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Abstract 

Equine herpesvirus type 1 (EHV-1) is a high morbidity and mortality virus that impacts horse populations worldwide. 
As a respiratory virus, it enters through the upper respiratory tract (URT), where mucosal immunity plays a crucial 
role in preventing severe disease. In this study, flow cytometry was used to characterize the nasal leukocyte popula-
tion during EHV-1 infection, and RNA sequencing of nasal secretions was employed to assess transcriptional markers 
of the mucosal immune response. Horses with distinct immune statuses were compared at four stages: pre-infection, 
early (day 1 and 3 post-infection [pi]), mid (days 8 and 10 pi) and late (day 18 pi) infection. Non-immune horses (n = 4), 
developed clinical signs, shed virus, and established viremia, whereas, immune horses (n = 4), possessing pre-existing 
immunity, showed no disease or detectable virus after EHV-1 infection. This comparison revealed differential expres-
sion of various T cell associated markers based on pre-existing immunity. In immune horses, upregulation of fewer 
genes occurred during early infection only, while in non-immune horses, a large number of genes were upregulated 
during mid and late infection. Collectively, these findings highlight a key role for mucosal T cells in mediating viral 
clearance and restoring homeostasis.
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Introduction
The airways are constantly exposed to environmen-
tal microbes, provide an entry site for many respira-
tory pathogens, and represent one of the body’s major 
mucosal surface areas for host immunity to prevent and 
regulate disease [1–4]. In mammals, the respiratory tract 
is divided into the upper respiratory tract (URT), which 
warms and humidifies air, and filters debris [5], and the 
lower respiratory tract (LRT), where oxygen exchange 
occurs [6, 7]. Respiratory viruses spread through several 
transmission routes, including direct contact, fomites, 

droplets, and aerosols [8]. Ease of transmission can allow 
for rapid spread within a population, complicating dis-
ease control efforts. The size of respiratory particles 
impacts the location of deposition, with larger particles 
depositing in the URT, and smaller particles reaching the 
LRT [9]. The URT serves as the primary entry site for 
many viruses and mucosal immunity at the URT is a cru-
cial first line of defense against infection, influencing dis-
ease severity, viral spread, and disease outcomes.

In previously exposed individuals, immune memory is 
established, and immune cells and components can home 
to mucosal tissues, enabling rapid localized protection 
upon re-exposure to respiratory viruses. Mucosal anti-
bodies (mucAbs), secreted by localized plasma cells, are 
transported to the mucosal surfaces to neutralize patho-
gens and block viral entry [10, 11]. Dimeric IgA and mon-
omeric IgG are the prominent mucosal isotypes and cross 
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the epithelium via polymeric immunoglobulin recep-
tors (pIgR) and neonatal Fc receptors (FcRn), respectively 
[12–16]. In humans, mucosal T cells are the predominant 
immune cell population in the epithelium, with an esti-
mated one intraepithelial T cell (T-IEL) for every nine 
epithelial cells, in healthy tissue [17]. These T cells can 
orchestrate immune responses by producing cytokines 
and chemokines or by eliminating virally infected cells 
through cytotoxic granule release. Together, mucAbs and 
T-IELs can effectively inhibit viral entry and replication, 
thereby limiting disease progression.

Similar to humans, horses experience seasonal respira-
tory viral outbreaks. Four genera of globally distributed 
viruses cause morbidity and mortality in equids: influ-
enza A viruses, arteritis viruses, enteroviruses, and her-
pesviruses [18]. Equine herpesvirus type-1 (EHV-1) is 
of particular concern due to the severity of clinical dis-
ease and its ability to establish latency. In non-immune 
horses, EHV-1 replicates in the URT during the early 
stage of infection, producing clinical signs such as fever, 
nasal and ocular discharge, lethargy, and depression [19]. 
As the infection progresses, immune cells in the URT 
may become infected, facilitating viral trafficking to the 
lymph nodes, and establishing a cell-associated viremia 
[20–24]. In some infected horses, viral replication in the 
vasculature can induce thrombo-ischemia in the central 
nervous system or placenta, causing neurological disease 
or abortion, respectively [25, 26].

EHV-1 immune horses have pre-existing mucAbs spe-
cific to the EHV-1 glycoproteins essential for cell entry, 
including glycoprotein B, C, and D (gB, gC, and gD) 
[27–29]. The mucAb response, dominated by IgG1 and 
IgG4/7, neutralizes cell-free virus, preventing viral entry 
at the primary site of infection and mitigating disease 
[27]. EHV-1 specific T cells can be recovered from the 
draining lymph nodes and peripheral blood of horses 
[30–36], but their presence in mucosal tissues remains 
uncertain. In healthy horses, CD4+ and CD8+ T cells, 
of likely multiple antigen-specificities, are the dominant 
immune cell population at the URT and can be visualized 
in the mucosa and submucosa by microscopy [37–39]. 
EHV-1 infection provokes an increase in leukocyte num-
bers and a shift in the T cell ratio towards an increase 
in CD8+ T cells [37]. Together this suggests a role for 
mucosal T cells in immunity after EHV-1 infection.

This study investigates the dynamics of mucosal 
immune responses following internasal challenge with 
EHV-1. Horses were classified as non-immune, if clinical 
disease and viral replication were detected, or immune, 
if pre-existing mucAb were present and clinical disease 
and viral replication were absent after challenge infec-
tion. Intranasal leukocyte populations were characterized 
in nasal washes by flow cytometric analysis, and nasal 

gene expression was analyzed by RNA sequencing (RNA-
seq) of nasal swab samples. This data provides insights 
into differences in mucosal immune responses based on 
immune status and time of infection, with a focus on 
mucosal T cell functions.

Materials and methods
EHV‑1 infection of horses
All samples were collected during an experimental 
EHV-1 infection, which has previously been described 
in detail [28]. In brief: horses were individually housed 
in stalls with no direct contact with other horses, and 
free access to water, salt blocks, and grass hay. They were 
intranasally challenged with 1 × 107 PFU neuropatho-
genic EHV-1 Ab4. The immune status of the horses as 
immune, partially immune, or non-immune was deter-
mined retrospectively, after analyzing all viral, clinical, 
and serological parameters after challenge infection as 
previously described [28]. Non-immune horses did not 
have pre-existing intranasal or systemic EHV-1 specific 
IgG4/7, developed fever after EHV-1 infection, shed high 
amounts of virus in their nasal secretions, and devel-
oped cell-associated viremia (Table 1, Additional file 1). 
All non-immune horses were previously infected with 
EHV-1 two or more years prior to this experimental chal-
lenge. Immune horses had pre-existing intranasal and 
systemic EHV-1 specific IgG4/7, no fever, and neither 
nasal viral shedding nor cell-associated viremia were 
detected (Table  1, Additional file  1). Partially immune 
horses had an intermediate phenotype without clinical 
signs and some low, short-lasting viral shedding and/or 
cell-associated viremia. Immune and partially immune 
horses were last infected with EHV-1 9  months prior 
to this experimental challenge infection. For nasal cell 
characterization by flow cytometry, the non-immune 
group consisted of eight horses (4 geldings, and 4 mares) 
and the other group was composed of immune and par-
tially immune horses (8 geldings, and 8 mares), that were 
3–5  years of age. For RNAseq, four immune and four 
non-immune horses were used, and each group consisted 
of 3 geldings and 1 mare that were 3–4 years of age.

All horse procedures were approved by the Institu-
tional Animal Care and Use Committee at Cornell Uni-
versity (protocol #2011-0011). Additionally, they were 
carried out by the recommendation in the Guide for the 
Care and Use of Laboratory Animals  of the National 
Institutes of Health and Guide for Care and Use of Ani-
mals in Agricultural Research and Teaching.

Laboratory testing to support the determination of each 
horse’s EHV‑1 immune status
The EHV-1 immune status of each horse was supported 
by the presence or absence of fever after infection and 
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by the following laboratory methods: Nasal shedding 
was determined by virus isolation using a plaque assay 
as previously described [27–29, 40, 41]. The plaque assay 
measured replicating virus. The correlation of detecting 
replicating virus in nasal secretions in comparison to 
DNA detection by real-time PCR was recently published 
for EHV-1 immune and non-immune horses [27]. Cell-
associated viremia was detected by real-time PCR of the 
EHV-1 gB gene and was performed at the Animal Health 
Diagnostic Center (AHDC) at Cornell University. Nasal 
mucosal and serum EHV-1 specific IgG4/7 antibodies 
were quantified in the EHV-1 Risk Evaluation assay at 
the AHDC a using a fluorescent bead-based assay that 
was previously described in detail for both serum and 
mucosal sample [27–29, 40–43].

Intranasal cell collection, processing, and extracellular 
staining for flow cytometry
Intranasal cells were collected by nasal washes, before 
and after EHV-1 Ab4 challenge, using 50  mL of ster-
ile saline, which was intranasally administered with a 
catheter (12fr × 16inch sterile urethral catheter, Cardi-
nal Health, Dublin, OH, USA) to flush the nasal cav-
ity. The wash fluid was recovered in a clean plastic bag 
positioned under the horse’s nose. Samples were cen-
trifuged at 300 × g for 5  min to pellet cells, superna-
tants were removed, cells were resuspended in sterile 
PBS, and pooled by group, non-immune and immune/
partially immune, respectively, to ensure adequate cell 
numbers for flow cytometry analysis. Next, intranasal 

cells were isolated for each group by density centrifuga-
tion (Ficoll-Paque PLUS; GE Healthcare, Piscataway, NJ, 
USA). Isolated cells were washed once in PBS, fixed in 2% 
formaldehyde for 20  min at room temperature, washed 
twice in PBS afterwards, and then resuspended in PBS/
BSA (PBS with 0.5% bovine serum albumin (Thermo 
Fisher Scientific, Waltham, MA, USA). Fixed cells were 
triple stained for the leukocyte marker LFA-1 (cz3.2) 
[48], CD4 (HB61A) [49], and CD8 (CVS8) as previously 
described [50]. All cells were measured in a FACSCanto 
II flow cytometer (BD Biosciences, San Diego, CA, USA) 
and analyzed using FlowJo version 10.8.1 (FlowJo, Ash-
land, OR, USA). A minimum of 10 000 events per sample 
were recorded.

Nasal swabs, RNA extraction, and RNA sequencing
Nasal secretion samples were taken throughout infec-
tion as previously described [27]. Briefly, two polyester 
tipped applicators (Puritan Medical Products Company, 
Gullford, Maine, USA) were inserted into the nose and 
rotated against the mucosa for about five seconds. One 
of the swabs was stored in a tube with no additive at 
-80 ºC until processing for bulk RNA sequencing. Swabs 
were taken from immune (n = 4) and non-immune (n = 4) 
horses 2 days prior to infection (d-2) and on day 1 post-
infection (pi), day 3 pi, day 8 pi, day 10 pi, and day 18 pi, 
processed and sequenced as previously described [27]. 
Quality control checks were utilized to exclude samples 
with low host gene expression. The remaining samples 

Table 1  EHV-1 immune status based on clinical evaluation of horses and viral detection 

All horses were intranasally infected with 1 × 107 PFU neuropathogenic EHV-1 Ab4 and monitored daily for clinical signs of disease.

ND: not detected, MFI: median fluorescence intensity, PFU: plaque-forming units.
a Immune status was determined following infection based on presence of fever and viral detection.
b Body temperatures measured by rectal temperature; fever was defined as body temperature of 38.6 °C or higher.
c Nasal shedding was measured in nasal secretions by plaque assay.
d Cell associated viremia was measured in PBMC by EHV-1 specific qPCR.
e Intranasal and systemic EHV-1 specific IgG4/7 antibodies were measured by a fluorescent bead-based assay in nasal secretions and serum pre-infection and on d1 pi.

Horse informationa Highest body 
temperatureb

Highest nasal 
sheddingc

Highest viremiad EHV-1 specific IgG4/7e

EHV-1 immune status ID °C Hour pi PFU/mL Day pi Ct Day pi Intranasalpre/
d1pi (MFI)

Serum pre/d1pi (MFI)

Non-immune horses 3 41.2 36 19500 3 31.25 6 2/2 3/3

5 42.4 48 700000 2 30.43 4 5/3 36/39

15 41.6 48 240000 2 33.71 5 2/2 11/10

20 41.4 48 52500 2 31.32 7 2/3 7/8

Immune 6 38.3 12 ND ND ND ND 93/993 4783/5124

11 38.0 12 ND ND ND ND 7/53 4654/3786

14 38.1 12 ND ND ND ND 27/234 1134/838

24 38.3 72 ND ND ND ND 75/1077 3906/3314
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offered coverage of both the non-immune and immune 
groups throughout viral infection.

RNAseq analysis of host gene expression
Sequence data was analyzed using integrated Differen-
tial Expression and Pathway analysis (iDEP.951), as pre-
viously described [44]. Samples were grouped based on 
the immune status of the horse and time of infection: pre 
(day-2), early (day 1–3 pi), mid (day 8–10 pi) and late (day 
18  pi). Raw read counts were uploaded and annotated 
with the equine genome assembly (EquCab3.0). Counts 
were normalized using a variance stabilizing transforma-
tion (VST). Differential gene expression analysis based 
on the negative binomial distribution (DEseq2) [45] was 
used to determine differentially expressed genes (DEGs), 
based on the combination of immune status and/or infec-
tion timepoint. The cut-off value for significance was set 
at adjusted p-value (p-adj) < 0.05 and for fold change was 
set at abs(log2FC) ≥ 1.0. Distribution of all genes in the 
dataset was visualized in a volcano plot, graphing log2FC 
by p-adj. To determine if DEGs were functionally involved 
in the immune response, g:Profiler (version e112_eg59_
p19_25aa4782) was used [46]. The equine genome assem-
bly (EquCab3.0, GenBank accession: GCA_002863925.1) 
was used for reference, and DE genes within the Gene 
Ontology Biological Process (GO:BP) term “immune 
system process” (GO:0002376), “innate immune 
response” (GO:0045087), “adaptive immune response” 
(GO:0002250), “T cell activation” (GO:0042110), “regu-
lation of metabolic process” (GO:0019222), “regula-
tion of gene expression” (GO:0010468), “regulation of 
biosynthetic process” (GO:0009889), were determined. 
Genes within the T cell activation pathway were visual-
ized by heatmaps, with group specific pre- vs post-infec-
tion Log2FC determining the intensity of coloration and 
DEseq2 results for immune vs non-immune expression 
determining the displayed p-values. The specific function 
of each gene was classified by literature review and genes 
were sub-grouped based on their role in T cell activation.

Results
Flow cytometric analysis of intranasal T cells during EHV‑1 
infection
Horses with or without immunity from prior EHV-1 
infection were challenged with the Ab4 strain of EHV-1. 
Nasal cells were collected via nasal washes throughout 
infection to assess immune cell population dynamics. 
LFA-1 expression differentiated leukocytes from struc-
tural cells, and CD4 and CD8 markers identified T cell 
populations within the LFA-1+ population (Figure  1A). 
Pre-infection leukocyte percentages were unaffected by 
pre-existing immunity, comprising approximately 5% 
of nasal cells (Figure  1A). Following EHV-1 challenge, 

immune/partially immune horses exhibited minimal 
changes in leukocyte percentages. Conversely, non-
immune horses had an influx of leukocytes peaking with 
about 35% at day 5 pi (Figure 1B). T cells constituted the 
predominant intranasal immune population through-
out infection, comprising 65–85% of LFA-1+ cells (Fig-
ures  1C, D). Immune/partially immune horses had a 
transient decrease in CD4+ T cell percentages during the 
first 5 days pi, returning to baseline levels by the end of 
the week (Figure 1C), while their CD8+ T cell population 
had minor fluctuations throughout infection (Figure 1D). 
In contrast, non-immune horses had a clear decrease in 
CD4+ T cell percentages to about half of the pre-infec-
tion percentages by day 7 pi, which corresponded to an 
increase in CD8+ T cell percentages on the same day 
(Figures  1C, D). Overall, intranasal leukocyte percent-
ages and CD4/CD8 T cell ratios stayed relatively constant 
after EHV-1 challenge in immune horses. Non-immune 
horses experienced a 6–sevenfold increase in their intra-
nasal leukocyte percentages between days 3 and 7  pi 
compared to pre-infection, together with a shift towards 
CD8+ intranasal T cells towards the end of the first week 
post EHV-1 infection.

Differential nasal gene expression pre‑ 
and post EHV‑1infection
RNAseq was performed on mRNA isolated from nasal 
swab samples from four immune and four non-immune 
horses before and after experimental challenge with 
EHV-1 to identify DEGs involved in the mucosal immune 
response. Pre- versus post-infection comparisons 
revealed distinct patterns of gene upregulation between 
immune and non-immune horses (Figure 2A).

Non-immune horses had a progressive increase in the 
number of upregulated genes over the course of infec-
tion: 495 genes during early infection (day 1–3  pi), 690 
genes during mid infection (day 8–10 pi), and 1172 genes 
during late infection (day 18  pi). In contrast, immune 
horses upregulated the highest number of genes during 
early infection (172 genes), followed by fewer genes dur-
ing mid infection (111 genes), with levels returning to 
baseline by late infection (3 genes). Upregulated genes 
in both groups included immune-related genes as well as 
genes unrelated to immune pathways. Immune-related 
genes accounted for 33.5% (early), 30.7% (mid), and 18.5% 
(late) of upregulated genes in non-immune horses, and 
34.3% (early) and 19.8% (mid), in immune horses.

Pathway analysis revealed functional roles of the 
upregulated DEGs, identifying significant enrichment 
in the innate immune response, adaptive immune 
response, and T cell activation pathways. In non-
immune horses, innate immune response gene upreg-
ulation peaked during early infection and declined 
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thereafter, while adaptive immune response and T cell 
activation peaked during mid infection, with T cell 
activation being the most significantly upregulated 
(Figure  2B). In immune horses, these pathways were 
upregulated only during early infection and to a much 
lesser extent than in non-immune horses (Figure 2C).

Both groups also exhibited gene downregulation post-
infection (Figure  2A). Non-immune horses downregu-
lated the fewest genes during early infection (54 genes), 
followed by more during mid infection (302 genes), and 
the most during late infection (1213 genes). Immune 
horses displayed minimal gene downregulation dur-
ing early (35 genes) and late infection (23 genes), with 
a peak during mid infection (101 genes). Downregu-
lated genes were largely unrelated to immune path-
ways, comprising only 4.5–9.3% of the total. Pathway 
analysis highlighted disruptions in cellular functions, 
such as metabolism, gene expression, and biosynthesis. 
These perturbations were less significant compared to 
immune-related pathways. In non-immune horses, the 
significance of these pathways declined as infection 

progressed (Figure  2D), while immune horses showed 
significant downregulation only during mid infection 
(Figure 2E).

In summary, non-immune horses had many DEGs 
which continuously increased throughout infection. 
In non-immune horses, the upregulated genes were 
involved in immune response specific pathways, with 
days 1–3  pi dominated by innate immune responses, 
and a later shift to adaptive immunity by day 8–18 pi. T 
cell activation was the most notable immune pathway, in 
agreement with the shift in intranasal leukocyte popula-
tions. Meanwhile, immune horses had fewer DEGs than 
non-immune horses, DEGs declined as time progressed, 
and returned to pre-infection baseline by day 18 pi.

Differential gene expression at the URT of immune 
and non‑immune horses
Gene expression profiles in immune and non-immune 
horses were compared at each timepoint after EHV-1 
challenge to identify DEGs associated with pre-existing 
immunity. Pre-infection, nasal gene expression showed 

Figure 1  Intranasal T cell phenotype dynamics during EHV-1 infection. Horses were either immune or partially immune (green, n = 16) 
following prior infection with EHV-1 vaccine candidate strains or wildtype Ab4 strain, or non-immune (black, n = 8). All horses were intranasally 
challenged with the Ab4 strain of EHV-1. Nasal washes were collected throughout the infection and pooled by group for intranasal immune 
cell phenotyping. Cells were triple-stained with LFA-1 (to distinguish epithelial cells leukocytes) and with CD4 and CD8 (to identify T cells). A 
A representative gating strategy for the non-immune group is shown. The percentages of B LFA-1+ leukocytes, and C CD4+ T cells and D CD8+ T 
cells within the LFA-1+ leukocyte population are displayed.
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no significant differences between immune and non-
immune horses (Figure 3A). However, distinct variations 
emerged during early, mid, and late infection phases. 
During early infection, 177 DEGs were identified: 6 genes 
showed higher expression in immune horses, while 171 
genes displayed higher expression in non-immune horses 
(Figure 3B). By mid infection, 480 DEGs were detected, 
with 115 genes exhibiting higher expression in immune 
horses and 365 genes in non-immune horses (Figure 3C). 
During late infection, 795 DEGs were observed, with 
392 genes expressed more highly in immune horses and 
403 genes in non-immune horses (Figure 3D). Immune-
related genes comprised approximately 34% of DEGs 
across all infection phases in non-immune horses. In 
immune horses, higher expression of immune-related 
genes was predominantly limited to early infection (4 out 
of 6 genes), while fewer than 5% of mid and late-phase 
DEGs were associated with immune pathways. Non-
immune horses demonstrated a notable enrichment of 
T cell-related genes within upregulated DEGs, includ-
ing markers of activation, cytokines, chemokines, and 

cytotoxic granules (Figures 3B–D). Overall, non-immune 
and immune horses had significantly different changes in 
mucosal gene expression in response to EHV-1 infection. 
Non-immune horses upregulated many immune related 
genes, meanwhile immune horses had higher expression 
of genes that were largely unrelated to immunity.

Nasal gene expression related to T cell activation 
during EHV‑1 infection
The comparative analysis of nasal gene expression based 
on immune status and infection phases identified T cell 
activation as a significantly upregulated pathway after 
EHV-1 infection of non-immune horses. DEGs within the 
T cell activation pathway were categorized by their roles 
in T cell function, including activation, migration, regu-
lation, development, differentiation, and signaling (Fig-
ures 4A–F). Similarly, components of the T cell receptor 
complex, including all four chains of the CD3 complex 
(CD3D, CD3E, CD3G, and CD247), showed upregula-
tion during mid and late infection (Figure  4G). Many 
genes associated with these functions were upregulated 

Figure 2  Nasal mucosal gene expression profiles pre- and post-EHV-1 infection. RNA sequencing was performed on nasal swabs collected 
from immune (n = 4, green) and non-immune (n = 4, black) horses. Immune status was retrospectively determined based on the presence 
or absence of clinical signs and virus detection in nasal secretions and peripheral blood of the horses. DEGs pre- and post-infection were identified 
using DEseq2. Cut-off values were set at abs(log2FC) ≥ 1.0 and p-adj < 0.05. A The number of DEGs pre-infection and during early (left), mid (middle), 
and late (right) infection is shown, with upregulated genes depicted above the axis and downregulated genes below. Solid bars represent 
immune response-related genes, while open bars represent genes involved in other biological processes. Significant B, C upregulation and D, 
E downregulation of genes within the Gene Ontology Biological Process (GO:BP) pathways were identified using gProfiler for B, D non-immune 
and C, E immune horses. Data are presented as −Log10 values, with the horizontal dotted line at p-adj = 0.05 indicating the significance threshold 
for pathway dysregulation. Figure keys used the following abbreviations for defined GO:BP: immune system genes = “immune system process” 
(GO:0002376), innate = “innate immune response” (GO:0045087), adaptive = “adaptive immune response” (GO:0002250), T cell activation = “T 
cell activation” (GO:0042110), metabolism = “regulation of metabolic process” (GO:0019222), gene expression = “regulation of gene expression” 
(GO:0010468), and biosynthesis = “regulation of biosynthetic process” (GO:0009889).
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in non-immune horses during the mid and late phases of 
infection (Figures 4A–F), and a few genes were upregu-
lated during early infection, including CASP3, CD274, 
PEL1, JAK2, and RHOH (Figures 4A, C, F, and G).

Cytotoxic granules, cytokines, and chemokines also 
have important roles in T cell function and exhibited 
similar changes in expression (Figures  4H–J). The cyto-
toxic granule GNLY displayed a distinct expression pat-
tern, being upregulated in immune horses during early 
infection, and in non-immune horses during mid and 
late infection (Figure 4H). Other cytotoxic granule genes, 
GZMA, NKG7, and PRF1, were exclusively upregulated 
in non-immune horses and during mid and late infection 
(Figure 4H). Cytokine and chemokine genes were broadly 
upregulated in both immune and non-immune horses 
during early and mid infection phases, but their expres-
sion was significantly higher in non-immune horses dur-
ing early infection (Figures  4I, J). The DEGs included 
cytokines and chemokines that are endogenously pro-
duced by T cells and those produced by other cell types 
and involved in orchestrating T cell migration and 
function.

In summary, genes related to T cell function repre-
sented a major subset of DEGs during EHV-1 infection. 
Changes in mucosal T cell gene expression were most 
notable in non-immune horses, while immune horses 
returned to baseline in a shorter period of time and with 
fewer DEGs overall. This aligns with the greater fluctua-
tion in intranasal leukocyte numbers in non-immune 
compared to immune horses (Figure 1).

Discussion
EHV-1 is a prevalent pathogen in the horse popula-
tion, capable of causing severe disease in the absence of 
prior immunity. Upon primary infection of the URT, the 
mucosal immune response is rapidly activated within 
days of exposure. While prior studies have character-
ized mucosal innate and adaptive response through 
analysis of proteins in nasal secretions, including 
inflammatory cytokines [28, 29, 47] and EHV-1 specific 

Figure 3  Differential nasal gene expression in non-immune 
versus immune horses during EHV-1 infection. DEGs were 
identified between immune (left) and non-immune (right) horses 
at each phase of infection using DEseq2. Volcano plots illustrate 
group-specific LogFC against p-adj A pre-infection, and during B 
early, C mid, and D late infection. P-adj is displayed as -Log10 values 
and dotted lines indicate the thresholds for significant differential 
expression (abs(Log2FC) > 1.5 and P-adj < 0.05). Black dots represent 
all upregulated annotated genes, while genes associated with T 
cell activation are highlighted: chemokines and cytokines (pink), 
cytotoxic granules (blue), and activation markers (purple). Selected 
gene names are labeled.

◂
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mucAbs [27–29, 40–43], cellular immunity is less well 
understood. Previous work from our group demon-
strated that T cells are a major leukocyte population 
present in the nasal epithelium and also the immune cell 
population that increases most dramatically in the URT 
after EHV-1 infection [37], which suggests that T cells 
are well positioned for rapid response upon infection. 
In this study, we further analyzed mucosal T responses 
utilizing flow cytometry and RNAseq to identify changes 
in mucosal immune cell populations and transcriptional 
profiles after EHV-1 infection, revealing a clear temporal 
progression of the mucosal immune response (Figure 5).

In the URT of non-immune horses, EHV-1 can freely 
replicate during the first days after infection [24, 40, 41]. 
During viral replication, leukocyte populations in the 
URT expanded alongside transcriptomic shifts, marked 
by differential expression of numerous immune-related 

genes. CD4+ and CD8+ T cells were the dominant leuko-
cyte population throughout infection, and T cell related 
gene expression was overall the most highly upregulated 
pathway. These changes occurred in synchrony with the 
progression of infection. In the first 3  days post-infec-
tion, viral entry and initial replication were accompanied 
by viral shedding. This stage was dominated by innate 
immunity, characterized by robust upregulation and 
secretion of inflammatory cytokines and chemokines [28, 
47], which likely contributed to the increasing number 
of leukocytes. Additionally, programmed death-ligand 
1 (CD274) was upregulated while CD8+ T cell percent-
ages declined, indicating a phase of immune suppression 
during early infection. During viral infection, CD274 
(PD-L1) expression is driven by inflammation, and can 
be detected on epithelial and immune cells [48]. Through 
interactions with PD-1, PD-L1 modulates T cell activity, 

Figure 4  Gene expression dynamics at the URT in immune and non-immune horses throughout EHV-1 infection. DEGs in non-immune 
(black) versus immune (green) horses were identified at each phase of infection using DEseq2, focusing on genes within the T cell activation 
pathway. Genes were further categorized based on their role in T cell function. A–J Heat maps depict the mean Log2FC of gene expression 
from pre-infection to post-infection for each group. Blue indicates downregulation (negative Log2FC), pink indicates upregulation (positive 
Log2FC), and black represents minimal change in expression (Log2FC near zero). Genes are organized by rows and time post-infection is organized 
by columns for early (left), mid (center), and late (right). Comparisons between immune and non-immune horses were conducted using DEseq2, 
with p-values displayed in white for each row. p < 0.05 (*), p< 0.01 (**), p < 0.001 (***), and  p < 0.0001 (****).
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dampening immune responses [49–51]. In LCMV infec-
tion, PD-L1 expression on epithelial cells has been impli-
cated in viral persistence due to reduced T cell function 
[52], and a comparable process may occur during early 
EHV-1 infection, when viral shedding reaches its peak. 
Single cell RNAseq of mucosal cells would provide addi-
tional clarity on differential expression of genes, such as 
PD-L1, that are not cell type specific and is the aim of 
future studies.

Between early and mid-infection, the CD4+/CD8+ 
T cell ratio shifted, with increasing CD8+ T cell per-
centages. This shift mirrored previous findings in non-
immune horses [37]. In this study, nasal cells were 
analyzed in pooled nasal wash samples to achieve ade-
quate cell numbers, which limited statistical analysis. 
Additional studies, using recently described mucosal 
sampling methods [37] can be utilized in the future to 
further evaluate the dynamics of leukocyte populations 
during EHV-1 infection on an individual horse level. 
Following the transition in T cell ratio, expression of T 
cell activation markers, such as CD27 and CD28, and 
effector proteins, including, interferon gamma (IFNG), 
perforin (PRF1), granulysin (GNLY), and granzyme A 

(GZMA), increased. This suggests a rebound of the T 
cell population and its activation, contributing to viral 
clearance. CD27 and CD28 are co-stimulatory receptors 
expressed on effector T cells that interact with CD70 
and CD80, respectively, to promote T cell survival and 
proliferation [53]. IFN-γ is a key cytokine that orches-
trates immune responses to intracellular pathogens 
and viral infection, and is detectable in nasal secretions 
and sera of infected horses [28, 29, 40, 41]. Cytotoxic 
granules, such as perforin, granulysin, and granzyme 
can target and eliminate infected cells. Although these 
proteins have not been thoroughly characterized in 
horses, their homologs in other species play essential 
roles in immunity, operating sequentially to form pores 
in infected cells and initiate programmed cell death 
pathways [54–56]. By mid-infection, viral shedding 
decreased, suggesting the initiation of T-cell mediated 
control in addition to the appearance of mucAb pro-
duction (27–29). By late infection, clinical disease had 
been resolved, and virus could no longer be detected in 
nasal secretions or peripheral blood. During this phase, 
some genes returned to baseline expression levels, 
while others maintained elevated expression. Together, 

Figure 5  Mucosal T cell activation during EHV-1 infection is dependent on pre-existing immunity. Horses were intranasally challenged 
with EHV-1 (red virions) and viral replication at the mucosal surface (pink cells) was dependent on pre-existing immune status. Immune horses 
(green, right) have detectable mucAbs (purple), while non-immune horses did not (black, left). Both groups upregulated cytokines and chemokines 
(yellow triangles) during early infection. Immune horses upregulated the T cell (blue cells) activation pathway during early infection, 
while non-immune horses upregulated this pathway during mid and late infection. Selected DEGs are included besides black arrows.
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this demonstrated that innate immunity at the mucosal 
surface involved the rapid production of cytokines and 
chemokines to initiate and orchestrate anti-viral adap-
tive immunity, including a role of mucosal T cells to 
facilitate clearance of virus-infected cells at the URT.

In contrast, immune horses showed no viral replica-
tion and did not develop clinical disease. Pre-existing 
EHV-1 specific mucAbs correlated with immunity in 
this and previous studies, providing a mechanism for 
rapid neutralization and clearance of the virus at the 
URT [27–29, 40–43]. Nevertheless, intranasal EHV-1 
exposure still transiently activated the mucosal immune 
response in immune horses, with the co-occurrence 
of innate and adaptive immunity within 1–3  days of 
viral challenge. This response included brief expres-
sion of selected cytokines and chemokines, previously 
detected in nasal secretions [28, 29], and increased 
expression of T cell activation markers. Leukocyte 
numbers and T cell proportions remained stable, which 
suggested activation of a resident population. Among 
cytotoxic granules, GNLY was the only one upregulated 
in immune horses. While its role in bacterial infection 
is established, fewer studies have explored its function 
during viral infection [57–59]. Notably, rodents lack 
a homolog for granulysin [60], and horses may serve 
as a useful model for studying its activity during viral 
disease. By the end of the first week post-infection, 
immune horses had returned to baseline gene expres-
sion. Overall, the magnitude of the immune response 
was lower in immune horses than in non-immune 
horses, with pre-existing adaptive immunity contribut-
ing to rapid viral clearance and restoration of homeo-
stasis at the URT.

This article focuses on nasal mucosal T cells at the 
URT and their contributions to host immunity of 
immune and non-immune horses after EHV-1 infec-
tion. However, it is important to emphasize that many 
other cell types, both immune and structural cells, 
exist at the URT and/or are called to the infection site 
after EHV-1 enters the equine host. The local viral 
defense against EHV-1 is complex and requires well-
orchestrated interactions of multiple cell types at each 
infection stage. Upon EHV-1 infection at the URT, a 
delicate balance of innate immune recognition, activa-
tion, control of inflammation, and induction of adap-
tive immune mechanisms is required for effective host 
immunity. The initial mucosal immune response is cru-
cial for minimizing viral replication at the URT, primes 
the adaptive immune system for controlling the sys-
temic spread of the virus, and likely majorly influences 
overall infection outcomes and severity of disease.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13567-​026-​01741-x.

Additional file 1. Clinical and virological outcomes of EHV-1 infec‑
tion. Horses were intranasally challenged with 1 x 107 PFU/mL of Ab4 
EHV-1. Immune status was retrospectively determined based on the pres-
ence or absence of (A) fever and virus detection in (B) nasal secretions and 
(C) peripheral blood of the horses. Horses that were non-immune (n = 4, 
black) or immune (n = 4, green) were selected for RNAseq, and the results 
of infection for these horses is displayed. (A) Temperature was measured 
by rectal thermometer, and considered a fever when >38.6 ºC, indicated 
by the horizontal dotted line. (B) Nasal shedding was detected in nasal 
swab samples by plaque assay and reported as PFU/mL. (C) Viremia was 
detected in PBMC by an EHV-1 gB qPCR assay and reported as Ct value, 
with a detection cut-off of 37.38 indicated by the horizontal dotted line. 
Points represent mean and error bars represent SEM.

Acknowledgements
We thank Jen Grenier and her team at Cornell University’s TREx facility for 
their expertise in RNA sequencing and support during analysis. We also thank 
Christiane Schnabel, Heather Freer, Elisabeth Simonin, Christina Watts, Alexan-
dra Brunet, Denise Branecky, and Karynn Kilts for their help in horse handling, 
sample acquisition, and sample processing. Finally, we thank the Cornell Uni-
versity Center for Animal Resources and Education team for excellent horse 
care and barn management.

Authors’ contributions
CMH was responsible for analyzing the data, interpreting results, generating 
the figures and graphical abstract, and writing the report. SB was responsible 
for processing the samples, conducting and analyzing flow cytometry data, 
and reviewing the report. BW was responsible for acquiring funds for the 
project, designing the infection experiment, collecting and processing the 
samples, and editing the report.

Funding
Funding for this project was provided by the Harry M. Zweig Memorial Fund 
for Equine Research.

Data availability
The dataset supporting the conclusions of this article is available in the NCBI’s 
Gene Expression Omnibus (GEO) repository, https://​www.​ncbi.​nlm.​nih.​gov/​
geo/​query/​acc.​cgi?​acc=​GSE23​2941.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 September 2025   Accepted: 16 March 2026

References
	1.	 Khalil AM, Martinez-Sobrido L, Mostafa A (2024) Zoonosis and zooan-

throponosis of emerging respiratory viruses. Front Cell Infect Microbiol 
13:1232772. https://​doi.​org/​10.​3389/​fcimb.​2023.​12327​72

	2.	 Ariel E (2011) Viruses in reptiles. Vet Res 42:100. https://​doi.​org/​10.​1186/​
1297-​9716-​42-​100

https://doi.org/10.1186/s13567-026-01741-x
https://doi.org/10.1186/s13567-026-01741-x
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE232941
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE232941
https://doi.org/10.3389/fcimb.2023.1232772
https://doi.org/10.1186/1297-9716-42-100
https://doi.org/10.1186/1297-9716-42-100


Page 11 of 12Holmes et al. Veterinary Research           (2026) 57:67 	

	3.	 Marschang RE, Salzmann E, Pees M (2021) Diagnostics of infectious 
respiratory pathogens in reptiles. Vet Clin North Am Exot Anim Pract 
24:369–395. https://​doi.​org/​10.​1016/j.​cvex.​2021.​01.​007

	4.	 Gray GC, Robie ER, Studstill CJ, Nunn CL (2021) Mitigating future respira-
tory virus pandemics: New threats and approaches to consider. Viruses 
13:637. https://​doi.​org/​10.​3390/​v1304​0637

	5.	 Proctor DF (1966) Airborne disease and the upper respiratory tract. Bacte-
riol Rev 30:498–513. https://​doi.​org/​10.​1128/​br.​30.3.​498-​513.​1966

	6.	 Jain N, Lodha R, Kabra SK (2001) Upper respiratory tract infections. Indian 
J Pediatr 68:1135–1138. https://​doi.​org/​10.​1007/​BF027​22930

	7.	 Bosch AATM, Biesbroek G, Trzcinski K, Sanders EAM, Bogaert D (2013) 
Viral and bacterial interactions in the upper respiratory tract. PLoS Pathog 
9:e1003057. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10030​57

	8.	 Kutter JS, Spronken MI, Fraaij PL, Fouchier RA, Herfst S (2018) Transmission 
routes of respiratory viruses among humans. Curr Opin Virol 28:142–151. 
https://​doi.​org/​10.​1016/j.​coviro.​2018.​01.​001

	9.	 Thomas RJ (2013) Particle size and pathogenicity in the respiratory tract. 
Virulence 4:847–858. https://​doi.​org/​10.​4161/​viru.​27172

	10.	 Bellanti JA, Artenstein MS, Buescher EL (1965) Characterization of virus 
neutralizing antibodies in human serum and nasal secretions. J Immunol 
94:344–351. https://​doi.​org/​10.​4049/​jimmu​nol.​94.3.​344

	11.	 Renegar KB, Small PA, Boykins LG, Wright PF (2004) Role of IgA versus IgG 
in the control of influenza viral infection in the Murine respiratory tract. J 
Immunol 173:1978–1986. https://​doi.​org/​10.​4049/​jimmu​nol.​173.3.​1978

	12.	 Spiekermann GM, Finn PW, Ward ES, Dumont J, Dickinson BL, Blumberg 
RS, Lencer WI (2002) Receptor-mediated immunoglobulin G transport 
across mucosal barriers in adult life: functional expression of FcRn in the 
mammalian lung. J Exp Med 196:303–310. https://​doi.​org/​10.​1084/​jem.​
20020​400

	13.	 Heidl S, Ellinger I, Niederberger V, Waltl EE, Fuchs R (2016) Localization 
of the human neonatal Fc receptor (FcRn) in human nasal epithelium. 
Protoplasma 253:1557–1564. https://​doi.​org/​10.​1007/​s00709-​015-​0918-y

	14.	 Apodaca G, Bomsel M, Arden J, Breitfeld PP, Tang K, Mostov KE (1991) The 
polymeric immunoglobulin receptor. A model protein to study transcyto-
sis. J Clin Invest 87:1877–1882. https://​doi.​org/​10.​1172/​JCI11​5211

	15.	 Pausder A, Fricke J, Schughart K, Schreiber J, Strowig T, Bruder D, 
Boehme JD (2022) Exogenous and endogenous triggers differentially 
stimulate Pigr expression and antibacterial secretory immunity in the 
Murine respiratory tract. Lung 200:119–128. https://​doi.​org/​10.​1007/​
s00408-​021-​00498-8

	16.	 Hupin C, Rombaux P, Bowen H, Gould H, Lecocq M, Pilette C (2013) 
Downregulation of polymeric immunoglobulin receptor and secretory 
IgA antibodies in eosinophilic upper airway diseases. Allergy 68:1589–
1597. https://​doi.​org/​10.​1111/​all.​12274

	17.	 Fournier M, Lebargy F, Ladurie FLR, Lenormand E, Pariente R (1989) 
Intraepithelial T-lymphocyte subsets in the airways of normal subjects 
and of patients with chronic bronchitis. Am Rev Respir Dis 140:737–742. 
https://​doi.​org/​10.​1164/​ajrccm/​140.3.​737

	18.	 Gilkerson JR, Bailey KE, Diaz-Méndez A, Hartley CA (2015) Update on viral 
diseases of the Equine respiratory tract. Vet Clin North Am Equine Pract 
31:91–104. https://​doi.​org/​10.​1016/j.​cveq.​2014.​11.​007

	19.	 Paillot R, Case R, Ross J, Newton R, Nugent J (2008) Equine Herpes Virus-1: 
virus, immunity and vaccines. Open Vet Sci J. https://​doi.​org/​10.​2174/​
18743​18808​00201​0068

	20.	 Laval K, Van Cleemput J, Poelaert KC, Brown IK, Nauwynck HJ (2017) Rep-
lication of neurovirulent equine herpesvirus type 1 (EHV-1) in CD172a+ 
monocytic cells. Comp Immunol Microbiol Infect Dis 50:58–62. https://​
doi.​org/​10.​1016/j.​cimid.​2016.​11.​006

	21.	 Zhao J, Poelaert KCK, Van Cleemput J, Nauwynck HJ (2017) CCL2 and 
CCL5 driven attraction of CD172a+ monocytic cells during an equine 
herpesvirus type 1 (EHV-1) infection in equine nasal mucosa and the 
impact of two migration inhibitors, rosiglitazone (RSG) and quinacrine 
(QC). Vet Res 48:14. https://​doi.​org/​10.​1186/​s13567-​017-​0419-4

	22.	 Poelaert KCK, Van Cleemput J, Laval K, Favoreel HW, Couck L, Van den 
Broeck W, Azab W, Nauwynck HJ (2019) Equine herpesvirus 1 bridles T 
lymphocytes to reach its target organs. J Virol 93:e02098. https://​doi.​org/​
10.​1128/​JVI.​02098-​18

	23.	 Baghi HB, Nauwynck HJ (2014) Impact of equine herpesvirus type 1 (EHV-
1) infection on the migration of monocytic cells through equine nasal 
mucosa. Comp Immunol Microbiol Infect Dis 37:321–329. https://​doi.​org/​
10.​1016/j.​cimid.​2014.​09.​004

	24.	 Kydd JH, Smith KC, Hannant D, Livesay GJ, Mumford JA (1994) Distribu-
tion of equid herpesvirus-1 (EHV-1) in the respiratory tract of ponies: 
implications for vaccination strategies. Equine Vet J 26:466–469. https://​
doi.​org/​10.​1111/j.​2042-​3306.​1994.​tb040​51.x

	25.	 Edington N, Bridges CG, Patel JR (1986) Endothelial cell infection and 
thrombosis in paralysis caused by equid herpesvirus-1: equine stroke. 
Arch Virol 90:111–124. https://​doi.​org/​10.​1007/​BF013​14149

	26.	 Smith KC, Mumford JA, Lakhani K (1996) A comparison of equid herpes-
virus-1 (EHV-1) vascular lesions in the early versus late pregnant equine 
uterus. J Comp Pathol 114:231–247. https://​doi.​org/​10.​1016/​S0021-​
9975(96)​80045-4

	27.	 Eady NA, Holmes C, Schnabel C, Babasyan S, Wagner B (2024) Equine 
herpesvirus type 1 (EHV-1) replication at the upper respiratory entry 
site is inhibited by neutralizing EHV-1-specific IgG1 and IgG4/7 mucosal 
antibodies. J Virol 98:e00250. https://​doi.​org/​10.​1128/​jvi.​00250-​24

	28.	 Schnabel CL, Babasyan S, Rollins A, Freer H, Wimer CL, Perkins GA, Raza F, 
Osterrieder N, Wagner B (2019) An equine herpesvirus type 1 (EHV-1) Ab4 
open reading frame 2 deletion mutant provides immunity and protec-
tion from EHV-1 infection and disease. J Virol 93:e01011-19. https://​doi.​
org/​10.​1128/​JVI.​01011-​19

	29.	 Perkins G, Babasyan S, Stout AE, Freer H, Rollins A, Wimer CL, Wagner B 
(2019) Intranasal IgG4/7 antibody responses protect horses against equid 
herpesvirus-1 (EHV-1) infection including nasal virus shedding and cell-
associated viremia. Virology 531:219–232. https://​doi.​org/​10.​1016/j.​virol.​
2019.​03.​014

	30.	 Bridges CG, Edington N (1987) Genetic restriction of cytolysis during 
equid herpesvirus 1 subtype 2 infection. Clin Exp Immunol 70:276–282

	31.	 Allen G, Yeargan M, Costa LR, Cross R (1995) Major histocompatibility 
complex class I-restricted cytotoxic T-lymphocyte responses in horses 
infected with equine herpesvirus 1. J Virol 69:606–612. https://​doi.​org/​10.​
1128/​jvi.​69.1.​606-​612.​1995

	32.	 O’Neill T, Kydd JH, Allen GP, Wattrang E, Mumford JA, Hannant D (1999) 
Determination of equid herpesvirus 1-specific, CD8+, cytotoxic T lym-
phocyte precursor frequencies in ponies. Vet Immunol Immunopathol 
70:43–54. https://​doi.​org/​10.​1016/​S0165-​2427(99)​00037-9

	33.	 Kydd JH, Wattrang E, Hannant D (2003) Pre-infection frequencies of 
equine herpesvirus-1 specific, cytotoxic T lymphocytes correlate with 
protection against abortion following experimental infection of pregnant 
mares. Vet Immunol Immunopathol 96:207–217. https://​doi.​org/​10.​
1016/j.​vetimm.​2003.​08.​004

	34.	 Breathnach CC, Soboll G, Suresh M, Lunn DP (2005) Equine herpesvirus-1 
infection induces IFN-γ production by equine T lymphocyte subsets. Vet 
Immunol Immunopathol 103:207–215. https://​doi.​org/​10.​1016/j.​vetimm.​
2004.​09.​024

	35.	 Paillot R, Daly JM, Juillard V, Minke JM, Hannant D, Kydd JH (2005) Equine 
interferon gamma synthesis in lymphocytes after in vivo infection and 
in vitro stimulation with EHV-1. Vaccine 23:4541–4551. https://​doi.​org/​10.​
1016/j.​vacci​ne.​2005.​03.​048

	36.	 Breathnach CC, Yeargan MR, Sheoran AS, Allen GP (2010) The mucosal 
humoral immune response of the horse to infective challenge and vac-
cination with equine herpesvirus-1 antigens. Equine Vet J 33:651–657. 
https://​doi.​org/​10.​2746/​04251​64017​76249​318

	37.	 Holmes CM, Wagner B (2024) Characterization of nasal mucosal T cells in 
horses and their response to equine herpesvirus type 1. Viruses 16:1514. 
https://​doi.​org/​10.​3390/​v1610​1514

	38.	 Mair TS, Batten EH, Stokes CR, Bourne FJ (1987) The histological features 
of the immune system of the equine respiratory tract. J Comp Pathol 
97:575–586. https://​doi.​org/​10.​1016/​0021-​9975(87)​90008-9

	39.	 Kumar P, Timoney JF (2001) Light and electron microscope studies on 
the nasopharynx and nasopharyngeal tonsil of the horse. Anat Histol 
Embryol 30:77–84. https://​doi.​org/​10.​1111/j.​1439-​0264.​2001.​00299.x

	40.	 Wimer CL, Schnabel CL, Perkins G, Babasyan S, Freer H, Stout AE, Rollins A, 
Osterrieder N, Goodman LB, Glaser A, Wagner B (2018) The deletion of the 
ORF1 and ORF71 genes reduces virulence of the neuropathogenic EHV-1 
strain Ab4 without compromising host immunity in horses. PLoS One 
13:e0206679. https://​doi.​org/​10.​1371/​journ​al.​pone.​02066​79

	41.	 Schnabel CL, Wimer CL, Perkins G, Babasyan S, Freer H, Watts C, Rollins 
A, Osterrieder N, Wagner B (2018) Deletion of the ORF2 gene of the 
neuropathogenic equine herpesvirus type 1 strain Ab4 reduces virulence 
while maintaining strong immunogenicity. BMC Vet Res 14:245. https://​
doi.​org/​10.​1186/​s12917-​018-​1563-4

https://doi.org/10.1016/j.cvex.2021.01.007
https://doi.org/10.3390/v13040637
https://doi.org/10.1128/br.30.3.498-513.1966
https://doi.org/10.1007/BF02722930
https://doi.org/10.1371/journal.ppat.1003057
https://doi.org/10.1016/j.coviro.2018.01.001
https://doi.org/10.4161/viru.27172
https://doi.org/10.4049/jimmunol.94.3.344
https://doi.org/10.4049/jimmunol.173.3.1978
https://doi.org/10.1084/jem.20020400
https://doi.org/10.1084/jem.20020400
https://doi.org/10.1007/s00709-015-0918-y
https://doi.org/10.1172/JCI115211
https://doi.org/10.1007/s00408-021-00498-8
https://doi.org/10.1007/s00408-021-00498-8
https://doi.org/10.1111/all.12274
https://doi.org/10.1164/ajrccm/140.3.737
https://doi.org/10.1016/j.cveq.2014.11.007
https://doi.org/10.2174/1874318808002010068
https://doi.org/10.2174/1874318808002010068
https://doi.org/10.1016/j.cimid.2016.11.006
https://doi.org/10.1016/j.cimid.2016.11.006
https://doi.org/10.1186/s13567-017-0419-4
https://doi.org/10.1128/JVI.02098-18
https://doi.org/10.1128/JVI.02098-18
https://doi.org/10.1016/j.cimid.2014.09.004
https://doi.org/10.1016/j.cimid.2014.09.004
https://doi.org/10.1111/j.2042-3306.1994.tb04051.x
https://doi.org/10.1111/j.2042-3306.1994.tb04051.x
https://doi.org/10.1007/BF01314149
https://doi.org/10.1016/S0021-9975(96)80045-4
https://doi.org/10.1016/S0021-9975(96)80045-4
https://doi.org/10.1128/jvi.00250-24
https://doi.org/10.1128/JVI.01011-19
https://doi.org/10.1128/JVI.01011-19
https://doi.org/10.1016/j.virol.2019.03.014
https://doi.org/10.1016/j.virol.2019.03.014
https://doi.org/10.1128/jvi.69.1.606-612.1995
https://doi.org/10.1128/jvi.69.1.606-612.1995
https://doi.org/10.1016/S0165-2427(99)00037-9
https://doi.org/10.1016/j.vetimm.2003.08.004
https://doi.org/10.1016/j.vetimm.2003.08.004
https://doi.org/10.1016/j.vetimm.2004.09.024
https://doi.org/10.1016/j.vetimm.2004.09.024
https://doi.org/10.1016/j.vaccine.2005.03.048
https://doi.org/10.1016/j.vaccine.2005.03.048
https://doi.org/10.2746/042516401776249318
https://doi.org/10.3390/v16101514
https://doi.org/10.1016/0021-9975(87)90008-9
https://doi.org/10.1111/j.1439-0264.2001.00299.x
https://doi.org/10.1371/journal.pone.0206679
https://doi.org/10.1186/s12917-018-1563-4
https://doi.org/10.1186/s12917-018-1563-4


Page 12 of 12Holmes et al. Veterinary Research           (2026) 57:67 

	42.	 Wagner B, Schnabel CL, Rollins A (2025) Increase in virus-specific mucosal 
antibodies in the upper respiratory tract following intramuscular vaccina-
tion of previously exposed horses against Equine Herpesvirus Type-1/4. 
Vaccines 13:290. https://​doi.​org/​10.​3390/​vacci​nes13​030290

	43.	 Perkins GA, Wagner B, Rollins A, Sfraga H, Pearson E, Cercone M (2025) 
Serum and mucosal antibody testing to detect viral exposure in contact 
horses during an equine herpesvirus myeloencephalopathy outbreak. 
Am J Vet Res. https://​doi.​org/​10.​2460/​ajvr.​25.​03.​0106

	44.	 Ge SX, Son EW, Yao R (2018) iDEP: an integrated web application for 
differential expression and pathway analysis of RNA-Seq data. BMC Bioin-
form 19:534. https://​doi.​org/​10.​1186/​s12859-​018-​2486-6

	45.	 Love MI, Huber W, Anders S (2014) Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550. 
https://​doi.​org/​10.​1186/​s13059-​014-​0550-8

	46.	 Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J (2019) 
g:Profiler: a web server for functional enrichment analysis and conver-
sions of gene lists (2019 update). Nucleic Acids Res 47:W191–W198. 
https://​doi.​org/​10.​1093/​nar/​gkz369

	47.	 Holmes CM, Babasyan S, Eady N, Schnabel CL, Wagner B (2024) Immune 
horses rapidly increase antileukoproteinase and lack type I interferon 
secretion during mucosal innate immune responses against equine 
herpesvirus type 1. Microbiol Spectr. https://​doi.​org/​10.​1128/​spect​rum.​
01092-​24

	48.	 Sun C, Mezzadra R, Schumacher TN (2018) Regulation and function of the 
PD-L1 checkpoint. Immunity 48:434–452.https://​doi.​org/​10.​1016/​S0165-​
2427(97)​00163-3 

	49.	 Sharpe AH, Pauken KE (2018) The diverse functions of the PD1 inhibitory 
pathway. Nat Rev Immunol 18:153–167. https://​doi.​org/​10.​1016/​0165-​
2427(94)​90088-4

	50.	 Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz 
LJ, Malenkovich N, Okazaki T, Byrne MC, Horton HF, Fouser L, Carter L, 
Ling V, Bowman MR, Carreno BM, Collins M, Wood CR, Honjo T (2000) 
Engagement of the Pd-1 immunoinhibitory receptor by a novel B7 family 
member leads to negative regulation of lymphocyte activation. J Exp 
Med 192:1027–1034. https://​doi.​org/​10.​1016/​S0165-​2427(97)​00160-8

	51.	 Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ (2007) Pro-
grammed Death-1 Ligand 1 interacts specifically with the B7–1 costimu-
latory molecule to inhibit T cell responses. Immunity 27:111–122. https://​
doi.​org/​10.​1016/j.​immuni.​2007.​05.​016

	52.	 Keir ME, Liang SC, Guleria I, Latchman YE, Qipo A, Albacker LA, Koulmanda 
M, Freeman GJ, Sayegh MH, Sharpe AH (2006) Tissue expression of PD-L1 
mediates peripheral T cell tolerance. J Exp Med 203:883–895. https://​doi.​
org/​10.​1084/​jem.​20051​776

	53.	 Hendriks J, Xiao Y, Borst J (2003) CD27 promotes survival of activated T 
cells and complements CD28 in generation and establishment of the 
effector T cell pool. J Exp Med 198:1369–1380. https://​doi.​org/​10.​1084/​
jem.​20030​916

	54.	 Walch M, Dotiwala F, Mulik S, Thiery J, Kirchhausen T, Clayberger C, 
Krensky AM, Martinvalet D, Lieberman J (2014) Cytotoxic cells kill intracel-
lular bacteria through granulysin-mediated delivery of granzymes. Cell 
157:1309–1323. https://​doi.​org/​10.​1016/j.​cell.​2014.​03.​062

	55.	 Krensky AM, Clayberger C (2009) Biology and clinical relevance of gran-
ulysin. Tissue Antigens 73:193–198. https://​doi.​org/​10.​1111/j.​1399-​0039.​
2008.​01218.x

	56.	 Lieberman J (2003) The ABCs of granule-mediated cytotoxicity: new 
weapons in the arsenal. Nat Rev Immunol 3:361–370. https://​doi.​org/​10.​
1038/​nri10​83

	57.	 Ma LL, Spurrell JCL, Wang JF, Neely GG, Epelman S, Krensky AM, Mody 
CH (2002) CD8 T cell-mediated killing of Cryptococcus neoformans 
requires granulysin and is dependent on CD4 T cells and IL-15. J Immunol 
169:5787–5795. https://​doi.​org/​10.​4049/​jimmu​nol.​169.​10.​5787

	58.	 Ochoa M-T, Stenger S, Sieling PA, Thoma-Uszynski S, Sabet S, Cho S, 
Krensky AM, Rollinghoff M, Nunes Sarno E, Burdick AE, Rea TH, Modlin RL 
(2001) T-cell release of granulysin contributes to host defense in leprosy. 
Nat Med 7:174–179. https://​doi.​org/​10.​1038/​84620

	59.	 Andersson M, Gunne H, Agerberth B, Boman A, Bergman T, Sillard R, 
Jörnvall H, Mutt V, Olsson B, Wigzell H (1995) NK-lysin, a novel effector 
peptide of cytotoxic T and NK cells. Structure and cDNA cloning of the 
porcine form, induction by interleukin 2, antibacterial and antitumour 
activity. EMBO J 14:1615–1625. https://​doi.​org/​10.​1002/j.​1460-​2075.​1995.​
tb071​50.x

	60.	 Dotiwala F, Lieberman J (2019) Granulysin: killer lymphocyte safeguard 
against microbes. Curr Opin Immunol 60:19–29. https://​doi.​org/​10.​1016/j.​
coi.​2019.​04.​013

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/vaccines13030290
https://doi.org/10.2460/ajvr.25.03.0106
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1128/spectrum.01092-24
https://doi.org/10.1128/spectrum.01092-24
https://doi.org/10.1016/S0165-2427(97)00163-3
https://doi.org/10.1016/S0165-2427(97)00163-3
https://doi.org/10.1016/0165-2427(94)90088-4
https://doi.org/10.1016/0165-2427(94)90088-4
https://doi.org/10.1016/S0165-2427(97)00160-8
https://doi.org/10.1016/j.immuni.2007.05.016
https://doi.org/10.1016/j.immuni.2007.05.016
https://doi.org/10.1084/jem.20051776
https://doi.org/10.1084/jem.20051776
https://doi.org/10.1084/jem.20030916
https://doi.org/10.1084/jem.20030916
https://doi.org/10.1016/j.cell.2014.03.062
https://doi.org/10.1111/j.1399-0039.2008.01218.x
https://doi.org/10.1111/j.1399-0039.2008.01218.x
https://doi.org/10.1038/nri1083
https://doi.org/10.1038/nri1083
https://doi.org/10.4049/jimmunol.169.10.5787
https://doi.org/10.1038/84620
https://doi.org/10.1002/j.1460-2075.1995.tb07150.x
https://doi.org/10.1002/j.1460-2075.1995.tb07150.x
https://doi.org/10.1016/j.coi.2019.04.013
https://doi.org/10.1016/j.coi.2019.04.013

	Mucosal T cell activation pathways are upregulated by equine herpesvirus type 1 infection
	Abstract 
	Introduction
	Materials and methods
	EHV-1 infection of horses
	Laboratory testing to support the determination of each horse’s EHV-1 immune status
	Intranasal cell collection, processing, and extracellular staining for flow cytometry
	Nasal swabs, RNA extraction, and RNA sequencing
	RNAseq analysis of host gene expression

	Results
	Flow cytometric analysis of intranasal T cells during EHV-1 infection
	Differential nasal gene expression pre- and post EHV-1infection
	Differential gene expression at the URT of immune and non-immune horses
	Nasal gene expression related to T cell activation during EHV-1 infection

	Discussion
	Acknowledgements
	References


