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ABSTRACT 

 
CHARACTERIZATION OF AN EQUINE RHINITIS A VIRUS (ERAV/ON/05) AND 

DEVELOPMENT OF AN EXPERIMENTAL INFECTION MODEL IN HORSES  
 
 
Andrés Diaz-Méndez    Advisor:  Dr. Laurent Viel 
University of Guelph, 2012    Advisor:  Dr. Éva Nagy 
 
 
 In 2005 an equine rhinitis A virus (ERAV) isolate was recovered from a 

febrile horse during a respiratory outbreak in Ontario.  This isolate (ERAV/ON/05) 

was propagated in cell culture and used to study its genomic characteristics and 

to investigate the clinical features in experimentally infected ponies.  The full-

length genome of this isolate was sequenced and compared with other ERAV 

available in GenBank.  The isolate genome is 7839 nucleotides (nts) in length 

with a variable 5’UTR and a more conserved 3’UTR.  When the isolate was 

compared to other reported ERAV, an insertion of 13 nts in the 5’UTR was 

identified.  Phylogenetic analysis demonstrated that ERAV/ON/05 was closely 

related to the ERAV/PERV isolate, which was recovered in 1962 in the United 

Kingdom.  An experimental model was developed to study the clinical infection in 

naïve healthy ponies (ERAV/ON/05 n=4 and placebo n=4).  ERAV/ON/05 

induced clinical respiratory disease compared to placebo.  The clinical signs 

consisted of pyrexia, nasal discharge, increased and abnormal lung sounds, 

increased size of submandibular lymph nodes and persistent mucopus in the 

trachea (up to 21 days post-infection).  The virus was isolated from the lower and 

upper airways up to day 7 post-infection, corresponding with the detection of 

neutralizing ERAV antibodies.  Assessment of the cytokine profile from 



bronchoalveolar lavage (BAL) cells demonstrated that this infection induced 

down-regulation of the mRNA expression of IL-4.  One year later, four previously 

infected ponies with neutralizing antibodies to ERAV were assigned to a re-

infection trial.  None of the re-infected ponies developed clinical disease, and only 

one animal had a four-fold increase in antibody titres to ERAV.  Attempts to 

recover the virus from the re-infected ponies using cell culture were negative; 

however, a down-regulation of the mRNA expression of IL-4 and IFN-β was 

identified in BAL cells. 

 

In conclusion, this study shows that the genome of ERAV has not 

significantly changed in the last 50 years and more importantly the virus induces 

clinical respiratory disease similar to other common equine respiratory viruses. 
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Chapter 1 

Literature Review 

Introduction  

Equine respiratory viral infections are commonly identified and reported 

worldwide (Plummer 1962; Ditchfield et al., 1965; Guo et al., 1995; Li et al., 1996; 

Carman et al., 1997; Klaey et al., 1998; Newton et al., 1999; Guthrie et al., 1999; 

Daly et al., 2006; Newton et al., 2006; Dynon et al., 2007; Patterson-Kane et al., 

2008; Diaz-Mendez et al., 2010).  In most cases, these infections diminish the 

athletic condition of the horse and delay training and performance at an optimal 

level for prolonged periods (Mumford et al., 1980).  

The equine population in Ontario has been estimated at over 380,000 

horses and it is suggested that the equine industry contributes over $ 675.5 

million to the province’s economy (Right, 2008).  Unfortunately, respiratory 

disease remains one of the most costly problems in the equine industry.  

Worldwide, serological data identify equine influenza virus 2 (AE2) and equine 

herpes virus 1 and 4 (EHV1/4) among the most recognized equine respiratory 

viruses during respiratory outbreaks.  Equine rhinitis A virus (ERAV) and equine 

rhinitis B virus (ERBV) have been considered of less importance and were 

believed to cause only mild upper respiratory disease in the horse.  However, 

more recent worldwide surveillance and seroprevalence studies have 

demonstrated that these viruses are highly prevalent in horses and have been 

associated with respiratory disease (Willoughby et al., 1989; Li et al., 1996; Klaey 

et al., 1998; Diaz-Mendez et al., 2010; Pagamjav et al., 2011).  
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Nevertheless, equine rhinitis viruses (ERV) have not been well 

characterized and their role as an active component in clinical respiratory disease 

is ill defined.  Therefore, early studies continue to be used as references to 

define ERV infection.  ERAV was first identified in 1962 in the United Kingdom 

(Plummer and Kerry, 1962) and was subsequently recognized globally (Ditchfield 

et al., 1965; Burrows 1968; Burrows 1969; Hofer et al., 1973; Powell et al., 1974; 

Sherman et al., 1977; Studdert and Gleeson, 1977; Hofer et al., 1978; Holmes et 

al., 1978; Mumford and Thomson, 1978; Powell et al., 1978; Studdert and 

Gleeson, 1978; Burrows, 1979; Burrows et al., 1982).  Currently, ERV infections 

are considered to be endemic worldwide.  

In the human population, rhinoviruses (HRV) are the most prevalent 

viruses associated with respiratory conditions such as the common cold, asthma 

development and exacerbations, and chronic obstructive pulmonary disease 

(COPD) (Papadopoulos et al., 2004; Proud 2011).  However, attempts to develop 

HRV vaccines have been unsuccessful due to the presence of more than 100 

serotypes and continuous viral evolution (Palmenberg et al., 2009).  Conversely, 

in horses only two genera (ERAV and ERBV) with four serotypes (ERAV, 

ERBV1, ERBV2, and ERBV3) have been identified, and genome-sequencing 

studies have revealed that these viruses may evolve at slower rates than human 

rhinoviruses (Palmenberg et al., 2009).  The latter characteristics make these 

equine viruses good candidates for vaccine development.  However, little is 

known about the pathophysiology of infection or the immunity elicited by these 

viruses.  
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Recurrent Airway Obstruction (RAO), a respiratory disease in older 

horses, and equine Inflammatory Airway Disease (IAD) have been compared to 

human asthma, which has been associated with HRV infections (Papadopoulos 

et al., 2004).  Similarly, in horses respiratory viral infections are linked to 

excessive airway inflammation and hyperreactivity (Hoffman et al., 1992; Matera 

et al., 2008), but viral respiratory infections have not yet been demonstrated as a 

triggering factor in RAO and IAD-affected horses. 

In an attempt to better understand the pathophysiology of ERAV in the 

horse, this thesis examined the clinical outcome of infection with this virus in an 

in vivo experimental model, as well as the molecular characterization of an 

Ontario isolate (ERAV/ON/05) recovered from a febrile horse during a respiratory 

outbreak in the province in 2005.  We hypothesize that ERAV is an important 

pathogen capable of causing respiratory disease in horses.  

 

Equine rhinitis viruses (ERV) first identification 

The ERAV was first isolated from horses at the Wellcome Research 

Laboratories in the UK by Plummer in 1962 (Plummer 1962).  Based on 

knowledge of human viruses and the necessity to investigate equine respiratory 

outbreaks in depth, Plummer undertook a series of experiments with the 

objective of recovering viral isolates from different equine specimens (Plummer 

1962).  At that time, recent discoveries had indicated that adenoviruses and other 

respiratory viruses could be recovered from the feces of infected human patients 

(Galbraith 1965).  These remarkable results led Plummer to investigate the feces 



 4

of 290 horses, which demonstrated the presence of a new equine virus (ERAV) 

in the feces of 13 of these horses.  

Further studies demonstrated that experimental intranasal infection of 

horses with this new virus induced clinical upper respiratory signs, characterized 

by nasal discharge, pyrexia, and viremia that lasted 4 to 5 days (Plummer and 

Kerry, 1962).  No other clinical signs were recorded at the time; however, the 

virus could be isolated in very small quantities from the feces of infected animals 

and was initially named as “equine respiratory enterovirus”.  It was suggested 

that even though this was a respiratory virus, viral replication in the pharynx 

permitted the virus to travel through the stomach and intestine to be excreted in 

feces without viral replication in this tract.  Other routes such as oral and 

subcutaneous inoculations did not appear to induce clinical disease and only 

viremia could be detected in the infected horses (Plummer and Kerry, 1962).  

Later experiments by Mumford were unsuccessful in induction of ERAV and 

ERBV disease following viral nasal instillation in ponies.  Nevertheless, 

seroconversion to these two viruses was identified in all exposed animals, with or 

without viral recovery from clinical samples, indicating that either strain variability 

or the infection method play an important role when experimentally reproducing 

the disease (Mumford and Thomson, 1978).         

In 1963, Ditchfield reported the same virus (ERAV) as the cause of equine 

respiratory outbreaks in Toronto, Canada (Ditchfield and Macpherson, 1965) and 

also reported the discovery of an additional virus with picornavirus characteristics 

that was antigenically different to ERAV (possibly ERBV).  At that time, Ditchfield 
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suggested that Plummer’s isolate (ERAV) be referred to as equine rhinovirus 1 

(ERV1) and the new, antigenically different virus discovered by Ditchfield be 

called equine rhinovirus 2 (ERV2) (Ditchfield et al., 1965).  Controversially, 

Ditchfield’s ERV2 report was not widely accepted and recognized.  In 1973, Hofer 

and collaborators described the presence of a serotype antigenically different to 

ERAV, which was named rhinovirus 2.  This new virus reported by Hofer was 

then classified within the family Picornaviridae and accepted as a reference 

ERV2 strain (Hofer et al., 1973).  Based on the available literature, it is unclear 

whether Ditchfield’s ERV2 isolate could not be further investigated or was not 

accepted as a new reference strain based on his characterization.  Nevertheless, 

it is evident that ERV2 was circulating in the equine population years prior to 

Hofer’s report.     

During the late 60’s and throughout the 70’s, equine rhinoviruses became 

a source of great interest as they were commonly associated with equine 

respiratory outbreaks worldwide (Plummer 1962, Plummer and Kerry, 1962; 

Ditchfield and Macpherson, 1965; Ditchfield et al., 1965; Burrows 1968; Burrows 

1969; Hofer et al., 1973; Powell et al., 1974; Sherman et al., 1977; Studdert and 

Gleeson, 1977; Hofer et al., 1978; Holmes et al., 1978; Mumford and Thomson, 

1978; Powell et al., 1978; Steck et al., 1978; Studdert and Gleeson, 1978; 

Burrows, 1979; Burrows et al.,1982); however, this interest declined by the mid 

80’s and 90’s with only a few reports on the prevalence of these viruses (Sugiura 

et al., 1987; Willoughby et al., 1989; Plateau et al., 1990; McCollum and 

Timoney, 1992; Willoughby et al., 1992; Li et al., 1996; Carman et al., 1997; 
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Kriegshauser et al., 2005; Gradzki et al., 2009; Diaz-Mendez et al., 2010; 

Pagamjav et al., 2011).  This lack of data on the prevalence of ERVs coincides 

with an exponential interest in other viruses such as AE2 and EHV1/4, as well as 

a shift in the research trend from epidemiological and clinical research to more 

molecular based investigations.  

 

ERBV serotypes  

Recent studies have revealed that ERBV (previously known as ERV2) 

may have evolved into three different serotypes: ERBV1, ERBV2, and ERBV3 

(Black et al., 2005).  ERBV1 was formerly known as equine rhinovirus 2 (ERV2) 

and ERBV2 was previously known as equine rhinovirus 3 (ERV3).  ERBV3, the 

newest member in the family has no cross-reactivity with ERBV1 or ERBV2, and 

is the only acid-stable equine rhinitis virus (Black et al., 2005).  In 1964, ERBV3 

was isolated from spleen and liver samples taken from an aborted foal (Bohm, 

1964).  This isolate fit the picornavirus characteristics, but was acid-stable, 

tolerating a very low pH (2.2) before inactivation.  Interestingly, these physio-

chemical characteristics were observed subsequently in six isolates recovered by 

Mumford and coworkers in England in the mid 60’s, but no serological 

classifications were made at the time (Mumford and Thomson, 1978).  

Additionally, this study described for the first time a long-term equine rhinitis virus 

carrier.  Later, Mumford reported consecutive recovery (8 times) of an equine 

rhinovirus from a single animal during an 18-month period (Mumford and 

Thomson, 1978).  In 1981, Fukunaga confirmed Bohm and Mumford’s earlier 
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findings, reporting the recovery of two additional acid-stable picornaviruses from 

the saliva of racing horses (Fukunaga et al., 1981; 1983).  Although this was 

evidence of additional equine rhinitis viral strains with differing physico-chemical 

and serological characteristics; lack of active surveillance programmes and 

dynamic sampling worldwide has restricted research in this field to a small 

number of available isolates. 

 

Equine rhinitis viruses seroprevalence 

 Antibody titers to ERVs are generally assessed by viral neutralization 

testing (VN).  While ERAV and ERBV have been widely identified, not only by 

virus isolation but also by serology, there is still a lack of prevalence information 

and scepticism about the role of these viruses in equine respiratory viral 

infections.  As mentioned previously, these viruses were first recovered and 

reported by Plummer in 1962, the year in which others identified these agents 

worldwide.  It is evident that the viruses circulated in the horse population for 

years prior to their discovery, but a lack of information and possibly insufficient 

technology did not result in their identification.  Even though serological tests 

were rapidly developing, there is no evidence of retrospective studies looking at 

viral prevalence prior to 1962.  From 1962 to 2011, there have been less than 30 

publications discussing ERAV and ERBV seroprevalence, compared to hundreds 

on equine influenza and herpes viruses.  ERVs surveys are clustered in the UK, 

Canada, Australia, USA, Japan, New Zealand, and Germany.  Interestingly, there 
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are no reports from South America, despite the great number of horses on that 

continent. 

 Plummer and Kerry in 1962 found that 100% of serologically tested horses 

(n=56) in the United Kingdom had a significant titer to ERAV.  Burrows 

subsequently showed that about 60% of the adult horse population in the UK had 

titers to ERAV compared to a very low percentage in foals and yearlings 

(Burrows, 1968).  In 1972, Powell and collaborators found antibodies to ERAV in 

53% of 2-year-olds and 64% of all horses in training in a selected group of racing 

horses in the UK.  Interestingly, the prevalence of this virus in the Newmarket 

area, where a large population of racehorses are clustered, reached almost 

100% of the population sampled (Powell et al., 1974).  In 1998, Klaey reported a 

73% (n=22) seroprevalence of ERAV from a group of febrile racing horses in 

Ireland (Klaey et al., 1998).   

Similar to the widespread distribution of equine rhinitis viruses throughout 

the UK, an early report from Ontario, Canada (Ditchfield et al., 1965) shows that 

98% of sampled horses (68/70) from two separate respiratory outbreaks had 

titers to ERAV and ERBV.  Further, 88% of affected horses (15/17) had a four-

fold increase in antibody levels.  Remarkably, 100% of 6-month-old or younger 

foals (n=22) had no detectable titer to these viruses, compared to 48% 

seropositive tested yearlings, consistent with the age-related findings by Burrows 

in the UK (Burrows, 1968).  In 1977, Sherman and collaborators tested paired 

serum samples from 310 Ontario horses against equine influenza and herpes 

viruses, finding equine influenza virus type 1 (AE1) to be the most prevalent virus 
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detected by serology whereas equine herpes virus 2 was the most frequently 

recovered virus in cell culture from clinical samples (n=72)  (Sherman et al., 

1977).  ERAV and ERBV were not included in that prevalence study however. 

The Canadian seroprevalence of ERAV and ERBV in 1988 was reported as 

10.7% and 17.7%, respectively from a total of 130 sampled race horses 

(Willoughby et al., 1989).  In 2010, Diaz-Mendez and collaborators demonstrated 

that ERAV was present in Ontario with 28% of 130 tested horses having titers 

≥1:1024 (Diaz-Mendez et al., 2010). 

   A study from Switzerland in 1978 reported serological evidence of 

ERAV and ERBV in 21 and 9 horses respectively; however, the total number of 

horses tested is not indicated (Hofer et al., 1978).  During the same year, Steck 

and team reported the recovery of a new equine rhinitis virus strain in 

Switzerland that had no cross-reactivity with ERAV, and proposed this strain 

(Swiss1436/71) as reference for ERAV.  This group also suggested the presence 

of a 3rd subtype, which may differ from ERAV and ERBV.    

 The seroprevalence of ERAV and ERBV1 was estimated in Austria in 200 

horse and 137 human serum samples in 2005.   Ninety percent (180) and 86% 

(173) of the equine sera showed reactivity to ERAV and ERBV1, and 2.7% (4) 

and 3.6% (5) of the human sera showed reactivity to ERAV and ERBV1, 

respectively (Kriegshauser et al., 2005).  This demonstrated a high prevalence of 

these viruses in Austrian horses and a very low possibility of human infection with 

the equine strains.   
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 In the United States of America, Holmes reported a 77% prevalence of 

ERAV in a total of 144 equine samples tested serologically and inferred that the 

prevalence of neutralizing antibodies to ERAV in mature horses may reach 

100%.  These researchers suggested that the infection seemed to be more 

prevalent in racing horses compared to pleasure horses, with a greater impact in 

younger horses (Holmes et al., 1978).  A serological study performed by 

McCollum and Timoney in 1992 showed that the prevalence of ERAV and ERBV 

were 57% (149) and 71% (199), respectively.  Unfortunately, the most recent 

respiratory surveillance study performed in the USA did not include ERVs 

(Pusterla et al., 2011).       

 In 1986, serum samples from New Zealand foals (5-11 months old) and 

adult horses (1-9 years old) were tested for neutralizing antibodies to ERAV and 

ERBV and the prevalence was 12.3% (8/65) and 41.2% (23/68) in foal serum 

samples and 37.7% (20/53) and 84.9% (45/53) in adult horse serum samples 

respectively (Jolly et al., 1986).  The most recent surveillance study from 

Australia also revealed a difference in the prevalence of ERAV, ERBV1 and 

ERBV2.  The respective prevalence of antibodies to these viruses detected by 

VN in 305 serum samples was 37%, 83% and 66% (Black et al., 2007).   

  In France, the prevalence of ERAV neutralizing antibodies was reported 

to be 79.4% (Plateau et al., 1990), and in Mongolia 34.2% (Pagamjav et al., 

2011).  A recent study looking at the prevalence of ERBV in Poland reported a 

prevalence of 70% in equine sera (Gradzki et al., 2009). 
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       Viral recovery and seroprevalence results have demonstrated that ERVs 

commonly circulate in equines globally and their clinical importance may have 

been underestimated.  It is evident that, in addition to ERAV, ERBV1, ERBV2 

and ERBV3 have been circulating in the horse population although the clinical 

association has been of less interest.  Most diagnostic laboratories have been 

testing only for ERBV1 (formerly known as ERBV or equine rhinovirus 2) and 

have forgotten ERBV2 and ERBV3.  Therefore, it is hypothesized that ERBV2 

and ERBV3 have been under diagnosed and their true prevalence may be 

underestimated. 

              

The virus 

Initial experimental characterization of Plummer’s isolate demonstrated 

that the virus was similar in shape and size to polioviruses but had no cross-

neutralization to poliovirus I, II, or IIII (Plummer 1962).  In addition, other chemical 

characteristics resembled human rhinoviruses, except that the equine virus grew 

efficiently at body temperature.  While it was clear that the newly recovered 

equine virus could be classified in the family Picornaviridae; its denomination was 

debatable based on its respiratory tropism and intestinal shedding.  The authors 

stipulated that the low amount of fecal shedding of these viruses could not be 

associated with viral replication in the gastro intestinal tract.             
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Characteristics of picornaviruses 

The family Picornaviridae represents one of the most important families for 

the study of virology throughout the years.  Viruses, such as, poliovirus (PV), foot 

and mouth disease virus (FMDV), and the more recently identified human 

rhinoviruses (HRV), have contributed enormously to a better understanding of the 

replication and infection process (in vitro and in vivo) of the members in this 

family.  The name of the family was adopted from a combination of features that 

reflect the characteristics of the members classified in this group (pico-rna-virus).  

Pico, a small unit of measurement (10-12) represents the small size of virions in 

the family, usually less than 30 nm.  The second part of the name rna, indicates 

the genetic material contained in the viral genome, in this case RNA.   

Obviously, as molecular biology evolves and new laboratory techniques 

are developed, members are added to or removed from the family.  Depending 

on physical and chemical characteristics, genome organization and sequences, 

members in the family have been assigned to one of the twelve genera: 

Enterovirus, Cardiovirus, Aphthovirus, Hepatovirus, Parechovirus, Erbovirus, 

Kobuvirus, Teschovirus, Sapelovirus, Senecavirus, Tremovirus, and 

Avihepatovirus.  Among these genera, some of the most important viruses 

infecting not only humans, but also animals are found.  Interestingly, in 2011 

HRV were moved into the genus Enterovirus along with polioviruses, and the 

genus Rhinovirus has been removed from the family (Knowles et al., 2011).  In 

fact, this new classification would have made Plummer’s “equine respiratory 

enterovirus” classification simpler, at least initially. 



 13 

In 1996, Li and co-workers and Wutz and co-workers demonstrated that 

ERAV was closely related to foot and mouth disease virus (FMDV) based on 

nucleotide homology, phylogenetic allocation and physicochemical 

characteristics, and suggested relocation of this virus to the genus Aphthovirus 

(Li et al., 1996; Wutz et al., 1996).  While ERAV has been allocated to the genus 

Aphthovirus, ERBVs consisting of three serotypes (ERBV1, ERBV2 and ERBV3) 

have recently been included in the genus Erbovirus within the family 

Picornaviridae (Knowles et al., 2011). 

 

Genome structure 

Viruses in this family are non-enveloped, with a capsid comprised of four 

structural viral proteins (VP1, VP2, VP3, and VP4) forming a protomer (Hartley et 

al., 2001).  It has been suggested that each new virion contains at least 60 of 

these protomers, giving it an icosahedral appearance (Figure 1.1).  The viral 

genome is made of a positive single strand of RNA, with a size that varies from 

6500 to 9500 nucleotides (nt).  Specifically, the ERAV genome ranges from 7400 

to 7900 nt based on seven complete genome sequences available on GenBank.  

The genetic material is comprised of a single polyprotein gene that encodes 

structural and non-structural proteins (Hartley et al., 2001).  The polyprotein gene 

is divided into three regions, P1, P2, and P3 (Figure 1.2) in all members of the 

family Picornaviridae.  All structural proteins are coded within the P1 region (L, 

VP4, VP2, VP3, and VP1), and the non-structural protein coding is distributed 

along the P2 (2A, 2B, and 2C) and the P3 regions (3A, VPg, 3C, and 3D).   A 
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study performed by Wutz showed that the structural proteins of the ERAV are 

similar in sequence and length to those of FMDV (Wutz et al., 1996).  However, 

receptor binding affinity and disease characteristics are quite different. 

 

 

 

 

 

 

 

 

 

Figure 1.1. Arrangement of the structural proteins of a picornavirus.  Note the 
tridimensional arrangement of the VP1, VP2, VP3, and VP4 proteins.  The VP4 
protein is not directly exposed on the viral surface. 

 

 

The 5’ untranslated region (5’UTR) of the genome represents a large 

portion of the total genome ranging from 700 nt to 1200 nt, which in some cases 

comprises up to 10 percent of the total genome length.  This 5’UTR contains 

secondary structures known as the internal ribosome entry sites (IRES), which 

are directly involved in genome replication (Hinton and Crabb, 2000; Sanz et al., 

2010) and have been identified in ERVs as one of the most variable regions 

throughout the entire genome (Li et al., 1996).  In contrast, the 3’ untranslated 

region (3’UTR) is constituted by a short nucleotide sequence that ranges from 50 
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nts to 100 nts, followed by a long poly (A) tract.  An interesting feature of the 

members of this family is the cap-independent translation, which is alternately 

initiated by the IRES and stabilised by the poly (A) tract (Hinton and Crabb, 2000; 

Pisarev et al., 2005). 

 

 

 

 

 
 
 
 
Figure 1.2. Genome arrangement of the equine rhinitis A virus.  Included in the 
diagram are the 5’ and 3’ untranslated regions (5’UTR and 3’UTR) as well as the 
coding sequences for structural and non-structural proteins.   
 
 

Genome replication 

Cell attachment  

Infection of the respiratory epithelium with ERVs initiates a series of 

conformational and immunological changes.  Cell infection commences by viral 

attachment to the specific receptor.  Despite both physical and genetic similarities 

across picornaviruses, a wide range of receptors used by picornaviruses have 

been identified (Shafren et al., 1999; Stevenson et al., 2004; Xiao et al., 2005; 

Fry et al., 2010).  The ICAM-1 and sialic acid receptors localized in the 

respiratory epithelium have been consistently identified as a virion target for 

FMDV.  Initial speculations indicated that ERVs may use both of these receptors 
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as well, but a study performed by Stevenson and coworkers confirmed that 

ERAV uses the α-2,3-linked sialic acid residues as a main cell binding receptor 

(Stevenson et al., 2004).  In 2010, Fry and collaborators confirmed the 

importance of sialic acid for ERAV attachment and cell entry by binding inhibition 

assays and crystallography analysis (Fry et al., 2010).  Additionally, X-ray 

crystallography studies in other viruses such as poliovirus and FMDV have 

shown depressions (“canyons”) in the viral surface, which have been implicated 

in specific receptor binding.  Size and shape differences in these canyons among 

viruses in the family Picornaviridae may indicate specific attachment 

characteristics associated with a wide receptor range even within the same 

genus.  ERVs characteristics need to be studied in more depth to confirm this 

hypothesis and eliminate other possible receptors for viral attachment.           

Cell attachment represents a fundamental priming step during viral 

infection.  Earlier studies on polioviruses (family Picornaviridae) have shown that 

viral-cell attachment induces channel formation, permitting the viral RNA to enter 

the host cell.  However, the mode of viral entry is not well understood in 

aphthoviruses (FMDV and ERAV).  Specifically, two different studies looking at 

ERAV cell entry and dissociation concluded that, like FMDV, these viruses 

require a low pH environment using an empty capsid particle, which may protect 

the viral RNA as it is incorporated into the cytoplasm of the infected cell (Tuthill et 

al., 2009; Groppelli et al., 2010).  However, they do not discard the possibility of 

pore formation as observed during viral genome transfer in other picornaviruses.  

In 2010, Groppelli and collaborators speculated that empty capsid particles 
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lacking RNA may serve as a connector between ERAV virions and endosomal 

membranes to assure viable RNA transfer.           

Once the RNA has been transported into the cytoplasm, the polyprotein is 

cleaved into protein precursors that initiate the translation of the RNA followed by 

replication (in replication complexes) and formation of new virions that are 

released to infect other cells.  To date, the replication process is poorly 

understood and it has been controversially suggested that replication vesicles 

are newly formed, or cellular transport chambers are transformed and hijacked by 

the virus to replicate and complete its life cycle (Belov et al., 2012).  

Unfortunately, none of these characteristics have been fully investigated for 

ERVs. 

Picornaviruses are unique in their translation and replication processes.  

The polyprotein is cleaved early during infection by proteinases that vary from 

one virus to another, such as L proteinases in aphthoviruses, or 3C and 3D in the 

majority of picornaviruses (Hinton et al., 2002).  Of great importance is the 3D or 

RNA polymerase, which is not only known for its elongation activity, but also for 

its importance generating the virion genome linked protein (VPg) or primer 

protein that initiates viral translation.  The VPg has been identified in virions, and 

it has been demonstrated that it is removed upon cell entry by cellular enzymes 

(Strauss et al., 2007).  Currently, knowledge on the specific functions for each of 

the non-structural proteins is limited, and it has been suggested that some of 

them are essential for efficient viral replication (Hartley et al., 2001).  In general, 

these non-structural proteins have been found to be principally involved in 
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polyprotein processing, membrane rearrangement, replication complex formation, 

and RNA replication.  As mentioned before, the non-structural proteins are 

cleaved from the regions P2 and P3, and are broken down into protein 

precursors (2A, 2BC, 3AB, and 3CD) that subsequently give origin to single 

proteins (2B, 2C, 3A, VPg, 3C, and 3D) (Hinton et al., 2002).       

Once viral proteins have been cleaved, the genomic positive-stranded 

RNA is used as a template to produce numerous negative strands that further 

serve as templates to produce new positive strands.  These new strands are 

either integrated into the new virions in association with structural proteins that 

have been cleaved from the viral polyprotein, or are cleaved to generate 

additional structural proteins.  Completion of the structural viral protein synthesis 

and packaging of RNA positive strands is the final stage of viral replication.  This 

process, although complex, represents a highly specific step that concludes with 

the encapsidation of only positive RNA strands.  After the assembly process has 

been completed, virions are released into the extracellular space, either by 

release or by cell lysis, to initiate a new cycle of infection.  

 

Internal ribosome entry sites (IRES) 

The internal ribosome entry sites (IRES) are secondary structures that 

have been identified in the 5’UTR genome of members classified in the family 

Picornaviridae.  Conclusive results indicate that these structures are in charge of 

translation initiation, replacing the conventional cap-dependent translation.  

Computer predictions have indicated that the 5’UTR of these viruses contains a 
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six stem-loops region that includes the IRES within loops two and five (Hinton et 

al., 2000).  Currently, four types of IRES (I, II, III, and IV) have been identified in 

the members of the family Picornaviridae, however a recent report suggests the 

presence of a new IRES type (type V) (Sweeney et at., 2012).  Genomic studies 

have demonstrated that FMDV comprises an IRES type II, which has been 

identified in the ERAV as well, with minimal differences (Hinton and Crabb, 

2000).  One of the most fascinating differences in ERAV is the presence of the 

two AUG initiation codons in continuity, as opposed to FMDV codons, which are 

separated by about 18 nucleotides.  Based on these findings, the authors 

suggest that ERAV requires only the second AUG codon for efficient translation 

initiation (Hinton and Crabb, 2000).    

During the early stages of infection, a small protein, the VPg is bonded to 

the 5’UTR and used as a primer for translation initiation.  It is also recognized 

that in order to be functional, VPg has to be uridylylated, a state that is provided 

by the 3D RNA polymerase.  On the other hand, in the 3’UTR, a smaller region 

(approximately 45 to 147 bases) has also been implicated in efficient replication 

of polioviruses (Brown et al., 2005) and it is suggested that this 3’UTR plays an 

important role in initiation of replication and synthesis of negative RNA strands. 

 

Replication complexes and ARFs in viral replication 

Vesicle trafficking in eukaryotic cells occurs as a method of transport and 

communication between organelles.  In recent years, it has been proposed that 

picornaviruses, and more specifically polioviruses, disrupt that trafficking by 
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taking over the complex vesicles to be used as a replication site (Belov et al., 

2007; 2012).  A combination of both viral and host factors are involved in this 

membrane rearrangement.  

  Earlier studies on membrane rearrangement showed the importance of 

cellular and viral membrane-binding proteins (Egger et al., 2000).   A series of 

experiments demonstrated that alteration of transport membranes modifies the 

final destination of these complexes, impairing viral replication in the newly 

transformed vesicles.  Interestingly, after transformation of membranes, formation 

of some replication–like vesicles was detected; however, these vesicles were not 

incorporated in a perinuclear rosette (viral replication sites). Thus, even though 

altered membranes are incorporated into the replication vesicles, an additional 

factor may be involved in selecting only vesicles that may be able to support viral 

replication.  Therefore, this affects not only viral replication-complexes formation, 

but also final RNA synthesis.  It has been shown that poliovirus proteins initiate 

remodelling of vesicle membranes in less than 30 minutes post-infection.  In 

addition, recent studies using a wild type of poliovirus have demonstrated that 

indeed, polioviruses hijack vesicles that are re-localized perinuclearly (Belov et 

al., 2007).   

 

3’ Untranslated region (3’UTR) in viral replication 

Important functions have been attributed to the 3’ noncoding region of the 

picornaviruses.  As described for the 5’ noncoding region, the 3’UTR also has a 

secondary structure, the pseudoknot, which is involved in efficient replication. 
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Nevertheless, various studies have demonstrated that the 3’UTR is not 

completely necessary for replication (Brown et al., 2005).  Interestingly, deletion 

of the 3’UTR of a wild type poliovirus resulted in some detriment to infectivity, but 

was not lethal, such that infection of the mutant was almost comparable to wild 

type.  In other experiments, Brown and collaborators hypothesized that the 

functions of the deleted 3’UTR of the poliovirus could be replaced by other viral 

structures (Brown et al., 2004).  

While the 3’UTR is functional but not indispensable for replication, it is, 

nevertheless, highly conserved among the poliovirus serotypes, suggesting that 

the region may be necessary for other aspects of viral survival and possibly 

constant evolution.  

 

Respiratory viral infections and clinical association 

 Equine respiratory disease has been associated with both bacterial and 

viral infections.  As in humans, viral infections are identified in the majority of 

equine outbreaks.  Surveillance programs have provided valuable information 

demonstrating that AE2, ERVs, and EHV1/4 are the most common causes of 

equine respiratory disease outbreaks worldwide (O.I.E., 2012).  Common clinical 

signs observed during these outbreaks include: pyrexia, cough, 

lymphadenopathy, and nasal discharge, and in more severe cases ocular 

discharge, and oedema of the limbs.  In addition to respiratory infection, EHV1 

has also been associated with abortions and in some cases with neurological 

disease due to a point mutation in the DNA polymerase of some strains (Perkins 
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et al., 2009; Smith 2010).  Generally, clinical respiratory signs are not disease-

specific and in many occasions may be confusing.  Further, secondary bacterial 

infections complicate diagnosis and management of the condition.  AE2 

infections have been extensively investigated, and well-established models have 

been developed (Sutton et al., 1997; Newton et al., 2000; Daly et al., 2003; 

Newton et al., 2003).  Currently, effective management and vaccination protocols 

are accessible and AE2 infections can be prevented in the horse population.  On 

the other hand, EHV infections have become more troublesome due to poor 

understanding of the pathophysiology of the disease and the nature of some viral 

strains. 

 Regarding AE2 and EHV, subclinically infected animals are considered to 

be one of the biggest sources of viral infection to other horses (Cullinane et al., 

2001; Daly et al., 2004; Crouch et al., 2005).  Therefore, this represents a 

challenge when designing vaccination protocols and should be considered when 

evaluating vaccine efficacy.  Additionally, respiratory viral infections cannot be 

differentiated based on clinical signs only, and efforts to identify the causative 

agent should be attempted.                    

 

Equine rhinitis viruses and clinical infection 

 The clinical significance of ERAV and ERBV as primary or concomitant 

agents in equine respiratory infections has been controversial and undefined.  

Attempts to understand the clinical disease have been scant and the few studies 

assessing the infectious component of these viruses have focused on 
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seroprevalence of these agents rather than careful reporting of clinical findings.  

Consequently, general and unspecific clinical signs have been recorded in field 

conditions.  Largely, nasal discharge, pyrexia and lymphadenopathy have been 

observed; however, these are observed during AE2 and EHV1/4 viral respiratory 

infections as well, positioning ERVs as an additional differential diagnosis that 

cannot be differentiated from AE2 and EHV1/4 without additional testing. 

 It is well know that these viruses circulate in the horse population and 

perhaps viral co-infection may play an important role in respiratory outbreaks.  

However, in 1997, Li and coworkers reported the identification of an ERAV non-

cytopathic strain (Li et al., 1997), showing that ERVs might have been 

responsible for clinical respiratory disease where no other recoverable viral 

agents have been identified.  Therefore, clinical respiratory disease due to 

primary ERV infection might have also been generally underestimated.            

 

Equine rhinitis viruses shedding 

Even though ERAV was originally recovered from horse feces, this virus 

has been continuously isolated from equine respiratory samples, and on rare 

occasions recovered from saliva, peritoneal fluid, urine, and plasma (Burrows et 

al., 1979 Fukunaga et al., 1983; McCollum and Timoney, 1992).  Interestingly, 

only ERAV has been recovered from samples other than respiratory secretions 

whereas ERBV seems to be recovered solely from respiratory samples 

(Ditchfield et al., 1965; Mumford and Thomson, 1978; Carman et al 1997).  It is 

debatable whether or not ERAV replicates only in the upper airways, as limited 
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studies on this subject are available.  As stated here, the initial viral recovery 

made by Plummer was from horse feces (Plummer, 1962).  A study in 1992 

suggested that ERAV might replicate or persist in the bladder as well (McCollum 

and Timoney, 1992).  Another study found ERAV in urine samples of 29/100 

racing horses detected by real-time RT-PCR (qPCR).  Of those positive samples 

(29), virus isolation was attempted and confirmed in 17 horses (Quinlivan et al., 

2010).  The data presented by McCollum and Timoney in 1992 and Quinlivan in 

2010 may indicate that the ERAV could be detectable in these specimens and 

confirm the usefulness of qPCR as a diagnostic tool; however, viral replication in 

the urinary tract is still to be proven.  As reported by Plummer, the viral load in 

fecal samples may be minimal and current field and experimental investigations 

have not further characterized and explored viral replication and/or shedding in 

the urinary and gastrointestinal tracts.  The recovery or detection of ERAV from 

urinary and gastrointestinal samples does not prove viral replication at these 

sites.          

 

Long-term infection consequences   

  In recent years, human rhinoviruses were shown to replicate in the lower 

airways and were found to be associated with asthma development and asthma 

exacerbations (Papadopoulos et al., 1999; Papadopoulos et al., 2000; Bizzintino 

et al., 2011).  Prior to this, ERVs have not been considered a serious component 

in the equine respiratory disease complex, but recent evidence suggests that 

these viruses may be involved in more than acute upper respiratory disease 
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(Wernery et al., 2008).  Attempts to reproduce clinical disease experimentally 

have resulted in only serological changes (Mumford and Thomson, 1978), 

leading to the conclusion that the virus does not represent a serious threat to 

equines.  Even so, concomitant infections identified in humans, equine and other 

species are recognized as triggering factors for other conditions such as asthma 

and COPD in humans.  It is therefore reasonable to hypothesize that equine 

respiratory viral infections may be associated with IAD and heaves in the horse. 

However, this is only a speculation based on findings in other species, where 

members of the same viral family are implicated in long-term epithelial cell 

alterations that result in a prolonged inflammatory process (Papadopoulos et al., 

2004).    

 

Diagnosis of equine rhinitis virus infection 

Virus isolation 

 Conventionally, nasal swabs and nasopharyngeal swabs are collected 

from suspected infected horses in the face of a respiratory outbreak to attempt 

virus isolation (Sherman et al., 1977; Carman et al., 1997; Diaz-Mendez et al., 

2010).  However, other samples such as bronchoalveolar lavage (BAL) have 

been previously used to attempt viral recovery in addition to lung cytology and 

airway immunological assessment (Viel, 1983; Sutton et al., 1997; Hare and Viel, 

1998; Lavoie et al., 2001; Cordeau et al., 2004).  Furthermore, samples such as 

whole blood, tracheal biopsies, urine and fecal specimens are rarely collected for 

virus isolation.       
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Virus isolation has been the gold standard to identify the etiology of 

respiratory viral infections.  In the case of ERVs, various cell lines have been 

employed for viral isolation from clinical samples; including rabbit kidney 13 (RK-

13) cells, African green monkey kidney (Vero) cells, equine dermis (ED) cells, 

equine foetal kidney (EFK) cells, and HeLa cells (Plummer 1962; Ditchfield et al., 

1965; Powell et al., 1974; Studdert and Gleeson, 1977; Holmes et al., 1978; 

McCollum and Timoney, 1992; Carman et al., 1997; Kriegshauser et al., 2005; 

Diaz-Mendez et al., 2010). Today, most laboratories use RK-13 cell lines 

routinely.   

AE2 and EHV1/4 also have a poor isolation rate from individuals during 

infectious episodes.  It is well known that successful isolation is generally 

optimized when samples are collected within 24-36 hours post infection. This 

indicates that timing of sample collection represents an important factor for viral 

recovery.  Additionally, equine rhinitis viruses are not commonly isolated in cell 

culture and it has been suggested that non-cytopathic ERAV strains may be 

involved in clinical respiratory disease.  In 1997, Li and co-workers demonstrated 

that conventional virus isolation was not sensitive enough to detect these viruses 

in samples collected from clinical respiratory cases (Li et al., 1997). Therefore, 

immunofluorescence and RT-PCR were required to detect viral antigen and 

nucleic acid in those samples.  Thus, ERVs recovery rates from respiratory 

outbreaks are still low, and only a few ERAV isolates have been completely 

analysed by genome sequencing and nucleotide comparison (Li et al., 1996).  

Even though ERBVs have been more prolifically recovered from infected horses, 
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serological evidence indicates that ERAV is more prevalent worldwide 

(Willoughby et al., 1992; Carman et al., 1997; Kriegshauser et al., 2005; Gradzki 

et al., 2009; Diaz-Mendez et al., 2010; Pagamjav et al., 2011).     

Traditionally, cell monolayers are inoculated with a clinical sample, 

incubated  (37°C in the presence of CO2) and observed for 5 to 7 days to detect 

a cytopathic effect (CPE).  In general, CPE in cell culture is very characteristic of 

ERVs and is identified by rounding of the cells, which become fragile and detach 

from cell monolayers (Ditchfield et al., 1965).  These cell layers are completely 

destroyed by 96 hours post-infection.  In some cases, up to three passages are 

required to confirm positive samples and on occasion, as reported by Li in 1997, 

false negative results may be confirmed positive by other methods.  Even though 

virus isolation is considered highly sensitive, drawbacks such as turnaround time 

and possible circulation of non-cytopathic strains limit its reliability.  

 

Serology 

Serodiagnosis has been widely used either as a confirmatory tool, or 

primary diagnostic method not only in equines but also in other species.  

Conventionally, the VN test has been employed to determine ERV antibody 

levels.  Alternative methods such as complement-mediated haemolysis in 

agarose gel, complement fixation, and single radial immunodiffusion have shown 

poor repeatability, and low sensitivity and specificity (Knorn et al., 1980).  Thus, 

VN testing is considered a gold standard when determining ERVs antibody titers.  

A four-fold increase in antibody titers to any viral antigen in paired samples 
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(acute and convalescent) is considered significant in the majority of the cases; 

however, these changes depend on time of collection.  As a general rule, serum 

samples should be collected at least 10 to 14 days apart and analysed as a pair, 

resulting in prolonged turnaround time, which in most cases comes too late to be 

useful diagnostically.  However, this information is essential when establishing 

preventative disease control plans and biosecurity measures.   

 

Molecular diagnosis 

In the last decade, PCR and RT-PCR with their advantages and 

disadvantages have become of great importance when assessing infectious 

diseases.  However, more conventional, well-established and highly specific 

techniques, such as immunofluorescence, immunohistochemistry and electron 

microscopy are still being used (Li et al., 1997).  Real-time PCR (qPCR) and 

conventional reverse transcriptase PCR (RT-PCR) methods for the detection of 

ERVs in clinical samples have been developed and optimized, but at the moment 

these techniques are offered only as research diagnostic tools in a small number 

of laboratories (Dynon et al., 2001; Black et al., 2007; Quinlivan et al., 2010).   

A study by Black and coworkers (Black et al., 2007) found that a nested 

RT-PCR for ERBV was able to detect six positive samples when conventional 

virus isolation failed to detect the presence of the virus in seventeen horses with 

clinical respiratory disease.  This, in addition to similar findings by Quinlivan in 

2010 suggests that RT-PCR and qPCR may be employed as rapid diagnostic 
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methods in acute respiratory outbreaks; however the clinical significance of 

positive results is still highly debatable. 

  

ERAV in other species   

During the initial ERAV study at the Wellcome Research Laboratories, 

three stable workers developed a high virus neutralizing antibody titer (1:512 – 

1:024) against the same virus recovered from the horses (Plummer, 1962).  None 

of the other workers that were in contact with the horses nor the 100 volunteers 

at these facilities had detectable antibodies. Direct contact with infected horses 

could represent a potential source for human infection; however, no other reports 

of equine rhinoviruses infecting humans have been published up to 2005.  

Preliminary studies by Plummer demonstrated that, following gastric exposure 

using a stomach tube, ERAV could infect cynomolgus monkeys without inducing 

clinical signs and that infection could be confirmed only by serology; however, the 

same virus induced clinical disease in horses, supporting suggestions that 

interspecies infection may not be likely.        

In a more recent attempt to elucidate the role of these viruses, an Austrian 

research group conducted a survey of 137 serum samples from veterinary 

practitioners and found a very weak response (neutralizing antibodies) against 

ERAV (2.7%) and ERBV1 (3.6%) (Kriegshauser et al., 2005).  Thus, even in a 

high-risk population such as veterinarians, ERVs may present only a very low risk 

of infection. 
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Cross infection and interspecies infections have been rarely reported, but 

ERAV has been identified as the cause of abortions in zebras and dromedaries 

(Kimber et al., 2002; Wernery et al., 2008).  The most recent event was recorded 

in Dubai, United Arab Emirates, where eight pregnant dromedaries aborted and 

ERAV was consistently recovered from the placenta and various foetal organs.  

Experimental infection of two seven-month pregnant dromedaries confirmed a 

tropism of ERAV for the reproductive tract in this species (Wernery et al., 2008).  

No clinical respiratory or reproductive signs were observed in the dams prior to 

abortion.  This supports the notion that ERAV may be involved in equine cases 

where abortions could not be associated with a specific causal agent.             

 

Respiratory immunity  

The protective immune response to ERVs has not been specifically 

studied in the horse.  There is evidence showing that humoral and cellular 

responses are essential to overcome respiratory viral infections.  The equine 

respiratory tract is continuously exposed to environmental factors and common 

pathogens (viruses, bacteria, parasites, and fungus).  The airways comprise the 

major entry port for infectious agents that must be controlled and neutralized in a 

timely fashion in order to prevent disease.  During infections, mechanical barriers 

such as head position, mucus and mucociliary movement act as the first 

response by filtering, trapping and removing undesirable organic particles and 

pathogens.  These mechanical barriers, as the first line of protection in 

combination with a cellular and humoral immune response, play an integral and 
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essential role in the respiratory tract by providing a protective response when 

challenged with a specific pathogen or antigen (e.g. viral infections or 

vaccination).  During infections, cells such as neutrophils and lymphocytes 

become activated and respond by killing infected cells.  Macrophages are 

attracted to infection sites and result in phagocytosis and cell activation [e.g. 

natural killer cells (NK)].  In conjunction, these cells secrete chemokines that 

prime (newly exposed) or recruit (previously exposed) T and B-lymphocytes, 

which eventually control and eliminate the specific pathogen. 

 

Innate immunity (non specific) 

Physical Barriers  

As mentioned above, the respiratory tract is exposed to numerous 

pathogens and particles that can be screened at the site of entry.  The 

mucociliary system in the respiratory tract plays a decisive role on mucus 

clearance and systemic protection (Willoughby et al., 1992).  The cilia lining the 

upper airways and trachea promote upwards movement of secreted mucus.  

During grazing, equines maintain their heads in a lower position contributing to 

easy clearing of the mucus through gravity as well.  Experimental AE2 infection 

showed that damaged cilia reduce trachea clearance efficiency, increasing the 

probability of upper airway infections extending into the lung (Willoughby et al., 

1992).  Interestingly, Willoughby and collaborators could not demonstrate 

reduced mucus clearance following experimental ERBV infection, perhaps due to 
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the presence of circulating specific ERBV antibodies, improper viral delivery or 

inadequate infection dose.   

 

Cytokines in the initial immune response          

Interleukins not only play an important role in the acute innate pathogen 

control phase, they also immunomodulate a specific response by recruiting and 

stimulating inflammatory cells.  Interferon-α (IFN-α), interferon-β (IFN-β), and 

interferon-γ (IFN-γ) have been identified in the equine respiratory tract during viral 

infections (Paillot et al., 2006).  Specifically, IFN-α is secreted by dendritic cells 

and macrophages during early viral infections and by T and B-lymphocytes in 

later stages.  Also, IFN-α has been recognized as a mediator in anti-inflammatory 

responses, as well as a promoter of an antiviral state in non-infected cells (Moore 

et al., 1996).  Furthermore, IFN-α and IFN-β have been associated with up-

regulation of the class I major histocompatibility complex (MHC), increasing 

recognition and destruction of infected cells by CD8+ cytotoxic T cells (Joubert et 

al., 2008).  In contrast, HRV infections have been shown to up-regulate gene 

expression of some cytokines and more importantly to cause a down-regulation 

in the expression of IFN-β, which may underlie poor immune response against 

viral infections (Wark et al., 2005) and perhaps be associated with asthma 

exacerbations (Papadopoulos et al., 2004; Bizzintino et al., 2011; Proud, 2011).   

IFN-γ has been considered a key component of the acquired immune 

response by modulating an increase in antigen presentation to CD4+ helper T 

cells by MHC class II (Soboll et al., 2003; Paillot et al., 2006).  Also, IFN-γ 
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secreted by NK cells has been found to promote T-lymphocyte development and 

support cell differentiation (Cordeau et al., 2004).  Another important modulator is 

tumour necrosis factor-α (TNF-α), which is actively produced by macrophages, 

T-lymphocytes and NK cells. TNF-α has been directly associated with destruction 

of infected cells.  Experimental challenge with fungi, hay dust and 

lipopolysaccharide of RAO horses significantly modifies the expression of TNF-α, 

Interleukin 1β (IL-1β), Interleukin-6 (IL-6), Interleukin-8 (IL-8), and Interleukin-10 

(IL-10) (Ainsworth et al., 2003a; Ainsworth et al., 2003b).  Interestingly, TNF-α, 

Interleukin 1β (IL-1β), and IL-6 were found to be up regulated as well when 

vaccinated and unvaccinated horses were exposed to AE2 (Quinlivan et al., 

2007), confirming that equine respiratory viruses directly affect the airway 

equilibrium, as seen during human influenza and human rhinovirus infections. 

 

Innate immunity (cellular response)  

Alveolar macrophages, natural killer cells, and neutrophils cooperate in a 

process to maintain and control pathogen spreading.  During early infection, 

neutrophils migrate to infection sites followed by macrophages.  The initial 

mobilization of responding cells and identification of infected cells triggers the 

activation and release of pro-inflammatory cytokines that eventually activate NK 

cells and T and B-lymphocytes.  Natural killer cells have been associated with 

active toxicity and lysis of infected or abnormal cells, and are also a major 

component in the development of the adaptive immune response (Paillot et al., 

2006).  Alveolar macrophages account for the majority of the cell population in 
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the equine lung and are associated with activation of the acquired immune 

response.  It is known that macrophage stimulation (e.g. viral infections) triggers 

a dynamic reaction expressed by secretion of cytokines such as IL-1α, IL-1β, 

TNF-α, IL-8, and IL-34.  Similarly, neutrophils are in concordance with 

macrophages and are a key component of the innate and acquired immune 

response.  Once neutrophils are activated, they migrate into the airway lumen, to 

phagocytize infected cells.   Due to its physiological characteristics, the lung 

presents a unique organ for trans-endothelial neutrophil migration; in comparison 

to neutrophil migration due to inflammatory processes in other organs (liver, 

kidney, etc.), it seems that migration of these cells into the lung may be less 

reliant on conventional L-selectin and β2-integrin cellular adhesion (Lee et al., 

2000).  Additionally, neutrophils have been shown to induce B-cell activation by 

production of IL-4, which is directly associated with antibody production (Lavoie 

et al., 2001; Joubert et al., 2008). 

 

Adaptive Immunity 

Following the initial innate immune response, a more specific response 

must be developed.  This specific or adaptive immune response is mediated by 

T-lymphocytes (CD4+, CD8+) and B-lymphocytes (Crouch et al., 2005; Paillot et 

al., 2006).  Expansion of antigen specific B-lymphocytes is accomplished during 

the initial infection and antibody production is followed by transformation of 

antigen-specific B cells into plasma cells.   
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Antibody production in the respiratory tract is governed by 

immunoglobulins A, E, M and G (IgA, IgE, IgM and IgG) (Soboll et al., 2003; 

Waller et al., 2007).  Immunoglobulin A has been found as the most common 

immunoglobulin in nasal secretions.  Its primary role is in blocking attachment of 

virus to host cells and in removal of free virus by transport of soluble antibody-

virus complexes into the mucus.  Post infection, IgG is rapidly secreted into the 

airway lumen to control viral colonization by blocking attachment or through the 

activation of complement (Ainsworth et al., 2002; Soboll et al., 2003).  In addition, 

macrophages and neutrophils recognize IgG antibodies that have bound to 

infected cells.  They attach to the antigen-antibody complex on the cell surface 

and destroy the cell.  This type of recognition and destruction is known as 

antibody-dependant cytotoxicity (ADCC).  Antibodies bound to infected cells may 

also mediate cell lysis through the activation of complement on the cell surface.  

Interestingly, due to the high affinity of IgE for mast cells, the production of IgE 

has been linked with increased mast cell degranulation.  This has been 

associated with asthma exacerbation in humans and it has been speculated that 

a similar mechanism post viral infection may be involved in RAO/Heaves in the 

adult horse (Joubert et al., 2008).   

Infected or specialized presenting cells [e.g. dendritic cells (DC)] display 

antigens with class I MHC, or both class I and class II MHC on their surface, 

respectively.  This is a determining factor for recognition by T cells (Siedek et al., 

1999).  Class I MHC presentation is recognized by CD8+ (cytotoxic T-

lymphocytes), whereas antigens presented by the class II MHC are recognized 
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by CD4+ (helper) T-lymphocytes.  During respiratory infection, macrophages and 

infected epithelial cells activate DCs by releasing cellular cytokines.  These 

specialized presenting cells travel to draining lymph nodes and activate T-

lymphocytes by antigen presentation (Steinbach et al., 1998).  Subsequently, T-

lymphocytes replicate and are mobilized to specific infection areas.  

Specific lymphoid aggregations have been identified along mucosal 

surfaces in different species, and the equine respiratory tract is no exception. 

Collectively, these tissues are known as mucosal-associated lymphoid tissues 

(MALT) (Mair et al., 1988).  Strategic localization in the respiratory tract offers a 

prime availability of T and B-lymphocytes (Lunn et al., 2001).  The nasal cavity, 

and in particular the laryngo-pharyngeal area of young horses, is functionally 

layered with follicular lymphoid tissue.  This follicular tissue is present and 

remarkably large during the first 2 years of a horse’s life.  This correlates with the 

critical period of antigen exposure in young horses.  Due to its localization, the 

MALT may represent an important induction site for efficient immune response 

during natural infection or vaccine stimulation (Chambers et al., 2001; Takada et 

al., 2003; Crouch et al., 2005; Waller et al., 2007). 

 

Conclusions  

ERVs have been identified in the equine population for almost five 

decades; however, they have been considered of minimum clinical importance 

when compared to viruses such as AE2 and EHV1/4.  Individual seroprevalence 

and surveillance studies have provided important data that have been overlooked 
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when analysed alone.  The combination of previous studies and current 

knowledge on ERVs and other similar viruses such as HRV and FMDV, indicate 

that ERAV may be implicated in conditions beyond simple “upper respiratory 

infections”.  

A balance between a measured immune response and controlled 

inflammation is key to maintaining the integrity and functionality of the respiratory 

system.  However, rapid immune responses in the lung are required for effective 

pathogen control and elimination, which in the long term may be associated with 

excessive airway inflammation.  

It is evident that respiratory infections account for a great number of the 

clinical illnesses affecting the athletic horse and the majority of them are 

attributable to viral infections.  A number of AE2 and EHV1/4 vaccines are 

available; however, there are currently no ERVs vaccines.  Better understanding 

of the molecular characteristics and the pathophysiology of ERVs could lead to 

the development of effective vaccines and possibly disease control in the near 

future. 
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Objectives 

 

To characterize the Ontario ERAV isolate (ERAV/ON/05), by sequencing the 

entire viral genome and to compare its characteristics to worldwide isolates.  

 

To develop an infection model and to study the clinical characteristics of ERAV 

infection. 

 

To study the BAL cytokine profile in ERAV experimentally infected ponies in 

order to better understand the immune response to ERAV infection.  
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Chapter 2 

Experimental model for infection of horses with equine rhinitis A virus 

Abstract 

Objective - To investigate the clinical characteristics of experimental infection 

with an equine rhinitis A virus isolate (ERAV/ON/05) recovered from a respiratory 

outbreak in Southern Ontario in 2005.  

Animals - Eight 8-12-month-old seronegative (ERAV) ponies from the University 

of Guelph research herd.   

Procedures – Ponies were randomly assigned to control (n=4) or infected (n=4) 

groups.  Nebulization was used to deliver either mock cell culture medium or viral 

inoculum (ERAV/ON/05), as appropriate.  Clinical signs were monitored daily for 

21 days post-infection (p.i.), by physical examination (body temperature, lung 

auscultation, sub-mandibular lymph nodes palpation, cough assessment and 

endoscopic evaluation) and pulmonary function testing (PFT).  Additionally, four 

previously infected ponies with an intermediate or high ERAV antibody titer were 

assigned to a re-infection trial a year later. Samples for virus isolation, antibody 

titration and clinical data were collected according to the experimental design.   

Results - ERAV/ON/05 induced clinical respiratory disease in infected ponies, 

and serology demonstrated that no other respiratory viruses were present during 

the trials.  The disease was characterized by pyrexia, nasal discharge, increased 

abnormal lung sounds, and enlarged submandibular lymph nodes.  Additionally, 

mucopus was endoscopically detected in the lower airways up to day 21 p.i.  The 

virus was isolated from the lower and upper airways up to day 7 p.i., which 
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corresponded with the appearance of detectable ERAV specific neutralizing 

antibodies in serum.  None of the re-infected animals developed clinical disease 

and only one pony from this group had a four-fold increase in the antibody titer to 

ERAV following the second infection.     

Conclusions and clinical relevance – ERAV/ON/05 induced clinical respiratory 

disease in these experimentally infected ponies.  Previously infected ponies with 

circulating ERAV antibodies did not develop clinical disease when re-exposed to 

the virus.  Therefore, immunization by live aerosol exposure to ERAV may be an 

alternative to prevent equine respiratory disease due to this virus.   
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Equine rhinitis A virus, ERAV, equine rhinovirus 1, infection model, horse. 
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ERAV   Equine rhinitis A virus 
ERBV   Equine rhinitis B virus 
AE2   Equine influenza 2 (H3N8) 
EHV1/4  Equine herpes virus 1 and 4 
ERAV/ON/05  ERAV Ontario isolate 
IAD   Inflammatory airway disease 
SRH   Single radial haemolysis 
PFU   Plaque forming unit 
RK-13   Rabbit kidney 13 cells  
RT-PCR  Reverse-transcriptase polymerase chain reaction  
PFT   Pulmonary function test 
∆Ppl   Change in transpulmonary pressure 
Cdyn    Dynamic compliance 
LPM   Litres per minute 
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Introduction 

Equine viral respiratory infections are one of the leading causes of training 

loss and considered an important contributor predisposing to secondary 

respiratory bacterial infections (Patterson-Kane et al., 2008).  Common 

respiratory viruses such as equine influenza virus and herpesvirus have been 

extensively studied (Mumford et al., 1990; Willoughby et al., 1992; Guo et al., 

1995; Daly et al., 1996; Guthrie et al., 1999; Newton et al., 2000; Breathnach et 

al., 2001; Cowled et al., 2009; Perkins et al., 2009).  Less frequently isolated 

viruses such as equine rhinitis viruses (ERV) are potentially underestimated and 

may be more prevalent than is commonly thought (Carman et al., 1997; Klaey et 

al., 1998; Diaz-Mendez et al., 2010).  To date, immunity to ERV has been 

observed only following natural exposure and no vaccines currently exist.  

Commonly, equine viral respiratory infections are characterized by high fever (39-

40°C), cough, and nasal discharge (Mumford et al., 1990; Sutton et al., 1997; 

Newton et al., 2006).  In rare cases, other conditions such as oedema of the 

limbs and neurological disease have been documented (Daly et al., 2006).  

Typically, viral respiratory infections spread throughout the population (stable, 

herd, etc.), and the disease course varies depending on the viral agent and the 

immune status of the animals (Cowled et al., 2009).  Determination of the 

etiological agent represents a challenge, in many cases only retrospective 

serology is employed and virus isolation is not attempted.  

Vaccination against influenza and herpes viruses is not commonly 

performed in Ontario, and vaccination rates remain as low as 36% (Diaz-Mendez 
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et al., 2010).  It has been shown that equine influenza vaccination will prevent or 

diminish clinical signs and disease duration depending on the product 

formulation, the time of administration and the viral strain used in the vaccine 

(Newton et al., 2000; Chambers et al., 2001; Holmes et al., 2003; Park et al., 

2003).  Current vaccination protocols for equine herpesviruses 1 and 4 have 

been demonstrated to be of intermediate effectiveness.  Most uncomplicated 

respiratory viral infections are self-limiting and resolve with supportive care.  

Even so, this represents a set back in terms of training and return to normal 

athletic performance.  In many cases, these viral infections predispose to 

secondary bacterial infections of the lung involving commensals (Sweeney et al., 

1985), such as Streptococcus zooepidemicus, Actinobacillus suis, and 

Streptococcus equi. 

Other viruses, such as equine rhinitis viruses and adenoviruses, are 

typically considered to be less important and no commercial vaccines are 

currently available. Respiratory disease caused by these agents was initially 

reported in the early 60s, but other more commonly isolated viruses surpassed 

their perceived relevance in the equine viral respiratory complex.    

 Equine rhinitis A virus (ERAV) was first described in 1962 by Plummer 

(Plummer and Kerry, 1962) when investigating an equine respiratory virus with 

“enterovirus properties”.  Originally this virus was recovered from the feces of 

horses in the United Kingdom (Wellcome Research Laboratories).  In the same 

year, 1962, Ditchfield detected the same virus as the cause of respiratory 

outbreaks in Toronto, Canada (Ditchfield et al., 1965).  However, because other 
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equine respiratory viruses (influenza virus, herpes virus, and adenovirus) were 

reported more commonly as the cause of disease during this decade, ERVs were 

unintentionally forgotten.   

 Equine respiratory outbreaks are normally not well investigated due to 

cost, low viral recovery, limited laboratory capabilities and lack of pathogen-

specific approaches to treatment.  However, when knowledge of the offending 

pathogen may guide future preventative measures, respiratory secretions and 

blood are taken to attempt diagnosis.  In those cases, equine influenza viruses 

and herpesviruses are commonly sought, while equine rhinitis viruses are not 

routinely included in the diagnostic panel.  Prior reports have implicated ERAV as 

the sole cause of disease during respiratory outbreaks, with a higher prevalence 

observed during late winter and early spring (Li et al., 1997; Klaey et al., 1998).    

 In humans, rhinoviruses are considered one of the most prevalent causes 

of respiratory viral infections (Meerhoff et al., 2010).  More importantly, human 

rhinoviruses (HRV) have been associated with asthma exacerbation in children, 

and infection during infancy is considered a triggering factor for development of 

asthma later in life (Bizzintino et al., 2010).  Previously, it was thought that human 

rhinoviruses replicated only in the upper airways at a lower temperature; 

however, recent studies have not only detected virus by RT-PCR in the lower 

airways, but also found actively replicating virus at normal body temperature 

(37°C) (Papadopoulos et al., 1999).  It has been in dicate that sequelae due to 

rhinovirus infections, might induce severe airway inflammation by up regulating 

and/or down regulating the immune response.  Immune response modulation has 
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been proposed as a triggering factor for allergy and/or asthma development 

(Papadopoulos et al., 2002).  It is not clear if the same condition is seen in 

equines; however, it is well known that horses are exposed to equine herpes, 

influenza and rhinitis viruses early in life.  Comprehensive studies analysing 

single and concomitant viral respiratory infections are needed to better 

understand the respiratory syndrome seen in equines.  Inflammatory airway 

disease (IAD) and Heaves in horses have been extensively investigated (Viel 

1983; Hare et al., 1999; Lavoie et al., 2001; Giguere et al., 2002; Ainsworth et al., 

2006), but the viral respiratory component has not yet been incorporated into this 

complex.  As in humans, horses are exposed to a variety of respiratory viruses 

and bacteria during the early stages of life which, in combination with 

environmental and genetic factors, may lead to continuous immune system 

stimulation that could result in long-lasting airway inflammation and airway 

hyperreactivity.    

 Although, ERVs were first isolated half a decade ago, no one has 

conducted an experimental infection study with current circulating strains. In fact, 

no effective and reliable experimental infection model exists to study the clinical 

disease caused by ERVs.  Therefore, the objective of this research was to 

develop an experimental infection model in order to investigate the clinical 

characteristics of an ERAV isolate (ERAV/ON/05) recovered in 2005 from a 

febrile horse during a respiratory outbreak in Ontario.  
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Materials and Methods 

Study design 

This study was designed to develop a reliable ERAV infection model.  In 

the first phase, a series of pilot studies were performed to adjust the method of 

infection, infectious dose and sampling techniques (data not shown).  The 

experimental infection study, reported here, was conducted in 2008 using eight 

8-12-month-old ERAV-seronegative ponies divided randomly into infected and 

uninfected controls.  Also in 2009, a re-infection study including four ponies that 

had been infected in 2008 was conducted.  These ponies were selected for a re-

infection challenge with ERAV based on their ERAV antibody titers.  ERAV 

antibody titers in serum ranged from 1:1024 to 1:6144 as detected by the viral 

neutralization test (VN). 

 

Animals 

Ponies were chosen as an animal model due to the nature of the 

experimental agent (ERAV) and the physical characteristics of the level 2 

containment facilities.  A total of 12 pregnant pony mares were selected and their 

foals were retained for the experimental ERAV infection.  All mares and foals 

were kept in a separate group away from the main barn and biosecurity 

measures were put into place to prevent exposure to viral respiratory agents.  

Blood samples from all foals were taken every 3 to 4 months after birth and 

antibody titers to ERAV were evaluated.  These animals were not vaccinated 

against any respiratory viruses during this period and general husbandry 
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practices were maintained to ensure healthy living conditions.  All animals were 

dewormed according to the herd management protocol and animal socialization 

and handling was performed regularly. Facemask training for pulmonary function 

testing (PFT) was performed daily prior to all experiments. Animals were 

transported to the isolation unit one week prior to viral infection for 

acclimatization.    

The Animal Care Committee at the University of Guelph approved all the 

experiments reported in this study in accordance with guidelines of the Canadian 

Council on Animal Care (CCAC).  

 

Isolation unit 

 All infection trials were conducted in a biosecurity level 2 containment 

facility (Animal Isolation Unit) at the University of Guelph.  This unit contains 

individual stalls that are equipped with controlled temperature, humidity, airflow, 

and lighting.  Access to the stalls was restricted to the researchers and animal 

care personnel.  Biosecurity measures were established according to the unit’s 

standard operation protocols (SOPs).     

 

Inclusion criteria 

 Eight ponies were selected based on health and serological status.  Prior 

to infection all ponies were seronegative to equine rhinitis A virus (ERAV), equine 

rhinitis B virus (ERBV), equine herpesvirus 1 and 4 (EHV1/4), and equine 
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influenza 2 virus (AE2).  Even though AE2 antibody titers were detected at birth, 

steady decreases observed during the first 5 months indicated that these were 

passive maternal antibodies. Antibodies to AE2 were not detectable by the single 

radial haemolysis test (SRH) at six months of age.  

 

Inoculum 

 The ERAV/ON/05 isolate recovered in 2005 (Diaz-Mendez et al., 2010) 

was characterized and fully sequenced.  The isolate was propagated in rabbit 

kidney 13 cells (RK-13) and aliquots were stored at -70°C  for viral 

characterization and experimental infection.  The same viral strain was used for 

the infected re-infected groups. 

Briefly, for inoculum preparation, the isolate was propagated in RK-13 

cells on 150 ml diameter Petri dishes. Monolayers with 90% confluency were 

inoculated with 500 µl of ERAV/ON/05 and incubated in the presence of CO2 

(5%) at 37°C for 24–36 hours.  All dishes were remo ved from the incubator and 

freeze/thawed (-20°C   / 22°C  ) four times to induce cell rupture and viral release.  

The samples were pooled and centrifuged at 5403 x g for 15 minutes at 4°C in an 

Avanti® J-E centrifuge (Beckman Coulter Canada, Inc. Mississauga, Ontario).  

The supernatant was collected and dispensed in 10 ml aliquots to be used as an 

inoculum.  The inoculum titer for viral infection experiments was determined by 

the Plaque Forming Unit test (PFU) and was estimated to be 5 X 106 PFU/ml 

(Chapter 3). 
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Animal model 

Infection protocol 

Ponies in the infected (n=4), and control (n=4) groups were given three 

consecutive doses of dexamethasone (Dexamethasone 2; Vétoquinol, Lavaltrie, 

Québec) 0.2 mg/kg IV q24 hours, starting two days prior to infection.  The 

reasoning was that the model could be consistent, reproducible and comparable 

to other models used not only during experimental equine viral infections but also 

in other species  (Borchers et al., 1998).  Following the 3rd dexamethasone dose 

on the day of infection, ponies were exposed to either the virus (ERAV/ON/05) or 

sterile growth medium (mock infection).  Ponies in the re-infected group a year 

later (2009) (n=4), did not receive a course of dexamethasone prior to viral 

challenge. 

For delivery of virus or medium, a small size Equine AeroMask was 

fitted with an additional rubber seal to optimize a tight fit around the nose and 

mouth.  The size was adjusted depending on the pony’s head, and the mask was 

fitted with an inhaler connector and a one way “T” valve for nebulization.  

Conventional 6 ml misty-Neb nebulizer cups (Wilder medical, Kitchener, ON)  

were employed to deliver the inoculum.  Nebulization was performed using a 

PM14 compressor (Precision Medical Inc. Northampton, PA) with a gas flow of 9 

LPM (liters per minute), resulting in consistent nebulization of breathable particles 

averaging 5 microns in diameter.  Each pony was exposed to nebulized particles 

for a cumulative total of 45 min (taking a 5 minute break every 15 minutes) using 

15 ml (total volume) of either inoculum or placebo.  A nasopharyngeal swab was 
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collected from each pony immediately post-infection (p.i.) for culture to ensure 

viability of the inoculum when delivered.  

 

Clinical examination 

All ponies were clinically evaluated every 3 to 4 months prior to the 

infection study and daily during the acclimatization period of 7 days.  Base line 

parameters (day -7) were recorded prior to the viral infection.  Following 

experimental infection, all ponies were clinically evaluated and scored (Table 2.1) 

twice daily for the first 10 days and once daily from day 11 to day 21 p.i.  Clinical 

examination included assessment of: body temperature (°C), heart rate (HR), 

respiratory rate (RR), capillary refill time (CRT), gastrointestinal motility (GIM), 

lung sounds (LS), nasal discharge (ND), ocular discharge (OD), submandibular 

lymph nodes (LN), ambulation, and general clinical condition.  Physical 

examination was performed at approximately the same times on each pony every 

day, commencing with the control animals and moving onto the infected groups.  

This examination was performed by one of two non-blinded researchers 

independently and in some cases the subject was evaluated by both 

researchers.  Approximately 10 minutes were devoted to each animal and all 

individual data were recorded on a daily check-up form (Appendices 1 and 2).  
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Pulmonary function test (PFT) 

The PFT was carried out as previously described by Hare and coworkers 

(Hare and Viel, 1998).  The test was performed on all control and infected ponies 

prior to infection (-7) and on days 1, 7, 14, and 21 p.i.  Briefly, on the testing day, 

feed was withheld and ponies were mildly sedated using romifidine hydrochloride 

I.V. (0.04 mg/kg, Boehringer Ingelheim, Canada Ltd./Ltée, Burlington, Ontario).  

A rubber face mask was fashioned to snugly fit the pony’s muzzle.  A 

pneumotachograph A. Fleisch # 4 (Gould Electronics, Bilthoven, The 

Netherlands) was attached to the face mask, and connected to a set of 

transducers that converted the flow and pressure signals into breath loops that 

were recorded on a computer (Pulmonary Mechanics Analyzer, Buxco 

Electronics Inc, Sharon, CT).  Flow was measured at the pneumotachograph 

level and the pleural pressure was assessed using an esophageal balloon (10 

cm long) that was placed in the mid thorax via esophageal tubing.  A total volume 

of 3 ml of air was introduced into the balloon.  The pressure difference between 

the pleural pressure and the atmospheric pressure (measured at the nostril level) 

was considered as the change in transpulmonary pressure (∆Ppl).  

Bronchoprovocation challenge was carried out as part of the PFT testing.  

To determine the reactivity of the airways pre- and post-ERAV/ON/05 infection, 

control and infected animals were exposed to increasing (doubling) histamine 

doses by nebulization using a PM14 compressor with a gas flow of 9 LPM 

(Precision Medical Inc. Northampton, PA).  Pulmonary physiological parameters 

were assessed initially by administering 0.9% physiological saline solution (base 
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line), followed by increasing histamine doses.  After each administration (two 

minutes) data were recorded for three minutes for later analysis of respiratory 

physiology.  Histamine doses were started at 0.5 mg/ml and the dose was 

subsequently doubled to a maximum of 32 mg/ml.  Dynamic compliance (Cdyn) 

and ∆Ppl were used as parameters to discontinue histamine nebulization.  When 

Cdyn was decreased by two thirds or ∆Ppl was doubled, nebulization was 

suspended.  The histamine-triggering dose was later plotted and calculated to 

establish a dose-response curve (Hare et al., 1998).   

 

Sample collection 

Blood samples were collected from either the right or left jugular vein.  

Approximately 10 ml of blood were collected in a BD Vacutainer® serum vial 

(Becton, Dickinson and Company, New Jersey, USA) from each pony according 

to schedule.  Additionally, 3 to 5 ml of blood were also collected for CBC and 

biochemistry profile in BD Vacutainer® tubes (Becton, Dickinson and Company, 

New Jersey, USA).  All samples were obtained in the morning hours (7-10 AM) 

and submitted to the laboratory within the same day.  Blood samples for serum 

separation were kept at room temperature for at least 30 minutes and then 

centrifuged at 1500 x g for 10 minutes in a table-top centrifuge (Dynac 420102, 

Becton Dickinson, MD, USA).  Serum was separated within 6 hours from 

collection and aliquots were labelled and frozen at -20°C  for further analysis.  

Nasopharyngeal swabs from each pony were collected for virus isolation 

on days -7, 0 (day of infection), 1, 3, 5, 7, 10, 12, 14, 17 and 21 p.i..  A 30 cm 
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long sterile cotton swab (Kalayjian Industries, Inc. Signal Hill, California) was 

passed into either the right or left nostril until it reached the pharynx and 

swabbing was performed for 5 to 10 seconds.  The swab was removed carefully, 

and the tip was cut off into a sterile glass vial containing 3 ml of virus transport 

medium (VTM).  The VTM solution contained penicillin G potassium (0.06%) and 

streptomycin sulphate (0.1%) (Appendix 3).   Two swabs were collected at each 

sampling time.  The vials containing the swabs were shaken and kept on ice until 

processing.  To release the viral particles and cells attached to the swabs, vials 

were vortexed for 20 seconds, following which 1.5 ml of medium was transferred 

to an Eppendorf tube and frozen at -70°C  for later analysis. 

Virus isolation was also attempted from urine and fecal samples collected 

pre and post-infection.  A free-flow urine sample from each pony was obtained in 

the morning after clinical examination or stall cleaning.  When the sample could 

not be collected by hand, the animal was fitted with a plastic collection bag.  This 

bag was removed after the animal urinated and a 10 ml aliquot was saved for 

virus isolation.  Fecal samples were collected from fresh manure prior to stall 

cleaning.  Approximately, 5 gr of manure were placed in a collection cup and 10 

ml of sterile saline were added to dissolve the sample.  

 

Upper and lower endoscopy 

Ponies were sedated with romifidine hydrochloride I.V (0.04 mg/kg, 

Boehringer Ingelheim, Canada Ltd./Ltée, Burlington, Ontario).  Bronchoscopy 

and bronchoalveolar lavage (BAL) were performed as previously described 



 63 

(Hoffman et al., 1993a; Hare and Viel, 1998).  A sterile flexible fiberoptic 

endoscope, 140 cm length with a 0.8 mm OD (Olympus, Corp., Tokyo, Japan) 

was advanced through the nasal passage and into the trachea.  The presence or 

absence of inflammation (carina blunted) and/or mucus and its characteristics 

were recorded at this time using a binary scoring system.  Data were recorded on 

the daily evaluation sheet and all the endoscopies were video recorded. 

 

Pharyngeal and tracheal brush biopsies 

 In order to assess viral replication in the upper and lower airways, a brush 

biopsy was taken from the pharynx, mid trachea, and the carina of infected and 

control animals on days -7, 0, 1, 3, 5, 7, 10, 14, and 21 p.i.  During endoscopic 

examination, a 200 cm guarded (protective sleeve) cytology brush (Hobbs 

Medical Inc. Stafford Springs, Connecticut) was advanced through the biopsy 

channel of the bronchoscope to the predetermined sample location and a sample 

was collected.  Brushes were retracted into the protective sleeve and removed.  

To release the sampled tissue from the collection instrument, the brush was put 

into a 1ml centrifuge tube containing 600 µl of VTM and vortexed for 10 to 20 

seconds.  All samples were kept on ice and transported to the laboratory for 

further analysis (virus isolation).     
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Bronchoalveolar lavage (BAL)  

A sterile 0.8 mm OD bronchoscope (Olympus, Corp., Tokyo, Japan) was 

advanced through the right or left nasal passage into the trachea to the level of 

the carina.  As the bronchoscope was advanced, a 0.2% warmed lidocaine 

hydrochloride solution (AstraZeneca Canada Inc. Mississauga, Ontario) was 

administered to reduce cough particularly at the carina level.  Once the cough 

reflex subsided the bronchoscope was advanced and wedged into the second 

main bronchial segment.  A total of 250 ml of warmed sterile saline solution was 

administered through the biopsy channel divided into two aliquots.  BAL fluid  

(BALF) was retrieved by manual suction with a sterile 60 ml syringe and placed 

on ice.  BALF was filtered using a non-woven sponge square (DuSoft®, Derma 

Sciences, USA) and used for virus isolation, differential cell count, and fixation 

onto glass slides by cytospin (centrifuged at 28 x g for six minutes in a Shandon-

Elliott cytocentrifuge, SCA-0020 Shandon Scientific Company, London).   

 

Virus isolation 

 Samples were transported on ice to the virology laboratory of the 

Department of Pathobiology at the University of Guelph.  On arrival, all samples 

were logged and frozen at -70°C  for subsequent testing.   

 RK-13 cells were propagated in Dulbecco’s Modified Eagle’s 

Medium/Ham’s Nutrient Mixture F12 (DMEM-F12) with 2-5% fetal bovine serum 

(Sigma-Aldrich Canada Ltd. Oakville, Ontario) in a CO2 (5%) incubator at 37°C.  

RK-13 cells in 6-well-polystyrene plates (Becton, Dickinson and Company, New 
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Jersey, USA) were infected with the clinical samples.  Ninety percent of the 

growing medium was removed from each of the wells and 200 µl of the specimen 

to be tested were added to the monolayer.  Plates were put on the rocker 

platform for 1 hour and 3 ml of medium were added after the time elapsed.  

Plates were incubated and checked every 24 hours for cytopathogenic effects 

(CPE).  If CPE were detected, the supernatant was removed from the well and 

frozen for later analysis.  Results from the virus isolation test were recorded on a 

spreadsheet.  Plates were checked for up to 7 days and if CPE did not develop, a 

second passage was attempted using 200 µl of supernatant from the first 

passage.  After seven days of the second passage, the sample was classified as 

negative if CPE were still not detected.  Supernatants from positive and negative 

samples were saved to be confirmed by reverse transcriptase polymerase chain 

reaction (RT-PCR).  

 

Statistical analysis 

ANOVA for repeated measures was used to determine if the scores, heart 

rate, and respiratory rate changed over time within a group or between groups at 

each point in time.  Individual clinical scores were summarized and the totals 

were analysed and compared between groups (control, infected, and re-

infected).  Virus isolation results were categorized as positive or negative and 

results were compared between groups.  

For the ANOVA analysis, a generalized linear mixed-model was employed 

to analyze all clinical parameters.  Factors included in the model were: pony, 
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treatment, and time, as well as their interactions.  Since animals were measured 

over time, the AKAIKE information criterion (AIC) was used to determine an error 

structure for the auto-regression. The assumptions of the ANOVA were assessed 

by comprehensive residual analyses.  A Shapiro-Wilk test, a Kolmogorov-

Smirnov test, a Cramer-von Mises test, and an Anderson-Darling test were 

conducted to assess overall normality.  Residuals were plotted against predicted 

values and explanatory variables (pony, treatment, time) to look for patterns that 

suggested outliers, unequal variance or other problems.  If residual analyses 

suggested a need for data transformation or data was presented as a percent, 

analyses were done on a logit or log scale.  If the overall F test was significant, a 

Dunnett’s test comparing back to baseline within a treatment or a Tukey test 

comparing between treatments and sites at each time was applied.  Serological 

response was defined as a four-fold increase in antibody levels from baseline 

(day 0) to any of the time points in sample collection (days 7, 14, or 21).      

Statistical analysis was carried out using SAS 9.1.3 (SAS institute Inc., 

2004, Cary, NC).  Statistical significance was set at P < 0.05. 

 

 Results 

 This study was designed to consistently reproduce ERAV respiratory 

disease in ponies and to study its clinical outcome.  Pilot studies demonstrated 

that nebulized ERAV/ON/05 was able to cause clinical respiratory disease in 

healthy ponies (age 10-12 months).  Mild immunosuppression was induced by 

dexamethasone administration, to mimic natural conditions under stressful 
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events (e.g. movement for sales, field relocation, training, racing, etc.).  Ponies in 

the infected group (n=4) developed clinical respiratory disease that consisted of 

increased body temperature, lymphadenopathy, increased abnormal lung 

sounds, increased tracheal mucus (mucopus formation), and increased nasal 

discharge (Figures 2.1-2.3).  None of these signs were sufficient to merit 

additional supportive treatment.  Neither respiratory rate, nor heart rate was 

significantly different between groups.  None of the clinical signs in the infected 

group were observed in the control animals (n=4), which remained healthy 

throughout the period of the trial.  The etiological agent (ERAV) was recovered 

only from ponies in the infected group for up to seven days p.i. (Table 2.2). 

Statistical analysis demonstrated a significant difference between infected and 

control animals.  Ponies in the re-infected group (n=4) did not develop clinical 

respiratory signs and remained healthy throughout the experiment.   

 

Clinical findings 

All ponies were clinically healthy prior to these experiments.  ERAV/ON/05 

infection induced clinical respiratory disease in infected animals compared to 

controls and re-infected animals.  The main clinical signs detected on physical 

examination were pyrexia, nasal discharge, and submandibular 

lymphadenopathy starting 24 hours p.i.  Endoscopic examination revealed the 

presence of large volumes of mucus (serous to mucopurulent) and hyperaemia in 

the lower trachea and large bronchi in the infected animals (Figure 2.1).  Neither 

depression, nor loss of appetite was recorded in any group.  As well, hydration, 



 68 

urination, defecation, and gastrointestinal motility remained unchanged in all 

groups during the infection trial.  There was no statistical difference between re-

infected and control animals on the clinical scores and virus isolation test, since 

no clinical disease was observed in the re-infected animals. 

      No significant differences in rectal temperature were found between 

groups on day 0 prior to viral or placebo exposure.  No significant treatment by 

day interaction was identified when the body temperature of infected animals was 

compared to controls and re-infected (P > 0.05).  However, increased body 

temperature was detected at 24 hours p.i. in the infected animals and was 

significantly different from day 2.5 to day 6 when compared to control animals at 

the same time points (P < 0.05).  The body temperature peaked on day 4 

compared to baseline (day 0), with a mean body temperature of 38.45°C 

(SE=0.15) (P = 0.01) that persisted for two more consecutive days (Figure 2.2).  

No statistical difference was found when body temperatures from control and re-

infected groups were compared at different times.  Animals in the control and re-

infected groups did not have a significant change in their body’s temperature 

when comparing baseline (day 0) to individual points in time within the groups 

(days 1, 7, 14 and 21 p.i.). 

Submandibular and retropharyngeal lymph nodes were examined daily 

and classified as non-palpable, palpable (<1cm) and enlarged (>1cm).  

Palpability or enlargement of the lymph nodes was recorded only in the infected 

and re-infected animals.  In all infected ponies, the submandibular area became 

sensitive to palpation on day 2 p.i. and in most cases sensitivity persisted for up 
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to 2 weeks.  The size of the submandibular lymph nodes in the infected animals 

varied from 3 to 5 cm in length by 2 to 3 cm in thickness, compared to non-

palpable in the control animals.  Statistical analysis of the total scores 

demonstrated a treatment by day interaction with a significant difference between 

infected and control groups from day 2 to day 10 (P < 0.05) (Figure 2.3).  

Interestingly, the retropharyngeal lymph nodes were not consistently palpable in 

all infected animals, but a significant change in size (4 cm x 6 cm approximately) 

was recorded in one pony.  This lymphadenopathy did not appear to interfere 

with food or water consumption and the sensitivity to palpation became less 

pronounced as the days progressed.  The submandibular lymph nodes were 

palpable in three animals from the re-infected group with an average size of less 

than 1 cm in length and 0.5 cm in thickness approximately.  Control animals had 

no palpable changes in the lymph nodes throughout the infection trials.         

 The RR and HR means were not significantly different between treatment 

groups (P = 0.1) at any time points.  In general RR and HR were within the 

normal physiological parameters and the small changes were associated with 

handling and sample collection.  The highest RR mean among all groups was 

identified on day 0 and the lowest mean from all the groups was recorded on day 

21 (Table 2.3).    

 

Endoscopic examination     

On the endoscopic examination, infected animals had an increased 

amount of tracheal mucus detectable on day 1 p.i. that persisted up to day 21 p.i.  
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Neither the control nor the re-infected animals had mucus secretions detectable 

at endoscopic examination throughout these experiments.   

Characteristics of the mucus varied from clear and serous on day 1 p.i. to 

mucoid on days 7-21 p.i.  Mucus patches were consistently distributed from the 

upper trachea to the bifurcation of the carina (Figure 2.1).  Localized tracheal 

hyperaemia was observed in all infected and in some control animals throughout 

these experiments. The carina of all infected animals was blunted and in some 

cases hyperaemic starting on day 3 p.i.  Sensitivity to endoscopic examination 

was noticeably increased by day 7 in infected animals and bronchoconstriction 

was observed during BAL.  Nasal discharge varied from mild to moderate in all 

infected ponies and was not present in the control and re-infected groups.  

Serous nasal discharge was observed during clinical examination for about eight 

days in the infected animals starting between 36 and 48 hours p.i.  However, this 

discharge was not a reflection of the mucus (characteristics and volume) 

observed during endoscopic examination.  Mild ocular discharge was noted 

inconsistently in the infected animals. 

   

Serology 

A total of eight ponies (age 10 to 12 months) were infected with 

ERAV/ON/05 or placebo by nebulization.  All ponies were sero-negative to 

ERAV, ERBV, AE2, and EHV1/4 and clinically healthy prior to the infection.  

Following exposure to ERAV/ON/05 all infected animals (100%) seroconverted 

(eight-fold increase or greater) to ERAV as determined by the virus neutralization 
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test (VN) (Table 2.4).  A significant treatment by day interaction was observed (P 

< 0.01).  Antibody (Ab) titers against ERAV were significantly elevated in infected 

animals from day 7 and in most cases peaked by day 14 and maintained to day 

21 p.i. (Figure 2.4).  In contrast, all control animals remained seronegative to 

ERAV as detected by the VN test (Table 2.4).  In the re-infected group no 

statistical differences were found when titers to ERAV on days 7, 14, and 21 p.i. 

were compared to baseline (day 0) (P > 0.05).  

Animals in all groups did not show an increase in Ab levels or serological 

conversion to any other respiratory viruses during these experiments (Table 2.4).  

Animals in the re-infected group (n=4) did not have a significant difference in Ab 

titers to ERAV between baseline (day 0) and day 21 p.i.  However, a small 

change in antibody titer to ERAV was detected in three ponies and a four-fold 

increase in one pony from the same group (Table 2.4).    

   

Virus isolation 

 Nasopharyngeal swabbing, laryngeal brushing, tracheal brushing, BAL, 

fecal and urine samples from all ponies were negative in virus isolation (equine 

respiratory viruses) prior to infection.  Swabs obtained from the nasopharynx 

from infected and control animals after completing nebulization were cultured in 

RK-13 cells and ERAV was recovered in the first passage from all infected 

animals.  RT-PCR using primers that targeted the VP1 gene confirmed the 

positive and negative diagnoses for both groups. 
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 A significant difference between infected, control and re-infected animals 

was identified when comparing virus isolation over time between groups (P < 

0.05).  ERAV was recovered only from animals in the infected group on specific 

days (1-7) and from specific areas of the respiratory tract (Table 2.2).  No other 

respiratory viruses were recovered from samples collected during these 

experiments.  All ponies in the control group were negative by the virus isolation 

tests throughout the study. 

 Attempts at virus recovery from feces were unsuccessful in all animals.  

ERAV was isolated from urine (day 1 and 7 from one pony and day 21 from a 

different pony) and plasma (day 3 and 5) only on rare occasions (Table 2.2).  

Virus recovery was gradually decreased from day 1 up to day 7 p.i.  This last day 

of viral recovery was correlated with an increase in Ab titer to ERAV and a 

decrease in clinical signs (Table 2.4).  

 

Pulmonary function testing (PFT) 

 Assessment of hyperreactivity of the airways was based on the changes of 

transpulmonary pressure correlated to the histamine dose (histamine 

bronchoprovocation test).  Data from infected and control animals were plotted 

and triggering histamine doses were calculated.  Interestingly, ponies from both 

groups (infected and control) responded on day 0 to a low triggering dose of 

histamine (<6 mg of histamine).  Overall, the triggering histamine doses did not 

go beyond 13 mg.  The clinical histamine reaction (dose-dependant) was 

observed as hyperventilation associated with abdominal lift and breathing 
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difficulty.  The physiological reaction was detected in the PFT by a 35% drop in 

lung dynamic compliance (Cdyn) or a doubling in the transpulmonary pressure 

(ΔPpl) when comparing saline and histamine administration.  Ponies in the 

infected group showed a mild increase in hyperreactivity (lower histamine 

triggering dose) from day 0 to day 1, but this was not significantly different 

between groups.  However, a significant difference between infected and control 

groups was detected on day 21 (P = 0.02). 

   

BAL fluid differential cell counts 

 Differential cell counts were carried out on the cytospin slides prepared 

from BAL fluid.  A total of 200 cells per sample were counted.  No significant 

differences in the cell counts were found among horses in the various treatment 

groups prior to the infection trial.  No treatment by day effect was detected on the 

macrophage, neutrophil, eosinophil and epithelial cell percentages throughout 

the experiments.  A significant decrease in the percentage of lymphocytes on day 

7 p.i. and a significant decrease in the percentage of mast cells on day 14 p.i. in 

the infected group was observed (P < 0.05).  These numbers were not 

significantly different in the control or re-infected animals when comparing base 

line (day 0) to days 7, 14, and 21 p.i.  Ciliated epithelial cells were commonly 

observed on the slides from infected and control animals, however, no significant 

differences were detected.  In general, a non-septic suppurative inflammation 

with the presence of epithelial cells and sporadic giant cells was detected in the 

infected ponies.  
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Discussion 

Equine respiratory viral infections are commonly recognized and identified, 

but in most cases the etiology is ignored and not well investigated.  Frequently, 

these infections are seen as a single, transient case of disease that is overcome 

with time, without regard for the long-term consequences.  Equine respiratory 

viruses such as influenza and herpes have been extensively investigated 

(Mumford et al., 1990; Daly et al., 1996; Guthrie et al., 1999; Breathnach et al., 

2001; Perkins et al., 2009); however, other viruses such as equine rhinitis viruses 

have been less explored.  In an attempt to better understand the ERAV 

pathophysiology, we studied the clinical aspects of an isolate recovered in 2005 

in Ontario, Canada (Diaz-Mendez et al., 2010).  The results obtained from this 

study describe and clarify a condition that can easily be misdiagnosed as equine 

influenza or herpes viral respiratory infection.   

It is evident that human rhinoviruses and equine rhinitis viruses play an 

important role as pathological agents during respiratory outbreaks. Neither for 

humans, nor for horses is there an established animal model to study this 

infectious disease.  The experiments described here were developed with the 

purpose of studying ERAV infection in ponies and its clinical impact as a 

respiratory agent.  Experimental infection models allow detailed investigation of 

the disease and provide many advantages over naturally occurring disease 

studies.  Of great importance is the valuable information from the exact timing of 

events throughout the disease course, such as, onset of clinical signs, severity 
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and duration of the disease, viral shedding, recovery time, and more importantly, 

the course of the immune response. 

In the present study, we have demonstrated that experimental infection of 

ponies with ERAV/ON/05 induced clinical respiratory disease that lasted up to 21 

days. Implementation of a course of corticosteroids to immunosuppress the 

subjects prior to infection simulated the natural stressful conditions under which 

young horses are exposed: weaning, mixing, traveling and, of course, training 

and racing.  As well, this approach provided a more consistent and reproducible 

level of infection, particularly when dealing with a small sample size.  The 

infection was confirmed by development of clinical signs, viral recovery from 

experimentally infected animals and seroconversion demonstrated by the virus 

neutralization test.  Respiratory clinical signs were observed only in the infected 

animals and neither control nor re-infected animals developed any signs after 

exposure to mock inoculum or virus, respectively. 

  The infection was characterized by fever, nasal discharge, and increased 

abnormal lung sounds.  Interestingly, increased tracheal seromucus and 

mucopus were endoscopically detected for up to 21 days p.i.  It may be 

hypothesized that the ERAV infection may trigger a secondary mechanism 

involved in persistent inflammation, epithelial damage, and possibly mucus 

hypersecretion in the trachea and lower airways, as seen in humans when 

infected with human rhinoviruses.  Also ERAV may impair cilial function by 

epithelial damage, preventing mucus movement along the mucosal surface.  

Mucus accumulation has been reported and associated with secondary bacterial 
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infections in the respiratory tract of horses (Hoffman et al., 1993b).    As reported 

initially by Plummer (Plummer, 1962) and confirmed by the results presented 

here, horses infected with ERAV may be more susceptible to mucus 

accumulation in the lower airways.  A study in 1992 (Willoughby et al., 1992) 

evaluating tracheal clearance rates in horses experimentally infected with 

influenza, herpes or rhinitis B viruses, found that pre-existing immunity to ERBV 

prevented severe clinical disease.  Additionally, no detectable effects on the 

tracheal clearance rates were observed in the ERBV infected horses.  On the 

other hand, horses infected with the other two viruses (AE2, EHV) developed 

respiratory clinical disease in combination with low tracheal clearance rates.  It 

may be reasonable to assume that ERVs could have an effect on the tracheal 

clearance rate during clinical infection.  However, the presence of antibodies at 

the time of exposure in those experiments may have masked the effects of the 

virus on the tracheal clearance rates.  For these reasons, it is reasonable to 

expect that immunization against ERVs would not only prevent clinical signs but 

also avert major injury to the mucociliary clearance mechanism.   

Results from the re-infection trial corroborate the notion that pre-existing 

immunity to ERAV may protect horses and prevent detectable clinical disease 

following exposure to a similar ERAV strain.  It is important to emphasize that 

genomic analysis of all reported ERAV strains indicates no significant changes 

since the first isolation in 1962 (Chapter 3).   

Interestingly, ponies that had been previously exposed to the virus and 

had intermediate or high Ab titers against ERAV did not develop any detectable 
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clinical signs.  However, a four-fold increase in Ab was detected in one pony 

(Table 2.4) and a small change was observed in another two ponies, suggesting 

anamnesis.  Thus, it appears that pre-existing immunity to this viral strain 

provides protection preventing clinical disease.  The re-infection study was 

carried out one year after the initial infection, and it is not clear if the titers in 

these ponies were maintained over that period or were due to recent natural 

exposure.  Nevertheless, it is evident that immunization with ERAV may be 

possible and perhaps prevent the development of respiratory disease due to 

these viruses.  Based on this, and in association with the results from the re-

infection experiment, we may infer that ponies with VN Ab titer higher than 

1:1024 may be clinically protected against ERAV infection.  It would be 

interesting to explore if the immune response mounted against ERAV/ON/05 is 

protective against other ERAV strains. 

In this study, no remarkable changes in the lung function of infected and 

control animals were detected by the PFT; however, all the ponies, including 

controls, had a 35% drop in lung dynamic compliance (Cdyn) or a doubling in the 

transpulmonary pressure (ΔPpl) at a histamine dose of < 6mg.  This histamine-

triggering dose corresponded to the data by Doucet in standardbred horses 

where hyperreactivity was identified between 5-8 mg (Doucet, 1994).  

Contrariwise, in a study by Derksen on ponies showed a 65% drop in the Cdyn at 

a histamine dose of < 1mg (Derksen al., 1985).  Unfortunately these data are not 

comparable due to the methodology used in that study.  Histamine provocation 

challenge has been used to determine the degree of reactivity of the lower 
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airways not only in humans, but also in horses (Willoughby et al., 1979; Hare and 

Viel, 1998).  The test is commonly used to determine small airway disease in 

poor performance horses.  In our case it was expected that ERAV infection would 

trigger a significant hyperreaction to different doses of histamine immediately p.i.; 

however, no significant differences were detected pre and post-infection between 

infected and control animals until 21 days p.i.  However, it should be taken into 

account that all ponies were sedated for this procedure, possibly influencing the 

final outcome of the test.  On the other hand, the test was consistently performed 

under the same circumstances.  In humans, rhinovirus clinical infection has been 

associated with changes (decrease) in lung function (Guilbert et al., 2011).  

Based on our results, more extensive studies should be conducted to access the 

lung function after ERAV infection without sedation.      

Serological examination confirmed that the respiratory disease observed 

in the infected animals was due to ERAV exposure.  It may be argued that 

bacteria played an important role in disease development here, and although 

bacterial culture was not attempted, neither controls nor re-infected animals 

developed respiratory disease even though they were subjected to the same 

infection protocol and sample procedures.  Additionally, the complete blood cell 

counts (CBC) did not show marked changes among groups.  

It has been demonstrated that human rhinoviruses not only replicate in the 

upper airways, but also in the lower areas of the respiratory tract (Papadopoulos 

et al., 2000; Mosser et al., 2002).  In our studies, ERAV was recovered in the 

BAL fluid of infected animals for up to 3 days p.i., confirming active replication in 
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the lower airways; however, more conclusive work is needed to confirm this in 

vivo finding.  Conventionally, ERVs are propagated in vitro in epithelial cells at 

37°C, which may suggest that ERVs should not have a n impediment replicating 

at body (lung) temperature.  As expected, the virus was recovered from the upper 

airways from day 1 up to day 7 p.i. when an immune response was first detected 

(day 7 p.i.) in the infected group.  Based on previous reports (Carman et al., 

1997), the immune response was expected to be drastically increased by day 7 

p.i.; however, as seen with other equine respiratory viruses, the antibody titers to 

ERAV in this study increased gradually peaking by day 14 and maintained up to 

day 21 p.i (Figure 2.4) (Newton et al., 1999; Dynon et al., 2007; Diaz-Mendez et 

al., 2010).  Therefore, the results from this experimental infection demonstrate 

that seroconversion from acutely infected animals could easily be demonstrated 

on paired sera at least 2 weeks apart.              

ERAV is a common equine respiratory virus capable of causing clinical 

disease in the horse.  Thus far, ERAV has not been recovered frequently from 

clinical cases, but typically has been confirmed by serology.  Generally, samples 

for virus isolation are collected at a late stage of the viral infection making it 

almost impossible to recover in cell culture.  Results from this study 

demonstrated not only that ERAV/ON/05 could be isolated from clinical samples 

during the infectious phase (up to day 7 p.i.), but also that infection could be 

confirmed by serology from day 7 up to day 21 p.i. 

The results presented here demonstrate that currently circulating ERAV 

strains are capable of causing respiratory disease in the horse and should be 
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regarded as primary agents.  Furthermore, ERAV should be considered as a 

potential candidate for vaccine development.  It is evident that ERAV has been a 

silent pathogen, which, perhaps in combination with other viruses such as 

influenza, can cause a synergistic effect not only in the upper airways, but also in 

the lower airways.  Human rhinoviruses are known to associate with other 

viruses, co-infecting the host and initiating a chain reaction that has been linked 

to asthma and other lung conditions (Esper et al., 2011).  

 It appears that the equine virus is rapidly neutralized by antibodies making 

it difficult to propagate in cell cultures.  Our data show that once the immune 

response is detectable in serum a decrease in clinical signs and a halt in virus 

shedding is observed.  Others have reported continuous viral shedding in feces 

and urine (Plummer and Kerry, 1962; McCollum and Timoney, 1992); conversely 

we were unsuccessful in recovering the virus from feces.  It may be that the viral 

strain used in our experiments behaves in a different way; however, in another 

study we demonstrated that the ERAV/ON/05 had a 96% genomic homology to 

other isolates reported worldwide (Chapter 3).   

 Clinical respiratory signs in this experimental infection resembled those 

observed during clinical influenza infection and are possibly not differentiable 

(Mumford et al., 1990; Sutton et al., 1997).  Pyrexia, lymphadenopathy, nasal 

discharge and increased abnormal lung sounds are not specific; however, the 

appearance and persistence of large volumes of tracheal mucopus for an 

extended period of time was particularly interesting.  It was expected that once 

the immune response was detected and viral shedding stopped, excess 
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secretion should have cleared.  It seems that the inflammation arising from ERAV 

infection requires more than 3 weeks in order to be resolved.   

 In humans, rhinoviruses induce long lasting upper and lower respiratory 

disease that is associated with asthma and COPD exacerbations (Lemanske et 

al., 1989; Denlinger et al., 2011).  The mechanisms are not well understood but it 

is known that HR infections induce an inflammatory immune response by various 

mechanisms. Airway inflammation as a response to viral replication has been 

detected by measuring pro-inflammatory cytokines such as IL-6, IL-8 and IL-16. 

Up-regulation of these factors in combination with genetic predisposition and 

other risk factors may be associated with asthma development.  In horses, IAD 

and heaves have been well characterized and it is possible that equine rhinitis 

viruses alone or in combination with other respiratory viruses might play a 

significant role in the development of these equine respiratory complexes. 

 In summary, this model for ERAV infection demonstrates that the virus is 

capable of producing clinical respiratory disease in horses.  Nebulization of 

ERAV/ON/05 to healthy ponies resulted in clinical disease that consisted of 

pyrexia, nasal discharge, increased tracheal mucopus, lymphadenopathy, and 

increased abnormal lung sounds.  These data suggest that ERAV should be 

considered as a potential cause of disease during equine respiratory 

infections/outbreaks.  It is known that human rhinoviruses are associated with 

asthma exacerbations and viral respiratory co-infections that may have severe 

long-term consequences.  Like these, the equine rhinitis viruses may be involved 

in a more complex and severe syndrome that might be associated with IAD and 
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perhaps heaves.  Nevertheless, ERAV has been identified in this study as an 

unaccompanied etiological agent capable of causing clinical respiratory disease 

in equines.  ERAV infection could be described as a self-limiting upper and lower 

viral respiratory infection with a clinical onset of 24 hours p.i. and clinical 

persistence of 21 days.       
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Figure 2.1. Endoscopic images of the mid trachea and carina of an ERAV/ON/05 infected pony on day 0 (A and B), day 7 
(C) and day 21 (D and E).  
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Figure 2.2. Mean and pooled standard error of body temperatures of animals in the control, infected, and re-infected 
groups.  Bars indicate the mean value of the body temperature (degrees Celsius) for each treatment group at specific 
times.  The * indicates a significant difference when compared to the other groups within a day (P < 0.05) 
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Figure 2.3. Mean and pooled standard error of the total clinical scores of animals in the control, infected, 
and re-infected groups.  Bars indicate the mean score value for each treatment group at specific times.  The 
* indicates a significant difference when compared to the other groups within a day (P < 0.05). 
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Figure 2.4.  Equine rhinitis A virus mean antibody titers of control, infected, and re-infected animals post infection with 
ERAV/ON/05.  Antibody titers are presented as the log10 of the reciprocal titer in the virus neutralization test (VN).   
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Table 2.1.  Scoring system used to assess clinical signs following experimental 
infection with equine rhinitis A virus (ERAV). 
 
 
Clinical sign Degree  

 
Score 

Cough None 0 
 Intermittent 1 
 Frequent 2 
   
Mucous membranes Pink 0 
 Pale 1 
   
G.I. borborygmus Normal 0 
 Abnormal 1 
   
Feces/Urine Normal 0 
 Abnormal 1 
   
Lung sounds Normal 0 
 Slightly increased 1 
 Markedly increased      

throughout chest 
2 

 Crackles and wheezes 3 
   
Nasal discharge None 0 
 Moderate/severe serous 1 
 Mucopurulent 2 
   
Ocular discharge None 0 
 Serous 1 
 Purulent 2 
   
Adenitis Not palpable 0 
 Palpable (<1 cm) 1 
 Enlarged (>1 cm) 2 
   
Anorexia None 0 
 Mild to moderate 1 
 Severe 2 
   
Temperament Bright, alert and responsive  0 
 Dull (head down, 

disinterested) 
1 

   
Capillary refill time Normal (2s) 0 
 3-4s 1 
 5s 2 
   

  
Max score             19 
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Table 2.2.  The number of positive infected animals for equine rhinitis A virus (ERAV) as determined by virus 
isolation in clinical samples. 

 
 

 
Sample location 

  

 
Sample collection day 

 
Day 0 
(n=4) 

Day 1 
(n=4) 

Day 3 
(n=4) 

Day 5 
(n=4) 

Day 7 
(n=4) 

Day 14 
(n=4) 

Day 21 
(n=4) 

Pharyngeal swab  0 4 4 4 2 0 0 
Pharynx brush biopsy  0 4 4 4 2 0 0 
Mid trachea brush biopsy  0 3 2 2 1 0 0 
Carina brush biopsy  0 4 2 1 1 0 0 
BAL  0 3 NC NC 1 0 0 
Plasma  0 0 1 1 0 0 0 
Urine  0 1 0 NC 1 0 1 
Feces  0 0 0 NC 0 0 0 

 
BAL Bronchoalveolar lavage 
NC Sample was not collected (as per schedule) 
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Table 2.3.  Respiratory rates of animals in control, infected, and re-infected groups.  Numbers indicate least 
squares means with lower and upper confidence intervals (95%) for each group at specified days post 
infection.  No treatment by day interaction was observed (P = 0.1). 

 
 

Day  Control 
(Respiratory 

rate) 

Infected 
(Respiratory 

rate) 

Re-infected 
(Respiratory 

rate) 
 

0 
 

 
Mean 

Lower 
Upper 

 

 
19.8 
16.7 
23.5 

 

 
20.7 
17.7 
24.1 

 

 
18.7 
16.0 
21.8 

 
1 Mean 

Lower 
Upper 

 

16.9 
14.5 
19.7 

 

16.9 
14.5 
19.7 

 

16.6 
14.0 
19.6 

 
4 Mean 

Lower 
Upper 

 

14.8 
12.7 
17.3 

 

18.7 
16.0 
21.8 

 

12.8 
11.0 
15.0 

 
6 Mean 

Lower 
Upper 

 

16.4 
14.1 
19.1 

 

16.4 
14.1 
19.1 

 

12.8 
11.0 
15.0 

 
21 Mean 

Lower 
Upper 

 

14.9 
12.8 
17.4 

 

14.7 
12.6 
17.1 

 

13.4 
11.5 
15.6 
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Table 2.4. Antibody titers to equine rhinitis A virus (ERAV) and equine rhinitis B virus (ERBV) in control, infected, and re-
infected ponies.  Antibody titers were determined by virus neutralization (VN) for equine rhinitis A virus (ERAV), equine 
rhinitis B virus (ERBV), and equine herpesvirus 1 & 4 (EHV1/4) and by single radial haemolysis (SRH) for equine influenza 
virus 2 (AE2). ND indicates no detectable antibody titers for the antigen tested and NT indicates sample not tested.   
   
 

 
Control Group 

 

  
Infected Group 

  
Re-infected Group 

Pony # 1 ERAV ERBV AE2 EHV 1/4 Pony # 5 ERAV ERBV AE2 EHV 1/4 Pony # 9 ERAV ERBV AE2 EHV 1/4 
Day 0 <1:2 1:6 ND ND Day 0 <1:2 1:12 ND ND Day 0 1:1536 1:48 ND 1:96 
Day 7 <1:2 1:4 ND NT Day 7 1:512 1:6 ND NT Day 7 1:1024 1:96 ND NT 
Day 14 <1:2 1:6 ND NT Day 14 1:1536 1:8 ND NT Day 14 1:1536 1:64 ND NT 
Day 21 <1:2 1:8 ND ND Day 21 1:1536 1:16 ND ND Day 21 1:1536 1:48 ND 1:64 

   
Pony # 2 ERAV ERBV AE2 EHV 1/4 Pony # 6 ERAV ERBV AE2 EHV 1/4 Pony # 10 ERAV ERBV AE2 EHV 1/4 
Day 0 <1:2 1:24 ND ND Day 0 <1:2 1:32 ND ND Day 0 1:6144 1:64 ND 1:256 
Day 7 <1:2 1:32 ND NT Day 7 1:256 1:24 ND NT Day 7 1:12288 1:24 ND NT 
Day 14 <1:2 1:32 ND NT Day 14 1:2048 1:16 ND NT Day 14 1:8192 1:32 ND NT 
Day 21 <1:2 1:24 ND ND Day 21 1:2048 1:12 ND ND Day 21 1:32768 1:64 ND 1:64 

   
Pony # 3 ERAV ERBV AE2 EHV 1/4 Pony # 7 ERAV ERBV AE2 EHV 1/4 Pony # 11 ERAV ERBV AE2 EHV 1/4 
Day 0 <1:2 1:12 ND ND Day 0 <1:2 1:4 ND ND Day 0 1:1024 1:24 ND 1:48 
Day 7 <1:2 1:16 ND NT Day 7 1:64 1:4 ND NT Day 7 1:1536 1:16 ND NT 
Day 14 <1:2 1:64 ND NT Day 14 1:3072 1:3 ND NT Day 14 1:2048 1:32 ND NT 
Day 21 <1:2 1:24 ND ND Day 21 1:1536 1:4 ND ND Day 21 1:1536 1:24 ND 1:64 

   
Pony # 4 ERAV ERBV AE2 EHV 1/4 Pony # 8 ERAV ERBV AE2 EHV 1/4 Pony # 12 ERAV ERBV AE2 EHV 1/4 
Day 0 <1:2 1:16 ND ND Day 0 <1:2 1:12 ND ND Day 0 1:3072 1:4 ND 1:384 
Day 7 <1:2 1:32 ND NT Day 7 1:256 1:16 ND NT Day 7 1:2048 1:3 ND NT 
Day 14 <1:2 1:64 ND NT Day 14 1:2048 1:16 ND NT Day 14 1:2048 1:6 ND NT 
Day 21 <1:2 1:24 ND ND Day 21 1:2048 1:16 ND ND Day 21 1:4096 1:6 ND 1:768 
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Chapter 3 

Genomic analysis of a Canadian equine rhinitis A virus reveals low 
diversity among field isolates 

 

Abstract 

Equine rhinitis A virus (ERAV) is a ubiquitous virus, routinely identified in 

equine respiratory infections; however, its role in disease and genetic features 

are not well defined due to a lack of genomic characterization of the recovered 

isolates.  Therefore, we sequenced the full-length genome of a Canadian ERAV 

(ERAV/ON/05) and compared it with other ERAV sequences currently available 

in GenBank.  The ERAV/ON/05 genome is 7839 nucleotides (nts) in length with a 

highly variable 5’UTR and a more conserved 3’UTR.  When ERAV/ON/05 was 

compared to other reported ERAV isolates, an insertion of 13 nts in the 5’UTR 

was identified.  Further phylogenetic analysis demonstrated that ERAV/ON/05 is 

closely related to the ERAV/PERV isolate, which was isolated in 1962 in the 

United Kingdom. The polyprotein of ERAV/ON/05 had a 96% amino acid 

sequence identity to reported ERAVs, and it appears that, despite the high error 

rate of RNA-dependent RNA polymerase (RdRp), this isolate has retained high 

sequence similarity to the strain first described by Plummer in 1962.  

 

Key words 

Equine rhinitis A virus, ERAV, equine rhinovirus 1, picornaviruses, sequencing, 

variable 5’UTR, equine. 

 



 97

List of abbreviations  

 

3’UTR   3’ untranslated region 
5’UTR   5’ untranslated region 
BRBV   Bovine rhinitis B virus 
bp   Base pair  
CPE   Cytopathic effect  
ERAV   Equine rhinitis A virus 
ERAV/ON/05  ERAV Ontario isolate 
ERBV   Equine rhinitis B virus 
ERV   Equine rhinitis viruses 
FMDV   Foot and mouth disease virus 
HRV   Human rhinovirus 
IRES    Internal ribosome entry sites 
MOI   Multiplicity of infection  
mRNA   Messenger RNA 
PFU   Plaque forming unit 
RT-PCR  Reverse transcriptase polymerase chain reaction 
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Introduction  

It is estimated that horses are exposed to equine rhinitis A virus (ERAV) by 

the time they reach their second year of age (Ditchfield et al., 1965; Willoughby et 

al., 1989).  As a respiratory virus, ERAV has been associated with upper 

respiratory disease in horses (Li et al., 1997; Klaey et al., 1998); however, its 

clinical significance as a primary agent in respiratory disease remains 

controversial.  Recently we have found ERAV to be highly prevalent among 

horses in Ontario during respiratory outbreaks (Diaz-Mendez et al., 2010).  

Generally, virus recovery from most clinical cases is unsuccessful, leaving 

retrospective serology and reverse transcriptase-PCR (RT-PCR) as the only tools 

for confirmation of infection.  Moreover, ERAV non-cytopathic strains have been 

identified in the equine population (Li et al., 1997), making its diagnosis 

challenging.  Thus, due to a low viral recovery rate, only a few complete genome 

sequences are currently available.  Human rhinovirus (HRV) is among the 

leading causes of respiratory infections in humans (McErlean et al., 2007), and 

more than 100 serotypes are recognized at this time (Palmenberg et al., 2009).  

In contrast, in the equine species only two genera (ERAV and ERBV) with four 

serotypes (ERAV, ERBV1, ERBV2, and ERBV3) are currently known (Black et 

al., 2005; Knowles et al., 2011).   

Equine rhinitis A virus (ERAV), previously known as Equine rhinovirus 1 

(Knowles et al., 2011) was first described in the horse in 1962 (Plummer, 1962).  

Sequence analysis of ERAV has demonstrated that its genetic characteristics 

make it closely related to foot and mouth disease virus (FMDV) (Li et al., 1996).  
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ERAV is one of four species in the genus Aphthovirus, family Picornaviridae, 

along with FMDV, bovine rhinitis A virus (BRAV) and bovine rhinitis B virus 

(BRBV) (Knowles et al., 2011).  Viruses in this family are not enveloped, with a 

capsid comprised of four structural viral proteins (VP1, VP2, VP3, and VP4) 

forming a protomer.  The picornavirus genome is a positive single strand of RNA 

with a size that varies from 7.0 to 8.0 kb encoding a single polyprotein that 

includes the structural and non-structural proteins (Racaniello, 2007).  The 

polyprotein coding region is flanked by a long (up to 1200 nt) 5’ untranslated 

region (5’UTR) and a short 3’ untranslated region (3’UTR) (Knowles et al., 2011).  

Unfortunately, most of these characteristics have been identified only in other 

members of the family Picornaviridae due to a low ERAV recovery rate. 

 

Recently we recovered an ERAV isolate (ERAV/ON/05) from a 

nasopharyngeal swab collected from an equine respiratory outbreak in Ontario, 

Canada (Diaz-Mendez et al., 2010).  The acute respiratory disease in these 

horses was characterized by pyrexia, nasal discharge, and cough; signs, which 

are not virus-specific.  ERAV was first identified in North America in 1962; 

however, viral recovery and genomic characterization from North America has 

not been routinely attempted.  Therefore, the objective of this study was to 

characterize the genome of our ERAV/ON/05. 
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Materials and methods 

Cells and virus 

Rabbit kidney-13 (RK-13) cells were grown in Dulbecco’s modified Eagle’s 

medium nutrient mixture F12 HAM (DMEM-F12) (Sigma-Aldrich Canada Ltd. 

Oakville, Ontario) with 2-5% fetal bovine serum (FBS) (Sigma-Aldrich Canada 

Ltd. Oakville, Ontario).  The ERAV/ON/05 isolate was propagated in RK-13 cells 

and aliquots were stored at -70°C for later work.  RK-13 monolayers were 

inoculated at 90% confluence and RNA was extracted approximately 8-12 hours 

post-infection (p.i.), before cytopathic effect (CPE) was observed.  

 

Virus titration and growth kinetics 

A plaque assay was used to titrate all samples during these experiments.  

Briefly, RK-13 cells were grown in 3 cm diameter Petri dishes and infected with 

ERAV/ON/05 at 90% confluence.  Adsorption was allowed for 45 minutes and the 

inoculum was removed and replaced with a 0.7 % agarose layer.    

Plates were checked every 12 hours and the plaques were counted and 

classified as small and large.  The viral titer was calculated from the number of 

plaques at the highest dilution and recorded as a plaque forming unit (PFU).  For 

plaque purification, five plaques of each size (small and large) were picked into 

300 µl of medium and frozen at -70°C.  Viruses from  each plaque were 

propagated in RK-13 cells and RNA was extracted for sequence comparison of 

the 5’UTR.  The latter was to determine if plaque size was associated with 

genomic changes in this region.   
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In order to study the growth characteristics of ERAV/ON/05, RK-13 cells 

were infected with a multiplicity of infection (M.O.I.) of 5.  The cells were 

incubated at 37°C and samples were collected every 4 hours for a period of 28 

hours.  All samples were titrated by the plaque assay and the results were plotted 

to construct a one-step growth curve. 

 

RNA extraction and sequencing 

RNA was extracted from ERAV/ON/05-infected RK-13 cells.  Cells were 

treated with 1 ml of TRIzol (Invitrogen Canada Inc. Burlington, ON) at 16-18 

hours p.i. and extraction was performed according to the manufacturer’s 

recommendations.  RNA pellets were eluted in 30 µl of RNAse free water and 

kept at -70°C.  First strand cDNA was synthesized using superscript lI and 

random primers (Invitrogen Canada Inc. Burlington, ON) following the 

manufacturer’s recommendations.  A 50 µl PCR reaction was carried out using a 

set of sense and antisense primers.  The genome was sequenced by the primer 

walking approach, and primer design was based on seven ERAV sequences 

available in GenBank.  The PCR conditions were: 4 minutes at 94°C, followed by 

30 cycles of 30 seconds at 94°C, 30 seconds at 55°C and 30 seconds at 72°C 

with a final extension at 72°C for 10 minutes.  Sequencing of the 5’ and 3’ ends 

were completed with the 5’ RACE and 3’ RACE kits (Invitrogen Canada Inc. 

Burlington, ON) as recommended by the manufacturer.  Several nested PCRs 

were required to amplify the 5’UTR end. 
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Genome analysis  

Preliminary identification of the virus sequence was done by partial 

sequencing of the structural protein VP1 using primers (Table 3.1) derived from 

sequences available in GenBank.  Sequencing reactions were set and run by the 

Laboratory Services Division at the University of Guelph.  All primers were 

designed on Gene Runner version 3.05 (Hastings Software Inc. Hastings, NY).  

The sequences were assembled and edited using EditSeq and SeqMan 

DNASTAR Lasergene 8 (DNASTAR Inc., Madison, WI).  Sequencing results 

were entered into the BLAST software [National Center for 

Biotechnology Information, Bethesda, MD (NCBI)] and compared to similar 

entries in GenBank.  ClustalW2 [European Bioinformatics Institute, Dublin, 

Ireland (EBI)] (Larkin et al., 2007) was used for multiple sequence alignment and 

preliminary construction of the phylogenetic tree.  The final phylogenetic tree was 

created on MEGA 4.0 by the Maximum Composite Likelihood method and the 

reliability was evaluated by bootstrapping with 1000 replications (Tamura et al., 

2007).  Analysis of the nucleotide sequences was plotted on SimPlot Version 

3.5.1 (Baltimore, MD, USA).  In order to investigate the possibility of viral 

recombination between ERAV isolates, we completed a Bootscan analysis on 

SimPlot (Version 3.5.1) comparing the genomic sequences of all complete ERAV 

available in GenBank (7 reports) and ERAV/ON/05.  Polyprotein cleavage sites 

were predicted based on the genome sequence of the original ERAV from 1962 

available in GenBank (accession numbers: DQ272578 and NC003982).  In 



 103

addition, the RNA secondary structures from the 5’UTR were predicted using the 

mFOLD software (Zuker, 2003).    

 

Results 

Characterization of ERAV/ON/05 

ERAV/ON/05 was recovered from a febrile horse in Ontario, Canada 

(Diaz-Mendez et al., 2010).  This isolate was propagated in RK-13 cells and 

titrated by plaque assay.  As for other picornaviruses, in vitro growth of the 

ERAV/ON/05 isolate showed an increase in titer at 4 hours p.i., reaching a 

plateau by 12 hours p.i., during the one-step growth curve study (Figure 3.1).  

RK-13 cell monolayers were almost completely destroyed at twenty-eight hours 

p.i.  Microscopically, infection was detected by cell rounding and detachment 

from the monolayer.  Plaques seen in these cells during ERAV/ON/05 infection 

varied in shape and size with diameters ranging from 2 mm to 7 mm (Figure 3.2).   

    

Genome sequence analysis    

Nucleic acids coding for the viral protein VP1, were amplified, sequenced 

and compared to seven sequences in GenBank [accession numbers: NC003982 

(UK), DQ272577 (USA), DQ272128 (USA), DQ272127 (USA), DQ268580 (USA), 

DQ272578 (UK), L43052 (UK)].  Results from this initial comparison 

demonstrated a maximum amino acid identity of 95% to equine rhinitis A virus 

VP1 from viruses recovered in the UK and USA.    
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The complete genome of the ERAV/ON/05 isolate was 7839 nts in length 

with a GC content of 47% including the poly (A) tail.  Four identical 20-nt-repeats 

(CTGTAGCGTCAGTAAAACGC) separated by 18, 21 and 18 nts were identified 

at the 5’UTR.  The ERAV/ON/05 5’UTR was composed of 940 nts with a 54% GC 

content.  Interestingly, various insertions (three-1nt, two-2nt, and one-13nt) and 

four small deletions (two-1nt, one-2nt, and one-3nt) in the 5’UTR were identified 

(Figure 3.3).  mFOLD analysis of 5’UTR of the ERAV/ON/05 showed that these 

insertions and deletions were located near the poly (C) tract on the first predicted 

stem-loops of the internal ribosome entry site (IRES).  Alignments of the 5’UTR 

sequences of all available ERAV demonstrated a lower identity, ranging from 

73% to 81%.  No other major changes were observed throughout the entire 

genome.     

RK-13 cell infection with ERAV/ON/05 yielded a mixture of plaque sizes.  

Sequence analysis of a 426 nt fragment at the 5’UTR of five small and five large 

plaques showed no nucleotide differences in this region among plaques.  

A single polyprotein ORF with 6747 nts (2248 amino acids) with 46.8% GC 

content was identified.  The translation initiation site was detected at nt 940 with 

the AUG start codon and ending at nt 7686 with the UAA stop codon.  A 

subsequent AUGAUG sequence was identified 58-nt downstream from the 

polyprotein start codon.  Analysis with Blastx (NCBI) of the nucleotide sequence 

of the polyprotein of this isolate showed a 96% nt identity with other reported 

ERAVs.  Amino acid sequence analysis revealed an identical protein (structural 

and non-structural) arrangement and length along the entire genome.  These 
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comparisons were made with PERV and PERV-1 reported genome sequences 

(accession numbers NC003982 and DQ272578, respectively), which correspond 

to the genomic characterization made by two different research groups using 

Plummer’s isolate from 1962 (Wutz et al., 1996; Aminev and Palmenberg 2005).  

The 3’UTR was composed of 110 nts with a 24.3% GC content, and a 

poly-A tail.  Alignments of the 3’UTR sequences of all available ERAV, 

demonstrated that the identity ranged from 75% to 81%.    

   SimPlot analysis showed high nucleotide similarity (percentage) among 

all ERAV isolates and ERAV/ON/05 (Figure 3.4A).  Major disparities were 

identified between nt 1250 and 1750 and between nt 4500 and 4750.  

Nevertheless, this analysis showed that nucleotide similarity among all reported 

isolates was between 70% and 82%.  To further investigate the divergence in the 

genomes, a scan (Bootscan) to identify possible recombination was performed 

(Figure 3.4B).  These analyses demonstrated that the Ontario isolate did not 

have predicted recombination sites with other ERAV isolates.  Nevertheless, 

when the Ontario isolate was removed from the analysis, there was evidence 

suggesting possible recombination between other ERAV isolates in the past (data 

not shown).           

 As expected, the nucleotide sequence of ERAV/ON/05 falls within other 

picornaviruses and is closely related to FMDV (Figure 3.5A).  Phylogenetic 

analysis showed that ERAV/ON/05 clusters with Plummer’s UK isolate from 1962 

(Plummer, 1962) despite the few nucleotide changes found (GenBank accession 

number: DQ272578) (Figure 3.5B).  
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Discussion 

This is the first Canadian ERAV genome that has been sequenced and 

analyzed.  ERAV is not routinely sought and recovered from clinical cases during 

equine respiratory outbreaks; therefore, isolation of ERAV has been incidental in 

most cases. Previously, equine rhinitis viruses were classified within the family 

Picornaviridae, but were not clearly assigned to a specific genus.  In 1996 Li and 

coworkers (Li et al., 1996) demonstrated that, on the basis of phylogenetic 

characteristics, ERAV was closely related to FMDV.  In agreement with their 

findings and others (Wutz et al., 1996), we found ERAV/ON/05 to be closely 

related to the reported North American and European isolates, including the first 

ERAV ever recovered.  This close relationship between ERAV/ON/05 and the 

1962 isolate, indicates that 50 years after the first ERAV was reported, the viral 

genome of ERAV/ON/05, and more specifically the polyprotein amino acid 

sequence, has remained largely unchanged.  This suggests that the few small 

modifications detected at the nucleotide level do not compromise in vitro or in 

vivo viral replication, as demonstrated in chapters 2 and 3, and might only reflect 

the normal genetic evolution of this virus.  However, it is not clear if these few 

nucleotide changes affect virulence, and further studies should be conducted.     

Unexpectedly, it appears that ERAV has been able to maintain its genomic 

characteristics for over 50 years, as demonstrated by similarity between the 

genome sequences of ERAV/ON/05 and Plummer’s 1962 isolate.  Environmental 

changes and possibly host immunomodulation have played an important role in 

disease control; however, these factors have not been sufficient to induce major 
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genomic changes.  In contrast, HRV has been shown to undergo genomic 

mutations over time, which in combination with a high number of circulating 

serotypes makes vaccine development and human disease control an 

unattainable task (Palmenberg et al., 2009).          

Our isolate was 7839 nts in length, including the 5’UTR, the polyprotein 

gene, 3’UTR and the poly-A tail.  The genome sequence of ERAV/ON/05 is one 

of the few complete ERAV sequences reported to date.  It is important to note 

that our data showed the lowest identity scores in the 5’UTR and 3’UTR regions 

and this may have been due to a lack of sequencing data from reported isolates. 

The 5’UTR sequence revealed the presence of three repeats that have been 

previously described in other ERAV and commonly found on the FMDV (Forss et 

al., 1982; Wutz et al., 1996).  It has been suggested that these repeats may be 

required in the formation of the secondary structures found on the 5’UTR, the 

IRES (Hinton and Crabb, 2000).  The identity analysis showed that the 

polyprotein of ERAV/ON/05 bears highly conserved nucleotide sequences.  As an 

RNA virus, ERAV is prone to constant mutations due to a lack of proofreading by 

the polymerase.  Even though this RNA virus has been under natural evolution 

and constant replication no significant genomic changes have been introduced 

since its first recovery.  It is evident that the structural and non-structural proteins, 

which are encoded within the polyprotein, represent the most conserved regions 

in the genome.  As reported elsewhere (Stevenson et al., 2003), the VP1 protein 

was shown to be highly conserved, and could be considered as a diagnostic 

target region as recommended by others (Hartley et al., 2001; Warner et al., 



 108

2001; Stevenson et al., 2003).  Additionally, there is the opportunity for an 

effective vaccine to be developed since the ERAV isolates recovered and 

identified are similar, irrespective of time and location. 

Viral replication in cell culture was demonstrated to be rapid and efficient.  

A complete viral replication cycle was detected by 4 hours, reaching a plateau in 

12 hours.  A short and proficient replication cycle is a common characteristic of 

picornaviruses and more specifically of HRV (Todd et al., 1997), which may 

reflect the viral activity in vivo.  Such features might explain the severity and 

speed of clinical respiratory signs in the natural host (equines).    

For other picornaviruses, such as poliovirus, the presence of small 

deletions and/or insertions in the 5’UTR have been associated with differences in 

plaque size in cell culture, and increased virulence in vivo (Hamada et al., 1988). 

Although, we found that ERAV/ON/05 generated various plaque sizes in RK-13 

cells, analysis of the 5’UTR nt sequences of viruses from several plaques found 

no differences between small and large plaques.  This suggests that variation in 

plaque size in cell culture may be due to a cell growth characteristic (e.g. stage of 

the cell cycle), rather than an association between viral replication and the 

nucleotide sequence in the 5’UTR of ERAV/ON/05. 

In summary, our findings confirm that ERAV/ON/05 is closely related to the 

equine rhinitis A viruses sequenced and reported to date.  Interestingly, it 

appears that the ERAV genome has not changed significantly over the past 50 

years and only small nt changes were identified in the 5’UTR of the ERAV/ON/05 

isolate.  These changes may be incidental or reflect minor adaption to its natural 
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host, or a small degree of adaptation to other environmental changes.  Further 

studies to determine the evolutionary pattern of ERAV and establish a correlation 

between geographical isolation and genomic characteristics are required.  
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Figure 3.1.  One-step growth curve of the Ontario equine rhinitis A virus (ERAV/ON/05). Rabbit kidney-13 cells  
(RK-13) were infected with ERAV/ON/05 with an M.O.I. of 5 and the titers were determined by the plaque assay.  
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Figure 3.2. Plaque morphology of ERAV/ON/05 in rabbit kidney-13 cells (RK-13).  Top left box is a photograph  
of control RK-13 cells.  Remaining boxes are photographs of ERAV/ON/05 infected RK-13 cells, showing a variety  
of small and large plaques within the same plate.  
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PERV-1          ACTTTTA-GGAGATGACCAAACGCAGTAACCGCAAGCAATTGCCTGTAGCGTCAGTAAAA 111 
ERAV/ON/05      ATGCCTGTAGCGTCAGTAAAACGCGGTAAACATAGGCT-TTGACTGTAGCGTCAGTAAAA 119 
                *    *   * *      ****** **** *  * **  *** ***************** 

 
PERV-1          CGCAATA--CACAAGAT-TTGAGCCTGTAGCGTCAGTAAAACGCTGCAACCACAAGCTAT 168 
ERAV/ON/05      CGCAACAACCATACGCTGTTGTGCCTGTAGCGTCAGTAAAACGCGGCAAACGCAAGC-AT 178 
                ***** *  ** * * * *** ********************** **** * ***** ** 

 
PERV-1          TGACTGTAGCGTCAGTAAAACGCAA-------------ACATTCTTGTGGCGCTCGCGTA 215 
ERAV/ON/05      TAACTGTAGCGTCAGTAAAACGCAACAACCATACGCTAATGTGCCTGAGGCGTCAGTAAA 238 
                * ***********************             *  * * ** ****   *   * 

 
PERV-1          -GCGCTCA--AGTGCAGAGCTTCCCGGCTTTAAGGGTTACTGCTCGTAATGAGAGCACAT 272 
ERAV/ON/05      CGCATACAGCAAACCAGAGCTTCCCGGCTTTAAGGGTTACTGCTCGTAATGAGAGCACTT 298 
                 **   **  *   ******************************************** * 

 
PERV-1          GACATTTTGCCAAGATTTCCTGGCAATTGTCACGGGAGAGAGGAGCCCGTTCTCGGGCAC 332 
ERAV/ON/05      GGCAATTTGTCAGGATTTCCTGGTGGTTGTCACGGGAGAGAGGAGCCCGTTTTCGGGCAC 358 
                * ** **** ** **********   ************************* ******** 

 
PERV-1          TTTTCTCTCAAACAATGTTGGCGCGCCTCGGCGCGCCCCCCCTTTTTCAGCCCCCTGTCA 392 
ERAV/ON/05      TGTTCC--CAACAAACATTTGTGCGCTTCGGCGCACACCCCGCT---CAGCCCCCTGTCA 413 
                * ***   ***  **  ** * **** ******* * ****  *   ************* 

 
 
 

Figure 3.3. ClustalW alignment of the Ontario equine rhinitis A virus (ERAV/ON/05) and Plummer’s original  
equine rhinitis A virus isolate from 1962 (PERV-1).  The alignment shows nucleotide insertions (black) and  
deletions (grey) in the 5’ UTR of ERAV/ON/05.  
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Figure 3.4. Equine rhinitis A virus (ERAV) sequences available in GenBank are presented as a percentage (SimPlot 
Version 3.5.1). (A) Similarity scores of complete genome sequences of ERAV are shown.  The Ontario equine rhinitis A 
virus isolate (ERAV/ON/05) was used as a query and compared to ERAVs in GenBank under accession numbers: 
NC003982, DQ272578, DQ272127, L43052, DQ272128, DQ268580, and DQ272577. The horizontal bar above the plot is 
a cartoon of the ERAV genome.  (B) Bootscan analysis of equine rhinitis A viruses available in GenBank including 
ERAV/ON/05. 
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Figure 3.5. Phylogenetic analysis of the Ontario equine rhinitis A virus 
(ERAV/ON/05). Bootstrap neighbour-joining tree was designed using MEGA 5.  
Reliability was evaluated by bootstrapping with 1000 replications. (A) Phylogenetic 
comparison of ERAV/ON/05 to other equine rhinitis A viruses (ERAV), equine rhinitis 
B viruses (ERBV), foot and mouth disease virus (FMDV) and human rhinovirus (HR).  
(B) Phylogenetic comparison of all ERAV sequences currently available in GenBank. 
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Table 3.1. Primers used to amplify regions of the Ontario equine rhinitis A virus (ERAV/ON/05).   
 
 
 
 
 
 
 
 
 
 
 
 

 

 

NAME PRIMER SEQUENCE NUCLEOTIDE SITE 
forwVP1last 5’ tgaatagcaagggccgtgtt 3’ 3087 
revVP1last 5’ accgttgtaaaagactggcaca 3’ 3671 
forwPC112 5’ gtcagtaaaacgcaacaaccat 3’ 112 
forwPC805 5’ tgtgaagaatgtcctgaaggca 3’ 805 
revPC1749 5’ accatccacctaaaccagacga 3’ 1749 
forwPC5217 5’ attggctttgtcaggtgttgaa 3’ 5217 
revPC5952 5’ gtttctaactttgggacccgaa 3’ 5952 
forwPC6915 5’ tggatttgagattggttctgca 3’ 6915 
revPC7511 5’ gcgaacgaaactgaggattg 3’ 7511 
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Chapter 4 

Equine rhinitis A virus experimental infection induces changes in a 
bronchoalveolar lavage cytokine profile 

Abstract 

Equine rhinitis A virus (ERAV) is identified during respiratory outbreaks 

among horses.  The general clinical consensus has always been that the virus 

would affect only the upper respiratory tract; however, recently we have shown 

that ERAV induces clinical respiratory disease in experimentally infected horses 

and the virus can be recovered from the lower airways.  In addition, in humans, 

the human rhinovirus (HRV) not only replicates in the upper airways, but also in 

the lung, which has been associated with asthma development and viral-induced 

asthma exacerbations.  The objective of this study was to investigate the cell-

mediated immune response in the airways, by assessing the cytokine profile from 

bronchoalveolar lavage (BAL) cells of ponies experimentally infected and re-

infected with ERAV (ERAV/ON/05).  The expression of interleukin-4 (IL-4), 

interleukin-8 (IL-8), interferon-gamma (IFN-γ), interferon-beta (IFN-β), and 

chemokine-(C-X-C motif)-ligand 2 (CXCL2) was assessed by real-time 

polymerase chain reaction (qPCR) in infected, re-infected and control ponies at 

days 0, 7, 14 and 21 post-infection (p.i.).  BAL cytokine analysis demonstrated 

that ERAV/ON/05 infection induced down-regulation of the mRNA expression of 

IL-4 in infected and re-infected ponies, and down-regulation in the mRNA 

expression of IFN-β in re-infected ponies (P < 0.05).  mRNA expression of IFN-γ 

was not significantly different between groups, nor were IL-8 or CXCL2 mRNA 

expression altered.  We concluded that ERAV could induce immunological 
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changes expressed in the equine airway cytokine profile.  However, IFN-γ did not 

seem to play a significant role in the primary innate immune response during 

ERAV infection in this study.   
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Horse, BAL, cytokine, IL-4, IL-8, IFN-γ, IFN-β, equine rhinitis A virus, ERAV, 

rhinovirus 1. 
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AE2      Equine influenza 2 (H3N8) 
CT      Cycle threshold  
CXCL2     Chemokine-C-X-C motif-ligand 2 
EHV1/4     Equine herpes virus 1 and 4 
ERAV      Equine rhinitis A virus 
ERAV/ON/05     ERAV Ontario isolate 
ERBV      Equine rhinitis B virus 
ERV      Equine rhinitis viruses 
HRV      Human rhinovirus 
IAD      Inflammatory airway disease 
IL-4      Interleukin-4       
IL-8      Interleukin-8  
IFN-β      Interferon-beta      
IFN-γ      Interferon-gamma      
RK-13      Rabbit kidney-13 cell  
qPCR      Real-time polymerase chain reaction  
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Introduction 

Equine rhinitis viruses (ERV) are recognized as etiological agents involved 

in equine respiratory disease (Plummer and Kerry, 1962; Li et al., 1997; 

Kriegshauser et al., 2005; Gradzki et al., 2009; Diaz-Mendez et al., 2010; 

Pagamjav et al., 2011).  These viruses were first identified in the early 60’s and 

equine rhinitis A virus (ERAV) and equine rhinitis B virus (ERBV) are the only two 

genera that have been identified in the equine population.  More recently, ERBV 

has been shown to comprise 3 serotypes (ERBV1, ERBV2, and ERBV3) (Black 

et al., 2005).  Both ERAV and ERBV have been directly associated with clinical 

respiratory outbreaks worldwide.  Molecular characteristics of ERAV have been 

studied, but its clinical relevance and pathogenic mechanism remain undefined.  

Human rhinovirus (HRV) was thought to infect and replicate only in the upper 

airways at lower temperatures (33-34°C); however, h uman and animal models, 

as well as in vitro studies have recently demonstrated that rhinoviruses can 

replicate at normal body temperature (37°C) (Papado poulos et al., 2000).  The 

presence of HRV in lung tissue and tracheal epithelium during clinical infection 

was demonstrated and HRV has been associated with asthma development in 

children and adult viral-induced exacerbations through airway immunomodulation 

(Papadopoulos et al., 2004; Proud et al., 2011).  It is unknown whether ERAV 

triggers an immune response in the horse that could lead to other conditions, 

such as inflammatory airway disease (IAD) or recurrent airway obstruction 

(RAO), as seen in human asthma.   
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The ERAV infection in the horse is characterized by pyrexia, nasal 

discharge, increased abnormal lung sounds, and increased size of the 

submandibular lymph nodes.  Additionally, large volumes of mucus are 

endoscopically detected in the lower airways for up to 21 days post-infection (p.i.) 

(Chapter 2).  Serum neutralizing antibodies to ERAV are first detected at seven 

days p.i., corresponding with a decrease in clinical signs and viral detection.  

However, the extent of cellular damage caused by this virus and the 

consequences to epithelial cell biology p.i. are unclear.   Previous studies looked 

into the ERAV genomics (Li et al., 1996; Hinton et al., 2000; Hartley 2001), but 

did not investigate the clinical effects of the infection and its impact on the airway 

immune response.  Other equine respiratory viruses such as influenza (AE2) and 

herpes virus 1 (EHV-1) have been shown to modulate the respiratory immune 

response after infection by up-regulation of pro-inflammatory and anti-

inflammatory cytokines. Specifically, IFN-α, IFN-γ, TNF-α, IL-1-α, IL-1β, IL-2, IL-

4, and IL-6 have been identified in vitro and in vivo post-viral infection in the 

horse (Wattrang et al., 2003; Lim et al., 2005; Paillot et al., 2005; Paillot et al., 

2006; Quinlivan et al., 2007).  Similarly, HRV infections have been shown to up-

regulate gene expression of a variety of cytokines; including IL-1β, IL-6, IFN-α, 

IFN-γ, and TNF-α. Importantly, defective expression of IFN-β has been 

associated with asthma exacerbations and viral infections (Wark et al., 2005).  It 

is unknown whether ERAV behaves in a similar manner by modulating specific 

cytokine changes in the equine airways.  To date, there are no reported studies 

involving ERAV and its immunological effects in the respiratory tract.    
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The ERAV is a positive single-stranded RNA virus that belongs to the 

family Picornaviridae.  Based on its phylogenetic characteristics, ERAV has been 

re-classified in the genus Aphthovirus (Li et al., 1996).  The ERAV infects the 

upper and lower airways in affected horses.  Yet, little is known about the 

mechanism by which ERAV induces respiratory disease and the immune 

response elicited by this infection.  Therefore, the objectives of this study were to 

identify changes in the cytokine profile of the lower respiratory tract of ERAV 

experimentally infected naïve ponies, and to determine how this immune 

response differs during ERAV re-infection.                                                                                                                               

 

Materials and methods 

Animals 

 Animals used in this study were the same as those reported in Chapter 2.  

Briefly, eight 8 to 12 month-old ponies from the University of Guelph herd were 

assigned to either infection (virus) or control (placebo) group in 2008.  Four 

ponies experimentally infected with ERVA (ERAV/ON/5) one year prior (2008) to 

this experiment and with neutralizing antibody titers to ERAV were assigned to 

the re-infection group in 2009. Serological evidence demonstrated that all ponies 

in the infected and control groups were seronegative to ERAV and ERBV, and 

had undetectable antibodies to equine influenza virus 1 (AE1) and 2 (AE2), and 

herpes virus 1 and 4 (EHV1/4).  Similarly, ponies in the re-infected group had a 

very low level of antibodies to ERBV and undetectable antibodies to AE1, AE2, 

and EHV1/4.  Antibody titers to ERAV in the re-infected group were: 1:1024, 
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1:1536, 1:3072 and 1:6144.  The infected group consisted of two males and two 

females.  The control and the re-infected groups consisted of three males and 1 

female each.  The age of the animals in the re-infected group was approximately 

2 years.  All ponies were in a healthy condition and no abnormalities could be 

detected by clinical examination. 

 

Study design 

The Animal Care Committee at the University of Guelph approved all the 

experiments reported in this study in accordance with the Canadian Council on 

Animal Care (CCAC).  The animal experiments were performed in the Isolation 

Unit at the University of Guelph.  Each animal was kept in an individual stall 

throughout the experiment in a controlled environment.  ERAV seronegative 

ponies were infected with ERAV/ON/05 or placebo and followed for 21 days.  

The horses were clinically monitored twice daily and samples for RNA extraction 

were collected according to schedule on days 0, 7, 14 and 21 p.i. Ponies in the 

infected and control groups were given three consecutive doses of 

dexamethasone (Dexamethasone 2; Vétoquinol, Lavaltrie, Québec) 0.2 mg/kg IV 

q24 hours, starting two days prior to infection.  Immediately following the 3rd 

dexamethasone dose on the infection day, ponies were either exposed to the 

virus (ERAV/ON/05) or placebo (growth medium).  Upon completion of the trial, 

the ponies were grouped and returned to the research station.  A year later, four 

previously infected animals were selected and returned to the Isolation Unit for a 

re-infection study using the ERAV/ON/05 isolate.  Ponies in the re-infected group 
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did not receive a course of corticosteroids but were challenged with the same 

virus using an identical dose and protocol.     

 

Infection Protocol 

Inoculum 

 The ERAV/ON/05 isolate recovered in 2005 (Diaz-Mendez et al., 2010) 

was fully characterized and propagated (3rd passage) in rabbit kidney 13 cells 

(RK-13) in Dulbecco’s modified Eagle’s medium nutrient mixture F12/HAM 

(DMEM-F12) (Sigma-Aldrich Canada Ltd. Oakville, ON) with 2-5% fetal bovine 

serum (FBS) (Sigma-Aldrich Canada Ltd. Oakville, ON).  Petri dishes with 90% 

confluency were infected with 500 µl of ERAV/ON/05 and incubated in the 

presence of CO2 (5%) at 37°C for 24–36 hours.  The dishes were remo ved from 

the incubator and freeze/thawed 4 times to induce cell rupture and viral release.  

Supernatants and cells were pooled and centrifuged at 5403 x g for 15 minutes 

at 4°C in an Avanti ® J-E centrifuge (Beckman Coulter Canada, Inc. Mississauga, 

ON).  The supernatant was aliquoted in 10 ml vials to be used as inoculum.  The 

titer of the inoculum was determined by the Plaque Forming Unit test (PFU) and 

was estimated to be 5 X 106 PFU/ml, as described in chapter 3. 

 

Facemask and nebulization 

An Equine AeroMask (Trudell Medical International, London, ON) was 

fitted with a rubber seal and placed on the horse’s muzzle for inoculum delivery.  
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Nebulization was performed using a PM14 compressor (Precision Medical Inc. 

Northampton, PA) with a calculated gas flow of 9 LPM (liters per minute) as 

described in Chapter 2.  Each pony was nebulized for 45 minutes with 15 ml 

(total volume) of either inoculum or sterile culture medium (DMEM-F12).   

 

Sample collection 

Ponies were mildly sedated with romifidine (0.04 mg/kg, IV, Boehringer 

Ingelheim, Burlington, ON) and bronchoalveolar lavage (BAL) was performed 

prior to infection (day 0) and at days 7, 14, and 21 p.i.  Briefly, a sterile flexible 

fiberoptic endoscope, 140 cm length with a 0.8 mm OD (Olympus, Corp., Tokyo, 

Japan) was advanced through the right or left nostril into the trachea.  At the 

carina level, a 0.2% warmed lidocaine solution was administered to reduce the 

cough reflex.  The endoscope was advanced and wedged into the second main 

bronchial segment, either in the right or left lung.  A total of 250 ml (divided in two 

aliquots) of warmed sterile 0.9% saline solution was instilled through the biopsy 

channel.  BAL fluid (BALF) was retrieved by manual suction with 60cc syringes 

through the biopsy channel.  BALF was filtered using a non-woven sponge 

square (DuSoft®, Derma Sciences, Toronto, ON) and the samples were placed 

on ice.  BALF was transported to the laboratory and centrifuged at 1500 x g for 

10 minutes in a table-top centrifuge (Dynac 420102, Becton Dickinson, MD, 

USA).  The BAL cell pellets were homogenized in 500 µl of RNAlater (QIAGEN 

Inc., Toronto, ON) and frozen at -80°C for RNA extr action.  
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Sample preparation and real-time PCR 

Frozen cell pellets were thawed at room temperature and centrifuged at 

4°C for 10 min at 10,000 x g in an Eppendorf refrig erated microcentrifuge, Model 

5415R (Eppendorf, Hauppauge, NY).  Total RNA was extracted from the cell 

pellets using the RNeasy kit (Invitrogen Canada Inc. Burlington, ON), and cDNA 

was synthesized from each sample as previously described (Ainsworth et al., 

2003a and 2003b) using the SuperScript® III First-Strand Synthesis System for 

RT-PCR (Invitrogen).  The RNA concentration of each sample was measured 

and standardized (1ng/µl).  Gene expression of beta-actin (β-actin) 

(housekeeping gene), interleukin-4 (IL-4), interleukin-8 (IL-8), interferon-gamma 

(IFN-γ), interferon-beta (IFN-β), and chemokine-(C-X-C motif)-ligand 2 (CXCL2) 

was assessed by real-time PCR (qPCR) (ABI 7700 Sequence Detection System, 

Applied Biosystems, Carlsbad, CA).  qPCR reactions and conditions were 

performed as previously described and carried out in triplicate in a 96-well-plate 

(Ainsworth et al., 2003b).  Primers and probes for IL-4, IL-8, IFN-γ, and CXCL2 

have been previously optimized and tested by Ainsworth (2003b).  A set of 

primers and a probe were designed for IFN-β.  A series of RNA dilutions (1:10-

1:1000) to test these primers showed linear amplification of the target gene (IFN-

β; data not shown).          

qPCR results were expressed as the cycle threshold (CT) average of each 

sample triplicate.  The averages were normalized to the β-actin gene (∆CT) on 

the same sample at the specific time point.  Normalization represented the CT 

difference between the target gene and the housekeeping gene (β-actin).  A fold 
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change for each sample was calculated using the 2-∆∆C
T method (Livak et al., 

2001; Ainsworth et al., 2003b) where the average expression of each gene from 

the control animals was used to calculate the fold increase or decrease at 

specific time points for the infected ponies.  Briefly, the 2-∆∆C
T was calculated by 

subtracting the average ∆CT target gene of the control ponies from the individual 

(infected) ∆CT at specific time points [-∆∆CT = (Normalized gene of interest CT 

infected pony - Mean normalized gene of interest CT from control ponies)] 

(Ainsworth et al., 2003a and 2003b).  CT% represents the number of PCR cycles 

needed to detect mRNA as a percentage of 40, the maximum possible cycle. 

 

Statistical analysis  

An ANOVA test for repeated measures was used to identify significant 

differences between groups.  Data factors included in the model were time, 

treatment and interaction between treatment and time. Since parameters were 

measured over time, the AKAIKE information criterion (AIC) was used to 

determine an error structure for the auto-regression.  The assumptions of the 

ANOVA were assessed by comprehensive residual analysis.  A Shapiro-Wilk 

test, a Kolmogorov-Smirnov test, a Cramer-von Mises test, and an Anderson-

Darling test were conducted to assess overall normality.  Residuals were plotted 

against predicted values and explanatory variables (pony, treatment and time) to 

look for patterns that suggested outliers, unequal variance or other problems.  If 

the overall F test was significant, a Dunnett’s adjustment to compare time back to 

baseline within a treatment or a multivariate t test between treatments was 
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applied.  Statistical analysis was carried out using SAS 9.1.3 (SAS institute Inc., 

2004, Cary, NC).  Statistical significance was set at P < 0.05. 

 

Results            

The housekeeping gene β-actin was consistently detected at around CT 

18, compared to CT 40 of the negative control (distilled water) samples.  

Expression of β-actin mRNA was consistent in all samples and no significant 

differences between samples were detected. Expression of genes for IL-4, IL-8, 

IFN-γ, IFN-β, and CXCL2 was detected in all samples prior to infection.  

However, there were no significant differences between groups on day 0.  An 

increase or decrease in the expression of the genes assayed in this study was 

reported as a cycle threshold percentage and a fold change in infected and 

control groups, and as a cycle threshold percentage for the re-infected group.   

Viral infection with ERAV/ON/05 induced changes in BAL cell levels of IL-

4, IL-8, IFN-γ, IFN-β, and CXCL2.  However, only changes in IL-4 were 

statistically different between control and infected groups (P < 0.05).  Although 

mRNA expression of IFN-β in the infected animals was not significantly different, 

there was a trend for decreased expression of the gene over time (P = 0.07).  

The cycle threshold percentages for both control and infected groups for IL-4 

mRNA expression are presented in Figure 4.1.  A greater CT % reflects a lower 

amount of mRNA for the target gene.  Table 4.1 shows the fold changes for all 

cytokines in the infected group relative to the control group.  
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Significant changes in mRNA expression of IL-4 and IFN-β were identified 

in the re-infected ponies (P < 0.05), and the cycle threshold percentages are 

shown in Figure 4.1.  Interestingly, a down-regulation pattern was observed not 

only in the infected animals but also in the re-infected group for IL-4, IL-8, IFN-γ, 

IFN-β, and CXCL2.  Data analysis showed significant difference for IL-4 on day 

21 (P = 0.02) in infected animals (Figure 4.1), and on days 14 and 21 (P = 0.01; 

P = 0.03 respectively) in re-infected animals, compared to the value on Day 0 

(Figure 4.1). Statistical difference for IFN-β in the re-infected ponies was 

detected on day 21 (P = 0.04). 

 

Discussion 

This study presents an assessment of cytokine changes in the lung 

induced by experimental ERAV infection and re-infection.  To the best of our 

knowledge, this is the first study looking at the immunological effects of ERAV 

infection.  Others have studied the immune response elicited by equine influenza 

viruses, and markers such as IFN-γ, IFN-α, IL-4, IL-6, and IL-8 have been 

evaluated during experimental infections (Palliot el al., 2006; Quinlivan et al., 

2007; Palliot et al.,2011).  Although ERAV infections are commonly identified by 

serology and rarely by virus isolation, today very little is known about the 

immunomodulation caused by these viruses in the equine lung.   

Picornaviruses such as human rhinovirus (HRV) have been extensively 

studied and at the present time there is enough evidence to correlate these 
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infections with changes in the host (human) immune response (Message et al., 

2008; Proud et al., 2008).  It is hypothesized that HRV induces cellular changes, 

capable of maintaining extended periods of airway inflammation in combination 

with immunomodulation impairing an antiviral response.  A study in 2005 (Wark 

et al., 2005) demonstrated that certain individuals, such as asthmatics, have a 

deficient immune response when infected with HRV.  Wark and collaborators 

showed that asthmatic bronchial cells had a deficient immune response to HRV 

infection compared to normal bronchial cells due to impaired IFN-β expression.  

Interferons are recognized as one of the most important lines of defence of the 

innate immune response, not only in humans, but also in the horse (Soboll et al., 

2003; Quinlivan et al., 2007).  Interestingly, in this study ERAV infection had no 

effect on the IFN-γ expression and induced down-regulation of IFN-β expression.  

All ponies included here were clinically normal; however, an underlying condition 

that may have contributed to decreased expression of IL-4 and IFN-β cannot be 

ruled out.  Perhaps viral respiratory infections in the horse may play an important 

role contributing to other respiratory conditions, such as inflammatory airway 

disease.  Thus, more extensive studies should be conducted to clarify this idea.  

In the infected and control animals, which were treated with 

corticosteroids, and in the re-infected ponies, which did not receive 

corticosteroids, IL-4 and IFN-β were consistently altered. Both were down-

regulated as the ERAV infection progressed.  IL-4 has been previously 

associated with induction of IgA and IgE responses in the respiratory tract (Soboll 

et al., 2003) and it is considered a key component during viral infections and 
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allergic responses.  It could be speculated that airway cell modulation and 

deficient secretion of IL-4 may result in lower levels of IgA and/or IgE, 

compromising the local (mucosal) immunity. 

Expression of IFN-β was decreased (mRNA down-regulation) over time in 

infected and re-infected animals, indicating that ERAV may impair the ability of 

the bronchial epithelial cells, macrophages or T-lymphocytes to proficiently 

respond to this viral infection; however, more conclusive studies must be 

conducted.  Similarly, HRV infections have been shown to down-regulate gene 

expression of IFN-β, which may be associated with a poor immune response 

against viral infections (Wark et al., 2005).  Additionally, this condition in humans 

has been associated with viral-induced asthma exacerbations (Papadopoulos et 

al., 2004; Bizzintino et al., 2011; Proud, 2011).   

IFNs initiate an antiviral state preventing viral spreading, as well as T-

lymphocyte and NK cell activation.  It is not clear if these immune changes in the 

horse correlate to what have been found in HRV infections and its capacity of 

host cell modulation in humans.  Surprisingly, in this study, the expression of type 

II interferon (IFN-γ) and IL-8 were not increased as expected.  It is known that 

IFN-γ is secreted by activated T lymphocytes and NK cells soon after viral 

infection; however, it appears that the effect of ERAV on these cells might have 

been earlier than 7 days post infection (p.i.) and not detectable thereafter.  The 

timing of sample collection may have been too late to detect early innate immune 

changes (e.g. 24 or 48 hours post-infection, Lim et al., 2005; Quinlivan et al., 

2007).  Nevertheless, experimental influenza viral infection in the horse induces 
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up-regulation of IFN-γ that is detectable up to 64 days p.i. (Soboll et al., 2003; 

Paillot et al., 2006).  Conversely, Quinlivan and coworkers demonstrated an up-

regulation of an array of cytokines 48 hours post-viral infection (Quinlivan et al., 

2007).  This indicates that our first sample collection on day 7 p.i. may have been 

too late to demonstrate an innate immune response induced by ERAV.  HRV has 

been shown to alter normal epithelial cells by disrupting natural function without 

causing direct structural damage; instead the alterations involve physiological 

modifications leading to cytokine up-regulation or down-regulation, which may 

explain a decreased viral immune response in ERAV infected ponies.     

ERAV has been identified in the equine population for 50 years and its 

long-term effects in the respiratory tract remain unknown.  An objective of this 

study was to characterize the lung immune response after an ERAV infection, 

because HRV in humans is recognized as a major contributor to viral-induced 

asthma exacerbations, as well as one of the most important factors in children 

associated with asthma development in their adult life.  Equine respiratory 

viruses have been molecularly investigated; however, until now there has been 

no evidence for ERAV’s association in lung inflammation and the immune 

response behaviour in the airways.  Our results demonstrated that ERAV not 

only induces clinical respiratory disease (Chapter 2), but also provokes an 

immune response in the airways characterized by down-regulation of mRNA 

expression of IL-4 and IFN-β.  The fact that IL-8, IFN-γ, and CXCL2 were not 

found significantly altered may have been due to the timing of sample collection, 

low statistical power or individual variability.  Measuring protein expression of 
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these cytokines could improve our understanding of the effects of ERAV in terms 

of respiratory immunomodulation.  Furthermore, it is of interest to identify the 

mechanisms by which ERAV infection and re-infection may predispose the 

equine respiratory cells to a marked reduction in the mRNA expression of IL-4 

and IFN-β.  Hence, future studies should consider these factors to evaluate the 

immune response to ERAV in the horse. 
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Figure 4.1. Mean CT % change for mRNA expression of cytokines in 
bronchoalveolar lavage cells collected from control, infected and re-infected 
ponies. 
 
* Significantly different P < 0.05  
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Table 4.1. Fold increase (positive value) or decrease (negative value) of mRNA 
expression for IL-4, IL-8, IFN-γ, IFN-β and CXCL2 genes in bronchoalveolar 
lavage (BAL) cells from ponies infected with equine rhinitis A virus 
(ERAV/ON/05).  Fold value represents an increase or decrease based on the 
control value (uninfected) on the specified day.  Statistical differences (P < 0.05) 
are indicated by an (*).  

 
 
 

 
 
 

 
*  Significantly different when compared to day 0 (P < 0.05) 
↑ Fold increase compared to control horses on the same day 
↓ Fold decrease compared to control horses on the same day 
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Chapter 5 

General discussion 

Respiratory viral infections are common clinical conditions affecting horses 

of all ages; however, they are more often identified in the young population of 

athletic horses (Mumford and Rossdale, 1980).  The etiological origins are 

diverse but in most cases bacteria, viruses, or both are associated with 

respiratory clinical signs (Wood et al., 2005).  Viruses such as equine influenza 

and herpes viruses are commonly suspected as the primary cause of disease 

(Carman et al., 1997; Dynon et al., 2007; Diaz-Mendez et al., 2010; Pusterla et 

al., 2011).  However, a great number of respiratory outbreaks are poorly 

investigated and tested, leading to no confirmed diagnosis.  Due to their 

purported clinical insignificance, equine rhinitis viruses (ERV) were generally not 

included in the differential diagnosis and largely ignored, masking the true 

prevalence and pathogenicity of these viruses.   

In 2010, Diaz et al. confirmed the high prevalence of ERAV in the horse 

population and demonstrated that in 10 out of 13 outbreaks where equine 

influenza was identified, ERAV was also implicated as a concomitant factor.  

This, in combination with other worldwide reports, supported the evidence that 

ERAV is implicated in the equine viral respiratory complex (Willoughby et al., 

1989; Li et al., 1997; Klaey et al., 1998; Diaz-Mendez et al., 2010; Pagamjav et 

al., 2011).  As observed in humans, HRV, also a member of the family 

Picornaviridae, is the most common virus associated with common colds and 

more recently has been associated with adult viral-induced asthma exacerbations 
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(Papadopoulos et al., 2004; Bizzintino et al., 2011; Denlinger et al., 2011; Proud 

2011).   

Equine rhinitis viruses have been identified in the equine population for 

over 50 years and may be involved in other respiratory conditions, such as 

inflammatory airway disease (IAD). Their initial identification in 1962 

demonstrated that infection by picornaviruses in equines was possible, in discord 

with previous beliefs (Plummer 1962).  However, 50 years later, the role of ERAV 

as a potential cause of equine respiratory disease continues to be poorly 

accepted.  Nevertheless, with supporting evidence for the high prevalence of 

ERAV in the Ontario horse racing population, it was clear that further 

investigations of this virus as a potential contributor to equine respiratory disease 

were needed.  Therefore, the objectives of this thesis were to clarify the role of 

equine rhinitis A virus  (ERAV) as a primary agent in respiratory disease by 

developing an experimental infection model and to investigate the genomic 

characteristics of ERAV/ON/05 recovered from a febrile horse during a recent 

respiratory outbreak.  

In this study, horses were experimentally exposed to the virus by means of 

nebulization using a nose fitted-mask. This procedure consistently induced 

respiratory infection with clinical signs similar to equine influenza.  Although 

bronchoscopic inoculation and nasal spray have been previously used in equine 

influenza infection studies (Mumford et al., 1990; Wattrang et al., 2003), none of 

these methods truly mimic the natural aerosol infection.  Inoculum liquid delivery 

in the nasal passages or trachea by bottle spray or bronchoscope ensure viral 
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delivery in the airways; however, these practices provide imprecise volumes 

either in the upper or lower airways, which may be reduced by the liquid 

characteristics of the inoculum.  One major disadvantage is the fact that most of 

the administered inoculum travels by gravity into the lung where viral-cell 

attachment will happen.  In contrast, nebulization provides inoculum delivery that 

can be adjusted according to the desired particle size and exposure time.  This 

guarantees breathable particles that are evenly distributed along the respiratory 

tract, permitting adequate viral adhesion and penetration of the respiratory 

epithelial cells.  This provides a less artificial infection that mimics more closely 

exposure in a natural infection.    

The chamber nebulization method has also been used during 

experimental influenza infections, but problems with inoculum volume 

calculations and inconsistent infectious dose remain (Quinlivan et al., 2007). The 

amounts of virus delivered in a closed chamber are poorly controlled, making it 

more difficult to prevent the virus from escaping the infection unit.  This poses a 

major threat of infection to other animals or even humans. Although this 

procedure was thought to be effective and mimic reality when infecting horses 

with AE2, there is sufficient evidence to argue that it is not the most repeatable, 

reliable and secure infection method. Individual viral dose and time of exposure 

could not be accurately assessed and exposure varies with animal position within 

the chamber, breathing pattern and respiratory rate. In comparison, the fitted-

mask nebulization method ensures a more controlled infectious dose while being 

well tolerated by horses.  Viral loads and accuracy targeting the respiratory tract 
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are some of the major advantages of this model, assuring that the infectious 

agent is delivered effectively, in a way that resembles the natural viral exposure 

in field conditions.  

Contrary to the results presented in this thesis, several publications have 

suggested that EARV infection is insignificant to the horse.  Using the ERAV 

infection model described in Chapter 2, we have demonstrated that ERAV 

causes respiratory disease in the horse with clinical signs that are identifiable for 

up to 21 days p.i. (e.g. increased abnormal lung sounds and submandibular 

lymphadenopathy).  These findings give supporting evidence that this virus 

should be considered as a primary respiratory agent.  Based on increased body 

temperature and appearance of clinical signs characteristic of viral respiratory 

infections, it was established that the incubation period of the virus in the infection 

model was close to 24 hours.  This contrasts with previously published data 

suggesting that the incubation period after natural exposure was days and even 

weeks  (Carman et al., 1997).   

The clinical disease identified by physical examination and confirmed by 

serology and virus isolation in the present study showed that ERAV replicates 

and causes disease not only in the upper airways but also in the trachea and the 

lung.  In the past, it was thought that this virus could replicate only in the upper 

airways; however, the evidence that in vitro ERAV replication can be successfully 

achieved at 37°C and in combination with our in vivo results, clearly 

demonstrates that ERAV has the capability to efficiently survive and infect the 

lower respiratory tract.  Although the infective dose used in this study was likely 
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larger than that encountered by natural exposure, clinical signs were consistent 

with those seen in non-artificially induced disease.  This indicates that the viral 

challenge dosing used here was appropriate for the purposes of our study, as the 

ponies did not succumb to infection beyond what would be expected during 

natural ERAV infection.  To further assure our dose was appropriate, the antibody 

titers detected by viral neutralization test were comparable to those observed in 

surveillance studies (Diaz-Mendez et al., 2010).  

Clinical signs, such as fever, nasal discharge, increased abnormal lung 

sounds, and submandibular lymphadenopathy were observed in infected 

animals.   However, these are not specific to ERAV infection and are clinically 

undistinguishable from AE2 and EHV respiratory infections, as demonstrated by 

experimental infections using those pathogens (Hannant et al., 1993; Sutton et 

al., 1997; Breathnach et al., 2001).  Only specific diagnostic techniques such as 

RT-PCR, paired serology and virus isolation provide a definitive diagnosis.  In this 

study, ERAV infection was confirmed by virus isolation, RT-PCR and 

seroconversion to ERAV.  Infected animals seroconverted by day seven p.i. and 

the antibody titers to ERAV peaked by day 14 p.i.  Interestingly, re-infection of 

ponies one year later showed that the presence of ERAV specific antibodies was 

associated with resistance to clinical respiratory disease. Here, an ERAV 

neutralizing titre of 1:1024 was considered protective and prevented development 

of clinical disease following exposure to an infectious dose of virus. 

The original study of ERAV by Plummer in 1962 reported that the virus 

was recovered from a fecal sample.  Therefore, the present study included 
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attempts at viral isolation from the feces of aerosol-infected ponies.  Interestingly, 

our efforts to isolate ERAV from feces of the experimentally infected ponies were 

unsuccessful.  Therefore, it could be speculated that the first ERAV recovery 

made by Plummer may have, in fact, resulted from specimen contamination by 

respiratory secretions. However, Plummer’s initial discovery was not fully 

described and there is insufficient information on the methodology employed at 

the time (Plummer 1962) to make valid comparisons.  A subsequent experiment 

by Plummer and Kerry described viral infection and recovery from respiratory 

secretions and blood only (Plummer and Kerry, 1962).  In 1992, a large sampling 

study performed in racing horses demonstrated a very high and significant 

isolation rate of ERAV from urine samples (McCollum et al., 1992).  Unfortunately 

the study did not provide details with regards to abnormal respiratory clinical 

signs or other ongoing ailments.  Similarly, a recent study detected ERAV by 

qPCR in urine samples of 29/100 racing horses (Quinlivan et al., 2010).  In the 

present ERAV infection study, the virus was recovered from urine of two of the 

infected animals at different time points.  This supports previous work suggesting 

that equine rhinitis virus infection may include a viremic phase with excretion in 

the urine and perhaps feces.  As such, use of these specimens for virus isolation 

deserves further investigation.    

Thus far, only two genera of equine rhinitis viruses have been identified, 

ERAV and ERBV with ERBV having three serotypes, ERBV1, ERBV2, and 

ERBV3 (Plummer 1962; Ditchfield 1965; Li et al., 1996; Black et al., 2005; Black 

et al., 2007). Based on seroprevalence studies where both ERAV and ERBV 



 147

have been evaluated, ERAV seems to be more prevalent in outbreaks and 

suggest that it carries greater clinical significance (Plateau et al., 1990; 

Kriegshauser et al., 2005; Diaz-Mendez et al., 2010; Pagamjav et al., 2011).  On 

the other hand, none of those studies attempted to discriminate ERBV into its 

three serotypes, which are discerned by the absence of cross-reactivity in 

neutralization assays (Black et al., 2005).  Titers to ERBV reported by most 

diagnostic laboratories may represent only a small percentage of the virus 

prevalence depending on the serotypes utilized in the virus neutralization test, 

especially if only one serotype is used for ERBV neutralization testing. It is 

paramount that all three ERBV serotypes be part of common serological testing 

to facilitate and provide worldwide serodiagnostic references. 

One of the distinguishing characteristics of ERAV is the low isolation rate 

in an outbreak situation compared to other equine respiratory viruses.  One of the 

reasons for this low isolation rate in field conditions could be a delay in case 

identification by the owner or animal attendees resulting in a delayed veterinary 

visit.  A single report by Li and coauthors in 1997 suggested the presence of 

ERAV non-cytopathic strains in the horse population, which would also contribute 

to the under-diagnosis of ERAV infections (Li et al., 1997).  As there are no 

known isolates of these strains, further investigations cannot be undertaken at 

the present time.  Also, it has been suggested that ERAV may require specific 

culture conditions and diagnostic identification due to the presence of these non-

cytopathic strains (Li et al., 1997).  However, this is a single report and further 

efforts to identify these strains are required.   
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 In 2010, we reported the recovery of only one ERAV and three ERBV 

isolates from 87 sampled horses (Diaz-Mendez et al., 2010).  Based on our 

serological analysis, we found ERAV to be highly associated with equine 

influenza viruses and clinical respiratory disease.  Also, those results correlated 

with other authors, who have conducted surveillance studies and have attempted 

unsuccessful virus isolation from clinical cases during respiratory outbreaks.  In 

contrast, in Chapter 2 we demonstrated that ERAV could be easily isolated from 

respiratory samples for up to 7 days p.i., indicating that perhaps in most clinical 

cases, samples for virus isolation are collected at a late state of infection.   

Obviously, as mentioned above, if there are circulating non-cytopathic strains in 

the equine population, conventional diagnostic methods, such as virus isolation 

would not be sufficient for surveillance.   

Analysis of the genome of one (ERAV/ON/05) of the two ERAV isolates 

recovered in Ontario in the past 23 years (personal communication) is described 

in Chapter 3.  To date only few ERAV isolates have been recovered and fully 

sequenced from around the world, and none of them are from Canada.  The 

genome characteristics of the Ontario isolate have changed very little over the 

past 50 years compared to the first ERAV isolated by Plummer in 1962.  Our data 

are similar to the results reported by others, where the 5’ UTR of the genome 

represents the most variable region; followed by a highly conserved single 

polyprotein gene and a well conserved 3’ UTR (Wutz et al 1996).  Nevertheless, 

a low rate of ERAV isolation over the years in combination with a lack of genome 

sequencing from the available viruses may have influenced the amino acid 
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identity results observed in this study since only selected earlier sequences are 

available for full comparison.  Perhaps, other circulating ERAV may hold more 

significant differences than the ones observed in the ERAV/ON/05.  It appears 

that a few nucleotide substitutions did not influence the in vitro and in vivo virus 

replication as demonstrated in Chapters 2 and 3.  Surprisingly, the genomic 

analysis showed that ERAV has not extensively mutated or evolved in 50 years; 

therefore, it would be of great interest to investigate the genomic differences 

between cytopathic and non-cytopathic ERAV isolates in the event that these 

strains existed and were identifiable using an in vitro system.   

Using qPCR performed on BAL-derived cells, we have demonstrated that 

infection with ERAV/ON/05 induced down-regulation of IL-4 and IFN-β gene 

expression, but had no effect on the IFN-γ gene expression in cells from the 

lower airways.  It has been well established that human rhinovirus infection of 

asthmatic patients induces down-regulation of IFN-β, which is associated with a 

deficient antiviral immune response (Wark et al., 2005).  In contrast, IFN-γ has 

been identified during equine influenza virus infection and is considered a key 

component of the innate response in the respiratory tract (Wattrang et al., 2003; 

Paillot et al., 2005).  It may be possible that the outcome of the changes induced 

by ERAV in our study would have been different if a BAL had been performed 

earlier post-infection, such as 24-48 hours p.i.  However, changes detected at 7 

days p.i. indicate that this viral infection may contribute to a reduced viral immune 

response by inducing down regulation of IFN-β gene expression, similar to that 

seen in human bronchial epithelial cells.  Even though further studies to confirm 
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these results are needed, the work presented in Chapter 4 is unique in that it 

confirms that ERAV is more than an upper respiratory pathogen in the horse, as 

the virus was associated with immunological changes in the lower airways.  It 

should be noted that this study did not include immunological characterization in 

the upper airways of ERAV infected ponies.  Assessment by nasal wash or 

swabbing (Blaschke et al., 2011), or fine-needle sampling of the submandibular 

lymph nodes should be considered in future studies when investigating the ERAV 

pathophysiology in the upper airways.  

Dexamethasone is used in infection models to mimic a physiological 

stress-induced phenomenon, as well as to obtain a more homogeneous animal 

response to the applied experimental infection (Borchers et al., 1998; Page et al., 

2011).  Further, in a study with a small number of animals, it is critical that 

variability between individual animals be minimal so as to optimize repeatability 

and consistency.  It could be argued that such intervention may alter the overall 

immune response, but the study showed that IL-4 and IFN-β are down-regulated 

in infected ponies compared to control animals which also received a course of 

corticosteroids.  Similar immunological changes were detected a year later in re-

infected animals, which did not receive corticosteroids prior to viral exposure. 

This suggests that the course of corticosteroids did not hinder the immune 

response in the infected and control ponies.   

To the best of our knowledge, this is the first comprehensive study 

reporting genomic characterization of a Canadian ERAV isolate and investigating 

the clinical signs, endoscopic findings, cytokine profiles, virus isolation and 
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serological parameters using an ERAV infection model.  The results presented 

here clearly demonstrate that ERAV cannot be clinically differentiated from either 

equine influenza or herpes viral respiratory infections. The infection model 

described in this thesis offers an alternative to field infections to facilitate better 

study and understanding of the clinical conditions induced by ERAV and its 

pathophysiological mechanisms.  Of special interest are the results of the 

genomic analysis, demonstrating that the ERAV genome has not significantly 

changed over the past 50 years, which together with the protection observed in 

re-infected ponies, indicates that development of a vaccine against this virus may 

be a very practical and feasible venture.  This is further supported by the fact that 

only two equine rhinitis virus genera (ERAV and ERBV) are known at the present 

time. 

 

Future directions 

 The work presented in this thesis demonstrated that ERAV can induce 

clinical disease in the horse and provoke immunological changes in the airways 

(local immunity); however, the ultrastructural alterations and pathogenic 

mechanisms by which this virus alters the epithelial cells in the respiratory tract 

continues to be a mystery.  Hence, future studies should investigate: a) the 

growth and replication characteristics of the ERAV in primary equine bronchial 

epithelial cells (BEC); b) the local immune and inflammatory responses caused 

by ERAV in an ex-vivo system using BEC; and c) the primary mucosal and 
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inflammatory impact of this virus in combination with equine influenza and/or 

equine herpes virus in the airways (ex-vivo and in-vivo).  
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Appendices 

Appendix 1. Samples check list used during the infection study 

 
 
Horse            ID   _Date_____________________ 
 
 
Temperature____________ Pulse______________ Respiratory rate__________ 
 
 
Weight__________________ 
 
□ Blood 
 □ 3 red-top tubes 
 □ 3 purple-top tubes 
 
□ Nasopharyngeal swabs 
 □ 2 smears 

□ 2 swabs in VTM 
 
□ PFT 
 
□ Brush biopsy 
 □ 1 biopsy mid trachea 
  □ 1 smear 
  □ brush in VTM (vortex) 
 
 □ 1 biopsy lower trachea 
  □ 1 smear  
  □ brush in VTM (vortex) 
  
□ BAL 

□ BAL fluid  
□ Fluid for virus isolation 

 □ Smear 
 □ Cytospin slide 
 
□ Urine 
 □ 1 Smear 
 □ Urine for virus isolation 
 
□ Feces 
 □ 1 Smear 
 □ Feces for virus isolation 
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Appendix 2.  Daily clinical examination form used during the animal infection and 
re-infection studies  
 
Emergency contacts 
Dr. Laurent Viel Clinical Studies 519-824-4120 Ext.54067 
Dr. Andres Diaz Pathobiology 519-824-4120 Ext.52207 

Cell phone 519-760-9611  
 
Name ______________________________ ID Number____________________ 
 
Time _____________________________Date___________________________ 
 
Rectal temperature_________ Respiratory rate_________ Heart Rate________ 
 
Cough Yes / No   Mucous membrane__________ Perfusion time_____________  
 
GI motility________________________________________________________ 
 
Feces and urine in stable Yes / No 
 
Lung sounds 
________________________________________________________________
________________________________________________________________ 
 
Nasal discharge Yes / No Serous Mucopurulent  Purulent 
 
Ocular discharge Yes / No  Serous Mucopurulent  Purulent 
 
Retro pharyngeal lymph nodes____________________ Size _______________ 
 
Submandibular lymph nodes______________________ Size_______________ 
 
Water and food intake 
________________________________________________________________ 
 
Comments 
________________________________________________________________
________________________________________________________________ 
 
Samples (Check box if sample was taken) 
□ Nasopharyngeal swabs (2)    □ Blood (3 red and 3 purple tops) 
□ Urine      □ Feces 
□ BAL       □ Brush biopsy 
□ PFT   
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Appendix 3:  Composition of the Virus Transport Medium (VTM) or Antibiotic 
Trypsin Versene (ATV), pH 7.2 
 
 
 
Add to 5000 ml of Milli-Q water 
NaCl        40 g 
KCL        2.9 g 
Dextrose       5.0 g 
NaHCO3       2.9 g 
Trypsin 250       2.5 g 
Versene (disodium ethylenediaminetetraacetate) 1.0 g 
Phenol Red Solution 0.5%     2 ml 
 
Correct pH to 7.2 
 
Penicillin G potassium     0.315 g  
Streptomycin sulphate     0.5 g 
 
Filter sterilize in 100 ml bottles 
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Appendix 4.  Ontario equine rhinitis A virus (ERAV/ON/05) nucleotide sequence.  
Highlighted sequences represent tandem repeats on the 5’ untranslated region 
(5’UTR).  
 
 
TTCTTTTTTTTTCCCTTCCCTCGATCACCGACGTTGGGGGGGGGGGGGTTG
AAAAAGTTTATGCCTGTAGCGTCAGTAAAACGCGGTAAACATAGGCTTTGAC
TGTAGCGTCAGTAAAACGCAACAACCATACGCTGTTGTGCCTGTAGCGTCA
GTAAAACGCGGCAAACGCAAGCATTAACTGTAGCGTCAGTAAAACGCAACA
ACCATACGCTAATGTGCCTGAGGCGTCAGTAAACGCATACAGCAAACCAGA
GCTTCCCGGCTTTAAGGGTTACTGCTCGTAATGAGAGCACTTGGCAATTTGT
CAGGATTTCCTGGTGGTTGTCACGGGAGAGAGGAGCCCGTTTTCGGGCACT
GTTCCCAACAAACATTTGTGCGCTTCGGCGCACACCCCGCTCAGCCCCCTG
TCATTGACTGGTCGAAGGCGCTCGCAATAAGACTGGTCGTCACTTGGCTTTT
CTATCCGTTCAGGCTTTAGCGCGCCCTCGCGCGGCGGGTTGTCAGGCCCG
TGTGCTGTACAGCACCAGGTAACCGGACAGCAGCTTGCTGGATTTTCCCGG
TGCCATTGCTCTGGATGGTGTCACCAAGCTGGTGGATGAAGAGTGAACCTG
ATGAAGCAACACACTTGTGGTAGCGCTGCCCAAAAGGGAGCGGAATTCCCC
CGCCGCGAGGCGGTCCTCTCTGGCCAAAAGCCCAGCGTTAATAGCGCCTTT
TGGGATGCAGGTACCCCACCTGCCAAGTGTGAAGTGGAATCAGCGGATCTC
TGATTCGGCCTGTACTGAACTACACCATCTACCGCTGTGAAGAATGTCCTGA
AGGCAAGCTGGTTACAGCCCTGATCAGGAGCCCCATCCATGACTCTCGATT
GGCATGGGGTCAAAAATTGTCTAAGCAGCGGCAGGGACGCGGGAGCGTTT
CCTTTCCATTTTGATTTGCATGATGGCGGCGTCTAAAGTGTACAGGGTTTGC
GAGCAGACTCTTCTCGCTGGCGCCGTGCGCATGATGGACAAGTTTTTGCAG
AAGAGAGTTGTTTTTGTGCCACACCTAGATAAACAGGTACGCCTGACAGGTC
TTCACAACTATGACAACACATGTTGGCTTAATGCCTTGACTCAGTTGACTCA
GATTCTTGGAATTCGGCTTTTTGATGAACACTTTGGAAACAGAGGTTTGTTCA
CTCGGAAAACAATTGATTGGGTGAGTGACCAAACTGGAATAAAGGATTTAAA
ATCAGGAGCGCCACCCCTCGTGGTGGTTTACAAGCTCTGGCAACACGGCCA
TTTGGATGTCGGCACCATGGAAAAGCCCAGACCAATCACGCTTTGGTCTGG
GCCCAAAGTGTGTCTGTCTGACATGTGGGCGTGTGTTTCTGCCAAGCCTGG
ACACGCAGTGTTCTATCTCTTGACTGATGAAGGATGGATTTGCATTGATGAC
AAGAAAATTTATTATGAAACACCAGAGCCCGACGATGTCTTGGTCTTCGCAC
CCTATGATTTTGAGTCACTCGGAAAAGATCCTCCTAGGCTGCACCAAAGATA
CGAAAAGGCTTTCAAAAAGTTGTCAGGAGCTGGGACCTCTACTCCGACAAC
CGGGAATCAGAATATGTCGGGCAATAGTGGGTCCATTGTCCAAAATTTTTAC
ATGCAACAATACCAAAATTCAATTGATGCAGACCTGGGCGATAATGTCATCA
GTCCTGAAGGCCAAGGCAGCAACACTAGTAGCTCTACCTCCTCAAGCCAGT
CGTCTGGTTTAGGTGGATGGTTCTCTAGTCTGCTCAACCTAGGTACCAAGCT
ACTGGCTGACAAAAAGACAGAAGAAACCACAAACATTGAGGACAGGATTGA
GACAACAGTTGTGGGAGTGACGATTATCAATTCACAAGGGTCAGTTGGCAC
AACCTATTGTTACTCCAAGCCTGACAGCAAAGCGCCCTCCACAGTGTCTGAC
CCGGTCACCCGGCTGGGGCCAACTCTTTCTAGACACTACACCTTCAAGGTT
GGAGAGTGGCCACACTCACAATCCCATGGGCACGCCTGGATTTGCCCACTG
CCCGGGGACAAACTTAAAAAGATGGGCAGTTTCCACGAGGTGGTGAAGGCA
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CACCACTTGGTGAAGAATGGATGGGATGTGGTTGTTCAGGTGAATGCCTCT
TTTGCCCACTCGGGAGCTCTTTGCGTTGCAGCAGTTCCTGAGTATGAACACA
CCCATGAGAAGGCTCTAAAATGGTCTGAGCTTGAAGAACCTGCTTATACATA
TCAGCAGCTTTCAGTGTTTCCACATCAATTGTTAAATTTGAGAACAAATTCTT
CTGTACACTTGGTTATGCCCTATATTGGACCTGGGCCAACCACGAATTTGAC
ACTTCATAACCCCTGGACCATTGTAATCTTGATTTTGTCTGAACTGACAGGG
CCTGGCCAGACTGTGCCCGTCACCATGTCGGTGGCTCCTATTGACGCCATG
GTGAATGGGCCTCTCCCAAACCCAGAGGCACCAATTAGAGTGGTTTCAGTA
CCTGAGTCAGATTCGTTCATGTCTTCTGTGCCAGACAATTCTACCCCGCTTT
ATCCAAAGGTTGTGGTCCCCCCTCGGCAAGTCCCAGGGAGGTTCACGAATT
TTATTGATGTGGCTAAACAGACTTACTCATTTTGCTCCATCTCTGGCAAGCC
CTATTTTGAGGTGACAAATACTTCAGGAGACGAGCCTCTGTTTCAGATGGAT
GTCTCCCTCAGTGCTGCTGAGTTGCACGGGACATATGTTGCAAGCTTGTCAT
CTTTCTTTGCACAGTACAGGGGTTCACTAAACTTCAATTTCATCTTCACTGGA
GCTGCGGCAACCAAAGCTAAATTCTTGGTCGCCTTCGTTCCTCCCCACACA
GCCGCGCCTAAAACGCGGGATGAAGCCATGGCGTGTATACACGCAGTGTG
GGATGTCGGCTTGAATTCTGCCTTTTCTTTCAATGTGCCTTATTCATCTCCAG
CTGACTTTATGGCCGTTTACTCGGCAGAGGCAACGGTTGTGAATGTGTCTG
GCTGGCTACAAGTTTATGCCTTGACTGCTCTCACTTCAACTGACATTGCTGT
GAATAGCAAGGGCCGTGTTTTGGTGGCCGTTTCTGCTGGGCCAGATTTCTC
ACTTCGACACCCCGTGGATCTGCCTGACAAGCAGGTCACAAATGTGGGCGA
GGACGGGGAACCAGGTGAAACTGAGCCCCGTTATGCTCTGTCTCCAGTGGA
CATGCATGTTCATACGGATGTCAGCTTCCTGCTAGACAGATTTTTTGATGTT
GAAACAATTGAGCTTTCAAATTTGACTGGGTCACCAACCACTCATATTTTGAA
CCCATTTGGCTCCACCGCTCAGTTGGCATGGGCTAGGCTGTTGAACACCTG
CACATATTTCTTTTCAAATTTGGAGTTGTCTATACAATTCAAATTTACAACAAT
GCCCTCTTCCGTTGAAAAAGGCTTCGTCTGGGTTAAGTGGTTCCCGGTTGG
AGCACCAACAAAAACAACAGATGCATGGCAGCTTGAAGGCGGAGGCAACTC
CGTCAGAATTCAAAAACTGGCTGTGGCTGGCCTCTCACCCACCGTTATTTTT
AAAATTGCTGGCTCGCGGTCGCAGGCATGTGGCTTCAATGTGCCCTACACT
TCAATGTGGCGGGTTGTGCCAGTCTTTTACAACGGTTGGGGCGCGCCCACA
AAAGAGAAAGCAACCTACAATTGGCTTCCGGGCGCACATTTTGGGTCGATA
CTTTTGACTTCTGATGCACACGACAAGGGTGGCTGTTACCTGCGGTATCGAT
TCCCGCGGGCTAGCATGTACTGCCCAAGACCTATTCCGCCCGCATTCACCC
GGCCGGCGGATAAGACTAGGCACAAATTCCCTACAAACATTAACAAACAGT
GCACTAATTATGCCCTTCTTAAATTGGCAGGTGATGTAGAGAGTAATCCTGG
CCCCACTATTTTTTCTAAAGCTTCTGCTGATTTGAACGCCCTGTCCACCTCTC
TTGGTGAGTTGACTGGTATGCTTAAGGATTTGAAAGCTAAGGCTGAAACTTA
TTCCCCCTTTTATAAAATGGCAAAAATGTTGTTTAAATTGGCCACTCTAGCGG
TTGCCGCTATGAGAACAAAAGACCCAGTTGTAGTGGTGATGTTGATAGCTGA
TTTTGGATTGGAAGTTTTTGATACGGGTTTCTTCTTCTCGTATTTTCAAGAGA
AACTGCAGCCTTATATGAAGACCATTCCCGGCAAAGTTTCTGATTTGGTTAC
AGACGCAGCTACTGCTGCAGCTCAAATTCCAAAAGGGGTGTATTCTTTTGTG
TCATCTTTCTTTGAGACACCAGAAGGTGTGGTTGAGAAACAGGTTTCTCTTA
GGACTATCAATGATATTTTTACTCTCTTGAAAAATTCGGACTGGTTTATTAAG
ACGCTGGTTGCTCTCAAAAAGTGGCTGGTGTCGTGGTTCAAACAGGAACAG
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CAAGCAGATGATGCCCTTTATTCTGAATTGGAAAAATACCCTTTGTATAAATT
GAAATTGAAGGAACCAGACACTCAGGAGGAGGCCCGCCAGTGGTTCAAAGA
CATGCAGCAGAGAGCCTTGGCAGTGAAGGATAAGGGTTTATTCTCTCTGTT
GCAAATCCCTCTTGTGAACTTGCCTACATCACGTCCTGAACCCGTTGTGTGT
GTGCTGAGAGGCGCGTCCGGACAGGGCAAGTCCTATTTAGCAAACATGATG
GCTCAGGCTATTTCTCTTCTCCTAACTGGGAAACAGAACAGTGTGTGGAGTT
GCCCACCCGACCCCACATACTTTGATGGTTATAACGGACAAGCTGTTGTCAT
AATGGATGACTTGGGCCAAAACCCTAACGGAGCAGATTTCAAGTATTTCTGT
CAGATGGTGTCAACTACAGCCTTTGTTCCACCAATGGCCCACTTGGATGACA
AGGGAATTCCCTTTACCTCTCCTGTTGTTATTTGTACTACAAATTTGCATTCC
TCTTTCACCCCAATTACTGTGTCATGTCCTGAGGCTCTGAAAAGAAGGTTCC
GGTTTGACGTGACTGTTTCTGCTAAGCCTGGTTTTGTGAGGACTGTGGGGT
CGTCTCAGCTTTTGAACTTGCCTCTTGCTTTGAAGCCTGCTGGTCTTCCACC
TCATCCTATTTTTGAGAATGACATGCCCATTTTGAATGGTCAGGCTGTGAAAT
TGGCTTTGTCAGGTGTTGAAGTGACCGCCTTTGAGTTAATTGAGATGATTTT
GTCTGAGGTGCAGAATAGACAGGACACACACAAGATGCCTATTTTTAAACAG
TCCTGGTCTGATTTGTTCAAGAAGTGTACAAGTGATGAGGAACAGAAGATGT
TGCAGTTTCTGATTGATCACAAGGATTCTGAAATTTTGAAGGCGTTTGTTTCA
GAGCGCTCTATTATGCTGCATGAAGAGTACATGAAATGGGAGTCTTATATGA
CCAGAAGGGCCAAGTATCATCGCTTGGCGGCAGATTTTGCTATGTTCTTGTC
TATTCTTACATCATTGATTGTTATTTTTTGCTTGGTGTATTCTATGTATCAGCT
TTTCAAAACTCCAGATGAGCATTCGGCTTATGACCCAGCAACCAAACCAAAG
CCCAAGACACAGGAAATTAAGACACTAAAGATTCGCACAGAAACAGGCGTG
CCTGCCACAGACCTGCAGCAGTCCGTGATGAAAAATGTTCAGCCAATTGAG
TTGTACTGTGAGGGTAATCTGGTTACTGACTGCTCAGCACTGGGTGTTTATG
ACAACTCCTACTTGGTACCTTTACATTTGTTTGAGTTTGATTTTGACACCATT
GTGCTGGGCGGGCGCCAGTATAGCAAGGCAGACTGTGAGAAGGTTGAGTT
TGAGCTCAGCGTCGGAGGGGACATGGTGTCGTCTGATGCCTGTCTGCTTCG
ACTCCCTTCGGGTCCCAAAGTTAGAAACATACTTCATTTGTTTACCAATGAAA
TTGAGCTCAAAAAGATGACCCAAATTACAGGAATTATGAATTCTCCACACCA
AGCACGTACTGTGTTTTTTGGCAGTTTTTTGACAGTTAAGAAATCCATTCTTA
CATCTGATGGGACTGTAATGCCTAATGTTTTGTCCTATGCGGCCCAGACCTC
ACGGGGTTACTGTGGAGCTGCAATTGTGGCCGGGTCTCCGGCTCGCATTAT
AGGCATACATTCCGCTGGAACTGGCTCAGTTGCTTTTTGTTCTCTGGTGTCC
AGAGACGCTTTGGAGCGGACCCTGCCTCAGAAACAAGGAAATGTGGTCCGT
TTGGATGATGATGTAAGAGTGTCTGTTCCGCGCCGTACCAAATTGGTTAAAT
CATTGGCCTACCCCATTTTCAAACCCGATTTTGGGCCAGCACCTCTGTCCCA
GTTTGACAAAAGATTGGCAGACGGCGTGAAACTTGATGAAGTTGTGTTTGCT
AAGCACACAGGAGACAAGGAGATCTCTGCACCTGACCAAAAGTGGCTGCTC
CGCGCAGCTCATGTTTATGCCCAGAAAGTCTTCTCCCGCATTGGGTTTGATA
ACCAGGCATTGACCGAGGAGGAGGCCATTTGCGGCATTCCTGGACTTGACA
AAATGGAACAAGACACTGCTCCGGGCTTACCCTATGCACAGCAGAACAAGA
GAAGAAAAGACATTTGTGACTTTGAGAAAGGCCAGTTAAAGGGGGCTGCTA
AGCTCCAGAAAGAGCGGTTTCTTAAAGGAGACTACTCCGATTTGGTCTATCA
ATCATTTCTAAAGGATGAAATTCGGCCACTTGAAAAAGTTAGGGCTGGCAAG
ACCCGGCTGATCGATGTGCCCCCGATGCCCCATGTGGTTGTCGGGCGGCA



 163

ACTCCTCGGCCGGTTTGTCTCCAAATTCCACGAAGCAAATGGATTTGAGATT
GGTTCTGCAATAGGATGTGACCCTGATGTGGATTGGACTCGGTTTGGCCTT
GAGCTCGAGCGGTATAGGTATGTTTATGCCTGTGACTATTCTCGGTTTGATG
CCAACCACGCTGCTGATGCTATGAGAGTTGTTCTCAACTATTTCTTCTCTGA
GGACCACGGGTTCGACCCTGGTGTACCCGCCTTCATCGAGTCTCTTATTGA
CTCGGTGCATGCTTATGAAGAGAAGAGATATAATATTTATGGAGGTTTACCC
TCTGGGTGTTCTTGCACCTCAATTTTGAATACTGTTTTGAATAATGTTTACATT
CTTGCAGCAATGATGAAGGCTTTTGAAAATTTTGAGCCTGATGATATTTTGGT
TTTATGCTATGGGGATGATTGCCTCATAGCCTCTGATTTGGAAATTGATTTTC
AGAAACTTGTCCCTGTCTTTGCAGATTTTGGGCAAGTTATTACTACTGCTGA
CAAGACTGACTTTTTTAAACTTACCACGCTTTCTGAGGTTACTTTTTTGAAGC
GTGCTTTTGTTCCTGACGGGGCGCTTTACAAGCCAGTTATGGATGTGAAGA
CCCTGGAAGCAATCCTCAGTTTCGTTCGCCCTGGTACACAGGCTGAGAAGC
TCCTCTCTGTTGCGCAGTTGGCCGGCCACTGCGAACCGGATGAGTATGAGC
ACCTGTTTCAGCCGTTTGAGGGGATGTATTACGTCCCTACTTGGCGTGACTT
GCGCCTCCAGTGGTTGATGAAGCTTGGATGCTAAACTTTTTTTTGGTTTTGTT
TTTCTTTGTTTTTCTTTTAATCTGTAGAGTTAAGATTTTTAGATTAAGAGTTTTT
TGGAATTAGATAAGAGTTTAGTGAGTAGTTTTGAGCAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAA 
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Appendix 5.  Ontario equine rhinitis A virus (ERAV/ON/05) polyprotein amino 
acid sequence.    
 
L 
MMAASKVYRVCEQTLLAGAVRMMDKFLQKRVVFVPHLDKQVRLTGLHNYDNTCWLNA 
 
 
LTQLTQILGIRLFDEHFGNRGLFTRKTIDWVSDQTGIKDLKSGAPPLVVVYKLWQHGHLD 
 
 
VGTMEKPRPITLWSGPKVCLSDMWACVSAKPGHAVFYLLTDEGWICIDDKKIYYETPEPD 
 
                            VP4 
DVLVFAPYDFESLGKDPPRLHQRYEKAFKKLSGAGTSTPTTGNQNMSGNSGSIVQNFYMQ 
 
          VP2 
QYQNSIDADLGDNVISPEGQGSNTSSSTSSSQSSGLGGWFSSLLNLGTKLLADKKTEETTNI 
 
 
EDRIETTVVGVTIINSQGSVGTTYCYSKPDSKAPSTVSDPVTRLGPTLSRHYTFKVGEWPHS 
 
 
QSHGHAWICPLPGDKLKKMGSFHEVVKAHHLVKNGWDVVVQVNASFAHSGALCVAAVP 
 
 
EYEHTHEKALKWSELEEPAYTYQQLSVFPHQLLNLRTNSSVHLVMPYIGPGPTTNLTLHN 
 
                  VP3  
PWTIVILILSELTGPGQTVPVTMSVAPIDAMVNGPLPNPEAPIRVVSVPESDSFMSSVPDNS 
 
 
TPLYPKVVVPPRQVPGRFTNFIDVAKQTYSFCSISGKPYFEVTNTSGDEPLFQMDVSLSAA 
 
 
ELHGTYVASLSSFFAQYRGSLNFNFIFTGAAATKAKFLVAFVPPHTAAPKTRDEAMACIHA 
 
 
VWDVGLNSAFSFNVPYSSPADFMAVYSAEATVVNVSGWLQVYALTALTSTDIAVNSKGRV 
 
               VP1 
LVAVSAGPDFSLRHPVDLPDKQVTNVGEDGEPGETEPRYALSPVDMHVHTDVSFLLDRFF 
 
 
DVETIELSNLTGSPTTHILNPFGSTAQLAWARLLNTCTYFFSNLELSIQFKFTTMPSSVEKG 
 
 
FVWVKWFPVGAPTKTTDAWQLEGGGNSVRIQKLAVAGLSPTVIFKIAGSRSQACGFNVPY 
 
 
TSMWRVVPVFYNGWGAPTKEKATYNWLPGAHFGSILLTSDAHDKGGCYLRYRFPRASM 
 
       2A               2B 
YCPRPIPPAFTRPADKTRHKFPTNINKQCTNYALLKLAGDVESNPGPTIFSKASADLNALS 
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TSLGELTGMLKDLKAKAETYSPFYKMAKMLFKLATLAVAAMRTKDPVVVVMLIADFGLE 
 
 
VFDTGFFFSYFQEKLQPYMKTIPGKVSDLVTDAATAAAQIPKGVYSFVSSFFETPEGVVEK 
 
  2C 
QVSLRTINDIFTLLKNSDWFIKTLVALKKWLVSWFKQEQQADDALYSELEKYPLYKLKLK 
 
 
EPDTQEEARQWFKDMQQRALAVKDKGLFSLLQIPLVNLPTSRPEPVVCVLRGASGQGKSY 
 
 
LANMMAQAISLLLTGKQNSVWSCPPDPTYFDGYNGQAVVIMDDLGQNPNGADFKYFCQ 
 
 
MVSTTAFVPPMAHLDDKGIPFTSPVVICTTNLHSSFTPITVSCPEALKRRFRFDVTVSAKP 
 
 
GFVRTVGSSQLLNLPLALKPAGLPPHPIFENDMPILNGQAVKLALSGVEVTAFELIEMILSE 
 
            3A 
VQNRQDTHKMPIFKQSWSDLFKKCTSDEEQKMLQFLIDHKDSEILKAFVSERSIMLHEEY 
 
                  3B(VPg)  
MKWESYMTRRAKYHRLAADFAMFLSILTSLIVIFCLVYSMYQLFKTPDEHSAYDPATKPK 
 
      3C 
PKTQEIKTLKIRTETGVPATDLQQSVMKNVQPIELYCEGNLVTDCSALGVYDNSYLVPLHL 
 
 
FEFDFDTIVLGGRQYSKADCEKVEFELSVGGDMVSSDACLLRLPSGPKVRNILHLFTNEIEL 
 
 
KKMTQITGIMNSPHQARTVFFGSFLTVKKSILTSDGTVMPNVLSYAAQTSRGYCGAAIVAG 
 
      3D 
SPARIIGIHSAGTGSVAFCSLVSRDALERTLPQKQGNVVRLDDDVRVSVPRRTKLVKSLAYP 
 
 
IFKPDFGPAPLSQFDKRLADGVKLDEVVFAKHTGDKEISAPDQKWLLRAAHVYAQKVFSR 
 
 
IGFDNQALTEEEAICGIPGLDKMEQDTAPGLPYAQQNKRRKDICDFEKGQLKGAAKLQKE 
 
 
RFLKGDYSDLVYQSFLKDEIRPLEKVRAGKTRLIDVPPMPHVVVGRQLLGRFVSKFHEANG 
 
 
FEIGSAIGCDPDVDWTRFGLELERYRYVYACDYSRFDANHAADAMRVVLNYFFSEDHGFD 
 
 
PGVPAFIESLIDSVHAYEEKRYNIYGGLPSGCSCTSILNTVLNNVYILAAMMKAFENFEPDD 
 
 
ILVLCYGDDCLIASDLEIDFQKLVPVFADFGQVITTADKTDFFKLTTLSEVTFLKRAFVPDG 
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ALYKPVMDVKTLEAILSFVRPGTQAEKLLSVAQLAGHCEPDEYEHLFQPFEGMYYVPTWR 
 
 
DLRLQWLMKLGC 
 


