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S u m m a r y  

We have compared the ability of  human o#13 and 3~/8 T lymphocytes to adhere to selectin- 
bearing substrates, an interaction thought to be essential for homing and localization at sites of  
inflammation. Both T cell populations form rolling adhesions on E- and P-selectin substrates 
under physiologic flow conditions. Although equivalent to or/J3 T cells in binding to E-selec- 
tin, ~//8 T cells demonstrated greater ability to adhere to P-selectin that was purified or ex- 
pressed on the surface of  activated, adherent platelets. Under static conditions, 80% of  ~//8 T 
cells and 53% of  or~f3 T cells formed shear-resistant adhesions to P-selectin, whereas only 30% 
o f ~ / 8  and or~f3 T cells adhered to E-selectin. The enhanced ability of~//~ T cells to adhere to 
P-selectin cannot be attributed to differences in expression of  the P-selectin glycoprotein hgand 
(PSGL-1), as all or/j3 T cells versus ,'-,75% of~//~ T cells expressed PSGL-1. Both cell popula- 
tions expressed a similar percentage of  the carbohydrate antigens sialyl Lewis x and cutaneous 
lymphocyte-associated antigen. Depletion of  lymphocyte populations or T cell clones bearing 
these ohgosaccharides with the monoclonal antibody CSLEX-1 and HECA-452, respectively, 
resulted in a substantial reduction in adhesion to E-selectin and slight reduction in adhesion to 
P-selectin under flow conditions. Treatment of  cells with an endopeptidase that selectively de- 
grades O-sialomucins such as PSGL-1, abohshed P-selectin but not E-selectin adhesion. Re-  
moval of  terminal sialic acids with neuraminidase or protease treatment of  cells abrogated cell 
adhesion to both selectin substrates. These results provide direct evidence for the presence of  
distinct E- and P-selectin hgands on T lymphocytes and suggest that ~//8 T cells may be prefer- 
entially recruited to inflammatory sites during the early stages of an immune response when 
P-selectin is upregulated. 

H uman T lymphocytes consist of  two distinct cell pop- 
ulations that express different TCRs (1, 2). The ma- 

jority of  peripheral blood T cells and thymocytes express 
TCtk-ot/[3. A smaller subset of  cells beating TCR-~//8 
constitute on average 5% of  peripheral blood T lympho- 
cytes and 0.2--0.9% of  postnatal thymocytes (3, 4). Both 
populations of  lymphocytes can be found throughout vir- 
tually all lymphoid organs, although ~//8 T cells are mark- 
edly enriched in the intestinal epithehum in mice and to a 
lesser degree in humans relative to other sites (5, 6). Al- 
though it has not been fully estabhshed whether ~//8 T cells 
function in a similar or distinct manner from o#13 T cells 
during an immune response, these two populations of  T 
lymphocytes possess several distinctive features. Whereas 
CD4 and CD8 expression phenotypically divides the ot/13 
T cell population into distinct subsets that differ in their 
function (helper vs. cytotoxic) and MHC restriction (class 
II vs. class I), most ~//~ T cells lack expression of CD4 and 

CD8 (5, 7, 8). Moreover, ~//8 T cells show no apparent re- 
striction to conventional class I or class II MHC molecules, 
yet are capable of  effector functions associated with ct/13 T 
cells such as cytolysis and secretion of  multiple cytokines 
(9). Although both lymphocyte populations can be identi- 
fied at sites of  inflammation, "//8 T cells are significantly 
enriched in various bacterial and parasitic infections, espe- 
cially at particular stages of  infection (10). ~//8 T cells also 
increase in certain plaque lesions in multiple sclerosis, in 
the intestinal epithehum in celiac disease, and in rheuma- 
toid synovial tissue (11-15). In contrast, a subset of or/13 T 
cells has been shown to predominate in chronic delayed- 
type hypersensitivity granulomas (16). Thus, ot/~3 and "y/8 
T cells may display preferential patterns oflocahzation dur- 
ing specific inflammatory responses. These differences may 
result in part from distinct expression on the 0t/13 and ~//8 
T cell subsets of  receptors for endothehal adhesion mole- 
cules that regulate lymphocyte traffic. 

1193 J. Exp. Med. �9 The Rockefeller University Press �9 0022-1007/96/03/1193/11 $2.00 
Volume 183 March 1996 1193-1203 

 on D
ecem

ber 6, 2004 
w

w
w

.jem
.org

D
ow

nloaded from
 

http://www.jem.org


To participate in an immune response, circulating ot/[~ and 
~//B T cells must first be recruited from the vasculature to 
sites of  inflammation. Recent  in vivo and in vitro studies have 
suggested a multistep process for neutrophil accumulation 
on activated endothelium that involves selectin-mediated 
tethering and rolling followed by activation-dependent, 
132-integrin-mediated firm adhesion or "sticking." Although 
much remains to be learned about the traffic signals for T 
lymphocytes, evidence is accumulating for a similar multi- 
step paradigm, with the modification that or4 integrins can 
contribute to both the tethering and firm adhesion steps 
(17). Both P-selectin, which is upregulated from intracellu- 
lar storage granules on thrombin-activated platelets and en- 
dothelium, and E-selectin, which is induced after longer 
time periods on cytokine-stimulated endothelial cells, have 
been shown to mediate Ca2+-dependent adhesion of  T 
cells (18-23). Interactions with these selectins have been 
shown to require sialylated oligosaccharide ligands that are 
closely related in structure to sialyl Lewis x (sLeX) l (24). An 
O-glycoprotease--sensitive sialomucin termed P-selectin gly- 
coprotein ligand (PSGL) 1, which mediates P-selectin- 
dependent adhesion of  myeloid cells, is also present on e~/[3 
T cells and may serve a similar function (23, 25, 26). PSGL-1 
expression has not been examined on ~//8 T cells. E-selec- 
tin binding requires a distinct ligand that is endopeptidase 
insensitive (27-30). T cells expressing a carbohydrate anti- 
gen termed the cutaneous lymphocyte-associated antigen 
(CLA), as defined by reactivity with the mAb HECA-452,  
are the predominant E-selectin-binding population o f lym-  
phocytes (18, 20, 21). Twice as many ~//8 T cells as ot/~ 
T cells have been reported to express this carbohydrate 
epitope (20). Bovine y /B T cells demonstrate significant 
binding to both E- and P-selectin, yet do not express CLA 
(31, 32). In this study, we have compared human ot/[3 and 
~//8 T cells with respect to interactions with the vascular 
selectins, E- and P-selectin. We  have examined the selectin 
ligands expressed on these two lymphocyte populations, 
evaluated the role ofsLeVCLA in mediating E- and P-selec- 
tin adhesion, and provided a comparison o f  shear-depen- 
dent attachment and rolling interactions mediated by the 
vascular selectins. We find that both 0t/J3 and ",//8 T cells 
demonstrate preferential attachment and rolling on P-selec- 
tin as opposed to E-selectin, with ~//8 T cells showing the 
strongest interaction with P-selectin, and that distinct gly- 
coprotein ligands are required for adhesion of  T lympho- 
cytes to E- and P-selectin. 

Materials and Methods  

Antibodies. Rb 3026, a rabbit polyclonal antibody to the fu- 
cosylated extracellular portion of PSGL-1 (33), was a gift of Drs. 
D. Cumming and R. Camphausen (Genetics Institute, Cam- 

I Abbreviations used in this paper: C, cytolytic; CLA, cutaneous lymphocyte- 
associated antigen; LFU, linear fluorescence unit; NC, noncytolytic; PBE, 
PBS plus BSA plus EDTA; PSGL, P-selectin glycoprotein ligand; sLe% 
sialyl Lewis'; see ", sialyl Lewis ~. 

bridge, MA) and was used at a 1 : 100 dilution. The mAb G1 to 
P-selectin, IgG1 (34), and BB11 to E-selectin, IgG2b (35), were 
obtained from Dr. R. McEver (University of Oklahoma, Okla- 
homa City, OK) and Dr. R. Lobb (Biogen, Cambridge, MA), re- 
spectively. The biotinylated mAb BMA 031 (pan-TCR or/13, 
IgG1) and TCR-81(pan-TCR-"//8, lgG1) have been described 
(36). mAb to CLA (HECA-452, lgM) (379, sLe ~ (CSLEX-1, 
lgM) (389, and sialyl Le a (sLe9 (2D3, lgM) (399, were obtained 
from the Fifth International Workshop on Human Leukocyte 
Differentiation Antigens. Nonbinding isotype-matched antibod- 
ies were used as negative controls. All antibodies, either dilutions 
ofascites (1:20(}) or purified lgG (10 p.g/nd), were used at satu- 
rating conditions. 

Cell Purification. PBMC and neutrophils were isolated by Fi- 
coll-Hypaque gradient centrifugation (40). CD3 + T lymphocytes 
were purified from PBMC by negative selection (41, 42). Puri- 
fied ot/[3 and ~//B T cells were prepared from single-donor hu- 
man platelet pheresis residues (which typically contained 3-10% 
"y/8 T cells) by positive selection using magnetic cell sorting ac- 
cording to the manufacturer's specifications (Miltenyi Biotec, 
Sunnyville, CA). Briefly, PBMC were resuspended to a concen- 
tration of 2 • 107 cells/ml in PBS, 1% BSA, 5 mM EDTA, pH 
7.4 (PBE), and incubated with saturating concentrations (range 
5-10 Ixg/ml) of either a biotinylated mAb BMA 031 or TCR-81 
for 30 min on ice. After washing twice in PBE, a 1 : 100 dilution 
of FITC-conjugated streptavidin (CALTAG Laboratories, San 
Francisco, CA) was added for 30 min on ice. The cells were 
washed in PBS, pH 7.4, incubated with magnetic microbeads 
conjugated to biotin (MACS; Miltenyi Biotec) for 10 rain at 4~ 
washed, and then passed over an AS1 magnetic column. Inunu- 
nofluorescence flow cytometry revealed that the purified T lym- 
phocyte preparations contained >95% ot/13 and 3'/~ T cells. All T 
cell populations had >95% cell viability as determined by try, pan 
blue exclusion. After isolation, the cells were stored in HBSS 
(Gibco Laboratories, Grand Island, NY) supplemented with 10 mM 
Hepes, 2 mM CaCI2, and 0.2% human serum albumin, pH 7.4 
(assay medium and used within 6 h (T lymphocytes) or 4 h (neu- 
trophils). 

For depletion ofT cell populations expressing carbohydrate epi- 
topes recognized by the mAb CSLEX-1 and HECA-452, nega- 
tively selected CD3* T cells were incubated with a 1:100 dilution 
of these mAbs for 30 rain on ice. The cells were subsequently 
washed twice in PBE and incubated with rat anti-mouse lgM or 
mouse anti-rat K magnetic microbeads (Miltenyi Biotec), respec- 
tively, for 30 rnin on ice and then passed over a magnetic column. 

Derivation and Maintenance of 3'/8 T Cell Clones. T cell clones were 
derived from purified ~//8 T lymphocytes either by limiting dilu- 
tion or bead selection followed by PHA stimulation (9). The cells 
were maintained by periodic restimulation with allogeneic PBL 
and EBV-transformed B cell feeders and PHA-P. 

Flow Cytometry. For one-color immunofluorescence, cells were 
incubated with 50 Ixl of antibody, washed twice, and resuspended 
in either 30 btl of FITC-conjugated goat F(ab')2 anti-mouse lg 
(Zymed Laboratories, Inc., South San Francisco, CA), or FITC- 
conjugated goat F(ab')2 anti-rabbit lg (Zymed Laboratories, Inc.) 
(43). For two-color flow cytometry, purified FITC--streptavidin- 
labeled ot/[3 and 3,/B T cells were incubated with 20 btg/ml hu- 
man lg (Sigma Chenfical Co., St. Louis, MO) to block nonspe- 
cific interactions, incubated with 50 p,l of antibody, washed 
twice, and then incubated with PE-conjugated goat F(ab')2 anti- 
mouse IgM (Tago, Inc., Burlingame, CA) or PE-conjugated goat 
F(ab')2 anti-rabbit lgG (CALTAG Laboratories) at the recom- 
mended dilutions, mAb 2193 (anti-sLe a, lgM) was used as a con- 
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trol for m_Ab CSLEX-1 and HECA-452. PE conjugated Leu-8 
(Becton Dickinson & Co., San Jose, CA) and PE-conjugated 
CD45R0 (Amac, Inc., Westbrooke, ME) were used to detect 
surface expression of L-selectin and memory phenotype on FITC-  
labeled ~x/[3 and ~//~ T cells, respectively. PE-conjugated lgG2a 
(CALTAG Laboratories) was used as control. Samples were ana- 
lyzed on a FACScan | flow cytometer (Becton Dickinson & Co.). 
Propidium iodide was used to gate out nonviable cells. Fluores- 
cence intensity standards (CALTAG Laboratories) were run for 
each experiment to quantitate and compare surface expression of 
the selectin ligands among various populations ofleukocytes. 

Preparation of Selectin-containing Ia'pid Bilayers. Recombinant flail- 
length human E-selectin was purified from a C H O  cell line trans- 
fected with E-selectin cDNA provided by Dr. R. Lobb by im- 
munoaffinity chromatography using anti-E-selectin mAb BB11 
coupled to Sepharose (35). P-selectin, purified from human plate- 
lets, was a generous gift of  Dr. R. McEver (44). Liposomes con- 
taining the reconstituted selectins were prepared by the method 
of octyl-glucoside (Sigma Chemical Co.) dialysis, and planar bi- 
layers were formed by incubating an aliquot of liposome suspen- 
sion on glass slides (45). Densities of E-selectin and P-selectin 
were adjusted to give equal binding of HL-60 cells and neutro- 
phils. Site densities for E- and P-selectin-containing bilayers were 
200 sites and 400 sites/b~m 2, respectively, as estimated from previ- 
ous studies based on neutrophil detachment profiles and rolling 
velocities (45, 46). 

Platelet Substrate. Platelet monolayers were formed on 3-ami- 
nopropyltriethoxysilane--treated slides and activated with throm- 
bin as described (43). 

Laminar Flow Assays. A glass slide containing either adherent 
platelets or selectin proteins incorporated into lipid bilayers was 
assembled in a parallel-plate laminar flow chamber (260-~m gap 
thickness) in which a uniform wall shear stress is generated (45). 
The flow chamber was mounted on the stage of an inverted phase 
contrast microscope (Diaphot-TMD; Nikon Inc., Garden City, 
NJ). For detachment, tethering, and rolling assays, data on each 
cell population and treatment within an experiment was obtained 
from the identical field of view (0.67 ram2). HBSS containing 5 
mM EDTA was infused between each data set, and all cells were 
released, confirming specific interactions. Rarely, data were dis- 
carded because not all cells were released. 

For detachment assays, T cells (2 • 106/ml) were injected 
through a side port and allowed to settle for 5 rain. Controlled 
flow was applied and doubled at 20-s intervals from 0.73 to 36 
dyn/cm 2. The number of cells remaining bound at each shear 
stress was compared. 

For tethering assays, T cells, neutrophils, or HL-60 cells (106/ 
ml) were perfused over selectin substrates for 3 rain at the desired 
shear stress, and the number of cells that tethered in the field of 
view was measured. A tether was defined as a cell bound to the 
substrate for i>5 s. 

Rolling velocities were determined for a minimum of 40 cells 
per field of view in two experiments performed on different days. 
Cells were allowed to settle under static conditions, and flow was 
increased incrementally from 0.73 to 36 dyn/cm 2. Velocities on 
the selectin bilayers were comparable whether cells were bound 
during shear flow or at stasis and then subjected to shear flow. 

All experiments were recorded and results quantitated by anal- 
ysis of images videotaped with a video camera (model TEC-470 
CCD; Optronics Engineering, Goleta, CA) and recorder (model 
Hi 8 CVD-1000, Sony). For antibody inhibition studies, platelets 
or the selectin bilayers were incubated with 20 l~g/ml ofmAb for 
30 rain at room temperature before the detachment assay. 

Cell Treatments. To remove terminal cell surface sialic acids, 
peripheral blood CD3 § T lymphocytes were incubated with 0.1 
U/ml Vibrio cholera neuraminidase (Calbiochem Corp., San Di- 
ego, CA) for 1 h at 37~ in assay medium. To remove mucinlike 
domains from cell surface proteins, lymphocytes were incubated 
with 50 ~g/ml  of Pasteurella haemolytica O-glycoprotease (Cedar- 
lane Laboratories, Ltd., Hornby, Ontario, Canada) for 1 h at 
37~ in assay medium. Control cells were incubated under simi- 
lar conditions in the absence of the enzyme. Cells were washed 
twice in assay medium and stored at 4~ after completion of en- 
zymatic treatments. 

Statistical Analysis. The Wilcoxon rank sum test (nonpara- 
metric) was used for data comparison because of a lack of normal 
distribution. 

R e s u l t s  

Adhesion of Unstimulated Neutrophils and T Lymphocytes to 
Surface-adherent Platelets. Activated, adherent  platelets sup-  
por ted te ther ing in  flow o f  neutrophi ls  and  T lymphocytes  
wi th in  the identical  range o f  shear stresses (up to 3.6 d y n /  
cm 2) (Fig. 1). Neutrophi ls ,  however ,  were superior  to T 
lymphocytes  wi th  respect to the n u m b e r  o f  cells b o u n d  at 
every wall shear stress tested (2-3 .5-fo ld  higher). This  dif- 
ference was also apparent  in  static assays where  on ly  60% o f  
T lymphocytes  versus 100% o fneu t roph i l s  b o u n d  to plate- 
lets (data no t  shown).  Incuba t ion  o f  adherent  platelets wi th  
the an t i -P-se lec t in  m A b  G1 (20 ~ g / m l )  complete ly  abol-  
ished adhesion unde r  f low and static condi t ions  (Fig. 1), 
showing  te ther ing was specifically media ted  by  P-selectin.  

T o  de te rmine  whe the r  ot/[3 or ~//~ T lymphocytes  d e m -  
onstrated preferential  b i n d i n g  to the immobi l i zed  platelet 
substrate, the pheno type  o f  b o u n d  cells was ascertained by  
immunof luo re scence  labeling wi th  a pan-~/ /~ T C R  mAb.  
Surprisingly, "-~35% o f  T cells attached unde r  flow cond i -  
tions (0.73 d y n / c m  2) were TCR.-~/ /~  +. By contrast, on ly  
5% o f  the initial popula t ion  o f  purif ied T cells were T C R -  
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O ,  ~" ~, " ~ ,  - , " - -  , �9 

2 4 6 S 
w a l l  s h e a r  s t r e s s  (dynea /cm 2) 

Figure 1. CD3 + T lymphocytes and neutrophils tether to surface- 
adherent platelets under physiologic flow conditions. Platelets were al- 
lowed to adhere to aminopropyltriethoxysilane-coated slides to form a 
monolayer and activated with thrombin. Slides were incorporated in a 
parallel wall flow chamber. Adherence of T lymphocytes or neutrophils 
after 3 rain at the indicated wall shear stress was quantitated, mAb G1 was 
used to pretreat adherent platelets for 15 rain and was continually present 
during the assay. Error bars represent the SD of three different sets of ex- 
periments performed in duplicate. 

1195 Diacovo et al. 

 on D
ecem

ber 6, 2004 
w

w
w

.jem
.org

D
ow

nloaded from
 

http://www.jem.org


~/I~+ (results not shown). All T cells formed rolling adhe- 
sions, and attachment was completely abolished in the pres- 
ence of the anti-P-selectin mAb G1 or 5 mM EDTA. 

Adhesion of cz/~ and "y/8 T Lymphocytes to Artificial Planar 
Bilayers Containing Purified E- or P-Selectin. To directly com- 
pare selectin-mediated attachment of ot/~ versus ~//B T 
cells under physiologic flow conditions, purified populations 
of lymphocytes were perfused for 3 min over lipid bilayers 
containing either E- or P-selectin. Selectins were incorpo- 
rated into artificial bilayers at concentrations that yielded a 
similar number of attachments of the promyelocytic cell 
line HL-60 at a shear stress of 0.73 dyn/cm 2 (112 -+ 14 vs. 
114 + 19 cells/ram 2, respectively). Tethering of ~//~ T 
cells to purified P-selectin was twofold greater than for the 
0t/[~ population (P <0.001) at each of the two wall shear 
stresses tested (Fig. 2 A). By contrast, binding to E-selectin 
bilayers was not significantly different for the two T cell 
populations (P = 0.12) (Fig. 2 /3). On all substrates, cells 
rolled subsequent to tethering. Unlike HL-60 cells, which 
bound identically to P-selectin and E-selectin, both 0t/J3 
and ~//~ T cells demonstrated preferential binding to P-selec- 
tin compared with E-selectin. At a shear stress of 0.73 dyn/ 
cm 2, ot/~ and ~//B T cells bound 1.4- and 3-fold, respec- 
tively, better to P-selectin than E-selectin (P <0.001). In- 
terestingly, increasing the wall shear stress 2.5-fold to 1.8 
dyn/cm 2 eliminated tethering of  cx/f3 and ~//8 T cells to 
E-selectin (Fig. 2 B), but only resulted in a slight drop in 
adherence to P-selectin (Fig. 2 A). Incubation of E- or 
P-selectin-containing bilayers with the anti-E-selectin 

i 
a 
i 
| 

0.73 

B 
0 

1.8 
0 

r~ a~ T cells 
�9 ~6 T cells 

P-selectin 

r~ a~ T cells 
�9 ~ T cells 

E-selectln 

0.73 

0 20 40 60 80 100 120 

T cells tethered/ram 2 

Figure  2. Tethering of ~x/~ and ~/~ T lymphocytes to selectin-con- 
taining bilayers in flow. T cells were infused through a parallel-plate flow 
chamber containing purified P-selectin (A) or E-selectin (B) in phosphati- 
dylcholine bilayers. Tethering was quantitated during 3 min of continu- 
ous flow. Bars show the SD of  three different sets of  experiments per- 
formed in duplicate. 

mAb BB11 or anti-P-selectin mAb G1, respectively, com- 
pletely inhibited attachment at all flows (results not shown). 

Comparison of Functional Ligands and Resistance to Shear- 
induced Detachment Forces. The percentage of cx/[3 and ~//B 
lymphocytes that expressed functional cell surface ligand(s) 
for E- and P-selectin was examined under static conditions. 
T cells were allowed to setde onto the artificial planar 
membranes, and after 5 rain of contact, controlled flow at a 
wall shear stress of 0.73 dyn/cm 2 was used to create a de- 
tachment force. A significantly higher percentage of~//8 T 
cells (80%) than co/J3 T cells (53%) (P <0.001) adhered to 
P-selectin bilayers (Fig. 3). All cells formed rolling adhe- 
sions under these conditions. Furthermore, a lower (30%) 
and equivalent percentage of each cell type (P = 0.52) 
bound to bilayers containing E-selectin. These results cor- 
relate with preferential tethering in flow of ~//~ T cells to 
P-selectin and lower tethering to E-selectin that is compa- 
rable for ot/[3 and ~//8 T cell subsets. HL-60 cells bound 
equivalently to either selectin substrate under static condi- 
tions (>95%; data not shown). 

Although a greater percentage of  ~//~ than ot/[3 T cells 
tethered to P-selectin in flow, both populations oflympho- 
cytes demonstrated similar resistance to shear-induced de- 
tachment forces (Fig. 4 A) and rolled at similar velocities on 
P-selectin (Fig. 5 A). This suggests that an equivalent amount 
of  adhesive interactions are formed between P-selectin and 
its ligand expressed on either cell type. In contrast, o~/]3 T 
cells were more shear resistant than ~//B T cells on E-selectin 
(Fig. 4 B), especially at the higher wall shear stresses (P = 
0.08 at 7.3 dyn/cm 2 and P = 0.05 at 36 dyn/cm2). The ot/[3 
T cells rolled more slowly than the ~t/8 T cells on E-selec- 
tin at higher shear stress (Fig. 5 B), correlating with greater 
resistance to detachment. The ot/[3 T cells had similar resis- 
tance to detachment and rolling velocities on E-selectin 
and P-selectin; thus, inability of cx/[3 T cells to accumulate 
on E-selectin at 1.8 dyn/cm 2 (Fig. 2 B) reflects a deficiency 
in tethering rather than in subsequent rolling interactions. 

"16 T cel l l  

a~ T cells 

0 20 40 60 80 100 

T lymphoc~Mm bound (%) 

F i g u r e  3. The percentage of cx/~ and ~//~ T lymphocytes expressing 
functional ligand(s) for P- or E-selectin determined by static adhesion fol- 
lowed by washing in flow. T cells were allowed to settle onto bilayers 
containing P- or E-selectin. After 5 min of contact, a shear stress of  0.73 
dyn /cm 2 was applied for 10 s, and the percentage of cells that remained 
adherent was determined. Error bars represent the SD of three indepen- 
dent experiments performed in duplicate. 
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Figure 4. Strength of rolling adhesions ofot/~ and ~//8 T lymphocytes 
on selectans in lipid bilayers. T cells that settled onto bihyers containing 
P-setecfin (A) or E-selectin (B) as described in Fig. 3 were subjected to 
staged increments of shear. Cells remaining bound after 20 s at each shear 
stress are expressed as the percentage of T lymphocytes that were bound 
a~er the initial period at 0.73 dyn/cm 2. Error bars represent the SD of 
three independent experiments performed in duplicate. 

Expression of Antigens Associated with Selectin Function of a /~  
and y/~ T Cells. T w o - c o l o r  f low cy tomet ry  was used to 
define patterns o f  expression o f P S G L - 1 ,  sLe x, C L A  ( H E C A -  

452 antigen),  and L-select in on  purif ied popula t ions  o f  T 
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Figure 5. Rolling velocities of r and 3'/8 T cells. Cells were al- 
lowed to adhere to bilayers containing P-selectin (A) or E-selectin (B) and 
subjected to incremental increases in shear stress as described in Figs. 3 
and 4. Rolling velocities were determined for 40--50 cells in two inde- 
pendent experiments. Each point represents the mean -+ SD. 

cells (Fig. 6). In f ive different donors ,  PSGL-1  was present  
on  essentially all ~/ [3  T cells (96 -4- 3%) and on  a subset o f  

~//8 T cells (74 + 6%). T h e  percentage  o f ' y / ~  T cells ex -  
pressing the  PSGL-1 s ia lomucin correlated wi th  the per -  
centage o f  3~/8 T cells b o u n d  to P-select in  under  static 
condit ions.  T h e  lack o f  a similar corre la t ion for c~/13 T cells 
suggests that a significant propor t ion  o f  these cells do no t  bear 
the appropriate  carbohydrate  structures on  ligand(s) such as 
PSGL-1  necessary for adhesion to P-se lecdn .  A similar per -  

centage ofc~/[3 and ~//8 T cells expressed the  carbohydrate  
antigens sLe" (42 + 4% and 37 + 10~ respectively) and 
H E C A - 4 5 2  ant igen (mean o f  41 + 15% and 40 + 8%, re-  
spectively).  This  correlated wi th  the similar b ind ing  profiles 
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Figure 6. Expression of antigens on T lymphocytes associated with se- 
lectin function. T cells from the same individual, positively selected for 
expression ofcx/15 TCR (A) or 3'/8 TCIL (B), were stained with antibod- 
ies to the various ceU surface molecules and analyzed by two-color flow 
cytometry (5,000 events shown). The quadrant markers were drawn 
based on appropriate negative controls. Overall identical results were ob- 
tained using cells from five different blood donors. Staining with FITC 
and PE is shown on the abscissa and ordinate, respectively. 
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of~//8 and o~/[3 T cells under flow and static conditions on 
E-selectin. L-selectin was present on 87 -+ 3% ofc~/J3 ver- 
sus 71 + 5% of~/ /8  T cells, and incubation of  each lym- 
phocyte population with the anti-L-selectin mAb Dreg 56 
did not alter adhesion to either selectin bilayer under flow 
conditions (results not shown). 

Strength of Adhesion ofT~8 T Cell Clones to E-Selectin, but 
Not P-Selectin, Correlates with sLe x Surface Expression. To ex- 
amine the importance of  sLe x in interactions with the vas- 
cular selectins, ~//~ T cell clones with heterogenous expres- 
sion of  the sLe ~ carbohydrate antigen were used in 
detachment assays. These clones derived from peripheral 
blood were of the V~/2 V82 subset, and varied both in 
CD4 and CD8 expression and cytolytic (C) and noncy-  
tolytic (NC) function (Fig. 7 A). The level of expression of 
sLe x as shown by linear fluorescence units (LFU) varied 
>100-fold.  For comparison, PSGL-1 was expressed on 
I>94% of the five clones studied with an LFU that varied 
only fivefold. All clones were 100% CD45R0  + and did not  
express L-selectin (data not  shown). Four clones, HF.2, 
CP.1.5, HD.108, and CP.1.15, demonstrated preferential 
binding to P-selectin as opposed to E-selectin (Fig. 7 B) 
and similar resistance to shear on P-selectin (Fig. 7 C). 
There was heterogeneity among these four clones in the 

percentage of cells that remained adherent in increasing 
shear to E-selectin (Fig. 7 C). In contrast, JN23, the clone 
with the highest level of sLe ~ expression, demonstrated 
equivalently high adhesion (Fig. 7 B) and resistance to 
shear stress-induced detachment forces (Fig. 7 C) on E- and 
P-selectin-containing bilayers. Assays of tethering in flow 
at 0.73 dyn /cm 2 showed that JN23 tethering during 3 rain 
on bilayers containing E-selectin and P-selectin was 92 + 
14 and 86 -+ 14 cells/ram 2, respectively, an efficiency simi- 
lar to HL-60 cells (see above). There was a correlation 
between expression of  sLe x and strength of  adhesion to 
E-selectin, with a correlation coefficient of 0.87 (Fig. 7 D). 
By contrast, there was little correlation between sLe ~ ex- 
pression and strength of  adhesion to P-selectin, with a cor- 
relation coefficient of 0.36 (Fig. 7 D). Only the clone with 
the highest sLe • expression showed stronger adhesion to 
P-selectin, whereas the other four clones varied widely in 
sLe x expression, yet showed similar adhesion under  static 
conditions and resistance to shear, Similar results were ob- 
tained for the carbohydrate epitope(s) recognized by the 
mAb HECA-452 (data not shown). PSGL-1 surface ex- 
pression did not  correlate with adhesion to either E-selec- 
tin or P-selectin (correlation coefficients of 0.05 and 0.35, 
respectively). 

A B 
PSGL-1 sLex HECA-45" 

Phenotypr % (LFU] % (LFU~ % (LFU Clones 
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Figure 7. Phenotype and resistance to shear 
stress-induced detachment of "y/~ T cell 
clones on bilayers containing E-selectin and 
P-selectin. (A) Comparison of PSGL-1, sLe X 
(CSLEX-1), and HECA-452 (CLA) expres- 
sion on ",//~ T cell clones as determined by 
one-color immunofluorescence flow cytome- 
try. Phenotypes are represented as either cy- 
tolytic (C) or noncytolytic (NC). Surface ex- 
pression is shown both as percentage of 
positive cells (%) and LFU of positive cells. 
(B-D) ~//5 T cell clones were allowed to set- 
tle onto bilayers containing P- or E-selectin, 
and after 5 rain, shear stress was applied in 
staged increments as described in Figs. 3 and 
4. Error bars denote the SD of triplicates in 
one representative experiment. (B) Percent- 
age of the cells that setded on selectin bilayers 
and remained bound after 10 s of flow at 0.73 
dyn/cm 2. (C) The percentage of cells adher- 
ent at 0.73 dyn/cm 2 that remained adherent 
and rolled at increasing wall shear stress. (D) 
Correlation of sLe • expression on clones and 
resistance to detachment at a shear stress of 7.3 
dyn/cm 2. 
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The Effects of CSLEX-1 and H E C A - 4 5 2  Antigen Depletion 
on Peripheral Blood T Ceil Attachment to E- and P-SeIectin Bi- 
layers under Flow Conditions. Immunomagnetic depletion with 
CSLEX-1 mAb of~//8 clone HF.2 resulted in complete re- 
moval o f  cells expressing CSLEX-1 and HECA-452 epitopes. 
This treatment reduced tethering o fHF .2  8 cells on E-selec- 
tin from 39 + 4 to 0 cells/mm2; by contrast, accumulation 
on P-selectin o f  53 -+ 8 cells/mm 2 was changed by deple- 
tion to 31 -+ 7 ceUs/mm 2. Similar experiments were carried 
out on purified peripheral blood CD3 + T lymphocytes; pu- 

rifled a/J3 and ~//8 T cell subsets could not be used for these 
experiments because o f  prior positive magnetic selection. 
Depletion with CSLEX-1 mAb removed 97% ofCSLEX-1 + 
cells and 80% o f H E C A - 4 5 2  + cells (Fig. 8 A). and reduced 
accumulation in flow on E-selectin by 73% (P <0.001) (Fig. 
8 B). In contrast, accumulation o f  P-selectin was reduced 
by 38% (Fig. 8 B). Depletion with HECA-452  mAb re- 
moved >95% o fCSLEX-1  + and HECA-452  + cells (Fig. 8 
A), and reduced accumulation o f  CD3 + lymphocytes by 
93% on E-selectin (Fig. 8 B) but only 32% on P-selectin 
(Fig. 8 B). 

Figure 8. Depletion of T cell populations expressing carbohydrate 
epitopes and effect on binding to P-selectin and E-selectin. (A) Peripheral 
blood T lymphocytes were depleted with either CSLEX-1 mAb (upper 
panel) or HECA-452 mAb (lower panel) by negative immunomagnetic se- 
lection. Nondepleted (open bars) and depleted (shaded bars) populations of 
T cells were stained with the indicated mAb and FITC anti-ig and sub- 
jected to flow cytometry. (B) CD3 + T lymphocytes or fractions depleted 
with CSLEX-1 or HECA-452 mAb were infused over bilayers contain- 
ing P-selectin (upper panel) or E-selectin (lower panel) at a shear stress of 
0.73 dyn/cm 2 for 3 rain and cell tethering was determined. Error bars 
represent the SD of two different sets of experiments perfused in duphcate. 
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Discuss ion  

The starting point for these studies was the observation 
that T lymphocytes accumulated and rolled on monolayers 
o f  activated platelets with an efficiency only twofold lower 
than neutrophils, and in the same range o f  shear stresses, up 
to 3.6 dyn /cm 2. Furthermore, we found that ~//8 T cells 
preferentially accumulated on platelet monolayers, raising 
the question o f  whether 3~/8 and e~/13 T cells might display 
differences in interactions with selectins that contribute to 
selectivity in emigration from the bloodstream. W e  find 
that ~//8 T cells are more efficient than oL/13 T cells in bind- 
ing to P-selectin in flow, and also contain a higher pro- 
portion o f  cells that bear a functional P-selectin hgand, as 
shown by binding in static conditions. A lower proportion 
o f  both o~/[3 and ~ /8  T cells, 30%, bear functional ligands 
for E-selectin. Furthermore, tethering to P-selectin was more 
robust; whereas T cells tethered to both E-selectin and 
P-selectin at 0.73 dyn/cm 2, T ceils tethered only to P-selectin 
at 1.8 dyn / cm 2. We  further characterized heterogeneity 
among "y/8 T cell clones and among CD3 + blood T lym- 
phocytes in expression o f  ligands for E-selectin and P-selec- 
tin, and showed that sLe x and CLA are good markers for T 
cells that bind to E-selectin, but not for cells that bind to 
P-selectin. 

The preferential binding of  T lymphocytes, and o f " / / 8  
cells, to P-selectin compared with E-selectin has not been 
previously reported. We  have found that 60% o f  purified T 
cells bind to plate!et monolayers, and that 80% o f " / / 8  and 
54% of  cl/[3 T cells bind to artificial bilayers containing 
P-selectin. Previous studies have reported lower values, 
which may reflect assays that are less sensitive. For instance, 
a mean of  27% of  CD3 +, 22% of  CD4 +, and 36% o f C D 8  + 
T cells were found to bind in suspension to P-selectin on 
activated platelets as determined by flow cytometry (19). In 
a similar assay, a mean of  6.0 + 5% o f  CD4 + T cells and 
16.6 + 8.2% CD8 + T cells were capable o f  interacting with 
activated platelets (22). In another report, only chronically 
stimulated, not resting, CD4 + T cells bound to P-selecfin chi- 
mera insolution as examined by indirect immunofluores- 
cence (47). In contrast to human T cells, a significant pro- 
portion o f  bovine ~//8 T ceils were shown to tether equally 
well to P-selectin and E-selectin, whereas the cx/~ popula- 
tion in this species tethered minimally to either substrate 
(31). Our  results suggest that human T lymphocyte interac- 
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tions with P-selectin may be more important in lympho- 
cyte extravasaOon than previously thought. Furthermore, it 
is tempting to speculate that this interaction may also be in- 
volved in T lymphocyte homing to skin, as previously de- 
scribed for E-selectin at cutaneous sites of  chronic inflam- 
mation (30). This is supported by in vivo observations that 
P-selectin, but not E- or L-selectin, mediates spontaneous 
rolling of leukocytes in venules of  murine skin in the ab- 
sence of an inflammatory challenge (48). P-selectin may be 
involved in primary immune surveillance by virtue of its 
expression in anatomical regions where pathogens may 
preferentially invade. In this hypothetical scenario, P-selec- 
tin would not only mediate T cell recruitment during an 
acute inflammatory event where its expression is transiently 
induced, but also function as a homing receptor for a subset 
of immune-competent lymphocytes that recognize frequendy 
encountered epithelial antigens. This interaction may also 
contribute to increased ~//8-to-~x/f3 T cell ratios in epithe- 
hum compared with blood or lymphatic organs. The higher 
proportion of  ~//8 than cx/~3 T cells that interacted with 
P-selectin appeared to reflect a difference in the percentage 
of  cells that expressed a functional P-selectin ligand rather 
than a difference in the amount of  hgand expressed on the 
~/8 and oL/f3 T cell subsets, because once cells attached, re- 
sistance to detachment and rolling velocities were similar 
for both T cell subsets. 

Glycop.roteins decorated with HECA-452 epitope (CLA 
antigen) and/or sLe ~ have been proposed as the major 
hgand(s) on T cells for E-selectin (18, 49, 50). We found 
that the percentages of ~x/~ and ~//8 T cells that expressed 
these ohgosaccharides were equivalent to the percentages 
of  these cells that bound to E-selectin. Furthermore, we 
observed that depletion of  the HECA-452 + subsets or the 
CSLEK-1 + subsets within peripheral blood T lymphocytes 
and ~//8 T cell clones almost completely abohshed or sub- 
stantially reduced tethering to E-selectin (50). In contrast, 
more ~//8 and cx/~ T cells bound to P-selectin under static 
conditions than expressed these carbohydrate epitopes, sug- 
gesting a role for additional ohgosaccharides. Further evi- 
dence supporting the requirement for distinct glycosylation 
or other posttranslational modifications of E-selectin and 
P-selectin hgands was provided by analysis of  detachment 
profiles of T lymphocyte dones. Representative ~//8 T cell 
clones expressing various amounts of sLe x and HECA-452 
were observed to have similar binding and detachment 
profiles on P-selectin, but differed significantly with respect 
to shear resistance on E-selectin. We would expect compa- 
rable results on either selectin substrate if identical ohgosac- 
charides and/or proteins were required for adhesion. Simi- 
larly, removal of  T cell populations expressing sLe x and/or 
HF~A-452 antigen from peripheral blood T lymphocytes 
or 9//8 clones minimally reduced adhesion to P-setectin 
uuder flow conditions. We cannot rule out a role for sLe x in 
P-selectin binding because a 30-40% reduction in P-selec- 
tin binding of  peripheral blood T cells was noted in deple- 
tion studies. This may reflect heterogeneous glycosylation 
of the P-selectin ligand(s) expressed on these cells. 

Previous studies have identified PSGL-1, a homodimeric 

sialomucin from myeloid cells as a P-selectin hgand (33, 44, 
51). Anti-PSGL-1 antibodies have been shown to com- 
pletely inhibit binding af  purified P,seloctin to neutrophils 
as well as to peripheral blood T lymphocytes (25), and to 
inhibit adhesion of  T cells to P-selectin (23). We found 
that essentially all er T cells express PSGL-1, as found pre- 
viously for CD3 + T cells (23, 25). Thus, the finding that only 
54% ofoL/[3 T cells bound to P-selectin suggests differential 
posttranslational modification of PSGL-1 among the tx/[3 T 
cell subset. Further evidence is provided by studies involv- 
ing T lymphocytes from cord blood. Although >95% of  
neonatal T cells express PSGL-1, <5% bind to P-selectin 
under static conditions (Diacovo, T. G., unpubhshed ob- 
servation). Thus, it appears that expression of  functional 
PSGL-1 may be induced during antigen-mediaced naive 
virgin-to-memory T cell conversion in secondary lymphoid 
organs. 

In contrast to ~x/~ T cells, we found that 74 - 6% (n = 
5) of  peripheral blood ~/~ T cells expressed PSGL-1 and 
that a similar percentage ,of cells, 80 + 4% (n = 3), bound 
to P-se!ectin. We hypothesize that these two populations 
of T cells are identical. Whether PSGL-I is selectively ex- 
pressed on specific subsets o f ~ / 8  T cells, such as the VS1 
or V~2 population, requires further evaluation. We also 
found that digestion with O-glycoprotease of mucinlike 
molecules on purified peripheral blood T cells and ~//8 T 
cells abohshed interactions with P-selectm but not E-selec- 
tin (data not shown), in agreement with previous studies on 
the importance of  PSGL-1 on T cells for binding to P-selec- 
tin (23, 25, 52). Neuraminidase treatment of T cells abol- 
ished binding to both E-selectin and P-selectin (data not 
shown). 

In summary, we have demonstrated that both human {x/J3 
and ~//8 T cells can interact with E-selectin and P-selectin 
under physiologic flow conditions and that they possess sim- 
ilar selectin hgands. Furthermore, sLeX/HECA-452 antigen 
expression on both populations of  lymphocytes correlates 
with E-selectin-dependent binding, whereas adhesion of T 
cells to P-selectin requires a sialomucin glycoprotein hgand 
bearing a unique carbohydrate structure. Although identi- 
cal in these respects, the enhanced ability of  ~//8 T cells to 
bind to P-selectin, an adhesion molecule associated with 
immediate inflammatory events, suggests that these cells may 
play a significant rote in the early response to bacterial in- 
Fections. This subset o f t  lymphocytes is well suited for im- 
mune surveillance because ~//~ T cells have been shown to 
recognize nonpeptide bacterial antigens presented through 
a novel extraceUular pathway that does not require antigen 
internalization, processing, or expression of  class I, class II, 
or CDla,  lb, and lc molecules (53, 54). Similar observa- 
tions have not been reported for ~x/[3 T cells to date. Fur- 
thermore, ~//8 T cells have also been implicated in the 
pathogenesis and maintenance of rheumatoid arthritis, be- 
cause they have been shown to accumulate in affected 
joints of  these patients (15). Interestingly, P-selectin, de- 
rived from platelets and endothehum, has been shown to 
be the predominant adhesion molecule detected on the mi- 
crovasculature in rheumatoid arthritis and is beheved to 
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contribute to lymphocytic recruitment (55). Thus, ~//8 T 
cells may have a selective advantage to respond to specific 
disease processes by virtue o f  their preferential ability to ad- 

here to P-selectin and thus may play a crucial role in pro-  
viding primary host defense against invading organisms and 
in the maintenance o f  chronic inflammation. 
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