existence of a Closely Related Sister Genus

The genus Hepacivirus currently comprises one species of human, one species of unknown 

host, one species of horse, several species of rodent and bat, one species of bovine, one 

species of primate, and one species of shark virus (Figure 2). Prior to 2011, the only known 

member of the Hepacivirus genus besides HCV was the distantly related GB virus B (GBV-

B). Deinhardt and colleagues (17) initially described GBV-B in 1967 following the 

inoculation of laboratory-housed tamarins with serum from a surgeon (initials G.B.) with 

acute hepatitis. Although GBV-B was the first hepacivirus associated with liver disease, the 

virus was not fully characterized until 1995 when Simons and colleagues (18) successfully 

isolated two distinct viral species, termed GBV-A and GBV-B, from the sera and livers of 

tamarins infected with passaged GB agent. Since then, GBV-B infection has not been 

observed in human populations, and extensive searches for the natural host of GBV-B in 
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other primate species have been entirely unsuccessful (19). The origins of GBV-B and its 

obscure presence within a human host thus remain a tantalizing mystery.

Besides Hepacivirus, the Flaviviridae family includes three additional genera: Flavivirus, 

Pestivirus, and Pegivirus (Figure 2a). The previously unclassified GBV-A now belongs to 

the Pegivirus genus under its newly proposed name simian pegivirus (SPgV) (19). Also 

assigned to Pegivirus are human pegivirus (HPgV) and bat pegivirus (BPgV), formerly 

known as GBV-C/hepatitis G virus (HGV) and GBV-D, respectively, although neither shares 

a historical connection to the original GB agent. Despite harboring a close phylogenetic 

relationship to hepaciviruses, pegiviruses represent a distinct group of viruses that differ 

markedly in their genomic organization and pathogenicity (19). In contrast to HCV, 

pegiviruses are capable of establishing persistent infections without signs of clinical 

hepatitis or disease (20, 21). Additionally, molecular analysis of pegiviruses reveals that 

SPgV and certain HPgV strains do not encode a core protein (22–24). Because of these 

differences, Stapleton and colleagues (19) proposed to classify these viruses as members of a 

new genus termed Pegivirus (pe, persistent; g, GB or G) to better reflect their genetic and 

pathogenic features. Identification of BPgV in bats in 2010 was the first indication that 

pegiviruses were more widely distributed in mammals (25). More recently, this host range 

has expanded, with several reports demonstrating novel pegivirus species in equines (EPgV), 

rodents (RPgV), and bats (BPgV) (26–31). Theiler’s disease–associated virus, the putative 

etiological agent of Theiler’s disease in horses, is of particular importance as this is the first 

pegivirus species linked to acute hepatitis in mammals (26), suggesting pegiviruses do have 

pathogenic potential. Additional studies are needed to better characterize the host range of 

pegiviruses as well as their curious relationship to the hepaciviruses.

Human Hepacivirus: The Different Genotypes of Hepatitis C Virus

HCV is currently classified into seven major phylogenetic lineages, termed genotypes (1–7), 

that exhibit considerable heterogeneity in genomic sequence, transmission, and regional 

distribution (32). On average, HCV genotypes differ by up to 30% at the nucleotide level 

and 20% at the amino acid level (32). Within these genotypes exist numerous recognized 

subtypes (a, b, c, etc.) that differ by up to 20–25% at the nucleotide level. At present, there 

are 67 confirmed and 20 tentative subtypes (32). This remarkable level of genetic diversity is 

fueled by the inherent infidelity of the HCV RNA-dependent RNA polymerase coupled with 

a high in vivo replication rate (33). Evidence for low levels of viral RNA recombination has 

been reported as well (34), adding an additional mechanism for HCV diversification. 

Despite the considerable level of genetic diversity exhibited by HCV, all variants are 

currently classified as a single species under present International Committee on Taxonomy 

of Viruses classification (2). Moreover, all variants exhibit similar biological properties, 

including hepatotropism, propensity for persistence, and pathogenicity.

The global distribution and prevalence of the various HCV genotypes are unbalanced and 

extraordinarily complex. The vast majority of genotype 1 infections, which are the most 

common globally, concentrate within high-income areas such as North America and Europe, 

although genotypes 2 and 3 account for 10–25% of cases in these regions as well. In 

contrast, genotypes 3 and 6 are most common in patients in South and Southeast Asia, and 
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genotype 4 is the major genotype within the Middle East and North Africa. Genotype 5 is far 

less prevalent, with the majority of cases clustering in Southern Africa (35). The single 

known isolate of genotype 7 was obtained from a Central African immigrant in Canada in 

2007 (36). These differences in genotype distribution and prevalence are thought to reflect 

HCV’s epidemic spread during the past century (37). In support of this, genotypes 1a, 1b, 

2a, and 3a, often designated the epidemic subtypes, are frequently observed in intravenous 

drug users or those exposed to contaminated blood products in high-income countries (38–

40). In contrast, the so-called endemic strains of HCV are far more diverse and primarily 

predominate within sub-Saharan Africa and Southeast Asia, where they have likely 

circulated for hundreds of years (37, 38). Studies of the evolution and distribution of HCV 

variants have further revealed that current epidemic strains of HCV spread globally during 

the past 100 years (38, 40, 41). This global dissemination into new risk groups was no doubt 

aided by the emergence of new parenteral transmission routes created by immunizations, 

blood transfusions, and intravenous drug use after World War II. The ultimate source of the 

truly indigenous variants of HCV, nonetheless, remains to be resolved.

Canine and Equine Hepaciviruses

Since the discovery of HCV in 1989 (1), initial research endeavors undertaken to identify 

animal homologs of HCV were motivated by the prevailing hypothesis that HCV infections 

possessed a nonhuman primate origin (37). This intriguing idea was based on the 

observation that high-diversity areas of endemic HCV circulation in sub-Saharan Africa and 

Southeast Asia occurred where human, ape, and Old World monkey populations overlapped. 

This observation was further analogous to the recent SIV/HIV pandemic, for which a 

zoonotic origin from chimpanzees was ultimately identified (42). Numerous screenings of 

sera from Old World monkeys and apes, however, failed to identify the presence of HCV-

like viruses (14, 15). Without direct evidence for the existence of a nonhuman primate 

counterpart, studies to identify the origins of HCV long remained at a frustrating standstill.

In 2011, however, the first evidence for the existence of a wider hepaciviral host range 

emerged, albeit in a peculiar fashion. While using high-throughput sequencing to identify 

viral causes of respiratory illness outbreaks in dogs kenneled in the United States, Kapoor 

and colleagues (43) made the serendipitous discovery of a novel hepacivirus species that 

genetically resembled HCV. Comparative phylogenetic analysis of this virus, initially termed 

canine hepacivirus (CHV), identified it to be the most genetically related viral homolog of 

HCV, with approximately 50% nucleotide divergence. Despite this remarkable discovery, the 

identification of CHV was met with some strange observations. Firstly, partial NS3 

sequences obtained from animals of two independent outbreaks showed 99.2% sequence 

convergence, indicating a genetic homogeneity that is atypical for most RNA viruses. 

Secondly, high viral loads (>107 copies) of CHV RNA were detected in nasal swabs of most 

infected animals, a curious observation given that all known hepacivirus and pegivirus 

species exhibit strict hepatotropism and lymphotropism, respectively. Lastly, subsequent 

efforts to identify additional canines either infected with RNA or seropositive for CHV 

antibodies were largely unsuccessful (16, 44, 45).
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Following the discovery of CHV, the same group used a serology-based discovery approach 

to further characterize the distribution and natural host range of CHV (16). Using a 

luciferase-based reporter assay to detect antibodies against the CHV NS3 helicase protein, 

the group determined the antibody prevalence for a wide range of mammals. In total, 60 

dogs, 81 deer, 84 cows, 103 horses, and 14 rabbits were screened for the presence of anti-

NS3 antibodies. To the group’s surprise, high-titered antibodies were consistently observed 

only in horses (35%), with the exception of a single cow that showed intermediate reactivity. 

Subsequent polymerase chain reaction (PCR) detection of viral RNA confirmed infection in 

8 of the 36 seropositive horses. Genetic analysis of the isolated hepacivirus variants revealed 

moderate sequence diversity (~14% nucleotide divergence) over the complete length of the 

genome, with one variant (NZP1) showing significant homology to the original CHV isolate 

(99.7% at the nucleotide level). Because these variants were identified in a different natural 

host and exhibited a moderate degree of sequence divergence from each other compared to 

CHV, the investigators decided to broadly reclassify the viruses, including CHV, as 

nonprimate hepaciviruses (NPHV 1–8), although the term equine hepacivirus is often 

interchanged.

To further investigate the prevalence, clinical course of infection, and tissue tropism of 

NPHV, Pfaender and colleagues (13) analyzed NPHV infections in domestic horses in 

northern Germany. By screening for the presence of NPHV RNA and anti-NS3 antibodies, 

the researchers revealed evidence for acute and chronic stages of NPHV infection (13). Liver 

analyses of infected horses showed no evidence of severe disease, although clearance of the 

virus in acutely infected animals was correlated with transient elevations in blood liver-

specific enzyme levels indicative of hepatic inflammation. Additionally, when various organ 

and tissue samples from a single NPHV-infected horse were analyzed, negative-strand viral 

RNA was detected only within hepatocytes. Consistent with these findings, Scheel and 

colleagues (46) showed that experimental inoculation of a single horse with NPHV RNA led 

to the development of acute liver disease, delayed seroconversion, and signs of hepatic 

inflammation. Recently, experimental inoculation of adult horses and foals by Ramsay and 

colleagues (47) resulted in acute and chronic liver disease as determined by elevations in 

blood liver-specific enzyme levels and signs of hepatocellular damage. Interestingly, 

infection in foals with severe combined immunodeficiency resulted in minimal liver disease 

compared with infection in fully immunocompetent foals, suggesting that adaptive immune 

responses contribute to the disease phenotype in horses. Taken together, these data indicate 

that the natural course of infection and tissue tropism of NPHV in horses closely parallel 

that of HCV in humans (48). Thus, NPHV may represent an exciting model for the study of 

hepacivirus-mediated disease, although additional studies are needed to further explore the 

differences in tropism, immunity, and pathogenesis exhibited by NPHV.

The high degree of sequence homology observed between a single NPHV strain (NZP1) and 

the original CHV isolate suggests two possibilities regarding the origin of CHV in dogs. 

First, it seems entirely plausible that CHV infection in dogs represents a recent and direct 

cross-species transmission event that results in low levels of hepatic replication without the 

clinical signs of inflammation or organ impairment. Second, CHV may simply represent a 

false transmission event facilitated by the feeding of animals with horsemeat or the usage of 

veterinary products that contained horse serum–derived components such as vaccines. 
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Considering the lack of sequence diversity exhibited by CHV, the largely unsuccessful 

identification of additional hepaciviruses in canids, and the finding that commercial horse 

serum is contaminated with NPHV (46, 49), it is plausible that the discovery of CHV in dogs 

was the consequence of contamination rather than a true transmission event. Future studies 

should use serology to continue searching for evidence of hepacivirus infection in dogs to 

better resolve these two competing possibilities (50, 51).

Rodent Hepaciviruses

The discovery of naturally occurring NPHV infections in horses raised the possibility that 

additional homologs of HCV may be present in a broad range of mammalian host species. 

To better understand the host range of animal hepaciviruses and to identify potential 

surrogate small animal models for the study of HCV, Kapoor and colleagues (30) searched 

methodically for the presence of novel hepaciviruses in serum samples from 400 wild-

caught rodents spanning four species of Rodentia. Using degenerate primer sets targeting 

conserved NS3 helicase domains of known hepaciviruses and pegiviruses, the group 

identified the presence of several genetically distinct hepaciviral species in deer mice 

(Peromyscus maniculatus), a widely distributed rodent species known for carrying a 

pathogenic strain of hantavirus. Additionally, two other rodent hepacivirus (RHV) species 

were identified in desert wood rats (Neotoma lepida) and hispid pocket mice (Chaetodipus 
hispidus). Genetic analysis of the various RHV species revealed a molecular divergence 

from HCV that was substantially greater than that observed between HCV and NPHV, 

indicating an absence of hepaciviral cospeciation (30, 51, 52).

Soon after RHV’s identification, Drexler and colleagues (27) independently reported the 

presence of RHV in European bank voles (Myodes glareolus) and South African four-striped 

mice (Rhabdomys pumilio) after screening sera and organ tissues from 4,770 rodents 

(Rodentia, 41 species) from Europe, Africa, Thailand, and Mexico. Genetic analysis of the 

isolates revealed three highly divergent hepacivirus clades. Histopathological and molecular 

examination of liver samples from RHV-infected bank voles showed evidence of viral RNA 

and low levels of lymphocytic invasion, indicating possible hepatotropism. Furthermore, 

serological investigations of two distinct hepacivirus lineages revealed the presence of anti-

NS3 antibodies in several of the animals (8.3% and 12.4%). Interestingly, a low co-

occurrence of viral RNA and anti-RHV antibodies was observed in PCR-positive animals 

(5.3%), suggesting that bank voles might be able to clear hepacivirus infections.

Overall, RHV exhibits a genomic organization similar to that of HCV, with a long open 

reading frame (ORF) encoding three structural and seven nonstructural proteins (Table 1). 

Distinct nucleotide and structural differences are found, however, in the 3′ and 5′ 
untranslated regions (UTRs) of RHV (27). In contrast to that of HCV, the 3′ UTR of RHV 

does not contain a poly(U) tract, although some studies indicate similarities in the terminal 

stem-loop of certain RHV isolates (27, 30). In contrast to other hepaciviruses, two of the 

RHV lineages obtained from European bank voles contain a pegivirus-like internal ribosome 

entry site (IRES) in the 5′ UTR (27). The functional significance of this structure is 

unknown, but it is possible that it originated during a novel recombination event between 

hepaciviruses and pegiviruses in a coinfected rodent host (34). RHV strains also exhibit a 
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strain-dependent number of miR-122 binding sites ranging from one to two; whether these 

binding sites contribute to host specificity is entirely unknown, but it is an interesting 

observation nonetheless given the consistency in seed site number observed for HCV.

Phylogenetic analysis of all currently known RHV isolates, including those recently 

discovered in Norway rats (Rattus norvegicus) in New York City (28), has revealed a 

considerable level of genetic diversity among RHV species. In fact, the individual RHV 

species are as unrelated to each other as they are to other hepacivirus species identified in 

humans, horses, and bats (52). The order Rodentia comprises the most diverse group of 

mammals (40%), so this level of genetic diversity is not wholly unexpected. However, the 

lack of a phylogenetic clustering that mirrors the evolutionary history of mammals might 

suggest that the surprising diversity of RHV is the consequence of multiple cross-species 

transmission events. The question of whether hepaciviruses from other mammalian hosts are 

capable of crossing species and infecting rodents requires further exploration.

Bat Hepaciviruses

Genomic sequences of hepaciviruses infecting bats were first acquired by Quan and 

colleagues (31) in 2013. Using an unbiased high-throughput sequencing approach, the group 

screened serum specimens obtained from 415 bats representing 33 species across five 

countries (Guatemala, Cameroon, Nigeria, Democratic Republic of the Congo, and Kenya) 

for the presence of unique viral sequences. Their unbiased approach led to them to discover 

a diverse group of bat-derived viruses genetically related to hepaciviruses (bat hepaciviruses, 

or BHVs) and pegiviruses (bat pegiviruses, or BPgVs). To further characterize the host range 

and distribution of these viruses, the group screened an additional 34 bats representing 40 

species from Nigeria, Bangladesh, and Mexico. In total, the group was able to detect 83 bat-

derived viruses in six out of the eight families of bats tested. Genetic analysis of these 

isolates identified 22 potentially novel species of viruses (3 hepaciviruses and 19 

pegiviruses). These findings, taken together with a report from another group identifying 

novel pegiviruses in bats (27), greatly expanded the genetic diversity of previously known 

BPgVs (25). Within the Hepacivirus genus, the viruses were derived solely from two species 

of African bats (Hipposideros vittatus and Otomops martiensseni) in Kenya. Although high 

levels of viremia were detected in the surveyed bats, no evidence of disease was observed, 

suggesting that BHV and BPgV may be nonpathogenic to their hosts.

Other Primate Hepaciviruses

Shortly following the discovery of BHV and RHV, Lauck and colleagues (53) reported the 

discovery of a novel hepacivirus in serum samples obtained from black-and-white colobus 

monkeys (Colobus guereza). Discovery of this virus, termed guereza hepacivirus (GHV), 

marked the first instance of documented hepacivirus infection in nonhuman primates. 

Despite the importance of this finding, subsequent analysis revealed that GHV shares a 

common ancestry with GBV-B, RHV, and a particular BHV strain, therefore separating it 

from the human hepacivirus grouping and arguing against hepacivirus cospeciation. 

Interestingly, despite possessing a genome organization typical of other hepaciviruses, GHV 

contains an exceptionally long NS5A gene, approximately twice the length of any other 

homologous NS5A gene, as well as an intrinsically disordered region of amino acids located 
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within the C-terminal region. The functional consequence of this feature is currently 

unknown.

Bovine Hepaciviruses

Recently, within the span of a month, a group of investigators published two reports on the 

discovery of hepaciviruses in cattle (Bos taurus), first in Africa (54) and subsequently in 

Germany (55). Phylogenetic trees based on conserved NS3 and NS5B coding sequences 

support the basal grouping of these bovine hepaciviruses (BovHepV) next to GBV-B, BHV, 

and certain RHV strains. Estimation of the genetic diversity between BovHepV strains 

identified low intersequence variability but large genetic distances from other known 

hepaciviruses (54). Investigation into to the natural course of BovHepV infections in 

domesticated cattle from Germany by Baechlein and colleagues (55) revealed evidence for 

both acute and chronic stages of infection. Quantitative reverse transcriptase PCR data from 

multiple organ and tissue samples from these cattle showed high concentrations of viral 

RNA in liver tissue, which, together with the finding of predicted miR-122 binding sites in 

the viral 5′ UTR, indicate viral hepatotropism, although no clinical or postmortem signs of 

liver damage were observed. Additional studies should be undertaken to more thoroughly 

characterize the effect of BovHepV infections on cattle and the potential risks these viruses 

pose to farmers and breeders who work in close contact.

Shark Hepaciviruses

Until recently, the ability of hepaciviruses to infect nonmammalian hosts was entirely 

unknown. It was certainly reasonable to hypothesize the existence of hepacivirus species 

infecting additional classes of animals, especially given the enormous diversity exhibited by 

the Flaviviridae family, but absence of sampling data combined with technological 

limitations precluded the early scientific addressment of this proposition. While using RNA 

sequencing to survey a range of arthropod and vertebrate species for the presence of 

Flaviviridae-related viruses, however, Shi and colleagues (56) made the remarkable 

discovery of a novel hepacivirus, termed the Wenling shark virus (WLSV), in liver tissue 

samples taken from the graceful catshark (Proscyllium habereri). This discovery marked the 

first occasion of documented hepacivirus infection in a nonmammalian host. At the 

molecular level, the genomic organization of WLSV was typical of other viruses within the 

Hepacivirus genus (Table 1), although substantial differences were observed in the N 

terminus of the NS4 protein and the majority of the NS5A protein with the exception of a 

conserved zinc finger domain (NS5A-1a domain). The natural course of infection of WLSV 

and its pathogenicity, if any, to the shark species remain to be explored. Nevertheless, the 

discovery of WLSV in a cartilaginous fish greatly expands the potential host range of 

hepaciviruses and may lead to the discovery of additional novel hepaciviruses in other cold-

blooded animals such as fish, amphibians, and reptiles.

GENETIC FEATURES OF ANIMAL HEPACIVIRUSES

Like other members of the Flaviviridae family, hepaciviruses possess a positive-strand RNA 

genome with a single large ORF encoding a multifunctional polyprotein that is flanked by 

UTRs (19). The 5′ UTR contains a type IV IRES structural element that directs cap-
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independent translation of the viral genomic RNA. Host- and viral-encoded proteases 

process the polyprotein precursor into ten distinct protein products: three structural proteins 

(core, E1, and E2) and seven nonstructural proteins (NS1, NS2, NS3, NS4a, NS4b, NS5a, 

and NS5b). These genetic features are in direct contrast to members of the Pegivirus genus, 

which do not encode a core protein and possess a type III rather than a type IV IRES 

structural element (19).

Although animal hepaciviruses share similar patterns of genomic organization and predicted 

protein structure, distinct differences do exist (Table 1). All hepaciviruses fully characterized 

at the genomic level possess putative seeding sites in the 5′ UTR for the binding of host-

expressed miR-122. Most hepacivirus genomes (HCV, GBV-B, and certain RHV strains) 

contain two miR-122 binding sites within the 5′ UTR, but single sites have been identified 

in the BHV, NPHV, and various RHV genomes. In HCV, interaction between the viral 5′ 
UTR and human miR-122 promotes viral replication and accumulation of intracellular viral 

RNA (57). The requirement for a 5′ UTR–miR-122 interaction in other hepacivirus species 

is not fully known, although a single study demonstrated miR-122-independent replication 

of GBV-B in vitro (58). Given the close homology between HCV and NPHV, it is interesting 

that altered numbers of putative seeding sites are observed between the two viruses. This 

difference may indicate a role for the viral 5′ UTR in determining host and organ tropism, 

but additional studies are needed to address this hypothesis. In one study, however, Scheel 

and colleagues (46) demonstrated that construction of a chimeric NPHV/HCV clone in 

which the last stem-loop of the intermediate region of the NPHV 5′ UTR was replaced by 

the terminal stem-loop of HCV resulted in the disruption of NPHV viral RNA translation in 

vitro.

There are also distinct differences in the predicted number of glycosylation sites on the 

encoded envelope proteins (E1/E2) of animal hepaciviruses (Figure 3). Glycosylation of the 

HCV E1 and E2 proteins mediates protein folding and helps mask virions from the potential 

binding of host neutralizing antibodies (59), and it therefore has significant relevance to 

hepaciviral biology. The number of predicted glycosylation sites (totaled between E1 and 

E2) for hepaciviruses is highest for HCV, followed closely by NPHV. Given HCV’s 

propensity for establishing chronicity and the demonstration of chronic NPHV infections in 

horses (16), it would be interesting to assess whether any correlation exists between the 

number of predicted glycosylation sites within hepaciviral genomes and rates of establishing 

persistent infection in vivo.

HEPEGIVIRUSES CONNECT HEPACIVIRUSES AND PEGIVIRUSES

While using an unbiased approach to analyze the virome composition of patients receiving 

blood products, Kapoor and colleagues (60) identified a novel human virus, human 

hepegivirus (HHpgV-1), in the sera of four transfusion recipients that shares genetic features 

with both hepaciviruses and pegiviruses. Soon after, variants of HHpgV, named human 

pegivirus type 2 (HPgV-2), were described as coinfecting several HCV patients in the United 

States (61) and later in the United Kingdom (62). The HHpgV-1 and HPgV-2 variants show 

1–7% nucleotide diversity over the entire length of their genomes, but like other 

hepaciviruses and pegiviruses, their UTRs are relatively more conserved. Presence of 
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HHpgV-1 in several human serum samples from different geographies, together with the 

evidence of seroconversion in most infected individuals, confirms that HHpgV-1 causes an 

authentic human infection that plausibly transmits by the parenteral route (60–62).

Phylogenetic and molecular analysis indicates that HHpgV-1 is highly distant from known 

members of the Hepacivirus and Pegivirus genera (Figure 2). HHpgV-1 is predicted to 

encode a short, highly basic protein (termed Y) upstream of E1 that is comparable to the VR 

protein identified in rodent and bat pegivirus variants (60). The Y and VR proteins differ, 

however, in their predicted locations within the cell. Rodent and bat VR proteins possess a 

predicted signalase cleavage site at the N terminus that may function to relocate the protein 

to the endoplasmic reticulum. In contrast, the Y protein of HHpgV-1 possesses no such 

translocation sequence, suggestive of a cytoplasmic location akin to the core proteins of 

hepaciviruses. Although considerably shorter than the fully processed HCV core protein, the 

Y protein may share a similar function in RNA packaging and virion assembly. Additionally, 

the predicted E2 protein contains 11 potential N-linked glycosylation sites, a greater number 

than recorded for most pegiviruses (19) (Figure 3). This pattern of heavy glycosylation, 

comparable to that of HCV and other hepaciviruses, was distinct from the infrequent sites 

recorded for human and other group 1 pegiviruses (60). Furthermore, the HHpgV-1 5′ UTR 

is nonhomologous to that of most other pegiviruses, forming a type IV IRES, hitherto 

described only for members of the Hepacivirus and Pestivirus genera. Although highly 

divergent from all other known viral 5′ UTR sequences, certain motifs match those of 

members of the Hepacivirus genus, including the highly conserved sequence 

TACAGCCTGATAGGGT at position 274. Interestingly, however, the miR-122 seed site 

present in most hepacivirus species is absent from the 5′ UTR of HHpgV-1 and all other 

known pegiviruses (60). Presence of these unique features in the virus prompted the use of 

the name hepegivirus (a combination of hepacivirus and pegivirus), although it remains to be 

finalized by the International Committee on Taxonomy of Viruses.

ORIGIN AND EVOLUTION OF ANIMAL HEPACIVIRUSES

The discovery of novel hepacivirus species in previously unexplored hosts has greatly 

expanded our knowledge of the hepacivirus host range and provided new, intriguing insights 

into the origins and evolution of the Hepacivirus genus. Indeed, identification of a possible 

zoonotic source for HCV, which has eluded virologists since HCV’s discovery in 1989 (63), 

finally seems within our grasp (37, 51, 52, 64, 65). The hypotheses for HCV’s origin are 

based on the well-characterized genetic diversity of the HCV genotypes, their phylogenetic 

relatedness to other animal hepaciviruses (Figure 2), and observed differences in their 

geographical distribution.

A reasonable hypothesis is that HCV originated from a single cross-species transmission 

event between ancestral humans and a zoonotic host and then subsequently evolved as 

human populations dispersed globally into discrete geographical populations, resulting in the 

current global pattern of HCV diversity (12, 52). Despite the remarkable sequence 

variability observed among strains, the close genetic relatedness of the various HCV 

genotypes (Figure 2) supports this viewpoint. To date, NPHV remains the closest genetic 

relative of HCV (Figure 2), with similarity existing even between regions encoding the E2 
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envelope protein, a remarkable observation given the high rate of mutations that occur 

within these areas. Analysis of the number and position of cysteine residues within the 

encoded NPHV E2 protein even suggests a tertiary structure that is substantially more 

similar to HCV E2 than to E2 proteins from other known hepaciviruses (43, 66). Additional 

similarities have been reported for NPHV and HCV, including core protein processing and 

NS3/4A-mediated antagonism of the RIG-I antiviral pathway (67–69). Our analysis based 

on the evolutionary rates of HCV genotypes 1 and 6 (40) indicated that the HCV genotypes 

and NPHV shared a common ancestor 341 and 1,680 years ago, respectively (43). However, 

this should be regarded as a minimum estimate given the difficulties associated with 

extrapolating short-term substitution rates to longer evolutionary periods (70–73).

The close ecological relationship between horses and humans, culminating in the nineteenth 

century when domesticated horses were the primary means of human locomotion, certainly 

raises the possibility that horses are responsible for the initial transmission of HCV to 

humans, either directly or as intermediate hosts. How equine hepaciviruses could have been 

transmitted to humans is unclear, but advances in vaccine and antitoxin medicine during the 

twentieth century exposed humans to a vast array of horse serum–derived products, which 

certainly could have facilitated the transmission of viruses that normally do not breach the 

skin barrier. Although an equine origin for HCV is intriguing, the genetic distances between 

HCV and NPHV are nevertheless quite large (~50% at the nucleotide level), and compared 

with HCV, NPHV exhibits very low sequence diversity. Were horses the original source of 

HCV, then equine hepaciviruses would have had to transmit to humans, rapidly evolve and 

diversify, and then subsequently disperse into specific geographical regions, all the while 

remaining phylogenetically stagnant in horses, a scenario that is feasible but highly unlikely. 

Therefore, HCV may instead be the result of a cross-species transmission event between 

humans and an unidentified mammalian host, even possibly as an intermediate between 

horses and humans. Evidence for an extant mammalian species that harbors hepaciviruses 

more closely related to the HCV genotypes than NPHV would be consistent with this 

hypothesis.

Alternatively, the current genotypes of HCV could be the result of multiple, independent 

zoonotic transmission events. A limitation to this proposal, however, is that none of the 

currently identified animal hepaciviruses exhibit close phylogenetic clustering around any of 

the major HCV genotypes. This could be due to severe undersampling of the known 

mammalian diversity, or it could simply be an argument against multiple human-animal 

spillover events (52). Based on current phylogenetic analyses, RHVs are the most 

genetically diverse members of the Hepacivirus genus, comprising three separate lineages 

and eight different clades. In fact, depending on the strain, RHVs share common ancestors 

with BHVs, GHV, and, more distantly, the NPHV/HCV lineage. The basal positioning of 

RHVs in the phylogenetic trees of hepaciviruses (Figure 2) might further indicate a crucial 

evolutionary role for rodents as zoonotic transmitters of hepacivirus species. Whether 

rodents represent the original source of hepaciviruses or merely intermediate hosts is 

completely unknown, but considering rodents account for more than 40% of the observable 

diversity of mammal species, it seems very likely they would be responsible for a large 

proportion of hepacivirus cross-species transmission events between animals. The recent 

discovery of RHV in Norway rats in New York City is of particular significance, as these 
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rodents share considerable ecological factors with humans and thus may be a potential 

source of foreign pathogens such as hepaciviruses (28).

The recent identification of WLSV in catsharks and hepegivirus species in humans poses 

new questions about the evolutionary relationship between hepaciviruses and pegiviruses. 

Despite significant divergence from the other known hepaciviruses, WLSV exhibits higher 

phylogenetic relatedness to mammalian hepaciviruses than to pegiviruses (Figure 2). This 

raises the interesting possibility that hepaciviruses may have infected different animals, 

including humans, throughout their evolution or even before the host speciation. Consistent 

with this scenario, the high species specificity of hepaciviruses, combined with their 

propensity for persistence, is suggestive of long-term coevolution and host adaptation. 

Furthermore, the identification of HHpgV-1 and HPgV-2 in human populations is significant 

not only because of their transmissibility between humans but also because their genomic 

organization argues against either pegivirus or hepacivirus classification (Figure 3). This 

might suggest that the Pegivirus and Hepacivirus genera recently diverged from a common 

hepegivirus-like ancestor, resulting in the observed low phylogenetic divergence between 

pegivirus and hepacivirus species compared with that of other Flaviviridae members. 

Identification of additional pegivirus and hepacivirus species will help resolve the obscure 

link between these two sister genera.

Despite the extraordinary expansion in knowledge of hepacivirus host range over the past 

few years, we cannot understate the importance of sampling diversity when speculating on 

the origin and evolution of animal hepaciviruses. Undersampling of hepaciviral diversity is 

the most likely cause of long phylogenetic branches separating various hepacivirus lineages, 

each of which contains very closely related species (51) (Figure 2). At present, only a few 

mammalian species have been screened for hepacivirus infection, and when extrapolating to 

all animal species, which is especially important considering the identification of WSLV in 

the graceful catshark, the result is even poorer. Further epidemiological and screening 

studies are thus necessary to more fully characterize the host range and genetic diversity 

among animal hepaciviruses and ultimately to solve the puzzle of hepacivirus evolution. We 

believe that the biological characterization of new hepaciviruses, specifically their mode of 

transmission and species specificity, will provide further clarity to the puzzle of hepaciviral 

origin and evolution.

ANIMAL HEPACIVIRUSES AS SURROGATE EXPERIMENTAL MODELS FOR 

HEPATITIS C VIRUS

HCV causes approximately one million deaths and two to three million new infections per 

year (74–77). The development of robust in vitro cell culture systems facilitated the study of 

the viral life cycle and ultimately aided in the generation of direct-acting antivirals that have 

transformed standard treatment regimens (78, 79). Development of a successful vaccine, 

however, remains a formidable challenge (80). Although cell culture systems permit 

functional and inhibition studies of HCV, detailed exploration into the host-viral interaction 

within the liver, particularly during early infection, when resolution or persistence is 

determined (81, 82), cannot be easily addressed with these platforms and thus remains a 
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principal goal for in vivo models. Only chimpanzees can serve as immunocompetent hosts to 

study natural HCV infection (83–86), but new National Institutes of Health regulations 

completely restrict their usage in research. Development of a new tractable animal model 

therefore remains a top priority for HCV researchers (27, 30, 52, 65, 75, 87–96). Over the 

years, several models of immunodeficient mice engrafted with human liver cells have been 

developed (95, 97, 98). Recently, mice engineered to express human versions of the HCV 

entry factors were reported to sustain HCV replication when crossed to innate immune– 

deficient strains (STAT1, IRF, IRF7) (95, 99). Another mouse model ectopically expressing 

both human CD81 and occludin was shown to permit replication without the need for 

immune suppression (100). Collectively, these models have expanded our ability to study 

HCV infection in vivo; however, major drawbacks include low levels of infection and/or the 

increasing need to blunt innate and adaptive immune pathways to achieve HCV replication 

(89, 95). A relevant, tractable, and immunocompetent model for HCV is therefore needed if 

a more detailed analysis of HCV pathogenesis and immunity is to be achieved (89, 94–96).

Considering the strict species tropism of HCV and the absence of immunocompetent animal 

models permissive to robust infection, the animal hepaciviruses should be evaluated as 

potential surrogate models for the study of HCV. Indeed, remarkable insights into viral 

pathogenesis and immunity were gleaned from the use of animal homologs as surrogates for 

the study of human noroviruses, HIV, herpesviruses, and several others (101). GBV-B is a 

well-recognized HCV surrogate, but unlike HCV, it usually causes only acute resolving 

infections in tamarins (88, 92). The initial identification of animal hepaciviruses therefore 

bodes well for the development of a fully immunocompetent surrogate for HCV study (27, 

30, 43, 46, 51, 52). However, so far only genetic properties of these viruses are known, and 

an ideal surrogate should resemble HCV, including its hepatotropism, propensity for 

establishing persistent infection, and associated immunity and pathogenesis (52, 97). 

However, the two crucial questions that need to be answered are which host and which virus 

should be targeted to develop an informative HCV surrogate. Recently, a reverse genetics 

system was developed for NPHV, the use of which revealed that NPHV parallels HCV in its 

hepatotropism and ability to cause persistent infection (46). However, horses are not 

genetically amenable or tractable models. Moreover, the limited genetic diversity observed 

among NPHV variants restricts studies of heterologous immunity and pathogenesis. Similar 

limitations exist for bovine or Colobus sp. models and to an extent for bats due to laboratory 

intractability and a lack of host-specific reagents.

Ideally, the identification of novel hepaciviruses in house mice would simplify the choice of 

an HCV surrogate, but so far no such virus has been discovered. Although it may be argued 

that hepacivirus studies in primates would provide the most relevant insights into human 

HCV infection, currently only rodents can be easily manipulated by targeted mutagenesis, 

gene knockout, and transgenic technologies such as closely interspersed short palindromic 

repeats (CRISPRs). Furthermore, phylogenetic analysis of all known hepaciviruses reveals 

that HCV is more closely related to hepaciviruses found in rodents than to the other primate 

hepaciviruses (GBV-B and GHV) (51, 52, 65) (Figure 2). For these reasons, RHVs found in 

deer mice and rats are most appropriate, as both these host species are tractable and well 

characterized. Deer mice were extensively used as an experimental model for hantaviruses 

and are available as inbred and outbred strains (102–108). Additionally, the genetic diversity 
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observed among deer mouse and rat hepacivirus variants would be extremely useful for the 

study of heterologous immunity following virus challenge. Although much is to be learned 

from the study of animal hepaciviruses, one major focus should be to identify the molecular 

determinants of viral clearance and persistence after primary and secondary infections, with 

particular emphasis on host immunity. A full understanding of the role of innate, humoral, 

and cellular immunity in controlling RHV infection and persistence in immunocompetent rat 

models would provide a molecular basis for the development of novel HCV vaccination 

strategies in humans. Finally, the development of reverse genetics systems for RHV would 

enable a detailed exploration into the precise role of various genetic elements (such as 3′ 
and 5′ UTRs) in determining viral persistence, the findings of which would facilitate the 

rational design of attenuated hepacivirus vaccines and antiviral therapeutics.

CONCLUSIONS

The identification of animal hepaciviruses has undeniably increased our understanding of 

hepaciviral origin and host range, but only their full biological characterization will 

ultimately aid in our understanding of how these viruses cross species barriers and 

disseminate into new animal populations, including humans. It is plausible that, like other 

flaviviruses, a few of these hepacivirus species are readily transmitted via insect or airborne 

routes. However, with the exception of CHV in dogs, hepacivirus species have not been 

detected in respiratory swabs, and adequate sampling of arthropod vectors has not been fully 

pursued. Understanding how hepacivirus species flow into new animal populations, and 

thereby how HCV was initially introduced into humans, requires additional clues. 

Nevertheless, it seems clear that the zoonotic source of HCV should be a virus remarkably 

similar to at least one of the HCV genotypes and should infect a host phylogenetically close 

to humans. Despite identification of several new hepaciviruses in various mammalian 

species and a shark, the horse hepaciviruses remain the closest genetic relatives of HCV and 

therefore the most plausible zoonotic source of HCV. However, the high genetic diversity 

and geographical clustering of HCV genotypes are discordant with the relatively 

homogeneous horse virus populations worldwide. The only, but very unlikely, possibility is a 

single introduction of horse virus in humans followed by faster adaptation, rapid 

diversification, and robust dissemination into human populations globally. We believe that 

biological characterization of animal hepaciviruses and their mode of infection, 

transmission, and epidemiology is therefore necessary to gain a more definitive 

understanding of HCV’s origin.

In addition, biological characterization of animal hepaciviruses is crucial to estimate their 

significance as surrogate models for HCV. The viral and host determinants of HCV infection 

outcomes after primary and secondary infections remain largely unknown (48, 81, 82, 92, 

96, 109, 110). Similarly, the breadth and nature of protective immunity are not clearly 

defined, posing major challenges to current HCV vaccine design (111). HCV is unique in its 

ability to establish lifelong persistence with robust viremia in the infected host. The only two 

animal hepaciviruses that are biologically characterized in some depth, GBV-B and NPHV, 

share biological properties with HCV, such as mode of transmission and hepatotropism, but 

their propensity to establish persistence varies. A diverse array of RHVs is now known. 

RHVs share several genetic features with HCV, including the folding pattern of their UTRs, 
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their NS5B structure, their polyprotein cleavage sites, and the presence of a miR-122 seed 

site. Moreover, there is some evidence of their hepatotropism and ability to persist after 

seroconversion. Together, these findings indicate that the biological characterization of these 

rodent viruses will pave the way for development of fully immunocompetent and 

informative surrogate models for delineating the mechanisms of HCV persistence and 

immunity.
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Figure 1. 
Timeline of discoveries related to the animal hepaciviruses. Abbreviations: BHV, bat 

hepacivirus; BovHepV, bovine hepacivirus; CHV, canine hepacivirus; GBV-B, GB virus B; 

GHV, guereza hepacivirus; HCV, hepatitis C virus; NPHV, nonprimate hepacivirus; RHV, 

rodent hepacivirus;WLSV, Wenling shark virus.
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Figure 2. 
Phylogenetic analysis of helicase gene (motifs I to IV) of representative members of (a) all 

four genera of the family Flaviviridae plus newly identified viruses and (b) the two genera 

Hepacivirus and Pegivirus. The evolutionary history was inferred using the maximum 

likelihood method based on the Le and Gascuel 2008 model (112). The tree with the highest 

log likelihood (−47,019.0830) is shown. The percentage of trees in which the associated taxa 

clustered together is shown next to each branch. Initial trees for the heuristic search were 

obtained automatically by applying Neighbor-Join (NJ) and BIONJ algorithms to a matrix of 

pairwise distances estimated by using a JTT model and then selecting the topology with 

superior log likelihood value. A discrete gamma distribution was used to model evolutionary 

rate differences among sites (five categories, +G, parameter = 1.7148). The rate variation 

model allowed for some sites to be evolutionarily invariable (+I, 3.9855% sites). The tree is 

drawn to scale, with branch lengths measured in number of substitutions per site. The 
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analysis involved 96 amino acid sequences. There were a total of 276 positions in the final 

data set. Evolutionary analyses were conducted in MEGA7 (113).
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Figure 3. 
Genome organization and polyprotein cleavage map of hepaciviruses, pegiviruses, and 

hepegiviruses. The complete genome encodes a polyprotein that is co- and 

posttranslationally cleaved into individual viral proteins. The structural proteins include the 

core protein (C) and envelope glycoproteins (E1 and E2), and the nonstructural proteins are 

NS2, NS3, NS4A, NS4B, NS5A, and NS5B. Classical pegiviruses (human and simian 

pegiviruses) do not have a recognizable C protein. Structural proteins are cleaved by cellular 

signal peptidases (black triangles), and NS2-NS3 cleavage is accomplished by the NS2-NS3 

autoprotease (empty triangle). The remaining nonstructural proteins are cleaved by the NS3-

NS4A protease complex (gray triangles). Hepegiviruses encode a protein termed Y that is 

similar in location and properties to hepacivirus C. Glycosylation sites in E1 and E2 are 

shown by arrows at the bottom of the polyproteins for hepatitis C virus, GB virus C, and 

human hepegivirus (60, 114). Abbreviations: pI, protein isoelectric point; UTR, untranslated 

region.
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Summary Figure. 
The expanded world of hepaciviruses (green background) and the different hypotheses of 

hepatitis C virus origins.
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