
  

 

TROPISM, TRANSMISSION, AND IMMUNOPATHOLOGY OF EQUINE HEPATITIS 

VIRUSES 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Joy Ellen Tomlinson 

December 2021



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2021 Joy Ellen Tomlinson 



 

TROPISM, TRANSMISSION, AND IMMUNOPATHOLOGY OF EQUINE HEPATITIS 

VIRUSES 

 

Joy Ellen Tomlinson, DVM, DACVIM, Ph. D.  

Cornell University 2021 

 
Despite the wealth of information on viral hepatitis in people, the role of viruses in equine 

liver disease is just starting to be explored. It wasn’t until the development and application of 

unbiased next generation sequencing that putative hepatitis viruses of horses were first described.  

I carried out a series of in vivo studies to characterize the two recently discovered equine hepatitis 

viruses, Equine parvovirus-hepatitis (EqPV-H) and Equine hepacivirus (EqHV).  

First, I present the state of knowledge for equine hepatitis viruses to provide the context 

for the following studies. Second, I present the use of single cell RNA-sequencing to establish an 

atlas of equine peripheral blood mononuclear cell (PBMC) subtypes and to validate a flow 

cytometric phenotyping panel used in the following studies. This overcame a major hurdle in 

studying the immune responses in a non-traditional model organism: the lack of baseline 

knowledge of PBMC populations and proportions. 

For Equine parvovirus-hepatitis, I assessed the role of EqPV-H infection in liver disease. 

Earlier case studies had shown an association between EqPV-H infection and Theiler’s disease, or 

acute hepatic necrosis. A series of in vivo experimental infections showed that EqPV-H is 

hepatotropic and that seroconversion and a decline in viremia are consistently associated with 

hepatitis, indicating a causal relationship. Finally, EqPV-H infection via allogenic stem cell 

injections and oral administration demonstrated transmission by iatrogenic and natural routes. 

For Equine hepacivirus, I assessed the immunopathology of EqHV and similarities to 



 

human infection with the closely related virus, hepatitis C virus (HCV). During experimental 

infections, local interferon-stimulated gene signatures in the liver and functional sequestration of 

micro-RNA-122 were observed. EqHV infection typically had an acute resolving course, and 

horses had a higher rate of hepaciviral clearance than humans. The protective immune response 

lasted for at least a year and broadly attenuated subsequent infections. This could have important 

implications to achieve the primary goal of HCV vaccines; to prevent chronicity while accepting 

acute resolving infection after virus exposure. 

Equine parvovirus-hepatitis and Equine hepacivirus are significant equine liver pathogens. 

These results indicate future studies are warranted to develop management and treatment strategies 

for these conditions in horses.
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CHAPTER 1 

 

AN INTRODUCTION TO EQUINE HEPATITIS VIRUSES 
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1.1 Introduction 

Despite the wealth of information on viral hepatitis in people [1], the role of viruses in 

equine liver disease is just starting to be explored. While some causes of equine liver disease are 

well described, such as bacterial cholangiohepatitis and pyrrolizidine alkaloid toxicosis, many 

cases of both acute and chronic equine hepatitis have an unknown etiology. Although viral diseases 

have been suspected, for example in the clinical syndrome called Theiler’s disease, attempts at 

virus isolation and culture repeatedly failed. It wasn’t until the development and application of 

unbiased next generation sequencing that putative hepatitis viruses of horses were first described. 

Since 2011, there have been four viruses identified in samples from horses with hepatitis: Equine 

pegivirus-1 and -2 (EPgV), Equine parvovirus-hepatitis (EqPV-H), and Equine hepacivirus 

(EqHV; also known as Nonprimate hepacivirus, NPHV). This chapter will review the current 

knowledge for each of the four viruses.  

 

1.2 Equine pegiviruses 

1.2.1 Discovery 

Serum samples were submitted for viral discovery from a group of horses in Alabama, 

USA, where signs of hepatitis were found in multiple animals. In a targeted discovery approach, 

PCR was performed using degenerate primers to conserved sequences of pegiviruses. Unbiased 

sequencing was then done on PCR-positive samples to assemble the entire Equine pegivirus-1 

(EPgV-1) genome. When EPgV-1 PCR screening of the entire herd was performed, however, there 

was no association between EPgV-1 infection and hepatitis.[2] 

At a similar time, samples were submitted for viral discovery from an outbreak of Theiler’s 

disease in a herd of horses that had been treated with botulism antitoxin. Theiler’s disease, also 
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known as serum hepatitis, is a syndrome of acute hepatic necrosis in horses that is often observed 

after administration of equine origin biologic products (such as serum or plasma). The condition 

was long suspected to have viral etiology. Serum samples from two horses with hepatitis and an 

aliquot of the botulism antitoxin were submitted for testing. Following DNA digestion, deep 

sequencing was performed on the RNA, because hepatitis viruses in humans are primarily RNA 

viruses.[1] Sequences mapping to the Flaviviridae family were de novo assembled to generate the 

EPgV-2 sequence. PCR of the entire herd confirmed EPgV-2 was present in horses that had been 

administered the same antitoxin, but not in other horses on the property or neighboring properties. 

Only horses that had received the EPgV-2-positive antitoxin developed hepatitis. In addition, 

experimental inoculation with the botulism antitoxin resulted in successful transmission of the 

virus and hepatitis in 2 of 4 ponies.[3] These findings suggested that EPgV-2 might be a cause of 

Theiler’s disease in horses, and the virus was initially named Theiler’s disease associated virus 

(TDAV). As this disease association was later disproven, the name EPgV-2 is preferred. 

1.2.2 Biology 

EPgV-1 and -2 belong to the family Flaviviridae, genus Pegivirus, and have been classified 

officially as Pegiviruses E and D, respectively.[4] Pegiviruses are enveloped, single stranded, 

positive sense RNA viruses that typically encode for 2 – 3 structural and 6 – 7 non-structural 

proteins (Fig 1.1).[5, 6] Like other pegiviruses [7], EPgV-1 and -2 appear to have lymphoid 

tropism. Among more than 20 tissue types, high viral loads were only consistently detected in 

serum, bone marrow, and spleen, and viral RNA replication was consistently identified in bone 

marrow. Peripheral blood mononuclear cells (PBMCs) and lymph nodes, but not liver, were 
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sporadically positive.[5, 8] EPgV-1 was rarely detected in liver samples from horses in a case 

series of Theiler’s disease, even when present in the serum.[9, 10]  

Figure 1.1. Equine pegivirus genome organization. The equine pegiviruses show organization 

typical of Pegiviruses and encode two putative structural proteins (E1, E2) and 7 putative non-

structural proteins. Figure adapted from [5]. 

 

Equine pegivirus infections result in prolonged viremia, often greater than 6 months 

duration and lasting up to at least 2 years.[3, 5, 11] No data on serology during acute infection has 

been reported for EPgV-1. For EPgV-2, anti-NS3 seroconversion was found in only 15% (2/13) 

of horses tested. This observation conforms with previous findings of persistent pegivirus infection 

[6], and does not suggest a correlation between the presence of NS3-specific antibodies and current 

or previous EPgV-2 infection.[5] 

1.2.3 Epidemiology 

EPgV-1 is a common equine infection worldwide. Around 1-32% of horses are viremic 

and up to 66.5% are reported to be seropositive.[2, 11–13] In contrast, EPgV-2 is apparently a rare 

virus. It has been found in horses in the USA [3] and Brazil [14], and in pooled equine serum for 

cell culture from USA, Brazil, Chile, Italy, and Germany [15, 16], but has otherwise not been 
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found in epidemiologic surveys in multiple countries and regions.[11–13, 15, 17] In two case series 

of 28 horses with Theiler’s disease in the United States, none of the horses had detectable EPgV-

2.[9, 10]  

Iatrogenic transmission through contaminated equine blood products has been 

demonstrated.[3] No evidence of horizontal transmission from 16 EPgV-2 infected horses to 14 

uninfected horses was detected over a 1-year period, suggesting horizontal transmission of EPgV-

2 is inefficient at best.[3] However, the high prevalence of EPgV-1 suggests that naturally 

occurring modes of transmission must be present. Human pegiviruses are sexually transmitted and 

blood borne, but other modes of transmission are minimally explored, and it is unknown if there 

are other routes of horizontal transmission for pegiviruses.[6] 

1.2.4 Disease association 

Despite the fact that the source materials that led to the discovery of equine pegiviruses 

came from horses with hepatitis, no disease association has been detected. For EPgV-1, there was 

no statistical association between hepatitis and pegivirus infection in the herd where the virus was 

discovered.[2] While EPgV-2 was initially named TDAV due to its discovery in an outbreak of 

Theiler’s disease [3], subsequent studies have failed to find an association between EPgV-2 

infection and hepatitis.[9–11, 18, 19] Prospective case series of 28 horses with Theiler’s disease 

with and without a history of equine-origin biologic product treatment revealed no additional cases 

of EPgV-2 infection.[9, 10] After the discovery of Equine parvovirus-hepatitis (EqPV-H, see 1.3), 

retrospective testing of samples from the botulism antitoxin-associated hepatitis outbreak revealed 

that the EPgV-2-positive antitoxin, EPgV-2-positive horses with hepatitis, and ponies 

experimentally inoculated with the EPgV-2-positive antitoxin, were all co-infected with EqPV-

H.[3, 19] Thus EPgV-2 was determined to be an incidental finding. 
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Transfection of two horses, one with EPgV-1 and one with EPgV-2 genomic RNA, resulted 

in clinically silent infections.[5] Experimental infections in larger numbers of horses to assess 

pathogenicity and viral kinetics have not been reported to date. Pegiviruses in humans are also 

clinically silent, although there is some suggestion that they could modulate the immune system 

and influence the outcome of other chronic infections, such as human immunodeficiency virus 

(HIV) and hepatitis C virus (HCV), for example, although this is controversial.[20–22] 

 

1.3 Equine parvovirus-hepatitis 

1.3.1 Discovery 

EqPV-H was discovered in the continued search for a cause of Theiler’s disease. This 

condition was first described in 1918 as an outbreak of acute hepatic necrosis that occurred among 

thousands of horses involved in a vaccine trial against African Horse Sickness (AHS) in South 

Africa. Sir Arnold Theiler developed a protocol to immunize horses by administering live AHS 

virus concurrently with convalescent horse serum. In the first trial of 1148 horses, it was noted that 

2% developed fatal hepatic necrosis, 4 – 24 weeks after vaccination. However, a similar percentage 

(i.e., 4 out of 160) of local horses that had not received the vaccine protocol also developed fatal 

hepatic necrosis, and therefore, the condition was initially thought to be a possibly contagious 

disease unrelated to the vaccine. The vaccine protocol was then applied to an additional 1411 army 

horses and 1154 privately owned horses. Between these two groups, the hepatitis mortality rate 

was 4 to 18%, and was clearly recognized to be related to the vaccination protocol at that point. 

Sir Arnold Theiler reported on the liver condition, which consisted of severe centrilobular to 

massive hepatic necrosis, and it became known as Theiler’s disease or serum hepatitis.[23] 

Subsequently, a similar vaccination approach was undertaken in the western USA to stop the 
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spread of Western Equine Encephalitis, and a similar secondary outbreak of liver disease was 

observed in the region.[24]  

 Since those two initial large-scale outbreaks of Theiler’s disease, the condition has been 

reported in many countries across the globe in association with the administration of a wide variety 

of equine biologic products. Implicated biologic products include tetanus antitoxin [9, 25–30], 

botulinum antitoxin [3], antiserum against Streptococcus equi [26, 31], pregnant mare’s serum 

[26], equine plasma [9, 23, 24, 27, 32], and most recently, allogenic stem cells [9]. However, it has 

also been reported in the absence of any history of equine biologic product administration, and in 

horses that are in-contact with serum hepatitis cases [9, 10, 23, 33]. Collectively, these findings 

suggested that the condition was both infectious and contagious, and a viral etiology was 

suspected. Despite intensive efforts by many groups, no viral agent could be cultured from affected 

animals, and it wasn’t until the recent advances in unbiased deep sequencing that candidate 

etiologic agents have been discovered.  

EqPV-H was first reported in 2018 by Divers et al. where the virus was detected by 

unbiased next generation sequencing of liver obtained from a fatal case of Theiler’s disease.[19] 

In contrast to the sequencing protocol that discovered EPgV-2, DNase treatment was not applied 

before sequencing, allowing detection of DNA viruses as well as RNA viruses.[3, 19] 

1.3.2 Biology 

Parvoviruses are single stranded DNA viruses enclosed in a protein capsid. The viral 

genome is small, with a single open reading frame encoding for one structural and one non-

structural protein (Fig 1.2).[34] Alternative splicing in some parvovirus species generates 

additional proteins, and some have minor accessory proteins, however this has not been explored 

for EqPV-H yet. Parvoviruses do not encode for proteins required for viral replication. For this 
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reason, parvoviruses are typically thought to either require helper viruses to provide replication 

machinery (such as some Dependoviruses, e.g. adeno-associated virus), or to require actively 

dividing cells such that the virus can use the host replication machinery (e.g. canine 

parvovirus).[35] More recently, parvoviruses have been identified that can activate and use the 

host DNA damage repair machinery to replicate in non-dividing cells (e.g. human bocavirus-

1).[36, 37] EqPV-H was first detected in the liver, suggesting possible hepatotropism. While the 

liver is capable of regeneration and cellular division, it is typically a quiescent organ with minimal 

dividing cells.[38, 39] Therefore, the replication capacity of EqPV-H in non-dividing cells is a 

topic of interest. 

 
 EqPV-H is one of the few known members of the Copiparvovirus genus. Other commonly 

known pathogenic parvoviruses include canine parvovirus 2 and porcine parvovirus 1, which are 

both protoparvoviruses, and human B19 virus, an erythroparvovirus. While the primary tropism 

of human parvovirus B19 is the erythroid stem cells, it also infects the liver and has been rarely 

associated with acute hepatic necrosis, although this finding remains controversial.[40–44]  

Experimental infections and herd monitoring show that EqPV-H DNA can be detected in 

the serum and/or liver for months to years following infection.[19, 45, 46] There is a prolonged 

Figure 1.2. Equine parvovirus-hepatitis genome organization. The 5,308 nt genome shows 

organization typical of parvoviruses and encodes a nonstructural and a capsid protein. Alternative 

splicing products have not been defined for this virus. 
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period of viremia before seroconversion, which precedes the onset of hepatitis.[19] While viremia 

levels decline after the episode of acute hepatitis,[19] the virus often persists at a low levels.  

1.3.3 Epidemiology 

EqPV-H is widely distributed around the world and is a common pathogen with 8 – 37% 

serum PCR-positive (Fig 1.3) and 15 – 35% seropositive horses.[19, 46–54] However, the 

prevalence can vary widely across premises. Among horses on properties where at least one horse 

has developed Theiler’s disease, up to 65 – 100% can be infected.[10] Likely due to the prolonged 

period of detectable viremia after acute infection, the risk of EqPV-H serum PCR-positivity 

increases with age.[48] Risk factors for transmission and acute infection, such as age, breed, use, 

housing conditions, and management practices, have yet to be identified. 

Recently, a survey analysis of serum samples from people with close horse contact, and 

from zebras and donkeys, found no evidence of human or zebra infection with EqPV-H, but did 

find < 1% prevalence of donkey viremia and seroprevalence.[46] 

The complete range of transmission modes for EqPV-H are unknown. Iatrogenic 

transmission of EqPV-H through administration of equine origin blood products has been 

demonstrated.[19] However, the virus is also transmitted among horses that have not received such 

treatments.[10] While other methods of iatrogenic transmission (such as sharing needles, rectal 

sleeves, stomach tubes or dental equipment) are possible, there must also be methods of natural 

horizontal or vertical transmission. Spontaneous cases of Theiler’s disease show a seasonal 

distribution in the summer to fall, suggesting possible insect vectoring.[10] Other blood-borne 

viruses of horses, such as Equine Infectious Anemia, are mechanically transmitted by biting flies 

such as horse flies and stable flies.[55, 56] No parvovirus is known to undergo biological vectoring 

in insects, and therefore, tick or mosquito transmission appears unlikely.  
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1.3.4 Disease association 

EqPV-H was first identified in the liver of a horse with Theiler’s disease.[19] A case series 

consisting of horses with Theiler’s disease associated with equine biologic product treatment found 

that 18/18 horses were infected with EqPV-H.[9] Similarly, a case series of horses with Theiler’s 

disease without any history of receiving equine biologic products found that 9/10 horses were 

infected with EqPV-H.[10] The other 3 purported hepatitis viruses, Equine hepacivirus (EqHV, 

see 1.4), EPgV-1, and EPgV-2, were not consistently found in either group.[9, 10] Experimental 

infection using EqPV-H PCR-positive tetanus antitoxin (n = 2) [19] demonstrated subclinical 

Figure 1.3. Equine parvovirus hepatitis prevalence by country. Published serum viremia 

prevalence detected by PCR is shown by country. Countries in gray have reported cases but no 

prevalence data. Countries in tan have no data to date. 
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hepatitis, but not fulminant Theiler’s disease. The range of clinical manifestations of parvoviral 

hepatitis has not been fully explored. 

 

1.4 Equine hepacivirus, also known as Hepacivirus A or Nonprimate hepacivirus 

1.4.1 Discovery 

Equine hepacivirus (EqHV) was first discovered in respiratory samples from dogs with 

airway disease in 2011 and was named Nonprimate hepacivirus (NPHV) at that time.[57] 

However, multiple subsequent studies failed to identify the virus in other canine populations [12, 

58–61], until it was observed in a kennel in the UK [62]. It remains unresolved whether the virus 

can replicate in dogs. EqHV is the closest genetic relative of HCV known to date. HCV is 

notoriously difficult to study because it does not grow readily in cell culture and known animal 

homologs have been lacking, until recently. Due to its genetic similarity to HCV, species tropism 

studies for EqHV were undertaken, and horses were identified as the primary host of EqHV in 

2012.[58] This engendered excitement that horses could potentially provide a valuable animal 

model for studying hepaciviral biology.  

1.4.2 Biology 

EqHV has also been known as NPHV [8, 57, 63, 64] and is officially classified in the 

family Flaviviridae, genus Hepacivirus, species Hepacivirus A.[4] Flaviviruses are enveloped, 

single stranded positive sense RNA viruses. EqHV is the closest genetic relative of HCV and 

shows the same genome organization as HCV (Fig 1.4).[65] EqHV is hepatotropic, as 

demonstrated by transfection studies [65], tissue PCR [8], and in situ hybridization [66]. Like 
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HCV, EqHV is difficult to establish in culture and shows dependence on the liver-specific micro-

RNA miR-122.[65] 

 

Figure 1.4. Equine hepacivirus genome organization. The 9,531 nt genome shows 

organization similar to hepatitis C virus, and encodes 3 putative structural proteins (C, E1, 

E2) and 7 putative non-structural proteins.  

 

As is observed with HCV, there is prolonged viremia with delayed seroconversion 3 to 8 

weeks after infection with EqHV [8, 67], and a dual infection outcome of either clearance or 

persistence beyond 6 months.[8, 68] Challenge inoculations of two previously infected horses, at 

5 months after clearing their primary infection, demonstrated a non-sterilizing immunity indicated 

by a short duration of low-level viremia.[67] 

While infection is frequent, few studies have followed horses beyond the six months 

required to document persistent infection, as defined for HCV infections. Based on the limited data 

available, EqHV infection in adult horses leads to 0-57% persistence beyond six months (n = 3 – 

12) [8, 66, 67], which is lower than the 55-85% observed for HCV [69]. In contrast, it appears that 

foals are more prone to chronicity, as 6/6 experimental infections in foals persisted.[8, 68] 

Extended longitudinal studies are needed to better understand the proportion of persistently 

infected horses. In persistently HCV-infected humans, approximately 10-20% develop cirrhosis, 

with risk increasing non-linearly with increasing duration of infection.[70] It remains to be seen if 

persistent infection with EqHV in horses can result in chronic liver disease or cancer. There are 

two case reports of chronic hepatitis with EqHV infection thus far that suggest it could occur.[71, 

72] 
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1.4.3 Epidemiology 

Prevalence studies in seven countries across the world show high viremia (2-35%; Fig. 1.5) 

and seroprevalence (22-84%).[12, 13, 17, 58, 61, 64–66, 73–81] Despite the high prevalence of 

infection, little is known about EqHV transmission. Only iatrogenic transmission via infected 

serum or blood products and vertical transmission have been documented.[8, 17, 67] The 

transmission of HCV in people is primarily blood-borne through injectable drug use or nosocomial 

infection, and can rarely be transmitted sexually or vertically.[82] Other genera of Flaviviridae are 

biologically vectored by insects, such as mosquitoes or ticks, or contact transmitted through 

inhalation or ingestion.[83] It has been suggested that respiratory, oral, and/or mechanical 

transmission by biting flies such as tabanids (horse flies) are likely routes of horizontal 

transmission that should be investigated for EqHV.[82] HCV replication in mosquitoes [84] or 

mosquito cells [85] has been suggested, however, evidence for a role of mosquitoes in HCV 

transmission is currently lacking [86]. With the broad geographic distribution and high prevalence 

of EqHV, mosquito vectoring should be considered as mosquitoes are widely distributed. While 

screening of mosquitoes from Austria did not detect EqHV RNA, this study did not collect 

mosquito pools directly from premises with infected horses, their collection method might not 

have targeted mosquitoes that had fed, and experimental transmission was not attempted.[73] A 

mammalian hepacivirus was recently identified in a tick in Australia, and whether this represents 

a recent blood meal versus competent transmission is unknown.[87] Additionally, ticks, horse 

flies, black flies, stable flies, and face flies are unlikely candidates for EqHV vectoring given 

restricted seasonality, geographic spread, and/or feeding behavior on horses.  
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1.4.4 Disease association 

Multiple experimental infections with EqHV only demonstrated acute subclinical hepatitis. 

Hepatitis typically occurs around the time of seroconversion.[8, 65, 66] Histopathologic changes 

are subtle and include individual hepatocyte necrosis and subjective mononuclear cell infiltrate.[8, 

65–67] A consensus sequence molecular clone of the virus was developed and transfected into the 

liver of a horse. This resulted in EqHV infection and mild liver enzyme elevations of glutamate 

dehydrogenase (GLDH) (~2-fold above the upper limit of the reference interval at peak) and 

aspartate aminotransferase (AST) (just above reference interval). Sorbitol dehydrogenase (SDH), 

Figure 1.5. Equine hepacivirus prevalence by country. Published serum viremia prevalence 

detected by PCR is shown by country. Countries in tan have no data to date. 
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γ-glutamyl transferase (GGT), and bilirubin increased from baseline but remained within reference 

interval.[65] The horse had delayed seroconversion (11 weeks after transfection), and a prolonged 

course of viremia (19 weeks).[65] This experiment demonstrated both hepatotropism and 

pathogenicity of the virus. Based on subsequent experimental infection studies, liver enzymes 

usually increase above baseline without rising above the upper limit of the reference interval, 

making both detection of damage and interpretation of clinical relevance difficult. Horses 

demonstrating hepatitis where liver enzymes do rise above reference range typically demonstrate 

mild elevations and no clinical signs.[8, 65] A longitudinal investigation of naturally occurring 

EqHV infections in Germany identified two horses with GGT up to 3-fold above and GLDH up to 

4-fold above the upper limit of the reference interval, however, these horses were not screened for 

potential concurrent EqPV-H infection.[66]  

One study investigated EqHV infection in a group of horses inoculated with plasma from 

horses that died of Theiler’s disease.[8] The horses that died were EqHV positive, however, EqPV-

H had not been discovered at that time, and thus, co-infection with EqPV-H could not be ruled out. 

The adult recipient horses developed moderate hepatitis, with peak GGT and SDH 1.5 – 5.0-fold 

above the upper limit of the reference range, but without any clinical signs.[8] 

In the two case reports documenting chronic hepatitis and persistent EqHV infection, the 

first case lacked histopathology [71], but the second case showed micronodular cirrhosis with bile 

duct hyperplasia and inflammatory infiltrates, which are findings similar to chronic HCV hepatitis 

in people.[72, 88, 89] In people, acute HCV infection is often subclinical and the major health 

effects are related to persistent infection. There is a definitive need to determine whether EqHV is 

a cause of chronic liver conditions in horses such as cirrhosis, chronic active hepatitis, and/or 

hepatocellular carcinoma.  
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1.5 Concluding remarks 

The story of the emerging “equine hepatitis viruses” is an excellent example of the need 

for rigorous study and characterization of novel infectious agents detected by molecular 

sequencing techniques. Next generation sequencing has allowed researchers to identify new 

viruses that have not been amendable to detection by cell culture methods. This presents the 

problem that it can be exceedingly difficult to generate a well-characterized, pure inoculum, free 

of other infectious or toxic agents. In that case, studies rely on the use of samples from clinically 

affected horses, which can contain additional as-yet-unidentified pathogenic factors. This has 

occurred in the initial description of EPgV-2 and probably in some of the early EqHV studies, 

where EqPV-H was likely a co-infection.[3, 8, 19] This also emphasizes the importance of follow-

up studies to confirm the hypothesized pathogenic effect through case series, as was used to refute 

the hypothesis that EPgV-2 caused Theiler’s disease [9, 10, 19], and/or by using alternative inocula 

such as transfection with viral genomes, as was done for EqHV and the equine pegiviruses.[5, 65] 

In this light, and although there is strong associative evidence that EqPV-H could be the cause of 

Theiler’s disease, additional studies are warranted to unambiguously confirm this.   

 As outlined in the following research chapters, experiments were designed to further 

characterize the pathogenesis of the equine hepatitis viruses EqPV-H and EqHV. For EqPV-H, the 

primary focus was on the pathogenicity and transmission of the virus. For EqHV the focus was on 

immunopathology and the relevance of equine infection as a model for HCV in people. In the 

course of these studies, limitations in the understanding of equine PBMC populations and in 

methods for phenotyping PBMC subpopulations were faced. This led to an additional experiment 

to used unbiased sequencing methods to generate an atlas of equine PBMC. The research described 

in this dissertation supports the long-term goals of (i) understanding the role of EqPV-H and EqHV 
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in equine liver disease, (ii) characterizing the viruses in a one-health context and their relevance 

to human disease, and (iii) developing methods to reduce and prevent disease. 
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CHAPTER TWO 

 

SINGLE-CELL RESOLUTION LANDSCAPE OF EQUINE PERIPHERAL BLOOD 

MONONUCLEAR CELLS REVEALS DIVERSE CELL TYPES INCLUDING T-BET+ B 

CELLS 

 
 
 
 
 
 
 
 
 
 
 
 
 
The results of this study are published in Patel RS*, Tomlinson JE*, Divers TJ, van de Walle GR, 
Rosenberg BR. Single-cell resolution landscape of equine peripheral blood mononuclear cells 
reveals diverse cell types including T-bet+ B cells. BMC Biology. 2021 Jan 1;19(13):1–18. *These 
authors contributed equally.  
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2.1 Abstract 

Background: Traditional laboratory model organisms represent a small fraction of the 

diversity of multicellular life, and findings in any given experimental model often do not translate 

to other species. Immunology research in non-traditional model organisms can be advantageous 

or even necessary, such as when studying host-pathogen interactions. However, such research 

presents multiple challenges, many stemming from an incomplete understanding of potentially 

species-specific immune cell types, frequencies and phenotypes. Identifying and characterizing 

immune cells in such organisms is frequently limited by the availability of species-reactive 

immunophenotyping reagents for flow cytometry, and insufficient prior knowledge of cell type-

defining markers. Results: Here, we demonstrate the utility of single cell RNA sequencing 

(scRNA-Seq) to characterize immune cells for which traditional experimental tools are limited. 

Specifically, we used scRNA-Seq to comprehensively define the cellular diversity of equine 

peripheral blood mononuclear cells (PBMCs) from healthy horses across different breeds, ages, 

and sexes. We identified 30 cell type clusters partitioned into five major populations: 

Monocytes/Dendritic Cells, B cells, CD3+PRF1+ lymphocytes, CD3+PRF1- lymphocytes, and 

Basophils. Comparative analyses revealed many cell populations analogous to human PBMC, 

including transcriptionally heterogeneous monocytes and distinct dendritic cell subsets (cDC1, 

cDC2, plasmacytoid DC). Remarkably, we found that a majority of the equine peripheral B cell 

compartment is comprised of T-bet+ B cells; an immune cell subpopulation typically associated 

with chronic infection and inflammation in human and mouse. Conclusions: Taken together, our 

results demonstrate the potential of scRNA-Seq for cellular analyses in non-traditional model 

organisms, and form the basis for an immune cell atlas of horse peripheral blood. 
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2.2 Introduction 

Traditional model organisms have been invaluable in uncovering fundamental biological 

principles but they are not without limitations. For example, findings do not always translate 

between species, as has been particularly well described for mouse-human translational studies 

[1]. Additionally, many biological phenomena relevant to human health and society involve 

specific animal species, such as the circulation of emerging zoonotic pathogens in animal 

reservoirs [2], and the health of domesticated livestock. As such, a holistic approach to biology is 

essential and has been increasingly recognized by the research community and public health 

associations, including the World Health Organization [3–6]. 

Studying diverse species can prove challenging due to a dearth of experimental tools 

available for more commonly investigated laboratory organisms. In immunology, flow cytometry 

is the traditional technique for defining cell subpopulations [7, 8]. However, it relies on a priori 

knowledge of cell type-defining markers and highly specific antibodies against those markers [7]. 

Relative to human and mouse, this knowledge and the availability of these reagents is limited for 

many other species.  

Single cell RNA-Sequencing (scRNA-Seq) offers an alternative to flow cytometry for 

defining cell types (and their functional states) by RNA, rather than protein, expression patterns. 

Recent advances in scRNA-Seq technology have enabled increased throughput and decreased cost 

per cell, allowing researchers to process tens of thousands of cells in a single experiment [9–11]. 

scRNA-Seq offers many potential advantages for work in non-traditional model organisms, 

including: i) it is compatible across diverse species without specialized reagents, ii) it does not rely 

on a priori marker selection or reagent availability, and iii) it can be used to identify novel markers 

for focused experimentation [12].  
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In this study, we demonstrate the potential of scRNA-Seq for discerning and discovering 

cell types in a non-traditional model organism, the horse. Equids are agriculturally and 

economically important worldwide, and are animal models for non-infectious immune conditions 

such as arthritis, asthma, the immunology of pregnancy, allergy, and immune-mediated or 

autoimmune disease [13–15]. They also host multiple zoonotic diseases including Eastern equine 

encephalitis virus, Hendra virus, methicillin resistant Staphylococcus aureus (MRSA), and 

Salmonella spp. [16], and serve as models for other infectious diseases including influenza [3] and 

hepacivirus [17]. The study of immunologic conditions and infectious diseases in natural hosts is 

essential to i) develop tools to prevent infection of animals with zoonotic diseases, ii) break the 

chain of animal-to-human transmission, iii) understand immunologic determinants of protection, 

clearance, and disease that could translate to improved understanding of human correlates, and iv) 

improve the health of ecologically and economically important species. 

Current state-of-the-art flow cytometry protocols for immunophenotyping equine PBMC 

[18] are unable to resolve many immune cell subtypes at high resolution. Here, we applied scRNA-

Seq to characterize equine PBMC at unprecedented cellular resolution, and generate an immune 

cell atlas for horse peripheral blood. We identified 30 cell type clusters comprising major CD3+ 

lymphocyte, B cell, Monocyte/Dendritic Cell (DC) and Basophil cell populations. Clusters were 

annotated based on gene expression signatures, revealing several immune cell subtypes not 

previously described in horses. Interspecies comparisons with human PBMC scRNA-Seq datasets 

uncovered conserved blood DC subpopulations, and identified a spectrum of monocyte cell states 

similar to humans. Remarkably, we found that a large portion of the horse peripheral B cell 

compartment is comprised of T-bet+ B cells. Cellular analogs of this population in human and 

mouse are associated with chronic infections [19, 20].  
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2.3 Results 

2.3.1 Single cell RNA-Seq of equine PBMC resolves a diversity of immune cell types 

We performed scRNA-Seq on fresh PBMC collected from 7 healthy adult horses of 

different breeds, ages, and sexes (Table 2.1). In quality assessments of scRNA-Seq data processed 

with standard workflows (10X Genomics Cell Ranger pipeline, EquCab3.0 reference genome with 

Ensembl v95 transcript annotations), we observed unexpectedly low numbers of genes detected 

per cell (Additional file 1: Fig. S1A). Upon inspection of sequence alignments for select genes, we 

frequently observed reads mapped immediately downstream of annotated transcript regions 

(Additional file 1: Fig. S1B). This pattern is consistent with incomplete annotation of transcript 3’ 

untranslated regions (UTRs, the most frequent transcript region captured by 10X Chromium 3’ 

scRNA-Seq [21]), which is common in non-traditional model organisms relative to mouse or 

human reference transcriptomes [22]. We therefore implemented an optimized data processing 

workflow that included the End Sequence Analysis Toolkit (ESAT) [23], along with additional 

modifications (Additional file 1: Fig. S2; manually annotated immunoglobulin genes, 

quantification strategy for genes with multiple annotations, details in Methods). This approach 

significantly increased the number of genes detected per cell (Additional file 1: Fig. S1A).  

Unsupervised graph-based clustering of 36,477 cells integrated from the 7 horses resolved 

31 clusters (Fig. 2.1A). Based on PCA hierarchical clustering and marker gene expression patterns 

(Fig. 2.1B, 2.1C), we grouped all clusters into 5 “major cell groups”: CD3+PRF1- lymphocytes, 

CD3+PRF1+ lymphocytes, B cells, Monocytes/Dendritic cells (DCs), and Basophils (marker gene 

lists in Additional file 2). All major cell groups were represented at similar proportions across all 

7 horses (Fig. 2.1D). To characterize equine PBMC at high resolution and establish a 

corresponding peripheral blood immune cell atlas, we independently analyzed scRNA-Seq data 
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for the constituent clusters of each major cell group except Basophils (due to low cell counts). 

Table 2.1. Characteristics of horse study subjects 

Horse Sex Age Breed Cells analyzed 

Subject 1 M 6 Warmblood 4618 

Subject 2 F 8 Thoroughbred 5632 

Subject 3 M 7 Warmblood 5878 

Subject 4 M 8 Thoroughbred 4747 

Subject 5 M 8 Thoroughbred 4381 

Subject 6 F 9 Quarter horse 5200 

Subject 7 F 10 Warmblood 4222 

 

2.3.2 Peripheral equine myeloid cells include heterogenous monocytes and distinct dendritic cell 

subsets with analogous counterparts in humans We began with a detailed characterization of the 

Monocyte/Dendritic cell clusters (Fig. 2.2A; clusters 11, 12, 18, 19, 24, 26, 28 and 29; cluster 29 

was excluded due to low transcript (UMI) counts), which were present in similar frequencies 

across all horses (Fig. 2.2B). Hierarchical clustering on integrated PCA data suggested two distinct 

subpopulations (Fig. 2.2C). Supported by differential gene expression analysis (Additional file 3, 

Fig. 2.2D), we designated clusters 18, 11, 12, and 28 as monocytes based on expression of the 

canonical marker gene CD14 [24] (Fig.  2.2D, 2.2E). Similarly, we designated clusters 24, 19, and 

26 as presumptive DCs based on high expression of MHC II antigen presentation genes (DRA, 

DQA, with notably elevated relative expression in clusters 19 and 24), and significantly lower 

CD14 expression (Fig. 2.2D, 2.2F). 

 



 

 

33 

 

 

Monocytes were composed of 3 abundant clusters (>94% of total monocytes, clusters 18, 

11, and 12) and 1 relatively rare cluster (<6% of total monocytes, cluster 28). Hierarchical 

clustering (Fig. 2.2C), and heat map (Fig. 2.2D) visualizations suggest that clusters 18, 11, and 12 

Figure 2.1. scRNA-Seq analysis of equine PBMC from 7 horses identifies five major cell 

groups. (A) UMAP of equine PBMC (n = 34,677 total cells passing filter). Points (cells) are 
colored by cluster membership. Dashed outlines indicate 5 major cell groups. (B) Gene 
expression patterns informing major cell group assignments. Expression values are scaled 
independently for each plot, ranging from 2.5 to 97.5 percentile of gene expression across all 
cells.  Gene ID ENSECAG00000000419 is annotated as T Cell Receptor Alpha Chain C 
Region based on Ensembl/NCBI annotations. (C) Heatmap of differentially expressed genes 
(adjusted p-value < 0.05, log2 fold-change > 1 for each major cell group versus all other 
major cell groups, expressed >25% of cluster). For each major cell group, 30 cells (columns) 
were randomly selected from each horse for plotting purposes. (D) Frequency of each major 
cell group in total PBMC per horse. 
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exhibit somewhat similar and/or overlapping gene expression patterns, while cluster 28 is notably 

transcriptionally distinct. We identified genes with significantly elevated expression in each cluster 

(Dataset S3). Of note, the top ranked (adjusted p value and log2 fold-change) differentially 

expressed gene in cluster 28 is ENSECAG00000006663, annotated as FCGR3A/B or CD16, a 

canonical marker for non-classical monocytes (CD14loCD16+ by flow cytometry) in human PBMC 

[25]. Clusters 18, 11, and 12 demonstrate varying expression of genes associated with classical 

monocytes (CD14hiCD16- in humans, Ly6ChiCD44+ in mice) and/or intermediate monocytes 

(CD14++CD16+ in humans), including CD14, CD44, SELL, and the MHC II components DRA and 

DQA (Fig. 2.2E). Additional genes with significantly elevated expression levels in cluster 28 

include NR4A1 (transcription factor necessary for differentiation of non-classical monocytes in 

mice) [26], CX3CR1 (chemokine receptor characteristic of non-classical monocytes in humans and  

mice) [27, 28], and HES4 (target of NOTCH signaling implicated in non-classical monocyte 

generation) [29] (Fig. 2.2E).  

Presumptive DC clusters (24, 19, 26) were also analyzed by differential gene expression 

analysis (Additional File 5). Differentially expressed genes in cluster 24 included CLEC9A, 

CADM1, and BTLA (Fig. 2.2F, Additional file 5), all of which are immunophenotyping markers 

for cDC1 in humans and mice [30] (in mice, CLEC9A is also expressed on plasmacytoid DC [31]). 

Genes with significantly enriched expression in cluster 19 included FCER1A and SIRPA (Fig. 

2.2F, Additional file 5), which are flow cytometric markers of cDC2 in humans and mice 

(Reviewed in [30]). DC subsets are also defined by the transcription factors that regulate their 

development and function, particularly by relative levels of IRF4 and IRF8 [30]. Although IRF4 

transcripts were sparsely detected across all DC clusters (likely due to the incomplete sampling 

depth characteristic of droplet scRNA-Seq), IRF8 was expressed at high levels in cluster 24  
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Figure 2.2. Equine monocyte/DC major cell group is comprised of diverse cell types 

including a range of monocyte transcriptional states and distinct dendritic cell subtypes. 

(A) UMAP of monocyte/DC clusters with putative cluster annotations. Cluster 29 (annotated 
as neutrophils) was excluded from analysis due to low transcript (UMI) counts. (B) 
Frequency of each cell cluster within the monocyte/DC group per horse. (C) Hierarchical 
clustering (integrated PCA dimensions) indicates two subpopulations, putatively annotated as 
monocytes (clusters 18, 11, 12, 28) and DCs (19, 24, 26). (D) Heatmap of differentially 
expressed genes (adjusted p-value < 0.05, log2 fold-change > 1 for each cluster versus all 
other clusters, expressed >25% of cluster) by cluster. (E) Dot plot of select differentially 
expressed genes across monocyte clusters. Dot size is proportional to number of cells with 
detectable expression of indicated gene. Dot color intensity indicates average gene expression 
values scaled across plotted clusters. *Gene ID ENSECAG00000006663 is labeled 
FCGR3A/B based on Ensembl/NCBI annotations. (F) Dot plot of select differentially 
expressed genes across DC clusters. *Gene ID ENSECAG00000035431 is labeled SIRPA 
based on Ensembl/NCBI annotations. Additional details as in (E). (G) Hierarchical clustering 
of equine PBMC scRNA-Seq data (monocyte/DC clusters) and human PBMC scRNA-Seq 
data (monocyte/DC clusters). Median-normalized average expression values for highly 
variable human/horse one-to-one orthologues were calculated for each cluster, and clustering 
was performed on Pearson distances by Ward’s method. 
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(cDC1) and significantly lower levels in cluster 19 (cDC2). Cluster 24 also exhibited high 

expression of BATF3, another characteristic transcription factor of cDC1 [32]. In addition, top 

ranked differentially expressed genes in cluster 26 included IRF7 and TCF4 (E2-2) (Fig. 2.2F, 

Additional file 5), both of which are fundamental to plasmacytoid DC (pDC) development and 

function [33, 34]. 

To further support our cell type annotations and assess potential differences in 

monocyte/DC subsets between horses and humans, we performed cross-species hierarchical 

clustering with a human PBMC public reference scRNA-Seq data set (Additional file 1: Fig. S3A-

B, Fig. 2.2G). Equine clusters annotated as classical monocytes clustered first with each other, and 

next with human classical monocytes (defined by scRNA-Seq gene expression and confirmed with 

corresponding CD14/CD16 immunophenotyping feature barcoding data). Equine non-classical 

monocytes clustered with human intermediate and non-classical monocytes. Interestingly, each 

DC subgroup clustered by cell type rather than species, indicating strong similarities of gene 

expression patterns between horse and human. Taken together, these results suggest that equine 

monocyte populations are analogous to those described in humans and mice. Furthermore, they 

support three distinct DC subpopulations in horse peripheral blood that correspond with cDC1 

(cluster 24), cDC2 (cluster 19), and pDC (cluster 26) in these species.  

2.3.3 The equine peripheral B cell compartment includes a large proportion of T-bet+ B cells 

We next performed an in-depth analysis of B cell clusters, as defined by their expression 

of MS4A1 (CD20), CD79A, MHC-II components (i.e. DRA), and/or immunoglobulin transcripts 

(Fig. 2.1A, 2.3A; clusters 9, 15, 0, 22, 25, 27, and 30; cluster 25 was excluded due to low transcript 

(UMI) counts, Additional file 1: Fig. S4A). We observed six B cell clusters across all seven horses 

(Fig. 2.3B); this heterogeneity was somewhat surprising given our observation of only three B cell 
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clusters (naïve, memory, and antibody secreting) in human PBMC scRNA-Seq data (Additional 

file 1: Fig. S3A-B and additional datasets, data not shown). Hierarchical clustering on integrated 

PCA data suggested that clusters 27 and 30 were notably dissimilar from other B cell clusters (Fig. 

2.3C). We annotated cluster 27 as antibody secreting cells (ASCs, expressing PRDM1/BLIMP-1, 

XBP1, IRF4, high levels of immunoglobulin transcripts), and cluster 30 as proliferating B cells 

(numerous G2/M associated genes including PCNA, TOP2A, and UBE2C) (Fig. 2.3C, D, E, 

Additional file 6). Of note, ASCs, which consistently exhibited high expression of a single 

immunoglobulin isotype per cell, demonstrated different isotype frequencies in different horses, 

perhaps indicative of distinct subclinical immune challenges (Additional file 1: Fig. S4B). 

For the remaining B cell clusters, we noted the restricted expression of several transcription 

factors associated with immune function (Fig. 2.3E). Consistent with hierarchical clustering (Fig. 

2.3C), these results further suggest that B cells in clusters 9 and 15 (expressing transcription factors 

ID3, HIF1A and MEF2C) employ a different gene regulatory program than B cells in clusters 0 

and 22 (defined by specific expression of TBX21/T-bet, as well as elevated expression of 

POU2F2/OCT-2) (Fig. 2.3E). Based on specific expression of IGHD transcripts and expression of 

IGHM transcripts, we annotated cluster 9 as naïve B cells (Fig. 2.3F). Relatedly, we annotated 

cluster 15 as likely memory B cells based on a similar gene expression signature to naïve B cells 

(cluster 9), but with the expression of class-switched isotype transcripts (IGHG1, IGHG3, IGHG5, 

IGHA), and the absence of IGHD transcripts (Fig. 2.3F). These cells are also defined by expression 

of ZBTB20, a transcription factor associated with antigen-experienced B cells (isotype-switched 

memory, germinal center, plasma cells) in mice [35], but they lack appreciable expression of 

plasma cell transcription factors such as PRDM1/BLIMP-1 and XBP1 (Fig. 2.3E). The TBX21/T-

bet+ B cells in clusters 0 and 22 exhibited diverse isotype transcript expression patterns, which 
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included both IGHM and class-switched isotypes (IGHG1, IGHG3, and IGHG6, most pronounced 

in cluster 22). With sequence data restricted to 3’ transcript regions (i.e. without coverage of 

variable region/constant region exon-exon junction), it was not possible to infer how these RNA 

expression patterns relate to functional/productive immunoglobulin protein expression.  

In cross-species hierarchical clustering for equine and human B cells, naïve, memory, and 

ASCs clustered by cell type before species (Fig. 2.3G, Additional file 1: Fig. S3A-B). However, 

the equine T-bet+ B cells (clusters 0 and 22) appeared on a distinct branch of the clustering 

dendrogram. These results support our annotation of equine naïve and memory B cell populations, 

and suggest that the T-bet+ B cell clusters, which include the most abundant B cell cluster in horse 

peripheral blood, do not have a corresponding B cell population in PBMC from healthy humans 

(N = 2). 

2.3.4 Equine T-bet+ B cells share gene expression features with human T-bet+ B cells and can be 

identified in equine PBMC by flow cytometry 

In humans, T-bet+ B cells have been described as “atypical memory B cells,” appearing in 

the peripheral blood during chronic infection and/or inflammation [20, 36]. Although specific 

markers and/or gene expression patterns vary in different datasets, these cells are often found to 

express ITGAM (CD11b), ITGAX (CD11c), genes that modulate BCR signaling (including FCRL4, 

FGR, and HCK) [37–41], and genes associated with germinal center B cells such as AICDA 

(encoding activation-induced cytidine deaminase) and APEX1 [19, 42]. We assessed expression 

of several of these characteristic genes, and observed patterns consistent with multiple reports in 

humans (Fig. 2.4A). Among B cells, ITGAM (CD11b) expression was restricted to clusters 0 and 

22. Although sampling for ITGAX (CD11c) and ENSECAG00000031055 (annotated as 

CR2/CD21) was insufficient for differential expression testing, we detected ITGAX (CD11c) 
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positive cells in T-bet+ clusters 0 and 22 (Fig. 2.4A). Moreover, we detected significantly elevated 

expression of FCLR4, FGR, and HCK in these clusters (Fig. 2.4A, Additional file 6). 

 

Figure 2.3. Equine peripheral B cell clusters include several distinct transcriptional 

states marked by expression of different transcription factors, including T-bet+ B cells. 

Clusters within the B cell major cell group were further analyzed and annotated by 
differential gene expression. Cluster 25 was excluded from analysis due to low transcript 
counts. (A) UMAP subset of B cell clusters with putative cluster annotations. (B) Frequency 
of each cell cluster within the B cell group per horse. (C) Hierarchical clustering (integrated 
PCA dimensions) of B cell major cell group. (D) Heatmap of differentially expressed genes 
(adjusted p-value < 0.05, log2 fold-change > 1 for each cluster versus all other clusters, 
expressed >25% of cluster). (E) Dot plot of select transcription factor genes differentially 
expressed across B cell clusters. Dot size is proportional to number of cells with detectable 
expression of indicated gene. Dot color intensity indicates average gene expression values 
scaled across plotted clusters. *Gene ID ENSECAG00000029287 is labeled HOPX based on 
Ensembl/NCBI annotation. (F) Violin plot of immunoglobulin heavy chain isotype transcript 
expression for indicated B cell clusters. Expression values are log-normalized per cell. (G) 
Hierarchical clustering of equine PBMC scRNA-Seq data (B cell clusters) and human PBMC 
scRNA-Seq data (B cell clusters). Median-normalized average expression values for highly 
variable human/horse one-to-one orthologues were calculated for each cluster, and clustering 
was performed on Pearson distances by Ward’s method. 
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We next confirmed T-bet protein expression in these cells by flow cytometry. Within CD3-

CD14-PanIg+ B cells (Additional file 1: Fig. S5), we detected an abundant CD11b+ T-bet+ 

population (Fig. 2.4B) that did not express surface CD21 (CR2) or CD23 (FCER2) (Fig. 2.4C). T-

bet and CD11b expression were not detected in other B cell gates. We also assessed surface isotype 

usage of T-bet+ B cells by flow cytometry; 51 ± 18% T-bet+ B cells were IgMhi, 23 ± 12% were 

IgG1+, and 24 ± 8% expressed neither IgG1 nor IgM (Fig. 2.4D, E). It is unclear whether IgMhi T-

bet+ B cells reflect an antigen-inexperienced naïve subset, a recently activated subset, or an IgM+ 

memory cell subset. By flow cytometry, T-bet+ B cells comprised 44 ± 17% of total B cells; these 

frequencies were correlated with, but were consistently lower than frequencies from scRNA-Seq 

data (Fig. 2.4F). These results validate the existence of a novel population of T-bet+ B cells initially 

identified by scRNA-Seq analysis, which shares similarities with human T-bet+ “atypical memory 

B cells.” 

2.3.5 CD3+PRF1+ clusters include lymphocytes with diverse cytotoxic gene expression patterns 

Initial examination of CD3+PRF1+ major cell group suggested heterogeneous and 

overlapping cell populations. Transcriptional profiling studies of human and mouse cells often 

describe challenges in distinguishing cytotoxic lymphocyte subpopulations, with memory αβ 

CD8+ T cells, NK cells, NKT cells, and γδ T cells exhibiting considerable overlap in gene 

expression patterns [43–47]. Our data suggest similar overlap exists among equine cytotoxic 

lymphocyte subpopulations. To improve resolution of potentially distinct cell types, we extracted 

and re-clustered data from the CD3+PRF1+ group independently of the other major cell groups. 

While clustering assignments were generally consistent with the initial analysis (Additional file 1: 

Fig. S6A), independent re-clustering resulted in a total of 9 high resolution clusters (Fig. 2.5A, 

designated with a PRF1 positive, “pp” prefix), which were represented at similar frequencies 
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across all horses examined (Fig. 2.5B). All clusters were characterized by expression of the 

cytotoxic effector PRF1 and CTSW, a cathepsin whose expression is associated with cytotoxic 

capacity [48] (Fig. 2.1B). Although overlap in gene expression across clusters remained apparent, 

hierarchical clustering partitioned the major cell group into at least three distinct transcriptional 

programs (Fig. 2.5C, D). Although all clusters expressed high levels of CD3 transcripts (CD3D, 

CD3E, CD3G, Additional file 1: Fig. S6B), based on differential gene expression (Additional file 

8), CD3+PRF1+ cells likely include both cytotoxic T cells and NK cells. 

  

We annotated clusters pp1, pp2, pp4, and pp7 as “antigen experienced” or “non-naïve” T 

cells. Of note, we observed both CD8A+ (pp1, pp7) and CD4+ (pp2, pp4) clusters (Additional file 

1: Fig. S6C), which appear to share common cytotoxic gene expression patterns. Clusters pp1, pp2 

Figure 2.4. Equine T-bet+ B cells exhibit gene expression and cell surface protein marker 

expression characteristic of human T-bet+ B cells, and express diverse surface 

immunoglobulin isotypes. (A) Expression patterns for select genes associated with T-bet+ 
atypical B cells in humans and/or mice. Expression values are scaled independently for each 
plot, ranging from 2.5 to 97.5 percentile of gene expression across all B cell clusters. *Gene 
ID ENSECAG00000031055 labeled as CR2 (CD21) based on Ensembl/NCBI annotation. (B) 
Flow cytometry gating strategy and expression of surface markers (PanIg and CD11b) and T-
bet. (C) Expression of surface markers CD21 and CD23 in T-bet+ B cells. (D) Expression of 
surface immunoglobulin isotypes (IgM, IgG1) in T-bet+ B cells. (E) Quantification of surface 
immunoglobulin isotype expression by flow cytometry. (F) Correlation of T-bet+ B cells as 
determined by scRNA-Seq compared to flow cytometry. Pearson correlation coefficient, r = 
0.93.   
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and pp4 exhibited features more consistent with CD8+ T central memory cells in humans 

(GZMK/GZMM protein expression, absence of GZMA protein), whereas cluster pp7 exhibited 

features more consistent with CD8+ T effector memory cells (GZMK/GZMM/GZMA protein 

expression) [49].   

We annotated cluster pp5 as cytotoxic γδ T cells (Fig. 2.5A, D, E), based on significantly 

elevated expression of TRDC (TCR delta chain), and lower levels of TRAC, TRBC1, and TRBC2 

relative to other cytotoxic lymphocyte clusters (Additional file 1: Fig. S6D). Interestingly, this 

cluster demonstrated high and rather specific expression of several genes associated with 

cytotoxicity, including GNLY and KLRF1. These results support the existence of equine γδ T cells, 

which have not been definitively characterized. Moreover, these cells might employ unique 

cytolytic mechanisms compared to other equine cytotoxic lymphocytes. 

The remaining CD3+PRF1+ clusters (pp0, pp3, pp6, and pp8) exhibited gene expression 

patterns consistent with both cytotoxic T cells and NK cells. All clusters demonstrated high 

expression of TCR complex components, including CD3D, CD3E, CD3G, TCR alpha chain 

(TRAC, ENSECAG00000000419), and TCR beta chain (TRBC1, ENSECAG00000033316; 

TRBC2, ENSECAG00000030258) (Additional file 1: Fig. S6B, D). However, all clusters also 

displayed expression of genes associated with NK cell function, including FCGR3A/B (CD16, 

employed by NK cells for antibody-dependent cellular cytotoxicity), and ZNF683 (HOBIT) (Fig. 

2.5E). ZNF683 is a transcription factor highly expressed by human NK cells [50], used as a marker 

for equine NK cells by RT-PCR [51], and described in human cytotoxic T cell subsets [52]. We 

annotated cluster pp8 as NK cells based on expression of ENSECAG00000031528 (annotated as 

KLRD1/CD94), which encodes the cell surface lectin central to NKG2 functions (Fig. 2.5E). This 

cluster also exhibited specific expression (within CD3+PRF1+ clusters) of FCER1G and CD247, 



 

 

43 

 

both of which are important for NK cell activation signal transduction [53]. Additionally, this 

putative NK cell cluster exhibited diminished or absent expression of CD2 and CD5, genes 

frequently used as T cell markers in humans [54] (Fig. 2.5E). Of note, multiple descriptions of 

equine NK cells by flow cytometry or immunohistochemistry have purposefully excluded CD3+ 

cells [55–57]. However, consistent with scRNA-Seq, our flow cytometric analysis identified a 

well-defined CD3+CD16+ lymphocyte population (Additional file 1: Fig. S7), which could 

correspond to cluster pp8. Given their expression of TCR transcripts, it remains unclear whether 

these cells have the capacity to respond to specific antigen presented by traditional MHC-I or 

MHC-II. 

Although clusters pp0, pp3, and pp6 share gene expression patterns consistent with both 

cytotoxic T cells and NK cells, the absence of definitive marker genes and/or genes associated 

with NK cell-restricted functions made it challenging to annotate these similar clusters. Based on 

the overlapping gene expression programs described in cytotoxic lymphocytes in better 

characterized species, we suspect these clusters could include an additional type of CD8+ cytotoxic 

T cells, semi-invariant TCR cytotoxic T cells (e.g. Mucosal-associated invariant T cells, NKT 

cells), and/or an additional type of NK cell. The latter possibility is further supported by cross-

species comparison to human cytotoxic lymphocytes (Fig. 2.5F). Alternatively, these clusters may 

represent a novel type of cytotoxic lymphocyte unique to horses. 
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Figure 2.5. The CD3+PRF1+ clusters contain various cell types with different gene 

expression patterns characteristic of cytotoxic lymphocyte function. Clusters within the 
CD3+PRF1+ lymphocyte major cell group was further analyzed and annotated by differential 
gene expression. UMAP subset of CD3+PRF1+ lymphocyte clusters (left) and of re-clustering 
analysis with putative cluster annotations (right). Selected axis ranges excluded <5 cells in 
CD3+PRF1+ group from UMAP subset plot. (B) Frequency of each cell cluster within the 
CD3+PRF1+ lymphocyte group per horse. (C) Hierarchical clustering (integrated PCA 
dimensions) of CD3+PRF1+ lymphocyte major cell group. (D) Heatmap of differentially 
expressed genes (adjusted p-value < 0.05, log2 fold-change > 0.58 for each cluster versus all 
other clusters, expressed >25% of cluster). (E) Dot plot of select genes associated with 
cytotoxic lymphocyte populations differentially expressed across CD3+PRF1+ lymphocyte 
clusters. Dot size is proportional to number of cells with detectable expression of indicated 
gene. Dot color intensity indicates average gene expression values scaled across plotted 
clusters. *Gene ID ENSECAG00000006663 is labeled FCGR3A/B and Gene ID 
ENSECAG00000031528 is labeled KLRD1 (CD94) based on Ensembl/NCBI annotations. (F) 
Hierarchical clustering of equine PBMC scRNA-Seq data (CD3+PRF1+ lymphocyte clusters) 
and human PBMC scRNA-Seq data (non-naïve CD8+ T cells, NK cells, NKT cells). Median-
normalized average expression values for highly variable human/horse one-to-one 
orthologues were calculated for each cluster, and clustering was performed on Pearson 
distances by Ward’s method. 
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2.3.6 CD3+PRF1- clusters include naïve T cells and heterogenous CD4+ T cell populations 

As for the CD3+PRF1+ major cell group, we performed independent re-clustering on cells 

in the CD3+PRF1- group. While generally consistent with initial cluster assignments (Additional 

file 1: Fig. S8A), re-clustering resulted in the resolution of several previously unrecognized 

populations, including a relatively rare group of T cells with high levels of interferon stimulated 

gene (ISG) expression (Fig. 2.6A, Additional file 1: Fig. S8B-C). In sum, independent re-clustering 

resulted in 16 clusters (Fig. 2.6A, designated with a PRF1 negative, “pn” prefix), which were 

represented at similar frequencies across all horses examined (Fig. 2.6B). These subpopulations 

were the most challenging to effectively annotate, due to the relatively subtle transcriptional 

differences detected between most clusters. In our experience, resting T cell populations can be 

difficult to distinguish by droplet microfluidics scRNA-Seq data. Despite these limitations, we 

were able to make several observations regarding the constituent T cell clusters. First, we 

distinguished naïve T cells (clusters pn0, pn3, pn5, and pn11) based on elevated expression of 

CCR7, SELL (L-selectin), and the LEF1 transcription factor (Fig. 2.6C). Naïve T cells could be 

further partitioned into CD4+ (Clusters pn0, pn3, pn11, not significant by differential gene 

expression) and CD8+ (Cluster pn5) subpopulations (Fig. 2.6C). We also observed two clusters 

(pn7, pn12) with minimal detectable CD4, CD8A, or CD8B expression. Of note, cluster pn12 

exhibited specific expression of CD200, as well as a distinct transcriptional program that includes 

genes associated with cytotoxicity (NKG7, CTSW, Additional file 9); it is unclear if this cluster 

may represent a previously undescribed CD4-CD8- non-naïve T cell subset in horses. We annotated 

cluster pn14 as proliferating T cells based on significantly elevated expression of numerous cell 

cycle genes (Additional file 9). Cluster pn15 (“T ISGhi”) showed a transcriptional program 

consistent with a type I and/or type II interferon response (Additional file 1: Fig. S8B-C). Despite 
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no clinical or laboratory indications of active infection, this T ISGhi population was detected in all 

horses (Fig. 2.6B).  

Although most of the remaining clusters (many of which are likely antigen experienced or 

“non-naïve”) exhibited significant gene expression differences, we were not able to confidently 

assign clusters to T cell subsets traditionally defined by flow cytometry (e.g. memory Th1, memory 

Th2, memory Th17, regulatory T, etc., Additional file 9).  

 

 

Figure 2.6. The CD3+PRF1‑ clusters include naïve CD4+ and CD8+ T cells and 

additional CD4+ T cell populations. Clusters within the CD3+PRF1- lymphocyte major cell 
group were further analyzed and annotated by differential gene expression. (A) UMAP subset 
of CD3+PRF1- lymphocyte clusters (left) and of re-clustering analysis with putative cluster 
annotations (right). Selected axis ranges excluded <10 cells in CD3+PRF1- group from the 
UMAP subset plot. (B) Frequency of each cell cluster within the CD3+PRF1- lymphocyte 
group per horse. (C) Expression patterns for genes characteristic of CD4/CD8 T cell subsets, 
naïve T cell populations (CCR7, SELL, LEF1), and a distinct CD3+CD4-CD8-CD200+ 
lymphocyte population (CD200, UBA2C). Expression values are scaled independently for 
each plot, ranging from 2.5 to 97.5 percentile of gene expression across all CD3+PRF1- cells. 
Gene ID ENSECAG00000000775 labeled as CD8B based on Ensembl/NCBI annotation. 
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2.3.7 High-resolution landscape of equine peripheral blood mononuclear cells 

Given the improved resolution and novel cell populations identified by scRNA-Seq, we 

grouped annotated cell clusters into summary populations and calculated “reference ranges” for 

their frequency in healthy horses (Fig. 2.7A). Furthermore, populations that can be defined by flow 

cytometry gating [18] (Additional file 1: Fig. S7) were compared to corresponding scRNA-Seq 

clusters (grouped as indicated, Fig. 2.7B). Cell frequencies determined by scRNA-Seq were 

strongly correlated with frequencies determined by flow cytometry (r = 0.92 for indicated 

populations examined; Fig 2.7B). We consistently measured higher frequencies of B cells by 

scRNA-Seq, which suggests that current flow cytometry definitions (i.e. Pan-Ig+) based on 

available equine-reactive antibodies might not capture these cell populations comprehensively. 

These results demonstrate that our scRNA-Seq cell cluster annotations are consistent with state-

of-the-art flow cytometry methods, but can resolve cell populations at much higher resolution and 

sensitivity.  

 

2.4 Discussion 

Here, we used scRNA-Seq to define the cellular landscape of equine peripheral blood 

immune cells at unprecedented resolution. Combining supervised annotation based on prior 

knowledge and comparative cross-species clustering, we identified multiple cell types with 

immunologically relevant gene expression patterns. Many of these cell types have not been 

previously described in horse peripheral blood. Cross-species analyses demonstrated that many 

equine immune cell subpopulations have corresponding populations identifiable in humans. 

However, we also identified immune cell populations (e.g. T-bet+ B cells, discussed below) absent 

from healthy, steady state human peripheral blood.  
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Our analysis of the monocyte/DC major cell group revealed cellular heterogeneity and 

subpopulations consistent with other species. Monocyte subsets, which are often categorized as 

classical, intermediate, and non-classical (based on surface expression of CD14 and CD16 in 

humans [25]), have been described as generally conserved across mammalian species [58]. Indeed, 

Figure 2.7. High resolution landscape of equine peripheral blood mononuclear cells (A) 
Cell type frequencies determined by scRNA-Seq. Annotated clusters were grouped to 
summary populations as indicated. Cell type frequencies for CD3+PRF1+ and CD3+PRF1+ 
groups were calculated based on results of an independent re-clustering analysis. (B) 
Correlation of population frequencies for select cell clusters defined by scRNA-Seq with 
corresponding populations resolved by flow cytometry. Each point indicates cell population 
frequency as a fraction of total PBMC from an individual subject. Cell type definitions by 
flow cytometry markers and scRNA-Seq cluster summaries as indicated. Pearson correlation 
coefficient, r = 0.92. 
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our results support the existence of similar monocyte subsets in horse and human peripheral blood. 

These data also include potential novel surface markers (e.g. CD8A for non-classical monocytes) 

for improved immunophenotyping by flow cytometry, though RNA transcript levels may not 

necessarily correspond with surface protein expression. We also identified three dendritic cell 

clusters, with gene expression consistent with the cDC1, cDC2, and pDC subsets described in 

humans [30] and mice [59]. Previous studies of equine DCs relied on monocyte-derived DCs in 

vitro [60–62]. Recently, Ziegler et al. identified DCs in equine peripheral blood based on FLT3L 

binding as detected by flow cytometry [63]. Guided by marker expression in other species, they 

proposed defining three putative DC subsets as cDC1 (Flt3+CD4−CD13+CD14lowCD172a−CADM-

1+MHCIIhigh), cDC2 (Flt3+CD4−CD13−CD14lowCD172a+ CADM-1lowMHCIIhigh), and pDC 

(Flt3+CD4−CD13−CD14−CD172a−CADM-1−MHCIIlow). With the exception of CD13 (ANPEP, 

not detected in our scRNA-Seq data), RNA transcript expression for these surface markers in DC 

clusters was entirely consistent with these definitions. Additional experimental characterizations 

are necessary to definitively assign functions to these different subsets, each of which is likely to 

play a critical role in equine immunity. 

Our analysis also revealed previously undescribed and unexpected cell populations. Within 

the B cell compartment, in addition to naïve, memory, and ASC clusters, we detected two B cell 

clusters characterized by T-bet (TBX21) expression. These were the most abundant B cell clusters 

across all seven horses under investigation. In contrast, corresponding T-bet+ B cells were not 

observed in healthy human PBMC scRNA-Seq data. In mice, T-bet+ B cells have been shown to 

be important for antiviral humoral immunity [36, 64, 65]. In humans, T-bet+ B cells have been 

detected in peripheral blood in a variety of chronic inflammatory contexts including systemic lupus 

erythematosus [66, 67], chronic malaria exposure [68, 69], and chronic viral infection [19, 42, 70]. 
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Although a universal definition and function for these cells remains elusive, T-bet+ B cells are 

often classified as atypical memory B cells and, at least in some contexts, are thought to arise from 

repetitive BCR stimulation [20]. Equine T-bet+ B cells share many features with the atypical 

memory B cell populations described in humans, including enriched expression of genes which 

modulate BCR signaling [40], and genes characteristic of germinal center B cells [19]. If these 

cells are elicited by chronic antigenic stimulation, it is plausible that chronic exposure to numerous 

pathogens common in standard boarding conditions (e.g. equine alpha and gamma herpesviruses, 

influenza, rhinitis viruses, hepacivirus, parvovirus, coronavirus, etc.) could expand this population. 

Horses in the northeastern U.S. are also frequently exposed to Borrelia burgdorferi (agent of Lyme 

disease) [71] and Sarcocystis neurona (agent of Equine protozoal myeloencephalitis) [72], and are 

continuously infested with or re-exposed to gastrointestinal nematodes [73]. The horses in this 

study did not show signs of active infection or inflammation, as they all had normal complete 

blood count, serum amyloid A, iron indices, and globulins. Moreover, the surprisingly high 

frequency of these T-bet+ B cells suggests that they might provide important functions in the 

sustained immune responses to such pathogens. The impact of pathogen exposure on the genesis 

of this B cell population might be further explored by experiments in foals and/or in pathogen-free 

facilities. Additionally, horses could represent a useful model organism in which to study this 

unique B cell population further, given their abundant frequency and ready accessibility of large 

amounts of blood and other tissues, such as lymph nodes. 

scRNA-Seq is molecularly compatible with presumably any animal species, as most 

droplet microfluidics scRNA-Seq platforms select mRNAs for barcoding and downstream 

sequencing based polyA tails, a feature common across metazoans. Additional requirements for 

scRNA-Seq analysis include a genome (or at minimum, transcriptome) sequence to which reads 
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are mapped, and gene/transcript annotations against which mapped reads can be quantified. Should 

transcriptome annotations be insufficient for robust scRNA-Seq analysis, as may be the case for 

less commonly studied organisms, read assignment/quantification strategies can be modified with 

specialized software tools (e.g. ESAT [23], as implemented here) and/or annotations can be 

supplemented/replaced with custom annotations derived from bulk RNA-Seq data. Interpretation 

of scRNA-Seq results can be greatly facilitated by gene/transcript annotations with comprehensive 

orthologue annotations for multiple species, but this is not a requirement. Without the need for 

species-specific reagents, and with a constantly growing catalog of species with sequenced and 

annotated genomes, we anticipate that scRNA-Seq will be an increasingly useful research tool for 

non-traditional model organisms.  

Despite the many insights gained from our PBMC analyses, scRNA-Seq is not without 

limitations, particularly for characterizing cell mixtures from diverse animals. In the present study, 

defining subpopulations with unsupervised clustering methods was reasonably straightforward, 

although assigning putative cell types to each cluster presented challenges. Ideally, automated cell 

type classification based on external datasets and/or prior knowledge could minimize biases 

introduced by supervised annotation [74, 75]. Recently developed scRNA-Seq data integration and 

cluster annotation tools have begun to implement this functionality [76–78]. We made attempts to 

apply several of these strategies in comparing equine PBMC to human PBMC, but observed 

generally poor performance, which we attributed to insufficient interspecies orthologue 

annotations (data not shown). Instead, we adopted a supervised approach based on prior 

knowledge of human and mouse immune cells to assign likely cell types. We therefore emphasize 

that our presumptive cell type annotations are not definitive and ultimately require experimental 

validation by complementary methods, as we pursued with flow cytometry for T-bet+ B cells (Fig. 
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2.4). Furthermore, for many clusters, most notably in the CD3+PRF1- lymphocytes major cell 

group, we were unable to confidently assign cell types due to limited detection of informative 

differentially expressed genes. This could be a result of relatively low transcript sampling depth, 

and/or discrepancies in mRNA and corresponding protein expression by which T cell subsets have 

been previously defined. Many of these issues are likely to be mitigated in the future by perennially 

improving genome and orthologue annotations, scRNA-Seq methodologies with increased per cell 

sampling depth, and novel software tools for intra- and inter-species data analyses.  

Our study establishes a cellular atlas of equine PBMC in healthy horses across different 

breeds, ages, and sexes. Many of the cell populations identified have analogous counterparts in 

human PBMC, including monocyte and dendritic cell subsets. A majority of the equine peripheral 

B cell compartment is comprised of T-bet+ B cells, a subpopulation that has been associated with 

inflammation and infection in other species. Taken together, these results demonstrate proof-of-

concept for characterizing complex cell populations in non-traditional model organisms by 

scRNA-Seq. 

 

2.5 Methods 

2.5.1 Research subjects and cells 

Horses were 3 mares and 4 geldings, 6 to 10 (mean 7.9) years old, comprised of 3 

Warmbloods, 3 Thoroughbreds, and one Quarter Horse. Horses were healthy by physical 

examination, serum biochemistry (including globulins and iron indices), complete blood count, 

fibrinogen (by heat precipitation method), and serum amyloid A. Samples were processed at the 

New York State Animal Health Diagnostic Center on automated analyzers ADVIA 2120i 

(Siemens Healthcare Diagnostics Inc., Tarrytown, NJ, USA) for hematology and Cobas C501 
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(Roche Diagnostics, Indianapolis, IN, USA) for biochemistry. Subjects 6 and 7 had mildly elevated 

fibrinogen (400 mg/dL, reference interval < 200 mg/dL) with all other parameters within normal 

limits, including serum amyloid A < 5 µg/ml (reference interval 0 – 8 µg/ml). Horses were 

maintained in stalls with partial days spent in pasture (n = 4) or on pasture alone (n=3), and had 

free access to grass or grass hay. All horses received annual core vaccinations (Eastern and 

Western Equine Encephalitis, West Nile Virus, Tetanus and Rabies) and at least biannual 

deworming (products varied). Blood samples were obtained in the morning (8 – 9 am), at least 16 

hours after the last grain meal. Subject 1 was sampled in August, Subject 3 in September, and the 

remaining subjects in November, all in 2018. 

Approximately 50 mL of blood was collected from each horse by standard jugular 

venipuncture. Immediately following collection, PBMC were isolated by Ficoll gradient 

centrifugation, as previously described [18]. Residual erythrocytes were removed by ammonium 

chloride lysis. All studies were conducted under approval of Cornell University Institutional 

Animal Care and Use Committee (#2014-0024).  

2.5.2 Single-cell RNA-Seq 

Within one hour of isolation, fresh PBMC were processed for scRNA-Seq on the 10X 

Genomics Chromium platform (10X Genomics). PBMC collection and scRNA-Seq were 

performed in three independent batches (Batch 1: Subject 1, Batch 2: Subject 3, Batch 3: Subjects 

2,4,5,6,7). For each PBMC sample, 9000 cells were loaded to a single lane on the 10X Genomics 

Chromium instrument. scRNA-Seq libraries were prepared with the 10X Genomics Chromium 

Single Cell 3’ Reagent Kit (v2), according to manufacturer’s instructions. Libraries were pooled 

and sequenced on the Illumina NextSeq 500 in paired-end configuration (Read 1, cell barcode: 26 

nt; Read 2, transcript: 98 nt) to a target read depth of approximately 35,000 paired-end reads per 
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cell. 

2.5.3 scRNA-Seq data processing 

scRNA-Seq data are available in the NCBI GEO repository, accession number GSE148416 

[79]. Analysis R code is available on GitHub, BradRosenbergLab/equinepbmc [80].  

2.5.3.1 Reference genome and transcript annotations 

The EquCab3.0 reference genome [81] was used in all analyses. Reference transcript 

annotations (Ensembl v95) were supplemented by manual annotation of the immunoglobulin 

heavy chain and light chain loci as described by Wagner, et al (Additional file 7, [82]).  

2.5.3.2 Read mapping and quantification 

Reads were assigned to cell barcodes, mapped and quantified per gene using the Cell 

Ranger workflow (v 3.0.1, 10X Genomics) with default parameters (“standard workflow”). In our 

optimized workflow, BAM files generated by Cell Ranger were reformatted (appending cellular 

barcode and UMI sequence to alignment read names) and were input to the End Sequence Analysis 

Toolkit (ESAT, [23]). Briefly, ESAT evaluates reads mapped immediately downstream of 

annotated genes for potential quantification with the adjacent gene, an approach particularly 

relevant to 3’ scRNA-Seq data with reference transcriptomes with incomplete 3’UTR annotations. 

To eliminate ambiguous read assignments due to “overlapping genes” (i.e. exons from two 

different genes on + and – strands sharing the same genomic coordinates), the immunoglobulin-

supplemented reference transcriptome (Ensembl v95) was additionally modified to remove 

overlapping exon intervals on opposite strands. Reformatted Cell Ranger BAM files were 

processed through ESAT in two rounds. First, ESAT was run (-wExt 2500) with the modified 

transcriptome reference and set to ignore any duplicated genes. Next, to recover quantification of 

genes duplicated in the Ensembl v95 reference (n = 185 duplicated genes), ESAT was run (-wExt 
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2500) a second time with a filtered reference containing only duplicated genes; resulting read 

counts were divided across gene duplications and appended to the initial gene x cell count matrix. 

2.5.3.3 Doublet removal 

Putative “doublet” cell barcodes were identified and removed from downstream analyses 

with the DoubletDetection tool [83]. 

2.5.4 scRNA-Seq data analysis – equine PBMC 

Gene-cell count matrices processed in the above workflow were analyzed in Seurat (v3.1.0, [76, 

77]) as follows.  

2.5.4.1 Filtering, normalization, and data integration 

Data were filtered to exclude genes detected in less than 3 cells (per subject), to exclude 

cells with less than 750 UMIs, and to exclude cells with greater than 5% UMIs assigned to 

mitochondrial genes (e.g. dead or dying cells). Gene-cell count matrices were independently 

normalized with SCTransform [84], and the top 5500 most variable genes (variance-stabilizing 

transformation) were selected for each subject. To minimize subject- and/or batch specific effects, 

datasets from all subjects were integrated on the first 40 canonical correlation components 

identified on the union of highly variable genes identified per subject. Immunoglobulin heavy 

chain and light chain genes were excluded from integration and clustering analysis. 

2.5.4.2 Unsupervised graph-based clustering 

Dimensionality reduction of the integrated dataset was performed by principal component 

analysis (PCA). Unsupervised graph-based clustering (smart local moving algorithm [85], 

resolution 1.2) was performed on the first 25 principal components (selected by Scree plot 

visualization). Data annotated with corresponding clusters were visualized by Uniform manifold 

approximation and projection (UMAP; n.dims: 25, n.neighbors: 75, cosine metric, min.dist: 
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0.6)[86]. 

 To better resolve putative subpopulations in the CD3+ lymphocyte compartments 

(CD3+PRF1+ and CD3+PRF1- major cell groups), cells from these groups were independently re-

clustered with a similar workflow. Per subject data from each major cell group (i.e. CD3+PRF1+ 

or CD3+PRF1-) were extracted and independently normalized with SCTransform [84] to define 

sets of highly variable genes within each group. The top 5500 most variable genes across all 

subjects were selected (union method) and used for integration with Seurat’s PrepSCTIntegration, 

FindIntegrationAnchors and IntegrateData functions (developer’s defaults). Immunoglobulin 

heavy chain and light chain genes were excluded from integration and clustering analysis. 

Dimensionality reduction using PCA, unsupervised graph-based clustering and UMAP 

visualization were conducted using the developer’s defaults. Clustering resolution (resolution: 0.8) 

was chosen by evaluation of cluster stability using the clustree package[87]. 

2.5.4.3 Differential gene expression analysis 

Differential gene expression analyses were conducted using edgeR v3.26.8 [88, 89], with 

additional modifications for scRNA-Seq data [90]. Gene expression linear models included factors 

for cellular gene detection rate, subject, and cluster (as identified in Seurat analysis above). 

Specific contrasts are detailed in relevant Results sections and/or figures. For analyses other than 

comparisons among CD3+PRF1+ and CD3+PRF1- cell clusters, differential gene expression was 

defined as adjusted p-value < 0.05 (Benjamini-Hochberg correction) and moderated log2 fold-

change > 1 (as determined in edgeR model). Differential gene expression for CD3+PRF1+ and 

CD3+PRF1- cell comparisons used a less stringent fold-change cutoff (moderated log2 fold-change 

> 0.58) to account for reduced dynamic range of gene expression observed in these clusters. For 

all analyses, genes expressed (i.e. greater than or equal to 1 UMI) in less than 25% of cells for at 



 

 

57 

 

least one group within a contrast were excluded from differential expression results. Resulting 

differential gene expression lists were further annotated for putative surface protein expression by 

intersecting one-to-one gene orthologs with the Human Surface Protein Atlas [91]. 

2.5.5 scRNA-Seq data analysis – human PBMC 

Human PBMC scRNA-Seq datasets (pbmc_10k_v3; pbmc_10k_protein_v3) were 

obtained from 10X Genomics (https://support.10xgenomics.com/single-cell-gene-

expression/datasets). Sample pbmc_10k_v3 included gene expression data from 7,255 human 

PBMC processed by 10X Chromium 3’ scRNA-Seq v3 chemistry. Sample pbmc_10k_protein_v3, 

10,000 cells, also processed by 10X Chromium 3’ scRNA-Seq v3 chemistry, included gene 

expression data and immunophenotyping feature barcoding data for the following cell surface 

markers: CD3, CD4, CD8a, CD14, CD15, CD16, CD56, CD19, CD25, CD45RA, CD45RO, PD-

1, TIGIT, CD127, IgG2a isotype control, IgG1isotype control, IgG2b isotype control.Gene-cell 

count matrices (and corresponding antibody count-cell matrix for sample pbmc_10k_protein_v3 

were analyzed in Seurat v3.1.0 [76, 77]. 

Human PBMC scRNA-Seq data were filtered using the same workflow and parameters as 

above for equine PBMC. Data were normalized by SCTransform [84]. The two human PBMC 

datasets were integrated on the first 30 components identified by CCA. Clustering (smart local 

moving algorithm [85], resolution 1.2) was performed on the first 35 principal components 

(selected by Scree plot visualization), and results were visualized by UMAP. Resulting clusters 

were annotated based on surface marker antibody labeling from sample pbmc_10k_protein_v3, as 

described in the text and associated figure legends. 

2.5.6 Horse-human PBMC scRNA-Seq cross-species correlation analysis 

Cross-species scRNA-Seq correlation analyses were conducted using an approach based 
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on Zilionis et al. [92]. Human and horse gene-cell count matrices were filtered to keep only those 

genes with high confidence 1-to-1 orthologues across species (as defined by Ensembl v95). For 

each species and each major cell group (monocyte/dendritic cells, B cells, CD3+PRF1+ 

lymphocytes, CD3+PRF1- lymphocytes), following normalization with SCTransform [84] genes 

were ranked by pearson residual, and genes above the 1.5*inflection point were selected as highly 

variable genes. Lists of highly variable genes in human and horse datasets were intersected, and 

the resulting list of orthologs present in both species was used for clustering analysis. Clustering 

was performed on natural log normalized gene x cell count matrices and clustered on Pearson 

correlation distance by Ward’s method [93]. Results were visualized by dendrogram with the dend 

function in R. 

2.5.7 Immunophenotyping of equine PBMC by flow cytometry 

All flow cytometry data is available on Flow Repository, accession number FR-FCM-

Z2JN. 

The flow cytometric phenotyping protocol was adapted from [18]. A list of primary 

antibodies is included in Additional file 10: Table S1. Unconjugated primary antibodies CD23 and 

IgM were conjugated with Mix-n-Stain fluorescent protein tandem dyes antibody labeling kit for 

APC-CF750T (Biotium, Fremont, CA, USA) and Mix-n-Stain cf dye antibody labeling kit for 

CF405M (Biotium, Fremont, CA, USA), respectively, according to manufacturer instructions. All 

wash steps were 2ml PBS and all labeling was performed at 4°C for live cells and room 

temperature (RT) for fixed cells. Panel M included antibodies against CD3-AF647, CD14-biotin, 

CD16-unconjugated, PanIg-PE. Cells were blocked with 2% fetal bovine serum for 15 min and 

incubated with anti-CD16 for 30 min. Cells were washed, blocked with 10% goat serum for 15 

min, and incubated with secondary antibody for 30 min. Cells were washed, incubated with the 
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remaining monoclonal antibodies to surface antigens for 30 min and washed. Streptavidin-pacific 

orange was applied for 30 min to label CD14-biotin. Cells were washed and resuspended in PBS 

with 7AAD viability stain.  

Panel T included antibodies against CD3-AF647, CD14-biotin, CD21-BV421, CD4-FITC, 

CD8-RPE, Ki67-PECy7. Cells were labeled with a fixable viability marker Live/Dead near IR for 

30 min, washed, and the surface cocktail followed by streptavidin was applied as for Panel M. 

Cells were then fixed (eBioscienceTM Intracellular fixation and permeabilization buffer set, 

Thermo Fisher Scientific, Waltham, MA, USA) at RT for 30 min, washed in permeabilization 

buffer, incubated with antibody for the intracellular marker Ki67 for 30 min, washed and 

resuspended in PBS.  

Panel B1 included antibodies against PanIg-PE, CD3-AF647, CD14-AF647, Tbet-PECy7, 

CD21-BV421, CD23-APC-CF750, and CD11b-PerCP-Vio700. Panel B2 included antibodies 

against PanIg-PE, CD3-AF647, CD14-AF647, Tbet-PECy7, IgM-CF405M, and IgG1-AF488. 

Cells were labeled with fixable viability marker Live/Dead aqua for 30 min, washed, and the 

surface cocktail was applied. Cells were then fixed (TrueNuclearTM TF fixation and 

permeabilization buffer set, BioLegend, San Diego, CA, USA) at RT for 60 min, washed in 

permeabilization buffer, incubated with the intranuclear marker Tbet for 30min, washed and 

resuspended in PBS.  

Fluorescence was measured on a Gallios flow cytometer (Beckman Coulter, Indianapolis, 

IN, USA) with a minimum 100,000 events collected per sample. Analysis was performed with 

FlowJo version 10.6.1 (FlowJo LLC, Ashland, OR, USA). Single color controls were used to set 

the compensation matrix. Gating strategies are shown in Suppl. Fig. 2.S7. The researcher 

performing gating analyses (J.E.T) was blinded to scRNA-Seq results.  
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2.6 Supplementary Information 

The online version contains supplementary material available at https://doi.org/10.1186/s12915-

020-00947-5 

Additional file 1: Figure S1. Optimized scRNA-Seq data processing workflow improves per cell 

gene detection. Figure S2. scRNA-seq data processing workflow. Figure S3. Human reference 

scRNA-seq clustering results and annotation. Figure S4. B cell quality control metrics and 

antibody secreting cell immunoglobulin isotype usage. Figure S5. T-bet+ B cells identified by 

scRNA-Seq are detectable by flow cytometry in all subjects examined. Figure S6. Select gene 

expression patterns in CD3+PRF1+ lymphocyte major cell group. Figure S7. Representative flow 

cytometry gating schemes for immunophenotyping of equine PBMC. Figure S8. CD3+PRF1− 

lymphocyte major cell group includes lymphocytes with high expression of ISGs.  

Additional file 2. Differentially expressed genes for major cell groups. 

Additional file 3. Differentially expressed genes for monocyte and dendritic cell clusters. 

Additional file 4. Differentially expressed genes within monocyte clusters only. 

Additional file 5. Differentially expressed genes within dendritic cell clusters only. 

Additional file 6. Differentially expressed genes for B cell clusters (excluded cluster 25). 

Additional file 7. Immunoglobulin reference gene annotation file, adapted from Wagner et al. 

[75]. 

Additional file 8. Differentially expressed genes for CD3+PRF1+ cell clusters. 

Additional file 9. Differentially expressed genes for CD3+PRF1− cell clusters. 

Additional file 10: Table S1. Antibody reagents used in this study. 
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3.1 Abstract 

A novel parvovirus, equine parvovirus-hepatitis (EqPV-H), has been associated with cases 

of Theiler’s disease, a form of fulminant hepatic necrosis in horses. To assess whether EqPV-H is 

the cause of Theiler’s disease, we first demonstrated hepatotropism by PCR on tissues from acutely 

infected horses. We then experimentally inoculated horses with EqPV-H and 8 of 10 horses 

developed hepatitis, with one horse showing clinical signs of liver failure. The onset of hepatitis 

was temporally associated with seroconversion and a decline in viremia. Liver histology and in 

situ hybridization showed lymphocytic infiltrates and necrotic EqPV-H-infected hepatocytes. We 

next investigated potential modes of transmission, which is of critical importance for controlling 

this newly discovered equine pathogen. Iatrogenic transmission via allogeneic stem cell therapy 

for orthopedic injuries was previously suggested in a case series of Theiler’s disease, and was 

demonstrated here for the first time. Vertical transmission and mechanical vectoring by horse fly 

bites could not be demonstrated in this study, potentially due to limited sample size. We found 

EqPV-H shedding in oral and nasal secretions, as well as in feces. Importantly, we could 

demonstrate EqPV-H transmission via oral inoculation with viremic serum. Together, our findings 

provide additional information that EqPV-H is the likely cause of Theiler’s disease and that 

transmission of EqPV-H occurs via both iatrogenic and natural routes. 

 

3.2 Introduction 

Equine parvovirus-hepatitis (EqPV-H) was first described in 2018 in a case of Theiler’s 

disease, a form of acute hepatic necrosis [1]. In the United States, China, and Germany, EqPV-H 

has an estimated viremia prevalence of 2.9-17%, with 54% prevalence on farms where Theiler’s 

disease was recently documented [1–6]. EqPV-H infection is closely linked to both Theiler’s 
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disease and subclinical hepatitis [2, 7]. This is unusual among autonomous parvoviruses, because 

they typically require rapidly dividing cells to transcribe their viral genome [8]. In contrast, the 

liver is a terminally differentiated tissue with low basal levels of cellular division [9]. Therefore, 

it is essential to determine whether the tissue tropism of EqPV-H is compatible with its proposed 

pathogenicity. 

Theiler’s disease, a.k.a. serum hepatitis or idiopathic acute hepatic necrosis, is commonly 

associated with administration of equine biologic products, but can also occur in horses that have 

not received such treatments [2, 7, 10]. With increasing evidence that EqPV-H is the causative 

agent of Theiler’s disease, it becomes of critical importance to understand how this virus is 

transmitted among horses. Iatrogenic transmission of EqPV-H has been clearly demonstrated via 

intravenous administration of equine origin blood products [1]. More recently, iatrogenic 

transmission via local administration of allogeneic bone-marrow derived (BM) mesenchymal 

stromal cells (MSC) into tendon lesions has been suggested [7]. Still, iatrogenic transmission alone 

cannot account for the high prevalence of infection and the clinical cases of Theiler’s disease which 

occur without any preceding intended blood product inoculations [1, 2, 4, 11].  

The aim of this present study was, therefore, to evaluate tissue tropism and pathogenicity 

of EqPV-H in experimentally-inoculated horses, and to assess potential modes of transmission.  

 

3.3 Materials and methods 

3.3.1 Animals 

Horses were 2-27 years old, 10 mares and 7 geldings, and 4 Warmbloods, 3 Thoroughbred 

crosses, 2 each of Thoroughbreds, Arabians, Morgans, Quarter Horses, and other breeds. Horses 
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were confirmed i) equine hepacivirus (EqHV, aka hepacivirus A, nonprimate hepacivirus) serum 

quantitative PCR (qPCR) negative, ii) EqPV-H serum qPCR negative, ii) EqPV-H luciferase 

immunoprecipitation assay (LIPS) seronegative [1, 12], and iv) healthy by physical examination, 

complete blood count, and serum biochemistry including markers of liver disease and function 

before enrollment in the study. For assessment of vertical transmission, subjects were mares and 

foals on a Standardbred breeding farm (Farm E in a recent study [2]). All animal procedures were 

approved by the Cornell University Institutional Animal Care and Use Committee.  

3.3.2 Experimental procedures  

3.3.2.1 Inoculation and monitoring of infection  

Horses were inoculated with equine biologic products containing EqPV-H via multiple 

routes and with doses according to availability of source material and the method of preparation 

(see Supplemental Table 3.1 for details of procedures for each horse). All inocula were 

demonstrated infectious by successful infection of at least one recipient. Horses were monitored 

by weekly serum EqPV-H qPCR for at least 8 weeks. Horses that did not become viremic were 

challenge-inoculated by another route to confirm susceptibility. Once viremic, weekly serum 

biochemistry was performed past resolution of hepatitis (all liver biomarkers within reference 

range) or for a minimum of 14 weeks. Serology was performed before each inoculation, weekly 

from 2 to 10 weeks and then monthly. Transcutaneous liver biopsies were obtained from Horses 

A, E, and L during hepatitis as detected by serum biochemistry and from Horses H-J before 

inoculation, during hepatitis, and after recovery from hepatitis (Supplemental Table 3.1). Six 

horses (Horses A, H-J, L, M) had weekly nasal, oral, and fecal swabs collected to evaluate viral 

shedding. Six horses (Horses B-G) were euthanized and tissues collected from major organs using 



 

 

76 

 

fresh gloves and sterile blades for each organ. Aliquots were snap frozen. Samples were stored at 

-80°C. 

3.3.2.2 Assessment of vertical transmission 

Serum was collected from 24 mares and foals at birth before the foal suckled. Serum was 

collected from the same foals in December of the birth year (7 – 10 months of age). Commercially 

available anti-Rhodococcus equi (R.equi) plasma was administered to all foals at birth and at 1 

month of age. Aliquots of each lot of plasma used were also collected. Serum and R. equi plasma 

samples were tested by EqPV-H qPCR. 

3.3.2.3 Allogeneic BM-MSC collection from donor horses and injection in recipient horses  

Donor horses A and H were inoculated intravenously (IV) with 5.0 x106 genome 

equivalents (GE) EqPV-H in equine serum. MSC were collected when viremia was 2.7 x106 and 

5.7 x106 GE/ml serum, respectively. Sternal bone marrow aspirates were collected into 10,000 

international units (IU) of sodium heparin (Sagent Pharmaceuticals, India)/ml. BM-MSC were 

prepared by plastic adherence, as previously described [13]. Cells were cultured in media with 

20% fetal bovine serum (MSC-FBS; Atlanta Biologicals Inc., Flowery Branch, GA, USA) or 20% 

autologous horse serum (MSC-AHS), which was EqPV-H PCR positive. MSC were washed twice 

in phosphate buffered saline (PBS) and resuspended to 1 x107 cells per ml PBS or AHS. EqPV-H 

was quantified by qPCR. Horses L and M received MSC injections intra-articular (IA) in the 

medial femorotibial joint. Superficial digital flexor tendon (SDFT) lesions were induced in Horses 

C and K by collagenase gel injection, as previously described [14], two weeks before MSC were 

injected into the lesion under ultrasound guidance. Horse D developed an SDFT injury 9 weeks 

before MSC were injected into the lesion.  
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  3.3.2.4 Horse fly trapping and feeding on horses 

  Donor horses E and I were inoculated IV with 5.0 x106 GE EqPV-H in equine serum. Flies 

were trapped using H-traps (Bite-Lite LLC, Bethel, CT, USA) baited with dry ice. Horse flies were 

subfamily Tabanidae, Genus Hybomitra (medium sized, eyes with 3 stripes), and Genus Tabanus 

(including “greenheads” with green eyes and a horizontal red stripe). To minimize horse pain 

during the experiment, Tabanus atratus, the very large black flies, were not used. Flies were 

temporarily housed in perforated plastic bags with moistened towels for humidity and sugar cubes 

for nutrition. Donors (Horses E and I) and recipients (Horses B, I and N) were sedated with 

xylazine (Bimeda-MTC Animal Health Inc, Cambridge ON Canada) during fly transmission 

attempts. Flies were captured in clear plastic containers and applied to 6 x 6-inch clipped areas on 

the backs of donor horses. Flies were carefully observed and interrupted mid-feed when the 

abdominal plates began to separate by sliding a laminated card between the horse and the 

containment cup. Feeding was confirmed by the presence of a blood spot on the horse after the fly 

was removed. Flies were transferred in the clear cup to the recipient within 15 minutes, placed on 

the recipient’s back and allowed to feed until repletion. Flies were frozen and stored at -80°C for 

EqPV-H qPCR.  

3.3.2.5 Liver biopsy  

Horses were sedated with xylazine IV. Ultrasound-guided transcutaneous liver biopsy was 

performed with a 14-gauge 11.4 cm Tru-CutTM biopsy needle (Medline Industries, Northfield IL, 

USA).  
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3.3.3 Sample analysis 

3.3.3.1 Quantitative polymerase chain reaction (qPCR)  

Viral nucleic acids (NA) were extracted from serum, cell-free fluids, and swabs with the 

QIAmp Viral RNA Mini Kit (Qiagen, Germantown, MD, USA) and from tissues with the DNeasy 

Blood and Tissue Kit (Qiagen, Germantown, MD, USA), according to manufacturer’s instructions. 

Pre-enrollment serum samples were screened for EqHV by qPCR, as previously described [7]. 

Samples from the vertical transmission study, Horse A, and horse flies were analyzed at the Animal 

Health Diagnostic Center (AHDC), Cornell University, as previously described [7]. The remaining 

samples were processed with Bio-Rad iTaqTM Universal SYBR® Green Supermix (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) and 2 µl of NA in a 20 µl reaction volume. Primers EqPV-

H qVP1 F15/R15 (CACGGTCCCAGGACATTTAC/ TCACAGATCGTCCCTACCAC) and 

EqB2M DNA qF/R (CAGCAGGCAAAGAAGAATCC/ CTCTATCCCGTCACCACACC) were 

used at 0.3 µM. Serial dilution of plasmids containing EqPV-H VP1 and beta-2 microglobulin 

(B2M) amplicons were used as standards and had linear ranges of 101 - 106 GE/PCR reaction 

(corresponding to 2.14 x103 - 2.14 x108 GE/ml sample) for EqPV-H and 103 - 106 copies/PCR 

reaction for B2M. Tissue qPCR included at least 1 x105 B2M copies per reaction. Samples below 

the limit of quantitation (LOQ) were deemed positive if the Ct was more than 2 standard deviations 

below the no-template control and the standard deviation of the replicates was less than 1.0. EqPV-

H quantity was normalized to cell count for tissues, volume for cell-free fluids, and per swab for 

swabs. Standard curves served as positive controls for qPCR, and no-template controls were 

included for each probe on each PCR plate.  
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3.3.3.2 Histopathology 

Slide preparation and labeling was performed by the AHDC on a fee-for-service basis. 

Tissue sections were labeled with hematoxylin and eosin (HE), Masson’s trichrome, reticulin, and 

antibodies against the T cell marker CD3 (Leica, catalog #PA0553, mouse monoclonal anti-human 

clone LN10), the macrophage marker Iba1 (Wako Pure Chemical Industries, catalog #019-19741, 

rabbit polyclonal) and the B cell marker Pax5 (Leica, catalog# PA0552, mouse monoclonal anti-

human clone 1EW). All labels were applied to samples from Horses H-J. Samples from horses A-

E, and L were labeled with HE and CD3 IHC only. 

3.3.3.3 In situ hybridization (ISH)  

RNAScope® 2.5 HD-Red ISH (Advanced Cell Diagnostics, Inc., Newark, CA, USA) was 

applied to formalin-fixed, paraffin-embedded (FFPE) liver biopsies. Twenty proprietary 

RNAScope® ZZ probes were designed to cover the 3001-4177 base pair region of the VP1 gene 

and a red chromogen was used. ISH was performed according to manufacturer’s instructions with 

a 30 min antigen retrieval step. Where indicated, samples were pre-treated with DNase-1 (Sigma-

Aldrich, St. Louis, MO, USA) at 37°C for 30 min after the antigen retrieval step to detect viral 

RNA only. Antisense probe ISH (detecting sense DNA and mRNA) was performed on liver 

samples from Horses A-E and L. Samples from Horses H-J were also labeled with sense probes 

and with sense and antisense probes after DNase treatment.  

3.3.3.4 Serum biochemistry and hematology  

Serum biochemical analysis and complete blood counts were performed by the AHDC on 

a fee-for-service basis. Biochemical tests performed were: aspartate aminotransferase (AST), 

sorbitol dehydrogenase (SDH), glutamate dehydrogenase (GLDH), gamma glutamyltransferase 
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(GGT), bile acids, total, direct, and indirect bilirubin, creatine kinase (CK), and triglycerides. 

Reference intervals were: AST, 222-489 U/L; SDH, 1-6 U/L; GLDH, 2-10 U/L; GGT, 8-33 U/L; 

Bile acids, 2-10 �mol/L; Total bilirubin, 0.5 – 2.1 mg/dL; Direct bilirubin, 0.1-0.3 mg/dL; Indirect 

bilirubin, 0.3 – 2.0 mg/dL; Creatine kinase, 171 – 567 U/L; and Triglycerides, 14-65 mg/dL. 

3.3.3.5 Serology 

Anti-viral protein 1 (VP1) IgG antibodies were detected in serum by Luciferase 

Immunoprecipitation System (LIPS) assay, exactly as previously described [1]. 

3.3.4 Statistical analysis 

Friedman’s two-way analysis of variance was applied to determine if viral load was 

associated with tissue type in acutely infected horses. Two-tailed Fisher exact test was used to 

compare infection rates in foals that had received EqPV-H-contaminated plasma versus foals that 

did not. Statistics were performed in R Studio Version 1.0.136 (RStudio, Inc.). Significance was 

set at p  ≤ .05. 

 

3.4 Results 

3.4.1 EqPV-H is hepatotropic  

To determine whether EqPV-H could be the causative agent of Theiler’s disease, the first 

step was to evaluate whether the virus is present in the liver. Horses B, C, and D were 

experimentally inoculated with EqPV-H and euthanized 5 weeks later, when viremia was high (>1 

x106 GE/ml serum, Figure 3.1A). All three horses demonstrated highest viral load in the liver, 

although viral NA were also detected in other tested organs (Figure 3.1A). Viral load was 

significantly associated with tissue type (p = 0.028, Friedman’s two-way ANOVA).  
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Since other parvoviruses, such as human parvovirus B19, have viral NA persist in serum 

and tissues for months-to-years after infection [15–17], we assessed whether EqPV-H can establish 

persistence as well. Horses E, F, and G were euthanized at least 15 weeks after infection and 

showed persistence of viral NA in many tissues, similar to acutely infected horses (Figure 3.1B).  

 

3.4.2 EqPV-H experimentally-inoculated horses develop subclinical to clinical hepatitis 

To further demonstrate the association between EqPV-H infection and hepatitis, serum 

biochemistry, serology, and qPCR were performed on 10 experimentally-inoculated horses (Figure 

3.2). Viremia developed in a median 2.3 (range, 0.7 – 6.0) weeks after inoculation. Median EqPV-

Figure 3.1. EqPV-H is 

hepatotropic and persists in 

tissues for months. (A) qPCR of 
tissues from 3 acutely infected 
horses at 5 weeks post 
inoculation and (B) three horses 
at least 15 weeks after infection. 
Viral load was significantly 
associated with tissue type in 
acutely infected horses (p = 
0.028). Viral load was 
normalized to cell count by B2M 
qPCR for solid tissues or to 
volume for liquids. EqPV-H 
positive samples below the limit 
of quantitation are indicated in 
red, and samples below the limit 
of detection are indicated in blue. 
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H at peak viremia was 8.6 x106 (range, 7.4 x103 – 5.0 x107) GE/ml serum (Figure 3.3A). Three of 

the 10 horses (Horses K-M) were followed to viral clearance, defined by 2 sequential negative 

serum qPCR, which occurred at 9, 16, and 45 weeks after inoculation, respectively. Interestingly, 

Horse K was again low positive on serum qPCR at 14 weeks after inoculation, despite having 

cleared by week 9, suggesting that viral DNA might have been persistent at levels around the limit 

of detection (Figure 3.2). Horses seroconverted in a median 6.0 (range, 5.7 – 8.4) weeks after 

inoculation (Figure 3.3B). Hepatitis, as determined by having at least 2 liver enzymes above 

reference interval, was detected in 8 of 10 horses, with a median time to hepatitis of 6.5 (range, 5 

– 8) weeks and a median duration of 5.9 (range, 2.8 – 11) weeks (Figure 3.3C). Peak liver markers 

are shown in Figure 3.3D. Onset of hepatitis occurred either the week of, or the week after, peak 

viremia and within one week of seroconversion in all 8 horses. Horse L showed increased liver 

enzymes 0-3 weeks after IA EqPV-H+ serum inoculation (Figure 3.2), which was associated with 

clearance of a naturally acquired hepacivirus infection (EqHV serum qPCR positive weeks -1 to 

2). This horse had been screened EqHV negative both before the primary inoculation and 2 weeks 

before the IA serum inoculation. She was housed > 75 yards from other horses with unknown 

viremia status. This EqHV-associated hepatitis resolved before Horse L developed a second 

episode of hepatitis co-incident with EqPV-H peak viremia and seroconversion. Horse A showed 

clinical signs of hepatitis, including icterus, mild lethargy and inappetence lasting for 6 days.  

 Collectively, these findings, particularly the close temporal association between peak 

viremia, seroconversion, and onset of hepatitis, indicate EqPV-H infection is associated with 

hepatitis.  
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3.4.3 EqPV-H infects hepatocytes and results in hepatocellular necrosis and lymphocytic 

infiltrates 

We next wanted to determine which cells in the liver were infected, and to associate 

infection with pathology. Liver samples from experimentally-inoculated horses during hepatitis 

(Horses A, B, E, H-J, and L) showed scattered hepatocyte necrosis and mild lymphocytic infiltrate 

(Figure 3.4A, Supplemental Figure 3.S1). Multifocal random clusters of up to 25 lymphocytes 

were scattered throughout the parenchyma, and portal tracts were infiltrated by small to moderate 

numbers of lymphocytes that occasionally breached the limiting plate (Figure 3.4B). The majority 

of these lymphocytes were CD3+ T lymphocytes (Figure 3.4C). The infiltrates were negative for 

Pax5+ B cells, but were frequently infiltrated by Iba1+ macrophages (Supplemental Figure 3.S2A, 

B). Horse A, which had clinical signs of liver failure, had the most severe histopathologic changes 

at the onset of hepatitis (Figure 3.4D). Inflammatory infiltrates and hepatocellular necrosis had a 

primarily centrilobular distribution, as has been described for Theiler’s disease [2,6]. Evidence of 

resolution and recovery was already evident 7 days later (Figure 3.4E). 

 

Figure 3.2. Serum biochemical, serologic, and virologic profiles of 10 horses 

experimentally infected with EqPV-H. Inoculation routes and doses varied and are 
indicated on each panel. *Times when liver biopsies were obtained. • First seropositive 
sample (positive cut-off 104 RLU).  t Horse L was Equine hepacivirus (EqHV) negative 
when screened before inclusion in the study, however, she was naturally infected during the 
study and was found to be EqHV serum qPCR positive starting week -1 of IA EqPV-H+ 
serum inoculation. This was cleared by week 3, which was associated with a rise in liver 
enzymes, as is typical with EqHV infection. Liver markers were normalized to the 
maximum of the reference interval. Reference intervals: AST, 222-489 U/L; SDH, 1-6 U/L; 
GLDH, 2-10 U/L; GGT, 8-33 U/L; Bile acids, 2-10 �mol/L. GE, genome equivalents; 
EqPV-H, equine parvovirus-hepatitis; LOQ, limit of quantitation of PCR; RLU, relative 
light units for LIPS serology.  
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Figure 3.3. EqPV-H experimentally inoculated horses developed hepatitis at peak 

viremia. (A) Viral parameters (n=10). (B) Seroconversion timing (n=10). (C) Clinical 
parameters of horses that developed hepatitis (n=8). Two horses did not develop hepatitis 
(Horses K and N) and one horse (Horse A) developed clinical signs of hepatitis including 
icterus, inappetence, and lethargy. (D) Peak serum biochemical markers (n=10). Values 
above reference interval (RI) are indicated in red. RI: AST, 222-489 U/L; SDH, 1-6 U/L; 
GLDH, 2-10 U/L; GGT, 8-33 U/L; Bile acids, 2-10  µmol/L; Direct bilirubin, 0.1-0.3 
mg/dL; Triglycerides, 14-65 mg/dL.  
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In situ hybridization was used to determine whether the pathologic changes were associated 

with infected cells. EqPV-H NA were detected in small numbers of scattered hepatocytes with 

signal ranging from individual punctate hybridization in the nucleus to large amounts of 

hybridization in the nucleus and cytoplasm (Figure 3.4F, Supplemental Figure 3.S1). These 

different viral loads likely reflect the stage of infection in each cell, with large amounts of NA 

suggestive of active replication within the cell [18]. Necrotic cells and focal cellular aggregates 

within the parenchyma were positive for EqPV-H NA as well (Figure 3.4G, H). More severe 

pathology was associated with stronger and more widespread hybridization signal (Horse A, 

Figure 3.4I, J) 

Pre-inoculation liver from three horses (H-J) showed no evidence of hepatitis or EqPV-H-

positive cells and post-recovery samples (all liver biomarkers within reference interval) showed 

markedly reduced number and intensity of EqPV-H positive cells with no clear signs of continuing 

hepatitis (data not shown). The rare, individual hepatocytes with positive hybridization in the 

recovered horses most commonly had a single punctate signal in the nucleus with rare cytoplasmic 

hybridization, which is consistent with the lower viral loads observed in livers > 15 weeks after 

infection (Figure 3.1B). Reticulin and Masson’s trichrome stains were within normal limits in all 

three horses at all time points tested (Supplemental Figure 3.S2C, D). 

 Although RNAScope® ISH is designed to target cellular mRNA and does not label cellular 

DNA due to its secondary chromatin structure, it can label viral DNA in addition to viral RNA. 

DNase pre-treatment had minimal to no impact on labeling with anti-sense probes, indicating the 

presence of viral RNA (Supplemental Figure 3.S3). DNase pre-treatment almost completely 

abolished the labeling with sense probes (which detect anti-sense DNA), confirming the efficacy 

of DNase treatment (Supplemental Figure 3.S3). Together, these findings indicate that EqPV-H 
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infects and replicates in hepatocytes and viral infection is associated with liver pathology during 

hepatitis.  
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3.4.4 Allogeneic MSC preparations can transmit EqPV-H 

Before evaluating routes of natural transmission, we evaluated whether EqPV-H could be 

transmitted iatrogenically via allogeneic MSC preparations, as was suggested in a recent case 

series [7]. We tested both IA and intralesional injection into injured SDFT, as these are two 

common MSC treatment modalities in equine sports medicine [19]. Allogeneic MSC for equine 

therapeutic use are prepared in various ways that could influence the amount of EqPV-H 

contamination. Some laboratories culture MSC with FBS as the serum source (MSC-FBS), while 

others use autologous horse serum to reduce xenogeneic immunogenicity (MSC-AHS) [19].  

Figure 3.4. EqPV-H infects hepatocytes and results in hepatocellular necrosis with 

lymphocytic infiltrates. (A) An individual, necrotic hepatocyte (arrowhead) surrounded by 
small lymphocytes (arrow). Horse I, HE. (B) Random multifocal clusters of lymphocytes in 
the hepatic parenchyma (arrows). Horse J, HE. (C) Cells within the clusters of lymphocytes 
are CD3 positive. Horse J, CD3 IHC. (D) Horse A had the most severe biochemical and 
clinical hepatitis, which corresponded with the most severe liver pathology. At the beginning 
of hepatitis (week 7), there was marked increase in cellularity throughout the parenchyma 
(Di). Pathology was minimal in periportal regions (asterisk, Dii) and portal tracts contained 
few inflammatory cells (arrow, Dii). Increased numbers of individual necrotic hepatocytes 
(arrows, Diii), and clusters of lymphocytes, neutrophils, and macrophages surrounding 
necrotic hepatocytes (arrowhead, Diii), were found throughout zones 2 and 3 of lobules. (E) 
Seven days later, Horse A’s parenchymal cellularity was already reduced (Ei, Eii). 
Inflammatory cells and individual necrotic hepatocytes were reduced overall, although portal 
tracts still contained increased numbers of mixed inflammatory cells (arrow, Eii). Increased 
numbers of hepatocytes with mitotic figures (arrowheads, Eiii) and fewer individual necrotic 
cells (arrow, Eiii) were found throughout the parenchyma, compared to the week 7 biopsy 
(D). Inflammatory cells in portal tracts narrowly breached the limiting plate (asterisk, Eiii). 
(F) Three hepatocytes are shown demonstrating the range of in situ hybridization intensity 
with punctate nuclear (arrowhead), cytoplasmic (thin arrow), and combined nuclear and 
cytoplasmic (broad arrow) hybridization. Horse J, EqPV-H ISH, antisense probe. (G) An 
individual necrotic cell with nuclear karyorrhexis and EqPV-H hybridization within the 
cytoplasm and extending into the surrounding parenchyma. Horse B, EqPV-H ISH, antisense 
probe. (H) A focal aggregate of cells in the parenchyma with positive hybridization. Horse I, 
EqPV-H ISH, sense probe. (I) The biopsy with the most severe pathology had large numbers 
of hepatocytes with mild to strong positive nuclear and cytoplasmic hybridization (Horse A 
week 7, same sample as D, EqPV-H ISH, antisense probe). (J) One week later, EqPV-H 
hybridization was rare (Horse A week 8, same sample as E, EqPV-H ISH, antisense probe) 
with only mild nuclear (arrowhead) and/or cytoplasmic (arrow) hybridization. 
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No transmission was observed when MSC-FBS or EqPV-H qPCR positive MSC-AHS 

were administered IA (Figure 3.5A). Subsequent IA inoculation with horse serum to administer a 

higher EqPV-H dose was successful (Figure 3.5A), indicating that the virus can cross the synovial 

membrane. Intralesional inoculation of the SDFT with MSC-AHS also failed to transmit EqPV-H 

(Figure 3.5B), while challenge inoculation with a higher dose in horse serum transmitted the virus 

(Figure 3.5B, Horse C). Based on the observation that horses became viremic after direct injection 

of EqPV-H-positive horse serum (Horse L, M, C), but not after injection of EqPV-H-positive MSC 

preparations (Horse M and C), we wanted to exclude the possibility that the presence of MSC 

could potentially inhibit efficient EqPV-H transmission. Challenge with intralesional MSC-FBS 

resuspended in high-EqPV-H-titer horse serum successfully transmitted EqPV-H to Horse K, 

indicating that MSC by themselves do not prevent EqPV-H transmission. This was later confirmed 

in Horse D which suffered from a naturally occurring SDFT lesion (Figure 3.5B). 

Based on these findings, we propose that allogeneic MSC therapy for musculoskeletal 

injuries has the potential to transmit EqPV-H, especially when the EqPV-H load in these 

preparations is 5 x 106 GE/ml or higher.  

3.4.5 Vertical EqPV-H transmission was not detected 

Since many parvoviruses can be transmitted vertically [20, 21], we evaluated vertical 

transmission of EqPV-H on a Standardbred breeding farm which had an outbreak of Theiler’s 

disease in the fall [2] (Figure 3.6A). The following spring, serum was collected from all 24 mares 

and foals at birth before they suckled. Aliquots of anti-R. equi plasma lots that were administered 

to the foals at birth and at one month of age were also collected. Foals were again sampled in 

December of the birth year at 7-10 months of age (Figure 3.6A). Fifteen dams were EqPV-H  
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positive (Ct = 23.9 – 34.8). All 24 foals were EqPV-H serum qPCR negative before suckling, even 

when born to an EqPV-H-positive dam (n=15), indicating that vertical transmission in utero had 

not occurred. In December, however, 79% (19/24) of these foals were EqPV-H serum qPCR 

positive. We hypothesized that likely sources of EqPV-H exposure to foals were (i) contact with 

EqPV-H-infected dams (horizontal transmission) and/or (ii) hyperimmune anti-R. equi plasma 

administered to foals at 1 day and 1 month of age (equine biologic transmission). Screening of the 

plasma showed that 11 (44%) of 25 lots used that season were qPCR positive for EqPV-H (Ct = 

30.8 – 36). Using the qPCR of the dams’ serum and R. equi plasma lots, we divided the foals into 

4 groups based on the exposure types they experienced (Figure 3.6B). EqPV-H prevalence was 

Figure 3.5. EqPV-H can be transmitted by intra-articular (A) or intra-tendinous (B) 

injection. Allogeneic bone marrow-derived MSC were collected from a highly EqPV-H 
viremic horse. Cells were cultured in media containing either fetal bovine serum (MSC-FBS) 
or EqPV-H+ autologous horse serum (MSC-AHS), and washed twice in PBS before re-
suspension in 1ml PBS or EqPV-H+ AHS for inoculation. If horses did not become EqPV-H+ 
by 8 weeks, an additional inoculation with a higher viral load was administered, as indicated. 
SDFT, superficial digital flexor tendon; MSC, mesenchymal stromal cells; FBS, fetal bovine 
serum; PBS, phosphate-buffered saline; AHS, autologous horse serum; GE, genome 
equivalents. 
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high in all four groups at 7-10 months of age, indicating efficient transmission, but one particular 

exposure effect could not be identified. Indeed, Fisher exact test comparison of EqPV-H 

prevalence in foals that received virus-positive plasma (n=18) versus those that received virus-

negative plasma at both times (n=6), irrespective of EqPV-H status of the dam, showed no 

statistical difference (p=0.57).  

Figure 3.6. EqPV-H was not transmitted vertically, but was efficiently transmitted to foals by 

7-10 months of age. (A) Following an outbreak of Theiler’s disease in Sept-Nov of year 1, all foals 
born on the farm were monitored for EqPV-H infection. EqPV-H qPCR was performed on dam 
and foal serum collected at birth (ranged from January-May) and foal serum from December. All 
foals received hyperimmune plasma at birth and at one month of age and these plasma lots were 
tested by qPCR. (B) Foals were exposed to EqPV-H positive dams and/or plasma and no clear 
association between these exposures and foal viremia at 7-10 month of age was discernable. Fifteen 
foals were born to EqPV-H+ dams and 9 to EqPV-H- dams, but no in utero transmission was 
observed, as all foals were EqPV-H serum qPCR negative at birth. After birth, foals were exposed 
to EqPV-H+ dams, EqPV-H+ hyperimmune plasma, or both (indicated by each row). In December 
of their birth year, 79% (19/24) of foals were EqPV-H serum qPCR positive (indicated by yellow 
color). There was no statistical difference in proportion of infected foals between those that had 
received EqPV-H- or EqPV-H+ plasma (p = 0.57). R. equi, Rhodococcus equi; NSD, no significant 
difference. 
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3.4.6 EqPV-H transmission via horse flies could not be demonstrated 

Theiler’s disease cases without historical equine biologic product administration typically 

occur in the late summer to fall, suggesting EqPV-H transmission in the spring and summer [2]. 

Given this seasonality, and the known possibility of blood transfer [1], we hypothesized 

mechanical transmission by biting flies was likely. To test this, we used horse flies, which are 

expected to transmit the largest volume of blood per bite (2 nl) compared to other flies [22].  

We first evaluated the EqPV-H status of flies that had fed on donor horses, and found that 

a single pool of heads from 8 flies and individual abdomens of 4 flies were all EqPV-H qPCR 

positive. This indicates that horse flies feeding on EqPV-H-positive horses can function as 

mechanical vectors for this virus and, thus, can potentially transmit EqPV-H to recipient horses. 

Figure 3.7. EqPV-H transmission via horse flies could not be demonstrated. Horse flies were 
fed on EqPV-H viremic horses, dependent on horse fly capture and feeding behavior. Flies that 
fed on EqPV-H+ donors were immediately transferred to EqPV-H- recipient horses, where they 
fed to repletion. The estimated number of virions transmitted to each horse was calculated based 
on donor viremia (GE/ml serum) at the time of each fly bite, 2 nl of blood transfer per bite, and 
an estimated 40% packed cell volume of the donor (60% serum volume). If horses did not 
become EqPV-H+ by 8 weeks after fly feeding, an additional inoculation was administered, as 
indicated, to demonstrate susceptibility to infection. GE, genome equivalents. 
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Horse fly transmission attempts were then performed in three donor-recipient pairs, using various 

numbers of bites. Despite up to 30 transmission bites during high donor viremia, none of the three 

recipients became infected (Figure 3.7). All three recipients were subsequently demonstrated 

susceptible to EqPV-H infection (Figure 3.7). 

 

Table 3.1. EqPV-H is shed in nasal and oral secretions and in feces. Shedding kinetics 

(median and range) as determined by qPCR are shown. p.i., post inoculation; GE, genome 

equivalents; LOQ, limit of quantitation. One horse was still shedding nasally and orally 10 weeks 

after inoculation at the end of monitoring. 

Source No.  

shed 

Onset  

(week p.i.) 

Duration  

(weeks) 

Peak  

(GE/swab) 

Min serum viremia 

during shedding 

(GE/ml) 

Nasal 6/6 5.5 (4 - 6) 3.5 (1 -  ≥ 7) 1.59 x104  

(<LOQ – 2.87 x106) 

5.59 x104 

(8.94 x 102 – 4.23 x106) 

Oral 5/6 6 (4 - 8) 1 (1 - ≥ 6) <LOQ       

(<LOQ – 7.82 x103) 

8.91 x104 

(4.92 x 103 – 4.23 x106) 

Fecal 6/6 5.5 (4 - 8) 3 (2 - 3) 3.13 x103  

(<LOQ – 7.09 x103) 

7.67 x104 

(1.89 x 104 – 2.67 x106) 

 

3.4.7 EqPV-H is shed into the environment and oral transmission was demonstrated 

We next evaluated natural horizontal transmission modes, such as inhalation or ingestion, 

which require that virus is shed into the environment. qPCR of nasal, oral, and fecal swabs from 6 

EqPV-H experimentally-inoculated horses (Horses A, H-J, L, and M) demonstrated intermittent 

shedding by each route (Table 3.1). The shedding period was centered around peak viremia, but 

shedding could continue at least 10 weeks after inoculation. Based on these findings, we 
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hypothesized that EqPV-H could be transmitted through the upper respiratory tract by nasal contact 

or inhalation, or through the digestive tract via ingestion. To test this, Horses N and O were 

inoculated with EqPV-H in serum intranasally, but neither horse became viremic. Subsequently, 

each horse was inoculated with EqPV-H in serum orally, and Horse O became viremic by week 4 

(Figure 3.8). This finding demonstrates natural transmission of EqPV-H is possible, at least via 

the oral route, and thus should be considered during development of control measures for this 

important equine pathogen.  

 

3.5 Discussion 

In this paper, we provide evidence that EqPV-H, a novel equine parvovirus, is hepatotropic 

and causes hepatitis. Additionally, we investigated several routes of iatrogenic and natural 

transmission which could account for the high EqPV-H prevalence observed amongst horses.  

Figure 3.8. EqPV-H oral transmission 

was demonstrated. Two horses were first 
inoculated intranasally (IN) with horse 
serum containing 1 x106 GE/ml EqPV-H, 
but did not become EqPV-H+ by 8 weeks. 
An additional inoculation was performed 
orally (PO) with horse serum containing 1 
x107 GE/ml EqPV-H. Horse N did not 
become EqPV-H+ by 8 weeks after PO 
inoculation, therefore an additional 
inoculation was administered, as indicated. 
GE, genome equivalents. 
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Specifically, we demonstrated that EqPV-H infects individual hepatocytes and is 

associated with hepatocyte necrosis and lymphocytic infiltrates. Although this study is limited by 

the lack of concurrent mock-inoculated control horses, normal pre-infection serum biochemistry 

and biopsies served as internal controls. Additionally, the ISH and histopathologic data, combined 

with kinetic data showing that the onset of hepatitis coincided with seroconversion and a marked 

reduction in viremia, provide compelling evidence that EqPV-H is a causative agent of hepatitis 

in horses and is the likely cause of Theiler’s disease. Given the association of EqPV-H with 

hepatitis and Theiler’s disease demonstrated in previous studies [1, 2, 7] and further supported by 

our current work, it is essential to develop infection control strategies. As a first step to control the 

disease, we must know how it is transmitted beyond iatrogenic blood transmission. Here, we 

undertook a small survey of 5 routes of transmission, including both iatrogenic and natural modes 

based on the epidemiology of the disease as reported in recent case series [2, 7] as well as our 

findings of viral shedding into the environment.  

We found that EqPV-H can establish systemic infection after IA or intralesional tendon 

injection with EqPV-H in serum. These sites are frequently treated with allogeneic MSC [19]. 

However, it took a large viral dose to achieve this, and while equine MSC are sometimes prepared 

by culture in AHS [19], they are not commonly resuspended in equine serum for injection. 

Therefore, we suggest the risk of EqPV-H transmission by allogeneic MSC administration is likely 

low, especially if equine serum is not used in the culture or final preparation of these cells. 

However, since (i) the minimum infectious dose of EqPV-H is currently unknown, (ii) inter-

individual variation in vascularity or inflammation at the injection site could influence distribution 

and (iii) cases of Theiler’s disease have been reported in horses having received allogeneic MSC 
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treatments 5-8 weeks earlier [7], we suggest that donor horses and/or final allogeneic MSC 

preparations should be screened for EqPV-H before use. 

Based on the findings in our study, vertical transmission does not appear to be a major 

contributor to the epidemiology of EqPV-H. Specifically, we did not observe vertical transmission 

among 15 foals born to EqPV-H-positive dams on a farm that had recently suffered an outbreak 

of Theiler’s disease [2]. In comparison, transmission rates of some vertically transmitted infectious 

agents in horses include 25% for Equine hepacivirus [23], and 18% for Neospora hughesii [24]. 

Some explanations for the lack of vertical transmission of EqPV-H observed in this study 

compared to species in which vertical transmission of parvoviruses does occur [20, 25], could be 

the tissue tropism of the specific parvoviruses or the different placentation and antiviral capacities 

of the host placenta [26, 27]. 

In addition to evaluating vertical transmission, we also observed that routine administration 

of hyperimmune R. equi plasma to foals represents a source of virus introduction to the farm. 

Additionally, we found that the majority of foals became EqPV-H positive before 1 year of age, 

despite the fact that Theiler’s disease has never been reported in this age group. This suggests that 

the lack of susceptibility to severe hepatic necrosis in foals is due to other factors, such as 

immunologic development, rather than susceptibility to infection. Future studies should, therefore, 

focus on the immune responses generated upon EqPV-H infection and which immune components 

are important for controlling disease.  

Mechanical transmission of viruses via horse flies has been reported. For equine infectious 

anemia and hog cholera, transmission is consistently achieved under 34 bites and often with ≤ 5 

bites [28, 29]. This is in contrast to bovine leukemia virus, which can be transmitted by horse flies, 

but which requires over 50 bites and feeding on a highly viremic donor [30]. Here, we did not 
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observe transmission of EqPV-H with up to 30 horse fly bites. Some explanations for the lack of 

EqPV-H transmission via horse flies in our study include the (i) low number of bites tested, (ii) 

~15 min delay between feeding on donors and recipients and (iii) low donor viremia resulting in 

limited number of virions transmitted per bite. Indeed, the number of virions transmitted per bite 

would have reached ~60 virions at best. Additionally, we did not have a concurrent positive control 

of transmission of another virus, such as equine infectious anemia, to demonstrate the adequacy of 

our technique. We, therefore, conclude that mechanical transmission of EqPV-H via biting flies 

cannot be ruled out based on this study, but suggest this method of spread is likely to be inefficient 

and require a large number of bites. Regardless, vector-borne transmission of EqPV-H must still 

be considered likely since non-biologic-associated cases of Theiler’s disease typically occur in late 

summer and fall [2]. 

We found that horses shed EqPV-H into the environment via nasal and oral secretions and 

in feces, as has been described for other parvoviruses such as canine parvovirus-2 and porcine 

parvovirus [31, 32]. While the amount of EqPV-H shed was typically low, large amounts of virus, 

e.g. 2.9 x106 GE in a single nasal swab, were occasionally detected. Parvoviruses are notoriously 

hardy viruses [33, 34] and, thus, even low amounts of shedding could accumulate in the 

environment to create substantial contamination. Importantly, we could demonstrate that oral 

administration of EqPV-H resulted in successful infection in one horse. Additional studies are 

needed to determine the relevance of this finding in the epidemiology of the virus, including (i) 

more horses to better evaluate the efficiency of transmission via this route and (ii) different viral 

loads for inoculation to assess the minimal infectious dose.  

In summary, this study demonstrates that EqPV-H is hepatotropic and causes hepatitis. 

Allogeneic MSC preparations with high viral load can transmit EqPV-H, and thus, donor horses 
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and/or final products should be confirmed EqPV-H-free before use. Moreover, horizontal 

transmission of EqPV-H is common among horses, horses shed EqPV-H via multiple routes, and 

EqPV-H can be transmitted orally. While vertical transmission, horse fly transmission, and nasal 

transmission were not demonstrated in the current study, additional experimental infection studies 

are needed to determine whether this reflects inefficient or complete lack of transmission. 

Additional studies on farm transmission of EqPV-H are needed to strengthen farm biosecurity 

recommendations in the face of Theiler’s disease cases.  
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3.6 Supplemental files 
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Supplemental Figure 3.S1. EqPV-H infects hepatocytes and causes hepatitis characterized 

by individual hepatocyte necrosis and inflammatory cell infiltrates. Transcutaneous liver 
biopsies were obtained from Horses A, E, H-J, and L, during hepatitis as detected by serum 
biochemistry. Post-mortem liver samples were obtained from horses B-D 5 weeks after 
inoculation. Horse B had mildly increased liver enzymes, but Horses C and D had not developed 
biochemical hepatitis by the time of euthanasia. Representative hematoxylin and eosin and 
EqPV-H antisense probe ISH images are shown for each horse. Scale bars are 200 µm for 
columns 1 and 3, and 50 µm for columns 2 and 4. 
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Supplemental Figure 3.S2. Representative images of immunohistochemistry, reticulin, and 

Masson’s trichrome staining of liver samples from EqPV-H experimentally inoculated 

horses. (A) Pax5+ B cells (arrowheads) are scattered individually throughout the parenchyma 
and within sinusoids but absent in the multifocal parenchymal clusters of cells (arrows). Horse 
H, Pax5 IHC. (B) A large number of cells within the clusters of hepatocytes are Iba1+. Horse I, 
Iba1 IHC. (C) The reticulin pattern of recovered horses is within normal limits. Horse J, reticulin. 
(D) There is no evidence of sinusoidal or portal fibrosis in recovered horses. Horse J, Masson’s 
trichrome. 
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Supplemental Table 3.S1: Description of uses and inoculations of each horse in the study. 

Supplemental Figure 3.S3. In situ hybridization of liver samples taken from Horse I during 

hepatitis with and without DNase treatment and using either sense or antisense EqPV-H 

ISH probes. All positive cells are circled. Horse I, EqPV-H ISH. 
 

#1 #2 #3 #4

A hepatitis 7 wpi, 

hepatitis 8 wpi

yes serum,                    

IV,                         

5e6 GE

yes

B acute 5 wpi 30 horse fly bites serum,                   

IV,                        

5e6 GE

C acute 5 wpi MSC-AHS,          

SDFT,                 

1.4e5 GE 

serum,              

SDFT,                   

1e7 GE

D acute 5 wpi serum + MSC,     

SDFT,                    

1e7 GE 

E 16 wpi hepatitis 9 wpi yes serum,                    

IV,                         

5e6 GE

F  >  24 wpi natural

G  > 35 wpi natural

SheddingHorse Tropism Liver biopsy
Serum 

chemistry

Inoculation product, route, dose of EqPV-H

wpi, weeks post inoculation; GE, genome equivalents; MSC, mesenchymal stromal cells; AHS, autologous horse serum; SDFT, superficial 

digital flexor tendon; FBS, fetal bovine serum; LOD, limit of detection; IA, intra-articular; IN, intranasal; PO, per os.
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CHAPTER FOUR 

 
PATHOGENESIS, MICRO-RNA-122 GENE-REGULATION, AND PROTECTIVE 

IMMUNE RESPONSES AFTER ACUTE EQUINE HEPACIVIRUS INFECTION 
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regulation, and protective immune responses after acute equine hepacivirus infection. Hepatology. 
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4.1 Abstract 

Background & Aims: Equine hepacivirus (EqHV) is phylogenetically the closest relative 

of hepatitis C virus (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 disease, 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 & Results: Seven horses 

were experimentally inoculated with EqHV, monitored for 6 months, and rechallenged with the 

same, and subsequently a heterologous 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 non-sterilizing immunity resulting in shortened duration of viremia 

after rechallenge. Peripheral blood mononuclear cell responses in horses were minimal, although 

EqHV specific T cells were identified. Additionally, an interferon stimulated gene signature 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-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 consequences 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 infections. 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.  
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4.2 Introduction 

Hepatitis C virus (HCV) is an important human pathogen of the Flaviviridae family, 

chronically infecting ~70 million people, who are at increased risk of severe liver disease [1]. 

Therapeutics have been developed, whereas a vaccine and thorough understanding of pathology 

and immune responses is lagging. This is largely due to the lack of robust immunocompetent 

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, including those in bats, rodents, 

monkeys, horses, and cows (reviewed in [3]), and these can serve as potential surrogate models 

[4]. Despite the large diversity of these viruses, equine hepacivirus (EqHV; initially 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-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, as 6/6 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 1/3 horses. Viral clearance resulted in non-
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sterilizing immunity to rechallenge inoculations in 2 horses. For HCV, transcriptomic analyses of 

peripheral blood mononuclear cell (PBMC) and liver samples of infected humans and chimpanzees 

demonstrated strong interferon (IFN) responses associated with viral clearance, while T cell 

exhaustion often is associated with chronicity [16–19]. Understanding equine immune responses 

to EqHV could provide insights critical to understand hepaciviral pathogenesis and 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 re-infection, and to characterize gene expression 

changes in the liver and periphery.  

 

4.3 Materials and methods 

4.3.1 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 (NS3 or NS1) negative, as 

previously 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 completion of the study.  

4.3.2 Inoculations and sample collection  

Horses were inoculated intravenously (i.v.) with 5 mL of 107 genome equivalents (GE)/mL 
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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 

x107 GE/mL of the divergent CU strain serum one 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. 

PBMC were collected at weeks -1, 0, and 1 and then every other week for 26 weeks and prepared 

by Ficoll density gradient, as previously described [20], for flow cytometry. At each collection, 

additional aliquots of 3.5 x 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% FBS, 

10% DMSO for ELISPOT analysis. For one horse (horse N), fresh PBMC aliquots collected 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, USA) 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. 

4.3.3 Sample analysis 

Weekly serum biochemistry, EqHV reverse transcription (RT)-qPCR, and serology by 

luciferase immunoprecipitation system (LIPS) was performed. Serum miR-122 quantification was 

performed pre-infection and at peak hepatitis. Flow cytometric phenotyping of PBMCs was 

performed bi-weekly. RNA-Seq on PBMC and liver biopsies, and histopathology on liver biopsies 

were performed pre-inoculation (PRE), during early acute infection (ACUTE), near 
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seroconversion (SC), during falling viremia or hepatitis (FV, HEP), and at week 26 (POST) (Fig. 

4.1A, Supporting Fig. 4.S1). Hepatitis, or liver injury, was determined by elevation above 

reference interval of any of the following 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 4.S2. 

4.3.4 Statistical analysis 

Descriptive statistics are provided as median and range. Mixed effects analysis with horse 

as a random effect and Dunnett’s post hoc tests were performed on clinical parameters. 

Significance was set at p < 0.05. Differential expression for RNA-Seq data was analyzed in R 

Studio using Limma and Voom packages as previously described [21]. Detailed methods and 

analyses are provided in Supporting Text 4.S2. 

4.4 Results 

To characterize the course of infection and immune responses to EqHV, seven adult horses 

were inoculated with strain NZP1 virus, originating from a molecular clone [6]. Primary timepoints 

for the samples analyzed are shown in Figure 4.1A and Supporting Figure 4.S1.  

4.4.1 EqHV has a low chronicity rate in horses  

After primary inoculation, all horses became viremic within one to three days. Peak viremia 

developed by a median of 1 week with titers of 107 to 108 GE/mL serum. Viremia became 

undetectable by 15.5 (5 - 19) weeks in 6 out of 7 horses (86%) (Fig. 4.1B), and liver viral load 

reflected viremia (Fig.4. 1C). Horse J had a markedly shorter duration of viremia, more similar to 

rechallenge infections (described below). Horse D had multiple re-occurring phases of detectable 

viremia (Fig. 4.1B), which could not be explained by natural re-infection e.g. from co-housing.  
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Figure 4.1. EqHV infection typically resolves in horses. (A) Timepoints 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 timepoint 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 re-infection 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, P). Abbreviations: FV, falling viremia; HEP, hepatitis; 
LLOQ, lower level of quantification; PRE, preinoculation; SC, seroconversion. 
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Sequence analysis further suggested either recrudescence or persistent infection for horse D 

(Supporting Fig. 4.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 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. 4.S4). Hence, 

unrelated general immune activation might play a role in the typical sudden clearance of persistent 

pegivirus infection. Alternatively, given shared peptide sequences, a role for epitopes conserved 

between EqHV and EPgV cannot be excluded (Supporting Table 4.S5) [22].  

4.4.2 Prior EqHV infection provides partial immune protection 

Twenty-six weeks after primary inoculation, all horses except horse D were rechallenged 

i.v. with the same NZP1 strain. Three horses (A, B and P) experienced short-lived viremia for less 

than 2 weeks and titers 2-3 logs lower compared to primary infection. Horse J had borderline 

detectable viremia (Fig. 4.1D). Four to 6 weeks after homologous rechallenge, the 6 horses were 

rechallenged with highly divergent heterologous serum from a persistently infected horse (CU 

strain). Two horses (N and R) experienced re-infection with duration of less than 3 weeks and ~1 

log lower viremia compared to primary infections (Fig. 4.1D). 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 lasting ~3 weeks (Fig. 4.1D). 

In summary, clearance of primary infection resulted in broad non-sterilizing immunity that reduced 

viremia levels and duration, and this partial immune protection lasted at least a year. 



 

 

115 

 

4.4.3 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 subclinical (Fig. 4.2A, Supporting Fig. 4.S6A), consistent with mild liver injury. Since 

enhanced miR-122 serum levels can be observed during other types of acute and chronic liver 

injury [23], we measured serum miR-122 levels and found a significant increase for all 7 horses 

during peak hepatitis (p < 0.001, Fig. 4.2A), as well as a significant association with serum AST 

(p = 0.0499; Supporting Fig. 4.S6B). Measurement of miR-122 levels over time for two horses 

showed that miR-122 was >250-1250% of baseline while other markers remained near baseline 

(Supporting Fig. 4.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 one developed mild hepatitis during CU 

rechallenge (horse R, peak GLDH 438% of reference interval, all other liver markers within 

reference intervals). 

4.4.4 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 

due to lower immunogenicity [24]. Horses seroconverted to NS3 at 7 (1 - 11) weeks after 

inoculation (Fig. 4.2B, Supporting Fig. 4.S6A). Horse J showed markedly shorter time to 

seroconversion, suggestive of an anamnestic response. The timing of seroconversion did not 
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correlate to the onset of hepatitis (Pearson r2 = 0.017, p = 0.78), whereas it always preceded viral 

clearance by 7.5 (4 – 12) weeks (Pearson r2 = 0.74, p = 0.027) (Fig. 4.2B). Antibody titers slowly 

waned over time, but increased after productive rechallenge inoculations (Supporting Fig. 4.S7).   

 

 

Figure 4.2. EqHV infection results in subclinical hepatitis and delayed seroconversion. 

(A) Pre-inoculation 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 timepoint. (B) Time of seroconversion is shown and compared 
to time of viral clearance (n=6) or onset of hepatitis (n=7). Pearson correlation with linear 
regression is shown. Abbreviations: AST, aspartate aminotransferase; SDH, sorbitol 
dehydrogenase; GLDH, glutamate dehydrogenase; GGT, gamma-glutamyl transferase; w.p.i., 
week post inoculation. 
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4.4.5 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. 4.3A, Supporting Figs. 4.S3 and 4.S8A). While low frequency variants (0.1-20%) 

accumulated over time, non-synonymous changes to the consensus sequence were observed only 

for horse J during its short acute infection: A688V in E2 and I889V in NS2 (Fig. 4.3A). In 

homologous rechallenge samples analyzed from two 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. 4.3A), while none were observed for horse A (Supporting Fig. 4.S8A). Evidence of 

immune pressure on residue 409 was observed already at day 65 of the primary infection in horse 

P (Fig. 4.3A). The non-synonymous changes for horses J and P likely represented attempts to 

escape pre-existing immunity. 

The CU inoculum differed by 161 amino acids from the NZP1 strain (94.5% identity), and 

was highly diverse, consisting of three sub-populations (Fig. 4.3A-C, Supporting Fig. 4.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. 4.3E, Supporting Fig. 4.S8C). Interestingly, after 

rechallenge of horse R, sub-population CUII dominated, whereas sub-populations CUII and CUIII 

were selected in horse N and all sub-populations were present in horse P after the 1-year 

rechallenge. After CU inoculation of a naïve horse O, sub-population CUIII was selected. 

In summary, EqHV sequences were stable over time and we saw little evidence of selection 

of escape variants to adaptive immunity, including for the presumed low-level persistently infected 

horse D. 
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Figure 4.3. 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 timepoints from horse P, for the ACUTE timepoint 
for horse J, and for the CU heterologous inoculum. Data for remaining horses are shown in 
Supplemental Fig. S8. Non-synonymous changes are in red, synonymous in grey, and UTR 
changes in blue. Non-synonymous changes with a frequency >1% are annotated (except for 
CU). The dashed line indicates 50% (consensus change). (B) Three CU sub-populations are 
recognized (GenBank MT955622-24) and shown in a pie-chart, with the distribution in 
inoculated horses shown to the right. (C) Non-synonymous differences among NZP1 and CU 
sub-populations (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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4.4.6 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 population over the 26 weeks after primary inoculation (Fig. 4.4, 

Supporting Fig. 4.S9). Total T cells (Fig. 4.4A) and in particular CD4 T cells (Fig, 4.4B) comprised 

the largest PBMC sub-populations and showed little variation over time. While some horses 

showed prominent expansion of smaller sub-populations at single timepoints (Fig. 4.4; B cells in 

horse J, monocytes in horse R, and Ki67+ T cells in horse B), these findings were not consistent 

across animals and timepoints. Similar variation was observed in the horses after viral clearance 

(Supporting Fig. 4.S9), suggesting natural or technical variability.  

Figure 4.4. 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 PBMC. (B) Proportions of T cell and monocyte 
subtypes. (C) Chronically infected horse D is shown separately due to different timepoint 
designations. Data are deposited in Flow Repository with accession number FR-FCM-
Z2V7. Abbreviations: FV, falling viremia; NK, natural killer; PRE, preinoculation; SC, 
seroconversion. 
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To reveal potential changes to cellular gene expression not affecting cell frequency, we 

performed poly(A) specific RNA-seq on PBMCs at PRE, ACUTE, SC, FV and POST timepoints. 

No significant differentially expressed (DE) genes were detected at any timepoint among the 6 

resolving horses. To address changes to minor cell type populations, we further performed scRNA-

seq on horse N at the PRE and ACUTE timepoints. The ACUTE timepoint was chosen as near 

peak viremia, when a strong interferon response might be expected. This analysis resolved equine 

PBMC sub-populations in great depth [21] (Fig. 4.5A,B). Nonetheless, no infection-mediated 

differences in cell population proportions (Fig. 4.5C) and only minimal differences in gene 

expression (Fig. 4.5D) were observed, corroborating the bulk RNA-seq analysis. 

4.4.7 Analysis of EqHV-specific T cells 

To detect EqHV-specific T cells, we stimulated PBMCs with three peptide pools spanning 

the complete 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. 

4.6). In four 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 pre-existing anti-EqHV specific 

T cells. Combined with its rapid clearance of infection (Fig. 4.1B), early seroconversion (Fig. 

4.2B, Supporting Fig. 4.S6A, 4.S7), and rapid viral sequence changes (Fig. 4.3A) this would be 

consistent with previous EqHV exposure. An increased number of EqHV-specific T cells was seen 

after clearance (FV) for horses B, J and P, or after productive rechallenge in accordance with a 

recall T cell response for horse A, N and R. Interestingly, no T cell expansion was observed after 

productive rechallenge of horses B, J, or P. 
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4.4.8 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. 

4.S10). These histologic 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. 4.7A,B), portal 

lymphocytic infiltrates with some breaching of the limiting plate, and small nodules of 

lymphocytes, neutrophils, and dendritic cells in the parenchyma. Samples from four horses had 

individual necrotic hepatocytes with lymphocytic satellitosis and fewer neutrophils (Fig. 4.7C). 

Horse D had active hepatitis at the POST timepoint, associated with recrudescence of EqHV. There 

was significant lymphocyte infiltration across all timepoints in portal tracts (p = 0.045, Fig. 4.7D), 

but not sinusoids (p = 0.095, Fig. 4.7E). Fibrosis was not a significant feature (Supporting Fig. 

4.S10).  

Figure 4.5. 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 timepoints. (A) UMAP plot with cells represented as dots and 
colored by cell type cluster. Classification by projection on reference equine PBMC dataset 
[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 2.5 to 97.5 
percentile. (C) Cell frequency plots of major cell groups across PRE and ACUTE timepoints. 
Stacked bar plots illustrate frequency of subpopulations. (D) Average expression (natural log 
transformed) per gene for PRE and ACUTE timepoints within major cell groups. Points 
highlighted in red were DE (FDR < 5x10-6 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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4.4.9 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 five resolving horses (horse B excluded for technical reasons), 46 host genes 

were significantly (FDR<0.1) up-regulated and 1 down-regulated at any timepoint compared to 

PRE (Fig. 4.8A). The strongest response was at the ACUTE and FV timepoints (Fig. 4.8B). Among 

the 47 DE genes (Fig. 4.8C, Supporting Fig. 4.S11A), 14 were IFN-stimulated genes (ISGs) [28] 

and others were consistent with an increase in leukocytes (IL2RG, CXCR4, CD68, GPNMB, 

MPEG1). The week 5 (FV) and 27 (POST/second FV) samples from horse D both represented 

timepoints of falling viremia, and resembled the FV timepoint for other horses (Fig. 4.8C). Viral 

RNA was significant in our analysis and followed intrahepatic RT-qPCR data, with a 100-fold 

Figure 4.6. Detection of virus-specific IFN-γγγγ producing T cells in EqHV infected horses. 

ELISPOT quantification of IFN-γ-producing PBMC stimulated by each of 3 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 + 3x 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. 
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excess of (+) to (–) strand reads (Fig. 4.8C, Supporting Fig. 4.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 two weeks after the last positive serum sample, showed no responses (Fig. 

4.8C). An overlap of genes, in particular among ISGs, was found with acute phase liver samples 

of HCV-infected chimpanzees [17] or humans [18], liver transplant organs becoming HCV 

infected post transplantation [19], and rodent hepacivirus (RHV)-infected rats [29] (Fig. 4.8C). 

Genes upregulated at the ACUTE and FV timepoints were significantly enriched for ISGs (Fig. 

4.8D). Gene ontology (GO) analysis across the 46 genes upregulated at any timepoint showed 

enrichment for response to virus, exogenous RNA, and innate immunity (Fig. 4.8E). For the 

ACUTE timepoint, 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 genes at the ACUTE timepoint were enriched for GO terms associated with 

normal cell and liver function (Supporting Fig. 4.S11D). In summary, acute resolving EqHV 

infection was consistent with signatures of innate immunity and antigen presentation in the liver. 

4.4.10 EqHV infection functionally sequesters miR-122 in vivo 

In addition to the direct role of miR-122 in supporting HCV replication, in vitro studies 

show that HCV sequesters enough miR-122 to deplete the available cellular pool and cause 

functional de-repression of mRNAs normally repressed by miR-122 [30]. Here, we intriguingly 

found that cellular mRNAs normally repressed by miR-122, i.e. harboring a miR-122 7- or 8-mer 

seed site in their 3’UTR, were significantly upregulated at ACUTE and SC timepoints of EqHV 

infection, consistent with de-repression (Fig. 4.8F). Upregulation was less pronounced at FV, and 

no difference was seen at the POST timepoint. MiRNA specific de-repression was not observed 
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for other abundant miRNAs (Fig. 4.8F, Supporting Fig. 4.S11E-I). These data represent the first 

functional miRNA sequestration by an RNA virus observed in vivo, and emphasize the functional 

importance of this intriguing RNA-based mechanism of gene regulation. This might have 

particular relevance for HCV-induced liver cancer, in that miR-122 is a tumor suppressor [31]. 

Figure 4.7. Liver histopathology is characterized by necrotic hepatocytes and T cell 

infiltrates. (A,B) Anti-CD3 immunohistochemistry (brown) showing T cells for horse D pre-
infection (A) and during hepatitis (B). (C) Hematoxylin and eosin 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 timepoints 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 post-hoc Dunnett’s test was applied comparing 
T cell numbers at each time to pre-infection as shown. Horse D week 27 POST sample was 
excluded due to recrudescence of chronic EqHV infection and active hepatitis. Abbreviations: 
HEP, hepatitis; PRE, preinoculation; SC, seroconversion. 
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Figure 4.8. Liver transcriptional analysis reveals an ISG response. (A) The number of DE 
genes compared to PRE is indicated for individual timepoints and for multiple comparison 
(any). (B) Volcano plots of indicated timepoints compared to PRE in liver. The most significant 
genes are labelled. DE genes at any timepoint (F-test) are indicated in red. (C) Heat map 
showing scaled expression of liver DE genes at any timepoint 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 
timepoints as indicated. ROAST p-values are shown. (E) Gene ontology analysis for up-
regulated genes in the liver at timepoints 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 timepoints 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 timepoint. 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 
GSE158753. 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.   
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4.5 Discussion 

EqHV infection of horses could serve as an animal model to understand fundamental 

aspects of intrahepatic immune responses that can protect against, or lead to clearance of, 

hepaciviral infection, and thus could be of direct relevance for design of HCV vaccine 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], which due to its 

recent discovery was not accounted for in previous studies [7–9]. Histopathologic changes in 

horses were similar to acute HCV in humans, with lymphocytic 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 warrants further study. 

The initial goal of an HCV vaccine is to prevent chronicity while accepting acute resolving 

infection [33]. Indeed, resolving infection was the primary outcome of EqHV infection in this and 

previous studies [6–9], providing an opportunity to characterize the immune responses leading to 

viral clearance and protection from challenge infections, which is difficult to study for other 

species of hepacivirus, where chronicity is the primary outcome. Clearance was associated with 

prior seroconversion and elevated circulating liver markers. This included elevated serum miR-

122, which we established as a novel marker of hepatitis during acute hepacivirus infection. Given 

its high sequence conservation, miR-122 may be particularly attractive for studies in non-model 

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 
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information on protective immunity to hepaciviruses. Importantly, primary infection with NZP1 

provided broad protection against homologous and heterologous rechallenges. 

Protective immunity waned over time, with longer duration of re-infection when 

rechallenged after 1 year. This correlated with observations for HCV in chimpanzees and GBV-B 

in tamarins [34, 35]. Declining antibody 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 infection. Since 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. Non-

synonymous changes in horses J (primary infection) and P (rechallenge) might represent adaptive 

immunity induced selection, 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, however, find that 

EqHV sequence diversity was particularly 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 intrahepatic 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 
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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 

lymphocytic infiltrate observed on 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 overshadowed 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-timepoint 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 knock-out mice spontaneously develop HCV-like liver disease [31]. 

Here, we find miR-122-specific de-repression of cellular mRNAs upon EqHV infection of the liver 

and strong correlation with viral load in the liver. Although a causative effect cannot be 

established, this is the first 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 pathology as a result of hepaciviral infection. 

  We noted that co-infecting 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 similar to observations with simian pegivirus (SPgV)-infected macaques 
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superinfected with simian immunodeficiency virus (SIV) [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, concomitant 

clearance of HPgV and HCV infection was observed in patients after therapeutically administrated 

IFN-α [40]. It cannot be excluded, however, that the peptide sequences of up to nine amino acid 

residues 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], co-infection mediated 

concomitant viral clearance in unrelated tissues was not previously reported and should be 

explored further.  

In summary, our findings suggest an equine immune response more competent in clearing 

infection compared to human immune responses to HCV. Thus, EqHV infection in horses could 

provide a useful model to understand drivers of hepacivirus clearance, and consequently, for 

development of HCV vaccines. We uncovered a primarily hepatic response driving viral clearance, 

and our findings reveal the first specifics of, particularly innate, immune responses linked to 

resolving infection. The change and waning of these responses over time should be a focus for 

further 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 due to 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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4.6 Supplemental files 

 

 

Supplemental Text 4.S2: Detailed methods 

Serum biochemistry and hematology 

Fresh serum samples were submitted to the New York State Animal Health Diagnostic 

Center (AHDC) for serum biochemistry of liver markers. Complete blood count was performed 

on fresh EDTA-anticoagulated blood monthly by the AHDC.  

Hemogram parameters and reference intervals were: hematocrit, 34 – 46%; hemoglobin, 

11.8 – 15.9 g/dL; red blood cell count, 6.6 – 9.7 x106/µL; mean corpuscular volume, 43 – 55 fL; 

mean corpuscular hemoglobin, 15 – 20 pg; mean corpuscular hemoglobin concentration 34 – 37 

g/dL; red cell distribution width, 16.3 – 19.3%; nucleated red blood cells, 0/100 white blood cells; 

white blood cells, 5.2 – 10.1 x103/µL; segmented neutrophils, 2.7 – 6.6 x103/µL; band neutrophils 

Supplemental Figure 4.S1. Sample analysis timepoints 
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0.0 – 0.1 x103/µL; lymphocytes, 1.2 – 4.9 x103/µL; monocytes, 0.0 - 0.6 x103/µL; eosinophils, 0.0 

– 1.2 x103/µL;  basophils, 0.0 – 0.2 x103/µL; platelet count, 94 – 232 x103/µL; mean platelet 

volume, 5.3 – 8.4 fL; total protein, 5.2 – 7.8 g/dL. Blood smears were examined manually to 

confirm automated results.  

Biochemical markers examined were: aspartate aminotransferase (AST), sorbitol 

dehydrogenase (SDH), glutamate dehydrogenase (GLDH), gamma glutamyltransferase (GGT), 

bile acids, total, direct, and indirect bilirubin, creatine kinase (CK), triglycerides, serum amyloid 

A (SAA), serum iron, total iron binding capacity (TIBC), and ferritin (FE) saturation. Reference 

intervals were: AST, 222-489 U/L; SDH, 1-6 U/L; GLDH, 2-10 U/L; GGT, 8-33 U/L; bile acids, 

2-10 µmol/L; total bilirubin, 8.55-35.9 µmol/L; direct bilirubin, 1.71-5.13 µmol/L; indirect 

bilirubin, 5.13-34.2 µmol/L; CK, 171-567 U/L; triglycerides, 14-65 mg/dL; SAA, 0-8 µg/mL; 

serum iron, 95-217 µg/dL; TIBC, 289-535 µg/dL; and FE saturation, 27-56%. 

Serum EqHV and miR-122 PCR and serology 

For viremia, RNA was extracted from serum using MagMAX-96 Viral RNA Isolation Kit 

(Ambion) and viral load was quantified by RT-qPCR using TaqMan Fast Virus 1-Step Master Mix 

(Applied Bioscience) on a LightCycler (Roche) with the following cycling parameters: 50°C for 

30 min, 95°C for 5 min followed by 40 cycles of 95°C for 15 s, 56°C for 30 s and 60°C for 45 s. 

Primers/probes were TS-O-00891/892/893 for EqHV, TS-O-00373/374/375 for EPgV-1 and TS-

O-00130/131/132 for EPgV-2. For miRNAs, RNA was extracted using Trizol and cDNA prepared 

using the miScript kit with HiSpec buffer (Qiagen) for 1 hr at 37°C and 5 min at 95°C. Takara One 

step SYBR primescript RT-PCR (perfect RT) kit was used for qPCR by excluding the Primescript 

RT enzyme mix II and using primers TS-O-00226 (miR-122 specific) and TS-O-00309 (miScript 

Universal primer). Samples were diluted 10-fold before qPCR, and a synthetic miR-122 standard 
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was included. Anti-NS3 antibody levels were determined by LIPS as previously described (1).  

Enzyme-linked immunosorbent spot assay (ELISPOT) 

Antigen-specific T-cells secreting IFN-γ were enumerated using equine ELISpot kit 

(Mabtech). Cells were plated in 96 well PVDF plates at 2x105 per well in duplicate, and stimulated 

separately with three peptide pools comprised of peptides of 18 amino acids with 11 residue 

overlap covering the complete NS3 coding sequence of EqHV reference strain NZP1 (GenBank 

NC_038425), or Concanavalin-A 5 µg/mL (Sigma), or media alone, as positive and negative 

controls, respectively. The plates were incubated for 42-48 hours and developed according to 

instructions. The number of spot-forming cells were measured using an automatic counter 

(Immunospot). A positive response was considered only when the mean of peptides-stimulated 

wells was more than mean of negative wells + 3 standard deviation. The total number of spot-

forming cells were calculated by subtracting the mean number of spots in negative control wells 

from the mean of peptides containing wells. 

Flow cytometric phenotyping 

Fresh PBMC were labeled for flow cytometric phenotyping. For 2 horses (Horses A, R), 

PBMC were cryopreserved and flow cytometry was performed in batch after panel development 

was finalized. Others were done fresh. Two antibody panels, Panel M and Panel T, were used and 

analyzed as previously described (2). Briefly, Panel M identified populations of T cells 

(CD3+CD14-CD16-), B cells (CD3-CD14-PanIg+), NK-like cells (CD3+CD14-CD16+), 

monocytes (CD3-CD14+) and alternatively activated monocytes (CD3-CD14+CD16+). Panel T 

resolved populations of CD4 T cells (CD3+CD14-CD21-CD4+CD8-), CD8 T cells (CD3+CD14-

CD21-CD4-CD8+), and Ki67+ proliferating CD4 and CD8 T cells.  
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Liver histopathology 

Slide preparation and labeling was performed by the AHDC. Sections were labeled with 

HE, Masson’s Trichrome, and reticulin. Immunohistochemistry was performed to detect T cells 

(anti-CD3, clone LN10, Leica, Buffalo Grove, IL, USA), B cells (anti-Pax5, clone 1EW, Leica, 

Buffalo Grove, IL, USA), and macrophages/dendritic cells (m/DC) (anti-Iba1, Wako Pure 

Chemical Industries, Richmond, VA, USA). Slides were read by one author (S.M.) who was 

blinded to horse and infection status. The number of T cells in sinusoids was counted over five 

40x fields and an average number of cells per mm2 was calculated as previously described (3). The 

number of T cells per portal tract was averaged over 5 portal tracts.  

RNA isolation, quantification, and sequencing 

For complete ORF amplification, RNA was extracted from 250 μL serum using TRIzol LS 

Reagent (Thermo Fisher Scientific). After addition of chloroform and centrifugation, the aqueous 

phase was mixed with 450 μL anhydrous ethanol and transferred to an RNA Clean & Concentrator-

5 column (Zymo Research) for downstream RNA purification and concentration. RT was 

performed with Maxima H Minus Reverse Transcriptase (Thermo Fisher Scientific). Samples were 

pre-incubated in the presence of RNase inhibitors (Promega) at 65°C for 2 min prior to addition 

of the RT enzyme, followed by 50°C for 2 h using 0.1 μM primers NPHV-9379-RT and CU-9379-

RT for NZP1 and CU strain, respectively. Amplification of the complete ORF was performed 

using Q5 High-Fidelity Hot start DNA Polymerase (NEB), including high GC Enhancer, and the 

primer pairs NPHV-288-F/NPHV-9314-R and TS-O-01230/NPHV-9314-R for NZP1 and CU 

strain, respectively.  PCR cycling parameters were 98°C for 30 s, followed by 35 cycles of 98°C 

for 10 s, 65°C for 10 s and 72°C for 8 min, with a final extension at 72°C for 10 min. Amplified 

DNA was purified using DNA Clean & Concentrator 25 columns (Zymo Research), and libraries 
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for deep sequencing were prepared using the NEBNext Ultra II FS DNA Library Prep Kit for 

Illumina (NEB). Quality of DNA libraries was validated using a 2100 Bioanalyzer Instrument 

(Agilent). The Qubit dsDNA High-Sensitivity Assay Kit (Thermo Fisher Scientific) was used to 

quantify DNA libraries in order to pool these in equimolar concentrations prior to denaturation. 

Pooled libraries were loaded on a MiSeq v3 150 cycle flow-cell, and sequencing performed on a 

MiSeq benchtop sequencer (Illumina). 

Library preparation and RNA-seq for equine PBMC and liver samples 

PBMCs were lysed in TRIzol and total RNA was extracted as described above. The 

integrity of extracted RNA was analyzed on a 2100 bioanalyzer instrument using an RNA 6000 

nano assay kit (Agilent Technologies). High-quality RNA (avg. RIN score 9.8, min. 9.0) was 

quantified using the Qubit RNA broad-range assay kit and 500 ng were used as input for TruSeq 

stranded mRNA library preparation (Illumina).  

Liver biopsies (~10 mg) fixed in RNAlater were transferred into a MagNA Lyser Green 

Beads tube containing 1 mL cold TRIzol. Liver tissue was homogenized using a MagNA Lyser 

instrument (Roche) at 6500 rpm for 60 s with continuous cooling on ice every 20 s. RNA extraction 

was done as outlined above and the integrity was assessed on a 2100 bioanalyzer instrument (some 

samples N/A, avg. RIN score of others 7.9). For the liver samples, total RNA-seq was prioritized 

over poly(A) selection in order to recover viral reads. Depletion of ribosomal RNA from 500 ng 

input RNA was achieved using the Ribo-off rRNA depletion kit (Vazyme) for which horse rRNA 

removal has been validated. Following purification of rRNA-depleted total RNA using RNAClean 

XP beads (Beckman Coulter), the RNA was eluted with FPF buffer (Illumina) for subsequent 

TruSeq stranded mRNA library preparation that, except for the use of FPF buffer, is identical to 

the total RNA protocol, starting from the RNA fragmentation step. 
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Quality of DNA libraries was checked using a 2100 bioanalyzer instrument. The Qubit 

dsDNA High-Sensitivity Assay Kit (Thermo Fisher Scientific) was used to quantify DNA libraries 

in order to pool these in equimolar concentrations prior to denaturation. Pooled libraries were 

loaded on a NextSeq 500/550 v2.5 75 cycle flow-cell, and sequencing performed on a NextSeq 

benchtop sequencer (Illumina) at the Department of Clinical Microbiology (Hvidovre Hospital, 

Copenhagen). Data derived from two (PBMCs) or three (liver) independent deep-sequencing runs 

were pooled to ensure sufficient depth of sequencing coverage. 

RNA-seq data analysis 

For transcriptome analysis, reads were mapped to the EquCab3.0 genome (Ensembl v98) 

supplemented with the EqHV NZP1 genome (GenBank: KP325401.1) with HISAT2 (4) and 

quantified with featureCounts (5) including positive and negative strand annotation of NZP1 using 

default settings. Previous equine transcriptome analysis (6) identified duplicate entries for 

numerous immunologically relevant genes (CD14, IL7R, etc.) in the EquCab3.0 reference. To 

recover quantification of genes with duplicate entries (n = 77 genes, which were discarded in initial 

quantifications due to read multimapping), featureCounts was run a second time on a filtered 

reference containing only genes with duplicate entries; in this stage, multimapped reads were 

counted fractionally (each alignment carries 1/x counts where x is the total number of alignments 

reported for the read) and then collapsed at the gene level by summation  (featureCounts with -m 

and –fraction explicitly). The resulting counts matrix for genes with duplicate entries was 

appended to the initial count matrix.  Differential expression was analyzed in R using Limma and 

Voom. The PRE, ACUTE, SC, FV and POST time points were included in analysis. Horse D was 

excluded due to persistent infection. Horse B was excluded from liver but not PBMC analysis for 

technical reasons. Gene ontology analysis was done in R using GoSeq. miRNA abundance was 



 

 

138 

 

determined as the fraction of chimeric reads for each miRNA in Argonaute (AGO) cross-linking 

immunoprecipitation (CLIP) libraries from four equine liver biopsies (7,8). For analysis of miR-

122 de-repression, miRNA targeting of mRNAs were defined by presence of 7-mer seed sites in 

EquCab3.0 3’UTRs. 

Library preparation and data processing for scRNA-seq 

scRNA-seq was performed using 10x Genomics Chromium Single Cell 3’ Reagent Kit 

(v2). Libraries were pooled and sequenced on Illumina NextSeq 500 in paired-end configuration 

(Read 1, cell barcode: 26 nt; Read 2, transcript: 98 nt) to a target read depth of approximately 

35,000 paired-end reads per cell. The EquCab3.0 reference genome (9) was used in all scRNA-

seq analyses. Reads were assigned to cell barcodes, mapped and quantified per gene using 

CellRanger (v 3.0.1, 10X Genomics) with default parameters (“standard workflow”). Raw BAM 

files were extracted and processed with the End Sequence Analysis Toolkit (10) and a workflow 

optimized for equine scRNA-seq analysis as described (6). Putative “multiplet” cell barcodes were 

identified and removed from downstream analyses with the DoubletDetection tool (11). 

scRNA-seq data analysis 

Processed gene-cell matrices were analyzed in R (v3.5.1) using the Seurat package 

(v3.1.1). Data were filtered to exclude genes detected in less than 3 cells (per sample timepoint; 

PRE, ACUTE), to exclude cells with less than 750 unique molecular identifiers (UMIs) or greater 

than 20,000 UMIs (putative doublets), and to exclude cells with greater than 5% UMIs assigned 

to mitochondrial genes (putative dead or dying cells). Gene-cell count matrices were independently 

normalized with SCTransform (12), and the top 5000 most variable genes (variance-stabilizing 

transformation) were selected for each sample timepoint. Data for the PRE timepoint were 

previously analyzed as part of establishing a reference dataset of equine PBMCs (6); assigned cell 
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type annotations were used in the present analysis. To classify cell types in the ACUTE timepoint, 

we projected reference cell type annotations using Seurat’s FindTransferAnchors and 

TransferData function (dims: 1:30; weight.reduction: “pcaproject”) (13). For UMAP 

visualizations, data from both timepoints were integrated using Seurat’s FindIntegrationAnchors 

and IntegrateData function (dims: 1:30), and cells colored by reference annotation (PRE timepoint) 

or reference-based classification (ACUTE timepoint).  

Statistics 

Statistical tests of clinical parameters were performed in GraphPad Prism version 8.3.0 for 

Mac (GraphPad Software, San Diego, CA, USA) or JMP Pro 14.0.0 (SAS Institute Inc., Cary, NC, 

USA). Mixed effects analysis with horse as a random effect and Dunnett’s post hoc tests were 

performed. Significance was set at p < 0.05. 
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Primer sequences  

Primer no. Primer name Primer sequence 

1 TS-O-00130 CCCAAACCGAGCCRCCCT 

2 TS-O-00131 CGGACTGAATTATAGGCGTCG 

3 TS-O-00132 /FAM/CCGGGATTTACCCGAAGAACCCTG/BHQ_1/ 

4 TS-O-00226 TGGAGTGTGACAATGGTGTTT 

5 TS-O-00309 GAATCGAGCACCAGTTACGC 

6 TS-O-00373 ACGCAGAGCAAGATTACCTATGC 

7 TS-O-00374 CCTGGTGGAGTAGCAGTAGC 

8 TS-O-00375 /FAM/ACGCTGACGTCGTGATTTGCGACGA/BHQ_1/ 

9 TS-O-00891 CACATCACCATGTGTCACTCC 

10 TS-O-00892 CGCGATTTTCGTGTACTCAC 

11 TS-O-00893 /FAM/TCACGAATTCCAGCTCCCT/BHQ_1/ 

12 TS-O-01230 ATCGCGGCTTGAACGTCCTA 

13 NPHV-288-F CACGAAGGAAGGCGGGGG 

14 NPHV-9314-R CCATCACCCACCCTCCTGTT 

15 NPHV-9379-RT CCATAGGGGCGGAACAGG 

16 CU-9379-RT CCATAGGGGCAGAACAGG 

 

References 

1. Scheel TKH, Kapoor A, Nishiuchi E, Brock K V., Yu Y, Andrus L, et al. Characterization of 
nonprimate hepacivirus and construction of a functional molecular clone. Proc. Natl. Acad. 
Sci. U.S.A. [Internet]. 2015;112:2192–2197.  
 

2. Tomlinson JE, Wolfisberg R, Fahnøe U, Sharma H, Renshaw RW, Nielsen L, et al. Equine 
pegiviruses cause persistent infection of bone marrow and are not associated with hepatitis. 
PLoS Pathog. [Internet]. 2020;16:e1008677.  
 

3. Meuten DJ, Moore FM, George JW. Mitotic Count and the Field of View Area: Time to 
Standardize. Vet. Pathol. 2016;53:7–9.  
 

4. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and 



 

 

141 

 

genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. [Internet]. 2019;37:907–
915. Available from: http://dx.doi.org/10.1038/s41587-019-0201-4. 
 

5. Liao Y, Smyth GK, Shi W. FeatureCounts: An efficient general purpose program for assigning 
sequence reads to genomic features. Bioinformatics. 2014;30:923–930.  
 

6. Patel RS, Tomlinson JE, Divers TJ, van de Walle GR, Rosenberg BR. Single-cell resolution 
landscape of equine peripheral blood mononuclear cells reveals diverse cell types including T-
bet+ B cells. BMC Biol. 2021;19:1–18.  
 

7. 7Yu Y, Scheel TKH, Luna JM, Chung H, Nishiuchi E, Scull MA, et al. miRNA independent 
hepacivirus variants suggest a strong evolutionary pressure to maintain miR-122 dependence. 
PLoS Pathog. 2017;13:1–21.  
 

8. Scheel TKH, Moore MJ, Luna JM, Nishiuchi E, Fak J, Darnell RB, et al. Global mapping of 
miRNA-target interactions in cattle (Bos taurus). Sci. Rep. [Internet]. 2017;7:1–13. Available 
from: http://dx.doi.org/10.1038/s41598-017-07880-8. 
 

9. Kalbfleisch TS, Rice ES, DePriest MS, Walenz BP, Hestand MS, Vermeesch JR, et al. 
Improved reference genome for the domestic horse increases assembly contiguity and 
composition. Commun. Biol. 2018;1:1–8.  
 

10. Derr A, Yang C, Zilionis R, Sergushichev A, Blodgett DM, Redick S, et al. End Sequence 
Analysis Toolkit (ESAT) expands the extractable information from single-cell RNA-seq data. 
Genome Res. 2016;26:1397–1410.  
 

11. Gayoso A, Shor J, Carr AJ, Sharma R, Pe’er D. GitHub: DoubletDetection. 2019; 
 

12. Hafemeister C, Satija R. Normalization and variance stabilization of single-cell RNA-seq data 
using regularized negative binomial regression. Genome Biol. 2019;20:1–15.  
 

13. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al. Comprehensive 
Integration of Single-Cell Data. Cell [Internet]. 2019;177:1888-1902.e21. Available from: 
https://doi.org/10.1016/j.cell.2019.05.031 

Author names in bold designate shared co-first authorship. 



 

 

142 

 

 

 

 

 

 

 

 

Supplemental Figure 4.S3. Horse D was persistently infected with the same EqHV 

population. No changes >5% from NZP1 consensus were found at any timepoint for horse D. 
Therefore, to interrogate whether low-level diversity could link sequential samples from the 
same horse, principle component analysis (PCA) of nucleotide diversity was performed. 
Positions with >0.5% divergence in early and late serum derived viral ORF sequences are 
included. Positions 5328, 5631, 9112, 2142, 1407, and 2751 contributed particularly to the 
separation of horse D (28 and 182 days post infection [dpi]) samples from the others. 
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Supplemental Figure 4.S4. Co-infection of EqHV and equine pegiviruses. Time course of 
viremia with EqHV and equine pegivirus (EPgV) is shown. Horse J was experimentally infected 
with EPgV-2 (TDAV) and horse R was naturally infected with EPgV-1 before enrollment in the 
current study.  LLOQ: lower level of quantification. 
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Supplemental Table 4.S5: Conserved sequences between EqHV, EPgVs. Completely 
conserved epitopes of at least 7 amino acid residues between EqHV (NZP1) and EPgV-1 (C35) 
and EPgV-2 (TDAV) are shown. 
 

Epitope NZP1 pos Gene EPgV-1 (C35) EPgV-2 (TDAV) 

PTGSGKST 1211 NS3 x  

VLVLNPSVA 1231 NS3 x  

LVLNPSVA 1232 NS3  x 

ATATPPG 1327 NS3 x  

GDIPFYG 1351 NS3 x x 

VVATDAL 1414 NS3  x 

GNFDTVTDC 1426 NS3 x  

FDTVTDCN 1428 NS3  x 

MPPLEGE 2328 NS5A  x 

AYGFQYTP 2542 NS5B  x 
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Supplemental Figure 4.S6. Course of EqHV infection. (A) Serial serum chemistry and serum 
EqHV viral load for 26 weeks after i.v. inoculation is shown for all 7 horses. The time of 
seroconversion is indicated by an arrow. Horse D was persistently infected and was monitored 
for 30 weeks. (B) Correlation of serum miR-122 levels with AST during peak hepatitis evaluated 
by mixed effect analysis with horse as random effect. (C) Time course of serum miR-122 levels 
and other liver markers in two horses. 
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Supplemental Figure 4.S7. Anti-NS3 antibodies slowly wane over time and are boosted 

following productive rechallenge infections. Serial anti-NS3 antibody measurements by LIPS 
for four horses throughout the course of primary infection and two sequential rechallenge 
inoculations (indicated). Rechallenge inoculations that resulted in detectable viremia are 
indicated as productive. The first seropositive sample is indicated in red. RLU: relative light 
units. 
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Supplemental Figure 4.S8 Viral evolution over the course of EqHV infection and sequence 

analysis of CU strain. (A-B) Viral genome diversity is shown for NZP1 (A) and CU (B) 
infections for ACUTE, FV, and rechallenge timepoints for remaining horses not shown in Fig. 
3. Non-synonymous changes are in red, synonymous in grey, and changes to the UTRs in blue. 
Non-synonymous changes with a frequency >1% are labelled for NZP1 in (A). The dashed line 
indicates 50% (consensus change). (C) Sequence diversity in E1 and the N-terminus (proposed 
HVR1) of E2 for NZP1, the three CU sub-populations and for published sequences. Amino acid 
numbering according to NZP1 reference. 
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Supplemental Figure 4.S9 No change in PBMC populations during acute EqHV infection. 

(A) Complete blood counts performed monthly showed no notable changes in white blood cell 
counts. (B-D) Full time-course of PBMC subpopulations monitored by flow cytometry. (B) 

Major cell populations as percent of total PBMCs. (C) Subpopulations of T cells. (D) 

Proliferating cells (Ki67+) in each subpopulation of T cells. M, monocytes; NK, natural killer 
cells. 
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Supplemental Figure 4.S10. Liver histopathology. (A,B) Horse B pre-infection biopsy. Portal 
tracts were severely expanded by dense fibrous connective tissue. Prominent portal-to-portal 
bridging fibrosis was dispersed throughout the section. Sparse numbers of lymphocytes 
infiltrated the portal tracts. A mild to occasionally moderate sinusoidal lymphocytosis was 
dispersed throughout the parenchyma. Masson’s trichrome stain showed large amounts of type I 
collagen accumulating in the portal tracts and bridging across lobules (A). Reticulin staining 
accentuated the portal-to-portal bridging fibrosis and expansion of the portal tracts by 
extracellular matrix (B). This horse had subclinical hepatitis with high GGT detected on 
screening serum biochemistry 7 months prior to enrollment in this study. Horse B was confirmed 
EqHV and EqPV-H serum RNA/DNA negative, and the hepatitis was presumptively attributed 
to Alsike clover (Trifolium hybridum) in the pasture. Hepatitis had resolved 5.5 months before 
enrollment, however as fibrosis is a common consequence of Alsike clover toxicity [42], this 
seems a likely explanation for horse B’s pre-infection liver pathology. Fibrosis was also evident 
on horse B’s ACUTE and HEP samples but not the POST sample, suggesting it might have been 
multifocal rather than diffuse. (C, HE) Horse N PRE liver showed a single focus of lymphocytes 
in a lobule, and (D, HE) moderate numbers of tightly packed small lymphocytes surrounding 
bile ducts in two portal tracts. Reticulin and Masson’s Trichrome were within normal limits. 
(E,F) Horse J post liver biopsy showed fibrous extensions between portal tracts that were mildly 
accentuated with small amounts of accumulated type I collagen, which imparted a mild nodular 
appearance to the parenchyma (E, reticulin). (F, HE) A mild lymphocytic infiltrate was present 
in the portal tracts and a mild sinusoidal lymphocytosis was dispersed throughout the 
parenchyma. HE, Hematoxylin and eosin; MT, Masson’s trichrome. 
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Supplemental Figure 4.S11. Liver transcriptional responses reveal an ISG response. 

Additional data from liver transcriptomic analyses. (A) Heat map of log-2-fold change (FC) in 
liver gene expression of genes differentially expressed at any timepoint across course of 
infection. EqHV (+/–) strand were significantly differentially expressed and are shown on a 
different scale. (B) Comparison of intrahepatic viral (+)RNA by RT-qPCR and RNA-seq 
analysis across timepoints. To preserve chronology, timepoints for horse D are plotted as PRE, 
ACUTE, FV, SC, FV. (C) Ratio between reads mapping to the viral (+)/(–) RNA strand at the 
ACUTE timepoint. (D) Gene ontology enrichment analysis for down-regulated genes in the liver 
at the ACUTE timepoint. (E) miRNA abundance profile from equine liver biopsies. Data are 
derived from AGO-CLIP miRNA chimeras, as these are less prone to bias compared to single 
miRNA reads. Data are averaged from liver biopsies of four horses, of which two were EPgV-2 
infected (liver unrelated) [20], one was acutely infected and one persistently infected with EqHV 
[13]. (F-I) Cumulative density function (CDF) of the log-2 FC in liver gene expression between 
timepoints as indicated. mRNAs are grouped by presence of miRNA 7- or 8-mer seed site in the 
3’UTR. 
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CHAPTER FIVE 

 
SUMMARY AND FUTURE PROSPECTS 
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5.1 Summary 

The aim of this dissertation was to characterize the disease association, molecular virology, 

and immune responses of two recently discovered hepatitis-associated viruses in horses, both as 

models for understanding mechanisms of viral-induced hepatitis and as important equine 

pathogens. The long-term goals of this project are to improve equine health by developing 

diagnostic, prevention, and treatment strategies for equine viral hepatitis.   

Chapter One reviewed the knowledge of equine hepatitis viruses to elucidate the rationale 

for the following research studies (Table 5.1). Four viruses were recently discovered in the context 

of horses with liver disease. Subsequent studies suggested that the two equine pegiviruses are 

actually non-pathogenic. Case reports and/or experimental infections described hepatitis 

associated with EqPV-H and EqHV infection. However, there were significant gaps in knowledge 

regarding immunopathology, transmission, and tropism, which were explored in the subsequent 

chapters. Additionally, as horses are not traditional model organisms, there were important hurdles 

to overcome during our characterization of equine PBMC responses to infection, which led to the 

development of a novel unbiased tool to describe PBMC in any species. 

Chapter Two described the use of single cell RNA-Seq to develop an atlas of equine 

PBMC. Due to the paucity of cross-reactive antibodies and a fundamental lack of knowledge 

regarding expected cell types and proportions, immunophenotyping equine PBMC is in its infancy 

compared to human and mouse. We described a supervised annotation of equine PBMC into 5 

major populations with 30 subgroups. Cross-species comparison showed high conservation of 

monocyte and dendritic cell subpopulations, with distinct differences in NK-like cells and B cells. 

Specifically, we discovered the expression of CD3 in equine NK-like cells and the presence of a 

large proportion of T-bet+ B cells in horses. These B cells are analogous to atypical memory B 
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Table 5.1: Summary of putative equine hepatitis virus properties. ss, single stranded 

 

 

Virus Viral 

properties 

Tropism Pathology Serum PCR 

prevalence 

Seroprevalence 

Equine pegivirus-1 
(EPgV-1) 

(+)ssRNA, 
enveloped 

Bone marrow  None known 1-32% 66.5% 

Equine pegivirus-2  
(EPgV-2; aka Theiler’s disease 
associated virus) 

(+)ssRNA, 
enveloped 

Bone marrow  None known <1% No data 

Equine parvovirus-hepatitis 
(EqPV-H) 

ssDNA,  
non-enveloped 

Liver 
Subclinical to fatal acute 
necrotizing hepatitis 

8-37% 15-35% 

Equine hepacivirus  
(EqHV; aka Nonprimate 
hepacivirus) 

(+)ssRNA, 
enveloped 

Liver 
Subclinical acute hepatitis, 
Subclinical to fatal chronic 
hepatitis 

2-35% 22-84% 
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cells in humans, which are usually only observed during disease. Sequencing data was compared 

to our flow cytometric panel with a high degree of agreement. The flow cytometry panel was 

utilized in the following studies in Chapters Three and Four. This new atlas of equine PBMC 

populations and differentiating markers can be used by the equine immunology research 

community as a source to further refine and expand equine PBMC phenotyping panels.  

The primary objective of Chapter Three was to firmly establish the causal relationship 

between EqPV-H and acute hepatitis, and to explore potential modes of transmission with an aim 

toward developing methods of prevention. We first demonstrated that EqPV-H is hepatotropic. 

We then described viral kinetics, serology, and pathology during experimental infections, showing 

that hepatitis was temporally associated with seroconversion and a marked decline in viremia. 

These findings provided strong evidence that EqPV-H was the causal agent of the observed 

hepatitis. Finally, we demonstrated viral shedding in oral, nasal, and fecal excretions. Oral 

transmission was demonstrated in one horse. Iatrogenic transmission in contaminated allogenic 

stem cell injections was suspected based on a recent case series, and we did observe EqPV-H 

transmission via injection into joints or tendon injuries. We could not demonstrate vertical 

transmission or horse fly transmission in our study, although they cannot be ruled out. We 

concluded that EqPV-H is the likely cause of Theiler’s disease and milder forms of hepatitis, and 

that EqPV-H is transmitted both by iatrogenic and natural horizontal routes. 

Chapter Four characterized the immune responses during acute EqHV infection and 

clearance, with the long-term goal of informing hepaciviral vaccine design. We described a similar 

disease course as observed with acute resolving HCV infection in people, namely rapid onset of 

high viremia, delayed seroconversion, and mild hepatitis characterized by lymphocytic infiltrate 

and individual hepatocyte necrosis during viral clearance. We then demonstrated that clearance of 
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primary infection confers non-sterilizing immunity lasting at least a year, which would meet the 

initial goals of HCV vaccine development, namely to prevent chronic infection while accepting 

acute resolving infection after virus exposure. We used serial liver biopsies and RNA-Seq to 

demonstrate a primarily local interferon-stimulated immune response during peak viremia and 

clearance, which is similar to acute HCV infection. Finally, we presented the novel finding that 

EqHV infection sequesters enough miR-122 to affect gene regulation in the liver, which could be 

an important driver of pathology during chronic infection. We concluded that EqHV infection in 

horses has marked immunopathologic similarities to infection with HCV in humans, with the 

major exception that horses are much more likely to clear the infection. This presents the 

possibility that horses can be an important model to study the drivers of viral clearance, which 

could inform rational vaccine design. Additionally, the similarities between horse and human 

hepaciviral infection suggest it is highly likely that horses could also develop the chronic form of 

hepatitis that is seen with persistent HCV infection in humans. 

Collectively, and based on the results of these studies described above, we have sufficient 

justification to design studies to further explore the disease burden of each virus in equine 

populations, and epidemiologic approaches to understand transmission and disease risk. These 

studies will provide a basis for developing appropriate control and treatment measures according 

to our long-term goals. 

  

5.2 Equine parvovirus-hepatitis 

Our long-term goal is to reduce and/or prevent transmission and disease caused by EqPV-

H through vaccine development, biosecurity, and/or therapeutic interventions. There are effective 

vaccines available for some parvoviruses, most notably for Canine parvovirus (CPV), which 
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suggest that vaccine development for EqPV-H is likely feasible. Although there are no approved 

antiviral treatments for parvoviruses, there is work ongoing in this area to identify treatments for 

CPV with some promising results.[1] Significant gaps in knowledge that must be addressed in 

order to achieve our long-term goal include the following. First, we need to understand the 

transmission routes and rates, in order to develop management strategies to reduce risk and to 

target vaccine development. Second, we need to better understand the disease burden across 

populations of horses and risk factors for severe disease in order to target recommendations 

appropriately. Third, we need a better understanding of the mechanisms of replication and disease 

in order to develop appropriate therapeutic interventions. Each of these three points are discussed 

in more detail in following sections. 

5.2.1 Epidemiologic modeling of natural EqPV-H infection kinetics and transmission.  

Investigation of the epidemiology of EqPV-H is still in its infancy. Serum PCR surveys 

have shown widespread distribution around the world [2–11], but the route of transmission is not 

known. In this dissertation, we have shown that EqPV-H can be iatrogenically transmitted  through 

contaminated equine origin biologic products, but this would not account for the high prevalence 

of disease. Our current data showed that oral transmission is possible. However, the incidence of 

Theiler’s disease in the absence of equine biologic product administration shows a seasonal 

distribution in the summer and fall.[12] It is unclear if that seasonality reflects other risk factors 

that contribute to the manifestation of severe disease, or whether it indicates seasonal transmission 

of the virus, as could be seen with insect vectoring. Longitudinal studies to measure viremia and 

serology in horse herds are planned to observe the transmission timing and rate, and to develop 

epidemiologic models of EqPV-H infection. Additionally, because external shedding of the virus 

occurs in multiple secretions, and we only tested oral and nasal transmission in two horses, further 
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studies to evaluate oral and nasal transmission are warranted to explore the efficiency and 

repeatability of transmission. Determining whether transmission occurs via these routes has 

important implications for biosecurity and vaccine design. For example, it would indicate that 

physical separation of horses could be useful to reduce transmission, that fomite transmission 

would need to be considered, and that cleaning of premises inhabited by infected horses could be 

important. Additionally, transmission via mucosal surfaces could have implications on vaccine 

design and the potential need to target development of IgA responses, as IgA traffics to mucosal 

surfaces and can bind and neutralize pathogens before they have a chance to enter the host.[13]  

5.2.2 Characterize the liver pathogenicity of EqPV-H to further establish its clinical significance 

and improve diagnostic measures.  

EqPV-H is strongly associated with Theiler’s disease, the acute-severe presentation of 

hepatic necrosis [2, 12, 14, 15], but its contribution to other less-severe cases of hepatitis observed 

in clinical practice is not known. In conjunction with the epidemiologic modeling, this is critical 

information to assess the need for vaccination or other prevention methods in specific equine 

populations. To determine the clinical significance, we will first need to improve the diagnostic 

criteria to distinguish EqPV-H-related hepatitis from other causes. Milder forms of acute EqPV-H 

hepatitis resemble acute EqHV hepatitis with lymphocytic infiltrate and individual hepatocyte 

necrosis. A ductular reaction is also sometimes observed which can be confused with 

cholangiohepatitis. Additionally, since many horses retain a low-level viremia for months to years, 

a simple positive PCR test is likely inadequate to definitely associate the observed disease with 

EqPV-H infection. Given this, there is a need to assess additional diagnostic criteria, such as 

specific histopathologic findings, ISH and/or IHC, viral loads, and serology (e.g., IgM antibodies 

to indicate acute infection), which could provide more specificity. Once these criteria are better 
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established, the role of EqPV-H in clinical cases that have previously been considered idiopathic 

or unknown cause can be determined. Risk factors for disease, such as age, breed, use, genetics, 

and housing conditions should also be assessed. Overall, findings resulting from such studies will 

improve diagnostic capabilities and will determine if prevention should be recommended for all 

horses, or only in specific subsets or time periods.   

5.2.3 Determine the pathogenesis of EqPV-H hepatitis.  

We found that the onset of hepatitis coincides both with seroconversion and a decline in 

EqPV-H viremia, suggesting that immune control of the infection might be causing the hepatic 

injury. In addition, we frequently observe a lymphocytic infiltrate surrounding necrotic 

hepatocytes in liver samples from EqPV-H-positive horses, suggesting possible cytotoxic T-cell-

mediated injury to hepatocytes. Finally, while we have documented EqPV-H infections in foals, 

there are no reported cases of Theiler’s disease in neonatal or juvenile horses. As with most species, 

young horses are known to have differences in their immune responses compared to adults.[16, 

17] Combined, these data suggest that individual immune variations could explain the differences 

in disease severity observed among infected horses. If the immune response is a major driver of 

disease, then it could be an important therapeutic target. An approach such as the one described 

for EqHV in Chapter Four could be utilized to further characterize the immunopathogenicity of 

EqPV-H. However, since EqPV-H only infects scattered hepatocytes in mild cases, a more targeted 

approach, such as spatial transcriptomics, would be beneficial to directly assess the cellular 

responses to infection. Spatial transcriptomics performs RNA-sequencing on intact tissue sections 

and localizes mRNA transcripts to precise spatial locations (single cells or capture spots), so that 

gene expression can be related to tissue morphology.[18] Moreover, spatial transcriptomics could 

overcome the problem of not being able to obtain sequencing data for infiltrating immune cells in 
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bulk tissue samples. With the bulk liver RNA-Seq performed in our EqHV infection study, we did 

not detect a signal from infiltrating lymphocytes, which is most likely attributed to the inherent 

low RNA content of lymphocytes. 

An alternative hypothesis for the observed variation in disease severity between individuals 

is that there could be other factors influencing cellular susceptibility to infection. In overt Theiler’s 

cases, we have observed that many more cells are infected than in experimentally infected horses 

with mild hepatitis, as visualized by ISH. Additionally, outbreaks of Theiler’s are not uncommon, 

with multiple unrelated horses within a herd affected within a short period of time.[12, 14] This 

suggests there could be an external factor, or a “second hit”, influencing the susceptibility of 

hepatocytes to infection with EqPV-H, and thus, disease outcome. Autonomous parvoviruses 

require host DNA polymerases to replicate, since they do not encode their own.[19] Typically this 

means that they target actively dividing cells [19], however, some parvoviruses harness the DNA 

damage repair machinery [20, 21]. Horses are sometimes exposed to hepatotoxins in feed, which 

could cause DNA damage [22], resulting in the activation of DNA damage repair enzymes that 

might promote EqPV-H replication. Alternatively, hepatic injury usually results in liver 

regeneration [23], providing actively replicating hepatocytes, potentially susceptible to EqPV-H 

infection. Studies to characterize cellular entry and replication determinants will be essential to 

investigate these possibilities and will require development of EqPV-H in vitro culture methods. 

Although our data shows that EqPV-H DNA is present in many different tissues, we only observed 

high viral load in the liver. Thus far, we have been unable to grow EqPV-H in equine fibroblasts, 

equine lymphocytes, equine mesenchymal stromal cells, equine primary adult liver cells, or in a 

human HEPG2 hepatoma cell line (unpublished data). Primary liver cells in 2D culture only 

survived 5-7 days, which could be an inadequate length of time to observe robust parvoviral 
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replication, since we observe an incubation period of about 2 weeks before viremia is seen in vivo. 

Additional in vitro cultures could include developing 3D hepatic organoid cultures or liver-on-a-

chip cultures for equine hepatocytes to improve the long-term viability of hepatocytes in vitro, and 

therefore, allow successful EqPV-H infection and replication. Alternative approaches could 

include the development of virus-like particles to study viral entry [24] and/or infectious clones to 

allow transfection of more stable cell lines, as has been done for other parvoviruses.[25–28] An 

additional advantage of creating virus-like particles could be their use as a vaccine candidate, as 

has been done canine parvovirus [24]. 

 

5.3 Equine hepacivirus 

Our long-term goals and gaps in knowledge for EqHV largely mirror those for EqPV-H. 

We aim to identify the extent that EqHV contributes to equine liver disease and to prevent, reduce, 

and/or treat those patients. Since concerted efforts to develop a vaccine for HCV have not been 

successful thus far, it seems less likely that an effective vaccine for EqHV could be developed. 

However, and in contrast to parvoviruses, there are effective antiviral treatments for HCV, some 

of which are expected to interact with EqHV based on computer modeling.[29] Therefore, future 

efforts to control EqHV will likely focus more on preventing transmission through management 

practices and exploring treatment options. Significant gaps in knowledge that must be addressed 

include the following. First, we need to understand the transmission routes and rates in order to 

develop management strategies to reduce risk. Second, we need to better understand the disease 

burden across populations of horses and risk factors for severe disease in order to target 

recommendations appropriately. Third, we need a better understanding of the pathogenic 

mechanisms of disease and drivers of viral clearance in order to develop appropriate therapeutic 
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interventions. Each of these three points are discussed in more detail in following sections. 

5.3.1 Epidemiologic modeling of EqHV infection kinetics and transmission. 

To understand the risk of chronic hepaciviral hepatitis in horses, we first need to determine 

the proportion of exposed horses that develop persistent infection, defined as serum RT-qPCR-

positive for longer than 6 months. Additionally, to prevent spread, we need to understand natural 

horizontal transmission modes.  

The transmission of HCV in people is primarily blood-borne through injectable drug use 

or nosocomial infection, and is rarely transmitted sexually or vertically.[30] EqHV is known to be 

transmitted in equine blood products [31, 32] and vertical transmission of EqHV has been observed 

[32, 33], but sexual transmission has not been investigated. However, these modes are unlikely to 

account for the high prevalence of EqHV worldwide. Other genera of Flaviviridae are biologically 

vectored by insects, such as mosquitoes or ticks, or contact transmitted through inhalation or 

ingestion.[34] It has been suggested that respiratory, oral, and/or mechanical transmission by biting 

flies such as tabanids (horse flies) are also likely routes of horizontal transmission that should be 

investigated.[30] For transmission by inhalation or ingestion to occur, the virus must first be shed 

into the environment. Thus, studies evaluating EqHV shedding in infected horses by performing 

RT-qPCR on oral, nasal, and fecal swabs are warranted, as this will define whether shedding is a 

common feature of infection, and therefore, whether inhalation or ingestion are likely routes of 

transmission.  

With the broad geographic distribution and high prevalence of EqHV, mosquito vectoring 

should be considered. HCV replication in mosquitoes [35] or mosquito cells [36] has been 

suggested, and similar studies could be undertaken for EqHV. Additionally, although screening of 

mosquitoes from Austria did not detect EqHV RNA [37], collection directly from premises with 
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infected horses, using traps targeting mosquitoes that have fed, would increase the likelihood of 

identifying infected mosquitoes. Finally, experimental transmission can be attempted in horses.  

5.3.2. Establish the clinical characteristics of EqHV-associated chronic hepatitis and develop 

diagnostic criteria.  

Two cases of chronic hepatitis associated with persistent EqHV infection, with EqPV-H 

infection formally being excluded in one case, have recently been described [38, 39], and in the 

past two years, we have been contacted about eleven additional cases of EqHV-associated chronic 

hepatitis that we are currently investigating in more depth (unpublished data). This is an incidence 

similar to acute Theiler’s disease, where a prospective case series identified an average of 7 cases 

per year.[12, 15] The clinical importance of Theiler’s disease is well recognized, and both 

conditions have an apparently high case fatality rate. Therefore, EqHV could have a similarly 

significant impact on equine health. 

Similar to EqPV-H, it will be somewhat of a challenge to establish rigorous diagnostic 

criteria for chronic EqHV hepatitis. The prevalence of viremia is quite high and there can be 

months to years of viremia without hepatitis.[31, 40–52] Because it can take many years of 

persistent infection to develop disease, experimental infection studies will not be feasible. 

Therefore, longitudinal and case-based approaches will be needed to determine risk factors for 

persistence and severe disease, to evaluate diagnostic markers of hepaciviral hepatitis, and to 

characterize disease progression. Based partially on known risk factors for HCV-infected people, 

we expect that age, sex, breed, EqHV sequence, immune response, and co-morbidities could 

influence outcome.  

5.3.3. Understand chronic EqHV hepatitis pathogenesis and develop therapeutic options 

 It is important to understand the underlying mechanisms of disease pathogenesis when 
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predicting antiviral and other types of drug responses. For example, it will be important to define 

mechanisms by which EqHV escapes immune clearance and promotes liver fibrosis, both of which 

have been explored in Chapter Four of this thesis. Specifically, our findings suggest that EqHV 

has a lower mutation frequency and generates less escape variants compared to HCV.[53] The 

most prominent immune response was detected in the liver itself, suggesting that additional studies 

should focus on the local EqHV replication environment. Additionally, we found that miR-122 

was functionally sequestered. Interestingly, miR-122 has anti-inflammatory and anti-neoplastic 

effects, and reduced levels of miR-122 have been associated with higher levels of fibrosis and 

development of hepatocellular carcinoma in people. [54–56] 

 When considering treatment options for chronic EqHV hepatitis, we have the advantage of 

extensive research into HCV treatments that presents a wealth of knowledge on both failed and 

successful treatments.[57, 58] For example, there are a variety of direct acting antiviral (DAA) 

agents that are typically used in combination to clear chronic HCV infection. A major factor in 

HCV treatment success is the viral genotype.[59, 60] At this stage, there is only one recognized 

genotype of EqHV, with minimal variation in the binding sites of some of the antiviral drugs.[61, 

62] Computer modeling has shown that the antiviral drug sofosbuvir is predicted to bind EqHV 

[29] and, therefore, should demonstrate some efficacy if appropriate pharmacokinetics can be 

established. However, most FDA approved DAAs are (i) used in combination with other drugs, 

(ii) prohibitively expensive, and (iii) not available for purchase for equine use (personal 

communication with pharmaceutical companies). Therefore, alternative approaches such as the 

earlier medications ribavirin and interferon-alpha, should be considered. Additionally, as horses 

are more effective at clearing EqHV naturally, stimulating the immune system to clear the virus 

might be a more successful strategy in horses than people. Since administration of anti-HCV 
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antibodies has induced viral clearance in persistently infected chimpanzees [63], treatment with 

hyperimmune serum containing broadly neutralizing anti-EqHV antibodies should be considered 

as a potential alternative to DAA therapy in horses.  

 

5.4 Final remarks 

 The work presented in this dissertation showed that EqPV-H is an important liver pathogen 

in horses that can be transmitted iatrogenically and naturally, and that acute infection with EqHV 

shows strong similarities with HCV infection in humans, and thus, could provide a good animal 

model for HCV. Our EqHV studies and recent preliminary evidence on chronicity suggest that 

EqHV might also be a significant pathogen in horses. While our long-term goal is to improve 

equine health by preventing and treating infection with EqPV-H and EqHV, the next phase of this 

work will focus on characterizing the epidemiology, disease burden, and pathogenic mechanisms 

of each virus in horses. These data will be used to develop appropriate management practices to 

reduce viral spread, and will guide targeted studies into vaccine and treatment development. 
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