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Functional Role of P-Selectin Glycoprotein Ligand 1/P-Selectin
Interaction in the Generation of Tolerogenic Dendritic Cells'

Ana Urzainqui,* Gloria Martinez del Hoyo,* Amalia Lamana,* Hortensia de la Fuente,*
Olga Barreiro,* Isabel M. Olazabal,* Pilar Martin,” Martin K. Wild,” Dietmar Vestweber,"
Roberto Gonzalez-Amaro,* and Francisco Sanchez-Madrid>*"

Dendritic cells (DCs) have a key role in both the generation of the immune response and the induction of tolerance to self-Ags. In this
work, the possible role of P-selectin glycoprotein ligand 1 (PSGL-1) on the tolerogenic activity of human DCs was explored. We found
that the engagement of PSGL-1 by P-selectin on DCs induced the expression of c-Fos, IDO, IL-10, and TGF- genes. Remarkably,
stimulation of DCs through PSGL-1 with P-selectin enhanced their capability to generate CD4"CD25*Foxp3™ regulatory T cells, which
expressed high levels of TGF-B1 mRNA, synthesized IL-10, and suppressed the proliferation of autologous CD4*CD25~ T cells.
Accordingly, we found that DCs from PSGL-1"'" mice expressed higher levels of MHC class II molecules, and exhibited an enhanced
immunogenicity compared with wild-type mice. In addition, the percentage of CD4*CD25" Foxp3™ regulatory T cells in the thymus of
PSGL-1-deficient animals was significantly reduced. Our data reveal an unexpected role of PSGL-1 on the tolerogenic function of DCs,
and the regulation of the immune response. The Journal of Immunology, 2007, 179: 7457-7465.

APCs that have a key role in the induction and the reg-

ulation of the immune response (1-3). The turnover of
these cells has been studied in detail. Immature blood DCs migrate
toward tissues, mainly skin and other epithelia, to accomplish tissue
replenishment (4, 5). Under environmental danger signals (infection,
inflammation, tissue damage), these cells capture Ags and migrate
toward the regional lymph nodes. This migration is accompanied by
a maturation process, increasing the expression of MHC class II mol-
ecules and costimulatory receptors and becoming highly immuno-
genic (1, 2, 4, 5). In contrast, in steady-state conditions, tissue DCs
remain immature, exhibiting a high internalization capability, a re-
duced expression of molecules involved in Ag presentation, and a
very low immunogenic capability (1, 2, 4, 5). When these immature
DCs interact with T lymphocytes, they induce anergy or deletion,
acting as negative regulators of the immune response (6). In addition,

B one marrow-derived dendritic cells (DCs)® are potent
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immature or tolerogenic DCs are able to induce the generation of
regulatory T (Treg) cells (7). Therefore, DCs exert a key regulatory
activity on the immune system, initiating the immune response under
inflammation or infection, and favoring immunological tolerance in
the steady state. Because the same cell type performs these opposite
activities, the factors that determine the generation of immunogenic
and tolerogenic DCs have key roles in the immune system.

Migration of DCs from the bloodstream to different tissues fol-
lows the same sequential process described for other leukocytes.
Thus, it has been shown that DCs, attracted by different chemo-
kines, tether and roll on endothelium and then transmigrate
through the endothelial cell lining (8, 9). As in the case of other
leukocytes, selectins and their receptors play an important role in
the early steps of DC-endothelial cell interactions. In this regard, it
has been shown that E- and P-selectin mediate tethering and rolling of
DCs on endothelium in vitro and in vivo (8). In addition, it has been
reported that P-selectin glycoprotein ligand 1 (PSGL-1, CD162) is
expressed by DCs (10). Although it has been reported that PSGL-1 is
not required for the extravasation of DCs to inflamed tissues (11),
other works suggest that, under steady-state conditions, this receptor
is involved in the transendothelial migration of these cells (8, 12). At
least two glycoforms of this selectin receptor, recognized by the
HECA-452 and M-DC-8 " mAbs, are expressed by DCs (13, 14). The
PSGL-1 form recognized by HECA-452 (denominated as cutaneous
lymphocyte Ag) interacts mainly with E-selectin, whereas the form
lacking the cutaneous lymphocyte Ag epitope largely interacts with
P-selectin (15, 16). Cutaneous lymphocyte Ag is a skin homing re-
ceptor and has been detected on Langerhans cells and on a high pro-
portion of freshly isolated blood DCs (8, 17, 18). In contrast, the
M-DC8+ form of PSGL-1 lacks the cutaneous lymphocyte Ag
epitope and is expressed by a subset of blood DCs that shows a potent
capacity to prime T cells in vitro (14). Recently, it has been shown
that differentiated peripheral DCs can return to blood and travel to
different organs (spleen, liver, lungs, and bone marrow) (19). Further-
more, circulating DCs show bone marrow tropism that is dependent,
in part, on microvascular P- and E-selectins (19).

Different effects of PSGL-1 engagement and intracellular sig-
naling events have been described, mainly in myeloid cells and



7458

neutrophils (20-22). However, there is scarce information on the
functional consequences of PSGL-1 engagement in DCs. There-
fore, in this work we have explored the functional consequences of
PSGL-1 engagement on both human monocyte-derived DC
(mDCs) and Langerhans-like DCs (LCs) generated in vitro. In ad-
dition, we have studied the status of DCs in PSGL-1-deficient
mice. Our results strongly suggest that PSGL-1 can behave as a
tolerogenic receptor in human and murine DCs.

Materials and Methods

Abs and reagents

FITC-, allophycocyanin-, and PE-conjugated anti-human CDla, CD3,
CD4, CD14, CD25, DC-SIGN (CD209), HLA-DR, CD80, CD83, CD86,
and PSGL-1 as well as anti-E-cadherin mAbs and conjugated anti-mouse
mAbs were obtained from BD Biosciences. Human recombinant E- and
P-selectins, IL-4, TNF-a, and TGF-3 were obtained from R&D Systems.
The anti-PSGL-1 (CD162) PL1 mAb was purchased from Upstate Bio-
technology, and the anti-CD28 mAb from BD Pharmingen. GM-CSF and
Flt3 ligand (FIt3L) from PeproTech, and PMA, ionomycin, brefeldin A,
LPS, fibronectin-80 and the CpG oligonucleotide were obtained
from Sigma-Aldrich. BSA was obtained from PAA Laboratories. FITC-
labeled anti-human and anti-mouse Foxp3 staining kits were purchased
from eBioscience.

Mice

PSGL-1-deficient mice (males and females 6- to 8-wk-old) backcrossed on
the C57BL/6 background (23) and C57BL/6 control mice from different
suppliers were obtained. Transgenic OT-II mice expressing a TCR specific
for OVA,,5 55 peptide (OVA peptide) on a C57BL/6 background were
purchased from Charles River Breeding Laboratories.

Cells

PBMC were obtained from buffy coats of healthy donors by Ficoll-
Hypaque (Sigma-Aldrich) density gradient centrifugation. Then, mono-
cytes were isolated by plastic adherence or by positive selection with anti-
CD14-coated microbeads (Miltenyi Biotec), following the manufacturer’s
instructions. To generate mDCs and LCs, monocytes were incubated at
37°C for 5-7 days in RPMI 1640 (Invitrogen Life Technologies) culture
medium, containing 10% FCS and supplemented with 50 ng/ml GM-CSF
and 20 ng/ml IL-4. In the case of LCs, the culture medium was additionally
supplemented with 10 ng/ml TGF-. The phenotype of mDCs (HLA-DR™*,
CDla", DC-SIGN™, and CD147), and LCs (HLA-DR*, CDla*, DC-
SIGN™, CD14 ", and E-cadherin™) was confirmed by flow cytometry anal-
ysis. To obtain mature mDCs and LCs, immature cells were washed and
incubated for 24 h with 20 ng/ml LPS.

Human naive CD4™ T cells and Treg cells were isolated from PBMC by
negative selection using AutoMacs magnetic cell sorter kits (Miltenyi Bio-
tec), following the manufacturer’s instructions.

Murine DCs from thymus and lymph nodes as well as Flt3L-driven DCs
generated from bone marrow precursors were obtained as described (24).
Maturation of Flt3L-derived plasmacytoid (pDCs) and conventional DCs
(cDCs) was induced on day 7 of differentiation by culture for additional
24 h in the presence of 6 ug/ml CpG ODN 1826. CD4" T lymphocytes
were obtained from the spleens and lymph nodes of OT-II transgenic mice
by magnetic cell sorting-mediated negative selection using a CD4 " T cell
isolation kit (Miltenyi Biotec).

Immunofluorescence microscopy analysis

Monocyte-derived DCs or LCs were allowed to migrate onto coverslips
precoated with 20 pg/ml fibronectin-80 for 20 min at 37°C. Cells were then
fixed with 2% paraformaldehyde, washed, and stained for 1 h with the PL-1
anti-PSGL-1 mAb (20 ug/ml) for 30 min, followed by a rhodamine X-
conjugated goat anti-mouse IgG Ab. For double staining, cells were fixed
again, permeabilized for 2 min with 0.5% Triton X-100, and incubated with
the anti-moesin polyclonal Ab 90:2/3, followed by a goat anti-rabbit Alexa
Fluor 488-conjugated Ab. Before immunostaining, Fc receptors were
blocked with human gammaglobulin (100 wg/ml for 20 min). Finally, cells
were analyzed using a Leica DMR photomicroscope with a X63 oil im-
mersion objective and an inverted epifluorescence Leica TCS-SP confocal
microscope equipped with argon and helium/neon laser beams.
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FIGURE 1. Expression and subcellular localization of PSGL-1 in DCs.
A, The mDCs and LCs were generated in vitro as described in Materials
and Methods. Then, the expression of PSGL-1, and its carbohydrate
epitope HECA-452 was determined by flow cytometry in immature cells
and in those induced to mature with LPS. Cells incubated with an isotype-
matched irrelevant mAb (gray-filled histogram). Values shown indicate the
geometric mean fluorescence staining of positive cells. B and C, The mDCs
and LCs were allowed to migrate onto fibronectin-80-coated coverslips.
Then, cells were fixed, immunostained for PSGL-1 (B) or PSGL-1 (green)
and ICAM-3 or moesin (red) (C), and analyzed by immunofluorescence
microscopy, as described in Materials and Methods. Original magnifica-
tion at X630. Data are from one representative experiment of five per-
formed. D, In vitro rolling of DCs on selectins. Glass coverslips precoated
with 10 wg/ml P- or E-selectin were placed in a parallel-plate flow chamber
mounted on an inverted microscope. The mDCs or LCs were perfused to
the chamber at 1.5 dynes/cm? flow rate using a syringe pump, and the cells
were recorded using a video camera. The number of rolling cells was
calculated in 10 different fields per experiment. When indicated, assays
were performed with cells preincubated with the control (W6/32, an anti-
HLA class T mAb) or the PL-1 (anti-PSGL-1) mAbs.

DC rolling assay

This assay has been described in detail elsewhere (8). Briefly, glass cov-
erslips precoated with 10 wg/ml P- or E-selectin were placed in a parallel-
plate flow chamber mounted on an inverted Nikon Diaphot microscope.



The Journal of Immunology 7459
A LC_. 1w HLA-DR
= 120
100
3 & 6
% 40 _l_‘ 4
FIGURE 2. Effect of PSGL-1 engagement on & zg -
HLA-DR, CD80 and CD86 expression, phagocytosis, ) N 5@)\; oM ‘Eﬁ‘\)
and transcription factor and cytokine gene induction - Ll
by DCs. A, The mDCs and LCs were cultured for 24 h DC +LPS
on plates precoated with P-selectin or BSA, in the ab- _ 250 HLA-DR 120
sence or presence of 20 ng/ml LPS, and then analyzed = 200 100
by flow cytometry for the expression of the indicated ﬁ 150 80
molecules. The arithmetic mean of the geometric mean g 450 60
fluorescence intensity and SD obtained in eight inde- = 40
pendent experiments is shown for each molecule. The s 50 20
significant differences in the expression level between 0
BSA and P-selectin-treated DCs were obtained by ap- BSP‘ _s.ﬁl“‘ Q,Sp‘v_gﬁ\’ 55[;.‘33‘\’ BSP‘V.‘_:&‘J
plying the Student’s 7 test. *, p < 0.05; #*, p < 0.01. T ~ILPS
B, After incubation with BSA, P-selectin, or LPS plus
BSA, LCs were assayed for Fc receptor- or C-type- y o
lectin phagocytosis, as described in Materials and B Phagocytosis D Roftmg-Mie
Methods. The arithmetic mean and SD of four inde- S 125 1 FcR 125 4 C-type LectinR E P ‘TGF-B *
pendent experiments is shown. C, LCs were incubated 2100 100 ‘g‘ 'z
for 24 h in BSA- or P-selectin-coated plates. Then, z 78 36 E
cells were collected and analyzed by semiquantitative S o 1.5
real-time RT-PCR for c-Fos, IL-10, TGF-3, and IDO 2 50 50 S 1
mRNAs expression. The arithmetic mean and SD of f_" 25 25 g 0.5
four independent experiments is shown. D, LCs were e = 0
incubated in rolling-like conditions for 1 h on BSA or X BSA P-Sel LPS BSA P-Sel LPS Control  BSA _P-Sel
P-selectin-coated plates and then were harvested and ) ¥ : 0h Th
analyzed for mRNA expression by semiquantitative -
real-time RT-PCR. The arithmetic mean and SD of C 2 8; ¢Fos 31L-10 2 IO
three independent experiments is shown. é ol 7| TGF-p
=]
E 4ﬂj I
&
< 2
i
= % Bsa P-sel BSA P-Sel BSA  P-Sel BSA P-Sel

Then, mDCs or LCs were perfused into the chamber and allowed to interact
under static conditions for 3 min. Flow was initiated at defined rates using
a syringe pump (model 44; Harvard Apparatus), and cells were recorded
for 6 min using a video camera. Those cells that traveled slowly were
considered to be rolling. The number of rolling cells was calculated in four
different fields at each time point of every independent experiment. When
indicated, assays were performed with cells preincubated for 20 min with
the PL-1 anti-PSGL-1 (10 pg/ml) mAb.

Stimulation of mDCs and LCs through PSGL-1

The 24-well tissue culture plates were coated with 10 ug/ml E- or P-
Selectin (R&D Systems) or with 0.5% BSA by overnight incubation at
4°C. Then plates were washed, and immature mDCs or LCs were cultured
in them without or with LPS for 24 h at 37°C. For rolling-like experiments,
plates were shaking at 60 rpm during the time of incubation. Afterward,
cells were collected and analyzed for the expression of HLA-DR, CD80,
and CD86 by flow cytometry. In addition, c-Fos, IDO, IL-10, and TGF-g1
gene expression as well as the secretion of IL-12 and IL-10 were deter-
mined in these cell cultures, as stated below.

Cytokine assays

Synthesis of IL-12p70, IL-10, IL-4, and IFN-y in cell cultures was determined
by ELISA. Briefly, cell culture supernatants were collected, and cytokine con-
centration was analyzed by specific solid phase sandwich enzyme immunoas-
say (Elipairs; Diaclone Research), following the manufacturer’s instructions.
For the intracellular staining of IL-10 after interaction with P-selectin, cells
were stimulated for 6 h with PMA (50 ng/ml) and ionomycin (1 ug/ml), and
in the last 4 h in the presence of 50 wg/ml brefeldin A before labeling for flow
cytometry analysis.

Phagocytosis assays

Particles used were either SRBC (Biomerieux) or latex beads (3 wm; Sigma-
Aldrich). For FcyR-mediated phagocytosis, SRBC (107 cells/ml) were op-

sonized as previously described (25) and loaded with 5 uM CFSE (Molecular
Probes). For C-type lectin R phagocytosis, latex beads were opsonized
by overnight incubation with 5 mg/ml OVA (Sigma-Aldrich). Then,
1 X 10° LCs were incubated with CFSE-labeled SRBC or OVA beads in
a 1:20 ratio at a final volume of 200 ul for 30 min at 37°C. To distinguish
internalized from bound particles, noningested SRBC or OVA beads were
lysed or removed by treatment with NH,CI or glycine buffer (150 mM glycine
(pH 2.3)), respectively, during 1 min. Cells were then washed once with PBS,
fixed with 1% paraformaldehyde, and stained for HLA-DR or OVA beads
with specific mAb labeled with allophycocyanin or Alexa Fluor 488 (Molec-
ular Probes). The uptake of stained particles was determined by flow

cytometry.
Flow cytometry analysis

Fc receptors of DCs or PBMCs were saturated with human gammaglobulin
(100 pg/ml) or anti-CD16/CD32 mAb (BD Pharmingen) at 4°C for 15 min,
and then cells were stained with the indicated mAbs (20 wg/ml) for 15 min
at 4°C. The expression of Foxp3 was analyzed by intracellular staining
with FITC-conjugated anti-mouse or anti-human Foxp3 mAb (clones FJK-
16s and PCH101 from eBioscience) after fixation and permeabilization of
the cells with the reagents provided by the manufacturer. Finally, cells
were washed, fixed, and analyzed in a FACSCalibur flow cytometer (BD
Biosciences), using the CellQuest software.

Allogenic mixed cell proliferation assays and cytokine synthesis

To analyze the stimulatory potential of DCs on allogenic T cells, 2 X 10°
naive CD4™" T cells were cocultured for 5 days with 2 X 10* mDCs or LCs
that had been pretreated or not for 24 h with P-selectin. Then, cells were
collected, lysed, and analyzed for gene expression. Supernatants of these
cell cultures were analyzed by ELISA to determine the concentration of
IL-10 and IFN-vy. T cell proliferation was assessed after 5 days of coculture
by [methyl-*H]thymidine ([*H]TdR, 5.0 uCi/ml) incorporation in a 16-h
pulse. For this purpose, cells were harvested with a semiautomated device,
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FIGURE 3. Effect of PSGL-1 engagement on the immunogenic activity of DCs. A—F, The mDCs or LCs were incubated in plates precoated with P-selectin
or BSA for 24 h, in the absence or presence of LPS, and then cocultured with allogenic naive CD4* T lymphocytes for 5 days. A, Culture supernatants were
analyzed by ELISA for IFN-y concentration. The arithmetic mean and SD of five independent experiments is shown. The significant differences in the IFN-y
production induced by BSA and P-selectin-treated DCs were obtained by applying the Student’s ¢ test. *, p < 0.05. B, IL-10 concentration in cell supernatants
was determined by ELISA and the intracellular content of this cytokine in CD4" T cells by flow cytometry. A representative experiment of five performed is
shown. C and D, Flow cytometry analysis of CD4"CD25" and CD25*"FoxP3" cells generated after coculture of naive CD4" lymphocytes with BSA or
P-selectin-treated mDCs and LCs (C) or only LCs (D). The percentage of positive cells is indicated, and results correspond to a representative experiment of four
independent performed. E, After coculture with LCs, the TGF-f3 and FoxP3 mRNA expression was analyzed by semiquantitative real-time RT-PCR. Data are from
a representative experiment of three performed. F, Percentage of CD25"Foxp3™* T cells generated in cocultures of naive CD4" lymhocytes with control or
P-selectin-treated LCs. The arithmetic mean and SD of four independent experiments is shown. The significant differences in the percentage of CD25 Foxp3™
T cells generated by BSA- and P-selecetin-treated DCs were obtained by applying the Student’s # test. *=, p < 0.01. G, Level of mRNA Foxp3 in cocultures of
naive CD4™" cells with P-selectin-treated LCs. Results of Foxp3 mRNA in isolated naive CD4 " lymphocytes, and peripheral blood CD4" CD25" Treg cells are
also shown. Data correspond to the arithmetic mean and SD of two independent experiments.

and the incorporation of [*H]TdR was determined in a liquid scintillation recommendations. These samples were then analyzed for the expression of
counter. All these experiments were conducted by triplicate, and results c-Fos, Foxp3, TGF-B, IL-10, IDO, and GAPDH genes by SYBR Green
were expressed as cpm incorporated. For CFSE dilution assays, CD4" real-time PCR (Roche Diagnostics), using a DNA LightCycler rapid ther-
lymphocytes were labeled with CFSE (5 uM) before their coculture with mal cycler system (Roche). The sequences of the specific primer pairs used
DC, and with anti-CD25-PE after 5 days of culture with DCs. In these in each case were as follows: GAPDH (forward) 5'-GAA GGT GAA GGT
assays, results were expressed as CFSE histograms and the percentage of CGG AGT C-3', (reverse) 5'-GAA GAT GGT GAT GGG ATT TC-3';

CD25%-divided cells. c-Fos (forward) 5'-AGG AGA ATC CGA AGG GAA AGG-3', (reverse)
) 5'-TCC GCT TGG AGT GTA TCA GTC A-3'; Foxp3 (forward) 5'-GAG
Suppression assay AAG CTG AGT GCC ATG CA-3’, (reverse) 5'-GGA GCC CTT GTC

. . . . GGA TGA T-3'; TGF-B1 (forward) 5'-GGA CAC CAA CTA TTG CTT
To analyze the suppressive function of the Treg lymphocytes induced in CAG-3', (reverse) 5'-TCC AGG CTC CAA ATG TAG G-3'; IL-10 (for-
vitro by DCs, autologous mixed cell cultures were performed. Briefly, ward) 5"-CCT TCC AGT GTC TCG G-3', (reverse) 5'-AG A’ CGG GGT
CD4" T lymphocytes recovered after 5 days of coculture with DCs (T1 TTC ACC A-3': and IDO (forward) 5’—AdA GTé AAA TCC CTC AGT

lymphocytes), were maintained in cultu.re for two additional dgys in thf CC-3', (reverse) 5'-AAA TCA GTG CCT CCA GTT CC-3'. Results were
presence of IL-2 (5.0 U/ml), and then mixed with autologous naive CD4 . . . -
5 . . . normalized for GAPDH expression, measured in parallel in each

T lymphocytes (1 X 10°) and stimulated with anti-CD3 (5 wg/ml) plus sample
anti-CD28 (1 wg/ml) mAb. After 2 days of cell culture, 5.0 uCi/ml sampie-
3
["H]TdR was addc?d, and cells were harvested 18 h later. Results were Statistical analysis
expressed as cpm incorporated.

. . . . Student’s ¢ test, the nonparametrical Mann-Whitney U test, and ANOVA
Murine CD4™ T cell proliferation assays analysis were used to determine significant differences. A value for p <

Transgenic OT-II CD4™" T cells were cocultured for 72 h in 96-well plates 0.05 was considered as significant.

with either immature or mature pDCs or cDCs at a 10:1 T cell to DC ratio
in the presence of OVA peptide. T cell proliferation was then analyzed by Results

[PHITdR incorporation as stated. Expression and function of PSGL-1 in mDCs and LCs

Real-time PCR assays To explore the possible role of PSGL-1 in the regulation of DC

Cells were lysed and total RNA extracted using the Ultraspec RNA isolation function, we first analyzed its expression during the differentiation

system (Biotecx Laboratories). cDNA was obtained with the ImProm-IT of monocytes to mDCs and LCs. As shown in Fig. 1A, the expres-
Reverse Transcriptase kit (Promega), following the manufacturer’s sion of PSGL-1 was higher in mDCs compared with monocytes,
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indicating PSGL-1 up-regulation during cell differentiation. A fur-
ther enhancement in PSGL-1 expression was found upon DC mat-
uration with bacterial LPS or with TNF-a (Fig. 1A and data not
shown). Accordingly, the expression of the HECA-452 epitope of
PSGL-1 also increased during the differentiation of LCs and its
maturation induced with LPS (Fig. 1A).

We then studied the subcellular localization of PSGL-1 in
immature and mature mDCs and LCs by immunofluorescence
microscopy during their migration on fibronectin-80. PSGL-1
was localized at the rear pole of immature mDCs, mainly at the
membrane microspikes and microvilli (data not shown),
whereas in immature LCs this receptor was clustered in differ-
ent regions of the cell membrane (Fig. 1B). In contrast, in ma-
ture LCs and mDCs, PSGL-1 was localized at both poles of the
cell, although in a higher extent at the rear pole, where it co-
localized with ICAM-3 (Fig. 1C). Because in T lymphocytes
PSGL-1 interacts with ezrin-radixin-moesin proteins (21), we
decided to analyze their subcellular localization in mature
mDCs. As shown in Fig. 1C, PSGL-1 (green fluorescence) and

A

e T
+LPS

LC Treatment

+ + anti-(CD3+CD28)

moesin (red fluorescence) were localized at the same motility-
associated protrusive structures of both mDCs and LCs during
their migration on fibronectin-80.

Flow chamber cell rolling experiments performed on coverslips
coated with selectins showed that, as described (8), mDCs effi-
ciently rolled on selectins P and E, whereas LCs were able to roll
with high efficiency mainly on E-selectin (Fig. 1D). As expected,
most DCs lost their capability to roll on P-selectin when were
pretreated with a blocking anti-PSGL-1 mAb (Fig. 1D).

Effect of PSGL-1 engagement on gene expression by
immature DCs

The possible role of PSGL-1 on the expression of molecules in-
volved in the immunogenic capability of DC was subsequently
explored. We found that the interaction of mDCs or LCs with
P-selectin significantly diminished the up-regulation of HLA-DR
and costimulatory molecules, even when this interaction was per-
formed in the presence of LPS (Fig. 24). In contrast, PSGL-1
engagement did not change the phagocytic activity of these cells
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FIGURE 5. Analysis of DCs and Treg cells in PSGL-1-deficient mice. A, The pDCs and ¢DCs, derived from Flt3L-driven bone marrow cultures
(FL-DCs) from wild-type or PSGL-1-deficient mice before and after CpG-induced maturation, were analyzed for MHC class II, CD40, and CD86
expression by flow cytometry. Data correspond to the arithmetic mean and SD of three independent experiments. Each experiment was conducted with the
bone marrow of four wild-type and four PSGL-1-deficient mice. B, Immunogenic capability of DCs from wild-type and PSGL-1-deficient mice. Immature
or CpG-matured pDCs or cDCs were pulsed with the OVA peptide, cocultured with transgenic OT-II CD4* cells, and 3 days later, the cell proliferation
was assessed by [*H]TdR incorporation. Data are from a representative experiment of four performed. Each experiment was conducted with the bone
marrow of four wild-type and four PSGL-1-deficient mice. C and D, Expression of MHC class II and costimulatory molecules (CD40 and CD86) was
determined by flow cytometry in pDCs and cDCs freshly isolated from the thymus and peripheral lymph nodes from wild-type and PSGL-1-deficient mice.
Data are from a representative experiment of three performed. Each experiment was conducted with four wild-type and four PSGL-1-deficient mice. E, Cell
suspensions obtained from thymus and lymph nodes from PSGL-1-deficient and wild-type mice were stained for CD4, CD25, and Foxp3 and analyzed by
flow cytometry. Data correspond to the arithmetic mean and SD of 16 PSGL-1-deficient and 21 wild-type mice. *, p < 0.05; **, p < 0.01 between
PSGL-1-deficient and wild-type control mice obtained by applying the Student’s 7 test.

(Fig. 2B), suggesting that they remained with an immature func-
tional phenotype.

We have previously found that the engagement of PSGL-1 on
myeloid cell lines induces the activation of Syk and the transcrip-
tion of c-Fos gene (21). In addition, it has been described that the
synthesis of IL-12 and IL-10 by DCs is under the control of ERK
and Syk (26-30). We therefore investigated the effect of PSGL-
1/selectin interaction on the activation of c-Fos gene in mDCs and
LCs. Upon interaction of DCs with selectins, there was an intra-
cellular accumulation of c-Fos mRNA (Fig. 2C), and kinetics anal-

duction of different genes involved in immune tolerance, as
TGF-f, IL-10, and IDO (Fig. 2C). Similar results were obtained
when TGF-B mRNA was analyzed in LCs cultured on P-
selectin, under rolling-like conditions (Fig. 2D). In contrast, no
significant changes in the expression of IL-4 or IL-12p40
genes were detected upon PSGL-1 engagement (data not
shown).

Effect of PSGL-1 engagement on the immunogenic capability
of DCs

ysis showed that cFos mRNA induction was already observed 1 h
after interaction with selectins and persisted for at least 24 h (data
not shown).

To further assess the effect of PSGL-1 engagement in DCs,
we studied, by real-time semiquantitative RT-PCR, the expres-
sion of different genes implicated in the function of these cells.
We found that P-selectin-treated LCs showed a significant in-

We next investigated whether PSGL-1 engagement could regulate
the immunogenic capability of DCs. For this purpose, the potential
to stimulate allogenic CD4™ T cells by P-selectin-treated mDCs
and LCs was determined. As shown in Fig. 3A, engagement of
PSGL-1 by P-selectin significantly diminished the capability of
mDCs and LCs to induce the synthesis of IFN-y by allogenic
CD4™ T cells. In contrast, under such experimental conditions,
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IL-10 production was clearly enhanced (Fig. 3B), whereas the pro-
duction of IL-4 was not significantly affected (data not shown).
Additional experiments showed that PSGL-1 engagement did not
modify the capability of DCs treated with LPS to induce the syn-
thesis of IFN-y by T cells (Fig. 3A).

Interestingly, when coculture experiments were conducted with
naive CD4™ T lymphocytes, the engagement of PSGL-1 on DCs
enhanced the percentage of CD47CD25% T lymphocytes (Fig.
3C). However, a higher increase in CD4*CD25" was induced by
DCs in the presence of LPS, suggesting that most of these cells
corresponded to activated T lymphocytes. To further explore this
point, we detected the presence of CD4 Foxp3™ in these cell co-
cultures. As shown in Fig. 3, D and F, P-selectin-treated DCs
induced higher levels of CD4*Foxp3™ lymphocytes than un-
treated cells, and in this case, the presence of LPS reduced the
generation of CD4*Foxp3™ cells. Accordingly, P-selectin-treated
DCs induced a significant increase in the expression of Foxp3 gene
(Fig. 3, E and G) as well as of TGF-$ (Fig. 3E).

P-selectin-treated DCs promote the generation of T cells with
regulatory activity

We next assessed the capacity of DCs to induce the proliferation of
allogenic T cells. As shown in Fig. 4A (left), P-selectin-treated
DCs exhibited a diminished capability to induce T cell prolifera-
tion compared with untreated cells. However, when DCs were ex-
posed to LPS, PSGL-1 engagement did not affect their ability to
induce T cell proliferation (Fig. 4A, right). Additional experiments
showed that in cocultures of naive CD4™ T cells (labeled with
CFSE) and P-selectin-treated DCs, the percentage of divided cells
expressing CD25 was lower compared with those cultures with
untreated DCs (Fig. 4B). However, this difference was not ob-
served when cell cultures were performed in the presence of LPS
(Fig. 4B). Additional experiments showed that the T lymphocytes
cultured with P-selectin-treated DCs (T1 cells) exhibited a dimin-
ished cell proliferation when restimulated through CD3 and CD28
(Fig. 40).

Because these results strongly suggested that P-selectin-treated
DCs were able to induce the generation of Treg lymphocytes, T1
cells were tested in a conventional suppression assay. As shown in
Fig. 4D, T1 cells were able to suppress the proliferation of autol-
ogous naive CD4™" cells, indicating the presence of T cells with
regulatory activity. However, as in other experiments, the tolero-
genic activity of P-selectin-treated DCs was less evident when
these cells were stimulated with LPS. All these data indicated that,
under steady-state conditions and upon PSGL-1 engagement, im-
mature DCs enhance their tolerogenic properties and are able to
promote the generation of T lymphocytes with regulatory pheno-
type and activity.

Analysis of DCs and Treg cells in PSGL-1""" mice

Our findings on the tolerogenic behavior of human selectin-treated
DCs, prompted us to analyze DCs and Treg cells in PSGL-1-de-
ficient mice. For this purpose, the expression of MHC class II and
costimulatory molecules by in vitro-differentiated and freshly iso-
lated DCs from PSGL-1 knockout mice were determined. As
shown in Fig. 5A, immature DCs obtained from bone marrow cul-
tures of PSGL-1-deficient mice, exhibited higher levels of MHC
class II than cells from wild-type mice. Furthermore, after stimu-
lation with the TLR9 ligand CpG, both mature pDCs and cDCs
from PSGL-1 knockout mice, expressed higher levels of CD40,
CD86, and MHC II molecules than those derived from control
mice (Fig. 5A). We next investigated the capacity of mature pDCs
and cDCs to induce the proliferation of naive transgenic OT-II
CD4™ T cells in vitro. We found that, in the presence of OVA
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peptide, DCs from PSGL-1-deficient mice showed a higher immu-
nogenic activity compared with DCs from wild-type mice (Fig.
5B). Accordingly, thymic or lymph node pDCs and cDCs from
PSGL-1""" mice expressed higher levels of MHC class II mole-
cules than cells from control mice (Fig. 5, C and D).

Finally, we found that the percentage of CD4"CD25 "Foxp3™
cells in the thymus of PSGL-1"'" mice was ~33% lower (p <
0.0001) than in control mice (Fig. 5E). In contrast, under these
steady-state experimental conditions, no significant differences
were observed in the proportion of Treg cells in peripheral and
mesenteric lymph nodes or spleen from PSGL-1-deficient and con-
trol mice (Fig. SE and data not shown).

Discussion

Bone marrow-derived DCs are potent APCs that play a dual role in
the immune response, participating in its induction and in the de-
velopment and maintenance of immune tolerance (9, 31). Al-
though the regulatory role of DCs has been widely recognized, the
mechanisms involved in this activity have not been fully charac-
terized (9, 31, 32). Experimental evidence indicates that DCs exert
their regulatory effect through two main mechanisms, the induc-
tion of anergic T lymphocytes, and the generation of Treg cells. In
addition, it has been found that this tolerogenic effect can be per-
formed by immature and mature DCs (9, 31, 32). In any case, these
regulatory phenomena involve Ag presentation by DCs to naive T
cells and, therefore, the interaction of DCs with these cells.

PSGL-1, by interacting with selectins, has an important role in
adhesion phenomena among leukocytes, endothelial cells, and
platelets (33). In this regard, our data, in agreement with a previous
report, demonstrate the role of PSGL-1 in the tethering and rolling
of DC (8). As other adhesion receptors, PSGL-1, upon interaction
with its counterreceptors, generates different intracellular signals
and induces key phenomena, including integrin activation and pro-
grammed cell death (34, 35). Accordingly, it has been reported that
PSGL-1 interacts with Syk and cortical cytoskeleton through the
actin linking proteins moesin and ezrin (21, 36, 37), and very re-
cently it has been described the role of PSGL-1/Syk signaling in
the selectin-dependent rolling and in the integrin activation in-
duced by E-selectin (38, 39).

In this study, we have found that PSGL-1 exerts, in steady-state
conditions, a novel and very interesting effect on the immune sys-
tem. Our data show that PSGL-1 engagement induces the gener-
ation of tolerogenic DCs that are able to induce the differentiation
of naive CD4" lymphocytes into CD4*Foxp3™ Treg. These
tolerogenic DCs have an immature-like phenotype, showing
phagocytic activity, low expression of MHC class II and costimu-
latory molecules, and enhanced synthesis of IL-10, IDO, and
TGF-B mRNAs. Because PSGL-1 has been widely considered as
an adhesion receptor that generates activating signals in leuko-
cytes, our findings are unexpected. However, there are previous
reports on a regulatory role of PSGL-1 on bone marrow-derived
cells, mainly on the proliferation of CD34" hemopoietic progen-
itor cells and on the cell survival of activated T lymphocytes (34,
40, 41). The possible role of PSGL-1 on DCs in central lymphoid
tissues is of interest and it is very feasible that during their differ-
entiation in the bone marrow, immature DCs are exposed to the
engagement of their PSGL-1 molecules by their ligands, mainly E-
and P-selectins. Our data indicate that the signals generated
through PSGL-1 in these immature cells, in the absence of proin-
flammatory stimuli, may contribute to their tolerogenic behavior.
The phenotypic characteristics of DCs generated from bone mar-
row precursors of PSGL-1-deficient mice further support this pos-
sibility. In addition, it has been reported that thymic endothelial
cells constitutively express P-selectin, and that its interaction with
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PSGL-1 is important for the recruitment of thymic progenitors
(42). Moreover, it has been very recently described that the entry
of peripheral DCs into the thymus, controlled by P-selectin, has a
role in central tolerance by inducing Ag-specific clonal deletion
(12). It is therefore tempting to speculate that the interaction of
DCs with endothelium in the thymus, through PSGL-1/P-selectin
binding, may also contribute to the local development of tolero-
genic DCs and the generation of natural CD4*Foxp3™* Treg cells.
This possibility is supported by our findings showing that in the
thymus of PSGL-1-deficient mice, DCs express higher levels of
MHC class II molecules and, accordingly, the percentage of
CD4"CD25"Foxp3™ T cells is significantly diminished. In this
sense, it has already been suggested in the literature that thymic
DCs might be the APC responsible for the induction of central
tolerance (4, 43, 44).

The ability of selectin-treated DCs to induce Treg cells is also of
interest regarding peripheral tolerance. Although it was originally
proposed that CD4" CD25"¢" Treg cells expressing Foxp3 are
generated in the thymus (“natural regulatory cells”), different ev-
idences indicate that cells with similar phenotypic and functional
features may arise in the periphery from CD4"CD25™ naive T
lymphocytes (45). Our data suggest that, upon PSGL-1 engage-
ment, DCs may contribute to the generation of Treg in the periph-
ery through their interaction with CD4™ naive T cells. Although
this effect was not evident in vivo, in the mesenteric and peripheral
lymph nodes of PSGL-1-deficient mice under steady-state condi-
tions, it is very feasible that it could be observed under infection or
autoimmunity. However, it is evident that the lack of PSGL-1 ex-
erts an important effect on both the phenotype of thymic and lymph
node DCs, and the number of Treg cells in the thymus, suggesting
a functional role of PSGL-1 in DCs on the generation of natural
Treg. In this regard, it has been widely described that after their
migration from bone marrow to blood, immature DCs extravasate
to replenish different tissues and it is feasible that during their
transmigration through endothelium PSGL-1 is engaged, mediat-
ing the tethering and rolling of these cells. Our data suggest that
under such conditions, PSGL-1 would contribute to the immune
homeostasis by maintaining the tolerogenic activity of the imma-
ture DCs. It is also conceivable that the engagement of PSGL-1
during the recirculation and extravasation of mature DCs may con-
tribute to regulate their immunogenic activity, either in steady-
state conditions or under inflammatory conditions, including allo-
graft rejection (46). Importantly, our data provide a possible
mechanism to explain the observations that P-selectin plays in vivo
a protective role in the development of different experimental in-
flammatory conditions such as glomerulonephritis, intestinal in-
flammation, collagen-induced arthritis or chronic ulcerative der-
matitis (47-51).

In summary, our data strongly suggest that, in addition to its key
role in endothelial-leukocyte interactions, PSGL-1 may exert an
interesting effect in the immune system, through the induction of
tolerogenic DCs, which in turn trigger the differentiation of Treg
cells that resemble natural Treg lymphocytes. Because it has been
described that DCs expressing the PSGL-1 glycoform recognized
by the M-DC8 mAD are highly immunogenic, our data also suggest
that different forms of this receptor may exert distinct functional
roles. We consider that our findings will contribute to further un-
derstand the physiological role of PSGL-1 in the immune system,
and the complexity of the different stimuli for the induction of
immune tolerance. In addition, our findings may have practical
relevance because it has been proposed that PSGL-1 is a potential
target for the therapy of autoimmune and inflammatory diseases
(41, 52, 53).

TOLEROGENIC EFFECT OF PSGL-1 ON DCs

Acknowledgments

We thank Mariano Viton and Julia Villarejo for technical assistance. We
also thank the Blood Bank of Hospital Universitario de la Princesa and
Fundacién Jiménez Diaz and the Center of Transfusions in Madrid for the
supply of buffy coats.

Disclosures
The authors have no financial conflict of interest.

References

1. Steinman, R. M. 1991. The dendritic cell system and its role in immunogenicity.
Annu. Rev. Immunol. 9: 271-296.

2. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392: 245-252.

3. Reis e Sousa, C. 2006. Dendritic cells in a mature age. Nat. Rev. Immunol. 6:
476-483.

4. Hart, D. N, G. J. Clark, J. W. Dekker, D. B. Fearnley, M. Kato, B. D. Hock,
A. D. McLellan, T. Neil, R. V. Sorg, U. Sorg, et al. 1997. Dendritic cell surface
molecules. a proliferating field. Adv. Exp. Med. Biol. 417: 439—-442.

5. O’Doherty, U., M. Peng, S. Gezelter, W. J. Swiggard, M. Betjes, N. Bhardwaj,
and R. M. Steinman. 1994. Human blood contains two subsets of dendritic cells,
one immunologically mature and the other immature. /mmunology 82: 487—493.

6. Steinman, R. M., S. Turley, I. Mellman, and K. Inaba. 2000. The induction of
tolerance by dendritic cells that have captured apoptotic cells. J. Exp. Med. 191:
411-416.

7. Jonuleit, H., E. Schmitt, K. Steinbrink, and A. H. Enk. 2001. Dendritic cells as a
tool to induce anergic and regulatory T cells. Trends Immunol. 22: 394—400.

8. Robert, C., R. C. Fuhlbrigge, J. D. Kieffer, S. Ayehunie, R. O. Hynes, G. Cheng,
S. Grabbe, U. H. von Andrian, and T. S. Kupper. 1999. Interaction of dendritic
cells with skin endothelium: A new perspective on immunosurveillance. J. Exp.
Med. 189: 627-636.

9. Sallusto, F., and A. Lanzavecchia. 1999. Mobilizing dendritic cells for tolerance,
priming, and chronic inflammation. J. Exp. Med. 189: 611-614.

10. Laszik, Z., P. J. Jansen, R. D. Cummings, T. F. Tedder, R. P. McEver, and
K. L. Moore. 1996. P-selectin glycoprotein ligand-1 is broadly expressed in cells
of myeloid, lymphoid, and dendritic lineage and in some nonhematopoietic cells.
Blood 88: 3010-3021.

11. Pendl, G. G., C. Robert, M. Steinert, R. Thanos, R. Eytner, E. Borges,
M. K. Wild, J. B. Lowe, R. C. Fuhlbrigge, T. S. Kupper, et al. 2002. Immature
mouse dendritic cells enter inflamed tissue, a process that requires E- and P-
selectin, but not P-selectin glycoprotein ligand 1. Blood 99: 946-956.

12. Bonasio, R., M. L. Scimone, P. Schaerli, N. Grabie, A. H. Lichtman, and
U. H. von Andrian. 2006. Clonal deletion of thymocytes by circulating dendritic
cells homing to the thymus. Nat. Immunol. 7: 1092—1100.

13. Kieffer, J. D., R. C. Fuhlbrigge, D. Armerding, C. Robert, K. Ferenczi,
R. T. Camphausen, and T. S. Kupper. 2001. Neutrophils, monocytes, and den-
dritic cells express the same specialized form of PSGL-1 as do skin-homing
memory T cells: cutaneous lymphocyte antigen. Biochem. Biophys. Res. Com-
mun. 285: 577-587.

14. Schakel, K., R. Kannagi, B. Kniep, Y. Goto, C. Mitsuoka, J. Zwirner, A. Soruri,
M. von Kietzell, and E. Rieber. 2002. 6-Sulfo LacNAc, a novel carbohydrate
modification of PSGL-1, defines an inflammatory type of human dendritic cells.
Immunity 17: 289-301.

15. Borges, E., G. Pendl, R. Eytner, M. Steegmaier, O. Zollner, and D. Vestweber.
1997. The binding of T cell-expressed P-selectin glycoprotein ligand-1 to E- and
P-selectin is differentially regulated. J. Biol. Chem. 272: 28786-28792.

16. Tietz, W., Y. Allemand, E. Borges, D. von Laer, R. Hallmann, D. Vestweber, and
A. Hamann. 1998. CD4™" T cells migrate into inflamed skin only if they express
ligands for E- and P-selectin. J. Immunol. 161: 963-970.

17. Ebner, S., A. Lenz, D. Reider, P. Fritsch, G. Schuler, and N. Romani. 1998.
Expression of maturation-/migration-related molecules on human dendritic cells
from blood and skin. Immunobiology 198: 568-587.

18. Strunk, D., C. Egger, G. Leitner, D. Hanau, and G. Stingl. 1997. A skin homing
molecule defines the langerhans cell progenitor in human peripheral blood.
J. Exp. Med. 185: 1131-1136.

19. Cavanagh, L. L., R. Bonasio, I. B. Mazo, C. Halin, G. Cheng,
A. W. van der Velden, A. Cariappa, C. Chase, P. Russell, M. N. Starnbach, et al.
2005. Activation of bone marrow-resident memory T cells by circulating, anti-
gen-bearing dendritic cells. Nat. Immunol 6: 1029-1037.

20. Hidari, K. I., A. S. Weyrich, G. A. Zimmerman, and R. P. McEver. 1997. En-
gagement of P-selectin glycoprotein ligand-1 enhances tyrosine phosphorylation
and activates mitogen-activated protein kinases in human neutrophils. J. Biol.
Chem. 272: 28750-28756.

21. Urzainqui, A., J. M. Serrador, F. Viedma, M. Yanez-Mo, A. Rodriguez,
A. L. Corbi, J. L. Alonso-Lebrero, A. Luque, M. Deckert, J. Vazquez, and
F. Sénchez-Madrid. 2002. ITAM-based interaction of ERM proteins with Syk
mediates signaling by the leukocyte adhesion receptor PSGL-1. Immunity 17:
401-412.

22. Evangelista, V., S. Manarini, R. Sideri, S. Rotondo, N. Martelli, A. Piccoli,
L. Totani, P. Piccardoni, D. Vestweber, G. de Gaetano, and C. Cerletti. 1999.
Platelet/polymorphonuclear leukocyte interaction: P-selectin triggers protein-
tyrosine phosphorylation-dependent CD11b/CD18 adhesion: role of PSGL-1 as a
signaling molecule. Blood 93: 876—885.



The Journal of Immunology

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yang, J., T. Hirata, K. Croce, G. Merrill-Skoloff, B. Tchernychev, E. Williams,
R. Flaumenhaft, B. C. Furie, and B. Furie. 1999. Targeted gene disruption dem-
onstrates that P-selectin glycoprotein ligand 1 (PSGL-1) is required for P-selec-
tin-mediated but not E-selectin-mediated neutrophil rolling and migration. J. Exp.
Med. 190: 1769-1782.

Martinez del Hoyo, G., M. Lépez-Bravo, P. Metharom, C. Ardavin, and
P. Aucouturier. 2006. Prion protein expression by mouse dendritic cells is re-
stricted to the nonplasmacytoid subsets and correlates with the maturation state.
J. Immunol. 177: 6137-6142.

Olazdbal, I. M., E. Caron, R. C. May, K. Schilling, D. A. Knecht, and
L. M. Machesky. 2002. Rho-kinase and myosin-II control phagocytic cup for-
mation during CR, but not FcyR, phagocytosis. Curr. Biol. 12: 1413-1418.
Agrawal, S., A. Agrawal, B. Doughty, A. Gerwitz, J. Blenis, T. Van Dyke, and
B. Pulendran. 2003. Cutting edge: different Toll-like receptor agonists instruct
dendritic cells to induce distinct Th responses via differential modulation of ex-
tracellular signal-regulated kinase-mitogen-activated protein kinase and c-Fos.
J. Immunol. 171: 4984—-4989.

Caparr6s, E., P. Munoz, E. Sierra-Filardi, D. Serrano-Gémez, A. Puig-Kroger,
J. Rodriguez-Fernandez, M. Mellado, J. Sancho, M. Zubiaur, and A. Corbi. 2006.
DC-SIGN ligation on dendritic cells results in ERK and PI3K activation and
modulates cytokine production. Blood 107: 3950-3958.

Yi, A. K., J. G. Yoon, S. J. Yeo, S. C. Hong, B. K. English, and A. M. Krieg.
2002. Role of mitogen-activated protein kinases in CpG DNA-mediated IL-10
and IL-12 production: central role of extracellular signal-regulated kinase in the
negative feedback loop of the CpG DNA-mediated Thl response. J. Immunol.
168: 4711-4720.

Dillon, S., A. Agrawal, T. Van Dyke, G. Landreth, L. McCauley, A. Koh,
C. Maliszewski, S. Akira, and B. Pulendran. 2004. A Toll-like receptor 2 ligand
stimulates Th2 responses in vivo, via induction of extracellular signal-regulated
kinase mitogen-activated protein kinase and c-Fos in dendritic cells. J. Immunol.
172: 4733-4743.

Dillon, S., S. Agrawal, K. Banerjee, J. Letterio, T. Denning, K. Oswald-Richter,
D. Kasprowicz, K. Kellar, J. Pare, T. van Dyke, et al. 2006. Yeast zymosan, a
stimulus for TLR2 and dectin-1, induces regulatory antigen-presenting cells and
immunological tolerance. J. Clin. Invest. 116: 916-928.

Hermeleijn, H. S., E. C. deJong, E. A. Wierenga, and M. L. Kapsenberg. 2005.
Different faces of regulatory DCs in homeostasis and immunity. Trends Immunol.
26: 123-129.

Steinman, R. M., D. Hawiger, and M. C. Nussenzweig. 2003. Tolerogenic den-
dritic cells. Annu. Rev. Immunol. 21: 685-711.

Sako, D., X. J. Chang, K. M. Barone, G. Vachino, H. M. White, G. Shaw,
G. M. Veldman, K. M. Bean, T. J. Ahern, B. Furie, et al. 1993. Expression
cloning of a functional glycoprotein ligand for P-selectin. Cell 75: 1179-1186.
Chen, S. C., C. C. Huang, C. L. Chien, C. J. Jeng, H. T. Su, E. Chiang, M. R. Liu,
C. H. Wu, C. N. Chang, and R. H. Lin. 2004. Cross-linking of P-selectin glyco-
protein ligand-1 induces death of activated T cells. Blood 104: 3233-3242.
Ma, Y. Q., E. F. Plow, and J. G. Geng. 2004. P-selectin binding to P-selectin
glycoprotein ligand-1 induces an intermediate state of a3, activation and acts
cooperatively with extracellular stimuli to support maximal adhesion of human
neutrophils. Blood 104: 2549-2556.

Serrador, J. M., A. Urzainqui, J. L. Alonso-Lebrero, J. R. Cabrero,
M. C. Montoya, M. Vicente-Manzanares, M. Ydfiez-M6, and F. Sdnchez-Madrid.
2002. A juxta-membrane amino acid sequence of P-selectin glycoprotein ligand-1

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

7465

is involved in moesin binding and ezrin/radixin/moesin-directed targeting at the
trailing edge of migrating lymphocytes. Eur. J. Immunol. 32: 1560-1566.
Snapp, K. R., C. E. Heitzig, and G. S. Kansas. 2002. Attachment of the PSGL-1
cytoplasmic domain to the actin cytoskeleton is essential for leukocyte rolling on
P-selectin. Blood 99: 4494—4502.

. Zarbock, A., A. L. Clifford, and L. Leyl. 2007. Spleen tyrosine kinase Syk is

necessary for E-Selectin-induced oy 3, integrin-mediated rolling on intercellular
adhesion molecule-1. Immunity 26: 1-11.

Abbal, C., M. Lambelet, D. Bertaggia, C. Gerbex, M. Martinez, A. Arcaro,
M. Schapira, and O. Spertini. 2006. Lipid raft adhesion receptors and Syk reg-
ulate selectin-dependent rolling under flow conditions. Blood 108: 3352-3359.
Levesque, J. P., A. C. Zannettino, M. Pudney, S. Niutta, D. N. Haylock,
K. R. Snapp, G. S. Kansas, M. C. Berndt, and P. J. Simmons. 1999. PSGL-1-
mediated adhesion of human hematopoietic progenitors to P-selectin results in
suppression of hematopoiesis. Immunity 11: 369-378.

Huang, C. C., Y. F. Lu, S. N. Wen, W. C. Hsieh, Y. C. Lin, M. R. Liu, E. Chiang,
C. N. Chang, and R. H. Lin. 2005. A novel apoptosis-inducing anti-PSGL-1
antibody for T cell-mediated diseases. Eur. J. Immunol. 35: 2239-2249.

Rossi, F. M., S. Y. Corbel, J. S. Merzaban, D. A. Carlow, K. Gossens, J. Duenas,
L. So, L. Yi, and H. J. Ziltener. 2005. Recruitment of adult thymic progenitors is
regulated by P-selectin and its ligand PSGL-1. Nat. Immunol 6: 626—634.
Hart, D. N. 1997. Dendritic cells: unique leukocyte populations which control the
primary immune response. Blood 90: 3245-3287.

Ardavin, C. 1997. Thymic dendritic cells. Immunol. Today 18: 350-361.
Valzasina, B., S. Piconese, C. Guiducci, and M. P. Colombo. 2006. Tumor-
induced expansion of regulatory T cells by conversion of CD4*CD25~ lympho-
cytes is thymus and proliferation independent. Cancer Res. 66: 4488—-4495.
Ochando, J. C., C. Homma, Y. Yang, A. Hidalgo, A. Garin, F. Tacke, V. Angeli,
Y. Li, P. Boros, Y. Ding, et al. 2006. Alloantigen-presenting plasmacytoid den-
dritic cells mediate tolerance to vascularized grafts. Nat. Immunol. 7: 652—662.
Ruth, J. H., M. A. Amin, J. M. Woods, X. He, S. Samuel, N. Yi, C. S. Haas,
A. E. Koch, and D. C. Bullard. 2005. Accelerated development of arthritis in
mice lacking endothelial selectins. Arthritis Res. Ther. 7: R959—-R970.

Bullard, D. C., J. M. Mobley, J. M. Justen, L. M. Sly, J. G. Chosay, C. J. Dunn,
J. R. Lindsey, A. L. Beaudet, and N. D. Staite. 1999. Acceleration and increased
severity of collagen-induced arthritis in P-selectin mutant mice. J. Immunol. 163:
2844-2849.

Rosenkranz, A. R., D. L. Mendrick, R. S. Cotran, and T. N. Mayadas. 1999.
P-selectin deficiency exacerbates experimental glomerulonephritis: a protective
role for endothelial P-selectin in inflammation. J. Clin. Invest. 103: 649—-659.
Forlow, S. B., E. J. White, K. L. Thomas, G. J. Bagby, P. L. Foley, and K. Ley.
2002. T cell requirement for development of chronic ulcerative dermatitis in E-
and P-selectin-deficient mice. J. Immunol. 169: 4797-4804.

McCafferty, D. M., C. W. Smith, D. N. Granger, and P. Kubes. 1999. Intestinal
inflammation in adhesion molecule-deficient mice: an assessment of P-selectin
alone and in combination with ICAM-1 or E-selectin. J. Leukocyte Biol. 66:
67-74.

Constantin, G. 2004. PSGL-1 as a novel therapeutic target. Drug News Perspect.
17: 579-586.

Inoue, T., Y. Tsuzuki, K. Matsuzaki, H. Matsunaga, J. Miyazaki, R. Hokari,
Y. Okada, A. Kawaguchi, S. Nagao, K. Itoh, et al. 2005. Blockade of PSGL-1
attenuates CD14" monocytic cell recruitment in intestinal mucosa and amelio-
rates ileitis in SAMP1/Yit mice. J. Leukocyte Biol. 77: 287-295.



