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Equine herpesvirus 1 (EHV-1) ubiquitously infects horses worldwide and causes
respiratory disease, abortion, and equine herpesvirus myeloencephalopathy. Protection
against EHV-1 disease is elusive due to establishment of latency and immune-modulatory
features of the virus. These include the modulation of interferons, cytokines, chemokines,
antigen presentation, and cellular immunity. Because the modulation of immunity likely
occurs at the site of first infection—the respiratory epithelium, we hypothesized that the
mucosal influenza vaccine Flu Avert® |.N. (Flu Avert), which is known to stimulate strong
antiviral responses, will enhance antiviral innate immunity, and that these responses
would also provide protection from EHV-1 infection. To test our hypothesis, primary
equine respiratory epithelial cells (ERECs) were treated with Flu Avert, and innate
immunity was evaluated for 10 days following treatment. The timing of Flu Avert treatment
was also evaluated for optimal effectiveness to reduce EHV-1 replication by modulating
early immune responses to EHV-1. The induction of interferons, cytokine and chemokine
mRNA expression, and protein secretion was evaluated by high-throughput gPCR and
multiplex protein analysis. Intracellular and extracellular EHV-1 titers were determined
by gPCR. Flu Avert treatment resulted in the modulation of IL-8, CCL2, and CXCL9
starting at days 5 and 6 post-treatment. Coinciding with the timing of optimal chemokine
induction, our data also suggested the same timing for reduction of EHV-1 replication. In
combination, our results suggest that Flu Avert may be effective at counteracting some
of the immune-modulatory properties of EHV-1 at the airway epithelium and the peak
for this response occurs 5-8 days post-Flu Avert treatment. Future in vivo studies are
needed to investigate Flu Avert as a prophylactic in situations where EHV-1 exposure
may OCCuUr.
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INTRODUCTION

Equine herpesvirus 1 (EHV-1) ubiquitously infects horses
worldwide. It is responsible for causing respiratory disease, late
term abortion in pregnant mares, or the crippling neurologic
disease equine herpesvirus myeloencephalopathy (EHM). Foals
become infected within the first weeks or months of life, and
infection results in respiratory illness (1-4). Like many other
herpesviruses, EHV-1 then establishes a life-long latent infection
within the neurons or local lymphoid tissues (5-8). Following
primary infection, virus neutralizing (VN) antibodies can be
detected in the serum and nasal mucosa and are associated
with protection against clinical respiratory disease and nasal
shedding upon re-exposure to the virus (9-12). However, high
serum antibody levels following vaccination or infection do not
correlate with protection from viremia or subsequent secondary
disease manifestations, such as abortion or EHM (4, 9, 13). In
contrast, high levels of cytotoxic lymphocyte (CTL) precursor
frequencies are thought to be crucial for protection from viremia,
abortion, and EHM (9, 12, 13).

In recent years, the study of innate immunity to EHV-1
has also gained interest—particularly because it is known that
innate immune events are critical for establishing and shaping
pathogen-specific adaptive immunity, including cytotoxic T-cell
responses (14-17). As the first site of viral contact, the respiratory
epithelium provides a physical barrier against inhaled pathogens.
Tight junctions and respiratory epithelial integrity have been
shown to be an important aspect of innate immune protection
against EHV-1 infection (18). Furthermore, at this site, EHV-
1 has been shown to upregulate pattern recognition receptors,
such as TLR3 and TLR9. Activation of these receptors signals
downstream production of antiviral cytokines and chemokines
(19-21). Moreover, epithelial cells respond to EHV-1 infection
by secreting interferons, which act as direct antivirals to limit
viral replication (20-24). In vitro, EHV-1 has been shown to
target the induction of the type I interferon response (25), and
there appear to be differences in sensitivity to interferons between
neuropathic and abortigenic strains of EHV-1 (26). In addition,
lower IFNa responses in nasal secretions of horses during early
EHV-1 infection may increase the likelihood of developing EHM,
indicating a role for early interferon production at the epithelium
in disease protection (24). In addition to direct antiviral
molecules secreted by the epithelium, clearance of herpesviruses
at the primary replication site requires the recruitment of other
immune cells. EHV-1 infection of equine respiratory epithelial
cells (ERECs) induces the expression of chemokines, such as IL-
8, CCL2, CCL5, CXCL9, and CXCL10, and modulates chemotaxis
(20-22, 27, 28). Interestingly, neuropathic strains of EHV-1 have
been shown to selectively stimulate CXCR3 ligands CXCL9 and
CXCL10 production by the respiratory epithelium to facilitate
attraction and infection of CD4, CD8, and monocytic CD172+
cells (27). This specific shaping of the recruitment of leukocytes is
instrumental in the protection against herpesviruses (14, 16, 29).

Interestingly, immunity following EHV-1 infection or
vaccination is often insufficient, and the main reason for this
is the immune-modulatory properties of the virus. Evasive
strategies employed by EHV-1 include its ability to establish

intracellular infection quickly to avoid detection by VN antibody
(30-32). The intracellular nature of EHV-1 also explains the
finding that high levels of precursor CTLs are more likely to
correlate with protection from viremia and disease than those
of serum VN titers (9, 12, 13). However, EHV-1 is also known
to interfere with antigen presentation via the downregulation of
MHC-I, which hampers optimal CTL activation (20, 22, 33-35).
Ultimately though, most immune modulating events are likely
to occur at the respiratory mucosa during initial infection
with EHV-1. For example, the EHV-1 protein pUL56 is known
to interfere with interferon production and also induce the
expression of the anti-inflammatory gene IL-10 in ERECs (22).
Additionally, EHV-1 selectively interferes with the chemotaxis
of leukocytes to the respiratory epithelium (36) and modulates
transfer via infected lymphocytes to the vascular endothelium
(32). Specifically, the EHV-1 protein pUL56 is known to
modulate chemokine expression and neutrophil and monocyte
chemotaxis in ERECs (22). Glycoprotein G (gG) of EHV-1 has
chemokine binding properties, which has been shown to interfere
with IL-8-mediated chemotaxis of neutrophils in vitro (37, 38).
Furthermore, in a murine in vivo model of EHV-1 infection, gG
has been shown to interfere with chemotaxis of inflammatory
cells to the lung allowing for increased viral replication at this site
(38, 39). Collectively, these immune evasive strategies of EHV-1,
particularly during early infection, contribute to virulence in vivo
and the inability of horses to develop lasting protective immunity
following infection or vaccination.

Because early innate immunity is important for immediate
protection as well as shaping adaptive immunity, counteracting
immune modulation by EHV-1 during early epithelial infection
could lead to a more robust innate immune response and
consequently increased protective downstream adaptive
immunity. To accomplish this, intranasal administration
of live intranasal vaccines is an attractive method to
stimulate mucosal innate immunity. These vaccines interact
directly at the epithelium and are known to stimulate
important features of mucosal innate immunity, including
the secretion of inflammatory cytokines and chemokines,
as well as the promotion of maturation of resident
antigen presenting cells (40). For viral vaccines, attenuated
viruses are often able to induce antiviral innate immune
responses because they retain their ability to replicate at the
epithelium and it is known that live viral replication in the
respiratory tract in horses is a potent stimulator of mucosal
immunity (41, 42).

Together with EHV-1, equine influenza virus (EIV) is a
primary respiratory pathogen of horses. However, the fitness
of influenza viruses relies to a large extent on their ability to
change through antigenic drift and shift. EIV infection in horses
is known to induce powerful mucosal immune responses (41-
43). Furthermore, in humans, it has been shown that both
live-attenuated influenza vaccine (LAIV) virus and wild-type
influenza virus induce the upregulation of pattern recognition
receptors, interferons, and chemokines in the nasal mucosa as
well as in the respiratory epithelial cell culture systems, ultimately
contributing to a diverse and potent adaptive immune response
(14, 16, 41-49).
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Furthermore, there is some clinical evidence that vaccination
of weanling foals with an equine LAIV is associated with better
respiratory health during weaning (50), and that this could be
due to the LAIV inducing antiviral mucosal immunity. The LAIV
used in this study was Flu Avert® LN. (Flu Avert) (MSD Animal
Health, Kenilworth, NJ, USA), which is a commercially available
equine LAIV, that has been proven to be safe and efficacious
at protecting horses against EIV (51-53). We hypothesize that
Flu Avert induces innate immune responses at the respiratory
epithelium that could potentially overcome some of the immune-
modulatory events that occur during EHV-1 infection and thus
also provide protection against EHV-1 infection.

MATERIALS AND METHODS

Experimental Design

For this study, three experiments were conducted. A preliminary
experiment evaluated the toxicity of Flu Avert in ERECs over a
period of 7 days. The second experiment investigated the effects
of Flu Avert treatment on innate epithelial immune responses for
10 days after treatment of ERECs. A final experiment evaluated
the effect of Flu Avert treatment for protection from EHV-1 and
modulation of innate immune responses at varying times (1, 2,
5, or 7 days) prior to EHV-1 infection of ERECs. In this final
experiment, EHV-1 viral titers as well as cytokine and chemokine
mRNA and protein gene expression were evaluated.

Viruses

Flu Avert was propagated from Flu Avert® IN.A commercial
stock inoculated into Madin-Darby Canine Kidney (MDCK)
cells with media consisting of Eagle’s Minimum Essential
Medium (MEM, M5650; Sigma Aldrich, St. Louis, MO, USA)
supplemented with 0.3% Bovine Serum Albumin (A3059;
Sigma Aldrich, St. Louis, MO, USA), 1% GlutaMAX (GIBCO,
Life Technologies, Carlsbad, CA, USA), 100 IU/ml penicillin,
100 pg/ml streptomycin, and 1pg/ml trypsin. Cells were
incubated at 33°C and 5% CO, for 3-5 days until 90% of cells
showed cytopathic effect (CPE). Cells and supernatants were
collected, frozen to lyse the cells, thawed, and then centrifuged at
300 x g to remove cell debris, and the stock was stored at —80°C.
The second passage was used for the experiments.

The Flu Avert titer was determined by plaque assay using
serial dilutions of the propagated Flu Avert LN. stock. Six-
well plates seeded with MDCK cells were incubated with viral
inoculum dilutions for 1 h at 33°C and 5% CO, after which 1.5%
methylcellulose media was added and plates were incubated for
an additional 4-5 days until plaques developed. The cells were
fixed and stained with a 2% crystal violet/6% formalin solution.
Viral plaques were counted, and the titer was expressed as plaque
forming unit (pfu) per ml of original strength virus stock.

The EHV-1 strain Ab4 (GenBank Accession No. AY665713.1)
was propagated in rabbit kidney 13 (RK-13) cells with MEM-
10 (Sigma Aldrich) supplemented with 100 IU/ml penicillin,
100 pg/ml streptomycin, 1% GlutaMAX (Gibco), and 10% fetal
bovine serum (FBS) and incubated at 37°C and 5% CO,. After
viral propagation, the cell culture supernatants were collected,
clarified, and stored as described above. The EHV-1 titer was

determined by plaque assay using 10-fold serial dilutions of virus
stock in RK-13 cells incubated at 37°C and 5% CO, using the
method described above.

Animals and EREC Cultures

Upper respiratory tract tissues were harvested from eight horses
(mean age 15 years; range 6-23 years) that were euthanized
via intravenous overdose of pentobarbital sodium (>86 mg/kg)
for reasons unrelated to respiratory disease. All procedures
were performed in compliance with the Institutional Animal
Care and Use Committee of Michigan State University. Primary
ERECs were isolated and cryopreserved as previously described
(21). Briefly, 6-8 inch sections of the trachea were dissected
from horses immediately following euthanasia, and the mucosal
surface was digested for 3-5 days at 4°C in a 1.4% Pronase
(Roche Applied Science, Indianapolis, IN, USA) and 0.1%
deoxyribonuclease I (Roche Applied Science) solution in MEM
without calcium or magnesium (Sigma). Following digestion,
the cells were incubated for 2h in an uncoated Petri dish at
37°C to reduce fibroblast contamination after which the floating
cells were collected and cryopreserved in liquid nitrogen until
further use.

For each experiment, ERECs were thawed and cultured at
the air-liquid interface by adding 2-3 million cells in 500 pl of
DMEM/F12 (Gibco) media supplemented with 5% FBS that was
not heat inactivated, 1% MEM non-essential amino acid solution
(Gibco), 100 IU/ml penicillin, 100 pwg/ml streptomycin, and
1.25 pg/ml amphotericin to the top chamber of a collagen-coated
Transwell polyester membrane insert of a 12-well plate (Corning,
Inc., Corning, NY, USA) as previously described (21). One ml
of the above media was added to the bottom chamber, and the
plates were incubated overnight at 37°C with 5% CO,. On the
next day, the media in the top chamber was aspirated off, and the
media in the bottom chamber was replaced with DMEM/F12¢
supplemented with 2% Ultroser G TM (Pall, Port Washington,
NY, USA), 100 IU/ml penicillin, 100 pg/ml streptomycin, and
1.25 wg/ml amphotericin B. The media in the bottom chamber
was replaced every 2-4 days, and the cultures were maintained for
3-4 weeks until fully differentiated. Fully differentiated cultures
were used in the subsequent experiments.

Toxicity of Flu Avert in ERECs

Cell Culture and Inoculation

Fully differentiated EREC cultures derived from tracheal tissues
from three horses were washed with 500 ul DMEM/F12 media
(Gibco). Cells were treated with Flu Avert I.N. [with multiplicities
of infection (MOIs) of 0.1, 1, or 5] or media control (MOI of
0) at the apical side of the cell culture, in 500 w1 DMEM/F12
media (Gibco). After 2 h of incubation at 37°C with Flu Avert, the
inoculum was removed, and cells were washed twice with DMEM
media (Gibco) and incubated at 37°C until cell collection. Cell
pellets were collected 1, 2, 3, 4, 5, 6, and 7 days post-Flu Avert
treatment, and media supernatants in the bottom chamber were
replaced every 4 days throughout the experiment. To collect
the ERECs, cells were incubated with Accumax dissociation
solution (Qiagen, Hilden, Germany) for 2 cycles. For this, the
top chamber was rinsed with 300 |1 phosphate-buffered saline
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TABLE 1 | Grading scale for cytopathic effect.

Grade Criteria

0 Cells appear healthy

1 Cell clumping or mucus in <50% of well or minor clumping/mucus
2 Cell clumping or mucus in >50% of well or severe clumping/mucus
3 Same as grade “2” plus cells peeling off of culture membrane

(PBS), aspirated, and then incubated with 300 1 Accumax for
30min at 37°C. The dissociation solution was then collected
on ice, and another 300 wl Accumax was added and further
incubated for 20-45 min until all remaining cells were dissociated
and this solution was added to the first aliquot. The top chamber
was rinsed again with 300 wl PBS to collect any remaining cells
and added to the Accumax/cell suspension. The cells were then
pelleted by spinning at 300 x g for 10 min.

Microscopic Evaluation

Cultures for the toxicity experiment were evaluated by
microscopy for evidence of CPE daily for 7 days following
Flu Avert treatment. Images were taken and scored using the
scale described in Table 1.

Cell Viability Analysis

For the Flu Avert toxicity experiments, cell pellets were
resuspended in PBS with 0.4% bovine serum albumin and 0.1%
sodium azide and analyzed immediately following collection
for cell viability using propidium iodide (PI) staining and
flow cytometry. Twenty thousand events were collected from
each sample both prior to and after staining with PI
(10 pg/ml). Positive events in stained and unstained samples
were determined using frequency gating in Flowing Software
version 2.5.1. The percent of dead cells for each sample was
determined from the percent of positive events for the PI-
stained samples.

Effects of Flu Avert Treatment on Immune

Response in ERECs

Fully differentiated ERECs isolated from tracheal tissues of
five horses were treated with Flu Avert (MOI = 5) or media
control on the apical side in 500 Il DMEM/F12 media (Gibco).
After 2h of incubation at 37°C with Flu Avert or media,
the inoculum was removed, and cells were washed twice with
DMEM media (Gibco). Cells were incubated at 37°C and 5%
CO;, and the media was changed every 2-4 days until sample
collection. ERECs were collected using Accumax dissociation
solution (Qiagen) daily 2-10 days post-Flu Avert or media
treatment, as described in the previous experiment. The cell
culture supernatants were collected 4, 5, 8, and 10 days post-
treatment for protein cytokine analysis. Cells were divided into
half, and the pellets were stored as two separate aliquots at —80°C
until further processing for cytokine mRNA expression analyses.
At the same time, the cell culture supernatants were collected
into separate aliquots and stored at —80°C until further cytokine
protein expression analyses.

Effects of Flu Avert Treatment on EHV-1

Inoculation in ERECs
Fully differentiated ERECs isolated from tracheal tissues of five
horses were treated with Flu Avert (MOI = 5) or media control
on the apical side of the cell culture as described above. After
2h of incubation at 37°C with Flu Avert or media, the inoculum
was removed, and cells were washed twice with DMEM media
(Gibco). Cells were incubated at 37°C and 5% CO,, and the
media was changed every 2-4 days until EHV-1 inoculation.
Following Flu Avert or media treatment, ERECs were
inoculated with EHV-1 strain Ab4 (MOI = 1) suspended in
500 wl DMEM/F12 (Gibco) or media at 1, 2, 5, or 7 days post-
Flu Avert treatment. This dose was chosen based on previous
studies [(18, 26); Zarski et al. in preparation], and the dose of
the same virus was typically used by our group in challenge
infection experiments of horses (54, 55). After 2 h of incubation
at 37°C with EHV-1 or media, the inoculum was removed,
and cells were washed once with DMEM/F12 media (Gibco)
and incubated at 37°C until collection. ERECs were collected
using Accumax dissociation solution (Qiagen) at 24, 48, and
72 h post-EHV-1/Mock inoculation as described in the previous
experiment. Cells were divided into half, and the pellets were
stored as two separate aliquots at —80°C until further processing
for EHV-1 growth curves or cytokine mRNA expression analyses.
At the same time, the cell culture supernatants were collected
into separate aliquots and stored at —80°C until further
processing for EHV-1 growth curves and cytokine protein
expression analyses.

EHV-1 Intracellular and Extracellular

Growth Curves

As part of the final experiment, EHV-1 viral load was
determined from the cell pellets (intracellular) and supernatants
(extracellular) by quantitative real-time polymerase chain
reaction (qPCR) for the EHV-1 gB gene as previously
described (56). DNA was isolated from all samples using
the MagAttract 96 cador Pathogen Kit (Thermo Fisher,
Waltham, MA, USA) and quantified using the NanoDrop
2000 spectrophotometer (Applied Biosystems, Waltham,
MA, USA). Reactions consisted of 10 pl TagMan™ Fast
Universal PCR Master Mix (2x), no AmpErase™ UNG
(Takara Bio Inc., Kusatsu, Shiga, Japan), 400nM forward
and reverse primers, and 200nM probe, with nuclease-free
water and DNA template added to a final reaction volume
of 20 pl. Plasmid DNA gene copies generated from the gB
gene product were quantified and included in 10-fold serial
dilutions in each run, in order to create a standard curve.
Samples and standards were run in triplicate and duplicate,
respectively. No-template controls were included on each plate.
Thermocycling was performed on the Applied Biosystems 7500
Fast Real-Time PCR system using the following conditions:
20s holding stage at 95°C, followed by 37 cycles of 3s at
95°C denaturation and 30s at 60°C annealing/extension. Viral
load was expressed as EHV-1 copy number per ng of DNA
for cell pellets and EHV-1 copy number per PCR reaction
for supernatants.
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Cytokine Protein Expression in EREC

Supernatants

Cytokine protein expression for equine cytokines IL-4, IL-10, IL-
17, IFNa, and IFNy in cell culture supernatants was evaluated
using a bead-based multiplex assay as previously described by
Wagner and Freer (57) at the Animal Health Diagnostic Center,
Cornell University, Ithaca, NY, USA.

mRNA Isolation

For gene expression analysis, cell pellets were lysed and
homogenized using TRIzol reagent (Applied Biosystems)
following the manufacturer’s instructions. The aqueous phase
was then collected and washed with 100% ethanol, and the
RNA was isolated using the RNeasy Mini Kit (Thermo Fisher)
according to the manufacturer’s instructions. To eliminate
genomic DNA contamination, deoxyribonuclease treatment
(Thermo Fisher) was applied to each sample according to the
manufacturer’s recommendation.

Reverse Transcription-Real Time
Quantitative Polymerase Chain Reaction

(RT-gPCR) for mRNA Expression Analysis
RNA was quantified wusing the NanoDrop 2000
spectrophotometer (Applied Biosystems), and 297 ng RNA
was used in a 30 pl reverse transcription reaction with the High-
Capacity cDNA Reverse Transcription Kit with RNAse inhibitor
(Applied Biosystems). High-throughput qPCR was then
performed using the SmartChip Real-Time PCR System (Takara
Bio Inc.). The chip was loaded, and thermocycling was performed
following the manufacturer’s recommendations—with reactions
consisting of template cDNA, TagMan Gene Expression Master
Mix (Applied Biosystems), and the appropriate primer/probe
combination. See Table 2 for details on primers and probes.
Samples were run in triplicate, with 12 no-template control
reactions per chip. The raw mRNA expression data were
examined for outliers. If sample triplicates had a variability >1.5
ct from each other, data points were excluded as the variability in
technical replicates was considered to be too high to be accurate.

Three housekeeping genes (ACTB, B2M, and GUSB) were
used to normalize the genes of interest, and the average of the
untreated and mock-inoculated cells was used as a calibrator.
Relative expression was expressed as log fold change (the —-ddCq
value) from the calibrator for each gene of interest as described
by Livak and Schmittgen (59).

Statistical Analysis

All statistical analysis was performed using R software version
3.4.2. For cell viability analysis, differences in viability between
the MOIs were analyzed using the Kruskal-Wallis rank sum
test (kruskal.test function). For analyzing the effect of Flu Avert
treatment on cytokine responses in ERECs, statistical analysis
was performed using either a Wilcoxon rank sum test (wilcox.test
function) for RT-qPCR data or a Welch’s two sample ¢-test
(t.test function) for protein data. For analyzing the effect on Flu
Avert treatment and subsequent EHV-1 inoculation on cytokine
responses in ERECs, statistical analysis was performed using

TABLE 2 | Primer and probe source list.

Gene Source

CCL2 TagMan® gene expression assay no:
Ec03468496_ml (Thermo Fisher)

CCL5 TagMan® gene expression assay no:
Ec03468106_ml (Thermo Fisher)

CXCL9 TagMan® gene expression assay no:
Ec03469470_ml (Thermo Fisher)

CXCL10 TagMan® gene expression assay no:

Ec03469403_ml (Thermo Fisher)

IL-8 TagMan® gene expression assay no:
Ec03468860_ml (Thermo Fisher)

IFN-y TagMan® gene expression assay no:
Ec03468606_ml (Thermo Fisher)

IFN-a Designed in house; Forward
5-CGGAAGCCTCAAGCCATCT-3
Reverse 5'-TCTGTGCTGAAGAGGTGGAAGA-3
Probe 5'-TGCGGTCCATGAGACGATCCAACA-3

IFN-B Young Go et al. (58)

IL-10 TagMan® gene expression assay no:
Ec03468647_ml (Thermo Fisher)

ACTB TagMan® gene expression assay no:

Ec04176172_gH (Thermo Fisher)
B2M TagMan® gene expression assay no:
Ec03468699_ml (Thermo Fisher)

TagMan® gene expression assay no:
Ec03470630_m1 (Thermo Fisher)

GUSB

either a Kruskal-Wallis rank sum test with Dunn’s post-hoc
analysis (dunn.test function, part of the dunn.test package) for
RT-qPCR data or ANOVA (aov function) with Tukey’s post-hoc
analysis (TukeyHSD function) for protein expression. For EHV-
1 replication, viral copy number in Flu Avert- and media-treated
cells was compared using a Wilcoxon rank sum test (wilcox.test).

RESULTS
Flu Avert Is Not Toxic in ERECs

Before evaluation of the effect of Flu Avert on subsequent
inoculation with EHV-1, we wanted to ensure that Flu Avert was
not toxic for the EREC cultures over several days following Flu
Avert inoculation. According to microscopic evaluation, there
was no dose effect of Flu Avert on CPE scores (Figure 1A). A
slight rise in score over time was observed for all doses including
the media control (MOI = 0). PI viability staining confirmed the
microscopic observations; there were no significant differences
between groups, indicating that there was no toxic effect of
Flu Avert when used up to an MOI of 5 for 7 days following
treatment (Figure 1B).

Flu Avert Induces Cytokine Responses in
ERECs Between Days 5 and 10

Post-inoculation
Cytokine mRNA expression in Flu Avert-treated and untreated
cells was evaluated to determine the effects of Flu Avert on
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FIGURE 1 | Cell viability and chemokine mRNA expression following Flu Avert treatment in ERECs. (A) Microscopic analysis of EREC cultures. Mean grades from cells
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percent positive cells & SEM of three horses at each MOI as determined with propidium iodide staining. Black circle is MOl =
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are mean log fold change (-ddCq) + SEM. Black square represents untreated (media) treated ERECs. Black circle represents Flu Avert-treated ERECs. *p < 0.05 and
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stimulation of immune gene expression over time in ERECs.
CCL2, CCL5, CXCL9, CXCL10, and IL-8 mRNA expression
was detected in the samples. Interestingly, there were no
statistically significant differences in cytokine expression between
Flu Avert and media-treated cells until 6 days post-treatment.
On days 6-8 post-treatment, IL-8 mRNA was significantly

upregulated in Flu Avert-treated cells (Figure 1C). CXCL9 was
downregulated in Flu Avert-treated cells when compared with
media-treated cells on day 5 (p = 0.06) and day 10 (p = 0.11;
Figure 1D). On day 6 post-treatment, CCL2 was upregulated,
but this trend was not statistically significant (Figure 1E).
There were no differences observed in CXCL10 and CCL5

Frontiers in Veterinary Science | www.frontiersin.org

June 2021 | Volume 8 | Article 674850


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Benefit of Fluavert for EHV-1 Prevention

Zarski et al.
A 20000001 I B 2000000-1 A B
® Media - - -
o 15000007 o Flu Avert p 15000007 500003 g pedia 80000;
o @ ® FluAvert -
k-] E=] [ 7]
E E S 40000 g T
H c o £ 600009
2 1000000 2 1000000 g g
o o z z
:-; "§, z 300004 z
< < S S 40000
> 500000 > 500000 o 0
i & S 20000 -4
T Z 20000]
[ s o w 100001 w
24 48 72 24 48 72
hours post EHV-1 inoculation hours post EHV-1 inoculation
04 0-
24 48 72 24 48 72
hours post EHV-1 inoculation hours post EHV-1 inoculation
C
2000000 ° e B
0
-1 . . 2000000 . 150000+ 1600005
1500000 1500000
g ¢ -
2 - 4 g
£ € 2 2 120000
g g S 100000 5
2 1000000 z 1000000 2 ] 2
8 8 2 2
% Q E :E 800004
. 500000 N} ] & L
% E 500000 < 50000 -
z Z 40000
w w
o T T T (O —— Py
24 48 72 24 48 72 ~
hours post EHV-1 inoculation hours post EHV-1 inoculation 0- 24 48 72 0- 24 48 72
hours post EHV-1 inoculation hours post EHV-1 inoculation
FIGURE 2 | Mean + SEM difference in intracellular EHV-1 copy number
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expression (data not shown). Expression for IFNa, INF, IFNy,
and IL-10 mRNA was positive in <10% of the total samples
(data not shown).

Protein secretion in EREC supernatants was also measured.
IL-10 and IL-17 proteins were detected, but there were no
differences between Flu Avert and media treatments (data not
shown). Protein levels for IFNa and IL-4 were below the limit
of detection for the assay, and levels of IFNy were below 4 U/ml
for all samples (data not shown).

Reduction of EHV-1 Replication
Corresponds With Timing of Peak Cytokine
Responses in ERECs

EHV-1 viral load in Flu Avert-treated and untreated
EHV-1-inoculated ERECs was determined for cell pellets
(intracellular) and for supernatants (extracellular). In all EHV-1-
inoculated cultures, few classical EHV-1 plaques were observed
microscopically starting at 24h post-infection, but plaques
increased in number as time progressed (data not shown).
By 48h post-inoculation, EHV-1 plaques were observed in
all wells microscopically, and significant EHV-1 titers were

media on day 7 prior to EHV-1 inoculation.

detected by qPCR in all EHV-1-inoculated wells irrespective of
prior treatment with Flu Avert (Figures 2, 3). EHV-1 plaques
and titers were also detectable at 72h post-inoculation in all
EHV-1-inoculated wells (Figures 2, 3). While no differences
were observed in titers at 24h post-inoculation, at 48 and
72h post-EHV-1 inoculation, reduction in intracellular and
extracellular titers was observed in cells treated with Flu Avert on
individual days. However, these differences were not statistically
significant. Because we wanted to further investigate if there
was a timepoint of Flu Avert treatment that was most likely
to consistently reduce EHV-1 replication across timepoints
post-EHV-1 inoculation combined, culture wells in which
EHV-1 titers were lower in Flu Avert-treated cultures than in
untreated cultures post-EHV-1 inoculation were counted. Flu
Avert treatment on day 5 resulted in the most cultures with
reduced EHV-1 titers following Flu Avert treatment (8/10 wells
for intracellular titers and 7/10 wells for extracellular titers)
(Table 3). Taking the combined results in consideration, our
data suggest that treatment with Flu Avert on day 5 prior
to EHV-1 inoculation may be the most effective in reducing
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TABLE 3 | Number of cultures in which EHV-1 viral load was reduced by Flu Avert
treatment.

# of cultures where viral load is
reduced by >10* gB DNA copies

Flu Avert treatment day

Intracellular virus

Day 1 7/10
Day 2 8/10
Day 5 8/10
Day 7 4/10

# of cultures where viral load is
reduced by >500 gB DNA copies

Flu Avert treatment day

Extracellular virus

Day 1 7/10
Day 2 5/10
Day 5 7/10
Day 7 6/10

intracellular and extracellular EHV-1 titers in ERECs, although
this data should be followed up with experiments in the natural
host. All mock-inoculated samples were negative for EHV-1
(data not shown). Four mock-inoculated intracellular samples
were excluded from analysis due to insufficient DNA isolation
or contamination.

Flu Avert Treatment Enhances Cytokine
Response to EHV-1 Infection in ERECs

At 24 h post-EHV-1 inoculation in untreated cells, a statistically
significant induction of chemokine responses was not observed.
In contrast, when ERECs were pretreated with Flu Avert
treatment on days 5 or 7 prior to EHV-1 inoculation, IL-8
expression was significantly upregulated in Flu Avert/EHV-1-
inoculated ERECs, compared with the untreated and uninfected
ERECs (Figures 4A,B). A similar trend was observed for CXCL10
expression in ERECs treated with Flu Avert 7 days prior to EHV-
1 or mock inoculation, although this trend was not statistically
significant (Figures 4C,D). There were no differences in IL-8 and
CXCL10 expression for treatment days 1 or 2 (data not shown).
No differences were observed between groups for expression of
CCL2, CCL5, or CXCL9 at 24h post-EHV-1 inoculation (data
not shown).

By 48h post-EHV-1 inoculation, IL-8 expression was
statistically significantly upregulated in all Flu Avert/EHV-
1-inoculated ERECs when compared with untreated/mock-
inoculated ERECs for all Flu Avert treatment timepoints
(Figures 5A-D). IL-8 was also upregulated in untreated/EHV-
1-inoculated ERECs for all treatment timepoints, and this was
statistically significant for treatment days 1, 5, and 7. For CCL2
expression, a similar trend was observed in ERECs 48 h post-
EHV-1 inoculation that were pre-treated with Flu Avert on
days 2, 5, and 7, but this trend was not statistically significant
(Figures 5F-H). No appreciable trend was observed in ERECs
that were pre-treated with Flu Avert on day 1 (Figure 5E). The

expression of CCL5, CXCL9, and CXCL10 was not different
between groups 48 h post-EHV-1 infection (data not shown).

By 72h post-EHV-1 infection, IL-8 was upregulated in
EHV-1-inoculated ERECs pretreated with Flu Avert that
was statistically significant for treatment days 2 and 5 and
untreated/EHV-1-inoculated ERECs for all treatment days
besides for day 1 (data not shown). A similar trend (although
not statistically significant) was observed for CCL2 expression
where EHV-1 inoculation increased CCL2 compared with
untreated/mock-inoculated cells in cells pre-treated with Flu
Avert on day 2 (p = 0.12; Figure 6A) and day 5 (p = 0.07;
Figure 6B), but this increase for CCL2 was not observed in
ERECs pre-treated with Flu Avert on day 7 (Figure 6C). In
addition, ERECs treated with Flu Avert and inoculated with
EHV-1 showed downregulated expression of CXCL9, and this
was statistically significant in cells treated with Flu Avert 7 days
prior to inoculation with EHV-1 (day 2 p = 0.07, Figure 6D; day
5 p = 0.18, Figure 6E; day 7 p < 0.05, Figure 6F). Furthermore,
there was a downregulation in CXCL9 in EHV-1-inoculated
ERECs treated with Flu Avert 5 days prior compared with
untreated EHV-1-infected cells (p = 0.12; Figure 6E). There
were no differences in mRNA expression of CCL2 or CXCL9
between ERECs for Flu Avert treatment day 1 (data not shown).
There were no differences in the expression of CCL5 and
CXCL10 between groups at 72h post-EHV-1 inoculation (data
not shown).

Expression for IFNP was low or near the limit of detection
for all samples, and only ~17% of all samples were positive for
this cytokine. Based on the low percent of positive samples, no
relative quantitation was performed. However, EHV-1-infected
samples appeared to be more likely to express IFNB than
mock-inoculated samples. Of the 40 samples with detectable
IFNB mRNA expression, 30 were EHV-1-inoculated wells. The
expression of IFNa, IFNy, and IL-10 mRNA was positive in
<10% of the total samples (data not shown).

Finally, EHV-1 inoculation downregulated IL-10 protein
expression in EREC supernatants 72 h post-EHV-1 inoculation in
both Flu Avert and untreated cells when compared with mock-
inoculated ERECs for treatment days 1, 2, and 5, but this was
not statistically significant (data not shown). Interestingly, for
treatment day 7, there was less downregulation of IL-10 observed
in the supernatants from cells pre-treated with Flu Avert prior
to EHV-1 inoculation when compared with the mock-inoculated
groups (Figure 7). There were no differences in IL-17 protein
expression between groups (data not shown). The expression of
IFNa and IL-4 proteins was below the limit of detection of the
assay, and the expression of IFNy proteins was below 4 U/ml in
all samples (data not shown).

DISCUSSION

Our hypothesis was that treatment of ERECs to a LAIV
would stimulate innate immunity, and that this response would
also protect cells against EHV-1 infection and replication.
We found that Flu Avert stimulated epithelial immunity, and
that these responses were optimal starting at day 5 post-Flu
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FIGURE 4 | Effect of Flu Avert treatment on chemokine mRNA expression in ERECs collected from five horses 24 h following EHV-1 inoculation. (A) IL-8 mRNA
expression in ERECs that were treated with Flu Avert on day 5 prior to EHV-1 inoculation. (B) IL-8 mRNA expression in ERECs that were treated with Flu Avert on day
7 prior to EHV-1 inoculation. (C) CXCL10 mRNA expression in ERECs that were treated with Flu Avert on day 5 prior to EHV-1 inoculation. (D) CXCL10 mRNA
expression in ERECs that were treated with Flu Avert on day 7 prior to EHV-1 inoculation. The mean log fold change (-ddCq) is represented by a bar (*p < 0.05).

Avert treatment. While it has been well-established in humans
that influenza virus infection or LAIV vaccination stimulates
mucosal immunity, very little work has been done evaluating
the equine respiratory epithelial innate immune response to
EIV or equine LAIV. Here, we show that Flu Avert treatment
of ERECs stimulated the induction of chemokine expression.
In particular, we observed an upregulation of IL-8 and CCL2
expression following Flu Avert treatment, which agrees with
other studies investigating mucosal chemokine responses to
influenza vaccination. In humans, it has been shown that
following LAIV treatment, chemokine expression for CXCL9,
CXCL10, CCL5, CCL2, and IL-8 is upregulated in human
primary epithelial cell cultures (45, 46).

Our data, along with these human studies, indicate that
LAIVs, such as Flu Avert, act to stimulate epithelial mucosal
immunity in primary cells of the upper respiratory tract and may

provide important information for how the natural airway will
respond to treatment in the horse. In contrast to the human
cell culture studies, we did not observe any effect on CCL5 or
CXCL10 mRNA expression in our equine system. This may be
attributed to different responses of human and equine cells to
LAIV treatment, or be due to limits of detection in our system
that was used at 37°C (the optimal temperature for EHV-1
replication in vitro), whereas the human studies were conducted
at 32°C, which is known to more closely mimic the temperature
of the human upper respiratory tract (60). It is known that Flu
Avert is a cold-adapted vaccine, and previous work indicates
that Flu Avert replicates more efficiently at 30°C in Madin-
Darby Bovine Kidney (MDBK) cells (61). Because the magnitude
of innate immune responses in epithelial cells depends on the
replication of viral RNA, optimal replication of LAIV may be
necessary for optimal induction of chemokines (45), but since
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FIGURE 5 | Effect of Flu Avert treatment on chemokine mRNA expression in ERECs collected from five horses 48 h following EHV-1 inoculation. (A) IL-8 mRNA
expression in ERECs that were treated with Flu Avert on day 1 prior to EHV-1 inoculation. (B) IL-8 mMRNA expression in ERECs that were treated with Flu Avert on day
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FIGURE 5 | 2 prior to EHV-1 inoculation. (C) IL-8 mRNA expression in ERECs that were treated with Flu Avert on day 5 prior to EHV-1 inoculation. (D) IL-8 mRNA
expression in ERECs that were treated with Flu Avert on day 7 prior to EHV-1 inoculation. (E) CCL2 mRNA expression in ERECs that were treated with Flu Avert on
day 1 prior to EHV-1 inoculation. (F) CCL2 mRNA expression in ERECs that were treated with Flu Avert on day 2 prior to EHV-1 inoculation. (G) CCL2 mRNA
expression in ERECs that were treated with Flu Avert on day 5 prior to EHV-1 inoculation. (H) CCL2 mRNA expression in ERECs that were treated with Flu Avert on
day 7 prior to EHV-1 inoculation. The mean log fold change (-ddCaq) is represented by a bar (**o < 0.01 and *p < 0.05).

we depended on viable cell cultures for the subsequent EHV-1
inoculation, a suboptimal temperature for Flu Avert replication
of 37°C was chosen. However, even at suboptimal temperatures
for Flu Avert replication, we did observe induction of IL-
8 and CCL2. In addition, CXCL9 was downregulated in this
experiment. Clearly, more work is needed to test Flu Avert
treatment in horses and its effect on chemokine responses in the
in vivo nasal mucosa and further downstream immune responses.

Stimulation of innate immunity is classically considered to
occur quickly, often within hours, following virus infection.
However, our data suggest that following treatment with Flu
Avert, peak responses start at 5 days post-treatment. This could
be due to slow replication in the ERECs due to attenuation of the
Flu Avert virus. In a study of LAIV treatment in human nasal
epithelial cell cultures, it was also observed that peak cytokine
responses occurred several days following treatment (45). It has
been shown that peak cytokine responses to LAIV correspond to
the expression of viral RNA in human epithelial cultures and in
vivo nasal IFNa peaks correspond with peak EIV viral titer and
clinical disease (46, 62). While we did not measure Flu Avert RNA
genome titers over time, it is likely that these peaked in ERECs at a
similar timepoint where peak cytokine expression was observed.

In addition to chemokines, EIV infection is known to
stimulate interferon production in nasal secretions of ponies
beginning 2 days post-infection (43). In our study, interferon
expression was near the detection limit, and we only detected
interferon mRNA (IFNP) expression in ERECs following
treatment with Flu Avert in a few samples. In human epithelial
cells, it is shown that LAIV stimulates many features of
the interferon pathway, including the upregulation of pattern
recognition receptors and expression of interferon-stimulated
genes (ISGs) (45, 46). However, in a cohort of human patients
who received LAIV, only 21% had detectable levels of IFNa
in nasal wash, whereas several ISGs were upregulated (47).
These results, along with ours, indicate that while the interferon
pathway is stimulated by LAIV, the temporal regulation of
different genes likely contributes to the timing of expression
and ultimately detection of mRNA or proteins. The interferon
pathway is stimulated through activation of pattern recognition
receptors, including TLR3 (19, 44), and in ERECs, we have
previously shown that either infection with wild-type EIV or
treatment with Flu Avert stimulated the expression of TLR3
within 24h (61). In our study, it is likely that the interferon
pathway was stimulated in ERECs in response to Flu Avert;
however, IFNa and IFNB as well as IFNy were at or below the
limit of detection in our cultures. Though it has been shown
that LAIV induces many aspects of the interferon pathway in
epithelial cells, there is evidence that this response is more
attributed to the induction of type III interferon (IFNX), which

is unique to epithelial cells (63), rather than type I (IFNa,
IFNB) interferons. Similarly, in mice, it was found that IFN)
was induced in epithelial cells to far greater levels than type
I interferons in response to influenza challenge (64). Future
studies should consider analyzing the expression of IFN\ or
ISGs in addition to type I and II interferons in order to
get a more complete picture of the role of Flu Avert on the
interferon response.

Interestingly, peak chemokine modulation that occurred in
ERECs on 5-8 days post-Flu Avert treatment also corresponded
with optimal reduction in EHV-1 titers in the EHV-1-inoculated
cells. The delayed peak in cytokine expression explains the timing
of optimal EHV-1 reduction in our system, which would be the
ultimate goal of Flu Avert treatment in horses. Here, the effects of
Flu Avert on EHV-1 replication were investigated by generating
EHV-1 intracellular and extracellular growth curves in ERECs.
Our data suggest that treating with Flu Avert 5 days prior to EHV-
1 inoculation was most likely to interfere with EHV-1 replication.
However, the reduction in copy number was not complete, and
there was a large amount of variability, which is likely because the
EREC system lacks the comprehensive immune system that the
whole respiratory tract possesses. While antiviral cytokines and
chemokines are expressed in ERECs, the leukocyte recruitment
that would occur in the natural airway is absent, and this
recruitment and activation of leukocytes is critical for effective
innate and adaptive immune responses and for effective pathogen
elimination. Despite this limitation, the EREC system was useful
at providing information about the epithelial response to viral
infection and to determine an idea of optimal timing for follow-
up studies in the natural host aimed at evaluating viral titers,
protection, and induction of innate and adaptive immunity.

The intention of this work was to investigate the suitability of
the equine mucosal influenza virus vaccine to stimulate strong
non-specific innate antiviral respiratory immunity to provide
protection from another major equine respiratory virus, EHV-
1. This could be particularly helpful because it is known that
EHV-1 modulates and suppresses innate respiratory immunity
(20, 22, 33-39). In this study, it was observed that Flu Avert
treatment modulated chemokine expression in EHV-1-infected
cells. These chemokine responses of epithelial cells to EHV-1 are
instrumental in promoting immune cell recruitment to the upper
respiratory epithelium and ultimately protection from EHV-1
(14, 16, 65). Specifically, we observed that ERECs treated with
Flu Avert showed a significant upregulation of IL-8 expression
by 24 h post-EHV-1 inoculation, whereas this increase was not
seen in the untreated cells until 48 h post-EHV-1 inoculation.
Influenza virus infection is known to stimulate IL-8 production
in epithelial cells, supporting our finding that pre-treatment with
Flu Avert enhanced IL-8 responses to EHV-1 in our study (48).
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FIGURE 6 | Effect of Flu Avert treatment on chemokine mRNA expression in ERECs collected from five horses 72 h following EHV-1 inoculation. (A) CCL2 mRNA
expression in ERECs that were treated with Flu Avert on day 2 prior to EHV-1 inoculation. (B) CCL2 mRNA expression in ERECs that were treated with Flu Avert on
day 5 prior to EHV-1 inoculation. (C) CCL2 mRNA expression in ERECs that were treated with Flu Avert on day 7 prior to EHV-1 inoculation. (D) CXCL9 mRNA
expression in ERECs that were treated with Flu Avert on day 2 prior to EHV-1 inoculation. (E) CXCL9 mRNA expression in ERECs that were treated with Flu Avert on
day 5 prior to EHV-1 inoculation. (F) CXCL9 mRNA expression in ERECs that were treated with Flu Avert on day 7 prior to EHV-1 inoculation. The mean log fold
change (-ddCaq) is represented by a bar (*p < 0.05).

Similar to IL-8 responses, we observed that Flu Avert treatment  cells (66, 67). Our data suggest that pre-treatment with Flu
prior to EHV-1 inoculation enhanced the CCL2 expression in  Avert may act similarly and might function to rescue CCL2
response to EHV-1. CCL2 and CCL5 act to recruit monocytes  expression in respiratory epithelial cells during EHV-1 infection
and memory T-cells, and influenza virus infection is known  (66). The modulation of IL-8 and CCL2 by EHV-1 is supported
to stimulate both CCL2 and CCL5 production in epithelial by studies showing that EHV-1 proteins, gG, and pUL56 suppress
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FIGURE 7 | IL-10 protein expression in EREC supernatants collected from five
horses. ERECs were treated with Flu Avert (or left untreated) on day 7 prior to
EHV-1 inoculation, and supernatants of cultures were collected 72 h
post-EHV-1 infection. The mean concentration (pg/ml) is represented by a bar
(*p < 0.05).

IL-8 protein responses and neutrophil chemotaxis and play an
important role in viral clearance (22, 38, 39). Furthermore, EHV-
1 pUL56 has been shown to suppress the expression of CCL2
in ERECs and in peripheral blood mononuclear cells (PBMCs)
following EHV-1 infection (22, 24). The current theory is that
EHV-1 selectively modulates the recruitment of immune cells to
its advantage by suppressing IL-8 and CCL2 and preventing the
recruitment of cells for viral clearance but not interfering with
the recruitment of cells that permit an establishment of viremia
(36). Interestingly, it has also been shown that neuro-pathogenic
EHV-1 strains recruit monocytes via CCL2 and CCL5 expression
more significantly than less neuro-pathogenic strains (28).
CXCL9 and CXCL10 are related chemokines that serve
to recruit T-cells, including CTLs, and are thus of interest
when considering the induction of a robust immune response
to herpesviruses (68). In our study, we found that CXCL10
expression was enhanced in Flu Avert-treated, but not media-
treated, cells 24h following EHV-1 inoculation. On the other
hand, we were surprised to observe a downregulation of CXCL9
in Flu Avert-treated cells following EHV-1 inoculation. A
previous study in ERECs showed a significant increase in both
CXCL9 and CXCL10 expression following EHV-1 inoculation
(27). It has been shown that dramatic CXCL9 and CXCLI10
expression is induced in PBMCs following EHV-1 infection, but
this expression peaked at 10 h post-inoculation and returned to
baseline by 24 h post-inoculation (24). Furthermore, influenza
virus has been shown to induce rapid the expression of CXCL9
and CXCL10 following infection in epithelial cells (69). It is
unclear why we observed an upregulation of CXCL10, but
a downregulation of CXCL9 in ERECs following Flu Avert
treatment and EHV-1 inoculation, given the related function

of these two chemokines. One explanation is that our study
investigated responses several days following initial Flu Avert
treatment and not until 24h post-EHV-1 infection; thus, it
is possible that the timepoints we investigated here were too
late to observe an upregulation of CXCL9 expression. More
work is needed to fully understand the complicated balance
of these chemokine expression patterns following epithelial
infection with Flu Avert and EHV-1 and its implications for
EHV-1-related disease. However, it is clear that timing post-Flu
Avert administration must be considered in order to see the
optimal response.

Previous works in ERECs have shown an increase in type I
interferons (IFNa and IFNP) in response to EHV-1 infection
(20, 22, 26). In our study, levels of IFNa mRNA and proteins
were below detectable levels. One explanation is that the previous
studies were performed using EHV-1 at an MOI of 10. In the
present study, the inoculations were performed at a MOI of 1,
which is more biologically relevant. Additionally, interferons are
well-known to be quickly and transiently expressed molecules of
the innate immune system. In one study, Poelaert et al. found
that type I interferon proteins were detectable as early as 10h
post-EHV-1 inoculation in ERECs and remained detectable up
through 72 h (26). In our study, we measured mRNA, and thus it
is possible that the peak mRNA expression period in our system
was missed with the timepoints chosen for sample collections.
Additionally, type III, rather than type I, interferons are known
to be specialized for epithelial responses and have been shown to
be the primary drivers of the interferon responses to influenza
virus infection (63, 64). To our knowledge, IFN) expression has
not been evaluated in equine respiratory tissues and may play a
role in protection from EHV-1 infection.

Finally, IL-10 is an immunoregulatory cytokine that tempers
excessive immune responses and is important for preventing
immune-mediated damage to host tissues (70). In our study, IL-
10 mRNA was below the limit of detection of our assay; however,
we were able to detect IL-10 proteins in EREC supernatants
following EHV-1 infection. We found that EHV-1 infection
downregulated IL-10 expression; nevertheless, this response was
less apparent in those cells treated with Flu Avert 7 days prior
to EHV-1 inoculation, indicating that Flu Avert treatment at
this time may have counteracted the suppressive effect of EHV-
1. In addition to its anti-inflammatory role, IL-10 is known to
contribute to B-cell activation, which at the site of the nasal
epithelium could contribute to mucosal IgA antibody production
(71). Our finding that Flu Avert may reduce the IL-10 suppression
by EHV-1 may be important when considering boosting mucosal
humoral immunity.

In summary, this study revealed important information
regarding the epithelial innate immune response to LAIV in
EREC:s. In this primary cell culture system, peak responses to this
attenuated virus occurred several days following administration,
and this correlated with reduction in EHV-1 replication. These
results suggest that Flu Avert may be effective at counteracting
the immune-modulatory properties of EHV-1; however, more
work is needed to understand whether the chemokine enhancing
effects of Flu Avert at the site of the epithelium will translate
to more protective adaptive immune responses in vivo. Finally,
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our study suggests that future in vivo research should consider
the timing of administration of immune stimulants or mucosal
vaccines during experimental design.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Michigan State University.

AUTHOR CONTRIBUTIONS

LZ and GS contributed to the study execution, data analysis,
and preparation of the manuscript. All authors contributed to

REFERENCES

1. Gilkerson JR, Whalley JM, Drummer HE, Studdert MJ, Love DN.
Epidemiological studies of equine herpesvirus 1 (EHV-1) in thoroughbred
foals: a review of studies conducted in the hunter valley of New
South Wales between 1995 and 1997. Vet Microbiol. (1999) 68:15-
25. doi: 10.1016/50378-1135(99)00057-7

2. Gilkerson JR, Whalley JM, Drummer HE, Studdert M], Love DN.
Epidemiology of EHV-1 and EHV-4 in the mare and foal populations on a
hunter valley stud farm: are mares the source of EHV-1 for unweaned foals.
Vet Microbiol. (1999) 68:27-34. doi: 10.1016/S0378-1135(99)00058-9

3. Foote CE, Love DN, Gilkerson JR, Whaley JM. Detection of EHV-1 and EHV-
4 DNA in unweaned thoroughbred foals from vaccinated mares on a large
stud farm. Equine Vet J. (2010) 36:341-5. doi: 10.2746/0425164044890634

4. Mumford JA, Rossdale PD, Jessett DM, Gann S], Ousey J. Serological and
virological investigations of an equid herpesvirus 1 (EHV-1) abortion storm
on a stud farm in 1985. ] Reprod Fertil Suppl. (1987) 35:509-18.

5. Pusterla N, Mapes S, Wilson WD. Prevalence of equine herpesvirus type 1
in trigeminal ganglia and submandibular lymph nodes of equids examined
postmortem. Vet Rec. (2010) 167:376-8. doi: 10.1136/vr.c3748

6. Allen GP. Antemortem detection of latent infection with neuropathogenic
strains of equine herpesvirus-1 in horses. Am ] Vet Res. (2006) 67:1401-
5. doi: 10.2460/ajvr.67.8.1401

7. Allen GP, Bolin DC, Bryant U, Carter CN, Giles RC, Harrison LR,
et al. Prevalence of latent, neuropathogenic equine herpesvirus-1 in the
thoroughbred broodmare population of central Kentucky. Equine Vet J.
(2008) 40:105-10. doi: 10.2746/042516408X253127

8. Slater JD, Borchers K, Thackray AM, Field HJ. The trigeminal ganglion is a
location for equine herpesvirus 1 latency and reactivation in the horse. ] Gen
Virol. (1994) 75:2007-16. doi: 10.1099/0022-1317-75-8-2007

9. Kydd JH, Wattrang E, Hannant D. 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. (2003)
96:207-17. doi: 10.1016/j.vetimm.2003.08.004

Gibson JS, O’'Neill T, Thackray A, Hannant D, Field HJ. Serological
responses of specific pathogen-free foals to equine herpesvirus-1: primary
and secondary infection, and reactivation. Vet Microbiol. (1992) 32:199-
214. doi: 10.1016/0378-1135(92)90145-]

Hannant D, Jessett DM, O'Neill T, Dolby CA, Cook RF, Mumford JA.
Responses of ponies to equid herpesvirus-1 ISCOM vaccination and
challenge with virus of the homologous strain. Res Vet Sci. (1993) 54:299-
305. doi: 10.1016/0034-5288(93)90126-Z

10.

11.

the study design, interpretation of data, and approval of the
final manuscript.

FUNDING

This study was funded by MSD Animal Health.

ACKNOWLEDGMENTS

The authors would like to thank Rahul Nelli for his contribution
to primer design; Christi Harris, Emily Crisovan, and the
Genomics Research and Technology Support Facility at Michigan
State University for their assistance with the SmartChip
Real-Time PCR System; and Christi Harris, Louis King,
and the Flow Cytometry Research and Technology Support
Facility at Michigan State University for their assistance with
flow cytometry.

ONeill T, Kydd JH, Allen GP, Wattrang E, Mumford JA, Hannant
D. Determination of equid herpesvirus 1-specific, CD8+, cytotoxic T
lymphocyte precursor frequencies in ponies. Vet Immunol Immunopathol.
(1999) 70:43-54. doi: 10.1016/S0165-2427(99)00037-9

Allen GP. Risk factors for development of neurologic disease after
experimental exposure to equine herpesvirus-1 in horses. Am ] Vet Res. (2008)
69:1595-600. doi: 10.2460/ajvr.69.12.1595

Kato A, Schleimer RP. Beyond inflammation: airway epithelial cells are at
the interface of innate and adaptive immunity. Curr Opin Immunol. (2007)
19:711-20. doi: 10.1016/j.c0i.2007.08.004

Iwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate
immune system. Science. (2010) 327:291-95. doi: 10.1126/science.1183021
Sokol CL, Luster AD. The chemokine system in innate immunity. Cold Spring
Harb Perspect Biol. (2015) 7:a016303. doi: 10.1101/cshperspect.a016303
Pavulraj S, Kamel M, Stephanowitz H, Liu F, Plendl ], Osterrieder N, et al.
Equine herpesvirus type 1 modulates cytokine and chemokine profiles of
mononuclear cells for efficient dissemination to target organs. Viruses. (2020)
12:999. doi: 10.3390/v12090999

Van Cleemput J, Poelaert KCK, Laval K, Maes R, Hussey GS, Van den Broeck
W, et al. Access to a main alphaherpesvirus receptor, located basolaterally in
the respiratory epithelium, is masked by intercellular junctions. Sci Rep. (2017)
7:16656. doi: 10.1038/s41598-017-16804-5

Thompson MR, Kaminski JJ, Kurt-Jones EA, Fitzgerald KA. Pattern
recognition receptors and the innate immune response to viral infection.
Viruses. (2011) 3:920-40. doi: 10.3390/v3060920

Soboll Hussey G, Ashton LV, Quintana AM, Lunn DP, Goehring LS,
Annis K, et al. Innate immune responses of airway epithelial cells
to infection with equine herpesvirus-1. Vet Microbiol. (2014) 170:28-
38. doi: 10.1016/j.vetmic.2014.01.018

Quintana AM, Landolt GA, Annis KM, Hussey GS. Immunological
characterization of the equine airway epithelium and of a primary equine
airway epithelial cell culture model. Vet Immunol Immunopathol. (2011)
140:226-36. doi: 10.1016/j.vetimm.2010.12.008

Soboll Hussey G, Ashton LV, Quintana AM, Van de Walle GR,
Osterrieder N, Lunn DP. Equine type 1 pUL56
modulates innate responses of airway epithelial cells. Virology. (2014)
464-5:76-86. doi: 10.1016/j.virol.2014.05.023

Wagner B, Wimer C, Freer H, Osterrieder N, Erb HN. Infection of
peripheral blood mononuclear cells with neuropathogenic equine herpesvirus
type-1 strain Ab4 reveals intact interferon-alpha induction and induces
suppression of anti-inflammatory interleukin-10 responses in comparison
to other viral strains. Vet Immunol Immunopathol. (2011) 143:116-
24. doi: 10.1016/j.vetimm.2011.06.032

20.

21.

22.

herpesvirus

23.

Frontiers in Veterinary Science | www.frontiersin.org

14

June 2021 | Volume 8 | Article 674850


https://doi.org/10.1016/S0378-1135(99)00057-7
https://doi.org/10.1016/S0378-1135(99)00058-9
https://doi.org/10.2746/0425164044890634
https://doi.org/10.1136/vr.c3748
https://doi.org/10.2460/ajvr.67.8.1401
https://doi.org/10.2746/042516408X253127
https://doi.org/10.1099/0022-1317-75-8-2007
https://doi.org/10.1016/j.vetimm.2003.08.004
https://doi.org/10.1016/0378-1135(92)90145-J
https://doi.org/10.1016/0034-5288(93)90126-Z
https://doi.org/10.1016/S0165-2427(99)00037-9
https://doi.org/10.2460/ajvr.69.12.1595
https://doi.org/10.1016/j.coi.2007.08.004
https://doi.org/10.1126/science.1183021
https://doi.org/10.1101/cshperspect.a016303
https://doi.org/10.3390/v12090999
https://doi.org/10.1038/s41598-017-16804-5
https://doi.org/10.3390/v3060920
https://doi.org/10.1016/j.vetmic.2014.01.018
https://doi.org/10.1016/j.vetimm.2010.12.008
https://doi.org/10.1016/j.virol.2014.05.023
https://doi.org/10.1016/j.vetimm.2011.06.032
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Zarski et al.

Benefit of Fluavert for EHV-1 Prevention

24. Wimer CL, Damiani A, Osterrieder N, Wagner B. Equine 42. Nelson KM, Schram BR, McGregor MW, Sheoran AS, Olsen CW, Lunn DP.
herpesvirus type-1 modulates CCL2, CCL3, CCL5, CXCL9, and Local and systemic isotype-specific antibody responses to equine influenza
CXCL10 chemokine expression. Vet Immunol Immunopathol. (2011) virus infection versus conventional vaccination. Vaccine. (1998) 16:1306-
140:266-74. doi: 10.1016/j.vetimm.2011.01.009 13. doi: 10.1016/S0264-410X(98)00009-7

25. Oladunni FS, Sarkar S, Reedy S, Balasuriya UBR, Horohov DW, Chambers 43. Wattrang E, Jessett DM, Yates P, Fuxler L, Hannant D. Experimental
TM. Equid herpesvirus 1 targets the sensitization and induction steps to infection of ponies with equine influenza A2 (H3N8) virus strains of different
inhibit the type I interferon response in equine endothelial cells. J Virol. (2019) pathogenicity elicits varying interferon and interleukin-6 responses. Viral
93:e01342-19. doi: 10.1128/JV1.01342-19 Immunol. (2003) 16:57-67. doi: 10.1089/088282403763635456

26. Poelaert KCK, Van Cleemput J, Laval K, Favoreel HW, Soboll Hussey G, 44. Oslund KL, Baumgarth N. Influenza-induced innate immunity: regulators
Maes RK, et al. Abortigenic but not neurotropic equine herpes virus 1 of viral replication, respiratory tract pathology & adaptive immunity. Future
modulates the interferon antiviral defense. Front Cell Infect Microbiol. (2018) Virol. (2011) 6:951-62. doi: 10.2217/fv1.11.63
8:312. doi: 10.3389/fcimb.2018.00312 45. Forero A, Fenstermacher K, Wohlgemuth N, Nishida A, Carter V, Smith

27. Poelaert KCK, Van Cleemput ], Laval K, Xie ], Favoreel HW, Nauwynck HJ. EA, et al. Evaluation of the innate immune responses to influenza and live-
Equine herpesvirus 1 infection orchestrates the expression of chemokines attenuated influenza vaccine infection in primary differentiated human nasal
in equine respiratory epithelial cells. J Gen Virol. (2019) 100:1567- epithelial cells. Vaccine. (2017) 35:6112-21. doi: 10.1016/j.vaccine.2017.09.058
79. doi: 10.1099/jgv.0.001317 46. Fischer II WA, Chason KD, Brighton M, Jaspers I. Live attenuated influenza

28. Zhao J, Poelaert KCK, Van Cleemput J, Nauwynck HJ. CCL2 and CCL5 vaccine strains elicit a greater innate immune response than antigenically-
driven attraction of CD172a(+) monocytic cells during an equine herpesvirus matched seasonal influenza viruses during infection of human nasal epithelial
type 1 (EHV-1) infection in equine nasal mucosa and the impact of two cell cultures. Vaccine. (2014) 32:1761-7. doi: 10.1016/j.vaccine.2013.12.069
migration inhibitors, rosiglitazone (RSG) and quinacrine (QC). Vet Res. 47. Barria MI, Garrido JL, Stein C, Scher E, Ge Y, Engel SM, et al. Localized
(2017) 48:14. doi: 10.1186/s13567-017-0419-4 mucosal response to intranasal live attenuated influenza vaccine in adults. J

29. Wuest TR, Carr DJJ. The role of chemokines during herpes simplex virus-1 Infect Dis. (2013) 207:115-24. doi: 10.1093/infdis/jis641
infection. Front Biosci. (2008) 13:4862-72. doi: 10.2741/3045 48. Matsukura S, Kokubu F, Noda H, Tokunaga H, Adachi M. Expression of

30. Kydd JH, Smith KC, Hannant D, Livesay GJ, Mumford JA. Distribution IL-6, IL-8, and RANTES on human bronchial epithelial cells, NCI-H292,
of equid herpesvirus-1 (EHV-1) in the respiratory tract of ponies: induced by influenza virus A. J Allergy Clin Immunol. (1996) 98:1080-
implications for vaccination strategies. Equine Vet J. (1994) 26:466— 87. doi: 10.1016/S0091-6749(96)80195-3
9. doi: 10.1111/j.2042-3306.1994.tb04051.x 49. Belyakov IM, Ahlers JD. What role does the route of immunization play in the

31. Kydd JH, Smith KC, Hannant D, Livesay GJ, Mumford JA. Distribution generation of protective immunity against mucosal pathogens? J Immunol.
of equid herpesvirus-1 (EHV-1) in respiratory tract associated lymphoid (2009) 183:6883-92. doi: 10.4049/jimmunol.0901466
tissue: implications for cellular immunity. Equine Vet J. (1994) 26:470- 50. Scalco R, Bowers J, Hernandez V, Barnum S, Pusterla N. Prevention of
3. doi: 10.1111/§.2042-3306.1994.tb04052.x respiratory infections with alpha- and gamma-herpesviruses in weanling foals

32. Poelaert KCK, Van Cleemput J, Laval K, Favoreel HW, Couck L, Van den by using a modified live intra-nasal equine influenza vaccine. Can Vet J.
Broeck W, et al. Equine herpesvirus 1 bridles T-lymphocytes to reach its target (2020) 61:517-20.
organs. ] Virol. (2019) 93:e2098-18. doi: 10.1128/JV1.02098-18 51. Lunn DP, Hussey S, Sebring R, Rushlow KE, Radecki SV, Whitaker-

33. Rappocciolo G, Birch J, Ellis SA. Down-regulation of MHC class Dowling P, et al. Safety, efficacy, and immunogenicity of a modified-
I expression by equine herpesvirus-1. J Gen Virol. (2003) 84:293- live equine influenza virus vaccine in ponies after induction of exercise-
300. doi: 10.1099/vir.0.18612-0 induced immunosuppression. | Am Vet Med Assoc. (2001) 218:900-

34. Ma G, Feineis S, Osterrieder N, Van de Walle GR. Identification and 6. doi: 10.2460/javma.2001.218.900
characterization of equine herpesvirus type 1 pUL56 and its role in virus- 52. Chambers TM, Holland RE, Tudor LR, Townsend HGG, Cook A, Bogdan J,
induced downregulation of major histocompatibility complex class L. J Virol. et al. A new modified live equine influenza virus vaccine: phenotypic stability,
(2012) 86:3554-63. doi: 10.1128/JVL.06994-11 restricted spread and efficacy against heterologous virus challenge. Equine Vet

35. Ambagala APN, Gopinath RS, Srikumaran S. Peptide transport activity J. (2001) 33:630-6. doi: 10.2746/042516401776249291
of the transporter associated with antigen processing (TAP) is inhibited 53. Townsend HGG, Penner SJ, Watts TC, Cook A, Bogdan J, Haines DM, et al.
by an early protein of equine herpesvirus-1. | Gen Virol. (2004) 85:349- Efficacy of a cold-adapted, intranasal, equine influenza vaccine: challenge
53. doi: 10.1099/vir.0.19563-0 trials. Equine Vet J. (2001) 33:637-43. doi: 10.2746/042516401776249354

36. Van de Walle GR, Jarosinski KW, Osterrieder N. Alphaherpesviruses and 54. Holz CL, Nelli RK, Eilidh Wilson M, Zarski LM, Azab W, Baumgardner
chemokines: pas de deux not yet brought to perfection. J Virol. (2007) R, et al. Viral genes and cellular markers associated with neurological
82:6090-97. doi: 10.1128/JV1.00098-08 complications during herpesvirus infections. ] Gen Virol. (2017) 98:1439-

37. Bryant NA, Davis-Poynter N, Vanderplasschen A, Alcami A. 54. doi: 10.1099/jgv.0.000773
Glycoprotein G isoforms from some alphaherpesviruses function 55. Soboll Hussey G, Hussey SB, Wagner B, Horohov DW, Van de Walle
as broad-spectrum chemokine binding proteins. EMBO J. (2003) GR, Osterrieder N, et al. Evaluation of immune responses following
22:833-46. doi: 10.1093/emboj/cdg092 infection of ponies with an EHV-1 ORF1/2 deletion mutant. Vet Res. (2011)

38. Van de Walle GR, May ML, Sukhumavasi W, von Einem J, Osterrieder 42:23. doi: 10.1186/1297-9716-42-23
N. Herpesvirus chemokine-binding glycoprotein G (gG) efficiently inhibits 56. Hussey SB, Clark R, Lunn KE Breathnach C, Soboll G, Whalley JM, et al.
neutrophil chemotaxis in vitro and in vivo. ] Immunol. (2007) 179:4161- Detection and quantification of equine herpesvirus-1 viremia and nasal
9. doi: 10.4049/jimmunol.179.6.4161 shedding by real-time polymerase chain reaction. J Vet Diagn Invest. (2006)

39. Van de Walle GR, Sakamoto K, Osterrieder N. CCL3 and viral 18:335-42. doi: 10.1177/104063870601800403
chemokine-binding protein gg modulate pulmonary inflammation and 57. Wagner B, Freer H. Development of a bead-based multiplex assay
virus replication during equine herpesvirus 1 infection. J Virol. (2008) for simultaneous quantification of cytokines in horses. Vet Immunol
82:1714-22. doi: 10.1128/JV1.02137-07 Immunopathol. (2009) 127:242-8. doi: 10.1016/j.vetimm.2008.10.313

40. Amorij J-P, Hinrichs WLJ, Frijlink HW, Wilschut JC, Huckriede A. 58. Young Go Y, Li Y, Chen Z, Han M, Yoo D, Fang Y, et al. Equine arteritis
Needle-free influenza vaccination. Lancet Infect Dis. (2010) 10:699- virus does not induce interferon production in equine endothelial cells:
711. doi: 10.1016/S1473-3099(10)70157-2 identification of nonstructural protein 1 as a main interferon antagonist.

41. Lunn DP, Soboll G, Schram BR, Quass ], McGregor MW, Drape Biomed Res Int. (2014) 2014:420658. doi: 10.1155/2014/420658
RJ, et al. Antibody responses to DNA vaccination of horses 59. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
using the influenza virus hemagglutinin gene. Vaccine. (1999) time quantitative PCR and the 2-AACT method. Methods. (2001) 25:402-
17:2245-58. doi: 10.1016/50264-410X(98)00496-4 8. doi: 10.1006/meth.2001.1262

Frontiers in Veterinary Science | www.frontiersin.org 15 June 2021 | Volume 8 | Article 674850


https://doi.org/10.1016/j.vetimm.2011.01.009
https://doi.org/10.1128/JVI.01342-19
https://doi.org/10.3389/fcimb.2018.00312
https://doi.org/10.1099/jgv.0.001317
https://doi.org/10.1186/s13567-017-0419-4
https://doi.org/10.2741/3045
https://doi.org/10.1111/j.2042-3306.1994.tb04051.x
https://doi.org/10.1111/j.2042-3306.1994.tb04052.x
https://doi.org/10.1128/JVI.02098-18
https://doi.org/10.1099/vir.0.18612-0
https://doi.org/10.1128/JVI.06994-11
https://doi.org/10.1099/vir.0.19563-0
https://doi.org/10.1128/JVI.00098-08
https://doi.org/10.1093/emboj/cdg092
https://doi.org/10.4049/jimmunol.179.6.4161
https://doi.org/10.1128/JVI.02137-07
https://doi.org/10.1016/S1473-3099(10)70157-2
https://doi.org/10.1016/S0264-410X(98)00496-4
https://doi.org/10.1016/S0264-410X(98)00009-7
https://doi.org/10.1089/088282403763635456
https://doi.org/10.2217/fvl.11.63
https://doi.org/10.1016/j.vaccine.2017.09.058
https://doi.org/10.1016/j.vaccine.2013.12.069
https://doi.org/10.1093/infdis/jis641
https://doi.org/10.1016/S0091-6749(96)80195-3
https://doi.org/10.4049/jimmunol.0901466
https://doi.org/10.2460/javma.2001.218.900
https://doi.org/10.2746/042516401776249291
https://doi.org/10.2746/042516401776249354
https://doi.org/10.1099/jgv.0.000773
https://doi.org/10.1186/1297-9716-42-23
https://doi.org/10.1177/104063870601800403
https://doi.org/10.1016/j.vetimm.2008.10.313
https://doi.org/10.1155/2014/420658
https://doi.org/10.1006/meth.2001.1262
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Zarski et al. Benefit of Fluavert for EHV-1 Prevention
60. Keck T, Leiacker R, Heinrich A, Kuhnemann S, Rettinger G. Humidity and 68. Van Raemdonck K, Van den Steen PE, Liekens S, Van Damme J, Struyf S.
temperature profile in the nasal cavity. Rhinology. (2000) 38:167-71. CXCRS3 ligands in disease and therapy. Cytokine Growth Factor Rev. (2015)
61. Pecoraro HL, Koch D, Soboll Hussey G, Bentsen L, Landolt GA. Comparison 26:311-27. doi: 10.1016/j.cytogfr.2014.11.009
of innate immune responses in equine respiratory epithelial cells to modified- 69. Wang ], Nikrad MP, Phang T, Gao B, Alford T, Ito Y, et al. Innate immune
live equine influenza vaccine and related wild-type influenza virus. J Vet Intern response to influenza A virus in differentiated human alveolar type II cells.
Med. (2014) 28:1346-74. Am ] Respir Cell Mol Biol. (2011) 45:582-91. doi: 10.1165/rcmb.2010-01080C
62. Hayden FG, Fritz R, Lobo MC, Alvord W, Strober W, Straus SE. Local and 70. Rojas JM, Avia M, Martin V, Sevilla N. IL-10: a multifunctional
systemic cytokine responses during experimental human influenza A virus cytokine  in  viral  infections. ]  Immunol  Res.  (2017)
infection. Relation to symptom formation and host defense. J Clin Invest. 2017:6104054. doi: 10.1155/2017/6104054
(1998) 101:643-9. doi: 10.1172/JCI1355 71. Salvi S, Holgate ST. Could the airway epithelium play an important role in
63. Sommereyns C, Paul S, Staeheli P, Michiels T. IFN-lambda (IFN-lambda) is mucosal immunoglobulin A production? Clin Exp Allergy. (1999) 29:1597-
expressed in a tissue-dependent fashion and primarily acts on epithelial cells 605. doi: 10.1046/j.1365-2222.1999.00644.x
in vivo. PLoS Pathog. (2008) 4:¢1000017. doi: 10.1371/journal.ppat.1000017
64. Jewell NA, Cline T, Mertz SE, Smirnov SV, Flafio E, Schindler C, et al. Conflict of Interest: WV, DB, and FB are employed by MSD Animal Health.
Lambda interferon is the predominant interferon induced by influenza A virus
infection in vivo. J Virol. (2010) 84:11515-22. doi: 10.1128/JV1.01703-09 The remaining authors declare that the research was conducted in the absence of
65. Schaller M, Hogaboam CM, Lukacs N, Kunkel SL. Respiratory viral infections any commercial or financial relationships that could be construed as a potential
drive chemokine expression and exacerbate the asthmatic response. J Allergy conflict of interest.
Clin Immunol. (2006) 118:294-5. doi: 10.1016/j.jaci.2006.05.025
66. Herold S, von Wulffen W, Steinmueller M, Pleschka S, Kuziel WA, Mack M, Copyright © 2021 Zarski, Vaala, Barnett, Bain and Soboll Hussey. This is an open-
et al. Alveolar epithelial cells direct monocyte transepithelial migration upon access article distributed under the terms of the Creative Commons Attribution
influenza virus infection: impact of chemokines and adhesion molecules. J License (CC BY). The use, distribution or reproduction in other forums is permitted,
Immunol. (2006) 177:1817-24. doi: 10.4049/jimmunol.177.3.1817 provided the original author(s) and the copyright owner(s) are credited and that the
67. Ramos I, Fernandez-Sesma A. Modulating the innate immune response to original publication in this journal is cited, in accordance with accepted academic

influenza A virus: potential therapeutic use of anti-inflammatory drugs. Front
Immunol. (2015) 6:361. doi: 10.3389/fimmu.2015.00361

practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

16

June 2021 | Volume 8 | Article 674850


https://doi.org/10.1172/JCI1355
https://doi.org/10.1371/journal.ppat.1000017
https://doi.org/10.1128/JVI.01703-09
https://doi.org/10.1016/j.jaci.2006.05.025
https://doi.org/10.4049/jimmunol.177.3.1817
https://doi.org/10.3389/fimmu.2015.00361
https://doi.org/10.1016/j.cytogfr.2014.11.009
https://doi.org/10.1165/rcmb.2010-0108OC
https://doi.org/10.1155/2017/6104054
https://doi.org/10.1046/j.1365-2222.1999.00644.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	A Live-Attenuated Equine Influenza Vaccine Stimulates Innate Immunity in Equine Respiratory Epithelial Cell Cultures That Could Provide Protection From Equine Herpesvirus 1
	Introduction
	Materials and Methods
	Experimental Design
	Viruses
	Animals and EREC Cultures
	Toxicity of Flu Avert in ERECs 
	Cell Culture and Inoculation
	Microscopic Evaluation
	Cell Viability Analysis

	Effects of Flu Avert Treatment on Immune Response in ERECs
	Effects of Flu Avert Treatment on EHV-1 Inoculation in ERECs
	EHV-1 Intracellular and Extracellular Growth Curves
	Cytokine Protein Expression in EREC Supernatants
	mRNA Isolation
	Reverse Transcription-Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) for mRNA Expression Analysis
	Statistical Analysis

	Results
	Flu Avert Is Not Toxic in ERECs
	Flu Avert Induces Cytokine Responses in ERECs Between Days 5 and 10 Post-inoculation
	Reduction of EHV-1 Replication Corresponds With Timing of Peak Cytokine Responses in ERECs
	Flu Avert Treatment Enhances Cytokine Response to EHV-1 Infection in ERECs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


