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ABSTRACT Equine herpesvirus type 1 (EHV-1) outbreaks continue to occur despite
widely used vaccination. Therefore, development of EHV-1 vaccines providing im-
proved immunity and protection is ongoing. Here, an open reading frame 2 deletion
mutant of the neuropathogenic EHV-1 strain Ab4 (Ab4ΔORF2) was tested as a vac-
cine candidate. Three groups of horses (n � 8 each) were infected intranasally with
Ab4ΔORF2 or the parent Ab4 virus or were kept as noninfected controls. Horses in-
fected with Ab4ΔORF2 had reduced fever and nasal virus shedding compared to
those infected with Ab4 but mounted similar adaptive immunity dominated by anti-
body responses. Nine months after the initial infection, all horses were challenged
intranasally with Ab4. Previously noninfected horses (control/Ab4) displayed clinical
signs, shed large amounts of virus, and developed cell-associated viremia. In con-
trast, 5/8 or 3/8 horses previously infected with Ab4ΔORF2 or Ab4, respectively,
were fully protected from challenge infection as indicated by the absence of fever,
clinical disease, nasal virus shedding, and viremia. All of these outcomes were signifi-
cantly reduced in the remaining, partially protected 3/8 (Ab4ΔORF2/Ab4) and 5/8
(Ab4/Ab4) horses. Protected horses had EHV-1-specific IgG4/7 antibodies prior to
challenge infection, and intranasal antibodies increased rapidly postchallenge. Intra-
nasal inflammatory markers were not detectable in protected horses but quickly in-
creased in control/Ab4 horses during the first week after infection. Overall, our data
suggest that preexisting nasal IgG4/7 antibodies neutralize EHV-1, prevent viral en-
try, and thereby protect from disease, viral shedding, and cell-associated viremia. In
conclusion, improved protection from challenge infection emphasizes further evalua-
tion of Ab4ΔORF2 as a vaccine candidate.

IMPORTANCE Nasal equine herpesvirus type 1 (EHV-1) shedding is essential for virus
transmission during outbreaks. Cell-associated viremia is a prerequisite for the most
severe disease outcomes, abortion and equine herpesvirus myeloencephalopathy
(EHM). Thus, protection from viremia is considered essential for preventing EHM.
Ab4ΔORF2 vaccination prevented EHV-1 challenge virus replication in the upper re-
spiratory tract in fully protected horses. Consequently, these neither shed virus nor
developed cell-associated viremia. Protection from virus shedding and viremia dur-
ing challenge infection in combination with reduced virulence at the time of vacci-
nation emphasizes ORF2 deletion as a promising modification for generating an im-
proved EHV-1 vaccine. During this challenge infection, full protection was linked to
preexisting local and systemic EHV-1-specific antibodies combined with rapidly in-
creasing intranasal IgG4/7 antibodies and lack of nasal type I interferon and chemo-
kine induction. These host immune parameters may constitute markers of protection
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against EHV-1 and be utilized as indicators for improved vaccine development and
informed vaccination strategies.

KEYWORDS equine herpesvirus, immunization, infectious disease, neutralizing
antibodies

Equine herpesvirus type 1 (EHV-1) is prevalent in horse populations worldwide and
has significant health, welfare, and economic impacts (1, 2). Current vaccines do not

provide complete protection from EHV-1 infection and disease, especially against the
neurologic manifestation, equine herpesvirus myeloencephalopathy (EHM) (3–5). Out-
breaks of EHV-1 and EHM occur despite widely used vaccination (6, 7). Consequently,
new vaccine candidates for protection from EHV-1 infection and disease have been
studied (8–10), and various immune parameters have been explored in horses in an
attempt to elucidate protective immunity against EHV-1.

Most reports on vaccination and protection against EHV-1 focused on systemic
immunity (3–5, 10, 11). Commonly, serum neutralizing (SN) antibodies were used to
evaluate EHV-1-specific host immune responses. Increases in SN titers were induced in
response to most vaccines within 1 month after initial vaccination or boost (4, 12, 13).
A reduction in severity of clinical signs and nasal shedding was commonly observed
after vaccination (3, 5, 13–15). However, full protection from EHV-1-induced disease,
including virus shedding and cell-associated viremia was only achieved in a few
vaccinated horses, and EHV-1 SN antibodies or seroconversion did not predict protec-
tion in these trials (3, 14, 15).

More recent studies characterized the host immune mechanisms after EHV-1 infec-
tion or vaccination in more detail by differentiation of EHV-1-specific antibody isotypes
and evaluation of antibody responses against different glycoprotein antigens of the
virus (3–5, 16). These reports consistently identified EHV-1-specific, short-lived immu-
noglobulin G1 (IgG1) and longer-lasting IgG4/7 as major systemic antibody responses
induced by different EHV-1 vaccines and vaccination regimes. In contrast, EHV-1
vaccination induced IgG3/5 or IgG6 inconsistently and to a lesser degree than the
aforementioned IgG isotypes (3–5). IgG1 and IgG4/7 specific for EHV-1 envelope
glycoproteins C and D (gC and gD, respectively) also dominated the host immune
response after vaccination with an inactivated vaccine, and the glycoprotein-specific
IgG4/7 antibodies correlated highly with EHV-1 SN titers (17). Experimental infection
with EHV-1 strain Ab4 likewise induced serum antibody responses against gB, gC, and
gD with IgG4/7 antibodies carrying the long-lasting adaptive immunity (18, 19).

In addition to antibody responses, EHV-1-specific T cells are considered important
for protection from cell-associated viremia and EHM pathogenesis (1, 5, 20–23). The
induction of EHV-1-specific interferon-� (IFN-�)-secreting T cells in the circulation was
observed after vaccination and infection, typically occurring after antibody responses
were detected, and T cell responses were often transient (5, 17, 18, 24–27). Neverthe-
less, repeated exposure to EHV-1 stimulated the expansion of T cells in some ap-
proaches, although T cell frequencies in the circulation remained low (5, 17, 26, 27).

Local immunity at the site of EHV-1 entry, the upper respiratory tract, is critical for
early immune recognition, induction of adaptive immunity, and consequently, protec-
tion from disease (28) but has only been analyzed sporadically (12, 29, 30). Recently, we
demonstrated the induction of EHV-1-specific IgG1 and IgG4/7 isotypes in nasal secre-
tions after experimental EHV-1 Ab4 infections of susceptible horses, while only small
amounts of EHV-1-specific IgG3/5, IgG6, and IgA were produced (18, 19). In addition,
interferon-� (IFN-�) and inflammatory mediators, such as CC chemokine motif ligand 2
(CCL2) and soluble CD14 (sCD14), were rapidly upregulated at the viral entry site after
EHV-1 infection, and IFN-� secretion highly correlated with nasal shedding of infectious
virus (18, 19). Nevertheless, local immunity against EHV-1 is likely complex and has only
been evaluated recently in protected horses. After intranasal challenge with Ab4,
protection from clinical disease, virus shedding, and cell-associated viremia were highly
correlated with preexisting and rapidly increasing intranasal EHV-1-specific IgG4/7
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antibody amounts and with the absence of nasal IFN-� and inflammatory mediator
induction. These observations suggested neutralization of EHV-1 by antibodies in the
upper respiratory tract (31).

Due to the medical and economic impact of EHV-1, vaccine development for EHV-1
is ongoing. Different modified live virus (MLV) vaccines were explored, because these
mimic EHV-1 infection more closely and were expected to provide improved protection
against EHV-1 compared to inactivated vaccines (3, 4, 32). Many MLV vaccines are based
on attenuated EHV-1 strains to improve safety. Attenuations often involved loss of
genes that constituted virulence factors of EHV-1. For example, the MLV vaccine strain
RacH is devoid of open reading frame 1 (ORF1), ORF2, and ORF67, and in addition, other
genes are mutated relative to virulent viruses. The RacH strain is used in the EHV-1 MLVs
commercially available in the United States and Europe (Rhinomune [Boehringer
Ingelheim] and Prevaccinol [MSD Tiergesundheit], respectively). In experimental infec-
tion studies of horses, deletions of ORF1/2, ORF1/71, or ORF2 of the neuropathogenic
EHV-1 strain Ab4 led to reduction of clinical disease and viral shedding, confirming
ORF1 and ORF2 as virulence factors (18, 19, 33). The current EHV-1 strain Ab4 contains
intact genes of most known virulence factors, in contrast to the attenuated MLV strain
RacH (34).

Here, we further explored an ORF2 deletion mutant of Ab4 (Ab4ΔORF2) as a vaccine
candidate for EHV-1, focusing on the protective effects of this single gene deletion.
Nine months prior to this study, horses were experimentally infected with the vaccine
candidate Ab4ΔORF2 or the parent Ab4 virus (19). Infection with Ab4ΔORF2 resulted in
reduced virulence evident by reduction of fever and virus shedding compared to Ab4.
EHV-1-specific antibodies in serum and nasal secretions were similarly induced by
infection with Ab4ΔORF2 or Ab4. While EHV-1-specific antibodies remained high for
several months after infection, neither Ab4ΔORF2 nor Ab4 induced substantial amounts
of EHV-1-specific T cells in peripheral blood of the horses (19). Reduced virulence in
combination with high immunogenicity suggested that Ab4ΔORF2 could be a prom-
ising vaccine candidate.

In the present study, all horses enrolled in our earlier report (19) were challenged
with neuropathogenic EHV-1 Ab4 to further evaluate the vaccine candidate Ab4ΔORF2
and to characterize preexisting immunity correlating with protection against EHV-1 and
host immune markers that can distinguish protected horses from those that are
susceptible to EHV-1 infection.

RESULTS
Previous infection with Ab4�ORF2 protects from clinical disease, virus shed-

ding, and cell-associated viremia after challenge with EHV-1 Ab4. A total of 24
adult Icelandic horses were challenged by intranasal infection with the neuropatho-
genic EHV-1 strain Ab4. Nine months prior to the challenge infection performed here,
the horses were infected intranasally with the vaccine candidate Ab4ΔORF2 or the
parent Ab4 virus or served as noninfected controls (n � 8 per group). At the time of
initial infection, horses in the two virus-infected groups were fully susceptible to EHV-1
infection, while the control group did not show any signs of infection, as previously
described (19) and summarized in Table S1 in the Supplemental Material. This resulted
in three experimental challenge groups: (i) Ab4ΔORF2/Ab4, (ii) Ab4/Ab4, and (iii)
control/Ab4.

Intranasal Ab4 challenge infection of horses in the control/Ab4 group induced
characteristic signs of respiratory EHV-1 infection with a high fever at 36 to 84 hours
postinfection (p.i.) (Fig. 1A) and increased respiratory signs within the first week p.i. as
indicated by clinical scores (Fig. 1B). One horse in the control/Ab4 group also exhibited
mild hind limb ataxia on days 4 and 5 p.i. (neurologic score 2/5) without loss of tail or
anal tone. Signs of EHM resolved in this horse without treatment by day 6 p.i. All horses
in the control/Ab4 group shed infectious virus peaking on day 2 p.i. in their nasal
secretions as detected by virus isolation (Fig. 1C). Cell-associated viremia was detected
in peripheral blood mononuclear cells (PBMC) from infected horses in the control/Ab4
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group between days 5 and 9 p.i. or days 4 and 8 p.i. by virus isolation (Fig. 1D) or
real-time PCR (Fig. 1E), respectively.

After Ab4 challenge, body temperatures (Fig. 1A) and clinical scores (Fig. 1B) did not
change in the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups. Nasal EHV-1 shedding was mark-
edly reduced in horses in the previously infected groups, with the highest virus
amounts detected on day 1 p.i. (Fig. 1C). In fact, 7/8 horses in the Ab4ΔORF2/Ab4 and
5/8 in the Ab4/Ab4 group did not shed any infectious virus in their nasal secretions
(Table 1). Likewise, previous infection protected most horses from cell-associated
viremia after EHV-1 challenge (Fig. 1D and E).

Overall, 5/8 horses in the Ab4ΔORF2/Ab4 and 3/8 in the Ab4/Ab4 groups did not
develop any fever, clinical disease, nasal EHV-1 shedding, and cell-associated viremia

FIG 1 Clinical disease and virus detection after EHV-1 challenge infection. A total of 24 horses were challenged intranasally
with 1 � 107 PFU neuropathogenic EHV-1 Ab4 on day 0 (arrows). Nine months prior to challenge, these horses were initially
infected intranasally with Ab4ΔORF2 (n � 8) or Ab4 (n � 8) or kept as controls without infection (n � 8). (A) Body
temperature; (B) clinical score (range, 0 to 22) calculated as the sum of numerical scores for nasal discharge, ocular
discharge, lymph node enlargement, ataxia, depression, and reduced appetite; (C) virus shedding (PFU/ml) in nasal
secretions detected by virus isolation; (D) viremia detected by virus isolation in PBMC; (E) viremia detected by real-time PCR
and shown as cycle threshold (CT) values. Mean and standard errors are plotted for each group. Dotted horizontal lines
represent a cutoff of fever at 38.5°C (A), EHV-1 detection at 9 PFU (D), or 37.38 CT (E). Significant differences between groups
are marked as a (control/Ab4 versus Ab4ΔORF2/Ab4) and b (control/Ab4 versus Ab4/Ab4).
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after challenge infection with EHV-1 Ab4 (Table 1) and were thus fully protected from
EHV-1 infection. The remaining 3/8 (Ab4ΔORF2/Ab4) and 5/8 (Ab4/Ab4) horses only
developed a mild fever or shed small amounts of EHV-1 in their nasal secretions and/or
developed mild viremia for 1 to 3 days. These 8 horses were considered partially
protected. None of the 16 horses in the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups showed
any depression or signs of respiratory or neurologic disease. Horses in these two groups
are referred to as protected groups from here on.

Inflammatory mediator secretion in the upper respiratory tract in response to
EHV-1 infection. EHV-1 infection of susceptible horses in the control/Ab4 group
resulted in the rapid increase of a number of inflammatory cytokines and chemokines
in nasal secretions (Fig. 2). These included sCD14 with highest concentrations on days
3 to 4 p.i. (Fig. 2A), IFN-� (Fig. 2B) and IFN-� which peaked on day 3 p.i. (Fig. 2C), and
also anti-inflammatory interleukin-10 (IL-10) with a peak on day 4 p.i. (Fig. 2D). IL-4 and
IL-17 were not secreted into nasal secretions in response to EHV-1 infection (data not
shown). In addition, CC motif chemokine ligands (CCL) were detected in nasal secre-
tions of the control/Ab4 group. CCL2 and CCL3 were undetectable prior to infection;
they were first detected on day 2 p.i., reached highest concentrations on day 3 p.i., and
returned to baseline thereafter (Fig. 2E and F). CCL11 was detectable in very low
concentrations before infection and was increased on days 3 to 6 p.i. On day 7 p.i. and
afterward, CCL11 concentrations returned to baseline (Fig. 2G). In contrast, CCL5 was
present in low concentrations in nasal secretions before infection and displayed
wave-like increases with highest concentrations on days 6 and 9 p.i. in the control/Ab4
group (Fig. 2H).

In the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups, challenge infection did not induce
upregulation of intranasal sCD14, IFN-�, IFN-�, CCL2, CCL3, or CCL11. Horses in the

TABLE 1 Protection of horses based on body temperature, nasal shedding of infectious virus, and cell-associated viremia after challenge
infection with EHV-1a

Horse information Maximum feverb Maximum sheddingc Maximum viremiad

EHV-1 protection status ID Group °C Hours p.i. PFU/ml Day p.i. CT
e Day p.i.

Fully protected 1 Ab4ORF2/Ab4 No fever NA No shedding NA No viremia NA
8 Ab4ORF2/Ab4 No fever NA No shedding NA No viremia NA
14 Ab4ORF2/Ab4 No fever NA No shedding NA No viremia NA
18 Ab4ORF2/Ab4 No fever NA No shedding NA No viremia NA
23 Ab4ORF2/Ab4 No fever NA No shedding NA No viremia NA
6 Ab4/Ab4 No fever NA No shedding NA No viremia NA
11 Ab4/Ab4 No fever NA No shedding NA No viremia NA
24 Ab4/Ab4 No fever NA No shedding NA No viremia NA

Partially protected 2 Ab4ORF2/Ab4 No fever NA No shedding NA 36.96 8
12 Ab4ORF2/Ab4 38.9 NA No shedding NA No viremia NA
17 Ab4ORF2/Ab4 No fever NA 10 1 No viremia NA
4 Ab4/Ab4 No fever NA 30 1 35.82 6
10 Ab4/Ab4 No fever NA No shedding NA 36.96 7
13 Ab4/Ab4 No fever NA 140 2 No viremia NA
16 Ab4/Ab4 No fever NA 2,900 1 No viremia NA
21 Ab4/Ab4 No fever NA No shedding NA 30.20 8

Susceptible 3 Control/Ab4 41.2 36 19,500 3 31.25 6
5 Control/Ab4 41.4 48 700,000 2 30.43 4
7 Control/Ab4 41.1 60 29,500 2 30.13 6
9 Control/Ab4 40.9 48 8,000 2 35.43 8
15 Control/Ab4 41.6 48 240,000 2 33.71 5
19 Control/Ab4 41.3 36 7,550 3 32.59 6
20 Control/Ab4 41.4 48 52,500 2 31.32 7
22 Control/Ab4 41.2 36 28,000 2 32.89 8

aNA, not applicable.
bBody temperature �38.5°C considered a fever.
cVirus isolation in nasal secretion (PFU/ml).
dDetection by real-time PCR of EHV-1 gB in PBMC.
eCT, cycle threshold.
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FIG 2 Inflammatory mediators in nasal secretions after EHV-1 challenge infection. Three groups of horses (n � 8/group)
were challenged intranasally with neuropathogenic EHV-1 Ab4 (arrows). Control/Ab4 horses were susceptible at the time
of challenge, while horses in the previously infected Ab4ΔORF2/Ab4 and Ab4/Ab4 groups were protected from clinical
disease. Cytokines and chemokines were quantified in the nasal secretions of all horses using fluorescent bead-based
multiplex assays detecting sCD14 (A), IFN-� (B), IFN-� (C), IL-10 (D), CCL2 (E), CCL3 (F), CCL11 (G), and CCL5 (H). Mean and
standard errors are shown for each group. Significant differences between groups are marked as a (control/Ab4 versus
Ab4ΔORF2/Ab4), b (control/Ab4 versus Ab4/Ab4), and c (Ab4ΔORF2/Ab4 versus Ab4/Ab4).
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Ab4ΔORF2/Ab4 group displayed an early increase of nasal IL-10 secretion between days
1 and 3 p.i., which was higher than in the other two groups on days 1 to 2 p.i. (P � 0.05;
Fig. 2D). Horses in the Ab4ΔORF2/Ab4 group also upregulated intranasal CCL5 by day
3 p.i. and again on day 8 p.i., which resulted in higher CCL5 concentrations than in the
Ab4/Ab4 group on both days (P � 0.05; Fig. 2H). Horses in the Ab4/Ab4 group did not
display an increase of IL-10 in their nasal secretions, and CCL5 concentrations were only
increased on day 10 p.i. compared to preinfection but were still similar to those in nasal
secretions of the other groups.

Intranasal immunity in protected horses is characterized by immediate in-
creases of EHV-1-specific IgG4/7 antibodies. An EHV-1-specific multiplex assay was
used to measure antibody responses to the envelope glycoproteins gB, gC, and gD of
EHV-1. Antibody responses against all three glycoprotein targets were similar through-
out the study period, and thus, only anti-gC results are shown here. EHV-1-susceptible
horses in the control/Ab4 group did not have EHV-1-specific antibodies in their nasal
secretions prior to challenge infection with Ab4. After EHV-1 infection, antibodies
increased between days 2 and 10 p.i., decreased afterward, and were still detected at
day 31 p.i. (Fig. 3A). The early increase of intranasal EHV-1-specific antibodies consisted
predominantly of IgG1 (Fig. 3B) and IgG4/7 (Fig. 3C). IgG3/5 was increased early at small
amounts following Ab4 challenge (Fig. 3D). After day 10 p.i., EHV-1-specific IgG4/7
antibodies were maintained in the nasal secretions of the control/Ab4 group (Fig. 3C).
Nasal EHV-1-specific IgA was induced in small amounts and increased late, and only in
the control horses (Fig. 3E).

In contrast to the control/Ab4 group, protected horses (Ab4ΔORF2/Ab4 and Ab4/
Ab4) had preexisting intranasal EHV-1 gC-specific antibodies with a mean of 1,500 to
2,000 median fluorescent intensities (MFI) prior to Ab4 challenge infection (Fig. 3A).
After the Ab4 challenge infection, EHV-1-specific antibodies increased rapidly in the
nasal secretions of both protected groups. Within 1 day of infection, the Ab4ΔORF2/
Ab4 group had a 3- to 4-fold MFI increase in anti-gC total Ig and a 40- to 100-fold MFI
increase in IgG4/7 antibodies (Fig. 3C). Intranasal EHV-1-specific Ig and IgG4/7 antibod-
ies in the Ab4ΔORF2/Ab4 group were significantly greater than in the control/Ab4
group on days 1 to 3 p.i. (P � 0.01) and were also higher than in the Ab4/Ab4 group on
almost all of these days (P � 0.05) (Fig. 3A and C). Afterward, intranasal EHV-1 anti-gC
Ig and IgG4/7 antibody values in the Ab4ΔORF2/Ab4 group decreased until day 5 p.i.
and then fluctuated around 3,000 and 1,000 MFI, respectively, until the end of the study
(Fig. 3A and C). The Ab4/Ab4 group had a less pronounced increase in EHV-1 anti-gC
antibody values. These also consisted of IgG4/7, were different from control horses on
day 2 p.i. only (P � 0.05), and were similar to the Ab4ΔORF2/Ab4 group from day 4 p.i.
on (Fig. 3A and C). Intranasal EHV-1-specific IgG1, IgG3/5, and IgA antibodies were
present in the nasal secretions of the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups in small
amounts without major increases after challenge infection (Fig. 3B, D, and E).

Preexisting nasal anti-gC total Ig and IgG4/7 antibodies correlated with protection
from fever, clinical disease, nasal EHV-1 shedding, and cell-associated viremia (Table 2).

Preexisting IgG4/7 antibodies in serum correlate with protection from EHV-1
challenge. Horses in the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups had significantly higher
serum EHV-1-specific antibodies consisting of IgG4/7 (Fig. 4A and C) than control horses
(control/Ab4) before Ab4 challenge infection (P � 0.05). Both preexisting anti-gC total
Ig and IgG4/7 antibodies correlated highly with protection from fever, clinical disease,
nasal EHV-1 shedding, and cell-associated viremia (Table 2). After Ab4 challenge
infection, EHV-1-specific total Ig and IgG4/7 values remained unchanged for the first
10 days p.i., then increased between days 17 and 59 p.i., and declined slowly until day
200 p.i. (Fig. 4A and C). After day 59 p.i., the two protected groups had similar EHV-
specific serum Ig and IgG4/7 amounts as the control/Ab4 group. Anti-gC IgG1 was not
majorly elevated in the two protected groups (Fig. 4A). EHV-1-specific IgG3/5 (Fig. 4D)
and IgM (Fig. 4E) were present in serum at small amounts and similar in all groups.

In contrast, horses in the susceptible control/Ab4 group did not have detectable
EHV-1-specific antibodies in serum prior to EHV-1 challenge infection. After challenge,
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these horses seroconverted with EHV-1-specific Ig detected in serum starting on day
6 p.i. The highest anti-gC antibodies were reached on day 59 p.i. and then declined until
the end of the study on day 200 p.i. (Fig. 4A). Initially, large amounts of EHV-1-specific
IgG1 were induced in the control/Ab4 group (Fig. 4B), starting on day 7 p.i. and
detectable until day 59 p.i. EHV-1-specific IgG4/7 was first detected on day 8 p.i.,
mimicked overall anti-gC total Ig, and accounted for the long-lasting antibody re-
sponses until day 200 p.i., which was similar to the findings in protected horses
described above (Fig. 4C). The amounts of EHV-1-specific Ig and IgG4/7 antibodies in
the serum of the control/Ab4 group exceeded those in serum of previously infected
horses on days 17 to 59 p.i. (Ab4ΔORF2/Ab4, P � 0.01) or days 17 to 31 p.i. (Ab4/Ab4,
P � 0.05).

FIG 3 Anti-EHV-1 gC antibodies in nasal secretions before and after EHV-1 challenge infection. Three groups of horses (n � 8/group) were
challenged intranasally with 1 � 107 PFU of the neuropathogenic EHV-1 Ab4 on day 0 (arrows). EHV-1 gC-specific antibodies were
quantified in nasal secretions by fluorescent bead-based multiplex assays. Anti-gC total Ig (A), IgG1 (B), IgG4/7 (C), IgG3/5 (D), and IgA (E)
are shown as median fluorescent intensities (MFI). Mean and standard errors are plotted for each group. Significant differences between
groups are marked as a (control/Ab4 versus Ab4ΔORF2/Ab4), b (control/Ab4 versus Ab4/Ab4), and c (Ab4ΔORF2/Ab4 versus Ab4/Ab4).
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Cellular immune responses to EHV-1 challenge infection. Cytokine secretion and
EHV-1-specific T cells were evaluated using EHV-1 restimulation of PBMC in vitro. PBMC
from horses in the control/Ab4 group secreted IFN-� and IL-10 starting on day 5 p.i. (Fig.
5A and B), simultaneously with the onset of viremia (Fig. 1D and E). IFN-� secretion in
the control/Ab4 group was higher than that from previously infected horses in the
Ab4ΔORF2/Ab4 and Ab4/Ab4 groups on days 5, 6, and 8 p.i. (P � 0.001, Fig. 5A). IL-10
secretion peaked on days 5 and 6 p.i. (Fig. 5B) when it was higher than in horses of the
other two groups (P � 0.001). In contrast, IFN-� and IL-10 secretion from restimulated
PBMC was not induced or was very low in the Ab4ΔORF2/Ab4 and Ab4/Ab4 groups
(Fig. 5A and B). Horses in these protected groups also showed significantly reduced
cell-associated viremia (Fig. 1D and E) or did not develop viremia at all (Table 1). IFN-�
secretion from PBMC was induced by restimulation of PBMC at all time points and was
similar in all three groups (data not shown). IL-4 or IL-17 secretion was not detected in
any of the groups (data not shown).

Adaptive EHV-1-specific T cell responses were analyzed by flow cytometric detection
of IFN-� in peripheral lymphocytes. PBMC of most horses contained less than 0.05%
IFN-�-producing lymphocytes in response to EHV-1 in vitro throughout the study (Fig.
5C). Differences in peripheral EHV-1-specific T cell percentages were not observed
between the three groups, with the exception of higher numbers of preexisting
EHV-1-specific T cells in the Ab4/Ab4 group in comparison to the control/Ab4 group on
day 2 before challenge infection (P � 0.01).

DISCUSSION

In this report, we confirmed protection against EHV-1 challenge 9 months after
intranasal infection with the vaccine candidate Ab4ΔORF2 and characterized key
parameters of local and systemic immunity in EHV-1-susceptible and -protected horses.

Horses previously infected intranasally with Ab4ΔORF2 or the neuropathogenic
parent strain Ab4 were all protected from clinical disease when challenged with Ab4.
In addition, fully protected horses did not develop any fever, nasal virus shedding, or
viremia after challenge. Partially protected horses showed one or two of these EHV-1
infection parameters at significantly lower levels and shorter duration than EHV-1-
susceptible horses. In contrast, the magnitude and duration of fever, clinical signs, virus
shedding, and cell-associated viremia in the control/Ab4 group in the present study
resembled those of susceptible horses described previously (18, 19, 35). Most horses in
the Ab4ΔORF2/Ab4 group (5/8) and some in the Ab4/Ab4 group (3/8) were fully
protected against Ab4 challenge, suggesting that the ability of the Ab4ΔORF2 deletion
mutant virus to induce protective immunity is at least as good as protection provided
by infection with the virulent Ab4 parent virus. During initial infection, the Ab4ΔORF2
vaccine candidate displayed significantly reduced virulence as indicated by reduced

TABLE 2 Spearman-rank correlations of preexisting (day –2) anti-gC Ig and IgG4/7 antibodies in nasal secretion and serum with
protection from EHV-1 infection outcomes

Parameter Nasal anti-gC Ig Nasal anti-gC IgG4/7 Serum anti-gC Ig Serum anti-gC IgG4/7

Fevera R � –0.622 R � –0.539 R � –0.747 R � –0.767
P � 0.0012 P � 0.0065 P � 0.0001 P � 0.0001

Clinical diseaseb R � –0.443 R � –0.404 R � –0.482 R � –0.465
P � 0.0304 P � 0.0503 P � 0.0172 P � 0.0222

Virus sheddingc R � –0.806 R � –0.748 R � –0.816 R � –0.805
P � 0.0001 P � 0.0001 P � 0.0001 P � 0.0001

Cell-associated viremiad R � 0.670 R � 0.607 R � 0.759 R � 0.758
P � 0.0001 P � 0.0017 P � 0.0001 P � 0.0001

aBody temperature at 60 h p.i. (fever peak).
bClinical score on day 4 p.i.
cVirus isolation in nasal secretion (PFU) on day 2 p.i.
dEHV-1 real-time PCR for the gB gene (cycle threshold [CT]) in PBMC on day 5 pi.
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initial fever and low nasal shedding in horses infected with the deletion mutant virus
(19). Overall, these characteristics of attenuation, reduced virulence, and immunoge-
nicity in combination with the ability to generate robust protective immunity indicate
that Ab4ΔORF2 is a promising vaccine candidate and warrants further examination. For

FIG 4 Anti-EHV-1 gC antibodies in serum before and after Ab4 challenge infection in EHV-1-susceptible and -protected horses. A total of 24 horses were
challenged intranasally with neuropathogenic EHV-1 Ab4 (arrows). Horses in control/Ab4 were fully susceptible to EHV-1 infection. Horses in the previously
infected Ab4ΔORF2/Ab4 and Ab4/Ab4 group were protected from disease. EHV-1 gC-specific antibodies were quantified in serum by fluorescent bead-based
multiplex assays. Total Ig (A), IgG1 (B), IgG4/7 (C), IgG3/5 (D), and IgM (E) were measured and are shown as median fluorescent intensity (MFI). Mean and
standard errors are plotted for each group. Significant differences between groups are marked as a (control/Ab4 versus Ab4ΔORF2/Ab4) and b (control/Ab4
versus Ab4/Ab4).
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example, Ab4ΔORF2 could be tested for systemic inoculation to explore its potential of
induction of immunity and protection while circumventing nasal replication of the
virus. If used as an intranasal vaccine, future modifications of the Ab4ΔORF2 vaccine
candidate are needed for improving its safety to obtain an MLV vaccine that does not
provoke nasal shedding or result in cell-associated viremia after the initial vaccine
administration.

Immunity after EHV-1 vaccination is considered short-lasting (1). Challenge infec-
tions for several previously tested EHV-1 vaccines or vaccine candidates were per-

FIG 5 Cellular immune responses to EHV-1 infection. Three groups of horses (n � 8/group) challenged
intranasally with neuropathogenic EHV-1 Ab4 (day 0) 9 months after being noninfected controls
(control/Ab4), after primary intranasal infection with Ab4 devoid of open reading frame 2 (Ab4ΔORF2/
Ab4), or with Ab4 (Ab4/Ab4). PBMC were isolated and restimulated in vitro with EHV-1 (Ab4). Cytokine
production (A and B) was analyzed in supernatants using a fluorescent bead-based multiplex assay.
Secreted IFN-� (A) and IL-10 (B) are shown. EHV-1-stimulated PBMC were also fixed, stained for
intracellular IFN-�, and analyzed using flow cytometry. Total EHV-1-specific IFN-�-expressing lympho-
cytes are displayed (C). The dotted horizontal line (C) represents a cutoff of 0.1% IFN-�� lymphocytes.
PBMC controls kept in medium alone typically result in values below this cutoff value. All values (A to C)
are cell culture medium control corrected. Mean and standard errors are plotted. Significant differences
between groups are marked as a (control/Ab4 versus Ab4ΔORF2/Ab4) and b (control/Ab4 versus
Ab4/Ab4).
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formed after 3 months or less (3, 4, 8, 12–14, 36), and EHV-1 vaccination recommen-
dations were adjusted accordingly. For example, the American Association of Equine
Practitioners recommends vaccination against EHV-1 every 6 months (37). Here, we
challenged horses with EHV-1 9 months after initial intranasal infection with either Ab4
or the Ab4ΔORF2 vaccine candidate. We found that Ab4ΔORF2 provided similar or
better protection than the parent Ab4 strain and longer-lasting immunity than previ-
ously tested vaccines. However, most EHV vaccines are administered intramuscularly, in
contrast to the intranasal application of Ab4ΔORF2 prior to our challenge. Intranasal
application of Ab4ΔORF2 contributed to local immune development at the virus entry
site (19) and likely extended the duration of immunity and protection observed here.
Similarly, increased protective immunity after challenge was reported previously after
intranasal application of other EHV-1 vaccines or vaccine candidates (15, 38). However,
protection from viremia by the latter candidates was not achieved (15) or not verified
(38).

At the time of the Ab4 challenge, EHV-1-specific intranasal antibodies were still
detectable in the upper respiratory tract, and large amounts of serum IgG4/7 antibodies
were found in the circulation of protected horses. These preexisting antibodies origi-
nated from the prior infection with either Ab4ΔORF2 or Ab4 (19), suggesting the
induction of EHV-1-specific long-lived plasma cells that were continuously secreting
antibodies in both groups. At the time of Ab4 challenge, some of these plasma cells
may have homed and resided in the upper respiratory tissues, contributing to local
antibody levels in nasal secretions of protected horses. Alternatively, the serum EHV-
1-specific IgG4/7 pool may provide a constant source of antibodies that are transported
through the respiratory mucosa into the nasal secretion.

Mucosal antibodies are considered essential for neutralization of respiratory viruses
(38, 39). Here, preexisting intranasal EHV-1-specific IgG4/7 antibodies likely neutralized
EHV-1 immediately after intranasal challenge and thereby prevented infection of
respiratory epithelial cells and all downstream effects of EHV-1 infection, including
cell-associated viremia in fully protected horses. The inhibition of viral entry into
respiratory epithelial cells in fully protected horses was further supported by the
complete absence of detectable infectious virus in their nasal secretions 24 h p.i. and
afterward. It was also supported by the lack of antiviral IFN-� and inflammatory
mediator upregulation at the local infection site in the protected groups. These
intranasal immune markers provide danger signals in response to EHV-1 entry and
promote host immune induction in susceptible horses (18, 19). If viral entry is pre-
vented by preexisting neutralizing intranasal antibodies, innate immune induction
signals related to cellular infection are not induced. IFN-�, inflammatory cytokines, and
chemokines are consequently not secreted in horses that are fully protected against
EHV-1 as observed here and in a recent report by Perkins et al. (31). Although the lack
of EHV-1 entry in fully protected horses still needs to be experimentally confirmed and
directly shown, the evidence from this and the former study (31) strongly suggest a
robust potential of intranasal IgG4/7 antibodies to effectively neutralize EHV-1 at the
viral entry site and to prevent all outcomes of infection.

After Ab4 challenge infection of susceptible horses, intranasal EHV-1-specific anti-
body production started within a few days, increased slowly, and peaked by day 10 p.i.,
which was similar to previously reported local antibody induction by EHV-1 infection
(18, 19). In contrast, challenge infection of the protected groups resulted in an imme-
diate increase of EHV-1-specific antibodies in the upper respiratory tract. This suggested
that neutralized EHV-1, despite not entering local epithelial cells, was still immunogenic
and stimulated local EHV-1-specific memory B cells at the infection site to differentiate
into new antibody-producing plasma blasts. Alternatively, and as mentioned above, the
rapid increase in intranasal EHV-1-specific antibodies in protected horses possibly
originated from an active transport of preexisting circulating antibodies from serum.
During the first 3 days postchallenge, intranasal EHV-1-specific IgG4/7 responses in the
Ab4ΔORF2/Ab4 group were also higher than in the Ab4/Ab4 group, suggesting supe-
rior local immune stimulation in horses previously infected with Ab4ΔORF2.

Schnabel et al. Journal of Virology

November 2019 Volume 93 Issue 22 e01011-19 jvi.asm.org 12

https://jvi.asm.org


Overall, our data support the notion that preexisting intranasal EHV-1-specific
IgG4/7 antibodies together with rapidly increasing local IgG4/7 responses after EHV-1
challenge effectively prevent viral entry into cells of the respiratory epithelium. Most
likely, blocking viral entry prevented viral replication in the upper respiratory tract and
virus shedding. These protective properties emphasize the value of Ab4ΔORF2 as a
vaccine candidate that may be able to improve herd immunity. With increased numbers
of fully protected horses in the population, virus transmission from horse to horse
should become limited by the lack of susceptible hosts available. Maximizing the
number of fully protected horses in the horse population is thus invaluable for
improved immunity to convey prevention from EHV-1 infection and also for contain-
ment of EHV-1 during EHM outbreaks (28, 40, 41).

Cell-mediated immunity and EHV-1-specific cytotoxic T cells are considered impor-
tant for protection from EHM and abortion by controlling cell-associated viremia (1, 28,
42). Although systemic cellular immunity to EHV-1 did not fully protect horses from
experimental infection, it predicted protection from EHM in one study (23) or EHV-1-
induced abortion in another (21). Allen et al. (23) also showed a correlation of high
cytotoxic T lymphocyte precursor numbers with a low-magnitude EHV-1 viremia. More
recent EHV-1 infection studies of naive or susceptible horses indicated that peripheral
EHV-1-specific T cell responses overall are low and of slow onset (19, 43), similar to the
low peripheral T cell numbers induced here. Nevertheless, EHV-1-specific Th1 cells were
shown to support sustained IgG4/7 antibody production despite low numbers of these
cells being detected in peripheral blood (17). This suggests that EHV-1-specific T cells
reside mostly in lymphatic tissue and, even in fully protected horses, they occur in low
frequencies in peripheral blood. Peripheral EHV-1-specific T cells are thus difficult to
detect and cannot be considered a reliable marker of host immunity and protection.

Viremia is essential for infection of vascular endothelial cells in the spinal cord.
Vascular endothelial cell infection causes subsequent entry of EHV-1 into the central
nervous system, neuronal damage, and development of EHM (1, 23, 44, 45). Our present
study showed complete protection from EHV-1 infection in horses with low peripheral
EHV-1-specific T cell frequencies despite previous infection and effective immunity
against EHV-1. However, cellular immune responses may be critical to control EHV-1
infected cells, viremia, and severe clinical manifestations once the virus has established
cell-associated viremia. In contrast, antibodies at the local infection site neutralized
EHV-1, prevented infection of the respiratory epithelium, and thereby effectively pre-
vented or minimized viremia in the two protected groups. It can be concluded that
intranasal EHV-1-specific IgG4/7 antibodies, which protect against viral entry and/or
virus replication and, consequently, viremia, may also protect horses against EHM.

CONCLUSIONS

Intranasal infection with Ab4ΔORF2 or Ab4 9 months prior to EHV-1 challenge
protected the majority of horses from clinical disease, virus shedding, and cell-
associated viremia after challenge infection. The attenuated vaccine candidate Ab4ΔORF2
protected a higher number of horses completely from EHV-1 infection, clinical disease,
virus shedding, and viremia than infection with its parent strain Ab4. Improved pro-
tection was linked to a stronger, rapidly increasing nasal IgG4/7 response and the
absence of inflammatory mediator upregulation in the upper respiratory tract after
challenge. In contrast, EHV-1 infection of susceptible horses induced characteristic
patterns of secreted nasal antiviral and inflammatory mediators (IFN-�, IFN-�, sCD14,
CCL2, CCL3, CCL11) within a few days p.i. and simultaneously with virus shedding, while
intranasal EHV-1-specific IgG4/7 antibodies increased slowly. Preexisting EHV-1-specific
IgG4/7 antibodies in serum were found to be robust markers of protection from
challenge infection. Our data support EHV-1-specific IgG4/7 antibodies as valuable
biomarkers and correlates of protection for improving vaccination and management
strategies to limit EHV-1 outbreaks.
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MATERIALS AND METHODS
Horses, groups, and initial EHV-1 infection with Ab4 or Ab4�ORF2. A total of 24 horses from the

Cornell University herd of Icelandic horses with controlled EHV-1 status were enrolled in this study (11,
17). Nine months prior to the EHV-1 challenge infection study described here, all horses were randomly
assigned to three groups (n � 8) and were experimentally infected with EHV-1 Ab4/8 (46) or an ORF2
gene deletion mutant of Ab4ΔORF2 as previously described in detail (19). Briefly, one group was not
infected with EHV-1 (control). A second group was infected with the neuropathogenic EHV-1 strain Ab4/8
(47). The third group was infected with the new vaccine candidate Ab4ΔORF2 (48). Further details on the
horses and experimental groups are given in Table 3. During the initial infection with Ab4 or the
Ab4ΔORF2 vaccine candidate, the horses developed clinical disease, shed EHV-1 in their nasal secretion,
and developed viremia. However, Ab4ΔORF2 was less virulent than its parent Ab4 virus as shown by the
absence of the initial fever peak and significantly reduced EHV-1 shedding in the nasal secretions (19).
Immune induction was markedly similar between the Ab4ΔORF2 and Ab4 infected groups, confirming
the unmodified immunogenicity of the ORF2 deletion mutant virus (19).

After release from the initial EHV-1 infection and prior to the EHV-1 challenge infection described
here, all horses were kept on pasture, separated by group, at an isolated facility at Cornell University. The
horses had no contact with other horses in the United States prior to and for the duration of this study.
The facility had restricted access for people to avoid infection with common U.S. pathogens and to
maintain the controlled EHV-1 status of the Icelandic herd. Grass hay was fed ad libitum during the winter
months. Horses were vaccinated annually against rabies, tetanus, West Nile virus, and eastern and
western encephalitis virus and regularly dewormed as a group but were not vaccinated or treated
otherwise.

EHV-1 challenge infection. The EHV-1 challenge infection was performed 9 months after the initial
EHV-1 infection. All 24 horses were challenged by intranasal infection with 1 � 107 PFU of the neurogenic
strain Ab4/8 using a mucosal atomizer device (Wolfe Tory Medical, Salt Lake City, UT) as previously
described in detail (19). Challenge infection resulted in three experimental groups determined by the
initial infection: control/Ab4, Ab4ΔORF2/Ab4, and Ab4/Ab4 (Table 3). Two days prior to infection, all
horses were moved into one isolation barn with individual box stalls and one shared air space to
acclimate. Isolation and biosecurity precautions were performed as previously described (19) with the
exception of handling all horses as one group in this study. During the study, horses did not have any
nose-to-nose contact but were randomly assigned to stalls independent of their group. Horse handlers
did not change protective biosecurity clothing while sampling horses on a given day, with the only
exception being changing gloves after taking a nasal sample from one horse before going to the next
stall. Horses were released from the isolation barn after sampling on day 10 p.i. Horses in group
Ab4ΔORF2/Ab4 were kept on a separated pasture without contact with other horses. The other two
groups were housed together on the same pasture.

The experimental EHV-1 infection and all sample collections for this study were carried out in
accordance with the recommendation in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The animal protocol was approved by the Institutional Animal Care and Use
Committee at Cornell University (protocol 2011-0011). The study also followed the Guide for Care and
Use of Animals in Agricultural Research and Teaching. All efforts were made to minimize suffering of the
animals, for example, by short sedation. All horses survived and were kept at the facility at Cornell
University as research horses after the end of this experimental study.

Samples. Blood and nasopharyngeal secretion samples were obtained and processed as previously
described (19). Blood samples included heparinized samples for PBMC isolation and those without
anticoagulant for serum collection. Nasal swab samples were taken for virus isolation and to determine
soluble immune parameters in nasal secretions. Nasal swabs were transferred into a tube with 1 ml of
sterile phosphate-buffered saline (PBS) solution immediately after sampling. Baseline blood and nasal
secretion samples were taken 2 days before (day –2) and/or the day prior to EHV-1 challenge infection
(day –1). Afterward, blood and nasal secretion samples were taken daily for 10 days postchallenge
infection (days 1 to 10 p.i.) and on days 18, 31, 59, 80, and 108 p.i. Additional blood samples were taken
on days 140, 172, and 200 p.i.

Clinical evaluation. Clinical scoring was performed on day –2, day –1, immediately before EHV-1
challenge infection (day 0), and in the mornings of days 1 to 10 p.i. Clinical scoring, including gait
evaluation, was performed as previously described (19) according to the system described by Furr and
Reed (49). Body temperatures were taken at the same time points before samples were obtained and also
in the evenings of days 0 to 7 p.i. A fever was defined as a rectal temperature of �38.5°C. The clinicians

TABLE 3 Summary of the experimental groups

Group/horses Control/Ab4 Ab4�ORF2/Ab4 Ab4/Ab4

Initial infectiona,b Not infected Ab4ΔORF2 Ab4
Challenge infectionb Ab4 Ab4 Ab4
Horses (n) 8 per group 8 per group 8 per group
Sex 4 mares and 4 geldings per group 4 mares and 4 geldings per group 4 mares and 4 geldings per group
Median age (yrs) (range)c 3 (3–4) 4 (3–5) 4 (3–4)
aThe initial infection of the horses was described in detail by Schnabel et al. (19).
bIntranasal infection with 1 � 107 PFU.
cAge at challenge infection.
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taking samples and performing the scoring were not aware of the group assignments of the horses
during the prior initial EHV-1 infection.

PBMC isolation. PBMC were isolated from heparinized blood by density gradient centrifugation
(Ficoll-Paque Plus, GE Healthcare, Piscataway, NJ) within a few hours after blood collection as previously
described (19).

Cell-associated viremia. PCR was performed using PBMC to determine cell-associated viremia as
previously described (11, 19). PBMC aliquots of 9 � 106 cells were snap-frozen on each sampling day.
DNA from an equivalent of 3.42 � 105 snap-frozen PBMC per sample was used to determine viral
genome copy numbers by quantitative PCR targeting the gB gene (50). The quantitative PCR was
performed at the Animal Health Diagnostic Center at Cornell University.

Virus isolation from nasal secretions and PBMC. Virus isolation from nasal secretions and PBMC
was performed in a plaque assay to quantify shedding of infectious virus and viremia as previously
described in detail (18, 19). Virus isolation from nasal samples was determined as PFU/ml nasal secretion.
Viremia was determined as PFU/1 � 107 PBMC.

Quantification of EHV-1-specific antibodies in nasal secretions and serum. Antibodies specific for
EHV-1 gC, gD, and gB were measured by a fluorescent bead-based EHV-1 multiplex assay as previously
described (19). In brief, a monoclonal anti-IL-4 antibody (IL-4 monoclonal antibody [MAb] 25) was first
coupled to beads 35, 36, and 33 (Luminex Corp., Austin, TX) Beads 35, 36, and 33 were then incubated
with IL-4/gC, IL-4/gD, and IL-4/gB, respectively. The beads were then incubated with samples or assay
controls. Serum was diluted 1:400, and nasal secretion samples were measured undiluted. A polyclonal
biotinylated anti-IgG (H�L) detection antibody (Jackson Immunoresearch Laboratories, West Grove, PA)
followed by streptavidin-phycoerythrin (Invitrogen, Carlsbad, CA) was used to analyze total EHV-1-
specific antibodies. For isotyping, biotinylated monoclonal antibodies against IgG1, IgG1/3, IgG4/7,
IgG3/5, IgG6, IgA, and IgM were used (11, 17, 19). The assay was analyzed in a Luminex 200 analyzer
(Luminex Corp.), and antibody values were expressed as median fluorescence intensities (MFI). Antibody
patterns against EHV-1 gB, gC, and gD were highly similar to each other in this study and as previously
described (17, 19). Thus, only anti-gC antibody results are shown here.

Cellular in vitro restimulation assay. EHV-1 restimulation of PBMC was performed with the EHV-1
strain Ab4 at a multiplicity of infection (MOI) of 1 for 48 h as previously described in detail (5, 11, 17–19).

Cytokine and chemokine detection by multiplex assays. Nasal secretion samples and cell culture
supernatants from EHV-1 restimulated PBMC were evaluated using an equine cytokine multiplex assay
detecting IFN-�, IL-4, IL-10, IL-17, and IFN-� as previously described (51). The equine cytokine multiplex
assay is available through the Animal Health Diagnostic Center at Cornell University. IL-4, IL-10, and IFN-�
were reported in pg/ml, and IL-17 and IFN-� were reported as U/ml.

In addition, cytokines, CCL2, CCL3, CCL5, CCL11, and sCD14 in nasal secretion samples were
measured using an equine chemokine multiplex assay, based on monoclonal antibodies against equine
CCL2, CCL3, CCL5, and CCL11 (52), and an sCD14 assay (53). These intranasal mediators were reported
in pg/ml.

Flow cytometric analysis of EHV-1-specific T cells. Tri-color staining and flow cytometric evalua-
tion of EHV-1-specific T cells were performed as previously described (5, 19, 54, 55). Briefly, PBMC were
restimulated with EHV-1 ex vivo in the presence of brefeldin A to block cytokine secretion. Cells were
harvested, divided in aliquots, and triple stained for either cell surface CD4 and CD8 and intracellular
IFN-� production or intracellular IL-10, IL-4, and IL-17A. The cells were analyzed in a fluorescence-
activated cell sorter (FACS) Canto II flow cytometer (BD Biosciences, San Diego, CA). Using FlowJo
software version 10.2 (FlowJo LLC, Ashland, OR, USA), an analysis gate was set on the small lymphocytes.
Cells were analyzed for cytokine production. The percentages of EHV-1-specific IFN-� positive lympho-
cytes after restimulation were reduced by those of respective medium controls and evaluated as
previously described in detail (5, 11, 17–19). Due to the small percentages of IFN-�-positive lymphocytes,
a separate analysis of CD4- and CD8-positive IFN-�-producing cells was not performed. IL-4, IL-10, and
IL-17 expression above the respective medium controls was also not detected in any of the samples.

Statistical analysis. D’Agostino-Pearson normality tests indicated that values on most days were not
normally distributed. All clinical, viral, antibody, and cellular immune parameters were compared using
repeated-measure analyses of variance (ANOVAs) with Tukey’s post tests for multiple comparisons
between the three groups (control/Ab4, Ab4ΔORF2/Ab4, Ab4/Ab4). Clinical parameters and virus detec-
tion were analyzed until days 10 and 18 p.i., respectively (Fig. 1). Statistical analyses of the nasal
mediators (Fig. 2), nasal antibodies (Fig. 3), and secreted cytokines from restimulated PBMC (Fig. 5A and
B) were limited to day –2 to day 31 p.i. Correlations of prechallenge infection values of EHV-1 gC-specific
serum Ig with infection outcomes (fever, clinical disease, virus shedding, and viremia at the times these
reached peak values in infected horses) were analyzed using Spearman rank correlations. P values of
�0.05 were considered significant. The statistical analysis was performed, and graphs were created using
GraphPad Prism 7 for Mac OS X, version 7e.
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