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Endothelial selectins guide the migration of inflam-
matory T cells to extralymphoid tissues. Whereas P-
selectin glycoprotein ligand-1 (PSGL-1) functions
as the exclusive ligand for P-selectin, it acts in coor-
dination with additional glycoproteins to mediate E-
selectin binding. CD44 can act as one such ligand in
neutrophils, but its contribution in inflammatory T
lymphocytes remains unexplored. We have used real-
time in vivo imaging of the cremasteric and dermal
microcirculations to explore the dynamics of leuko-
cyte recruitment, as well as the physiological contri-
bution of CD44 in a model of Th1-driven inflamma-
tion. CD4� T-cell rolling frequency and kinetics, as
well as arrest, were dependent on endothelial selec-
tins and were markedly altered under inflammatory
conditions. CD44 extracted from Th1 cells bound to
soluble E-selectin in vitro and cooperated with
PSGL-1 by controlling rolling velocities and promot-
ing firm arrest. Using several competitive recruit-
ment assays in a delayed-type hypersensitivity
model, we show that the combined absence of CD44
and PSGL-1 impairs inflammatory T-cell recruit-
ment beyond that of PSGL-1 alone. Differential ex-
pression of leukocyte fucosyltransferases in these
cells may account for the differential use of E-selec-
tin ligands relative to neutrophils. Our results iden-
tify additional mechanisms by which CD44 modu-
lates the inflammatory response. (Am J Pathol 2011,
178:2437–2446; DOI: 10.1016/j.ajpath.2011.01.039)
The trafficking of T lymphocytes is regulated by their
repertoire of adhesion and chemotactic receptors. Naïve
T cells recirculate through secondary lymphoid organs in
search of their cognate antigen, a process facilitated by
their specific binding to high endothelial venules through
L-selectin, �2 integrins, and the chemokine receptor
CCR7. Once activated, effector and memory T cells
switch their adhesive and signaling repertoire to one that
allows immune surveillance of tissues. In particular, skin
and inflamed areas are dynamically infiltrated by acti-
vated T cells, a process that underlies a number of patho-
genic inflammatory diseases.1 It is generally accepted
that this infiltration is initiated by extravasation from the
blood microvasculature through a multistep cascade
similar to that undergone by neutrophils, including initial
tethering and rolling events followed by firm arrest and
diapedesis.2 Tethering and rolling are initiated by labile
interactions mediated by endothelial P- and E-selectins
(encoded by Selp and Sele genes, respectively) ex-
pressed constitutively in the skin microvasculature3 and
induced in other tissues during inflammation.2 Induction
of ligands for endothelial selectins is therefore critical for
the acquired migrating properties of inflammatory lym-
phocytes.4

Two glycoproteins expressed on Th1 lymphocytes, P-
selecting glycoprotein ligand-1 (PSGL-1; encoded by
Selplg) and the sialomucin CD43, have been shown to
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mediate E-selectin binding in vivo.5–8 Combined defi-
ciency in both PSGL-1 and CD43, however, fails to com-
pletely abolish E-selectin binding and infiltration of inflam-
matory T cells into inflamed tissues,5,7 suggesting that
additional ligands are expressed. CD44, a glycoprotein
expressed on hematopoietic and nonhematopoietic tis-
sues, has been shown to mediate E-selectin binding by
human CD34� progenitor cells9 and human and murine
neutrophils,10 but its contribution in other leukocyte sub-
sets, including lymphocytes, is not known. Intravital im-
aging of inflamed murine microvessels has demonstrated
that CD44 mediates the slow rolling motion and receptor
polarization of neutrophils, both of which are dependent
on E-selectin engagement.10,11 CD44 has been previ-
ously recognized as an important receptor for the recruit-
ment of activated T cells through interactions with a num-
ber of components of the extracellular matrix12–14 and
through rolling on hyaluronic acid (HA),15–17 which is
induced on inflamed microvascular endothelial cells.18

Signaling through ligands for E-selectin, including
PSGL-1 and ESL-1, has been shown to modulate integrin
activity on neutrophils, resulting in reduced rolling veloc-
ities,19 promotion of firm arrest,20 and secondary capture
of blood components.21 Whether CD44 shares these
properties on inflammatory lymphocytes remains un-
known.

Generation of functional selectin ligands in hematopoi-
etic cells requires the induction of a set of glycosyltrans-
ferases that allow the decoration of protein scaffolds with
sialyl Lewis x, an �2,3-sialylated, �1,3-fucosylated tet-
rasaccharide.22 In Th1 lymphocytes, up-regulation of fu-
cosyltransferase 7 (encoded by Fut7) is the rate-limiting
step for the synthesis of selectin ligands.23 A second
leukocyte fucosyltransferase, Fut4, is also required for
complete selectin ligand synthesis, at least in myeloid
cells.23,24

We have used real-time intravital imaging techniques
and competitive inflammatory models to study the contri-
bution of CD44 as a ligand for E-selectin on inflammatory
T lymphocytes. We provide in vivo evidence for cooper-
ation between CD44 and PSGL-1 in selectin-mediated
rolling and firm adhesion of Th1 cells on inflamed
venules, as well as in the migration of endogenously
generated inflammatory T lymphocytes. Our findings
identify additional roles for CD44 in the migration of in-
flammatory lymphocytes and suggest that leukocytes of
the innate and adaptive immune system might use differ-
ent repertoires of E-selectin ligands.

Materials and Methods

Mice

Wild-type C57BL/6 mice were purchased from the US
National Cancer Institute. The Cd44�/�, Selplg�/� (N5),
Selplg/Cd44�/� (N6), Selp�/�, Sele�/�, Selp/Sele�/�,
Fut4�/�, and Fut7�/� mouse lines were all in the C57BL/6
background (backcrossed for at least 10 generations,
except where the N number of generations is indicated),

and have been previously described.10,21,24 Genotypes
of all mice were determined by PCR. All animals were
housed at the Mount Sinai School of Medicine barrier
facility. All experimental procedures involving animals
were approved by the Mount Sinai Animal Care and Use
Committee.

Preparation of Th1 Cells

Naïve CD4� T cells were isolated from lymph nodes and
spleens using the EasySep Enrichment kit (Stem Cell
Technologies, Vancouver, BC, Canada) and cultured on
24-well plates previously coated with 3 �g of antibodies
against mouse CD3 and CD28 (BD Biosciences, Sparks,
MD) in media containing 50 �mol/L 2-mercaptoethanol, 5
ng/mL IL-2, 10 ng/mL IL-12 (Peprotech, Rocky Hill, NJ),
and 10 �g/mL anti–IL-4 antibody (eBioscience, San Di-
ego, CA). After 2 days, cells were transferred to uncoated
wells and cultured for three additional days. Secreted
cytokine production [interferon (IFN)-� and IL-4] was
tested by ELISA to confirm appropriate polarization to-
ward the Th1 subset for cells of each genotype.

Induction of Delayed-Type Hypersensitivity

Mice were sensitized by application of 100 �L of 2%
(w/v) oxazolone (4-ethoxymethylene-2-phenyl-2-oxazo-
lin-5-one; Sigma-Aldrich, St. Louis, MO) in 4:1 acetone/
olive oil (v/v) to shaved abdominal skin on day 0. On day
6, mice were challenged by application of 0.5% oxa-
zolone or vehicle to the ears (10 �L per side). In some
mice, the left ear was treated with vehicle and the right
ear with oxazolone. Mice were analyzed 8 or 24 hours
later.

Intravital Microscopy of the Dermal
Microcirculation

Six to 8 hours after oxazolone challenge, mice were anes-
thetized with 2% �-chloralose and 10% urethane (Sigma-
Aldrich) in PBS (6 mL/kg), and tracheostomized with PE-
160 polyethylene tubing (Becton-Dickinson, Franklin
Lakes, NJ). Mice were then immobilized with tape, and
saline was applied to the dorsal side of the ear, where a
coverslip was positioned to keep it in a flattened and
horizontal position without disturbing the blood flow. The
mouse was covered with a custom-made ventilated plas-
tic box containing a small opening to hold the coverslip in
place while allowing access of the microscope objectives
to the tissue. Immediately before image acquisition, mice
were intravenously injected with 0.5-�g phycoerythrin-
conjugated anti-CD4 (eBioscience), 0.5-�g APC-conju-
gated anti–Gr-1 (BD Biosciences), and 0.1-mg FITC-Dex-
tran (70 kDa; Sigma). Images were acquired with an
Olympus BX61WI work station mounted on a motorized
X,Y stage (Applied Scientific Instrumentation, Eugene,
OR), and fitted with an upright UMPlanFI 20� NA 0.50 �
water-immersion objective (Olympus, Melville, NY). Im-
ages were collected with a SensiCam camera (Cooke,
Auburn Hills, MI) mounted on a Video Scope image in-

tensifer (VideoScope International, Sterling, VA). Slide-
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Book software (Intelligent Imaging Innovations, Denver,
CO) was used for data analysis.

Analysis of Intravital Microsopy Experiments

Hemodynamic parameters were calculated from digital
recordings as described.11 To obtain centerline veloci-
ties (Vrbc), we divided the distance traveled by the fastest
free-flowing cells per frame by 0.117 seconds (8.5 fps �
117 ms/frame). Each rolling leukocyte passing through
the field of view (length �100 �m) was counted during 3
minutes, and CD4� or Gr-1� leukocyte rolling flux was
calculated by dividing CD4�/Gr-1� cell rolling flux per
minute by the total CD4�/Gr-1� cell flux per minute,
which was estimated as (CD4�/Gr-1�) � Vmean/�/(VD/
2)2, where CD4�/Gr-1� is the number of cells of each
subset per milliliter of blood, Vmean is estimated as
Vrbc � 0.625, and VD is the venular diameter. Adherent
fractions were calculated by counting the number of ar-
rested cells (defined as those remaining static for �30
seconds) and presented as the percentage of the total
CD4� or Gr-1� cell flux in each venule using the formula
shown above. Arrest efficiency is defined as the fraction
of rolling cells that arrest on the endothelium, as was
calculated by dividing the adherent fraction by the rolling
flux fraction for each venule.

Intravital Microscopy of the Cremaster Muscle

In vitro maturation of the cremasteric circulation was per-
formed and analyzed as previously described.25

Adhesion Assays

Th1 cells were labeled with CFSE (Molecular Probes,
Eugene, OR) and incubated with 1 �g of rat IgG control
or anti-CD44 (clone IM7) antibodies for 15 minutes at
4°C. After washing, bound primary antibodies were
cross-linked by addition of a goat anti-rat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 15
minutes at 37°C, and cells were plated onto intercellular
adhesion molecule 1 (ICAM-1)-Fc (5 �g/mL; R&D Sys-
tems, Minneapolis, MN) coated wells. After incubation for
20 minutes at 37°C, unbound cells were washed away
with warm buffer, and bound cells were quantified using
an ELISA reader.

Competitive Homing and Migration Experiments

For the competitive migration of endogenous inflamma-
tory T cells, we generated chimeric mice by bone marrow
transplantation into Ly5.2 wild-type recipients. At least 8
weeks after transplant, mice were treated to induce de-
layed-type hypersensitivity (DTH), and the differential re-
cruitment of experimental (Ly5.1) and wild-type compet-
itor cells (Ly5.2) in the inflamed ears was assessed by
flow cytometry and normalized relative to that present in
the blood. Tissue leukocytes were obtained after sequen-
tial digestion with trypsin and collagenase IV (1.6 mg/mL;
Worthington Biochemical Corporation, Lakewood, NJ)

and were filtered through nylon mesh.
In a separate set of experiments, Th1 cells were gen-
erated in vitro from Selplg�/� and double-knockout (DKO)
mice and fluorescently labeled alternately with PKH2 and
PKH26 (Sigma). The differentially labeled Th1 cells were
injected intravenously in equal numbers into mice chal-
lenged 24 hours earlier by application of oxazolone and
treated with hyaluronidase (60 U per mouse). The fraction
of differentially labeled Th1 cells within the inflamed ears
was estimated 3 hours later by flow cytometry, and cor-
rected using the ratio of the input population. Interchange
of PKH2 and PKH26 labeling between Selplg�/� or DKO
Th1 cells yielded similar outcomes.

Flow Cytometry and E-Selectin Binding Assay

Cells were labeled with biotin- or phycoerythrin-labeled
anti-CD44 (clone IM7; BD Biosciences), anti-PSGL-1
(clone 4RA10), or control antibodies (all at 10 �g/mL).
Biotinylated antibodies were stained by incubation with
Cy5-conjugated streptavidin (Jackson ImmunoResearch).
Fluid-phase binding of the E-selectin/IgM chimera to
blood leukocytes or CD44 immunopurified on rat IgG-
coated beads (M450 Dynabeads; Dynal/Invitrogen) was
performed as described previously, with the addition of 5
mmol/L EDTA in the control samples.10 Using our immu-
noprecipitation conditions, CD44 appears as the only
protein from Th1 lysates that binds to the beads, thus
excluding that potential contaminants contribute to selec-
tin binding (see Supplemental Figure S1 at http://ajp.
amjpathol.org). On cellular samples, dead cells were ex-
cluded by DAPI or propidium iodide staining. Samples
were acquired using a FACSCalibur flow cytometer (Bec-
ton Dickinson) and analyzed with the FlowJo software
(Tree Star, Ashland, OR).

Quantitative Real-Time PCR

Total RNA from Th1 cells or bone marrow neutrophils
was extracted and reverse transcribed as previously
described.11 The following primers were used for
quantitative real-time PCR analysis of the indicated
genes: Gapdh, 5=-TTGGCATTGTGGAAGGGCTCAT-3= (for-
ward) and 5=-GATGACCTTGCCCACAGCCTT-3= (reverse);
Fut4, 5=-GATATTGGCCAGGCGTCTTAGT-3= (forward) and
5=-CATCCCAACTGGAAAGCAAAA-3= (reverse); Fut7,
5=-GTGCCTCAGTCCACACTCACCATC-3= (forward) and
5=-GGTTAGCACTCAGACGGCAG-3= (reverse). All experi-
ments were performed in triplicate and normalized to Gapdh.

Statistics

Data are presented as mean � SEM. Data were analyzed
by unpaired or paired t-tests performed with the Graph-
Pad Prism (GraphPad Software, La Jolla, CA) or Excel
programs (Microsoft Corporation, Redmond, WA). P �

0.05 was deemed significant.
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Results

In Vivo Imaging of Inflammatory T-Lymphocyte
Recruitment in Dermal Tissue

We used multichannel fluorescence intravital microscopy
to visualize and characterize the dynamic recruitment of
inflammatory leukocytes in the mouse dermal microcircu-
lation in vivo (see Supplemental Figure S2 and Supple-
mental Video S1 at http://ajp.amjpathol.org). We selected
the dermal tissue of the ears because well-established
protocols exist to induce T-cell–mediated inflammation in
this area,5,6,26,27 and because they are easily accessible
for imaging without surgical manipulation and afford a
good resolution of superficial vessels by epifluorescence
microscopy.3 As previously reported,3 we have noted a
lower blood flow in dermal venules relative to other or-
gans (wall shear rate values of approximately 100 sec-
onds�1 in dermis versus 1000 seconds�1 in the cremas-
teric microcirculation; see Supplemental Tables S1 and
S2 at http://ajp.amjpathol.org). Endothelial P- and E-se-
lectins have been shown to be constitutively expressed in
dermal venules and to mediate rolling and recruitment of
circulating leukocytes in the absence of inflammation.3,28

The vast majority of these leukocytes are neutrophils
that, together with a subset of monocytes, patrol der-
mal vessels to allow for rapid responses to injury or
infection.29,30 To discriminate accurately between leuko-
cyte subsets, we injected intravenously very low amounts
of fluorescently conjugated leukocyte-specific antibodies
at the time of imaging, a procedure that does not alter the
dynamic behavior of intravascular leukocytes.31 T lym-
phocytes were thus distinguished by CD4 labeling, and
neutrophils by Gr-1 labeling (Figure 1A; see also Supple-
mental Figure S2 at http://ajp.amjpathol.org). Under non-
inflammatory conditions, about one-third of passing neu-
trophils were found rolling on dermal microvessels (see

Figure 1. In vivo imaging of inflammatory T-cell recruitment into the inflam
oxazolone and challenged with vehicle (DTH: �) or 0.5% oxazolone (DTH
microscopy (see Supplemental Figure S1 and Supplemental Video S1 at http
or Gr-1. A: Images were acquired in two fluorescence channels to image th
FITC-dextran was also injected to delimit the vascular contour (green). Repr
� 10 �m. Arrows indicate the direction of flow. B: Rolling of CD4� T cells in
in mice deficient for endothelial selectins (Selp/Sele�/�) or fucosyltransferase
� 0.0001 compared to all other groups. DTH, delayed-type hypersensitivity
Supplemental Figure S2 at http://ajp.amjpathol.org). In
contrast, �1% of circulating CD4� cells interacted (rolled
or arrested) with these vessels (Figure 1B). We next as-
sessed leukocyte rolling under inflammatory conditions
by inducing a local DTH response and examining the
microcirculation 6 to 8 hours after challenge with oxa-
zolone. Under these conditions, a large fraction of Gr-1�

neutrophils continued to roll, and this was mediated by
endothelial selectins, since it was abrogated in mice dou-
bly deficient for both P- and E-selectin (Selp/Sele�/�

mice), or lacking fucosyltransferase VII (Fut7�/� mice),
an enzyme required for the synthesis of functional selec-
tin ligands3,22 (see Supplemental Figure S2 at http://aj-
p.amjpathol.org). There was also a robust (8.5-fold) in-
crease in the number of rolling CD4� lymphocytes, and
this too was abolished in the absence of both endothelial
selectins or Fut7 (Figure 1B). This observation agrees
with the reported dependence of inflammation in the DTH
model both on endothelial selectins and on CD4� lym-
phocytes.26,32 Detailed analysis revealed a marked re-
duction in the rolling velocities of CD4� cells under in-
flammatory conditions, and this reduction was entirely
mediated by E-selectin, but not P-selectin (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). This is rem-
iniscent of the behavior of neutrophils3,33 and indicates
that, despite the marked hemodynamic differences be-
tween the dermal microcirculation and that of other
tissues, endothelial selectins and their ligands control
the rolling kinetics of inflammatory T cells in ways sim-
ilar to those described for other leukocyte subsets in
other tissues.10

CD44 Is a Physiological E-Selectin Ligand in
Inflammatory CD4� Cells

PSGL-1 and CD43 have been shown to function as E-
selectin ligands on inflammatory Th1 lymphocytes; how-

al microvasculature. The dermal microvasculature of mice, sensitized with
s imaged 6 to 8 hours after challenge by high-speed fluorescence intravital
jpathol.org), after i.v. injection of fluorescent-conjugated antibodies to CD4

ior of CD4� T cells (Cy3 channel, white) or neutrophils (Cy5 channel, red).
e images are shown from wild-type (WT) and Selp/Sele�/� mice. Scale bars
al microvasculature is induced during inflammatory conditions and is absent
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not abolish E-selectin–mediated interactions and recruit-
ment to inflamed tissues, suggesting that additional li-
gands are expressed.5–7,34 We thus sought to use our in
vivo imaging approach to identify other glycoproteins
present on CD4� T cells that might be responsible for
E-selectin–mediated rolling. The hematopoietic isoform of
CD44 binds E-selectin in human and murine neutrophils
and CD34� progenitor cells,9,10 and is expressed at high
levels in a subset of T lymphocytes that binds E-selectin
in vivo7 (seeSupplementalFigureS3athttp://ajp.amjpathol.
org). We thus hypothesized that CD44 might function as a
physiological ligand for E-selectin and contribute to
T-cell recruitment to inflamed tissues. We proceeded
to analyze the behavior of endogenously generated
CD4� inflammatory T cells in the inflamed dermal micro-
vasculature of mice deficient in CD44 (Cd44�/�), PSGL-1
(Selplg�/�), or both glycoproteins (Cd44/Selplg�/� dou-
ble knockouts; referred to as DKO mice). The rolling flux
fractions of CD4� cells were mildly increased in the ab-
sence of CD44, and reduced in the absence of PSGL-1,
but these differences did not reach significance com-
pared to wild-type animals (Figure 2A). In DKO mice, the
rolling flux fraction was reduced beyond that of Selplg�/�

mice, by about 65% compared to wild-type cells (Figure
2A). The fraction of CD4� cells firmly adhered to the
endothelium was comparable in all groups except in
DKO mice, where we could not find a single adherent cell
in 20 different venules analyzed (Figure 2B). Determina-
tion of the arrest efficiencies (the fraction of rolling cells
that undergo firm arrest) revealed striking reductions in
both groups where CD44 was absent (Figure 2C). Further
analysis showed that rolling velocities were markedly in-
creased in Cd44�/� mice and reduced in the absence of

Figure 2. Modulation of selectin-dependent T-cell rolling by CD44 and PSG
6 to 8 hours after challenge with oxazolone. A: Rolling fractions in mice d
wild-type (WT) controls. n � 15 to 25 venules analyzed from six to eight mi
antibody (clone 9A9; �E-sel) or 60 units of hyaluronidase (H’ase) before im
between WT and DKO, **P � 0.01 between Cd44�/� and DKO as well as be
groups as in A. *P � 0.05 between WT and Cd44�/� compared with DKO.
between Cd44�/� and Selplg�/�, and between Selplg�/� and DKO. D: Ro
analyzed per group. All bars are mean � SEM; ND, not determined; numbe
Cd44�/� as well as between WT and Selplg�/�. **P � .01 between Cd44�
PSGL-1 (Figure 2D), a behavior reminiscent of that of
neutrophils.8,10 CD4� cells from DKO mice displayed a
marked increase in rolling velocity compared with those
deficient in PSGL-1 alone (Figure 2D), indicating a con-
tribution by CD44 to the control of rolling velocity. In
addition, comparison of the rolling fractions between
DKO and Selplg�/� mice where E-selectin function was
inhibited using blocking antibodies, demonstrated that
E-selectin ligands different from PSGL-1 and CD44 exist
on CD4� cells (Figure 2A). In contrast, firm arrest was not
different between these groups, suggesting an important
and specific contribution of CD44 to T-lymphocyte arrest
(Figure 2B). Because CD44 contributes to rolling of acti-
vated T lymphocytes through binding to hyaluronic acid
(HA),15–17 it remained possible that engagement of HA,
rather than E-selectin, was responsible for the alterations
found in mice lacking CD44. To investigate this, we an-
alyzed the behavior of CD4� cells in Selplg�/� mice that
had been pretreated with doses of hyaluronidase known
to eliminate vascular HA.10,17,35 This treatment did not
alter rolling frequency and velocity, and only partially
reduced the adherent fraction of Selplg�/� T cells (Figure
2, A–D), suggesting an HA-independent component in
the control of T-cell rolling and arrest by CD44 in vivo.

Although these experiments allowed the analysis of
T-cell behavior in a physiological environment, the low
frequency of circulating CD4� lymphocytes (�3% to 8%
in blood, depending on the genotype; see Supplemental
Table S1 at http://ajp.amjpathol.org) passing through the
dermal microvessels yielded variable values that pre-
cluded definitive statistical conclusions. To circumvent
this problem, we used a second approach in which in-
flammatory Th1 lymphocytes, generated in vitro from the
various experimental groups, were fluorescently labeled

lysis of the in vivo behavior of CD4� T cells in the dermal microvasculature
for CD44 (Cd44�/�), PSGL-1 (Selplg�/�), or both (DKO), compared with
roup. Some Selplg�/� mice were pretreated with 1 mg/kg of anti–E-selectin
� 14 to 25 venules analyzed from four to five mice per group. *P � 0.05

elplg�/� � �E-sel and all other groups. B: Adherent fractions from the same
t efficiencies in the indicated groups. *P � 0.05 between Cd44�/� and WT,
locities of CD4� T cells in the indicated groups. n � 15 to 51 rolling cells
te values when these are too low for the scale. *P � 0.05 between WT and
elplg�/�.
L-1. Ana
eficient
ce per g
aging. n
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intravital imaging. In these experiments, inflammation
was induced in the microvasculature of the cremaster mus-
cle by local treatment with TNF�, and the frequency of
rolling and firm arrest of passing Th1 cells was assessed by
fluorescence videomicroscopy (Figure 3A; see also Supple-
mental Table S2 at http://ajp.amjpathol.org). Although rolling
frequencies did not differ between Cd44�/� and wild-type
Th1 cells, in those deficient in PSGL-1, it was reduced by
63% compared with the wild-type group, and by �90% in
the absence of both PSGL-1 and CD44 (Figure 3B). In
contrast, the frequency of adherent cells was reduced to a
similar extent in Cd44�/� and Selplg�/� Th1 cells (by
�50%), and was reduced by more than 90% in DKO Th1
lymphocytes compared to wild-type cells (Figure 3C), re-
sulting in reduced arrest efficiency in both groups deficient
in CD44 (Figure 3D). These differences did not arise from an
altered polarization of naïve lymphocytes into Th1 cells in
the different groups, since the polarization into IFN�-pro-
ducing cells was equally efficient for all genotypes (see
Supplemental Figure S4 at http://ajp.amjpathol.org). In
agreement with the findings made with endogenous CD4�

lymphocytes, treatment of mice with hyaluronidase did not
alter the rolling frequency of Selplg�/� Th1 cells, and only
partially affected their firm arrest (Figure 4, A and B). Fur-
thermore, the reductions observed in the DKO group were
similar to those found with Selplg�/� cells in the presence of
a blocking antibody to E-selectin (Figure 4, A and B), sug-
gesting that PSGL-1 and CD44 account for most of the
E-selectin binding activity of in vitro–generated Th1 cells
under flow. These experiments confirm the trend found for
endogenously generated CD4� T cells in the inflamed der-
mal microcirculation (Figure 2), and strongly support a role
for CD44 as a physiological E-selectin ligand that cooper-
ates with PSGL-1 in mediating inflammatory T-cell recruit-
ment to inflamed sites.

These in vivo experiments also suggested that CD44 en-
gagement induces signaling events in T lymphocytes that
result in enhanced adhesion to the inflamed vasculature, a
process mediated by integrins 36. Indeed, we found that
antibody-induced crosslinking of CD44 resulted in a 2.3-
fold increase in the binding of Th1 cells to recombinant
ICAM-1, confirming that CD44-derived signaling modulates

Figure 3. Intravital imaging of in vitro–generated Th1 cells in the cremaster
(WT), Cd44�/�, Selplg�/�, and DKO mice were injected into wild-type anima
injection of TNF�. A: Representative brightfield and fluorescent images of ro
Scale bars � 100 �m. Arrows indicate the direction of flow. B: Rolling flux f
from five to seven mice per group. *P � 0.05 when Selplg�/� is compared to
DKO. C: Adherent fractions of the same groups shown in B. *P � 0.05 when D
T-cell adhesive properties (Figure 4C). This modulation is
comparable to that induced after crosslinking of PSGL-137

or by chemokines,38 suggesting a cooperation of selectins
and chemokines for Th1 cell arrest.

CD44 on Th1 Lymphocytes Binds to E-Selectin
in Vitro

Since the in vivo data obtained so far strongly supported
a contribution of CD44 as a ligand for E-selectin on in-
flammatory T cells, we next directly examined whether
CD44 derived from Th1 lymphocytes could bind E-selec-
tin. CD44, which is expressed at high levels on the sur-
face of Th1 lymphocytes generated in vitro (Figure 5A),
was immunopurified and immobilized onto beads (see
Supplemental Figure S1 at http://ajp.amjpathol.org), and
its binding to a soluble E-selectin chimera was assessed
by flow cytometry. We found that Th1-derived CD44

circulation. CFSE-labeled Th1 lymphocytes generated in vitro from wild-type
ich inflammation of the cremasteric microvessels was induced by intrascrotal
t) and free-flowing (right) Cd44�/� or DKO Th1 cells (white), respectively.
of wild-type, Cd44�/�, Selplg�/�, and DKO Th1 cells. n � 14 to 27 venules
*P � 0.001 when the WT and Cd44�/� groups are compared to Selplg�/� and
ompared to all other groups. D: Arrest efficiencies of the same groups as in B.

Figure 4. CD44-mediated interactions in vivo are E-selectin dependent and
promote Th1 cell adhesion in vitro. The interactions of Th1 cells from
Selplg�/� and DKO mice with the cremasteric microvasculature was ana-
lyzed as indicated in Figure 3. A: Rolling flux fractions of Selplg�/� and DKO
Th1 cells in untreated mice and of Selplg�/� Th1 cells in mice treated with a
blocking antibody against E-selectin (9A9) or 60 U hyaluronidase (H’ase).
n � 13 to 27 venules from three to seven mice per group. *P � 0.05, **P � 0.01.
B: Adherent fractions of the same groups. *P � 0.05 between Selplg�/� and
DKO, †P � 0.09 between Selplg�/� and Selplg�/� � �E-sel. C: Adhesion of
wild-type Th1 cells to recombinant ICAM-1 after cross-linking with control
IgG or anti-CD44 antibodies. One of two similar experiments is shown, each
ic micro
ls in wh

lling (lef
ractions
with samples from three different mice. ***P � 0.01 between all groups. All
bars represent mean � SEM.
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bound to soluble E-selectin (Figure 5B), and this binding
was specific since it was abrogated in the presence of
EDTA or when CD44 was purified from a stromal cell line
(MS-5) that does not bind E-selectin despite high levels of
surface CD44 (Figure 5B). The binding of soluble E-
selectin to intact Th1 cells was not affected by the ab-
sence of CD44, with binding comparable between the
wild-type and Cd44�/� groups, and similarly reduced in
the Selplg�/� and DKO groups (Figure 5C). This is in
agreement with the well-described and predominant role
of PSGL-1 in mediating leukocyte tethering (8,10 and Fig-
ures 2A and 3B), and supports the notion that CD44
contributes to different stages of the recruitment cas-
cade, such as the control of rolling velocities and transi-
tion to firm arrest described above (Figures 2 and 3).

Glycoproteins that function as selectin ligands are ex-
pressed in a nonfunctional form in most lymphocytes and
several nonhematopoietic cells, and require de novo ex-
pression of several glycosyltransferases, including the
two leukocyte-specific fucosyltransferases (Fut4 and
Fut7), to generate functional selectin ligands.2 Because
deletion of Fut7 had a profound effect on T-cell rolling
(Figure 1B) and Fut4 is reported to be specialized in the
modification of only a subset of selectin ligands,39,40 we
performed expression analysis of their genes in Th1 cells,
and compared them to those of neutrophils, a leukocyte
subset in which CD44 deficiency yields only a subtle
phenotype in cell arrest.11 Quantitative PCR analysis
showed that Fut4 mRNA levels were indeed very low in
Th1 cells, whereas Fut7 levels were comparable to those
found in neutrophils (Figure 5D; see also Supplemental
Figure S5 at http://ajp.amjpathol.org). This correlated with
the unaltered binding of soluble E-selectin to Fut4�/� Th1
cells and the complete absence of binding to Fut7�/�

Th1 cells (Figure 5E). This suggests that Fut7 is the major,

if not the only, functional fucosyltransferase in Th1 lym-
phocytes and drives the maturation of the E-selectin–
binding form of CD44.

CD44 Cooperates with PSGL-1 to Mediate the
Recruitment of Inflammatory T Cells in Vivo

To determine the contribution of CD44 during the physi-
ological recruitment of inflammatory T lymphocytes, we
used a competitive DTH approach in which Ly5.2 wild-
type cells were used as reference to assess the relative
migratory capacity of Ly5.1 gene-deficient cells into the
inflamed tissues of Ly5.2 wild-type recipient mice
(Figure 6A; see also Supplemental Figures S6 and S7 at
http://ajp.amjpathol.org). This approach presents several
advantages over noncompetitive models: first, it mea-
sures the recruitment of endogenously generated inflam-
matory T cells in a selectin-dependent model of DTH;
second, since CD44 and PSGL-1 can both be expressed
in the vasculature, the use of wild-type recipient mice
prevents confounding influences of the endothelial phe-
notype; and third, the presence of an internal control
(Ly5.2 wild-type cells) in the blood and inflamed areas of
the same animal yields a more accurate estimate of their
relative trafficking abilities. Using this approach, we
found that the absence of PSGL-1 from activated T cells
reduced their migration to the inflamed tissue, whereas
the absence of CD44 alone had no effect (Figure 6A).
Combined deficiency in both PSGL-1 and CD44 signifi-
cantly reduced T-cell recruitment compared with wild-
type and Cd44�/� cells, and to a greater extent than the
absence of PSGL-1 alone, although this difference was
not statistically significant (43% reduction in Selplg�/�

cells versus 59% in DKO cells; Figure 6A). To compare
the migratory capacity of Selplg�/� and DKO cells more

Figure 5. Contribution of PSGL-1 and CD44
to E-selectin binding by Th1 cells. A: Expres-
sion of PSGL-1 and CD44 in wild-type in vit-
ro–generated Th1 cells. Open histograms rep-
resent staining with isotype controls.
B: Binding of soluble E-selectin to CD44 im-
munopurified from wild-type Th1 or MS-5 cell
lysates and immobilized onto beads. Empty
histograms represent E-selectin binding in the
presence of EDTA. Histograms are represen-
tative of at least three experiments. C: Binding
of soluble E-selectin to Th1 cells generated
from wild-type (WT), Cd44�/�, Selplg�/�,
and DKO Th1 cells. Empty histograms repre-
sent E-selectin binding in the presence of
EDTA. Histograms are representative of five
experiments. D: Relative expression levels of
Fut4 and Fut7 mRNA in Th1 cells relative to
those in neutrophils (PMN). Bars represent
means � SEM from 3 experiments. ***P �
0.001. E: Binding of soluble E-selectin to Th1
cells prepared from wild-type, Fut4�/�, or
Fut7�/� mice. Histograms are representative
of three experiments.
directly, we performed two additional sets of experiments
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in which the migration of Selplg�/� and DKO cells was
assessed in the same animals (Figure 6, B and C). Bone
marrow cells from Selplg�/� and DKO mice (both Ly5.1)
were cotransplanted into wild-type (Ly5.2) recipients,
and 2 months later, mice were analyzed for T-cell recruit-
ment into ears inflamed using the DTH model (see Sup-
plemental Figure S7 at http://ajp.amjpathol.org). Com-
pared with Selplg�/�, the number of DKO T cells in the
inflamed tissue was significantly reduced (Figure 6B). In the
second approach, we differentiated in vitro naïve T cells
from Selplg�/� and DKO mice into Th1 cells. Cells were then
labeled with different fluorescent probes and transferred
into wild-type recipients undergoing DTH, which had been
treated with hyaluronidase to exclude a contribution of HA
to T-cell migration. Three hours after transfer, the relative
frequency of the injected cells in the inflamed ears was
analyzed by flow cytometry. Again, there was a reduction in
the relative migration of DKO cells (Figure 6C). Together,
these experiments demonstrate a physiological role for
CD44 in selectin-dependent recruitment of inflammatory T
lymphocytes to inflamed areas.

Discussion

In the present study, we have investigated the contribu-
tion of CD44 as a physiological ligand for E-selectin in
inflammatory T lymphocytes. Multiple studies over the

Figure 6. Inflammatory T-cell recruitment in a model of delayed-type hy-
persensitivity. A: Chimeric mice were generated by bone marrow transplan-
tation (BMT), and the efficiency of migration to the inflamed ears of gene-
targeted inflammatory TCR�� lymphocytes relative to wild-type competitor
cells was analyzed 24 hours after oxazolone challenge. Bar graphs show the
relative frequencies (inflamed tissue/blood ratios) of experimental (Ly5.1)
compared to wild-type (Ly5.2) competitor T lymphocytes in the inflamed
tissue (see Supplemental Figure S7 at http://ajp.amjpathol.org). n � 5 to 12
mice per group. B: Chimeric mice generated by BMT of Selplg�/�, and DKO
bone marrow cells were analyzed as described in A. Bars show the relative
fraction of Selplg�/� and DKO TCR�� cells in the inflamed ear (inflamed
tissue/blood ratios; see Supplemental Figure S7 at http://ajp.amjpathol.org).
n � 5 mice per group. C: Th1 cells generated in vitro from Selplg�/� and
DKO mice were differentially labeled with fluorescent dyes and equal num-
bers transferred into hyaluronidase-treated recipient wild-type mice 24 hours
after challenge with oxazolone. Three hours after transfer, the number of
infiltrated Th1 cells was assessed by flow cytometry. Bars represent the fraction
of Selplg�/� and DKO cells present in the inflamed ears corrected by the ratio of
those initially injected. n � 9 mice per group. **P � 0.01. All bars represent mean
� SEM.
last few years have attempted to identify the glycoconju-
gates that act as functional ligands for this selectin.
These studies were hampered by the poor immunoge-
nicity of these structures and their apparent redun-
dancy.41 Only recently has the repertoire of glycoproteins
carrying E-selectin ligand activity on murine neutrophils
been identified, and shown to consist of three different
transmembrane glycoproteins: PSGL-1, ESL-1, and
CD44.11 We report here that at least two of these, PSGL-1
and CD44, also cooperate to mediate E-selectin binding
and adhesion by inflammatory T lymphocytes. Our results
suggest a more prominent role for CD44 on T cells com-
pared with neutrophils, which may arise from the differ-
ential expression of Fut genes.

The present work complements previous studies re-
garding the role of CD44 as a receptor for HA on inflam-
matory T lymphocytes15–17 by showing that E-selectin is
also a major functional counterreceptor for this glycopro-
tein on the inflamed vasculature. The fact that Th1 cells
are able to simultaneously bind E-selectin and HA sug-
gests that common posttranslational modifications of
CD44, including N-glycosylation, fucosylation, and sulfa-
tion42,43 are required or at least compatible with these
functions. This behavior is analogous to that of neutro-
phils, which also bind both E-selectin and HA through
CD44.10,44 Our findings, however, indicate that CD44
engagement of E-selectin has a significant contribution to
rolling, arrest, and migration of inflammatory T cells be-
cause enzymatic removal of HA in the absence of
PSGL-1 did not significantly alter the arrest efficiencies,
rolling velocities, or recruitment to inflamed areas in vivo.

Several recent studies have identified the sialomucin
CD43 as a Th1-expressed E-selectin ligand that cooper-
ates with PSGL-1 during Th1 recruitment to inflamed
skin.5,7 Similar to our findings in Cd44�/� mice, single
deficiency in CD43 is not sufficient to alter the rolling and
in vivo migratory properties of T lymphocytes, revealing a
redundant repertoire of E-selectin ligands. Interestingly,
in one of these studies, a second glycoprotein with a
molecular weight (100 kDa) compatible with that of he-
matopoietic CD44 was also shown to mediate rolling on
E-selectin.5 The low binding activity described for this
protein would agree with our observation that CD44
deficiency does not alter the binding of soluble E-
selectin to intact Th1 cells. We used a different and
previously validated approach10 to demonstrate the
capacity of CD44 immunopurified from Th1 cells to
bind to soluble E-selectin. Our results show that E-
selectin binding to CD44 is specific since no binding
was found when using a stromal cell line that ex-
presses high levels of CD44.

These data, along with previously published studies,
point toward a leukocyte subset-specific repertoire of
ligands for E-selectin: whereas PSGL-1 and CD44 ap-
pear to contribute to binding activity in both myeloid and
T lymphocytes (6,10,11 and the present study), the activity
of CD43 appears to be restricted to T lymphocytes5,7,45

and that of ESL-1 likely to neutrophils.7,11 Moreover, our
studies suggest that each of these ligands makes a spe-
cialized contribution to the different steps of leukocyte
recruitment: both PSGL-1 and CD43 localize to the mi-

crovillus projections46,47 and are therefore more suitable
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to mediate tethering and initial rolling interactions.5,7 In
contrast, CD44 is localized on the planar cell body48 and
might be specialized in later stages by controlling roll-
ing velocities and promoting firm arrest.11 The recent
observation that CD44 engagement on neutrophils
modulates integrin activation through Src-family ki-
nases and p38 further confirms our findings.49 The
partial or null inflammatory phenotype of mice deficient
in PSGL-1, CD43, or CD44 underscores the redun-
dancy of selectin ligands and the highly specialized
contribution of each of them during T-cell–mediated
inflammation. The exact contribution of these ligands to
E-selectin–mediated rolling and, more importantly,
whether they account for all physiological ligand activity
on inflammatory T cells remain open questions that will
require the generation of mice deficient in all possible
combinations of these glycoproteins 50. It should also be
noted that surface glycolipids might also contain a sig-
nificant fraction of the E-selectin binding activity present
on human leukocytes.39,51,52

Induction of the Fut7 gene, a process coordinated by the
transcription factor T-bet in Th1 cells,53 has been recog-
nized as a rate-limiting step for the generation of functional
selectin ligands on inflammatory leukocytes. Fut7 is similarly
important for the synthesis of E-selectin ligands on myeloid
cells, but in these cells Fut4 also makes a significant con-
tribution.3,24 Although the exact physiological targets of
each of these enzymes are not well characterized, in vitro
studies have demonstrated the preferential fucosylation of
PSGL-1 by Fut7 and of ESL-1 and glycolipids by Fut4.
Recent studies have further demonstrated that expression
of Fut7 is sufficient to confer E-selectin binding capacity to
CD44.39,40,54 In line with these findings, our expression
analyses indicate that, compared with neutrophils, Th1 cells
express very low levels of Fut4, whereas Fut7 expression is
similar. This, together with the observation that cell arrest is
differentially controlled by CD44 in Th1 cells and by ESL-1
in neutrophils (11 and this study), suggests a different rep-
ertoire of E-selectin ligands between these leukocyte sub-
sets. Analysis of the function of ESL-1 on inflammatory lym-
phocytes will be required to further support this contention.

In summary, our study expands knowledge about the
receptors involved in inflammatory processes by identi-
fying the specialized roles of CD44 as an E-selectin li-
gand on inflammatory T cells. Our results suggest the
intriguing possibility that different combinations of E-se-
lectin ligands function on myeloid and inflammatory T
cells, and that this could originate from the differential
expression of fucosyltransferase genes. Further work to
identify these ligands and the enzymatic activities in-
volved in their generation may allow the design of drugs
to differentially interfere with the accumulation of certain
damaging inflammatory leukocytes, while still allowing
the clearance of undesired pathogens.
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