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SUMMARY

Migration of T cells into extravascular sites of in¯ammation is mediated by cell±cell and cell±matrix

adhesion receptors, including the hyaluronan-binding glycoprotein, CD44. The biochemical nature

of CD44 variants and the ligand speci®city, function and the regulation of activation of CD44

expressed on various cell types have been extensively studied. However, little is still known about the

short-term in¯uence of cytokines and chemokines on the activation of CD44 on human T cells.

Therefore, we studied the role of in¯ammatory mediators in regulating the adhesion of T cells from

human peripheral blood to immobilized hyaluronan under static or shear stress conditions. We

found that the CD44-dependent adhesion, under static and shear stress (i.e. relative gradual

resistance to ¯ow of 150 and 1500 sx1) conditions, of T cells to hyaluronan requires a T-cell

activation of 2±3 hr and is regulated by the cross-linking of CD3, cytokines (e.g. interleukin-2 and

tumour necrosis factor-a), and chemokines (e.g. MIP-1b, interleukin-8, and RANTES). This T-cell

adhesion was manifested by polarization, spreading and co-localization of cell surface CD44 with a

rearranged actin cytoskeleton in hyaluronan-bound T cells. Thus, cytokines and chemokines

present in the vicinities of blood vessel walls or present intravascularly in tissues where immune

reactions take place, can rapidly activate the CD44 molecules expressed on T cells.

INTRODUCTION

Migration of T cells across blood vessel walls and tissue

barriers, such as the extracellular matrix (ECM), requires T-cell

activation, and is primarily mediated by b1-integrins, which,

within minutes of activation, bind their glycoprotein ligands.1

In vivo, in¯ammatory mediators, including cytokines and

chemokines, appear to activate T cells, which in turn activate

integrins and ligate ECM glycoprotein epitopes.2±5 However,

besides integrins, migrating T cells use other cell±ECM and

cell±cell receptors, such as the CD44 glycoprotein.6,7 Upon

activation, CD44 recognizes and binds hyaluronan (HA), a

glycosaminoglycan present on endothelial cells and the ECM.

The function and regulation of the ligand-binding activity of

CD44 has been studied.7±9 As reported in these studies, the

ligation of HA by CD44 appears to depend on both the

activation state of the cell and the post-translational modi®ca-

tions of the CD44 molecule. These modi®cations include

phosphorylation of serines and palmitoylation on cytoplasmic

and internal domains of the molecule, as well as N- and

O-linked glycosylation, the addition of glycosaminoglycan side

chains, and sulphation of galactoside residues on the external

domains of the molecule.10,11 Although the biochemical nature

of CD44 activation has been studied, it remains unclear

whether short-term T-cell activation through pro-in¯amma-

tory mediators affects the ligation of HA by CD44 expressed

on human T cells. This activation may occur during T-cell

migration to in¯ammatory loci.

In the present study, we analysed the likelihood that human

T-cell adhesion to HA is affected by exposure of the cells to

pro-in¯ammatory cytokines and chemokines which can be

found in in¯amed tissue areas. We found that within a few

hours of activation by these mediators, T cells adhere to HA,

predominantly via their CD44 receptors and that this binding

was resistant to relatively low shear ¯ow force. To understand

this process further, we investigated the requirements for

intracellular protein synthesis, the rearrangement of cytoske-

letal proteins and the sulphation and glycosylation of the

activated CD44. We believe that our ®ndings shed additional

light on the activatory and pro-migratory roles of cytokines

and chemokines that operate in in¯amed loci.
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MATERIALS AND METHODS

Reagents

The following reagents and chemicals were obtained as noted:

recombinant human macrophage in¯ammatory protein-1b
(MIP-1b), regulated on activated T-cell expressed and secreted

(RANTES) and IL-8 (Pepro Tech; Rocky Hill, NJ); recombi-

nant human tumour necrosis factor-a (TNF-a; Boehringer;

Ingelheim, Germany); interleukin-2 (IL-2; Chiron B.V.;

Amsterdam, the Netherlands), bovine serum albumin (BSA),

phorbol 12-myristate 13-acetate (PMA), cytochalasin D and

HA (Sigma Chemical Co.; St. Louis, MO); and HEPES buffer

and RPMI-1640 (Kibbutz Beit-Haemek, Israel). Mouse anti-

human monoclonal antibody (mAb) speci®c for CD44 (clone

MCA P89) and CD3 were obtained from Serotec (Oxford,

UK).

Puri®cation and labelling of human T cells

Human T cells were obtained from the peripheral blood of

healthy human donors and puri®ed as previously described.5

The cell population thus obtained contained >94% CD3+

T cells (usually 44% were CD8+ and 56% were CD4+ T cells),

as determined by ¯uorescence-activated cell sorter (FACS)

analysis. The puri®ed human T cells were labelled with

Na2
51[Cr]O4 (Amersham, Bucks, UK) washed, resuspended

in adhesion medium (RPMI-1640 supplemented with 0.1%

BSA and HEPES buffer), and seeded in the HA-coated,

¯at-bottomed, 96-well microtitre plates (Nunc, Roskilde,

Denmark).

T-cell adhesion assays

Flat-bottomed microtitre plates were coated with HA by

adding HA in phosphate-buffered saline (PBS; 50 mg/ml) to the

wells (50 ml PBS per well) and were incubated for 24 hr at 4u.
The wells were then extensively washed, the remaining binding

sites were blocked (60 min, 22u) with BSA (1% in PBS), and the

wells were washed again. The adhesion of labelled T cells to

immobilized HA was examined as previously described.5,12 To

evaluate the moieties involved in T-cell adhesion mediated by

CD44, we added anti-CD44 mAb or cytochalasin D, an

inhibitor of actin rearrangement, to the HA-coated wells along

with the T cells. After various time intervals, non-adherent and

weakly adherent labelled T cells were removed from the wells

by gentle washing, the remaining cells in the wells were lysed,

and the radioactivity associated with the matrix, which

represented the actual T-cell adhesion, was measured using a

c-counter.

T-cell adhesion to HA under shear stress conditions

The binding to HA of human T cells, exposed to RANTES

(40 ng/ml), MIP-1b (40 ng/ml), IL-2 (50 U/ml), or TNF-a
(20 ng/ml), was analysed essentially as previously described.13

Brie¯y, tissue culture grade, four-well plates (Nunc) were

precoated (2 hr, 37u) with HA (250 ml containing 50 mg/ml

HA), and the unbound material was then washed with PBS.

The wells were then blocked with 1% BSA in water (30 min,

37u) After adding the human T cells (1.5r106/well), the wells

were subjected to increased shear stress (2 min; 150 sx1 or

1500 sx1) using a specially designed rotating Te¯on magnetic

cone in a cone and plate device.13 The wells were then

thoroughly washed, the T cells were stained with May±

Grunwald stain, and the morphologies and amounts of

matrix-bound T cells were analysed with an inverted light

microscope (Olympus; Tokyo, Japan) connected to an image

analysis system (Galai; Migdal Haemek, Israel), which assayed

the amount of surface-covered, matrix-bound cells.

Staining of the actin cytoskeleton

T cells were activated with IL-2 (50 U/ml) and incubated (for

18 hr at 37u in a 7.5% CO2 humidi®ed atmosphere) in a

standard cell culture media. The T cells were then washed and

seeded on to HA-covered cover slips in the presence of either

PMA (40 ng/ml), IL-2 (100 U/ml), TNF-a (80 ng/ml), IL-8

(40 ng/ml), or TNF-a and cytochalasin D (1 mM). After 3 hr at

37u, the adherent cells were ®xed (3 min, 3% paraformalde-

hyde, 0.05% Triton X-100). Then, the ®xed adherent cells were

washed and incubated with mAb anti-CD44 and TRITC

phalloidin (molecular probes, Eugene, OR). Next, the cells

were incubated with ¯uorescein isothiocyanate (FITC)-

conjugated goat anti-mouse antibody (Jackson Laboratories;
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Figure 1. Induction of human T-cell adhesion to HA by anti-

CD3 mAb (a), PMA (a), various cytokines (b), and chemokines (b).

Freshly puri®ed human T cells were radiolabelled with 51Cr, seeded on

HA-coated wells, and exposed to the following T-cell activators. (a)

PMA (50 ng/ml) and mouse anti-human CD3 mAb (1 mg/ml). (b) the

recombinant human cytokines and chemokines: TNF-a (20 ng/ml), IL-

2 (50 U/ml), MIP-1b (40 ng/ml), IL-8 (40 ng/ml) and RANTES (40 ng/

ml). Mean tSD of triplicate wells is depicted for one experiment

representative of ®ve.
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West Grove, PA), and washed again. Changes in the shape of

HA-bound cells were studied by exposing (3 hr, tissue culture

conditions) HA-bound T cells to various activators and

inhibitors. The T cells were then visualized using an inverted

phase-contrast Diaphot Microscope (Nikon, Japan) or a

¯uorescent microscope (MC 80 DX; Zeiss, Germany).

RESULTS AND DISCUSSION

Induction of T-cell adhesion to HA and the kinetics of the

adhesion

We investigated whether T-cell activation by physiological and

non-physiological stimuli induces T-cell adhesion to immobi-

lized HA, and we studied the adhesion-inducing patterns of

each activator. The results, shown in Fig. 1(a,b), indicate that

PMA, a prototypic protein kinase C activator,14 induced a

marked T-cell adhesion to HA. Moreover, cross-linking of

CD3 by speci®c anti-human CD3 mAb also induced adhesion

of the freshly puri®ed human T cells to a signi®cant extent

150 min after activation and seeding (Fig. 1a), as previously

shown for T-cell lines.15 Within the time frame of our study,

maximal adhesion induced by all activators was apparent 180±

210 min after activation with no further increase at later times

(data not shown), whereas non-activated T cells almost did not

adhere to the HA substrate. The adhesion of unstimulated cells

was always between 5 and 15%. These background levels of T-

cell adhesion were probably due to the fact that the CD44

molecule is already expressed on the T cells at the beginning of

the assays. Nevertheless, for its proper functioning and epitope

ligation, the CD44 molecule appears to require activation

by pro-in¯ammatory mediators. A similar phenomenon is

observed with b1-integrin binding to ECM glycoproteins.

Next, we examined whether exposing human T cells to

various chemokines and cytokines also induces adhesion to

immobilized HA. The chemokines (RANTES, MIP-1b and IL-

8) and the cytokines (IL-2 and TNF-a) induced a marked T-cell

adhesion to HA (Fig. 1b), thus demonstrating that human T-

cell adhesion to HA can be induced physiologically upon cell

activation by various cytokines and chemokines. Interestingly,

increased levels of chemokine- and cytokine-induced T-cell

adhesion to HA were observed only 150±210 min after

activation, whereas b1-integrin-dependent, pro-in¯ammatory

mediator-induced T-cell adhesion to immobilized ECM

glycoproteins peaked within 30±45 min of T-cell activa-

tion.5,16,17 The activation-dependent increase in T-cell adhesion

to HA, observed with speci®c activators and for given time

intervals, was neither accompanied by increased expression of

CD44, nor by increased binding of soluble FITC-conjugated

HA to the T-cell surfaces, as determined by FACS analysis

(data not shown). Thus, adhesion of freshly puri®ed human

T cells to immobilized HA requires a relatively prolonged

exposure to the physiological stimuli, unlike the relatively rapid

kinetic nature of T-cell adhesion to immobilized ECM

glycoproteins, which is dependent on integrin activation.

Dose±response analysis of cytokine- and chemokine-induced

T-cell adhesion to HA

The optimal amount of various pro-in¯ammatory mediators

required for optimal T-cell adhesion to HA after a prolonged

activation time was determined. The results are shown in

Fig. 2(a±c). The optimal amount of the chemokines IL-8 and

MIP-1b required for maximal adhesion was 1±10 ng/ml. The

optimal amounts of TNF-a and PMA were 0.1±10 ng/ml, and

that of IL-2 was 1±10 U/ml. Similar amounts of PMA,

cytokines and chemokines were required for the optimal

induction of b1-integrin-mediated adhesion of T lymphocytes

to ®bronectin, a major cell-adhesive ECM glycoprotein.2±5
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Figure 2. Dose-dependence analysis of PMA-, cytokine- and chemo-

kine-induced human T-cell adhesion to HA. Human T cells were seeded

on HA-coated wells, in the presence of IL-8 or MIP-1b (a), PMA or

TNF-a (b), or IL-2 (c). Cell adhesion was determined after 3 hr. Mean

t SD of triplicate wells is depicted for one experiment representative of

four.
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Inhibition of cytokine and chemokine-induced adhesion of

T cells to HA by mAb against CD44 and cytochalasin D

Previous studies have shown that the activation of T cells for

long time periods (i.e. days) elevates CD44 expression on the

cell surfaces and thereby the binding of ¯uorescent HA to the

cells.15,18 However, we found that these processes do not play a

role in the short-term adhesion induced by the different pro-

in¯ammatory mediators. To examine the mechanisms that

control T-cell adhesion to HA, the involvement of the CD44

molecule itself and the need for an intact actin cytoskeleton in

cytokine- and chemokine-dependent T-cell adhesion to immo-

bilized HA was examined. T cells were activated by exposure to

various pro-in¯ammatory cytokines, chemokines, and in the

presence of various inhibitors. The results are shown in Fig. 3.

The adhesion of T cells to immobilized HA induced by IL-2-,

TNF-a-, MIP-1b- and IL-8-induced T-cell adhesion was

markedly inhibited (70±85%) by anti-human CD44 mAb.

The presence of cytochalasin D (0.1 mM), an inhibitor of actin

polymerization,14,19 inhibited the TNF-a-, IL-2-, MIP-1b- and

IL-8-induced T-cell adhesion (Fig. 3a,b). Thus, the rearranging

of the T-cell cytoskeleton appears to be involved in T-cell

adhesion to HA.

Cytoskeleton-dependent, morphological changes of

cytokine- and chemokine-activated T cells that adhered to HA

We investigated whether the HA-speci®c, pro-adhesive effects

of IL-8, TNF-a and IL-2 can be veri®ed visually. Speci®cally,

we studied whether these mediators actually in¯uence the

morphology of HA-adherent T cells. Activation of resting

peripheral blood lymphocytes did not induce signi®cance

morphological changes in T cells upon adhesion to HA.

However, light microscopy revealed that the morphologies and

shapes of IL-2-preactivated T cells whose adherence to HA was

induced by IL-2, TNF-a and IL-8, which appeared to induce

cell spreading, cellular elongation and pseudopod formation,

were similar to those exposed to PMA, a non-physiological

activator of protein kinase C used as a control, but were

markedly different from the regular, rounded shapes of T cells

exposed to the medium alone or to TNF-a plus cytochalasin D,
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Figure 3. Inhibition of IL-2-, TNF-a- (a), MIP-1b- and IL-8-induced

(b) adhesion of T cells to HA by anti-CD44 mAb and cytochalasin D.

The 51Cr-labelled T cells were seeded onto HA-coated wells in the

presence of IL-2 (100 U/ml), TNF-a (20 ng/ml), MIP-1b (10 ng/ml),

IL-8 (10 ng/ml) and the inhibitors: anti-CD44 mAb (1 mg/ml) and

cytochalasin D (0.1 mM). After 3 hr at 37u in a 7.5% CO2 humidi®ed

atmosphere, unbound cells were removed, and the adhesion of T cells

to HA was determined. Mean t SD of triplicate wells is depicted for

one experiment representative of four.

(a)  Control (b)  IL-2

(c)  TNF-a (d)  IL-8

(e)  PMA (f)  TNF-a+CD

Figure 4. Induction by IL-2, TNF-a, MIP-1b, IL-8 and PMA of T-cell

spreading and polarization on HA-coated surfaces. Freshly puri®ed

T cells were activated (37u, 18 hr) with IL-2 (50 U/ml), washed and

seeded on HA-coated wells in the presence of adhesion medium alone

(a), IL-2 (100 U/ml; b), TNF-a (80 ng/ml; c), IL-8 (40 ng/ml; d), PMA

(40 ng/ml; e) and TNF-a (80 ng/ml) plus cytochalasin D (CD; 1 mM; f).

After 3 hr, the bound cells were ®xed with 3% PFA, and photographed.

Original magni®cation r 200.
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an inhibitor of cytoskeletal rearrangement (Fig. 4). The IL-

2-preactivated T cells were found to be non-adhesive to HA

once the cytokine was washed away. However, the T cells

resumed their adhesive characteristics after the cells were

activated by the indicated mediators (not shown). Thus, the

shape and spreading of HA-adherent T cells, which are pivotal

in T-cell migration, are indeed in¯uenced and altered by

various in¯ammatory mediators.

Next, we studied whether the actin cytoskeleton and CD44

molecules actually co-localize during cytokine- and chemokine-

induced T-cell adhesion to and spreading on immobilized

HA.20 IL-2-preactivated T cells were placed on coverslips

coated with HA, subjected to various pro-in¯ammatory

Control

IL-2

TNF-a

TNF-a+CD

MIP-1b

Treatments:

Actin CD44

Staining of:

Figure 5. Reorganization of the actin cytoskeleton and re-localization

of membrane CD44 receptors upon induction, by PMA, IL-2, TNF-a

and MIP-1b, of T-cell binding to HA. IL-2-activated (50 U/ml; 18 hr;

37u, 7.5% CO2, humidi®ed atmosphere) human T cells were seeded on

cover slips that were coated with HA and exposed to various cytokines

and chemokines (see the legend of Fig. 4 for quantities). After 3 hr, the

bound T cells were ®xed and stained with TRITC-phalloidin and anti-

CD44 mAb, followed by staining with a FITC-conjugated secondary

antibody. Original magni®cation r 1000.
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Figure 6. T-cell adhesion to HA is resistant to shear stress ¯ow

conditions. Puri®ed human T cells were treated with RANTES or MIP-

1b (each at 40 ng/ml), TNF-a (20 ng/ml) or IL-2 (50 U/ml), seeded

onto HA-coated surfaces, and exposed to shear stress (2 min). The

shear stresses tested were 150 sx1, 1500 sx1, or none (static conditions).

The cells that still remained attached after these treatments were

visualized and counted. Cell adhesion to HA in the absence of

activation and shear ¯ow was considered as control. These results are

the average (and SD) of four experiments. &, static conditions; s, 150

sx1; n, 1500 sx1.
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mediators, and then stained with TRITC-phalloidin and mAb

anti-CD44. The results are in Fig. 5. T cells stimulated by IL-2,

TNF-a, and MIP-1b not only underwent signi®cant morpho-

logical alterations (their size and spreading increased), but

also, their cell surface CD44 molecules appeared to

co-localize morpologically with the actin cytoskeleton. The

observed altered cell shapes probably result from cell activation

and CD44-mediated ligand occupancy, since non-activated

cells seeded on HA, as well as T cells simultaneously exposed to

both TNF-a and cytochalasin D, exhibited shapes typical of

resting lymphocytes. Thus, the CD44 molecules expressed on

cytokine and chemokine-activated T cells appear not only to

mediate T-cell binding to HA, but also to be involved in the

regulation of T-cell spreading. Moreover, IL-2-, TNF-a- and

MIP-1b-induced CD44 ligation of immobilized HA by T cells

may be accompanied by post-receptor occupancy events, such

as changes in cell shape, re-localization of CD44 receptors, and

cell spreading. As recently suggested,21 the co-localization

of CD44 with the actin cytoskeleton suggests that CD44

associates with the cell's cytoskeleton through a linking

molecule.

Analysis of the resistance of IL-2-, TNF-a-, RANTES- and

MIP-1b-induced T-cell adhesion to HA under shear stress

Cytokine or chemokine stimulation of peripheral T cells may

occur not only in extravascular sites of the ECM present in

extravascular tissues, but also within blood vessels, where shear

stress conditions are present. Hence, we studied the resistance

to moderate and high shear ¯ow conditions of T-cell±HA

adhesion induced by the pro-in¯ammatory mediators. Speci-

®cally, we delineated the effects of cytokines and chemokines

on the binding of human T cells to HA under static and de®ned

shear rate conditions using a cone and plate device.13 T cells

treated with various stimulators were placed on the HA-coated

4-well plates for the indicated time periods. The cells were then

subjected to ¯ow conditions applied in the device for 2 min at

shear rates of 150 or 1500 sx1. The amount of cells that were

bound to the HA-coated surfaces after these conditions was

measured by light microscopy. The results, presented in Fig. 6,

show the relative amounts of cytokine- or chemokine-treated

T cells bound to HA as compared to the control cells that

adhered to the substrate under static conditions with no

activator. Both the cytokines IL-2 and TNF-a, as well as the

chemokines RANTES and MIP-1b, induced T-cell adhesion to

the immobilized HA under static, as well as under the shear

force conditions tested. However, the stability of the adhesive

interactions between the T cells and immobilized HA under

shear stress conditions varied according to the activatory agent.

Thus, T-cell adhesion induced by IL-2 and MIP-1b was

resistant to 150 sx1, though with reduced amplitude, whereas

at these conditions, RANTES- and TNF-a-induced binding

to HA was almost completely abrogated. A shear stress of

1500 sx1 prevented T-cell adhesion induced by all the

activators tested.

The ligand-binding capacity of CD44 expressed on immune

cells was recently shown to be regulated by various physio-

logical and non-physiological activators. However, the in vivo

relevance of these ®ndings, which were tested by long-term

in vitro activation (i.e. several days) of clones of lymphocytes,

leucocytes and tumour cells,22±24 is not yet known. We

postulate that migrating T cells are capable of responding

quickly by manipulation of their adhesive features to

alterations in their environment and to the presence of pro-

in¯ammatory mediators that are either ECM-bound or

soluble.25,26 We have demonstrated that a relatively short-

term exposure of peripheral human T cells to several pro-

in¯ammatory cytokines and chemokines results in a CD44-

dependent recognition of HA and a rapid and speci®c adhesion

to the immobilized HA. The time scale for integrin- (30±

90 min) and CD44- (120±180 min) mediated T-cell adhesion

implies that the interactions with these different blood vessel

wall ligands are consecutive processes in the migration of T cells

within the ECM. Migrating T cells may ®rst exploit their

integrin recognition and binding properties, and then, utilize

their CD44±HA interactions, which may become substantial

for adhesion, and thus, dominate migration. Our results

provide additional insight into the role of cytokines and

chemokines in context; these mediators activate not only b1-

integrins, but also CD44 molecules on T cells, both of which

are known to be involved in immune cell adhesion, extravasa-

tion, and co-stimulation.6±8,27
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