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Cytotoxic T lymphocytes (CTL) were generated in C57BL/6 mice with herpes
simplex virus type 1 (HSV-1) (strains KOS, 17, HFEM, and mP) and HSV-2
(strains 186, G, and GP6). Effector lymphocytes were tested for cytotoxicity
against syngeneic HSV-1- and HSV-2-infected cells in a 5-h 51Cr release assay.
HSV-1 strain HFEM was found to induce CTL efficiently only when 100-fold
more virus was used as compared with HSV-1 strains KOS, 17, and mP. All HSV-
1 and HSV-2 strains induced cross-reactive populations of CTL. CTL generated
by HSV-1 KOS and HSV-2 186 also demonstrated cross-reactivity in an ear-
swelling model for delayed-type hypersensitivity. Lymphocytes generated by all
HSV-2 strains were highly efficient at lysing HSV-1-infected target cells. Howev-
er, HSV-2-infected target cells were found to be less susceptible to lysis by either
HSV-1 or HSV-2 CTL than were HSV-1-infected target cells. The lowered
susceptibility of HSV-2-infected cells was not due to an inefficient infection of BL/
6 WT-3 cells as measured by standard growth assays and infectious center assays.
Varying the multiplicity of infection or the time of infection did not increase the
susceptibility of HSV-2-infected target cells to lysis by CTL. Increasing the
effector-to-target-cell ratio resulted in an increased lysis of both HSV-1- and HSV-
2-infected target cells by CTL, but the level of HSV-2-infected target cell lysis still
did not approach the level of HSV-1-infected target cell lysis. HSV-2-infected
cells were as efficient as HSV-1-infected cells in the cold cell competition assay
employed in reducing the lysis of 51Cr-labeled, HSV-1-infected target cells. In
addition, HSV-2-infected cells were susceptible to lysis by HSV-immune serum
and complement.

Host responses to herpes simplex virus (HSV)
involve both humoral and cell-mediated immune
mechanisms. Cytotoxic thymus-derived (T) cells
and delayed-type hypersensitivity (DTH) cells
are involved in the rapid clearance of HSV and
protection against acute HSV infections in mice
in vivo (20, 28-33, 44), and HSV-specific cyto-
toxic T cells have been shown to lyse syngeneic
HSV-infected target cells in vitro (5, 24, 39, 40,
50).
Two major serological types of HSV (HSV-1

and HSV-2) have been identified, and the DNAs
can be separated by restriction enzyme analysis
(48). Different isolates (strains) of either virus
type can also be differentiated by restriction
enzyme analysis (21, 26). Serological studies
have shown that cross-reactive antibodies are
induced in the host after infection with either
HSV-1 or HSV-2 (41, 52, 53). The virus-specific
glycoproteins function in the induction of both
humoral and cell-mediated responses to HSV (5,
15, 24, 34, 35). Both type-common and type-
specific antigenic determinants have been identi-
fied on glycoproteins gA/gB, gD, and gE (2, 19,

35, 36, 54). Currently, only type-specific deter-
minants have been identified on gC (54, 56).
Several strains of HSV-1 and HSV-2 have been
examined in individual studies of both cytotoxic
T cell induction and reactivity (5, 24, 33, 39, 40,
50) and the DTH response to HSV infection (22,
28-33, 47). Both type-specific (39, 40) and cross-
reactive responses (50, 51) in the cytotoxic T cell
assay have been reported.
The present studies were, therefore, under-

taken to examine more specifically both intra-
typic and intertypic specificity between HSV-1
strains (KOS, 17, HFEM, and mP) and HSV-2
strains (186, G, and GP6) in the T cell-mediated
immune response and the DTH response to
HSV.

MATERIALS AND METHODS
Cells and cell culture. Monolayer cultures of the

human cell line HEp-2 were used for the preparation of
virus stocks. A continuous line of African green mon-
key kidney cells (Vero) was used for virus plaque
assays. Both HEp-2 and Vero cells were grown at 37°C
in Dulbecco modified Eagle medium supplemented
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with 10o fetal bovine serum and containing 0.075 or
0.225% NaHCO3 for cultures in closed or open ves-
sels, respectively. C57BL/6 mouse embryo fibroblasts
transformed by simian virus 40 (BL/6 WT-3) (43) were
used as target cells in the 51Cr release assay.

Viruses and virus assays. HSV-1 strains KOS (42,
45), 17 (4), HFEM (16, 27), and mP (11, 17, 18), and
HSV-2 strains 186 (12), G (6, 11, 38), and GP6 (27)
have been described. HSV strains KOS, 17, and 186
were kindly provided by Priscilla A. Schaffer; strains
mP, G, and GP6 were kindly provided by Bernard
Roizman; and strain HFEM was obtained from A.
Buchan through Patricia Spear.

Virus stocks were prepared in HEp-2 cells, and
titers were determined in Vero cells by a plaque assay
utilizing a 2% methylcellulose overlay. All virus stocks
were stored at -70'C. The kinetics of virus replication
was determined in HEp-2 and BL/6 WT-3 cells. Two-
day-old cell monolayers (2 x 105 cells) were infected at
a multiplicity of infection (MOI) of 5 and incubated at
370C for 1 h. The cultures were washed two times with
Tris-buffered saline, and 2 ml of medium containing
5% fetal bovine serum was added. The cultures were
incubated at 37°C in a 5% CO2 atmosphere. At desig-
nated times, duplicate cultures were frozen and
thawed three times and pooled. The resulting suspen-
sion was centrifuged at 250 x g for 10 min at 4°C, and
supernatant fluids representing total virus yields were
assayed on Vero cell monolayers at 37°C.

Generation of CTh. Cytotoxic T lymphocytes (CTL)
capable of specifically killing syngeneic HSV-infected
cells were generated by immunizing C57BL/6 (H-2b)
mice (Jackson Laboratories, Bar Harbor, Maine) in
hind footpads with 105 PFU of HSV per footpad. The
draining lymph nodes were excised 5 days postimmun-
ization, and lymphocyte suspensions were prepared
by gently pressing the lymph nodes through a 60-gauge
stainless steel wire mesh. Viable cells were counted by
trypan blue exclusion and suspended at 4 x 106
lymphocytes per ml in RPMI 1640 media containing 2
x 10-5 M 2-mercaptoethanol, 20 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid)
buffer, 100 U of penicillin per ml, 100 g of streptomy-
cin per ml, 0.03% glutamine, 0.225% NaHCO3, and
10%o heat-inactivated (56°C, 30 min) fetal bovine se-
rum. Lymphocytes (2 x 10') were added to 60-mm
tissue culture dishes and incubated at 37'C in 5% CO2
for 3 days. For controls, lymphocytes from unimmun-
ized mice were similarly prepared and cultured.
51Cr release assay. The assay was performed as

described (5). Briefly, confluent monolayers of target
cells growing in 75-cm2 tissue culture flasks were
infected with HSV-1 or HSV-2 at an MOI of 2.5, and
200 LCi of "1Cr was added to each flask. The cells
were placed at 37'C for 14 to 16 h. Cells (2 x 104) in 0.1
ml were added to glass culture tubes (10 by 75 mm)
with an equal volume of effector lymphocytes.
To determine the ability of HSV-infected, unlabeled

cells to compete in a cold cell competition assay, the
HSV-infected or mock-infected, unlabeled cells were
added to the tubes (10 by 75 mm) at the same time as
the 51Cr-labeled target cells at 4'C. Ratios of 5 to 1 and
10 to 1 competing cell to 51Cr-labeled target cell were
used. The effector lymphocytes were then added, and
the assay was incubated at 370C for 5 h.

Antibody-dependent complement-mediated cytolysis
of HSV-infected cells. Antibody-dependent comple-

ment-mediated cytolysis was measured as described
previously (5). The serum was prepared by immuniza-
tion of rabbits with primary rabbit kidney cells infect-
ed with either HSV-1 KOS or HSV-2 186.

Adoptive transfer of lymph node cells and measure-
ment of DTH. DTH responses were determined as
previously described by Nash and colleagues (28).
Briefly, BALB/c mice (H-2d) (Charles River Breeding
Laboratories, Inc., Wilmington, Mass.) were used at 4
to 8 weeks of age. Donor mice were immunized with
105 PFU of virus by hind footpad inoculations. Five to
eight days later the draining popliteal lymph nodes
were aseptically removed. The lymph node cells (2.0
x 10' to 2.5 x 107 cells per 0.3 ml) were injected
intravenously into the tail vein of normal, age-
matched, syngeneic recipients. At 1 to 24 h, the mice
were anesthetized and challenged with 1.0 x 104 to 2.0
x 104 PFU/50 p.1 of virus in the pinna of the ear. Ear
thickness was then measured at 24 and 48 h post ear
challenge with a Mitutoyo dial thickness gauge.

RESULTS
Intratypic specificity of CTL generated with

HSV-1 strains KOS, 17, HFEM, and mP. CTL
were generated in C57BL/6 mice immunized
with HSV-1 strains KOS, 17, HFEM, and mP,
as described above. However, initial results
with strain HFEM indicated that the lympho-
cytes generated with 105 PFU ofHFEM per hind
footpad were not cytotoxic to the same degree
as those induced by 105 PFU of other HSV-1
strains. Attempts were then made to generate
CTL with 105, 106, and 107 PFU of HFEM per
hind footpad. Lymphocytes generated against
KOS with 105 PFU were included as positive
controls. As shown in Table 1, 107 PFU of
HFEM per hind footpad induced CTL of a
comparable reactivity as the KOS-induced CTL.
In this experiment the effector-to-target-cell ra-
tios of 40 to 1 and 20 to 1 were not tested against
uninfected target cells due to the insufficient
number of CTL generated after in vitro cultiva-
tion. However, in other experiments (Tables 2
through 4), the percent specific 5tCr release
from uninfected target cells in the presence of
CTL generated to either HSV-1 or HSV-2
ranged from 0 to 4.0. All further experiments
with HFEM utilized inoculation of 10' PFU per
hind footpad. The data in Table 1 also demon-
strate that both HFEM and KOS-induced lym-
phocytes are capable of lysing either HFEM- or
KOS-infected, "Cr-labeled target cells.
The CTL generated in response to the four

HSV-1 strains were then reacted against 51Cr-
labeled target cells infected with KOS, 17,
HFEM, or mP. Five independent experiments
were carried out, and the results of one repre-
sentative experiment are presented in Fig. 1.
Effector-to-target-cell ratios were varied from 40
to 1 to 5 to 1. The results demonstrate that
significant levels of cross-reacting lymphocytes
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TABLE 1. Induction of CTL by HSV-1 strains KOS and HFEM

Lymphocyte donor Effector % Specific 5"Cr release from BL/6 WT-3 cells
(C57BL/6) immunized Dose (PFU) cell/target infected with a:

with: cell ratio HSV-1 KOS HSV-1 HFEM None

HSV-1 KOS 1 x 10 40:1 49.0 31.9 NTb
20:1 32.9 17.9 NT
10:1 27.3 9.7 0.6

HSV-1 HFEM 1 x 105 40:1 NT NT NT
20:1 7.2 5.3 NT
10:1 5.3 4.0 1.4

HSV-1 HFEM 1 x 106 40:1 31.6 21.6 NT
20:1 23.0 11.1 NT
10:1 13.4 8.2 2.1

HSV-1 HFEM 1 x 107 40:1 46.3 27.4 NT
20:1 42.8 25.8 NT
10:1 26.6 17.9 1.5

a Lymphocyte cytotoxicity was determined in a 5-h 5"Cr release assay at 37°C. Target cells were either
infected with HSV-1 strains KOS or HFEM at an MOI of 2.5 or mock-infected, and cells were harvested at 14 h
postinfection.
bNT, Not tested. The 40:1 effector-cell-to-target-cell ratio could not be performed with HFEM effector cells

generated by an immunizing dose of 1 x 10' PFU due to insufficient numbers of these effectors.

are induced by all HSV-1 strains examined and
that HSV-1-infected target cells are all equally
susceptible to lysis by HSV-1-induced CTL.

Intratypic specificity of CTL generated with
HSV-2 strains 186, G, and GP6 and intertypic

A.

specificity with HSV-1 KOS CTL. Similar experi-
ments were performed with HSV-2 strains 186,
G, and GP6. Initial experiments with HSV-2
strains yielded low but significant values of
percent specific 5tCr release when HSV-2-in-

B. C.
TARGET CELLS INFECTED WITH HSV-1

17 HFEM

D. E.

mP Mock

'mP

I .--. . . .-, ,
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FIG. 1. Intratypic specificity of CTL generated with HSV-1 strains. CTL were generated in C57BL/6 mice
with HSV-1 strains KOS, 17, HFEM, and mP and used in the standard 51Cr release assay. Effector-to-target-cell
ratios were varied from 40 to 1 to 5 to 1. The HSV-1 CTL populations were reacted against BL/6 WT-3 target
cells infected with KOS (A), 17 (B), HFEM (C), mP (D), and mock (E). Target cells were infected at an MOI of
2.5, labeled with 200 ,uCi of 5'Cr and harvested at 14 h postinfection. In each panel the homologous CTL is
labeled: KOS (O--O), 17 (0--0), HFEM (A--A), mP ( 0).
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TABLE 2. Intratypic specificity between HSV-2 strains 186, G, and GP6 and intertypic specificity between
HSV-1 KOS and HSV-2 strains

Lymphocyte donor Effector % Specific '1Cr release from BL/6 WT-3 cells infected with a:
(CS7BL/6) immunized cell/target

with: cell ratio HSV-2 186 HSV-2 G HSV-2 GP6 HSV-1 KOS None

HSV-2 186 40:1 11.1 12.1 19.7 42.9 3.2
20:1 7.7 6.3 9.1 32.5 NTb

HSV-2 G 40:1 14.0 12.3 17.8 44.2 2.7
20:1 11.1 6.7 11.4 34.7 NT

HSV-2 GP6 40:1 10.5 6.4 24.6 31.9 0.0
20:1 6.3 4.3 10.3 19.6 NT

HSV-1 KOS 40:1 10.2 3.6 8.2 49.3 1.3
20:1 9.5 3.3 6.7 37.7 NT

a Lymphocyte cytotoxicity was determined in a 5-h S1Cr release assay at 37°C. Cells were either infected with
HSV-2 strains 186, G, or GP6, HSV-1 strain KOS at an MOI of 2.5, or mock-infected, and cells were harvested at
14 h postinfection.

b NT, Not tested.

fected target cells were used. However, when
HSV-2 CTL were reacted against HSV-1-infect-
ed targets, two- to fourfold more release of 51Cr
was obtained (Table 2). These results are repro-
ducible, and this same low susceptibility of
HSV-2-infected target cells has also been ob-
served in BALB/c, C3H, and CBA/J mice (data
not shown). The results in Table 2 demonstrate
that all HSV-2 strains induce CTL which are
cross-reactive and that these CTL are more
cytotoxic for HSV-1-infected target cells than
for the HSV-2-infected target cells.
Growth of HSV in WT-3 cells. The lowered

susceptibility of HSV-2-infected target cells to
lysis by either HSV-1 or HSV-2 CTL could be
the result of inefficient replication in BL/6 WT-3
cells. A growth curve experiment was per-
formed using HSV-1 strains KOS, 17, and
HFEM and HSV-2 strains 186, G, and GP6 in
WT-3 cells. Although HSV-1 KOS and HFEM
showed more efficient replication in WT-3 cells,
HSV-1 17 replicated with approximately the
same efficiency as HSV-2 186, G, and GP6 (Fig.
2). Similar results were obtained when the same
strains were grown in the human cell line HEp-2
(data not shown). Infectious center assays were
also performed to determine whether similar
numbers of cells were infected with HSV-1
and -2. The results indicate that there is no
difference between the number of cells infected
by either HSV-1 KOS or HSV-2 186 which are
capable of forming an infectious center on Vero
cells (data not shown).

Effect of increasing the MOI of target cells on
their susceptibility to lysis by CTL. In an attempt
to increase the susceptibility of HSV-2-infected
targets to lysis by HSV-induced CTL, C57BL/6
WT-3 cells were infected at various MOI from 1
to 20, and the cells were then harvested at 14 h
postinfection and used in the 5'Cr release assay.
Increasing the MOI of either HSV-1- or HSV-2-

infected target cells did not increase the percent
specific 51Cr release obtained (Table 3).
Time course of susceptibility of HSV-1- and

HSV-2-infected BL/6 WT-3 cells to lysis by HSV-1
and HSV-2 CTL. The replicative cycles of HSV-
1 and HSV-2 have been shown to differ (13). We
therefore examined the susceptibility of HSV-1-
and HSV-2-infected target cells between 2 and
16 h postinfection to determine whether there
was an optimal time for the expression of anti-
gens that react with CTL in the 51Cr release
assay. Figure 3 shows the results of one of three
independent experiments in which HSV-1 and
HSV-2 CTL were reacted against both HSV-1-
and HSV-2-infected target cells. Between 2 and
16 h postinfection HSV-1-infected targets were
susceptible to lysis by both HSV-1 and HSV-2
CTL. The level of susceptibility of HSV-1-in-
fected target cells increased between 2 and 12 h
postinfection. However, HSV-2-infected target
cells were not highly susceptible to lysis by
either HSV-1 or HSV-2 CTL. A slight increase
was observed in the lysis of HSV-2-infected
target cells between 2 and 16 h postinfection, but
the level of susceptibility never approached the
level of HSV-1-infected target cells.

Effect of increasing the effector-to-target-cell
ratio on lysis of HSV-2-infected target cells. An-
other approach to increase the level of suscepti-
bility of HSV-2-infected target cells was to in-
crease the effector-to-target-cell ratio. The
results in Fig. 4 illustrate that increasing the
effector-to-target-cell ratio from 25 to 1 to 100 to
1 did cause an increase in the percent specific
51Cr release from both HSV-1- and HSV-2-
infected target cells. At the 100-to-1 ratio HSV-
2-infected target cells were lysed by HSV-1 and
HSV-2 CTL to values of 31 and 36% specific
5'Cr release, respectively. However, at the
same ratio the HSV-1-infected target cells were
lysed to values of 78 and 83% percent specific
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FIG. 2. Replication of HSV in BL/6 WT-3 cells. Two-day-old BL/6 WT-3 monolayers (2 x 10i cells) were

infected with HSV-1 or HSV-2 at an MOI of 2.5 and incubated at 37°C for 1 h. Cultures were then washed two
times with Tris-buffered saline, and 2 ml of Dulbecco medium containing 5% fetal bovine serum was added.
Cultures were incubated in a WEDCO CO2 incubator at 37°C. At the designated time point, duplicate cultures
were harvested by freezing and thawing three times, and cellular debris was removed by centrifugation at 250 x g
for 10 min. Supematant fluids representing total virus yields were assayed on Vero cell monolayers.

51Cr release by HSV-2 and HSV-1 CTL. There-
fore, the HSV-2-infected target cells were sus-
ceptible to lysis by CTL, but the level of killing
was two- to threefold less than that of the HSV-
1-infected target cells.

Ability of unlabeled HSV-1- and HSV-2-infect-
ed BL/6 WT-3 cells to compete for CTL. The cold
cell competition assay yields information on the
recognition of target cells by CTL. Various
numbers of infected, unlabeled cells were mixed
with infected 51Cr-labeled target cells, and the
CTL were then added to this mixture. The
ability of the unlabeled "cold" HSV-2-infected

cells to compete with the 51Cr-labeled target cell
was measured as a reduction in the percent
specific 51Cr release. The results of such an
experiment utilizing both HSV-1- and HSV-2-
infected cold cells are shown in Fig. 5 with both
HSV-1 and HSV-2 CTL. Figure 5A shows the
results of HSV-1 and HSV-2 cold cells compet-
ing for the HSV-1 CTL against HSV-1-infected
51Cr-labeled target cells. At both the 5 to 1 and
10 to 1 inhibitor-cell-to-target-cell ratio, both
HSV-1 and HSV-2 cold cells were capable of
reducing the value of percent specific 51Cr re-
lease of the control by approximately 50%.

INFECT. IMMUN.
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TABLE 3. Effect of various MOIs on the
susceptibility of HSV-infected target cells to lysis by

HSV CTL

Target cells % Specific 51Cr release by
(Bl/6 WT-3) MOI CTL generated against':
infected by: HSV-1 KOS HSV-2 186

HSV-1 KOS 1 39.7 27.8
2.5 42.6 38.1
5 35.2 29.0
10 41.0 31.5
20 35.8 30.5

HSV-2 186 1 5.8 8.0
2.5 2.1 6.1
5 1.6 4.9
10 6.6 7.3
20 7.5 10.4

None 3.1 4.9

a BL/6 WT-3 target cells were either infected with
HSV-1 KOS, HSV-2 186, or mock-infected, and cells
were harvested at 14 h postinfection.

b Lymphocyte cytotoxicity was determined in a 5-h
51Cr release assay at an effector-to-target-cell ratio of
40 to 1. Lymphocyte donors (C57BL/6) were immu-
nized with either HSV-1 KOS or HSV-2 186.

Figure 5B shows the results of the same experi-
ment with HSV-2 CTL. HSV-2 cold cells were
capable of reducing the control value by approx-
imately 60%. Since no difference was observed
in the ability ofHSV-1- and HSV-2-infected cold
cells to compete for CTL, both HSV-1- and
HSV-2-infected cells must be recognized equally
by the CTL. These results indicate that recogni-
tion of HSV-2-infected cells does occur even
though they are not lysed as efficiently as HSV-
1-infected cells. The assay system used, howev-
er, does not rigorously rule out the possibility of
the existence of type-specific CTL.

Lysis of HSV-1- and HSV-2-infected BL/6 WT-
3 cells by antibody-dependent complement-medi-
ated lysis. HSV-1- and HSV-2-infected WT-3
cells were tested for their susceptibility to lysis
by antibody and complement. The lysis of HSV-
infected cells by antibody and complement has
previously been shown to involve the HSV-
specific glycoproteins (5, 35). HSV-1- and HSV-
2-infected WT-3 cells should, therefore, be lysed
by HSV-specific antisera and complement if the
virus-specific glycoproteins are expressed on
the infected cell surface. HSV-1- and HSV-2-
immune sera from rabbits was heat-inactivated
for 30 min at 56°C before use in the assay. The
results in Table 4 show that WT-3 cells infected
with HSV-2 186 were highly susceptible to lysis
by antibody and complement, yielding values of
32 and 52% and 67 and 27% specific 51Cr release
in the presence of antisera generated against
HSV-1 KOS and HSV-2 186, respectively. The
HSV-2-infected target cells were, therefore, as
susceptible as HSV-1-infected target cells to
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FIG. 3. Kinetics of the susceptibility of HSV-1-
and HSV-2-infected BL/6 WT-3 cells to lysis by HSV-
1 and HSV-2 CTL. BL/6 WT-3 cells were infected
with HSV-1 KOS or HSV-2 186 at an MOI of 2.5 and
harvested at various times postinfection. The 51Cr-
labeled, HSV-infected target cells were used in the
standard 51Cr release assay at an effector-to-target-cell
ratio of 40 to 1.

lysis by HSV-immune serum and complement.
Intertypic specificity of HSV-1- and HSV-2-

induced lymphocytes in a DTH assay. The DTH
response to HSV was also used to examine
cross-reactivity between HSV-1 KOS and HSV-
2 186. Lymph node cells were prepared as
described above. Ear swelling was measured for
lymphocytes transferred on days 6, 7, and 8 after
immunization of mice to determine the optimal
time of transfer. Lymphocytes transferred on
day 7 showed optimal reactivity 48 h after chal-
lenge with HSV-1 KOS in the pinna of the ear
(data not shown). The specificity of the DTH
response was then examined with lymphocytes
transferred on day 7 post-immunization and
HSV-1 KOS and simian virus 40 to challenge.
Only mice receiving HSV-1 KOS-immune lym-
phocytes and a challenge of HSV-1 KOS re-
sponded with an increase in ear thickness (data
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FIG. 4. The effect of increasing the effector-to-

target-cell ratio on the lysis of HSV-infected cells.
CTL were generated in C57BL/6 mice with HSV-1
KOS and HSV-2 186. BL/6 WT-3 cells were infected at
an MOI of 2.5 and harvested at 14 h postinfection for
use in the standard 51Cr release assay. Effector-cell-to-
target-cell ratios were varied from 100 to 1 to 25 to 1.

not shown). Mice who received HSV-1 KOS-
immune lymphocytes did not respond to a chal-
lenge of simian virus 40 in the pinna of the ear.
Similarly, mice who received normal lympho-
cytes did not respond to either HSV-1 KOS or
simian virus 40. These results confirm previous-
ly published findings on the DTH response to
HSV (28).
The cross-reactivity of HSV-1 KOS and HSV-

2 186 in generating a DTH response was next
examined with lymphocytes harvested at 7 days
post-immunization (Table 5). Lymphocytes gen-
erated against HSV-1 KOS were capable of
eliciting a DTH response when mice were chal-
lenged with either HSV-1 KOS or HSV-2 186
(Table 5, experiments 1 and 2), and HSV-2 186-
immune lymphocytes were capable of eliciting a
DTH response against either HSV-1 KOS or
HSV-2 186 (Table 5, experiments 3 and 4). The
DTH response was measured at 24 and 48 h
postchallenge. Maximal responses were ob-
served at 48 h postchallenge, and therefore only
the data from 48 h are reported in Table 5. The
measurements for mice receiving HSV-immune
lymph node cells were significant in all cases as
compared with animals who did not receive
lymph node cells. A statistical analysis of the

difference between mice adoptively transferred
with immune lymph node cells and challenged in

* KOS CTL the ear with the homologous or heterologous
* 186 CTL serotype of HSV was also done. In all compari-

sons, no significant difference was observed (P
' 0.05). This suggests that the DTH effector

_ cells recognize cross-reactive viral determi-
nants.

DISCUSSION
The results presented in this study demon-

strate that high levels of cross-reactive lympho-
cytes are generated in response to infection of
mice with HSV-1 and HSV-2. The effector cell
populations induced in these studies contain
lymphocytes which exhibit both intertypic and
intratypic cross-reactivity between HSV-1
(strains KOS, 17, HFEM, and mP) and HSV-2
(strains 186, G, and GP6). Two cell-mediated
immune reactions were used to examine the
generation of HSV-specific lymphocytes. The in
vitro lysis of virus-infected cells by CTL is
dependent on CTL recognition of both viral
antigens and products of the H-2K or H-2D loci
or both of the major histocompatibility complex
(8). Previous work from our laboratory (5) and
others (23, 24) has demonstrated that the CTL
response to HSV infection involves the virus-
specific glycoproteins both in the induction of
CTL and as target antigens on the surface of
virus-infected cells.
The induction of both type-specific and cross-

reactive CTL to HSV has been reported (39, 40,
50). The experimental approach yielding a type-
specific CTL response was identical to the in-
duction procedure used in this study. However,
Pfizenmaier and co-workers used HSV-1 strain
Lennette and HSV-2 strain D316 to induce CTL,
and HSV-infected peritoneal macrophages were
used as syngeneic target cells (39, 40). Another
approach yielding cross-reactive CTL used
HSV-1 strain Thea and HSV-2 strain Haase to
generate CTL from the spleen and peritoneal
cavity of the mouse (50). Additional studies are
therefore needed to determine the role of the
HSV strain, the route of inoculation of virus,
and the target cell in the induction of either type-
specific or cross-reactive populations of CTL.
The in vivo assay of DTH involves recogni-

tion of viral antigens, but the effector cell popu-
lation is restricted to the Ia subregion of the
major histocompatibility complex (32). Although
the DTH response can be transferred by Ia
compatible effector cells, the rapid clearance of
virus also necessitates H-2K and H-2D region
compatibility (32). HSV-1-sensitized lymph
node cells can be stimulated by either HSV-1 or
HSV-2 as measured by [3H]thymidine incorpo-
ration (33), but the level of incorporation of
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FIG. 5. The effect of HSV-1 and HSV-2-infected cells in the cold cell competition assay. CTL were generated
in C57BL/6 mice with HSV-1 KOS and HSV-2 186 and used at an effector-to-target-cell ratio of 10 to 1. BL/6
WT-3 cells were infected at an MOI of 2.5 or mock-infected, and half of the cultures were labeled with 200 ,Ci of
51Cr. All cells were harvested at 14 h postinfection and 51Cr labeled; HSV-1-, HSV-2-, or mock-infected cells
were mixed at 4°C with unlabeled HSV-1-, HSV-2-, or mock-infected cells at ratios of 5 to 1 and 10 to 1,
unlabeled to labeled cells. CTL were then added to the cell mixture, and a 5-h 51Cr release assay was carried out.
Cultures were also run without unlabeled cells to serve as positive controls.

[3H]thymidine is fivefold-less when HSV-1-sen-
sitized lymph node cells are stimulated by HSV-
2. A suppression of the DTH response to HSV
has also been reported, and the HSV-specific
DTH response is suppressed by either HSV-1 or
HSV-2 (30, 31). The decreased level of suppres-
sion induced by the heterologous virus indicates
that the DTH effector cell population contains
cells which recognize some type-common anti-
genic determinants and some type-specific anti-
genic determinants of HSV-1 and HSV-2 (30).
Similar results have been obtained in the influen-
za virus system. The DTH response and the
CTL response are restricted to similar regions of
the H-2 complex (8, 25), and significant levels of
cross-reacting lymphocytes are detected (1, 3,
46, 57). Studies of reovirus indicate that CTL
exhibit serotype specificity which segregates
with the S1 genome segment, but cross-reactive
CTL are found when identity at the S1 genome
segment is not observed (14). However, the
antigenic determinants involved in the genera-
tion of reovirus cross-reactive CTL were not
identified.

Antigenic studies of the HSV-specific glyco-
proteins indicate that both type-common and
type-specific antigenic sites exist on the glyco-

protein molecules (7, 10, 55). HSV-1 specifies
the synthesis of at least four antigenically dis-
tinct glycoproteins (2, 54), designated gB, gC,
gD, and gE. A fifth glycoprotein, gA, has recent-
ly been shown to share antigenic determinants
with gB (9, 37), and a precursor to product (gA
to gB) relationship has been proposed (9). All of
the virus-specific glycoproteins have been phys-
ically mapped using HSV-1 x HSV-2 intertypic
recombinants (49), and only gG of HSV-1 and
HSV-2 do not map to identical locations on the
genomes. Additionally, only type-specific anti-
genic determinants have been identified on gC
(55). The involvement of HSV-specific glyco-
proteins in the CTL response and the induction
of high levels of cross-reacting CTL reported in
this study suggest that glycoproteins bearing
type-common antigenic sites (gA/gB, gD) func-
tion in the induction of cross-reactive HSV
CTL. The effector lymphocyte population may
also contain type-specific CTL, but these cells
are not detected by our assay system.
An apparent lowered susceptibility to lysis by

CTL of HSV-2-infected target cells was ob-
served during these studies. HSV-2-infected
cells were consistently found to be two- to
threefold-less susceptible to lysis in the CTL
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TABLE 4. Comparative susceptibility of HSV-1-
and HSV-2-infected BL/6 WT-3 cells to antibody-

dependent complement-mediated lysis

Target cells HSV- % Specific 51Cr
(BL/6 WT-3) immune releasec
infected by: seruma Comple-infetedy: srum' mentb Expt 1 Expt 2

HSV-1 KOS a KOS + 67 46
a 186 + 53 49

HSV-2 186 a KOS + 32 52
a 186 + 67 27

None a KOS + 3.5 8.2
a 186 + 0.1 4.6

a Antiserum to HSV-1 KOS and HSV-2 186 was
generated in rabbits and used at a 1:10 dilution after
heat inactivation at 56°C for 30 min.

b Guinea pig complement was used at a final dilution
of 1:8. Complement was also heat-inactivated at 56°C
for 30 min and used in duplicate tubes as a negative
control. The percent specific 5tCr release in the pres-
ence of antiserum and heat-inactivated complement
was not greater than the values obtained with mock-
infected BL/6 WT-3 cells.

c Cytotoxic activity was determined in a 5-h 51Cr
release assay at 37°C. Cells were either infected with
HSV-1 KOS, HSV-2 186 (MOI of 2.5) or mock-
infected, and cells were harvested at 14 h postinfec-
tion.

assay with either HSV-1 or HSV-2-induced
CTL. Efforts were focused on determining the

reason for this altered susceptibility, and the
results suggested that the lowered susceptibility
of HSV-2-infected target cells was not due to a
lack of viral glycoproteins on the cell surface as
assayed by antibody and complement-mediated
cytolysis. Assays of growth of HSV-1 and HSV-
2 in mouse cells and infectious center assays
yielded data which suggested that the altered
susceptibility could not be attributed to an in-
ability of the virus to grow in the C57BL/6
mouse cells.

Despite the lowered susceptibility of HSV-2-
infected target cells to lysis by HSV-1 or HSV-2-
induced CTL, highly reactive CTL were gener-
ated in C57BL/6 mice by the HSV-2 strains
examined in this study. HSV-2-induced CTL
were as cytotoxic as HSV-1-induced CTL
against HSV-1-infected target cells. We are cur-
rently attempting to generate a type-specific
CTL response to HSV-1 and -2 to examine the
role of specific glycoproteins in the induction of
CTL. The function of specific glycoproteins as
target antigens on the infected target cell surface
will also be examined with HSV-1 x HSV-2
intertypic recombinants.
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TABLE 5. Cross-reactivity of HSV-1 and -2 in a DTH assay

LNC donors Mice Increase in
Expt immunized witha: challenged ear thickness" Significanced

withb: (48 h)

1 HSV-1 KOS HSV-1 KOS 12.6 ± 2.5 P = 0.02
None HSV-1 KOS 1.3 ± 1.1
HSV-1 KOS HSV-2 186 9.5 ± 0.7 P = 0.02
None HSV-2 186 6.3 ± 0.5

2 HSV-1 KOS HSV-1 KOS 11 ± 5 P = 0.02
None HSV-1 KOS 3 ± 2.2
HSV-1 KOS HSV-2 186 8.2 2.6 P = 0.02
None HSV-2 186 3.6 1.3

3 HSV-2 186 HSV-2 186 15.1 2.6 P < 0.001
None HSV-2 186 5.1 1.6
HSV-2 186 HSV-1 KOS 13.7 3.3 P = 0.001
None HSV-1 KOS 3.2 ± 1.3

4 HSV-2 186 HSV-2 186 14.6 ± 3.5 P = 0.01
None HSV-2 186 2.7 ± 1.5
HSV-2 186 HSV-1 KOS 10.7 ± 2.2 P < 0.001
None HSV-1 KOS 0.8 + 1.3

a Lymph node cells (LNC) (2.0 x 107 to 2.5 X 107) obtained from BALB/c mice immunized 5 to 8 days earlier
with 105 PFU of HSV-1 KOS or HSV-2 186 were injected intravenously into normal, age-matched, syngeneic
recipients. Control mice did not receive lymph node cells.

b One to twenty-four hours after adoptive transfer of lymph node cells, 1 x 104 to 2 x 104 PFU per 50 ,ul of a
CsCI-gradient-purified preparation of HSV-1 KOS or HSV-2 186 was injected into the ear pinna of all mice.

c All mice were anesthetized, and measurements of their ear thickness were taken before challenge with virus
in the ear and at 24 and 48 h postchallenge. The data shown are the mean ± 1 standard deviation of the simple
arithmetic increase in ear thickness for each group (three to six mice per group).

d Student t-test was used to determine statistical significance. The P-values indicate the difference between
mice adoptively transferred with immune lymph node cells and control mice.
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