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The acquisition of homing receptors that redirect

lymphocyte trafficking to nonlymphoid tissues after

antigen encounter is a fundamental aspect of effector

T-cell development. Although a role for selectins and

their ligands has been well characterized for traffick-

ing of Th1 cells to nonlymphoid sites, mechanisms

responsible for Th2 trafficking are not well under-

stood. Using a flow chamber system in which the

endothelial interactions of two distinct T-cell popula-

tions could be examined simultaneously, we directly

compared the requirements for Th1 and Th2 cell teth-

ering and rolling. We found that although Th2 cells

expressed significantly lower levels of selectin li-

gands than Th1 cells, activation of the endothelium

by Th2-derived factors induced rolling interactions

that were comparable for both Th1 and Th2 popula-

tions. Further, in the absence of PSGL-1, no other

adhesion molecule could effectively compensate for

lack of PSGL-1 to mediate rolling of either Th1 or Th2

cells. Thus, both Th1 and Th2 populations express

functional PSGL-1-based selectin ligands for tethering

and rolling on activated endothelium, and both effec-

tor populations can use PSGL-1 as the dominant scaf-

fold for functional selectin ligand expression. (Am J

Pathol 2005, 167:1661–1675)

The recognition of antigen by naı̈ve T-cell precursors

circulating through secondary lymphoid tissues initiates

the development of effector T cells, which have en-

hanced functional properties adapted for eradication of

pathogens. An important feature of effector T-cell devel-

opment is the altered expression of surface molecules

that redirects T cell trafficking to nonlymphoid tissues

where pathogens may reside. Naı̈ve T cells express L-

selectin (CD62L) and CC chemokine receptor 7 (CCR7),

which direct their homing to specialized high endothelial

venules in secondary lymphoid tissues.1–6 Some devel-

oping effector T cells shed CD62L and express E- and

P-selectin ligands, as well as distinct chemokine recep-

tors and integrins, which direct their recruitment to non-

lymphoid vascular beds.7–9 The major subsets of CD4�

effector T cells, Th1 and Th2 cells, differ in their profile of

adhesion molecule and chemokine receptor expression

as a possible mechanism for differential recruitment.10–16

The process of leukocyte recruitment is a multistep

cascade that involves adhesion molecules and chemo-

tactic factors and results in the emigration of a leukocyte

from the vasculature into an adjacent tissue bed.7 For

granulocytes and monocytes, this process is typically

initiated through adhesive interactions between one of

three selectin molecules (L-, E-, or P-selectin; CD62L, P,

or E), and their respective ligands, or in some instances,

via �4-integrin, which allows the leukocyte to tether to and

roll on activated vascular endothelium.17–24 Through the

process of rolling, the leukocyte surveys the endothelium

for specific chemokines for which it expresses counter-

receptors. On appropriate chemokine recognition, the

leukocyte is signaled to activate integrins to mediate firm

adhesion and ultimately transmigration across the endo-

thelium.25–29 Lymphocytes use similar strategies for

endothelial transmigration, whether at high endothelial
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venules of secondary lymphoid tissues or at acti-

vated endothelium in nonlymphoid tissues, although de-

tails of effector T cell trafficking are incompletely

characterized.30,31

Naı̈ve and effector T cells express differences in func-

tional P-selectin glycoprotein ligand-1 (PSGL-1; CD162),

a homodimeric sialoglycoprotein that is the major ligand

for tethering and rolling on P-selectin, and an important

ligand for E-selectin.10,11,32,33 In contrast to myeloid lin-

eage cells (eg, neutrophils and monocytes), which con-

stitutively express glycosyltransferases necessary for

biosynthesis of selectin ligands, T cells express these

enzymes only after effector T cell development. Thus,

although PSGL-1 is highly expressed by both naı̈ve and

effector T cells, it is appropriately modified for selectin

binding in effector T cells only.34–36 Importantly, Th1 and

Th2 populations express different levels of �1,3-fucosyl

transferase VII (FucT-VII), a key enzyme required for both

P- and E-selectin ligand generation.37,38 Th1 cells ex-

press high levels of FucT-VII and therefore generate li-

gands for both P- and E-selectin molecules.10,34–36 In

contrast, Th2 cells express low levels of FucT-VII, result-

ing in a reduction in fucosylated PSGL-1 and, conse-

quently, P- and E-selectin ligand synthesis. Decreased

expression of P- and E-selectin ligands on Th2 cells is

thought to contribute, at least in part, to the deficiency of

Th2 cells to traffic to nonlymphoid tissue sites where Th1

cells are readily recruited.10,11,39

Nevertheless, recent studies have demonstrated that

both Th1 and Th2 populations can be recruited to the

same tissue sites. In our own studies, it was shown that

Th1 and Th2 cells localized to the intestinal mucosa in an

antigen-specific model of colitis wherein adoptive trans-

fers of both Th1- and Th2-polarized populations induced

disease in recipient hosts.40 Similarly, in mouse models

of asthma, Th1 and Th2 cells are recruited to airways of

the lung after co-transfer and antigenic challenge.41,42

Based on the prevailing belief that Th2 cells are deficient

in their interactions with P- and E-selectin molecules, and

the absence of L-selectin expression by Th2 cells, it has

been postulated that Th2 cells use selectin-independent

mechanisms for rolling and recruitment to nonlymphoid

tissues.41,43 Indeed, specific integrin molecules such as

the �4-integrins, which have been shown to mediate roll-

ing in vitro, are expressed by Th2 cells and could mediate

Th2 recruitment, although this has not been directly

shown.24,43

With a view toward identifying selectin-independent

mechanisms for Th2 cell recruitment to nonlymphoid vas-

cular beds, we have directly compared endothelial inter-

actions of Th1 and Th2 cells in an in vitro flow chamber

system and, in a parallel study, via intravital imaging of

the intestinal lamina propria after adoptive transfers of

Th1 and Th2 populations (see companion paper by

Bonder et al44 in this issue). Effector CD4� T cells were

derived from wild-type and PSGL-1-deficient TCR trans-

genic mice to define the requirements of PSGL-1-depen-

dent and -independent interactions. We find that al-

though Th2 cells express lower levels of selectin ligands

than Th1 cells, they nevertheless require PSGL-1 for teth-

ering and rolling on inflamed endothelium. Further, under

conditions of endothelial activation by Th2-derived fac-

tors, Th1 and Th2 populations demonstrate comparable

rolling interactions. Thus, Th1 and Th2 cells require

PSGL-1-based ligands for efficient tethering and rolling

on activated endothelium and, in their absence, no other

adhesion molecule can compensate.

Materials and Methods

Mice

DO11.10 TCR transgenic mice on a BALB/c background

were bred in our specific pathogen-free facility and were

screened at age 3 to 4 weeks for transgene expression

by two-color flow cytometric analysis after staining of

peripheral blood with anti-CD4 and the anti-clonotype

mAb, KJ1-26. BALB/c mice were purchased from the

Jackson Laboratory (Bar Harbor, ME) or bred in our

facility. PSGL-1�/� mice on a C57BL/6 background (the

kind gift of Dr. Barbara Furie, Harvard Medical School,

Boston, MA) were backcrossed onto the BALB/c back-

ground then intercrossed with BALB/c DO11.10 TCR trans-

genic mice to generate PSGL-1-deficient DO11.10 mice

(DO11.PSGL-1�/�). All mice were housed and treated ac-

cording to National Institutes of Health guidelines under the

auspices of the University of Alabama at Birmingham Insti-

tutional Animal Care and Use Committee.

Antibodies and Reagents

Purified blocking and biotin-conjugated anti-P-selectin

(RB40.34) and anti-E-selectin (10E9.6), PerCP-labeled

anti-CD4 (L3T4), phycoerythrin (PE)-labeled, anti-PSGL-1

(2PH1), anti-LFA-1 (2D7), anti-L-selectin (MEL-14), anti-

VLA-4 (R1-2), and anti-ICAM-1 (3E2), and fluorescein

isothiocyanate-labeled anti-interferon (IFN)-� (XMG1.2)

and anti-CD44 (Pgp-1) monoclonal antibodies (mAbs),

allophycocyanin-conjugated streptavidin, and biotin-con-

jugated anti-Mac-1 (M1/70), anti-VCAM-1 (MVCAM.A),

and anti-MAdCAM-1 (MECA-89) mAbs were purchased

from PharMingen (San Diego, CA). Anti-CD3 (145-2C11),

neutralizing anti-interleukin (IL)-12 (C17.8), and neutral-

izing and allophycocyanin-labeled anti-IL-4 (11B11)

mAbs were purified from ascites by Dr. Roger Lallone

(Brookwood Biotech, Birmingham, AL). P- and E-selectin

human IgM fusion protein was kindly provided by Dr.

John Lowe (University of Michigan, Ann Arbor, MI). PE-

labeled anti-human IgM and recombinant mouse GM-

CSF was purchased from Sigma (St. Louis, MO). Recom-

binant mouse IL-12, IL-4, IL-2, IL-5, IL-13, and tumor

necrosis factor (TNF)-� were purchased from R&D Sys-

tems Inc. (Minneapolis, MN). Calcein, AM, and Cell Trace

calcein red-orange, AM were obtained from Molecular

Probes (Eugene, OR). The Cytofix/Cytoperm Plus kit with

Golgi Stop (monensin) was purchased from PharMingen.

Endothelial Cell Lines

Primary murine aortic endothelial cell (MAEC) lines were

generated as previously described,45 and were pas-
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saged into flasks or plates coated with 1% gelatin

(Sigma). The MAEC line was maintained in MCDB 131

media supplemented with 10% fetal calf serum, 10

mmol/L glutamine, 100 �g/ml endothelial cell growth sup-

plement (Biomedical Technologies, Stoughton, MA),

0.225% sodium bicarbonate, 1 �g/ml hydrocortisone

(Sigma), 10 U/ml heparin sodium, 100 �g/ml penicillin,

and 100 �g/ml streptomycin. The bEnd.3 cell line46 was

purchased from American Type Culture Collection (Man-

assas, VA) and cultured in Dulbecco’s modified Eagle’s

medium supplemented with 10% fetal calf serum, 2

mmol/L glutamine, 100 �g/ml penicillin, and 100 �g/ml

streptomycin.

Generation of Th1 and Th2 Cells

Th1 and Th2 populations were polarized in vitro from

antigen-naı̈ve CD4� T cells isolated from DO11.10 or

DO11.10.PSGL-1�/� mice. CD4� T cells were purified

from pooled spleen and lymph nodes by magnetic sort-

ing using mouse anti-CD4 beads (Dynal-ASA, Oslo, Nor-

way), with routine purities greater than 95% CD4�. Cells

were plated at a ratio of 1:6 with irradiated (3000 rads)

BALB/c splenocytes and 5 �g/ml OVA peptide 323-339

(OVAp). The addition of 50 U/ml rmIL-12 and 10 �g/ml

anti-IL-4 (11B11) was used to generate Th1 populations,

whereas Th2 cells were produced by adding 2000 U/ml

rmIL-4, and 10 �g/ml of both anti-IL-12 (C17.8) and anti-

IFN-� (XMG1.2). Three days after initiation, Th1 and Th2

cultures were split 1:2 and 1:4, respectively, and supple-

mented with 50 U/ml rmIL-2. Th1 cells were harvested for

experiments after 7 days. To ensure adequate polariza-

tion of Th2 populations, cells cultured for 7 days in Th2-

polarizing conditions were polarized a second time, as

before, with fresh irradiated BALB/c splenocytes, 5 �g/ml

OVAp, 2000 U/ml rmIL-4, and 10 �g/ml of both anti-IL-12

and anti-IFN-�. Conditioned medium was prepared from

Th2 cells that were stimulated with plate-bound anti-CD3

for 72 hours. T cells were pelleted and the cleared su-

pernatant was used as an endothelial cell stimulant (Th2

supernatant, or Th2 sup).

Flow Cytometric Analysis

Th1 and Th2 cells were stimulated for 6 hours with 50

ng/ml of PMA and 750 ng/ml of ionomycin or not at all.

After 2 hours monensin was added to block cytokine

secretion. Th1 and Th2 cells were stained with P- and

E-selectin human IgM (hIgM) chimeras and PerCP-la-

beled anti-CD4 mAb. Staining was performed in Dulbec-

co’s modified Eagle’s medium supplemented with 0.1%

bovine serum albumin, 0.1% sodium azide, with or with-

out 5 mmol/L ethylenediamine tetraacetic acid (EDTA).

Detection of the human IgM chimeras was achieved

through secondary antibody staining with PE-conjugated

anti-human IgM (Sigma). T cells were fixed and perme-

abilized with Cytofix Cytoperm and stained intracellularly

with allophycocyanin-conjugated anti-IL-4 (11B11) and

fluorescein isothiocyanate-conjugated IFN-�. A separate

aliquot of Th1 and Th2 cells was surface stained in phos-

phate-buffered saline supplemented with 1% bovine

serum albumin and 0.2% sodium azide for 30 minutes

on ice with PE-labeled anti-LFA-1, anti-L-selectin, anti-

VLA-4, anti-PSGL-1, fluorescein isothiocyanate-conju-

gated anti-CD44 or biotin-conjugated anti-Mac-1. PE-

conjugated streptavidin (PharMingen) was used to detect

biotin-conjugated antibodies.

MAECs or bEnd.3 endothelial cells were activated with

indicated stimuli (eg, TNF-�) or not at all before staining

for flow cytometry. Endothelial cells were trypsinized for

�5 minutes in 0.25% trypsin, 0.1% EDTA. Recovered

endothelial cells were stained with biotin-conjugated anti-

P-selectin, anti-E-selectin, anti-VCAM-1, anti-MAdCAM-1

and PE-labeled anti-ICAM-1. Allophycocyanin-labeled

streptavidin was used to detect biotin-conjugated anti-

bodies. All flow cytometric acquisition was performed on

a FACSCalibur system and data analysis was conducted

using CellQuest computer software (BD Biosciences,

San Jose, CA).

In Vitro Flow Experiments and Analysis

Polarized Th1 and Th2 cells were harvested, and labeled

with 2 �mol/L calcein, AM or Cell Trace calcein red-

orange, AM, in serum-free Hanks’ balanced salt solution

for 30 minutes at 37°C. This dye loading procedure was

optimized to label cells with sufficient signal without in-

terfering with the quality of rolling interactions (data not

shown). T cells were washed and resuspended at 1 �

106 cells/ml in serum and phenol red-free Dulbecco’s

modified Eagle’s medium supplemented with 25 mmol/L

HEPES. The two labeled cell populations were combined

at a 1:1 ratio. For flow experiments, a GlycoTech (Rock-

ville, MD) flow chamber and gasket were inserted into a

culture dish coated with MAECs or bEnd.3 cells to form a

laminar flow chamber that could be viewed on a micro-

scope. T cells were injected into the flow chamber at a

shear stress of 0.5 to 1.5 dynes/cm2 using a programma-

ble syringe pump (KD Scientific, New Hope, PA). A

heated stage (designed and constructed by D.F.K.) was

used to maintain the chamber temperature at 37°C. Flow

chambers were viewed and images recorded with an

Axiovert 100 microscope (Zeiss, Thornwood, NY)

equipped with a color camera (JAI Corporation, Yoko-

hama, Japan). Both bright-field and fluorescent images

were collected.

A total of 3 minutes of video footage from four different

fields of view was recorded. Images were digitized at

high resolution (uncompressed, full screen, 720 � 486

pixel images captured at 30 images per second) using

the Leitch Reality Digital Disk Recorder System (Leitch

Technology Corp., Florence, KY). Color images were

separated into RGB components using Metamorph soft-

ware (Universal Imaging, Downingtown, PA) to produce a

separate video for red- and green-labeled cells. Cell

position measurements in each frame were determined

using Videolab software (Ed Marcus Labs, Newton, MA).

Instantaneous velocities for each cell were determined

using RS-1 programs designed by D.F.K. Cells that had

instantaneous velocities of �50 �m/second were auto-
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matically selected and the motion of each cell was vali-

dated manually. To identify rolling cells, the critical ve-

locity (Vcrit) was calculated as previously described.47 To

calculate average rolling velocity, the total distance that a

cell rolled was measured and divided by the total time

during which the cell demonstrated rolling. Because the

rolling behavior of cells was often discontinuous (repre-

sentative high temporal resolution velocity plots gener-

ated from the motion of individual Th1 and Th2 cells are

included in supplemental data (supplemental Figure S1

at http://www.amjpathol.org), a total rolling time, defined

as the cumulative time during which cells had an instan-

taneous velocity of �50 �m/second, was automatically

calculated for each rolling cell by the RS-1 program. Cells

that did not roll more than one cell diameter in �5 sec-

onds were considered firmly adherent and excluded from

rolling time data. Less than 20% of cells that interacted on

stimulated endothelium were firmly adherent.

Statistical Analyses

All statistical calculations were performed using Prism

software (GraphPad, San Diego, CA). The number of

interacting cells per 10 minutes and SD for at least four

randomly selected fields of view were calculated for each

experimental condition. From the same four fields of view

in each experiment the average rolling velocity and SD of

rolling cells was calculated. Statistical significance be-

tween experimental conditions was determined using an

unpaired Student’s t-test. For rolling time comparisons,

the median rolling time for all interacting cells in at least

four randomly selected fields of view that were not firmly

adherent was calculated, and statistical significance de-

termined using a Mann-Whitney test. P values �0.05

were considered significant.

Results

Characterization of Wild-Type and PSGL-1�/�

Th1 and Th2 Populations

Effector T cells were generated from antigen-naı̈ve CD4�

T cells derived from wild-type or PSGL-1�/� DO11.10

transgenic mice by stimulation with OVAp in the pres-

ence of IL-12 and anti-IL-4 antibody (Th1), or IL-4, anti-

IL-12, and anti-IFN-� antibodies (Th2).40 After 7 days in

culture, Th1 cells were collected for experiments. To

ensure a well-polarized population, Th2 cells were gen-

erated by two rounds of identical stimulation, and col-

lected for experiments on day 14. Th1 and Th2 popula-

tions derived from naı̈ve DO11.10 or DO11 PSGL-1�/�

precursors demonstrated comparable cytokine pheno-

types (Figure 1A). The frequencies of IFN-�-expressing

CD4� T cells in wild-type and PSGL-1-deficient Th1 cul-

tures were typically between 70 to 90% of total, with no

detectable IL-4-expressing cells. The frequencies of IL-

4-expressing cells in wild-type and PSGL-1�/� Th2-po-

larized populations were typically between 40% and 60%

of total (Figure 1A); modest numbers of IFN-�-expressing

cells (less than 2%) were present in both wild-type and

PSGL-1-deficient Th2 populations.

The surface expression profiles of wild-type and PSGL-

1-deficient Th1 and Th2 populations were analyzed by

flow cytometry to compare adhesion molecule expres-

sion between genotypes and T-effector lineages (Figure

1B). Wild-type and PSGL-1-deficient T cells polarized to a

Th1 phenotype expressed comparable levels of LFA-1,

L-selectin, VLA-4, �7, Mac-1, and CD44. Similarly, Th2

populations derived from either wild-type or PSGL-1-de-

ficient DO11.10 cells had virtually identical expression

patterns of the adhesion molecules tested. Notably, Th1

cells of either genotype included a sizeable fraction that

retained or re-expressed L-selectin after polarization, and

Figure 1. Characterization of Th1 and Th2 cells from wild-type and PSGL-1-deficient DO11.10 TCR transgenic mice. Naı̈ve CD4� T cells from wild-type or
PSGL-1-deficient DO11.10 mice were cultured with irradiated BALB/c splenocytes and OVAp for 7 days (Th1) or 14 days (Th2) under Th1 (rmIL-12 and anti-IL-4)
or Th2 (rmIL-4, anti-IL-12, and anti-IFN-�) polarizing conditions. A: For detection of intracellular cytokine expression 1 � 106 cells per condition were restimulated
with PMA and ionomycin for 6 hours. Monensin was added for the final 4 hours to block cytokine secretion. T cells were fixed, permeabilized, and stained
intracellularly for IFN-� and IL-4. The frequency of IFN-�� and IL-4� cells was assessed by flow cytometry on the lymphoid gate. Quadrant percentiles of
lymphocyte-gated cells are indicated. B: For detection of surface phenotype, polarized Th1 and Th2 cells derived from wild-type (solid line) and PSGL-1-deficient
(dotted line) DO11.10 mice were stained with monoclonal antibodies for the indicated adhesion molecules and analyzed by flow cytometry. Plots represent
populations in the lymphocyte gate (30,000 events).
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expressed slightly higher levels of Mac-1 than Th2 cells.

Wild-type and PSGL-1-deficient Th2 cells expressed

higher levels of both VLA-4 (�4�1 integrin) and �7 integrin

compared to Th1 populations. Thus, although there were

clear differences in the surface expression profiles be-

tween Th1 and Th2 populations, deficiency of PSGL-1

had no detectable effect on the cytokine or surface phe-

notype of either Th1 or Th2 populations.

Th1 and Th2 Cells Use PSGL-1 for Rolling on

TNF-�-Stimulated Endothelium

To assess the importance of differentially expressed mol-

ecules for Th1 and Th2 rolling, the interactions of polar-

ized T-cell populations with primary murine endothelial

cells (MAECs) were observed under laminar flow. To

permit direct comparisons, Th1 and Th2 cells were la-

beled with distinct fluorescent dyes, mixed at a 1:1 ratio

and flowed together over nonstimulated MAECs or

MAECs stimulated for 6 hours with TNF-� (Figure 2A, and

supplemental videos SV-1 and SV-2 at http://www.amj-

pathol.org). Video footage was analyzed and the data

outputted as position and instantaneous velocity plots

(supplemental Figure S1 at http://www.amjpathol.org),

from which the number of rolling cells and average rolling

velocity were determined. Owing to the high temporal

resolution of the analytical system used for these studies,

we observed that a significant number of Th1 and Th2

cells rolled only transiently before being released, or

were captured and rolled repetitively. Because of the

intermittent nature of this type of rolling behavior, we

found it less accurate to calculate rolling velocities as

compared to a total rolling time that reflected the cumu-

lative time that cells rolled on the endothelium, exclusive

of periods when they were released before recapture

(see Materials and Methods). This level of analysis pro-

vided an additional parameter by which the rolling inter-

actions of polarized T cells could be compared.

On average, less than three Th1 cells and less than

one Th2 cell per field of view rolled on nonstimulated

Figure 2. TNF-�-stimulated MAECs support rolling of Th1 and Th2 cells via a PSGL-1-dependent mechanism. A: Th1- and Th2-polarized cells derived from
DO11.10 mice were labeled with 2 �mol/L Cell Trace calcein red-orange, AM (Th1), or calcein, AM (Th2), and resuspended at a concentration of 1 � 106 cells/ml.
T cells were combined at a 1:1 ratio and flowed over MAECs with a shear stress of 0.5 dynes/cm2. MAECs were stimulated for 6 hours with nothing (left) or 10
ng/ml of TNF-� (right). VideoLab software was used to digitize and track 3-minute sequences of videotape and an RS-1 program was used to determine the rolling
time of each cell (see Materials and Methods). The top panels indicate the mean number of rolling cells from 10 minutes of footage taken from four randomly
selected fields of view in one of four representative experiments. Error bars indicate SEM. The bottom panel shows pooled rolling times of interacting cells from
four fields of view for each condition. #Indicates statistical significance between T-cell subtypes. *Indicates statistical significance between methods of endothelial
cell stimulation. P � 0.05. B: Th1- and Th2-polarized cells were derived from DO11.PSGL-1�/� mice as in A, and rolled on TNF-�-stimulated MAECs as above.
Data in the top panel are expressed as the percentage of rolling wild-type (DO11.PSGL-1�/�) control cells. Error bars indicate SEM. †Indicates statistical
significance between wild-type and PSGL-1-deficient cells (P � 0.05).
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MAECs. The median rolling times of Th1 or Th2 cells on

nonstimulated MAECs were transient and did not exceed

0.2 seconds. As expected, TNF-� stimulation of the en-

dothelium significantly increased the number of interact-

ing Th1 cells (on average, 47 cells per field of view), but

it also induced significant Th2 interactions (on average,

18 cells per field of view). The median rolling time was

increased to 4.2 seconds for Th1 and 1.5 seconds for Th2

cells. In supplemental Figure S2 (at http://www.amj-

pathol.org) and data not shown, naı̈ve CD4� T cells dem-

onstrated no significant interactions with either nonstimu-

lated or TNF-�-stimulated endothelium compared with

polarized Th1 or Th2 cells. Thus, there were significant

interactions of both Th1 and Th2 effector populations with

TNF-�-induced endothelium, although the number of roll-

ing cells and their median rolling time were significantly

less for Th2 than Th1 cells.

To determine whether Th2 cells use selectin-inde-

pendent interactions for rolling, and to define the con-

tribution of PSGL-1 in Th1 interactions, the behavior of

Th1 and Th2 cells derived from DO11.PSGL-1 mice

was compared to wild-type DO11.10-derived popula-

tions on TNF-�-stimulated endothelium. To allow direct

comparisons between PSGL-1�/� and wild-type cells,

differentially labeled populations of the same effector

phenotype were compared simultaneously. Surpris-

ingly, both Th1 and Th2 cells demonstrated a striking

dependence on PSGL-1 expression for interactions

with TNF-�-stimulated MAECs (Figure 2B, and supple-

mental video SV-2 at http://www.amjpathol.org). PSGL-

1-deficient Th1 and Th2 populations showed �80%

reduction in the number of rolling cells compared to

wild type, and the duration of total rolling times was

similarly reduced. Notably, although both wild-type

and PSGL-1-deficient Th2 cells expressed comparable

levels of �7 integrin (Figure 1B), there was a strict

dependence on PSGL-1 expression for endothelial in-

teractions. Also, although wild-type and PSGL-1-defi-

cient Th1 cells expressed significant levels of L-selec-

tin, this did not appear to play a significant role in their

interactions, from which it can be inferred that expres-

sion of L-selectin ligands by MAECs was absent or

noncontributory.

Stimulation of Primary Endothelium by Th2-

Derived Factors Induces PSGL-1-Dependent

Rolling of Th1 and Th2 Cells

Although the marked diminution of both Th1 and Th2

rolling seen in the absence of PSGL-1 established an

important role for selectin-/PSGL-1-dependent recruit-

ment of both effector populations, the diminished inter-

action of Th2 cells relative to Th1 cells raised the possi-

bility that TNF-� stimulation of the endothelium was not

optimal for Th2 recruitment. Further, because TNF-� is

produced at higher levels by activated Th1 cells, and its

local production by infiltrating Th1 cells might augment

Th1 recruitment, we speculated that Th2 cells might also

produce factors that could mediate their own recruitment.

We therefore examined the effects of Th2-derived factors

on activation of MAECs for Th2 recruitment.

Supernatant from cultures of Th2 cells activated for 72

hours by plate-bound anti-CD3 antibody (Th2 sup) was

used to stimulate MAECs, and effector T cell interactions

were compared between TNF-�- and Th2-sup-induced

endothelium. Wild-type and PSGL-1-deficient Th1 and

Th2 populations were again compared to explore a pos-

sible role for selectin-independent recruitment. As shown

in Figure 3A (and supplemental video SV-3 at http://

www.amjpathol.org), the number of rolling wild-type Th2

cells was increased approximately twofold on MAECs

stimulated with Th2 supernatant as compared with TNF-�

stimulation. Notably, the number of wild-type Th1 cells

that rolled were comparable to that induced by TNF-�.

Moreover, the number of rolling Th2 cells increased to a

level that was not statistically different from that of Th1

cells. In supplemental Figure S3A (at http://www.amj-

pathol.org) and data not shown, neither the number of

rolling Th2 cells nor the rolling times was affected

whether the cells were kept in polarizing conditions for 7

or 14 days. Interestingly, the median rolling time of both

Th1 and Th2 populations on Th2 sup-activated endothe-

lium was significantly prolonged compared to TNF-�-

stimulated MAECs. The median rolling time for Th1 cells

was increased from 4.2 seconds to 7.1 seconds and for

Th2 cells from 1.5 seconds to 2.9 seconds. Despite the

enhanced number of rolling cells and rolling times of Th2

cells on Th2-sup-induced MAECs, the median rolling time

for Th2 cells remained less than that of Th1 cells on both

TNF-�- and Th2-supernatant-stimulated MAECs. The av-

erage rolling velocity of Th2 cells was reduced more than

1.5-fold from 70.9 �m/second to 46.1 �m/second on Th2

sup-stimulated MAECs compared to TNF-�-stimulated

endothelial cells. The reduction of Th2 rolling resulted in

velocities that approached those of Th1 cells (30.0 �m/

second) rolling under the same conditions. Importantly,

the enhanced Th1 and Th2 interactions induced on en-

dothelium stimulated with Th2-derived factors remained

PSGL-1-dependent (Figure 3B). Thus, the enhanced re-

cruitment of Th2 interactions elicited by endothelial stim-

ulation by Th2-derived factors was inhibited to 3% of the

wild-type control in the absence of PSGL-1. Th1 cells

showed a comparable rolling deficit in the absence of

PSGL-1 (10% of wild-type control). This suggested

that enhanced Th2 recruitment stimulated by Th2-de-

rived factors must act through a selectin-dependent

mechanism.

Both Th1 and Th2 Populations Express Selectin

Ligands

Because the PSGL-1 dependence of Th2 interactions

implicated functional selectin ligand expression by Th2

cells, we directly examined Th1 and Th2 populations for

the expression of P- and E-selectin ligands by flow cy-

tometry (Figure 4). Simultaneous analysis for binding of

P- and E-selectin-hIgM fusion proteins and intracellular
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cytokines permitted correlation of selectin ligand expres-

sion with effector cytokine production at the single-cell

level. Nearly all wild-type Th1 and Th2 cells expressed

PSGL-1 (Figure 4A). Of the IFN-�-positive Th1 cells,

85.3% bound P-selectin and 68.2% bound E-selectin-

hIgM compared to the EDTA-treated control. The fraction

of IFN-�-negative Th1 cells that expressed P-selectin

ligand was slightly less (66.8%), but even fewer of the

IFN-�-negative Th1 cells expressed E-selectin ligand

(33.3%). Strikingly, more than 56% of IL-4-producing Th2

cells bound P-selectin, whereas E-selectin binding by

Th2 cells was �21%. Interestingly, although successive

rounds of Th2 polarization increased the frequency of

IL-4-producing cells from 30 to 60%, the percentage of P-

and E-selectin-binding cells did not change under ex-

tended polarization conditions (supplemental data in Fig-

ure S3B at http://www.amjpathol.org). Through a similar

evaluation of polarized Th1 and Th2 populations from

DO11.PSGL-1�/� mice it was shown that binding of ef-

fector cytokine-secreting Th1 and Th2 cells to P- and

E-selectin fusion protein was primarily PSGL-1-depen-

dent (Figure 4B). In comparison to the EDTA control, less

than 2% of IFN-�-producing Th1 cells and IL-4-producing

Th2 cells bound P-selectin IgM. In contrast, 9 to 12% of

both effector cell populations expressed E-selectin li-

gand in the absence of PSGL-1. These data confirm

that both Th1 and Th2 cells express P-selectin ligand,

which is linked to the PSGL-1 scaffold. Moreover,

whereas expression of E-selectin ligand by Th1 cells is

primarily dependent on the PSGL-1 backbone, E-selectin

ligand expression by Th2 cells is for the most part

PSGL-1-independent.

Th2-Derived Cytokines Enhance P-Selectin

Expression by Endothelium as a Possible

Mechanism for Enhanced Th2 Recruitment

The foregoing experiments indicated that both Th1 and

Th2 cells required PSGL-1-linked selectin ligands for

Figure 3. Activated Th2 cells produce soluble factors that stimulate enhanced recruitment of Th1 and Th2 cell rolling on MAECs. A: Th1- and Th2-polarized cells
were derived from wild-type DO11.10 mice as in Figure 2, labeled with 2 �mol/L Cell Trace calcein red-orange, AM (Th1), or calcein, AM (Th2), mixed at a 1:1
ratio and flowed over MAECs with a shear stress of 0.5 dynes/cm2. MAECs were stimulated for 6 hours with Th2 supernatant. Data collection and analyses were
performed as in Figure 2, and are from one of two representative experiments. Error bars indicate SEM. In the middle panel, rolling time data are pooled from
four fields of view for each condition. Data in the bottom panel represent the average rolling velocity and SEM from four fields of view. #Indicates statistical
significance between T-cell subtypes. *Indicates statistical significance between methods of endothelial cell stimulation. P � 0.05. B: Th1- and Th2-polarized cells
were derived from DO11.PSGL-1�/� mice as in A, and rolled on Th2 supernatant-stimulated MAECs as above. Data in the top panel are expressed as the
percentage of rolling wild-type (DO11.PSGL-1�/�) control cells. Error bars indicate SEM. †Indicates statistical significance between genotypes (P � 0.05).
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Figure 4. Analysis of P- and E-selectin ligand expression on wild-type and PSGL-1�/� Th1 and Th2 effector populations. Th1 or Th2 cells were derived from
DO11.10 (A) or DO11.PSGL-1�/� (B) mice as in Figure 1 and restimulated with PMA and ionomycin for 6 hours. Monensin was added for the final 4 hours to
stop cytokine secretion. T cells were surface-stained with PSGL-1 monoclonal antibody or P- or E-selectin human IgM chimeras. Five mmol/L EDTA was included
in the staining media where indicated as a negative control for selectin binding. After surface staining, the cells were fixed, permeabilized, and stained
intracellularly for IFN-� and IL-4. The frequency of IFN-�� and IL-4� cells that were PSGL-1� and bound P- and E-selectin hIgM was assessed by flow cytometry
on the lymphoid gate. Quadrant percentiles of lymphocyte-gated cells are indicated.

1668 Mangan et al
AJP December 2005, Vol. 167, No. 6



rolling on activated endothelium. Because Th2-derived

factors significantly enhanced Th2 rolling through a

PSGL-1-dependent mechanism, it was inferred that

Th2-derived factors acted either to enhance expres-

sion of P- or E-selectin by the endothelium, and/or

induced expression of another adhesion component

that could cooperate with selectin ligands to enhance

Th2 rolling. In initial studies to directly evaluate the

expression of selectins on MAECs, we found that ex-

pression levels were difficult to quantify by flow cytom-

etry, whether stimulated with TNF-� or Th2 superna-

tants or not, despite functional expression of these

molecules (data not shown).46 We therefore evaluated

an independent murine endothelial cell line, bEnd.3,

for which inducible selectin expression was more

readily quantifiable. As shown in Figure 5, 6 hours

of stimulation with TNF-� increased expression of

VCAM-1, ICAM-1, P-selectin, and E-selectin compared

to unstimulated bEnd.3 cells. Although no detectable

levels of MAdCAM-1 were expressed after 6 hours, low

levels of MAdCAM-1 were evident after 18 hours of

TNF-� stimulation, as previously reported (data not

shown).46 Activation of bEnd.3 cells with Th2 superna-

tant induced levels of VCAM-1, ICAM-1, E-selectin, and

MAdCAM-1 comparable to that of TNF-�. However,

P-selectin expression levels were increased approxi-

mately twofold more than those induced by TNF-�

stimulation (mean fluorescent intensities: 33.5, TNF-�

alone; 62.4, Th2 supernatant).

In agreement with previous studies using MAECs, Th2

rolling on bEnd.3 cells was significantly enhanced by pre-

treatment with Th2-derived factors, and was comparable to

rolling of Th1 cells (see supplemental data, Figure S4A at

http://www.amjpathol.org). In accord with a requirement for

P-selectin by Th2 cells, PSGL-1 deficiency on Th2 cells

reversed their enhanced rolling of Th2 on endothelium ac-

tivated by Th2 supernatant (supplemental data, Figure S4B

at http://www.amjpathol.org).

In an effort to define the Th2-derived factor(s) respon-

sible for enhanced Th2 rolling, we initially examined the

induction of expression of P-selectin by bEnd.3 cells

incubated for 6 hours with individual cytokines or combi-

nations of cytokines present in the Th2 supernatants. As

shown in Figure 6, flow cytometric analyses showed that

IL-4, IL-5, and IL-13 alone and in combination with TNF-�

did not induce increased P-selectin expression above

that found for TNF-� alone. Similarly, GM-CSF or GM-CSF

plus TNF-� did not enhance selectin expression levels

(data not shown). Nevertheless, when we examined the

functional effects of different cytokines on Th2 rolling, we

found that the combined treatment of endothelium with

TNF-� plus IL-4 significantly increased Th2 rolling (Figure

7 and data not shown). Thus, the number of rolling Th1

and Th2 cells was equivalent on endothelium treated with

either Th2 supernatant or TNF-�/IL-4, and there was no

significant difference in the numbers of Th2 cells rolling

under the two conditions. Further, the median rolling

times for Th1 and Th2 cells on endothelium stimulated

with Th2 supernatant were comparable (3.0 versus 5.9

seconds, respectively), as were the rolling times of Th1

cells on TNF-�/IL-4-stimulated endothelium (4.7 each).

Notably, however, although the number of rolling Th2

cells was similar for both conditions, the median rolling

time for Th2 cells on bEnd.3 cells stimulated with Th2

supernatant was significantly longer than that for TNF-�/

IL-4-stimulated endothelium (5.9 versus 1.9 seconds),

reflected in the slower average rolling velocity of the

former. This was likely due to the increased induction of

P-selectin induced by Th2 supernatant, and was not at-

tributable to differential induction of VCAM-1, ICAM-1,

E-selectin, or MAdCAM-1, because flow cytometric anal-

ysis of expression levels for these adhesion molecules

were not detectably altered after bEnd.3 stimulation with

either Th2 supernatant or TNF-�/IL-4 (Figure 5 and data

not shown). Thus, although enhanced expression of P-

selectin certainly contributed to enhanced Th2 rolling via

Figure 5. TNF-� and Th2-derived factors induce adhesion molecule expression on bEnd.3 cells. Confluent bEnd.3 cells were either left unstimulated (dotted line)
or stimulated (solid line) for 6 hours with TNF-� (10 ng/ml) or Th2 supernatant prepared as described in Materials and Methods. Endothelial cells were briefly
trypsinized (�5minutes), stained with monoclonal antibodies for the indicated adhesion molecules, and analyzed by flow cytometry. Histograms represent 30,000
events.
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interactions with PSGL-1, undefined interactions induced

by IL-4 acted independently of increased P-selectin in-

duction to enhance Th2 cell rolling.

Discussion

In this study, we have explored selectin-dependent and

-independent pathways that might explain previously re-

ported differences observed for Th1 versus Th2 effector

cell recruitment to nonlymphoid sites. The premise at the

outset was that Th2 cells likely used selectin-independent

interactions for tethering and rolling on endothelia, since

it is well established that in contrast to Th1 development,

Th2 development is associated with relatively limited in-

duction of glycosyltransferases that mediate posttransla-

tional modification of scaffolds that display P- and E-

selectin ligands, such as PSGL-1. Here and in a related in

vivo study (see companion paper by Bonder et al44) we

Figure 6. Th2-derived cytokines do not induce enhanced endothelial cell expression of P-selectin above that induced by TNF-� alone. Confluent bEnd.3 cells
were stimulated for 6 hours with nothing (dotted line), Th2 sup, TNF-� (10 ng/ml), IL-4 (20 ng/ml), IL-5 (10 ng/ml), IL-13 (20 ng/ml), or the indicated
combinations of cytokines (solid lines). Endothelial cells were recovered, stained with monoclonal antibodies for P-selectin, and analyzed by flow cytometry.
In overlay histograms, the mean fluorescence intensity (MFI) for the stimulated condition is given. The MFI of unstimulated bEnd.3 cells � 9.3. Histograms
represent 30,000 events.
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show that, in fact, Th2 cells, like Th1 cells, require selec-

tin-dependent interactions for efficient interaction with at

least some activated endothelium. Further, both Th1 and

Th2 cells can use PSGL-1 as the dominant, if not exclu-

sive, rolling adhesion molecule. Finally, in contrast to Th1

cells, which express higher levels of both P- and E-

selectin ligands after in vitro derivation, Th2 cells require

additional, undefined interactions, such as those induced

by IL-4, for optimal tethering and rolling. This supports a

model wherein both Th1 and Th2 cells require selectin/

PSGL-1 interactions to survey nonlymphoid endothelial

beds, and implicates a positive feedback mechanism

Figure 7. IL-4 plus TNF-� stimulation of endothelium induces features of Th2 rolling comparable to Th2-derived cytokine cocktail. DO11.10 Th1- and
Th2-polarized cells were labeled with calcein, AM, or Cell Trace calcein red-orange, AM, mixed 1:1 and flowed with a shear stress of 0.5 dynes/cm2 more than
bEnd.3 cells stimulated for 6 hours with Th2 sup (A) or TNF-� � IL-4 (B) (10 ng/ml and 20 ng/ml, respectively). Data collection and analyses were performed
as described in Materials and Methods. The top panels indicate the mean number of rolling cells in 10 minutes of footage taken from four randomly selected fields
of view. Error bars indicate SEM. The middle panels show pooled rolling times of interacting cells from four fields of view. In the bottom panels, the average
rolling velocity and SEM from four fields of view is shown. Error bars indicate SEM. #Indicates statistical significance between T-cell subtypes. *Indicates statistical
significance between methods of endothelial cell stimulation (P � 0.05).
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whereby local activation of tissue-localized Th2 cells or

IL-4-producing innate immune cells might foster en-

hanced Th2 recruitment, perhaps through cooperative

selectin-dependent and -independent mechanisms.

Although the in vitro system developed for the current

studies may not perfectly replicate in vivo physiology, it

does offer advantages for direct comparisons of Th1 and

Th2 interactions with the same endothelial monolayer

under identical conditions across a range of shear

stresses (see supplemental videos, and supplemental

Figure S5 at http://www.amjpathol.org). It also permits

examination of T cell-endothelial interactions in the ab-

sence of other leukocyte populations (eg, platelets and

neutrophils) that can express selectin ligands that might

modify these interactions and complicate interpretation.

The development of PSGL-1-deficient, DO11.10 TCR

transgenic mice further enabled us to address the re-

quirements for PSGL-1 in interactions between well-de-

fined effector T-cell populations and endothelium. It also

allowed us to define possible selectin-independent

mechanisms for effector T-cell recruitment. Importantly,

PSGL-1 deficiency had no untoward effects on either Th1

or Th2 development, as evidenced by the nearly identical

effector cytokine profiles of wild-type and PSGL-1-defi-

cient effector T-cell populations of each subset. Similarly,

the expression of non-PSGL-1 adhesion molecules was

unaffected by PSGL-1 deficiency; distinct adhesion mol-

ecule expression profiles observed for wild-type Th1 and

Th2 cells were retained in polarized PSGL-1�/� effectors.

Thus, in agreement with other studies,43,48 Th1 cells in

this study expressed higher levels of Mac-1 and L-selec-

tin, whereas Th2 cells expressed higher levels of VLA-4

and �7 integrin, irrespective of PSGL-1 genotype.

In previous reports, the trafficking of Th1 cells to non-

lymphoid tissues was found to be selectin-dependent,

although the particular selectin used varied, contingent

on the tissue site and mode of local activation of the

endothelium.10,39,49,50 In our own earlier report, Th1 re-

cruitment to a subcutaneous depot of antigen and adju-

vant was E-selectin-dependent, and was unaffected by

P-selectin deficiency.50 This was despite the expression

of functional PSGL-1 by Th1 cells, and implied that the

local, inflamed subcutaneous endothelium preferentially

expressed E-selectin. In contrast, Haddad and col-

leagues39 found that Th1 cell recruitment to the nonin-

flamed intestine was P-selectin-dependent, and unaf-

fected by blockade of E-selectin, in agreement with our

own in vivo studies.44 Importantly, in each of these stud-

ies, blockade of P- and/or E-selectin, whether by antibod-

ies or genetic deficiency, ablated Th1 cell trafficking to

nonlymphoid tissues, establishing a requirement for se-

lectin-mediated recruitment to these sites. These data are

consistent with the expression of both E- and P-selectin

ligands by Th1 cells and highlight the requirement for

selectin-mediated Th1 recruitment, as well as a level of

potential redundancy and selectivity for Th1 recruitment

that likely reflects local dominance of P- or E-selectin

expression, which is dependent on the tissue site and the

inflammatory factors elicited.15

Although previous studies have implicated selectin-

dependent recruitment by Th1 cells, in none of these

studies has a specific selectin ligand been identified.

Thus, although Smithson and colleagues49 mapped a

requirement for the fucosyltransferase, FucT-VII, and to a

lesser extent, FucT-IV, for Th1 and cytotoxic T lympho-

cyte (CTL) trafficking to an inflamed cutaneous site, it was

not determined which surface glycoprotein was a target

for modification. Herein, we identify PSGL-1 as the prin-

cipal Th1 ligand for both P- and E-selectin. Whereas

P-selectin interacts with a single ligand generated by

appropriate sialation and fucosylation of PSGL-1, non-

PSGL-1 ligands have been described for E-selectin.51–54

Our data strongly implicate PSGL-1 as the dominant scaf-

fold for Th1 expression of both P- and E-selectin ligands,

but do not rule out a less significant role for non-PSGL-1,

E-selectin ligands, which were detectable at low levels on

both Th1 and Th2 cells but apparently could not com-

pensate to mediate rolling in the absence of PSGL-1.

Detailed studies of the molecular requirements for Th2

cell trafficking have been limited.30 In at least one murine

airway hypersensitivity model, a role for both Th1 and Th2

cells in eosinophilic airway inflammation has been de-

scribed,41 with optimal Th2 recruitment only when anti-

gen-activated Th1 cells participate in the response. In

this model, an important role for VCAM-1 in Th2, but not

Th1, recruitment has been defined. Randolph and col-

leagues41 found in co-transfer studies of Th1 and Th2

cells derived from DO11.10 mice that neutralization of

TNF-� or blocking antibodies to VCAM-1 decreased Th2

(and eosinophil) recruitment stimulated by airway deliv-

ery of OVA, with neutralization of TNF-� itself leading to

decreased VCAM-1 expression. In separate studies,

Cohn and colleagues55 found that IL-4 production by Th2

cells was required for their recruitment to airways, but this

could be overcome by exogenous administration of

TNF-�. Taken together, these data suggested that TNF-�

and IL-4 might act synergistically to recruit Th2 cells

through a mechanism that is VCAM-1-dependent. In

other studies, data supporting a role for P-selectin in Th2

recruitment to the lung were obtained. Lukacs and col-

leagues56 found that P-selectin-deficient mice, but not

E-selectin-deficient or wild-type mice, demonstrated a

marked decrease in Th2-type cytokines after antigenic

challenge, although infiltration of Th2 cells was not di-

rectly characterized. More direct evidence for the role of

the selectins and PSGL-1 in mediating Th2 rolling in vivo

comes from studies of E-/P-selectin double-mutant mice

in the ovalbumin-mediated airway hypersensitivity mod-

el.56 In these investigations, it was observed that Th2

recruitment to the airways was significantly inhibited in

mice lacking both of these selectins. Moreover, recent

studies have shown that Th2 cells generated in vivo can

express selectin ligands, although none have directly

addressed the importance of PSGL-1 for the generation

of these ligands.57 In a Th2 model of lung inflammation,

IL-4-producing cells expressing P- but not E-selectin li-

gand could be detected in the lungs of infected mice.

Also, in human systems, Th2 cells cultured under defined

media conditions could be induced to express the CLA

epitope, a ligand for E-selectin.58,59 Our data support a
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requirement for PSGL-1 in Th2 recruitment, but also show

that TNF-� and IL-4 cooperate to enhance Th2 interac-

tions with the endothelium through distinct mechanisms.

This is consistent with the possibility that cooperative

effects of TNF-� and IL-4 reported previously in airway

hypersensitivity models reflect a requirement for both

P-selectin and VCAM-1 for Th2 recruitment, and is in

accord with data herein, which document that in addition

to P-selectin ligand, Th2 cells, but not Th1 cells, express

elevated levels of the VCAM-1 counterreceptor VLA-4

(�4�1-integrin; CD49d/CD29). In this regard, it is notewor-

thy that expression by the endothelium of high levels of

VCAM-1 alone was insufficient to mediate significant Th2

rolling in the absence of PSGL-1 (Figures 1B and 6),

suggesting that VLA-4/VCAM-1 interactions do not medi-

ate Th2 recruitment in the absence of PSGL-1/selectin

interactions. Future studies using P- and E-selectin-defi-

cient recipients, or PSGL-1-deficient Th2 cells, should

definitively address this possibility.

Notably, a significant fraction of Th1 cells in the current

study retained or re-expressed significant L-selectin

(CD62L) after antigen activation and effector cell com-

mitment. This was in striking contrast to Th2 cells, which

did not express detectable L-selectin after effector differ-

entiation. This could have important implications for pref-

erential recruitment of Th1 cells under certain conditions

in vivo, because chronically inflamed endothelium can

express L-selectin ligands and granulocytes adherent to

inflamed endothelium may also display L-selectin li-

gands.30 Indeed, appropriately glycosylated PSGL-1 is

itself an important ligand for L-selectin,60 raising the pos-

sibility that adherent T cells might themselves serve as a

substrate for augmented naı̈ve or Th1 recruitment via

L-selectin binding. Nevertheless, we detected no role for

L-selectin-mediated interactions for Th1 rolling in our in

vitro system, reflecting perhaps either limited or absent

expression of L-selectin ligands by endothelial lines ac-

tivated under the conditions used in this study and/or the

absence of granulocytes and platelets in the experimen-

tal system. However, there was also no apparent role for

L-selectin in the recruitment of Th1-type cells to subcu-

taneous tissues in our previous in vivo study, in which

E-selectin or combined E-/P-selectin deficiency abro-

gated Th1 recruitment.50 Similarly, in our related in vivo

study (see companion paper44), expression of L-selectin

by Th1 cells was not compensatory for trafficking to the

intestine in the face of P-selectin antibody blockade.

Whether this was due to an absence of L-selectin ligand

expression by the endothelium or the lack of granulocyte

recruitment under the in vivo conditions examined in

these studies, or rather a reflection of a lack of a

significant role for granulocyte adhesion in effector

T-cell recruitment, is unclear and will require further

investigation.

In summary, the current study supports a model of

effector T-cell recruitment wherein both Th1 and Th2 cells

are primarily dependent on PSGL-1-linked selectin li-

gands for interactions with the endothelium that initiate

their recruitment to nonlymphoid tissues. Because E-se-

lectin ligand biosynthesis requires higher FucT-VII activ-

ity than P-selectin ligand biosynthesis,37,38 and lower

levels of glycosyltransferase activity are induced during

Th2 development, Th2 cells are particularly deficient in

E-selectin binding activity, and thus appear to be depen-

dent on other cooperative adhesive interactions for effi-

cient rolling on inflamed endothelia. Previous studies that

have demonstrated preferential recruitment of Th1 cells

to nonlymphoid tissues,39,50,61,62 would appear to reflect

a strict requirement for high levels of P-selectin and/or

cooperative adhesion interactions for Th2 cells, rather

than a general dependence on nonselectin interactions

for Th2 recruitment.
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