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Abstract
Virus-specific memory T lymphocytes traffic to sites of viral infection. Herpes simplex virus (HSV)
type 2–specific CD4+ and CD8+ T lymphocytes differ with regard to their homing kinetics to infected
tissues. We studied the expression of cutaneous lymphocyte–associated antigen (CLA) and E-selectin
ligand (ESL) by HSV-2–specific CD4+ T lymphocytes. Virus-reactive T lymphocytes were identified
ex vivo by CD154 or interferon-γ up-regulation. We detected selective expression of CLA by HSV-2–
reactive CD4+ T lymphocytes, but at levels lower than those we previously observed for CD8+ T
lymphocytes. Short-term HSV-2–reactive CD4+ lines generated from peripheral-blood mononuclear
cells preferentially express CLA, compared with cytomegalovirus- or influenza-specific cells. CLA
is expressed by HSV-2–reactive cells that are initially CLA negative before restimulation. Shortterm culture-expanded HSV-2–specific CD4+ T lymphocytes also selectively express ESL. These
findings have implications for the optimization of vaccines for HSV and other cutaneous pathogens.
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Memory T lymphocytes can display tissue-specific trafficking that matches the pathogenesis
of their cognate microbial antigen. For example, CD4+ T lymphocytes specific for the
gastrointestinal pathogen rotavirus preferentially express α4β7 integrin, an adhesion molecule
for gastrointestinal-tract endothelial cells [1]. CD4+ T lymphocytes specific for cutaneous
allergens preferentially express cutaneous lymphocyte–associated antigen (CLA), a complex
fucose-containing carbohydrate moiety recognized by the monoclonal antibody (MAb)
HECA-452 [2]. To date, no studies of the expression of CLA by CD4+ T lymphocytes specific
for cutaneous infectious pathogens have been conducted. CLA is related, but not identical, to
an E-selectin ligand (ESL). ESL is thought to be functionally important in the mediation of T
lymphocyte rolling adhesion via binding to E-selectin, a transmembrane protein that occurs on
the lumenal surface of dermal vascular endothelial cells and that is up-regulated during
inflammation [3–5]. CLA is normally expressed by 5%–15% of circulating CD4+ and CD8+
T lymphocytes, occurring as a posttranslational modification of P-selectin glycoprotein ligand
1 [6], whereas ESL is expressed by a somewhat lower frequency of circulating CD4+ and
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CD8+ lymphocytes [5]. We have previously shown that E-selectin is up-regulated in human
genital herpes simplex virus (HSV) type 2 lesions and that infiltrating cells express CLA [7].
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In the immunocompetent host, replication of HSV-2 is generally limited to the epidermis and
innervating sensory neurons [8]. A dense dermal lymphocytic in-filtrate occurs subjacent to
herpetic erosions. The early infiltrate is CD4 predominant, and HSV-2–specific CD4+ T
lymphocytes are consistently recovered from biopsy samples on day 2 after the onset of
symptoms. CD8+ T lymphocytes traffic into lesions a few days later, and HSV-2–specific CTL
activity is temporally correlated with the clearance of live virus [9]. Thus, the kinetics of the
recruitment of HSV-2–specific CD4+ and CD8+ T lymphocytes may differ. Interactions
between antigen-presenting cells (APCs) and naive T lymphocytes appear to program the
homing characteristics of resultant memory cells [10, 11]. In murine models, different dendritic
cell (DC) populations prime HSV-specific CD4+ and CD8+ T lymphocytes [12, 13]. These
observations indicate that the homing characteristics of HSV-2–specific CD4+ and CD8+ T
lymphocytes may differ. The partial efficacy of an HSV-2 vaccine that stimulates CD4+ but
not CD8+ T lymphocyte responses [14] also motivates research into the homing of HSV-2–
specific CD4+ T lymphocytes.
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The present study of the expression of CLA and ESL by HSV-2–specific memory CD4+ T
lymphocytes complements previous CD8 studies [7, 15]. Circulating HSV-2–specific CD8+ T
lymphocytes from chronically infected persons, defined by tetramer binding, generally show
50%–70% expression of CLA, compared with <15% for CD8+ T lymphocytes specific for
Epstein-Barr virus (EBV) or cytomegalovirus (CMV), both herpesviruses that seldom infect
the skin. As direct tetramer staining is not routinely available for virus-specific CD4+ T
lymphocytes, the present study uses alternative ex vivo methods to identify virus-specific cells.
The phenotypic difference between HSV-2–and EBV-specific CD8+ T lymphocytes was stable
in vitro, as only HSV-2–specific T lymphocytes expressed CLA and ESL after restimulation
and expansion with cognate peptide [7]. Our new data also suggest that, during in vitro
expansion, HSV-2–specific CD4+ T lymphocytes selectively express CLA and ESL. We
propose that vaccination strategies for cutaneous pathogens should consider optimization of
CD4+ effector cell localization to sites of challenge.

SUBJECTS, MATERIALS, AND METHODS
Subjects and specimens
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HSV-1 and HSV-2 immune status and CMV immune status were assayed by HSV type–
specific immunoblot assay [16] and ELISA (Abbott), respectively. Peripheral-blood
mononuclear cells (PBMCs) were cryopreserved after ficoll-hypaque (Invitrogen)
centrifugation. No subject was experiencing a clinical outbreak of HSV or receiving antiviral
medication at the time of blood sampling. Informed consent was obtained from subjects, and
the human-experimentation guidelines of the US Department of Health and Human Services
and the University of Washington were followed.
Antigens and mitogens
HSV-2 strain 333 [17] was grown and titrated as described elsewhere [18]. Cell-associated
virus was UV irradiated for 30 min. For mock virus, the process used uninfected Vero cells.
Tetanus toxoid was obtained from Corixa, and CMV antigen was obtained from Advanced
Bio-technologies. The influenza antigen used was 2002 vaccine (Aventis) dialyzed against
PBS. HSV-2 VP16 peptides 369–379, restricted by HLA-DQB1*0602, and 465–484, restricted
by HLA-DRB1*0401, were prepared as described elsewhere [7, 19–21].
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Flow-cytometry reagents
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Anti-CD4 were obtained from CalTag. Biotin- and fluorescein isothiocyanate (FITC)–labeled
anti-CLA, phycoerythrin (PE)–labeled anti-CD40L (CD154), PE- and APC-labeled anti–
interferon (IFN)–γ, isotype control–PE, and anti–E-selectin were obtained from Pharmingen.
Chimeric human E-selectin–Fc, obtained from R&D Systems, was detected by use of PE-F(ab
′)2–labeled goat anti–human Fc (Coulter). Secondary reagents used were PE-labeled goat anti–
mouse IgG (Biomeda) and PE-labeled streptavidin (Pharmingen). PE-labeled tetramers
DQ6-369 and DR4-485, which label CD4+ T lymphocytes specific for peptides in HSV-2 VP16
beginning with the above-indicated amino acids, have been described elsewhere [20, 22].
Ex vivo assays
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Virus-reactive T lymphocytes were identified by intracellular cytokine cytometry (ICC) or
surface CD154 up-regulation. For ICC, PBMCs (1–3 million cells/tube) were incubated in 1
mL of T lymphocyte medium [23]. Stimuli used were UV-killed HSV-2 (1:1000), CMV
antigen (1:1000), or phorbol myristate acetate (PMA; 50 ng/mL; Sigma) plus ionomycin (1
μg/mL; Sigma). Anti-CD28–specific and anti-CD49d–specific MAb (1 μg/mL; Pharmingen),
at time 0, and brefeldin A (5 μg/mL; Sigma), at 1 h, were added, and tubes were maintained
at 37°C in 5% CO2. Five hours later, cells were shifted to 4°C. Cells were recovered, washed
in fluorescence-activated cell sorter (FACS) buffer (PBS, 1% fetal calf serum [FCS], and 0.1%
Na azide), and stained with anti–CLA-FITC and anti–CD4-PECy5. Cells were washed, treated
with FACS-Lyse and Cytoperm-Cytofix, washed in Perm-Wash (all from Pharmingen), split,
stained with anti–human IFN-γ–PE or iso-type control for 30 min at 4°C, washed again, and
fixed. For CD154, live HSV-2 (MOI, 10) was used, brefeldin A was omitted, and monensin
was added to some cultures. After 6 h, cells were washed, split, and stained with anti–CLAFITC, anti–CD4-PECy5, and either anti–CD154-PE or isotype control.
In vitro assays
Proliferation assays were conducted in triplicate in 96-well U-bottom plates in 200 μL of TCM.
Immunomagnetic depletion of CLA+ PBMCs was done by use of bio-tinylated anti-CLA and
streptavidin (MACS; Miltenyi). Cells eluted with PBS and 4 mmol/L EDTA composed the
CLA-depleted fraction. PBMCs (CLA depleted or unmanipulated) were plated at 1 ×105 cells/
well and were incubated at 37°C in 5% CO2. Antigens used were UV-killed HSV-2 or mock
Vero antigen (1:100), tetanus toxoid (1:10,000), and phytohemagglutinin (PHA; 1.6 μg/mL;
Remel). Autologous irradiated (3300 rad) PBMCs (5 × 104 cells/well) were added as APCs.
[3H]-thymidine incorporation was performed as described elsewhere [23].
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To study CLA expression among bulk T lymphocyte responder populations, 2 × 106 cells/well
were incubated in 2 mL of T lymphocyte medium in 24-well plates. Interleukin (IL)–2 (32 U/
mL; Hemagen) was added starting on day 5 or 6. For short-term assays, PBMCs were labeled
with 1 μmol/L 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE; Molecular
Probes), in accordance with the manufacturer’s instructions; were plated at 1 × 106 cells/well
in 1 mL of TCM in 48-well plates; and were studied after 5 days of culture without exogenous
cytokines. For studies of soluble E-selectin binding, similar cultures without CFSE,
supplemented with 50 U/mL recombinant human IL-2 on day 5, were tested on day 7. Stimuli
used were UV-killed HSV-2 or mock Vero antigen (1:100), PHA (1.6 μg/mL), or CMV or
influenza (1:1000). In separate stimulations, PBMCs were also incubated with peptides (1 μg/
mL), by use of the same densities and conditions listed above. On day 3, 20 ng/mL human IL-7
(gift from Corixa) and 50 U/mL human IL-2 (Chiron) were added, and cells were fed with
similar cytokines every other day. In some cultures, human natural IL-2 (32 U/mL) was
substituted.
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Flow cytometry
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MAbs were added to cells for 30 min at 4°C in 100 μL of FACS buffer. Tetramers were used
in ~100 μL of T lymphocyte medium for 1 h at 37°C before the addition of MAbs. Cells were
washed twice with FACS buffer or PBS, fixed, and analyzed on a FACScan instrument
(Beckton Dickinson). Analysis was conducted by use of WinMDI (version 2.8; available at
http://facs.scripps.edu/software.html). For 6-h ex vivo assays, the proportions of CD4+ T
lymphocytes (forward/side scatter dot-plot) that stained with isotype control were subtracted
from the proportion that stained with CD154 or IFN-γ, to give net staining. For 9–19 day–bulk
cultures, analyses were gated on large CD4+ lymphoblasts (forward/side scatter dot-plot). For
CFSE tests, the gates were CD4+, CFSE-low (divided) lymphoblasts. To detect ESL, cells were
incubated in 100 μL of TCM with 1 μg of E-selectin–Fc (R&D Systems) for 30 min at 37°C,
washed twice, and stained with anti–CD4-PECy5, anti–CLA-FITC, and 1 μL of anti–Fc-PE
for 30 min at 4°C. EDTA (10 mmol/L) was used during E-selectin–Fc incubation and the first
wash.
E-selectin adhesion
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CHO cells expressing human E-selectin (CHO-E) were cultured in methotrexate [7]. Control
CHO transformed with pBJ vector [24] were maintained in 400 μg/mL G418. Cells plated (3
× 105 cells/well) in 6-well plates were used at 48 h. CFSE-labeled responders on day 5 were
washed and plated (3 × 105 cells/well) in TCM on CHO/CHO-E monolayers and were rocked
at 60 tilts/min for 60 min at 37°C in 5% CO2. Unbound cells were collected and pooled with
cells from a single additional rinse with TCM. Bound cells were collected by pipetting with
cold PBS and 4 mmol/L EDTA. Fractions were collected by centrifugation, washed, stained
with anti-CD4, washed again, and fixed. The entire volume of each specimen was analyzed to
completion in the flow cytometer, and the number of CD4+, CFSE-low lymphoblasts were
recorded. The ratio of bound:unbound cells was calculated.
Statistical analyses
Comparison of surface antigen expression was performed by use of the Mann-Whitney U test
or paired Wilcoxon rank sum test (both 2-tailed). GraphPad InStat software (version 3.00;
GraphPad Software) was used.

RESULTS
Expression of CLA by virus-reactive CD4+ T lymphocytes ex vivo

NIH-PA Author Manuscript

To compare the expression of CLA, subjects seropositive for both CMV and HSV-2 were
selected. Expression of CLA by virus-reactive CD4+ T lymphocytes was compared after a 6h stimulation (figure 1A). CMV, a non–skin-tropic herpesvirus that causes chronic infections,
was used as a control. Surface expression of CD154 by CD4+ lymphocytes, as previously
reported for other recall antigens [25, 26], also appears useful for identifying HSV-2– and
CMV-reactive cells. The detailed results (table 1) show that the mean ± SD net proportions of
virus-specific cells were 0.70% ± 0.45% and 0.82% ± 0.68% for HSV-2 and CMV antigens,
respectively. HSV-2 seronegative donors had low responses. Control responses to PMA/
ionomycin were brisk. Addition of monensin did not affect the results (data not shown).
After exposure to HSV-2, the expression of CLA was higher among CD4+CD154+ T
lymphocytes (mean ± SD, 18.3% ± 9.6%) than among bystander CD4+CD154− T lymphocytes
(mean ± SD, 5.8% ± 3.9%) (representative subject, figure 1B; summary of 6 subjects, figure
1C). CD4+CD154+ T lymphocytes detected after exposure to either CMV or PMA/ionomycin
had lower levels of CLA expression. CLA expression after exposure to HSV-2 was
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significantly higher (P < .05, for HSV-2–stimulated CD4+CD154+ T lymphocytes vs. HSV-2–
stimulated CD4+CD154− T lymphocytes and for CD4+CD154+ T lymphocytes vs. CD4+/
CD154− T lymphocytes after both CMV and PMA/ionomycin stimulation).
The specific accumulation of IFN-γ observed after stimulation of PBMCs with HSV-2 antigens
was similar to that reported in previous studies from our group [27] and others [28]. Selective
gating again showed higher expression of CLA by HSV-reactive cells than by CMV-reactive
CD4+ T lymphocytes or by nonreactive CD4+ T lymphocytes (figure 1D). Similar results were
obtained for 3 other dually seropositive subjects (data not shown).
Expression of CLA by CD4+ T lymphocytes restimulated with HSV-2 peptides
In our hands, direct HLA-peptide fluorescent tetramer detection of HSV-2–specific CD4+ T
lymphocytes ex vivo has not worked for HSV-2, likely because of the very low abundance of
peptide-specific cell populations [20]. To examine expression of CLA by HSV-2–specific cells
at the level of defined epitopes, we therefore used tetramers [23] after short-term peptide
stimulation. PBMC specimens from subjects with suitable HLA class II alleles were stimulated
in vitro with suitable known antigenic HSV-2 peptides [21, 22, 29]. Expression of CLA by
CD4+tetramer+ T lymphocytes was higher than for CD4+tetramer+ T lymphocytes through day
14 of culture (P<.05, for each time point; paired Wilcoxon rank sum test) (figure 2).
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Expression of CLA by bulk herpesvirus-reactive CD4+ T lymphocytes in vitro
The tetramer experiments did not compare HSV-2–specific cells with other proliferating cells
and left open the possibility that CLA was expressed as an activation marker. We therefore
compared expression of CLA among CD4+ lymphoblasts after restimulation of whole PBMCs.
For 5 HSV-2 seropositive subjects, gating on CD4+ lymphoblasts from cultures showed that
HSV-2 stimulation led to consistently higher levels of CLA expression than did PHA
stimulation, for up to 19 days of culture (P < .05, for each time point; paired Wilcoxon rank
sum test) (table 2). In agreement with previous findings [30], expression of CLA does not seem
to increase greatly in response to polyclonal stimulation in RPMI 1640–human serum–based
medium.
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To compare various recall antigens, stimulation was performed for 5 days in the absence of
exogenous cytokines. CFSE labeling was combined with lymphoblast cell size and granularity
to better define dividing cells. Very few CD4+, CFSE-low lymphocytes in the lymphoblast
gate or total lymphoblasts were noted in response to mock antigen (figure 3A, column 1) or in
response to CMV or HSV-2 in subjects seronegative for these agents (figure 3A, columns 6
and 7). Larger cells in the forward/side scatter dot-plots in the seronegative subjects represent
residual monocytes, as they stain CD3−CD14+ T lymphocytes (data not shown). In contrast,
abundant CFSE-low cells were present in the lymphoblast gate in CMV- and HSV-2–driven
cultures for seropositive subjects, as well as in most influenza-driven cultures from seropositive
subjects (figure 3A, all columns other than 6 and 7). Twelve of 16 subjects had highly selective
expression of CLA on CD4+ T lymphocytes responding to HSV-2, whereas 4 (subjects A–D)
of the 16 did not (figure 3B). Group analysis of data (mean ± SD) from all 16 subjects shows
that 53.8% ± 17.8% of HSV-2–reactive CD4+ lymphoblasts (n = 12) expressed CLA after 5
days in culture, compared with 14.7% ± 10.7% for CMV (n = 13 ), 8.7% ± 3.7% for influenza
(n = 11 ), and 15.2% ± 7.1% for the nonspecific mitogen PHA (n = 16) (P < .05, for HSV-2
vs. other stimuli; Mann-Whitney U test). In the medium conditions used, CLA expression after
exposure to recall antigen appears to be higher for HSV-2 whole viral antigen than for the other
stimuli tested.
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Response of CLA-depleted PBMCs to HSV-2 restimulation
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The CD154 and IFN-γ ex vivo studies of HSV-2–reactive CD4+ T lymphocytes detected
specific, but relatively low, expression of CLA by HSV-2–reactive CD4+ T lymphocytes
(figure 1). The large proportion of CLA-negative cells among the cells reacting to HSV-2
antigen with CD154 and IFN-γ up-regulation leads us to hypothesize that CLA-low cells would
also retain proliferative potential. To test this, we depleted CLA+ cells from PBMCs. CD4+
lymphocytes in unmanipulated PBMCs contained a mean ± SD of 7.3% ± 2.2% of CLA+ cells,
which is consistent with the results of published reports [31]. CLA expression was a mean ±
SD of 0.24% ± 0.15% after depletion for 97% removal (figure 4A). We observed no significant
difference in the proliferative responses of unmanipulated PBMCs and CLA-depleted PBMCs
for UV-killed HSV-2 (P > .99, paired Wilcoxon rank sum test) (figure 5). Proliferation to
tetanus toxoid (P = .38) was not affected, which is consistent with the results of published
results [32]. Our results suggest that the circulating HSV-2–specific cells that do not express
CLA in vivo can still respond to HSV-2 antigen with proliferation in vitro. Because expression
of CLA has been linked to the regulatory T lymphocyte phenotype among CD4+ T lymphocytes
[33], removal of CLA+ cells may have complex effects by reducing both the number of antigenspecific cells and the number of suppressive cells.
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Compared with the results of the direct ex vivo tests (figure 1), HSV-2–stimulated cells in vitro
displayed higher levels of CLA expression (figures 2 and 3). The previous experiment indicated
that HSV-2–specific CD4+ T lymphocytes lacking CLA could proliferate in vitro. To examine
the stability of the CLA-low phenotype on antigen restimulation, we stained CLA-depleted
PBMCs (figure 4A) after 5–6 days of stimulation with HSV-2. Without CLA depletion, a mean
± SD of 54.7% ± 22.5% of CD4+ lymphoblasts expressed CLA (table 3 and figure 4B). With
initial depletion of CLA+ cells from the responder population, a mean ± SD of 38.5% ± 26.4%
of CD4+ lymphoblasts expressed CLA. This 30% reduction was not statistically significant
(P = .56, Mann-Whitney U test; P = .125, paired Wilcoxon rank sum test). Some person-toperson variability was noted, with subject 6 (table 3) having lower CLA expression in response
to all stimuli. CLA expression by CMV-reactive and PHA-driven cultures was generally low,
regardless of the presence or absence of CLA+ cells in the responder population, with the
exception of 1 culture (for subject 4, unsplit PBMCs). In our defined culture conditions,
HSV-2–specific, but not CMV-specific, CLA+CD4+ T lymphocytes expressed CLA after
recognition of cognate antigens.
Binding of HSV-2–specific CD4+ T lymphocytes to E-selectin

NIH-PA Author Manuscript

CLA is not molecularly identical to the ESL present on some circulating lymphocytes [5]. We
therefore evaluated the binding of stimulated PBMCs to E-selectin using subjects seropositive
for HSV-2 and CMV. CHO cells transfected with E-selectin stained 89% positive with anti–
E-selectin, compared with 0% for untransfected CHO cells (data not shown). Overall, the
binding of CD4+, CFSE-low lymphoblasts was significantly higher for HSV-2 than for either
CMV (P = .015, Mann-Whitney U test) or PHA (P = .015, Mann-Whitney U test) (table 4).
Similar analyses failed to distinguish differences in binding to control CHO monolayers (P > .
10, for each comparison between HSV-2, PHA, and CMV; Mann-Whitney U test). Binding of
HSV-2– or CMV-reactive cells to CHO-E also was stronger than binding of the same cells to
CHO (P = .015 and P = .004, respectively, Mann-Whitney U test), whereas PHA-reactive
CD4+ lymphoblasts bound equally well to both substrates (P = .31).
ESL activity was tested by use of soluble E-selectin and day-7 PBMC cultures. ESL was
detected in HSV-2–stimulated cultures but not in CMV- or PHA-stimulated cultures (figure
6C). As expected, inclusion of EDTA during E-selectin incubation abrogated binding [34].
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Omission of soluble E-selectin eliminated staining (figure 6A and 6B). Similar results were
obtained with 3 other subjects (data not shown).

DISCUSSION
Models of leukocyte trafficking include rolling adhesion, in which circulating cells interact
with venular endothelium [35]. Biopsies have shown that HSV-2–specific CD4+ T
lymphocytes localize by day 2 after the onset of symptoms [9]. Our experiments were
conducted to address the mechanism(s) of CD4 localization, with the focus on CLA and ESL.
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Ex vivo assays using CD154 or IFN-γ up-regulation showed that HSV-2–specific CD4+ T
lymphocytes express higher levels (~20%) of CLA than do CMV-specific or bystander cells
(figure 1). Ideally, we would have used HLA class II tetramers to detect HSV-2–specific
CD4+ T lymphocytes ex vivo, which, unlike the CD154 and IFN-γ tests, do not require
restimulation with antigen for 6 h. However, the frequency of HSV peptide–specific CD4+ T
lymphocytes is quite low and approaches the background levels seen with HLA class II
tetramers [36]. Even the 6-h stimulation with antigen could initiate the expression of CLA
through a cytokine-mediated or other indirect effect, as discussed below. However, several
days are required to detect cytokine influences on the expression of CLA by stimulated T
lymphocytes [30, 37, 38].
The low levels of expression of CLA on HSV-2–specific CD4+ T lymphocytes contrast with
the 50%–70% expression of CLA by circulating HSV-2–specific CD8+ T lymphocytes [7].
Functional [9] and histologic [8] data show that CD4+ T lymphocytes traffic more quickly to
HSV-2 lesions than do CD8+ T lymphocytes. The apparent dissociation between the rapidity
of in vivo trafficking and the ex vivo expression of CLA requires further investigation. Some
data have indicated that DCs and tissue microenvironments may influence the homing
phenotype of memory cells [11]. Recent reports, albeit in different murine models, have
indicated that distinct DC subsets are involved in priming HSV-specific CD4+ vs. CD8+ T
lymphocytes after peripheral inoculation [12, 13]. Future animal work in the HSV system may
reveal mechanisms for the control of homing phenotypes of HSV-specific CD4+ and CD8+ T
lymphocytes, but murine models, in contrast to human infection, generally involve only a single
episode of lytic HSV replication, without the periodic recurrences typically observed in humans
that may continue to influence T lymphocyte trafficking.
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CLA has been associated with the Th2 CD4 phenotype, especially in atopic persons [39]. Our
focus on IFN-γ + cells could bias away from the detection of Th2-like CLA+ cells. However,
most researchers do not detect IL-4+ cells with CMV antigen [40–42]. We excluded subjects
with atopic dermatitis. In addition, CD154 up-regulation, independent of cytokine profile,
showed preferential expression of CLA by HSV-2–reactive cells. CD154 is an emerging
marker for antigen-specific CD4+ T lymphocytes, one that identifies cells with a
physiologically important effector function, modulation of DC function [43]. In the present
study, CD154 up-regulation was associated with CD69 up-regulation (data not shown), a more
widely used marker for T lymphocyte activation.
We examined a cross-sectional set of specimens from persons with chronic (>1 year) HSV-2
infection that was obtained between clinically evident outbreaks of HSV-2. If CLA+ cells
preferentially traffic to skin, it is possible that the abundance of HSV-2–reactive cells, or the
proportion of circulating HSV-2–reactive cells expressing CLA or ESL, could change over
time. Reported low PBMC proliferative responses to HSV during reactivations could be due
to exodus from blood, although the original report implicated CD8+ suppressors [44]. Patientreported recurrence is poorly correlated with both objective lesions [45] and replicating HSV-2
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[46]. Future temporal studies will use intensive serial physical examinations and sampling for
virus by polymerase chain reaction and culture [47]. The study of lesion-derived HSV-2–
specific CD4+ T lymphocytes could potentially address selective trafficking of CLA+ or
ESL+ cells. However, few lymphocytes can be isolated from human biopsy specimens [21].
In agreement with the direct ex vivo data indicating that only a minority of HSV-2–reactive
CD4+ T lymphocytes in PBMCs express CLA, CLA-depleted PBMCs still proliferate well in
response to HSV-2 (figure 4). Our data do not address the relative replication potential of
CLA+ vs. CLA− HSV-2–specific CD4+ T lymphocytes. CLA expression has been linked to
the CD25+ regulatory T lymphocyte phenotype and to skin homing [33]. CD4+CD25+ T
lymphocytes influence HSV-1 pathogenesis in animals [48, 49]. Therefore, the depletion of
all CLA+ cells within PBMCs may have had complex effects on proliferative responses to
recall antigens; we are presently addressing this possibility in depletion and reconstitution
experiments.
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The expression of CLA by CD4+ T lymphocytes increased during HSV-2 restimulation in vitro
(tables 2 and 3; figures 2–4 and 6), to ~30%–70%. Up-regulation of CLA was not universal
but was noted in most subjects (figure 3). The reason for this heterogeneity is unknown. The
link between HSV-2 and CLA was maintained during restimulation, as HSV-2 stimulated
higher levels of CLA than did CMV, influenza, or a mitogen. Selective expression of ESL was
also documented after stimulation with HSV-2 (figure 6). Unexpectedly, on stimulation with
HSV-2, cells that were initially CLA negative gained expression of CLA (figure 4).
There are 2 general explanations for this increase. First, cytokines known to increase the
expression of CLA during T lymphocyte activation in vitro include IL-12, IFN-α, and
transforming growth factor (TGF)–β [37, 50, 51]. HSV preparations can stimulate secretion
of IL-12, IFN-α, and TGF-β from PBMCs, including DCs and monocytes [52–54]. Thus,
cytokine effects may increase the levels of CLA and ESL in HSV-2–stimulated cultures. These
cytokines are up-regulated by HSV-2 in vivo [55–57] and therefore may have pathophysiologic
significance. We are presently testing this possibility by stimulating memory CD4+ T
lymphocytes in the presence of HSV-2 antigen in HSV-seronegative persons; preliminary
results (data not shown) are consistent with a cytokine-mediated or other indirect effect.
Cytokines or other factors in the HSV-2 preparation also could directly up-regulate CLA. This
could be addressed with purified HSV-2 and with HSV-2 and CMV antigens from the same
producer cell type.
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Second, it is possible that HSV-2–specific CD4+ memory T lymphocytes are programmed to
express CLA on antigenic re-stimulation. The specific expression of CLA ex vivo (see above)
supports some level of specific programming even before re-stimulation. The results of our
peptide experiments are consistent with this notion, because peptides, which are unlikely to
drive cytokine responses or to induce expression of CLA, still result in high expression of CLA
by tetramer-positive progeny. We found that CLA-negative precursor cells give rise to CLApositive cells after stimulation through T cell receptors with HSV-2 antigen. A supportive
cytokine milieu, programming for CLA expression, or both factors could be operative.
Cell culture conditions were closely regulated in the present experiments, as most lymphocytes
express CLA if expanded in specific media [30]. We used an RPMI–human serum–based
medium that has been shown to minimize nonspecific expression of CLA [30]. We confirmed
[30] that FCS-based media are permissive for CLA (data not shown). In our experiments,
neither recombinant nor biologically derived IL-2 induced non-specific expression of CLA;
cryopreserved PBMCs were used throughout. Strong proliferative responses were nonetheless
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detected, indicating that antigen presenting and responder cell populations were intact. Changes
in the expression of CLA by responder cells related to freeze and thaw cannot be ruled out.
CLA and ESL expression are closely associated in inhibitor [58] and single-cell studies [51].
Fucosyltransferase VII (FTVII) expression up-regulates both CLA and ESL [59]. The precise
structures that bind anti-CLA and that form ESL are undefined. Anti-CLA inhibition of
functional E-selectin binding is controversial [3, 60], and dual staining of CD4+ T lymphocytes
with soluble E-selectin and anti-CLA reveals populations that are singly positive (figure 6). In
the present study, using cell-cell binding and flow-cytometry assays, we have shown that
HSV-2–specific T lymphocytes express ESL. In single-cell analyses, there was a correlation
between a high expression of CLA and a high expression of ESL, in agreement with the results
of Takahashi et al. [5].
It is not known whether CLA or ESL is required for successful T lymphocyte homing to skin
in vivo. Modifiers of CLA attenuate cutaneous inflammation in animals [61]. Persons deficient
in IL-12 or IL-12 receptors (who might have low levels of CLA) have not been reported to
have severe HSV or cutaneous infections [62]. Persons deficient in fucose transport (leukocyte
adhesion deficiency–II) [63] or with mutations in FTVII [64] can have reduced CLA expression
[65] but have not been reported to have severe cutaneous infections.
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The present study is the first to document the expression of CLA and ESL by pathogen-reactive
CD4+ T lymphocytes. Torres et al. examined the expression of CLA with respect to erythema
multiforme or Stevens-Johnson syndrome, which are generally felt to be immunopathologic
reactions; there was no difference in the expression of CLA by PBMCs between the patients
with virus-associated systemic dermatitis and the control subjects [66]. HSV-related
generalized syndromes such as HSV-associated erythema multiforme (HAEM) were not
specifically evaluated. We used CMV and influenza as controls. Rarely do persons have rash
during initial CMV infection [67], but this is immunopathologic and is not infectious.
Cutaneous disease with recurrent CMV is very unusual, even in immunocompromised persons
[68]; it would be of interest to study CLA expression during HAEM and among cells specific
for other cutaneous pathogens.
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In summary, circulating HSV-2–specific CD4+ T lymphocytes in persons with chronic HSV-2
infection selectively express CLA on their surface. Compared with that of circulating HSV-2–
specific CD8+ T lymphocytes, the percentage of CD4+ T lymphocytes that directly express
CLA ex vivo is lower, on the order of 20%. HSV-2–specific CD4+ T lymphocytes include a
population of cells that circulate in a CLA-negative state but that can divide and express CLA
on restimulation. This permissiveness could involve cell-resident transcriptional or chromatin
mechanisms, exogenous cytokine/APC factors, or possibly both. Future studies of these issues
may assist in the design of strategies to control T lymphocyte homing during vaccination or
of immunotherapy for infectious, autoimmune, or malignant disorders.
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Figure 1.
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Expression of cutaneous lymphocyte–associated antigen (CLA) by CD4+ T lymphocytes after
ex vivo restimulation for 6 h. A, Peripheral-blood mononuclear cells (PBMCs) stimulated as
indicated were stained with anti-CD4 and isotype control (left) or anti-CD154 monoclonal
antibody (right). Gates for CD4+CD154+ T lymphocytes are shown. B, Expression of CLA by
gated CD4+CD154+ T lymphocytes from dot-plots 6–8 in panel A. Nos. are percentages of
positive cells. C, Summary of expression of CLA by CD4+ lymphocytes from the 8 subjects
seropositive for herpes simplex virus (HSV) type 2 and 6 subjects seropositive for
cytomegalovirus (CMV) (detailed in table 1) that were either CD154+ or CD154− after the
indicated stimuli. D, Expression of interferon (IFN)–γ by PBMCs in response to stimulation
with HSV-2 or CMV. CD4+ T lymphocytes positive or negative for IFN-γ were analyzed for
expression of CLA. Nos. in the dot-plots are percentages of CD4+ T lymphocytes that express
IFN-γ. Nos. in the histograms are the percentages of the gated cells—either CD4+IFN-γ + or
CD4+IFN-γ−—that express CLA. Mock ag, mock antigen; PE, phycoerythrin; PMA/iono,
phorbol myristate acetate plus ionomycin.
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Figure 2.

Expression of cutaneous lymphocyte–associated antigen (CLA) by CD4+ T lymphocytes
specific for herpes virus simplex (HSV) type 2 peptides. Peripheral-blood mononuclear cells
(PBMCs) from 6 subjects were stimulated with an HLA-appropriate HSV-2 peptide and were
stained with a tetramer, anti-CD4, and anti-CLA. A, Example of CLA expression among
HSV-2–specific CD4+tetramer+ or CD4+tetramer− T lymphocytes at day 10. B, Summary of
data from 6 cultures tested at different time points; data are mean ± SD.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
J Infect Dis. Author manuscript; available in PMC 2005 October 17.

González et al.

Page 16 of 23

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 3.
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Expression of cutaneous lymphocyte–associated antigen (CLA) by CD4+ lymphoblasts
responding to whole viral antigens. 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester
(CFSE)–labeled peripheral-blood mononuclear cells (PBMCs) were stimulated for 5 days
without exogenous cytokines. A, Examples of forward/side scatter dot-plot (top row, showing
gates used for lymphoblasts or monocytes) and CFSE and CD4 staining of gated lymphoblasts
(middle row). Stimuli are indicated. Subjects are separated by vertical bars. Subject 1 (columns
1–5) is seropositive for herpes simplex virus (HSV) type 2 and cytomegalovirus (CMV),
subject 2 (column 6) is seronegative for HSV-1 and HSV-2, and subject 3 (columns 7 and 8)
is seronegative for CMV and seropositive for HSV-2. Row 3 shows CLA expression by gated
CD4+, CFSE-low lymphoblasts and percentages of positive cells. B, CLA expression of
CD4+, CFSE-low lymphoblasts from 16 HSV-2–seropositive subjects. Only subjects known
to be seropositive for CMV were tested with CMV antigen. Flu, influenza; FS, forward scatter;
PHA, phytohemagglutinin; SS, side scatter.
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Figure 4.
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Effect of cutaneous lymphocyte–associated antigen (CLA) depletion on expression of CLA by
CD4+ T lymphocytes responding to antigens or mitogens. A, Examples of peripheral-blood
mononuclear cells (PBMCs) on day 0, both before and after depletion of CLA-expressing cells
by use of immunomagnetic beads. Unmanipulated or depleted populations were then
stimulated with antigens or mitogens for 5 days. B, Expression of CLA in gated lymphoblasts
after in vitro restimulation with the indicated substances. The percentages of CD4+ T
lymphocytes expressing CLA are shown. Cultures in each column are derived from the starting
PBMC populations above them in row A. CMV, cytomegalovirus; HSV, herpes simplex virus;
PHA, phytohemagglutinin.
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Figure 5.

Effect of cutaneous lymphocyte–associated antigen (CLA) depletion on lymphoproliferative
responses. Peripheral-blood mononuclear cells (PBMCs) (unmanipulated or depleted of CLAexpressing cells) from 8 herpes simplex virus (HSV)–2 seropositive subjects were costimulated
with autologous cells and mitogen or antigen for 5 days, followed by routine [3H]-thymidine
incorporation assays. Data are mean ± SD of stimulation indices. PHA, phytohemagglutinin;
TT, tetanus toxoid.
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Figure 6.

Expression of E-selectin ligand (ESL). Peripheral-blood mononuclear cells (PBMCs) were
stimulated for 5 days with the indicated antigens or mitogens. Dot-plots are gated on CD4+ T
lymphoblasts. A, Cells stimulated with UV-killed herpes simplex virus (HSV) type 2 were
stained only with phosphatidylethanolamine-F (ab′)2–labeled goat anti–human Fc (Coulter),
the secondary detection reagent for ESL detection. Little staining was noted. B, Chimeric Eselectin–Fc protein was incubated with the same target population and EDTA, followed by
incubation with detection reagent and anti-CLA. High CLA expression but little ESL staining
was detected. C–E, EDTA was omitted; CLA and ESL were detected for HSV-2 stimulation
but not for cytomegalovirus (CMV) or phytohemagglutinin (PHA) stimulation.
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Table 1
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Iso

0.32
0.44
0.52
0.32
0.43
0.42
0.20
0.15
…
0.06
0.38

−0.05
0

0.06
0.16

Iso

−0.11
−0.06
0.01
−0.04
−0.08
−0.08
−0.06
0.14
−0.07 ± 0.04

Net

0.22
0.34
0.37
0.51
0.25
0.40
0.17
0.13
…

CD154

0.12
0.32

0.66
1.16
1.23
2.05
1.00
1.02
0.48
0.81
…

CD154

HSV-2

0.06
−0.06

0.34
0.72
0.71
1.73
0.57
0.60
0.28
0.66
0.70 ± 0.45

Net

ND
ND

0.43
0.54
0.34
0.50
0.40
0.38
ND
ND
…

Iso

ND
ND

1.42
0.85
1.29
0.38
2.28
1.29
ND
ND
…

CD154

CMV

ND
ND

0.99
0.31
0.95
−0.12
1.88
0.91
ND
ND
0.82 ± 0.68

Net

0.20
0.27

0.35
0.92
0.51
1.96
0.63
0.73
0.24
0.30
…

Iso

47.60
77.00

50.87
46.81
40.51
54.56
65.45
12.42
82.00
72.20
…

CD154

47.40
76.73

50.34
45.89
40.00
52.60
64.82
11.69
81.76
71.90
52.4 ± 21.6

Net

NOTE. Data are the proportion of CD4+ T lymphocytes that stained with isotype or anti-CD154 and the proportion of the net specific CD154 expression. Peripheral-blood mononuclear cells
stimulated with the indicated substances were stained with isotype (iso) or anti-CD154 monoclonal antibody, anti-CD4, and anti–cutaneous lymphocyte–associated antigen. CMV, cytomegalovirus;
iono, ionomycin; ND, not done; PMA, phorbol myristate acetate.

HSV-2–infected subjects
10
0.33
11
0.40
12
0.36
4
0.55
5
0.33
6
0.48
13
0.23
14
0.27
Mean ± SD
…
HSV-seronegative control subjects
15
0.11
16
0.16

Category, subject

Mock antigen

PMA + iono
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Expression of CD154 by herpes simplex virus (HSV) type 2–reactive CD4+ lymphocytes, in a 6-h ex vivo stimulation assay.
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Table 2
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Expression of cutaneous lymphocyte–associated antigen (CLA) by gated CD4+ lympoblasts
after restimulation of peripheral-blood mononuclear cells from herpes simplex virus (HSV)
type 2–seropositive subjects with whole HSV-2 antigen or phytohemagglutinin (PHA).
Stimulated with
Category
Time in culture,
range, days
CD4+
lympoblasts
expressing
CLA, mean ±
SD, %

Whole HSV-2 antigen

PHA

9–10

12–15

17–19

9–10

12–15

17–19

26.1 ± 12.9

36.5 ± 9.2

32.2 ± 5.3

8.1 ± 2.0

13.6 ± 6.7

10.8 ± 5.0
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Table 3

Expression of cutaneous lymphocyte–associated antigen (CLA) by gated CD4+ lymphoblasts
after 5 days of restimulation with inactivated viruses or phytohemagglutinin (PHA).
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CD4+ lymphoblasts expressing CLA, %
Unmanipulated PBMCs
Subject
4
5
6
7
Mean ± SD

CLA-depleted PBMCs

HSV-2

CMV

PHA

HSV-2

CMV

PHA

80.90
64.40
29.90
43.60
54.7 ± 22.5

18.68
4.94
3.45
5.94
8.3 ± 7.0

8.08
6.99
7.28
8.26
7.7 ± 0.6

65.14
53.52
5.60
29.90
38.5 ± 26.4

2.35
2.28
0.58
2.00
1.8 ± 0.8

8.64
6.90
2.70
6.88
6.3 ± 2.5

NOTE. Responder cells were unmanipulated peripheral-blood mononuclear cells (PBMCs) or PBMCs depleted of CLA-expressing cells. CMV,
cytomegalovirus; HSV, herpes simplex virus.
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Table 4
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Binding of human CD4+, 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE)–
low (divided) lymphoblasts to CHO cells expressing cell-surface human E-selectin (CHO-E)
and to control CHO cells after 5 days of restimulation with herpes simplex virus (HSV) type
2 or cytomegalovirus (CMV) antigen or with phytohemagglutinin (PHA).
CHO-E
Subject
13
17
18
7
19
5

HSV-2
1.24
4.70
2.37
5.07
28.14
5.08

Control CHO cells

CMV

PHA

HSV-2

CMV

PHA

1.07
1.08
0.56
0.98
4.06
1.69

0.65
1.01
0.35
0.89
3.54
2.17

0.38
0.57
0.35
0.56
3.93
1.47

0.20
0.46
0.28
0.24
0.42
0.77

0.03
0.50
0.34
0.62
3.53
1.07

NOTE. Data are the ratio of bound:unbound CD4+, CFSE-low lymphoblasts.
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