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ABSTRACT

Equine herpesvirus type 1 (EHV-1) is a main cause of respiratory disease, abortion, and encephalomyelopathy in horses. Mono-
cytic cells (CD172a�) are the main carrier cells of EHV-1 during primary infection and are proposed to serve as a “Trojan horse”
to facilitate the dissemination of EHV-1 to target organs. However, the mechanism by which EHV-1 is transferred from
CD172a� cells to endothelial cells (EC) remains unclear. The aim of this study was to investigate EHV-1 transmission between
these two cell types. We hypothesized that EHV-1 employs specific strategies to promote the adhesion of infected CD172a� cells
to EC to facilitate EHV-1 spread. Here, we demonstrated that EHV-1 infection of CD172a� cells resulted in a 3- to 5-fold increase
in adhesion to EC. Antibody blocking experiments indicated that �4�1, �L�2, and �V�3 integrins mediated adhesion of infected
CD172a� cells to EC. We showed that integrin-mediated phosphatidylinositol 3-kinase (PI3K) and ERK/MAPK signaling path-
ways were involved in EHV-1-induced CD172a� cell adhesion at early times of infection. EHV-1 replication was enhanced in
adherent CD172a� cells, which correlates with the production of tumor necrosis factor alpha (TNF-�). In the presence of neu-
tralizing antibodies, approximately 20% of infected CD172a� cells transferred cytoplasmic material to uninfected EC and 0.01%
of infected CD172a� cells transmitted infectious virus to neighboring cells. Our results demonstrated that EHV-1 infection in-
duces adhesion of CD172a� cells to EC, which enhances viral replication, but that transfer of viral material from CD172a� cells
to EC is a very specific and rare event. These findings give new insights into the complex pathogenesis of EHV-1.

IMPORTANCE

Equine herpesvirus type 1 (EHV-1) is a highly prevalent pathogen worldwide, causing frequent outbreaks of abortion and myelo-
encephalopathy, even in vaccinated horses. After primary replication in the respiratory tract, EHV-1 disseminates via cell-associ-
ated viremia in peripheral blood mononuclear cells (PBMC) and subsequently infects the endothelial cells (EC) of the pregnant
uterus or central nervous system, leading in some cases to abortion and/or neurological disorders. Recently, we demonstrated
that CD172a� monocytic carrier cells serve as a “Trojan horse” to facilitate EHV-1 spread from blood to target organs. Here, we
investigated the mechanism underlying the transmission of EHV-1 from CD172a� cells to EC. We demonstrated that EHV-1
infection induces cellular changes in CD172a� cells, promoting their adhesion to EC. We found that both cell-to-cell contacts
and the secretion of soluble factors by EC activate EHV-1 replication in CD172a� cells. This facilitates transfer of cytoplasmic
viral material to EC, resulting mainly in a nonproductive infection. Our findings give new insights into how EHV-1 may spread
to EC of target organs in vaccinated horses.

Equine herpesvirus type 1 (EHV-1), a member of the subfamily
Alphaherpesvirinae, is a ubiquitous pathogen in horses, caus-

ing serious economic losses in the horse industry. Primary EHV-1
infection usually results in the establishment of a lifelong latent
infection within the first months of life, with subsequent viral
reactivation causing clinical disease and viral shedding during pe-
riods of stress (1, 2). EHV-1 infection is characterized by upper
respiratory tract disease, neurological disorders, abortion, or neo-
natal death (3, 4). The virus first replicates in the epithelial cells of
the upper respiratory tract and disseminates through the body via
a cell-associated viremia in peripheral blood mononuclear cells
(PBMC) to target organs, such as the pregnant uterus or central
nervous system (CNS). Secondary replication in the endothelial
cells (EC) lining the blood vessels of those organs can cause vasc-
ulitis and ischemic thrombosis and may lead to severe symptoms,
such as abortion and/or neurological disorders (5–7).

Monocytic cells (CD172a�) have been shown to be the main
carrier cell type of EHV-1 during primary infection (8, 9). We
previously reported that CD172a� cells serve as a “Trojan horse”
to facilitate the spread of EHV-1 to target organs and to evade
immunosurveillance (10). This may contribute to the observation

that current vaccines do not provide full protection against severe
symptoms, as EHV-1 can cause viremia despite the presence of a
virus-specific immune response in the horse (11–13).

EC are actively involved in a wide variety of pathological pro-
cesses, such as thrombosis and vasculitis, and endothelial cell-
monocyte interactions are known to play a central role in the
pathogenesis of herpesviruses infections. For instance, human cy-
tomegalovirus (HCMV) infection of EC has been shown to pro-
mote naïve-monocyte adhesion to and migration through the en-
dothelium, and virus-mediated cellular activation was found to be
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responsible for HCMV-induced monocyte migration (14, 15).
The mechanism of HCMV dissemination to host tissue is thought
to be associated with HCMV-induced vascular diseases.

So far, several in vitro systems have demonstrated the potential
utility of cultured EC in the study of the pathogenesis of EHV-1
(16, 17). Studies have shown that the infection of EC located in the
vasculature of the late-gravid uterus or CNS was mediated by cell-
to-cell contacts between infected PBMC and EC and occurred
even in the presence of virus-neutralizing antibodies (18, 19). In
addition, Smith et al. (18) provided evidence that activation of EC
adhesion molecules may be involved in the transfer of virus from
infected PBMC to EC and may determine the restricted tissue
specificity of EHV-1. However, the precise mechanism underlying
the transmission of EHV-1 from monocytic cells to EC is still
unclear.

Given the importance of the interactions between monocytic
cells and EC in the pathogenesis of EHV-1 infections, we studied
the ability of EHV-1-inoculated CD172a� cells to adhere and sub-
sequently transmit EHV-1 infection to equine venous EC. We
examined the contributions of specific cell adhesion molecules
and the cellular signal transduction pathways involved in the ad-
hesion process in vitro. Furthermore, we studied the replication
kinetics of EHV-1 in CD172a� cells upon adhesion to EC.

MATERIALS AND METHODS
Virus. Two Belgian EHV-1 strains were included in this study. The neu-
rovirulent strain 03P37 was originally isolated in 2003 from the blood of a
paralytic horse (20, 21), and the nonneurovirulent strain 97P70 was first
isolated in 1997 from the lungs of an aborted fetus (8). The virus stocks
used for inoculation were at the sixth passage, with five passages in equine
embryonic lung cells (EEL) and one passage in RK-13 cells for strain
97P70 and four passages in EEL and one passage in RK-13 cells for strain
03P37. For virus inactivation, a thin layer of viral suspension was exposed
to short-wave UV light for 10 min. Absence of viral infectivity was checked
by virus titration on RK-13 cells.

Cells. (i) Isolation of equine blood CD172a� cells. Healthy horses
between 8 and 10 years old were used as blood donors. The horses were
seropositive for EHV-1. The collection of blood was approved by the
ethical committee of Ghent University (EC2013/17). Blood was collected
by jugular venipuncture on heparin (15 U ml�1; Leo) and diluted in an
equal volume of Dulbecco’s phosphate-buffered saline (DPBS) without
calcium and magnesium (Gibco). PBMC were isolated by density centrif-
ugation on Ficoll-Paque (density � 1.077 g ml�1; GE Healthcare, Life
Sciences) at 800 � g for 30 min at 18°C. The interphase cells containing
the PBMC were collected and washed three times with DPBS. The cells
were resuspended in leukocyte medium (LM) based on RPMI (Gibco)
supplemented with 5% fetal calf serum (FCS) (Grainer), 1% penicillin,
1% streptomycin, 0.5% gentamicin (Gibco). Afterward, cells were seeded
in 6-well plates (Nunc A/S) at a concentration of 106 cells per ml and
cultivated at 37°C with 5% CO2. After 12 h, nonadhering lymphocytes
were removed by washing the cells three times with RPMI. The adherent
cells consisted of �90% monocytic cells, as assessed by flow cytometry
after indirect immunofluorescence staining with a mouse anti-CD172a
monoclonal antibody (MAb) (VMRD; clone DH59B; 1:100; IgG1) di-
rected against cells from a myeloid lineage, followed by goat anti-mouse
IgG fluorescein isothiocyanate (FITC) (Molecular Probes; 1:200).

(ii) Isolation of equine venous endothelial cells. Equine endothelial
cells were obtained from the vena cava of a healthy horse at the slaughter-
house. The vena cava was harvested in a bottle containing Dulbecco’s
modified Eagle medium (DMEM) (Gibco) supplemented with 1% peni-
cillin, 1% streptomycin, 0.5% gentamicin, and 0.1% Fungizone. One end
of the vessel was closed using a hemostatic clamp. A prewarmed enzyme
mixture of 0.1% type I collagenase (Invitrogen) and 0.12% dispase (Sig-

ma-Aldrich) in DMEM was infused into the segment until there was mod-
erate distention of the vessel. After closing the segment with a second
hemostatic clamp, the vessel was incubated for 30 to 40 min at 37°C. Then,
one of the hemostatic clamps was opened. The loose endothelial cells were
collected by flushing the vessel with warm DMEM. The effluent was col-
lected with sterile syringes and transferred into chilled centrifuge tubes
with FCS. The cells were pelleted by centrifugation at 200 � g at 4°C for 10
min. The supernatant was discarded, and the cell pellet was resuspended
in endothelial growth medium based on DMEM supplemented with 5%
FCS, 1% penicillin, 1% streptomycin, 0.5% gentamicin, 1% sodium py-
ruvate, 1% nonessential amino acids (Gibco), 50 �g/ml endothelial cell
growth supplement (ECGS) (Biomedical Technologies Inc.). Cells were
plated on 0.5% gelatin-coated plasticware (Nunc A/S) and incubated at
37°C with 5% CO2. After overnight incubation, nonadherent cells were
removed by washing with prewarmed DMEM, and fresh endothelial
growth medium was added. Thereafter, the culture medium was refreshed
every 2 to 3 days.

(iii) Immortalization of endothelial cells. Endothelial cell lines were
immortalized by transduction of the genes encoding the simian virus 40
large T-antigen (SV40LT) and human telomerase reverse transcriptase
(hTERT). Primary endothelial cells (50% confluent) were subsequently
exposed to either a recombinant lentiviral vector containing the gene
encoding SV40LT-transforming protein, a lentiviral vector carrying the
gene encoding hTERT, or a combination of the two (Applied Biological
Materials Inc.). All primary EC were incubated in the presence of 8 �g/ml
Polybrene (Applied Biological Materials Inc.). To avoid cytotoxicity, the
viral supernatant was diluted after 30 min with heparin-free EC growth
medium (1:1) and further incubated overnight. The medium was re-
freshed the next day and then every other day until the cells reached
confluence. At 72 h postransduction, the cells were incubated with EC
growth medium supplemented with 10 �g/ml puromycin (Applied Bio-
logical Materials Inc.) to select for stable transduced cells. Selection con-
tinued until the cultures consisted of resistant surviving cells only. They
were further expanded in standard medium and routinely passaged at a
1:3 split ratio using 10% trypsin (Sigma-Aldrich), 1% EDTA (Vel Chem-
icals) in phosphate-buffered saline (PBS). Immortalized EC (IEC) were
analyzed by indirect immunofluorescence for the expression of hTERT
and SV40LT antigen.

(iv) Purity of primary and immortalized EC. The purity of primary
and immortalized EC was analyzed by fluorescence staining with 1,1-
diocatadecyl-1-3,3,3=,3=-tetramethylindocarbocyanine-perchlorate-
acetylated low-density lipoprotein (DiI-Ac-LDL) (Biomedical Technolo-
gies Inc.) and was always �90%.

(v) Cell viability. Cell viability was determined by flow cytometry
prior to virus inoculation, using 1 �g ml�1 propidium iodide (Sigma-
Aldrich), and was �90% in all cell populations.

EHV-1 inoculation. Cells were inoculated in vitro with both replica-
tion-competent and UV-inactivated EHV-1 (UV-EHV-1) strains 03P37
and 97P70 at a multiplicity of infection (MOI) of 1 in 1 ml of LM for 1 h
at 37°C with 5% CO2. The cells were gently washed twice with RPMI to
remove the inoculum and further incubated with fresh medium. Mock
inoculations were carried out in parallel.

Inhibition of the MEK/ERK signaling pathway was performed by us-
ing the MEK/ERK signaling inhibitor U0126 (1,4-diamino-2,3-dicyano-
1,4-bis[2-aminophenylthio]butadiene) (Cell Signaling). The stock
solution of U0126 was prepared in dimethyl sulfoxide (DMSO) at a con-
centration of 10 mM. U0126 interferes with MEK1 and MEK2 directly by
inhibiting the catalytic activity of the active enzyme and consequently
blocks the phosphorylation and activation of ERK1 and ERK2. Inhibition
of the phosphatidylinositol 3-kinase (PI3K) signaling pathway was per-
formed by using the PI3K inhibitor LY294002 (Invivogen). The stock
solution of LY294002 was prepared in DMSO at a concentration of 50
mM. Cells were preincubated with U0126 (1 and 10 �M), LY294002 (25
and 50 �M), or DMSO-based diluent, used as a solvent control, for 30 min
at 37°C before EHV-1 inoculation. MEK/ERK and PI3K inhibitors were
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maintained in the culture media throughout the course of the experiment.
The concentration of inhibitors used in this study and the DMSO-based
diluent did not decrease cell viability.

Where indicated, 10 ng/ml of equine recombinant tumor necrosis
factor alpha (TNF-�) or 10 ng/ml of TNF-�-neutralizing polyclonal an-
tibody (R&D Systems) was added at the time of inoculation and main-
tained in the medium throughout the course of inoculation. TNF-� was
reconstituted in PBS and diluted in LM.

Adhesion assay. After virus inoculation, cells were incubated with
EHV-1-neutralizing IgG antibodies for 1 h at 37°C, 5% CO2. Mock-,
EHV-1-, or UV-EHV-1-inoculated CD172a� cells were then detached
using accutase solution (Sigma-Aldrich), counted, and resuspended in
LM supplemented with 10 �g ml�1 polymyxin B (LMPB) (Sigma-Al-
drich). Polymyxin B is an antibiotic used to neutralize circulating lipo-
polysaccharide (LPS) in the medium and thus was used in this study to
prevent LPS-mediated adhesion of CD172a� cells to endothelial cell
monolayers. One hundred thousand CD172a� cells were added to each
well of EC, which were grown on Lab-Tek chamber slides with eight com-
partments (VWR). The monocyte/endothelial cell ratio in cocultures was
1:3. CD172a� cells adherent to the plastic plate were included as a control.
At different time points of cocultivation (2, 4, 6, and 12 h), adherent cells
were fixed with 1 ml of methanol at �20°C for 20 min. Nonadherent cells
were harvested, fixed with 1 ml of 1% (paraformaldehyde [PFA]) for 10
min at room temperature (RT), permeabilized with 1 ml of 0.1% Triton
X-100, and cytospun on a slide. After 2, 4, 6, and 12 h of cocultivation,
both adherent and nonadherent cells were incubated for 1 h at 37°C with
a rabbit polyclonal anti-immediate-early protein (IEP) antibody (Ab) (1:
1,000) to detect IEP expression. At 12 h of cocultivation, cells were also
double stained with a rabbit polyclonal anti-IEP Ab (1:1,000) and a mouse
monoclonal anti-glycoprotein B (gB) (4B6; 1:100) against late gB protein
expression. The IEP and 4B6 antibodies were kindly provided by D.
O’Callaghan (Louisiana State University) and N. Osterrieder (Freie Uni-
versität Berlin, Berlin, Germany), respectively. Where indicated, cells
were fixed with 1 ml of 1% PFA for 10 min at RT, washed twice with PBS,
and stained with a horse polyclonal antibody against EHV-1 late proteins
(1:100). The horse polyclonal anti-EHV-1 antibody was obtained by hy-
perimmunization of a horse (22). The polyclonal antibody was purified
on a protein G column and subsequently biotinylated (Amersham Inter-
national, Buckinghamshire, United Kingdom). This antibody could rec-
ognize the late proteins of EHV-1, as described previously (9). Subse-
quently, samples were incubated for 50 min at 37°C with goat anti-rabbit
IgG FITC (1:200) and goat anti-mouse IgG Texas Red (1:200) or Strepta-
vidin-FITC (1:200) antibodies (Molecular Probes). All antibodies were
diluted in DPBS. The nuclei were counterstained with Hoechst 33342 (10
�g ml�1; Molecular Probes) for 10 min at 37°C. As a negative control,
mock-inoculated cells were stained following the above-mentioned pro-
tocols. In addition, appropriate isotype-matched controls were included.

For each time point, the IEP- and gB-positive adherent CD172a� cells
were counted based on the total number of adherent CD172a� cells
counted in 5 randomly selected microscopic fields of 0.2 mm2 using a
fluorescence microscope (40� objective; Leica Microsystems DMRBE,
Wetzlar, Germany). The results were shown as the number of cells per
square millimeter and were also expressed as a percentage. In the nonad-
herent cell fraction, the number of IEP-positive CD172a� cells was calcu-
lated based on 300 cells counted in distinct fields, and the results were
expressed as a percentage. Samples were analyzed by confocal microscopy
(Leica TCS SP2 laser scanning spectral confocal system; Leica Microsys-
tems GmbH, Germany).

Adhesion-blocking assay. To determine the role of �4	1 (CD29/
CD49d), �L	2 (CD11a/CD18), and �V	3 (CD51/61) integrins in EHV-1-
induced adhesion to endothelial cells, adhesion assays were performed as
described above with some modifications. Prior to addition of CD172a�

cells to endothelial cells, EHV-inoculated CD172a� cells were incubated
with LMPB supplemented with 10 �g/ml of neutralizing monoclonal an-
tibodies directed against CD29 (clone TDM29; IgG1; Merck Millipore);

CD49d (clone 9F10; IgG2b; BD Pharmingen); CD11a/CD18 (clone CVS9;
IgG1; AbD Serotec); CD51/61 (clone 23C6; IgG1; BioLegend); or a mix-
ture of CD29, CD49d, CD11a/18, and CD51/61 or with isotype-matched
control antibodies for 30 min at 4°C. After washing, EHV-1-inoculated
CD172a� cells were added to wells of IEC. The cells were fixed after 2 h of
cocultivation and stained for IEP expression, as previously described.

Flow cytometry. To evaluate integrin expression on CD172a� cells,
the cells were incubated with 10 �g/ml of the anti-integrin monoclonal
antibodies CD29, CD49d, CD11a/CD18, and CD51/61 or with isotype-
matched control antibodies for 30 min at 4°C. The cells were washed twice
in PBS and incubated with Alexa Fluor 647-labeled goat anti-mouse IgG
(1:200 dilution; Molecular Probes) for 30 min at 4°C. After a final wash in
PBS, 10,000 cells were analyzed with a FACSCanto flow cytometer
equipped with FACSDiva software (BD Biosciences, Mountain View, CA,
USA).

Western blot analysis. One million CD172a� cells were mock inocu-
lated or inoculated with EHV-1 strain 03P37 or 97P70 (MOI � 1) and
harvested at 0, 5, and 15 min postinoculation (p.i.). The cells were resus-
pended in ice-cold lysis buffer (TNE buffer [10% NP-40, 1 mM NA3VO4,
10 mM NaF, protease inhibitor cocktail]) and incubated for 20 min at 4°C.
Then, samples were boiled for 10 min. SDS-PAGE and Western blotting
were performed as described previously (23). Protein concentrations of 20
to 30 �g/ml were used for all experiments. The protein concentration was
determined using the bicinchoninic acid (BCA) protein assay reagent
(Thermo Scientific) according to the manufacturer’s instructions. Blots
were blocked in 5% nonfat dry milk in PBS-Tween 20 for 1 h at RT and
incubated with primary antibodies for 1 h or overnight (according to the
manufacturer’s instructions). After several washes in 0.1% Tris-buffered
saline (TBS)-Tween 20, the blots were incubated with horseradish perox-
idase (HRP)-conjugated secondary antibodies for 1 h at RT and developed
using enhanced chemiluminescence (ECL). Phosphospecific ERK1/2 an-
tibody (1:1,000; Cell Signaling) and phospho-Akt antibody (1:1,000; Cell
Signaling) signals were detected with SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific). Total ERK1/2 antibody (1:
1,000; Cell Signaling) and total Akt (1:1,000; LSBio) signals were detected
with Pierce ECL (Thermo Scientific). As a control for loading, total 	-ac-
tin (Abcam) levels were assessed.

ELISA. The equine TNF-� contents in culture supernatants of mock-
and EHV-1-inoculated CD172a� cells cultured on plastic or on top of IEC
were measured with an enzyme-linked immunosorbent assay (ELISA) kit
obtained from Thermo Scientific. The assay was performed according to
the manufacturer’s instructions. Recombinant equine TNF-� was used as
a standard, and the assay sensitivity was 16 pg/ml.

Cocultivation assay. A cocultivation assay was used to detect and
quantify EHV-1-producing CD172a� cells by cocultivation of these EHV-
1-inoculated CD172a� cells with EC, where a semisolid overlay technique
was applied. Briefly, EHV-1-inoculated and mock-inoculated cells were
harvested at 12 h p.i. One hundred thousand cells per milliliter were 10-
fold diluted in LM, and 0.5 ml of each dilution was added onto EC mono-
layers in a 6-well plate and overlaid with a 0.94% carboxymethylcellulose
medium (Sigma-Aldrich) prepared in 2� RPMI and centrifuged at 800 �
g for 30 min at 18°C, as previously described (8). The cells were further
incubated for 5 days at 37°C, 5% CO2. The cell monolayers were then
stained with 5% crystal violet, and the plaques were counted. The percent-
age of infected cells producing infectious EHV-1 was calculated based on
the number of plaques counted and the number of cells seeded per milli-
liter according to the volume plated. This experiment was performed
three times.

Statistical analysis. Data were analyzed with GraphPad Prism 6 soft-
ware (GraphPad Software Inc.). The data analyzed for statistical signifi-
cance were subjected to a two-way analysis of variance (ANOVA). All
results shown represent means and standard deviations (SD) of three
independent experiments. Results with P values of �0.05 were considered
statistically significant.
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RESULTS
EHV-1 infection induces adhesion of CD172a� cells to EC. To
determine whether EHV-1 infection may enhance adhesion of
CD172a� cells to EC, we compared the adhesion kinetics of
mock-, UV-inactivated EHV-1-, and EHV-1-inoculated CD172a�

cells to EC monolayers (Fig. 1).
EHV-1 infection resulted in a significant increase (P 
 0.001)

in adhesion of CD172a� cells to primary and immortalized ve-
nous EC monolayers that was independent of the EHV-1 strain
used (03P37 or 97P70) (Fig. 1A, B, and C). A maximum of 200 to
230 adherent cells per mm2 was reached with EHV-1-inoculated
CD172a� cells after 2 h of coculture compared to approximately
50 adherent cells per mm2 with mock-inoculated CD172a� cells.
In addition, no significant difference in the kinetics of adhesion of
CD172a� cells to EC monolayers was observed between UV-

EHV-1- and EHV-1-treated cells. These data indicate that active
EHV-1 gene expression was not required to induce adhesion of
CD172a� cells to EC monolayers, and thus, viral entry was suffi-
cient to activate CD172a� cell adhesion to EC. As the kinetics of
CD172a� cell adhesion were similar in primary EC cultures and
immortalized EC lines, the subsequent experiments were per-
formed using immortalized EC only.

EHV-1-mediated CD172a� cell adhesion to EC depends on
cellular adhesion molecules. To determine the contribution of
specific cellular adhesion molecules in EHV-1-induced adhesion
of activated CD172a� cells to EC, we performed adhesion-block-
ing experiments using blocking antibodies against �4	1, �L	2, and
�V	3 integrins. These integrins are known to play a role in medi-
ating firm adhesion of monocytes to the endothelium (24–26).
The presence of �4	1 (CD49d/CD29), �L	2 (CD11a/CD18), and

FIG 1 Kinetics of adhesion of mock-inoculated or EHV-1-inoculated blood CD172a� cells to equine EC. Cells were inoculated with replication-competent
EHV-1 or UV-EHV-1 strain 03P37 or 97P70 (MOI � 1) and directly cocultured with primary (A) or immortalized (B) monolayers for 2, 4, and 6 h. The number
of adherent CD172a� cells per square millimeter was calculated. Experiments were performed three times. The error bars show the SD, and a two-way ANOVA
test was performed to evaluate significant differences between EHV-1- and mock-inoculated and UV-inactivated EHV-1 samples (ns, not significant; *, P 

0.001). (C) Low-magnification confocal images of blood CD172a� cell adhesion to EC after 2 h coculture (merged z-stacks). Nuclei were counterstained with
Hoechst (blue). The arrows point to adhering monocytic cells; the arrowheads indicate EC. Scale bar, 100 �m.
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�V	3 (CD51/CD61) integrins on CD172a� cells was confirmed by
flow cytometry (Fig. 2A), but it was not possible to compare the
expression levels of mock- and EHV-1-infected CD172a� cells
due to the low percentage of infected cells detected at early stages
of infection (data not shown).

Pretreatment of EHV-1-inoculated CD172a� cells with block-
ing antibodies resulted in a 3-fold decrease in adhesion to EC after
2 h of coculture compared to isotype controls (P 
 0.001) (Fig. 2B
and C). After preincubation with blocking antibodies, the number
of adherent CD172a� cells per square millimeter in EHV-1-inoc-
ulated cells decreased to levels at or slightly below those of mock-
inoculated cells (�50 adherent cells per mm2). Pretreating cells
with a mixture of blocking antibodies had no cumulative effect on
decreasing CD172a� cell adhesion to EC compared to treatment
of cells with a single antibody. Interestingly, no significant de-
crease in cell adhesion was observed with mock-inoculated
CD172a� cells. Taken together, these results show that interac-
tions between EHV-1-inoculated CD172a� cells and EC are in
part mediated by integrins.

EHV-1-induced adhesion of CD172a� cells to EC is depen-
dent on integrin-mediated PI3K and ERK/MAPK signaling
pathways. Next, we wanted to identify the mechanism by which
EHV-1 induces adhesion of CD172a� cells to EC. Binding of her-
pesviruses to integrins is known to activate cellular pathways, in-
cluding PI3K/Akt (PI3K stands for phosphatidylinositol 3-kinase

and Akt for protein kinase B), one of the early events of integrin-
ligand interaction, and the downstream ERK/MAPK (MAPK
stands for mitogen-activated protein kinase and ERK for extracel-
lular signal-regulated kinases). Both these pathways have been
implicated in the manipulation of cellular functions, such as ad-
hesion, and in the control of herpesvirus infection and replication
in target cells (15, 27, 28). Hence, we hypothesized that EHV-1
would also bind to cellular integrins present on CD172a� cells and
induce PI3K/Akt and ERK/MAPK activation, leading to increased
adhesion of CD172a� cells to EC.

We first tested whether EHV-1 infection upregulates ERK/
MAPK and PI3K activities in CD172a� cells. We compared by
Western blotting analyses the levels of phosphospecific ERK1/2
and total ERK1/2, as well as the levels of phosphospecific Akt and
total Akt, between mock- and virus-inoculated CD172a� cells in
the presence or absence of the specific MEK/ERK noncompetitive
inhibitor U0126 and the PI3K reversible inhibitor LY294002. We
found that mock- and EHV-1-inoculated CD172a� cells showed
similar levels of total ERK1/2 and total Akt expression at 0, 5, and
15 min postinoculation. However, we failed to detect any levels of
ERK1/2 and Akt phosphorylation, even by using a highly sensitive
detection kit (Fig. 3A). It is possible that the concentration of cells
used in this assay (106 cells per ml) was not sufficient to detect any
signal. Due to technical limitations, it was not possible to in-
crease the cell concentration. Thus, we could not test whether

FIG 2 Adhesion of mock-inoculated or EHV-1 (03P37 or 97P70)-inoculated blood CD172a� cells to EC monolayers after preincubation of monoclonal
antibodies against �4	1 (CD49d/CD29), �L	2 (CD11a/CD18), and �V	3 (CD51/CD61) integrins. (A) Flow cytometric analyses of the expression of CD49d,
CD29, CD11a/CD18, and CD51/CD61 integrins on CD172a� cells. (B) Cells were mock inoculated or inoculated with EHV-1 strain 03P37 or 97P70 (MOI � 1),
preincubated with 10 �g/ml of specific blocking antibodies for 30 min at 4°C, and cocultured with immortalized EC for 2 h at 37°C. As a control, cells were
preincubated with isotype-matched antibodies. The number of adherent CD172a� cells per square millimeter was calculated. Experiments were performed three
times. The error bars show the SD, and a two-way ANOVA test was performed to evaluate significant differences from controls (*, P 
 0.001). (C) Low-
magnification confocal images of mock-inoculated or EHV-1 (03P37 or 97P70)-inoculated blood CD172a� cells adherent to EC after preincubation with �L	2

(CD11a/18) blocking antibody. Nuclei were counterstained with Hoechst (blue). The arrow points to an adhering monocytic cell. All the confocal images shown
represent merged z-stacks. Scale bars, 100 �m.
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EHV-1 infection upregulates ERK/MAPK and PI3K activities
in CD172a� cells.

However, we could analyze the potential role of ERK/MAPK
and PI3K activation in EHV-1-induced CD172a� cell adhesion to
EC by pretreating CD172a� cells with U0126 (1 and 10 �M) or
LY294002 (25 and 50 �M), or with DMSO-based diluent as a
control, for 30 min before EHV-1 inoculation. The treated
CD172a� cells were then added to immortalized EC monolayers
and cocultured for 2 h. Inhibition of the ERK/MAPK signaling
pathway prior to EHV-1 inoculation resulted in a dose-dependent
significant decrease (P 
 0.001) in CD172a� cell adhesion to
mock levels (Fig. 3B and D). When CD172a� cells were pretreated
with 10 �M U0126, EHV-1 (03P37 and 97P70)-induced
CD172a� cell adhesion to EC monolayers was reduced by 55 and
61%, respectively. Confocal images of the reduced adhesion of
blood CD172a� cells to EC upon inhibition of the ERK/MAPK

signaling pathway are shown in Fig. 3. Inhibition of PI3K activity
prior to EHV-1 inoculation resulted in a similar decrease of
CD172a� cell adhesion (Fig. 3C). Pretreating mock-inoculated
cells with the inhibitor U0126 or LY294002 had no significant
effect on CD172a� cell adhesion. Furthermore, we found that
inhibition of the ERK/MAPK and PI3K pathways did not signifi-
cantly decrease EHV-1 infection of CD172a� cells compared to
controls (Fig. 3E).Taken together, these data suggest that EHV-1
infection induces CD172a� cell adhesion in a PI3K- and ERK/
MAPK-dependent manner at a very early time of infection.

EHV-1 replication is enhanced in CD172a� cells upon adhe-
sion to EC. To determine whether EHV-1 replication was en-
hanced in CD172a� cells upon adhesion to EC, we compared the
expression kinetics of IEP and gB protein in CD172a� cells cul-
tured on plastic (without EC) or on top of immortalized EC
monolayers for 2, 4, 6, and 12 h.

FIG 3 Effects of inhibition of the ERK/MAPK and PI3K signaling pathways on EHV-1-induced CD172a� cell adhesion to EC monolayers. (A) Western blot
analyses of the levels of phosphospecific ERK1/2 and total ERK1/2, as well as the levels of phosphospecific Akt and total Akt, between mock- and EHV-1-
inoculated CD172a� cells in the presence or absence of ERK/MAPK and PI3K inhibitors. One million CD172a� cells were preincubated with the MEK/ERK
inhibitor U0126 (10 �M), the PI3K inhibitor LY294002 (50 �M), or DMSO-based diluent for 30 min at 37°C. Cells were (mock) inoculated with EHV-1 strain
03P37 or 97P70 (MOI � 1) and lysed at 0, 5, and 15 min postinoculation. As a control for loading, total 	-actin levels were assessed. (B and C) CD172a� cells
were preincubated with U0126 (1 or 10 �M) (B) or LY294002 (25 or 50 �M) (C) for 30 min at 37°C. The cells were (mock) inoculated with EHV-1 strain 03P37
or 97P70 (MOI � 1) and cocultured for 2 h with immortalized EC. The number of adherent CD172a� cells per square millimeter was calculated. (D)
Low-magnification confocal images of the reduced adhesion of blood CD172a� cells to EC upon inhibition of the ERK/MAPK signaling pathway. Nuclei were
counterstained with Hoechst (blue). The arrow points to an adhering monocytic cell. All the confocal images shown represent merged z-stacks. Scale bars, 100
�m. (E) U0126 or LY294002 pretreatment did not decrease EHV-1 infection of CD172a� cells. CD172a� cells adherent to plastic were pretreated with U0126 (10
�M), LY294002 (25 �M), or DMSO-based diluent for 30 min at 37°C and inoculated with EHV-1 strain 03P37 or 97P70 (MOI � 1) for 1 h at 37°C in LM
supplemented with inhibitors. The cells were further incubated in LM for 12 h at 37°C. The percentage of IEP-positive cells was calculated based on 300 cells
counted in distinct fields. Experiments were performed three times. The error bars show the SD, and a two-way ANOVA test was performed to evaluate significant
differences from controls (ns, not significant; *, P � 0.001; **, P 
 0.0001).
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From 2 to 12 h postadhesion (p.a.) on EC monolayers, the
percentage of IEP-positive CD172a� cells significantly increased
from 4% to 14% for EHV-1 strain 03P37 (P 
 0.01). At 12 h p.a.,
the percentage of IEP-positive CD172a� cells was significantly
higher in cells adherent to EC than in cells adherent to plastic (P 

0.01) (Fig. 4A, left). In contrast, the percentage of IEP-positive
CD172a� cells remained stable from 2 to 6 h p.a. (4%) and signif-
icantly increased to 10% at 12 h p.a. for EHV-1 strain 97P70 (P 

0.01) (Fig. 4A, right). No significant difference in the percentage of
IEP-positive cells was observed in CD172a� cells inoculated with
EHV-1 strain 03P37 or 97P70 and cultured on plastic. The per-
centage of IEP-positive cells decreased in the nonadherent
CD172a� cell fraction over time postadhesion for both EHV-1
strains (Fig. 4B). No gB protein was detected in cells from 2 to 6 h
p.a. An upward trend and a significant increase in gB expression
(P 
 0.05) were observed in IEP-positive cells inoculated with
EHV-1 strains 03P37 and 97P70, respectively, and cocultured for
12 h with EC monolayers compared to cells cultured on plastic
(Fig. 4C). Confocal images showed the expression of IEP and gB
protein in EHV-1-infected CD172a� cells after 12 h coculture
with immortalized EC (Fig. 4D). The expression levels of gB in
IEP-positive CD172a� cells upon adhesion to EC were compara-
ble between the two strains (60%).

Taken together, these results show that the adhesion of EHV-
1-inoculated CD172a� cells to EC speeds up the viral replication
process in CD172a� cells inoculated with EHV-1 strain 97P70,

but to a lesser extent in CD172a� cells inoculated with EHV-1
strain 03P37, compared to EHV-1-inoculated CD172a� cells ad-
herent to plastic. Moreover, the enhancement of EHV-1 replica-
tion in CD172a� cells upon adhesion to EC suggests that direct
cell-to-cell contacts provide a favorable environment for EHV-1
replication in CD172a� cells.

Increased EHV-1 replication in CD172a� cells upon adhe-
sion to EC correlates with the production of TNF-�. Since
TNF-� has been described as a potent inducer of viral gene expres-
sion in monocytes/macrophages, we investigated whether TNF-�
is produced during interaction of EHV-1-inoculated CD172a�

cells and EC and whether TNF-� enhances EHV-1 replication in
CD172a� cells.

The concentration of TNF-� in supernatants of mock-inocu-
lated and EHV-1-inoculated CD172a� cells cultured on plastic or
on top of immortalized EC monolayers was determined by ELISA.
At 12 h p.a., the concentration of TNF-� in supernatants of
CD172a� cells inoculated with EHV-1 strain 03P37 or 97P70 and
cocultured with EC was significantly higher (P 
 0.05 and P 

0.001, respectively) than the TNF-� concentration in superna-
tants of EHV-1-inoculated cells cultured on plastic (Fig. 5A). No
significant difference was detected in TNF-� concentrations be-
tween supernatants of mock-inoculated CD172a� cells cultured
on plastic or on top of EC.

We also tested if the addition of exogenous TNF-� to CD172a�

cells at the time of virus inoculation affected EHV-1 replication.

FIG 4 Expression kinetics of EHV-1 proteins in blood CD172a� cells upon adhesion to EC. (A) Expression kinetics of EHV-1 IEP in adherent blood CD172a�

cells. Cells were inoculated with EHV-1 strain 03P37 or 97P70 (MOI � 1) and cocultured with immortalized EC monolayers for 2, 4, 6, and 12 h. As a control,
EHV-1-inoculated CD172a� cells were incubated on plastic (without EC). (B) Expression kinetics of EHV-1 IEP in the nonadherent CD172a� cell fraction after
2, 4, 6, and 12 h coculture with immortalized EC. (C) Expression of EHV-1 gB protein in infected CD172a� cells after 12 h coculture with immortalized EC in
the presence of neutralizing EHV-1 antibodies. Three independent experiments were performed, and the data are represented as means plus SD. A two-way
ANOVA test was performed to evaluate significant differences from the control (*, P 
 0.05; **, P 
 0.01). (D) Double immunofluorescence of EHV-1 IEP
(green) and gB (red) proteins in blood CD172a� cells adherent to immortalized EC for 12 h in the presence of neutralizing EHV-1 antibodies. Nuclei were
counterstained with Hoechst (blue). All the confocal images represent merged z-stacks. Scale bars � 50 �m.
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The expression levels of gB in CD172a� cells cultured on plastic in
the absence or presence of 10 ng/ml recombinant equine TNF-�
were compared at 12 h p.i. We found that the number of cells
positive for gB among IEP-positive cells was significantly higher
(P 
 0.001) when stimulated with equine recombinant TNF-�
(Fig. 5B). Moreover, we demonstrated that the addition of neu-
tralizing TNF-� antibody to cocultures of CD172a� cells adherent
to EC generated a trend, although not statistically significant, to-
ward a decrease in the percentage of gB-positive cells (Fig. 5C).
Taken together, these results indicate that TNF-� is an important
soluble mediator enhancing EHV-1 replication in CD172a� cells
upon adhesion to EC.

Transfer of cytoplasmic EHV-1 material from infected
CD172a� cells to uninfected adjacent EC. To investigate whether
CD172a� cells transmit EHV-1 to EC, we analyzed the intracellu-
lar distribution dynamics of IEP and gB proteins in EHV-1-inoc-
ulated CD172a� cells after 12 h coculture with immortalized EC
monolayers in the presence of neutralizing antibodies (Fig. 6). We
found that IEP was expressed in nuclear replicative compartments
and in the cytoplasm of infected CD172a� cells adherent to EC.
The gB protein was expressed only in the cytoplasm of these cells,
and no gB expression was detected at the plasma membrane in
CD172a� cells after 12 h coculture with EC. However, when im-
munostaining was performed with a biotinylated horse polyclonal
antibody that recognizes EHV-1 late proteins, some signal could
be detected at the plasma membranes of 2 and 0.6% of CD172a�

cells adherent to EC monolayers and inoculated with EHV-1
03P37 and 97P70, respectively (Fig. 6A). With both EHV-1
strains, a cytoplasmic IEP-positive “bridge” was formed from an
infected CD172a� cell to an adjacent EC (Fig. 6B). Some cytoplas-
mic IEP staining was also observed in the adjacent EC. The late
protein gB expressed a weak signal colocalized with IEP in some
regions of both the cytoplasmic bridge and the cytoplasm of the
EC. Eighteen and 27% of IEP/gB (03P37 and 97P70)-positive
CD172a� cells showed cytoplasmic transfer of EHV-1 material to
adjacent EC. However, IEP/gB-positive plaques also could not be
observed in EC at later time points postinoculation, indicating
that spread of infection from CD172a� cells to EC did not auto-
matically lead to productive infection in EC.

To address whether the enhanced EHV-1 replication in
CD172a� cells upon adhesion to EC led to a productive infection,
we determined the percentage of CD172a� cells that produced
and transmitted infectious EHV-1 to neighboring endothelial cells
by cocultivation assay. After 5 days of coculture of inoculated
CD172a� cells with EC monolayers, we showed that 0.1% and
0.05% of CD172a� cells inoculated with EHV-1 strains 03P37 and
97P70, respectively, transmitted the infection to EC. Taken to-
gether, these results provide evidence for direct cytoplasmic trans-
fer of EHV-1 material from late infected CD172a� cells to adja-
cent EC, which typically leads to a nonproductive infection in
these cells.

FIG 5 Effect of TNF-� on the enhancement of EHV-1 replication in CD172a� cells upon adhesion to EC. (A) Concentrations of TNF-� in supernatants of
CD172a� cells mock inoculated or inoculated with EHV-1 strain 03P37 or 97P70 (MOI � 1) and cultured on plastic or on top of immortalized EC for 12 h. (B)
Expression of EHV-1 gB protein in CD172a� cells adherent to plastic and cultured in LM supplemented or not with 10 ng/ml of equine recombinant TNF-� (�
TNF-�) for 12 h. (C) Expression of EHV-1 gB protein in CD172a� cells adherent to EC and cultured for 12 h in LM supplemented or not with 10 ng/ml of
TNF-�-neutralizing antibody (� Anti-TNF-�). The data represent means plus SD of three independent experiments; ns, not significant; *, P 
 0.05; **, P 

0.001; ***, P 
 0.0001 (by two-way ANOVA test).
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DISCUSSION

Monocytic cells are assumed to play a key role in EHV-1 spread
from the blood to target organs, but the precise interactions be-
tween monocytic cells and EC have not been unraveled. In the
present study, we demonstrated that EHV-1 infection increased
adhesion of CD172a� monocytic cells to EC in vitro. Significantly
more EHV-1-inoculated CD172a� cells adhered to EC than to
mock-inoculated cells. UV treatment of EHV-1 did not affect the
EHV-1-triggered adhesion process, indicating that the binding of
EHV-1 to CD172a� cells was sufficient to induce their adhesion to
EC. We hypothesized that viral binding induces cellular signaling
pathways that trigger functional changes in CD172a� cells, which
subsequently promote their adhesion to EC. By the use of an in
vitro flow system, Smith et al. (18) suggested that activation of
adhesion molecules present on both leukocyte and EC surfaces is a
prerequisite for the transfer of EHV-1 from leukocytes to the en-
dothelium. However, the authors did not characterize in detail
which adhesion molecules were activated on the endothelium or
examine the exact nature of the adhesion molecules present on the
surfaces of the carrier cells. Monocytes constitutively express a
selection of adhesion molecules, including selectins and integrins

(29, 30). Here, we showed that blocking �4	1 (VLA-4), �L	2

(LFA-1), and �V	3 integrins on EHV-1-inoculated CD172a� cells
significantly reduced adhesion to levels comparable to those of
mock-inoculated cells. These results indicated that integrins me-
diated the adhesion of CD172a� cells to EC. However, adhesion
was not completely inhibited by the addition of blocking antibod-
ies, suggesting that other adhesion molecules may be involved in
this process. In addition to integrins, L-selectins are expressed on
myeloid cells and have been shown to play an important role in the
initial interaction with or tethering of monocytes to the endothe-
lium (31, 32). Unfortunately, there is no antibody available
against L-selectin that cross-reacts specifically with equine mono-
cytes to allow further experiments. Moreover, although we dem-
onstrated that EHV-1 infection induces integrin-dependent adhe-
sion of CD172a� cells to endothelial cells, at this stage, it is not
clear whether EHV-1 infection induces activation or increased
expression of specific integrins. Indeed, the antibodies used in this
study do not discriminate between inactive and activated forms of
the integrins, and it was technically impossible to assess any po-
tential upregulation of integrin expression on EHV-1-inoculated
cells compared to mock-inoculated cells, due to a low percentage
of infected CD172a� cells detected.

Next, we addressed the mechanism by which EHV-1 infection
induces adhesion of CD172a� cells to EC in the absence of viral
gene expression. We demonstrated that EHV-1 infection induces
CD172a� cell adhesion in PI3K- and ERK/MAPK-dependent pro-
cesses at a very early stage of infection. The specific MEK/ERK
inhibitor U0126 and the PI3K inhibitor LY294002 were able to
efficiently decrease CD172a� cell adhesion to EC in a dose-depen-
dent manner. Together, these data show that integrin engagement
and the activation of integrin-mediated signaling pathways are
essential in the induction of EHV-1-infected CD172a� adhesion
to EC. Several herpesviruses, such as pseudorabies virus (PRV),
herpes simplex virus 1 (HSV-1), human herpesvirus 8 (HHV-8),
and HCMV, have been reported to activate integrin-mediated
ERK-MAPK and PI3K signaling pathways through the interac-
tions of viral glycoproteins with putative receptors present at the
plasma membranes of host cells (23, 28, 33–35). To date, the
EHV-1 envelope glycoprotein D (gD) has been shown to interact
with �V integrins present on PBMC and to be critical for viral
entry via endocytosis (36). Here, we hypothesized that EHV-1 gD
interacts with �V integrins on CD172a� cells and subsequently
activates integrin-mediated signaling pathways (PI3K and ERK/
MAPK) (Fig. 7A). We believe that this activation may induce spe-
cific functional changes in CD172a� cells, including the activation
of integrins, which in turn may facilitate their adhesion to specific
endothelial adhesion molecules (37) (Fig. 7B). The latter hypoth-
esis is supported by the study of Chang et al. (27), which demon-
strated that PKC-dependent ERK activation contributes to
monocyte adhesion, and by studies of Smith et al. (15, 38), dem-
onstrating that PI3K activity is essential for HCMV-mediated in-
duction of monocyte motility and firm adhesion to EC. However,
further studies are still needed to decipher the precise mechanism
of regulation of integrins by EHV-1 in CD172a� cells and to di-
rectly address the potential relationship between integrin activa-
tion and cellular signal transduction pathways in cell adhesion.

In addition, we showed that EHV-1 replication was enhanced
in CD172a� cells upon adhesion to EC. The percentages of IEP-
and gB-positive CD172a� cells were higher in cells adherent to EC
than in cells adherent to plastic. These findings corroborate in

FIG 6 Transfer of cytoplasmic EHV-1 material from EHV-1-infected
CD172a� cells to uninfected EC. Cells were inoculated with EHV-1 strains
03P37 and 97P70 (MOI � 1) and cocultured with immortalized EC for 12 h in
the presence of neutralizing EHV-1 antibodies. (A) Expression of EHV-1 late
proteins at the plasma membranes of infected CD172a� cells adherent to im-
mortalized EC monolayers. Cells were fixed with 1% PFA without permeabi-
lization and stained with a biotinylated horse polyclonal antibody directed
against EHV-1 late proteins (green). (B) EHV-1 IEP (green) and gB protein
(red) were detected by indirect immunofluorescence. The arrows indicate cy-
toplasmic transfer of IEP (solid arrows) and gB protein (dotted arrows) from a
late-stage infected CD172a� cell to one adjacent EC (arrowheads). Nuclei were
counterstained with Hoechst (blue). All the confocal images represent merged
z-stacks. Scale bars, 10 �m.
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vitro studies on HIV, demonstrating that contacts with EC en-
hanced HIV-1 replication in infected monocytes and macro-
phages (39, 40). Interestingly, we demonstrated that the percent-
age of IEP-positive CD172a� cells significantly increased from 2 to
12 h p.a. for EHV-1 strain 03P37 while it increased only at 12 h p.a.
for EHV-1 (97P70). Moreover, we observed a greater increase in
gB protein expression in IEP-positive cells inoculated with EHV-1
strain 97P70 and cocultured for 12 h with EC monolayers than in
cells inoculated with EHV-1 03P37. Taken together, we believe
that these results are due to differences in the replication kinetics
of EHV-1 in target monocytic cells between the two strains. This
hypothesis is based on a previous study by Laval et al. (10) dem-
onstrating that EHV-1 (97P70) replication was restricted and de-
layed in CD172a� cells adherent to plastic and ongoing in vitro
studies on the replication kinetics of EHV-1 (03P37) in monocytic
cells indicating strikingly different outcomes (unpublished data).
We think that the adhesion of EHV-1-inoculated CD172a� cells
to EC speeds up the viral replication machinery in CD172a� cells
inoculated with EHV-1 strain 97P70, but to a lesser extent in
CD172a� cells inoculated with EHV-1 strain 03P37.

In addition, we showed that TNF-� was produced via direct
interaction between CD172a� cells and EC and that TNF-� trig-
gered the enhanced EHV-1 replication observed in CD172a� cells.
This is in agreement with previous studies on HCMV and HIV
infections, which demonstrated that the production of TNF-�
induces cellular changes in monocytic cells, resulting in increased
viral gene expression (41, 42). TNF-� secreted by EC was also
found to be associated with increased HIV expression in mono-
cytic cells (43). From our findings, we hypothesize that TNF-�
indirectly influences IEP expression in CD172a� cells by inducing
differentiation of CD172a� monocytic cells into EHV-1-permis-
sive macrophages. TNF-� may induce the production of cellular
factors important for EHV-1 replication in CD172a� cells. How-
ever, further studies are still needed to determine the specific role
played by TNF-� in the pathogenesis of EHV-1 infection.

We also demonstrated that the percentage of gB-positive

CD172a� cells adherent to EC was reduced following treatment
with TNF-�-neutralizing antibody. We considered that other cy-
tokines besides TNF-� might also play a role in the enhanced
EHV-1 expression observed in CD172a�-EC cocultures, as both
monocytic cells and EC are known to secrete a variety of inflam-
matory cytokines, which are important in the regulation of viral
replication. However, we failed to detect substantial amounts of
interleukin 1	 (IL-1	) and alpha interferon (IFN-�) produced
upon coculture of mock- or EHV-1-inoculated CD172a� cells
with ECs (data not shown). Taken together, our results indicate
that the enhanced EHV-1 replication observed in CD172a� cells is
a complex process involving both cell contacts and the production
of soluble factors, with major implications for EHV-1 spread to
EC (Fig. 7C). Interestingly, EHV-1 neurovirulent and nonneuro-
virulent strains both enhanced EHV-1 replication in CD172a�

cells upon adhesion to EC. These findings suggest that additional
factors account for the difference in pathogenesis of EHV-1 in
vivo.

Finally, we demonstrated that approximately 20% of late in-
fected CD172a� cells were able to transfer cytoplasmic EHV-1
material to uninfected, adjacent EC in the presence of neutralizing
antibodies (Fig. 7D). Our data are in line with the findings of Digel
et al. (44), showing direct transfer of HCMV cytoplasmic material
from infected to neighboring uninfected cells. Although it is spec-
ulative at this point, we hypothesize that EHV-1 spreads from
CD172a� cells to EC through “microfusion” events, as described
for other herpesviruses (45, 46). This strategy would allow the
virus to spread from CD172a� cells to the endothelium of target
organs in the presence of neutralizing antibodies. In our experi-
ments, transfer of EHV-1 from late infected CD172a� cells to EC
predominantly resulted in a nonproductive infection in EC. These
data suggest that (i) only a minority of infected CD172a� cells can
efficiently transfer EHV-1 to EC and initiate an infection and (ii)
EHV-1 infection of EC does not automatically result in viral
spread to the surrounding tissues.

Previous in vivo studies showed that EHV-1 infection of endo-

FIG 7 Hypothetical model of the transmission of EHV-1 from a CD172a� cell to EC. (A) Interaction of EHV-1 via gD with �V	3 integrin on the surface of a
CD172a� cell activates the intracellular integrin-mediated PI3K and ERK/MAPK signaling pathways. (B) This activation leads to the upregulation of LFA-1
(�L	2), VLA-4 (�4	1), and �V	3 integrin expression on the surface of the infected CD172a� cell. Thus, activated LFA-1, VLA-4, and �V	3 integrins can interact
with some of their respective endothelial ligands and mediate CD172a� cell adhesion to EC. (C) Both cell-to-cell contacts and secretion of soluble factors, such
as TNF-�, activate the replication of EHV-1 in a CD172a� cell. (D) These processes facilitate direct transfer of cytoplasmic EHV-1 material from infected
CD172a� cell to adjacent EC.
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thelial cells of the pregnant uterus or CNS resulted in damage to
the microvasculature of target organs due to the initiation of an
inflammatory cascade, vasculitis, and microthrombosis (47–49).
EHV-1 infection of endothelial cells also induced extravasation of
mononuclear cells, resulting in perivascular cuffing and local
hemorrhage (50). Based on this, we believe that the adhesion and
transfer of EHV-1 from CD172a� monocytic cells to endothelial
cells may contribute to clinical thrombosis in horses with EHV-1
infection. The use of specific antiadhesive molecules may repre-
sent a valuable therapeutic tool to reduce adhesion of infected
CD172a� cells and subsequent transfer of EHV-1 to EC of target
organs.

In conclusion, our data suggest that EHV-1 uses specific cellu-
lar signaling pathways to trigger cellular changes in CD172a�

cells, which result in increased adhesion to EC. The interaction
between EHV-1-infected CD172a� cells and EC enhances EHV-1
replication in CD172a� cells through cell-to-cell contacts and se-
cretion of soluble factors, which subsequently facilitates viral
transfer to EC.
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