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Abstract
The Us3 kinase is part of the antiapoptotic arsenal that
salvages herpes simplex virus (HSV)-1-infected cells from
damage caused by different stimuli. We demonstrate that Us3
protects HSV-1-infected cells from lysis by MHC class I-
restricted CD8T cells without affecting antigen presentation.
Expression of Us3 was associated with inhibition of caspase
activation and reduced cleavage of the proapoptotic protein
Bid. Recombinant granzyme B (GrB) failed to cleave Bid in
cytosolic extracts from Us3 positive cells, while recombinant
Bid served as substrate for Us3 phosphorylation, suggesting
that modification of Bid by Us3 blocks its processing by GrB.
Our data illustrate a new strategy of viral escape, where
modification of a cellular proapoptotic substrate may prevent
lysis of the infected cells without affecting other T-cell
functions.
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Introduction

The immune response is tough on viruses that must survive
andmultiply in the infected host for a sufficient period of time in
order to allow successful transmission to susceptible indivi-
duals. The relationship with the immune system is particularly
challenging for herpes viruses that establish latent infections
in immunocompetent carriers, which explains why members
of this virus family have evolved various means to curb host
defenses in order to maintain latency and achieve replication
in the face of strong resident immunity (reviewed in Nash1).

The herpes simplex virus (HSV) is a classical example of the
complex interaction between herpes viruses and the immune
system. Infections with HSV types 1 and 2 are ubiquitous, with
a prevalence of more than 90% and approximately 50% in
adults, respectively.2 Primary skin or mucosal infection is
usually followed by transmission, via sensory nerves, to the
spinal or trigeminal ganglia where life-long latency occurs.
Subsequent intermittent reactivation is followed by retrograde
transport to the epithelia, where a new round of replication
results in the production of infectious virus. Neutralizing
antibodies and antiviral CD4 and CD8T cell responses
effectively inhibit virus replication at mucosal sites and in the
nervous system, but fail to achieve virus eradication (reviewed
in Dahershia3).
Studies in animal models emphasize the pivotal role of CD8T

cells in the control of primary HSV-1 infection in sensory
ganglia.4 Spread of the virus to the nervous system is
accompanied by infiltration of CD8T cells that persist for long
time after the resolution of acute infection.5 In immunocompe-
tent mice, this correlates with rapid termination of virus
replication with little evidence of neuronal destruction, while in
animals lacking CD8T cells virus clearance is delayed and
accompanied by a striking loss of neurons.4 Treatment of
explants of trigeminal ganglia from infected mice with anti-CD8
antibodies causes accelerated reappearance of reactivating
virus,6 suggesting that CD8T cells may be capable of
controlling virus replication without damaging the infected cells.
Induction of apoptosis via theCa2þ -dependent exocytosis of

cytotoxic granules is the primary mechanism by which CD8T
cells control virus infection.7,8 Granzyme B (GrB), the principal
serine protease involved in this process, is known to cleave
several cellular substrates including the executioner caspase,
caspase-3. Caspase-3 activates the caspase-activatable
DNAse (CAD), which enters the nucleus where it cleaves
DNA into 200 base pair fragments leading to cell death.9–12

CTLs can also induce apoptosis by crosslinking Fas on the
target cell surface. This interaction culminates in the recruit-
ment and activation of caspase-8 via the adaptermolecule Fas-
associated death domain (FADD). The activated caspase-8
induces cell death by activating caspase-3. Recently, it was
shown that these two pathways converge at the mitochondria
since both GrB and caspase-8 cleave Bid, producing a
truncated form that induces membrane depolarization, leading
to the release of proapoptotic proteins such as cytochrome c.
HSV-1 has evolvedmultiple mechanisms to protect infected

cells from destruction by CTLs. The HSV-1 protein ICP47 has
been shown to interact with the transporter associated with
antigen processing (TAP), which blocks the binding and
translocation of antigenic peptides to the ER and their
subsequent loading onto MHC class I molecules for presenta-
tion at the target cell surface. HSV-1-infected cells were also
shown to resist apoptosis induced by MHC class II-restricted
CD4T cells.13 Two HSV-1 gene products, Us5 and Us3, were
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shown to inhibit apoptosis induced via Fas triggering or UV
irradiation, respectively,14 but their mechanism of action is
poorly understood. The Us5 protein was shown to prevent the
activation of caspase-3 by purified GrB.15 The Us3 gene
encodes a tegument-associated protein kinase that phos-
phorylates serine/threonine residues.16 Us3 was shown to
inactivate the proapoptotic protein Bad by post-translational
modification, but the details of this interaction remain
unknown.17 Here, we demonstrate that Us3 protects HSV-1-
infected cells from lysis by MHC class I-restricted CD8T cells
without affecting antigen presentation or T-cell triggering.
Expression of Us3 correlated with blockade of the caspase
cascade and phosphorylation-dependent inhibition of Bid
cleavage by GrB. Using stable transfectants that express
Us3 under the control of a tetracycline-regulated inducible
promoter, we demonstrate that expression of Us3 in the
absence of other viral proteins is sufficient to block Bid
cleavage. We also show that Us3 phosphorylates Bid in vitro.
The evolution of a viral antiapoptotic product that selectively
inactivates cytotoxic responses without affecting other T-cell
functions points to a specific role of nonlytic T cells in the
biology of HSV-1 infection.

Results

Expression of Us3 protects target cells from lysis
by CD8T cells

To investigate whether the expression of Us3 could protect
target cells from lysis by CD8T cells, EBV carrying LCLs
derived from HLA A11-positive individuals were infected with
wild-type HSV-1, Us3-deleted (Us3-del) and Us3-repair (Us3-
rep) strains, and then exposed to T cells specific for the
immunodominant A11-restricted epitope in the EBV nuclear
antigen EBNA4. Optimal conditions for HSV-1 infection of the
LCLs were established by monitoring the expression of the
immediate early protein ICP4, the late protein gC, and Us3 in
virus titration (not shown) and kinetics assays. As shown in
Figure 1a, cells infected for 17 h at anm.o.i. of 10 with the wild-
type Us3-del and the Us3-rep strains expressed equal levels
of the ICP4 and gC proteins, whereas Us3 was not detected in
cells infected with the Us3-del strain, as expected. The
kinetics of ICP4 expression measured by immunofluores-
cence staining with the anti-ICP4 antibody at 3, 6, 17 and 24 h
of infection demonstrated that between 80 and 90% of
infected cells expressed this immediate early antigen at 17 h
when most of the cells were still viable (not shown). This time
point was therefore chosen for all subsequent experiments.
The effect of Us3 expression on the sensitivity of HSV-1-

infected cells to lysis by HLA A11-restricted CTLs was
investigated in 51Cr release assays. A lower level of killing
was observed with LCLs infected with the wild-type and Us3-
rep strains over a wide range of effector : target ratios, while
cells infected with the Us3-del strain were lysed as efficiently as
the uninfected controls (Figure 1b). The protective effect of Us3
was highly significant, since approximately 10-fold higher
numbers of effectors were required for equal lysis of Us3-
expressing cells as compared to uninfected controls or cells
infected with Us3-deleted virus. The effect was reproducibly
observed with LCLs derived from different donors (Figure 1c;

not shown). Furthermore, similar results were obtained with
polyclonal CTL cultures and with CTL clones specific for a
secondHLAA11-restricted epitope, aswell as effectors specific
for other HLA class I : peptide combinations (not shown).

Expression of Us3 does not alter target
antigenicity and effector triggering

Since ICP47 has been shown to enable HSV-1 immune
escape by modulating antigen processing and presentation,18
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Figure 1 Expression of HSV-1 protects LCLs from CTL lysis. (a) The SI LCL
was infected with wild-type HSV-1, Us3-del and Us3-rep strains at an m.o.i. of 10
for 17 h at 371C, and protein expression was assessed by Western blot analysis
of total cell lysates probed with antibodies against HSV-1 ICP4, gC and Us3. The
specific bands migrating at 172, 80 and 55 kDa, respectively, are indicated. (b–c)
Sensitivity of HSV-1-infected LCLs to lysis by HLA class I-restricted CTLs. The
percentage of specific lysis was measured in 4 h 51Cr release assays. (b) One
representative experiment out of six, using the JAC LCLs is shown. Uninfected
–~–, HSV-1 –n–, Us3-del –J–, Us3-rep –&–. (c) Comparison of CTL lysis
between BK and JAC LCLs. Mean7S.D. of three and four experiments,
respectively, at an effector : target ratio of 3 : 1; (�)¼uninfected
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we tested whether Us3may affect target antigenicity and/or T-
cell triggering. Biochemical and immunological assays were
used to study the surface expression of HLA A11–peptide
complexes. HLA class I molecules were immunoprecipitated
17 h postinfection from metabolically labeled cells using the
W6/32mAb, that recognizes a common determinant ex-
pressed on all class I alleles, and individual polypeptides
were resolved by 1D-IEF. As illustrated in Figure 2a, equal
levels of surface class I molecules were immunoprecipitated
from the uninfected and HSV-1-infected LCLs, suggesting
that the surface expression of HLA class I was not significantly
affected at the time of our cytotoxicity assays. This finding was
further confirmed by immunofluorescence staining and FACS
analysis, using the mAb W6/32 (Figure 2b) and antibodies
specific for monomorphic determinants on individual class I
alleles (not shown).
We then tested whether the Us3-mediated inhibition of

cytotoxicity might reflect a general failure of T-cell activation.
The effector cells were cocultured with HSV-1-infected and
uninfected LCLs for 3 h, and the amount of TNFa released in
the supernatant was measured by induction of cell death in
actinomycin-D-treated WEHI 164 mouse fibroblasts. As
shown in Figure 2c, virus-infected and uninfected LCLs were
equally potent inducers of TNFa release, irrespective of Us3
expression. Thus, the inhibition of T-cell lysis does not involve
modifications of target cell antigenicity.

Expression of Us3 inhibits T-cell-induced
activation of caspases

Experiments with inhibitors of caspases have strongly
implicated these enzymes as essential components of the
T-cell death execution machinery. In accordance, infection of
the BK LCL with the wild-type or Us3-rep viruses caused 83
and 90% reduction of T-cell-induced activation of caspase-3
relative to the uninfected LCL, while the reduction was
significantly lower, 26% on average, in cells infected with
the Us3-del strain (Figure 3a). The activation of caspase-8
and -9 was also measured, since these caspases are known
to process and activate caspase-3. Fluorimetric assays using
specific fluorogenic substrates showed that caspase-8 and -9
activities were both reduced by 89% in BK LCL infected with
wild-type HSV-1, by 93 and 77% in BK LCL infected with Us3-
rep, and by 48 and 37% in the LCL infected with the Us3-del
strain, respectively (Figure 3b,c). Similar results were
obtained for caspase activity in uninfected and HSV-1-
infected JAC LCL (Figure 3a–c). Comparable levels of
caspase activities were obtained when the T cells were
pretreated with caspase inhibitors before exposure to the
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Figure 2 Us3 expression does not affect antigen presentation. LCLs were
infected with wild-type HSV-1, Us3-del and Us3-rep strains at an m.o.i. of 10 for
17 h at 371C. (a) Surface MHC class I measured by 1D-IEF in the SI LCL. HLA
class I polypeptides were immunoprecipitated from lysates of metabolically
labeled cells with the mAb W6/32. The HLA class I heavy chains and b2m bands
were identified by comparison with a panel of previously characterized cell lines.
One representative experiment out of three is shown. (b) MHC class I expression
was detected by immunofluorescence staining and FACS analysis of SI, BK, FY
and MIN LCLs stained with the mAb W6/32. Uninfected , HSV-1 , Us3-del

, Us3-rep ’. (c) Induction of TNFa release was measured by incubating the
CTLs with HSV-1-infected BK LCL for 3 h. The amount of TNFa released in the
supernatant was measured by the capacity to inhibit growth of the TNFa-
sensitive WEHI 164 cell line. Mean7S.D. of three experiments. Control ’ and
CTLs ; (�)¼uninfected
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Figure 3 CTL-induced activation of caspases in HSV-1-infected LCLs. JAC
and BK LCLs were infected with wild-type HSV-1, Us3-del and Us3-rep strains,
and then incubated with CTLs for 1 h at an effector : target ratio of 3:1. Caspase-3
(a), -8 (b) and -9 (c) activation was measured by fluorimetric assay using specific
fluorogenic substrates. Fluorescence was detected at excitation 400 nm and
emission 505 nm. Mean7S.D. of three experiments. JAC , BK ’;
(�)¼uninfected; % inh¼% inhibition
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targets, confirming that the observed activities were mainly, if
not exclusively, contributed by the target cells (not shown).

Us3 blocks T-cell and GrB-induced activation of
Bid

Although caspases are substrates for GrB cleavage in vitro
and in vivo, recent data suggest that the proteolytic activation
of Bid is the first GrB-mediated event in T-cell induced
apoptosis.19 We therefore examined whether the expression
of Us3 affected the cleavage of Bid in targets exposed to
specific CTLs. Uninfected LCLs and LCLs infected with Us3-
positive or -negative HSV-1 strains were cocultured with the
CTLs for 1 h at 3 : 1 effector : target ratio, and the expression of
Bid was then monitored by Western blotting. Exposure to
specific CTLs resulted in significant reduction of the intensity
of a polypeptide corresponding to the full-length inactive Bid in
uninfected targets (Figure 4a). This reduction was an LCL-
specific phenomenon, since endogenous Bid was not
detected in CTLs under the conditions of the assays. The
effect was significantly lower in LCLs infected with the wild-
type and Us3-rep viruses, suggesting that the proteolytic
activation of Bid is inhibited in Us3-expressing cells. Densito-
metric analysis ofWestern blots confirmed that the expression
of Us3 correlated with reduction of Bid cleavage from more
than 60% in the uninfected cells to approximately 25%
(Table 1). In order to investigate the role of GrB, uninfected
targets were cocultured with CTLs in the presence of 20 mM of
the GrB inhibitor z-AAD-CH2Cl for the entire duration of the
experiment. GrB inhibitor had no toxic effect on CTLs, since
cells incubated with the inhibitor alone were still viable.
However, the CTL-induced cleavage of Bid was abolished
under these conditions (Figure 4b), confirming that GrB is the
main effector of Bid cleavage. This was further substantiated
by the demonstration that the cleavage of Bid was not affected
when the target cells were exposed to CTLs in the presence of
50 and 100 mM of the caspase inhibitor z-VAD-FMK
(Figure 4c).
We then asked whether the failure to activate Bid could be

ascribed to an Us3-dependent modification of sensitivity to
GrB cleavage. Cytosolic extracts from uninfected and HSV-1-
infected LCLs were incubated for 1 h at 371C with increasing
amounts of recombinant GrB, and the residual uncleaved Bid
was quantified by densitometry in Western blots probed with
an anti-Bid antibody. A dose-dependent cleavage of Bid was
observed in all samples (Figure 5a). However, while compar-

able amounts of enzyme were required for 50% cleavage in
extracts from uninfected and Us3-del-infected cells, an
approximately 10-fold higher amount of enzyme was required
for 50% cleavage in extracts of cells infected with the wild-type
and Us3-rep viruses (Table 2; data not shown). In order to test
whether Us3 can act in the absence of other HSV-1-encoded
proteins, the experiment was repeated using the HEp-2 cell
line and a HEp-2/Us3 subline that expresses the Us3 gene
from a tetracycline-regulated promoter. Since the endogen-
ous Bid cannot be detected by standard immunochemistry
procedures, HEp-2 and HEp-2/Us3 cells were transfected
with a plasmid encoding the wild-type murine Bid gene 24 h
before induction of Us3 expression by tetracycline treatment.
Cleavage of Bid was then assessed by incubating cytosolic
extracts with increasing amounts of recombinant GrB for 1 h at
371C. As shown in Figure 5b, two- to four-fold higher amounts
of GrB were required for equal levels of Bid cleavage in
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Figure 4 Expression of Us3 inhibits the cleavage of Bid. (a) The CTL-induced
cleavage of Bid in uninfected and HSV-1-infected BK LCLs was measured after
incubation of CTLs and target cells at an effector : target ratio of 3 : 1 for 1 h. (b–c)
Uninfected BK LCLs were cocultured with the CTLs in the presence or absence
of z-AAD-CH2Cl (GrB inhibitor, b) or z-VAD-FMK (general caspase inhibitor, c).
(a–c) Bid cleavage was assessed in Western blots with a Bid-specific antibody.
One representative experiment out of five and three is shown for (a,b) and (c),
respectively; (�)¼uninfected

Table 1 T-cell-induced cleavage of Bid in lymphoblasts infected with the wild-type and mutant HSV-1 strainsa

% Bid cleavageb

Exp Uninfected HSV-1 Us3-del Us3-rep

1 53 24 84 24
2 91 59 80 66
3 46 33 52 29
4 50 0 67 11
5 60 8 26 14
Mean7S.E.c 6079 25712 62712 30711

aLCLs were infected with wild-type HSV-1, Us3-del and Us3-rep strains at an m.o.i. of 10 for 17 h at 371C.
bThe percentage of CTL-induced Bid cleavage was measured at an effector : target ratio of 3 : 1. cStandard error
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extracts of Us3-expressing cells, confirming that expression
of Us3 alone is sufficient for blocking GrB activation of Bid.

Us3 phosphorylates Bid in vitro

Previous work has suggested that phosphorylation by casein
kinases I and II may protect Bid from cleavage by caspase-
8.20 To investigate whether a similar mechanism may explain
the Us3-induced resistance of Bid to GrB cleavage, lysates
from the uninfected and HSV-1-infected LCLs were pre-
treated with Lambda protein phosphatase for 30min at 371C
before addition of recombinant GrB. As shown in Figure 6a,
pretreatment with Lambda protein phosphatase had no effect
on the level of Bid cleavage in lysates from the uninfected cells
treated with 10 ng of GrB. In contrast, the inhibition of Bid
cleavage observedwhenHSV-1-infected lysates were treated
with GrB was completely reversed by pretreatment with the
phosphatase. Treatment of lysates with Lambda protein
phosphatase alone had no affect on the endogenous level
of Bid; thus, phosphorylation seems to play an important role
in the inhibition of GrB-mediated Bid cleavage in the HSV-1-
infected cells.

In the final set of experiments, we asked whether Us3 is
directly responsible for Bid phosphorylation. To this end, the
capacity of recombinant human Bid to serve as substrate for
Us3 immunoprecipitated from transfected HEp-2/Us3 cells
was tested in in vitro kinase assays.Mock immunoprecipitates
from HEp-2 cells were used as specificity controls. As shown
in Figure 6b, Bid was phosphorylated in the presence of Us3 in
a dose-dependent manner. A band of the same molecular
weight was also observed when the kinase assay was run in
the presence of mock immunoprecipitates from HEp-2 cells.
However, the intensity of this band was significantly weaker
and did not increase over a 15-fold increase in the amount of
the mock immunoprecipitate. In line with the reported
autophosphorylation capacity of Us3,21 a band corresponding
to the size expected for phosphorylated Us3 was observed
when the kinase reaction was run in the presence of
immunoprecipitates from Us3-positive cells. The identity of
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Figure 6 Phosphorylation of Bid mediates protection from GrB cleavage. (a)
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HSV-1 were pretreated with 0.5 mg/ml Lambda protein phosphatase before
incubating with 10 ng of GrB. GrB-induced Bid cleavage was assessed by
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cipitates from stably transfected HEp-2/Us3 cells were used to phosphorylate
recombinant human Bid in in vitro kinase assays. Mock immunoprecipitates were
obtained from Us3-negative HEp-2 cells. Polypeptides corresponding to
phosphorylated Bid and Us3 are indicated by arrows. One representative
experiment out of three is shown; (�)¼uninfected; PP¼Lambda protein
phosphatase

(-)

Us3-del

HSV-1

10 3GrB  (ng) 100     - 30

MW 19

19

19

HEp-2

HEp-2/Us3i

GrB (ng) 110     - 5 2

MW

0.5

19

19

a

b

Figure 5 Us3 protects Bid from cleavage by GrB. Cytosolic extracts (100mg)
from BK LCLs infected with wild-type HSV-1, Us3-del and Us3-rep strains (a), or
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Table 2 GrB-induced cleavage of Bid in cytosolic extracts of lymphoblasts infected with the wild-type and mutant HSV-1 strainsa

% Bid cleavageb

GrB (ng) cell lysate 3 10 30 100

Uninfected 4578 9370.7 9871 9971
HSV-1 171 874 31724 9871
Us3-del 39724 55714 89713 9672

aLCLs were infected with wild-type HSV-1 and Us3-del strains at an m.o.i. of 10 for 17 h at 371C.
bThe%Bid cleavage was calculated as the ratio between the intensity of the specific band in cell lysates incubated without or with addition of the indicated amounts of
purified GrB. Mean7S.E. of three experiments
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this band was confirmed in Western blots using the Us3
antibody (Figure 6b).

Discussion

We have identified the HSV-1 protein kinase Us3 as a major
regulator of immune effector functions. Using a genetic
approach based on deletion/rescue of the Us3 gene from
wild-type HSV-1, we demonstrate that Us3 is required for
inhibition of apoptosis induced by CD8T cell, and provide
evidence for a mechanism of action involving the phosphor-
ylation of Bid and protection of this proapoptotic protein from
proteolytic activation by GrB.
The current model for cytotoxic T-cell-induced apoptosis

highlights the role of granule exocytosis and the release of
GrB. Once in the cytosol, GrB induces a limited activation of
caspases and directly cleaves Bid. The truncated Bid induces
depolarization of the mitochondrial membrane and release of
cytochrome c, which is then responsible for the further
activation of caspases to the lethal threshold required for cell
death.19,22 Consistent with this model, inhibition of GrB
blocked the proteolytic activation of Bid in LCLs exposed to
specific CTLs, while an inhibitor of caspases had no
significant effect (Figure 4), thus confirming that cleavage of
Bid by GrB is a rate-limiting event in the CTL-triggered
proteolytic cascade that leads to target cell death. In
accordance, inhibition of CTL lysis by Us3 correlated with
approximately 50% reduction in the cleavage of Bid, and
significantly decreased activation of caspase-8, -9 and -3
(Figures 3, 4; Table 1). It should be stressed that, while LCLs
are not a physiological target for HSV-1, these cells express
much higher levels of HLA class I than epithelial or neuronal
cells, and are much more efficient antigen-presenting cells;
thus, the degree of protection achieved by Us3 expression in
these cells is likely to be an underestimate of what can be
achieved under physiologic conditions. The central role of Bid
in GrB-induced apoptosis and the significance of blockade of
this proapoptotic pathway in the context of virus infection in
vivo are challenged by the recent finding that GrB can cause
cell death in Bid knockout mice.23 However, while it seems
likely that multiple salvage pathways would be activated to
compensate for the lack of Bid in transgenic animals,
emphasizing thereby the plasticity and adaptability of the
apoptotic machinery in a living organism, such backup
mechanisms are unlikely to become available in the context
of an acute or reactivating virus infection due to the immediacy
of CTL responses and concomitant inhibition of target cell
physiology induced by the virus.
Several lines of evidence support the notion that modifica-

tion of Bid by Us3 is a key event in protection from CTL-
induced apoptosis. First, a 10-fold reduction in the cleavage of
Bid was observed when exogenous GrB was added to
cytosolic extracts from Us3-positive cells (Figure 5a;
Table 2), confirming that Bid is protected from proteolysis.
Expression of Us3 in the absence of other viral proteins was
sufficient for the effect (Figure 5b), suggesting that Us3 may
modify Bid either directly or indirectly through the activity of a
cellular intermediate. Interestingly, the activation of caspases
by GrB was not affected under the same conditions (data not

shown), suggesting that Bid is selectively modified. Most
importantly, treatment of lysate from Us3-expressing cells
with Lambda protein phosphatase reconstituted the cleava-
bility of Bid by GrB (Figure 6a), implicating phosphorylation as
an important mechanism for protection. Finally, recombinant
Bid served as a direct substrate for Us3 phosphorylation in
vitro (Figure 6b). Relevant to this observation is the report by
Desangher et al.20 that Bid becomes resistant to cleavage by
caspase-8 upon phosphorylation by casein kinases I and II,
which prevents apoptosis induced by Fas ligation in type II
cells. Although phosphorylation by these cellular kinases did
not prevent the cleavage of Bid by GrB, these findings point to
phosphorylation as a common mechanism for regulation of
Bid activation. Interestingly, we have shown that expression of
Us3 is associated with the appearance of phosphorylated Bad
species, and Bad serves as substrate for Us3-dependent
phosphorylation in vitro.24 Thus, Us3 appears to target
several cellular proteins implicated in the mitochondrial
pathway of apoptosis.
The putative sites of Us3-dependent phosphorylation of Bid

remain to be determined. Using murine Bid, Desagher et al.20

have shown that casein kinase-dependent inhibition of
cleavage involves the phosphorylation of Bid at Ser and Thr
residues located in close proximity to the caspase-8 cleavage
site at Asp59. TheGrB cleavage site is located downstream of
this residue at Asp75, which may explain why this cleavage is
not affected. Interestingly, two Ser residues are present in
close proximity of the GrB cleavage site at positions 76 and 78
of themurine Bid. These residues are conserved in the human
Bid that also contains Arg residues in position 68, 71, 84, and
88. This basic environment is compatible with the extremely
basic consensus sequence proposed for the Us3 phosphor-
ylation site.16 It is noteworthy that the expression of Us3 did
not correlate with any detectable shift in Bid mobility (Figures
4–6 and not shown). This is probably because Bid is
constitutively phosphorylated and must be dephosphorylated
for inducing apoptosis.20 Thus, phosphorylation by Us3 may
counteract the activity of phosphatases that are activated by
exposure to different stress signals, including encounter with
cytotoxic cells.
A key aspect of our work is the demonstration that HSV-1

infection interferes with the activity of CTLs before the
appearance of virus-induced changes in surface MHC class
I expression or antigen presentation. Most importantly, HSV-
1-infected cells were equally potent inducers of cytokine
production, confirming that T-cell recognition was not im-
paired. This illustrates an important feature of the interaction
of HSV-1 with the host immune system. The finding that
ICP47 exerts a broad inhibition on the presentation of MHC
class I-restricted epitopes by interfering with the activity of
TAP was taken to suggest that CD8T cells may play a
relatively minor role in the control of virus infection.25 In line
with this possibility, the immunohistology of cutaneous
herpetic lesions has shown that infiltration begins with CD4T
cells that recognize numerous viral products and secrete large
amounts of IFN-g, while CD8T cells appear only later during
the infection.26 However, evidence from murine models
suggest that the situation may be different in the nervous
system, where CD8T cells are critical for the initial control of
virus replication and for the maintenance of latent infection in
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the sensory ganglia.4 Paradoxically, the presence of this cell
type was shown to protect neuronal cells from extensive
damage, suggesting that they may act through a noncytolytic
mechanism. Our findings provide a mechanistic explanation
for how HSV-1 may selectively block the lethal consequence
of CD8T cell activation without affecting other functions. The
‘partial inactivation’ induced by the viral kinase is likely to
provide a double advantage, since a significant loss of
neurons due to unchecked virus replication would be
deleterious for the host, and would also limit the access of
the virus to potential sites of latency. It is noteworthy that while
expression of Us3 is nonessential for viral replication in
vitro,16,27 an HSV-1 mutant lacking Us3 was virtually
nonpathogenic on intracerebral inoculation,28 and an Us3-
deleted HSV-2 displayed a highly reduced neuroinvasive-
ness.29 Neuroinvasiveness was reconstituted in mice immu-
nosuppressed by treatment with cyclophosphamide,
confirming that the modulation of immune functions is an
important component of Us3 activity in vivo. Collectively, our
findings highlight a new facet of the interaction of herpes
viruses with their infected host, where the maintenance of
noncytolytic immunity may be the key to the establishment of
latent infections.

Materials and Methods

Reagents

Recombinant human TNFa was purchased from Boehringer Mannheim
Scandinavia AB (Bromma, Sweden). The caspase inhibitors z-DEVD-
FMK, z-LETD-FMK, and z-LEHD-FMK, z-VAD-FMK, the caspase
substrates Ac-DEVD-AFC, Ac-LETD-AFC, Ac-LEHD-AFC, purified GrB
and z-AAD-CH2Cl were purchased from Enzyme Systems Products,
Livermore, CA, USA. Monoclonal mouse antibodies (mAbs) anti HSV-1
ICP4 and -gC were obtained from Rumbaugh-Goodwin Institute,
Plantation, FL, USA. A polyclonal rabbit anti-Us3 serum was produced
by immunizing rabbits with a semi-purified GST-Us3 fusion protein.
Culture supernatant from the mouse hybridoma W6/3230 was used to
detect total MHC class I. A polyclonal rabbit anti-Bid antibody31 was the
kind gift from Dr. X Wang (University of Texas Southwestern medical
Center at Dallas, Dallas, TX, USA). Recombinant human Bid was obtained
from R&D systems, Minneapolis, MN, USA.

Cell lines

The HLA A11-positive lymphoblastoid cell lines (LCLs) JAC, BK, MIN and
SI were generated by infection with Epstein–Barr Virus (EBV) as
previously described.32 A stable Us3-expressing subline of the epithelial
cell line HEp-2 (HEp-2/Us3) was generated by transfection with the pBK-
CMV-Us3 plasmid that contains the Us3 coding region under the control of
the cytomegalovirus immediate early promoter. Transfected cells were
maintained in DMEM medium containing 1.2 mg/ml of geneticin (Sigma,
Saint Louis, MI, USA). The HEp-2/Us3i cell line that expresses a
tetracycline-regulated Us3 gene was generated by transfection of HEp-2
cells with pTRE-neo-Us3 and pTet-On-pur plasmids (Invitrogen, Gronin-
gen, Netherlands) using lipofectamine, and the transfected cells were
selected in medium containing 0.5 mg/ml of Geneticin and 0.4 mg/ml of
puromycin (SIGMA, Saint Louis, MI, USA), respectively. The expression of
Us3 was induced by treating cells with 0.5 mg/ml of doxycycline (SIGMA,
Saint Louis, MO, USA) for 18 h at 371C, and Us3 expression was

investigated in Western blots using an Us3-specific polyclonal rabbit
antibody.

Viruses

The prototype wild-type HSV-1 strain, F(16), the Us3 deletion strain R7041
that lacks a PstI–BamHI fragment encoding amino acids 69–357 of Us3
(Us3-del) and Us3 repair strain 7306 (Us3-rep)33 were gifts of Bernard
Roizman (The Marjorie B Kovler Viral Oncology Laboratories, University of
Chicago). Virus stocks were prepared and titrated in Vero cells according
to standard protocols.

Western blots

The cells were lysed in SDS-PAGE loading buffer, or in 0.5% NP-40-
containing buffer, and protein concentration was determined by standard
BSA assay. The cell lysates were fractionated by 8–15% SDS-PAGE.
Dilutions (1 : 500) of antibodies against ICP4, gC, or Us3, or 1 : 4000
dilution of anti-Bid antibody were used to detect protein expression.

Immunofluorescence

Cells (4� 105) were spotted on glass slides, fixed in ice-cold methanol,
and then stained with 1 : 500 dilution of the anti-ICP4 mAb followed by
1 : 25 dilution of a FITC-conjugated F(ab)2 fragment of rabbit anti-mouse
immunoglobulin (DAKO A/S, Denmark). The fluorescence was analyzed
with a fluorescence microscope (Nikon Eclipse E400, Japan).

Cytotoxic assays

HLA A11-restricted CTLs specific for the epitopes IVTDFSVIK (IVT) and
AVFDRKSDAK (AVF) of the EBV nuclear antigen 4 (EBNA 4) were
generated and maintained as described previously.34 Cytotoxicity was
measured in standard 4 h 51Cr-release assays at 10 : 1, 3 : 1, and 1 : 1
effector : target ratios in triplicates.

HLA class I expression

Surface HLA class I expression was detected by staining with the W6/
32mAb, and fluorescence intensity was measured with a FACSort flow
cytometer (Becton Dickinson, San Jose, CA, USA). For biochemical
analysis, the cells were metabolically labeled overnight in methionine-free
medium containing 50mCi/ml35 methionine and 5% FCS. The labeled cells
were then reacted with the W6/32 mAb and extensively washed before
lysis in NP-40 buffer (0.5% (v/v) Nonidet P-40, 50 mM Tris pH 7.4 and
5 mM MgCl2) for 30 min on ice. The immunocomplexes were recovered
from equal amounts of trichloroacetic acid-precipitable radioactivity by
adsorption to 100ml of Staph-A suspension. MHC class I polypeptides
were resolved by one-dimensional isoelectric focusing (ID-IEF) and
detected by autoradiography.35

TNFa release assay

LCLs were incubated with CD8T cells at an effector : target ratio of 3 : 1.
The supernatants were collected after 3 h, and the TNFa content of the
supernatants was measured using the TNFa-sensitive WEHI 164 cell
line.36 The concentration of TNFa in culture supernatants was deduced
from a standard curve generated in each experiment using a serial dilution
of recombinant TNFa.
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Enzymatic assays

CD8T cells were preincubated for 1 h at 371C with 50mM of the caspase
inhibitors z-DEVD-FMK, z-LETD-FMK and z-LEHD-FMK, and then mixed
with the targets at an effector:target ratio of 3 : 1. After cocultivation for 1 h
at 371C, the cells were lysed and the supernatants were collected by
centrifugation for 10 min at 14,000 rpm. Caspase-3, -8 or -9 activity was
evaluated by addition of 20mM of the specific fluorogenic substrate.
Substrate hydrolysis was measured after incubation for 1 h at 371C using a
luminescence spectrometer (Perkin Elmer, CT, USA) at 400 nm excitation
and 505 nm emission.

Bid cleavage and phosphorylation

LCLs were incubated with the CTLs for 1 h at an effector : target ratio of
3 : 1 in the presence or absence of 20 mM of the GrB inhibitor z-AAD-
CH2Cl or 50 and 100 mM of the general caspase inhibitor z-VAD-FMK.
Alternatively, 100 mg of cell lysates was incubated with 3–100 ng of GrB for
1 h at 371C. To assay the involvement of phosphorylation, lysates were
pretreated with 500 U of Lambda phosphatase for 30 min before addition
of GrB. HEp-2 and HEp-2/Us3i cells were transfected with the wild-type
mouse Bid27 using Lipofectamine (Life Technologies, Grand Island, NY,
USA) according to the instructions of the manufacturer. After 24 h, the
HEp-2/Us3i cells were induced for Us3 expression by treatment with
tetracycline. After additional 24 h, Bid cleavage was assayed by incubating
100mg of cell lysates with 0.5–10 ng of GrB for 1 h at 371C. The reactions
were stopped by the addition of SDS-PAGE loading buffer. Bid cleavage
was analyzed in Western blots, and the percentage of cleavage was
assessed by densitometry. Us3 was immunoprecipitated from HEp-2/Us3
cells using the anti-Us3 rabbit serum. Mock precipitates from Us3-negative
HEp-2 cells served as negative controls. The immunoprecipitates (1–
15ml) were used to phosphorylate 1 mg of purified human recombinant
Bid. The mixtures were incubated for 1 h at 301C in 50ml kinase buffer
(25 mM Tris-HCl pH 7.5, 5 mM b-glycerophosphate, 2 mM DTT, 0.1 mM
Na3VO4, 10 mM MgCl2) and 5 mCi [g-32P]-ATP (3000 Ci/mmol) (Amer-
sham Pharmacia Biotech, Buckinghamshire, UK). The reactions were
stopped by addition of SDS-PAGE loading buffer. Phosphorylated Bid was
resolved by 15% SDS-PAGE and visualized by autoradiography.
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