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Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) express an immediate-early protein, ICP47, that
effectively inhibits the human transporter associated with antigen presentation (TAP), blocking major histo-
compatibility complex (MHC) class I antigen presentation to CD81 T cells. Previous work indicated that the
mouse TAP is relatively resistant to inhibition by the HSV-1 and HSV-2 ICP47 proteins (ICP47-1 and ICP47-2)
and that mouse cells infected with HSV-1 are lysed by anti-HSV CD81 cytotoxic T lymphocytes (CTL).
Therefore, mice are apparently not suitable animals in which to study the in vivo effects of ICP47. In order to
find an animal model, we introduced ICP47-1 and ICP47-2 into cells from various animal species—mice, rats,
guinea pigs, rabbits, dogs, pigs, cows, monkeys, and humans—and measured TAP activity in the cells. Both
proteins were unable to inhibit TAP in mouse, rat, guinea pig, and rabbit cells. In contrast, ICP47-1 and
ICP47-2 inhibited TAP in pig, dog, cow, and monkey cells, and the TAP in pig and dog fibroblasts was often
more sensitive to both proteins than TAP in human fibroblasts. These results were extended by measuring
CD81-T-cell recognition (CTL lysis) of cells from various species. Cells were infected with recombinant HSV-1
constructed to express murine MHC class I proteins so that the cells would be recognized and lysed by
well-characterized murine anti-HSV CTL unless antigen presentation was blocked by ICP47. Anti-HSV CD81

CTL effectively lysed pig and primate cells infected with a recombinant HSV-1 ICP472 mutant but were unable
to lyse pig or primate cells infected with a recombinant HSV-1 that expressed ICP47. Therefore, pigs, dogs, and
monkeys may be useful animal models in which to test the effects of ICP47 on HSV pathogenesis or the use of
ICP47 as a selective immunosuppressive agent.

Herpes simplex virus (HSV) infection of human fibroblasts
leads to inhibition of antigen presentation to CD81 T cells so
that the virus-infected fibroblasts are not lysed by cytotoxic T
lymphocytes (CTL) (10, 12, 14). The principal reason for this
resistance to CTL appears to be the expression of an HSV
immediate-early protein, ICP47, which causes major histocom-
patibility complex (MHC) class I proteins to accumulate in
infected cells in a peptide-empty form (19). ICP47 was subse-
quently shown to inhibit the transporter associated with anti-
gen presentation (TAP), which functions to translocate anti-
genic peptides across the membrane of the endoplasmic
reticulum (ER) (3, 8), and without antigenic peptides, MHC
class I proteins accumulate in the ER. More recent results
demonstrated that ICP47 blocks peptide binding to TAP by
binding with high affinity to a domain of TAP that includes the
peptide binding site (1, 15).

Although HSV type 1 (HSV-1) ICP47 (ICP47-1) effectively
blocks TAP in human fibroblasts, it inhibits TAP little, if at all,
in a variety of mouse cells unless applied in high concentrations
(1, 3, 15, 19). Similarly, HSV-2 ICP47 (ICP47-2), which has
only 42% amino acid identity with ICP47-1 (4), effectively

blocks human TAP but inhibits murine TAP less effectively
(16). Inhibition of murine TAP with these proteins occurs at
ICP47-1 and ICP47-2 concentrations 50- to 100-fold higher
than those required to inhibit human TAP. ICP47-1 and
ICP47-2 bind poorly to mouse TAP (15, 16), which explains
their inability to block peptide transport and antigen presen-
tation in mouse cells.

We were interested in extending the study of the species
specificity of ICP47 for several reasons. Firstly, we wanted to
find an animal model with which to assess the effects of ICP47
in vivo, both to assess its role in virus-host interactions and to
provide a model for the use of ICP47 in autoimmunity, in
transplantation, and in gene therapy vectors. Secondly, we
wanted to determine whether ICP47 was functional in the
species currently widely used for HSV pathogenesis and vac-
cine studies—mice, rabbits, and guinea pigs. Thirdly, we were
interested in the mechanism of the extraordinary virulence of
HSV in owl monkeys (aotus), speculating that the TAP in this
New World primate might be exceptionally susceptible to
ICP47.

In order to assess the effects of ICP47 on the TAPs of
various species, cells were permeabilized, recombinant ICP47-
1 and ICP47-2 were introduced into the cells, and assays of
TAP activity were performed. To examine the effects of ICP47
on antigen presentation and recognition by CD81 T cells,
fibroblasts were infected with recombinant HSV-1 that ex-
presses mouse class I proteins and not ICP47, and lysis of the
cells by mouse anti-HSV CTL was tested. We found that
ICP47-1 and ICP47-2 did not block TAP in mouse, rat, guinea
pig, or rabbit skin fibroblasts but effectively inhibited TAP and
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antigen presentation in pig, dog, cow, and monkey fibroblasts.
Therefore, pigs, dogs, and monkeys can be used to study the in
vivo effects of ICP47, though for several reasons, the use of
pigs might be a practical starting point.

MATERIALS AND METHODS

Cells. Human fibroblasts were derived from foreskins of neonates. Tissues
were minced with scissors and subjected to five or six 10-min treatments with
trypsin-EDTA (GIBCO) and vigorous stirring. Cells released from the tissues
were washed in alpha-minimal essential medium (alpha-MEM) containing 10%
fetal bovine serum (FBS), penicillin-streptomycin (GIBCO), and gentamicin
(GIBCO). The cells were plated in plastic flasks, and after 2 h the plastic was
washed extensively with medium to remove nonadherent cells. The cells were
then grown for 10 to 15 passages in alpha-MEM supplemented with 10% FBS
and penicillin-streptomycin. Mouse fibroblasts were derived from the skin of
6-week-old BALB/c or C57BL/6 mice in the same manner as the human foreskin
fibroblasts (four different preparations behaved similarly in TAP assays). Rabbit,
guinea pig, and rat fibroblasts were derived from skin biopsy samples from
animals in the same manner as the human fibroblasts. Chimpanzee skin fibro-
blasts were obtained from two different animals, F503 and F435, and were kindly
supplied by Chris Walker at Chiron. Rhesus macaque fibroblasts were derived by
direct outgrowth from dorsal skin biopsy samples from two different adults
housed at the Oregon Regional Primate Center. Owl monkey kidney (OMK)
cells were obtained from the American Type Culture Collection (ATCC). Bovine
fibroblasts were derived from a testicle taken from a calf at the time of slaughter.
Pig skin fibroblasts were derived from a skin biopsy of an adult, female pig at the
time of slaughter. Canine fibroblasts were derived from epithelial tissue of an
embryo (ATCC CRL 6226; CF31A). PK15 porcine kidney cells were obtained
from ATCC. The cells were all passaged in alpha-MEM supplemented with 10 or
15% FBS and penicillin-streptomycin. Monkey Vero cells and human R970 cells
were passaged in Dulbecco’s modified MEM containing 5 to 7% FBS and
penicillin-streptomycin.

Viruses. Wild-type HSV-1 strain F and recombinants, F-US5MHC (19),
F-US5MHC/ICP47D, and F-US5MHC/US11ICP47D, as well as HSV-1 mutants
F-ICP47D (5) and R3631 (11), which was kindly provided by Bernard Roizman
(University of Chicago), were all propagated and titers were determined on Vero
cells.

ICP47-1 and ICP47-2. Purification of ICP47-1 and ICP47-2 from bacteria as
glutathione S-transferase (GST) fusion proteins and removal of the GST do-
mains has been described in detail previously (15, 16). In the present experi-
ments, thrombin was supplied by Pharmacia and used to cleave GST–ICP47-1 at
2.5 U/ml for 40 to 60 min and to cleave GST–ICP47-2 at 5.0 U/ml for 60 to 90
min. ICP47-2 was found to be more resistant to thrombin digestion than ICP47-1.

TAP assays. Cells were removed from dishes using trypsin-EDTA and washed
twice in Dulbecco’s modified MEM with 10% FBS and once in transport buffer
(8) at 4°C. The cells (approximately 106 per assay) were pelleted and suspended
in transport buffer containing 1 to 2 U/ml of streptolysin O (a partially purified
preparation derived from culture filtrates of hemolytic streptococcus and re-
duced before lyophilization; Murex, Dartmouth, England) for 10 min at 37°C in
order to permeabilize approximately 60 to 90% of the cells, as measured by
trypan blue exclusion. Trypan blue exclusion was assessed for each cell line
during each assay. The cells were washed with transport buffer and incubated for
5 min with transport buffer containing ICP47-1 or ICP47-2 and lacking ATP. A
library of peptides containing the N-linked glycosylation motif NXT and a ty-
rosine residue (7) was labelled with 125I as described previously (2, 8). The
radiolabelled peptide library was incubated with the permeabilized cells in the
presence of ICP47-1 or ICP47-2 for a further 10 min at 37°C. Transport was
terminated by addition of a large excess of cold buffer containing 10 mM EDTA,
and the cells were pelleted and then lysed with lysis buffer (Tris-HCl, pH 7.5; 5
mM MgCl2; 0.5% Nonidet P-40 [NP-40]). The nuclei were pelleted, and con-
canavalin A-Sepharose (100 ml) was added for 90 min at 4°C. The concanavalin
A-Sepharose was washed three times in lysis buffer, and 125I-labelled glycopep-
tides were quantified with a gamma counter. For each assay, human fibroblasts
were incubated with ICP47 at three concentrations to ensure that the 50%
inhibitory concentration (IC50) was in the range of 0.2 to 0.5 mM.

FIG. 1. Effects of ICP47-1 and ICP47-2 on TAP-mediated transport in human and monkey cells. Streptolysin-permeabilized cells were incubated with ICP47-1
(open circles) and ICP47-2 (filled squares) for 5 min at 4°C, after which a 125I-labelled peptide library was added for a further 10 min at 37°C. The transport assay was
terminated, and peptides that had been glycosylated after transport into the lumen of the ER were quantified by measuring binding to concanavalin A. The level of
transport measured in the absence of ICP47 was arbitrarily set at 100%.
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Immunoprecipitation of ICP47 and MHC class I proteins. Human R970 cells
were infected with F-US5MHC, F-ICP47D, R-3631, or recombinant viruses de-
rived from these viruses. Three hours after infection, the cells were washed in
medium lacking cysteine and methionine and then incubated with medium lack-
ing cysteine and methionine and supplemented with 50 mCi of [35S]methionine-
cysteine (NEN-Dupont) per ml for a further 5 h. The cells were lysed in NP40-
DOC buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1% NP-40, and 0.5%
sodium deoxycholate) containing 2 mg of bovine serum albumin per ml and 0.5
mM phenylmethylsulfonyl fluoride. Cell extracts were mixed with rabbit anti-
ICP47 serum (15) and simultaneously with serum specific for murine MHC class
I (K locus), anti-peptide 8 (13), and antibody-antigen complexes adsorbed to
protein A-Sepharose (Pharmacia). The protein A-Sepharose was washed with
NP40-DOC buffer, and the proteins were eluted by boiling in buffer containing
2% sodium dodecyl sulfate and subjected to electrophoresis with 14% polyacryl-
amide gels as previously described (19).

CTL assays. C57BL/6 mice (6 to 9 weeks of age) were inoculated in both hind
footpads with HSV-1 strain F at 5 3 106 to 2 3 107 PFU/footpad in 50 ml. Five
days later, the animals were euthanized, their popliteal lymph nodes were re-
moved, and a single-cell suspension of lymphocytes was prepared. The lympho-
cytes (4 3 106 cells/ml) were cultured for 3 days in RPMI 1640 medium supple-
mented with 10% FBS and 50 mM b-mercaptoethanol and, in some experiments,
murine interleukin-2 (5 U/ml). 51Cr release assays were performed as described
(6, 19). Target cells were plated in round-bottom, 96-well dishes so that the cells
were subconfluent (5,000 to 10,000 cells per well). The cells were labelled with
51Cr (NEZ 030, 40 to 90 mCi/ml; New England Nuclear) for 9 to 14 h, washed,
and infected with F-US5MHC, F-US5MHC/ICP47D, or F-US5MHC/US11
ICP47D for 3 to 4 h. Effector cells (lymphocytes from HSV-infected mice) were
added to the wells at various effector/target cell ratios in triplicate. After 4 h, half
of the cell culture supernatant was removed and radioactivity was counted.
Specific 51Cr release was calculated as described previously (17); maximum
release was calculated by adding 2% NP-40 to the wells, and spontaneous release
was measured by using wells to which no effector cells were added. Spontaneous
release was, in every case, less than 23% of the maximum release.

RESULTS
ICP47-1 and ICP47-2 inhibit human and monkey TAP. In

order to characterize the effects of ICP47-1 and ICP47-2 in

cells of different species, the proteins were produced in bacte-
ria as GST fusion proteins with the GST sequences removed by
thrombin (15, 16). The ICP47-1 and ICP47-2 proteins were
introduced into cells after permeabilization of the cells with
streptolysin O as described previously (8, 15). To measure TAP
activity, permeabilized cells were incubated with 125I-labelled
peptides that gain access to the cytoplasm through the strep-
tolysin pores. The peptides could then be transported into the
lumen of the ER by TAP and be modified with N-linked
oligosaccharides. Thus, binding of glycosylated peptides to
concanavalin A-Sepharose could be used as an indirect mea-
sure of TAP activity.

The steady-state levels of TAP can vary greatly in different
cell types. Lymphocytes and professional antigen-presenting
cells, for example, express high levels of TAP, which may
explain poor inhibition of MHC class I antigen presentation in
HSV-infected lymphocytes (reviewed in reference 19). By con-
trast, there are lower levels of TAP in human fibroblasts and
antigen presentation is more effectively blocked after HSV
infection. Furthermore, it may be dangerous to compare dif-
ferent cell types from various species because the degradation
of radiolabelled peptides by cytosolic proteases (8a) can vary
between cell types. With these considerations in mind, we
chose to examine the effects of ICP47 in different species by
using dermal fibroblasts in each case except for that of the owl
monkey, where a kidney-derived cell line was used. In human
fibroblasts, ICP47-1 and ICP47-2 inhibited TAP at an IC50 of
approximately 0.3 mM (Fig. 1A). There was also inhibition of
TAP in skin fibroblasts derived from rhesus macaques, but
ICP47-1 and ICP47-2 were required at moderately higher con-
centrations; IC50 values were approximately 1.0 mM (Fig. 1B).

FIG. 2. Effects of ICP47-1 and ICP47-2 on TAP in rodent cells. Permeabilized skin fibroblasts were incubated with ICP47-1 (open circles) and ICP47-2 (filled
squares), after which assays of TAP-mediated peptide transport were performed as described for Fig. 1.
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Similarly, the TAP activity in OMK cells was inhibited by both
proteins, but again the IC50 values were approximately 1.0 mM
(Fig. 1C). In chimpanzee fibroblasts, ICP47-1 and ICP47-2
inhibited TAP at lower concentrations; IC50 values were ap-
proximately 0.3 mM, similar to those in human fibroblasts.
Therefore, the TAP molecules produced in various monkey
cells are sensitive to both ICP47-1 and ICP47-2.

ICP47-1 and ICP47-2 do not inhibit TAP in rodent fibro-
blasts. Previously, TAP assays performed using murine fibro-
blasts had indicated that neither ICP47-1 nor ICP47-2 was
effective in inhibiting TAP until protein concentrations
reached 10 to 35 mM, and even at high concentrations there
was only partial inhibition (16). It appears that inhibition at
these protein concentrations may not be biologically relevant
because mouse cells infected with HSV-1 can be lysed by
anti-HSV CTL (18). We attempted to determine whether

ICP47-1 and ICP47-2 could inhibit TAP in fibroblasts from
other rodents, animals that would make convenient animal
models. ICP47-1 and ICP47-2 did not inhibit TAP activity in
mouse fibroblasts (Fig. 2A), as was expected. There was also
little inhibition of the rat TAP by either ICP47-1 or ICP47-2,
although at 3.5 mM ICP47-2 there was a reproducible 20%
inhibition (Fig. 2B). Similarly, there was little or no inhibition
of TAP in guinea pig and rabbit fibroblasts (Fig. 2C and D).
Therefore, rats, guinea pigs, and rabbits would not be appro-
priate models for testing the effects of ICP47.

Inhibition of TAP in bovine, porcine, and canine fibroblasts.
To examine animal species that are more closely related to
primates, skin fibroblasts were derived from cows, pigs, and
dogs. ICP47-2 inhibited TAP in bovine fibroblasts with IC50
values that ranged from 0.35 to 0.5 mM (Fig. 3A), whereas
inhibition of the bovine TAP required moderately more
ICP47-1 (IC50 values ranged from 0.5 to 0.8 mM). This differ-
ence between ICP47-1 and ICP47-2 was reproducible and was
the only substantial difference between the two proteins in this
study. Inhibition of porcine fibroblasts required lower concen-
trations of both ICP47-1 and ICP47-2 (IC50 values were ap-
proximately 0.15 to 0.2 mM [Fig. 3B]). Similarly, ICP47-1 and
ICP47-2 caused 50% inhibition of TAP in canine fibroblasts at
concentrations ranging from 0.15 to 0.25 mM (Fig. 3C). The
results with pig and dog fibroblasts were surprising because the
inhibition of porcine and canine TAP by both ICP47-1 and
ICP47-2 occurred at lower concentrations than those necessary
to inhibit human and monkey TAP.

Construction of recombinant HSV-1 expressing murine
class I proteins and unable to express ICP47. Previously, we
utilized a recombinant HSV-1, F-US5MHC, which can express
mouse MHC class I heavy-chain and b2-microglobulin pro-
teins, in order to examine lysis of human and murine target
cells by murine anti-HSV CTL (19). One might expect that
mouse anti-HSV CTL would lyse the target cells when murine
class I molecules and HSV antigens are delivered into heter-
ologous cells. However, if ICP47 is effective in blocking class I
antigen presentation, CTL lysis might not occur. In these ear-
lier studies, we found that mouse cells infected with
F-US5MHC were lysed by mouse anti-HSV CTL. In contrast,
human fibroblasts infected with F-US5MHC were not lysed
(19). Thus, it appeared that ICP47 produced resistance to
murine, anti-HSV CTL in human fibroblasts but not in mouse
fibroblasts. However, the relationship between ICP47 and CTL
lysis was not directly tested in these earlier studies. In order to
extend our present observations and determine whether ICP47
could cause resistance to CD81 T lymphocytes in porcine,
canine, and monkey cells, we constructed mutant versions of
F-US5MHC that did not express ICP47.

F-US5MHC contains the mouse b2-microglobulin and
H-2Kb heavy-chain genes, both coupled to HSV promoters and
inserted into the US5 gene, which is not essential for HSV
replication (Fig. 4A) (19). Two different HSV-1 recombinants
that are unable to express ICP47 were derived from
F-US5MHC. The first recombinant virus was produced by
coinfecting Vero cells with F-US5MHC and an HSV-1 ICP472

mutant, F-ICP47D, which contains a small deletion removing
the ICP47 start codon and two downstream ATG codons (5).
The neighboring US11 gene is intact in F-ICP47D. A second
recombinant was derived by coinfecting cells with F-US5MHC
and R3631, a mutant that contains a larger deletion affecting
both the ICP47 (US12) and the US11 genes (11). Recombina-
tion between F-US5MHC and either R3631 or F-ICP47D gave
rise to viruses able to express MHC class I but not ICP47.
Parental and recombinant viruses were isolated from this coin-
fection and screened for expression of MHC class I (H-2Kb)

FIG. 3. Inhibition of TAP by ICP47-1 and ICP47-2 in bovine, porcine, and
canine cells. Permeabilized skin fibroblasts were incubated with ICP47-1 (open
circles) and ICP47-2 (filled squares), after which TAP transport assays were
performed as described for Fig. 1.
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and ICP47 by infection of R970 cells and immunoprecipitation
of radiolabelled proteins. A recombinant, F-US5MHCDICP47,
derived from F-ICP47D, expressed murine MHC class I pro-
teins but not ICP47 (Fig. 4B, right panel). This virus expressed
US11 (not shown), as did the parent, F-ICP47D (5). A second

recombinant, F-US5MHCDUS11/12 (derived from R3631), ex-
pressed mouse MHC class I but not ICP47 (Fig. 4B, left panel)
and, like R3631, did not express US11 (data not shown).

CTL lysis of mouse, porcine, monkey, and human cells in-
fected with F-US5MHC, F-US5MHCDICP47, and F-US5MHC

FIG. 4. Construction of recombinant HSV-1 able to express murine MHC class I proteins and not ICP47. (A) Diagram depicting the genome of HSV-1. An HSV-1
recombinant, F-US5MHC, able to express the murine MHC class I heavy-chain and b2-microglobulin (b2-m) proteins, was previously described (18). In the US5 gene
in F-US5MHC, the murine b2-microglobulin gene is coupled to the HSV-1 thymidine kinase (tk) promoter and the simian virus 40 (SV40) polyadenylation site, and
the class I (H-2Kb) heavy-chain gene is coupled to the HSV-1 ICP6 promoter. HSV-1 mutants unable to express ICP47, F-ICP47D (5), or ICP47 and the neighboring
US11 gene, R3631 (11), have also been described. F-ICP47D has a deletion of the N-terminal region of the ICP47 protein, while R3631 has a larger deletion that
abolishes expression of ICP47 and US11. Vero cells were coinfected with F-US5MHC and either F-ICP47D or R-3631, so that recombination occurred in the infected
cells. Viruses able to express murine class I proteins but unable to express ICP47, F-US5MHCD47 (derived from F-ICP47D), and F-US5MHCDUS11/12 (derived from
R3631) were isolated from these coinfections. (B) Expression of ICP47 and MHC class I proteins was assessed in cells infected with the recombinant viruses by infecting
R970 cells, labelling the cells with [35S]methionine, and then simultaneously immunoprecipitating ICP47 and MHC class I proteins from cell extracts. The HSV
immunoglobulin G Fc receptor composed of gE and gI was precipitated by the rabbit immunoglobulin G present in the anti-ICP47 and anti-MHC class I serum.
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DUS11/12. As in previous experiments (19), human fibroblasts
infected with F-US5MHC, which expresses ICP47, were not
lysed by CTL derived from HSV-infected C57BL/6 mice (Fig.
5A). In contrast, fibroblasts infected with either F-US5MHC
DICP47 or F-US5MHCDUS11/12, neither of which expresses
ICP47, were effectively lysed. This demonstrates that ICP47 is
responsible for the resistance of these human fibroblasts to
lysis by anti-HSV CTL. The effects of ICP47 were dramatically
different when CTL lysis of murine fibroblasts was studied.
Mouse fibroblasts infected with either F-US5MHCDICP47,
F-US5MHCDUS11/US12, or F-US5MHC were all lysed by
anti-HSV CTL (Fig. 5B); there was no obvious effect of ICP47
expression. Therefore, in these normal mouse fibroblasts, and
previously in transformed mouse cells (19), ICP47 does not
block class I antigen presentation and CTL lysis.

The effects of ICP47 on CTL lysis of pig cells were evaluated
using normal pig skin fibroblasts as well as a transformed cell
line—PK15 pig kidney cells. Pig fibroblasts and PK15 cells
infected with recombinant HSV-1 F-US5MHCDICP47 or with
F-US5MHCDUS11/12 were efficiently lysed by CTL (Fig. 6).
Lysis of pig cells infected with F-US5MHC was low, similarly
to that of uninfected cells. There were no obvious differences
between the normal fibroblasts and the transformed kidney
cells. Therefore, ICP47 effectively inhibits MHC class I antigen
presentation in both these pig cells.

The results were extended to primate cells—OMK cells and
chimpanzee skin fibroblasts. OMK cells infected with recom-
binant HSV-1 lacking ICP47, F-US5MHCDICP47, and
F-US5MHCDUS11/12 were efficiently lysed by anti-HSV CTL,
and cells infected with F-US5MHC were lysed poorly or not at
all (Fig. 7A). Unfortunately, we were unable to perform CTL
experiments with rhesus macaque fibroblasts. Fibroblasts from
two different rhesus macaques did not serve as targets for
murine anti-HSV CTL in several experiments. However, chim-

panzee fibroblasts infected with F-US5MHCDICP47 or
F-US5MHCDUS11/12 were lysed by anti-HSV CTL, and there
was no lysis of F-US5MHC-infected cells (Fig. 7B). Other
experiments in which African green monkey Vero kidney cells
were infected with these recombinant viruses suggested that
ICP47-1 also effectively blocks class I presentation in these
cells (data not shown). Together, these results demonstrate
that ICP47 can function to inhibit MHC class I antigen pre-
sentation and CTL lysis in pig cells and in nonhuman primate
cells.

DISCUSSION
The molecular details of how HSV-1 ICP47 blocks the MHC

class I antigen presentation pathway by inhibiting human TAP
have been described in some detail. However, important ques-
tions of how ICP47 functions in vivo have not been addressed.
We suspect that ICP47 can function to shield HSV from
CD81-T-lymphocyte responses during virus infection in the
epithelium and possibly during acute infection in the nervous
system, but this has not been tested (reviewed in reference 9).
Beyond the virology, there is substantial interest in the pros-
pect of using ICP47 as a specific and selective immunosuppres-
sive agent to block inappropriate CD81-T-cell responses, e.g.,
against adenovirus gene therapy vectors, in transplantation, or
in autoimmunity. Our efforts to investigate ICP47’s effects in
vivo have been hindered by observations that neither ICP47-1
nor ICP47-2 blocks the murine TAP effectively (1, 8, 15, 16).

It is important to note that the effects of ICP47 during HSV
replication in mice are more complicated than might be pred-
icated from previous biochemical studies involving cultured
mouse cells. We recently observed that an HSV-1 ICP472

mutant was markedly less neurovirulent (unable to cause neu-
rologic disease and encephalitis) than wild type HSV-1 in mice,
yet the mutant replicated normally in the corneal epithelium or

FIG. 5. CTL lysis of human and mouse fibroblasts infected with recombinant HSV-1 expressing murine class I proteins. Fibroblasts were labelled with 51Cr for 8
to 12 h and infected for 3 h either with F-US5MHC, which expresses mouse class I (H-2Kb) proteins and ICP47, or with F-US5MHCD47 or F-US5MHCDUS11/12,
both of which express mouse class I proteins but not ICP47, or were left uninfected. Lymphocytes taken from lymph nodes of HSV-infected C57BL/6 (H-2Kb) mice
were added to wells containing the 51Cr-labelled target cells for 4 h at 37°C. Release of 51Cr was measured and specific cell lysis was calculated.
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in the periocular skin (5). When animals were depleted of
CD81 T cells, the ICP472 mutant caused neurologic disease
similar to that caused by wild-type HSV-1. Since MHC class I
and TAP are apparently expressed at low or undetectable
levels in the nervous system, there may be inhibition of TAP by
ICP47 in this tissue. However, effects of ICP47 in mouse epi-
thelial tissues were not observed, and therefore an animal
model that reflects the effect of ICP47 on human TAP is highly
desirable.

Both ICP47-1 and ICP47-2 inhibited TAP in monkey cells
(fibroblasts from rhesus macaques and chimpanzees and OMK
cells). Inhibition of the rhesus macaque and owl monkey TAP
required concentrations approximately threefold higher (1.0
mM) than those that were required to inhibit TAP in human
fibroblasts (0.3 mM). TAP transport in chimpanzee fibroblasts
was inhibited at ICP47-1 and ICP47-2 concentrations more
similar to those required to inhibit TAP in human fibroblasts.
It is not clear whether these differences between different pri-
mate cells relate to levels of TAP expressed in the cells or
whether certain TAP molecules are less sensitive to ICP47.
Related to this point, there is evidence that human fibroblasts
and lymphocytes differ in their sensitivity to ICP47-1: TAP in
human lymphocytes was inhibited at an ICP47-1 concentration
of 1.0 mM, three times the concentration required to inhibit
TAP in human fibroblasts (15), and lymphocytes express much
higher levels of TAP and other MHC proteins than fibroblasts.
These differences between cell types expressing an identical
TAP may be functionally important, especially when coupled
with poor replication of HSV in lymphocytes. Human lympho-
cytes infected with HSV-1 can be lysed by anti-HSV CTL (12,
14, 18).

A number of factors can influence the outcome of TAP
assays, including entry into the cytoplasm and proteolysis of
the protein by cytosolic proteases. Therefore, the concentra-

tions of ICP47 required to inhibit TAP in the TAP assays are
probably relative rather than absolute. We performed CTL
assays as a second line of evidence for species differences in
susceptibility to ICP47. In each case, the CTL assays confirmed
the results from TAP assays. CTL assays involving owl monkey
and chimpanzee cells demonstrated that ICP47 could inhibit
MHC class I antigen presentation, and there was inhibition of
TAP by ICP47-1 and ICP47-2 in TAP assays with OMK cells
and rhesus macaque and chimpanzee fibroblasts. Owl monkeys
succumb to low doses of wild-type HSV, and chimpanzees are
endangered; thus, these animals may not be useful as animal
models. More likely, rhesus macaques can be used in these
studies, since the macaque TAP was sensitive to both ICP47-1
and ICP47-2. Furthermore, cell surface expression of MHC
class I in rhesus macaque tissues can be reduced to background
levels by infection of the tissues with an adenovirus expressing
ICP47-1 (data not shown).

ICP47-1 and ICP47-2 TAP did not inhibit TAP in fibroblasts
taken from mice, rats, guinea pigs, and rabbits. Previously, we
observed some (20%) inhibition of murine TAP expressed in
insect microsomes at 3.5 mM concentrations of ICP47-1 and
ICP47-2, and this inhibition increased to over 50% with 30 mM
concentrations (16). Here, there was little or no inhibition of
TAP in permeabilized mouse fibroblasts incubated with 3.5
mM ICP47-1 or ICP47-2. This difference probably reflects the
sensitivity of the two different assays; with permeabilized cells,
the protein concentration in the cytosol may not immediately
reach that applied to the cells. However, it is unlikely that
sufficient ICP47 concentrations can be reached in HSV-in-
fected mouse fibroblasts to inhibit the class I pathway because
there is no CTL lysis of mouse fibroblasts (18) (Fig. 5). Based
on the TAP assays, the case is the same for rat, guinea pig, and
rabbit fibroblasts. These animals will therefore probably not be
useful as models.

FIG. 6. Lysis of pig cells infected with recombinant HSV-1 expressing murine class I proteins by mouse anti-HSV CTL. Cells were labelled with 51Cr and infected
with F-US5MHC, F-US5MHCD47, or F-US5MHCDUS11/12 for 3 h or left uninfected. Lymphocytes were taken from lymph nodes of HSV-infected C57BL/6 mice and
were added to wells containing the target cells for 4 h at 37°C. Release of 51Cr was measured and specific cell lysis was calculated as described in Materials and Methods.
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Given these observations, we were surprised to find that
TAP activity was inhibited in bovine, porcine, and canine fi-
broblasts and, in the case of pig and dog cells, at lower ICP47-1
and ICP47-2 concentrations than those observed with three
different monkey cell lines and three different human fibroblast
lines. It is possible that pig and dog TAP are more susceptible
to ICP47 than even human TAP. Also possible are differences
in peptide proteolysis, entry of peptide into the cytoplasm, and
reduced levels of TAP in pig and dog cells relative to human
cells. However, these possibilities appear to be less likely be-
cause the TAP activity (the amount of peptide transported) in
pig PK15 cells was similar to that in human fibroblasts. CTL
assays confirmed that MHC class I antigen presentation was
effectively inhibited by ICP47 in porcine skin fibroblasts and
transformed pig PK15.

In summary, TAP and MHC class I antigen presentation was
effectively blocked in pig, dog, cow, and nonhuman primate
cells by ICP47. There were no differences between ICP47-1
and ICP47-2 except minor ones in bovine cells, though the
proteins have only 42% sequence identity. Pigs and dogs have
a number of advantages as models, though little is known
about how HSV replicates in these animals. Studies of auto-
immunity and transplantation frequently utilize pigs and dogs,
and there is intense interest in the use of pig tissues in xeno-
transplantation.
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