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Herpes simplex virus (HSV)-specific CD8* cytotoxic T lymphocytes (CTL) have rarely been detected in
humans, presumably because of virus-induced mechanisms that downregulate major histocompatibility com-
plex class I expression. We have developed a method that has allowed us to consistently demonstrate HSV-
specific CD8* precursor CTL (pCTL) from HSV type 1- and 2-seropositive persons. Major histocompatibility
complex-restricted HSV-specific CD8* pCTL were found in 10 consecutively tested HSV type 1- and 2-sero-
positive subjects at frequencies ranging from 1 in 21,000 to 1 in 300 (median, 1 in 6,000) versus a pCTL
frequency of 1 in 100,000 in HSV-seronegative donors. These results suggest that CD8* CTL are important

effector cells in resolving HSV lesions.

Herpes simplex virus type 2 (HSV-2) is the major cause of
ulcerative lesions of the genital tract (6). The prevalence of
genital HSV-2 infections is increasing worldwide, and over
20% of the U.S. population is infected with HSV-2 (16). The
infections reactivate in over 90% of patients infected with
HSV-2, and severe infections are common in immunocompro-
mised individuals and newborns (6). A large body of work has
shown the importance of T-cell immunity in the control and
resolution of HSV-2 infections. However, little is known about
which T-cell effector responses are relevant in humans.

In contrast to other herpesviruses, in which major histocom-
patibility complex (MHC)-restricted CD8" cytotoxic T lym-
phocytes (CTL) have been readily isolated (1, 2, 3, 9), almost
all published reports of HSV-specific CTL have found these
cells to be CD4™" and HLA class II restricted (11, 12, 17, 20,
21). Proposed explanations for this have revolved around sev-
eral virus-induced mechanisms to decrease the expression of
peptide-class I complexes on the surface of antigen-presenting
cells (7, 10, 14, 22), hence hindering the activation and expan-
sion of HSV-specific CD8* CTL.

This report describes a recently developed method that
demonstrates that MHC-restricted HSV-specific CD8" CTL
are present in high precursor frequency in all patients with
HSV-1 and HSV-2. In preliminary experiments, we compared
the use of UV-inactivated HSV-2 (HSV-Ag) (12) with the use
of paraformaldehyde-fixed phytohemagglutinin (PHA)-blasts
previously infected for 18 h with HSV-2 strain 333 (HSV-
blasts) as methods of stimulation for the activation of HSV-
specific precursor CTL (pCTL) from peripheral blood mono-
nuclear cells (PBMC) in standard limiting-dilution analyses
(LDA). In contrast to unstimulated PBMC, which are nonper-
missive for HSV infection, PHA-stimulated PBMC support
virus replication (4, 8). In parallel cultures established, han-
dled, and measured identically, the frequency of HSV-specific
CD8* pCTL from patient A was 1 in 1,000 from cultures using
HSV-blasts as stimulators versus 1 in 17,000 in those using
soluble HSV-2 antigen (Fig. 1). HSV-blasts were used as stim-
ulators in all subsequent experiments.
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With this method, HSV-specific CD8" pCTL were detected
in all 10 consecutively tested HSV-2-seropositive patients.
pCTL frequencies ranged from 1 in 21,000 to 1 in 300, with a
median of 1 in 6,000 (Table 1). In contrast, the frequencies of
pCTL in five HSV-seronegative patients ranged from 1 in
538,000 to 1 in 47,000, with a median of 1 in 99,000, levels
significantly lower than those of HSV-seropositive patients
(P = 0.001 [Mann-Whitney]). To determine the reproducibility
of pCTL frequencies in a single patient, LDA were performed
three times with three HSV-seropositive patients, and pCTL
frequencies all fell within the same 95% confidence interval
(data not shown).

To determine if HSV-specific CD8* CTL generated from
HSV-blast stimulation were MHC restricted, cells within LDA
test wells were tested for lytic activity against MHC class I-
mismatched, HSV-2-infected lymphoblastoid cell lines (LCL).
Large differences were seen between the frequency of CD8"
CTL that lysed HSV-infected autologous LCL and the fre-
quency of CD8* CTL that lysed HSV-infected allogeneic LCL
mismatched at MHC class I (Fig. 2). Similar results were seen
in two additional patients (data not shown). Moreover, on a
clonal basis, all HSV-specific CD8" CTL lysed target cells in
an MHC class I-restricted manner (see below).

To determine the virus type specificity of HSV-specific
pCTL, CD8" responder cells were selected from patient K,
who was seropositive for HSV-1 only; patients G and E, who
were seropositive for HSV-2 only; and patient J, who was
seropositive for both HSV-1 and HSV-2. Positively selected
CD8™" cells were stimulated with PHA-blasts infected with
HSV-1 strain E115 or HSV-2 in an LDA. LDA cultures were
tested for lytic activity against autologous LCL infected with
HSV-1 or HSV-2. No significant differences were seen in HSV-
specific pCTL frequencies in patient K, J, or E when HSV-1
blasts or HSV-2 blasts were used to stimulate CTL and HSV-1
LCL or HSV-2 LCL were used as target cells (Fig. 3). In
contrast, patient G, who was seropositive for HSV-2 only, had
a significantly greater CD8" pCTL response to HSV-2 blasts
than to HSV-1 blasts (Fig. 3). However, HSV-2 stimulation of
CD8" responder cells from patient G had only slightly lower
pCTL frequencies directed against HSV-1 LCL versus HSV-2
LCL. Therefore, type-common responses were detected in the
four patients studied regardless of their serostatus.

Wells were also tested for lytic activity against the NK-
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FIG. 1. Frequency of HSV-specific CD8* pCTL stimulated with HSV-blasts
versus HSV-Ag. CD8" cells were positively selected from PBMC with CD8
microbeads (Miltenyi Biotec Inc., Auburn, Calif.) from patient A and were
aliquoted in 100 pl in seven serial twofold dilutions starting at 3 X 10* CD8*
cells per well in 96-well round-bottom plates. Twenty-four replicates were plated
for each dilution with 5 X 10* irradiated autologous PBMC (feeders) per well
and 1 X 10* HSV-blasts per well or a 1:100 dilution of HSV-Ag (UV-inactivated
HSV-2). LDA cultures were fed 5 U of interleukin-2 (Schiaperelli Biosystems,
Columbia, Md.) per ml on days 2, 5, and 8. After 10 days, wells were tested for
lytic activity against 2 X 10% 5!Cr-labeled mock-infected or HSV-infected autol-
ogous LCL in a standard >'Cr release assay. A well was scored as positive if the
radioactivity in the experimental well was greater than 3 standard deviations
above the mean °'Cr release value obtained from 24 control wells (containing no
CD8* responder cells). Wells positive for both HSV-infected and mock-infected
LCL were excluded. The percentage of negative cultures was plotted against the
initial responder cell number per well and the frequency (f) calculated by the
chi-square minimization method (5, 18). This comparison was repeated two
additional times for different individuals: with HSV-blasts, the pCTL frequencies
were 1 in 14,000 and 1 in 14,000 versus 1 in 80,000 and 1 in 23,000 with HSV-
Ag-stimulated cells.

sensitive cell line K562 to determine the level of NK-like killing
generated by stimulating CD8" cells with HSV-blasts. Al-
though a low frequency of HSV-blast-stimulated cells lysed
K562 cells, the frequencies of CD8™ cells that lysed K562 cells
were not statistically significantly different between HSV-sero-
positive patients (median, 1 in 26,000; range, 1 in 77,000 to 1 in
4,000; n = 6) and HSV-seronegative patients (median, 1 in
37,000; range, 1 in 250,000 to 1 in 28,000; n = 5) (P = 0.16
[t test]). The low frequency of HSV-blast-stimulated CD8"
cells capable of lysing K562 cells further confirms that the ef-
fector cells in the LDA wells were classic MHC-restricted
CD8" CTL.

To ensure that CD8" T cells were responsible for the CTL
activity measured after 10 days of culture with HSV-blasts, the
cell phenotypes of six LDA test wells were determined by
fluorescence-activated cell sorter analysis. The cells in all six
wells were >95% CD3" CD8" and <5% CD4" (Table 2).
Moreover, all six wells specifically lysed HSV-infected autolo-
gous LCL and not HSV-infected allogeneic LCL mismatched
at class I MHC, indicating that CD8" CTL were expanded
during culture and were the effectors responsible for specifi-
cally lysing infected target cells.

To verify the presence of HSV-specific CD8 " CTL in PBMC
of persons with genital herpes, eight CD8" HSV-specific CTL
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clones were isolated from two different patients. All eight
clones killed autologous HSV-2-infected LCL but not mock-
infected autologous LCL, allogeneic HSV-LCL, or K562 cells
(Table 3). Clones from patient A were prevented from lysing
HSV-2 infected LCL w6/32, a monoclonal antibody that inhib-
its MHC class I-restricted killing, demonstrating that these
CTL were MHC class I restricted. Of the eight CD8" CTL
clones, four were type common in that they recognized HSV-1-
and HSV-2-infected LCL while four were type specific, lysing
only HSV-2-infected LCL (Table 3).

Discussion. Our study is the first to consistently demonstrate
the presence of HSV-specific CD8" T cells in high precursor
frequencies in persons with mucocutaneous HSV-2 infections.
All 10 consecutively tested persons with recurrent genital her-
pes had HSV-2-specific CD8" pCTL at frequencies of 1 in
21,000 to 1 in 300 (median, 1 in 6,000). The frequencies of
pCTL determined by identical methods in HSV-seronegative
donors were 20 to 100 times lower. HSV-specific CD8* CTL
were MHC class I restricted and displayed low levels of NK-
like activity as detected in both bulk and cloning assays.

The pCTL frequencies we observed are similar to those seen
with infections with other herpesviruses, such as cytomegalo-
virus (2), Epstein-Barr virus (3), and varicella-zoster virus (1,
9). The high frequency of CD8" CTL in HSV-2-seropositive
persons in our current study, that was not seen in previous
studies, is likely due to the selection of CD8™ cells from PBMC
prior to culture initiation and the utilization of paraformalde-
hyde-fixed, HSV-infected PHA-blasts as stimulator cells.

One interesting feature of our study is that the pCTL fre-
quencies we observed were relatively similar in persons with
HSV-2 antibodies only versus persons seropositive for HSV-1
and HSV-2. Both type-common and type-specific CTL clones
were isolated. Type-common CTL responses were detected in
patients whether they were seropositive for HSV-1 only,
HSV-2 only, or both HSV-1 and HSV-2. While we studied only

TABLE 1. Frequencies of HSV-specific pCTL in PBMC from
HSV-seropositive and -seronegative patients®

i HSV HSV-specific CD8"* pCTL
Patient b

serostatus Frequency” 95% confidence interval
A 2 1/1,000 1/800-1/1,400
B 2 1/14,000 1/11,000-1/19,000
C 1+2 1/8,000 1/6,000-1/11,000
D 2 1/3,000 1/2,000-1/4,000
E 2 1/7,000 1/5,000-1/10,000
F 2 1/300 1/270-1/450
G 2 1/5,000 1/3,000-1/7,000
H 1+2 1/1,000 1/800-1/1,200
I 1+2 1/14,000 1/11,000-1/21,000
J 1+2 1/21,000 1/14,000-1/30,000
L Neg 1/538,000 1/200,000-1/750,000
M Neg 1/99,000 1/64,000-1/150,000
N Neg 1/90,000 1/67,000-1/137,000
(0] Neg 1/47,000 1/40,000-1/57,000
P Neg 1/170,000 1/120,000-1/300,000

“ LDA was performed on positively selected CD8™" cells from PBMC of HSV-
2-seropositive and -seronegative donors by using HSV-blasts as stimulators.
Wells were tested for lytic activity against >!Cr-labeled targets: HSV-infected and
mock-infected autologous LCL. Wells with positive lytic activity for mock-in-
fected autologous LCL were excluded. The frequency was calculated by the
chi-square minimization method.

b Patients were seropositive for HSV-1 only, HSV-2 only, or both HSV-1 and
HSV-2 or were seronegative for both HSV-1 and HSV-2 (Neg).

¢ The media frequencies for patients A to J and L to P were 1 in 6,000 and 1
in 99,000, respectively.
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FIG. 2. MHC restriction of HSV-specific CD8* CTL from PBMC. CD8™ cells were positively selected from PBMC from patients E (A) and C (B), set up at various
concentrations with HSV-blasts, and incubated for 10 days. Wells were tested for lytic activity against the following >!Cr-labeled targets: HSV-infected autologous LCL
(®) and HSV-2-infected allogeneic LCL (m). The percentage of negative cultures was plotted against the number of initial responder cells per well, and the frequency

(f) was calculated by the chi-square minimization method.

one person who was seropositive for HSV-1 only, the pCTL
frequency in this person was 1 in 4,000, similar to that of the
persons seropositive for HSV-2.

The detection of high frequencies of HSV-specific MHC-re-
stricted CD8" pCTL is interesting in light of the recently iden-
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FIG. 3. Type specificity of HSV-specific CD8" pCTL responses. LDA were
performed on positively selected CD8" cells from patient K (seropositive for
HSV-1 only), patient J (HSV-1 and HSV-2 seropositive), and patients G and E
(seropositive for HSV-2 only) that were stimulated (stim) with PHA-blasts in-
fected with HSV-1 or HSV-2. Wells were tested for lytic activity against >'Cr-
labeled autologous LCL infected with HSV-1 or HSV-2. pCTL frequencies were
determined as described in the legend to Fig. 1.

tified mechanism by which ICP47 downregulates the expres-
sion of MHC class I molecules on HSV-infected fibroblasts (7,
9, 22). There are several explanations for these observations. A
previous study has shown that the downregulation of class I
expression by HSV is quantitatively much lower in LCL and
monocyte-macrophages than in keratinocytes and fibroblasts
(14). These cells, even if infected with HSV, are likely to be
capable of helping to elicit a CD8" CTL response. This cell-
specific downregulation could allow the virus to achieve pro-
ductive infection in epithelial cells and hence facilitate its
transmission. However, antigen presentation by cells less sus-
ceptible to the effects of ICP47 could promote a CD8" T-cell
response to resolve the infection. In addition, the downregu-
lation of peptide-class I complexes on the surfaces of HSV-
infected cells may be overcome by the host. Gamma interferon,
levels of which are markedly elevated during reactivation of

TABLE 2. Analysis of LDA wells after 10 days of incubation of
CD8™" T cells and HSV-blasts: cell phenotype and
MHC restriction of CTL activity”

Cell phenotype % Specific Cr release

Well no.
% CD4 % CDS8 Auto HSV-2 Allo HSV-2
1 3 84 37 6
2 2 92 44 11
3 1 95 43 3
4 5 93 35 7
5 2 94 40 15
6 3 94 55 7

“ Six wells were chosen from the highest dilution of 13,600 input CD8™ cells
from patient G after 10 days of incubation of stimulators and responders in an
LDA. The phenotype of cells in each well was determined by fluorescence-
activated cell sorter analysis. Cells remaining were tested in a >'Cr release assay
for killing against autologous (Auto) and allogeneic (Allo) LCL infected with
HSV-2.
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TABLE 3. Characteristics of CD8" HSV-specific CTL
clones isolated from PBMC*

phe(lef)ltlype % Specific Cr release

Clone
% % Auto Auto Auto Allo

CD4 CD8 mock HSV-1 Hsv-2 W62 pgy, K562
Al 1 99 2 2 34 5 3 2
A7 2 98 1 68 77 6 4 11
A9 4 98 2 57 55 0 2 8
C3 1 99 3 32 29 ND? -1 ND
C4 2 95 —4 -2 49 ND -3 ND
C17 1 98 1 -4 45 ND 1 ND
C22 0 99 -2 47 51 ND 2 ND
C27 1 97 -2 5 42 ND 2 ND

“ PBMC from patients A and C were stimulated with HSV-blasts for 10 days.
CD8* T cells were positively selected and cloned at 1 cell per well with PHA,
allogeneic feeder cells, and interleukin-2. Clones which lysed HSV-infected LCL
were expanded with PHA, allogeneic feeder cells, and interleukin-2, and the cell
phenotype was determined by flow cytometry. Clones were tested in a >'Cr
release assay by using HSV-1-infected LCL (Auto HSV-1); HSV-2-infected LCL
(Auto HSV-2); HSV-2-infected LCL in the presence of w6/32, a monoclonal
antibody that inhibits MHC class I-restricted lysis (+w6/32); HSV-2-infected
allogeneic LCL (Allo HSV-2); mock-infected autologous LCL (Auto mock); and
K562 cells as target cells. Effector-target cell ratio, 15:1.

» ND, not done.

HSV-2 (13), appears to overcome the inhibitory effects of
ICP47 by reducing MHC class I downregulation by HSV in-
fection (15). Thus, while the virus has apparently devised
methods to reduce host CD8% CTL responses, the host has
also evolved mechanisms to counteract the immune response
evasion tactics of HSV-2 to permit the activation and expan-
sion of HSV-specific CD8" CTL.

Alternatively, ICP47 may affect the antigen specificity of the
CD8* CTL response. Virion proteins brought into the cell by
the virus or viral proteins made early in infection, such as
immediate-early proteins, may serve as major target antigens
that can be presented to CD8" CTL prior to MHC class I
downregulation by ICP47. It is of interest that five of the seven
HSV-specific CD8" CTL clones reported by Tigges et al. (19)
were directed at virion proteins.

In summary, the high frequencies of HSV-specific CD8"
pCTL we have measured in patients with recurrent genital
herpes suggest an important role for these cells in resolving
HSV infections.
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