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Nonprimate hepacivirus (NPHV) is the closest known relative of
hepatitis C virus (HCV) and its study could enrich our understanding
of HCV evolution, immunity, and pathogenesis. High seropositivity
is found in horses worldwide with ∼3% viremic. NPHV natural his-
tory and molecular virology remain largely unexplored, however.
Here, we show that NPHV, like HCV, can cause persistent infection
for over a decade, with high titers and negative strand RNA in the
liver. NPHV is a near-universal contaminant of commercial horse
sera for cell culture. The complete NPHV 3′-UTR was determined
and consists of interspersed homopolymer tracts and an HCV-like
3′-terminal poly(U)-X-tail. NPHV translation is stimulated by miR-122
and the 3′-UTR and, similar to HCV, the NPHV NS3-4A protease can
cleave mitochondrial antiviral-signaling protein to inactivate the ret-
inoic acid-inducible gene I pathway. Using an NPHV consensus cDNA
clone, replication was not observed in primary equine fetal liver
cultures or after electroporation of selectable replicons. However,
intrahepatic RNA inoculation of a horse initiated infection, yielding
high RNA titers in the serum and liver. Delayed seroconversion,
slightly elevated circulating liver enzymes and mild hepatitis was
observed, followed by viral clearance. This establishes the molecular
components of a functional NPHV genome. Thus, NPHV appears to
resemble HCV not only in genome structure but also in its ability to
establish chronic infection with delayed seroconversion and hepatitis.
This NPHV infectious clone and resulting acute phase sera will facil-
itate more detailed studies on the natural history, pathogenesis,
and immunity of this novel hepacivirus in its natural host.

hepatitis C virus | infectious cDNA clone | equine liver disease |
animal model | 3′-untranslated region

Until recently, hepatitis C virus (HCV) and the enigmatic
GB-virus (GBV) B were the only known members of the

Hepacivirus genus in the Flaviviridae family. Searches for related
viruses in primates were unsuccessful, leaving the history and or-
igin of HCV unknown. Recently, developments in deep sequenc-
ing methods accelerated identification of a number of related
viruses (1). Nonprimate hepacivirus (NPHV) was the first to be
discovered, initially identified in samples from dogs and termed
canine hepacivirus (2). However, with the exception of a single
seropositive farm dog (3), subsequent studies did not detect viral
RNA or antibodies in dogs (4–6). Instead, horses appear to be the
natural host for NPHV, with 30–40% antibody positive (4, 7) and
2–7% RNA positive among US and European horses (4–7) and an
even higher RNA prevalence (35%) in a small Japanese herd (8).
Tissue tropism and disease association remain largely uncharac-
terized. Subsequently, hepaciviruses have also been discovered in
rodents (6, 9), bats (10), and Old World primates (11). Pegiviruses
are closely related to hepaciviruses and include human (HPgV/
GBV-C) and simian (SPgV/GBV-A) pegiviruses, none of which
are associated with disease (12). More recently, rodent (RPgV)
(9), bat (BPgV) (10), and equine (EPgV and Theiler’s disease

associated virus, TDAV) (13, 14) pegiviruses were discovered. In-
terestingly, strong epidemiological evidence links serum hepatitis
of horses (Theiler’s disease) to infection with TDAV (13).
The NPHV genome resembles that of HCV, with a long ORF

of around 8,826 nt encoding 2,942 aa predicted to yield the
structural proteins Core, E1, and E2 and the nonstructural
proteins p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B. The
5′-UTR of around 384 nt resembles that of HCV but with a
longer stem-loop I and only a single miR-122 seed site (4). The
internal ribosome entry site (IRES) is similar in sequence and
predicted structure to that of HCV (4) and is capable of driving
translation of the downstream ORF (15). Whether NPHV en-
gages and requires the liver-specific miR-122 in a manner similar
to that of HCV remains to be established.
Here, we characterize NPHV in horses and find that NPHV

can cause persistent hepatotropic infection. We further determine
the complete NPHV 3′-UTR, the longest among hepaciviruses,
encompassing several interspersed homopolymer tracts. This
allowed the construction of a full-length cDNA clone that was
infectious in a horse after intrahepatic inoculation of in vitro
transcribed RNA. Taken together, our findings demonstrate
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exciting parallels between HCV in humans and NPHV in horses,
offering an attractive model for hepacivirus studies.

Results
NPHV Is Associated with Persistent Hepatotropic Infection in Horses.
To determine the prevalence of NPHV infection, we tested sera
from two groups of healthy US horses for viral RNA. In one group,
we found one NPHV RNA-positive horse among serum samples
drawn from 18 animals in 2008–2010. In consecutive samples from
2011 and 2012, the originally infected horse had cleared the in-
fection, whereas a newly introduced horse (M303) was positive.
Sequencing of the 5′-UTR revealed the presence of the same isolate
for both horses and in consecutive samples from the second animal
taken 1 y apart. We previously reported an EPgV prevalence of 15–
32% in this herd (14). In another group, we found unusually high
NPHV prevalence, with 7/17 NPHV positive (41%) and one coin-
fected with EPgV. No history was available to explain this high
prevalence. An unrelated NPHV-positive horse was identified with
retrospective samples, revealing chronic infection for more than
12 y. From NPHV-infected horses in the two groups and a pre-
viously described group (4), we determined viral RNA levels in
serum ranging from 5.4 log10 genome equivalents (GE)/mL to 7.5
log10(GE)/mL, with horse M303 among the highest titers (Fig. 1).
To investigate NPHV tissue tropism, we collected serum,

peripheral blood mononuclear cells (PBMCs), liver and lymph
node biopsies, and a transtracheal wash sample from horse
M303. NPHV RNA levels were undetectable in the tracheal
sample and in PBMCs, whereas low levels were found in the
lymph node and high levels in serum and in the liver (Table 1).
We further found negative-strand RNA in the liver of M303,
a hallmark of viral replication. Similar findings were made in two
other horses. Although our analysis does not exclude replication
in other tissues, it provides strong evidence that NPHV is an equine
hepatotropic virus with the ability to establish persistent infection.

Commercial Horse Serum Is Contaminated with NPHV. Horse serum
is a common additive to cell culture media and is typically pooled
from a number of animals. Analyzing 15 sera from different com-
panies, we found that 14 were positive for NPHV RNA with titers
ranging from 3.8 log10(GE)/mL to 6.7 log10(GE)/mL (Fig. 1).
Even one lot of FBS was positive, whereas donkey, goat, sheep,
and rabbit sera tested were negative. Sequence analysis of the
NPHV structural region revealed a broad diversity of virus isolates
in selected serum lots, some of which were vastly different, sug-
gesting pooling from several infected animals (Fig. S1). In general,
the range of viral diversity fell within that previously reported (4).

Identification of the Complete NPHV 3′-UTR. Evidence that the
complete NPHV 3′-UTR has been identified is lacking. We
therefore used NZP1 serum (4) and serum and liver samples
from M303 to determine the complete 3′-UTR of NPHV. Our
results revealed to our knowledge the longest hepacivirus
3′-UTR of around 328 nt, including a short poly(A) tract, a var-
iable region, a poly(U/C) tract, a conserved intermediate region,
a long poly(U) tract, and a conserved 3′X region (Fig. 2A and
Fig. S2). The conserved intermediate and 3′X regions were each
predicted to fold into three stem loops. Whereas the upstream
part of the 3′-UTR had no resemblance to known sequences,

the poly(U) and 3′X regions were structurally similar to HCV
but with sequence differences, in particular within the terminal
stem loop. The fact that the extreme terminus of the 3′-UTR
sequence was predicted to fold into a stem loop resembling that
of HCV with identical terminal nucleotides suggested that the
complete NPHV 3′-UTR had been determined.
Due to the high content of homopolymer stretches, deter-

mination of the 3′-UTR was achieved only through a series of
linker ligation and homopolymer tailing reactions on (+)RNA
and 5′-RACE on (−)RNA. Curiously, using linker ligation on
serum-derived RNA, we identified genomes terminating in much
longer poly(A) tails immediately downstream of the stop codon
(A28–128 for NZP1 and A9–11GA5GA32–40 for B10), compared with
the ∼20 nt of the internal poly(A) tract of the complete 3′-UTR.
Having identified the complete NPHV 3′-UTR sequence, we next
examined its conservation across isolates. We found the overall
structure was conserved among isolates with only minor variation
in the intermediate and 3′X regions, whereas the region down-
stream of the poly(A) tract and the length of homopolymer tracts
were highly variable (Fig. 2A and Fig. S2).

Construction of an NPHV Full-Length Consensus Clone. To enable
reverse genetic studies of NPHV, we constructed a full-length
consensus clone. We used the NZP1 isolate due to (i) its re-
latedness to the original canine hepacivirus isolate (2, 4), in-
dicating possible cross-species transmission, and (ii) the relatively
high RNA titers found in this sample. We confirmed the pre-
viously determined 5′-UTR sequence (4) and engineered this
downstream of a T7 promoter and a single G residue. The con-
sensus sequence of the complete NZP1 ORF was determined and
a sequence with five noncoding differences from consensus, all
residues with variation among published isolates, was assembled
(Table S1). Compared with the consensus sequence, the published
NZP1 bulk sequence (JQ434001) differed in five noncoding and
two coding residues (Table S1). The 3′-UTR sequence of the
consensus clone is shown in Fig. S2. To allow linearization of the
clone before RNA in vitro transcription, a BspEI site was placed
immediately downstream of the terminal nucleotide. Thus, the fi-
nal NZP1 consensus clone consisted of 9,538 nt, including a
5′-UTR of 384 nt, an ORF of 8,826 nt, and a 3′-UTR of 328 nt
that carried a poly(U) tract of 96 nt (Fig. 2C and Fig. S1). In
addition, residues known to be of critical importance to HCV
replication in the NS3 protease, helicase, NS4A, NS5A, and NS5B
were conserved in the final NPHV clone (details in Table S1).

NPHV in Vitro Translation Mediates NS3-4A Cleavage of Mitochondrial
Antiviral-Signaling Protein. An important strategy for HCV antag-
onizing induction of IFN-mediated innate immunity is cleavage
of the retinoic acid-inducible gene I pathway adaptor mitochon-
drial antiviral-signaling protein (MAVS) by the viral NS3-4A pro-
tease (16). Human hepatoma cell (Huh-7)-derived Clone8 cells
carry a highly sensitive MAVS cleavage reporter that translocates
RFP to the nucleus upon HCV NS3-4A cleavage (17). Upon

Fig. 1. NPHV RNA titers in individual animal and commercial horse sera.
NPHV RNA genome equivalents (GE) per milliliter were measured by qRT-PCR.

Table 1. Tissue tropism and persistence of NPHV

Infection parameter Individual horses

Time infected
Persistence >1 y 4.5 mo >12 y

Viral RNA titer, Log10(GE/mL)
Serum 7.5 5.2–7.7 5.0

Viral RNA titer, Log10(GE/ng total RNA)
Liver biopsy 3.7 2.5–3.3 2.5
Lymph node biopsy 1.1 1.1 N/A
PBMCs <LLOD <LLOD N/A
Tracheal wash <LLOD N/A N/A

Presence of (−)RNA
Liver biopsy Yes Yes N/A

N/A, not available; LLOD, lower level of detection.
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transfection of Clone8 cells with RNA transcribed from the
NZP1 full-length consensus clone, we observed nuclear trans-
location (Fig. 3A). This confirmed that NPHV translation occurs in
human hepatoma cells and that the NPHV NS3-4A protease is ca-
pable of cleaving human MAVS. NPHV did not replicate in Clone8
cells, however, because the percentage of cells with nuclear trans-
location decreased with similar kinetics for NZP1 and a polymerase-
defective mutant (NZP1-GNN).

The NPHV 3′-UTR and miR-122 Stimulate Translation. For HCV, the
3′-UTR (18, 19) and miR-122 (20) have been shown to enhance
IRES-dependent translation. To determine whether similar
functions were evident for NPHV, we constructed monocistronic
reporters in which Renilla luciferase (Rluc) was flanked by the
complete NPHV UTRs. For comparison, we constructed a sec-
ond version truncated before the poly(U) tract (ΔpU-3′X), a
third version in which the last stem loop of the intermediate
region was replaced by the terminal stem loop of HCV (NPHV/
HCV), and a fourth version with no 3′-UTR (Fig. 2B). The effect
of the 3′-UTR on translation was evaluated in human hepatoma
(Huh-7.5) and equine fibroblasts (E.Derm) by measuring the
relative Rluc signal compared with a cotransfected capped firefly
luciferase mRNA, after normalization for relative RNA levels. In
both cell lines, the presence of the complete NPHV 3′-UTR was
critical for efficient translation (Fig. 3B), with the least trans-
lation occurring after complete deletion of the 3′-UTR. miR-122
supplementation of Huh-7.5 cells already expressing this miRNA
did not change the level of translation; however, sequestrating
miR-122 using locked nucleic acid (LNA) decreased translation.
Conversely, when E.Derm cells that do not endogenously express
miR-122 were engineered to do so, the level of translation was
increased (Fig. 3B). Thus, both the NPHV 3′-UTR and miR-122
appeared to stimulate IRES-dependent translation. Despite

controlling for RNA levels by quantitative RT (qRT)-PCR, it
is possible, however, that differences in RNA stability contribute
in part to these results, e.g., through biases introduced by de-
tection of residual extracellular or partially degraded RNA.

Purification of NPHV Antibodies from Horse Serum. Given the high
prevalence of NPHV in commercial horse serum and access to
large quantities, we next examined commercial serum as a source
of NPHV polyclonal antibodies. To produce NPHV proteins for
screening of serum lots, the NZP1 DNA clone was transfected
into T7 polymerase expressing HEK293 or BHK-J cells. We then
screened eight commercial donor sera, using cell lysates and
Western blotting. Two prominent NPHV-specific bands of 53 kDa
and 23 kDa were identified by six of eight sera (Fig. 3C). Based on
predicted molecular weights, we hypothesized the 53-kDa species to
be NS5A and the 23-kDa species to be Core, NS2, or NS4B. Using
recombinant NS5A, we successfully affinity purified polyclonal
antibodies recognizing both recombinant NS5A and NS5A from
transiently transfected cells with minimal background (Fig. 3D).
There was no cross-reactivity between NPHV and HCV NS5A
antibodies (Fig. 3E). The affinity-purified NS5A antibody was also

Fig. 2. Structure of the NPHV 3′-UTR and constructed consensus clones. (A) Ele-
ments and predicted structure of the complete NPHV 3′-UTR. Homopolymer tracts
are shown in red. Lengths in nucleotides are indicated. (B) The 3′-UTR regions
according to A included in versions of translation reporters. The dotted line indi-
cates the HCV 3′-terminal stem loop. (C) Schematic of the full-length NPHV se-
quence, as inserted downstream of a T7 promoter in the NZP1 consensus clone. (D)
Schematic of the NZP1 subgenomic replicon.

Fig. 3. Translation of NPHV and detection of viral proteins. (A) Represen-
tative images of Clone8 cells 1 d posttransfection with RNA from NZP1, NZP1-
GNN, or the protease-deficient control, NS3pro(−). (B) Translation from mono-
cistronic translation reporters in Huh-7.5 or E.Derm cells. Relative Renilla
(Rluc) to firefly (Fluc) luciferase values are shown after normalization for RNA
amounts. Mean and SD are shown. Differences were evaluated by ANOVA. For
P values, **P < 0.01, ***P < 0.001, and ****P < 0.0001. N/A, not applicable. (C)
Western blot (WB) of lysates from T7-expressing HEK293 cells. Crude horse
serum (lot 8211574) was used as a primary antibody. (D) WB of recombinant
NS5A(ΔAAH) and the HEK293 lysates from B, using purified polyclonal NPHV
NS5A8211574 antibody. The size difference for NS5A is due to absence of the
amphipathic α-helix (AAH) in the recombinant protein. (E) NPHV and HCV
NS5A antibodies do not cross-react. Lysates from T7-expressing HEK293 cells
transfected with pNZP1 (NPHV) or pJc1 (HCV) were used for WB, using
NPHV NS5A8211574 antibody or HCV NS5A9E10 antibody. (F) Immunostaining of
T7-expressing HEK293 or BHK-J cells with and without NPHV (pNZP1) or HCV
(pJ6/JFH1-GNN) detected with NPHV NS5A8211574 or HCV NS5A9E10 antibody.
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useful for immunostaining transiently transfected HEK293 and
BHK-J cells (Fig. 3F).

NPHV Replication Is Not Readily Established in Vitro. To determine
whether RNA transcripts from the NZP1 clone were replication
competent in vitro, we transfected RNA from NZP1, NZP1-
GNN, and NZP1-Ypet, having the fluorescent protein Ypet
inserted between duplicated NS5A and NS5B cleavage sites, into
Huh-7.5 (human hepatoma), E.Derm (equine fibroblast), MDBK
(bovine kidney), MDCK (canine kidney), D-17 (canine pulmonary
osteosarcoma metastasis), PK-15 (porcine kidney), Vero (green
monkey kidney), and BHK-21 (hamster kidney) cells. No in-
dication of viral replication was evident in any of the cell lines by
NS5A immunostaining, Ypet expression, or intracellular RNA levels
(Fig. S3). Although NPHV dependence on miR-122 remains to
be established, we tested NPHV replication in E.Derm, MDBK,
MDCK, and PK-15 cells transduced with lentivirus for stable
miR-122 expression (Fig. 4A). However, ectopic expression of
miR-122 was unable to mediate NPHV replication in these cells.
To allow positive selection of replicating genomes, we con-

structed subgenomic replicons for NPHV (pNZP1-SGR), similar
to those described for HCV (21, 22) (Fig. 2D). In parallel with
a polymerase-defective negative control, pNZP1-SGR was elec-
troporated into Huh-7.5, E.Derm, E.Derm/miR-122, MDBK,
MDBK/miR-122, MDCK/miR-122, PK-15, and PK15/miR-122
cells. No colonies were observed after 2–3 wk of G418 selection,
indicating absence of NPHV replication or replication at levels
too low to confer resistance.
Given our finding that NPHV is a hepatotropic equine virus, the

narrow host and tissue tropism of HCV, and the lack of equine
liver cell lines, we attempted to establish equine fetal liver cultures
(EFLCs) similar to human fetal liver cultures (HFLCs) known to
support HCV replication (23). Primary EFLCs were obtained from
an equine fetus at 80 d of gestation, which is an earlier stage of
development than that used to establish HCV permissive HFLCs
(16–24 wk). EFLCs of hepatocytes, fibroblasts, and presumably
other cells were established, and the presence of hepatocytes was
confirmed by morphology (23) and high levels of miR-122 (Fig. 4
B and D). In addition, a fraction of cells in the culture became
positive for the lentivirus transduced MAVS-RFP-NLS reporter
driven by a liver-specific albumin promoter (Fig. 4D). Secreted
equine albumin levels, however, were low at all times (Fig. 4C).
Despite relatively high, sustained levels of miR-122 and MAVS-
RFP-NLS reporter expression in EFLCs, we were unable to con-
firm infection by NPHV as measured by RFP nuclear translocation
after inoculation with serum from three different NPHV-positive
horses or transfection of in vitro transcribed RNA from pNZP1.

NPHV RNA Transcripts Are Infectious After in Vivo Intrahepatic
Inoculation. Given the unsuccessful attempts to establish NPHV
replication in culture, we next tested the infectivity of the NPHV

full-length consensus clone in vivo. We identified a horse nega-
tive for NPHV, TDAV, and EPgV RNA and seronegative for
NPHV antibodies. A total of ∼350 μg in vitro transcribed NZP1
consensus clone RNA was delivered at seven sites in the liver by
video-guided laparoscopy (Movie S1). The horse was negative
for circulating NPHV RNA on days 1, 3, and 6 after inoculation,
but became positive at week 2, peaking with a viral load of 7.7 log
GE/mL at 2.5 wk (Fig. 5A). High viral titers were observed in the
liver at weeks 3 and 17 with comparably low or absent titers in
the lymph node and PBMCs. Negative strand RNA was also
found in the liver at week 3. Late seroconversion was observed at
week 11, when NS3-specific antibodies were first detected. This
was followed by mild elevations in circulating liver enzymes from
week 13 to week 17 (Fig. 5A). Mild but demonstrable changes
were observed by liver histology during the early acute phase of
infection and at the time of peak glutamate dehydrogenase
(GLDH) elevation (weeks 3 and 17) compared with the pre-
inoculation histology. At week 17, lymphocytic infiltration of
portal tracts was observed with breaching of the limiting plate
accompanied by piecemeal hepatocyte necrosis. Small foci of
inflammation were dispersed in the lobules with mild increases
in mitotic cells, suggesting compensation for loss of hepatocytes
(Fig. 5 B and C). The observed immune response was followed
by apparent clearance of the virus, with NPHV RNA titers
falling below the limit of quantification from week 19 onward
and liver histology reverted to normal at week 22. No changes
to the consensus ORF were observed when sequenced at weeks
2, 6, and 17. The complete UTRs of serum-derived virus also
had no consensus differences. Among sequenced clones, the
poly(U) tract ranged from 55 nt to 92 nt, compared with the
96 nt of the consensus clone and 81–86 nt of the original NZP1
serum. Thus, the NZP1 full-length consensus clone was in-
fectious in vivo, confirming the presence of all essential NPHV
genetic elements.

Discussion
NPHV is the closest relative of HCV and a thorough under-
standing of this virus could not only further our understanding of
HCV evolution, molecular biology, immune responses, and patho-
genesis, but also provide a useful model to study hepacivirus
infection in a natural host. Here we report an initial character-
ization of NPHV infection in horses, the determination of the
complete genome sequence, and the successful development of a
reverse genetic system. To establish in vitro and in vivo systems,
verification of the complete set of genetic elements of the virus is
of crucial importance. Only after successful reverse genetic studies
launching HCV infection from cDNA-transcribed synthetic RNA
in chimpanzees was the complete genetic makeup of the virus
known and the direct cause–effect relationship of HCV and liver
disease confirmed (24, 25). For HCV, efforts to determine the
complete genome sequence were pivotal given that the 3′-terminal

Fig. 4. Characterization of cell lines and primary EFLCs. (A) miR-122 levels in unmodified cell lines and in cell lines transduced with lentiviruses to express
miR-122. (B) miR-122 levels in processed equine fetal liver tissue. Large cell (EFLCs, red) and small cell (blue) preparations before plating and EFLC cultures
postplating (days 5–22, orange) were compared with Huh-7.5 cells (white). (C) Equine albumin (eAlb) concentration in EFLCs compared with horse serum and
typical human albumin (hAlb) for HFLCs (23). (D) Representative phase-contrast and fluorescence images of EFLC cultures on day 6 postplating. EFLCs were
transduced with lentiviruses expressing RFP-NLS-MAVS driven from the human albumin promoter. Error bars in A and B represent SD.
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highly conserved X tail remained undiscovered for 6 y after the
discovery of HCV (26, 27). This enabled the establishment of in
vivo and in vitro assays for fundamental virologic studies, target
identification and validation, and drug development (21, 22, 28).
In this report, we determined the complete NPHV 3′-UTR,

which contains several internal homopolymer tracts, a variable
and a conserved region, and a long poly(U) tract and 3′X region
highly similar to HCV in predicted structure. Given the finding
of genomes terminating with long poly(A) tails immediately
downstream of the ORF stop codon, it is possible that in some
instances, the internal poly(A) tract causes the viral polymerase
to dissociate from its (−)RNA template or acts as a polyadenylation
site. Such genomes lacking the complete 3′-UTR could play a role
in the viral life cycle, e.g., as mRNAs. It remains to be determined
whether putative kissing-loop interactions, as can be predicted for
the NPHV 3′-UTR (Fig. S4), are important for replication, as have
been described for HCV (29).
Importantly, intrahepatic inoculation of RNA transcripts of

the NPHV consensus clone resulted in productive equine in-
fection. Thus, all of the essential elements of the NPHV genome
are now defined and reverse genetic studies can be conducted in
vivo. Interestingly, although only a single animal has been stud-
ied to date, the course of NPHV infection appears remarkably
similar to that of HCV, with a delay in onset of seroconversion
followed by modest elevations in liver enzymes and histopatho-
logical evidence of hepatic inflammation (30). Whereas clear-
ance of HCV infection is often associated with robust elevations
in circulating liver enzymes, NPHV infection was cleared fol-
lowing only mild elevations, with only GLDH activity exceeding
the reference range. This was consistent with recent observations
of mild elevations in liver enzymes in two horses during the
clearance of naturally acquired NPHV infection (7). In that
study, two chronically infected animals followed for the same
period did not show such elevations. In our study, during viremia
and particularly during clearance, we observed mild hepatitis with
infiltrating lymphocytes breaching the limiting plate, piecemeal
necrosis, and foci of hepatic necrosis in the parenchyma. It is of
particular interest that this picture mirrors HCV-induced patho-
genesis (31), although the extent and penetrance of NPHV-
induced clinical liver disease will require additional study. The
more distantly related pegivirus, TDAV, appears to be associated
with a more severe clinical form of acute liver injury (13).
Similar to previous NPHV prevalence studies (4–6), we found

3–5% of horses with NPHV viremia except for one herd with an
unexplained high prevalence of ∼40%. Viral RNA titers in se-
rum were comparable to those found for HCV (31). The prev-
alent contamination of pooled commercial donor horse serum is

therefore unsurprising and resembles contamination of com-
mercial FBS with bovine viral diarrhea virus (BVDV) of the
related Pestivirus genus (32). Whether the hepacivirus sequence
found in FBS originates from infected cows is interesting but will
need to be examined further by sampling individual animals (4).
Given the high prevalence of NPHV RNA and antibodies in
commercial horse sera, this source should be considered and ruled
out as a potential contaminant in hepacivirus discovery studies.
Although sample availability was too limited to quantitatively

study persistence, we observed spontaneous clearance, as well as
persistent infection for up to 12 y. Another recent study over a pe-
riod of only 4 mo reported an NPHV chronicity rate of less than
40%, and likely as low as 20% (7), which is lower than that observed
for HCV (∼70%) (30). High viral RNA titers and the presence of
(−)RNA documented that NPHV is an equine hepatotropic virus.
Titers in lymph nodes and PBMCs were low or absent, and al-
though a postmortem organ-wide screen was not possible, our data
are consistent with primary or exclusive replication in the liver.
Similar results were recently reported in another individual horse
(7). These findings are in contrast to what we previously reported
for EPgV, where no major differences were observed between
levels of viral RNA in liver, lymph node, and PBMCs (14). Thus,
the natural history of NPHV infection in horses resembles HCV in
many respects: (i) it is a hepatotropic infection affecting ∼3% of the
population; (ii) it is capable of establishing persistent infection, al-
though the chronicity rate seems lower than for HCV; (iii) similar
levels of viral RNA are found in serum; and (iv) the host response
to infection includes delayed seroconversion with concurrent ele-
vations in circulating liver enzymes and liver-infiltrating lympho-
cytes and hepatocyte necrosis. NPHV could therefore present
a useful hepacivirus animal model with marked parallels to HCV.
This is particularly important given that the best immunocompetent
experimental model for HCV, the chimpanzee, is no longer avail-
able for most National Institutes of Health-sponsored research. The
human liver-chimeric mouse models and genetically engineered
mice are useful for some studies, but lack functional immune sys-
tems or allow only limited viral replication (31). GBV-B infection of
New World monkeys has been used as a surrogate model, but
persistent infection is rare (12, 31). Despite recent breakthroughs in
HCV therapy (28), vaccine efforts lag far behind and would be
aided by a better understanding of hepacivirus immunity and a
preclinical model for testing vaccine candidate concepts (30, 31).
Although the large size and associated animal care costs are po-
tential disadvantages of the equine NPHV model, these may be
offset by the availability of reagents to follow immune responses as
well as extensive experience with equine vaccination and passive
immunoprophylaxis.

Fig. 5. Course of infection after intrahepatic inoculation of NPHV RNA. (A) In vitro transcribed RNA from the NZP1 consensus clone was inoculated directly
into the liver of a horse (Movie S1), and viral RNA, NS3 antibodies, and liver biomarkers were quantified over time. Liver biomarkers are plotted as percentage
of reference interval (AST, 199–374 units/L; SDH, 0–11 units/L; GLDH, 1–8 units/L; GGT, 8–29 units/L; bilirubin, 0.5–2.5 mg/dL (total) and 0.1–0.3 mg/dL (direct);
creatine kinase, 142–548 units/L). n.d., not done. (B and C) Representative sections of liver portal tract regions (Left) and lobules (Right) before (B) and 17 wk
post (C)-NPHV RNA inoculation. Portal lymphocytic infiltrates (blue nuclei) breach the limiting plate (C, Left). Individual necrotic hepatocytes in the limiting
plate indicative of piecemeal necrosis are indicated by the arrow. Individual necrotic hepatocytes are dispersed in the lobules (C, Right, thick arrow). Small foci
of lymphocytic inflammation are highlighted (C, Right, thin arrow). The asterisk denotes a bile duct.
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Our efforts to coax NPHV replication in vitro have thus far
proved unsuccessful. This should come as no surprise given the
enormous difficulties encountered in attempts to establish robust
culture systems for hepatitis viruses, including HBV and HCV
(21, 22). One major obstacle to establishing NPHV replication in
culture is likely the cellular environment, in this case exacerbated
by the lack of equine liver cell lines. For HCV, miR-122 sup-
plementation was sufficient to promote replication in hepatic
cells, with lower replication in nonhepatic cells (21, 22). For
NPHV, this strategy has been unsuccessful for the nonhepatic cell
lines tested thus far. Our attempt to establish NPHV infection in
EFLCs was unsuccessful but it is possible that fetal cells at this
early gestational age lack the proper hepatic phenotype. In future
work, attempts should be made to evaluate later stage EFLCs,
micropatterned cocultures of adult equine hepatocytes, hepato-
cyte-differentiated equine stem cells, or immortalized equine
liver cells, similar to successful approaches for HCV (21, 22).
Despite the absence of replication, the NPHV consensus clone

was efficiently translated in culture. Using luciferase reporters,
we demonstrated the importance of the 3′-UTR and miR-122 for
efficient translation from the NPHV IRES, although differences
in RNA stability could be a confounding factor. These results
mirrored previous reports for HCV (18–20). Future studies are
warranted to understand the miR-122 requirement for NPHV
replication. In contrast to the HCV 5′-UTR, which has two
miR-122 sites, the NPHV 5′-UTR has only seed site 2, with an
extended stem-loop I instead of site 1. This suggests that this
genome may be a useful tool to further study the role of miR-122
in the hepacivirus life cycle. Our study confirmed the previous
finding that the NPHV NS3-4A protease is capable of cleaving
MAVS (33, 34). It remains unclear, however, whether NPHV is
capable of cleaving equine MAVS, given the significant sequence
differences at the cleavage site (ref. 34 and XM_001496561).
In conclusion, this study defines a complete functional NPHV

genome and describes key reverse genetic experiments in vivo
that fulfill the modern version of Koch’s postulates. Our data

demonstrate that NPHV is an equine hepatotropic virus capable
of establishing long-term persistent infection with a number of
similarities to HCV in its molecular biology and natural history.
Further epidemiological studies are needed, however, to de-
termine whether NPHV may be linked to serum hepatitis in
horses. Future studies of NPHV also could prove valuable in
understanding the immunopathogenesis of hepacivirus infection
and determining whether NPHV in horses can be a surrogate
model for HCV vaccine development.

Materials and Methods
All animal husbandry and sampling adhered to the Institutional Animal Care and
Use Committee protocols at the institutions involved. Detection, quantification,
and sequencing of viral RNA and miRNA; determination of the NPHV UTRs;
construction of NPHV plasmids; cell culture and preparation of EFLCs; lentivirus
transduction for miR-122 expression; NPHV protein expression; purification of
NS5A antibodies and Western blotting; translation luciferase assays; in vitro
transcription, transfection, and electroporation; and in vivo RNA inoculation
and monitoring of infection were done as described in SI Materials and
Methods and Tables S2 and S3.
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