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Abstract

The mechanisms involved in host clearance of symptomatic
mucocutaneous herpes simplex virus (HSV) infection are
unclear. We studied the functional properties of bulk cul-
tures of skin-infiltrating lymphocytes from normal skin and
serial biopsies of recurrent genital HSV-2 lesions, and com-
pared HSV-specific and NK responses with viral clearance.
HSV-specific CD4+ or CD8+ T cells were rarely detected
in lymphocytes cultured from normal skin. The total lym-
phocyte count and HSV-specific and NK-like effector cell
activities were markedly higher in cultures derived from le-
sional skin. HSV-specific CD4+ proliferative responses and
NK-like cytotoxic responses were present at all stages of
herpetic lesions, including biopsies early in the disease
course. In contrast, cytotoxic T lymphocyte activity was
generally low among cells derived from early culture-posi-
tive lesions, and increased during lesion evolution. Viral
clearance from the lesion site was associated with a high
level of local cytolytic activity towards HSV-infected cells.
The phenotypes of cells with HSV-specific cytotoxic re-
sponses varied between patients, having CD4+ and CD8+
components. Immunotherapeutic approaches to HSV
should be directed at improving in vivo cytolytic activity to
HSV. (J. Clin. Invest. 1998. 101:1500-1508.) Key words: hu-
man herpes virus 2 « cytotoxic T lymphocyte « human -
CD8 « NK

Introduction

Recurrent herpes simplex virus infection is a chronic, intermit-
tent disease characterized by both clinical and subclinical epi-
sodes of productive viral infection. The virus reactivates from
latency in dorsal root ganglia neurons, undergoes anterograde
axonal transport, and then replicates in epithelial cells at pe-
ripheral sites (1). Despite the presence of vigorous systemic
herpes simplex virus (HSV)!-specific humoral (2, 3), CD4+
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(4), and CD8+ (5) responses and the activity of natural killer
(NK) cells against HSV-infected targets (6), viral replication
may proceed to lesion formation and clinical symptoms. When
lesions do occur, a dermal mononuclear cell infiltrate is
present as early as the second day of lesion formation. This in-
filtrate contains predominantly CD4+ T cells during the first
few days, followed by a balanced CD4+ and CD8+ cell infil-
trate in later lesions (7).

HSV-specific, lesion-infiltrating CD4+ and CDS8+ re-
sponses can be detected at the clonal level among cells present
in the dermal infiltrate and lesion vesicle fluid (8-11). An ap-
proximately 100- to 1,000-fold enrichment of HSV-specific T
cells in lesions compared with PBMC (8) was documented us-
ing such methods. We performed a study to evaluate the evo-
lution of the HSV-specific immune response in lesional biopsies.
Skin-infiltrating lymphocytes were expanded with mitogen to
reduce the potentially confounding effects of in vitro stimula-
tion with antigen, and cell cultures derived from normal skin
were included as an internal control. The functional activities
of the resultant bulk skin-derived cultures were correlated
with results of viral cultures to attempt to determine which
component(s) of the host response were associated with viral
clearance from recurrent genital HSV-2 lesions.

Methods

Subjects and specimens. Subjects with recurrent genital HSV-2 infec-
tion and lesions were recruited for a study protocol approved by the
University of Washington Institutional Review Board. Subjects were
HIV-seronegative or at low risk for HIV infection. We studied seven
subjects (four female, three male, median age 37) with serologic diag-
noses of recurrent HSV-2. The subjects had clinical histories consis-
tent with genital herpes for a median of 12 yr before the study, and
experienced symptomatic recurrences a median of six times per year,
a pattern of disease severity and duration typical for patients with
symptomatic recurrent genital HSV-2 infection (12). Since prior his-
tories of genital HSV infection can be unreliable (13), we docu-
mented by culture and immunoblot that genital ulcerations were due
to recurrent HSV-2 infection.

Recurrences occurred on the buttocks (four patients) and ante-
rior thigh (three patients). We studied one episode in five subjects
and two episodes each in two subjects for a total of nine HSV-2 recur-
rences. HSV cultures of the lesions were obtained prospectively every
day or every other day to correlate lesion-infiltrating lymphocyte re-
sponses with viral clearance. Eight of nine recurrences were biopsied
both before and after viral clearance. Of 23 lesion biopsies, fifteen
were performed on HSV culture—positive days, and eight on HSV
culture-negative days. The first biopsies were generally performed on
the second day of lesion formation, and then approximately every 3 d
to obtain cells from midstage ulcerative lesions still likely to be cul-
ture-positive, and late-stage crusting lesions which are usually cul-
ture-negative (14).

1. Abbreviations used in this paper: HSV, herpes simplex virus; NK,
natural killer.



After informed consent and local anesthesia, 4-mm-diameter
punch biopsies were performed in the erythematous skin immedi-
ately adjacent to vesicles, pustules, ulcers, or crusts. Serial biopsies
were performed at slightly different locations within the same recur-
rent HSV infection. Patients did not receive antiviral therapy before
or during HSV study recurrences. Biopsy of normal skin and phlebot-
omy were performed at the time of HSV lesion biopsy or at a later
time. Patients were HLA-typed at class I and II loci by serologic and
nucleic acid methods (9, 11).

Viruses and cell lines. HSV-1 strain E115 and HSV-2 strain 333,
used throughout, were raised in HDF or Vero cells, and cell-associ-
ated virus was released by sonication and titered on Vero cells as de-
scribed (8, 9). Viral titers ranged between 1.0 X 10® pfu/ml and 3.0 X
10° pfu/ml. EBV-transformed LCL and K562 cells (15) were cultured
as described (8).

Lymphocyte culture. Biopsies were minced into 8-10 pieces and
placed into two 48-well plates each with 1 ml of T cell media (9) sup-
plemented with 0.4-0.8 pg/ml PHA-P (Murex Diagnostics, Norcross,
GA), 7.5 X 10° allogeneic irradiated (3,300 rad gamma irradiation)
PBMC, and 50 pM acyclovir. On day 3 and every other day subse-
quently, one-half the media was exchanged for T cell media contain-
ing 50 U/ml human natural IL-2 (Hemagen, Waltham, MA) and 50 uM
acyclovir. Cells were fed with media containing IL-2 and acyclovir ev-
ery other day and expanded as necessary, and the resultant first-pas-
sage bulk cultures (P1 bulk cells) were used after 16-21 d and 2 d af-
ter the last replenishment of media. To examine the phenotype of bulk
lesion—derived lymphocytes proliferating in response to viral antigen,
1.5 X 10° P1 bulk cells and an equal number of autologous irradiated
(3,300 rad) PBMC were cultured in 2.0-ml T cell media in 24-well
plates with 1:100 dilutions of HSV-2 antigen. IL-2 (20 U/ml) was
added after 4 d, and cells were fed every other day with media con-
taining IL-2, expanded as necessary, and examined by flow cytometry
after 12 d. To generate T cell clones, CD8+ cells were isolated from
P1 bulk-cultured lymphocytes by positive immunomagnetic selection
(MiniMACS; Miltenyi Biotec Inc., Auburn, CA) and cloned at 1 cell/
well, screened, and propagated as described (5, 9).

Lymphocyte functional assays. Proliferation assays were per-
formed as described (8, 9) except that P1 bulk cells were used instead
of T cell clones. Washed P1 bulk cells (10*well), autologous irradi-
ated PBMC (10°/well), and antigen were incubated in triplicate in 200 pl
of T cell media in 96-well U-bottom plates for 3 d followed by over-
night incubation with 1 wCi/well [*H]thymidine. Synthesis of DNA
was measured by liquid scintillation after removal of unincorporated
[*H]thymidine with a semiautomated cell harvester. To prepare
whole viral antigens, live virus was exposed in a biosafety cabinet to
UV light (10 cm from a new GT038 bulb) for 30 min. This treatment
eliminated all detectable live virus. Antigen was diluted to a final
concentration of 1:100 in proliferation experiments with bulk lesion-
derived lymphocytes, a dilution shown in preliminary experiments to
lead to optimal proliferation of PBMC from HSV-seropositive per-
sons when assessed 5 d after culture initiation. Recombinant viral an-
tigens included glycoproteins B and D of HSV-2 (16) and VP16 of
HSV-2 (11), all at 1.0 pg/ml. PHA (0.4 pg/ml) was included as a posi-
tive control for lymphocyte proliferation, and tetanus toxoid (preser-
vative-free, 30 1f/ml; Connaught Laboratories Ltd., Ontario, Canada)
was included as a specificity control. If the proliferative response to
PHA had a delta cpm value of < 10,000 for PHA, the culture was
considered to be of low viability, and results from both proliferation
and cytotoxicity assays were excluded from analysis. This was neces-
sary for only one P1 bulk culture. Results are expressed as delta cpm =
mean cpm viral antigen — mean cpm mock antigen. Delta cpm values
of less than zero were recorded as zero.

Cytotoxicity assays were performed as described for T cell clones
(8,9). Target EBV-LCL (3 X 10°) were infected for 1 h with HSV-2
or mock virus at an moi of 10 in 0.5 ml serum-free RPMI at 37°C, 5%
CO,, followed by overnight incubation at 37°C, 5% CO, in 1.0 ml
RPMI-FC (9) including 100 w.Ci [*'Cr] as sodium chromate (New En-
gland Nuclear, Boston, MA). After three washes, 2 X 10° LCL were

seeded in triplicate into 96-well U-bottom plates together with bulk
or cloned effector cells, media (for spontaneous release), or 1% NP-40
(for total release) in a final volume of 200 pl of RPMI-FC. Unfrac-
tionated and fractionated P1 bulk cells were assayed at an effector-
to-target ratio of 20:1 while T cell clones were assayed at ratios of
10:1-20:1. After a 4-h incubation at 37°C, 5% CO,, 30 pl of superna-
tant was removed and counted in Lumaplates™ with a Topcount™
(Packard Instrs., Meriden, CT) scintillation counter. Data are reported
as percent specific release = [(mean cpm experimental — mean cpm
spontaneous)/(mean cpm total — mean cpm spontaneous)] X 100.
Results were also analyzed as net CTL activity defined as percent
specific lysis of autologous (allogeneic) HSV-2-infected EBV-LCL
minus percent specific lysis of autologous (allogeneic) mock-infected
EBV-LCL.

Lymphocyte subset depletion. Lymphocytes with specific cell sur-
face phenotypes were enriched from bulk skin-derived cultures by se-
lective depletion. To deplete NK cells, paramagnetic beads coated
with goat anti-mouse IgG antibody (Dynal, Lake Success, NY) were
loaded (2.0 wg antibody per 3 X 107 beads) with anti-CD16 (Dako
Corp., Carpenteria, CA) or anti-CD56 (leu 19; Becton Dickinson,
Raritan, NJ) overnight at 4°C with agitation, washed, combined, and
used at a bead:cell ratio of 7:1. Beads and cells were incubated in 1.0 ml
PBS-1% FCS with agitation for 30 min at 4°C followed by removal of
nonadherent cells. NK depletion was performed twice, followed by
two cycles of CD4 or CD8 depletion using directly mAb-conjugated
beads (Dynal) at a bead:cell ratio of 10:1. Resultant nonadherent cells
were rested overnight at 37°C, 5% CO, in T cell media with 50 U/ml
IL-2 before cytotoxicity assay. Less than 10% of NK cells (staining
with CD16, CD56, or both) and less than 5% of either CD4- or CD8-
bearing cells were present in the nonadherent populations after serial
depletions.

Lymphocyte phenotype analysis. Bulk lesion-derived T cells were
analyzed by flow cytometry using fluorochrome-labeled pairs of mu-
rine isotype control mAb or a combination of murine mAb recogniz-
ing CD2 (clone S5.2) and CD19 (clone 4G7), a combination of mu-
rine mADb recognizing CD3 (leu-4, clone SK7 recognizing e chain of
CD3) conjugated to phycoerythrin, and a pair of antibodies recogniz-
ing CD16 (leu-11c, clone B73.1; 17) and CD56 (NKH-1, leu-19, clone
MY31; 18), both conjugated to FITC (all Becton Dickinson, Moun-
tain View, CA), or a combination of murine mAb to CD4 (clone
SFCI 12T4D11; 19) and CD8 (clone SFCI 21Thy2D3 recognizing the
a chain of CDS8; 20) (Coulter Immunology, Hialeah, FL).

Virus serology and culture. Type-specific immunoblot (3) was
used to determine serostatus for HSV-1 and HSV-2. Swabs of the bi-
opsy site taken with Dacron-tipped applicators moistened with viral
transport medium were transported at 4°C for inoculation onto HDF
cells. Cells were examined daily for 14 d; cytopathic effect was con-
firmed as HSV with type-specific mAb (21).

Statistical analysis. Preliminary analyses indicated that data from
different recurrences for a given patient were no more similar than
data from different patients, so recurrences were treated as experi-
mental units. Two-tailed paired Wilcoxon signed-rank tests were used
to compare mean values of proliferative responses to HSV-1 and
HSV-2 for each recurrence, and for recurrences with normal skin
data, mean lesion and normal skin values for measured variables. Re-
stricted maximum likelihood fits of repeated measures models that
allowed for within-recurrence correlations (22) were used to examine
relationships among variables measured at several time points. The
correlation structure assumed was the most general that could be fit
to the data for a given variable. Wald tests (23) were used to assess
the significance of these relationships.

Results
Phenotype of bulk cultures of skin-derived lymphocytes. Cul-

ture of minced tissue from 50-75% of 4-mm punch biopsies for
14-21 d yielded 5 X 10°-5 X 10° cells from normal skin (n = 7)
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Table 1. Comparison of Cell-surface Phenotypes of
Lymphocyte Bulk Cultures Derived from Normal Skin, HSV
Culture—positive Lesion Skin, and HSV-negative Lesion Skin

Specimen

HSV lesion, viral
culture—positive

HSV lesion, viral

Normal skin culture-negative

Cell surface marker n==6 n=11 n=17
CD4 61.8 (33.0)*  52.3(22.6) 353 (21.1)*
CD8 39.5(33.7) 30.6 (15.2) 44.0 (16.9)

CD3+/CD16,56—  94.5 (4.3)* 66.1 (23.7) 62.7 (29.2)*

CD3+/CD16,56+ 33@3.7)} 8.7 (12.0)* 3.6 (2.1)

CD3-/CD16,56+ 0.3 (0.5)! 21.0 (19.1)! 33.0 (27.1)

Data are mean and standard deviation. The data excludes all cultures of
patient 2, from whom cultures with an atypically high percentage of
TCR +vd-bearing cells were recovered from both normal skin (87% TCD
v8) and lesion (11-27% TCR v3) biopsies. All comparisons were non-
significant (P > 0.05) except as indicated. * P = 0.03 for comparison be-
tween culture-negative skin and normal skin. *P = 0.03 for comparison
between culture-positive skin and normal skin. P = 0.03 for compari-
son between culture-positive skin and normal skin, and for comparison
between culture-negative lesion skin and normal skin.

and 2 X 10°-5 X 107 cells from HSV lesion skin (n = 23). Flow
cytometry performed after 14-21 d of growth showed that all
cultures were 96-100% CD2+ and < 2% CD19+ (data not
shown). There was a significantly lower percentage of CD4+
cells within bulk cultures grown from culture-negative skin
specimens than from normal skin (P = 0.03; Table I). In lon-
gitudinal analyses, the percentage outgrowth of CDS cells
increased with lesion numerical day (P = 0.03), but the per-
centage outgrowth of CD4 cells did not decline with lesion day
(P =0.19).

NK-like cells, defined as CD3-negative and -positive for
CD16, CD56, or both antigens, were enriched (> 20% of cells)
in one or more lesion-derived cultures from all lesions. There
was lower outgrowth of CD3+ T cells and a reciprocal higher
percentage outgrowth of NK-like cells from both culture-posi-
tive and culture-negative HSV lesions in comparison to nor-
mal skin. The mean percentage NK cells was 0.3% in normal
skin-derived cultures compared with 21.0% and 33.0% in cell
cultures from HSV culture—positive and —negative lesions, re-
spectively (P = 0.03 for both comparisons). Normal skin-
derived cultures contained a mean of 94.5% T-cells, while
mean values for cultures from HSV-positive and HSV-nega-
tive lesion biopsies were 66.1% (P = 0.06) and 62.7% (P =
0.03), respectively.

Proliferative responses of skin-derived lymphocytes. Pro-
liferative responses, defined as a delta CPM of > 5,000, were
detected in bulk lesion-derived lymphocyte cultures using
HSV-2 antigen from 22/23 (96%) of the specimens and using
HSV-1 antigen from 21/23 (91%) of the specimens (Fig. 1).
The delta CPM value was higher for HSV-2 than for HSV-1
for 18/21 (86%) of the specimens with positive HSV-1 re-
sponses. Overall, responses were higher for HSV-2 than for
HSV-1 (P = 0.008). Lymphocyte cultures derived from normal
skin were viable (delta CPM response to PHA > 10,000) from
six of the seven patients. For patient 5, proliferative response
of lymphocytes derived from normal skin to PHA (delta cpm
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515) suggested poor cell viability; data from this biopsy was ex-
cluded from all analyses. Among the six patients with viable
normal skin cultures, five had low proliferative responses to
HSV-1 and HSV-2 antigens in bulk lymphocytes derived from
normal skin (delta cpm < 5,000). Patient 2 had relatively high
proliferative responses to HSV antigens in bulk lymphocytes
from normal skin, and was also exceptional in that the bulk
culture from normal skin was predominantly (87%) comprised
of TCR 3 cells (data not shown).

The responder cells in proliferation assays with whole viral
antigen were predominantly CD4+, as the phenotype of bulk
lesion—derived cultures 12 d after restimulation with HSV-2
antigen and autologous APC was 95-100% CD4+ and 0-5%
CD8+ (n = 4 herpes lesion—derived cultures). There was no
correlation, however, between proliferative responses (delta
cpm) to any HSV antigen and the proportion of CD4-bearing
cells in the P1 bulk lymphocyte cultures (data not shown).

To confirm the specificity of the positive proliferative re-
sponses to whole viral antigens, bulk cultured skin-derived
lymphocytes were incubated with APC and purified recombi-
nant proteins gB2, gD2, and VP16. Positive responses, defined
as a delta CPM of > 2,000, were noted in one or more lesion-
derived P1 bulk cultures from five out of seven (71%) patients
to gB2, five out of seven (71%) patients to gD2, and four out
of seven (57%) patients to VP16. Positive responses were ob-
served less frequently in normal skin-derived bulk lymphocyte
cultures (2/6 patients for gB2, 1/6 patients for gD2, 0/6 patients
for VP16). Overall, positive responses from lesion-derived
lymphocyte cultures were observed from 10/23 (43%) cultures
for gB2, 12/23 (52%) cultures for gD2, and 5/23 (22%) cultures
for VP16. We also examined P1 bulk cultures for proliferative
responses to irrelevant control antigen. Responses to tetanus,
again defined as delta cpm > 2,000, were not seen in lesion (n =
14) or normal skin (n = 4) P1 bulk cultures. Since all five pa-
tients evaluated were responsive to tetanus in PBMC (delta
CPM > 10,000, not shown), the data are consistent with selec-
tive localization of HSV-specific, but not tetanus-specific,
CD4+ T-cells to HSV lesions.

Cytotoxic responses of skin-derived lymphocytes. Normal
skin specimens displayed minimal cytotoxicity towards any of
the target cells. In contrast, cytotoxic effector cell activity, de-
fined as net CTL activity > 20%, was detected in HSV lesion-
derived cell cultures from eight of the nine recurrent genital
HSV-2 episodes (Fig. 1), and was temporally associated with
clearance of HSV-2 from the lesions (see below). Lesion B
from patient 2 was the only episode from which HSV-specific
CTL were not demonstrated. Cells from a previous episode
(lesion A) from this patient demonstrated CTL activity. As
discussed below, the biopsies from lesion B were done when
HSV cultures were positive, suggesting that the lack of CTL
activity for lesion B was related to the early time of the biop-
sies.

CTL activity increased over the course of lesion matura-
tion, in general appearing in the second or third biopsies (Fig.
1). Among the eight episodes in which local HSV-specific CTL
activity was detected, six (patient 2; lesion A, patient 3; patient
4 lesion B; patients 5-7) displayed a pattern of low HSV-spe-
cific CTL activity in the earliest lesion biopsy, with increasing
CTL activity developing in later specimens. Two patients dis-
played high CTL activity from the first time point sampled.
This pattern was noted in specimens from patient 1 and patient
4 (lesion A).
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Figure 1. Functional activi-
ties of bulk-cultured skin-
derived lymphocyte lines.
The x axis lists the clinical
status of the skin, the day
during the recurrence that
the skin biopsy was obtained,
and the result of the viral
culture for HSV-2. For pro-
liferation assays (prolif), re-
sults (y axis) are delta CPM
[*H]thymidine incorporation
for whole HSV-1 (open bars)
and HSV-2 (solid bars) anti-
gens compared with UV-
inactivated mock-infected
cells. Responses to PHA
(hatched bars) are included
as a positive control for cell
viability. For CTL assays, re-
sults (y axis) are percent spe-
cific release for the autolo-
gous mock-infected (open
bars) or HSV-2-infected
(solid bars) target cells in 4-h
SICr release assays at an ef-
fector to target ratio of 20:1.
For NK assays, results are
percent specific release for
HLA-mismatched allogeneic
mock-infected (open bars)
or HSV-2-infected (solid
bars) target cells or K562
cells (hatched bars).
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Figure 2. Effect of lymphocyte subset depletion on cytotoxic activity of bulk lymphocyte cultures derived from skin biopsies against selected tar-
get cells. Bulk effector cells from the indicated herpes lesion skin biopsies were used at an effector to target ratio of 20:1 before or after depletion

of the indicated lymphocyte populations.

Phenotype of CTL in skin-derived lymphocyte bulk cul-
tures. Fractionation experiments were performed with cul-
tures from four recurrent HSV-2 episodes from three patients
(Fig. 2) to determine the cell surface phenotypes of the cyto-
toxic cells in the bulk cultures of skin cells. Cultures showing
peak CTL activity were selected from patients 4 and 6, while
all serial specimens from patient 5 were studied. NK depletion
followed by subtraction of CD4+ or CD8+ T cells was used to
avoid activation associated with ligation of cell surface mole-
cules with mAb.

NK cell depletion effectively decreased lysis of K562 target
cells, while specific lysis of autologous HSV-infected target
cells was preserved in NK-depleted cells derived from each
culture in which this activity was present in unsplit effector
cells (patient 4: lesion A, day 4; patient 5: day 10; and patient
6). The cells mediating this HSV-specific lysis differed be-
tween patients. For patient 4, CD4+ cells were the predomi-
nant CTL effectors in both cultures analyzed, which were de-
rived from two different HSV recurrences. For patient 5,
CDS8+ cells were the predominant CTL effectors within lym-
phocytes derived from both lesion day 7 and lesion day 10 biop-
sies. Finally, both CD4+ and CD8+ T cells contained HSV-spe-
cific CTL activity in the cells cultured from patient 6. Overall,
one patient had predominantly CD4+ CTL, one had CD8+
CTL, and one had both CD4+ and CD8+ CTL.
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HSV-specific CD8+ CTL cells in herpetic lesions. To con-
firm the presence of HSV-specific CD8+ CTL in bulk cultures
representing primarily the dermal infiltrate, we derived CD3+,
CD4—, CD8+ T cell clones from selected bulk lymphocyte
cultures exhibiting CTL activity. Cells were positively selected
for cell surface CD8 expression and seeded at 1 cell/well; out-
growth of cells from < 25% of wells was consistent with a
clonal nature for most of the microcultures. Greater than 90%
of the cultures were CD4—, CD8+ by flow cytometry, and typ-
ically 5-20% of clones scored positively in screening CTL as-
says (specific release < 15% against HSV-2 infected autolo-
gous target cells). Multiple clones with similar patterns of HSV
type specificity and HLA restriction in confirmatory assays
were typically obtained in each cloning experiment. Repre-
sentative clones mediating either HSV type-common (clone
2A.10) or HSV-2 type-specific (clones 2A.2, 6.2) lysis of HSV-
infected LCL are listed in Table II. Recognition by clone 6.2
was HLA A24-restricted (18% lysis of LCL sharing only A24,
6% lysis of LCL sharing HLA A2, and 2% lysis of LCL shar-
ing HLA B44, compared with 22% lysis of autologous LCL
and 3% lysis of mismatched LCL, in each case after HSV-2 in-
fection), findings consistent with classical CD8+ CTL.

NK activity of skin-derived lymphocytes. Two functional as-
says were used to estimate NK activity: net lysis of HLA class [
and II-mismatched LCL after infection with HSV-2, and lysis



Table II. CD8+ T Cell Clones Derived from Bulk Cultures of Lesion-infiltrating Cells

Patient, lesion, day Clone Auto* mock Auto HSV-1 Auto HSV-2 Allo* mock Allo HSV-2 K562
2,lesion A, day 9 2A2 1% -1 46 -1 2 -1
2A.10 -3 26 62 -1 2 -1
6, day 8 6.2 1 7 29 nd 1 3

*Auto, autologous LCL target cells. *Allo, allogeneic HLA class I and II-mismatched LCL target cells. *Percent specific release at effector-to-target

ratios of 10:1 to 20:1. nd, not done.

of K562 cells. These two measures of NK activity were highly
correlated with each other (P < 0.001, n = 23 lesion-derived
cultures). After exclusion of lesion cultures from patient 2,
who had an atypically high percentage of TCR vd cells re-
covered from both lesion and normal skin, both measures of
NK activity were correlated with the percentage of CD3—/
CD16,56+ cells (P < 0.001 for net lysis of allogeneic HSV-2
infected cells and for lysis of K562 cells). Lysis of K562 cells
was never detected in P1 bulk cultured effector cells from nor-
mal skin, and was always detected among cells from lesional
skin (Figs. 1 and 2). Occasionally, cytotoxicity was detected
against autologous EBV-transformed LCL (patient 1; patient
2, lesion B; patient 4, lesion B) or uninfected allogeneic LCL
(patients 1 and 4, lesion B; patient 5; Fig. 1). However, a fur-
ther increase in lytic activity was usually seen after allogeneic
LCL were infected with HSV-2.

Association between cytolytic response and clearance of
HSV from lesions. We analyzed the associations among viral
clearance from lesions and the quantitative proliferative, NK,
and cytotoxic activity in lesion lymphocyte cultures. For this
analysis we used all 23 lesion-derived cultures and compared
the functional responses between viral culture-positive and
culture-negative days. Functional cytolytic activity was com-
pared between bulk cultures derived from biopsies taken on
later HSV-2 culture-negative days (n = 8), and on earlier HSV
culture-positive days (n = 15; Fig. 3). Cytolytic activity against
autologous HSV-2-infected LCL was higher (mean, 49.2+
9.8% SD) among cells derived from biopsies from the later,
culture-negative time periods than from the cytolytic activity
of the bulk cultures derived from biopsies taken on earlier,
HSV-2 culture-positive days (mean, 25.3+21.4% SD). The re-
peated measures analysis indicated that culture positivity was a
significant predictor of lower cytolytic activity against autolo-
gous HSV-2-infected target cells (P = 0.002). The linear rela-
tionship between lesion day and lysis of autologous HSV-2—
infected target cells was also significant (P = 0.016). Results
were similar for net CTL activity. Thus, viral clearance was as-
sociated with local CTL activity.

In contrast to our findings with CTL activity, there was no
correlation between proliferative response to HSV-2 antigen
and viral clearance (Fig. 3). Proliferative responses to HSV an-
tigen were present in the earliest time point sampled during all
but one of the nine HSV-2 recurrences studied (Fig. 1). The
proliferative response to HSV-2 antigen among the bulk cul-
tures derived from biopsies taken on HSV-2 culture-negative
days (n = 8) was 37,440%=10,695 cpm vs. 26,764=17,567 cpm
from bulk cultures (n = 15) derived from biopsies taken on
HSV-2 culture-positive days (P = 0.59). There was no positive
correlation between lesion day and proliferation to HSV-2 an-
tigen (P = 0.37).

There was no correlation between the HSV viral clearance
and NK activity as measured by either of two functional assays:
net lysis of HLA-mismatched HSV-2-infected LCL (P =
0.97), or killing of K562 cells (P = 0.23; Fig. 3). Neither net ly-
sis of allogeneic HSV-infected LCL (P = 0.051) nor K562 kill-
ing (P = 0.17) was highly correlated with numerical lesion day.
Thus, local CTL activity, but neither local antigen-specific pro-
liferation nor local NK activity, were directly correlated with
clearance of infectious virus in vivo.

Correlations between lymphocyte functional assays. The
correlation between CTL activity and HSV-specific prolifera-
tion was formally investigated by comparing CTL activity
against autologous HSV-2-infected target cells and prolifera-
tion (delta CPM) to HSV-2 antigen using all 23 lesion-derived
bulk lymphocyte cultures. There was no positive correlation
between lysis of autologous HSV-2-infected targets and prolif-
eration (delta CPM) to HSV-2 antigen (P = 0.39). There was,
however, significant association between antigen-specific and
NK-like activities. Lysis of autologous HSV-2-infected target
cells was significantly associated with net lysis of allogeneic
HSV-2-infected cells (P = 0.001) and lysis of K562 cells (P <
0.001). CTL and NK cells could, however, be physically sepa-
rated (Fig. 3), and NK activity was not independently associ-
ated with viral clearance. The presence of both CTL and NK
activity in bulk cultures suggests that the local milieu in recur-
rent HSV-2 lesions can support HSV-specific CTL and NK
cells.

Discussion

In this study, local cytolytic activity against HSV-infected au-
tologous target cells was highly correlated with viral clearance
as determined by culture from recurrent genital HSV-2 lesions
in immunocompetent patients. CTL activity was routinely de-
tected after depletion of NK cells, and a CDS8 contribution to
CTL activity was confirmed by depletion of CD4+ cells and by
T cell cloning. In contrast, NK and HSV-specific proliferative
responses, while preferentially localized to HSV lesions, did
not correlate in magnitude with viral clearance. The correla-
tion between other functional activities of HSV-specific T
cells, including specific B cell help (24) and lymphokine secre-
tion (25), requires separate investigation. These data are, how-
ever, consistent with a functional role for HSV-specific CTL in
resolution of symptomatic recurrent genital HSV-2 infection.
The effector cell population responsible for local CTL ac-
tivity appears to include both CD4+ and CD8+ T cells. The
relative contributions of CD4+ and CD8+ T cells to overall
CTL activity appeared to vary between patients. Previously,
both CD4+ and CD8+ CTL have been detected within recur-
rent HSV-2 lesions at the clonal level (8, 9, 26). Assessment of
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Figure 3. Summary of functional activities of bulk lymphocyte cultures derived from biopsies of recurrent HSV-2 skin lesions. Data are grouped
by HSV-2 culture status of the skin biopsy (positive, n = 15, negative, n = 8) at the biopsy site. Box charts show median as the central bar, and
25th and 75th percentiles as the box. Bracketed lines indicate the range of the data except for unusual data points, which are shown separately.
(Left) CTL activity is percent specific release against autologous HSV-2—infected LCL at an effector-to-target ratio of 20:1. (Middle) NK activity
is percent specific release against K562 cells at an effector-to-target ratio of 20:1. (Right) proliferation is delta CPM for UV-inactivated HSV-2

antigen.

the in vivo CTL activity of CD4+ T cells on the basis of in
vitro assays using HSV-infected target cells is difficult, as le-
sion-derived HSV-specific CD4+ T cell clones may lyse pep-
tide-loaded, but not HSV-infected, target cells (10, 11, and
Koelle et al., manuscript in preparation). HSV-specific CD4+
and CD8+ T cells can be protective in animal models of HSV
infection (27). Additional studies will be required to determine
if the phenotype of local CTL is associated with lesion resolu-
tion and viral clearance.

This study associating lesion-infiltrating cytolytic activity
with clearance of virus from genital lesions extends our pre-
vious studies of PBMC-derived HSV-specific lymphocytes.
HSV-specific CD8+ CTL are detectable at the bulk and clonal
level (26, 28), and limiting dilution analyses have shown pre-
cursor frequencies of HSV-specific memory CD8+ CTL in the
range of 1/10°~1/10* in HSV-seropositive individuals (5). HSV-
specific CD4+ cells are also present in PBMC at a similar fre-
quency (8), and a considerable proportion of PBMC-derived
CD4+ HSV-specific T cell clones have CTL activity (4, 29, 30).
This low frequency necessitates secondary in vitro stimulation
with antigen to detect HSV-specific CD4+ (4), CD8+ (5, 31),
and TCR 8 + (32) CTL responses in PBMC. The cell surface
phenotype (CD4, CD8, TCR v3) of the HSV-reactive T cells
generated by in vitro stimulation is influenced by the choice of
antigen-presenting cell (33). By using in vivo rather than in
vitro antigen presentation to enrich HSV-reactive cells and
harvesting cells responding to active infection, it is possible
that the effector cells detected in this study may more closely
approximate those acting in vivo.
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Culture and assay conditions were selected to allow detec-
tion of either CD4+ or CD8+ CTL, but may have influenced
results. While we assessed CTL activity in bulk cultures stimu-
lated only once in vitro with nonspecific mitogen, it is possible
that the CTL activity of CD4 and CDS cells might have been
differentially affected by this cycle of expansion with PHA.
Bulk culture phenotypes determined by flow cytometry showed
that both NK cells and T cells of varied phenotypes were ex-
panded using our lymphocyte culture conditions. EBV-LCL
were used as target cells since they display high levels of both
HLA class I and II on their cell surface, making them suscepti-
ble to CD8+ and CD4+ CTL, respectively. In addition, LCL
display less downregulation of cell surface HLA class I after
HSV infection than do fibroblasts (26). Target cell infection at
a high moi was allowed to progress for long enough to allow
complete viral replication (34).

Proliferative responses to HSV (which are mostly due to
CD4+ T cells) were observed consistently, even in early le-
sions. This activity was clearly not due to normal skin-resident
cells, as it was seldom observed in T cells expanded from nor-
mal skin. The dissociation between high HSV-specific prolifer-
ative responses, which are mostly due to CD4+ cells, and low
HSV-specific CTL at early time points in lesion evolution, in-
dicates that a later infiltration by CTL, or perhaps a matura-
tion of CTL activity among lesion-infiltrating CD4+ T cells,
may occur.

Since both CD4 cells and NK cells are present early, and
are potent sources of IL-2, our data is consistent with the hy-
pothesis of Schmidt and Rouse (35), that early infiltration of



antigen-specific CD4 T cells may support later expansion of
antigen-specific CD8 CTL. Early infiltration of CD4+ T cells
followed by CD8+ cells in HSV lesions as studied by immuno-
histology (7) is also consistent with this hypothesis. We also
detected significant CD4 CTL activity among lesion-derived T
cells. Repeated rounds of antigen stimulation may also in-
crease the cytolytic activity of CD4+ T cells, at least in vitro.
Recurrent genital HSV-2 lesions are rich in both Th1 and Th2
cytokines (36), with complex effects on T cell function that
may contribute to the overall increase in CTL activity over
time.

The viral protein antigens recognized by most lesion-infil-
trating CD4+ HSV-specific T cells are unknown. Proliferative
reactivity with the candidate vaccine antigens gB2 and gD2
was not universal at the bulk culture level, consistent with our
earlier finding that < 10% of lesion-derived HSV-specific
CD4+ T cell clones are specific for these glycoproteins (9).
Proliferative responses to VP16 (9, 10) were observed with a
frequency only moderately lower than that noted for gB2 and
gD?2. The assignment of reactivity of individual cultures to vi-
ral proteins based on a cutoff value for delta CPM may be in-
sensitive to low numbers of antigen-specific T cells. In addi-
tion, it is possible that sampling only a portion of a herpes
lesion may have missed T cells localizing to only a fine area,
and that some cells present in biopsies may have failed to ex-
pand with the culture conditions used in this study.

In addition to HSV-specific CD4+ and CD8+ T-cells, both
functional and cell surface data in this report are consistent
with local enrichment of NK cells to recurrent HSV lesions in
comparison to normal skin. However, we found no direct asso-
ciation between NK cell functional activity and viral clearance,
suggesting that they provide an accessory function for viral
clearance. The high level of phenotypic and functional detec-
tion of NK cells among cells expanded from genital sites of
HSV-2 infection contrasts with the studies of Cunningham et al.
(7) in which low numbers of NK-like cells were detected by
immunohistology using anti-CD57 mAb. It is possible that our
results, obtained with a cocktail of mAb recognizing CD16 and
CD56, are due to heterogeneity in the cell surface expression
of these markers by lymphocytes infiltrating herpetic lesions,
as has been previously reported for PBMC-derived NK cells
(19, 37). It is also possible that NK lineage lymphocytes within
recurrent HSV lesions, while sparse, were primed in the in-
flammatory milieu in vivo to undergo a high degree of expan-
sion to LAK cells in vitro, or to display high NK activity per
cell among resultant LAK cells. Culture of lymphocytes with
PHA and IL-2 can elicit LAK cell activity (38). Further corre-
lation of immunohistologic studies with studies of lesion-
derived lymphocytes will be necessary to assess the functional
importance of local NK cell responses to recurrent HSV infec-
tion.

A vigorous host immune response to HSV, limiting the du-
ration and severity of recurrent disease, coexists with HSV
functions that limit CTL recognition (26) and CTL-induced
apoptosis of HSV-infected cells (39, 40), and which may thus
facilitate viral replication and transmission. Our data implies
that augmentation of local CTL to lower the amount and dura-
tion of local HSV replication below the thresholds required for
lesion formation and transmission is a rational goal of vaccina-
tion and immunotherapy programs. Further work will deter-
mine if specific CTL effector phenotypes or target antigens can
be correlated with viral clearance.
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