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Sézary syndrome cells overexpress syndecan-4 bearing distinct heparan sulfate
moieties that suppress T-cell activation by binding DC-HIL and trapping TGF-[3

on the cell surface

Jin-Sung Chung,’ Lisa H. Shiue,? Madeleine Duvic,? Amit Pandya,' Ponciano D. Cruz Jr," and Kiyoshi Ariizumi’

Department of Dermatology, The University of Texas Southwestern Medical Center and Dermatology Section (Medical Service), Dallas Veterans Affairs Medical
Center, Dallas, TX; and 2Department of Dermatology, The University of Texas M. D. Anderson Cancer Center, Houston, TX

Because syndecan-4 (SD-4) on effector and
memory T cells inhibits T-cell activation by
binding dendritic cell-associated heparan
sulfate proteoglycan-integrin ligand (DC-
HIL) on antigen presenting cells and be-
cause malignant cells of the cutaneous T-cell
lymphoma (CTCL) subset, Sézary syndrome
(SS), exhibit memory T-cell phenotype, we
posited SS cells to express SD-4. Indeed,
malignant T cells from patients with SS and
from CTCL cell lines constitutively ex-

pressed SD-4 at high levels, in contrast to
T cells from healthy volunteers and pa-
tients with other inflammatory skin dis-
eases and to non-CTCL cell lines that did
not. SS cells also bound to DC-HIL at a
level higher than normal T cells activated
in vitro, resulting in their inhibited prolif-
eration to anti-CD3 antibody. SD-4 on
SS cells also trapped transforming growth
factor-1 to their cell surface, enhancing
their ability to inhibit activation of synge-

neic and allogeneic normal T cells. All of
these inhibitory properties were depen-
dent on overexpression of distinct hepa-
ran sulfate (HS) moieties by SD-4 on
SS cells. Finally, we showed toxin-
conjugated DC-HIL to abrogate the ability
of SS cells to proliferate in vitro. These
findings indicate that SD-4 bearing dis-
tinct HS moieties plays a pathogenic role
in SS and may be targeted for treatment.
(Blood. 2011;117(12):3382-3390)

Introduction

Cutaneous T-cell lymphomas (CTCLs) comprise a spectrum of
malignant clonal proliferation of T lymphocytes with a predilec-
tion for skin involvement, and which have an increasing
incidence.! CTCL presents commonly as mycosis fungoides
(MF) and rarely as the leukemic variant, Sézary syndrome (SS);
malignant cells in these disorders display effector/memory and
central/memory T-cell phenotype, respectively.? CTCL cells are
typically positive for CD4, CD45RO, cutaneous lymphocyte-
associated antigen (CLA), and CC chemokine receptors (CCRs),
but negative for CD7 and CD26.? Because existing treatments
for CTCL rarely achieve complete remissions, especially for
patients with advanced MF and SS,*° it is important to better
understand pathogenesis, identify more specific diagnostic mark-
ers, and develop better treatments.

T-cell activation is dependent on signals delivered by antigen
presenting cells (APCs) to the antigen (Ag)—specific T-cell receptor
(TCR) and to accessory receptors on T cells. Accessory receptors
can be costimulatory or coinhibitory. A costimulatory signal is
transmitted by CD80 or CD86 on APCs to the CD28 receptor on
T cells. By contrast, a variety of molecules transmit coinhibitory
signals including programmed cell death-1 (PD-1) and its ligands
PD-L1 and PD-L27#; B- and T-lymphocyte attenuator (BTLA) and
herpes virus entry mediator;*! and Tim-3 ligand/Galectin-9 and
Tim-3.!12 Different types of tumors have been shown to express
PD-L1," and malignant cells of acute myeloid leukemia and CTCL
were reported to overexpress cytolytic T lymphocyte—associated
antigen 4 (CTLA-4),'415 thereby suggesting that tumors can use
coinhibitory molecules to suppress host antitumor immunity.

The dendritic cell-associated heparan sulfate proteoglycan-
integrin ligand (DC-HIL) is a type I transmembrane receptor
(95-120 kDa) expressed constitutively at high levels by many
different APCs and at lower levels by particular nonlymphoid
cells.'® DC-HIL is also known as glycoprotein nmb,!” osteoac-
tivin,'® and hematopoietic growth factor-inducible neurokinin-1
type.'” We have shown DC-HIL to bind heparan sulfate (HS) chains
on syndecan-4 (SD-4) expressed on activated (but not resting)
T cells, and this binding attenuates strongly TCR-induced activa-
tion.20-22 Activated T cells appear to express unique HS on this
SD-4 because DC-HIL does not bind to B cells that also express
SD-4 constitutively at high levels.

Having shown SD-4 to be expressed primarily by effector and
memory T cells,?! we suggested that CTCL cells also express it.
Indeed, we found SD-4 to be overexpressed by CTCL cell lines and
by malignant T cells in patients with SS, whereas T cells from
healthy controls and patients with atopic dermatitis or psoriasis did
not. Moreover, SD-4 on CTCL cell lines and SS cells featured
distinct HS moieties at levels much greater than levels expressed by
normal T cells activated in vitro. These HS moieties were respon-
sible for the ability of SD-4 to inhibit activation of T cells via the
following 2 independent mechanisms: binding to DC-HIL and
trapping the immunosuppressive cytokine transforming growth
factor-3 (TGF-B) on the cell surface. Finally, we took advantage of
the exclusivity of DC-HIL binding to SD-4 and showed toxin-
conjugated DC-HIL to be lethal for SS cells in a SD-4—dependent
manner. Our studies suggest a pathogenic role for SD-4 in SS and
raise the therapeutic potential of targeting SD-4 in this disease.
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Table 1. Demographic and phenotypic characteristics in patients with SS

Patient Tumor burden expression, %

no. Age, y/sex Diagnosis TCR clone (%)* CD4+CD26~ CD3*CD4+, %/pL CD3*CD8* CD4+SD4+
1 73/M SS/MF IVA VB 18.0 (98) 83.4 93.2/1968 1.8 92.4

2 80/M SS/MF IVB VB 13.6 (98) 74.8 89.8/5496 2.4 825
3A 76/M SS/MF Il VB 7.2 (89.0) 79.5 84.2/1061 2.8 94.7
3B 75/M SS VB 7.2 (88) 79.6 84.4/1464 1.8 71.4

4 71/M SSIVA VB 17 (94) 17.9 68.1 (CD26™) 80.9/1573 10.4 60.9

5 75/F SSIVB af (91.5) 80.4 84.9/1467 8.7 81.1

6 67/F SSIVB VB 2.0 (98) 90.9 93.0/8229 4.0 71.0

7 56/M SSIvB ND 33.8 ND 13.3 32.0

8 62/M SS VB ND 24.9 ND 10.3 23.0

Patients (Pt.) with SS ranged in age from 56 to 80 years with median age of 70 years, and forming 2 groups: Pt. 1 through Pt. 6 who had high tumor burden (CD4+CD26~
T cells was = 74.8%) and Pt. 7 and Pt. 8 who had low tumor burden (= 33.8%). Tumor burden of Pt. 4 was much less (CD4"CD26~ 17.9%) but with 68.1% of CD4*CD26*

T cells.
IVAindicates stage IV A SS; IVB, stage IV B SS; and ND, not determined.

*All patients were shown to have a TCR clone except for Pt. 5, Pt. 7, and Pt. 8 in whom the procedure was not performed. Pt. 3A and Pt. 3B are the same patient, whose

samples were taken at different times during progression of disease.

Methods

Cell lines

The human CTCL cell lines MJ (G11), HuT-78, and HH, obtained from
American Type Culture Collection, were derived from peripheral blood of
patients with MF, SS, and aggressive non-MF/SS CTCL, respectively.?>>
MyLa and SeAx CTCL lines were provided by Keld Kaltoft (University of
Aarhus, Aarhus, Denmark).2 Other T-cell leukemia lines (Jurkat and
Molt-4) were also obtained from American Type Culture Collection. Cells
were maintained in RPMI 1640 medium (Sigma-Aldrich) supplemented
with 10% heat-inactivated fetal calf serum (HyClone Laboratories) with or
without human recombinant interleukin-2 (IL-2, 50 U/mL; PeproTech).

Blood and T-cell culture

Our study was approved by the University of Texas Southwestern Medical
Center Institutional Review Board or the University of Texas M. D.
Anderson Cancer Center Institutional Review Board, and was conducted
according to principles of the Declaration of Helsinki. Participants gave
written informed consent in accordance with the Declaration of Helsinki.
Blood samples were taken from 4 healthy donors and 8 patients with SS in
different clinical stages of their disease (Table 1). Peripheral blood
mononuclear cells (PBMCs) were isolated using cell preparation tube with
sodium citrate (BD Vacutainer CPT; BD Biosciences). To activate normal
T cells, CD4* T cells were isolated from the PBMCs of healthy donors
using a CD4* T-cell isolation kit (Miltenyi Biotec), and then cultured with
phorbol 12-myristate 13-acetate (5 ng/mL; Sigma-Aldrich) plus ionomycin
(250 ng/mL; Sigma-Aldrich) for 3 days.

Reverse transcription-polymerase chain reaction analysis

Total RNA (1 pg) isolated from T cells was converted to the cDNA and an
aliquot (5%) was used for polymerase chain reaction (PCR) amplification
using following the primers: for CD160, 5'-GTTCACCATAAGCCAAGT-
CACACC-3' and 5'-TTGCCCCAGCTTATATTTCCACAG-3’; for CTLA-4,
5'-GACCTGGCCCTGCACTCTCCT-3" and 5'-AAAAACAACCCCGA-
ACTAACTGCT-3'; for BTLA, 5'-ATGCCCTGTGAAATACTGTGCT-
AA-3" and 5'-TGCCTGGTGCTTGCTTCTGT-3'; or for PD-1, 5'-GGGCC-
CGGCGCAATGACA-3" and 5'-GCGGGCGGGGGATGAGGT-3'. Prim-
ers for SD-4 and glyceraldehyde-3-phosphate dehydrogenase were as
described previously.2” After 30 cycles of amplification, PCR products were
separated electrophoretically on 1% agarose gel.

Antibody and flow cytometry

Antibody (Ab) raised against SD-4 (5G9), CD4 (RPA-T4), CD3 (UCHT1),
CD69 (FN50), CD26 (M-A261), and PD-1 (MIH4) were purchased from

eBioscience; 3 different monoclonal antibodies (mAbs) against HS (F58-
10E4, HepSS-1, and F69-3G10) were from Seikagaku Corporation; anti—
TGF-B1 and anti-TGF-f type II receptor Ab were from R&D Systems; and
anti-TCR-V 3 subtype Ab was from Beckman Coulter.

For immunophenotyping, T cells or PBMCs (1 X 10°) were incubated
with primary Ab (1-5 pg/mL) or control immunoglobulin G (IgG) and
labeled fluorescently with 5 pwg/mL phycoerythrin (PE)—conjugated or
fluorescein isothiocyanate-conjugated secondary Ab (Jackson Immuno-
Research Laboratories). After extensive washing, fluorescence intensity of
stained cells was analyzed by FACSCalibur (BD Biosciences).

DC-HIL binding

CTCL lines, normal activated CD4" T cells, or PBMCs from patients with
SS (1 X 10° cells) were treated with human IgG (5 wg/mL) before
incubation with 10 pg/mL DC-HIL-Fc (the extracellular domain fused
with the Fc portion of mouse IgG) produced in transfected COS-1 cells.?
After washing, treated cells were stained fluorescently with PE-conjugated
anti-mouse IgG F(ab’), (5 pg/mL) and then examined by flow cytometry.
To examine involvement of HS, HuT-78 T cells (5 X 10°) were pretreated
with heparinase I (0.1 U/mL) and heparinase III (0.2 U/mL; Sigma-
Aldrich) at 37°C for 2 hours before incubation with DC-HIL-Fc. We also
performed blocking experiments in which MJ cells or PBMCs freshly
isolated from patients with SS (5 X 107 cells) were pretreated with anti—-HS
Ab, or control immunoglobulin M (IgM) plus IgG (each 10 or 40 pwg/mL)
for 30 minutes on ice, followed by DC-HIL binding assay.

Assay for inhibitory function of DC-HIL

Cell line HH, HuT-78 cells, or PBMCs from patients with SS were cultured
in microculture wells (1 X 10° cells/well) precoated with anti-CD3 Ab
(increasing doses) plus DC-HIL-Fc or control immunoglobulin (Ig, each
10 wg/mL) for 2 days. To measure activation of the HH line, treated cells
were stained with anti-CD69 mAb and assayed by flow cytometry for
frequency of CD697 cells in culture. For the HuT-78 cell line or PBMCs,
culture supernatant was recovered and examined for IL-2 production using
an enzyme-linked immunosorbent assay kit (eBioscience).

TGF-B binding and immunosuppression

CTCL cell lines or freshly isolated PBMCs (1 X 10° cells) were
incubated with or without 1 pg/mL TGF-B1 (PeproTech) on ice for
30 minutes. After extensive washing, cells were pretreated with 5 pg/mL
mouse IgG on ice for 30 minutes (blocking) and then stained with
biotinylated anti-TGF-B1 Ab (2 pg/mL) and PE-streptavidin. Surface-
bound TGF-B1 was measured by flow cytometry. Binding was assessed
by mean fluorescence intensity (MFI). To assess duration of binding,
cells treated with TGF-B1 were incubated for time periods indicated
before incubation with anti-TGF-B1 Ab. For inhibition experiments,
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Figure 1. Expression of SD-4 by CTCL lines and PBMCs from SS patients. (A) Total RNA isolated from 3 CTCL or 2 non-CTCL T-cell leukemia (TCL) lines was examined by
reverse transcription-PCR for mRNA expression of SD-4, coinhibitors (CD160, CTLA-4, BTLA, and PD-1) or glyceraldehyde-3-phosphate dehydrogenase. (B) The 5 cell lines
and normal in vitro—activated CD4* T cells (CD4-T) were also assayed by flow cytometry for surface expression of SD-4. Positive (open histogram) and control (shaded
histogram) staining are shown. (C-D) PBMCs freshly isolated from 7 patients with SS in different stages of lymphomalignancy (Table 1) or 4 normal donors (ND) were examined
by flow cytometry for surface expression of SD-4 on CD4" T cells. Dot plots shown are representative for healthy donors and patients with SS (Pt. 6). (C). Frequency of
SD-4*CD4* cells in total PBMCs of each patient and normal donor is shown as a percentage and plotted in a scatter chart as mean (= SD). P was evaluated by the Student
ttest. (D-E) PBMCs from 3 patients with SS (Pt. 1 to Pt. 3B) were also examined for SD-4 expression on clonal malignant T cells (TCR-V@ subtype-positive). (F) PBMCs from
Pt. 7 and Pt. 8 (with low tumor burden) contained CD4'*% and CD4"gh subpopulations, each of which was examined for SD-4 expression. CD4'°% and CD4"h cells were
negative and positive, respectively, for CD26 expression (data not shown). (G) PBMCs freshly isolated from patients with atopic dermatitis, psoriasis, or MF (each 3 patients)
were also assayed for SD-4 expression on CD4* T cells. Data shown represent each disease group.

CTCL cells were pretreated with 20 pg/mL of control IgG, anti—-SD-4,
anti—HS, or anti—-TGF-f type Il receptor Ab on ice for 30 minutes before
incubation with TGF-1.

To examine the effect of surface-bound TGF-1 on T-cell activation,
M1 cells or freshly isolated PBMCs (varying numbers) were treated with or
without TGF-B1 (1 wg/mL), extensively washed, treated with 25 pg/mL
mitomycin C (Sigma-Aldrich) at 37° for 20 minutes. After extensive
washing, cells were cocultured with CD4" T cells (2 X 10° cells/well)
freshly isolated from healthy donors in the presence of various doses of
anti-CD3 Ab for 3 days. Cells were pulsed with *H-thymidine (1 p.Ci/well)
for the last 20 hours of culture.

Anti—-CTCL activity

DC-HIL-Fc or mouse IgG (as control) was biotinylated using EZ-Link
NHS-Biotin (Pierce) following the manufacturer’s recommendations (typi-
cally, 1 to 2 biotin molecules/protein). Biotinylated protein was then
conjugated with streptavidin-saporin (Advanced Targeting System) by
mixing together at a protein to saporin ratio of 1:1. Growing HH cells,
HuT-78 cells, or freshly isolated PBMCs were harvested, washed, seeded to
microculture wells (5 X 10* cells/well), and cultured with 10% fetal calf
serum medium containing 100 U/mL IL-2 (eBioscience) and saporin
conjugates at indicated concentrations. Proliferation was measured by
3H-thymidine.

Statistical analysis

Results from healthy donors and patients with SS were compared using the
Student ¢ test. All experiments were performed at least 2 times with
representative results illustrated.

Results
MF/SS cell lines express constitutively high levels of SD-4

Having found effector and central memory T cells to express SD-4
in immunized mice,? we posited that CTCL cells also express
SD-4. We examined SD-4 mRNA expression from total RNA of
3 CTCL lines (HH, MJ, and HuT-78) and 2 non-CTCL leukemia
lines (Jurkat and Molt-4, Figure 1A). SD-4 mRNA was expressed
constitutively at highest levels by HuT-78 and at a lower level by
MJ, but not by HH nor by non-CTCL lines. Note that HH cells were
derived from a patient with non-MF/SS CTCL. Flow cytometric
analyses (Figure 1B) revealed MJ and HuT-78 cells to express
SD-4 protein on the surface at levels similar to that seen for CD4*
T cells from healthy donors activated in vitro. Other CTCL lines
(MyLa and SeAx) also expressed high levels of SD-4 (supplemen-
tal Figure 1, available on the Blood Web site; see the Supplemental
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Figure 2. DC-HIL binds SD-4+ CTCL cells through s i
distinct HS moieties. (A) All 3 CTCL lines, 2 non-CTCL A DC-HIL binding B_HuT78 treated e
lines, or normal CD4* T cells (in vitro-activated) were HH MJ HuT-78 Jurkat Molt-4 CD4-T None Heparinase
incubated with control Ig (shaded histogram) or DC-
HIL-Fc (open histograms) and stained with PE-conju-
gated anti-mouse IgG. Binding of DC-HIL was assayed
by flow cytometry. (B) HuT-78 cells were left untreated I L
(None) or treated with heparinase before incubation with - &
DC-HIL-Fc. Binding of DC-HIL was assayed as before. G F58-10E4 HepSS-1  Fe9-3g1o ) _Inhibitors DC-HIL binding
(C) The 3 CTCL lines or normal activated CD4" T cells
were stained with 3 different anti-HS (F58-10E4, HH MEL:1
HepSS-1, and F69-3G10) mAb (open histogram) or CtrlIg :15.9
control lg, as a mixture of IgM plus IgG (shaded histo-
gram). Expression of each epitope was assessed by flow
cytometry. (D) MJ cells were pretreated separately with 10 pg/ml 40 pg/ml
the 3 anti-HS mAb or control IgG (10 or 40 pg/mL) before MJ F58-10E4 71 4.9
DC-HIL binding assay. Data shown is MFI of DC-HIL- /\ c “ é “
bound cells.
!! j 8.2 5.2
HuT-78 HepSS-1
CDA-T /\ F69-3G10 159 136

Materials link at the top of the online article). Finally, we examined
CTCL cells for mRNA expression of other coinhibitory receptors
(CD160, CTLA-4, BTLA, and PD-1), and found none. Because
this absence of PD-1 expression differs from a previous report
showing PD-1 to be markedly up-regulated on the CD4* T cells of
patients with SS,?” we assessed the expression by freshly isolated
PBMC:s from patients with SS using flow cytometry. PD-1 was not
expressed by CD26-CD4" malignant cells (data not shown). Our
results suggest that SD-4 (but not other coinhibitory receptors) is a
marker for malignant T cells in patients with MF and SS.

SD-4 is overexpressed by malignant T cells in patients with SS

PBMC:s freshly isolated from 6 patients with SS (Table 1) and from
4 healthy donors were assayed by flow cytometry for expression of
SD-4 on CD4* T cells (Figure 1C). There was little-to-no expres-
sion of SD-4 on CD4™" cells from healthy donors with an average
frequency 0.4% (% 0.17%) in total PBMCs, whereas expression
was found highly on CD4 7 cells from all 6 patients with SS at 79%
(£ 12%, P = 1.7 X 10! by the Student 7 test; Figure 1D). We
then examined whether SD-4 expression is confined to malignant
T cells in patients with SS who have high tumor burdens (> 90%
VB* cells, Figure 1E). PBMCs from 3 patients were stained
fluorescently with anti-SD-4 Ab and Ab directed at TCR-V(
subtype specific for each patient. Almost all SD-4* cells were also
positive for the relevant TCR-V in each of 3 patients. Moreover,
all SD-47/CD4" cells in patients with SS were negative for CD26,
which is another marker of the malignant cells (supplemental
Figure 2). Patient no. 7 (Pt. 7) and Pt. 8 who had low tumor burdens
differed from Pt. 1 through Pt. 6 who had high tumor burdens, with
the former bearing CD26-CD4 malignant cells and CD26*/
CDA4bigh normal cells among their PBMCs, and the latter exhibiting
only CD26~CD4"°* malignant cells (Figure 1F and data not shown
for CD26 expression). The phenotypic dichotomy of PBMCs in
Pt. 7 and Pt. 8 provided an opportunity to evaluate the SS malignant
cell-associated expression of SD-4 within the same patient. We
found SD-4 to be expressed by CD4"¥ (but not CD4high) cells.
Finally, we noted all patients who had low tumor burdens not only
to bear the aforementioned 2 malignant cell populations in varying
proportions but also to show the just cited restriction of SD-4
expression to the CD4'°% population.

We next questioned whether such high SD-4 expression can be
seen in circulating CD4* T cells from patients with atopic dermati-
tis, psoriasis, or MF in which malignant T cells are restricted to
skin (Figure 1G). PBMCs were freshly isolated from 3 patients for
each disease and assayed for SD-4 expression on CD4* T cells.
Although the frequency of CD4* T cells varied among diseases,
PBMC:s from all patients tested were devoid of SD-4 expression.
Thus, constitutive SD-4 expression at high levels by circulating
T cells is characteristic for SS cells.

Distinct HS moieties overexpressed by CTCL lines and SS cells
mediate DC-HIL binding

Having shown SD-4 to be the ligand for DC-HIL, we examined the
ability of SD-4* CTCL cells to bind soluble DC-HIL receptor
(DC-HIL-Fc) consisting of the extracellular domain fused to the Fc
portion of IgG (Figure 2A). As predicted by expression levels of
SD-4, DC-HIL bound MJ at the highest levels and HuT-78 at a
lower level. DC-HIL did not bind HH or other non-CTCL leukemia
lines (Jurkat and Molt-4). MyLa and SeAx CTCL lines also showed
DC-HIL binding (supplemental Figure 1). We also noted that
although in vitro—activated CD4" T cells from normal controls
express SD-4 at a high level similar to expression levels of MJ and
HuT-78 cells, their ability to bind DC-HIL was much lower.
Having shown previously that DC-HIL binding to SD-4 on
normal T cells can be abrogated by pretreatment of DC-HIL-Fc
with heparin or pretreatment of T cells with heparinase (which
cleaves HS from the cell),?? we questioned whether the same is true
for CTCL cells. Thus, we pretreated DC-HIL with heparin or
HuT-78 cells with heparinase, before binding assay. Either of these
pretreatments abrogated binding of DC-HIL to HuT-78 cells
(Figure 2B, data for heparinase pretreatment). Because HS is
structurally heterogeneous among different cell and tissue types,”®
we analyzed HS in CTCL cells versus activated normal T cells
using 3 different mAbs, each recognizing a distinct moiety of HS
(Figure 2C). We found the F58-10E4 and HepSS-1 (but not
F69-3G10) epitopes to be expressed at highest levels by MJ cells, at
intermediate levels by HuT-78 cells, and not at all by HH, again
correlating with levels of SD-4 expression. Surprisingly, all
3 epitopes were either not expressed or only expressed at a very low
level by activated normal CD4* T cells. We next tested the ability
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MFI of positive staining (AMFI).
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of anti—-HS mAD to inhibit DC-HIL binding (Figure 2D). MJ cells
were pretreated with or without each mAb before the binding assay.
Again, DC-HIL bound untreated MJ cells at high levels, but this
binding was blocked markedly (by 70%) by pretreatment with
F58-10E4 or HepSS-1 mAb (10 or 40 pwg/mL), but not by F69-
3G10 mAb for which epitope is absent on CTCL cells. Similar
results were seen for HuT-78 cells (data not shown).

We confirmed these data using PBMCs freshly isolated from
Pt. 2 and Pt. 3B (Figure 3). DC-HIL bound these PBMCs at levels
higher than MJ cells (Figure 3A), and these cells expressed
F58-10E4 and HepSS-1 epitopes (but not F69-3G10 epitope)
constitutively at high levels, albeit lower than for MJ cells
(Figure 3B). DC-HIL binding was blocked by pretreatment with
2 positive mAbs (but not the mAb whose expression is absent)
almost completely (Figure 3C). All data are consistent with those
data from experiments using CTCL lines. These results indicate
that SD-4 on CTCL cells binds to DC-HIL at an affinity much
greater than on normal activated T cells because of high expression
levels of distinct HS moieties.

SD-4 on CTCL cells mediates the inhibitory function of DC-HIL

We next addressed whether SD-4 on CTCL cells inhibits T-cell
activation after binding to DC-HIL (Figure 4). HuT-78 or HH
(SD-4~ control) cells were cultured with immobilized anti—-CD3
Ab (increasing doses) plus DC-HIL-Fc or control Ig (a constant
dose). Activation was measured by IL-2 production for HuT-78
cells or by a percentage of the expression of CD69 for HH cells (the
latter does not produce IL-2 on activation). HuT-78 cells produced
IL-2 after anti-CD3 stimulation in a dose-dependent manner, and
this production was inhibited by immobilized DC-HIL-Fc up to
70% (Figure 4A). Expression of CD69 on HH cells was up-
regulated by anti-CD3 Ab in a dose-dependent manner, although it
was not inhibited by DC-HIL-Fc (Figure 4B). MJ cells were not
used in these assays because they do not express CD3. We were
unable to examine effects on proliferation because HuT-78 cells are
incapable of proliferating in response to anti-CD3 Ab.

We then addressed whether these results were also true for
freshly isolated SS cells. PBMCs freshly isolated from patients
with SS were cultured with immobilized anti-CD3 Ab plus control
or DC-HIL-Fc, and activation was measured by IL-2 production
(Figure 4C) and proliferation (*H-thymidine incorporation, Figure
4D). SS cells proliferated to anti-CD3 and produced IL-2, but at a
70% lower level than that of normal CD4 ™" T cells. These responses
were inhibited markedly by DC-HIL. Thus, SD-4 on CTCL cell
lines and SS cells mediates the inhibitory function of DC-HIL to
anti—-CD3 stimulation.
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Figure 4. SD-4 on CTCL cells or PBMCs of patients with SS inhibits their anti-CD3 response following binding to DC-HIL. HuT-78 (A), HH cells (B), or PBMCs
(C-D) from 2 patients with SS (Pt. 2 and Pt. 3A with VB* cells at 98%, in which SD-4" cells were 94%) were cultured with immobilized anti-CD3 Ab (increasing doses) plus
5 wg/mL DC-HIL-Fc (@) or control Ig (O). Activation was measured by IL-2 production for the HuT-78 cells (A) and PBMCs (C), by the frequency of CD69" cells as a percentage
for the HH line (B), or by 3H-thymidine (TdR) incorporation (D) as mean (= SD) for n = 3 experiments.
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Figure 5. HS-mediated binding of TGF-B1 to SD-4* CTCL cells and PBMCs of patients with SS. (A) CTCL cells were untreated (None) or treated with recombinant
TGF-B1 (TGF-B1 added) and stained with anti—-TGF-B1 Ab (open histogram) or control IgG (shaded histograms), followed by flow cytometry for surface-bound TGF-B1. The
bound amount is expressed as AMFI. (B) MJ or HuT-78 cells were pretreated with control Ig, anti-SD-4 Ab, anti-TGF-B type Il receptor or anti-HS Ab before addition of
TGF-B1. Binding of TGF-B1 was examined and expressed as AMFI. (C) MJ cells were loaded with TGF-B1 and incubated for the indicated time periods. Cell surface—bound
TGF-B1 was assayed by flow cytometry and expressed as a percentage relative to MJ cells just before incubation. Similarly, PBMCs from 3 different patients were assayed for
cell surface binding of TGF-1 (D), blocking of the binding by Ab pretreatment (E), or retention of cell-bound TGF-B1 (F).

Epitopes help SD-4 trap TGF-p1 on the cell surface

SD-4 traps TGF-B1 on the cell surface using F58-10E4/HepSS-1
HS epitopes. Because negative regulation of the proliferation of
CTCL by SD-4 appears to be independent of its malignancy, we
surmised that SD-4 must exert another function independent of
DC-HIL. Because SD-4 on macrophages was reported to bind
TGF-B1,” we questioned this possibility for CTCL cells. Having
shown each of 3 CTCL lines to constitutively express TGF-31
mRNA (supplemental Figure 3A), we examined whether CTCL
cells bear endogenous TGF-$31 on the surface (Figure 5A). None of
the 3 CTCL lines showed significant levels of surface-bound
TGF-B1 constitutively. However, after addition of exogenous
TGF-B1, both SD-4* MJ and HuT-78 cells displayed significant
surface binding, with SD-4~ HH cells showing some binding but at
a much lower level (Figure 5A). Such binding was not blocked by
pretreatment with anti-SD-4 Ab, whereas F58-10E4 or HepSS-1
anti-HS mAb blocked binding almost completely (Figure 5B).
Specificity for HS was supported by inability of control Ig or
F69-3G10 (this epitope is absent) to block TGF-f1 binding. We do
not think TGF-$ receptors were involved in binding because
(1) mRNA for TGF-f type I receptor is not expressed by the CTCL
lines (supplemental Figure 3A); (2) TGF-f type Il receptor protein

is not present on the surface of these cells (although it is expressed
intracellularly at low levels in HH and HuT-78 cells, supplemental
Figure 3B-C); and (3) anti-TGF-f3 type II receptor Ab does not
block binding (Figure 5B).

We also examined retention of surface-bound TGF-1 on MJ
cells (Figure 5C). After culturing TGF-31-loaded CTCL cells for
various time periods, surface-bound TGF-B1 was measured by
flow cytometry. MJ cells retained 60% of initial surface-bound
TGF- for up to 3 days in culture. TGF-1 binding, blocking by
anti-HS mAb, and their retention were also examined using
PBMC:s freshly isolated from Pt. 2 and Pt. 3A with SS (Figure 5D-F).
The 2 PBMC samples showed binding of TGF-$1 at levels 10-fold
greater than MJ and HuT-78 cells (Figure 5D) and this binding was
also blocked by pretreatment with anti-HS mAb completely
(Figure SE). Finally, 70% of PBMCs from Pt. 3A with SS held
TGEF-B1 on the cell surface for at least 3 days (Figure 5F).

We then questioned whether surface-bound TGF-f3 enhances
inhibition of T cell activation by MJ cells (Figure 6A). MJ cells
were coated with and without TGF-f3, treated with mitomycin C to
inhibit DNA synthesis, and finally cocultured with CD4* T cells
(from allogeneic healthy donors) in the presence of immobilized
anti-CD3 Ab. Activation was measured by proliferation and IL-2

A CD4+ T cells . CD4+ T cells B CD4+ T cells
8
£ OUntreated OUntreated 400 OUntreated
S¢ EMJ/TGF-B1 _ 3 EMJ/TGF-B1 = 3004 WPt #3A/TGF-B1

Figure 6. Coating with TGF-B1 augments inhibition of 2 g %[,
T-cell activation by CTCL cells or PBMCs from pa- X 4 £ 21 =200 1
tients with SS. Varying cell numbers of MJ cells (A) or % 2 3
PBMCs (B) from Pt. 3A were treated with or without ; 2 = 14 ~ 1001
TGF-B1 and cocultured with CD4* T cells isolated from
healthy donors in the presence of anti-CD3 Ab. T-cell o 0
activation was assessed by 3H-thymidine incorporation or 0 025 05 1 0 025 05 1 No 025 05 1
IL-2 production. (x 10° cells) (x 105 cells) (x 105 cells)
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Figure 7. Saporin-conjugated DC-HIL inhibits prolif-
A 120 HuT-78 B 120 HH c120 PHSA eration of SD-4* CTCL cells and PBMCs of patients
S ; 5 o<§7§§§ S ot with SS. HuT-78 (A), HH cells (B), or PBMCs from a
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§ 60 a 604 s DC-HIL or control saporin in the presence of IL-2. Prolif-
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§ 40 DC-HIL § 40 O Ctrl § 40 uptake. The effect of saporin conjugates on proliferation
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0 T T T T 0 T T T T 0 T T T T gate).
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production (Figure 6A). Untreated MJ cells inhibited proliferation
of CD4" Tcells by 60% at the highest dose (compared with
control), and TGF-B1 coating enhanced greatly the inhibitory
function at each dose tested. Similar results were observed for IL-2
production. Again, we addressed whether this enhancement is also
true for PBMCs from patients with SS (Figure 6B). Experiments
using these cells showed similar results. Moreover, this effect was
not seen for TGF-B—treated SD-47/CD4* T cells isolated from
PBMCs of healthy donors (supplemental Figure 4). Enhanced
inhibition by TGF-f coating was also seen in the syngeneic
response (supplemental Figure 5). Altogether, our findings suggest
that SD-4 on CTCL cells acts as a cell-surface reservoir for
TGF-B1, and this property may potentiate inhibition of T-cell
activation.

Toxin-bearing DC-HIL suppresses proliferation of CTCL cells

Having shown DC-HIL to bind CTCL cells, we questioned whether
toxin-bearing DC-HIL can block proliferation of CTCL cells using
3H-thymidine incorporation assay (Figure 7). DC-HIL-Fc (or
control Ig) was conjugated to the toxin saporin, a potent type I
ribosome-inactivating protein.® Saporin-conjugated DC-HIL inhib-
ited IL-2—driven proliferation of HuT-78 cells in a dose-dependent
manner, with highest inhibition of 60% at a concentration of 80nM
(Figure 7A). Specificity for DC-HIL was supported by failure of
saporin-conjugated control protein to inhibit proliferation of SD-4*
HuT-78 cells and by no detectable deleterious effect of DC-HIL-
saporin on SD-4~ HH cells (Figure 7B). We also examined
anti—-CTCL activity of DC-HIL-saporin to primary SS cells
(Figure 7C). More impressively than for HuT-78 cells, DC-HIL-
saporin inhibited IL-2—driven proliferation of SS cells by 80%
inhibition at 80nM. Again, control saporin had almost no effect on
proliferation. These results support the utility of exploiting the
DC-HIL/SD-4 pathway to develop new treatments for patients with
SS using SD-4* malignant T cells.

Discussion

CTCL cells are commonly positive for CD4, CD45RO, CLA, and
CCR4, and negative for CD7 and CD26. Skin-homing memory
CD4*CD45RO*CLAYCCR4" Tecells are found frequently in
patients with cutaneous inflammation.3! Even PBMCs from healthy
donors contain CCR4* or CLA™ T cells, albeit comprising a minor
population.’>33 Because CD7 and CD26 are expressed by most
mature CD4" T cells in healthy donors, their negativity is a useful
screening tool for CTCL,3* although positive markers are needed to
identify the cells. We now show high SD-4 expression to be
characteristic of clonal malignant T cells in SS cells (but not of
T cells from patients with atopic dermatitis, psoriasis, and MF or
from healthy donors). Normal T cells express SD-4 only after in
vitro activation, and in skin-resident T cells of patients with

inflammatory skin diseases (our unpublished data). These findings
indicate that SD-4 can be a valuable diagnostic marker for
circulating SS cells.

The exclusivity of DC-HIL binding to SD-4 on T cells is an
opportunity for exploiting toxin-bearing DC-HIL as a Trojan horse
for treating SS. A precedent for this approach is denileukin diftitox
(Ontak), an IL-2 recombinant protein fused to diphtheria toxin that
is approved by the United States Food and Drug Administration to
treat CTCL.* Overexpression by CTCL of the high affinity IL-2
receptor (CD25Meh) allows denileukin to bind to CTCL cells,
deliver the toxin into the tumor cells, and kill the tumor.> A recent
phase 3 study showed denileukin to have a 30% positive (10% com-
plete and 20% partial) response rate in patients treated for CTCL
compared with patients receiving placebo.>3 However, one down-
side is the high prevalence of adverse side effects especially
capillary leak, and constitutional and gastrointestinal symptoms.3
Potentially more serious is the ability of denileukin to kill activated
normal T cells and B cells including those in the memory pool
important for protective immunity. By contrast, SD-4 is not
expressed by circulating normal CD4* T cells in patients with SS
who have low tumor burdens nor in patients with inflammatory
skin diseases. Thus, toxin-bearing DC-HIL may hold theoretical
advantages over denileukin by sparing normal T cells and B cells,
including some activated T cells, from killing.”!

SD-4 belongs to the syndecan family of transmembrane recep-
tors heavily laden with HS chains consisting of alternating
disaccharide residues (glucuronic acid or iduronic acid with
glucosamine).3® The structure of HS moieties varies widely among
different cell types.”® In fact, F58-10E4 and HepSS-1 (but not
F69-3G10) epitopes are expressed by malignant T cells of SS at
extremely high levels compared with normal T cells activated in
vitro that express SD-4 at similarly high levels. These epitopes are
also expressed by activated mouse T cells but not by mouse B cells
that express SD-4 constitutively at high levels (our unpublished
data). The F58-10E4 epitope is sensitive to N-desulfation of
glycosaminoglycan and its expression is regulated developmen-
tally.’” HepSS-1 epitope includes a HS glycosaminoglycan that
correlates negatively with metastatic potential and proliferative
capacity of mouse B16 melanoma cells.?® Thus, overexpression of
these distinct HS epitopes may reflect abnormal carbohydrate
metabolism in SS malignant T cells, akin to that in many malignant
cells expressing tumor-associated polysaccharides.?

We showed SD-4 on CTCL cells to inhibit the anti-CD3
response of CTCL lines and SS cells. CTLA-4, another coinhibi-
tory receptor, has been reported to be expressed by CTCL (vs
normal T cells) after treatment with the protein kinase C—stimulator
phorbol myristate acetate!® or activated by dendritic cells loaded
with apoptotic CTCL cells.*® Unfortunately, the function of CTLA-4
on CTCL cells has yet to be characterized. More recently, the SC5
receptor was reported to be expressed by CTCL cells and capable
of inhibiting its anti-CD3 response.*! If so, then CTCL cells may
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possess autocrine regulatory mechanisms that may be separate
from their malignant potential.

Proetoglycans (including SD-4) are proteins carrying glycosami-
noglycans, large carbohydrates with repeating disaccharide units,
including HS, and are known to be modulators of growth factor
activities (eg, fibroblast growth factor, chemokines, and TGF-$).4?
TGF-B1 and TGF-{2 (but not TGF-f3) have been shown to bind to
HS, and thereby initiate proliferation of fibroblasts in an anchorage-
independent manner.*? This effect is likely because of protection of
HS-bound TGF-B from tryptic degradation and more importantly
because of blocking of the neutralizing activity of a,-macroglobu-
lin), a serum protein that forms noncovalent complexes in which
the effects of TGF-f become latent.*>** We found that SD-4 on SS
cells can bind TGF-1 via distinct HS moieties (HepSS-1 and
F58-10E4 epitopes) and thereby trap it on the cell surface. Cell
surface TGF-3 enhanced the ability of SS cells to suppress the
anti—-CD3 response of T cells from healthy donors. These findings
led us to speculate that cell surface TGF-f binds to receptors
expressed on antitumor effector T cells* at much higher affinity
than soluble TGF-f, thus delivering negative signals persistently to
these cells. These effects may be augmented further by the inability
of SD-4 to internalize TGF-B1 (longer surface retention), in
contrast to types I and II receptors.*® Such a mechanism is also used
by regulatory T cells that exert strong immunosuppression via
cell-cell interaction involving cell surface TGF- (not through
secreted inhibitory factors).46:47

Overexpression of HS on leukemic cells was reported previ-
ously.*® Malignant cells of adult T cell leukemia overexpress
F58-10E4 HS moiety that can trap the chemokine macrophage
inflammatory protein-13/CCL4 on the surface. Trapped macro-
phage inflammatory protein-1f is then presented to the correspond-
ing receptor on the same cell that triggers integrin activation and
promotes cell adhesion to endothelial cells. Therefore, although
overexpressed HS can mediate extravasation of tumor cells, this
function may not be operative in CTCL and SS cells because

personal use only.  gy\pECAN-4 EXPRESSION BY SEZARY SYNDROME

3389

these cells express little to no CCR1, a receptor for CC chemokine
ligand 4.32

In summary, constitutive high expression of SD-4 by circulating
malignant cells in SS distinguishes it from other leukemias and
certainly from other inflammatory skin diseases. SD-4 on SS cells
is not only overexpressed, but also qualitatively different from
SD-4 expressed by other cells because it bears distinct HS moieties
that act both as the ligand of DC-HIL and as a cell surface reservoir
for TGF-B. Our studies provide a rationale for targeting SD-4 to
treat SS.
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SD-4 DC-HIL-Fc

SeAx

Figure S1. Expression of SD-4 and DC-HIL binding by other
CTCL lines

MyLa or SeAx cells were examined by flow cytometry for
expression of SD-4 and binding to DC-HIL-Fc. Control and
experimental staining are represented as gray and open
histograms, respectively.
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Figure S2. SD-4 expression is confined to CD267/CD4* cells in SS patients with
high tumor burden

PBMCs isolated from SS patients with high tumor burdens (Pt #3, Pt #6, and a
patient with VV35.1) or a normal donor (ND) were stained with PE-anti-SD-4, FITC-
anti-CD4, and APC-anti-CD26 Ab, and subjected to flow cytometric analysis. Top
panels show expression of SD-4 vs. CD4, and bottom panels show expression of SD-

4 vs. CD26 on CDA4* cells (gated).
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Figure S3. No significant expression of type | and 11 TGF-B receptors on CTCL lines

(A) Total RNA isolated from CTCL lines (HH, MJ, and HuT-78), non-CTCL lines (Jurkat and Molt-4), or normal
CD4* T cells activated in vitro (CD4 T) was examined by RT-PCR for expression of mMRNA for TGF-B1, the type
I (R-1) and Il (R-11) receptors, and B-actin. (B and C) CTCL lines were untreated (B) or permeabilized (C) prior
to staining with anti-TGF-3 RIl Ab. Expression was measured by flow cytometry. All 3 CTCL cell lines did not
express TGF-B RI mRNA. MJ are negative for TGF-B RIl mMRNA; HH and HuT-78 cells express TGF-$ RII
mRNA, but not on the surface.
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Figure S4. TGF-B-treated normal CD4* T cells do not inhibit allogeneic anti-CD3
response

Varying cell numbers of PBMCs from Pt #6 or normal CD4* T cells (NT) were incubated
with/without TGF-B1, treated with mitomycin C, and co-cultured with CD4* T cells (2 x
10° cells) isolated from an allogenic healthy donor in the presence of anti-CD3 Ab. After
culturing for 3 d, T-cell activation was measured by 3H-thymidine incorporation.
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Figure S5. TGF-B—coating augments ability of SS cells to inhibit syngeneic anti-CD3
response

CD4* T cells were isolated from PBMCs of Pt #7 containing CD4'°% and CD4high
subpopulations (Fig. 1F), incubated with biotinylated anti-SD-4 Ab/streptavidin-beads,
and then applied to a column. A column-pass through (SD-4/CD4* T cells) and a
column-bound (SD-4*/CD4*) fraction (Fr) was collected and analyzed by flow cytometry
for expression of SD-4 and CD4. Data of column-bound fraction is shown (A). (B) SD-
4+/CD4* cells were coated similarly with/without TGF-B1, treated with mitomycin C, and
then co-cultured for 3 d with SD-47/CD4* cells (2 x 10° cells/well, as responder) in the
presence of anti-CD3 Ab (1 ug/ml). Proliferation was measured by ®H-thymidine
incorporation.
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