JOURNAL OF VIROLOGY, Mar. 1991, p. 1177-1186
0022-538X/91/031177-10$02.00/0
Copyright © 1991, American Society for Microbiology

Vol. 65, No. 3

Identification of an Immunodominant Cytotoxic T-Lymphocyte
Recognition Site in Glycoprotein B of Herpes Simplex Virus by
Using Recombinant Adenovirus Vectors and Synthetic Peptides

TOMAS HANKE,'t FRANK L. GRAHAM,?> KENNETH L. ROSENTHAL,' aNp DAVID C. JOHNSON'*

Molecular Virology and Immunology Program, Department of Pathology,* and Department of Biology,>
McMaster University, Hamilton, Ontario L8N 3Z5, Canada

Received 28 September 1990/Accepted 29 November 1990

Cytotoxic T-lymphocyte (CTL) responses to herpes simplex virus (HSV) polypeptides play an important role
in recovery from infection and in preventing latency. We have previously shown that glycoprotein B (gB) is a
major target recognized by HSV-specific CTLs in C57BL/6 (H-2%) and BALB/c (H-2%) mice but not in CBA/J
(H-2") mice (L. A. Witmer, K. L. Rosenthal, F. L. Graham, H. M. Friedman, A. Yee, and D. C. Johnson, J.
Gen. Virol. 71:387-396, 1990). In this report, we utilize adenovirus vectors expressing gB with various
deletions to localize an immunodominant site in gB, recognized by H-2%-restricted anti-HSV CTLs, to a region
between residues 462 and 594. Overlapping peptides spanning this region were synthesized and used to further
localize the immunodominant site to residues 489 to 515, a region highly conserved in HSV type 1 (HSV-1) and
HSV-2 strains. The 11-amino-acid peptide was apparently associated exclusively with the K* major histocom-
patibility complex gene product and not the D’ gene product. In contrast, H-2-restricted CTLs recognized an
immunodominant site between residues 233 and 379.

Herpes simplex virus (HSV)-specific cytotoxic T lympho-
cytes (CTL) play a central role in controlling primary and
secondary virus infections, in recovery from infection (for
reviews, see references 34 and 41), and in restricting HSV
spread into the nervous system (6, 40). CTL recognize small
peptides derived from viral proteins which are associated
with class I or class II major histocompatibility complex
(MHC) polypeptides on the surfaces of virus-infected cells
(3, 18, 57, 62). In many cases, CTL recognize a limited
number of immunodominant CTL sites in viral polypeptides
(for a review, see reference 2). Studies by Townsend et al.
(55, 57) demonstrated that synthetic peptide fragments from
distinct sites in the nucleocapsid protein of influenza virus
were recognized by anti-influenza virus CTL generated in
distinct murine strains. Similarly, it was found that the
majority of murine H-2%-restricted CTL clones capable of
recognizing the lymphocytic choriomeningitis virus glyco-
protein were specific for a nine-residue region of the mole-
cule (42, 59), whereas virtually all H-2%restricted CTL
recognized a single site in the lymphocytic choriomeningitis
virus nucleoprotein (52, 60). Furthermore, a single 19-resi-
due domain of murine cytomegalovirus immediate-early (IE)
protein pp89 was recognized by CTL in BALB/c mice (16).
The subset of peptides which become immunodominant for
CTL may depend upon the affinity of peptide for MHC
molecules (1, 9), as well as T-cell repertoires in the respond-
ing strain.

Not only are there strong preferences for specific peptide
fragments derived from a single viral polypeptide, but CTL
responses to individual viral polypeptides often predominate
over responses to other viral proteins (26, 56, 59, 60, 63). In
the case of influenza virus and lymphocytic choriomeningitis
virus, relatively few viral gene products are expressed in
virus-infected cells and thus preferences for individual viral
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proteins may not be surprising. In contrast, herpesviruses
express a large number of viral polypeptides which are
regulated in a cascade fashion, with IE proteins being
expressed before early and late gene products. Murine
cytomegalovirus-specific CTL predominantly recognized the
viral IE pp89 polypeptide (47), an observation which may be
explained by the fact that viral early or late gene products
can act to prevent recognition of murine cytomegalovirus
antigens (15) or that a limited number of IE gene products
are exclusively expressed for relatively long periods follow-
ing murine cytomegalovirus infection (for a review, see
reference 54). Similarly, human CTL responses to Epstein-
Barr virus (EBV) latent antigens predominate over re-
sponses to viral proteins expressed during the lytic phase of
virus replication (8, 39). This may be explained by the fact
that a large majority of EBV-infected B cells exclusively
express latent phase proteins (for a review, see reference
31).

HSV also encodes a large number of gene products.
However, in contrast to cytomegalovirus and EBV, shifts
from one class of viral genes to the next occur more rapidly
in HSV-infected cells and most viral gene products are
expressed for a large fraction of the infectious cycle. Early
gene products, including many structural proteins, can be
detected by 2 or 3 h postinfection and late gene products can
be detected by 3 or 4 h. Therefore, since HSV early and late
polypeptides, as well as IE proteins, are expressed through-
out most of the infectious cycle of the virus, CTL prefer-
ences for IE proteins may be less likely than with cytomeg-
alovirus and EBV, where IE or latent genes are expressed
for long periods.

Previous studies in which drugs were used to block
synthesis of early and late gene products suggested that HSV
IE gene products can be recognized as CTL targets (32).
More recent studies involving virus vectors demonstrated
that IE protein ICP4, but not IE protein ICPO, was recog-
nized by H-2* but not H-2% and H-2%restricted CTL (35).
Furthermore, we and others have found that a limited subset
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of HSV glycoproteins, which are early or late gene products,
can act as CTL target antigens (4, S, 19, 30a, 33, 38, 61). Our
recent results suggest that glycoprotein B (gB) is a major
CTL target antigen in some but not all haplotypes (61). Cells
infected with an adenovirus (Ad) vector expressing gB were
lysed as efficiently as HSV-infected targets by primary
H-2-restricted, anti-HSV CTL. Further, gB-expressing
cells were recognized in the H-2¢ haplotype but not in the
H-2* haplotype. By using limiting dilution analysis, we
estimated that a minimum of 5 to 10% of the H-2*-restricted
CTL from HSV-infected animals were able to recognize gB
(61). Given that HSV expresses upwards of 70 proteins, 8 or
more of them glycoproteins, the observation that as many as
10% of the anti-HSV CTL recognized gB was striking. In
this report, we have used recombinant Ad vectors and
synthetic peptides to define a major CTL site in gB recog-
nized by H-2%-restricted CTL. Studies involving the Ad
vectors suggested that a second immunodominant site in gB
is recognized by H-2%restricted CTL.

MATERIALS AND METHODS

Cells and viruses. MC57G (H-2%) (64), SVBALB (H-2%
(20), Lta (H-2% (21), SR (H-2K®*D9) (50), and HTG (H-
2K?D?) (50) cells were grown in alpha minimal essential
medium (a-MEM) (GIBCO Laboratories, Burlington, On-
tario, Canada) supplemented with 10% fetal bovine serum
(FBS) (GIBCO), 1% penicillin-streptomycin (GIBCO), and
0.3% L-glutamine. R970-5 cells (48), obtained from K. Hueb-
ner and C. Croce (Wistar Institute, Philadelphia, Pa.), and
Vero cells were grown in a-MEM supplemented with 7%
FBS and penicillin-streptomycin. Ad5-transformed human
embryo kidney cells, 293 cells (23), were grown in MEM
supplemented with 10% newborn calf serum and penicillin-
streptomycin. HSV type 1 (HSV-1) strain F was propagated
and virus titers were determined on Vero cells. AdE3™,
originally denoted as dIE3 (25), AdgB2 (29), and other Ad
vectors were grown in KB cell Spinner cultures, and titers of
the virus were determined with 293 cell monolayers.

Synthetic peptides. Peptides were synthesized by using an
Applied Biosystems peptide synthesizer (Vetrogen Corpora-
tion, London, Ontario, Canada). Peptides were 65 to 80%
pure for initial screening experiments, and peptides 2 (resi-
dues 470 to 481), 5 (489 to 504), 6 (499 to 515), and 5/6 (497
to 507) were purified to >95% purity by using high-pressure
liquid chromatography for subsequent experiments. An ad-
ditional glycine residue was added to the C terminus of
peptide 2 to facilitate synthesis and to increase solubility. In
all cases, numbering of amino acid residues of gB begins at
the N-terminal methionine and includes the signal sequence
which is removed from the mature protein. Peptide se-
quences were predicted by using the HSV-1 KOS sequence
(11), but it should be noted that the sequence around the
CTL site identified here is identical in HSV strains F and
KOS (11, 44). Peptides were dissolved at 10~2 M in dimethyl
sulfoxide (DMSO) and further diluted at least 100-fold in
RPMI 1640 medium (GIBCO) for *ICr release assays. Pep-
tides 5/6, 8 (residues 521 to 538), and 12 (559 to 575) were not
completely soluble in aqueous media at 10~* M, and pep-
tides 8 and 12 showed cytotoxic effects towards target cells
in some experiments in which Cr was released in the
absence of effectors.

Construction of plasmids. All enzymes used for recombi-
nant DNA work were purchased from Bethesda Research
Laboratories (Burlington, Ontario, Canada) or Boehringer-
Mannheim, Inc. (Dorval, Quebec, Canada) and used under
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TABLE 1. Restriction fine specificity of H-2? CTL recognizing

HSV-1gB

Infected % Specific lysis at egfector/

nfecte target cell ratio®:

Target cell withe- 8

40:1 12:1 4:1
MCS57G (H-2K*D?) HSV-1 54 33 22
AdE3~ 0 1 4
AdgB2 28 26 22
HTG (H-2K“D") HSV 0 2 7
AdE3™ 1 2 8
AdgB2 0 0 4
SR (H-2K°D% HSV 28 20 3
AdE3~ 10 10 3
AdgB2 62 61 9

<« Target cells were infected with HSV-1, AdE3~ (an E3~ Ad vector which
does not express HSV proteins), or AdgB2 and labeled with 5!Cr.

# Radiolabeled target cells were incubated for 6 h with primary nonadherent
lymphocytes from HSV-infected C57BL/6 mice by using various effector-
target cell ratios, and the percent specific 3!Cr release was calculated.

reaction conditions recommended by the vendors. Plasmids
were constructed by standard protocols (31a) with Esche-
richia coli LE293. Plasmid DNA was prepared by the
alkaline lysis method of Birnboim and Doly (2a). For trans-
fection of 293 cells, plasmid DNA was further purified on
CsCl-ethidium bromide density gradients.

Construction of recombinant Ads. Plasmids containing
mutated forms of the HSV-1 KOS gB gene were previously
described (12). HindIII-BamHI fragments from pKd1B (in
this paper, ‘‘d”’ replaces ‘“A’’ used previously), pKd2, or
pKd3 containing mutant gB genes or HindIII-BglII frag-
ments from pK157B, pK177B, or pK147B were inserted
between the simian virus 40 (SV40) early promoter element
and polyadenylation site in pSV2X3 (46). The hybrid SV40-
HSV genes were inserted into PFG144XS, which contains
the rightward 30 map units of Ad5 DNA with a deletion in
the E3 region (20a), so that the insertions were in the
left-to-right orientation relative to the conventional AdS

gB-1
diB —43 234
42 233 463
d3 462 7N
1598 737
1778 594
1478 ———————379
wt .
PN -
130 737 795 904

FIG. 1. Structures of deletion mutants of the HSV-1 gB gene.
The wild-type (wt) HSV-1 gB contains an N-terminal signal se-
quence (residues 1 to 30) that is removed during or shortly after
synthesis of the protein (13) and a putative transmembrane-spanning
domain which may cross the membrane three times (residues 727 to
795) (44). These two regions are indicated by solid bars in the map
of gB shown at the bottom. The endpoints of the deletion mutations
are also indicated. Mutants d1B, d2, and d3 were constructed by
deleting sequences between Hpal restriction sites, and mutants
159B, 177B, and 147B were truncated by removing sequences 3’ to
the inserted Bgl/ll sites (12). Numbering of amino acid residues
begins at the N-terminal methionine rather than at the alanine of the
mature form of gB.
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FIG. 2. Strategy for rescue of gB sequences into AdS5. HindlII-
BamHI or HindIII-Bgl/lI fragments containing mutant forms of the
gB gene were inserted into pSV2X3 (46), which contains the SV40
early promoter and polyadenylation site flanked by Xbal sites. Xbal
fragments containing the hybrid SV40-HSV gene were transferred
into pFG144XS, a plasmid which contains the rightward sequences
of AdS (map units 70 to 100) with E3 sequences (map units 78.5 to
84.7) deleted. pFG144XS constructs containing SV40-HSV genes in
the left-to-right orientation were selected for rescue into infectious
virus. Cotransfection of 293 cells with pFG144XS constructs carry-
ing the chimeric genes and pFG173, which contains the entire Ad5
genome but has a lethal deletion extending into the L4 region of the
AdS genome, generated the desired recombinant viruses.

map. The resulting pFG144XS constructs containing HSV
gB genes were cotransfected with pFG173, which supplies
the leftward region of Ad5 DNA (20a), onto monolayers of
293 cells by using the calcium phosphate precipitation tech-
nique (24). After 8 to 10 days, individual plaques were
picked, virus stocks were produced on 293 cell monolayers,
and viral DNA was analyzed by restriction analysis. Recom-
binant viruses containing intact gB genes were plaque puri-
fied twice, and viral DNA was reanalyzed prior to large-scale
preparation of virus stocks by using KB cell Spinner cul-
tures.

Radiolabeling, immunoprecipitation, and electrophoresis of
mutant glycoproteins. Subconfluent monolayers of R970 cells
growing in 35-mm (diameter) dishes (approximately 10° cells
per dish) were infected with Ad vectors by using 100 PFU
per cell or HSV-1 by using 10 PFU per cell. One hour after
adsorption at 37°C, the virus inocula were removed and
a-MEM supplemented with 2% FBS was added. Thirty to 40
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FIG. 3. Expression of mutant forms of gB in cells infected with
recombinant Ad vectors. Human R970-5 cells were infected with
HSV-1, AdE3~, AdgB2 (AdgB), or the following Ad vectors ex-
pressing mutant forms of gB: AdgBdlB, AdgBd2, AdgBd3,
AdgB159B, AdgB177B, or AdgB147B. Six hours after infection with
HSYV or 30 to 40 h after infection with Ad vectors, the cells were
labeled with [**SImethionine for 2 h. Extracts of the cells were
immunoprecipitated by using a pool of gB-specific monoclonal
antibodies, and the precipitated proteins were subjected to SDS-
polyacrylamide gel electrophoresis. Approximately 10 times the
amount of material from cells expressing mutant forms of gB was
loaded onto the gels relative to the amount of material from HSV-1
and wild-type AdgB-infected cells. The predicted mobilities of the
mutant forms of gB are indicated by arrows, and the positions of
molecular mass markers of 97, 68, and 46 kDa are indicated.

h after infection with Ad vectors (when pronounced CPE
was observed) or S5 h after infection with HSV-1, monolayers
were washed twice with medium 199 lacking methionine and
supplemented with 2% FBS and then incubated with 100 n.Ci
of [>**S]methionine per ml. Two hours later, the radioactive
medium was discarded and cell extracts were prepared with
Nonidet P-40-DOC buffer (50 mM Tris [pH 7.5], 100 mM
NaCl, 0.5% sodium deoxycholate [DOC], 1% Nonidet P-40)
supplemented with 2 mg of bovine serum albumin and 0.5
mM phenylmethylsulfonyl fluoride and stored overnight at
—70°C. Cell lysates were immunoprecipitated by using a
pool of anti-gB monoclonal antibodies (158B2 [29], I-144
[43], 1-59 [43], 1-252 [43], II-137 [43], and II-387 [43])
followed by incubation with protein A-Sepharose. Immune
complexes were washed three times with Nonidet P-40—
DOC buffer, eluted with 2Xx concentrated Laemmli loading
buffer (4% sodium dodecyl sulfate [SDS], 20% glycerol, 100
mM Tris [pH 6.8], 0.25% bromophenol blue, 4% 2-mercap-
toethanol), and electrophoresed on SDS-polyacrylamide gels
cross-linked with 8.5% N,N-diallyltartardiamide (27). Gels
were infused with 2,5-diphenyloxazole (7), dried, and ex-
posed to a Kodak XAR film.

Generation of anti-HSV CTL. CTL were generated by the
protocol of Pfizenmaier et al. (45) with modifications (49).
Six- to nine-week-old C57BL/6 (H-2?) or BALB/c (H-2%
mice (Jackson Laboratories, Bar Harbor, Maine) were in-
jected in the hind footpads with 10 PFU of HSV-1 F or 5 X
10 PFU of Ad vectors. After 5 days, draining popliteal
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lymph nodes were excised and pressed gently through a
stainless wire screen with a 10-ml syringe plunger. Viable
cells, identified by trypan blue exclusion, were counted;
suspended at 4 X 10° cells per ml in RPMI 1640 medium
supplemented with 10% FBS, 10~°> M 2-mercaptoethanol, 20
mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid) buffer, and penicillin-streptomycin; and cul-
tured at 37°C for 3 days.

SICr release assay. Target cells were either left uninfected,
infected with HSV-1 (F) by using 10 PFU per cell, or
infected with recombinant Ads by using 100 PFU per cell.
After 6 h of infection with HSV or 24 h of infection with Ad
vectors, target cells were scraped from dishes by using 200
mg of EDTA per ml in phosphate-buffered saline, washed
with medium, incubated with 0.2 wCi of Na,”'CrO, (New
England Nuclear Corp., Boston, Mass.) per ml at 37°C for 90
min, and washed three times. Synthetic peptides were dis-
solved at 1072 M in DMSO and added to RPMI 1640 medium
supplemented with 10% FBS to final concentrations of 107%,
1073, and 10~® M. The solutions were supplemented with
DMSO to keep the final DMSO concentration constant at
1%. Uninfected radiolabeled MCS57G target cells were incu-
bated with peptides for 30 min at 37°C. A total of 5 x 10*
target cells were mixed with various effector/target ratios in
triplicate by using 96-well flat-bottom microtiter plates (Nun-
clon, Roskilde, Denmark) for 6 h. Percent specific lysis was
calculated as described previously (58). In every case, the
spontaneous release of >!Cr was less than 30%.

RESULTS

CTL responses to HSV-1 gB are restricted to the K> MHC
gene product and not D°. In previous experiments, we
observed that AdgB-infected target cells were efficiently
lysed by CTL from HSV-infected animals in both the H-2°
and H-2¢ haplotypes but not in the H-2* haplotype (61).
Lysis of AdgB2-infected cells was often as efficient as or
more efficient than lysis of HSV-infected targets in the H-22
haplotype, suggesting that gB is a major target for H-2°-
restricted CTL. Therefore, our initial attempts to map CTL
recognition sites in gB involved C57BL/6 mice (H-2°). We
investigated the restriction of gB-specific CTL with cell lines
which express H-2K®D? (MCS7G), H-2K°D® (HTG), or
H-2K*’D? (5R). HSV- or AdgB2-infected MC57G cells,
which express both K% and D?, were lysed by CTL from
C57BL/6 mice, although in this particular experiment lysis of
AdgB2-infected cells was lower than with HSV-infected
cells (Table 1). Similarly, HSV- and AdgB2-infected 5R
cells, which express K% and D9, were lysed by C57BL/6 CTL
whereas HSV- and AdgB2-infected HTG cells, which ex-
press K¢ and D?, were not lysed. These results suggested
that recognition of gB by HSV-specific CTL from C57BL/6
mice was restricted by the K2 MHC gene product and not the
D® MHC polypeptide.

Construction of recombinant Ad vectors expressing mutant
forms of HSV-1 gB. In order to localize regions of the HSV-1
gB polypeptide which were recognized by HSV-specific
CTL, we constructed Ad vectors which expressed a series of
mutant gB molecules with internal deletions or C-terminal
truncations. Plasmid copies of the HSV-1 gB gene, in which
the gene was mutated by insertion of oligonucleotide linkers,
were previously described (12). Three plasmids, pKd1B,
pKd2, and pKd3, containing internal deletions were con-
structed by removing sequences between inserted oligonu-
cleotide linkers (Fig. 1). Three additional plasmids, pK159B,
pK177B, and pK147B, containing Bg/II oligonucleotide link-
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FIG. 4. HSV-specific CTL lysis of target cells infected with Ad
vectors expressing mutant forms of gB. MC57G cells were left
uninfected (A) or were infected with HSV-1 (@), AdgB (AdgB2)
(W), AdE3~ (B), or Ad vectors expressing the following mutant
forms of gB: AdgBd1B (), AdgBd2 (A), AdgBd3 (<), AdgB159B
(O), AdgB177B (A), or AdgB147B (©). Lta (H-2%) cells infected
with HSV-1 (#) served as an H-2 mismatched control. (Lysis of
cells infected with AdgB147B and AdgBd3 was very similar to that
observed with AJdE3 -infected and uninfected cells. Thus, symbols
indicating the AdgBd3 and AdgB147B values are obscured by those
for uninfected and AdE3™ controls, respectively.) After 6 h in the
case of cells infected with HSV-1 or after 24 h when cells were
infected with Ad vectors, the target cells were labeled with 3'Cr for
90 min and washed three times. Bulk, primary CTL from C57BL/6
(H-2%) mice infected with HSV-1 were incubated for 6 h with target
cells at various effector/target cell ratios in triplicate by using
flat-bottom microtiter plates. Percent specific lysis was calculated as
described in Materials and Methods.

ers inserted internally in the gB gene were used to delete 3’
sequences prior to insertion into Ad vectors. These six
mutations collectively remove all of the coding sequences of
HSV-1 gB except residues 1 to 43, which primarily encode
the 30-residue signal sequence which is removed from the
mature protein (13). HindIII-BamHI or HindIII-BglII frag-
ments containing the mutant gB genes were inserted be-
tween the SV40 early promoter and polyadenylation signal in
pSV2X3 (Fig. 2). The hybrid SV40-HSV gene was inserted
into the nonessential E3 region of Ad5 by using pFG144XS.
Ad vectors carrying the SV40-HSV sequences were then
rescued into infectious AdS by cotransfecting 293 cells with
pFG144XS plasmids carrying the mutant gB genes and
pFG173, which supplies essential Ad genes. Recombinant
viruses derived in this manner are replication competent in
human cells and routinely express the inserted gene in both
human and murine cells (22).

Expression of gB by recombinant Ad vectors. To confirm
that the recombinant Ad vectors express the mutant gB
polypeptides, human R970-5 cells were infected with AdgB2,
which expresses wild-type gB (29), or the Ad vectors ex-
pressing mutant gB proteins. Then infected cells were la-
beled with [>**S]methionine and radiolabeled gB was immu-
noprecipitated by using a pool of gB-specific monoclonal
antibodies. The immunoprecipitated proteins were electro-
phoresed in SDS-polyacrylamide gels, and in every case a
polypeptide of the expected molecular weight was detected
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FIG. 5. Lysis of HSV-infected target cells by CTL from mice infected with Ad vectors expressing mutant forms of gB. C5S7BL/6 mice were
infected in the hind footpads with 5 x 10" PFU of AdgB2, which expresses wild-type gB, or the following Ad vectors expressing mutant forms
of gB: AdgBdlB, AdgBd2, AdgBd3, AdgB159B, AdgB177B, or AdgB147B. After 5 days, draining lymph nodes were removed and
lymphocyte cultures were prepared. The lymphocytes were suspended at 4 x 10° cells per ml and incubated for 3 days. Target MC57G cells
left uninfected (O) or infected with HSV-1 (O) or with AdgB2 (@) or Lta cells infected with HSV-1 (l) were labeled with 31Cr and mixed with
CTL at various effector/target cell ratios in triplicate. The assay was incubated for 6 h, and the percent specific 3!Cr release was determined.

in lysates of cells infected with the Ad vectors (Fig. 3).
Faster-migrating protein species were also detected with
some of the mutant gB molecules. One of these faster-
migrating species in AdgB159B-infected cells may be related
to an Ad protein of approximately 58 kDa which was
detected in a variable fashion in previous experiments (29)
and observed in AdE3 -infected cells in this experiment.
Expression of gB in AdgB2-infected cells was relatively high
compared with that observed in HSV-infected cells (29).
However, cells infected with Ad vectors expressing mutant
gB polypeptides expressed 10-fold-lower levels of gB, and
the proteins appeared much less stable. Instability of mutant
gB proteins may account for reduced levels of protein and
the faster-migrating species observed in Fig. 3, as these
probably include proteolytic fragments.

The single band observed in the HSV-infected cells (Fig.
3) appears to indicate that the immature form of gB, pgB,
was not converted to mature gB during the relatively short
labeling period used in this experiment. Immature forms of
gB are normally processed slowly to mature forms of gB in

CTL lysis of cells infected with Ad vectors expressing
mutant gB molecules. To determine whether mutant forms of
gB were recognized by HSV-specific, H-2%-restricted CTL,
°ICr release assays were performed with lymphocytes from
HSV-infected C57BL/6 mice and MC57G target cells in-
fected with the various Ad vectors. As observed previously
(61), target cells infected with AdgB2 were lysed with an
efficiency similar to that observed for HSV-infected cells
(Fig. 4). Cells infected with four of the Ad vectors,
AdgB159B, AdgB177B, AdgBd2, and AdgBd1B, were also
efficiently lysed by the HSV-specific CTL, whereas cells
infected with AdgB147B and AdgBd3 were not lysed. Fur-
thermore, H-2 mismatched controls, Lta cells (H-2%) in-
fected with HSV, were not lysed. The observation that

TABLE 2. Lysis of target cells incubated with
synthetic peptides?®

% Specific lysis

HSV-infected cells, i.e., =3 h. We have observed that the  FePlid Residues =M 0 M oM
maturation of gB in AdgB-infected cells is often more rapid

than in HSV-infected cells (25a), consistent with observa-  None 0 0 0
tions made with other HSV glycoproteins in transfected cells 1 460-476 3 0 g
(30). It also appears that mutant forms of gB did not undergo 2 :gg’_g(l)‘; 22 ‘1“7) 39
significant levels of posttranslational maturation, because 5/6 497-507 47 4 37
the doublet of two closely migrating species observed in 5 510-526 4 1 2

AdgB2-infected cells was not observed with mutant gB
molecules. This is not unexpected, because mutant forms of
HSV membrane glycoproteins, where significant deletions
have been made, are often not transported to the cell surface
and are not fully processed (17).

4 51Cr-labeled MCS57G target cells were incubated with the indicated
peptide at 1074, 10—, or 10~° M for 30 min at 37°C and incubated for 6 h with
lymphocytes from HSV-infected C57BL/6 mice by using an effector/target cell
ratio of 40:1. Specific release of >!Cr was calculated as described in Materials
and Methods.
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1 460-476 0 4 2 0 4 0
2 470-481 1 19 4 6 3 3
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4 482-494 3 7 0 S 3 2
5 489-504 3 49 2 21 3 6
6 499-515 4 43 3 46 3 47
7 510-526 0 3 1 3 1 2
8 521-538 S 7 0 2 ] 2
9 532-547 ] 1 1 4 2 3
10 542-557 1 2 2 2 1 3
11 551-565 2 5 2 6 1 4
12 559-575 16 18 2 4 0 2
13 570-582 1 2 4 4 3 4
14 577-589 0 ] 3 0 ] 2
15 583-597 7 9 1 2 1 4

FIG. 6. Synthetic peptides recognized by HSV-specific CTL. Fifteen synthetic peptides 12 to 19 residues in length, overlapping by 6 to
8 residues, and spanning residues 460 to 597 were synthesized. MC57G cells were labeled with 5!Cr and treated with 107%, 10°, or 107 M
peptide for 30 min at 37°C. The cells were then incubated for 6 h with lymphocytes from HSV-infected C57BL/6 mice by using an
effector/target cell ratio of 40:1. Under these conditions, the HSV-specific CTL released 61% of the >'Cr from HSV-infected cells. In each
case, the >!Cr release assays were performed in the absence (—) or presence (+) of effector cells to control for cytotoxic effects of the peptides.
An 11-residue peptide denoted 5/6 (497 to 507) which contains the region shared by peptides 5 (489 to 504) and 6 (499 to 515) was subsequently
synthesized to determine whether the overlapping region was recognized by anti-HSV CTL (Table 2).

HSV-specific CTL failed to recognize mutant d3, which
lacks residues 463 to 710, yet recognizes 177B, which is
truncated at residue 594, suggested that the major CTL
site(s) in gB lie between residues 462 and 594 (Fig. 1). This
conclusion was further supported by observations that (i)
mutant 147B, which lacks residues downstream of residue
379, was not recognized by CTL and (ii) mutants 159B, d1B,
and d2, which all include residues 462 to 594, were recog-
nized.

Lysis of HSV-infected target cells by CTL from mice
infected with Ad vectors expressing mutant forms of gB.
Previously, we observed that lymphocytes removed from
H-2% or H-2¢ mice inoculated with AdgB2 were able to lyse
HSV-infected target cells (25b). In order to confirm and
extend our observations on CTL sites in gB, we injected
C57BL/6 (H-2%) mice with Ad vectors expressing mutant gB
molecules and tested CTL from the animals in assays
involving HSV-infected or AdgB2-infected target cells (Fig.
5). The CTL preparations from animals infected with various
Ad vectors differed somewhat in their ability to lyse AdgB2-
infected target cells (Fig. 5), suggesting varying quantities of
CTL in the lymphocyte cultures. However, it was clear that
AdgBd1B-, AdgBd2-, AdgB177B-, and AdgB159B-infected
mice lysed HSV-infected targets (Fig. 5), whereas CTL from
AdgB147B- and AdgBd3-infected mice did not. Therefore,
mutant forms of gB with the region between residues 462 and
594 deleted (Fig. 1) were unable to stimulate anti-HSV CTL.
These observations further support the hypothesis that the
major CTL site(s) in gB lie in this region.

Synthetic peptides localize the major CTL site in gB to
residues 497 to 507. It is well known that MHC class I

polypeptides can present exogenously added peptides to
CTL, which can then lyse the target cells. To further localize
the T-cell site(s) within the 131-amino-acid region defined by
using gB mutants, overlapping peptides were synthesized
spanning the entire region (Fig. 6). The peptides were 12 to
19 residues in length and overlapped by 6 to 8 residues.
MC57G (H-2°) cells were treated with 1074 M, 10~ M, or
107® M peptide at 37°C for 30 min and incubated with
lymphocytes from HSV-infected CS7BL/6 (H-2°) mice,
which in this assay were able to release 61% of the *'Cr from
HSV-infected target cells. To control for cytotoxic effects of
the peptides, target cells pretreated with peptides were also
incubated in the absence of effector cells. Two peptides, 8
and 12, showed cytotoxic effects at a concentration of 10™*
M in some, but not all, assays and were not completely
soluble in aqueous medium. For example, peptide 12 caused
release of 15% of the >'Cr in the absence of CTL (Fig. 6).
Cells treated with peptide S (residues 489 to 504) or peptide
6 (499 to 515) were consistently lysed by primary HSV-
specific CTL (Fig. 6). With peptide 6, CTL lysis was
observed at concentrations down to 10~® M in this assay and
as low as 1077 M in another assay (results not shown). In
contrast, peptide 5 was less effective at lower concentra-
tions. In some assays, peptide 2 or peptide 9 sensitized cells
to CTL-induced lysis. However, these peptides did not
produce consistent results and the levels of cell lysis were
not substantial, especially at lower peptide concentrations.
Peptides S (residues 489 to 504) and 6 (499 to 515) overlap
by six amino acids. Since it is known that peptides as short
as five or six residues can be recognized by T cells in
conjunction with MHC class I polypeptides (60), we inves-
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FIG. 7. Lysis of cells expressing mutant forms of gB by H-2¢-
restricted anti-HSV CTL. BALB/c (H-2%) mice were infected with
HSV-1, and 5 days later, draining lymph nodes were removed and
cultured for 3 days. SVBALB (H-2) target cells were left uninfected
(O) or were infected with HSV-1 (@), AdE3~ (A), AdgB2 (O),
AdgBd1B (A), AdgBd2 (#), AdgBd3 (<), AdgBl159B (V),
AdgB177B (V), or AdgB147B (X). Lta cells infected with HSV-1 (H)
served as an H-2 mismatched control. Target cells were labeled with
1Cr for 90 min and mixed with effector cells at various effector/
target cell ratios for 6 h. Percent specific lysis was determined as
described in Materials and Methods.

tigated the possibility that the sequences shared by these two
peptides formed part of the recognition site for the HSV-
specific CTL. An 11-residue peptide designated 5/6 (residues
497 to 507; TSSIEFARLQF) spanning the overlap region
was synthesized and was efficiently recognized by HSV-
specific CTL (Table 2). Although the minimum sequences
required for recognition have not been established, it ap-
pears that the 11-residue peptide consisting of residues 497
to 507 contains all of the essential amino acids required for
recognition of this CTL site. Together, the experiments
involving mutant forms of gB and those involving synthetic
peptides have allowed us to localize an immunodominant
CTL site recognized by H-2%-restricted CTL to a region in
gB within residues 497 to 507.

Recognition of mutant gB molecules by H-2%restricted
CTL. In order to begin to identify CTL sites in gB recog-
nized by H-2%restricted CTL, we also tested H-27 target
cells infected with Ad vectors expressing mutant gB mole-
cules in *'Cr release assays. SVBALB (H-29) cells infected
with AdgB2 were lysed by primary HSV-specific CTL from
BALB/c (H-2%) mice, although lysis was less complete than
with HSV-infected targets (Fig. 7), as we found previously
(61). Similarly, targets infected with AdgBd1B, AdgBd3,
AdgB159B, AdgB177B, and AdgB147B were all lysed by
anti-HSV CTL. In contrast, AdgBd2-infected cells were
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lysed only at levels comparable to uninfected cells. This
observation, coupled with the finding that AdgB147B-in-
fected cells were efficiently lysed, suggested that H-29-
restricted CTL recognize an immunodominant site in gB
between residues 233 and 379 (Fig. 1). In the experiment
shown in Fig. 7, lysis of AdgB177B-infected targets was
fractionally lower than lysis observed with AdgB2- or
AdgB147B-infected cells. However, since 147B (which was
truncated so that all of the sequences deleted in 177B are
also deleted) is efficiently lysed by anti-HSV CTL, the lower
level of lysis of 177B-infected cells was most probably not
due to deletion of a CTL site and may represent reduced
levels of expression of the 177B mutant protein.

DISCUSSION

An immunodominant site in HSV-1 gB recognized by
H-2%-restricted anti-HSV CTL was identified initially by
using recombinant Ad vectors to express deletion mutants of
the protein. Analysis of CTL responses to the mutant
proteins suggested that the CTL site(s) was contained in a
131-amino-acid region of gB between residues 462 and 594.
Subsequent experiments utilizing overlapping synthetic pep-
tides identified an 11-amino-acid region including residues
497 to 507 which appears to contain a single T-cell recogni-
tion site. The 1l-residue peptide is apparently presented
exclusively by the K MHC gene product and not the D?
polypeptide, suggesting that this peptide may bind to K and
not D®. Our results are consistent with the observation that
primary HSV-specific CTL derived from CS57BL/6 mice
were restricted primarily to the K? class I MHC gene
product with little or no response restricted by the D? gene
product (28).

A large fraction of gB-specific CTL apparently recognize
the site identified in these studies, because deletion muta-
tions affecting the site abolished recognition by anti-HSV
CTL and only peptides including residues 499 to 507 were
able to sensitize cells to CTL lysis when the peptides were
used at micromolar concentrations. Furthermore, CTL from
animals immunized with gB mutants lacking the site were
unable to recognize HSV-infected cells. The observation
that a single site in gB was recognized by HSV-specific CTL
is particularly noteworthy, because the CTL in these exper-
iments were bulk, primary-induced CTL which were not
restimulated in vitro. Many other examples of CTL sites
identified in viral polypeptides have involved restimulated
lymphocyte populations or CTL clones. In these cases, it is
more difficult to discern the relative importance of CTL
responses to the defined site in question, since in vitro
restimulation could cause skewing of the relative responses
to individual viral proteins or CTL sites.

The CTL site in gB recognized by H-2°-restricted CTL is
currently defined as an 11-residue peptide and may not be
the minimal or optimum peptide which can be recognized.
Studies are under way to establish the minimum sequences
which are required for optimal recognition. During our
attempts 10 define CTL sites in gB, we did not make use of
any of the algorithms which have been used to predict CTL
recognition domains (14, 51, 53). These algorithms predicted
a considerable number of peptides throughout this large
protein and, in addition, the algorithms failed to predict
several recently defined CTL sites (42, 60). After identifying
the CTL site, it was found that the central region of the
11-mer contains a sequence, Glu-Phe-Ala-Arg-504, which
fits the prediction of two charged or polar residues separated
by two or three hydrophobic residues (51). However, the
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11-residue peptide did not contain an amphipathic o helix,
which would have been predicted by the other principal
algorithm (14, 53).

The amino acid sequences in gB surrounding and including
the CTL recognition site are highly conserved in three
different strains of HSV-1 and HSV-2. Residues 489 to 515,
which include sequences upstream and downstream of the
11-residue CTL recognition site, were 100% homologous in
three different HSV-1 strains and one HSV-2 strain (10, 11,
37, 44). Therefore, we would expect that HSV-specific,
H-2%-restricted CTL would recognize many HSV-1 and
HSV-2 strains by means of this inmunodominant site, and
our unpublished results support this view.

Preliminary efforts to localize sites in gB recognized by
H-2%restricted CTL suggest that a different region of the
molecule is recognized. Mutant d2, from which residues 233
to 463 were deleted, was inefficiently recognized by H-2%
restricted anti-HSV CTL, whereas mutant 147B, which is
truncated at residue 379, was recognized. Therefore, an
immunodominant site (or sites) in gB for H-2¢ CTL is closer
to the N terminus of the protein, between residues 233 and
379. Furthermore, gB was not recognized by H-2*-restricted
CTL (61). Thus, as has been found in other systems, the
CTL site defined for H-2° restriction is not recognized by
CTL of at least two other haplotypes.

The CTL recognition site in gB defined in these studies is
the only CTL recognition site described to date for any of the
members of the alphaherpesvirus family. CTL sites have
been identified for members of the betaherpesvirus (murine
cytomegalovirus; 16) and gammaherpesvirus (EBV; 8, 39)
families. However, as was mentioned in the Introduction,
these viruses establish infections in which a small subset of
viral gene products is expressed for extended periods of
time, thereby greatly limiting the number of potential target
antigens. In contrast, the infectious cycles of alphaherpes-
viruses are relatively short and many viral gene products can
be detected within a few hours of infection and throughout
most of the infection. Thus, efforts to identify targets for
HSV-specific CTL have been complicated by the large
numbers of viral proteins and potential sites within these
proteins. The situation is further complicated by difficulties
in studying HSV CTL responses in the natural host, where
haplotypes are numerous and where cytotoxic responses
involving peripheral blood lymphocytes are relatively weak
and masked by natural killer activities. Nevertheless, at least
in this murine system, gB is recognized by a surprisingly
large fraction of HSV-specific CTL and acts as an excellent
target for anti-HSV CTL. The identification of this CTL site
in gB should facilitate studies on the role of CTL responses
to defined antigens in murine models of HSV infection. In
addition, it is hoped that synthetic peptides should be useful
in establishing and characterizing stable anti-HSV CTL
clones, which have been difficult to establish to date.

Animals inoculated with the Ad vector, AdgB2, were
protected from a subsequent challenge with a lethal dose of
HSV-2 (36). In these studies, gB-specific antibodies were
detected and these antibodies were complement dependent
and not present at high levels. Here, we have shown that
lymphocytes from animals inoculated with AdgB2 could
efficiently lyse HSV-infected target cells and that it was
necessary to include the CTL recognition site in order to
affect lysis of HSV-infected targets. The Ad vectors de-
scribed in this study should be useful in defining the relative
contribution of CTL to protective responses to HSV, and, in
addition, it may be possible to protect animals with an Ad
vector which expresses the isolated CTL recognition site.

J. VIROL.

Furthermore, the role of CTL in the establishment of latency
may also be analyzed with these Ad vectors. The studies
described here further demonstrate the utility of Ad vectors
in the analysis of immune responses to individual viral
polypeptides. Most other studies of this type have relied on
the use of vaccinia virus vectors, which hold great potential
as viral vaccines. Ad vectors also have many advantages as
potential vaccine vehicles (for a review, see reference 22)
and should be strongly considered as alternatives to vaccinia
virus.

ACKNOWLEDGMENTS

We are grateful to Weizhang Cai and Stanley Person for providing
plasmids containing mutant HSV-1 gB genes. We thank John Rudy
for the rescue, plaque purification, and growth of recombinant Ad
vectors. In addition, we thank Amanda Hunt and Mojgan Hodaie for
excellent technical assistance and Pat Spear and Silvia Bacchetti for
gifts of monoclonal antibodies. We are also indebted to Pele Chong
of Connaught Laboratories for help with predictive algorithms.

This work was supported by grants from the Medical Research
Council of Canada, the Natural Sciences and Engineering Research
Council of Canada, and the National Cancer Institute of Canada
(N.C.I.C). D.C.J. is a Scholar and F.L.G. is a Terry Fox Scholar of
the N.C.I.C.

REFERENCES

1. Babbitt, B. P., P. M. Allen, G. Matsueda, E. Haber, and E. R.
Unanue. 1985. Binding of immunogenic peptides to Ia histocom-
patibility molecules. Nature (London) 217:359-361.

2. Berzofsky, J. A. 1988. Immunodominance in T lymphocyte
recognition. Immunol. Lett. 18:83-92.

2a.Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

3. Bjorkman, P. J., M. A. Saper, B. Samraoui, W. Bennett, J. L.
Strominger, and D. C. Wiley. 1987. The foreign antigen binding
site and T cell recognition regions of class I histocompatibility
antigens. Nature (London) 329:512-515.

4. Blacklaws, B. A., and A. A. Nash. 1990. Immunological memory
to herpes simplex virus type 1 glycoproteins B and D in mice. J.
Gen. Virol. 71:863-871.

S. Blacklaws, B. A., A. A. Nash, and G. Darby. 1987. Specificity of
the immune response of mice to herpes simplex virus glycopro-
teins gB and gD constitutively expressed in L cell lines. J. Gen.
Virol. 68:1103-1114.

6. Bonneau, R. H., and S. R. Jennings. 1989. Modulation of acute
and latent herpes simplex virus infection in C57BL/6 mice by
adoptive transfer of immune lymphocytes with cytolytic activ-
ity. J. Virol. 63:1480-1484.

7. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labelled proteins and nucleic acids in poly-
acrylamide gels. Eur. J. Biochem. 46:83-88.

8. Burrows, S. R., T. B. Sculley, I. S. Misko, C. Schmidt, and D. J.
Moss. 1990. An Epstein-Barr virus-specific cytotoxic T cell
epitope in EBV nuclear antigen 3 (EBNA 3). J. Exp. Med.
171:345-349.

9. Buus, S., A. Sette, S. M. Colon, C. Miles, and H. M. Grey. 1987.
The relation between major histocompatibility complex (MHC)
restriction and the capacity of Ia to bind immunogenic peptides.
Science 235:1353-1357.

10. Bzik, D. J., D. Chitrita, B. A. Fox, N. E. Pederson, and S.
Person. 1986. The nucleotide sequence of the gB glycoprotein
gene of HSV-2 and comparison with the corresponding gene of
HSV-1. Virology 155:322-333.

11. Bzik, D. J., B. A. Fox, N. A. DeLuca, and S. Person. 1984.
Nucleotide sequence specifying the glycoprotein gene, gB, of
herpes simplex virus type 1. Virology 133:301-314.

12. Cai, W., S. Person, C. DebRoy, and B. Gu. 1988. Functional
regions and structural features of the gB glycoprotein of herpes



VoL. 65, 1991

13.

14.

15.

16.

17.

18.
19.

20.

20a.
21.

22.

23.

24.

25.

25a.

simplex virus type 1. J. Mol. Biol. 201:575-588.
Claesson-Welsh, L., and P. G. Spear. 1987. Amino-terminal
sequence, synthesis, and membrane insertion of glycoprotein B
of herpes simplex virus type 1. J. Virol. 61:1-7.

DeLisi, C., and J. A. Berzofsky. 1985. T-cell antigenic sites tend
to be amphipathic structures. Proc. Natl. Acad. Sci. USA
82:7048-7052.

Del Val, M., K. Munch, M. J. Reddehase, and U. H. Koszi-
nowski. 1989. Presentation of CMV immediate-early antigen to
cytolytic T lymphocytes is selectively prevented by viral genes
expressed in the early phase. Cell 58:305-315.

Del Val, M., H. Volkmer, J. B. Rothbard, S. Jonji¢, M. Messerle,
J. Schickedanz, M. J. Reddehase, and U. H. Koszinowski. 1988.
Molecular basis for cytolytic T-lymphocyte recognition of the
murine cytomegalovirus immediate-early protein pp89. J. Virol.
62:3965-3972.

Feenstra, V., M. Hodaie, and D. C. Johnson. 1990. Deletions in
herpes simplex virus glycoprotein D define nonessential and
essential domains. J. Virol. 64:2096-2102.

Germain, R. N. 1988. Antigen processing and CD4+ T cell
depletion in AIDS. Cell 54:441—444.

Glorioso, J., C. H. Schrioder, G. Kumel, M. Szczesiul, and M.
Levine. 1984. Immunogenicity of herpes simplex virus glycopro-
teins gC and gB and their role in protective immunity. J. Virol.
50:805-812.

Gooding, L. R. 1979. Specificities of killing by T lymphocytes
generated against syngeneic SV40 transformants: studies em-
ploying recombinants within the H-2 complex. J. Immunol.
122:1002-1008.

Graham, F. L. Unpublished results.

Graham, F. L., S. Bacchetti, R. McKinnon, C. P. Stanners, B.
Cordell, and H. M. Goodman. 1980. Transformation of mamma-
lian cells with DNA using the calcium technique, p. 3-25. In R.
Baserga, C. Croce, and G. Rovera (ed.), Introduction of mac-
romolecules into viable mammalian cells. Alan R. Liss, Inc.,
New York.

Graham, F. L., and L. Prevec. In E. J. Murray and J. M. Walker
(ed.), Methods in molecular biology, vol. 7, in press. Humana
Press, Clifton, N.J.

Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977.
Characteristics of a human cell line transformed by DNA from
human adenovirus 5. J. Gen. Virol. 36:59-72.

Graham, F. L., and A. ]J. van der Eb. 1973. A new technique for
the assay of infectivity of adenovirus S DNA. Virology 52:456—
467.

Haj-Ahmad, Y., and F. L. Graham. 1986. Development of a
helper-independent human adenovirus vector and its use in the
transfer of the herpes simplex virus thymidine kinase gene. J.
Virol. 57:267-274.

Hanke, T., and D. C. Johnson. Unpublished results.

25b.Hanke, T., K. Rosenthal, M. McDermott, and D. C. Johnson.

26.

27.

28.

29.

30.

Unpublished results.

Hany, M., S. Oehen, M. Schulz, H. Hengartner, M. Mackett,
D. H. L. Bishop, H. Overton, and R. M. Zinkernagel. 1989. Eur.
J. Immunol. 19:417-424.

Heine, J. W., R. W. Honess, E. Cassai, and B. Roizman. 1974.
Proteins specified by herpes simplex virus. XII. The virion
polypeptides of type 1 strains. J. Virol. 14:640-651.

Jennings, S. R., P. L. Rice, S. Pan, B. B. Knowles, and S. S.
Tevethia. 1984. Recognition of herpes simplex antigens on the
surface of mouse cells of the H-2b haplotype by virus-specific
cytotoxic T lymphocytes. J. Immunol. 132:475-481.

Johnson, D. C., G. Ghosh-Choudhury, J. R. Smiley, L. Fallis,
and F. L. Graham. 1988. Abundant expression of herpes sim-
plex virus glycoprotein gB using an adenovirus vector. Virology
164:1-14.

Johnson, D. C., and J. R. Smiley. 1985. Intracellular transport of
herpes simplex virus gD occurs more rapidly in uninfected cells
than in infected cells. J. Virol. 54:682—689.

30a.Johnson, R. M., D. W. Lancki, F. W. Fitch, and P. G. Spear.

1990. Herpes simplex virus glycoprotein D is recognized as
antigen by CD4* and CD8* T lymphocytes from infected mice.
Characterization of T cell clones. J. Immunol. 145:702-710.

CTL RECOGNITION SITE IN HSV GLYCOPROTEIN B

31.

1185

Kieff, E., and D. Liebowitz. 1990. Epstein-Barr virus and its
replication, p. 1880-1920. In B. Fields (ed.), Virology. Raven
Press, New York.

3la.Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Martin, S., R. J. Courtney, G. Fowler, and B. T. Rouse. 1988.
Herpes simplex virus type 1-specific cytotoxic T lymphocytes
recognize virus nonstructural proteins. J. Virol. 62:2265-2273.
Martin, S., B. Moss, P. W. Berman, L. A. Laskey, and B. T.
Rouse. 1987. Mechanisms of antiviral immunity induced by a
vaccinia virus recombinant expressing herpes simplex virus
type 1 glycoprotein D: cytotoxic T cells. J. Virol. 61:726-734.
Martin, S., and B. T. Rouse. 1990. The control of human
herpesvirus infections by cytotoxic T lymphocytes (CTL): a
comparison to AIDS virus specific CTL, p. 73-98. In L. A.
Aurelian (ed.), Herpesvirus, the immune system and AIDS.
Kluwer Academic, Norwell, Mass.

Martin, S., X. Zhu, S. J. Silverstein, R. J. Courtney, F. Yao,
F. J. Jenkins, and B. T. Rouse. Virology, in press.
McDermott, M. R., F. L. Graham, T. Hanke, and D. C. Johnson.
1989. Protection of mice against lethal challenge with herpes
simplex virus by vaccination with an adenovirus vector express-
ing HSV glycoprotein B. Virology 169:244-247.

McGeoch, D. J., M. A. Dalrymple, A. J. Davison, A. Dolan,
M. C. Frame, D. McNab, L. J. Perry, J. E. Scott, and P. Taylor.
1988. The complete DNA sequence of the long unique region in
the genome of herpes simplex virus type 1. J. Gen. Virol.
69:1531-1574.

McLaughlin-Taylor, E., D. E. Willey, E. M. Cantin, R. Eberle,
B. Moss, and H. Openshaw. 1988. A recombinant vaccinia virus
expressing herpes simplex virus type 1 glycoprotein B induces
cytotoxic T lymphocytes in mice. J. Gen. Virol. 69:1731-1734.
Murray, R. J., M. G. Kurilla, H. M. Griffin, J. M. Brooks, M.
Mackett, J. R. Arrang, M. Rowe, S. R. Burrows, D. J. Moss, E.
Kieff, and A. B. Rickinson. 1990. Human cytotoxic T-cell
responses against Epstein-Barr virus nuclear antigens demon-
strated by using recombinant vaccinia viruses. Proc. Natl.
Acad. Sci. USA 87:2906-2910.

Nash, A. A., A. Jayasuria, J. Phelan, S. P. Cobbold, H. Wald-
man, and T. Prospero. 1987. Different roles of L3T4+ and Lyt
2+ T cell subsets in the control of an acute herpes simplex virus
infection of the skin and nervous system. J. Gen. Virol. 68:825-
833.

Nash, A. A., K.-N. Leung, and P. Wildy. 1985. The T-cell-
mediated immune response of mice to herpes simplex virus, p.
87-102. In B. Roizman and C. Lopez (ed.), The herpesviruses,
vol. 4. Plenum Publishing Corp., New York.

Oldstone, M. B. A., J. L. Whitton, H. Lewicki, and A. Tishon.
1988. Fine dissection of a nine amino acid glycoprotein epitope,
a major determinant recognized by lymphocytic choriomeningi-
tis virus-specific class I-restricted H-2Db. J. Exp. Med. 168:
559-570.

Para, M. F., M. L. Parish, A. G. Noble, and P. G. Spear. 1987.
Potent neutralizing activity associated with anti-glycoprotein D
specificity among monoclonal antibodies selected for binding to
herpes simplex virions. J. Virol. 55:483-488.

. Pellett, P. E., K. G. Kousoulas, L. Pereira, and B. Roizman.

1985. Anatomy of the herpes simplex virus 1 strain F glycopro-
tein B gene: primary sequence and predicted protein structure
of the wild type and of monoclonal antibody-resistant mutants.
J. Virol. 5§3:243-253.

Pfizenmaier, K., H. Jung, A. Starzinski-Powitz, M. Rollinghoff,
and H. Wagner. 1977. The role of T cells in anti-herpes simplex
virus immunity. I. Induction of antigen-specific cytotoxic T
lymphocytes. J. Immunol. 119:939-944.

Prevec, L., J. B. Campbell, B. S. Christie, L. Belbeck, and F. L.
Graham. 1990. A recombinant human vaccine against rabies. J.
Infect. Dis. 161:27-30.

Reddehase, M. J., and U. H. Koszinowski. 1984. Significance of
herpesvirus immediate early gene expression in cellular immu-
nity to cytomegalovirus infection. Nature (London) 312:369-
371.



1186

48.

49.

50.

51.
52.

53.

54.

55.

56.

HANKE ET AL.

Rhim, J. S., H. Y. Cho, and R. J. Huel;l}er. 1975. Non-producer
human cells induced by murine sarcoma cells. Int. J. Cancer
15:23-29.

Rosenthal, K. L., J. R. Smiley, S. South, and D. C. Johnson.
1987. Cells expressing herpes simplex virus glycoprotein gC but
not gB, gD, or gE are recognized by murine virus-specific
cytotoxic T lymphocytes. J. Virol. 61:2438-2447.

Rosenthal, K. L., and R. M. Zinkernagel. 1980. Cross-reactive
cytotoxic T cells to serologically distinct vesicular stomatitis
virus. J. Immunol. 124:2301-2308.

Rothbard, J. B., and W. R. Taylor. 1988. A sequence pattern
common to T cell epitopes. EMBO J. 7:93-100.

Schulz, M., P. Aichele, M. Vollenweider, F. W. Bobe, F. Cardi-
naux, H. Hengartner, and R. M. Zinkernagel. 1989. Major
histocompatibility complex-dependent T cell epitopes of lym-
phocytic choriomeningitis virus nucleoprotein and their protec-
tive capacity against viral disease. Eur. J. Immunol. 19:1657-
1667.

Spouge, J. L., H. R. Guy, J. L. Cornette, H. Margalit, K. Cease,
J. A. Berzofsky, and C. DeLisi. 1987. Strong conformational
propensities enhance T cell antigenicity. J. Immunol. 138:204—
212.

Stinski, M. F. 1990. Cytomegalovirus and its replication, p.
1959-1980. In B. Fields (ed.), Virology. Raven Press, New
York.

Townsend, A. R. M., F. M. Gotch, and J. Davey. 1985. Cyto-
toxic T cells recognize fragments of the influenza nucleoprotein.
Cell 42:457-467.

Townsend, A. R. M., A. J. McMichael, N. P. Carter, J. A.
Huddleston, and G. G. Brownlee. 1984. Cytotoxic T cell recog-
nition of the influenza nucleoprotein and hemagglutinin ex-
pressed in transfected mouse L cells. Cell 39:13-25.

57.

58.

59.

61.

62.

63.

64.

J. VIROL.

Townsend, A. R. M., J. Rothbard, F. M. Gotch, G. Bahadur, D.
Wraith, and A. J. McMichael. 1986. The epitopes of influenza
nucleoprotein recognized by cytotoxic T lymphocytes can be
defined with short synthetic peptides. Cell 44:959-968.
Walker, C. M., V. Paetku, W. E. Rawls, and K. Rosenthal. 1985.
Abrogation of anti-Pichinde virus cytotoxic T cell memory by
cyclophosphamide and restoration by coinfection and interleu-
kin 2. J. Immunol. 135:1401-1407.

Whitton, J. L., J. R. Gebhard, H. Lewicki, A. Tishon, and
M. B. A. Oldstone. 1988. Molecular definition of a major
cytotoxic T-lymphocyte epitope in the glycoprotein of lympho-
cytic choriomeningitis virus. J. Virol. 62:687-695.

. Whitton, J. L., A. Tishon, H. Lewicki, J. Gebhard, T. Cook, M.

Salvato, E. Joly, and M. B. A. Oldstone. 1989. Molecular
analyses of a five-amino-acid cytotoxic T-lymphocyte (CTL)
epitope: an immunodominant region which induces nonrecipro-
cal CTL cross-reactivity. J. Virol. 63:4303—4310.

Witmer, L. A., K. L. Rosenthal, F. L. Graham, H. M. Friedman,
A. Yee, and D. C. Johnson. 1990. Cytotoxic T lymphocytes
specific for herpes simplex virus (HSV) studied using adenovi-
rus vectors expressing HSV glycoproteins. J. Gen. Virol. 71:
387-396.

Yewdell, J. W., and J. R. Bennink. 1990. The binary logic of
antigen processing and presentation to T cells. Cell 62:203-206.
Yewdell, J. W., J. R. Bennink, G. L. Smith, and B. Moss. 1985.
Influenza A virus nucleoprotein is a major target antigen for
cross-reactive anti-influenza A virus cytotoxic T lymphocytes.
Proc. Natl. Acad. Sci. USA 82:1785-1789.

Zinkernagel, R. M., B. Adler, and J. J. Holland. 1978. Cell-
mediated immunity to vesicular stomatitis virus infections in
mice. Exp. Cell Biol. 46:53-70.



