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Chemokines Fail to Up-Regulate@, Integrin-Dependent
Adhesion in Human Th2 T Lymphocytes'

Barbara Clissi,?* Daniele D’Ambrosio,?" Jens Geginat®* Lucia Colantonio, '
Alexander Morrot, " Norman W. Freshney; Julian Downward,* Francesco Sinigaglia, and
Ruggero Pardi*$

Th1 and Th2 cells are functionally distinct subsets of CD4 T lymphocytes whose tissue-specific homing to sites of inflammation
is regulated in part by the differential expression of P- and E-selectin ligands and selected chemokine receptors. Here we inves-
tigated the expression and function off, integrins in Thl and Th2 cells polarized in vitro. Thl lymphocytes adhere transiently

to the extracellular matrix ligands laminin 1 and fibronectin in response to chemokines such as RANTES and stromal cell-derived
factor-1, and this process is paralleled by the activation of the Racl GTPase and by a rapid burst of actin polymerization. Selective
inhibitors of phosphoinositide-3 kinase prevent efficiently all of the above processes, whereas the protein kinase C inhibitor
bisindolylmaleimide prevents chemokine-induced adhesion without affecting Racl activation and actin polymerization. Notably,
chemokine-induced adhesion tg3, integrin ligands is markedly reduced in Th2 cells. Such a defect cannot be explained by a
reduced sensitivity to chemokine stimulation in this T cell subset, nor by a defective activation of the signaling cascade involving
phosphoinositide-3 kinase, Racl, and actin turnover, as all these processes are activated at comparable levels by chemokines in
the two subsets. We propose that reducef, integrin-mediated adhesion in Th2 cells may restrain their ability to invade and/or
reside in sites of chronic inflammation, which are characterized by thickening of basement membranes and extensive fibrosis,
requiring efficient interaction with organized extracellular matrices. The Journal of Immunology,2000, 164: 3292-3300.
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phoid or peripheral tissues occurs by a defined series ointo sites of inflammation (12-15)
activation and adhesion steps, which culminate in the ac- A large number of chemokines are capable of up-regulating in-
quisition of directional motility by the extravasating leukocytes (1, tegrin expression and function in leukocytes belonging to various
2). Chemokines have been placed at the center stage in directidimeages (5-10). This functional up-regulation is typically transient
leukocyte extravasation (3, 4). Accumulating evidence suggestand dose-dependent, in some cases showing a bimodal pattern th
that most chemokines are able to promote the conversion of lewesults in the inhibition of basal integrin function at high nanomo-
kocytes from a weakly adherent, selectin-dependent phenotype far concentration of the chemokine (6), as expected for a stimulus
a firmly adherent, integrin-dependent phenotype during leukocyt¢hat is associated with cell movement rather than with static ad-
extravasation, implying that these cytokines are capable of uphesion. Further, chemokines such as monocyte chemotactic pro-
regulating integrin function by an “inside-out” activation mecha- tein-1 (MCP-1)> RANTES, and IL-8 induce preferential activa-
nism (5-10). This contention is supported by in vivo findings tion of selected integrin heterodimers within a given leukocyte
showing that integrin-dependent leukocyte extravasation is senslineage subpopulation (8, 10, 16), indicating that integrin subfam-
tive to pertussis toxin treatment (implying a role of g,Gprotein-  ilies may have a differential sensitivity and/or may require alter-
coupled receptor in the process) (11) and that mice carrying tarative activation pathways even within the same cell population.
geted deletions in nonredundant chemokine or chemokine-receptor While differences in chemokine-induced adhesion can be ac- @,
counted for by variable chemokine receptor expression or lineage- “z’
specific behaviors of integrins, the molecular steps involved in the @
process downstream of chemokine receptor occupancy are lesso.
*Department of Molecular T’athology a!rd Medlicinev L*umélln lmmynolzgy Ur)lit, sci- well defined. This issue is particularly relevant for sublineages of ®
e e DI, Lafoche Mo e, M on lymphocytes, as they express a largely overlapping profile of
United Kingdom; andfAteneo Vita-Salute School of Medicine, Milan, Italy chemokine receptors and have been shown to possess unique reg
Received for publication September 29, 1999. Accepted for publication Januangirculation patterns, in some cases associated with pathological ;
3, 2000. conditions characterized by acute or chronic inflammatory re-
The costs of publication of this article were defrayed in part by the payment of pagesponses. Th1l and Th2 cells are functionally distinct subsets of
\fvri‘;rgl‘gsog'é_agécc'ﬁo’:]‘ﬁ;girgg;etg?ntfg;beytm:‘fﬁ‘fr"seme”m accordance  cp4* T lymphocytes orchestrating polarized versions of the im-
Lo ) ) o ) ) mune response. IFN-secreting Thl cells regulate phagocyte-de-
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(Progetto Finalizzato Biotecnologie; to R.P.), Telethon (E492; to R.P.), and the Eupendent immune responses, whereas Th2 cells, producing IL-4 and
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stromal cell-derived factor-1; PI-3 kinase, phosphoinositide-3 kinase; BIM, bisin-
dolylmaleimide; WM, wortmannin; LY, LY294002; CCD, cytochalasin D; ECM,
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P rogression of leukocytes from the bloodstream into lym- genes display leukocytosis and impaired leukocyte transmigration
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IL-5, promote IgE production and eosinophil function (17). De- ug/ml of brefeldin A were added for the last 2 h of culture. Cells were then
spite their common lineage origin, Th1 and Th2 cells show clearlyfixed with 4% paraformaldehyde, permeabilized with saponin, and stained
distinct homing behaviors (for a review see Ref. 18). While Tth'th FITC-labeled anti-IFNy and PE-labeled anti-IL-4 Abs (PharMingen).

. . . . ; . .~ Samples were analyzed by flow cytometry with a FACScan (Becton Dick-
cells migrate and/or reside preferentially into sites of chronic in-jnson “Mountain View, CA).
flammation, characterized by extensive fibrosis and thickening of ) ] ) ) )
the basement membrane, Th2 cells show preferential migratioffvaluation of integrin expression by immunofluorescence
into sites of acute inflammation, such as allergic responses, typiPhenotypic analysis was performed by staining 10° cells for 30 min on
cally associated with vascular changes such as vasodilation arige with saturating concentrations of mAbs specific for different surface
increased capillary permeability. Tissue-specific homing of Thlmarkers in PBS containing 1% FBS. Cells were then washed and incubated

. . R for 30 min on ice with 1Qug/ml of FITC-conjugated goat anti-mouse IgG.
and Th2 cells to sites of inflammation is currently thought to beAl‘ter washing, cells were resuspended in PBS and analyzed in a FACScan

regulated by differential expression of P- and E-selectin ligandgiow cytometer (Becton Dickinson, Mountain View, CAys integrin an
(19) and selected chemokine receptors in the two lymphocyte sulsigenic sites were determined after calibration of the flow cytometer by &
sets (20-26). However, given the complexity of the extravasatiosing fluorescein-labeled microspheres (Flow Cytometry Standards, Re-
process and the multiplicity of the molecular steps involved, it isS€2"°h Triangle Park, NC; No. 824) as previously described (27).

likely that additional features confer selected recirculation pattern#nalysis of intracellular calcium mobilization

to Thl ,and Th2 Iymphocyt.es. . . Thl and Th2 cells were washed twice in Krebs-Ringer-HEPES (KRH)

o n t_hls .Study, we |nV_eStlgat9d the expression and function ofnedium, counted, and resuspended at 80° cells/ml. The fluorescent

integrins in the two sublineages of Th lymphocytes. We found thatC2" indicator acetoxymethyl-fura 2 (M) was added to the cells, fol

B, integrin-mediated adhesion to extracellular matrix (ECM)-pro lowed by a 60-min incubation at 37°C on a shaking waterbath. Fluores-

teins in response to chemokines is markedly reduced in Th2 cel|£ence measurements were conducted in a Perkin-Elmer LS50 B spectroflu-
. d | I lated i fch ki drometer (Norwalk, CT) under continuous stirring. Calibration of the

suggesting a developmentally regulated uncoupling of chemoking,qrescent signal was conducted as described previously in detail (27).

receptor-generated signals leading@pintegrin activation. The ) o

molecular step(s) responsible for defective Th2 adhesion in re\Ctin polymerization assay

sponse to chemokines appears to lie downstream of phosphoing-actin was quantitated by staining with FITC-conjugated phalloidin.
sitide-3 kinase (PI-3 kinase) activation and actin polymerization orBriefly, 1 x 10° cells were resuspended in RPMI 1640 medium with 10%
in a complementary signaling pathway required fyr integrin FBS and pretreated at 37°C for 30 min with or without the foIIowmg_drugs:

. 10 uM CCD, 200 nM WM, 50uM LY, or 2 uM BIM. Cells were stim-
up-regulation. ulated with chemokines (100 ng/ml) or PMA (100 nM) at 37°C for the
. indicated time points. Incubation was stopped by adding three volumes of
Materials and Methods 3.7% paraformaldehyde at room temperature (RT) for 10 min, followed by
Abs and reagents washing with PBS and permeabilization on ice for 2 min with 0.1% Triton-

HEPES. Thereafter, cells were stained with FITC-phalloidinu@@ml) at

The human recombinant chemokines RANTES and stromal cell-derive®RT for 30 min, washed with PBS, and analyzed by flow cytometry with a
factor-1 (SDF-1) were obtained from R&D Systems (Minneapolis, MN). FACScan.
PMA, cytochalasin D (CCD), wortmannin (WM), LY294002 (LY), and .
bisindolylmaleimide (BIM) were purchased from Calbiochem (La Jolla, Cell adhesion assay
CA). Monoclonal Ab TS1.22 (anti-CD11a) was kindly provided by T. A.
Springer (Harvard Medical School, Boston, MA); mAb anti-integeig
chain (VLA-3), antie, chain (VLA-4), and antie6 chain (VLA-6) were
purchased from AMAC (Westbrook, ME). FITC-conjugated goat anti-
mouse IgG was obtained from Zymed Laboratories (South San Francisc
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Ninety-six-well ELISA plates (Linbro/Titertek, Huntsville, AL) were

coated overnight at 4°C with 10 ng/ml of laminin 1, fibronectin, or BSA in
PBS, followed by blockade with 2% BSA at 37°C for 1 h. Recombinant
z-ICAM-1 was adsorbed at 2g/ml onto plates precoated for 2 h at RT

: > . : ) with 20 mg/ml human 1gG (Sandoglobulin, Sandoz S.A., Basel, Switzer-
CA). Recombinant human ICAM-1, fused to the amino terminal region Ofland) in PBS. Because the “z2” tag binds to Igs, the precoating with human

the lg-binding subunit oBtaphylococcus aureywotein A (2z-ICAM-1) IgGs allows a correct orientation of bound ICAM-1. Thereafter, plates

was generously provided by A. Randi (Glaxo-Wellcome, Stevenage, U.K.). . o
Fura-2 AM, fibronectin, FITC-conjugated phalloidin, and BSA were ob- were washed with PBS blocked with 2% BSA, and<110” cells were

tained from Sigma (St. Louis, MO). Laminin-1 was purchased from Life added to triplicate wells with or without chemoattractants (100 ng/ml) or

Technologies (Grand Island, NY). The neutralizing anti-cytokine mAbs PMA (100 nM). For competitive inhibition experiments, cells were prein-

were purchased from PharMingen (San Diego, CA). IL-12 was obtainecj‘:umjlted with serial dilutions of function-blocking ant-Ab for 20 min on .
from Hoffmann-LaRoche (Nutley, NJ) |FN-WE’lS kin.dly provided by ice and washed before addition to ligand-coated plates. In some experi- &’

. ments, cells were pretreated at 37°C for 30 min with or without the fol-
Hoffman-LaRoche AG (Basel, Switzerland). Fluo-3AM was purchased, ~. ' .
from Molecular Probes (Eugene, OR). Anti-human Vav and anti- lowing drugs: WM (200 nM), LY (50uM), or BIM (2 uM). Plates were

B ; centrifuged for 2 min at 800 rpm to allow rapid cell sedimentation and were o
phosphotyrosine (4G10) mAbs were purchased from Upstate Biotechnol- g P p 5

’ h : incubated for the indicated time periods at 37°C. Nonadherent cells were
?rgﬁ(l_szknet:?fdczjyé\gt)éarxg% gzsfggrt]){;oé'&i(@gg) MAD was purchasedremoved by washing four times with medium; adherent cells were fixed X%

with 3.7% paraformaldehyde at RT for 10 min, washed with PBS, and @
Generation of polarized human Th lymphocytes stained with 0.5% crystal violet at RT for 10 min. Plates were washed four o)
times with water, crystal violet was then extracted by the addition of 1%
Human neonatal leukocytes were isolated from freshly collected, heparinSDS, and adsorbance at 540 nm was measured in an ELISA reader. Afterg
ized, neonatal blood by Ficoll-Hypaque density gradient centrifugation.subtraction of the background binding, as assessed with BSA-coated con- =
Polarized Th cell lines were generated by stimulation wiftg2ml PHA in trol wells, specific binding was calculated as percentage of total input cells. &
the presence of various combinations of cytokines and neutralizing anti- . T
cytokine Abs, as previously described (26). Briefly, Thi cells were gen-lmmunoprecipitation and Western blot
erated by addition of 5 ng/ml IL-12 and 200 ng/ml neutralizing anti-L-4
Ab. Th2 cells were generated by addition of 10 ng/ml IL-4 andgZml
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Cells (1.5% 10 cells/sample) were either left untreated or stimulated for
2 min at 37°C with chemokines (RANTES, 200 ng/ml; or SDF-1, 200

neutralizing anti-IL-12 Abs 17F7 and 20C2. Cells were cultured in com- . . .
. : . ng/ml) or with 50 ug/ml of anti-CD3 (TR66), mAb plus goat anti-mouse
plete RPMI 1640 medium supplemented with 5% FBS, 2 mutamine, 5 A “Cells were then lysed in 2kysis buffer (100 mM Tris, pH 8, 300

1 mM sodium pyruvate, 100 U/ml penicillin-streptomy_cin. O_n day 3, th(_e mM NaCl, 2 mM EDTA, 2 mM EGTA, pH 8, 2% Nonidet P-40, 2 nM
cultures were washed and expanded in complete medium with the add't'OBMSF 20 mM NaF, 2 mM N&/O,, 2 ug/ml aeupeptin, Zug/ml apopre
y ’ 4 1

0f 100 U/ml IL-2. tinin) for 10 min on ice. For immunoprecipitation, protein G-Sepharose
Intracellular staining for cytokines was preincubated with anti-human Vav Ab, washed twice in PBS, incu-
bated with lysates at 4°C overnight, and eluted in reducing sample buffer.
After 10 days of culture, Thl and Th2 cells were washed, collected, andsamples were analyzed by SDS-PAGE and transferred onto nitrocellulose.
restimulated with 50 ng/ml PMA and Ag/ml ionomycin for 4 h. Then, 10  The membrane was blocked in 5% milk-PBS, incubated wiflgml| of
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Thi Th2 reciprocal expression of IFN-and IL-4, respectively (Fig. 1). A
cytofluorometric analysis of surface-expressed integrins in polar-
31%1 69%

ized Th cell subsets revealed that the overall levelgahtegrins

are higher in Thl cells, while surfag® integrins appear to be
comparatively similar in the two subsets, as judged by staining
with Abs recognizing the commof subunits of the various inte-
grin subfamilies. Conversely, the composition@fintegrin het
erodimers expressed at the cell surface is qualitatively heteroge-

IL-4 production
(log fluorescence intensity)

LR AT o
= neous in the two subsets: the,B, integrin, a receptor for g
fibronectin and VCAM-1, is more highly expressed on Th2 cells, %

IFN-y production while the agB, integrin, the major laminin receptor, displays eon &

(log fluorescence intensity) sistently higher expression levels in Thl cells (Fig. 2). The surface %

o

3

FIGURE 1. Cytofluorometric evaluation of single-cell IFM-and IL-4 density of thexe SUbu_nit in particular was found to range betwee.n
production by Th1 and Th2 cells generated in vitro. Th1 and Th2 cells20.000 and 25,000 sites/cell and between 45,000 and 55,000 sitesiz

generated as described ifaterials and Methodsvere harvested and re- Cells in Th2 and Th1 lymphocytes, respectively. The observed dif- §
stimulated with PMA and ionomycin. The intracellular production of IL-4 ferences in surface expressionj3, in the two subsets are con
and IFN-y was analyzed by flow cytometry. Data are shown as dot plotsjstent with the finding that the steady-state levels of the mRNA
cytograms, and the fraction of cell§ located in each quadr.ant is indicated i'&oding for theag subunit are markedly up-regulated by IL-12
the inset. Results are representative>df5 separate experiments. treatment in Thl cells (28). ThesB, and a8, receptors were
found to be equally expressed in the two subsets, whilegthe
integrin subunit, which in selected cell types dimerizes withdghe

anti-human Vav or with a combination of two anti-phosphotyrosine Abs subunit to yield a receptor for laminin V, was not expressed in
(Py99, 0.2ug/ml; and 4G10, Jug/ml) followed by an incubation with an  gijther cell subpopulation.
ing

appropriate HRP-conjugated Ab. Peroxidase reaction was developed usin
enhanced chemiluminescence (Amersham, Arlington Heights, IL).

GST-p21l-activated kinase (PAK) pull-down assay Chemokine-induced adhesion to fibronectin and laminin is

The sequence encoding the amino-terminal 252 aa of rat PAKa was angefecnve in Th2 cells
plified using the primers GCT CTA GAA ATG TCA AAT AAC GGC  Tp assess the functional properties of integrins expressed by Th1€.
TTA GAC and CTC TAA GCT TGA TCT CCT CAT CAG ACA TTT and Th2 cells, we performed adhesion assays on immobilized in
TAC. The PCR fragment was digested wiibal andHindlll and cloned o ! P . " . Y )
into pGEX KG. pXJ40HA wild-type PAKa was a kind gift from L. Lim  tegrin ligands under static conditions. Fig. 8ows that Th1, but

(UCLA, Los Angeles, CA). To prepare the purified GST-PAK fusion pro- not Th2, lymphocytes display chemokine-inducible adhesion to
tein, oneEscherichia colicolony was inoculated and grown for 16 h at fibronectin and laminin I in response to both RANTES and SDF-1.

37°C under agitation in 2>XYTA (16 g/L tryptone, 10 g/L yeast extract, . . . . .
5 g/L NaCl, 100ug/L ampicillin). The culture was diluted 1:100 in fresh, SUch inducible adhesion reaches a plateau at 15 min poststimula-

prewarmed 2XYTA and grown by monitoring OD at 590 nm. Then, 100 tion and is typically transient, returning to prestimulation levels
mM isopropyl3-p-thiogalactoside was added to a final concentration of within 45—-60 min (Fig. 3B). The defective response observed in )

0.1 mM, and the culture was grown for additional 2 h. The induced cells . : : .
were then centrifuged for 10 min at 4°C at 7780g and resuspended in _Th2 cells can be bypassed usmg phorpol es_ter st.ln.‘lulatlon, which 8
50 ul ice-cold PBS per ml of culture. Cells were disrupted by sonication. induces a long-lasting up-regulation of integrin avidity, or by per-

Triton X-100 was added to a final concentration of 1%, and samples werdorming the adhesion assay in the presence of 1 mM Mra
incubated for 30 min at 4°C. Cells were centrifuged for 10 min at 4°C andegndition known to promote an allosteric transition in integrins’

12,000% g, and the supernatant was saved and stored in aliquet8G@ftC. . Lo . . L
To purify the expressed protein, to 1 ml of the sonicateud®f in PBS extracellular domains resulting in a persistent increase in ligand

equilibrated glutathione Sepharose (4B; Pharmacia, Upsala, Sweden) wadfinity (29). Competitive inhibition experiments using function-

afri]ded, and samples were in;:ubadted with gefntle agitation f(;Jf ﬁo mir|1| at RThlocking Abs specific for the various integrinsubunits confirmed
The suspension was centrifuged at 5809 for 3 min, and the pellet ; " - ;
washed three times with PBS. For pull-down assays<ZB¥ cells in 0.5 that Fhe adhesion of both cell subsets tp fibronectin is cooperqtlvely
ml PBS were stimulated with 100 nM chemokines ordgiml anti-cD3 ~ Mediated by thex,8, and asB, heterodimers (not shown), while

mAb for 30 s at 37°C. Then, 0.5 ml ice-cold 2ysis buffer (100 mM Tris,  adhesion to laminin is entirely dependent on &8, integrin (see

PMSF, 20 mM MgCJ, 2% Triton X-100, 1 mM DTT, 2Qug/ml leupeptin L . .

and aprotinin) was added, and lysates were vortexed and were immediate _e two Supsets, usmg immobilized ICAM-1 ‘T"s aligand, showed a g
cleared for 1 min at 13,000 rpm. The cleared lysates were added i 40 Nigh baseline adhesion by both subsets, which could be only mar- 5
GST-PAK beads and incubated for 5 min at 4°C under agitation. Theginally up-regulated by chemokine or phorbol ester treatment (not

=

GST-PAK beads were then quickly washed twice with wash buffer (50 MMgpown). Th findin monstr hat intrinsi r ral or =
Tris, pH 7.5, 500 mM NaCl, 10 mM MgGJ 0.1% Triton X-100, 2 mM sho . )- ese . d gs. de c.) strate t .at trinsic structural o «
DTT), and bound proteins were immediately eluted with sample buffer (205fUnctional altergtlons of integrins are un_Ilker to account for the R

SDS, 0.005% bromophenol blue, 10% glycerol, 50 mM Tris, pH 6.8). A reduced adhesion observed in Th2 cells in response to chemoklne%

standard SDS-PAGE was performed, and proteins were transferred to #nd suggest that a molecular step involved in the signaling path- ©

nitrocellulose membrane (Amersham). GST-PAK-bound Racl was identi- - . . . . e
fied by immunoblotting with an anti-Racl mAb (Transduction Laborato- way linking chemokine receptor stimulation to functional up-reg
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ries, Lexington, KY). ulation of B, integrins is defective in the latter cell population.
Results _ _ o
Heterogeneous expression ®f and 8, integrins on Th1 and Comparative analysis af¢f3; receptor function in Thl and Th2
Th2 cells cells

Following their expansion in the presence of polarizing chemo-T0 assess whether the observed differencejdy, surface expres
kines, Thl and Th2 cells were defined phenotypically by theirsion levels is responsible for the variable adhesion efficiency of the
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two lymphocyte subsets, we performed competitive inhibition ex-completely abolished by as little asplg/ml anti-wg mADb, further %
periments using serial dilutions of a function-blocking amfi- indicating that this is the only functional laminin receptor ex- =
mAb. Fig. 4Ashows a titration curve generated to determine thepressed by this cell subset. z,
saturating concentration of the amgi-mAb in the two subsets. At ) ) . ) & ) o
0.1 wg/ml of Ab, virtually all surface-expresseds3, integrin is Analglfs of chemok|r_1e-dr|ven intracellular Caconcentration o
saturated in Th2 cells, while-50% of the ag; receptors ex ([Ca™"];) responses in Thl and Th2 cells _(13>
pressed on Th1l cells are still unsaturated at this mAb concentraA simple explanation for the observed differences in the adhesive =:
tion. Based on the estimated receptor density reported above foesponse of Th1 and Th2 cells following chemokine stimulation is &
the two cell subsets, the numberafs, sites available for laminin  that Th2 cells are less responsive to the chemokines under study aty
binding in Thl cells, in the presence of OQuig/ml anti«wg Ab, the receptor level due to lower receptor density and/or sensitivity. N

should approximate the total number of receptors expressed k#s one of the earliest functional responses to chemokines is a rise
untreated Th2 cells. The experiment shown in Fi§. demon- in free [C&"]; levels resulting from phospholipase C activation
strates that in the presence of @ud/ml anti-«g MAb, the adhesion  and breakdown of membrane phosphoinositides, we analyzed such
efficiency of SDF-1-stimulated Thl cells is still significantly response in the two lymphocyte subsets using RANTES and
higher compared with Th2 cells in the absence of Ab22% vs  SDF-1 at nanomolar concentrations. Fig. 5 shows that indeed Th2
7 + 3%, respectively). Thus, the defective adhesion to laminincells display a less pronounced elevation of free?[Gain re-
displayed by chemokine-stimulated Th2 cells cannot be explainedponse to RANTES when compared with Thl cells. This is con-
by a lower surface expression of the relatgg, integrin receptor.  sistent with previous reports showing that Thl cells do express
Of note, chemokine-induced adhesion to laminin of Thl cells ishigher levels of selected receptors for RANTES, such as CCR1
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integrin ligands.A, Thl (M) and Th2 ([J) cells were plated onto BSA-, . ) . ;
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CHEMOKINE-INDUCED ADHESION TO ECM PROTEINS

regulated adhesion of Thl cells B integrin ligands. Persistent
activation of PKC by the irreversible agonist PMA is sufficient per
se, independently of PI-3 kinase activation, in drivipgintegrin
functional up-regulation, as judged by its resistance to PI-3 kinase
inhibitors and by its complete inhibition with the selective PKC
inhibitor BIM.

Chemokine-induced actin polymerization and analysis of the
signaling pathways involved

moq

The results described above indicate that the molecular step(s) re-3.
sponsible for the reduced adhesive response to chemokines of Th2§_
cells lies downstream of receptor occupancy, phospholipase C ac-8
tivation, and second messenger generation, at least if one consider%"
the dissociated functional response of Th2 lymphocytes to SDF-1 3
by comparing the induction of free [€4]; elevations vs3, inte- g
grin-mediated adhesion. Moreover, our findings show that two ma- =
jor enzymatic pathways triggered by chemokines, namely PI-3 ki- g

3

y

nase and PKC, are required to up-regulgtentegrin function in

Th1 cells. Among the requirements for inducible integrin-mediated
adhesion are an increased rate of actin polymerization and an ex-2
tensive reorganization of the actin-based cytoskeleton, both of 3
which are under the control of small GTPases of the Rho family 9
and are largely abrogated by CCD pretreatment (30—-32). There-<
fore, we set out to investigate whether chemokines indeed promote%
net actin polymerization in Thl and Th2 cells, and the potential ©
mechanisms involved in such response. Fig.shAws that fol-
lowing chemokine stimulation both cell subsets undergo a rapid
burst of actin polymerization, which peaks at 30 s to 1 min and
subsides to baseline levels within 5-10 min poststimulation. Such
response is completely abrogated by pretreatment of the cells with
CCD, which binds irreversibly to free actin monomers and selec-
tively blocks the ATP-dependent actin polymerization process. 3
Similar to the [C&™]; response reported above, Th2 cells-dis =
played a delayed and quantitatively reduced actin polymerization @,
response upon RANTES stimulation, whereas the two cell subsets 8

LU

204D elb0 |0Jew ey

N

(100 ng/ml), or MA* (1 mM) and incubated for 30 min at 37°C, followed kine SDF-1. Both _SUbse‘_tS responded to PMA treatment with a &
by removal of nonadherent cells and quantitation of adhesion as describefioderate but persistent increase of actin polymerization. To ana- 3

in Materials and Methods. Data are expressed as percentage adhesion olgze the enzymatic pathways involved in such response, we pre-
the total input cells and are the meanSD of 10 separate experimenks.
Adhesion was performed as described\irbut cells were left in culture for

the indicated time-points before removal of nonadherent cells and quantigjnes and PMA display a reciprocal pattern of inhibition: the burst
tation of specific adhesion. Results are the mea8D of three independent

experiments.

(28) and CCRS5, and respond preferentially to RANTES in chemoxkinase inhibitors but is completely abrogated by BIM. These
tactic migration assays. In contrast, the elevation of fre¢ [a

induced by SDF-1 is virtually identical in the two subsets, despiteactin polymerization induced by chemokines appears to be @

treated the two subsets with selected inhibitors before chemokine
or phorbol ester stimulation. Fig. 7&hows that the two chemo-

of actin polymerization induced by both chemokines is substan-
tially inhibited by the PI-3 kinasenhibitors WM and LY, but is
unaffected by the selective PCK inhibitor BIM. Conversely,
PMA-induced actin polymerization is resistant to both PI-3

findings demonstrate that the PI-3 kinase-dependent burst of &

ds euioips |\ eifojodelwre |gig

their differential response to this chemokine in the static adhesiorqually rapid and efficient in both Thl and Th2 lymphocytes g
assays reported in Fig. 3.

Signaling pathways involved in up-regulatifg integrin-
dependent adhesion in Thl cells following chemokine
stimulation

and parallels the chemokines’ ability to generate second mes- >
sengers following receptor occupancy.

Analysis of selected intracellular pathways potentially involved
in chemokine-induced adhesion to ECM proteins in Thl and

0202 ‘og |ud

To investigate the mechanisms underlying the observed variabilit)Thz cells

in chemokine-induced3, integrin functional up-regulation, we To clarify the signaling mechanisms responsible for the observed
performed chemokine- or phorbol ester-driven adhesion assays phenomena, we investigated the expression and functional activa-
Th1 cells in the presence of selected enzymatic inhibitors. Intertion of a number of molecular intermediates reportedly involved in

estingly, chemokine-induced adhesion ¢ integrin ligands is

promoting net actin polymerization and increased integrin-medi-

markedly inhibited in Th1 cells by both PI-3 kinase and protein ated adhesion upon exposure to chemokines in the two T lympho-
kinase C (PKC) inhibitors (Fig. 6), suggesting that parallel signal-cyte subsets. As a positive control in the assay, we used solid
ing pathways, involving PI-3 kinase and PKC activation, are trig-phase-bound anti-CD3 Abs, as most of the signal trasduction path-
gered by the chemokines under study and are both required for theays analyzed are known to be triggered by such treatment in T
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with a flow cytometer. Data are expressed as percentage saturated receptors, where 100% represents the mean fluorescence value (arbitrary units) b

at saturating concentrations of the mAb. Results are representative of three separate exp&;ehtmd Th2 cells were preincubated with the indicated 3
concentrations of function-blocking antis mAb before their addition to laminin-coated wells and evaluation of SDF-1-induced adhesion as described ij
Fig. 3.

a e /6io jouAtu

lymphocytes. To indirectly assess the functional activation of PI-3mote the conversion of GDP for GTP in Rho-like GTPases,
kinase, we analyzed the phosphorylation levels of protein kinase Hiam-1 and Vav have been reported to be preferentially active on ©
(PKB)/Akt, a known downstream effector of PI-3 kinase (33). Fig. Rac1 (35, 36) and to be expressed in lymphoid cells. Fig. 8 shows 5‘
8 shows that a fraction of PKB/Akt undergoes rapid phosphory-that indeed both proteins are expressed at comparable levels in Thl§
lation in both subsets following chemokine stimulation, indicating and Th2 cells. However, unlike immobilized anti-CD3 Abs, nei-
that PI-3 kinase becomes activated by both chemokines. This ither RANTES nor SDF-1 induce detectable phosphorylation of
further suggested by the observation that chemokine-induce§av on tyrosine residues, an event which appears to be required for
PKB/AkKt phosphorylation was completely abrogated by PI-3 ki- the acquisition of full catalytic activity by this exchange factor
nase inhibitors (nOt ShOWn). Comparable levels of PKB/Akt phOS-(37) These findings indicate that a major Signa"ng pathway in-
phorylation were induced in both subsets by SDF-1, whereagolved in receptor-mediated actin polymerization and cell motility
RANTES consistently induced higher PKB/Akt phosphorylation js activated at comparable levels in both Th1 and Th2 lymphocytes
levels in Th1 as opposed to Th2 lymphocytes, again confirming thggiowing chemokine stimulation, despite the differential ability of

existence of a higher sensitivity of the former T cell subset t0the two subsets to up-regulag integrin adhesion in response to
RANTES. Activation of the Rho-like GTPase Racl has been prothemokines.

posed to link PI-3 kinase activation to actin polymerization, adhe-

sion, and chemotaxis in several cell types. To assess whether Racl

undergoes GDP to GTP exchange following chemokine SﬁmmaDiscussion

tion, we used an agarose matrix-immobilized GST-PAK fusion

protein in pull-down assays, which specifically identify the GTP- In this work, we report that human Thl and Th2 lymphocytes
bound fraction of Rac1l (34). Such assays demonstrate that a smaliffer substantially in their adhesive response following chemokine
but significant fraction of endogenous Rac1 binds to the effectostimulation. Th2 cells fail to functionally up-regulagg integrins
protein PAK rapidly after chemokine stimulation. Such binding and to adhere to laminin and fibronectin upon being treated with Z
was observed at comparable levels in the two subsets and wadiemokines such as SDF-1, MCP-1, and RANTES. Such a defect, 8
completely abrogated by pretreatment of the cells with PI-3 kinasavhich can be bypassed by phorbol ester stimulation or by incuba- %
inhibitors (not shown). Among the exchange factors known to pro-tion of Th2 cells in a MA*-containing buffer, does not appear to
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(50 nM) in a 30-min static adhesion assay, as described in Fig. 3. Data are expressed as percent inhibition of agonist-induced adhesion over untreategrcel

Results are the meah SD of two separate experiments performed in triplicate. S
s
S
be caused by reduced surface expression of integrins, or by a de-more qualitative basis, Thl cells express higher surface levels of._i
fect in proximal signals originated from chemokine receptors fol-the ag integrin subunit, which, as previously reported by our 3
lowing ligand engagement. group, appears to be a transcriptional target of the Thl-polarizing %
Despite their demonstrated role in supporting lymphocyte transeytokine IL-12 (28). In contrast, Th2 cells express higher levels of &
endothelial migration, integrins have not been extensively anathe «, integrin subunit. Competitive inhibition experiments dem 8
lyzed phenotypically or functionally in polarized subsets of Th onstrated that in our experimental model adhesion to laminin ap- §
cells. As expected for T lymphocytes cultured for extended periodpeared to be exclusively mediated by thgB, receptor, while O
in the presence of mitogens, we found that both Th1 and Th2 celladhesion to fibronectin was cooperatively mediatedahg,and T
express high surface levels of integrins. Howewgy,integrins  agf; integrins. i-'
appear to be expressed at higher levels in Thl cells, whjle The aim of this work was to evaluate the ability of chemokines g
integrins are expressed at comparable levels in the two subsets. @mfunctionally up-regulatg, integrins in polarized T helper cells. ©
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FIGURE 7. Chemokine-induced actin polymerization in Thl and Th2 céllKinetics of chemokine- or PMA-induced actin polymerization in Thl
(filled symbols) and Th2 (open syimbols) cells. Cells were pretreated with medium in the presence or absepdé 6D for 20 min at 37°C, followed

by the addition of chemokines (100 ng/ml) or PMA (50 nM) for the indicated time-points. The amount of F-actin was quantitated as debtatieedls

and MethodsB, Thl and Th2 cells were pretreated with the indicated pharmacological inhibitors for 30 min at 37°C before evaluation of chemokine-
induced actin polymerization, as indicatedAnData are expressed as percent inhibition of chemokine-induced actin polymerization over untreated cells,
evaluated at 1 min following chemokine stimulation. Results are the me&D of three separate experiments.
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‘ Thi Th2 efficiently blocked by selective PI-3 kinase inhibitors, and domi-
" ' nant negative Racl mutants have been shown by others to prevent
mes e < phospho-PKB/AKt actin polymerization induced by various agonists (38—40). Other
. e s e s e s < Total PKB/AKt members of the Rho family, such as Cdc42, have been reported to
be involved in chemokine-induced morphologic changes in my-
“ - w e == <GTP-Ract eloid cells, suggesting that Rho GTPases are key regulators of
‘ ’ chemoattractant responses in multiple cell types (41, 42). Several
o o G o ww s wsn ws <Total Rac1 recent reports have highlighted a potential mechanism linking PI-3 o
kinase activation to the accelerated excange of GTP for GDP in g
% - <«phospho-Vav Rho-like GTPases by showing that Vav, a specific exchange factor S
i S L& <Total Vav for Racl, binds to and is directly controlled by substrates and §_

products of PI 3-kinase (37). Interestingly, these reports show that 8
e e e S e i e Sy < T iM-1 the product phosphatidylinositol- 3,4,5-trisphosphate enhances g‘
phosphorylation and full catalytic activation of Vav by srk-family 3

ea T 8388 T ] kinases such as Lck (37). Our findings demonstrate that Vav and & 3
gk 2 Q5L a Q Tiam-1, two major exchange factors for Racl, are expressed at =
‘g’ = St = s comparable levels in Thl and Th2 cells. However, we could not

=1

detect any tyrosine-phosphorylated Vav in either T cell subset :
FIGURE 8. Biochemical characterization of signaling intermediates in- upon short-term exposure to chemokines, suggesting that Vav is
volved in chemokine-induced actin polymerization ghdntegrin-depen unlikely to be fully activated by chemokine stimulation in T lym-
dent adhesion. Thl and Th2 cells were stimulated with control medium, th - .
indicated chemokines (100 nM for 1 min at 37°C), or immobilized anti- ?)h(?cytes. qulectl\{ely, our findings Suggest that the r.educed acti-
vation of B, integrin-dependent adhesion observed in Th2 cells ©

CD3 mAb (10ug/ml for 10 min at 37°C). Cell lysates were subjected to . . . .
SDS-PAGE and analyzed by immunoblotting for the indicated proteins ag€xposed to chemokines cannot be explained by a defective acti-

described inMaterials and Methods. GTP-Racl was detected by immu-Vation of PI-3 kinase, Rac-1, and the related processes leading tog
noblotting of the eluate of GST-PAK columns with anti-Racl Ab. Phos- @ burst of actin polymerization, which in several models is required <
pho-Vav was analyzed by immunoblotting of anti-Vav immunoprecipitatesto support integrin-mediated adhesion, spreading, and motility.
with anti-phosphotyrosine mAb. Results are representative of three sepa- A complementary signaling pathway that impacts on chemo-
rate experiments. kine-induced adhesion involves the activation of the small GTPase
RhoA and the functionally interdependent enzymatic activities of
phospholipase D and PKC (43). Several reports have indicated that®
The most significant finding reported here is that in Th2 but notRhoA activity is required for agonist-induceg} and 3, integrin
Thl lymphocytes, the early response induced by chemokines, iactivation in lymphoid cells (7, 30). Likewise, a large body of
terms of phospholipase C activation and?Canflux, is function experimental work has shown that PKC activation plays a central =
ally uncoupled from the activation of integrin-mediated adhesion.role in integrin function and integrin-cytoskeletal interactions (44, 8.
The experiments performed using known activators of integrin-45). Our findings indicate that the selective inhibition of PKC in 8
dependent adhesion, such as phorbol esters or buffers containifighl cells abolisheg, integrin-dependent adhesion in responseto <
Mn2" ions, suggest that integrins are indeed competent to engagehemokines and, as expected, to phorbol esters. Interestingly, thel3.
their specific ligands in Th2 lymphocytes and that one or moreactivity of PKC does not seem to be required for chemokine-in-
molecular intermediates linking chemokine responses to integrimuced actin polymerization. This suggests that two |ndependent
functional up-regulation are defective in these cells when comsignaling pathways, one involving PKC and the other requiring
pared with Thl cells. In search of such intermediates, we explore®I-3 kinase activity, are both required for the observed adhesion to
selected intracellular pathways that are known to be involved irECM ligand upon chemokine stimulation and may be differentially
transducing membrane receptor-generated signals required for cyegulated in Thl vs Th2 cells. Although our findings do not pro-
toskeletal reorganization, adhesion, and motility in most lymphoidvide a mechanistic explanation for the markedly reduced fuc-
and nonlymphoid cells. One such pathway involves the activatiomtional activation ofg, integrins in Th2 cells exposed to chemo
of PI-3 kinase by G protein-coupled receptors, including chemo+kines, they demonstrate that the observed differences are not due tcB.
kine receptors, and the subsequent activation of subfamilies ci defective activation of a signaling pathway involving PI-3 ki- %
Rho-like GTPases. Two lines of evidence in this work support thenase, the small GTPase Racl, and other intracellular regulators of_g,
conclusion that PI-3 kinase is efficiently activated by chemokinesactin polymerization. Conversely, the possibility exists that the
at comparable levels in Thl and Th2 cells: first, we observed comvariable efficiency of chemokine-inducedj integrin function in
parable levels of phosphorylation of PKB/Akt, a known down- the two subsets might reside in the differential expression and
stream effector of PI-3 kinase, in both Thl and Th2 cells uponfunctional regulation of selected isoforms of PKC expressed by
exposure to SDF-1, a chemokine that promotes comparable chésmphoid cells and/or by regulators and effectors of the RhoA
motattractant responses in the two subsets; second, selective iGTPase. In support of this conclusion, recent reports (46) have N
hibitors of PI-3 kinase abolish the burst of actin polymerization demonstrated the involvement of selected PKC isoforms, such as’
induced by SDF-1 in both lymphocyte subsets. Furthermore, usinghe atypical PKC¢, in chemokine-induced adhesion to integrin
a sensitive biochemical assay, we provide for the first time evidigands. In apparent contrast with this hypothesis, we show here
dence for the rapid activation of Racl by chemokines, which isthat Th2 cells respond efficiently to PMA in terms of integrin-
compatible with the role played by this Rho-like GTPase in sup-dependent adhesion. However, being phorbol esters metabolically
porting cell adhesion and motility. The activation of Racl appearsstable and devoid of selectivity as PKC activators, the possibility
to lie downstream of PI-3 kinase activation and is likely to be exists that subtle differences in the expression and regulation of
primarily responsible for the burst of actin polymerization ob- selected PKC isoforms or their specific substrates may be respon-
served in both T cell subsets. Indeed, both the exchange of GDBible for the observed behavior 8f integrins in chemokine-stim
for GTP in Racl and the observed burst in actin polymerization areillated Th2 lymphocytes.
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In conclusion, our data indicate that in addition to the demon-
strated differential expression of chemokine receptors and selecti
ligands, Thl and Th2 cells show different requirements gor
integrin functional activation upon exposure to chemokines. If
confirmed by appropriate experimental models in vivo, these find-,,
ings may provide an additional mechanistic clue to the understand-
ing of the markedly different homing behavior of Th1 vs Th2 cells.
Reduced3, integrin-mediated adhesion in Th2 cells could restrain
their ability to invade and/or reside in sites of chronic inflamma-

tion, which are characterized by thickening of basement mem23-
branes and extensive fibrosis, requiring efficient interaction withy,

organized ECMs. In contrast, such limitations may not affect mar-

gination of Th2 cells into areas of acute inflammation, in which a%>

host of soluble mediators, by increasing microvascular permeabil-
ity, reduce the selectivity of lymphocyte transmigration.

26.
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