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Abstract: Signaling through the leukocyte func-
tion—-associated antigen 1 (LFA-1) molecule has pre-
viously been shown to induce homotypic aggregation
in T cells and to induce cytoskeletal changes in T
lymphoma cells. In this study we describe the induc-
tion of a dendritic phenotype associated with cy-
toskeletal rearrangement in activated human
peripheral blood T cells stimulated with monoclonal
antibody SPV-L7 to LFA-1o. Maximal expression of
this phenotype required 72 h preactivation with phor-
bol myristate acetate and expression was abolished
using the protein kinase C inhibitor staurosporine.
Monoclonal antibody to CD18, the B-chain of LFA-1,
did not induce this phenotype. Monoclonal antibody
MEM 83 to presumably a discrete epitope on LFA-10
did not induce this phenotype but induced homotypic
aggregation. However, a monoclonal antibody to
CD44 induced a similar phenotype in activated lym-
phocytes. Induction of both homotypic aggregation
and the dendritic phenotype was abolished by prein-
cubation with soluble intracellular adhesion molecule
1 (ICAM-1). Cytoskeletal inhibitors prevented the
morphological changes in SPV-L7-activated lympho-
cytes. Preincubation with tyrosine kinase inhibitor,
protein kinase C inhibitors, and inhibitors of new
protein synthesis also prevented these morphological
changes. These data suggest that discrete epitopes on
LFA-10 may be capable of inducing discrete signals
either for homotypic aggregation or for a dendritic
phenotype. As both LFA-1 and CD44 are involved in
the migration of lymphocytes through high endothe-
lial venules, these data could suggest that these mole-
cules transduce signals resulting in cytoskeletal
modification necessary for lymphocyte transmigra-
tion. J. Leukoc. Biol. 58: 539-546; 1995.
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INTRODUCTION

The integrin superfamily of membrane proteins includes the
receptors for extracellular matrix proteins, leukocyte inte-
grins, and the very late activation antigen (VLA) family of

cell surface receptors [1]. The leukocyte integrin leukocyte
function—associated antigen 1 (LFA-1) shares a common
95-kD B-chain, CD18, with the p150,95 molecule and the
C3b receptor but utilizes a specific 180-kd o chain CD11,
[2] to form a membrane-expressed heterodimer. LFA-1 is
frequently classified as an adhesion molecule based on its
interaction with specific cellular receptors such as intracel-
lular adhesion molecules 1 and 2 (ICAM-1 and ICAM-2)
[3]. Intercellular adhesion necessary for help and cytotoxic-
ity is abrogated by the use of antibodies to LFA-1 and its
ligand ICAM-1 [4]. In addition, stimulation of T cells by
means of antibodies to CD3 provokes rapid homotypic ag-
gregation, which may be inhibited by monoclonal antibod-
ies to LFA-1 and ICAM-1 [5]. However, LFA-1 may also
function as a signaling molecule. Specifically, antibodies to
LFA-1 have been shown to potentiate calcium flux in acti-
vated T cells [6]. Furthermore, an activated phenotype of
LFA-1 functions as a signaling molecule for homotypic ag-
gregation [7] and antibodies to LFA-1 were shown to stimu-
late cytoskeletal rearrangement in a human T cell line [8].
Previous studies have shown cytoskeletal association of
several members of the integrin family [9, 10], and direct
association of LFA-1 with cytoskeletal elements has also
been observed in human T cells [11]. This report describes
the induction of morphological changes associated with cy-
toskeletal reorganization in activated T cells by stimulation
with cross-linked antibodies to LFA-la. Preactivated T
cells stimulated through anti-LFA-1 SPV-L7 underwent
significant morphological change with the development of
long “dendritic” processes. Similar changes were observed
in T cells preactivated through the CD44 molecule, which
is also involved in the regulation of T cell homing.
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kinase C; PMA, phorbol myristate acetate; TNF-a tumor necrosis factor
a; VLA, very late activation antigen.
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MATERIALS AND METHODS

Cell lines and antibodies

All cultures were made in RPMI 1640 containing 10% fetal calf serum,
100 U/ml penicillin, 100 pg/ml streptomycin, 5 x 10° M 2-mercap-
toethanol, 2 mM 1-glutamine, and 1 mg/ml HEPES buffer. Antibody
B7.13 to human leukocyte antigen (HLA) DR was a kind gift of Dr. T.
M. Neri, Basel Institute for Inmunology, as was the anti-class I antigen.
Antibodies to LFA-1 o chain (IgG1) (clone SPV-L7) were purchased
from Monosan Monoclonal antibodies (Sanbio bv. Uden, Netherlands)
and MHM 24 from Dakopatts (Glostrup, Denmark). Other antibodies to
LFA-1 included MEM 83 (Sanbio bv), which recognizes a determinant
involved in the activation of homotypic aggregation [12], and MHM 23,
which is directed against CD18, the P chain of LFA-1. Antibody to CD3
was derived from a supernatant of the hybridoma obtained from the
American Type Culture Collection. Anti-CD2 (Leu-5b, IgG2a) was pur-
chased from Beckton Dickinson (Mountain View, CA). A second anti-
CD2 antibody (MT910) was purchased from Dakopatts. Anti-CD43 was
purchased from Sanbio bv and L3D1 antibody to CD44 was a kind gift
of Dr. M. B. Omary, Stanford University. Isotype-specific goat anti-mouse
IgG2a was purchased from Southern Biotechnology (Teddington, Middle-
sex, UK). Staurosporine was purchased from Calbiochem, and soluble
ICAM-1 was purchased from British Biotechnology, Oxford, UK. The
specific protein kinase C (PKC) inhibitor Ro-31-8220 was a kind gift of
Dr. Trevor Hallam, Roche Pharmaceuticals, Welwyn Garden City, Herts,
UK. Herbimycin A and Actinomycin D were purchased from Sigma.

T cell enrichment

T cells were enriched from peripheral blood mononuclear cells derived
by Ficoll-Hypaque sedimentation. Enrichment was performed by plastic
adhesion (1 h) followed by nylon wool adherence (one pass). Cells were
resuspended at 10° cells/ml and incubated for 24, 48, and 72 h in the
presence and absence of phorbol myristate acetate (PMA), 25 ng/ml, or
OKT3 or combinations of OKT3 and anti-CD2 (MT910). In addition, we
performed experiments using a submaximal dose (5 ng/ml) in combina-
tion with anti-CD3. Following incubation, cells were utilized in cy-
toskeletal studies. In some experiments, cells were preincubated with
PMA in the presence of staurosporine at 107 M or the PKC inhibitor
Ro-31-8220 at 10 uM, doses previously established in our laboratory to
be optimal in inhibition of PKC-mediated events. To determine whether
new protein synthesis was required, cells were cultured in the presence
or absence of 1 pg/ml cycloheximide or 1 pg/ml actinomycin D. Finally,
we examined the role of tyrosine kinases in the development of dendritic
processes by using the tyrosine kinase inhibitor herbimycin A at 2—4 uM.

Stimulation with anti-LFA-1

These studies were performed using Labtek chamber slides (Nunc,
Napierville, IL) Chamber slides were precoated with goat anti-mouse
immunoglobulin by incubating overnight at 4°C. Chambers were then
coated with antibodies to either LFA-1a (IgG1 isotype), SPV1-7, MEM
83 or MHM-24, CD18, CD43, CD54, CD44, CD11, CD2, transferrin
receptor, HLA-DR, CD3, or HLA-ABC. The chambers were then washed
three times with phosphate-buffered saline (PBS), and T cells either
nonactivated or PMA preactivated were then added at a concentration of
10° cells/ml. In some experiments activated T lymphocytes were prein-
cubated with soluble ICAM-1. The chamber slides were then cultured at
37°C in a 5% CO, incubator and examined for the development of
morphological change with extension of dendritic processes at 4 h using
a Nikon phase-contrast microscope.

Confirmation that cells expressing dendritic processes
are T cells

To confirm that the cells examined were in fact T cells, phenotypic
characterization was carried out by FACScan utilizing monoclonal anti-
bodies to CD2 and'CD3 before and after activation with PMA. Anti-LFA-
1 antibody MHM 24 was also used to determine whether there had been
significant up-regulation of expression in the course of PMA activation.
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CD2 immunohistochemical staining was also used to confirm that cells
that had developed dendritic processes were in fact T cells. For the
detection of CD2-expressing cells, chambers were washed in PBS follow-
ing stimulation with anti-LFA-1 as described above and stained for CD2
expression using Leu-5b, an IgG2a isotype antibody, using an isotype
specific second antibody (Southern Biotechnology) and an immunoper-
oxidase technique with diaminobenzidine as the substrate. Counterstain-
ing was with hematoxylin.

Effects of cytoskeletal inhibitors

In some experiments, a cytoskeletal inhibitor, cytochalasin B (10 pg/ml),
colchicine (50 uM), or vinblastine (100 nM), or the metabolic inhibitor
hydroxyurea (1 mM) was also added.

RESULTS
Morphological changes in T cells

Three-day-activated T cells but not resting T cells stimu-
lated with antibody SPV-L 7 to LFA-la developed long
dendritic processes on the majority of cells. Antibody MEM
83, also to LFA-10., induced homotypic aggregation but not
expression of dendritic processes (Fig. 1). The processes
induced by stimulation with SPV L-7 had a length of up to
10 times the transverse diameter of the cell soma. Processes
developed within minutes of cell contact with the antibody-
coated plate and continued to grow for up to 4 h. The
induction of dendritic processes required a full 3 days of
prestimulation with PMA for maximal effect (Table 1) and
was not significant after prestimulation for less than 24 h.
There was considerable interindividual variability in the
response of activated cells to anti-LFA-1, with counts of
dendritic processes ranging from approximately 20% to
greater than 60%. Preactivation with OKT3 also produced
low levels of dendritic processes (Fig. 2). However, this
was significantly augmented by the addition of either anti-
CD2 or a low dosage of PMA. Incubation with tumor ne-
crosis factor o (TNF-0t) did not influence expression of
dendritic processes. Stimulation with antibodies to other
antigens, such as HLA class I (see Table 3) and HLA-DR
and transferrin receptor expressed at high density on the
cell surface, did not result in similar changes. Antitransfer-
rin receptor stimulation resulted in flat adherent round lym-
phocytes with short processes circumferentially, usually no
greater than 10-20% of the cell diameter.

Dendritic phenotype is induced by specific epitopes
on LFA-1a

Dendrite formation was induced by monoclonal antibody
SPV-L 7 to LFA-1a but not by monoclonal antibody MHM
24 (Table 2). Induction of dendritic processes by both
anti-LFA-1 and anti-CD44 was blocked by prior incubation
with soluble ICAM-1. Antibody MEM 83 resulted in homo-
typic aggregation that was blocked by soluble ICAM-1 in-
cubation. Anti-CD18, the B chain common to the leukocyte
integrins, failed to induce cytoskeletal rearrangement. Anti-
CD43 induced homotypic aggregation that was blocked by
soluble ICAM-1. However, the anti-CD44 monoclonal anti-
body L3D1 induced changes similar to those mediated by
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Fig. 1. Phenotype of lymphocytes stimulated through anti-LFA-10. monoclonal antibodies. Three-day-activated T cells were stimulated with monoclonal
antibodies to CD18 (a), SPV-L7 anti-LFA-1a (b), and MEM 83, LFA-1a (c). As can be seen, SPV-L-7 induced the expression of dendritic processes
on T cells and MEM 83 induced homotypic aggregation. (d) Example of a dendritic process, induced by SPV-L-7, extending for more than 10 times the
transverse diameter of the cell soma. Changes identical to those in (b) were observed with anti-CD44, and similar homotypic aggregation was also

induced by anti-CD43.

anti-LFA-1a. (SPV L 7). Addition of staurosporine at the
time of preactivation blocked induction of dendritic proc-
esses completely (Fig. 3). Staurosporine also prevented the
induction of homotypic aggregation by MEM 83 and by
anti-CD43 antibodies but did not alter cell viability. The
addition of Ro-31-8220 produced effects similar to those of
staurosporine. Inhibitors of protein synthesis including act-
inomycin D and cycloheximide also blocked the develop-
ment of dendritic processes when cells were preincubated.
Finally, the tyrosine kinase inhibitor herbimycin signifi-

TABLE 1. Induction of Dendritic Processes in T Cells Preactivated
with PMA®

T cells expressing dendritic p (%)

No PMA PMA
Antibody 24 h 48 h 72h 24 h 48 h 72h
No antibody <1 <1 <1 <1 <1 <1
Anti—class I <1 <1 11 51 62 5%2
Anti-LFA-1 <1 <1 11 11+1 27%2 56%11

°T lymphocytes obtained from peripheral blood by Ficoll-Hypaque sedimenta-
tion followed by sequential nylon wool and plastic adherence steps were incubated
in the presence or absence of 25 ng/ml PMA for 24, 48, and 72 h before stimula-
tion with immobilized antibodies to LFA-1 and class I molecules in Labtek cham-
ber slides. Following 4 h of stimulation, the percentage of cells expressing
dendritic processes was counted using a Nikon pha i Re-
sults are expressed as mean  SEM of four experiments.
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Fig. 2. Induction of dendritic processes in preactivated peripheral blood
lymphocytes. Peripheral blood lymphocytes were preactivated in the pres-
ence of 25 ng/ml PMA (a), 5 ng/ml PMA (b), 5 ng/ml PMA and OKT3 (c),
OKT3 (d), OKT3 and anti-CD2 (e), and TNF-a. (f). Preactivated cells were
then stimulated for 4 h with immobilized antibodies to LFA-1 (hatched
square), CD44 (dotted square), and an irrelevant antibody to mouse MHC,
anti-IE (black square). Dendritic processes were counted, and the percent-
age positivity is represented by the histogram bars. Results are shown as
mean and SE of triplicate counts in a representative experiment (n = 3).
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TABLE 2. Effects of Staurosporine and Soluble ICAM-1 on
Induction of Dendritic Morphology”

Cells undergoing dendritic morphology (%)

Antibody Antibody alone  Antibody + SP Antibody + sICAM-1
LFA-1a (SPV-7) 46+ 3 0 0

LFA-1a (MEM 83) HA 0 0

CD44 (L3D1) 52+2 0 0

CD43 HA 0 0

CDh18 2+1 NT NT
ICAM-1 2t1 NT NT
LFA-la 3+1 NT NT
(MHM-24)

“S, staurosporine; sSICAM-1, soluble ICAM-1; HA, homopypic aggregation. T
lymphocytes obtained from peripheral blood by Ficoll-Hypaque sedimentation
followed by sequential nylon wool and plastic adherence steps were incubated in
the presence or absence of 25 ng/ml PMA for 72 h prior to stimulation with
immobilized antibodies to LFA-1 and other adhesion molecules in Labtek cham-
ber slides. Staurosporine was added at a concentration of 107 M during preacti-
vation. sSICAM-1 was added to T lymphocytes 1 h prior to stimulation with
antibodies. Homotypic aggregation was abolished by pretreatment with either
staurosporine or soluble ICAM-1. Following 4 h stimulation, the percentage of
cells expressing dendritic processes was counted using a Nikon phase-contrast
microscope. Results are expressed as mean t SEM of four experiments.

cantly reduced the development of dendritic processes at a
dose (2 uM) that produced submaximal inhibition of lym-
phocyte proliferation and completely blocked development
of processes at a dose producing complete inhibition of
lymphocyte proliferation (Fig. 4). Herbimycin also pro-
duced a significant reduction in dendrite induction when
added after T cell activation (Fig. 3), suggesting that tyro-
sine kinase activation may be important in mediating the
effects of anti-LFA-1. The percentage of cells expressing
dendritic processes was significantly reduced by cyclohexi-
mide and actinomycin D (Fig. 6).

30
B e
B LrFA1
g . B cou
(=%
.S d
g
& 10 -
=R
1
o- ' Il 1 1
a b c d e

Fig. 3. Inhibition of formation of dendritic processes. Peripheral blood
lymphocytes were preactivated for 72 h with 25 ng/ml PMA in the absence
or presence of inhibitors of protein synthesis, RNA synthesis, and protein
kinase C. Subsequently, the cells were incubated with immobilized anti-
bodies to LFA-1 (hatched square), CD44 (dotted square), and an irrelevant
antibody, anti-IE (black square). Dendritic processes were inhibited with
the addition of 1 pg/ml cyclohexamide (b), 10 uM Ro-31-8220 (c), 1077
M staurosporine (d), and 1 pg/ml actinomycin D (e). Results are shown as
mean and SE of triplicate counts in a representative experiment (n = 4).
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Fig. 4. Dose-dependent inhibition of dendritic processes by the tyrosine
kinase inhibitor herbimycin. Peripheral blood lymphocytes were preacti-
vated for 72 h with 25 ng/ml PMA (a) in the absence or presence of
herbimycin A at 2 uM (b) and 4 puM (c), with 5 ng/ml PMA (d) and
herbimycin A at 2 uM (e) and 4 puM (f), and with 5 ng/ml PMA and OKT3
(g) with herbimycin A at 2 uM (h) and 4 pM (i). Subsequently, cells were
incubated for 4 h with immobilized antibodies to LFA-1 (hatched square),
CD44 (dotted square) and an irrelevant antibody to mouse MHC anti-IE
(black box). Results are shown as mean and SE (n = 3).

Phenotype of activated T cells

CD3 is frequently down-regulated by stimulation with PMA,
and it is evident that the phenotypic data demonstrate a loss
of CD3 expression on stimulation (Fig. 7a). Nonetheless,
CD2 remains expressed at increased levels on activated T
cells (Fig. 7b). Contamination with Leu-12—positive B cells
was 3 * 1% (n = 3) and with macrophages 5.6 + 1.3% (n
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Fig. 5. Addition of tyrosine kinase inhibitor herbimycin A with antibodies.
Peripheral blood lymphocytes were preactivated for 72 h in the presence
of 5 ng/ml PMA (a) and 5 ng/ml PMA and OKT3 (b). Subsequently, 5 ng/ml
PMA and OKT3-preactivated cells were incubated for 4 h with immobi-
lized antibodies to LFA-1 (hatched square), CD44 (dotted square), and an
irrelevant antibody (black square), in the presence of herbimycin A at
concentrations of 2 and 4 UM (c and d). Results are shown as mean and
SE of triplicate counts in a representative experiment (n = 3).



] B e

% Dendritic processes

a b c

Fig. 6. Addition of the protein synthesis inhibitor cycloheximide and the
messenger RNA inhibitor actinomycin D with antibodies. Peripheral blood
lymphocytes were preactivated for 72 h with 25 ng/ml PMA (a). In addition,
preactivated cells were incubated with immobilized antibodies to LFA-1
(hatched square), CD44 (dotted square), and an irrelevant antibody to
mouse MHC, anti-IE (black square) in the presence of 1 pg/ml cyclohexi-
mide (b) and 1 pug/ml actinomycin D (c). Results are shown as mean and
SE of triplicate counts in a representative experiment (n = 4).

= 3) at 72 h. Of particular note is the change in the pattern
of expression of LFA-1 (SPV-L-7) (Fig. 7c). This pattern
changes from a biphasic pattern observed on resting T cells
to a uniphasic intermediate pattern. Similar changes were
observed using two other clones MHM-24 and Immunotech
25.3 (data not shown).

Phenotype of cells expressing dendritic processes

_ Because there was a small proportion of contaminating B
cells and macrophages, we wished to exclude the possibility
that they might be among the cells that produced dendritic
processes. In view of the data indicating that activation with
PMA down-regulated CD3 while up-regulating CD2, we
elected to study the dendritic cells for expression of CD2.
To do this we utilized a staining step with Leu-5b, an IgG2a
antibody to CD2, and an isotype-specific second antibody.
As can be seen, the majority of cells that developed den-
dritic processes in response to anti-LFA-1 stimulation

strongly expressed CD2 (Fig. 8). In addition, CD2 expres-
sion appeared to be distributed along the dendritic proc-
esses.

Cytoskeletal inhibitors

The cytoskeletal inhibitors cytochalasin B and colchicine
inhibited the development of these processes completely,
whereas they were only partially inhibited by incubation
with hydroxyurea, which blocks cellular proliferation (Ta-
ble 3). Vinblastine, which blocks microtubule assembly,
also inhibited the production of dendrites.

DISCUSSION

Integrin molecules have previously been demonstrated to
have signaling properties. Antibodies to LFA-1 have been
shown to potentiate calcium flux in T cells stimulated
through CD3 [6]. In other studies, immobilized anti-LFA-1
was comitogenic for proliferation of cloned cytolytic T cells
[13] and for human peripheral blood T lymphocytes in the
presence of PMA [14]. In addition, certain monoclonal an-
tibodies to LFA-1 are capable of inducing homotypic aggre-
gation [12].

In these studies a monoclonal antibody to LFA-10t was
capable of transducing a signal for the development of den-
dritic processes in activated human T cells. This signaling
event required prior activation with phorbol esters or
through the CD3 receptor-associated complex. These find-
ings are not directly comparable to results of studies of
homotypic aggregation in short-term stimulated T cells [15,
16]. Homotypic aggregation can be induced by PMA, anti-
CD3, anti-LFA-10, or anti-CD44 within 4 h and this is
inhibited by anti-LFA-1. Although the signaling event in
response to anti-LFA-1 in the current studies is in itself
rapid, with maximum effects seen at 4 h, a 3-day activation
sequence with PMA is required for maximum signaling.
Furthermore, the effect appears to be epitope specific, as
other monoclonal antibodies to LFA-1 either fail to induce
dendrite formation or induce homotypic aggregation. Pre-
vious studies have demonstrated changes in epitopes on
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Fig. 7. Expression of CD3 (a), CD2 (b), and LFA-1 (c) on resting (;xx) and 3-day PMA-activated (;xx) peripheral blood T cells on FACScan analysis.
Background control with fluoresceinated second antibody is also illustrated (solid line). (a) PMA induces down-regulation of CD3 surface expression,
which is maintained for 72 h. By contrast, expression of CD2 is increased (b). (c) Resting peripheral blood lymphocytes have both LFA-1" and LFA-1%*
populations, whereas cells activated with PMA have a single peak of expression.
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Fig. 8. CD2 expression on peripheral blood lymphocytes stimulated with anti-LFA-1 menoclonal antibody SPV-L7. Resting and PMA-stimulated T
cell populations following 3-day culture were stimulated with immobilized anti-LFA-1 monoclonal antibody (IgG1) for 4 h and then stained for CD2
expression using monoclonal antibody Leu-5b, which is an IgG2 isotype. Thus, the T cell origin of cells expressing dendritic processes can clearly be
determined. (a) and (b) show resting and 3-day-activated cells stained with the isotype-specific second antibody alone; (c) (unstimulated) and (d)
(stimulated) demonstrate T cells stained using the anti-CD2 antibody. Clearly, T cells expressing CD2 may be stimulated to develop dendritic processes
on stimulation with anti-LFA-1. CD2 expression appears to be distributed along the processes in many of these cells.

LFA-1 and in LFA-1 avidity following short-term activation toskeletal reorganization requires prior priming of the cells
of T cells with anti-CD3 or PMA (7, 17, 18]. The activation by T cell activation. Furthermore, this effect is not simply
epitope recognized by the NK1-L16 molecule is expressed due to an increase in LFA-1 expression, because up to 50%
on 100% of T cells at 24 h [7] and the expression does not of resting cells are LFA-1",

appear to increase significantly between 24 and 72 h. The Responsiveness to anti-LFA-1 required preactivation
time sequence of our study with maximal effects at 72 h  with PMA and was blocked by preincubation with protein
suggests that factors other than induction of the NK1-L16 kinase C inhibitors, staurosporine and Ro-31-8220. The
epitope are responsible for these results. Thus, this cy- effects of PMA are largely mediated by activation of PKC,

TABLE 3. Effects of Cytoskeletal Poisons on Induction of Dendritic Processes”

T cells expressing dendritic p (%)
No antibody Anti-LFA-I Anti-DR Anti-TrR Anti-ABC
Medium alone <1 52 <1 29 <1
Colchicine, 50 uM <1 : <1 <1 <1 <1
Hydroxyurea, 1 mM 2 28 <1 5 10
Vinblastin, 100 nM <1 <1 <1 <1 4
Cytochalasin, B 10 pg/ml 0 <1 <1 <1 <1

T lymphocytes obtained from peripheral blood by Ficoll-Hypaque sedimentation followed by sequential nylon wool and plastic adherence steps were incubated in
the presence or absence of 25 ng/ml PMA for 24, 48, and 72 h before stimulation with immobilized antibodies to LFA-1, HLA-DR, transferrin receptor, and class |
molecules in Labtek chamber slldes Cy toskeletal poisons were added lo wells. Following 4 h of stimulation, the percentage of cells expressing dendritic processes was
counted using a Nikon ph Results are exp d as mean of four experiments (SEM < 10% in all cases). Stimulation with antitransferrin receptor
receptor antibody resulted in spreading of cells rather than extension of long dendritic processes.
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an enzyme involved in signal protein phosphorylation [19]
and transcription regulation [20]. Thus the synergistic ef-
fects of PMA in our system may reflect either direct effects
on transcription of cytoskeletal genes or regulatory effects
mediated by phosphorylation of cytoskeletal elements or
signal molecules such as LFA-1. For example, it has been
demonstrated that vimentin is a substrate for PKC and is
phosphorylated by the effects of phorbol esters [21]. Simi-
larly, PKC activation results in expression of the intermedi-
ate filament neurofilament and increased levels of
phosphorylated neurofilament in T lymphocytes [22]. Fur-
thermore, activation of T cells through the T cell receptor
results in the physical association of LFA-1 with the actin-
based cytoskeleton, possibly mediated through PKC [23].

The 72 h required for maximal effect of PMA is a period
considerably longer than that required for simple PKC-in-
duced phosphorylation and suggests that a downstream ef-
fect of PKC activation, possibly new protein synthesis, is
required. It is notable that LFA-1-mediated binding to hu-
man umbilical vein endothelial cells required 24-48 h of
incubation for maximal effect [24]. The mechanism by
which LFA-1 transduces its signal is unclear. Although
anti-LFA-1 has been shown to potentiate calcium flux in
certain circumstances, it fails to induce calcium flux when
used in isolation [6]. Preliminary experiments using the
calcium ionophore ionomycin have failed to reproduce the
effects of anti-LFA-1 (data not shown).

The finding that the stimulation of these morphological
changes appears to be epitope specific is not in itself sur-
prising. Other integrins such as the VLA-4 molecule may
bind to a number of ligands, including vascular cell adhe-
sion molecule (VCAM), fibronectin, and other as yet un-
characterized molecules [25]. LFA-1 has multiple ligands
including ICAM-1 [25], ICAM-2 [26], and ICAM-3 [27].
The observation that ICAM-1 inhibited both morphological
changes and homotypic aggregation could suggest multiple
binding sites on the ICAM-1 molecule. Alternatively, bind-
ing of the molecule to soluble ICAM-1 could sterically alter
the molecule so that it is unable to respond to stimuli
through discrete epitopes.

The finding that soluble ICAM-1 also inhibited signaling
through CD44 could suggest that sSICAM-1/LFA-1 interac-
tions could result in a negative signal that blocks cytoskele-
tal rearrangement. An alternative explanation for
differences between antibodies in terms of signals
transduced could be that different affinities could induce
differential effects related to the degree of receptor occu-
pancy or clustering. In the case of the 05 integrin, such
differences may be observed in relation to signaling in-
duced by RGD sequences on fibronectin and signaling
through antibody [28].

The induction of dendritic processes in these cells
clearly involves significant reorganization of the cytoskele-
ton. This reorganization is inhibited by cytoskeletal inhibi-
tors. The net effect of this cytoskeletal rearrangement is to
increase dramatically the number of potential intercellular
signaling events that may occur between the stimulated cell
and the cells at its site of action. Of note, the CD2 molecule

appeared to be redistributed along the dendritic processes.
This may represent increased access to accessory cells pre-
senting antigen. However, it has been demonstrated that
cells that express the Y0 T cell receptor tend to adopt a
dendritic phenotype, with potential implications with re-
gard to locomotion [29]. Changes similar to those reported
here have been observed in large granular lymphocytes
migrating on ICAM-1 lipid bilayers [30]. The cytoskeletal
changes observed could thus represent the induction of a
locomotion-associated phenotype. Such changes could be
important in migration of lymphocytes through gaps in tight
junctions of endothelial cells. This effect is not specific to
LFA-1 and is also stimulated by anti-CD44, which is also a
cytoskeleton-linked protein [31]. Notably, studies of the
migration of lymphocytes through endothelial cell tight
junctions have revealed that this can be blocked by mono-
clonal antibodies to CD44 and LFA-lo (but not CD18)
[24]. Similar induction of morphological change has been
observed in relation to a monoclonal antibody to a 20-kD
protein on Jurkat cells [32]. As both CD44 and LFA-1 are
involved in the adhesion of activated lymphocytes to high
endothelial venules, this could suggest that the observed
morphological changes represent an important step in T cell
migration through tight junctions. The signaling events re-
quired for this process involve both protein kinase C and
tyrosine kinases. However, the interactions between these
signaling events remain complex [33].

In conclusion, monoclonal antibodies to LFA-1lot and
CD44 stimulate the induction of a dendritic phenotype in
activated human T lymphocytes. Induction of such a phe-
notype may be a necessary step for the migration of lympho-
cytes through gaps in endothelial tight junctions. The
generation of such a phenotype also significantly increases
the surface area of the cell that is accessible for cell-to-cell
contact and signaling.
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