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Pathogenesis, MicroRNA- 122  
Gene- Regulation, and Protective Immune 
Responses After Acute  
Equine Hepacivirus Infection
Joy E. Tomlinson ,1 Raphael Wolfisberg ,2 Ulrik Fahnøe,2 Roosheel S. Patel ,3 Sheetal Trivedi,4 Arvind Kumar,4 
Himanshu Sharma,4 Louise Nielsen,2 Sean P. McDonough,5 Jens Bukh ,2 Bud C. Tennant,6† Amit Kapoor,4 
Brad R. Rosenberg ,3 Charles M. Rice,7 Thomas J. Divers,6 Gerlinde R. Van de Walle,1* and Troels K.H. Scheel 2,7*

BaCKgRoUND aND aIMS: Equine hepacivirus (EqHV) 
is phylogenetically the closest relative of HCV and shares 
genome organization, hepatotropism, transient or persistent 
infection outcome, and the ability to cause hepatitis. Thus, 
EqHV studies are important to understand equine liver dis-
ease and further as an outbred surrogate animal model for 
HCV pathogenesis and protective immune responses. Here, 
we aimed to characterize the course of EqHV infection and 
associated protective immune responses.

appRoaCH aND ReSUltS: Seven horses were experi-
mentally inoculated with EqHV, monitored for 6  months, 
and rechallenged with the same and, subsequently, a heter-
ologous EqHV. Clearance was the primary outcome (6 of 
7) and was associated with subclinical hepatitis characterized 
by lymphocytic infiltrate and individual hepatocyte necrosis. 
Seroconversion was delayed and antibody titers waned slowly. 
Clearance of primary infection conferred nonsterilizing im-
munity, resulting in shortened duration of viremia after re-
challenge. Peripheral blood mononuclear cell responses in 
horses were minimal, although EqHV- specific T cells were 

identified. Additionally, an interferon- stimulated gene signa-
ture was detected in the liver during EqHV infection, similar 
to acute HCV in humans. EqHV, as HCV, is stimulated by 
direct binding of the liver- specific microRNA (miR), miR- 
122. Interestingly, we found that EqHV infection sequesters 
enough miR- 122 to functionally affect gene regulation in the 
liver. This RNA- based mechanism thus could have conse-
quences for pathology.

CoNClUSIoNS: EqHV infection in horses typically has 
an acute resolving course, and the protective immune response 
lasts for at least a year and broadly attenuates subsequent in-
fections. This could have important implications to achieve 
the primary goal of an HCV vaccine; to prevent chronicity 
while accepting acute resolving infection after virus exposure. 
(Hepatology 2021;74:1148-1163).

HCV is an important human pathogen of the 
Flaviviridae family, chronically infecting ~70 
million persons, who are at increased risk of 
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severe liver disease.(1) Therapeutics have been devel-
oped, whereas a vaccine and thorough understanding 
of pathology and immune responses are lagging. This 
is largely attributable to the lack of robust immuno-
competent animal models, given that chimpanzees are 
no longer available for research.(2) The enigmatic GB- 
virus B (GBV- B), although related to HCV, never 
became widely used as a model.(2) Many other related 
hepaciviruses were subsequently discovered, includ-
ing those in bats, rodents, monkeys, horses, and cows 
(reviewed in an earlier work(3)), and these can serve as 
potential surrogate models.(4) Despite the large diver-
sity of these viruses, equine hepacivirus (EqHV; ini-
tially named nonprimate hepacivirus, NPHV) remains 
the closest genetic relative of HCV and therefore is of 
particular interest.

EqHV closely resembles HCV, including genome 
organization,(5) hepatotropism,(6- 9) dual infection 
outcomes (spontaneous clearance and persistence 
for >6  months),(7,10) and, seemingly, the ability to 
cause fibrotic disease with chronic infection.(11) 
HCV- RNA accumulation is stimulated by binding 
of the liver- specific microRNA (miR), miR- 122, to 

the viral 5′ untranslated region (5′UTR),(12) and 
miR- 122 similarly binds the EqHV 5′UTR.(13,14) 
Infection kinetics are also similar between EqHV in 
horses and HCV in humans, including rapid onset 
of viremia and delayed seroconversion.(7,9) EqHV 
infection in adult horses led to 43%- 100% clearance 
within 6  months (n  =  3- 12),(7- 9) which is higher 
than the 15%- 45% observed for HCV.(15) It appears 
that foals are more prone to chronicity, given that 6 
of 6 experimental infections persisted.(7,10) Only one 
study characterized the immune response to EqHV 
infection(9) and found possible evidence of EqHV- 
specific CD8 T- cell responses in 1 in 3 horses. 
Viral clearance resulted in nonsterilizing immunity 
to rechallenge inoculations in 2 horses. For HCV, 
transcriptomic analyses of peripheral blood mono-
nuclear cells (PBMCs) and liver samples of infected 
humans and chimpanzees demonstrated strong 
interferon (IFN) responses associated with viral 
clearance, whereas T- cell exhaustion often is asso-
ciated with chronicity.(16- 19) Understanding equine 
immune responses to EqHV could provide insights 
critical to understand hepaciviral pathogenesis and 
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offer immune correlates relevant for HCV vaccine 
development. Here, we aimed to characterize the 
course of experimental EqHV infection, with an 
emphasis on the nature of antiviral immunity and 
pathology associated with clearance and protection 
from reinfection, and characterize gene expression 
changes in the liver and periphery.

Materials and Methods
aNIMalS

All animal procedures were approved by the 
Cornell University Institutional Animal Care and 
Use Committee, and horses received humane care 
according to the Guide for the Care and Use of 
Laboratory Animals. Horses were median 4 years old 
(range, 2- 8), 5 geldings and 3 mares. Breeds included 
Morgan Horse (2), Warmblood (2), Arabian (1), 
Thoroughbred (1), Thoroughbred-Quarter Horse 
cross (1), and Quarter Horse (1). Horses were 
confirmed EqHV and equine parvovirus- hepatitis 
(EqPV- H) serum RNA/DNA and antibody (non-
structural protein [NS] 3 or NS1) negative, as 
described,(20) and healthy by physical examination, 
complete blood counts, and serum biochemistry, 
including markers of liver function. Horses were 
again confirmed EqPV- H negative at the comple-
tion of the study.

INoCUlatIoNS aND SaMple 
ColleCtIoN

Horses were inoculated i.v. with 5  mL of 107 
genome equivalents (GE)/mL of acute- phase NZP1 
strain serum.(6) Physical examination was performed 
at each blood draw. Horses were rechallenged i.v. with 
the same NZP1 inoculum at 6  months, then with 
1 mL of 5 × 107 GE/mL of the divergent CU strain 
serum 1 month later. Two horses were followed for an 
additional year and rechallenged again with the CU 
strain.

Serum was collected at week −1, days 0, 1, and 3, 
and weekly thereafter for 34  weeks. PBMCs were 
collected at weeks −1, 0, and 1 and then every other 
week for 26  weeks and prepared by Ficoll density 
gradient, as described,(20) for flow cytometry. At 
each collection, additional aliquots of 3.5  ×  106 

cells were lysed in TRIzol and stored at −80°C until 
RNA extraction for RNA sequencing (RNA- seq). 
Monthly, additional aliquots were cryopreserved 
in 90% fetal bovine serum and 10% DMSO for 
enzyme- linked immunospot (ELISPOT) analysis. 
For 1 horse (horse N), fresh PBMC aliquots col-
lected at weeks 0 and 2 were submitted for single- 
cell (sc)RNA- seq.

Ultrasound- guided transcutaneous liver biopsy was 
performed with 14- gauge 11.4  cm Tru- Cut biopsy 
needles (Medline Industries, Northfield, IL) under 
sedation with i.v. xylazine and local anesthesia with 2% 
lidocaine. Biopsies were fixed in 10% neutral buffered 
formalin for histopathology or stored in RNAlater at 
−80°C for RNA- seq.

One naïve horse (horse O) was administered 
CU inoculum to demonstrate infectivity of this 
inoculum. Serum was collected weekly until viral 
clearance.

SaMple aNalySIS
Weekly serum biochemistry, EqHV RT- qPCR, 

and serology by a luciferase immunoprecipitation sys-
tem (LIPS) was performed. Serum miR- 122 quan-
tification was performed preinfection and at peak 
hepatitis. Flow cytometric phenotyping of PBMCs 
was performed biweekly. RNA- seq on PBMCs and 
liver biopsies and histopathology on liver biopsies 
were performed preinoculation (PRE), during early 
acute infection (ACUTE), near seroconversion (SC), 
during falling viremia or hepatitis (FV, HEP), and at 
week 26 (POST; Fig.  1A and Supporting Fig.  S1). 
Hepatitis, or liver injury, was determined by eleva-
tion above the reference interval of any of the follow-
ing circulating liver markers: sorbitol dehydrogenase 
(SDH); glutamate dehydrogenase (GLDH); aspartate 
aminotransferase (AST); gamma- glutamyl transferase 
(GGT); bile acids; or direct bilirubin. Libraries for 
RNA- seq and scRNA- seq were prepared as described 
in Supporting Text S2.

StatIStICal aNalySIS
Descriptive statistics are provided as median and 

range. Mixed- effects analysis with horse as a ran-
dom effect and Dunnett’s post hoc tests were per-
formed on clinical parameters. Significance was set at 
P  <  0.05. Differential expression for RNA- seq data 
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was analyzed in R Studio using Limma and Voom 
packages as described.(21) Detailed methods and anal-
yses are provided in Supporting Text S2.

Results
To characterize the course of infection and 

immune responses to EqHV, 7 adult horses were 
inoculated with strain NZP1 virus, originating 
from a molecular clone.(6) Primary time points for 
the samples analyzed are shown in Fig.  1A and 
Supporting Fig. S1.

eqHV HaS a loW CHRoNICIty 
Rate IN HoRSeS

After primary inoculation, all horses became viremic 
within 1- 3 days. Peak viremia developed by a median 
of 1  week with titers of 107- 108 GE/mL of serum. 
Viremia became undetectable by 15.5 (5- 19) weeks 
in 6 of 7 horses (86%; Fig.  1B), and liver viral load 
reflected viremia (Fig.  1C). Horse J had a markedly 
shorter duration of viremia, more similar to rechallenge 
infections (described below). Horse D had multiple 
reoccurring phases of detectable viremia (Fig.  1B), 
which could not be explained by natural reinfection 
(e.g., from cohousing). Sequence analysis further sug-
gested either recrudescence or persistent infection for 
horse D (Supporting Fig. S3). Thus, primary infection 
predominantly led to an acute resolving outcome.

At the time of enrollment, horses R and J were 
naturally and experimentally(20) infected with equine 
pegivirus (EPgV)- 1 and - 2 (previously Theiler’s 
disease– associated virus, TDAV), respectively. EPgVs, 
like human pegivirus (HPgV/GBV- C), are highly 
prevalent, clinically silent, and can persistently infect 
the bone marrow.(20) Here, we observed a transient 
reduction in EPgV titers upon EqHV infection. 
Interestingly, horses J and R cleared their persistent 
EPgV infection concomitantly and within 6 weeks of 
EqHV clearance, respectively (Supporting Fig.  S4). 
Hence, unrelated general immune activation might 
play a role in the typical sudden clearance of persistent 
pegivirus infection. Alternatively, given shared pep-
tide sequences, a role for epitopes conserved between 
EqHV and EPgV cannot be excluded (Supporting 
Table S5).(22)

pRIoR eqHV INFeCtIoN 
pRoVIDeS paRtIal IMMUNe 
pRoteCtIoN

Twenty- six weeks after primary inoculation, all 
horses except horse D were rechallenged i.v. with 

FIg. 1. EqHV infection typically resolves in horses. (A) Time 
points of clinical events and sampling (S). Intervals represent time 
spread for all sample types acquired. Horse D was chronically 
infected, and its POST sample represents another time point 
of FV. Horse J SC was the same time as FV and was excluded. 
(B,C) Serum viremia (B) and liver viral load (C) are shown for 
the course of primary EqHV NZP1 infection in horses. (D) 
Viremia during reinfection with homologous NZP1 inoculum, or 
the heterologous CU strain 1  month (n  =  6, excludes horse D), 
or 1 year after homologous rechallenge (n = 2, horses N and P). 
Abbreviations: FV, falling viremia; HEP, hepatitis; LLOQ, lower 
level of quantification; PRE, preinoculation; SC, seroconversion.
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the same NZP1 strain. Three horses (A, B, and P) 
experienced short- lived viremia for <2  weeks and 
titers 2- 3 logs lower compared to primary infection. 
Horse J had borderline detectable viremia (Fig. 1D). 
Four to 6 weeks after homologous rechallenge, the 6 
horses were rechallenged with highly divergent het-
erologous serum from a persistently infected horse 
(CU strain). Two horses (N and R) experienced rein-
fection with duration of <3 weeks and ~1 log lower 
viremia compared to primary infections (Fig.  1D). 
No horses became viremic from both rechallenge 
inoculations. One year later, horses N and P were 
rechallenged with the CU inoculum. Both horses 
became viremic with slightly longer viremia last-
ing ~3  weeks (Fig.  1D). In summary, clearance of 
primary infection resulted in broad nonsterilizing 
immunity that reduced viremia levels and duration, 
and this partial immune protection lasted at least a 
year.

eqHV INFeCtIoN CaUSeS 
SUBClINICal HepatItIS

Hepatitis, as determined by elevated circulating 
liver markers, began a median of 4 (1- 14) weeks 
after primary inoculation and lasted for a median 
of 8 (4- 16) weeks. Hepatitis was mild and sub-
clinical (Fig.  2A and Supporting Fig.  S6A), con-
sistent with mild liver injury. Given that enhanced 
miR- 122 serum levels can be observed during other 
types of acute and chronic liver injury,(23) we mea-
sured serum miR- 122 levels and found a signifi-
cant increase for all 7 horses during peak hepatitis 
(P  <  0.001; Fig.  2A), as well as a significant asso-
ciation with serum AST (P  =  0.0499; Supporting 
Fig.  S6B). Measurement of miR- 122 levels over 
time for 2 horses showed that miR- 122 was 250%- 
1,250% of baseline whereas other markers remained 
near baseline (Supporting Fig.  S6C). Thus, miR- 
122 serves as a marker of acute hepacivirus- induced 
liver damage in horses as well and appears more 
sensitive compared to other markers.

Subclinical hepatitis was not a significant feature 
during rechallenge inoculations. No horses developed 
hepatitis during NZP1 rechallenge, and 1 developed 
mild hepatitis during CU rechallenge (horse R; peak 
GLDH 438% of reference interval, all other liver 
markers within reference intervals).

aNtI- NS3 SeRoCoNVeRSIoN 
pReCeDeS VIRal CleaRaNCe

To understand humoral immune responses, we 
analyzed antibodies to the viral nonstructural protein, 
NS3, which is among the most conserved regions 
of the polyprotein. Although anti envelope protein 
responses would be of interest as a potential marker 
of neutralization potential, their measurement has 
proven less robust, either for technical reasons or 
because of lower immunogenicity.(24) Horses sero-
converted to NS3 at 7 (1- 11) weeks after inoculation 
(Fig. 2B and Supporting Fig. S6A). Horse J showed 
markedly shorter time to seroconversion, suggestive 
of an anamnestic response. Timing of seroconversion 
did not correlate to the onset of hepatitis (Pearson’s 
r2 = 0.017; P = 0.78), whereas it always preceded viral 
clearance by 7.5 (4- 12) weeks (Pearson’s r2  =  0.74; 
P = 0.027; Fig. 2B). Antibody titers slowly waned over 
time, but increased after productive rechallenge inocu-
lations (Supporting Fig. S7).

lIttle eVIDeNCe FoR 
SeleCtIoN oF IMMUNe eSCape 
VaRIaNtS

HCV continuously evolves to avoid adaptive 
immunity.(25) Here, for the NZP1 inoculum and for 
most acute phase samples, only minimal variation 
from the consensus sequence was observed (Fig.  3A 
and Supporting Figs.  S3 and S8A). Whereas low- 
frequency variants (0.1%- 20%) accumulated over time, 
nonsynonymous changes to the consensus sequence 
were observed only for horse J during its short acute 
infection: A688V in E2 and I889V in NS2 (Fig. 3A). 
In homologous rechallenge samples analyzed from 
2 horses (A and P), two complete changes in E2 
(M409L, L502P) and two ~50% changes in NS5A- B 
(G2006S, E2682G) were observed for horse P 
(Fig.  3A), whereas none were observed for horse A 
(Supporting Fig. S8A). Evidence of immune pressure 
on residue 409 was observed already at day 65 of the 
primary infection in horse P (Fig. 3A). The nonsyn-
onymous changes for horses J and P likely represented 
attempts to escape preexisting immunity.

The CU inoculum differed by 161 amino acids 
from the NZP1 strain (94.5% identity), and was 
highly diverse, consisting of three subpopulations 
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(Fig. 3A- C and Supporting Fig. S8B). Major non-
synonymous variation was found in E1, E2, NS2, 
and NS5A (Fig.  3D), with particular variation in 
the E2 N- terminus, corresponding to the HCV 
hypervariable region 1 (HVR1),(26) but also in 
downstream E2 regions (Fig.  3E and Supporting 
Fig.  S8C). Interestingly, after rechallenge of horse 
R, subpopulation CUII dominated, whereas sub-
populations CUII and CUIII were selected in horse 
N and all subpopulations were present in horse P 
after the 1- year rechallenge. After CU inoculation 
of a naïve horse (horse O), subpopulation CUIII was 
selected.

In summary, EqHV sequences were stable over 
time, and we observed little evidence of selection of 
escape variants to adaptive immunity, including for 
the presumed low- level persistently infected horse D.

No MaJoR CHaNgeS IN pBMC 
popUlatIoNS DURINg eqHV 
INFeCtIoN

To monitor cellular immune responses to EqHV 
infection, complete blood count and flow cytometric 
phenotyping of PBMCs were performed. Overall, no 
significant differences were observed in any PBMC 

FIg. 2. EqHV infection results in subclinical hepatitis and delayed seroconversion. (A) Preinoculation and peak serum liver markers 
during primary EqHV infection. Reference intervals indicated by gray shading. To account for repeated measures, mixed- effects models 
with horse as a random effect were used to evaluate the association of each marker concentration with infection time point. (B) Time 
of seroconversion is shown and compared to time of viral clearance (n  =  6) or onset of hepatitis (n  =  7). Pearson’s correlation with 
linear regression is shown. Abbreviations: AST, aspartate aminotransferase; GGT, gamma- glutamyl transferase; GLDH, glutamate 
dehydrogenase; PRE, preinoculation; SDH, sorbitol dehydrogenase; w.p.i., week postinoculation.
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population over the 26  weeks after primary inocula-
tion (Fig.  4 and Supporting Fig.  S9). Total T cells 
(Fig.  4A), and in particular CD4 T cells (Fig.  4B), 
comprised the largest PBMC subpopulations and 
showed little variation over time. Although some 
horses showed prominent expansion of smaller sub-
populations at single time points (Fig.  4; B cells in 
horse J, monocytes in horse R, and Ki- 67+ T cells in 

horse B), these findings were not consistent across ani-
mals and time points. Similar variation was observed 
in the horses after viral clearance (Supporting Fig. S9), 
suggesting natural or technical variability.

To reveal potential changes to cellular gene 
expression not affecting cell frequency, we per-
formed poly(A)- specific RNA- seq on PBMCs at 
PRE, ACUTE, SC, FV, and POST time points. No 

FIg. 3. EqHV evolution over the course of infection shows little evidence of immune escape. (A) Viral genome diversity is shown for the 
NZP1 inoculum, for representative ACUTE, FV, and homologous rechallenge time points from horse P, for the ACUTE time point for 
horse J, and for the CU heterologous inoculum. Data for remaining horses are shown in Supporting Fig. S8. Nonsynonymous changes 
are in orange, synonymous in gray, and UTR changes in green. Nonsynonymous changes with a frequency >1% are annotated (except for 
CU). The dashed line indicates 50% (consensus change). (B) Three CU subpopulations are recognized (GenBank MT955622- 24) and 
shown in a pie chart, with the distribution in inoculated horses shown to the right. (C) Nonsynonymous differences among NZP1 and CU 
subpopulations (no reference sequence set). (D,E) Viral diversity scan for the CU inoculum across the genome (D; nt) or E1- E2 region 
(E; aa). Abbreviations: aa, amino acid; FV, falling viremia; nt, nucleotide.
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significant differentially expressed (DE) genes were 
detected at any time point among the 6 resolving 
horses. To address changes to minor cell- type popu-
lations, we further performed scRNA- seq on horse N 
at the PRE and ACUTE time points. The ACUTE 
time point was chosen as near peak viremia, when a 
strong IFN response might be expected. This anal-
ysis resolved equine PBMC subpopulations in great 
depth(21) (Fig.  5A,B). Nonetheless, no infection- 
mediated differences in cell- population proportions 
(Fig.  5C) and only minimal differences in gene 
expression (Fig. 5D) were observed, corroborating the 
bulk RNA- seq analysis.

aNalySIS oF eqHV- SpeCIFIC 
t CellS

To detect EqHV- specific T cells, we stimulated 
PBMCs with three peptide pools spanning the com-
plete NZP1 NS3 protein. A significant, but variable, 

increase in the frequency of EqHV- specific IFN- γ- 
producing T cells after infection or reinfection was 
observed in all 7 horses (Fig. 6). In 4 horses (B, D, N, 
and P), the first robust production of EqHV- specific T 
cells was detected around the time of seroconversion. 
In horse A, T cells appeared early during infection 
(4  weeks) and persisted through the study. Horse R 
only had minimal responses during the entire course of 
primary infection. Horse J in particular had evidence 
of preexisting anti- EqHV- specific T cells. Combined 
with its rapid clearance of infection (Fig.  1B), early 
seroconversion (Fig.  2B and Supporting Figs.  S6A 
and S7), and rapid viral sequence changes (Fig. 3A), 
this would be consistent with previous EqHV expo-
sure. An increased number of EqHV- specific T cells 
was observed after clearance (FV) for horses B, J, 
and P or after productive rechallenge in accordance 
with a recall T- cell response for horses A, N, and R. 
Interestingly, no T- cell expansion was observed after 
productive rechallenge of horses B, J, or P.

FIg. 4. No significant changes to PBMC populations during acute EqHV infection. Flow cytometric quantification of major PBMC 
subpopulations over the course of infection. (A) Proportion of major cell types as percent of total PBMCs. (B) Proportions of T- cell and 
monocyte subtypes. (C) Chronically infected horse D is shown separately because of different time- point designations. Data are deposited 
in Flow Repository with accession number FR- FCM- Z2V7. Abbreviations: FV, falling viremia; NK, natural killer; PRE, preinoculation; 
SC, seroconversion.

A

B

C

T cells B cells NK cells

Pre Acute SC Pre Acute SC

Pre Acute SC FV Post Pre Acute SC FV Post Pre Acute SC FV Post

Pre Acute SC FV Post Pre Acute SC FV Post FV Post

Pre Acute SC FV Post

FV Post

Monocytes

Pre Acute SCFV FVPre Acute SCFV FV

CD4+ % of T cells CD8+ % of T cells CD16+ % of MonocytesKi67+ % of T cells

%
 o

f T
 c

el
ls

%
 o

f T
 c

el
ls

%
 o

f T
 c

el
ls

%
 o

f M
on

oc
yt

es

100

80

60

40

20

0

30

20

10

0

2.0

1.5

1.0

0.5

0.0

20

15

10

5

0

40

30

20

10

0

100

80

60

40

20

0

20

15

10

5

0

5

4

3

2

1

0

100
80
60
40
20

10

0

100
80
60
40
20

10

0

Horse A

Horse B

Horse J

Horse N

Horse P

Horse R

Horse D Horse D
T cells

B cells

Monocytes

NK cells

CD16+ % of Monocytes

CD4+ % of T cells

CD8+ % of T cells

Ki67+ % of T cells

%
 o

f P
B

M
C

%
 o

f P
B

M
C

%
 o

f P
B

M
C

%
 o

f P
B

M
C

%
 o

f P
B

M
C

Pe
rc

en
t



Hepatology, September 2021TOMLINSON ET AL.

1156

A B

C D



Hepatology, Vol. 74, No. 3, 2021 TOMLINSON ET AL.

1157

lIVeR HIStopatHology IS 
CHaRaCteRIZeD By NeCRotIC 
HepatoCyteS aND t- Cell 
INFIltRateS

HCV causes lymphocytic necroinflammation 
during acute infection in humans.(27) Here, PRE liver 
histology was normal, except in horses B (fibrosis) and 
N (cholangitis; Supporting Fig. S10). These histolog-
ical findings were distinctly different from findings 
during EqHV infection in the other horses. During 
viremia (ACUTE, SC) and HEP, lesions suggestive of 
viral infection were evident in all 7 horses, including 
increased numbers of sinusoidal T cells (Fig.  7A,B), 
portal lymphocytic infiltrates with some breaching 
of the limiting plate, and small nodules of lympho-
cytes, neutrophils, and dendritic cells in the paren-
chyma. Samples from 4 horses had individual necrotic 
hepatocytes with lymphocytic satellitosis and fewer 
neutrophils (Fig. 7C). Horse D had active hepatitis at 
the POST time point, associated with recrudescence 
of EqHV. There was significant lymphocyte infiltra-
tion across all time points in portal tracts (P = 0.045; 

Fig.  7D), but not sinusoids (P  =  0.095; Fig.  7E). 
Fibrosis was not a significant feature (Supporting 
Fig. S10).

lIVeR tRaNSCRIptIoNal 
ReSpoNSeS ReVeal SIgNatUReS 
oF INNate IMMUNe ReSpoNSeS

To assess intrahepatic transcriptome responses, 
total RNA- seq was performed on PRE, ACUTE, 
SC, FV, and POST infection liver biopsies from 
resolving horses. In a multiple comparison F- test 
for 5 resolving horses (horse B excluded for techni-
cal reasons), 46 host genes were significantly (false 
discovery rate [FDR],  <0.1) up- regulated and one 
down- regulated at any time point compared to 
PRE (Fig.  8A). The strongest response was at the 
ACUTE and FV time points (Fig. 8B). Among the 
47 DE genes (Fig. 8C and Supporting Fig. S11A), 
14 were IFN- stimulated genes (ISGs)(28) and oth-
ers were consistent with an increase in leukocytes 
(interleukin- 2 receptor subunit gamma [IL2RG], 
C- X- C motif chemokine receptor 4 [CXCR4], 

FIg. 6. Detection of virus- specific IFN- γ- producing T cells in EqHV- infected horses. ELISPOT quantification of IFN- γ- producing 
PBMCs stimulated by each of three peptide pools spanning the NS3 protein. Expressed as mean spot forming units (SFU) above baseline 
(mean media control) for each sample. Samples with mean SFU below background (mean media control + 3× SD) are set to zero for 
display. *Productive rechallenge infection. NZP1 rechallenge data for horses N and P were not done. Abbreviations: CH, rechallenge 
inoculations; FV, falling viremia; nd, not done; SC, seroconversion.

FIg. 5. scRNA- seq of PBMCs reveals minimal changes in cell frequency and gene expression upon EqHV infection. Gene expression in 
9,245 equine PBMCs from horse N across PRE and ACUTE time points. (A) UMAP plot with cells represented as dots and colored by 
cell- type cluster. Classification by projection on reference equine PBMC data set.(21) (B) Gene expression plots depicting select cell group 
marker genes overlaid on the UMAP plot of (A). Expression values are scaled independently, ranging from 2.5th to 97.5th percentile. (C) 
Cell- frequency plots of major cell groups across PRE and ACUTE time points. Stacked bar plots illustrate frequency of subpopulations. 
(D) Average expression (natural log transformed) per gene for PRE and ACUTE time points within major cell groups. Points highlighted 
in red were DE (FDR < 5 × 10−6 and log2- FC > 0.58). Data are deposited in GEO with accession number GSE167260. Abbreviations: 
CST3, cystatin C; CTSW, cathepsin W; DC, dendritic cell; DRA, DR alpha chain; GATA2, GATA binding protein 2; GEO, Gene 
Expression Omnibus; LTC4S, leukotriene C4 synthase; MS4A1, membrane spanning 4- domains A1; PRE, preinoculation; PRF1, 
perforin 1; TRAC, T- cell receptor alpha constant.
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CD68, glycoprotein NMB [GPNMB], and macro-
phage expressed 1 [MPEG1]). The week 5 (FV) and 
week 27 (POST/second FV) samples from horse 
D both represented time points of falling viremia 
and resembled the FV time point for other horses 
(Fig. 8C). Viral RNA was significant in our analy-
sis and followed intrahepatic RT- qPCR data, with a 
100- fold excess of (+) to (−) strand reads (Fig.  8C 
and Supporting Fig.  S11A- C). Among rechallenge 
samples, horse R, taken during peak viremia and 
hepatitis and within a week of clearance, showed 
strong responses; horse P, taken within a week of 
clearance, showed intermediate responses; whereas 
horse A, taken 2 weeks after the last positive serum 
sample, showed no responses (Fig. 8C). An overlap 

of genes, in particular among ISGs, was found with 
acute- phase liver samples of HCV- infected chim-
panzees(17) or humans,(18) liver transplant organs 
becoming HCV infected posttransplantation,(19) 
and rodent hepacivirus (RHV)- infected rats(29) 
(Fig.  8C). Genes up- regulated at the ACUTE and 
FV time points were significantly enriched for ISGs 
(Fig. 8D). Gene Ontology (GO) analysis across the 
46 genes up- regulated at any time point showed 
enrichment for response to virus, exogenous RNA, 
and innate immunity (Fig.  8E). For the ACUTE 
time point, terms associated with immune response, 
antigen presentation and chemokine activity, were 
enriched, suggesting antigen presentation in the liver 
taking place already at this time. Down- regulated 

FIg. 7. Liver histopathology is characterized by necrotic hepatocytes and T- cell infiltrates. (A,B) Anti- CD3 IHC (brown) showing 
T cells for horse D preinfection (A) and during hepatitis (B). (C) HE staining of horse B during hepatitis showing individual necrotic 
hepatocytes (arrowheads), surrounded by lymphocytes and fewer neutrophils (arrows). (D,E) T- cell infiltrates were compared across 
time points using a mixed- effects model with horse as random effect (portal tracts, P = 0.045; sinusoids, P = 0.095). No horse effect was 
detected; therefore, a post hoc Dunnett’s test was applied comparing T- cell numbers at each time to preinfection as shown. Horse D week 
27 POST sample was excluded because of recrudescence of chronic EqHV infection and active hepatitis. Abbreviations: HEP, hepatitis; 
PRE, preinoculation; SC, seroconversion.

A - Horse D, PRE B - Horse D, HEP C - Horse B, HEP
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genes at the ACUTE time point were enriched 
for GO terms associated with normal cell and liver 
function (Supporting Fig.  S11D). In summary, 

acute resolving EqHV infection was consistent with 
signatures of innate immunity and antigen presen-
tation in the liver.

A B

C

E F
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eqHV INFeCtIoN FUNCtIoNally 
SeQUeSteRS miR- 122 IN VIVO

In addition to the direct role of miR- 122 in sup-
porting HCV replication, in vitro studies show that 
HCV sequesters enough miR- 122 to deplete the 
available cellular pool and cause functional derepres-
sion of mRNAs normally repressed by miR- 122.(30) 
Here, we intriguingly found that cellular mRNAs 
normally repressed by miR- 122, that is, harboring a 
(7-  or 8- mer) miR- 122 seed site in their 3′UTR, were 
significantly up- regulated at ACUTE and SC time 
points of EqHV infection, consistent with derepres-
sion (Fig. 8F). Up- regulation was less pronounced at 
FV, and no difference was observed at the POST time 
point. miRNA- specific derepression was not observed 
for other abundant miRNAs (Fig. 8F and Supporting 
Fig.  S11E- I). These data represent a functional 
miRNA sequestration by an RNA virus observed in 
vivo, and emphasize the functional importance of this 
intriguing RNA- based mechanism of gene regula-
tion. This might have particular relevance for HCV- 
induced liver cancer, in that miR- 122 is a tumor 
suppressor.(31)

Discussion
EqHV infection of horses could serve as an animal 

model to understand fundamental aspects of intrahe-
patic immune responses that can protect against, or 
lead to clearance of, hepaciviral infection and thus 
could be of direct relevance for design of HCV vac-
cine candidates. Here, we observed a clinical course 
similar to previous reports,(7- 9) with a low chronicity 
rate and subclinical hepatitis as the primary outcome. 
Importantly, the inoculum and study animals were 
negative for EqPV- H, a recently discovered hepatitis 
virus of horses.(32) Histopathological changes in horses 
were similar to acute HCV in humans, with lympho-
cytic infiltrate and some hepatocyte necrosis. A recent 
report of liver disease associated with chronic EqHV 
infection also showed similarities to chronic HCV 
infection in humans.(11) Thus, EqHV also appears to 
be of clinical importance in equine medicine and war-
rants further study.

The initial goal of an HCV vaccine is to prevent 
chronicity while accepting acute resolving infec-
tion.(33) Indeed, resolving infection was the primary 
outcome of EqHV infection in this and previous 

FIg. 8. Liver transcriptional analysis reveals an ISG response. (A) The number of DE genes compared to PRE is indicated for individual 
time points and for multiple comparison (any). (B) Volcano plots of indicated time points compared to PRE in liver. The most significant 
genes are labeled. DE genes at any time point (F- test) are indicated in red. (C) Heatmap showing scaled expression of liver DE genes 
at any time point across individual samples. EqHV (+/– ) strand were significantly regulated. Scaled serum RT- qPCR- derived (+)RNA 
levels are shown for comparison. Genes significantly up- regulated during HCV or RHV infection are indicated.(17- 19,29) (D) Gene set 
enrichment testing barcode plots for ISGs in the liver at time points as indicated. ROAST P values are shown. (E) GO analysis for up- 
regulated genes in the liver at time points indicated. (F) Left: box plots of log- 2 FC liver gene expression for mRNAs with 7-  or 8- mer 
seed sites of any top 20 expressed miRNA (All) or miR- 122 specifically (122) in the 3′UTR is shown for time points indicated. Liver viral 
load is shown for comparison. Right: cumulative density function (CDF) of the log- 2 FC in liver gene expression for the ACUTE time 
point. mRNAs are grouped by presence of miRNA 7-  or 8- mer seed site in the 3′UTR. ****P < 0.0001. Data are deposited in GEO with 
accession number GSE15 8753. Abbreviations: ALDOC, aldolase, fructose- bisphosphate C; ANKRD34B, ankyrin repeat domain 34B; 
ANLN, anillin actin binding protein; AQP9, aquaporin 9; ARHGAP11A, Rho GTPase activating protein 11A; CCNF, cyclin F; CENPF, 
centromere protein F; CTSZ, cathepsin Z; CXCL10, C- X- C motif chemokine ligand 10; CYBB, cytochrome B- 245 beta chain; DDX58, 
DExD/H- box helicase 58; DHX58, DExH- box helicase 58; dsRNA, double- stranded RNA; FC, fold change; FV, falling viremia; 
HBEGF, heparin binding EGF- like growth factor; GEO, Gene Expression Omnibus; GM2A, GM2 ganglioside activator; HAVCR, 
hepatitis A virus cellular receptor 1; IFI44L, interferon- induced protein 44- like; IFIH1, interferon- induced helicase C domain- containing 
protein 1; IFIT1, interferon- induced protein with tetratricopeptide repeats 1; IFIT2, interferon- induced protein with tetratricopeptide 
repeats 2; IFIT3, interferon- induced protein with tetratricopeptide repeats 3; IFIT5, interferon- induced protein with tetratricopeptide 
repeats 5; IGHV- X, immunoglobulin variable region heavy chain; ISG15, ISG15 ubiquitin- like modifier; ITGAX, integrin subunit alpha 
X; ITGB3, integrin alpha- V/beta- 3; LAMP3, lysosomal- associated membrane protein 3; LAPTM5, lysosomal protein transmembrane 
5; LLOQ, lower level of quantification; LY9, lymphocyte antigen 9; MHC, major histocompatibility complex; MKI67, marker of 
proliferation Ki- 67; NCAPG, non- SMC condensin I complex subunit G; NCF2, neutrophil cytosolic factor 2; NCKAP1L, NCK- 
associated protein 1- like; NEIL3, Nei- like DNA glycosylase 3; NYAP2, neuronal tyrosine- phosphorylated phosphoinositide- 3- kinase 
adapter 2; OASL, 2′- 5′- oligoadenylate synthetase- like; PRE, preinoculation; RACGAP1, Rac GTPase activating protein 1; RRM2, 
ribonucleotide reductase regulatory subunit M2; SC, seroconversion; SEMA4A, semaphorin 4A; SLC46A2, solute carrier family 46 
member 2; SPATA5L1, spermatogenesis- associated 5- like 1; ssRNA, single- stranded RNA; TBC1D2B, TBC1 domain family member 
2B; TLR7, Toll- like receptor 7; TLR8, Toll- like receptor 8; TOP2A, DNA topoisomerase II alpha.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158753
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studies,(6- 9) providing an opportunity to characterize 
the immune responses leading to viral clearance and 
protection from challenge infections, which is diffi-
cult to study for other species of hepacivirus, where 
chronicity is the primary outcome. Clearance was 
associated with earlier seroconversion and elevated 
circulating liver markers. This included elevated serum 
miR- 122, which we established as a marker of hepa-
titis during acute hepacivirus infection. Given its high 
sequence conservation, miR- 122 may be particularly 
attractive for studies in nonmodel organisms. Despite 
no major changes in PBMC populations, EqHV- 
specific T- cell responses were observed in all horses 
and expanded during rechallenge and therefore likely 
contributed to clearance. Therefore, further study of 
immune responses to EqHV could yield valuable 
information on protective immunity to hepaciviruses. 
Importantly, primary infection with NZP1 provided 
broad protection against homologous and heterolo-
gous rechallenges.

Protective immunity waned over time, with longer 
duration of reinfection when rechallenged after 1 year. 
This correlated with observations for HCV in chim-
panzees and GBV- B in tamarins.(34,35) Declining anti-
body titers were also previously observed in horses.(7) 
This might explain how horses J and O could be NS3 
seronegative before inoculation, although progressing 
with a clinical course consistent with previous infec-
tion. Given that only NS3 antibodies were assessed, 
these horses could have developed responses to other 
viral proteins, as observed for HCV.(36) Such recurrent 
infections throughout the life of a horse could explain 
the high seropositivity rates reported (30%- 40%).(8,37)

Although HCV rapidly evolves to escape immune 
pressure and establish persistence,(25) we observed 
little evidence of immune evasion in primarily 
resolving EqHV infection. Nonsynonymous changes 
in horses J (primary infection) and P (rechallenge) 
might represent adaptive immunity- induced selec-
tion, which, however, did not lead to escape. Escape 
mutations were also not observed for horse D, which 
was persistently infected for at least 7 months. Our 
study therefore did not allow evaluation of viral 
escape in persistently infected horses. We did, how-
ever, find that EqHV sequence diversity was par-
ticularly high in the N- terminus of the E2 protein, 
suggesting the existence of an HVR1 similar to that 
of HCV.(26) For HCV, HVR1 plays a role in viral 
immune evasion.(26)

Compared to acute HCV infection, equine immune 
response to EqHV showed similarities in intrahe-
patic responses, but notable differences in peripheral 
responses. We observed no major changes in PBMC 
populations, phenotypes, or gene expression in acute 
resolving horses, whereas PBMCs from acutely HCV- 
infected patients showed a strong innate response 
with type I IFN and inflammatory gene signatures 
and a possible reduction in B cells.(16) In contrast, 
equine liver transcriptomic responses were similar 
to hepacivirus- infected human, chimpanzee, and rat 
liver,(17- 19,29) with strong innate immune responses. 
Whereas we observed a transcriptome signature 
suggestive of dendritic cell or macrophage antigen 
presentation during early acute infection, the lympho-
cytic infiltrate observed on immunohistochemistry 
(IHC) during seroconversion and hepatitis was not 
strongly reflected in transcriptomic data. The study 
may be underpowered to clearly detect this, or the 
abundant RNA in hepatocytes may have overshad-
owed any leukocyte signal. Overall, the similar liver 
response between horses and humans for EqHV and 
HCV infections, respectively, suggests that horses are 
likely to be a useful outbred surrogate animal model 
for intrahepatic pathology and immune responses to 
HCV. An additional benefit of horses over rodent 
models is that longitudinal liver tissue from a single 
animal is readily accessible, allowing multi- time- point 
analyses, as exemplified here.

HCV sequestration of miR- 122, at least in vitro, 
can lead to indirect gene regulation through miRNA 
“sponging”.(30) This is of particular interest, given that 
miR- 122 is a tumor suppressor, and that miR- 122 
knockout mice spontaneously develop HCV- like liver 
disease.(31) Here, we found miR- 122- specific dere-
pression of cellular mRNAs upon EqHV infection 
of the liver and strong correlation with viral load in 
the liver. Although a causative effect cannot be estab-
lished, this is a demonstration of functional miRNA 
sequestration by an RNA virus in vivo. These findings 
emphasize a putative functional importance of this 
RNA- based mechanism in the cause of liver pathol-
ogy as a result of hepaciviral infection.

We noted that coinfecting pegiviruses in two cases 
were cleared concomitantly with the superinfecting 
EqHV. This was preceded by a transient reduction in 
EPgV titers upon EqHV infection, which was sim-
ilar to observations with simian- pegivirus– infected 
macaques superinfected with simian immunodeficiency 
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virus.(38) These findings suggest that general innate 
immune activation incurred by other infections, such 
as EqHV, might explain the spontaneous clearance of 
pegiviruses even years after infection.(39) Indeed, con-
comitant clearance of HPgV and HCV infection was 
observed in patients after therapeutically adminis-
trated IFN- α.(40) It cannot be excluded, however, that 
the peptide sequences of up to nine amino- acid res-
idues shared between EqHV and EPgVs are targets 
of adaptive immunity, as demonstrated for HCV and 
influenza virus.(22) Whereas interference was observed 
between different strains of HCV, or HCV and HBV 
competing for the same liver cells,(41) coinfection- 
mediated concomitant viral clearance in unrelated tis-
sues should be explored further.

In summary, our findings suggest an equine 
immune response more competent in clearing infec-
tion compared to human immune responses to HCV. 
Thus, EqHV infection in horses could provide a use-
ful model to understand drivers of hepacivirus clear-
ance and, consequently, for development of HCV 
vaccines. We uncovered a primarily hepatic response 
driving viral clearance, and our findings reveal the 
specifics of, particularly innate, immune responses 
linked to resolving infection. The change and waning 
of these responses over time should be a focus for fur-
ther understanding of hepaciviral immunity. Although 
RHV models similarly mirror HCV infection and 
will be highly useful,(4) EqHV could be an important 
parallel system to understand hepaciviral pathology 
and immune responses, especially because of its closer 
genetic relatedness to HCV and suitability for within- 
animal longitudinal sampling. Additionally, EqHV is 
a significant equine pathogen, thereby improving our 
understanding of equine liver disease.
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