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Major histocompatibility complex class I (MHC-I) molecules are critically important in the host defense against various patho-
gens through presentation of viral peptides to cytotoxic T lymphocytes (CTLs), a process resulting in the destruction of virus-
infected cells. Herpesviruses interfere with CTL-mediated elimination of infected cells by various mechanisms, including inhibi-
tion of peptide transport and loading, perturbation of MHC-I trafficking, and rerouting and proteolysis of cell surface MHC-I.
In this study, we show that equine herpesvirus type 4 (EHV-4) modulates MHC-I cell surface expression through two different
mechanisms. First, EHV-4 can lead to a significant downregulation of MHC-I expression at the cell surface through the product
of ORF1, a protein expressed with early kinetics from a gene that is homologous to herpes simplex virus 1 UL56. The EHV-4
UL56 protein reduces cell surface MHC-I as early as 4 h after infection. Second, EHV-4 can interfere with MHC-I antigen presen-
tation, starting at 6 h after infection, by inhibition of the transporter associated with antigen processing (TAP) through its
UL49.5 protein. Although pUL49.5 has no immediate effect on overall surface MHC-I levels in infected cells, it blocks the supply
of antigenic peptides to the endoplasmic reticulum (ER) and transport of peptide-loaded MHC-I to the cell surface. Taken to-
gether, our results show that EHV-4 encodes at least two viral immune evasion proteins: pUL56 reduces MHC-I molecules on the
cell surface at early times after infection, and pUL49.5 interferes with MHC-I antigen presentation by blocking peptide transport
in the ER.

Equine herpesvirus type 4 (EHV-4) is a member of the subfam-
ily of the Alphaherpesvirinae and the genus Varicellovirus (5,

22). EHV-4 causes respiratory disease predominantly in young
horses with symptoms that vary in severity from subclinical to
severe and include fever, lethargy, anorexia, nasal discharge, and
cough (20, 69, 72). The immune response to EHV-4 infections
remains poorly understood, which is partly caused by the lack of
immunologically and/or virologically naïve natural hosts (35, 64).
As with other respiratory infections, mucosal antibodies and/or
cell-mediated immunity may play a role in controlling EHV-4
infections (14). However, it is known that protective immune re-
sponses established after either infection or vaccination are short-
lived and incomplete (60, 74).

Cytotoxic T lymphocytes (CTLs) represent an essential part of
the immune defense against many virus infections, but their role
in EHV-4 infections is not well-defined (8). Major histocompati-
bility complex class I (MHC-I) molecules are present on virtually
all somatic cells and essential for the establishment of a sustained
immune response against various pathogens (51, 80). The mole-
cules are generated through a complex antigen presentation path-
way in which antigenic peptides are first generated by degradation
of cytosolic proteins (including virus-encoded proteins) by the
proteasome. The peptides are then transported from the cytosol
into the lumen of the endoplasmic reticulum (ER) by the trans-
porter associated with antigen processing (TAP). Upon exit from
the ER, MHC-I molecules can rapidly traffic to the cell surface
through the default secretory pathway without requirements for
specific signals (bulk flow). However, recent evidence of sorting of
MHC-I molecules in the trans-Golgi network (TGN) suggests that
the regulated expression of MHC-I molecules at the cell surface
can be achieved through post-Golgi traffic control (21, 44, 45, 52,
65, 88). CTLs recognize viral peptides presented by MHC-I mol-

ecules on the surface of infected cells and induce their lysis (24, 84,
88, 89). The reduction or lack of MHC-I surface expression can
render virus-infected cells more resistant to CTL-mediated kill-
ing.

Although the complexity of the pathway provides an efficient
way for infected cells to eliminate viral pathogens, it also gives
viruses numerous opportunities to interfere with the individual
steps of the pathway, thereby thwarting the CTL response of the
host (36, 66). Thus, many viruses have evolved mechanisms to
interfere with MHC-I cell surface expression as a means of evading
the host immune response (56, 67).

Herpesviruses are intracellular pathogens that have acquired
diverse mechanisms to prevent clearance by the immune system
(32, 34, 41, 53). The immune evasion strategies targeting different
stages of the MHC-I antigen processing and presentation pathway
allow herpesviruses to establish lifelong latency. Human cytomeg-
alovirus (HCMV) and mouse cytomegalovirus (MCMV) increase
MHC-I degradation by the proteasome (27, 28, 57, 58, 73, 85, 87).
However, HCMV can also prevent ATP binding to TAP, thereby
limiting the energy supply that is necessary for peptide transport
(33, 37). Kaposi’s sarcoma-associated herpesvirus (KSHV) accel-
erates endocytosis of cell surface MHC-I molecules (16, 17, 19).
Several other herpesviruses have evolved mechanisms to interfere
with TAP function through different strategies exerted by unique
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gene products. Herpes simplex virus 1 (HSV-1) and HSV-2 en-
code the ICP47 protein that acts as a high-affinity competitor for
peptide binding to TAP and thus prevents peptide translocation
(3, 4, 25, 29, 38, 63, 79). The bovine herpesvirus 1 (BHV-1)
UL49.5 protein induces a conformational arrest of the peptide
transporter and degradation of TAP by the proteasome (47, 82).
The pUL49.5 homologs encoded by pseudorabies (PrV), EHV-1,
and EHV-4 can also inhibit TAP in vitro (49). EHV-1 pUL49.5 and
EHV-4 pUL49.5 have been shown to interfere with the binding of
ATP to TAP in transfected cells (49). Previous data also indicate
that EHV-1 infection results in enhanced endocytosis of cell sur-
face MHC-I, resulting in a dramatic downregulation of MHC-I
expression (68). A recent study conducted in our laboratory
showed that a newly identified immunomodulatory protein en-
coded by the UL56 homologue of EHV-1 is involved in MHC-I
downregulation. The protein, however, is incapable of performing
its function outside the context of viral infection (59). At present,
no data on the ability of EHV-4, a close relative of EHV-1, to affect
the expression of MHC-I on the surface of infected cells are avail-
able.

In the present study, we show that EHV-4 reduces MHC-I cell
surface expression through two different mechanisms. First,
EHV-4 leads to a significant downregulation of MHC-I expression
on the cell surface early after infection through the product of
ORF1, a protein expressed with early kinetics from the UL56 ho-
mologue and therefore dubbed pUL56 (77). Second, EHV-4 can
interfere with MHC-I antigen presentation by inhibition of TAP
through the ORF10 gene product a protein which is conserved in
all known members of the herpesviruses and which is encoded by
the UL49.5 homologue; it is referred to here as pUL49.5 (77).
Although pUL49.5 has no readily detectable role in downregula-
tion of cell surface MHC-I, it is able to block MHC-I maturation
by blocking TAP and peptide transport into the ER.

MATERIALS AND METHODS
Virus and cells. All viruses used here are based on EHV-4 strain WA79,
which is derived from an infectious bacterial artificial chromosome
(BAC) clone (pYO03) that was used for all manipulations and for gener-
ation of recombinant viruses as described before (9). Equine dermal
(NBL-6) cells were grown in Iscove’s modified Dulbecco’s medium
(IMDM; Invitrogen) supplemented with 20% fetal bovine serum (FBS;
Biochrom), 100 U/ml penicillin, and 100 �g/ml streptomycin (1% peni-
cillin-streptomycin). Fetal horse kidney (FHK) cells (generously provided
by V. Swanson, University of Iceland) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Biochrom) supplemented with 20%
FBS. Human embryonic kidney (293), Vero, Madin-Darby bovine kidney
(MDBK), murine melanoma B78H1, and B78HC2 cells (with B78HC2
cells expressing equine MHC-I) were kindly provided by Arthur Framp-
ton, University of North Carolina at Wilmington, and propagated in
DMEM supplemented with 10% FBS.

Antibodies. The anti-MHC-I monoclonal antibody (MAb) H58A
(isotype immunoglobulin G2a [IgG2a]) was purchased from VMRD. The
anti-equine MHC-I MAb CZ3 was provided by Douglas Antczak, Cornell
University, Ithaca, NY. Polyclonal anti-pUL56 and anti-pUL49.5 anti-
bodies were generated by Genscript (Table 1). The anti-CD44 MAb was
purchased from BioLegend. Polyclonal antibodies specific for gD were
kindly provided by Ken Maeda, Yamaguchi University, Japan. MAb P4C2,
an �4�1 integrin antagonist, was obtained from Abcam. An unrelated
mouse IgG isotype control and rabbit anti-�-actin were purchased from
Cell Signaling Technologies. Alexa Fluor 647-labeled goat antimouse sec-
ondary antibodies were purchased from Invitrogen. Horseradish peroxi-

dase-conjugated goat antirabbit and goat antimouse antibodies were ob-
tained from Southern Biotech.

Plasmids. The entire EHV-4 UL56 and UL49.5 genes were amplified
by PCR using the primers listed in Table 2. The PCR products were di-
gested with the appropriate restriction enzymes and inserted into vector
pcDNA3 (Invitrogen), resulting in recombinant plasmids pcDNA_56 and
pcDNA_49.5, respectively. To construct pcDNA_56Kan, the kanamycin
resistance kanr gene was amplified from plasmid pEPkan-S by PCR using
the primers listed in Table 2. The PCR product was digested with the
appropriate restriction enzymes and inserted into pcDNA_56. Correct
amplification and insertion were confirmed by nucleotide sequencing
(Starseq).

For generation of NBL-6 cells, which constitutively express EHV-4
UL56 or UL49.5 (NBL/56 or NBL/49.5), NBL-6 cells were transfected with
the recombinant pcDNA_56, pcDNA_49.5, or empty pcDNA3 (control)
plasmid using electroporation (260 V, 1,050 �F, and 335 �) as described
before (75). Transfected cells were grown in the presence of 1 mg/ml G418
(Invitrogen) for selection. Resistant cells were selected and analyzed by
Western blotting for expression of UL56 and UL49.5. In other experi-
ments, NBL-6 cells were transiently transfected with the pcDNA_49.5
expression plasmid without applying antibiotic selection.

BAC cloning and mutagenesis. EHV-4 BAC clone pYO03, generated
previously by inserting mini-F-plasmid sequences flanked by loxP sites
into the intergenic region between genes 58 and 59 (9), was introduced
into Escherichia coli strain GS1783 cells (a kind gift from Greg Smith,
Northwestern University, Chicago, IL). Bacteria were maintained in
Luria-Bertani (LB) medium containing 30 �g/ml chloramphenicol. Vi-
ruses reconstituted from pYO03 were used in this study to make use of
enhanced green fluorescent protein (EGFP) expression for rapid identifi-
cation of infected cells. Deletion of UL56 was done by two-step Red re-
combination as described before (78). PCR primers (Table 2) were de-
signed to have recombination arms of 60 nucleotides that enabled the
replacement of the UL56 gene by the kanr gene amplified out of plasmid
pEPKan-S. PCR products were digested with DpnI in order to remove
residual template DNA, and the transfer fragments were electroporated
into GS1783 containing pYO03. Kanamycin-resistant colonies were pu-
rified and screened by PCR and restriction fragment length polymor-
phism (RFLP) to detect E. coli cells harboring mutant clones. Positive
clones were subjected to a second round of Red recombination to obtain
the final construct, pYO�UL56, after removal of the kanr gene. To rein-
troduce the authentic UL56 sequence in pYO�56, we first amplified the
UL56Kan fragment from the pcDNA_56Kan plasmid and inserted UL56
back into pYO�UL56, resulting in pYOUL56R (Table 2).

A point mutation targeting the AUG start codon of the EHV-4 UL49.5
gene (pYO49.53A) was engineered by converting nucleotide 11673 of
UL49.5 from a guanine to an adenine, changing the methionine codon
into an isoleucine (UL49.53A), using two-step Red-mediated recombina-
tion. The change resulted in the inhibition of UL49.5 gene expression
without affecting expression of the overlapping gene (UL50). Primers
used for generation of both the mutant (UL49.53A) and the revertant
(UL49.5R) are listed in Table 2.

Finally, a double mutant that lacked expression of both UL49.5 and
UL56 (pYO�56_49.53A) was created by targeting the start codon of the
UL49.5 gene in the pYO�UL56 genome and introducing the point muta-
tion as described above. The appropriate revertants were also created to
repair both UL56 and UL49.5 as described above. The genotypes of all

TABLE 1 Synthetic peptides derived from EHV-4 used to raise
polyclonal antibodies

Peptide Amino acid sequence
Amino acid
residues

pUL49.5 EAKQRLDVAREEERRDFWHAAC 30–51
pUL56 CSLGSVTYLSEQQLPSRPPS 75–93
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mutants and revertants were confirmed by PCR, RFLP, and nucleotide
sequencing using primers listed in Table 2.

Virus growth assays. Reconstitution of mutant (pYO�56,
pYO49.53A, or pYO�56_49.53A) and revertant viruses was achieved by
transfection of purified BAC DNA into 293 cells using Lipofectamine 2000
(Invitrogen) as described earlier (9, 11). After 3 days, cells and superna-
tants were collected and used to infect confluent NBL-6 cells.

To compare the in vitro growth properties of EHV-4�56, EHV-
4_49.53A, and EHV-4�56_49.53A with parental and revertant viruses,
plaque areas and growth kinetics were determined as described before (12,
83). For plaque size measurements, confluent monolayers of NBL-6 cells
in 12-well plates were infected at a multiplicity of infection (MOI) of 0.001
and overlaid at 2 h postinfection (p.i.) with DMEM containing 1.5%
methylcellulose (Sigma). For each virus, 50 plaques were photographed at
5 days p.i., and mean plaque sizes were analyzed by using ImageJ software
(http://rsb.info.nih.gov/ij/). Values were calculated and compared to
plaque areas induced by parental virus, which were set to 100%. The
average percentage of plaque areas and standard deviations were deter-
mined from three independent experiments. For determining growth ki-
netics, NBL-6 cells were infected at an MOI of 0.5. Viruses were allowed to
attach for 1.5 h at 4°C and then to penetrate for 2 h at 37°C. Infected
cultures were harvested at the indicated times p.i. (0, 6, 12, 24, 48, and
72 h), and viral titers were determined by plating onto NBL-6 cells. At day
4 p.i., cells were stained with 0.3% crystal violet, and plaques were
counted. Growth curves were determined in three independent experi-
ments.

Western blotting. For Western blot analysis, FHK cells were seeded in
6-well plates and infected with parental, mutant, or revertant viruses.
Pellets of infected cells or stably transfected cell lines (NBL/56 or NBL/
49.5) were resuspended in radioimmunoprecipitation assay (RIPA) buf-
fer (1 mM Tris, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate,
5 M sodium chloride, 0.5 mM EDTA, 0.1% sodium dodecyl sulfate [SDS])
and protease inhibitor cocktail (Roche). Samples were mixed with sample
loading buffer (1 M Tris-HCl, pH 6.8, 0.8% SDS. 0.4% glycerol, 0.15%

�-mercaptoethanol, 0.004% bromophenol blue), heated at 65°C for 10
min, and subjected to SDS–10% polyacrylamide gel electrophoresis
(PAGE) exactly as described before (83). Expression of EHV-4 UL56,
UL49.5, and gD or cellular �-actin was detected with the specific antibod-
ies and peroxidase conjugates listed earlier. Reactive bands were visualized
by enhanced chemiluminescence (ECL plus; Amersham).

Temporal inhibition of viral protein expression. To limit viral gene
expression to immediate-early (IE) and early (E) genes, NBL-6 cells were
infected with EHV-4 at an MOI of 5 in the presence of the viral DNA
synthesis inhibitor phosphonoacetic acid (PAA; Sigma) at a concentra-
tion of 300 �g/ml, followed by incubation in fresh medium containing
PAA for 24 h (40). Cycloheximide (CX; Sigma) at a concentration of 100
�g/ml was used to inhibit viral protein synthesis in EHV-4-infected cells
(62). In order to differentiate between involvement of IE and E genes,
NBL-6 cells were infected with EHV-4 in the presence of CX to allow
accumulation of EHV-4 IE proteins in cells. After 5 h, the cells were ex-
tensively washed and incubated for 24 h with either fresh medium or
medium containing the transcriptional inhibitor actinomycin D (Act-D;
Sigma) at 5 �g/ml. Act-D allows the translation of already accumulated IE
mRNA, while preventing further transcription of mRNA. In all experi-
ments, the cells were analyzed by using flow cytometry.

To detect the life span of surface MHC-I molecules, cells were incu-
bated with either CX or brefeldin A (Sigma) at a concentration of 50
�g/ml and 1 �g/ml, respectively. At different time points (24, 48, and
72 h), cells were checked to detect the expression level of surface MHC-I
molecules.

Citrate wash experiments. To analyze the kinetics of MHC-I surface
restoration, NBL-6 cells were either mock infected or infected with paren-
tal or mutant viruses. The cells were incubated at 37°C for 6 h until the
start of UL49.5 expression (time point, 0 h). After removal of the medium,
the cells were washed with citrate buffer (0.062 M Na2HPO4, 0.132 M
citric acid, 0.5% bovine serum albumin, pH 3) for 1 min as described
previously (76). The cells were then washed three times with phosphate-

TABLE 2 Oligonucleotides used in this study

Primer use and primer Product Sequence (5=–3=)a

Mutagenesis
UL56FW UL56 deletion cagcaaaggctcctcgatgacagcagcgccacgtcgtgctatggctggctttagtgatgcaggatgacgacgataagtaggg
UL56RV gtgaaaataaacataatacaactgtgttgaaccacttgttgacgagcagaaaagtgtaaacaaccaattaaccaattctgattag
UL49.5FW UL49.53A ctcgcgcttcccatccattactacattcaaccaccacgatAttgtcagcgagattagtgacaggatgacgacgataagtaggg
UL49.5RV ggcaggttaaaatggccagcgtcactaatctcgctgacaaTatcgtggtggttgaatgtagcaaccaattaaccaattctgattag

Revertant
UL56FW1 UL56-Kan atttagccttccgctcctgtctgcttacactttacacttttctgctcgtcatgaggcccacggaagtttc
Ul56RV1 aggggtgtttgtgaaaataaacataatacaactgtgttgaaccacttgttttaatttttggattttgtga
UL49.5FW1 UL49.53 M ctcgcgcttcccatccattactacattcaaccaccacgatGttgtcagcgagattagtgacaggatgacgacgataagtaggg
UL49.5RV1 ggcaggttaaaatggccagcgtcactaatctcgctgacaaCatcgtggtggttgaatgtacaaccaattaaccaattctgattag

Plasmids
UL56FW2 UL56 attgaattcatgaggcccacggaagtttc
UL56RV2 cacggatccttaatttttggattttgtga
UL56FW Kan Kan gcggcatgctgtgcacctccgcgtttggaaggatgacgacgataagtaggg
UL56RV Kan acagcatgccgcgtggctgtgttgtggagcaaccaattaaccaattctgattag
UL49.5FW2 UL49.5 tatgaattcgcatgcagcctgctccggac
UL49.5RV2 tatggatcctcagtgtaggtgtcgcaaca

Sequencing
UL56FW3 gctcctccctaaatgccttg
UL56RV3 atagtgtaccgtggatttgg
UL49FW3 tgctgcggcttcccatccat
UL50RV ttctagtaggtttagcgcta

a Restriction enzyme sites are given in lowercase bold letters; sequences in italics indicate additional bases which are not present in the EHV-1 or -4 sequence. Underlined sequences
indicate the template-binding region of the primers for PCR amplification with pEPkan-S. Uppercase bold letters indicate the nucleotides that were mutated.
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buffered saline (PBS), harvested at different time points (0, 8, 16, and
24 h), and subjected to analysis by flow cytometry.

Flow cytometry. To evaluate expression of MHC-I molecules on the
cell surface, cells (NBL-6, FHK, MDBK, Vero, B78HI, and B78HC2 cells)
were either mock or virus infected. The cells were trypsinized and imme-
diately suspended in fluorescent-activated cell sorter (FACS) buffer (PBS
containing 2% FBS and 0.01% sodium azide) at the indicated times p.i.
Cells were added in duplicate into 96-well round-bottom plates and in-
cubated with 2 �g/ml of MAbs targeting MHC-I (H58A or CZ3), CD44,
or �4�1 integrin (P4C2) or an isotype control anti-mouse IgG for 1 h at
4°C. Then, the cells were washed three times in FACS buffer and stained
with Alexa Fluor 647-labeled goat anti-mouse IgG (5 �g/ml) for 30 min
at 4°C. After three washing steps, 10,000 cells were analyzed with a
FACSCalibur flow cytometer (BD Biosciences), and the intensity of fluo-
rescence was analyzed using FlowJo software (TreeStar).

In vitro peptide transport assay. NBL-6 cells were either mock in-
fected or infected with parental, mutant, or revertant viruses. The cells
were trypsinized and washed twice in growth medium and twice in ice-
cold transport buffer (130 mM KCl, 10 mM NaCl, 1 mM CaCl2, 2 mM
EGTA, 2 mM MgCl2, and 5 mM HEPES [pH 7.3] with KOH). Cells were
permeabilized with streptolysin O (SLO; Sigma) at a concentration of 2
U/ml for 10 min at 37°C (13, 47). Subsequently, cells were washed and
incubated with 4 �M of the fluorescence-conjugated synthetic peptide
CVNKTERAY (Genescript) in the presence of ATP (200 mM, Sigma) for
10 min at 37°C. Peptide translocation was terminated by adding ice-cold
stopping buffer (transport buffer containing 10 mM EDTA and 0.01%
NaN3) at 4°C. The samples were centrifuged at 16,000 � g for 20 min, and
the supernatant was removed. The cell pellets were then incubated with
ice-cold lysis buffer (1% Triton X-100, 500 mM NaCl, 2 mM MgCl2, 50
mM Tris HCl, pH 8.0) for 30 min at 4°C. After lysis, cell debris was
removed by centrifugation and cell lysates were incubated with conca-
navalin A (ConA)-Sepharose beads (Sigma) for 2 h at 4°C with gentle
agitation. Finally, the glycosylated peptides were eluted with buffer (500

mM mannopyranoside, 10 mM EDTA, 50 mM Tris HCl, pH 8.0) during
a 2-h incubation step at room temperature with vigorous shaking and
separated from ConA-Sepharose beads by centrifugation at 12,000 � g for
2 min. The fluorescence intensity of the samples was measured using a
fluorescence plate reader (Berthold Technologies).

Statistical analysis. Using Microsoft Excel software, Student’s t test
for paired data was used to test for statistically significant differences. Data
given are means, and bars show standard deviations.

RESULTS
EHV-4-mediated MHC-I downregulation on the surface of in-
fected equine cells. Confluent equine cells (NBL-6 and FHK)
were either mock infected or infected with EHV-4 at an MOI of 5.
After 24 h, when infection rates had reached between 80 and 90%,
infected cells were harvested, stained with anti-MHC-I MAb
H58A, and analyzed by flow cytometry. Cell surface expression of
CD44 receptors was measured as a control of cellular protein syn-
thesis, transport, and affection by virus infection. Robust cell sur-
face expression of MHC-I was seen with MAb H58A (recognizing
equine MHC-I) on all mock-infected cells (Fig. 1A). On the other
hand, we observed a significant downregulation of cell surface
MHC-I in infected cells (Fig. 1A), whereas the expression of the
cell surface molecule CD44 remained unaffected (data not
shown). MHC-I levels on the surface of equine cells were evalu-
ated using another anti-equine MHC-I MAb, CZ3, which con-
firmed the downregulation in infected but not uninfected cells
(data not shown).

We further determined whether downregulation of cell surface
MHC-I can occur in cells of nonequine origin that can be infected
with EHV-4. MDBK and Vero cells were either mock infected or
infected with EHV-4 at an MOI of 5 and also analyzed by flow

FIG 1 EHV-4 downregulates cell surface MHC-I molecules on equine cells only. Equine NBL-6 and FHK (A) and nonequine MDBK, Vero, and B78HC2 (B) cells
were either mock infected or infected with EHV-4 and subjected to flow cytometric analysis. Histograms of MHC-I expression after detection with anti-MHC-I
MAb (H58A) are shown. As controls, cells were incubated with irrelevant MAbs of the same IgG isotype. Viable cells (10,000) were analyzed for each sample.
Results of one representative experiment are shown.
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cytometry at 24 h p.i. Expression of MHC-I on the surface of these
cells was confirmed using MAb H58A (Fig. 1B) and was not af-
fected on the surface of either MDBK or Vero cells in the absence
or presence of virus infection (Fig. 1B).

We reasoned that this result may be attributable to the fact that
EHV-4 can bind only to equine MHC-I and not to nonequine
MHC-I or that species-specific adaptor proteins are targeted by
viral gene products (10). To address these possibilities, murine
B78HC2 cells expressing equine MHC-I and conferring EHV-4
entry were also tested for downregulation of MHC-I. Our results
showed that equine MHC-I expression on the surface of the mu-
rine cell line was not affected, although equine MHC-I was highly
expressed on the surface of those cells (Fig. 1B). From our results,
we concluded that EHV-4 can downregulate MHC-I on the sur-
face of equine cells only. On the other hand, EHV-4 was not able to
downregulate MHC-I on the surface of nonequine cells, regardless
of whether or not they expressed equine MHC-I.

EHV-4-induced MHC-I downregulation is dependent on an
E gene(s). To determine the class of viral protein involved in cell
surface MHC-I downregulation, UV-inactivated EHV-4 was used
to determine whether de novo viral protein synthesis was required
for MHC-I downregulation. The results showed that infection of
NBL-6 cells with UV-inactivated virus resulted in no loss of
MHC-I expression (Fig. 2). To determine whether late viral pro-
teins are involved in MHC-I downregulation, NBL-6 cells were
infected for 24 h (infection rates, approximately 90%) in the pres-
ence of PAA, which inhibits DNA replication and late viral gene
expression. Cell surface MHC-I downregulation was still observed
in the presence of PAA (Fig. 2), indicating that a protein(s) ex-
pressed with either IE or E kinetics is responsible for cell surface
MHC-I downregulation. To further investigate which class of viral
proteins was responsible for the activity, we used the protein syn-
thesis inhibitor CX alone or in combination with Act-D. CX treat-
ment followed by Act-D incubation effectively abrogated MHC-I
downregulation following virus infection (Fig. 2). Since removal
of CX and addition of Act-D should allow translation of IE genes,
our results strongly suggest that an EHV-4 early gene, either alone
or in association with another gene(s), is responsible for the ob-
served downregulation of cell surface MHC-I.

EHV-4 pUL56 is an early viral protein that induces robust
MHC-I downregulation in EHV-4-infected cells. A previous
study from our laboratory had identified the EHV-1 UL56 gene

product in cell surface MHC-I downregulation (59). Based on the
fact that ORF1, the UL56 homolog, (i) is expressed early during
viral infection and (ii) is closely similar to its counterpart in
EHV-1, we chose to study the possible role of EHV-4 pUL56 in
MHC-I downregulation.

To test the hypothesis that EHV-4 pUL56 is responsible for the
observed effect on MHC-I, we deleted this gene in the parental
virus. Furthermore, EHV-4 was engineered with a point mutation
in the start codon of UL49.5 and/or a deletion of UL56. To evalu-
ate the expression of UL56 and UL49.5, FHK cells were infected
with the parental, mutant, and revertant viruses and the cell lysates
were analyzed by Western blotting. Parental and revertant viruses,
but not mutant viruses EHV-4�56, EHV-4_49.53A, and EHV-
4�56_49.53A, expressed pUL56 and pUL49.5 at comparable levels
(Fig. 3A). Two different bands with apparent molecular masses of
22 and 28 kDa were detected with the pUL56-specific antibody,
indicating that this protein may be modified co- or posttransla-
tionally. The observation was compatible with previous findings
on EHV-1 pUL56, which is phosphorylated (59). Treatment of
EHV-4-infected cell lysates with phosphatase (�-PPase) resulted
in the absence of the more slowly migrating pUL56 moiety,
whereas the 22-kDa pUL56 protein remained unaffected (see Fig.
6C). The results suggested, therefore, that the observed 28-kDa
moiety represents a phosphorylated form of pUL56. In addition,
standard plaque size measurements and independent single-step
growth kinetic experiments were performed using NBL-6 cells. All
viruses, parental, mutant, and revertant, grew to similar titers in
NBL-6 cells, and there was no significant difference between
plaque areas induced by the various recombinant viruses (Fig. 3B
and C). We concluded from our analyses that the growth rates of
mutant viruses were not significantly affected by the introduced
mutations.

Cell surface expression of MHC-I molecules was determined
by flow cytometry, using the anti-MHC-I H58A or CZ3 MAb.
EHV-4-mediated surface MHC-I downregulation was observed
as early as 4 h p.i. and became more prominent from that time
point onwards (Fig. 4A). Surface expression of CD44, used as a
control, was not affected, indicating that MHC-I molecules were
specifically targeted (Fig. 4A).

Western blot analysis was performed with lysates taken at
each time point to detect the expression of either pUL56 or
pUL49.5 in infected cells in the presence or absence of PAA.

FIG 2 An early EHV-4 protein(s) is responsible for MHC-I downregulation. NBL-6 cells were either mock infected or infected with live 4 or UV-inactivated
EHV-4 (left panel) or mock infected or infected with EHV-4 in the presence of PAA (middle panel). Cells were infected with EHV-4 in the presence of CX at a
concentration of 100 �g/ml for 5 h. The cells were then washed and incubated for 24 h with either fresh medium or medium containing Act-D (right). Histogram
overlays of MHC-I expression detected by primary anti-MHC-1 MAb (H58A) and secondary Alexa Fluor 647-conjugated goat anti-mouse IgG are shown.
Irrelevant MAbs of the same IgG isotype were used as controls. Results of one representative experiment are shown.
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Expression of actin and gD, a late viral protein, was assessed to
control for the efficiency of PAA treatment. Our results showed
that the UL56 protein was detected as early as 4 h p.i. at signif-
icant levels, which were not affected by the presence of PAA, in

contrast to gD expression (Fig. 4B). On the other hand,
pUL49.5 expression started at 6 h p.i. and was slightly affected
by the presence of PAA (Fig. 4B).

To analyze a potential involvement of pUL56 and/or pUL49.5

FIG 3 Characterization of recombinant viruses. (A) Expression patterns of pUL56 (top) and pUL49.5 (bottom) in parental, mutant, and revertant viruses were detected
by Western blotting. Cell lysates were prepared, and proteins were separated by SDS–10% PAGE before transfer to a polyvinylidene difluoride membrane. The blots were
incubated with anti-pUL56 or anti-pUL49.5 polyclonal antibodies. Cell lysates from noninfected FHK cells were included as a control. �-Actin was used as a loading
control. (B) For growth kinetics, NBL-6 cells were infected at an MOI of 0.5. Infected cells and supernatants were collected and virus titers were determined at the
indicated times p.i. The data presented are means � SDs of triplicate measurements. (C) Mean � SD diameters of 50 plaques measured for each virus. The plaque
diameter of parental viruses was set to 100%.
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in EHV-4-mediated MHC-I downregulation, mutant EHV-4�56,
EHV-4_49.53A, or EHV-4�56_49.53A was used to infect NBL-6
cells. At the 24-h time point (approximately 88% infected cells),
infection with parental EHV-4, EHV-4_49.53A, and all revertant
viruses resulted in a significant reduction in cell surface MHC-I
expression (Fig. 5A). In contrast, EHV-4�56 and EHV-
4�56_49.53A showed a significantly reduced ability to downregu-
late MHC-I (Fig. 5A). As observed earlier, cell surface expression
of CD44 remained unaffected, indicating that MHC-I molecules
were specifically targeted (Fig. 5b). However, when we tested an-
other cell surface molecule, �4�1 integrin, that is also ex-
pressed on the surface of NBL-6 cells (10), we found that,
similar to the situation with MHC-I, EHV-4 was able to
downregulate this surface receptor and that pUL56 is necessary
for the function (Fig. 5B). Taken together, our data show that
the early UL56 gene, but not UL49.5, is required for downregu-
lation of cell surface MHC-I at early times after EHV-4 infec-
tion. However, pUL56 is also able to downregulate another cell
surface molecule, �4�1 integrin.

pUL49.5, but not pUL56, is able to downregulate cell surface
MHC-I in the absence of other viral proteins. To investigate
whether the UL49.5 or UL56 proteins are able to alter MHC-I
surface expression in the absence of other viral proteins, NBL-6
cells were stably transfected with pcDNA56, pcDNA49.5, or pa-
rental pcDNA3, which was used as a control. Furthermore, NBL-6
cells were also transiently transfected with pcDNA49.5 for 72 h.
Expression of the UL49.5 and UL56 proteins was verified by West-
ern blot analysis (Fig. 6A and B). Flow cytometric analysis revealed
that cells permanently transfected with UL49.5 but not UL56 ex-
pression plasmids exhibited a significant reduction of cell surface
MHC-I expression compared to the control cells (Fig. 6D). How-
ever, after transient expression of UL49.5 protein, we could not
detect any change in cell surface expression of MHC-I (data not

FIG 4 EHV-4 downregulates cell surface MHC-I at early stages of infection. (A)
Relative levels of cell surface expression of MHC-I and the cell surface marker
CD44 were determined at different time points after EHV-4 infection of NBL-6
cells. At the indicated time points, MHC-I expression was detected with anti-
MHC-I MAbs (H58A and CZ3) and analyzed by flow cytometry. The surface
expression of both MHC-I and CD44 molecules was set to 100% at time zero. (B)
Expression of UL56 and UL49.5 proteins was determined for each time point in panel
A by Western blotting in the presence or absence of PAA. Levels of expression of gD
and �-actin were determined as temporal and loading controls, respectively.

FIG 5 The UL56 protein is responsible for cell surface MHC-I downregulation in infected cells. (A) NBL-6 cells were either mock infected or infected with
parental, mutant, or revertant viruses. MHC-I expression on the cell surface was measured by flow cytometric analysis. Histogram overlays of MHC-I expression
detected by anti-MHC-I MAb H58A are given. (B) Expression of other cell surface molecules. Histogram overlays of CD44 and �4�1 integrin expression detected
by anti-CD44 and anti-�4�1 integrin (P4C2) MAbs, respectively. Results of one representative experiment are shown.
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shown). Western blot analysis showed two bands for the UL56
protein in infected cells (Fig. 3A and 4B), while only a single band
was visible in transfected cells (Fig. 6B). Treatment of infected-cell
lysates with phosphatase (�-PPase) resulted in only one band sim-
ilar to that of UL56 protein in transfected cells (Fig. 6C).

The results indicated that pUL49.5 alone is able to downregu-

late cell surface MHC-I molecules but that cells need to steadily
overexpress the UL49.5 protein to be capable of inhibiting MHC-I
levels on the cell surface. On the other hand, pUL56 is unable to
reduce MHC-I cell surface expression in transfected NBL-6 cells
in the absence of other viral proteins; pUL56 may, therefore, re-
quire interaction with (an)other viral protein(s), but not pUL49.5,

FIG 6 EHV-4 pUL49.5, but not pUL56, can alter MHC-I surface expression in the absence of other viral proteins. Expression of UL49.5 (A) and UL56 (B)
proteins in transfected cells was detected by Western blotting. NBL-6 cells were transfected with plasmids expressing pcDNA56, pcDNA49.5, or pcDNA3. Cell
lysates were prepared and proteins were separated by SDS–10% PAGE. The blots were incubated with anti-pUL49.5 or anti-pUL56 polyclonal antibodies. Cell
lysates from noninfected NBL-6 cells were included as a control. �-Actin was used as a loading control. (C) Lysates of EHV-4-infected cells were either treated
with �-PPase or left untreated. pUL56 was detected by Western blotting using anti-UL56 antibody. �-Actin was used as a loading control. (D) Expression of
MHC-I molecules on the surface of transfected NBL-6 cells was determined by flow cytometry. The surface expression of MHC-I molecules of the mock-infected
cells was set to 100%. P values for statistical significance are given.
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to exert its effect on MHC-I downregulation. In addition, it ap-
pears that phosphorylation of pUL56 also requires the environ-
ment of EHV-4 infection.

pUL49.5 is responsible for TAP inhibition in EHV-4-infected
cells. A previous study had shown that UL49.5 proteins of differ-
ent varicelloviruses, including the UL49.5 protein of EHV-4, have
the ability to inhibit TAP when overexpressed in cell lines of the
relevant host species (49). However, the role of pUL49.5 in TAP
inhibition in infected cells has not yet been studied. To under-
stand the mechanism(s) of MHC-I downregulation, we tested the
possibility of TAP inhibition by EHV-4 during infection. NBL-6
cells were either mock infected or infected with mutant virus
EHV-4�56, EHV-4_49.53A, or EHV-4�56_49.53A. After 24 h,
TAP-mediated peptide transport was analyzed in permeabilized
cells using a fluorescein-conjugated synthetic peptide. We were
able to show that parental EHV-4 and EHV-4�56 as well as EHV-
4_49.5R effectively blocked peptide transport from the cytosol
into the ER. In contrast, this inhibition was not seen in cells in-
fected with the EHV-4_49.53A mutant (Fig. 7A). In addition, a

similar set of experiments was conducted to determine the onset
of TAP inhibition in infected cells, and the results revealed that
inhibition of peptide transport activity was observed as early as 6 h
p.i. (Fig. 7B). The findings indicate that pUL49.5, but not pUL56,
of EHV-4 is responsible for the inhibition of peptide translocation
by TAP during virus infection.

The UL49.5 protein can affect cell surface MHC-I expression
during infection. We showed that EHV-4_49.53A was able to
downregulate surface MHC-I to levels comparable to those for
parental virus in infected cells but that EHV-4�56_49.53A had a
significantly reduced ability to downregulate MHC-I. On the
other hand, NBL-6 cells transfected with UL49.5 showed a signif-
icant reduction in surface MHC-I expression, likely as a conse-
quence of TAP inhibition. It is noteworthy that MHC-I molecules
on the cell surface are constantly internalized by endocytosis and
then rerouted and/or degraded. We hypothesized that our inabil-
ity to detect pUL49.5-mediated downregulation of MHC-I mole-
cules in infected cells might be due to the long half-life of MHC-I
molecules on the cell surface and that pUL49.5, unlike pUL56, is
not capable of accelerating the internalization rate of MHC-I. To
test this hypothesis, we determined the life span of cell surface
MHC-I by using CX to inhibit de novo synthesis of cellular pro-
teins. Reduction of cell surface MHC-I started 24 h after the start
of treatment, and the rate was significantly increased after 48 h and
72 h, when 28% and 50% of treated cells, respectively, were no
longer expressing MHC-I (Fig. 8A). This result was confirmed by
using brefeldin A to block transport of the newly synthesized pro-
tein to the cell surface, which also demonstrated a significant re-
duction of cell surface MHC-I molecules after 48 h (Fig. 8A).
Furthermore, cells infected with parental or mutant viruses were
kept for 48 and 72 h p.i. in order to allow more time for pUL49.5
to inhibit TAP and the cells to remove long-lived cell surface
MHC-I. Our results, however, did not show a clear reduction of
cell surface levels of MHC-I even after 72 h (Fig. 8B).

To further address the question of MHC-I resting times on the
cell surface relative to virus infection, we treated mock- or virus-
infected cells with citrate buffer (pH 3), which resulted in a signif-
icant reduction of cell surface MHC-I in all cases. Eight hours after
removal of cell surface MHC-I by acid treatment, mock-infected
cells had recovered 100% of the MHC-I molecules on their sur-
faces. In stark contrast, cells infected with either EHV-4 or EHV-
4_49.53A were not able to restore MHC-I and cell surface MHC-I
remained low at all time points investigated (8, 16, and 24 h),
although a very moderate and not significant increase in MHC-I
surface expression was seen in the case of the UL49.5 mutant. In
cells infected with either EHV-4�56 or the double-deletion mu-
tant EHV-4�56_49.53A, MHC-I surface levels clearly increased
after citrate treatment compared to those in cells infected with
parental virus. In the case of cells infected with EHV-4�56_49.53A,
a further and additive increase in MHC-I surface levels compared
to those for cells infected with the single-deletion mutants was
observed, and the increase did reach statistical significance even
relative to the levels for cells infected with EHV-4�56 alone. From
the results, we concluded that (i) pUL49.5 does have an effect on
MHC-I downregulation in infected cells that is more pronounced
in the absence of pUL56 and (ii) there is at least another viral
protein which is able to downregulate MHC-I surface expression
and mitigate the role of pUL49.5 on MHC-I expression in infected
cells.

FIG 7 EHV-4 pUL49.5, but not pUL56, significantly inhibits peptide trans-
port into the ER. (A) TAP-dependent peptide transport was determined in
NBL-6 cells infected with parental EHV-4, EHV-4�56, EHV-4_49.53A, or
EHV-4_49.5R. Translocation of the synthetic peptide (CVNKTERAY) carry-
ing a fluorescein-labeled cysteine was evaluated by a fluorescence plate reader.
Peptide transport was shown after infection with recombinant viruses and
compared to the peptide translocation observed in mock-infected cells. All
data represent the means � SDs of three independent experiments. The aster-
isks indicate significant differences (P 	 0.05) relative to mock-infected cells
(
 peptide) means compared to mock-infected cells where peptide was added.
(B) EHV-4 inhibits peptide transport activity as early as 6 h p.i. NBL-6 cells
were either mock infected or infected with EHV-4 and were used to determine
peptide transport at the indicated time points (0, 2, 4, 6, 8, 12, and 24 h p.i.).
The data are expressed as fluorescence intensity, which is a measure of peptide
translocation into the ER, and related to fluorescence intensities in control
cells. The data represent the means � SDs of two independent experiments.
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DISCUSSION

MHC-I molecules are a particularly attractive target for immune
evasion by viruses, as their elimination from the cell surface makes
infected cells invisible to CTLs and allows virus to replicate. On
the other hand, elimination of cell surface MHC-I as a strategy for
deceiving the immune system is not without risk to the virus:
natural killer (NK) cells recognize cells deficient in self-molecules,

i.e., MHC-I molecules, and destroy them. Inhibition of MHC-I
antigen presentation is a hallmark of members of the herpesvirus
family, with all viruses analyzed to date having at least one mech-
anism to accomplish MHC-I downregulation (26, 67, 89). A pre-
vious report had identified the EHV-4 UL49.5 protein as such a
viral evasion protein that interferes with MHC-I antigen presen-
tation through inhibition of TAP (49). However, this earlier re-
port did not shed light on the ability of EHV-4 to downregulate
cell surface MHC-I molecules in infected cells. We show here that
EHV-4 can modulate MHC-I expression through two different
mechanisms. Besides the ability of the UL49.5 protein in TAP
blocking, EHV-4 encodes another protein, pUL56, which can
downregulate surface MHC-I at early times after infection, even
before expression of pUL49.5 can be detected.

Our data demonstrate that EHV-4 is able to significantly
downregulate MHC-I molecules on the surface of infected equine
(NBL-6 and FHK) cells. We also tested the ability of EHV-4 to
downregulate MHC-I molecules on the surface of nonequine cell
lines (MDBK and Vero cells). Although MDBK and Vero cells are
fully permissive for EHV-4 infection, no modulation of cell sur-
face MHC-I expression was detectable in these nonequine cells.
Moreover, EHV-4 was not able to downregulate equine MHC-I
molecules expressed on the surface of murine B78HC2 cells. It is
noteworthy that EHV-4 utilizes equine MHC-I molecules as re-
ceptors to gain entry into equine cells and can enter murine cells
only when these cells express equine MHC-I (10). Our finding,
therefore, indicates that MHC-I downregulation by EHV-4 is spe-
cies specific and that the cellular target for EHV-4 likely is not the
MHC-I molecule itself but is an adaptor protein(s) that is recog-
nized only if it is of equine origin.

Our finding that EHV-4 can downregulate MHC-I molecules
on the surface of infected cells was not surprising, as previous data
have shown that the EHV-4 UL49.5 protein can interfere with
TAP and induce MHC-I downregulation in transfected cells (49).
However, we were surprised by the ability of EHV-4 with the
UL49.5 gene deletion to induce MHC-I downregulation at levels
similar to those induced by parental virus. This indicated that
there is likely at least one additional viral protein that can modu-
late cell surface MHC-I. The results prompted us to investigate the
different mechanisms that the viruses can adopt to downmodulate
MHC-I on the surface of infected cells. Downregulation of MHC-I
on the surface of infected cells was observed as early as 4 h p.i.,
increasing to a maximum at 24 h p.i. Lack of MHC-I downregu-
lation in cells infected with UV-inactivated virus clearly indicated
that virus replication is essential for the observed effect. The sup-
pression of late viral protein synthesis did not restore MHC-I ex-
pression to normal levels, suggesting that MHC-I downregulation
largely depends on either IE or E viral proteins. Infection of cells in
the presence of CX and Act-D then confirmed that one or more
early EHV-4 proteins are responsible for the observed MHC-I
downregulation. These findings are in agreement with previous
reports on PrV, BHV-1, EHV-1, varicella-zoster virus, feline her-
pesvirus 1, and HIV-1 (1, 6, 7, 23, 48, 61, 68, 70). Furthermore, a
parallel study conducted in our laboratory showed that, in the case
of EHV-1, a close relative of EHV-4, the early UL56 protein was
able to downregulate cell surface MHC-I (59).

To relate our findings to the role of either pUL49.5 or pUL56,
kinetic studies of EHV-4 protein expression were conducted. Our
data showed that pUL56 expression started at 4 h p.i. and was not
affected by PAA, indicating that pUL56 is an early viral protein.

FIG 8 Role of pUL49.5 in MHC-I downregulation on the cell surface. (A) Life
span of MHC-I molecules on the cell surface. NBL-6 cells were incubated with
either CX or brefeldin A at a concentration of 50 �g/ml and 1 �g/ml, respec-
tively, at the indicated time points. The data represent the means � SDs of two
independent experiments. (B) Downregulation of cell surface MHC-I at dif-
ferent time points. NBL-6 cells were either mock infected or infected with
parental or mutant viruses. MHC-I expression on the cell surface was mea-
sured by flow cytometry. Expression of MHC-I molecules on the surface of
mock-infected cells was set to 100%. The results represent the means � SDs of
two independent experiments. (C) Restoration of cell surface MHC-I in in-
fected cells after citrate treatment. NBL-6 cells were either mock infected or
infected with parental or mutant viruses. After 6 h, all cells were treated with
citrate buffer (0-h time point). Expression of MHC-I molecules on the cell
surface was analyzed at 0, 8, 16, and 24 h after acid treatment. Surface expres-
sion of MHC-I molecules on mock-infected cells before citrate treatment was
set to 100%. P values for statistical significance are given. The data represent
the means � SDs of two independent experiments.
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Previous reports have shown that HSV-2 and EHV-1 pUL56 are
also expressed at early times after infection (50, 81). On the other
hand, UL49.5 protein expression started at 6 h p.i. and was slightly
affected by the presence of PAA, which seems to differ from the
behavior of pUL49.5 of other varicelloviruses. In the case of PrV,
UL49.5 expression was strongly reduced by PAA in different cell
types (23), while in BHV-1 it was not (54).

Taking into consideration that MHC-I downregulation started
as early as 4 h p.i., the time when UL56 protein expression was first
detected, one is tempted to conclude that the EHV-4 UL56 protein
is responsible for the observed MHC-I downregulation in infected
cells. However, pUL56, in the absence of other viral proteins, was
not able to reduce the expression of MHC-I molecules on the
surface of transfected cells, indicating that it requires at least an-
other viral protein, which notably is not pUL49.5, to exert its
effects on MHC-I cell surface expression. Our findings are in
agreement with those of a recent study which also showed that
EHV-1 pUL56 is unable to downregulate cell surface MHC-I in
the absence of other viral proteins (59). It seems important to
point out that cell surface expression of CD44 was not affected by
pUL56, while �4�1 integrin expression was. We therefore surmise
that EHV-4 pUL56 is able to selectively downregulate certain cell
surface molecules and that this downregulation is possibly depen-
dent on their localization in microdomains of cellular mem-
branes. As one of the goals of any virus is to evade immune control
(67), integrins may also be a worthwhile target. They can commu-
nicate with the cellular environment and engage multiple recep-
tors, including immune receptors (15). Several viruses, including
HIV, Ebola virus, simian immunodeficiency virus, HCMV, and
Epstein-Barr virus (EBV), were shown to induce downregulation
of surface integrins as part of their immune evasion strategy. Mod-
ulation of cell surface integrin can influence lymphocyte traffick-
ing, thereby protecting the cell from superinfection and facilitat-
ing virus release (15, 31, 71, 86).

The exact mechanism by which the EHV-4 UL56 protein can
downregulate surface MHC-I molecules remains to be defined.
Our data showed that pUL56 was not able to block TAP during
viral infection. On the basis of the properties of pUL56 of related
viruses and their interaction partners, it is conceivable that EHV-4
pUL56, in association with cellular and viral proteins, may en-
hance MHC-I endocytosis. This mechanism has been described
before for KSHV and HIV. KSHV encodes two related proteins,
K3 and K5, which can cause rapid downregulation and degrada-
tion of MHC-I molecules from the plasma membrane by clathrin-
dependent endocytosis (19, 43). On the other hand, HIV Nef
mediates internalization of MHC-I molecules through clathrin-
independent endocytosis and their sequestration in the TGN
(30, 70).

Selective modulation of MHC-I allele expression by viruses
would be a perfect strategy to allow viruses to walk the fine line
between destruction by cytotoxic cells of the adaptive immune
response and those of NK cells in the complete absence of MHC-I
on the cell surface. Several viruses have evolved strategies to selec-
tively downmodulate HLA-A and HLA-B (MHC-I molecules that
are efficient at presenting viral peptides to CTLs) to evade CTL-
mediated destruction. On the other hand, HLA-C and HLA-E (the
dominant ligands for NK cell-inhibitory receptors) are spared to
allow efficient inhibition of NK cells (18, 42, 46, 55). Whether or
not EHV-4 has evolved an ability for selective downregulation of
surface MHC-I molecules still needs to be elucidated.

In agreement with a previous report, we showed that EHV-4
pUL49.5 was able to inhibit TAP in transfected (49) or infected
cells. Such a mechanism would provide an effective way of reduc-
ing CTL recognition of infected cells that is used by a number of
herpesviruses, including HSV-1, HSV-2, HCMV, BHV-1, EBV,
and EHV-1 (2, 25, 37–39, 49). Our observation that UL49.5 pro-
tein expression starts at 6 h p.i. and coincides with TAP inhibition
suggests that pUL49.5 aids pUL56 in this immune-evasive func-
tion and ascertains that viral peptides are not presented by MHC-I
molecules. Theoretically, inhibition of TAP does not necessarily
result in reduction of MHC-I levels (52), as MHC-I molecules
have a long dwell time on the cell surface. This was evidenced by
experiments that show a significant reduction of surface MHC-I
molecules only 48 h after treatment with either CX or brefeldin A
as well as by results showing that EHV-4_49.53A and EHV-
4�56_49.53A affect cell surface MHC-I expression with efficien-
cies similar to the efficiency of parental virus. In our attempts to
examine the role of pUL49.5 on MHC-I downregulation, we pro-
longed the time of infection to up to 72 h p.i. Our results showed
that EHV-4�56 and EHV-4�56_49.53A failed to affect cell surface
MHC-I expression even after long infection times. However, in
cells infected with either EHV-4�56 or EHV-4�56_49.53A,
MHC-I surface levels were clearly restored after citrate treatment
compared to those in cells infected with parental virus, and a sig-
nificant increase in MHC-I levels was observed in cells infected
with EHV-4�56_49.53A relative to those infected with EHV-4�56
alone. In addition, continuous expression of UL49.5 resulted in a
significant downregulation of MHC-I molecules, likely because
TAP is continuously inhibited in transfected cells due to the effect
of the UL49.5 protein. It was previously shown that surface
MHC-I was significantly reduced in cells transfected with
pUL49.5 of different related viruses, including EHV-4 (49), and
here we show that TAP was also significantly blocked in infected
cells. Taken together, we concluded that pUL49.5 does have an
effect on MHC-I downregulation in both infected and transfected
cells that is more pronounced in the absence of pUL56 and that
there is at least one other viral protein which is able to downregu-
late MHC-I surface expression and mask the role of pUL49.5 on
MHC-I expression in infected cells.

In conclusion, we show that EHV-4 has evolved two different
and likely complementary mechanisms to modulate cell surface
MHC-I molecules. Early after infection, the virus induces down-
regulation of surface MHC-I through its UL56 protein, a process
that is followed by TAP inhibition to ensure complete hiding of
the virus from the lethal effects of CTLs. Understanding the mech-
anisms by which EHV-4 can modulate MHC-I may have impor-
tant implications in the design of improved vaccines and/or anti-
viral drugs.
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