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This communication deals with the question of which of the viral antigens
constitutes the targets for cytotoxic T lymphocytes (CTL) generated against
herpes simplex virus type 1 (HSV-1). The approach used was, first, to compare
cytotoxicity of CTL against target cells infected with virus in the presence of
tunicamycin and 2-deoxy-D-glucose, which are known to inhibit glycoprotein
synthesis, and second, to compare cytotoxicity ofCTL against target cells infected
with wild-type HSV-1 with that against target cells infected with a temperature-
sensitive mutant of HSV-1 which, at the nonpermissive temperature, exhibits
diminished glycoprotein synthesis. The results show that glycoprotein expression
is required for the demonstration of cytotoxic activity of CTL. The level of
cytotoxicity against the temperature-sensitive HSV-1 target at the nonpermissive
temperature was reduced and correlated with the level of expression of the major
envelope glycoprotein region (VP123; molecular weight = 123,000) at the target
cell surface as measured serologically by antibody binding studies. The results
were interpreted to indicate that HSV-1-induced glycoproteins are the target
antigens for anti-HSV CTL and that the principal viral antigens recognized by
the CTL may be glycoproteins of the VP123 region.

The destruction of cells expressing viral anti-
gens by cytotoxic T lymphocytes (CTL) is a
well-characterized in vitro phenomenon as-
sumed to represent a model for an important in
vivo mechanism of antiviral defense (4, 9, 48).
The observation by Doherty and Zinkernagel
that CTL are not only virus specific but that
their activity is also restricted by certain gene
products of the major histocompatibility com-
plex (the major histocompatibility complex re-
striction phenomenon) has aroused great inter-
est since the apparent preoccupation of antiviral
CTL with major histocompatibility complex an-
tigens may be the driving force for the extreme
polymorphism observed within certain regions
of the major histocompatibility complex (15,48).
Understanding genetic restriction of antiviral
CTL has received considerable attention in re-
cent years, whereas little is known about the
molecular identity of viral antigens that engage
CTL. This situation is particularly true with
complex viruses such as the herpesviruses. With
influenza, one of the most extensively studied
virus groups, at least two specificities of CTL
have been demonstrated, namely, those which
are cross-reactive to all type A strains and
thought to react with a matrix protein and those
which are type-specific and seem to react with
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the viral hemagglutinin (7, 18, 50). With ectro-
melia virus and lymphocytic choriomeningitis
virus, the target antigen(s) for CTL is considered
to be a glycoprotein (27). The possible nature of
the viral antigenic target for CTL induced
against herpes simplex virus type 1 (HSV-1)
remains unknown, although the knowledge that
cells infected with the virus express four or more
glycoproteins (43) makes likely the prospect that
one or more of these glycoproteins is, in fact, the
target antigen. The recent reports of reliable
CTL responses against HSV-1 in the mouse
species (30, 39), the existence of temperature-
sensitive HSV-1 mutants with diminished
expression of certain glycoproteins (42), and the
availability of inhibitors that selectively prevent
the synthesis of certain viral components (13,
31) make possible a study of the HSV-1 viral
antigens that are recognized by CTL. The results
presented in this communication are interpreted
to show that antiherpesvirus CTL react mainly
or entirely with viral glycoprotein antigens, and
the glycoproteins within the VP123 complex of
HSV-1 may be those principally involved.

MATERIALS AND METHODS
Cells and viruses. Strain L-929 cells (H-2k), ob-

tained from Flow Laboratories, McLean, Va., was used
as the syngeneic target cell in all cytotoxicity assays.
Strain BALB/c A-31 3T3 cells (H-2d), obtained from
Ray Tennant, Biology Division, Oak Ridge National
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Laboratory, were used as an allogeneic control in the
cytotoxicity assays. Both cell lines were grown and
maintained in McCoys 5A medium supplemented with
5% donor calf serum.

Viruses used were HSV-1 strain KOS and a tem-
perature-sensitive mutant of HSV-1 designated tsAl
(42). The viruses were grown in HEp-2 cells and MRC5
cells (a clone ofhuman embryonic lung cells) based on
the method described by Bone and Courtney (6, 9).
Titers of virus stocks were determined by plaquing in
Vero cells.

Inhibitors. Inhibitors ofboth protein synthesis and
glycosylation were employed in this study. The inhib-
itors of glycosylation were tunicamycin (kindly sup-
plied by Eli Lilly & Co., Indianapolis, Ind.), used at a
concentration of 1 ftg/ml, and 2-deoxy-D-glucose (2-
DOG) (Calbiochem, La Jolla, Calif.), used at a final
concentration of 0.1%. Pactamycin (kindly donated by
C. Henney, Fred Hutchinson Cancer Center, Seattle,
Wash.) was used as an inhibitor of protein synthesis
(46). The optimal concentration of pactamycin was
evaluated by measuring the inhibition of the incorpo-
ration of [uS]methionine into L cells pretreated with
various molar concentrations of pactamycin. The op-
timal concentration which gave 98% inhibition of pro-
tein synthesis was 10-6.5 M. The incorporation of pac-
tamycin at this concentration in cytotoxicity assays
was noninhibitory to CTL activity.
Mouse immunization, preparation, and in vitro

immunization of spleen cultures. A detailed ac-
count of these procedures was described in a previous
communication (30). Briefly, mice (C3H [H-2k]) were
infected intraperitoneally with 107" plaque-forming
units (0.2-ml inoculum) of wild-type HSV-1. Spleen
cell cultures were prepared 4 weeks or more postinfec-
tion from HSV-1-immunized mice. For in vitro cul-
ture, the spleen cell suspensions (in RPMI 1640 sup-
plemented with a solution of 10% fetal calf serum, 2
mM glutamine, 100 U of penicillin per ml, 100,ug of
streptomycin per ml, and 5 x 10' M 2-mercaptoeth-
anol) were cultured in plastic tissue culture petri
dishes at densities of 2 x 106 cells per ml and 1 x 106
cells per cm2 of surface area. The cultures were restim-
ulated (in vitro) with infectious HSV-1 (107.0 plaque-
forming units per ml) for a period of 5 days in a
humidified CO2 (5%) incubator before measurement of
cytotoxicity.

Cytotoxicity assays. These were performed es-
sentially as previously described (30). Briefly, L cells
were suspended in RPMI 1640-10% fetal calf serum at
a cell concentration of 107"/ml, and Na25'CrO4 (New
England Nuclear Corp., Boston, Mass.) was added to
a final concentration of 100 LCi/ml. Cels were occa-
sionally shaken during the 1-h labeling period, after
which the cells were washed twice, and portions were
infected at 37°C with wild-type HSV-1 or tsAl for 60
min at a multiplicity of infection of 3. Control cells
were not infected. After infection, cells were washed
three times in RPMI 1640 at 37°C and held in RPMI
1640-5% fetal calf serum at either 37, 34, or 39°C until
added to cytotoxicity assays. The procedure was
adopted to reduce the chance of expression of the
glycoproteins at the nonpermissive temperature by
the temperature-sensitive mutant. Target cells, 104 per
well, were added to round-bottom culture plates, and
effector cells, at various ratios, were added to the
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assay. The assays were run at 37, 34, or 39°C for 7 h
in a humidified CO2 incubator. All assays were run in
quadruplicate. At the end of incubation, plates were
briefly centrifuged, and 50% of the contents was col-
lected for the measurement of radioactivity.
The targets for the inhibitor experiments were pre-

pared differently than the normal targets. L cell mono-
layers were infected with HSV-1 at a multiplicity of
infection of 10 and allowed to adsorb for 1 h at 37°C.
After this period, the cell monolayers were washed
once, and McCoys 5A medium or the same medium
containing either tunicamycin (1 ,Lg/ml) or 2-DOG
(0.1%) was added, and the cell monolayers were incu-
bated for an additional 8 h at 37°C. The infected cells
were removed from the cell culture dish by using 0.1%
ethylenediaminetetraacetic acid (EDTA), washed
once, and labeled with Na51CrO4 (100 ,uCi/ml) in media
for 1 h at 37°C. Cells infected in the presence of
inhibitors were also labeled in the presence of the
same inhibitors. After this time, the cells were washed
three times in ice-cold RPMI 1640 before suspension
in RPMI 1640 plus 5% fetal calf serum at a cell
concentration of 105/ml. The targets were kept on ice
until needed. Effector cells were prepared as reported
previously (11). These cells were finally suspended in
RPMI 1640 plus 5% fetal calf serum containing tuni-
camycin at 2 ug/ml and pactamycin at 2 x 10-6.' M or
in medium without additives. Cytotoxicity assays were
run either in the presence or absence of the additional
inhibitors. Equal volumes of effector and target cells
(200-p1 total volume per well) were added per well at
various effector-to-target cell ratios. In the assays con-
taining inhibitors, the final concentration was 1 jtg of
tunicamycin per ml and 106.5 M pactamycin. Quad-
ruplicate determinations of each effector-to-target ra-
tio were performed, and the assays were run for 4 h at
370C.

Computation of specific 5"Cr release. After the
incubation period for the assay (7 or 4 h), 100 IlI of the
fluid from each well was harvested for measurement
of radioactivity. Standard errors were less than 4%,
and results were expressed as the mean percent spe-
cific 5'Cr release = (effector cell release - medium
control release)/(total releasable chromium - medium
control release) x 100. The total releasable 5tCr was
obtained by exposing target cells to 3% Triton X-100.

Infection and fixation of monolayers for anti-
body binding experiments. L cells were grown in
microplates (4 by 6 well) (Costar, Cambridge, Mass.),
and confluent monolayers were infected with HSV-1
or tsAl at a multiplicity of infection of 10. The virus
inoculum was adsorbed for 1 h at 37°C and washed
off, fresh medium was added, and the plates were
incubated at 39 or 34°C for 8 to 9 h postinfection.
After incubation, infected and control monolayers
were washed once in phosphate-buffered saline (PBS)
without serum, and 200 Ad of ice-cold 0.2% formalde-
hyde in PBS was added to each monolayer. The plates
were incubated at 4°C or 1 h, after which monolayers
were gently washed three times with PBS before pro-
ceeding with the binding experiment. Formaldehyde
has previously been shown to have no effect on sero-
logically detectable surface antigens (16) or, in fact, on
determinants recognized by cytotoxic T cells (45).
Procedure for antibody binding experiment.

The cell monolayers, once fixed with formaldehyde
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and washed, were reacted with 190 1l of rabbit anti-
serum to either whole HSV-1 or viral glycoproteins or
with normal rabbit sera. All sera were diluted in RPMI
1640-5% fetal calf serum and were ultracentrifuged at
100,000 x g for 1 h to remove aggregates. Monoclonal
anti-H-2' serum produced by clone 11-4.1 (37) ob-
tained from the Salk Institute was purified by affinity
chromatography on protein A-Sepharose as described
by Herrmann and Mescher (26). This reagent was
used to measure the expression of H-2k glycoproteins.
Antisera were left on for 2 h at 40C. After this period
of time, the antisera were removed, and the cell mono-
layers were washed three times with PBS containing
2% bovine serum albumin. Once the cell monolayers
were washed, 200 Al of iodinated (125I) protein A
(kindly prepared by S. Kennel, Oak Ridge National
Laboratory) was added and allowed to react for an
additional 45 min at 40C, after which the cell sheets
were again washed three times with PBS-bovine se-
rum albumin. After the final wash, the cells were
disrupted with 400 Acl of 0.5 N NaOH and removed
from the wells. The wells were then washed with 500
,l of PBS, and the total washings were assayed for
residual radioactivity on a Beckman 4000 gamma
counter. For background counts ofnonspecific binding,
controls included infected cells reacted with normal
rabbit serum and noninfected cells reacted with the
specific antisera. Specific binding was expressed by
subtracting the counts obtained from the nonspecific
binding controls. Preliminary experiments had estab-
lished that at 8 to 9 h postinfection, levels of antibody
binding had reached a maximum level. The dilutions
of antisera used were on the plateau of preliminary
dose-response curves.

Preparation ofantisera. The preparation of poly-
peptide-specific antisera was carried out essentially as
described by Courtney and Benyesh-Melnick (11) and
Eberle and Courtney (17). The viral glycoprotein re-
gion VP123 was purified from HSV-1-infected HEp-2
cells as described previously (R. W. Eberle, Ph.D.
thesis, Baylor College of Medicine, Houston, Tex.,
1980). Briefly, cells were infected at a multiplicity of
infection of 10 plaque-forming units per cell with HSV-
1 strain KOS. At 24 h after infection, the cells were
harvested and solubilized in 1% sodium deoxycholate
and 1% Tween 40 for 1 h at 70C. The extract was then
centrifuged at 100,000 x g for 1 h, and the solubilized
glycoproteins remained in the supernatant. The HSV-
specific glycoproteins were separated by two cycles of
sodium dodecyl sulfate preparative polyacrylamide gel
electrophoresis. The VP123 region (which contains the
gA, gB, and gC glycoproteins) and the VP58 region
(which contains gD) were collected, concentrated, and
prepared for further fractionation and purification by
sodium dodecyl sulfate-hydroxylapatite column chro-
matography according to the procedure of Moss and
Rosenblum (33). Two major bands (gC and gA/gB)
were resolved from the VP123 region, and two com-
ponents were also resolved from the VP58 (gD) region.
These components were further purified by two addi-
tional fractionations through sodium dodecyl sulfate-
hydroxylapatite chromatography. The fractions con-
taining the purified glycoproteins were pooled, concen-
trated, and electrophoresed in cylindrical tube gels.
The section of the tube gel containing the purified
glycoprotein was cut from the gel and frozen. To

immunize rabbits, gel sections were then thawed and
emulsified in Freund complete adjuvant and used ac-
cording to the procedure previously described (17;
Eberle, Ph.D. thesis, Baylor College ofMedicine Hous-
ton, Tex., 1980).

Discontinuous polyacrylamide gel electropho-
resis. The details of the method used for sodium
dodecyl sulfate-polyacrylmide gel electrophoresis have
been previously described (12). Briefly, samples were
treated with a solution of sodium dodecyl sulfate
(1.0%), urea (0.5 M), and 2-mercaptoethanol (1.0%) for
2 min at 100°C and brought to a 40% sucrose concen-
tration, and 0.2 ml of the sample was electrophoresed
at 4 mA per gel until the dye marker (bromophenol
blue) had migrated approximately 9.5 cm. The gels
were sliced into 2-mm fractions with a gel fractionator
(model B100/GMA/GCB; Gilson, Middleton, Wis.) by
using a 10% solution of BioSolv (Beckman Instru-
ments, Palo Alto, Calif.) for elution of the isotopically
labeled materials from the minced gel fractions. After
an overnight incubation, scintillation fluid was added,
and the radioactivity was counted on a scintillation
counter.

RESULTS

Viral glycoprotein synthesis by wild-
type and tsAl mutant virus-infected cells
treated with inhibitors of glycoprotein syn-
thesis. Herpesvirus glycoproteins are known to
be components of the viral envelope and are
detectable in all cell membranes as well as at the
cell surface of virus-infected cells (25, 34, 38).
However, we have previously reported that tsAl
is a temperature-sensitive mutant which synthe-
sizes greatly diminished quantities of viral gly-
coproteins at the nonpermissive temperature in
human embryonic lung cells (42). To establish if
a similar defect could be observed in L-929 fi-
broblasts used in the cytotoxicity assays, L cells
were infected with wild-type HSV-1 and tsAl
viruses at a multiplicity of infection of 3, cultured
at permissive (34°C) and nonpermissive (390C)
temperatures, and isotopically labeled with
[3H]glucosamine. Levels of glycoprotein synthe-
sis were then determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis anal-
ysis of the cell lysates. As can be seen in Fig. 1,
whereas L cells infected with wild-type virus
synthesized similar, although not identical, lev-
els of glycoproteins at both 34 (A) and 390C (C),
the tsAl virus synthesized markedly reduced
levels of glycoproteins at 390C as compared with
those synthesized at the permissive temperature
(30C). The extent of the reduction was greatest
with the proteins of the VP123 region (90%) as
compared with the synthesis of the glycoproteins
of the VP58 region (65%). It is important to note,
however, that some glycoproteins of the VP123
region were still being synthesized (approxi-
mately 10 to 15%) at the nonpermissive temper-
ature in the L cell system. We have also noted
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FIG. 1. Acrylamide gel electropherogram of sodium dodecyl sulfate-polyacrylamide gels of [3Higlucosa-
mine-labeled proteins. L cells were infected with either HSV-1 wild-type virus or the temperature-sensitive
mutant tsAl at a multiplicity of infection of20plaque-forming units per cell. The cells were maintained at 34
or 390 C in medium containing either 0.1% 2-DOG, I ptg of tunicamycin per ml, or no inhibitors. All cultures
were labeled with [3Hjglucosamine (10 ,uCi/ml) from 4 to 24 h postinfection, harvested at 24 h postinfection,
and prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described in the text. After
electrophoresis, the middle portion of the gels, which contained the VP123 and VP58 glycoprotein regions,
was sliced into 2-mm sections and assayed for radioactivity as described in the text. (A) Wild-type, 340 C; (B)
tsAl, 340 C; (C) wild-type, 390 C; (D) tsAl, 390 C; (E) wild-type plus tunicamycin, 390 C; (F) wild-type plus 2-
DOG, 390 C. CPM, Counts per minute.

(data not shown) that the level of reduced gly- to 95%) at the nonpermissive temperature com-
coprotein synthesis of this mutant in human pared with that found with L cells.
embryonic lung cells (MRC5) is even greater (90 Shown also in Fig. lE is evidence that in the

INFECT. IMMUN.



SPECIFICITY OF ANTI-HERPES SIMPLEX T CELLS 455

presence of tunicamycin (1 ,ug/ml), synthesis of
virus-specific glycoproteins was eliminated. A
less marked reduction of glycoprotein synthesis
was noted when 2-DOG was used as an inhibitor
(Fig. 1F).
Comparison of the levels of cytotoxicity

of CTL against wild-type and tsAl virus-
infected targets. We have shown previously
that upon infection of mice with HSV-1, specific
H-2-restricted pimary CTL activity develops
against target cells infected with wild-type HSV-
1 (30). Even higher levels of cytotoxicity were
demonstrable if spleen cells from HSV-l-im-
mune mice were cultured in the presence of
infectious virus in vitro for 5 days before the
measurement of their specific cytotoxicity (sec-
ondary in vitro cytotoxicity) (30). To establish if
viral glycoproteins might constitute the target
viral antigens for CTL, the activity of CTL gen-
erated in mice after primary infection or in sec-
ondary in vitro stimulation with HSV-1 was
measured and compared against target L cells
infected with wild-type HSV-1 or tsAl at both
nonpermissive (390C) and permissive (340C)
temperatures. The results of a typical experi-
ment (Table 1) indicate that at 390C, the cyto-
toxicity of secondary CTL against syngeneic L
cell targets infected with the mutant virus was
reduced by approximately 50% as compared with

TABLE 1. Cytotoxicity of in vitro HSV-immunized
spleen cells against wild-type HSV-1 strain KOS
and tsAl virus-infected target cells at different

temperatures
% Specific 5"Cr release'

Temp Effector/
(OC) target ratio HSV1 L cells + L cells

WTC tsAI

34 25:1 53.0 48.2 7.2
12:1 41.3 40.0 6.0
6:1 14.2 16.1 5.0
3:1 7.0 6.1 2.1

39 25:1 68.0 35.0 6.7
12:1 50.7 27.2 4.7
6:1 32.1 11.3 5.0
3:1 17.2 5.2 2.0

Spleen cells from C3H mice infected 6 weeks pre-
viously with HSV-1. Cells were cultured for 5 days in
vitro with HSV-1 before use in the cytotoxicity assay.

b Computed as described in the text. Assays were
performed for 7 h. The standard errors of the mean of
quadruplicate determinations did not exceed 4%. The
background release from target cells during assays for
L-HSV-1, L-HSV-1 tsAI, and uninfected L cells was
31, 33, and 28%, respectively. Not shown in the table
is that cytotoxicity against A-31 3T3 (H-2d) cells in-
fected with HSV-1 or tsAl was approximately the
same as that against uninfected L cells.
'WT, Wild-type.

the cytotoxicity directed against wild-type virus-
infected target cells (35% compared with 68%
specific 5'Cr release). However, the levels of
cytotoxic activity against wild-type and mutant
virus-infected targets at the permissive temper-
ature (340C) were similar; the cytotoxic activity
against tsAl-infected cells was 90% of that di-
rected against the wild-type virus-infected tar-
get. A similar pattern of results was observed in
three repeat experiments. We have also shown
that the activity of primary CTL against tsAl-
infected targets at 390C was similarly reduced
by approximately 50% of that against wild-type
targets (data not shown). As reported previously
(30), levels of cytotoxicity against allogeneic vi-
rus-infected cells did not exceed that against
uninfected L cells. Thus, the response being
measured was H-2 restricted and presumably T
cell in nature.
Effect of inhibitors of glycosylation on

levels of cytotoxicity. Comparisons of the lev-
els of cytotoxicity were made between target
cells infected with wild-type virus and targets
infected with wild-type virus in the presence of
2-DOG and tunicamycin, which are known in-
hibitors of glycosylation (13, 31). In these exper-
iments, the cytotoxic activity of CTL was meas-
ured both in the absence of inhibitors and in the
presence of tunicamycin and pactamycin in the
medium during the assay. The rationale for the
addition of tunicamycin and pactamycin during
the assay was to prevent further de novo protein
synthesis and, therefore, the subsequent produc-
tion of glycosylated proteins from occurring dur-
ing the time of the assay (4 h).
The presence of tunicamycin and pactamycin

at the concentration used had no inhibitory ef-
fect on CTL activity and, in fact, in the experi-
ment shown in Table 2, the level of cytotoxicity
in the presence of the drugs was slightly ele-
vated. In each of the five experiments conducted
to determine the effects of inhibitors of glyco-
sylation on HSV-1-infected target cells, a
marked reduction in cytotoxic activity was ob-
served. The extent of the reduction varied some-
what, although the experimental conditions re-
mained constant. However, as shown in Table 2,
the following features were always apparent: (i)
the reduction in cytotoxicity observed was al-
ways greater against tunicamycin-treated target
cells than 2-DOG-treated target cells; and (ii)
the reduction of cytotoxic activity was more
marked against the drug-treated target cells
when tunicamycin and pactamycin were in-
cluded during the cytotoxicity assay. A repre-
sentative experiment shown in Table 2 indicates
that cytotoxic activity against target cells in-
fected in the presence of tunicamycin was in-
hibited by 90 to 100% when additional drugs
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TABLE 2. Effect of tunicamycin and 2-DOG on susceptibility of HSV-1-infected target cells to cytotoxicitya
% specific 5"Cr release

Assay conditions Effector/tar- L-HSV-1 L-HSV-l + tunica- L-HSV-1 + 2-DOG L cells

get ratio mycin

Inhibitors not present 40:1 76.1 33.8 (63)b 55.0 (31) 8.8
during assay 20:1 67.0 29.6 (63) 49.1 (30) 7.0

10:1 56.1 22.0 (67) 45.2 (22) 5.2
5:1 44.2 15.9 (63) 31.8 (30) 2.8

Inhibitors present 40:1 84.9 16.3 (90) 31.1 (70) 8.1
during assayC 20:1 80.0 6.9 (100) 30.3 (68) 6.9

10:1 71.0 2.8 (100) 24.1 (73) 6.7
5:1 57.9 1.4 (100) 16.9 (75) 3.2

a Assays were performed for 4 h. The target cells were infected at a multiplicity of infection of 10, 8 h before
commencement of assays. The standard errors for the quadruplicate determinations did not exceed 4%.

b The numbers within parentheses are percent inhibition values. These were computed by subtracting L cell
background from the virus-infected targets and then expressing the cytotoxicity against drug-treated targets as
a percentage of that against targets with no inhibitor present.

eTunicamycin, 1,ug/ml; pactamycin, 10 "5 M.

were present during the assay. However, when
2-DOG was used as an inhibitor, the reduction
in cytotoxic activity ranged from 68 to 75%.
When inhibitors were not included during the
cytotoxicity assay, the levels of inhibition ranged
from 63 to 67% against tunicamycin-treated tar-
gets and 22 to 31% against 2-DOG-treated tar-
gets.

Since tunicamycin prevents glycosylation of
all proteins, the observed reduced cytotoxicity
of tunicamycin-treated virus-infected targets
could have been explained by a failure of syn-
thesis and expression of either viral glycopro-
teins, H-2 glycoproteins, or both. However, two
lines of evidence favored the hypothesis that the
effect was mainly on viral glycoprotein expres-
sion. Thus, we have observed that L cells treated
with tuncamycin under the same conditions as
described in the virus cytotoxicity assays were
still susceptible to cytotoxic destruction by
BALB/c anti-H-2' CTL (Table 3). There was
some reduction in this allocytotoxicity, but this
reduction was insufficient to account for the
extent ofreduced antiviral cytotoxicity observed
against tunicamycin-treated virus-infected tar-
gets. Unfortunately, the experimental design
does not permit an assessment as to whether or
not the elimination of antiviral cytotoxicity was
associated with the effects of tunicamycin on
both virus and H-2 glycoprotein expression. The
second line of evidence that target cells treated
with tunicamycin still express H-2 glycoproteins
is presented below.
Antibody binding to virus-infected cells.

It is apparent from the work of others that CTL
react with antigens present at the cell surface
(14, 20, 45). Furthermore, it has been shown that
the protein moiety of herpesvirus glycoproteins

TABLE 3. Cytotoxic activity ofBALBIc anti-H-2'
effector cells against HSV-1-infected and uninfected
L cells and against these same targets treated with

tunicamycina
% Specific lysis"

Effec- L
Assay condi- tor/ cells L-HSV

tions target L + + tuni-
ratio6 cells tuni- L-HSV camy-ca-

cinmy-
cin

Inhibitors 40 86.8 76.0 81.0 71.4
presentd 20 78.6 73.0 78.9 67.8

10 68.9 60.1 65.3 51.0

Inhibitors not 40 79.2 65.0 73.5 67.2
present 20 78.3 62.3 70.0 63.9

10 68.0 53.9 65.5 59.2
a L cells and virus-infected cells were treated with

1 jig of tunicamycin per ml for 8 h, after which they
were labeled with 5"Cr for 1 h in the presence of
tunicamycin.

b BALB/c spleen cells from mice previously immu-
nized against H-2' were cultured in vitro for 5 days
with mitomycin C-treated H-2k spleen cells.

'Assay time, 4 h.
d Tunicamycin (1,ug/ml) and pactamycin (10-6.5 M)

were included during the 4-h assay.

contitutes the antigenic components to which
antibody production is directed (R. J. Courtney
and E. Wenske, unpublished data). Although T
cells often recognize different antigens than
those detected serologically (1, 32) the likelihood
that anti-HSV T cells also react with proteins
rather than carbohydrate determinants seems
high. Thus, our observation that glycoprotein
synthesis, as measured in sodium dodecyl sul-
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fate-polyacrylamide gel electrophoresis profiles
of labeled carbohydrate components, was re-
duced by approximately 90% in mutant virus-
infected cells does not necessarily mean that
these infected cells do not express some glyco-
protein or, alternatively, some nonglycosylated
protein of the same antigenicity at the cell sur-
face. It is possible that even low levels of glyco-
protein expression at the cell surface may permit
some cytotoxicity to occur. To measure the
expression of herpesvirus glycoprotein antigens
at the surface of virus-infected cells, these cells
were reacted with antisera specific for glycopro-
teins gA/gB and gC of the VP123 glycoprotein
complex of HSV-1 (10). As shown in Fig. 2, at
the permissive temperature, the binding of anti-
gA/gB and anti-gC to wild-type and tsAl virus-
infected cells was similar. However, at the non-
permissive temperature (39CC), binding to tsA1-
infected cells by both antisera was reduced, al-
though not eliminated. In fact, the extent of
binding to tsAl-infected cells at 39CC was about
50% (55% with anti-gC and 35% for anti-gA/gB
[Fig. 2]) of that to wild-type virus-infected cells.
We also observed approximately 50% binding
with anti-VP123 (data not shown). However,
with antisera to VP58 (gD), we noted no signif-
icant reduction in binding to tsAl-infected cells
at 390C.
Also shown in Fig. 2 are results of binding

experiments with tunicamycin and 2-DOG-
treated infected cells. It is readily apparent that
the extent of binding of anti-gA/gB and anti-gC
to infected cells treated with tunicamycin was
barely detectable (90 to 98% inhibition) in com-
parison with binding to non-drug-treated in-
fected cells. However, the reduction in antigen
expression in infected cells treated with 2-DOG
was apparently less. In this case, the level of
inhibition was 35% for anti-gC and 45% for anti-
gA/gB.

Binding experiments were also performed
with tunicamycin-treated infected and unin-
fected L cells with anti-H-2k antisera to evaluate
the expression of H-2 glycoproteins. In compar-
ison with the binding of anti-H-2k serum to
uninfected, untreated L cells, the following re-
ductions in binding were observed (average of
two experiments): tunicamycin-treated unin-
fected L cells, 34.7%; tunicamycin-treated virus-
infected L cells, 41.6%; and virus-infected L cells,
23.9%. Thus, under the conditions used in our
experiments, tunicamycin failed to eliminate the
expression of H-2 glycoproteins.

DISCUSSION
The observation that CTL destroy target cells

by reacting with antigens expressed at the sur-

face of target cells has been well established (9,
28). However, with the possible exception of
CTL reacting with haptens such as trinitro-
phenyl groups (22), the identity of the molecular
species that is recognized by CTL has not been
established. With viral antigens, the best clues
as to antigen specificity of CTL have been doc-
umented with the influenza viruses and vesicular
stomatitis virus (7, 8, 18, 19, 49, 50). Against
influenza, at least two CTL specificities were
demonstrated, one of which is considered to
react with common determinants on the hemag-
glutinin (29) or with a matrix antigen found
internally in virions but expressed at the surface
of cells infected by all type A influenza viruses
(8, 18, 50). The other population of CTL gener-
ated against influenza is strain specific and is
presumed to react with the viral hemagglutinin
(16, 49). With vesicular stomatitis virus, the
situation is more simple than with influenza
since infection by vesicular stomatitis virus leads
to the expression of only two well-defined anti-
gens associated with cell membranes; a matrix
protein (M) and a glycoprotein (G) (40, 47).
Since temperature-sensitive mutants exist which
fail to express either the M or G antigens, it was
possible to demonstrate that the target antigen
for vesicular stomatitis virus CTL was the gly-
coprotein alone (24). The identity of the target
antigen(s) for CTL directed against HSV-1, a
virus group not previously investigated, consti-
tutes the subject of the present report. We have
interpreted our results to indicate that HSV-1-
induced glycoproteins are the target antigens
and that glycoproteins of the VP123 complex are
perhaps the principal antigens involved in CTL
recognition. Two experimental approaches were
used to arrive at these conclusions; (i) to study
the effect on cytotoxicity of drugs that inhibit
glycoprotein synthesis and (ii) to compare the
susceptibility to lysis of cells infected with a
temperature-sensitive mutant impaired in gly-
coprotein synthesis at the nonpermissive tem-
perature with that of wild-type virus-infected
cells at this temperature.

In the first approach, two drugs were chosen
to inhibit glycoprotein synthesis, tunicamycin
and 2-DOG. The former drug, an antibiotic, was
shown previously to markedly diminish HSV-1
glycoprotein synthesis, while at the same time
not to affect protein synthesis (R. J. Courtney,
unpublished data). In fact, infected cells may
still synthesize proteins antigenically similar or
identical to the glycoproteins of untreated cells,
although these proteins are not transported or
not incorporated into cell membranes as in the
case of glycosylated proteins (E. Wenske and R.
J. Courtney, unpublished data). In the present
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FIG. 2. Demonstration of herpesvirus antigen expression on the surface of virus-infected cells by binding of
antisera to HSV-1 and to virus-specific glycoproteins. (A) The percent binding of antisera to tsAl-infected
cells (stippled area) relative to wild-type virus-infected cells at both permissive (34"C) and nonpermissive
(390 C) temperatures. (B) The percent binding of antisera to tunicamycin-treated virus-infected cells (stippled
area) relative to untreated wild-type virus-infected cells. (C) Thepercent binding to antisera to 2-DOG-treated
virus-infected cells (stippled area) relative to untreated wild-type virus-infected cells.

report, we show that tunicamycin-treated HSV- antigens by their ability to bind specific antisera,
1-infected L cells failed to synthesize glycopro- these antigens were found lacking. The tunica-
teins as judged by sodium dodecyl sulfate-poly- mycin-treated L cell was therefore a useful tar-
acrylamide gel electrophoresis profiles of the get cell for assessing the role of viral glycopro-
[3H]glucosamine-labeled proteins. Furthermore, teins as target antigens for CTL. Our experi-
when tunicamycin-treated cells were examined ments revealed a marked reduction or total ab-
for the expression of certain viral glycoprotein olition of cytotoxicity against inhibited cells, pro-
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vided that steps were taken to prevent glycopro-
tein synthesis during the cytotoxicity assay. This
was achieved by including tunicamycin and pac-
tamycin in the assay. These drugs were nonin-
hibitory to the activity of CTL as revealed by
control experiments; in fact, cytotoxicity in the
presence of both drugs was sometimes slightly
enhanced. The rationale for the use of the drugs
was that the tunicamycin would prevent glyco-
sylation ofproteins already synthesized, whereas
pactamycin would prevent any further protein
synthesis in infected cells (46). When the drugs
were not included during the assay, some cyto-
toxicity, approximately 30% of control values,
was observed.
The glucose-mannose analog 2-DOG was also

used as an inhibitor to assess the role of glyco-
proteins in anti-HSV CTL activity. With this
drug, synthesis of altered glycoproteins and a
nonglycosylated precursor antigenically similar
to normal glycoproteins occurs (31; E. Wenske
and R. J. Courtney, unpublished data). Some
cytotoxic activity against 2-DOG-inhibited tar-
get cells was always observed, especially when
tunicamycin and pactamycin were not included
during the cytotoxicity assay. However, it is well
known that the effects of 2-DOG are rapidly
reversible (31) and, consequently, glycoprotein
synthesis could have proceeded normally, thus
providing the target antigens for cytotoxicity
during the 4-h assay. When further glycoprotein
synthesis was prevented during the assays by
inclusion of tunicamycin and pactamycin during
the assay, the level of inhibition of cytotoxicity
was about 70%-a result similar to that observed
with 2-DOG inhibition of CTL against ectro-
melia virus-infected cells (27). This level of in-
hibition also corresponded closely with the re-
duction in expression of serologically detectable
glycoproteins at the cell surface of 2-DOG-
treated virus-infected cells.
Taken together, the results of studies on the

effects of glycosylation inhibitors on CTL activ-
ity provide strong evidence that viral glycopro-
tein expression is essential for lysis. However,
the approach with inhibitors does not reveal the
nature of the glycoprotein molecules) recog-
nized by CTL. Further insight into this problem
was obtained from experiments in which the
cytotoxicity of CTL against wild-type virus-in-
fected cells was compared with that against cells
infected with a temperature-sensitive mutant
which, at the nonpermissive temperature, syn-
thesized reduced quantities of glycoproteins, es-
pecially glycoproteins of the VP123 complex.
When the levels of cytotoxic activity by CTL
against wild-type and temperature-sensitive mu-
tant virus-infected cells were compared, approx-
imately 50% inhibition of activity was observed

against the temperature-sensitive mutant virus-
infected targets at the nonpermissive tempera-
ture. A similar reduction was also observed in
expression of the glycoproteins in the VP123
complex as measured serologically in antibody
binding assays. However, with antisera specific
to glycoprotein VP58 (gD), little or no reduction
in VP58 antigen expression was observed. These
data together indicate that the target antigens
for anti-HSV-1 CTL are glycoproteins and prin-
cipally those of the VP123 complex. However,
certain cautionary points should be made. First,
the shutoff of glycoprotein synthesis by the tem-
perature-sensitive mutant was not absolute, and
the number of molecules capable of inducing
susceptibility to lysis by CTL is not known.
Thus, all cells may synthesize sufficient VP123
glycoproteins to permit lysis by CTL directed
against these proteins, and the reason for im-
paired cytotoxicity may lie elsewhere, such as in
the expression of an unrelated antigen or a
change in the nature of the association of the
actual target antigen with H-2 antigens. For
example, it is widely accepted that recognition
by CTL involves both H-2 antigen as well as
viral antigen (H-2 restriction), and, if the single
receptor hypothesis (15) is true, perhaps lysis of
the mutant target is diminished because target
antigens do not interact optimally with H-2 com-
ponents in the case of the mutant virus.
The second point of caution is that in most, if

not all, T cell cytotoxicity systems investigated,
antigens detected by CTL are not identical to
those measured serologically (1, 21, 23, 32).
Thus, for example, in the extensively studied
allogeneic system, CTL are often considered to
react with "lymphocyte-determined" antigens,
and antibody is considered to react with "sero-
logically determined" antigens (2, 44). In fact,
whereas T cells of the cytotoxic type can distin-
guish mutants of the K allele of the major his-
tocompatibility complexK region, antibody can-
not (32). Whether or not the antigen detectable
by CTL and antibody are on the same molecule
or represent close but distinct neighbors in the
plasma membrane has not been resolved. Such
observations may mean that our measurement
of a 50% reduction in cytotoxicity against the
temperature-sensitive mutant and a correspond-
ing 50% reduction in the expression of VP123
glycoproteins measured serologically does not
imply causality.
The resolution of these cautionary points will

require investigations with additional mutants,
preferably those which do not express individual
glycoproteins, as well as other approaches, such
as the use of specific antisera to inhibit cytotox-
icity and cold-target competition experiments.
Such approaches are currently underway in our
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laboratory. However, that VP123 glycoproteins
rather than those in the VP58 region may pro-
vide the principal targets can be assumed cir-
cumstantially from studies on the specificity of
CTL. For example, Pfizenmaier et al. (39) have
shown that CTL mounted against HSV-1 are
specific to that virus and do not cross-react with
HSV-2. Similar results have been recorded with
in vitro immunized CTL (R. Eberle, M. J. P.
Lawman, and B. T. Rouse, unpublished data),
namely, that cells highly cytotoxic to HSV-1
targets show minimal cytotoxic activity against
syngeneic HSV-2-infected targets. Since glyco-
proteins of the VP58 region of HSV-1 and HSV-
2 are immunologically related (10), 35; R. J.
Courtney, unpublished data), this makes it un-
likely that VP58 is the principal target glycopro-
tein for HSV-1 CTL activity.

If it is shown ultimately that VP123 glycopro-
teins, or perhaps one or more of the three gly-
coprotein subcomponents of VP123 (25,43), con-
stitute the target antigen for CTL, our results
will have implications for the development of
future subunit vaccines. Thus, it has already
been shown that glycoproteins in the VP123
complex provide the principal immunogens re-
sponsible for eliciting neutralizing antibody pro-
duction (22). If the same glycoproteins are
shown to induce the parameters of cell-mediated
immunity, the mechanism considered by many
to be most crucial for resolution of herpes infec-
tions (5, 36, 41), then any subunit vaccine for use
against HSV-1 should be minimally composed
of these glycoproteins.
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