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a b s t r a c t

Equine herpesvirus-1 is a cause of outbreaks of abortion and neurological disease. The pathogenesis of
both these diseases depends on establishment of viremia. An experiment was performed to determine
the protective efficacy of two commercially available vaccines used with an optimized 3-dose vacci-
nation regime: a modified-live viral (MLV) and a high antigen load killed vaccine licensed for abortion
control. The study design was a blinded, randomized challenge trial. Three groups of 8 yearling ponies
received one of three treatments: MLV vaccine (Rhinomune®, Boehringer Ingelheim Vetmedica, Inc.);
killed vaccine (Pneumabort-K®, Pfizer Animal Health); or a placebo (control group). Three vaccinations
were administered at intervals of 27 and 70 days followed by challenge infection 24 days later. Clinical
disease after challenge was significantly reduced in both vaccine groups; the reduction was greater in the
MLV vaccine group. Nasal shedding was reduced by at least 1–2 logs in both vaccine groups. The number
of days of viremia was significantly reduced in the killed vaccine group only. This study demonstrated
that both commercial vaccines significantly suppressed EHV-1 disease and nasal viral shedding, and one
vaccine suppressed days of viremia.

Published by Elsevier Ltd.

1. Introduction

Equine herpesvirus-1 (EHV-1) is a common infection of the
horse, with primary infection believed to occur in the first months
of life [1], typically leading to life-long latent infection in most
horses [2]. While primary and recrudescent infection can be sub-
clinical, or only cause moderate respiratory signs and pyrexia, it
can lead to sporadic cases or outbreaks of equine herpes myelopa-
thy (EHM), or can cause abortion outbreaks in mares during the last
trimester of pregnancy. Recent severe outbreaks of neurologic EHV-
1 (EHM) disease have been reported in North America, prompting
EHM’s recent designation by the USDA, as a potentially emerging
disease [3]. For all these reasons, vaccination is commonly practiced
in the western hemisphere horse industry in breeding mares and
horses that do not live in closed, isolated groups. However, the abil-
ity of current commercial vaccines to control the spread of EHV-1,
and particularly the occurrence of EHM, is limited [4].

Recent research has demonstrated that EHV-1 with a single
nucleotide polymorphism in the DNA polymerase gene (G2,254) is
more commonly isolated from horses suffering from EHM, than is
the alternate strain (A2,254) [5,6]. This strain is commonly referred
to as the neuropathogenic strain due to this association. In a series
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of experimental challenges using G2,254 and A2,254 strains, it has
been shown that G2,254 challenge infection results in higher levels of
viremia and occurrence of EHM [7,8], and that this single nucleotide
polymorphism alone is sufficient to cause the neurovirulent phe-
notype [9,10]. Studies of EHM are currently limited by the lack of a
suitable equine model of the disease, other than using horses ≥20
years of age [8]. While this model has utility, its basis is believed
to be increased susceptibility to EHM due to immunosenescence,
which limits its value for studies of vaccination and immunological
protection. While some studies in younger horses have reproduced
EHM [11], these models remain very inconsistent. For this reason,
investigators currently study the occurrence and magnitude of the
leukocyte-associated viremia that follows EHV-1 infection, which is
a pre-requisite for the development of EHM. This viremia has been
shown to be more extensive after infection with neuropathogenic
EHV-1 strains [7] and in EHM cases [8].

The value and limitations of current commercial vaccines are
widely recognized, and were extensively reviewed in 2006 [12].
While antibody responses to EHV-1 vaccines have been shown to
contribute to protection, particularly against respiratory disease,
they have not been associated with protection against abortion
or EHM. To date, only MHC I restricted cytotoxic T-lymphocyte
precursor (CTLp) frequency has been shown to predict protection
against these more serious consequences of EHV-1 [8,13]. Unfor-
tunately, CTLp frequency measurement is difficult and extremely
laborious to perform, and effectively impractical for use in large
vaccination trials. For these reasons, vaccination comparisons are
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still frequently dependent on measuring antibody responses to
compare treatments, using serum neutralization titers [14,15],
or more recently antibody subclass responses to EHV-1 [16,17].
Killed EHV-1 vaccines are well known to generate antibody
responses, although the level of antibody response varies signifi-
cantly between vaccines [18]. Vaccines licensed only for protection
against respiratory disease typically have lower antigen content
and generate low titered serum neutralizing antibody responses.
Two vaccines licensed for protection against abortion in North
America, Pneumabort-K® (Pfizer Animal Health, New York, NY) and
ProdigyTM (Intervet Schering-Plough Animal Health, Kenilworth,
NJ), have as much as five times the antigen content of their respi-
ratory vaccine counterparts. Both vaccines generate much higher
antibody responses to vaccination together with an antigen-recall
IFN-! response [18]. For these reasons, when EHV-1 vaccination is
deemed appropriate for horses in North America, independent of
their breeding status, it is recommended that amongst the killed
vaccine products those licensed for abortion should be preferred
[19]. There is a single modified-live virus (MLV) vaccine available in
North America called Rhinomune® (Boehringer Ingelheim Vetmed-
ica, Inc., St. Joseph, MO). The Rhinomune® vaccine was assessed
in comparison to a respiratory EHV-1 killed vaccine in a study by
Goodman et al. published in 2006 [17], and was shown to pro-
vide significant clinical protection and protection against nasal viral
shedding, but no protection against viremia; the killed product had
no significant protective effects. In that study, the Rhinomune®

vaccine was administered to unvaccinated horses using a 2-dose
priming regimen as recommended by the manufacturer. It is rec-
ognized that in naïve horses, many commercial products perform
better after 3-dose priming regimens, with the third dose given 2–3
months or more after the second dose [19,20]. This typically gen-
erates a strong anamnestic response with high amplitude antibody
levels.

In the study described here we compared Rhinomune® with
Pneumabort-K® as examples of an EHV-1 MLV vaccine and a high
antigen load killed vaccine, using a 3-dose priming regimen in
unvaccinated ponies. We studied clinical and virological protec-
tion, with a particular focus on quantitation of viremia given its
critical role in the pathogenesis of EHM. The challenge used a
recent EHV-1 isolate from a large outbreak of EHM [21] which
expresses the G2,254 genotype. The primary goal of the study
was to conduct a blinded, formally randomized, controlled chal-
lenge study to determine whether an optimal vaccination regimen
using the most potent killed and MLV EHV-1 vaccines available
in North America provided protection against challenge infection.
The secondary goal was to complete a detailed characterization
of circulating antibody responses to EHV-1 after vaccination and
infection.

2. Materials and methods

2.1. Experimental animals

Twenty-four mixed-breed ponies, 12 females and 12 males, with
no history of EHV-1 exposure or vaccination were used for this
experiment. Ponies were 11–13 months old at the start of the study
(Day 0 of the experiment), although they were acquired from a sin-
gle source 4 months before the study to allow for acclimatization,
establishment of EHV-1 seronegative status, and implantation of
identifying microchips. Throughout the study ponies were group
housed at a separate location from other equids. The ponies were
fed twice a day with a diet of hay and pelleted concentrate. The
maintenance and experimental protocols followed the animal care
guidelines of the Animal Care and Use Committee, Colorado State
University.

2.2. Equine herpesvirus-1 virus strain

This experiment used EHV-1, strain Findlay OH03 [17,21] which
is also known as Ky T953 [8]. The virus was generously provided by
Dr. Klaus Osterrieder, Cornell University, NY. This strain’s ORF 30
genotype is G2,254 [5]. The virus was propagated in equine dermal
cells (ATCC CCL-57).

2.3. Experimental design: vaccination and challenge infection

The study was designed as a blinded, formally randomized,
controlled challenge study. Ponies were identified by implanting
an electronic microchip (Lifechip, Destron Fearing Digital Angel
Corp, Saint Paul, MN) in the nuchal ligament, and were assigned
to one of 3 groups (n = 8 in each group) using a random number
generator (Random Generator for Microsoft Excel®, Microsoft Cor-
poration, USA). The individuals who performed the randomization
were the same as those who prepared and administered the vac-
cinations, and they were not involved in any further component
of the study. Laboratory staff and personnel performing challenge
and post-challenge clinical observations and laboratory staff were
blinded to group assignments until all analyses were complete.
The groups included a control group, a modified-live virus (MLV)
vaccine group that was vaccinated with Rhinomune® (Boehringer
Ingelheim Vetmedica, Inc., St. Joseph, Mo) which is derived from
the Rac-H strain [22], and a killed vaccine group that was vacci-
nated with Pneumabort-K® (Pfizer Animal Health, New York, NY),
which contains EHV-1 1P and 1B strains [23].

Ponies were vaccinated on three occasions by intramuscular
injection, on Day 0 (V1), 27 (V2) and 97 (V3) of the experiment. Vac-
cines were prepared according to the manufacturer’s instructions,
and administered into the musculature of the left neck. The con-
trol group was injected with a saline placebo in the same way. All
ponies were challenge infected on Day 121 (Ch) of the experiment,
by intranasal instillation of 5 × 107 PFU of Findlay OH03 in 4 ml of
saline using a 20 ml syringe attached to a short length (∼12 cm)
of tubing with an atomizer on the end. This enabled an aerosol to
be generated, leading to deposition of virus on the nasopharyngeal
mucosa.

2.4. Clinical data and sample collection

Physical examinations were conducted throughout the experi-
ment at all sample collection times and following each vaccination
day for 3 days, or until any adverse responses to vaccination
resolved. For evaluation of clinical disease a clinical score was
determined (described in Table 1), by checking for the presence of
clinical signs including: cough, fever (rectal temperature >38.6 ◦C),
nasal discharge, respiratory distress, anorexia and depression. All
horses were also examined for other evidence of neurologic disease
including ataxia and weakness, but as these were not detected in
any pony during the study they were not used in determining the
clinical score.

Blood for preparation of serum was collected by jugular
venipuncture into serum separator tubes (Becton Dickinson,
Franklin Lakes, NJ) on Days −15, 0, 27, 55, 84, 97, 111, 118, 129, 136,
and 143 of the study. Serum samples were aliquoted and stored at
−20 ◦C until further analysis. Blood for detection of viremia and
nasal swab samples for detection of virus shedding were collected
the day prior to challenge infection, and daily on the Days 1–14, 16,
18 and 21 after challenge infection. No samples were collected on
the actual day of challenge infection. Nasal swabs were collected
using DacronTM swabs (Baxter Healthcare Corporation, McGaw
Park, IL). Swabs were stored in 1 ml of virus transport medium (PBS
containing 800 U ml−1 penicillin/streptomycin, 200 U ml−1 gen-
tamicin, and 100 U ml−1 nystatin), at −80 ◦C. Blood for detection
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Table 1
Clinical scores were determined for each pony at the time of each physical examina-
tion by adding the total number of points generated by the presence of these clinical
signs of disease.

Clinical sign Description Score

Pyrexia Rectal temperature ≥ 38.6 ◦C 1
Depression Lethargic responses to handling 1
Anorexia Not eating 1
Coughing No cough 0

Coughing once on tracheal palpation 0.5
Coughing < 3 times spontaneously 1
Coughing ≥ 3 times spontaneously 2

Nasal discharge No discharge 0
Serous discharge 0.5
Mucopurulent discharge 1
Profuse mucopurulent discharge 2

Dyspnoea No dyspnoea (≤36 breaths/min) 0
Mild dyspnoea (>36 breaths/min) 0.5
Severe dyspnoea (>36 breaths/min and
additional signsa)

1

a Extension of the head and neck, increased movement of the thoracic and abdom-
inal wall plus dilation of the nostrils and abduction of the elbows.

of viremia was collected by jugular venipuncture into heparinized
tubes.

2.5. Detection of nasal viral shedding

Viral DNA in nasal swab samples was isolated using the Qiamp
DNA blood minikit (Qiagen, Inc., Valencia, CA) and protocol. To
determine nasal viral shedding, viral DNA load was determined by
real-time PCR assay that used specific primers and a specific probe
recognizing glycoprotein B of EHV-1 as previously described [24].

2.6. Detection of cell associated viremia

For detection of viremia, PBMCs were isolated from heparinized
blood using density gradient centrifugation over Histopaque-1077
(Sigma, St. Louis, MO). Viral and cellular DNA was isolated using
the Qiamp DNA blood minikit (Qiagen, Inc., Valencia, CA). Viral
load was determined by real-time PCR assay that used a probe
recognizing the nucleotide sequence specific for glycoprotein B
of EHV-1 as previously described [24], and "-actin was measured
as a housekeeping gene. For detection of "-actin we used primer
and probe sequences described previously [25]. Viral load was
expressed as the log of EHV-1 gB DNA copies/106 "-actin copies.
As for viral nasal shedding, we have previously shown that deter-
mination of viral DNA using this real-time assay closely resembles
results obtained using conventional virus isolation assays for
detection of viremia [24].

2.7. Antibody responses to EHV-1

All pre- and post-infection sera were tested for antibodies in a
virus serum neutralization (SN) assay following standard methods
[26]. Briefly, sera were serially diluted, incubated with EHV-1 and
equine dermal cells. After 72 h of incubation monolayers of cells in
each serum dilution were evaluated for cytopathic effect, and the
highest dilution without cytopathic effect was reported as a titer.

Antibody responses were also independently evaluated using a
kinetic ELISA. For this procedure, EHV-1 antigen was prepared as
follows. EHV-1 was grown on RK13 cells until complete cytopathic
effect developed (1–3 days). Cellular debris was cleared by low
speed centrifugation, and then virus was pelleted by high speed
centrifugation, and the virus re-suspended in Tris-buffered saline
(200 mM NaCl, 2.6 mM KCl, 20 mM MgCl2, 1.8 mM CaCl2, 10 mM
Tris–HCl: pH 7.5). The viral preparation was layered onto a dis-

continuous sucrose gradient (30, 40 and 50% sucrose), and after
high speed centrifugation, virus was harvested from the 40/50%
boundary. Microtiter plates (MaxiSorb, Nalge Nunc Int., Rochester,
NY) were coated with EHV-1 virus antigen in a final concentration
of 5 #g/ml in carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3,
pH 9.6) and incubated at 4 ◦C overnight. Plates were washed five
times with phosphate buffer (2.5 mM NaH2PO4, 7.5 mM Na2HPO4,
145 mM NaCl, 0.1% (v/v) Tween 20, pH 7.2). Horse serum samples,
EHV-1 positive and negative control sera were diluted 1:200 in
phosphate buffer and incubated for 1 h at 37 ◦C. For background
control, phosphate buffer was added. After five washes, cell culture
supernatants of monoclonal antibodies (Mab) recognizing equine
IgG isotypes were added to the plate in a dilution of 1:20 and
incubated for 1 h at 37 ◦C. Six monoclonal antibodies were used in
parallel: CVS39, CVS40 and CVS45 recognize equine IgGb, IgG(T)
and IgGa, respectively [27], anti-IgG6-267 recognizing IgGc, anti-
IgG3-159 and anti-IgG5-416 (Wagner et al., unpublished). IgG3
and IgG5 represent the two isotypes of the IgG(T) fraction of the
horse [28]. After another washing step, a peroxidase conjugated
goat anti-mouse IgG(H + L) antibody (Jackson ImmunoResearch,
West Grove, PA) was added to each well in a dilution of 1:20,000
in phosphate buffer and incubated for 30 min at room tempera-
ture. Plates were washed once more and substrate solution was
added containing 130 #g/ml 3,3′,5,5′-tetramethylbenzidine and
0.01% (v/v) hydrogen peroxide freshly added to substrate buffer
(33.3 mM citric acid, 66.7 mM NaH2PO4, pH 5.0). Kinetic plate reads
were obtained at 45, 90 and 135 s after the addition of substrate
in an ELISA reader (ELx808, Biotek Instruments Inc., Winooski, VT)
at 630 nm absorbance. The three measurements created a linear
curve and a slope value for each sample and IgG isotype. The slope
value was multiplied by 1000 for data presentation. IgG isotype
values for the different treatment groups were calculated as means
and SEM for each sampling date.

2.8. Statistical methods

Statistical analyses were performed using SAS version 9.1 (SAS
Institute, Cary, NC). Mean and standard error of the mean (SEM)
were calculated separately for the variables (temperature, clinical
score, viral nasal shedding, viremia and SN titers) for each group
for each day. The variables were analyzed separately using multi-
variable linear regression with generalized estimating equations
method (PROC GENMOD) to evaluate the significant differences
among the groups and the days. The analysis accounted for the
repeated measurements obtained from the same animal. ‘Fever’,
‘clinical score’ and ‘viremia’ were evaluated as dichotomous data
(presence or absence of the condition), whereas ‘viral nasal shed-
ding’ and ‘SN titer’ were analyzed as continuous data. A cut-off for
fever was pre-set at ≥38.6 ◦C, and clinical score was considered
normal at ≤0.5. ‘Viral nasal shedding’ was considered negative with
≤10 gB copy numbers in the analyzed sample (5 #l template). A PCR
result for viremia was considered negative with ≤10 gB gene copies
in the analyzed sample (5 #l template). Logistic regression with
generalized estimating equations method was used to evaluate the
differences in the dichotomized variables among the treatment
groups. Results were reported as odds ratios (OR), and an OR = 1
was not considered different from the control. The number of days
that the ponies were viremic, febrile or were shedding virus in
nasal swabs was each evaluated using Poisson regression analysis.
A critical alpha for all statistical analysis was set a priori at 0.05.

3. Results

3.1. Clinical signs

Adverse reactions were not identified in response to vaccination
among animals in the control group. In the killed vaccine group
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Fig. 1. Mean rectal temperature (a), clinical scores (b), viral nasal shedding (c), and viremia (d) post-challenge infection. Clinical scores were derived as described in Table 1.
Nasal shedding and viremia were measured by real-time PCR. Data are displayed as means (±SEM for temperature and clinical scores), n = 8 in each group; control group
-⃝-; MLV vaccine group -!- killed vaccine group -"-.

there were multiple adverse reactions to vaccination: after V1, two
ponies had local reactions on 1–2 days respectively; after V2, seven
ponies had local reactions on 3–13 days (median 4 days), and the
same seven ponies had systemic reactions (pyrexia: temperature
≥38.6 ◦C) on 1–2 days (median 2 days); after V3, 4 ponies had local
reactions on 1–3 days (median 0.5 days). In the MLV vaccine group,
one pony had a local reaction (soft tissue swelling at the vaccina-
tion site) on the first day after V1, but there were no other adverse
reactions to vaccination.

Prior to challenge infection signs of clinical disease were absent
in all ponies. After challenge infection all ponies in all groups were
pyrexic on Day 1 post-challenge (PC), and pyrexia was detected
until Day 9 PC. Temperatures were normally distributed, and mean
temperatures of the three groups are shown in Fig. 1a. In the control
group, the mean temperature was elevated (pyrexic) from Days 1
to 5 PC, and again on Day 7 PC. Ponies in the killed vaccine group
were pyrexic from Days 1 to 7 PC, while the MLV vaccine group
were pyrexic on Days 1–2, and 6 PC. Analysis with linear regres-
sion demonstrated that the average temperature of horses varied
over time after the experimental challenge (P = 0.008). Controlling
for differences among study day (day of measurement) the MLV
vaccine group had significantly lower average temperatures than
both the control group and the killed vaccine group (P < 0.001);
the average temperatures for the control group were not different
than those of the killed vaccine group (P = 0.59). Specifically, the
MLV group had lower average temperatures than the killed vac-
cine group on Days 3–5, and 7 PC (P < 0.05), and the MLV vaccine
group had significantly lower average temperatures than the con-
trol group on Days 2–5, and 7 PC. When rectal temperature were
analyzed as dichotomous data (fever vs. no fever), and controlling
for differences associated with day of measurement, the odds of
being febrile were 3 times lower for the MLV group compared to
the control group (OR = 3.2, 95%CI = 2.0–5.0; P < 0.001) or the killed
vaccine group (OR = 3.0, 95%CI = 2.0–4.6, P < 0.001). There was not
a statistically detectable difference between horses in the killed
vaccine and the control groups (P = 0.9).

Mean clinical scores were elevated (>0.5) among horses in the
control group for 14 days post-challenge (Fig. 1b), and were sig-
nificantly higher than for horses in both vaccine groups (killed
vaccine group P < 0.001; MLV vaccine group P < 0.001), and the clin-
ical scores for the MLV vaccine group were significantly lower than
in the killed vaccine group (P < 0.001). When the data from the
14 days post-challenge infection was analyzed as a dichotomous
variable (clinical score >0.5 vs. ≤0.5), on any given day horses in
the control group were on average about 13 times more likely to
have an elevated clinical score compared to horses in the MLV
vaccine group (OR = 13.3, 95%CI = 6.8–26.2, P < 0.001) and about 3
times more likely compared to horses in the killed vaccine group
(OR = 3.3, 95%CI = 1.6–6.6, P < 0.001). Similarly, horses in the killed
vaccine group were on average about 4 times more likely to have an
elevated clinical score on any given day when compared to horses
in the MLV vaccine group (OR = 4.0, 95%CI = 2.2–7.4, P < 0.001).

3.2. Nasal viral shedding

Nasal viral shedding is shown in Fig. 1c, and demonstrates that
in the control group nasal shedding was detected from Days 1 to 16
PC. The number of positive nasal swabs was 83 in the control group,
55 in the killed vaccine group, and 37 in the MLV vaccine group.
The data was not normally distributed so it was log10 transformed
prior to statistical analysis. As expected, viral shedding varied over
time after experimental challenge (P = 0.03). Controlling for study
day (post-challenge day of measurement), the average viral titer
detected in nasal swabs post-challenge was significantly lower in
both the killed and MLV vaccine groups compared to the control
group (P < 0.001). There was no detectable difference in viral shed-
ding between the two vaccine groups (P = 0.20). When analyzed
as a dichotomous (yes/no) variable, horses in the control group
were 1.5 times more likely to shed virus compared to horses in
the killed vaccine group (OR = 1.5, 95%CI = 1.2–1.9, P = 0.02) and
about 2 times more likely to shed virus compared with the MLV
group (OR = 2.2, 95%CI = 1.89–2.86, P < 0.001). Similarly, in this anal-
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ysis, there was no statistical difference between the vaccine groups
(OR = 1.5, 95%CI = 1.1–2.1, P = 0.06).

3.3. Viremia

Viremia is shown in Fig. 1d, and demonstrates that in the con-
trol group viremia was detected from Days 5 to 9 PC. In total,
viremia was detected in the control group on 13 days (6 differ-
ent ponies were viremic), ponies in the killed vaccine group were
viremic on 3 days (2 different ponies were viremic), and ponies in
the MLV vaccine group were viremic on 5 days (4 different ponies
were viremic). Analyzing the number of viremic days using Pois-
son regression, horses in the control group were about 4 times more
likely to be viremic on any day (RR = 4.3, 95%CI = 1.2–14.3, P = 0.02)
when compared to horses in the killed vaccine group, and about 2.6
times more likely to be viremic on any day (RR = 2.6, 95%CI = 0.9–7.1,
P = 0.07) when compared to horses in the MLV vaccine group. There
was no detectable difference in the likelihood of viremia between
the two vaccine groups (OR = 1.7, 95%CI = 0.4–7.0, P = 0.49).

3.4. Serological responses

Serum neutralization titers are depicted in Fig. 2; they are dis-
played after log transformation in order to allow for responses to
vaccination to be compared clearly. The data was not normally
distributed, and was therefore log transformed prior to analy-
sis. Mean responses (±SEM) for each group for individual time
points, together with results of statistical analyses are presented
in Table 2.

As expected, average antibody titers were not different among
the study groups prior to the first vaccination (P > 0.5), titers
increased significantly from baseline after vaccination (P < 0.001),
titers varied significantly across the different days post-vaccination
and post-challenge (P = 0.004). Controlling for study day (day of
measurement), horses in both vaccination groups had significantly

Fig. 2. Equine herpesvirus-1 serum neutralization titers log10 throughout the course
of the study. Vaccinations 1 (Day 0), 2 (Day 27) and 3 (Day 97) are V1, V2 and V3,
respectively. Challenge infection (Ch) was on Day 121. Data are displayed as means,
n = 8 in each group; control group -⃝-; MLV vaccine group -!- killed vaccine group
-"-.

higher average SN titers when compared to the control group
(P < 0.001). When the two vaccination groups were compared to
each other, SN titers in the killed vaccine group were significantly
higher than in the MLV vaccine group (P < 0.0004). When individ-
ual time points were compared, the killed vaccine group SN titers
were significantly higher than the MLV vaccine group titers at all
time points from Day 27 (27 days post-V1) until and including Day
96 (V3); after that time point there were no significant differences
between SN titers in the vaccine groups.

The kinetic ELISA data are shown in Fig. 3. Antibody responses
to EHV-1 of the IgG1 (IgGa) subclass, identified by Mab CVS45,
were apparent after vaccination with either the MLV or killed vac-
cine, and after challenge infection in all three groups. The pattern
of IgGa (IgG1) response differed from SN titer responses in that

Table 2
Serum neutralization titers for the control, MLV vaccine and killed vaccine groups. Titers are given as (mean ± SEM), and as a range. V1, V2 and V3 represent first, second and
third vaccination, respectively.

Control group MLV vaccine group killed vaccine group

D 0 (pre-V1 titer) 5 ± 1
1: 2–8

5 ± 1
1: 4–8

6 ± 1
1: 2–8

D 27 (pre-V2 titer) 6 ± 2a,b

1: 2–16
15 ± 3a,c

1: 4–32
59 ± 17b,c

1: 8–128

D 57 (post-V2 + 1 month) 16 ± 7a,b

1: 2–64
168 ± 34a,c

1: 64–256
448 ± 94b,c

1: 256–1024

D 87 (post-V2 + 2-month) 15 ± 3a,b

1: 4–32
62 ± 16a,c

1: 16–128
192 ± 24b,c

1: 128–256

D 97 (pre-V3 titer) 20 ± 4a,b

1: 8–32
82 ± 28a,c

1: 16–256
240 ± 45b,c

1: 128–512

D 110 (post-V3 + 14 days) 16 ± 3a,b

1: 4–32
1088 ± 151a

1: 512–2048
1280 ± 237b

1: 512–2048

D 121 (pre-infection titer) 15 ± 3
1: 4–32

848 ± 207a

1: 128–2048
1408 ± 251b

1: 512–2048

Day 128 (Day 7 PC) 7 ± 2a,b

1: 4–16
1408 ± 251a

1: 512–2048
3008 ± 868b

1: 512–8192

Day 135 (Day 14 PC) 960 ± 179a,b

1: 512–2048
7168 ± 1642a

1: 2048–16,348
6656 ± 750b

1: 4096–8192

Day 142 (Day 21 PC) 2016 ± 518a,b

1: 256–4096
7680 ± 1435a

1: 4096–16,348
7680 ± 1435b

1: 4096–16,384

a Mean serum titer was significantly different between control and MLV vaccine groups on this day.
b Mean serum titer was significantly different between control and killed vaccine groups on this day.
c Mean serum titer was significantly different between MLV and killed vaccine groups on this day.
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Fig. 3. Kinetic ELISA IgG subclass anti-EHV-1 antibody responses throughout the course of the study: (a) IgGa (IgG1); (b) IgG(T) (IgG3/5); (c) IgGb (IgG4/7); (d) IgG3; (e) IgGc
(IgG6); (f) IgG5. Vaccinations 1 (Day 0), 2 (Day 27) and 3 (Day 97) are V1, V2 and V3, respectively. Challenge infection (Ch) was on Day 121. Data are displayed as means ± SEM,
n = 8 in each group; control group -⃝-; MLV vaccine group -!- killed vaccine group -"-.

responses to vaccination and challenge were shorter lived in all
instances. The IgGb (IgG4/7) responses, identified by Mab CVS39,
largely paralleled the pattern of SN responses to both vaccination
and infection. The IgGc (IgG6) responses, identified by Mab 267,
were of very low amplitude, as demonstrated by the low slope
values, but responses to vaccination and infection were apparent.
The IgG(T) (IgG3/5) responses, identified by Mab CVS40, differed
from all other antibody response patterns. Pre-existing anti-EHV-
1 IgG(T) antibody responses were detectable in all groups. These
increased after V1 in both vaccination groups (although to a greater
degree in the killed vaccine group), but then remained relatively
stable in both vaccine groups with minor changes on administra-
tion of V2 and V3; there was little detectable response to challenge
infection. In the control group, the pre-existing anti-EHV-1 IgG(T)
antibodies declined prior to challenge. Then, there was a marked
response to challenge infection, with titers rising to the levels of
the vaccine groups. When the two individual subclasses (IgG3 and
IgG5) that make up the older subclass designation (IgG(T)) were
individually analyzed, it was clear that IgG5 responses, identi-
fied by Mab 416, closely paralleled the IgG(T) responses detected
by Mab CVS40. In contrast, IgG3 responses, detected by Mab
159, were markedly different and most closely paralleled IgG1
responses.

4. Discussion

This trial demonstrated that both the MLV and the killed vac-
cine provided some measure of protection, in a blinded, formally
randomized, controlled challenge study used to evaluate EHV-1
vaccination. Trials of this design have very rarely been conducted
for EHV-1 in the horse, and there are few reports that may meet
these criteria in the literature [17]. In selecting vaccines for test-
ing, we chose examples of the most efficacious and widely used
commercial MLV and killed vaccines in use today. The results are
positive in that there was evidence of protection in terms of reduc-
tion of adverse clinical signs and viral shedding after challenge,
but disappointing in that these sequelae still developed despite an
optimized vaccination regimen and challenge at the peak of the
resulting immune responses. Importantly, this study showed for
the first time that viremia can be reduced by commercially avail-
able vaccines, in the case of the killed (Pneumabort-K®) vaccine,
something that has previously only been reported for experimental
vaccines [29,30].

Clinical signs of disease in the control group ponies after
challenge infection were consistent with previous reports
[14,16,17,30–32], with a biphasic fever. The first fever spike
occurred in parallel with nasal viral shedding, and the second
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fever spike was associated with the development of viremia. Both
vaccines produced some reduction in the temperature elevations,
although these were limited in the case of the killed vaccine and
the MLV vaccine was significantly superior to the killed vaccine
in reducing pyrexia after challenge infection. When clinical disease
was evaluated using a clinical score, both vaccines reduced the signs
of disease, but this reduction was significantly greater in the MLV
group, with the MLV vaccine determined to 3.4 times more likely
to reduce clinical disease than the killed vaccine.

Nasal viral shedding was detectable in control group ponies for
up to 16 days after challenge infection. This is considerably longer
that what has been reported in most other studies using real-time
PCR viral detection where viral shedding typically ended after 7
days [17,24,30], although Brosnahan et al. [11] did report nasal
shedding for 14–21 days in a similar experiment but using EHV-
1 Ab4 challenge strain. When individual pony nasal shedding in
this study are examined, 8/8 control ponies were still shedding on
Day 7 PC, and this number had only fallen to 5/8 on Day 10 PC, 2/8
on Day 14 PC, and finally 1/8 on Day 16 PC. This result may indi-
cate differences in assay performance, but may be more consistent
with a higher severity of this challenge infection. Only the study of
Goodman et al. [17] used the same challenge strain, with its recently
demonstrated pathogenicity in a naturally occurring outbreak [21],
and that study used a lower challenge dose (5 × 106 PFU). Both vac-
cination treatments resulted in a significant reduction in nasal viral
shedding, with no statistical difference between the MLV and the
killed vaccine, although shedding showed a trend to end sooner in
the MLV vaccine group. This result differs from the study of Good-
man et al. [17] in that we observed more days and an increased
amount of viral shedding in the MLV (Rhinomune®) vaccine group.
Direct comparisons cannot be safely made, as our study was con-
ducted in ponies and Goodman’s in horses, and the real-time PCR
tests differ in some respects. However, it may be the case that the
higher challenge dose in our study may account for the increased
shedding even in the MLV vaccine group despite our more exten-
sive vaccination regime. Anther difference in this study is that our
killed vaccine regime did reduce nasal viral shedding, unlike the
study of Goodman et al. [17]. This is likely to have been a result
of both the choice of a more antigenically potent killed vaccine
(Pneumabort-K®) and the vaccination regime. The reductions in
viral shedding that were observed were of the order of 1–2 logs or
more during the period of maximal shedding from Days 1 to 5 PC.
While this is impressive, it is notable that shedding still occurred in
the vaccinated ponies, and at levels that are likely to be sufficient
to represent a threat of spread of contagion.

These observations of clinical disease and nasal viral shedding
are of particular interest when discussed in the context of SN anti-
body responses, which were clearly high in both vaccine groups at
the time of challenge, and significantly higher in the killed vaccine
group prior to V3. There have been a number of studies that have
shown a correlation between SN antibody responses to killed vac-
cines and reduced nasal viral shedding [14,15,17,32]. In this study
both vaccines generated significant SN titers, although these were
significantly higher in the killed vaccine group through Day 97.
However, after administration of V3, SN titers increased to simi-
lar levels in both vaccine groups, and this was their condition at
the time of challenge. This result is consistent with the similar per-
formance of both vaccines in reducing nasal viral shedding and,
therefore, with prior reports. The similar antibody responses to vac-
cination at the time of challenge suggest that this form of immunity
cannot fully explain the better performance of the MLV vaccine in
controlling clinical signs of disease. Protective immunity to EHV-1
is understood to depend on circulating (humoral) and mucosal anti-
body responses in addition to CTL responses [12]. Because the size
of this study it was impractical to study CTLp due to both logistical
and financial considerations, but the implications of these observa-

tions are that the MLV vaccination stimulated protective immune
responses beyond those measured by SN titers.

During this study we took the opportunity to determine EHV-1-
specific IgG subclass responses using a kinetic ELISA and antibodies
recognizing the original IgG subclass designations (IgGa, IgGb, IgGc
and IgG(T)) [33], and the more contemporary IgG1-7 nomencla-
ture based on the IgG heavy chain gene loci [28,34]. In the case
of IgGa and IgGc, because these subclasses are encoded by a sin-
gle gene locus, they correspond to IgG1 and IgG6, respectively. In
the case of IgGb, two heavy chain loci encode this form of anti-
body, but there are no antibodies that currently can differentiate
them. However, the CVS 39 Mab recognizes both of the products
that make up IgGb. In the case of IgG(T), two heavy chain loci
encode this form of antibody, namely IgG3 and IgG5, and there
are individual antibodies that recognize these gene products and
these responses were measured independently in this study. How-
ever, the CVS 40 Mab recognizes both of the products that make
up IgG(T), and this response was also studied. Antibody responses
to EHV-1 vaccination in the IgGa (IgG1) and IgGb (IgG4 and 7)
subclasses showed strong similarity to SN titer responses, with
the IgGb subclass response most closely following the SN pattern.
This is consistent with prior observations, reviewed by Goodman
et al. [17], that IgGa and IgGb subclass responses are most closely
correlated with protection from microbial and viral infection. The
responses to the killed vaccine were greater than those to the MLV
vaccine in this assay system. Responses in the IgGc (IgG6) subclass
were of a very low amplitude, although they were recorded for both
vaccines and challenge; the role of IgGc, which is a minor equine
IgG subclass, has not been defined in any condition. For IgG(T), it
was notable that there was a pre-existing titer in all pony groups,
despite the fact that SN titers were negligible at this time point;
the highest titer in any individual pony was 1:8. This suggests that
IgG(T) responses do not contribute substantially to SN titers or to
protective humoral immunity to EHV-1. There was an apparent
response to V1 in both vaccine groups, and possibly some min-
imal response to additional vaccinations and challenge, but of a
low amplitude. Interestingly, in the control group, the pre-existing
EHV-1-specific IgG(T) antibody titer fell towards zero by the time
of challenge infection, when it rose again to the levels seen in the
vaccinated groups at this time. The cause of the pre-vaccination
IgG(T) titers is unknown, although they are likely directed against
a non-neutralizing EHV-1 epitope(s). When IgG(T) responses were
further dissected using the IgG3 and IgG5 subclass specific antibod-
ies, it was clear that there were great similarities between the IgG(T)
and IgG5 responses, suggesting that the IgG(T) response predomi-
nantly consists of the IgG5 antibody. There was no similarity to IgG3
responses, suggesting that this form of IgG is produced indepen-
dently of IgG5, and with greater similarity to IgGa (IgG1) behavior.
Clearly, further investigation of the behavior of IgG subclasses rec-
ognized by antibodies directed against the IgG heavy chain loci is
needed. It has previously been hypothesized that the IgGb/IgG(T)
ratio may predict protection from EHV-1 infection [17]. In this case
there was little difference between these ratios for the MLV and
killed vaccine groups (data not shown), but this may be consistent
with the fact that both vaccines provided similar level of protection
at least from virological outcomes.

In the control group ponies viremia was recorded between Days
5 and 9 PC, consistent with other studies using real-time PCR viral
detection [17,24,30]. When days of viremia were analyzed, the
killed vaccine showed a significant decrease (P = 0.02) compared to
controls, while the MLV vaccine did not (P = 0.07); there was no dif-
ference between the vaccines when they were directly compared.
The significant decrease in viremia in the killed vaccine group, and
a similar trend in the MLV vaccine group, is a unique observation
in commercially available vaccines. Such an effect might be pro-
posed to be more likely to depend on a cellular immune response
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than on humoral immunity, as EHV-1 viremia is cell associated, and
unlikely to be susceptible to antibody-mediated responses [35,36].
While this study did not examine cellular responses, we have previ-
ously demonstrated that vaccination with three doses of this killed
vaccine (Pneumabort-K®) does lead to an IFN-! response [18], indi-
cating that even killed vaccines when appropriately adjuvanted
and delivered may stimulate components of the equine immune
system other than antibody. In this regard, it is notable that a simi-
lar killed high antigen load vaccine, Duvaxyn® (Fort Dodge Animal
Health Europe, Naarden, The Netherlands), has been reported to
reduce the incidence of abortion after EHV-1 challenge [14], an out-
come normally associated with cellular immunity [13]. It is also
notable that another MLV vaccine has been described that pro-
tected against viremia while also preventing abortion in pregnant
mares [29,37]. This temperature sensitive, intra-nasally adminis-
tered vaccine unfortunately led to viral shedding and viremia after
vaccination and safety concerns currently limit its use.

Vaccine reactions were commonly observed after administra-
tion of the V2 dose of the killed vaccine, 27 days after V1, and
included local reactions and systemic signs of pyrexia. Adverse
reactions were considerably reduced after V3, given more than
2-month later. The un-adjuvanted MLV did not cause any conse-
quential adverse reactions. The reactions associated with the killed
vaccine are disadvantageous, and are reported in practice. They
may be minimized by administration deep into major muscle bod-
ies, such as the semi-membranosus and semi-tendinosus muscles
of the hind limb.

This study is the largest blinded, formally randomized, con-
trolled challenge study of commercial EHV-1 vaccines described
to date. It used an optimized vaccination regime, and a challenge
infection delivered at a time when post-vaccination immunity can
be estimated to have been at a peak. While significant signs of clin-
ical and virological protection by vaccination were detected, it is
arguable whether they were satisfactory in this circumstance, as
protection is likely to wane in the months following vaccination.
It is true that the challenge model was severe, but the shedding of
virus that occurred in the vaccination groups was of a magnitude
that would likely represent a risk of contagion in the experience of
these investigators. Both the vaccines studied here offer some level
of protection in this challenge model, although neither completely
prevented viremia, and the risk of EHM or abortion that can follow.
Clearly there is a need for further research and development of
more effective EHV-1 vaccines. In the meantime, products such as
the MLV vaccine and high antigen load killed vaccine described here
must be combined with biosecurity measures in order to attempt
control of this important equine disease [4].
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