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Major histocompatibility complex class I (MHC-I) molecules play an important role in host immunity to infection by presenting
antigenic peptides to cytotoxic T lymphocytes (CTLs), which recognize and destroy virus-infected cells. Members of the Herpes-
viridae have developed multiple mechanisms to avoid CTL recognition by virtue of downregulation of MHC-I on the cell surface.
We report here on an immunomodulatory protein involved in this process, pUL56, which is encoded by ORF1 of equine herpes-
virus type 1 (EHV-1), an alphaherpesvirus. We show that EHV-1 pUL56 is a phosphorylated early protein which is expressed as
different forms and predominantly localizes to Golgi membranes. In addition, the transmembrane (TM) domain of the type II
membrane protein was shown to be indispensable for correct subcellular localization and a proper function. pUL56 by itself is
not functional with respect to interference with MHC-I and likely needs another unidentified viral protein(s) to perform this
action. Surprisingly, pUL49.5, an inhibitor of the transporter associated with antigen processing (TAP) and encoded by EHV-1
and related viruses, appeared not to be required for pUL56-induced early MHC-I downmodulation in infected cells. In conclu-
sion, our data identify a new immunomodulatory protein, pUL56, involved in MHC-I downregulation which is unable to per-
form its function outside the context of viral infection.

Efficient recognition and destruction of infected cells by
antigen-specific cytotoxic CD8� T lymphocytes (CTLs) are

important host defense mechanisms in the control of viral and
certain bacterial infections. The CTL-based defense relies on the
recognition of pathogen-derived peptides presented on the sur-
face of the infected cells by major histocompatibility complex class
I (MHC-I). The MHC-I antigen presentation pathway originates
in the cytosol, where viral proteins are processed into small pep-
tides in the proteasome and translocated into the lumen of the
endoplasmic reticulum (ER) by the transporters associated with
antigen processing (TAPs) 1 and 2. In the ER, a trimolecular com-
plex is formed between the newly synthesized MHC-I heavy
chains, the small viral peptides, and �2-microglobulin (�2M) (3,
27). Once the peptides are successfully loaded, the MHC-I com-
plex is released and transported to the cell surface, where a CTL
response is triggered. MHC-I molecules that fail to bind peptides
are rerouted to the cytosol, where they become degraded by the
proteasome (46).

Viruses, especially members of the Herpesviridae, have evolved
mechanisms that target multiple steps in the MHC-I antigen pre-
sentation pathway to evade immune recognition. A number of
viral proteins involved in this process have been identified and
studied extensively in the Beta- and Gammaherpesvirinae (14). In
the case of the Alphaherpesvirinae, the product of the herpes sim-
plex virus (HSV) US12 gene (ICP47) and the products of the
UL49.5 orthologues of several members of the varicelloviruses
were shown to interfere with the TAP-mediated peptide transport
via different mechanisms (12, 18, 19, 44). In the case of bovine
herpesvirus type 1 (BHV-1), pUL49.5 alone is sufficient to down-
regulate MHC-I expression during virus infection (18). In con-
trast, the UL49.5 product of human varicella-zoster virus (VZV),
while capable of interacting with TAP, is unable to block peptide
transport or modulate MHC-I cell surface expression (11, 19).
Instead, the VZV ORF66 protein kinase contributes to MHC-I

downregulation by delaying MHC-I maturation during its trans-
port from the ER through the Golgi network to the plasma mem-
brane (11). Finally, in the case of a third virus from this group,
namely, pseudorabies virus (PRV), it has been reported that
MHC-I downregulation is not or only partly dependent on the
UL49.5 and US3 gene products, indicating that other, unidentified
viral proteins can also be involved in this viral immune evasion
process (9).

We here focused on another member of the Varicellovirus ge-
nus, namely, equine herpesvirus type 1 (EHV-1). Transmitted by
aerosol, EHV-1 is a highly contagious pathogen of horses causing
upper respiratory disease, late-stage abortion in mares, and neu-
rological disorders (1). Despite regular vaccinations, EHV-1 re-
mains a constant threat to horses worldwide, mainly because the
immune responses induced after both infection and vaccination
are not fully protective (8, 26). EHV-1 infection is controlled
mainly by the action of CTLs that attack virus-infected cells. The
frequency of precursor CTLs specific for EHV-1 antigens is corre-
lated with protection against disease (23). However, EHV-1 has
also developed mechanisms to avoid CTL recognition by virtue of
a massive downregulation of cell surface MHC-I molecules (2,
29). The UL49.5 product is the only EHV-1 protein identified to
modulate the MHC-I-restricted antigen-presenting pathway
in E.derm UL49.5EHV-1 cells. The cells stably express EHV-1
pUL49.5, which was shown to block ATP binding to TAP and
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inhibit transport of proteasome-generated peptides into the ER.
This blockade resulted in a downregulation of MHC-I on the cell
surface of transfected cells (19). Recently, we observed that infec-
tion with EHV-1 strain RacL11 resulted in only mild downregu-
lation of MHC-I, even though it encodes a fully functional
pUL49.5 protein (19, 32). These results were in stark contrast to
those for another EHV-1 strain, namely, Ab4, which was reported
to induce a massive downregulation of MHC-I in infected equine
dermal (NBL6) cells (29). This strain-dependent pattern led us to
hypothesize that one or more unknown viral proteins participate
in downregulation of MHC-I mediated by EHV-1.

In the present study, we demonstrated that the ORF1 gene
encodes a novel immune evasion protein that plays a major role in
MHC-I downregulation. This ORF1-encoded protein, pUL56, is a
phosphorylated type II transmembrane (TM) protein expressed
with early kinetics and localized predominantly in Golgi mem-
branes. The TM domain of EHV-1 pUL56 was shown to be indis-
pensable for correct subcellular localization of pUL56 and func-
tion.

MATERIALS AND METHODS
Cells and viruses. Rabbit kidney (RK13) cells, human HeLa cells, and
human embryonic kidney 293 (HEKT) cells were maintained in Earle’s
minimum essential medium (EMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Biochrom AG) and 100 U/ml peni-
cillin and 0.1 mg/ml streptomycin (1% Pen/Strep; Sigma). The equine
skin fibroblast cell line NBL6 (ATCC) was maintained in EMEM supple-
mented with 20% fetal calf serum, 29 mg/ml L-glutamine, 1% nonessen-
tial amino acids (Biochrom AG), and 1% Pen/Strep. EHV-1 strains Ab4
and RacL11 were previously constructed as bacterial artificial chromo-
somes (BACs) by insertion of mini-F sequences containing an egfp marker
gene in lieu of gene 71, which encodes glycoprotein gp2 (13, 30). BAC-
reconstituted parental viruses Ab4G and RacL11G and all mutant viruses
were generated and propagated in RK13 cells.

Antibodies. Mouse anti-MHC-I monoclonal antibody (MAb) H58A
(isotype IgG2a) and anti-CD44 MAb BAT31A (isotype IgG1) were pur-
chased from VMRD and used at a 1/100 dilution. Rabbit anti-EHV-1
UL49.5 polyclonal antibodies (pAbs), mouse anti-EHV-1 gM MAb F6,
and mouse anti-EHV-1 gp2 and biotinylated equine polyclonal anti-
EHV-1 antibodies have been previously described (32, 42, 45). Rabbit
anti-EHV-1 pUL56 pAbs (1/500) were designed and produced by Gen-
Script Corporation (NJ). The �-actin (13E5) rabbit MAbs (1/2,500) were
from Cell Signaling Technologies. Alexa Fluor 647-conjugated goat anti-
mouse IgG (1/500), Alexa Fluor 488-conjugated goat anti-rabbit IgG (1/
500), Texas Red-conjugated goat anti-rabbit (1/100), and streptavidin-
phycoerythrin (PE) (1/200) were from Invitrogen, and horseradish
peroxidase-labeled goat anti-rabbit and goat anti-mouse IgG (1/10,000)
were from Southern Biotech. Goat anti-mouse Cy5 was obtained from
Zymed.

Viral mutagenesis. Two-step Red-mediated (en passant) recombina-
tion was used to create mutant and revertant viruses (38). A detailed list of
the primers used for generating the mutant viruses is given in Table 1. The
genotypes of all virus mutants and revertants were confirmed by restric-
tion enzyme analyses (restriction fragment length polymorphism [RFLP]
analysis) and nucleotide sequencing. In addition, the expression of gp2
was restored in the Ab4 parental virus (vAb4), Ab4G�1 (vAb4�1),
Ab4G�1_TM (vAb4�1_TM) mutants, and the parental RacL11 virus
(vRacL11) by cotransfection of RK13 cells with BAC DNA and plasmid
DNA containing full-length gene 71, followed by plaque purification (31).
Restoration of gp2 was confirmed by Western blot analysis of virus-
infected cells using the anti-EHV-1 gp2 MAb 8B6, exactly as previously
described (43, 45).

Construction of the pNTAP-UL56 plasmid and transfection. To ex-
press pUL56, vector pCeMM-NTAP (GS) containing the egfp gene under
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the control of the human cytomegalovirus immediate-early promoter was
used (7). Briefly, the ORF1 gene was PCR amplified from Ab4 DNA using
primers NTte (5=-AAAAAAGTCGACAATGAGACCCGAGGGAGTTTC
GCGGGGCC-3=) and NTf (5=-AAAAAAGTCGACTTATTTCTCCTTCT
TGCCGTTTGTTAAC-3=) (underlined sequence indicates the SalI re-
striction site) and cloned into the SalI-compatible XhoI restriction site of
pCeMM-NTAP (GS). The resulting pNTAP-UL56 construct clones were
confirmed by RFLP, using HindIII and NcoI, and sequencing, using
NTAP-ORF_F (5=-CCGGTGAGCTGGAGCAGCTA-3=) and NTAP-
ORF1_F (5=-CTTCGGCCAGTAACGTTAGG-3=) (data not shown).
HEKT or HeLa cells were transfected using the Fugene HD reagent, ac-
cording to the protocol recommended by the supplier (Promega).

Flow cytometry. NBL6 cells were mock infected or infected with the
various viruses at a multiplicity of infection (MOI) of 5. At different time
points (0, 2, 4, 6, 8, 12, and 16 h postinfection [hpi]), mock- and virus-
infected cells were trypsinized and resuspended in phosphate-buffered
saline (PBS) containing 2.5% FBS and 0.02% sodium azide (FCM buffer).
Cells were incubated for 40 min on ice with anti-MHC-I or anti-CD44
MAbs in FCM at a 1/100 dilution. After three times of washing, the cells
were incubated with Alexa Fluor 647-conjugated goat anti-mouse IgG
(1/500) and analyzed immediately using a FACSCalibur flow cytometer
(Becton Dickinson). For each sample, at least 10,000 cells were evaluated,
and all data were corrected for unspecific binding using isotype controls.
Only enhanced green fluorescent protein (EGFP)-positive cells were an-
alyzed in the case of virus-infected cells. The expression levels of surface
MHC-I were presented as mean fluorescence intensities (MFIs).

For the combined transfection-infection experiments, HeLa or HEKT
cells were first transfected with the pNTAP-UL56 or empty NTAP vector
using Fugene HD and infected with vAb4 or vAb4�1 at an MOI of 10. At
24 hpi, cells were collected, washed, and stained for MHC-I expression as
described above. To identify the infected cells, a biotinylated anti-EHV-1
antibody was used, followed by streptavidin-PE. Only double-positive
cells, with EGFP expression as a marker for successful transfection and PE
as a marker for infection, were analyzed for cell surface MHC-I expres-
sion, which was presented as MFI.

Western blot analyses. NBL6 cells were infected with parental or mu-
tant viruses at an MOI of 5, in the presence or absence of the viral DNA
synthesis inhibitor phosphonoacetic acid (PAA; 300 �g/ml; Alfa Aesar).
The virus was allowed to attach for 1 h at 4°C, followed by a penetration
step for 1 h at 37°C. The cells were then treated with citrate-buffered saline
(CBS; pH 3.0) for 3 min to remove remaining virus on the cell surface and
washed with PBS. At different time points after infection, cells were col-
lected and lysed using radioimmunoprecipitation assay (RIPA) buffer (20
mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) with protease inhibitor cocktail (Roche) and benzo-
nase (Novagen). The proteins were separated by SDS-PAGE (10% to
15%) and transferred to polyvinylidene difluoride (PVDF) membranes.
To exclude nonspecific binding, membranes were blocked with PBS con-
taining 0.05% Tween 20 (PBST) supplemented with 5% nonfat dry milk
overnight at 4°C. After blocking, membranes were incubated with anti-
pUL56 (1/500), anti-pUL49.5 (1/500), anti-gM (1/500), or anti-actin (1/
2500) antibodies for 1 h at room temperature (RT). After 3 washing steps
with PBST, membranes were incubated with peroxidase-conjugated goat
anti-rabbit IgG (1/10,000) or goat anti-mouse IgG (1/10,000) for 1 h at
RT. Membranes were washed again three times with PBST, and the reac-
tive bands were visualized using an ECL Plus Western blotting detection
system (Amersham Pharmacia). To examine pUL56 phosphorylation, cell
lysates were treated with lambda protein phosphatase (�-PPase; New Eng-
land BioLabs) for 30 min at 30°C before electrophoresis.

Immunofluorescence. To control for proper pUL56 expression in
transfected HEKT cells, cells were incubated with anti-ORF1 pAbs (1/200)
in blocking buffer for 1 h at RT and then, after three washing steps, incu-
bated with goat anti-rabbit Texas Red (1/100) for 1 h at RT. Cells were
analyzed with a confocal laser scanning microscope (TCS SP2 laser scan-

ning spectral confocal system; Leica Microsystems GmbH, Wetzlar, Ger-
many) and the Leica confocal software.

To evaluate intracellular expression of pUL56 in infected cells, NBL6
cells were grown on coverslips coated with 0.5 mg/ml collagen A (Bio-
chrom AG) in double-distilled H2O (pH 3.5) and infected with parental
vAb4, vAb4�1, or vAb4�1_TM mutant viruses at an MOI of 0.1 for 20 h.
To stain the Golgi apparatus, cells were incubated with 5 �M BODIPYTR
C5-ceramide complexed to bovine serum albumin (BSA; Invitrogen) in
Hank’s balanced salt solution with 10 mM HEPES, pH 7.4 (HBSS/
HEPES), for 30 min at 4°C, washed once with medium, and incubated in
fresh medium for 1 h. To stain the ER, cells were incubated with 1 mM
ER-Tracker Red (BODIPYTR glibenclamide; Invitrogen) in HBSS/
HEPES for 30 min at 37°C and incubated in fresh medium for 1 h. After 1
h of incubation, cells were fixed with 3.5% PFA for 5 min at RT, followed
by permeabilization with 0.1% Tween 20 for 15 min. After blocking with
10% normal goat serum for 1 h, cells were incubated with anti-pUL56
pAbs (1/200) for 1 h at RT. After three washing steps, cells were incubated
with secondary Alexa Fluor 488 goat anti-rabbit IgG (1/5,000) for 1 h at
RT. Finally, after three washing steps, Vectashield mounting medium with
DAPI (4=,6-diamidino-2-phenylindole; Vector Laboratories) was added
to cells and the coverslips were inspected under a Zeiss Axio Imager M1
microscope (Zeiss, Germany).

RESULTS
The ability of EHV-1 to downregulate MHC-I is virus strain de-
pendent. It was reported earlier that the EHV-1 strain Ab4 is able
to induce robust downregulation of MHC-I molecules on the sur-
face of infected NBL6 cells (29), a phenomenon confirmed here
(Fig. 1A). Expression of the cell surface protein CD44, used as a
control, was unaffected during infection (Fig. 1A). In contrast to
Ab4, the EHV-1 strain RacL11 resulted in only moderate down-
regulation of MHC-I surface expression (Fig. 1A and B). This
inability could not be attributed to differences in expression of the
UL49.5 gene product, since RacL11 encodes a functional pUL49.5
(19) and sequence analyses failed to reveal differences between the
UL49.5 genes of Ab4 and RacL11 (data not shown). Hence, these
results indicated that another, yet unidentified protein(s) ac-
counts for the difference in MHC-I downregulation capabilities of
EHV-1 strains.

Compared to Ab4, RacL11 specifies a shortened unique long
segment (UL) of its genome, and the deletion was mapped to the
extreme left genomic terminus (15). When comparing the se-
quence of this region of RacL11 to that of Ab4 (GenBank accession
no. NC_001491.2), we discovered a deletion of 1,283 bp, resulting
in the absence of the majority of ORF1 and the complete ORF2
(Fig. 1C). EHV-1 ORF1 is predicted to encode a protein of 202
amino acids (aa) in length which shares homology with pUL56
orthologues of related alphaherpesviruses (4, 36, 37). EHV-1
ORF2 is predicted to encode a 205-aa protein, has a positional
counterpart in VZV, and likely arose from the same ancestor as
ORF1 (37). We hypothesized that the two open reading frames
(ORFs) are plausible candidates to be involved in MHC-I down-
regulation.

pUL56-mediated MHC-I downregulation is dependent on
virus infection but independent of pUL49.5. To determine
whether the proteins encoded by ORF1 and/or ORF2 play a role in
MHC-I downregulation, deletion mutants were generated on the
basis of the Ab4 strain and cell surface expression levels of MHC-I
were evaluated. To this end, the majority of ORF1, the complete
ORF2, or a combination of both was deleted, resulting in the re-
combinant viruses Ab4G�1, Ab4G�2, and Ab4G�1_2, respec-
tively (Fig. 2A). Infection of NBL6 cells with these mutant viruses
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showed that MHC-I levels on the surface of cells infected with
Ab4G�1_2 or Ab4G�1 were restored (Fig. 2B). In contrast,
MHC-I levels remained low after infection with Ab4G�2 (Fig.
2B), indicating that the ORF1 but not the ORF2 gene product is
involved in MHC-I downregulation. Parental Ab4G and the re-
vertant viruses Ab4G�1R and Ab4G�1_2R were included as pos-
itive controls, and infection of NBL6 cells resulted in a significant
decrease of MHC-I expression (Fig. 2B).

In order to analyze whether pUL56 encoded by ORF1 is able to
downregulate MHC class I by itself, we constructed a pUL56-
expressing plasmid, pNTAP-UL56. Upon transfection of HEKT
cells with the plasmid, transfection efficiencies of 55.4% � 3.7%
were achieved and coexpression of pUL56 and EGFP was con-
firmed by fluorescence microscopy (Fig. 2C). Transfection with
the empty vector pNTAP was included as a control, and EGFP-
positive cells did not show any pUL56 expression (Fig. 2C). Next,
the MHC-I levels in HeLa or HEKT cells were analyzed after trans-
fection with pNTAP-UL56 or the empty pNTAP vector. Surpris-
ingly, no MHC-I downregulation was observed in pUL56-
transfected cells (Fig. 2D), despite the fact that infection of the

cells with Ab4G, with infection efficiencies of 69.9% � 5.5%, re-
sulted in massive downregulation of MHC-I (data not shown).
This led us to speculate that pUL56 can function properly only in
the presence of virus infection. To verify this assumption, HeLa
and HEKT cells were transfected with pNTAP-UL56, followed by
infection with vAb4G�1. The results showed that the combina-
tion of transfection and infection led to a significant downregula-
tion of MHC-I in HeLa cells (P � 0.001; Fig. 2E) as well as HEKT
cells (P � 0.01; data not shown). In contrast, infection of the same
cells with vAb4G�1, with infection efficiencies of 80.6% � 1.5%,
alone or after transfection of empty pNTAP vector only slightly
downregulated MHC-I in both cell lines (Fig. 2E). These data
suggest that pUL56 needs one or more viral partners or cellular
partners induced by virus infection to efficiently downregulate cell
surface MHC-I.

It was shown previously that EHV-1 pUL49.5 can modulate
MHC-I cell surface expression in pUL49.5-expressing equine
E.derm cell lines (19). We therefore examined whether the ob-
served pUL56-induced MHC-I downregulation was perhaps de-
pendent on expression of pUL49.5. Recombinant Ab4 viruses
were generated where the UL49.5 gene was inactivated by deletion
of the start codon, alone or in combination with deletion of
ORF1, and the resulting viruses were named Ab4G�49.5 and
Ab4G�1_49.5, respectively. Western blot analyses confirmed that
expression of pUL49.5 and/or pUL56 was abrogated in the corre-
sponding mutant viruses (Fig. 3A). Analyses of surface MHC-I
expression of NBL6 cells at 16 hpi revealed that the absence of
pUL49.5 had no effect on the virus’s ability to downregulate
MHC-I (Fig. 3B). On the basis of these results, we concluded that
pUL56-mediated downregulation of MHC-I during infection is
independent of pUL49.5.

pUL56 is a phosphorylated early protein. It was previously
reported that downregulation of MHC-I by EHV-1 was mediated
by an early gene product (29). To examine the kinetics of MHC-I
downregulation as well as the expression profile of pUL56, we
performed time course studies. NBL6 cells were infected with
Ab4G at an MOI of 5, and at different time points after infection,
surface MHC-I and pUL56 expression was determined. The re-
sults showed that MHC-I downregulation started as early as 2 hpi,
was complete by 8 hpi, and was maintained throughout the repli-
cation cycle (Fig. 4A). Expression of the surface marker CD44 was
not altered at all time points tested. In parallel, we examined the
kinetic correlation between MHC-I downregulation and pUL56
expression. At 2 hpi, a single pUL56-specific band of approxi-
mately 22 kDa in size was detected, a finding compatible with the
expected molecular mass of pUL56 (Fig. 4B). From 4 hpi onwards,
a second band with an apparent molecular mass of about 28 kDa
appeared, and both moieties reached maximum levels at 8 hpi
(Fig. 4B). Besides these two prominent bands, two fainter bands
with apparent molecular masses of 20 kDa and 25 kDa were also
detected (Fig. 4B). Based on the fact that no specific signal was
detected in Ab4G�1-infected cells, we concluded that all bands
are products of the ORF1 gene and that pUL56 is expressed as
different forms. In the presence of PAA, an inhibitor of viral DNA
synthesis, expression of pUL56 was only slightly reduced at 16 hpi,
indicating that pUL56 expression is independent of DNA synthe-
sis and encoded by a gene with (immediate) early kinetics. As
expected, expression of the late viral protein gM, which was used
as a control, was significantly inhibited by PAA (Fig. 4B). When
infected cell lysates were treated with the phosphatase �-PPase, all

FIG 1 The ability of EHV-1 to downregulate MHC-I is virus strain dependent.
(A) NBL6 cells were infected with EHV-1 Ab4G or RacL11G. Cell surface
MHC-I expression was analyzed at 16 hpi using flow cytometry. Primary anti-
MHC-I MAb H58A and anti-CD44 MAb were used, followed by goat anti-
mouse Alexa Fluor 647. (B) Dot plots from a representative experiment de-
picting MHC-I surface expression in mock- and virus-infected NBL6 cells.
Quadrant gates were established using isotype controls and mock-infected
cells, respectively. (C) Genomic organization of EHV-1 strains Ab4 and
RacL11. A detailed organization of the leftmost ORFs of the UL region of the
two virus strains is shown. US, unique short; IR, internal repeat; TR, terminal
repeat.
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higher-molecular-mass pUL56 moieties disappeared, whereas the
22-kDa protein as well as the smaller proteins remained unaf-
fected, suggesting that the observed 25-kDa and 28-kDa proteins
represent phosphorylated forms of pUL56 (Fig. 4B). In contrast,
pUL49.5 became expressed only from 4 hpi onwards (Fig. 4B),
which is clearly later than the onset of MHC-I downregulation
(Fig. 4A). Moreover, PAA treatment partially inhibited pUL49.5
expression, indicating that EHV-1 pUL49.5 is expressed with
early-late kinetics. These results were an additional indication that
pUL56, but not pUL49.5, is involved in the early downregulation
of MHC-I during EHV-1 infection.

pUL56 contains an additional, functional in-frame start
codon. It was reported that the UL56 gene product of HSV type 2
(HSV-2) is detectable as several species during infection due to
phosphorylation and utilization of an additional in-frame start
codon upstream of the canonical AUG (20). Similar to HSV-2, we
showed that EHV-1 pUL56 is also phosphorylated and expressed
as several protein species that make use of an additional in-frame
AUG start codon in the ORF1 gene. This additional in-frame AUG
is located 17 codons downstream of the predicted start codon (Fig.
5A), and initiation at this second AUG would theoretically result
in a 20-kDa protein, as was observed during the course of infec-

tion (Fig. 4B). In order to determine whether this pUL56 form is
produced by translation initiated from the second AUG, the first
or second in-frame start codon was deleted in the Ab4 virus.
pUL56 production and cell surface MHC-I expression were ana-
lyzed after infection of NBL6 cells. The pUL56 expression profile
(Fig. 5B, lanes 5 and 6) was indistinguishable from that of parental
virus (Fig. 5B, lanes 1 and 2) when the second in-frame start codon
was deleted, indicating that all its forms are a result of translation
initiation from the first AUG. Still, a single unphosphorylated
protein with a molecular mass between the 20-kDa and 22-kDa
species was detected upon deletion of the first AUG (Fig. 5B, lanes
3 and 4), indicating that the second in-frame AUG can also be used
as an alternative initiation site. The expression levels of this un-
phosphorylated truncated protein, however, were considerably
lower than those of the pUL56 species that result from initiation at
the first AUG (Fig. 5B). Regardless, this pUL56 moiety was still
able to induce significant downregulation of MHC-I (P � 0.009),
albeit the downregulation was less effective than the downregula-
tion induced by parental Ab4G virus (Fig. 5C). Based on the re-
sults, we concluded that pUL56 can be translated from the second
in-frame AUG, which results in a truncated but still functional
protein, and that phosphorylation and the N-terminal 17 aa are

FIG 2 pUL56-mediated MHC-I downregulation is dependent on virus infection. (A) Schematic representation of the structure of ORF1 and ORF2 in wild-type
Ab4 as well as in the deletion mutant viruses. (B) NBL6 cells were infected with EHV-1 Ab4G, Ab4G�1_2, Ab4G�1, Ab4G�2, or the revertant viruses Ab4G�1_2
R and Ab4G�1 R. Cell surface MHC-I expression was analyzed at 16 hpi using flow cytometry. Primary anti-MHC-I MAb H58A was used, followed by goat
anti-mouse Alexa Fluor 647. *, P � 0.05. (C) HEKT cells were transfected with pNTAP-UL56 or the empty pNTAP for 48 h. Immunofluorescence stainings of
pUL56 expression in transfected cells (EGFP positive) were performed using the rabbit anti-EHV-1 pUL56 pAbs, followed by goat anti-rabbit Texas Red. (D)
HEKT and HeLa cells were transfected with pNTAP-UL56 or the empty pNTAP. Cell surface MHC-I expression was analyzed at 48 hpi using flow cytometry.
Primary anti-MHC-I MAb H58A was used, followed by goat anti-mouse Cy5. (E) HeLa cells were transfected with pNTAP-UL56 or the empty pNTAP and 24
h later were infected with Ab4G�1. Cell surface MHC-I expression was analyzed 24 h later using flow cytometry. Primary anti-MHC-I MAb H58A was used,
followed by goat anti-mouse Cy5. To identify infected cells, biotinylated anti-EHV-1 antibodies were used, followed by streptavidin-PE. Mock- and Ab4G-
infected cells were included as controls.
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not required for pUL56 to downregulate MHC-I. Whether pro-
duction of truncated pUL56 also occurs in vivo remains to be
determined.

pUL56 is not phosphorylated by viral US3 or UL13 kinases.
Alphaherpesviruses have two viral serine/threonine kinases,
which are encoded by the US3 and UL13 genes, respectively (10,
28). Given that the US3-encoded kinases of PRV and VZV have
been reported to contribute to MHC-I downregulation in certain
cell types (9, 11) and EHV-1 pUL56 is a phosphoprotein, we asked
if one of these two viral kinases phosphorylated pUL56 and if their
expression may affect cell surface MHC-I levels. We therefore gen-
erated two kinase mutants, Ab4G�S3 and Ab4G�13, by replacing
the majority of the US3 gene (841 bp) or sequences encoding the
predicted catalytic domain of UL13 (aa 221 to 380) with the ka-
namycin resistance gene (aphAI) (Fig. 6A). Infection of NBL6 cells
with the generated mutants demonstrated that pUL56 was still
phosphorylated (Fig. 6B) and that MHC-I downregulation was
not affected by the deletion of US3 or UL13 (Fig. 6C). Taken
together, the data indicated that pUL56 is not phosphorylated by
either of the two viral kinases and that they do not have detectable
contributions to the EHV-1-induced MHC-I downregulation in
NBL6 cells.

pUL56 is predominantly localized in the Golgi complex, and
its transmembrane domain is essential for subcellular localiza-
tion and function. The HSV-2 pUL56 homologue has previously
been identified to be a type II transmembrane protein (20). Using
the TMHMM server (version 2.0) program (http://www.cbs.dtu
.dk/services/TMHMM), EHV-1 pUL56 was also predicted to rep-
resent a type II transmembrane protein (Fig. 7A). We therefore
investigated the intracellular localization of the protein and the
importance of the TM domain. To this end, an ORF1 mutant,
Ab4G�1_TM, that lacked the sequence from aa 170 to aa 192,
which was mapped to the TM domain, was created (Fig. 7A).
Moreover, parental and mutant viruses were reconstituted such
that the gp2 gene was repaired, resulting in egfp-negative viruses
vAb4, vAb4�1_TM, and vAb4�1. NBL6 cells were first infected
with vAb4 and fluorescent labels were used to visualize the Golgi
complex or the ER. We found that pUL56 accumulated in the
Golgi complex but not in the ER in cells infected with wild-type
virus (Fig. 7B and C, panels a, b, and c). In contrast, pUL56 exhib-
ited a diffuse appearance in the cytoplasm when the TM domain
was deleted (Fig. 7B and C, panels d, e, and f), indicating that the
TM domain is required for correct subcellular localization.
vAb4�1-infected cells were included as a control and showed no
pUL56 expression (Fig. 7B and C, panels g). In addition, flow
cytometric analyses showed that MHC-I expression levels in cells
infected with the TM mutant virus were identical to those in cells

FIG 3 pUL56-mediated downregulation of MHC-I is pUL49.5 independent.
(A) Cells were mock infected or infected with parental Ab4G or the mutant
viruses Ab4G�1, Ab4G�49.5, and Ab4G�1_49.5, and cell lysates were pre-
pared at 16 hpi. Western blotting was performed to detect pUL49.5 using
anti-EHV-1 UL49.5 pAbs, pUL56 using anti-EHV-1 UL56 pAbs, or gM using
the MAb F6. The MAb 13E5 was used to detect �-actin, which was included as
a loading control. (B) NBL6 cells were mock infected or infected with Ab4G,
Ab4G�1, Ab4G�49.5, or Ab4G�1_49.5. At 16 hpi, cell surface expression of
MHC-I was analyzed using flow cytometry.

FIG 4 pUL56 is a phosphorylated early protein expressed as different iso-
forms. (A) Untreated or PAA-treated NBL6 cells were infected with Ab4G
parental virus, and at the indicated time points, MHC-I expression on the cell
surface was analyzed with anti-MHC-I MAb H58A. CD44 expression was in-
cluded as a control. (B) NBL6 cells, treated or not treated with PAA, were
infected with Ab4G or Ab4G�1, and at the indicated time points, cell lysates
were prepared. Western blot analyses were performed to detect pUL49.5 using
anti-EHV-1 UL49.5 pAbs, pUL56 using anti-EHV-1 pUL56 pAbs, or gM using
the MAb F6. The MAb 13E5 was used to detect �-actin, which was included as
a loading control.
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infected with Ab4G�1 (P � 0.8), the deletion mutant unable to
express pUL56 (Fig. 7D). Western blot analyses showed that only
unphosphorylated forms of pUL56 were expressed by the
Ab4G�1_TM mutant (Fig. 7E, lanes 3 and 4). Taken together, our
results show that pUL56 is predominantly localized in the Golgi
complex and that the TM domain is essential for correct subcel-
lular localization and protein function.

DISCUSSION

Downregulation of cell surface MHC-I is an effective survival
strategy for herpesviruses to escape from the host’s immune re-
sponse and helps establish lifelong persistence. For alphaherpes-
viruses, although they constitute the largest subfamily of the Her-

pesviridae, the viral proteins involved in MHC-I downregulation
are less well understood. We here report that alphaherpesviral
pUL56 is a novel immune evasion protein that allows efficient
downregulation of cell surface MHC-I expression.

The UL56 gene family encodes tail-anchored membrane pro-
teins and is present in all members of the Alphaherpesvirinae sub-
family except BHV-1 and BHV-5 (40), indicating that the encoded
proteins may share similar functions. EHV-1 pUL56, like its char-
acterized counterparts, is dispensable for virus growth in vitro but
was recently shown to attenuate Ab4 pathogenicity in vivo (35).
These findings are in agreement with those in HSV-1 and HSV-2,
where pUL56 is also dispensable for virus growth in vitro but con-
tributes to pathogenicity in vivo (5, 17). It is unclear whether
pUL56 orthologues in HSV-1 and HSV-2 are also responsible for
the downregulation of cell surface MHC-I but may explain the
prominent role of pUL56 in HSV-1 and HSV-2 pathogenicity.

It was reported previously that an early EHV-1 gene product,
alone or in combination with other proteins, causes MHC-I

FIG 5 pUL56 contains an additional, functional in-frame start codon. (A) The
upstream and N-terminal DNA sequence of ORF1 is shown. The start codon of
the complete ORF1 and the second in-frame start codon are indicated in
shadow. The proposed encoded amino acid sequences are shown as single-
letter codes. The arrows indicate the initiation direction from the first or sec-
ond start codon. (B) NBL6 cells were infected with Ab4G parental virus,
Ab4G�11stATG, Ab4G�12ndATG, or Ab4G�1. At 16 hpi, cell lysates were treated
or not treated with �-PPase. Western blot analyses were performed to detect
pUL56 using anti-EHV-1 UL56 pAbs or gM using the MAb F6. The MAb 13E5
was used to detect �-actin, which was included as a loading control. (C) NBL6
cells were either mock infected or infected with Ab4G, Ab4G�11stATG,
Ab4G�12ndATG, or Ab4G�1, and at 16 hpi, cell surface expression of MHC-I
was analyzed using flow cytometry.

FIG 6 pUL56 is not phosphorylated by the viral protein kinase pUS3 or
pUL13. (A) Schematic representation of the structure of US3 and UL13 in
wild-type as well as in the deletion mutant viruses. The kanamycin resistance
gene is indicated by aphAI (dotted box). (B) NBL6 cells were infected with
Ab4G, Ab4G�S3, or Ab4G�13. At 16 hpi, cell lysates were treated or not
treated with �-PPase. Western blotting was performed to detect pUL56 using
anti-EHV-1 UL56 pAbs. The MAb 13E5 was used to detect �-actin, which was
included as a loading control. (C) NBL6 cells were either mock infected or
infected with Ab4G, Ab4G�S3, or Ab4G�13, and at 16 hpi, cell surface expres-
sion of MHC-I was analyzed using flow cytometry.
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downregulation (29). We here demonstrate that pUL56 is a phos-
phorylated early protein that plays a dominant role in the process.
Surprisingly, we failed to observe MHC-I downregulation in
transfection experiments with a vector expressing pUL56, indicat-
ing that pUL56 needs an additional viral early protein or virus-
induced cellular partner(s) to completely fulfill its function.
HSV-1 and HSV-2 pUL56 are known to be components of the
viral envelope (16, 20), and we also demonstrated the presence of
pUL56 in purified EHV-1 virions (data not shown). However,
based on the fact that UV-inactivated EHV-1 is unable to down-
regulate MHC-I (29), we exclude the possibility that virion-
associated pUL56 or other structural proteins are capable of
downregulating MHC-I during virus entry, although MHC-I was
shown to be one of the entry receptors for EHV-1 entry (33). Our
results seem to suggest that only newly synthesized pUL56 func-
tionally interacts with its partner(s). The pUL56 orthologue of
HSV-2 has been reported to interact with pUL11, a viral tegument
protein with dynamic membrane-trafficking properties (21, 24);

KIF1A, a neuron-specific cellular kinesin (22); and Nedd4, a
member of the E3 ubiquitin ligase family (39–41). In future stud-
ies, we will address potential interactors of EHV-1 pUL56, includ-
ing viral and cellular proteins, and the consequences of such in-
teractions.

We discovered that MHC-I downregulation in EHV-1-
infected cells occurs independently of pUL49.5. The pUL49.5 or-
thologues of several members of the genus Varicellovirus, includ-
ing EHV-1, have been identified to be inhibitors of TAP activity.
Using pUL45.9-expressing cell lines, it was shown that pUL49.5
robustly inhibits peptide transport into the ER lumen and pre-
cludes migration of peptide-loaded MHC-I complexes to the cell
surface (19). In a virus background, EHV-1 pUL49.5 was also
shown to inhibit TAP, but the inhibitory effect was much milder
and the consequences of pUL49.5-TAP interference on surface
MHC-I expression remained elusive (19). It should be noted that
a significant population of surface MHC-I in NBL6 cells remains
stable for more than 24 h, even when the transport of newly syn-

FIG 7 pUL56 is predominantly localized in the Golgi complex, and its TM domain is essential for subcellular localization and function. (A) The amino acid
sequence of the ORF1 gene product pUL56 is shown as single-letter codes. The predicted transmembrane domain (TMD) is indicated in the gray box. The
structure of the TM deletion mutant is shown below. wt, wild type. (B) NBL6 cells were infected with the vAb4 parent or the ORF1 mutant vAb4�1 or
vAb4�1_TM for 16 h. Immunofluorescence stainings of the Golgi compartment with BODIPYTR C5-ceramide complexed to BSA or the ER with BODIPYTR
glibenclamide were performed. (C) NBL6 cells were either mock infected or infected with Ab4G, Ab4G�1, or Ab4G�1_TM, and at 16 hpi, cell surface expression
of MHC-I was analyzed using flow cytometry. (D) NBL6 cells were infected with Ab4G or Ab4G�1_TM, and at 16 hpi, cell lysates were treated or not treated with
�-PPase. Western blot analyses were performed to detect pUL56 using anti-EHV-1 pUL56 pAbs. The MAb 13E5 was used to detect �-actin, which was included
as a loading control.
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thesized MHC-I to the cell surface is blocked (29). This finding
may explain that the dramatic downregulation of MHC-I at early
times of infection is likely not caused by interference of pUL49.5
with TAP. Consistent with this speculation, we here provide evi-
dence that pUL49.5 does not have a readily detectable effect on
MHC-I levels on the cell surface during virus infection, at least at
early times of infection. A possible explanation for the discrepancy
in the results could be that the long-term effect of the pUL49.5-
TAP interference is masked by the massive and early effects of
pUL56. It is tempting to speculate that removal of MHC-I from
the surface of EHV-1-infected cells is the consequence of a coor-
dinated and functional cooperation of pUL56 and pUL49.5: in the
early stages of infection, before most viral peptides are loaded onto
and presented by MHC-I, pUL56 will remove the majority of the
molecules from the cell surface. In a second step, pUL56 would
cooperate with pUL49.5 in preventing MHC-I with bound viral
peptides to present the viral cargo to CTLs.

It has been reported previously that cell surface MHC-I mole-
cules are not completely removed by EHV-1, as shown with dif-
ferent antibodies used to detect expression, and the downregula-
tion of MHC-I may also be locus or allele specific (29). Although,
at first glance, incomplete downregulation may seem to be disad-
vantageous for the virus in its attempt to escape from CTLs, it will
prevent the action of natural killer (NK) cells. Cell surface expres-
sion of MHC-I molecules provides inhibitory signals to NK cells,
and modulation of MHC-I presentation could sensitize infected
cells for NK-mediated cytotoxicity (25). Avoiding NK cell re-
sponses by selectively downregulating MHC-I alleles, which do
not provide inhibitory signals, or by expressing nonfunctional
MHC-I decoys is known for beta- and gammaherpesviruses (14),
and similar functions may be at play during alphaherpesvirus in-
fections as well.

Phosphorylation by protein kinases is a common posttransla-
tional modification that regulates protein functions. Combining
the facts that EHV-1 pUL56 is a phosphoprotein and is functional
only in the virus context, we hypothesized that phosphorylation of
pUL56 by a viral protein kinase might be required to fulfill its
function. However, we found that even unphosphorylated and
truncated pUL56 was still able to efficiently downregulate MHC-I,
suggesting that phosphorylation is actually not essential for
pUL56. In contrast to what has been reported for PRV and VZV
(9, 11), neither of the viral kinases, pUS3 and pUL13, had any
detectable effect on the downregulation of surface MHC-I in
NBL6 cells. One possibility is that EHV-1 pUS3 might also play a
role in delaying MHC-I maturation, as was described for the VZV
pUS3 orthologue, the gene 66 product (11), an effect that would
likely be undetectable in the early stages of infection. Alternatively,
the function of EHV-1 pUS3 may be cell type dependent. Taken
together, our data clearly show that pUL56 plays a dominant role
in removing surface MHC-I in a fashion that is clearly indepen-
dent of pUS3, pUL13, and pUL49.5.

We found that pUL56 is predominantly localized in the Golgi
compartment and that subcellular localization is dependent on
the presence of its TM domain. This intracellular localization is
similar to what has been reported for HSV-2 pUL56. Indirect im-
munofluorescence showed that HSV-2 pUL56 was mainly located
to Golgi and other cytoplasmic vesicles in infected cells (20). In
contrast, pUL56 was not detected in the ER, which was somewhat
anticipated because pUL56 does not contain a double-arginine ER
retention motif at its N terminus (34). Furthermore, a significant

amount of HSV-2 pUL56 was also shown to be associated with
lipid rafts (20), the organizing centers for signal transduction and
membrane trafficking (6). These findings indicate that alphaher-
pesviral pUL56 orthologues may play their role by sorting and
trafficking of MHC-I. Rappocciolo et al. (29) suggested that
EHV-1 infection may induce enhanced endocytosis of surface
MHC-I, based on their observation that EHV-1 infection resulted
in a significantly greater loss of surface MHC-I compared to that
achieved by treatment of uninfected cells with inhibitors blocking
either protein synthesis or transport of newly synthesized protein
to the cell surface. Whether this interesting phenomenon is caused
by pUL56 is yet to be elucidated.

In conclusion, we have identified a novel immune evasion pro-
tein encoded by the UL56 gene family of alphaherpesviruses. We
demonstrate that pUL56 is a phosphorylated early protein and
plays a dominant role in the downregulation of cell surface
MHC-I in the early stages of infection. While independent of
pUL49.5, pUS3, and pUL13, pUL56 by itself is unable to down-
regulate MHC-I. Our current work is focused on elucidating the
underlying mechanism of pUL56-mediated MHC-I downregula-
tion.
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