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Herpes simplex virus (HSV) infections of humans are characterized by intermittent, lytic replication in
epithelia. Circulating HSV-specific CD4 T cells express lower levels of preformed cutaneous lymphocyte-
associated antigen (CLA), a skin-homing receptor, than do circulating HSV-specific CD8 T cells but, para-
doxically, move into infected skin earlier than CD8 cells. Memory CD4 T cells develop strong and selective
expression of CLA and E-selectin ligand while responding to HSV antigen in vitro. We now show that
interleukin-12, type I interferon, and transforming growth factor beta are each involved in CLA expression by
memory HSV type 2 (HSV-2)-specific CD4 T cells in peripheral blood mononuclear cells (PBMC). A reduction
of the number of monocytes and dendritic cells from PBMC reduces CLA expression by HSV-2-responsive CD4
lymphoblasts, while their reintroduction restores this phenotype, identifying these cells as possible sources of
CLA-promoting cytokines. Plasmacytoid dendritic cells are particularly potent inducers of CLA on HSV-
reactive CD4 T cells. These observations are consistent with cooperation between innate and acquired immu-
nity to promote a pattern of homing receptor expression that is physiologically appropriate for trafficking to
infected tissues.

T-cell homing to skin is the subject of intense investigation.
E-selectin expression by skin venular endothelial cells is in-
creased during inflammation (49). A minority (5 to 10%) of
circulating memory T cells express a ligand for E-selectin
(ESL) (57). The E-selectin–ESL interaction promotes rolling
adhesion of circulating lymphocytes to dermal endothelium.
This is followed by tight adhesion and chemotaxis, processes
involving integrins, chemokines, and their lymphocyte recep-
tors (8). Cutaneous lymphocyte-associated antigen (CLA) is an
antibody-defined, fucose-containing structure that is associ-
ated with, although not identical to, ESL (57). The principal
scaffold for CLA on lymphocytes is P-selectin glycoprotein
ligand 1 (16). Both CLA and ESL are controlled by fucosyl-
transferase VII (FTVII), which is regulated at the transcrip-
tional level (21). Some innate cytokines (type I interferon,
interleukin-12 [IL-12], and transforming growth factor beta
[TGF-�]) can increase CLA levels, while IL-4 and all-trans
retinoic acid can reduce CLA expression (34, 45). Effects on
cell surface CLA levels have been linked by mechanistic stud-
ies to upstream intracellular signaling and FTVII promoter
control events (7, 59, 61). These modulatory influences are
detected in the presence of simultaneous mitogenic stimula-
tion through a T-cell receptor (TCR) surrogate (anti-CD3) or
phytohemagglutinin (PHA), leading to models in which T cells
integrate signals from the TCR and other receptors to control
FTVII and CLA expression.

Herpes simplex virus type 2 (HSV-2) is a prevalent human
pathogen that typically infects keratinized epithelia such as the

skin. HSV-2-specific CD4 T cells are enriched within herpetic
skin lesions by a factor of 100 to 1,000, compared to blood, as
early as day 2 of symptoms (22, 23). These CD4 cells execute
a variety of antiviral functions (24). HSV-2-specific CD8 cyto-
toxic T lymphocytes are also highly enriched in lesions, infil-
trating slightly after CD4 cells (25). We have previously shown
that the same HSV-2-specific CD4 and CD8 T-cell clonotypes
are present in both blood and HSV-2 skin lesions (6, 47),
supporting their active movement from blood to infected
tissues.

Tetramer-positive HSV-2-specific CD8 T cells in peripheral
blood express high levels (50 to 70%) of preformed CLA and
ESL (26, 27). This finding was observed in persons infected for
more than 1 year when sampled between recurrences or when
subjects with no history of symptomatic disease, a very com-
mon situation (60), were sampled at random times. HSV-2-
specific CD8 memory cells therefore express CLA and ESL in
the absence of proximal temporal or spatial reexposure to
antigen. In contrast, tetramer-positive cytomegalovirus (CMV)-
and Epstein-Barr virus-specific CD8 T cells express little CLA
or ESL, correlating with a lack of skin tropism for these infec-
tious agents (26, 27). Despite considerable experience with
HLA class II tetramers to detect HSV-2-specific T cells (13, 32,
43), we have not been able to use them to study CLA/ESL
expression by HSV-2-specific CD4 T cells in fresh blood. This
is likely due to the low abundance of CD4 cells reactive with
individual HSV-2 peptides (33). To compare CD4 and CD8 T
cells, we have therefore begun in vitro restimulation studies of
HSV-2-specific CD4 T cells from subjects with chronic (�1
year) HSV-2 infections who were sampled between recurrent
lesion episodes (17).

The expression of CLA by circulating HSV-2-specific CD4 T
cells, identified in short-term (6-hour) ex vivo assays, was quite
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modest (about 20%). Some specificity was noted, as CMV-
reactive cells in the same assays had lower levels of CLA (17).
Remarkably, exposure to whole HSV-2 antigen for several
days in culture led to significant up-regulation of CLA and
ESL on the resultant dividing HSV-2-specific cells. This was
not simply due to stimulation through the TCR in our specific
media, as recall stimulation with CMV or influenza virus an-
tigens did not lead to CLA or ESL expression. We excluded
the possibility that a subset of memory HSV-2-specific CD4 T
cells with preformed CLA were preferentially restimulated by
exposure to HSV-2 antigen in vitro by completely depleting
CLA� CD4� cells from the initial responder population. After
5 days of culture with HSV-2 antigen and appropriate antigen-
presenting cells (APC), the responding cells again expressed
high levels of CLA and ESL (17).

In this report, we investigate the mechanism of CLA expres-
sion induced on HSV-2-reactive CD4 T cells by HSV-2 antigen
in vitro. We first determined the requirements for CLA induc-
tion in response to HSV-2 and investigated the transferability
of this phenomenon in antigen-mixing experiments. Using
blocking antibodies, we then investigated the effects of the
CLA-inducing cytokines, i.e., IL-12, type I interferon, and
TGF-�, during short-term restimulation of memory HSV-2-
specific CD4 T cells. Recent data indicate that plasmacytoid
dendritic cells (pDC) and monocytes react to contact with
HSV by secreting IL-12 and type I interferon (37, 53), possibly
through Toll-like receptor-dependent mechanisms (18, 41).
We therefore compared defined APC in an in vitro model of
the recall phase of the CD4 response to HSV-2.

(This work was presented in part at the 29th International
Herpesvirus Workshop, Reno, Nev., July 2004.)

MATERIALS AND METHODS

Subjects and specimens. Informed consent was obtained from human im-
munodeficiency virus type 1-seronegative adults. Some samples were ob-
tained 2 to 4 weeks after intramuscular influenza vaccination. Samples were
obtained during periods of no clinically active HSV-2 infection from persons
with symptomatic HSV-2 infections of �1 year’s duration. HSV-2 shedding
decreases after 1 year of infection for unknown reasons (28). We chose
subjects with established infections to reduce possible heterogeneity due to
differing rates of maturation of the acquired immune response. Serology for
CMV, HSV-1, and HSV-2 was performed as described previously (17, 55).
Anticoagulated blood (with acid citrate dextrose or sodium heparin) or leu-
kapheresis products were processed by Ficoll-Hypaque centrifugation, and
peripheral blood mononuclear cells (PBMC) were cryopreserved in liquid
nitrogen. Fresh heparin-anticoagulated blood was processed within 4 hours
for pDC and monocyte isolation.

PBMC culture. PBMC were thawed, typically labeled with 1 �M carboxyfluo-
rescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR)
(17), counted, and plated at 1 � 106/well in 48-well plates. T-cell medium (TCM)
was 0.6 to 1.0 ml/well RPMI 1640 with 25 mM HEPES (Invitrogen, Carlsbad,
CA), 1% penicillin-streptomycin, 2 mM L-glutamine, and 10% pooled heat-
inactivated (56°C, 30 min) human serum from random healthy adult donors. In
some experiments, CFSE-labeled PBMC were antigen loaded in 1 ml TCM in
conical-bottomed polypropylene tubes for 2 h at 37°C in humidified 5% CO2,
washed thrice, and plated (106/well) in 48-well plates. Stimuli included PHA-P
(1.6 �g/ml; Remel, Lenexa, KS) and CMV viral lysate (diluted 1:1,000; ABI,
Columbia, MD). Influenza virus protein antigen from the 2002 vaccine (dialyzed
with phosphate-buffered saline; Aventis, Swiftwater, PA) was used at a dilution
of 1:1,000. HSV-2 strain 333 was grown, titrated, and UV irradiated as described
previously (23); mock virus samples were uninfected Vero cells. HSV stocks had
titers of 3 � 108 (HSV-2) or 3 � 109 (HSV-1) PFU/ml prior to inactivation. Goat
polyclonal anti-human IL-12 (AF-219-NA; R&D Systems, Minneapolis, MN),
normal goat immunoglobulin G (IgG) (AB-108-C; R&D), murine anti-human
alpha/beta interferon receptor (MMHAR-2; Calbiochem, San Diego, CA), con-

trol IgG2a (401123; Calbiochem), murine anti-TGF-� (MAb1835; R&D), con-
trol IgG1 (MAb002; R&D), or human IL-4 (R&D) was added at culture initi-
ation. Some cultures received 100 nM all-trans retinoic acid (Sigma) or 0.06 to 0.2
�g/ml of recombinant vaccinia virus B18R protein (eBioscience, San Diego, CA).
Cultures were typically held for 5 days. Some assays were scaled down to 96-well
U-bottomed plates in duplicate or triplicate. PBMC or CD4-enriched, adherent
cell-depleted cells (2 � 105/well) were incubated in 200 �l TCM with or without
antigens, autologous cell fractions, and antibodies and analyzed by flow cytom-
etry on day 5. Non-CFSE-pulsed replicates were pulsed with [3H]thymidine (see
below).

Lymphoproliferation assays. PBMC or fractionated, reconstituted cultures
(see below) (1 � 105 or 2 � 105/well) were plated in triplicate 96-well U-
bottomed plates in 200 �l TCM with a 1:1,000 dilution of UV-irradiated HSV-2
(corresponding to 3 � 105 PFU/ml prior to inactivation) or mock antigen.
Antibodies were added to some wells on day 0, 1 �Ci [3H]thymidine was added
on day 5, and cells were harvested on day 6 (23). The change in counts per
minute (cpm) was determined as mean cpm with antigen minus mean cpm with
mock antigen, and the stimulation index was determined as mean cpm with
antigen divided by mean cpm with mock antigen (23).

PBMC fractionation. CD4� cells were isolated by first depleting adherent and
culture-labile cells during overnight culture at 107 PBMC/well in six-well dishes
in 6 ml fetal calf serum (FCS)-based LCL medium (58). CD4� cells were
enriched from nonadherent cells with the portion of a CD4� CD25� kit (Miltenyi,
Auburn, CA) designed for purification of all CD4� cells. Monocytes were en-
riched from fresh PBMC with a negative selection monocyte isolation kit II
(Miltenyi). pDC cells were isolated with a BDCA-4 positive-enrichment kit
(Miltenyi). CD4� T cells were defined as CD4high CD14neg, monocytes were
defined as large and CD4intermediate CD14high, and pDC were defined as
CD123high BDCA-2high CD4low (53) Comparing fresh PBMC to the final prod-
ucts for four subjects, CD4� T cells were enriched from 37.0% � 3.0% (mean �

standard deviation) to 94.4% � 3.0%, monocytes were enriched from 15.4% �

3.9% to 65.4% � 17.8%, and pDC were enriched from 0.36% � 0.31% to 73.7%
� 14.7%. In each case, cells in the combined lymphocyte and monocyte region
(forward/side light scatter) were analyzed.

Flow cytometry. Leukocytes were stained with anti-CD14–fluorescein iso-
thiocyanate (Pharmingen, San Diego, CA), anti-CD4–phycoerythrin, and anti-
CD8–phycoerythrin-Cy5 (both from Caltag, Burlingame, CA) or with anti-
CD123–fluorescein isothiocyanate and either anti-BDCA-2–phycoerythrin or
anti-BDCA-4–phycoerythrin (Miltenyi), as described previously (23). For mea-
surement of CLA, cultured CFSE-labeled cells were stained for 30 min at 4°C
with anti-CD4–phycoerythrin-Cy5 (Caltag) and biotinylated anti-CLA (Pharmin-
gen), washed twice in fluorescence-activated cell sorting (FACS) buffer (phos-
phate-buffered saline, 1% FCS, 0.02% sodium azide), stained with streptavidin-
phycoerythrin or -allophycocyanin (Pharmingen), washed, and fixed. Forward/
side scatter data for mock and HSV-2 stimulation in each experiment were used
to set regions for small resting lymphocytes and larger, granular cells (lympho-
blasts). CLA expression analyses were typically gated on lymphoblasts that were
CD4high CFSElow, consistent with prior in vitro proliferation. For mitogens, gates
were set to include CD4� blasts with two or more divisions, as judged by CFSE
dilution. For recall antigens, CD4� blasts usually partitioned into CFSEhigh cells
and a group of CFSElow cells without discrete internal levels of CFSE intensity.
Few CFSEintermediate events were observed, and the principle CFSElow cell
populations were analyzed. The fluorescence cutoff for CLA positivity was set
and held constant within each experiment. To set the cutoff for CLA posi-
tivity, PHA-stimulated, CD4� CFSElow lymphoblasts were analyzed in a
histogram. The cutoff was set at the inflection between the lower-intensity
Poisson-shaped clump and the CLAhigh positive tail. Cutoff values ranged
from fluorescence intensities of 101.0 to 102.0. To estimate proliferation by
flow cytometry, total mononuclear cells, total lymphoblasts, and CD4� CF-
SElow cells in both of these gates were enumerated among �105 total events/
specimen. The percentages of lymphoblasts in the total mononuclear cells
and the percentages of CD4� CFSElow cells in mononuclear and lymphoblast
gates were calculated. Analyses used FacScan or FacsCalibur (Becton Dick-
inson, Franklin Lakes, NJ) cytometers and WinMDI 2.8 (http://facs.scripps
.edu/software.html).

Statistics. Comparisons of CLA expression between paired cultures with and
without anticytokine antibodies were done with a two-tailed Wilcoxon matched-
pair signed-ranks test. Comparisons of grouped data were done with a two-tailed
Mann-Whitney U test. Evaluation of the effect of increasing doses of IL-4 was
done with the Kruskal-Wallis nonparametric analysis of variance test. Instat 3.05
(GraphPad, San Diego, CA) was used for analyses.
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RESULTS

Expression of CLA by HSV-2-specific CD4 T cells can be
dissociated from proliferation. Stimulation of PBMC by con-
tinuous exposure to HSV-2 antigen led to high expression of
CLA by responding CD4� lymphocytes (data for a represen-
tative subject are shown in Fig. 1A). To isolate dividing re-
sponder cells, we gated large, granular CD4� CFSElow cells (by
forward and side scatter). The small, less granular CD4� cells
were mostly CFSEhigh undivided cells, and these remained
CLAlow (not shown). Among CD4� CFSElow lymphoblasts,
CLA expression was much lower after CMV or influenza virus
stimulation (Fig. 1A).

To investigate if stimulation through the TCR was both
necessary and sufficient to induce CLA expression by HSV-2-
specific memory CD4 T cells, PBMC were antigen pulsed for 2
hours, washed, and analyzed after 5 days in culture. Strong
proliferative responses, as previously reported for pulsing with
HSV-2 antigens (33), were detected by an accumulation of
CFSElow CD4� lymphoblasts (Fig. 1B). However, the CLA
expression of cells responding to HSV-2 was of a low magni-
tude (9.8%), albeit somewhat higher than that for CMV
(5.5%) or influenza virus (2.0%). Parallel experiments with the
same responder cells, differing only in the fact that antigen was
continuously present, led to strong, selective up-regulation of
CLA in response to HSV-2 (Fig. 1A). Similar results were
noted for five subjects. Titration of HSV-2 antigen could also
dissociate proliferative responses from CLA expression. Con-
tinuous exposure of whole PBMC to highly diluted (1:25,000)
HSV-1 or HSV-2 antigen resulted in proliferation, as detected
by the accumulation of CFSElow CD4� cells (not shown) and
[3H]thymidine incorporation (Fig. 1C). However, the induc-

tion of CLA expression was observed only at higher concen-
trations of HSV-2 antigen.

These experiments led to the hypothesis that accessory cells,
possibly but not necessarily overlapping with functional APC,
were involved in CLA expression by CD4� T cells responding to
HSV-2 antigen. We tested this hypothesis by reducing the number
of non-CD4� T cells prior to incubation with recall antigens.
CD4� T cells were enriched by overnight incubation of PBMC in
FCS-based medium, allowing monocyte adherence, followed by a
subtractive CD4� T-cell selection protocol that included active
removal of residual monocytes and dendritic cells. This treatment
decreased large CD4intermediate CD14� cells (monocytes) by 94%,
from 24.8% � 5.6% to 1.4% � 0.9% (mean � standard devia-
tion; n � 4 subjects). pDC are known to be very labile to freeze-
thaw processing of human PBMC and also to overnight culture
unless IL-3 is supplied (29). We were unable to detect BDCA-2-
or BDCA-4-positive cells by flow cytometry after the CD4 T-cell
enrichment described above. Proliferation, presumably driven by
residual APC, was noted in CD4-enriched cultures, as judged by
an accumulation of large CFSElow CD4� blasts (Fig. 2A). A
reduction of the number of monocytes and other non-CD4 T cells
led to a marked reduction in CLA expression by cells responding
to HSV-2 compared to whole, nonadherent responders undergo-
ing mock CD4 cell enrichment (Fig. 2B) (n � 4 subjects; P �
0.029 by a paired test). The differences for CMV and PHA stim-
ulation were also significant, with P values of �0.05, but the
absolute magnitudes of CLA expression among these responder
cells were very low (Fig. 2B). These data show that a reduction of
the number of APC to a residual level which is still adequate to
stimulate proliferation also dissociates the stimulation of cell di-
vision and CLA expression.

FIG. 1. Dissociation of CLA induction and proliferation by HSV-2-reactive memory CD4 T cells. (A) PBMC were incubated continuously with
antigen/mitogen and cultured for 5 days in 48-well plates. Large granular cells (gating not shown) that were CD4� CFSElow (R2) were analyzed.
Histograms and markers show the percent cells expressing CLA. (B) PBMC were pulsed with antigen/mitogen for 2 hours, washed, cultured, and
analyzed as described above. The results shown in panels A and B are typical of five subjects. (C) PBMC from an HSV-1- and HSV-2-seropositive
person were incubated with serial dilutions of whole HSV-1 or HSV-2 antigen. After 5 days, proliferation was measured in triplicate by
[3H]thymidine incorporation. CLA expression was measured as described above. Results are typical of four subjects, and means are shown.
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HSV-2 antigen influences bystander proliferating CD4 T
cells to express CLA. To investigate if the function provoked
by HSV-2 antigen capable of stimulating CLA expression
could act in trans, we performed antigen mixing using PBMC
from an HSV-1/HSV-2 dually seronegative donor. UV-inacti-
vated mock or HSV-2 antigen (diluted 1:1,000) alone caused
an accumulation of 3.0% or 8.9%, respectively, of CFSElow

cells among total (resting and lymphoblast) CD4� lymphocytes
(Fig. 3A). This background proliferation is commonly seen
among HSV-seronegative persons and is of uncertain signifi-
cance. In contrast, influenza virus antigen led to 50.4%
CFSElow cells among the total CD4� lymphocytes. These cells
expressed low levels of CLA (5.4%). The addition of HSV-2
antigen diluted 1:1,000 to influenza virus protein antigen in-
creased CLA expression among CFSElow CD4� responder
cells to 37.6%, while mock antigen had a much smaller effect.
HSV-2 antigen cross-stimulation of CLA expression was dose
dependent. The effect was maximal at a 1:200 dilution, with
significant activity noted at 1:5,000 and a decline to baseline at
1:25,000 (Fig. 3B; see Materials and Methods for PFU equiv-
alents). The differences were significant (P � 0.05 by a paired
test) between the mock and HSV-2 antigens at each dilution
tested, and similar results were noted for one other subject. At
each dilution, little CLA expression was noted among by-
stander CFSEhigh CD4� cells (not shown).

pDC restore CLA expression to CD4� T cells responding to
HSV-2 antigen. We showed above that depletion of DC and
monocytes reduced CLA expression by HSV-2-reactive CD4�

lymphoblasts. Autologous pDC and monocytes were tested for
the ability to restore CLA expression by purified CD4� T cells
responding to HSV-2 antigen. Triplicate assays were per-
formed in a microtiter plate format, using graded numbers of
accessory cells. Responding T cells were identified as large,
granular CFSElow CD4high cells. The residual APC activity
present in the purified CD4 cell preparation was enough to
support proliferation, as detected by small numbers of large,

granular CFSElow cells, but as reported above, CLA expression
on these CD4� responders was low. pDC preparations were
potent inducers of CLA on T lymphocytes responding to
HSV-2 antigen (Fig. 4A shows representative histograms; Fig.
4B shows means and standard deviations of triplicate assays for
one subject). A dose-response relationship was present be-
tween the number of pDC added and CLA expression. Exog-
enous pDC, when added in sufficient number, also supported
CLA expression by CD4 T cells responding to CMV antigen or
PHA. However, the highest CLA expression level with either a
low or high accessory cell number was noted for HSV-2 and
added pDC. Monocytes were also able to induce CLA in re-
sponse to HSV-2. Monocytes were less efficient for CLA in-
duction on a per-cell basis and did not induce appreciable CLA
expression on lymphoblasts when CMV antigen or PHA was
used to stimulate purified CD4 T cells. Similar results for the
restoration of CLA expression after reintroduction of pDC or
monocytes were noted for three additional subjects.

CLA induction by HSV-2 is mediated by endogenous IL-12,
type I interferon, and TGF-�. The dissociation between HSV-
2-driven proliferation and CLA expression and the results of
the antigen- and cell-mixing experiments described above sug-
gest that HSV-2 antigen acts on accessory cells to contribute to
an environment supportive of CLA expression by proliferating
cells. We investigated the two-hit model mentioned above, in
which stimulation through the TCR plus cytokines promotes
CLA and ESL expression. The roles of IL-12 and type I inter-
feron were tested by adding blocking antibodies during culture
setup, simultaneous with the addition of antigen. Initial exper-
iments used antibodies at either 3 or 0.6 �g/ml and either a
single addition at culture initiation or a repeat addition at 48 h.
The effects were similar, and data for one addition of antibody
are presented. Since there are many type I interferons, an
antibody that blocks the receptor for both alpha and beta
interferon was used.

FIG. 2. CD4-enriched, monocyte-depleted PBMC cultures proliferating in response to HSV-2 antigen have low CLA expression. (A) Repre-
sentative unsplit or monocyte-depleted, CD4-enriched PBMC from HSV-2/CMV dually seropositive donors were stimulated for 5 days with viral
antigen or PHA and analyzed for size and granularity (left) or CFSE dilution and CD4 expression (middle). Large CD4� CFSElow cells, gated as
shown, were analyzed for CLA, and the percentages of positive cells are shown. (B) Means and standard deviations for four subjects with matched
whole PBMC and CD4-enriched, monocyte-depleted cultures analyzed in parallel. Each responder cell population and antigen was tested in
duplicate in a 96-well format, and the means for individual subjects were used to calculate means (bars) and standard deviations (error bars).
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The blockade of IL-12 caused a significant reduction of CLA
expression by herpesvirus-reactive CD4� lymphocytes. Among
five HSV-2-infected subjects (Fig. 5A), CLA expression de-
creased by 56% and 43% when anti-IL-12 antibody was added
at 3 and 0.6 �g/ml, respectively. In absolute terms, this repre-
sented a decrease from 42.2% � 15.7% (mean � standard
deviation) for no antibodies to 20.0% � 14.3% for 3 �g/ml
anti-IL-12 and 24.7% � 15.8% for 0.6 �g/ml anti-IL-12. Anti-
type I interferon receptor antibody alone had a smaller effect

(mean 19% and 27% reductions at 0.6 and 3 �g/ml, respec-
tively). However, the addition of anti-type I interferon receptor
significantly increased the inhibition observed with anti-IL-12.
CLA expression was reduced by 93% and 81% when both
antibodies were added at 3 and 0.6 �g/ml, respectively. The
means and standard deviations for CLA expression were 6.3%
� 3.5% at 3 �g/ml and 9.4% � 3.9% at 0.6 �g/ml. When the
values for CLA expression in wells treated with active antibod-
ies were compared to those for CLA expression in the most
relevant isotype control wells (single or double antibodies), the
decrease in CLA expression was statistically significant for
anti-IL-12 alone (P � 0.008 at 3 �g/ml) as well as anti-IL-12
plus anti-interferon receptor (P � 0.008 at both dose levels),
while anti-interferon receptor alone did not appear to be ac-
tive. The isotype control antibodies tested alone or in combi-
nation had no significant impact on CLA expression compared
to no antibody (P � 0.05 at both 0.6 and 3 �g/ml for either or
both antibodies). The effects of active and control antibodies
on PBMC proliferative responses to HSV-2 antigen were stud-
ied in triplicate in four subjects. The active antibodies in com-
bination or alone at concentrations up to 10 �g/ml had no
significant impact on proliferation in triplicate PBMC prolif-
eration assays (data not shown).

To further examine the effect of type I interferon, we tested
the effect of adding recombinant vaccinia virus B18R protein at
the time of PBMC stimulation with UV-inactivated HSV-2. This
protein binds to and neutralizes all type I interferons (1). In
isolation, a stronger inhibition of CLA expression was noted
for B18R than for anti-interferon receptor (data for a repre-
sentative subject are shown in Fig. 5B). A combination of
anti-IL-12 and vaccinia virus B18R led to a profound inhibition
of CLA expression by vaccinia virus-reactive CD4 T cells. Sim-
ilar data were noted for two additional subjects.

TGF-� has also been reported to increase CLA expression
by lymphocytes responding to TCR stimulation and to be a
component of the response to HSV (39). We tested the effect
of a TGF-� blockade, using a microtiter plate format with
duplicate cultures and antibodies at only the lower dose of 0.6
�g/ml. Anti-TGF-� alone had little effect on CLA expression
(Fig. 6). Anti-IL-12 again had significant effects, as did anti-
interferon receptor (for one subject). Anti-TGF-� synergized
with anti-IL-12 in reducing CLA. Overall, among five persons
studied, anti-IL-12 alone inhibited CLA by 50.1% � 10.0%,
while the combination of anti-IL-12 and anti-TGF-� led to
81.1% � 7.8% inhibition of CLA (P � 0.02 compared to
anti-IL-12 alone). Little additional inhibition was noted by
combining all three antibodies.

DISCUSSION

Our previous results showed that HSV-2-reactive CD4 T
cells in seropositive subjects express CLA after proliferating in
response to exposure to HSV-2 recall antigen in vitro. These
data were consistent with the hypothesis that these cells are
somehow programmed to express CLA upon cell division. The
initial results in the current study showed that stimulation of
cell division by HSV-2-specific memory CD4 T cells was not
sufficient to cause CLA expression on resultant lymphoblasts.
Reductions in the antigen dose or contact time dissociated cell
division from CLA expression. In antigen-mixing experiments,

FIG. 3. HSV-2 antigen induces CLA expression on bystander pro-
liferating CD4� memory T cells. (A) PBMC from an HSV-seronega-
tive, influenza-vaccinated subject were incubated for 5 days with the
antigen(s) indicated at left. Total lymphocytes (resting and blasts) in
the indicated R1 forward/side scatter window were gated for CD4hi

(not shown). Influenza virus antigen led to more CFSElow cells, indi-
cated numerically above the histograms in the middle column, than did
HSV-2. CLA expression on the gated (R3) CD4� CFSElow large gran-
ular cells is shown in the right column, and positive cell percentages are
indicated. (B) Dose dependence of bystander CLA expression induced
by UV-inactivated HSV-2 or mock antigen. Data are means and stan-
dard deviations of triplicate results.
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CLA was induced on T cells proliferating in response to influ-
enza virus antigen when HSV-2 antigen was also present, no-
tably when the donor was seronegative for HSV-1 and HSV-2.
The innate response to HSV-2 in these subjects influenced a
shift in skin-homing receptor expression by “bystander” pro-
liferating CD4 T cells. The reciprocal antigen-mixing experi-
ment would add influenza virus protein antigen to PBMC from
influenza virus-naı̈ve, HSV-2-infected persons. Suitable PBMC
are difficult to obtain, however, as almost all persons are im-
munologically experienced with influenza virus via infection
and/or vaccination. It might be expected that whole influenza
virus would stimulate CLA expression because influenza viri-
ons elicit type I interferon expression by pDC (12). However,
the influenza virus antigens used in this study were purified
surface proteins that do not contain appreciable viral nucleic
acid, one likely immunostimulatory compound in the whole
virus (35). Experiments studying the effects of whole influenza
virus on CLA expression by memory CD4 T cells have not been
described. The effects of innate responses to other viruses,
such as CMV, on CLA expression by lymphoblasts may be
studied by using PBMC from CMV-negative individuals and a
second recall antigen to which the subject is sensitized. A series

of such experiments will determine how specific the enhance-
ment of CLA is to the innate response to HSV antigen.

We next examined the possible roles of cytokines and accessory
cells in the induction of CLA expression. Our data with blocking
antibodies suggest that there are contributions from both IL-12
and type I interferon to the induction of CLA. Type I interferons
may have a stronger effect, because the blockade of interferon
only with vaccinia virus B18R protein led to a strong reduction of
CLA expression. The blockade with an anti-interferon receptor
monoclonal antibody may have been less complete, allowing re-
sidual stimulation that could synergize with IL-12 (Fig. 6). TGF-�
seemed to have the weakest effect, as an isolated blockade led to
no reduction in the proportion of responding CD4 cells with CLA
expression (Fig. 6). In addition, TGF-� appeared to be synergistic
with IL-12 but not with type I interferon. This finding is consistent
with emerging findings concerning the regulation of expression of
FTVII (21), a key enzyme involved in the creation of CLA (see
below). Ideally, cytokines would have been measured in the su-
pernatants of unfractionated, split, and add-back cultures and
correlated with CLA expression. These studies are technically
demanding due to cytokine lability and low concentrations and
are currently under way.

FIG. 4. Plasmacytoid dendritic cells induce CLA expression by memory CD4 T cells responding to HSV-2 antigen. (A) Representative
histograms showing CLA expression after exposure of the indicated cell populations, gated for CD4� CFSElow lymphoblasts, to viral antigens or
PHA. Either the whole PBMC (left) or purified CD4� T cells were labeled with CFSE. (B) Means and standard deviations of CLA expression
levels from triplicate assays for a representative subject. Mono, monocytes.
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Our data with blocking antibodies and the B18R protein
suggest roles for type I interferon and IL-12 in regulating CLA
expression by HSV-2-reactive CD4 T cells. IL-4 is known to
down-regulate CLA expression by CD4 and CD8 T cells re-
sponding to stimulation through the TCR (42, 52). All-trans
retinoic acid was recently shown to inhibit ESL expression on
cells primed by Peyer’s patch-derived DC (20). We extended
these observations to memory CD4� T cells responding to
antigen in vitro. Exogenous IL-4 and all-trans retinoic acid
were potent inhibitors of CLA expression by CD4� lympho-
blasts responding to HSV-2 antigen in vitro. Inhibition by IL-4
was dose dependent and active down to 100 picograms/ml
(data not shown).

Our cell reconstitution experiments suggest that pDC are
potent inducers of CLA in the setting of HSV-2 stimulation.
HSV elicits a complex innate immune response from DC and
monocytes/macrophages. Natural alpha interferon-producing
cells among PBMC are characterized as pDC (53), recognize
several different viruses, and produce a variety of interferon
subtypes (9, 35). It is not known if pDC are present in HSV
lesions, but pDC-like cells express CLA and localize to foci of
melanomas and some inflammatory skin conditions (5, 48, 50,
63). The added pDC and monocytes were not labeled with
CFSE and did express CLA and CD4. It is unlikely, however,

FIG. 6. Neutralization of TGF-� reduces CLA expression in com-
bination with blockade of IL-12. PMBC from two HSV-2-infected
donors (as indicated in the legend) were CFSE labeled, and antibodies
(all used at 0.6 �g/ml) were added on day 0 in duplicate microtiter
plate cultures. Cultures were analyzed on day 5, with CLA expression
in the absence of antibodies set to 100%. Bars and error bars are
means and standard deviations, respectively, of the percentages of
CLA expression by CFSElow CD4� blasts for two subjects relative to
the no-antibody control. Single asterisks refer to significant (P � 0.05)
reductions of CLA expression compared to the no-antibody control
(100% on the y axis). Double asterisks refer to significant (P � 0.05)
decreases of CLA expression compared to that with anti-IL-12 alone.

FIG. 5. (A) Blockade of IL-12 acts alone and synergistically with blockade of class I interferon to prevent CLA expression by HSV-2-reactive
CD4 T cells. PBMC from five HSV-2-infected donors were CFSE labeled, and antibodies were added on day 0 with HSV-2 antigen (1:1,000). The
dose of antibody (3 or 0.6 �g/ml) is indicated in the legend. On day 5, CFSElow CD4� blasts were gated and examined for CLA expression. CLA
expression in the absence of antibodies was set to 100% for each patient. Bars and error bars are means and standard deviations, respectively, for
five subjects for antibody at 0.6 �g/ml (hatched) or 3.0 �g/ml (solid). Asterisks refer to significant (P � 0.05) reductions of CLA expression
compared to the wells containing the relevant control antibody or antibodies. Control antibodies (right) led to no significant differences (P � 0.05)
from the no-antibody control. (B) Effect of neutralizing antibodies and soluble recombinant vaccinia virus B18R protein on CLA expression in a
representative HSV-2-seropositive subject. PBMC were incubated with PHA or HSV-2 antigen (1:1,000) in the absence or presence of the
indicated neutralizing antibodies (0.6 �g/ml) or B18R (0.2 �g/ml). Gated blasts that were CFSElow CD4� were analyzed for CLA expression. Data
are percentages of cells positive for CLA.
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that the CLAhigh CD4� CFSElow cells detected after 5 days of
antigen stimulation (Fig. 4) represented carryover of these
input cells. The analyzed cells were CD4bright, while mono-
cytes/macrophages and pDC are CD4intermediate (53). Back-
gating of pDC that were positive for CD123 and BDCA-2 in
PBMC showed that they have low side scatter (data not
shown), while the cells that were analyzed for CLA expression
were in the lymphoblast region with high forward scatter and
high side scatter. In addition, the survival of pDC in culture at
72 to 96 h is �5% in the absence of exogenous IL-3 and/or
FLT3 ligand (19, 29, 35), neither of which was supplied, and
our analyses were carried out even later, at 120 h.

While pDC are well known as sources of type I interferon,
their secretion of IL-12 is controversial (35). pDC purification
based on BDCA-4 expression, as used in our work, can coen-
rich a small percentage of CD11c� myeloid DC and other cells
that can produce both interferon and IL-12 (35, 46). Ideally,
we would also have studied myeloid DC in depletion and
add-back experiments. These systems require several hundred
milliliters of fresh blood (44) and are planned for future stud-
ies. Monocytes were also biologically active inducers of CLA in
our system. While producing less HSV-stimulated alpha inter-
feron on a per-cell basis than pDC (15, 46), monocytes are
more abundant in vivo. Macrophages secrete IL-12 in response
to HSV stimulation (37), and cells with monocyte/macrophage
markers have been identified in HSV lesions (11). Whole
PBMC produce large amounts of TGF-� in response to HSV,
but which cell type(s) is active is not known (39). Ultimately, in
vivo systems will likely be necessary to fully define the role(s)
of cytokines and accessory cells in T-cell homing in response
to HSV.

The HSV-2 structures and cellular receptors that elicit in-
nate cytokine secretion are not fully characterized. Glycopro-
tein D (gD) of HSV-1 or HSV-2 is a potent trigger of alpha
interferon from mixed PBMC, but the responder cell popula-
tion is not known (3). DC express receptors for gD (51), and
the use of purified gD in our system would clarify its possible
role as a recall antigen or innate stimulus. Purified HSV DNA
is also stimulatory to dendritic cells and contains sequences
similar to agonistic CpG oligonucleotides. Recent studies have
suggested roles for Toll-like receptors 2 and 9 in HSV patho-
genesis, but it is not yet known if these receptors are involved
in the promotion of CLA expression by responding lympho-
blasts in our in vitro system (30, 31, 36).

It is likely that positive and negative signals, mediated by
both innate and acquired responses to HSV-2, are integrated
to control homing molecule expression by HSV-2-specific
memory T cells. The expression of CLA and ESL is dependent
on the expression of FTVII. FTVII appears to be essential for
the expression of CLA and all selectin ligands (21, 38). FTVII
expression is constitutive in myeloid cells and inducible in
lymphoid cells (21). The control of FTVII enzyme activity
appears to correspond with transcriptional regulation of
mRNA levels. For example, FTVII mRNA levels are initially
low and peak 1 to 2 days before CLA and ESL expression when
PBMC are cultured under specific conditions known to stim-
ulate CLA expression (57). The second-messenger pathways
and promoter elements connecting cell surface signaling from
IL-12 and interferon and FTVII expression are actively being
dissected (21, 61). Recently, data consistent with both epige-

netic regulation of genes controlling selectin ligand synthesis
(56) and reprogramming of homing molecule expression by
specific dendritic cells (40) have been presented. Consistent
with plasticity within the memory T-cell compartment, we
found that specific pDC could “overdrive” CMV-specific
CD4� T cells to express CLA, a nonphysiologic outcome for
the host response to this virus that seldom infects the skin.
HSV-reactive CD4 T cells were, however, differentially sensi-
tive to the effects of exogenous pDC. This could be due to
imprinting of the cells or a direct interaction with the HSV-2
antigen. Since HSV-2-specific memory CD8 T cells constitu-
tively express CLA and ESL in the absence of antigen stimu-
lation (26), it appears that FTVII expression can also be ton-
ically up-regulated. This issue is currently under study, using
tetramer-sorted HSV-2-specific CD8 T cells.

Several unresolved issues remain to be addressed. CLA ex-
pression by T cells in response to a dual TCR plus cytokine
signal seems to require several cell divisions in vitro (10, 56),
while CD4 migration to herpetic lesions is quite fast in vivo.
Persons with deficiencies in IL-12 or IL-12 receptors are not
known to have severe HSV infections (14), so IL-12 may not be
necessary and other factors may provide a backup system. We
have used in vitro culture conditions that are generally restric-
tive for CLA expression (4, 10) but cannot reproduce the
complex in vivo milieu. The ratio of pDC or monocytes to
responder CD4 T cells in our reconstitution experiments was
higher than the expected ratio in PBMC, but high local con-
centrations of these cells are found in some disease states (5).
It is possible that innate stimuli provided by non-HSV mole-
cules, such as lipopolysaccharide from skin bacteria also
present in herpetic lesions, could also be involved in up-regu-
lating CLA in vivo (54). It is also possible that CLA expression
by CD4 T cells with HSV-2-specific gamma interferon secre-
tion or cytotoxicity but lacking proliferative potential in vitro
could differ from CLA expression by the CD4 T cells that
proliferated in vitro in this study, exhibiting diluted CFSE
fluorescence. These areas are each amenable to additional
research studies.

Taken together, our data and reports in the literature permit
the proposal of a working model for additional testing. The
recurrence of HSV-2 may lead to the uptake of antigen by
mobile, functional DC, as recently demonstrated with mice (2,
64), that present antigen to memory CD4 T cells in regional
lymphoid tissue. Innate stimulation of either these functional
APC or other cells may elicit secretion of IL-12, type I inter-
feron, or other factors that influence the HSV-2-specific mem-
ory CD4 T cells to express CLA and ESL during their activa-
tion. These cells are then better equipped to traffic to infected
tissues. In the next stages of T-cell trafficking, chemokines may
trigger changes in integrins and/or chemotaxis towards areas of
infection (8, 62). Ultimately, in vivo models will be required to
determine the cells and molecules most involved in the traf-
ficking of antigen-specific effector cells.
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