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Wild-type equine herpesvirus 1 (EHV-1) strains express a large (250-kDa) glycoprotein, gp2, that is encoded
by EUs4 (gene 71) located within the unique short region of the genome. DNA sequence analysis revealed that
EUs4 of the pathogenic EHV-1 strain RacL11 is an open reading frame of 2,376 bp that encodes a protein of
791 amino acids. The attenuated EHV-1 vaccine strain KyA harbors an in-frame deletion of 1,242 bp from bp
222 to 1461 and expresses a truncated gp2 of 383 amino acids. To determine the relative contribution of gp2
to EHV-1 pathogenesis, we compared the course of respiratory infection of CBA mice infected with either
wild-type RacL11, attenuated KyA, or a recombinant KyA that expresses the full-length gp2 protein
(KyARgp2F). Mice infected with KyA lost a negligible amount of body weight (0.18% total weight loss) on day
1 postinfection and regained weight thereafter, whereas mice infected with KyARgp2F or RacL11 steadily lost
weight beginning on day 1 and experienced a 20 and 18% loss in body weight, respectively, by day 3.
Immunohistochemical and flow cytometric analyses revealed higher numbers of T and B lymphocytes and an
extensive consolidation consisting of large numbers of Mac-1-positive cells in the lungs of animals infected with
KyARgp2F compared to animals infected with KyA. RNase protection analyses revealed increased expression
of numerous cytokines and chemokines, including interleukin-1� (IL-1�), IL-6, tumor necrosis factor alpha,
macrophage inflammatory protein 1� (MIP-1�), MIP-1�, MIP-2, interferon �-inducible protein, monocyte
chemotactic protein 1, and T-cell activation gene 3 at 12 h postinfection with KyARgp2F. Three independent
DNA array experiments confirmed these results and showed a 2- to 13-fold increase in the expression of 31
inflammatory genes at 8 and 12 h postinfection with KyARgp2F compared to infection with KyA. Taken
together, the results indicate that expression of full-length gp2 is sufficient to restore full respiratory virulence
to the attenuated KyA strain and raise caution concerning the inclusion of full-length gp2 in the development
of EHV-1 vaccines.

Equine herpesvirus 1 (EHV-1), a member of the subfamily
Alphaherpesvirinae, is one of the most prevalent respiratory
pathogens of equine populations worldwide, and outcomes of
infection include abortion in pregnant mares and respiratory
rhinopneumonitis with occasional neurological sequelae (2, 4,
7, 11, 18, 19, 25–27). EHV-1 typically enters the body via
respiratory mucosal surfaces and establishes latency in periph-
eral blood mononuclear cells. Currently available EHV-1 vac-
cines provide little, if any, long-term immunity and require
repeated administration to elicit protective responses (5, 6, 16).
The fully sequenced EHV-1 genome is comprised of at least 76
genes, all of which are shared with its close relative, EHV-4
(36, 37). EHV-1 encodes 13 glycoproteins, 11 of which are
conserved in other Alphaherpesvirinae viruses, including herpes
simplex virus 1 and varicella-zoster virus (37, 28). EHV-1 en-
codes an additional glycoprotein, gp2 or gp300 (3, 40), ex-
pressed from gene 71 (EUs4) (8, 36, 35, 39), which maps within
the unique short (Us) genomic segment. Besides EHV-1, ho-

mologues of gp2 are present only in two other equid alphaher-
pesviruses, EHV-4 and asinine herpesvirus 3 (10). EHV-1 gp2
is expressed as a �797-amino-acid precursor (36) that is en-
doproteolytically cleaved by staggered processing immediately
following adjacent arginine residues 506 and 507 (21, 39),
separating the protein into a cysteine-rich 42-kDa C-terminal
subunit containing the transmembrane anchor sequence and a
serine/threonine-rich N-terminal region that is highly glycosy-
lated with O-linked carbohydrates (40). Although gp2 is not
essential for virus growth in cell culture (35) or in the mouse
(24), deletion of gp2 impairs virus cell-to-cell spread, readsorp-
tion (31, 34), and secondary envelopment (unpublished data).
The EUs4 gene of the attenuated vaccine candidate strain
Kentucky A (KyA) harbors a deletion of 1,242 bp and encodes
a truncated gp2 of only 383 amino acids (8, 9) in contrast to gp2
of 797 and 791 amino acids of the two pathogenic strains, Ab4
(36) and RacL11 (this study), respectively. This truncated gp2
expressed by KyA is incorporated into extracellular virions
(38). In addition to the internal deletion within EUs4, KyA has
undergone the complete deletion of nonessential Us genes
EUs6 and EUs7 that encode glycoprotein I (gI) and gE, re-
spectively (12). Previously, we demonstrated that the restora-
tion of gI and gE to attenuated KyA partially restored viru-

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Louisiana State University Health Sciences
Center, Shreveport, LA 71130. Phone: (318) 675-6706. Fax: (318)
675-5764. E-mail: psmith@lsuhsc.edu.

5105



lence (15) in the CBA mouse model of respiratory infection
(33, 32, 42). However, the deletion of EUs6 and EUs7 from
pathogenic RacL11 did not significantly reduce clinical signs of
respiratory disease in CBA mice (15), indicating that a viru-
lence factor(s), still present in RacL11 but absent in KyA
contributed to viral pathogenesis in the murine lung. Given
that the only other major deletion within the KyA genome
compared to characterized wild-type EHV-1 strains is the large
in-frame deletion within EUs4, we hypothesized that expres-
sion of full-length gp2 contributes to the virulence phenotype
of RacL11 observed in the absence of gI and gE.

To assess the contribution of gp2 to the virulence phenotype
in CBA mice, we utilized a recombinant KyA (KyARgp2F)
that expresses the full-length EUs4 gene product of the patho-
genic RacL11 strain (38). These studies demonstrated that the
expression of full-length gp2 in an otherwise-attenuated KyA
genomic background is sufficient to restore full respiratory
virulence to the attenuated strain and raise concerns regarding
the inclusion of full-length gp2 in the development of EHV-1
vaccines.

MATERIALS AND METHODS

Virus and cell culture. EHV-1 strain KyA and recombinant KyARgp2F (38)
used for all intranasal (i.n.) infections were propagated in NBL-6 equine dermal
cells (American Type Culture Collection, Manassas, Va.). Methods for propa-
gating and titer determinations of viral stocks have been described previously (1,
13, 20, 33). NBL-6 cells were maintained at 37°C, 5% CO2 in Eagle’s minimal
essential medium supplemented with penicillin (100 U per ml), streptomycin
(100 �g per ml), nonessential amino acids, and 20% fetal calf serum (FCS).
RK13 cells were maintained at 37°C, 5% CO2 in Eagle’s minimal essential
medium supplemented with penicillin (100 U per ml), streptomycin (100 �g per
ml), nonessential amino acids, and 10% FCS.

DNA sequencing. The EUs4 gene was amplified from RacL11 DNA by PCR
using forward and reverse primers based on the fully sequenced Ab4 strain (36).
The forward primer was engineered to contain a BamHI restriction enzyme site
(5�-GGATCC-3�) immediately before 5�-GAAACATACGACACCATCCGC-3�
(corresponding to bp 128,547 to 128,568 of Ab4, beginning 549 bp upstream of
the EUs4 start codon). The reverse primer was engineered to contain an EcoR1
site (5�-GAATTC-3�) preceding 5�-TTAAACCAGGTGAGTCTGGCG-3�
(complementary to nucleotides 131,943 to 131,922 of Ab4, beginning 433 bp
downstream of the EUs4 stop codon). PCR products were digested for 2 h each
with BamH1 and EcoR1 (New England Biolabs, Beverly, Mass.) according to the
manufacturer’s protocol and electrophoresed on a 0.8% agarose gel. The appro-
priate fragment was excised and purified using the QIAquick gel extraction kit
(QIAGEN, Valencia, Calif.) and ligated using T4 ligase (Invitrogen, Carlsbad,
Calif.) into donor plasmid pEGFP-N1 (BD/Pharmingen, San Diego, Calif.). The
presence of the EUs4 gene was verified by restriction enzyme digestion, PCR,
and Southern blot analyses. Plasmid DNA of the final construct (Racgp2pEGFP)
was purified using the QIAprep spin miniprep kit (QIAGEN) and sequenced
(SeqWright, Houston, Tex.). The resulting RacL11 EUs4 sequence was depos-
ited with GenBank (accession number AY702017).

Mice. Female CBA mice, 3 to 4 weeks of age, obtained from Harlan Sprague
Dawley (Indianapolis, Ind.), were maintained in filter-topped cages within the
Animal Resource Facility of the Louisiana State University Health Sciences
Center, Shreveport. The Animal Resource Facility is certified by the Association
for Assessment and Accreditation of Laboratory Animal Care International. All
procedures were approved precedently by the University Animal Care Commit-
tee. All mice were rested for a period of 5 to 7 days prior to use. All experimental
groups consisted of five mice each, and all experiments were repeated a mini-
mum of three times.

Infection and assessment of respiratory disease. CBA mice were anesthetized
with halothane (Sigma Chemical Co, St. Louis, Mo.) inhalation and inoculated
i.n. with 4 � 105 PFU of KyA, recombinant KyARgp2F, or wild-type RacL11 in
a total inoculum of 50 �l. Mice were observed daily following infection for
clinical signs of respiratory disease, including labored breathing, ruffled fur, and
huddling. For weight loss experiments, mice were weighed individually immedi-
ately prior to infection and daily thereafter at the same time each day. Animals

exhibiting a profound wasting or inability to move or function were humanely
sacrificed to prevent undue suffering.

Isolation of mRNA and RPA. At the indicated times postinfection, mice were
sacrificed by prolonged halothane inhalation and the lungs were removed. Total
lung RNA was obtained by grinding the lungs in glass tissue grinders in the
presence of TRIzol (Life Technologies, Grand Island, N.Y.) according to the
manufacturer’s protocol. Poly(A)� RNA was isolated from total RNA using the
FastTrack 2.0 kit (Invitrogen) according to the manufacturer’s instructions. The
resulting poly(A)� RNA was quantitated and analyzed by RNase protection
analyses (RPA), which were performed using the 32P-based Ribo-Quant multi-
probe RPA system (BD/Pharmingen) as previously described (15, 32, 41). Hy-
bridized samples were electrophoresed in 5% acrylamide gels, transferred to
filter paper, and exposed to a phosphor screen. The screen was scanned with a
Molecular Imager FX (Bio-Rad, Hercules, Calif.) and analyzed using Quantity
One 1-D analysis software (Bio-Rad).

Flow cytometric analyses. CBA mice were infected with 4 � 105 PFU of KyA
or KyARgp2F, and on days 3 and 4 lungs were removed and single-cell suspen-
sions were obtained as follows. Lungs from each group of five mice were diced
into small pieces with scissors, pressed through a 60-gauge screen, and digested
for 90 min with collagenase (250 U per ml) and DNase I (50 U per ml.) A
single-cell suspension, free of tissue debris, was obtained by low-speed centrif-
ugation at 228 � g for 10 min. Resulting cells were briefly exposed to the
ammonium chloride lysing reagent BD PharM Lyse (BD/Pharmingen) to lyse
erythrocytes and were resuspended in the same volume (3 ml) of culture medium
to allow accurate counting of total cells per lung. One hundred microliters of
cells from each group was placed in wells of a 96-well round-bottom plate
(Corning, Corning, N.Y.) and stained for T lymphocytes with biotin-conjugated
monoclonal antibodies (MAb) specific for murine CD4 or CD8 (BD/Pharmin-
gen), followed by fluorescein isothiocyanate (FITC)-conjugated streptavidin
(SA) and a phycoerythrin (PE)-conjugated MAb specific for murine CD3ε (BD/
Pharmingen). Macrophages were stained with a FITC-conjugated MAb specific
for murine Mac-1 (CD11b; BD/Pharmingen) and a PE-conjugated MAb specific
for murine major histocompatibility complex class II IEk (BD/Pharmingen). B
lymphocytes were stained with a biotin-conjugated MAb specific for murine
B220 (BD/Pharmingen) followed by FITC-SA. All samples were stained with
allophycocyanin-conjugated MAb specific for mouse leukocyte common antigen
CD45 (BD/Pharmingen). All antibodies were diluted in fluorescence-activated
cell sorting (FACS) buffer (phosphate-buffered saline [PBS] containing 1% FCS
and 0.1% sodium azide), and the final volume was adjusted to 400 �l with FACS
buffer. Immediately prior to analysis, 40 �l of a known concentration of fluores-
cent counting beads (Caltag, Burlingame, Calif.) was added. Following analysis,
the absolute cell count for each stained population was determined according to
the manufacturer’s protocol. Experimental means were tested for significance by
the two-tailed Student’s t test.

Histopathology. Lungs from mice infected with 4 � 105 PFU of KyA,
KyARgp2F, or RacL11 were harvested and processed for histopathological anal-
ysis as follows. Mice were sacrificed by prolonged halothane inhalation, and the
pleural cavity was exposed. A smooth-tipped 20-gauge needle was inserted into
the trachea just below the larynx, and the lungs were infused with approximately
1 ml of OCT (Tissue-Tek/Sakura, Tokyo, Japan). The trachea was then tied with
waxed dental floss, and the lungs were removed and placed in a 25- by 20-mm
cryomold (Tissue-Tek/Sakura). For hematoxylin and eosin (H & E) staining, the
cryomold containing the lung was filled completely with OCT and frozen by
“canoeing,” placing the cryomold into a precooled plastic petri dish floating on
liquid nitrogen until completely frozen. For immunohistochemical staining, the
cryomold containing the lung was dipped into a beaker containing methyl-2-
butane precooled to temperature by partial submersion in liquid nitrogen. After
snap-freezing, the cryomold was removed, residual methyl-2-butane was evapo-
rated, and the cryomold was filled with OCT and frozen by the canoeing method
described above.

Sections 6 �m thick were cut using a Leica CM1850 cryostat (Leica, Bannock-
burn, Ill.), placed onto precleaned superfrost-plus slides (VWR, West Chester,
N.Y.), air dried overnight, and stored at �20°C until use. For H & E staining,
slides were fixed for 10 min in 10% buffered formalin and stained using a
standard H & E protocol. For immunohistochemistry, slides were fixed for 20
min in an ice-cold mixture of 75% acetone–25% ethanol, rinsed gently with
distilled H2O, blocked for 15 min with FCS, rinsed gently with distilled H2O,
stained for 30 min with a biotin-conjugated MAb specific for murine CD4, CD8,
CD11b, or B220, and incubated for 30 min at room temperature in a humidified
chamber. Following incubation, slides were rinsed gently with distilled H2O and
incubated for 30 min at room temperature with alkaline phosphatase-conjugated
SA in a humidified chamber. Stained antigens were visualized using the 5-bromo-
4-chloro-3-indolylphosphate–nitroblue tetrazolium alkaline phosphatase chro-
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mogen kit (Biomeda, Foster City, Calif.) with the addition of (�)-tetramisole
hydrochloride (Sigma) to a final concentration of 2 mM to block endogenous
alkaline phosphatase activity. Slides were then counterstained for 3 min at room
temperature with a solution consisting of 1% methyl green (Sigma) and 1%
acetic acid in double-distilled H2O. Coverslips were mounted using a single drop
of Entellan mounting medium (EM Science, Gibbstown, N.J.). Slides were
viewed and photographed using a Nikon DXM 1200F digital camera-equipped
Nikon Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan).

Microarray analysis. Purified mRNA for microarray analysis was isolated at
the indicated times from the lungs of mice infected with 4 � 105 PFU of KyA or
KyARgp2F as described above. The resulting mRNA was quantified photospec-
trometrically and independently assessed for degradation with an Agilent 2100
Bioanalzyer (Agilent Technologies, Palo Alto, Calif.). cDNA for each sample
was synthesized from approximately 1.5 �g of mRNA using a Superscript cDNA
synthesis kit (Invitrogen) in combination with a T7-(dT)24 primer. Biotinylated
cRNA was transcribed in vitro using the BioArray HighYield RNA transcript
labeling kit (ENZO Biochem, New York, N.Y.) and purified using the GeneChip
sample cleanup module (Affymetrix, Santa Clara, Calif.). Twenty micrograms of
purified cRNA was fragmented by incubation in fragmentation buffer (200 mM
Tris-acetate [pH 8.1], 500 mM potassium acetate, 150 mM magnesium acetate)
at 94°C for 35 min and chilled on ice. Fifteen micrograms of fragmented, biotin-
labeled cRNA was hybridized to the MOE 430A array (Affymetrix), interrogat-
ing a total of 22,626 murine gene cDNA probes, for 16 h at 45°C with constant
rotation (60 rpm). The arrays were washed and then stained for 10 min at 25°C
with 10 �g of streptavidin-R phycoerythrin (Vector Laboratories)/ml followed by
3 �g of biotinylated goat antistreptavidin antibody (Vector Laboratories)/ml for
10 min at 25°C. Arrays were then stained once again with streptavidin-R–phy-
coerythrin for 10 min at 25°C. After washing and staining, the arrays were
scanned using a GeneArray scanner (Agilent Technologies) at 570 nm. Pixel
intensities were measured, expression signals were analyzed, and features were
extracted using a commercial software package (Microarray Suite version 5.0;
Affymetrix). Data mining and statistical analyses were performed with Data
Mining Tool version 3.0 (Affymetrix) algorithms. Arrays were globally scaled to
a target intensity value of 2,500 in order to compare individual experiments. The
absolute determination (present, marginal, or absent) of each gene expression in
each sample, as well as the direction of change and fold change of gene expres-
sion between samples, was identified using the above-mentioned software. Using
GeneSifter.Net (VizX Labs, Seattle, Wash.), statistics for the three replicates of
each gene were calculated independently. Genes were selected that were differ-
entially expressed twofold in pairwise comparisons between sample x (KyA) and
sample y (KyARgp2F) and showed corresponding two-sided P values of �0.05
(derived from a t test analysis assuming equal variances and six degrees of
freedom). For each probe, the gene name and functional summary were obtained
from public databases using GeneSifter.Net. Functional classification of the
genes was performed using Spotfire DecisionSite for Functional Genomics
(Spotfire, Somerville, Mass.) which uses the Gene Ontology database.

Nucleotide sequence accession numbers. The EUs4 sequences of RacL11 and
KyA have been deposited with GenBank and assigned accession numbers
AY702017 and AY762536, respectively.

RESULTS

Sequences of EUs4 cloned from RacL1l, KyARgp2F, and
KyA. The generation of recombinant KyARgp2F that ex-
presses the EUs4 gene of pathogenic RacL11 has been de-
scribed previously (38). In that study, the correct insertion of
the full-length EUs4 gene was confirmed by restriction enzyme
digestion, PCR, and Southern blot analyses, and gp2 expres-
sion was confirmed by Western blot analysis. Although the
sequences of EUs4 of the EHV-1 Ab4 strain (36) and KyA (8)
have been reported, the EUs4 sequence from RacL11 had
never been determined. A recent report demonstrated that
EUs4 was highly polymorphic due to variances in the numbers
of reiterated sequences located toward the 5� end of the EUs4
open reading frame (17), corresponding to amino acids 185 to
260 (Fig. 1). To compare EUs4 of RacL11 with that of the fully
sequenced Ab4 strain and to confirm the correct insertion of
RacL11 EUs4 into recombinant KyARgp2F, the EUs4 genes
from both the parental RacL11 and KyARgp2F were cloned

and sequenced. The EUs4 gene of KyA was previously re-
ported (8), but it was sequenced again for this study to ensure
that significant changes had not occurred. A comparison of the
EUs4 sequences of Ab4, RacL11, KyARgp2F, and KyA is
presented in Fig. 1. The EUs4 sequence of KyARgp2F is iden-
tical to that of parental RacL11 and consists of 2,373 bp and
encodes a predicted gp2 of 791 amino acids, in contrast to the
797-amino-acid gp2 of Ab4. The differences between the EUs4
sequences of Ab4 and RacL11 mapped almost entirely within
the polymorphic reiterated repeat region (17, 36) (Fig. 1). In
addition, there were two differences between gp2 of Ab4 and
RacL11 at amino acid residues 430 and 441. These results
confirmed that KyARgp2F expresses a full-length gp2 identical
to that of the pathogenic RacL11 and that this protein differs
from the fully sequenced Ab4 strain (with the exception of
changes at amino acids 430 and 441) within the highly variable
reiterated repeat region in the N-terminal half of the protein.
The EUs4 gene of the attenuated KyA (1,149 bp) was con-
firmed to be less than half of the size of its counterparts in the
pathogenic Ab4 and RacL11 strains and to encode a predicted
gp2 of only 383 amino acids (Fig. 1). It is noteworthy that KyA
gp2 lacks the repeat sequences TAATT and SSATTAATT
present in full-length gp2; the significance of these repeats and
their potential role in determining a pathogenic phenotype,
however, remain to be determined.

Assessment of clinical disease following i.n. infection of
CBA mice. CBA mice were infected i.n. with 4 � 105 PFU of
EHV-1 KyA, KyARgp2F, or wild-type RacL11 and observed
daily for clinical signs of virus-induced respiratory disease,
including crouching, huddling behavior, ruffled fur, and loss of
body weight. While mice infected with KyA showed none of
the clinical signs of disease, mice infected with KyARgp2F or
RacL11 began exhibiting a ruffled appearance and huddling
behavior as early as day 2 postinfection. All mice were weighed
immediately prior to infection and daily thereafter to monitor
body weight loss. The results demonstrated that KyA-infected
mice exhibited a negligible weight loss by day 2 postinfection
(0.18%) and began gaining weight thereafter (Fig. 2). In con-
trast, mice infected with KyARgp2F or RacL11 began losing
weight on day 1 postinfection and continued losing body
weight to day 3 (20 and 18.18% mean body weight, respec-
tively), at which time the experiment was terminated to prevent
undue suffering due to the severe clinical signs of both
KyARgp2F- and RacL11-infected mice (Fig. 2).

Examination of inflammatory infiltration in infected lungs.
Lungs were removed from mice infected with KyA,
KyARgp2F, and RacL11 at various times postinfection, includ-
ing days 4 and 5, when clinical signs were most severe, and
examined macroscopically for signs of inflammatory infiltra-
tion and consolidation (data not shown). While the lungs of
mice infected with KyA had the typical healthy pink appear-
ance throughout infection, KyARgp2F- and RacL11-infected
lungs exhibited a severe consolidation involving greater than
90% of the lung tissue by days 4 and 5, consistent with previous
observations of mice infected with RacL11 (32). Histological
studies showed that while lungs of animals infected with KyA
exhibited an almost-undetectable inflammatory infiltration at
day 4 postinfection, those of mice infected with KyARgp2F
and RacL11 exhibited extensive perivascular and peribronchial
cuffing as well as interstitial inflammatory infiltration (Fig. 3).
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Taken together, the almost-identical pattern of severe weight
loss and clinical signs observed following infection with recom-
binant KyARgp2F and wild-type RacL11 (Fig. 2) and the sim-
ilar patterns and degree of inflammatory infiltration into the
infected lungs (Fig. 3) suggest that the expression of the full-
length EUs4 gene product in the KyA genomic background
restored full respiratory virulence to the otherwise-fully atten-
uated KyA.

To begin to characterize the inflammatory response elicited
by gp2 in the CBA lung, frozen cryostat sections from KyA-
and KyARgp2F-infected lungs were stained for a variety of
different cell surface molecules, including Mac-1, CD4, CD8,

and B220. Immunohistochemical staining revealed large num-
bers of Mac-1-positive cells present in the lungs of KyARgp2F-
infected mice on days 3, 4, and 5 postinfection (Fig. 4), but
Mac-1-positive cells were rare in lungs of mice infected with
KyA and numbers were comparable to those in lungs of mock-
infected mice (data not shown). Staining for CD4- or CD8-
positive T lymphocytes and B220-positive B lymphocytes re-
vealed higher numbers of both cell types in lungs of mice
infected with KyARgp2F compared to KyA (data not shown).
To examine more closely and to quantify the phenotypes of
cells present in infected lungs, single-cell suspensions were
assessed by flow cytometric analyses. Significantly higher num-

FIG. 1. Comparison of the amino acid sequences of gp2 isolated from parental EHV-1 Ab4, RacL11, KyA, and recombinant KyARgp2F. (a)
Amino acid numbers relative to the EHV-1 Ab4 sequence, with the underlined residue corresponding to the number above. (b) Deletion of amino
acids 75 to 489 from gp2 of KyA. (c) Beginning of the reiterated repeat region (highlighted in bold italics) consisting of TAATT (amino acid
residues 185 to 224), SSATTAATT (residues 225 to 234), and TAATT (residues 234 to 260). (d) Site for staggered endoproteolytic cleavage (2)
following arginine residues 506 and 507. *, single amino acid change between the compared sequences. (e) Putative transmembrane anchor
sequence.
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bers of CD3/CD4, CD3/CD8, and B220 lymphocytes were ob-
served in the lungs of KyARgp2F-infected mice on days 3 and
4 postinfection compared to cell numbers in lungs of mice
infected with KyA (Table 1). These results confirm those ob-
tained after immunohistochemical staining of lung tissues. In
addition, a striking difference between the two groups was the
total number of Mac-1/IEk-positive cells: 1,432,760 versus
653,862 cells on day 3 and 1,689,738 versus 259,598 cells on day
4 postinfection in KyARgp2F- and KyA-infected lungs, respec-
tively (Table 1). Since Mac-1 is also present on some granulo-
cytes, double staining for Mac-1 and major histocompatibility
complex class II (IEk) was used to more accurately determine
the number of macrophages present in the infected lung and
exclude cross-reacting granulocytes. These results document
that large numbers of macrophages infiltrate the lungs of
KyARgp2F-infected mice (Fig. 4), consistent with the previous
observation of macrophages in the RacL11-infected lung (32).

Analysis of cytokine-chemokine profiles in lungs of KyA-
and KyARgp2F-infected mice. Previously, we reported a close
correlation between the severe respiratory inflammatory re-
sponse following infection of CBA mice with pathogenic
RacL11 and the increased expression of mRNA specific for
proinflammatory factors tumor necrosis factor alpha (TNF-�),
macrophage inflammatory protein 1� (MIP-1�), MIP-1	, and
MIP-2 in the bronchoalveolar lavage fluid (BAL) (32). To
determine if similar cytokine profiles correlated with the se-
vere respiratory inflammatory response following KyARgp2F
infection and to extend this analysis beyond only those cells
obtainable in the BAL, RPA were performed on poly(A)�

FIG. 2. Assessment of mean body weight. CBA mice in groups of
five were weighed immediately prior to i.n. infection with 4 � 105 PFU
of EHV-1 KyA, EHV-1 recombinant KyARgp2F, or wild-type patho-
genic RacL11 and weighed each subsequent day through day 3. Each
data point shown represents the mean body weight for the indicated
group at that particular time point, with error bars indicating the
standard deviations from the means. *, the experiment was terminated
at day 3 due to the physical condition of KyARgp2F- and RacL11-
infected mice to prevent undue suffering.

FIG. 3. Histological sections of infected lungs. CBA mice were infected intranasally with 4 � 105 PFU of KyA, KyAgp2F, or RacL11. On day
4 postinfection, the mice were sacrificed and the lungs were infused with OCT and removed. The lung tissue was mounted in tissue molds, covered
in OCT, cryostat sectioned, fixed, and stained with H & E as described in Materials and Methods. Resulting slides were visualized and
photographed at 10� magnification.
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RNA isolated from the entire lung at various times postinfec-
tion. As early as 8 h (data not shown) and 12 h (Fig. 5)
postinfection, an upregulation of poly(A) � RNA specific for
interleukin-1	 (IL-1	), IL-6, MIP-1	, interferon 
-inducible
protein (IP-10), monocyte chemotactic protein 1 (MCP-1), and
T-cell activation gene 3 (TCA-3) was observed in the lungs of

KyARgp2F-infected mice compared to mice infected with at-
tenuated KyA. The levels of transcripts encoding these proin-
flammatory factors reached a peak at 12 h postinfection and
returned to levels equivalent to those seen in KyA-infected
mice by 24 h postinfection (data not shown). The pattern of a
transient increase in expression of these proinflammatory fac-

FIG. 4. Immunohistochemical staining of lung sections at 4 days postinfection. CBA mice were infected intranasally with 4 � 105 PFU of KyA
(A and B) or KyAgp2F (C and D). On day 4 postinfection, the mice were sacrificed and the lungs were infused with OCT, removed, and sectioned.
The sections were fixed for 20 min in an ice-cold mixture of 75% acetone–25% ethanol, stained with antibody specific for Mac-1, and
counterstained with a solution containing 1% methyl green as described in Materials and Methods. Resulting slides were visualized and
photographed at 4� (A and C) or 10� (B and D) magnification.

TABLE 1. Flow cytometric analysis of cells isolated from KyARgp2F- and KyA-infected lungsa

Group
Absolute cell no. per lungb

CD3/CD4 CD3/CD8 B220 Mac-1/IEk

Day 3
KyARgp2F 490,357c 272,956 1,836,238 1,446,924
KyA 276,802 (1.77)d 156,842 (1.74) 641,583 (2.86) 470,858 (3.06)

Day 4
KyARgp2F 616,178 331,567 1,540,434 1,260,110
KyA 308,962 (1.99) 160,768 (2.06) 602,095 (2.55) 295,794 (4.26)

a Cells were isolated from total lung tissue by enzymatic digestion on days 3 and 4 postinfection as described in Materials and Methods.
b Absolute cell numbers per lung were determined using a known concentration of fluorescent counting beads as described in Materials and Methods.
c Mean value from three replicate experiments. Experimental means were tested for significance by the two-tailed Student t test. All P values were �0.05 except for

day 4 CD3/CD8 and B220, which were 0.08 and 0.06, respectively.
d Ratio of means comparing KyARgp2F to KyA.
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tors was similar to that observed in the BAL for TNF-�, MIP-
1�, MIP-1	, and MIP-2, which reached a peak on day 3 postin-
fection in RacL11-infected mice and decreased to levels
equivalent to those in KyA-infected mice by day 4 (32).

DNA microarray analysis of host gene expression in the
lungs of KyA- and KyARgp2F-infected mice. Time course anal-
ysis of chemokine-cytokine profiles by RPA at 8, 12, 24, and
48 h postinfection revealed an early increase in proinflamma-
tory factors in KyARgp2F-infected mice as early as 8 h postin-
fection, which increased and reached a peak at 12 h postinfec-
tion (Fig. 5). Therefore, the 8- and 12-h time points were
chosen to analyze global gene expression in the infected lungs
by DNA array analyses using the Affymetrix mouse expression
set 430A, which assesses the expression of 22,626 genes and
expressed sequence tags (EST). Genes of interest were those
important in innate immunity and inflammation as classified by
Spotfire DecisionSite for Functional Genomics, as described in
Materials and Methods. A total of 121 genes were assessed
based on this functional classification.

The results of analyses of poly(A)� RNA isolated at 8 and
12 h postinfection from lungs infected with either KyA or
KyARgp2F are presented in Tables 2 and 3. Each table shows
the data from three independent experiments, each comparing
those transcripts differing by twofold or greater in lungs of
KyARgp2F-infected mice relative to those of KyA-infected
animals. As early as 8 h postinfection, transcripts from 31 of

the 121 genes analyzed for functionality in innate immunity
and inflammation were increased twofold or greater in
KyARgp2-infected lungs relative to those with KyA. These
genes included CCL3 (MIP-1�), CCL4 (MIP-1	), CXCL10
(IP-10), CCL5 (RANTES), CXCL9 (Mig), CXC11 (I-TAC),
CCL2 (MCP-1), CCL7 (MCP-3), CCL12 (MCP-5), CCL25
(TECK), CCL11 (eotaxin), CCL20 (LARC), and CXCL13
(BLC). Cytokine transcripts encoding IL-15 and gamma inter-
feron (IFN-
) were also increased greater than twofold in the
lungs of KyARgp2F-infected animals compared with KyA-in-
fected mice (Table 2). Transcripts for only one, chitinase 3-like
protein (chi3l3), were decreased twofold in KyARgp2F-in-
fected lungs at both 8 and 12 h postinfection (Tables 2 and 3).
DNA array analyses at 12 h postinfection (Table 3) revealed
the increased expression of transcripts from 31 genes of inter-
est, including CCL5 (RANTES), TNF-�, CCL3 (MIP-1�),
CCL4 (MIP-1	), CXCL2 (MIP-2), CXCL10 (IP-10), and
CCL2 (MCP-1). These findings confirmed the results of the
RPA (Fig. 5). Chemokines CXCL9 (Mig), CCL7 (MCP-3),
CCL12 (MCP-5), CXCL11 (I-TAC), CCL20 (MIP-3�),
CXCL1 (KC), and CCL11 (eotaxin) and proinflammatory cy-
tokines IFN-
, IL-6, IL-15, IL-1�, and IL-1	 were expressed
greater than twofold in lungs of mice infected with KyARgp2F-
infected mice relative to responses in KyA-infected mice (Ta-
ble 3). In addition to the increase in mRNAs specific for these
proinflammatory chemokines and cytokines, we also observed

FIG. 5. Detection of chemokine and cytokine mRNA by RPA. CBA mice were infected i.n. with 4 � 105 PFU of KyA or KyAgp2F. At 12 h
postinfection, mice were sacrificed and total RNA was isolated followed by poly(A)� RNA isolation as described in Materials and Methods.
32P-labeled probes specific for various chemokine and cytokine mRNAs were generated by in vitro transcription using the probe sets mCK-2b (left),
mCK-3b (middle), and mCK-5c (right). RPA were performed using the 32P-based Ribo-Quant multiprobe RPA system (BD/Pharmingen) as per
the manufacturer’s protocol. Control lanes included the labeled probes alone, pooled mouse RNA (�), and yeast tRNA (�). Visible bands not
differentially expressed twofold or greater are not labeled.
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higher levels of transcripts specific for pattern recognition re-
ceptors TLR2, TLR3, and TLR6, colony-stimulating factor 3
receptor (CSF3R), and chemokine receptors CCR1 and CCR2
(Tables 2 and 3). Taken together, these results demonstrated
that, in contrast to the parental KyA strain expressing trun-
cated gp2, the expression of full-length gp2 by recombinant
KyARgp2F is sufficient to elicit a complex and extensive che-
motactic and inflammatory milieu in the lung at early times
postinfection, consistent with the subsequent inflammatory in-
filtration into the lung by days 3 and 4 resulting in a fatal
outcome.

DISCUSSION

In the present study, experiments were conducted to assess
the potential role of the EUs4 gene product gp2 in the severe
respiratory inflammatory response observed following intrana-
sal infection of CBA mice with pathogenic EHV-1. We report
here that the expression of the full-length RacL11 gp2 (791
amino acids) by a recombinant KyA virus completely restores

the ability of this otherwise-fully attenuated KyA strain to elicit
fatal immunopathological responses in the lower respiratory
tract, indicating a vital role of gp2 in EHV-1 pathogenesis.

Our hypothesis that gp2 may play an important role in
EHV-1 pathogenesis came from studies using a recombinant
RacL11 (RacL11�gIgE) with glycoproteins gI and gE deleted
and a recombinant KyA (KgIgE), in which gI and gE were
restored to the attenuated KyA background (15). In that study,
the expression of gI and gE by KyA did not restore full viru-
lence as KgIgE-infected mice exhibited only a moderate weight
loss and, in contrast to RacL11-infected mice, did not succumb
to infection by day 6 postinfection. The lack of severe respira-
tory illness and survival of these mice, however, finally resulted
in spread of KgIgE to the brain, an outcome directly attributed
to the expression of gI and gE (14). Surprisingly, the deletion
of gI and gE from RacL11 (RacL11�gI�gE) resulted in a
course of respiratory illness virtually indistinguishable from
that following infection with the pathogenic RacL11 strain
(15). Taken together, these results suggested that RacL11 ex-

TABLE 2. DNA array analayses of KyARgp2F- and KyA-infected lungs 8 h postinfection

Heat mapd Gene name Gene ID Mean fold
changea Directionb P valuec

CXCL9 (Mig) 12.16 Up 1.51E�05
CXCL11 (I-TAC) 10.16 Up 2.53E�07
Mx1 10.06 Up 8.04E�06
Mx2 9.78 Up 0.000804
CXCL10 (IP-10) 8.94 Up 4.84E�05
CCL2 (MCP-1) 6.39 Up 2.68E�07
CCL7 (MCP-3) 5.62 Up 4.69E�07
Itgam 5.60 Up 0.000947
Selp 5.37 Up 0.004154
Pla2g7 4.98 Up 0.000736
CCL25 (TECK) 4.41 Up 0.014923
CCL4 (MIP-1	) 4.41 Up 2.10E�05
TLR7 3.96 Up 0.016056
CCR1 3.88 Up 0.000622
CCL12 (MCP-5) 3.41 Up 7.88E�05
AA408868 3.28 Up 9.92E�05
CCL11 (eotaxin) 3.27 Up 0.001974
TLR3 3.08 Up 0.00011
CCL20 (LARC) 3.00 Up 0.000695
Edg3 2.71 Up 6.94E�05
IL-15 2.70 Up 0.000405
TLR3 2.68 Up 0.019374
CCR2 2.67 Up 0.001849
Ggtla1 2.54 Up 0.047488
CCL5 (RANTES) 2.34 Up 0.000284
Selp 2.30 Up 0.00122
TLR2 2.29 Up 0.000417
CXCL11 (I-TAC) 2.25 Up 0.014711
IFN-
 2.24 Up 0.017314
CSF3R 2.17 Up 0.000146
CCL3 (MIP-1�) 2.11 Up 1.21E�05
CXCL13 (BLC) 2.06 Up 0.006145
Tollip 2.00 Up 0.013186
Chi3l3 2.06 Down 0.001277

a Presented as the mean fold change in values from three replicate experiments comparing KyARgp2F and KyA.
b Direction of fold change of KyARgp2F relative to KyA.
c Statistics for the three replicates of each gene were calculated independently comparing the mean signals of KyARgp2F and KyA using a t test analysis assuming

equal variances and six degrees of freedom.
d Heat map plots were generated by comparing the signal values of KyA (A) and KyARgp2F (B) using GeneSifter, as described in Materials and Methods.
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presses a virulence factor(s) that is not present in KyA and is
capable of eliciting severe respiratory disease in the absence of
gI and gE expression.

Over years in cell culture, KyA has undergone several
genomic deletions, the most prominent in the unique-short
genomic region being deletions of EUs6 (gI), EUs7 (gE), and
more than half of the EUs4 open reading frame (8, 12). The
failure of KgIgE (lacking full-length gp2) to elicit severe re-
spiratory illness and the ability of RacL11�gI�gE that ex-
presses gp2 of 791 amino acids to elicit severe respiratory
illness led to the hypothesis that the expression of full-length
gp2 was a critical factor in the induction of severe respiratory
immunopathology. The results presented here strongly support
this hypothesis.

The loss of 20% total body weight and the severe clinical
signs observed in KyARgp2F-infected mice are similar to those
following infection with the highly pathogenic RacL11 (this
study and references 9 and 15). The massive influx of inflam-
matory cells into KyARgp2F-infected lungs, which was pre-
ceded by increased levels of mRNA specific for MIP-1�, MIP-
1	, MIP-2, and TNF-�, mimics the steps of pathogenesis

observed in RacL11 infection (32). The observation that
greater than 30 transcripts encoding factors that function in
innate immunity and inflammation were increased in lungs of
mice infected with KyARgp2F versus KyA (Fig. 5; Tables 2
and 3) precedent to the influx of large numbers of macro-
phages strongly suggests a role for gp2 in this immunopathol-
ogy. That lower levels of transcripts encoding chi313, an inhib-
itor of IL-1 and TNF-� (23) and a potent recruiter of
eosinophils (29, 30), were present in KyARgp2F-infected lungs
is consistent with the absence of eosinophilia following infec-
tion with either RacL11 (32) or KyARgp2F (data not shown).
In the context of the release of potent proinflammatory and
inflammatory factors, it is noteworthy that gp2 has been shown
to be cleaved into two subunits, the 42-kDa C-terminal mem-
brane-bound moiety and a larger secreted form. It is conceiv-
able that soluble gp2 may function as a signaling molecule, and
this function is currently being addressed by generating mutant
viruses that are unable to express the secreted form of the
protein.

Previous reports assessing the role of gp2 in EHV-1 viru-
lence yielded conflicting results. In one study the deletion of

TABLE 3. DNA array analayses of KyARgp2F- and KyA-infected lungs 12 h postinfection

Heat mapd Gene name Gene ID Mean fold
changea Directionb P valuec

CXCL9 (Mig) 13.34 Up 4.49E�05
CCL7 (MCP-3) 13.27 Up 0.003797
CXCL11 (I-TAC) 11.83 Up 3.96E�05
CCL2 (MCP-1) 8.28 Up 0.000513
CXCL10 (IP-10) 6.86 Up 0.000122
IL-6 6.55 Up 0.000995
CCL12 5.7 Up 0.029546
IL-2 5.23 Up 0.005735
IFN-
 4.79 Up 0.016406
Selp 4.63 Up 0.006262
CCL4 (MIP-1	) 4.5 Up 9.90E�05
TLR3 4.37 Up 0.011246
IL-15 3.83 Up 0.009014
CCL20 (MIP-3�) 3.53 Up 0.000106
CCL3 (MIP-1�) 3.52 Up 8.78E�05
IL-1� 3.12 Up 0.002267
CCL5 (RANTES) 3.09 Up 0.000228
TLR2 3.02 Up 0.000622
CXCL1 (KC) 2.99 Up 0.002053
CXCL2 (MIP-2) 2.87 Up 0.000154
CCL11 (eotaxin) 2.68 Up 0.000834
TLR6 2.64 Up 0.001722
AA408868 2.63 Up 0.002241
Fcgr2b 2.63 Up 0.002077
Ly86 2.46 Up 0.015465
- 2.43 Up 0.002333
TNF-� 2.25 Up 0.004119
Pla2g7 2.23 Up 0.020114
Ly96 2.21 Up 0.020936
CCR1 2.16 Up 0.005361
IL-1	 2.03 Up 0.002623
Chi3l3 2.67 Down 0.005657

a Presented as the mean fold change from three replicate experiments comparing KyARgp2F and KyA.
b Direction of fold change of KyARgp2F relative to KyA.
c Statistics for the three replicates of each gene were calculated independently comparing the mean signals of KyARgp2F and KyA using a t test analysis assuming

equal variances and six degrees of freedom.
d Heat map plots were generated by comparing the signal values of KyA (A) and KyARgp2F (B) using GeneSifter, as described in Materials and Methods.
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EUs4 from the pathogenic Ab4 strain reduced virulence, as
infected mice exhibited no clinical signs and lost only moderate
amounts of body weight (24), suggesting a role for gp2 in
respiratory virulence. The finding of a complete reduction of
virulence was corroborated in another study using gp2-nega-
tive RacL11, which was completely apathogenic for BALB/c
mice. However, in the same study, infection of mice with
KyARgp2F expressing the full-length RacL11 gp2 failed to
result in a significant weight loss (38), raising questions regard-
ing the role of gp2 in EHV-1 pathogenesis. There are three
significant differences in the previous studies and the work
presented here. First, the dosage applied to mice here was
fourfold higher. Second, in contrast to the use of BALB/c mice
in the two studies mentioned above, this investigation em-
ployed CBA mice which were found to be more susceptible to
EHV-1-mediated disease than either the C57BL/6 or BALB/c
mouse strains (references 14, 15, 32, and 33 and personal
observation). To directly address this question, 3- to 4-week-
old BALB/c mice were weighed immediately prior to infection
with the higher dose of 4 � 105 PFU of KyA, KyARgp2F, or
RacL11, weighed daily thereafter, and monitored for clinical
signs of respiratory disease. In a pattern of weight loss almost
identical to that observed in CBA mice, KyARgp2F- and
RacL11-infected BALB/c mice exhibited a mean total body
weight loss of 21 and 22%, respectively, on day 4 postinfection,
when the experiment was terminated (data not shown).
BALB/c mice survived 1 day longer than CBA mice infected
with the same dose, indicating a possible influence in the strain
of mouse used. These results strongly suggested that the higher
dose of 4 � 105 PFU/mouse in this study versus 105 PFU/
mouse in the previous study (38) may be the critical factor
responsible in the discrepancies in outcomes described in these
two studies.

Important questions remain to be answered regarding the
role of gp2 in EHV-1 virulence. First, it is not known
whether cleavage of full-size gp2 to a highly O-glycosylated
N-terminal region and a 42-kDa C-terminal subunit (39, 40)
is required for virulence. Second, the specific region(s) of
full-size gp2 essential for virulence has yet to be identified.
A recent study comparing gp2 of various strains and isolates
of EHV-1 and EHV-4 noted extensive polymorphism (17) in
the reiterated repeat region toward the N terminus (Fig. 1).
Our findings that gp2 of two pathogenic strains, RacL11 and
its counterpart in Ab4 (36), both harbor this polymorphic
region and that gp2 of attenuated KyA lacks the entire
variable region are consistent with the hypothesis that this
polymorphic region may play a role in determining EHV-1
biological properties.

A recent study reported that inoculation of BALB/c mice
with DNA encoding gp2 resulted in a slight reduction in viral
lung titers upon subsequent virus challenge and suggested the
inclusion of gp2 in a subunit vaccine and its importance as a
component of whole-virus vaccines (22). The results in the
present study indicate caution regarding the inclusion of full-
length gp2 in EHV-1 vaccines until a better understanding is
obtained concerning the role of this large glycoprotein in in-
fection and the mechanism(s) by which it elicits inflammation
in the respiratory tract.
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