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Regulation of CD43-induced U937 homotypic aggregation
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Abstract

CD43 (leukosialin, sialophorin), a prominent component of the hemopoietic cell surface, has an enigmatic role in cell-cell interaction.
The observation that CD43 ligation triggers homotypic aggregation of monoblastoid U937 cells has permitted analysis of this: CD43-
induced aggregation was distinguishable from CD29- (also knowgilaastegrin) or CD98- (also known as 4F2, or fusion-related protein
1) induced aggregation, with different energy requirements and with partial dependef2draagrins. Previous studies have focused on
the role of CD43 ligation in tyrosine phosphorylation. However, in the homotypic adhesion assay, although there is initial tyrosine
phosphorylation, protein tyrosine kinase inhibitors did not block aggregation. Therefore, other signaling pathways were examined. CD4:
ligation induced protein tyrosine dephosphorylation, and protein tyrosine phosphatase inhibitors blocked aggregation. Activation of MAP
kinases was not necessary. Cytoskeletal inhibitors amplified aggregation. Protein kinase C (PKC) inhibitors amplified aggregation
implicating PKC as a negative regulator. CD43 ligation up-regulated surface adhesion molecules and enhanced CD29- and CD98-inducc
aggregation. Thus, CD43 participation in cell-cell adhesion is under stringent control, involving both surface events and several differen
intracellular signaling pathways, acting together to regulate the process. These mechanisms add a further dimension to the potential role
CD43 in tissue immune responses.
© 2003 Elsevier Inc. All rights reserved.
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Introduction adhesion receptors such as the very late antigen (\RR)
(CD29) integrins and L-selectin (CD62L) [6] and of the
Cell—cell and cell-matrix adhesive interactions play an ligands for these receptors such as intercellular adhesion
important role in many different aspects of immunobiology. molecule-1 (ICAM-1) (CD54), vascular cell adhesion mol-
These interactions are involved in cell localization, effector ecule-1 (VCAM-1) (CD106), and E-selectin (CD62E) [7].
recognition, and activation phenomena [1,2]. Examples of  An important component of these interactions, less well
major adhesive interactions are those between T cells and,nderstood, is the role of the sialomucin glycoproteins. Of
antigen-presenting cells [3], between cytotoxic T cells and {hege proteins, perhaps the most prominent is the CD43
their targets [4], and between lymphocyte and endothelium 56c e, also known as leukosialin, or sialophorin. The
[5]. Thus it is not surprising that recent studies have Shown o, nqance on the surface of hematopoietic cells, the size of

EP"’I‘E Crilcl);::%i'%r:)rﬁrgl St{ﬁgger?gg:jézd ep;ofeessssiovr\:ltgf n;zlll the molecule, and the glycosylation pattern all suggest a role
P ' P in cell-cell contact, and one possibility is that CD43 acts as
a steric barrier that inhibits such contact [8]. Abnormalities
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sid, is whether CD43 has a proadhesive or an antiadhesive
effect [11-13]. CD43-deficient T cells have increased ad-
hesive properties both in vitro and in vivo [14-16], sug-
gesting that cell surface CD43 is inhibitory, that is, is
antiadhesive. CD43 mAbs have been shown to enhance
homotypic aggregation previously, which could be due to
masking of an antiadhesive process, but could also be due to
a cross-linking proadhesive effect [17-21]. CD43 is aso
known to play a role in several of the basic biological
properties of the cell, such as cell proliferation and apopto-
sis, and it has been suggested that this is mediated via
activation of signaling pathways following surface ligation.
Both tyrosine and serine/threonine phosphorylation have
been implicated [22-24]. These activation and signaling
pathways have been characterized not only in terms of the
transcription factors that are implicated but also in terms of
responder genes, such as IL-2. It is aso known that the
cytoplasmic portion of CD43 interacts with actin filaments
viathe ezrin/radix/moesin (ERM) family members, suggest-
ing that CD43 could regulate cytoskeletal reorganization
or, dternatively, itself be modulated during cell motility
[25-27].

With respect to monocytes and macrophages, the role of
CD43 has only occasionally been investigated in as much
detail, although similar effects have been reported [18].
Several laboratories, however, have reported expression of
the molecule on the surface of the monoblastoid cell line
U937. CD43 mAbs trigger homotypic aggregation of these
cells[28-30], but the signaling mechanismsinvolved in this
aggregation, and their relationship to the other signaling and
integrin pathways that have been documented with respect
to CD43, have not been explored.

In this study, therefore, we have investigated these | atter
questions. Our findings suggest that CD43-induced homo-
typic aggregation is independent of conventional activation
signaling pathways, such as protein tyrosine kinase (PTK),
protein kinase C (PKC), and mitogen activated protein ki-
nase (MAPK). Some of these pathways may in fact have a
down-regulatory role on any proadhesive effects of the
CD43 mAb. In contrast, the predominant event linked to
aggregation is activation of protein tyrosine dephosphory-
lation. Furthermore, CD43 ligation is associated with in-
crease in expression of severa molecules that are now
known to be involved in the homotypic adhesion process
[31] and synergizes with them in promoting local aggregate
formation.

Materials and methods
Materials

Chlorpromazine, colchicine (CO), cycloheximide (CH),
cytochalasin B (CT), deoxyglucose (DG), ethylenediamine-

tetraacetic acid (EDTA), forskolin, genistein, herbimycin A,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), prostaglandin E, (PGE,), and staurosporine were pur-
chased from Sigma Chemicd Co. (St. Louis, MO). Caphostin
C, dephostatin, D609, H-7, H-89, KT5720, myristoylated
protein kinase C inhibitor 19-27, PD98059, potassium
bi speroxo-(1,10-phenanthroline)-oxovanadate [bpV (phen)],
rottlerin, SB203580, and W-7 were from Calbiochem (San
Diego, CA). Feta calf serum (FCS) and RPMI 1640 were
obtained from Gibco (Grand Island, NY). U937, the human
promonocytic cell line, was purchased from ATCC (Rock-
ville, MD).

Antibodies

Antibodies against cell surface molecules used in this
study were prepared in the authors' |aboratories, obtained
from the VIIth Human Leukocyte Differentiation Antigen
Workshop, or a gift of the originators as indicated. The
CDA43 (leukosiain, sialophorin) antibodies used were 148-
1B6 (ascites, 1gG1); 148-1C3 (ascites, 1gG2a); 148-3D4
(ascites, 1gG1); 161-46 (ascites, 1gGl); 84-3C1 (ascites,
1gG1); MEM-59 (purified mAb, 1gG1); RPD/AD9 (ascites,
1gG1k); and HI161 (supernatant and ascites, 1gG1). All
these mAbs were defined by their ability to bind to cells
transfected with human CD43; al recognize neuraminidase-
sensitive epitopes, and HI161 and MEM-59 are competitive
for the same epitope in cross-blocking experiments [32].
Other antibodies used detected CD14 (ZCH-7-2F9, 1gG1,
Tang, Y); CD18 (B2 integrin) (CLB-LFA1, ascites, 1gG1;
and BUS86, ascites, 1gG1, gift of D. Hardie, University of
Birmingham, Birmingham, UK); CD29 (B1 integrin)
(MEM-101A, ascites, 1gG1; MAR4, ascites, 1gGl; and
P5D5, purified antibody, 1gG1, purified mAb, gift of Prof.
N. Hogg, ICRF, London, UK); CD44 (EL/2, purified mAD,
IgG1, from Leinco Technologies [St. Louis, MO], and
P2A1, purified mAb, 1gG2a, from GeneTex [San Antonio,
TX]; CD98 (4F2, fusion-related protein 1) (BU89, purified
mADb, IgG1, gift of D. Hardie; MEM-108, ascites, 1gG1; and
AHN-18, purified mAb, 1gG1 gift of Prof. K. Skubitz,
University of Minnesota, Minnesota, MN); CD147 (MEM-
M6/1, ascites, 1gGL; and HB84HF, ascites, 1gG2b, gift of
Prof. K. Sagawa, Kurume University, Fukuoka, Japan). For
signaling studies, anti-PKC ¢ was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). ERK-1/2, rabbit
polyclonal 1gG, and anti-phosphotyrosine, mouse monoclo-
na 1gG2b, were from Upstate Biotechnology (Lake Placid,
NY). Phospho-ERK-1/2 (rabbit anti-active MAPK (pTEpY)
was from Promega (Madison, WI). Anti-PKC («, B, and §,
all mouse 1gG2b) antibodies were from Transduction Lab-
oratories (Lexington, KY). Secondary antibodies (peroxi-
dase-conjugated and fluorescein isothiocyanate [FITC]-con-
jugated rabbit anti-mouse immunoglobulin or swine anti-
rabbit immunoglobulin) were from DAKO (Dakopatts,
High Wycombe, UK). FITC-conjugated CD18 and anti-
HLA-DR and TRITC-conjugated CD29 were obtained from
Immunotech (Marseille, France) and Coulter Electronics
(Bedfordshire, UK), respectively. FITC-mouse anti-human
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CD45 and anti-human CD147 were obtained from Serotec
(Oxford, UK) and Ancell Corporation (Bayport, MN). Bi-
otin-labeled CD98-ANH-18 was prepared following a stan-
dard protocol [31].

Cell culture

U937 cellswere maintained in RPMI 1640 supplemented
with 10% FCS. Cells were grown at 37°C in 5% CO, and
humidified air, and passaged three times a week.

Quantitative homotypic cell aggregation assay

The quantitative homotypic aggregation assay was per-
formed as outlined previoudly [31]. Briefly, 20 ul of cells
(RPMI 1640 supplemented with 10% FCS, 10° cells/ml)
was placed in round-bottom wells of a 96-microwell plate.
An egqual volume of medium, with or without appropriate
antibody (i.e., including test antibodies and isotype con-
trols), was added, and the cells were incubated at 37°C for
1-7 h. The cells were resuspended gently, so as not to break
up the clusters, and the numbers of unaggregated and total
cells were counted in a hemocytometer. The percentage of
cellsin aggregates was determined using the equation: % of
cells in aggregates = [total cells— free cells/total cells] X
100. All values are expressed as means = SEM and were
obtained from three to six replicate cultures. The Student’s
t test for unpaired observation between control and experi-
mental samples was carried out for statistical evaluation of
a difference. Each individual experiment was repeated a
minimum of three times.

Cytofluorometric analysis

Expression of CD43 on the surface of U937 cells was
determined by indirect immunofluorescence and flow cy-
tometry. Cells (10°) were washed with phosphate-buffered
saline (PBS) staining buffer (containing 2% FCS and 0.1%
sodium azide) and incubated in 50 ul of staining buffer/10%
rabbit serum for 10 min on ice. The primary antibody was
added for an additional 45 min. After being washed three
times with staining buffer, cells were incubated with 1/20
dilution of FITC-conjugated rabbit anti-mouse 1gG for 45
min on ice. The cells were washed again three times with
staining buffer and analyzed on a FACScan (Becton Dick-
inson, San Jose, CA). To examine expression of CD29,
CD18, CD98, CD147, CD45, and HLA-DR, cellswere also
washed in staining buffer, incubated in 10% rabbit serum,
and then in directly labeled FITC antibodies, before flow
cytometry as above.

Cell viability
Cell viability was measured using a standard MTT assay.

Ten microliters of MTT solution (10 mg/ml in PBS) was
added to each well of U937 cultures for 3 h before the end

of the culture period. The cellswere lysed by the addition of
15% sodium dodecyl sulfate (SDS) for solubilization of
formazan and the optical density at 570 nm (ODgyq._g30) Was
measured using a Spectramax 250 microplate reader (Mo-
lecular Devices, Sunnyvale, CA).

Western blotting

Cells (5x 10° cells/ml) were washed three timesin cold
PBS containing 1 mM sodium orthovanadate and 1 mM
NaF and lysed in lysis buffer (20 mM Tris-HCI, pH 7.4, 2
mM EDTA, 2 mM EGTA, 50 mM B-glycerophosphate, 1
mM sodium orthovanadate, 1 mM dithiothreitol, 1% Triton
X-100, 10% glycerol, 10 pwg/ml leupeptin, 10 wg/ml apro-
tinin, 10 wg/ml pepstatin, 1 mM benzimide, and 2 mM
hydrogen peroxide) for 30 min with rotation in cold room.
The lysates were clarified by centrifugation at 16,000g for
10 min a 4°C and stored at —20°C until needed. Cell
lysates were analyzed by immunoblotting. Proteins (40 or
80 ug/lane) were separated on 10% SDS—polyacrylamide
gels and transferred by electroblotting to a nitrocellulose
membrane. Membranes were blocked for 60 min in Tris-
buffered saline containing 3% BSA (for phosphotyrosine)
or 5% nonfat milk proteins (for phospho-MAPKS), 20 mM
NaF, 2 mM EDTA, 0.2% Tween 20 at room temperature.
The blots were probed with antibodies that recognize active,
phosphorylated ERK1 and ERK2 (1:4000); active, phos-
phorylated p38 (1:1000) and phosphotyrosine (1:2000). Un-
less otherwise indicated, blots were incubated with primary
antibody for 1-2 h, followed by appropriate secondary an-
tibody (1:2-3000) for 1 h. After incubations with either
primary or secondary antibodies, blots were washed three
times, for 15 min each. All proteins were visualized by
chemiluminescence detection (ECL reagents, Amersham,
Buckinghamshire, UK). Intensity of bands on film was
quantitated using Synpotic Ltd. (Cambridge, UK) image
analysis system and software.

Results

CD43 antibodies trigger U937 homotypic aggregation,
but do not cause loss of cell viability

Our initial studies were based on our previous observa-
tion that CD43 did indeed induce homotypic aggregation of
U937 cells [31]. In the present study a panel of eight mAbs
specific for CD43 were tested for their ability to induce
homotypic aggregation of U937 cells. The results are shown
in Fig. 1.

In Fig. 1A four mAbs (161-46, HI161, 84-3C1, and
MEM-59; panels 69, respectively) (all of which recognize
the 110-kDa CDA43 isoform) [32] were potent inducers of
homotypic U937 aggregation, and four (148-1B6, 148-1C3,
148-3D4, and RPD/ADY; panels 3-5 and 10, respectively)
were not. Positive controls included both CD29 and CD98,
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Fig. 1. CD43 ligation with antibodies induces homotypic aggregation but
no change in cell viability. (A) A panel of eight CD43 mAbs were tested
for their ability to induce U937 homotypic aggregation. U937 cells were
incubated with mAbs (between 1.0 and 1.5 wg/ml in each case) for 3 h, as
described under Materials and methods. Images of cells in culture at this
time point were obtained using an inverted phase contrast microscope,
attached to a video camera, and captured using NIH Image software. (1)
Medium aone; (2) CD14 (ZCH-7- 2F9). (3-10) CD43 mAbs: (3) 148-1B6,
(4) 148-1C3, (5) 148-3D4, (6) 161-46, (7) MEM-59, (8) HI161, (9) 84-
3C1, (10) RDP/ADS9. (B) U937 cells were incubated with CD43 mAbs
(161-46, HI161, and MEM-59, 0.3 ug/ml) at various concentrations and
for different times as indicated. Aggregation was measured as described
under Materials and methods. The results show mean aggregation from
triplicate cultures for representative experiments. (C) U937 cells were
incubated with a panel of CD43 mAbs or an isotype control for 24 h. Cell
viability wastested by the conventional MTT assay. The results show mean
+ SD for triplicate cultures from a representative experiment. (2) CD14
(ZCH-7-2F9), (3-10) CD43 mAbs: (3) 148-1B6, (4) 148-1C3, (5) 148-
3D4, (6) 161-46, (7) MEM-59, (8) HI161, (9) 84-3C1, (10) RDP/ADO9.

which did induce homotypic U937 aggregation [31]. Ag-
gregation was unlikely to be due simply to the presence of
an antibody against any abundant cell surface molecule
found on U937 cells or to Fc receptor binding, as several
antibodies to other molecules that were also abundant on the
cell surface, such as CD44, did not induce aggregation. A
representative example of this is shown in panel 2, where
the isotype-matched control CD14 mAb does not trigger
aggregation.

The features of the homotypic aggregation induced by
these mAbs were examined in more detail. The results are
shown in Fig. 1B. Aggregation increases in a time- and
dose-dependent manner. At the highest concentration the
161-46 mAb induced aggregation of more than 80%. HI161
and MEM-59, which recognize the same CD43 epitope,
showed very similar aggregation-inducing effects, in terms
of both dose and time course.

The effects of these mAbs were also evaluated to see
whether or not CD43 ligation had induced cell death. Fig.
1C shows that all CD43 mAbs tested did not affect cell
viability, as determined by MTT assays performed at 24 and
48 h after adding the mAbs to the cultures.

Homotypic aggregation does not correlate with the level
of binding of CD43 mAbs to the surface of U937 cells

One possible explanation for these findings was that the
mAbs showed different quantitative binding profiles on
U937 cells and that there was a correlation between quan-
titative expression, capacity for cross-linking of cells by
bivalent antibodies, and aggregation. Therefore, flow cy-
tometry comparing the different mAbs was performed, and
the results of a representative experiment are shown in Fig.
2. The mean fluorescent intensity (MFI) is very similar for
al the mAbs, was similar over a range of concentrations
(data not shown), and did not correlate with aggregating
ahility.

Another possible explanation is that CD43 can be mod-
ified in the presence of antibody. For example, shedding of
CD43 has been reported following stimulation of both lym-
phocytes and neutrophils [33,34]. Internalization has aso
been reported [12]. Either of these events could diminish
any antiadhesive function, via decrease in surface charge.
To investigate this we examined the MFI of binding of the
aggregating CD43 mAbs, where any decrease might suggest
loss of CD43 from the cell surface. For these experiments,
both aggregating (H1161, MEM-59, and 161-46) and “non-
aggregating” (RPD/AD9) antibodies were used. Fig. 2B
shows that there was indeed a decrease in MFI levels with
time compared to the controls at 1 h for three of the four
mAbs, but that this did not correlate with the aggregating
properties of the mAbs. Two of the aggregating mAbs
(H1161 and MEM-59) and one mAb that does not cause
aggregation (RPD/AD9) showed this decrease, whereas
binding of the third aggregating mAb (161-46) increased up
to 30% in a time-dependent manner. Thus, neither proteo-
Iytic shedding alone nor internalization could account for
the homotypic aggregation.

CDA43-induced homotypic U937 aggregation is different
from CD29- and CD98-induced aggregation

The metabolic requirements for induction of homotypic
U937 aggregation by CD43 were compared with those for
the homotypic aggregation induced by CD29 and CD98.
Fig. 3A shows that the CD43 effect was different from the
other aggregation-inducing mAbs in that it was insensitive
to deoxyglucose, colchicine, and EDTA. Like CD29 and
CD98, it was sensitive to low temperature but insensitive to
cycloheximide.

With respect to cytochalasin B, the results were also
different with the CD43 mAbs. High concentrations of
cytochalasin B (which cause disruption of actin filaments
and inhibition of actin polymerization and which would thus
aso inhbit CD43 internalization after ligation) enhance ag-
gregation, whereas CD29- and CD98-induced aggregation
was sensitive even to low concentrations of cytochalasin B
(Figs. 3A and B). To confirm this unexpected finding fur-
ther, the effects of the calmodulin inhibitors W-7 and chlor-



J.Y. Cho et al. / Experimental Cell Research 290 (2003) 155-167 159

(A)
" No - 148-1B6 148-1C3
;. 148-3D4 8 161-46 5,
R L T T TR ST o 1-’.-"—1‘0‘ O T

107
FL1H FLI-H FLIH

HI161 . 84-3Cl

10? 10" 107 107 104 108 10" 10 10¢ 10 107 107 10?
FL1-H FLI-H FLI-H

=

RPD/AD9

2 & 2
2 4 ‘
i 5 ] I|
o e i

o o - o

(B)
180 -
™ —@— 161-46
S 1604 —V— HIl6l
= —8— MEM-59
[=} =
rf_.) 140 1 —C— 148-1C3 *x
=) *%k
=3
S 120
o
<2
T; 100 -

*
= 80 =
E * b

60 . ; ;
I 2 3
Time (hour)

Fig. 2. Homotypic aggregation is not correlated with increased ability of mAbs to bind to the surface of U937 cells. (A) A panel of eight CD43 antibodies
were tested for their ability to bind to U937 cells using flow cytometry. All antibodies were tested over a range of concentrations (1-5 wg/ml), and the
histograms shown are of a representative experiment at the saturating dose. MFI values were calculated using WIN-MDI software on a minimum of 7500
cells. (B) Totest for shedding of CD43 after ligation, three known aggregating (161-46, H1161, and MEM-59) and one nonaggregating (148-1C3) mAbs were
incubated over arange of different concentrations (1-5 wg/ml) with U937 cells for the time period indicated (up to 3 h). Then CD43 expression was measured
using FITC-labeled secondary antibody, followed by flow cytometry. Results of a representative experiment are expressed as percentages of control
expression MFI level at Time 0 with the same mAb. MFI values were calculated using WIN-MDI software on a minimum of 7500 cells.

promazine (which inhibit myosin light chain phosphoryla-
tion and thus suppress actin polymerization) [35] were
investigated. Both reagents potentiated CD43- induced ho-
motypic aggregation (Fig. 3C). Thus, homotypic aggrega
tion induced by CD43 appears to act via a completely
different mechanism from that seen with the mAbs against
the other two molecules.

CD43 induces rapid tyrosine phosphorylation and
tyrosine phosphatase activity, but only tyrosine
phosphatase activity is linked to induction of homotypic
aggregation

Since previous studies have identified tyrosine phosphor-
ylation as a downstream event in CD43-induced signaling
[29,30,36], the next experiments explored this question. The
results are shown in Fig. 4A. There is both enhanced and
reduced tyrosine phosphorylation of several proteinsin the
presence of the CD43 (161-46) mADb, in a time-dependent
fashion. Two bands (MW ~49 and ~46 kDa) are increased
over 30 min, and two other bands (MW ~60 and ~56 kDa)
are decreased.

To document a link between the tyrosine phosphoryla-
tion that does occur, as shown, with homotypic U937 ag-
gregation, the effect of the PTK inhibitors genistein and

herbimycin A was also explored. Fig. 4B shows that these
inhibitors did not suppress CD43-induced aggregation, even
though they do inhibit the changes in phosphorylation seen
in Fig. 4A (data not shown). This suggests that tyrosine
phosphorylation per se was not necessary for CD43-induced
homotypic aggregation.

However, the selective dephosphorylation of the ~p60
and ~p56 proteins shown here, and previous studies that
showed that dephosphorylation at tyrosine residues can alter
cell adhesion [37-39], prompted the use of inhibitors of
protein tyrosine phosphatase [40,41], in the aggregation
assay. Both the protein tyrosine phosphatase inhibitory
compounds bpV (phen) and dephostatin interrupted homo-
typic cell aggregation, as illustrated in Fig. 4C. This was
effect was dose-dependent (Figs. 4D and E) and was aso
demonstrable when the cells were treated with CD43 for up
to 90 min (data not shown).

Inhibition of several different PKC isoforms potentiates
CD43-induced aggregation

To test other regulatory signals induced by CD43 liga-
tion, the involvement of serine/threonine phosphorylationin
homotypic U937 aggregation was examined in the presence
of mAb, with or without the H-7 and H-89 inhibitors.
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(1.5 pg/ml), and CD29 (MEM-101A, 0.3 ng/ml). The inhibitors colchicine (CO) (10 uM), cycloheximide (CH) (10 wg/ml), cytochalasin B (CT) (1 uM),
deoxyglucose (DG) (10 mM), and ethylenediaminetetraacetic acid (ED) (2 mM) were added to the cultures. Results are expressed as aggregation relative to
control cultures in the presence of each aggregating antibody, but in the absence of inhibitor, and are the mean = SEM of triplicate cultures from a
representative experiment. All values that differ significantly from controls (P < 0.01) are indicated by two asterisks. (B) U937 cell homotypic aggregation
was measured under standard conditions as described under Materials and methods, in the presence of CD43 (161-46 and HI161, 1.0 ug/ml). Cytochalasin
B and deoxyglucose were added at different concentrations 1 h prior to the mAb. Results are expressed as aggregation relative to control cultures in the
presence of each aggregating antibody, but in the absence of the modulating agent, and are the mean = SEM of triplicate cultures. All values which differ
significantly from controls (P < 0.01) areindicated by two asterisks or by one asterisk (P < 0.05). (C) U937 cell homotypic aggregation was measured under
standard conditions as described under Materials and methods, in the presence of CD43 (161-46, 1.0 wg/ml). Calmodulin inhibitors W-7 and chlorpromazine
were added at different concentrations 1 h prior to the mAb. Results are expressed as aggregation relative to control cultures in the presence of each
aggregating mAb, but in the absence of the modulating agent, and are the mean = SEM of triplicate cultures. All vaues which differ significantly from

controls (P < 0.01) are indicated by two asterisks or by one asterisk (P < 0.05).

Neither compound inhibited the aggregation; in fact, both
enhanced CD43-induced aggregation significantly (Fig.
5A), thus suggesting that serine/threonine phosphorylation
may indeed participate in CD43-induced aggregation but as
a negative rather than promoting signal.

Both H-7 and H-89 are serine/threonine kinase inhibitors
with relatively broad specificity, and the effects are in the
25%-50% range, albeit statistically significant. Therefore,
in further experiments the role of protein kinase A (PKA)
was also explored, using some better-characterized inhibi-
tors. Three compounds were used for this purpose. These
were the most specific PKA inhibitor, KT5720, and two
PKA activators, PGE, and forskolin. None of these reagents
affected the CD43-induced homotypic U937 aggregation
(Fig. 5B), suggesting that PKA is not involved in this
signaling pathway.

To dissect the PKC role further, a panel, which included
both broad-spectrum and isozyme-specific PKC inhibitors,
was used. Fig. 5C shows that none of these PKC inhibitors
decrease cluster formation. Rather, these inhibitors potenti-
ated CD43-induced aggregation strongly. In particular, the
broad specificity PKC inhibitor staurosporin increased ho-
motypic U937 aggregation massively. Both isozyme-spe-
cific PKC inhibitors (rottlerin, a PKCé inhibitor, and myr-
istoylated PKC peptide inhibitor 19-27, an inhibitor of
PKC o/B) enhanced the aggregation. Furthermore, the dia-
cylglycerol-specific inhibitor calphostin C had the same

effect, asdid the Ca?* inhibitor Go6876. Thus, several PKC
isoforms («, B, and 6) appear to be involved in negative
regulation of CD43-induced signaling.

To confirm further that PKC is not involved as positive
regulator, the translocation of severa PKC isoforms («, S3,
8, and ¢), which have been reported to participate in homo-
typic cell clustering formation and/or cell adhesion [42,43],
was also examined. There was no difference between nor-
mal and CD43 treatment groups, under conditions where
control PMA treatment induced the translocation of these
PK C isoforms (data not shown). Thus, unlike other forms of
homotypic U937 aggregation mediated by CD29 or CD98
[31], CD43-induced aggregation is not mediated by acti-
vated PKC.

The possible relationship between PKC activity and pro-
tein tyrosine phosphatase activity was also examined in the
same assays. Fig. 5D shows that rottlerin cotreatment did
not affect the inhibitory effect of dephostatin, thus indicat-
ing that the protein tyrosine phosphatase activation is itself
PK C-independent.

CD43 ligation activates MAPK, but this is not linked to
induction of homotypic aggregation

CDA43 ligation is also known to induce MAPK/ERK
and/or MAPK/p38 activation [44], with resultant regulation
of actin polymerization. Therefore, involvement of these
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Fig. 4. CD43 elicits rapid tyrosine phosphorylation and dephosphorylation, but only dephosphorylation is pharmacologically linked to induction of homotypic
aggregation. (A) U937 cells (5 X 10°) were incubated in the presence of CD43 mAb (H1161, 2.5 ug/ml) for various time periods indicated. Cells were lysed
and analyzed for phosphotyrosine proteins as described under Materials and methods. Molecular weights of the major phosphorylated species are shown on
the left and were calculated by image analysis of the Western blot, using molecular weight standards (not shown) to calibrate the software. (B) U937 cells
were incubated with genistein or herbimycin A at arange of different concentrations in the presence or absence of CD43 mAb (HI161, 0.5 pg/ml) for 3 hours
and aggregation was measured under standard conditions as described under Materials and methods. The results show means = SEM for triplicate cultures.
(C) U937 cells were incubated with phosphatase inhibitors dephostatin (100 wM) or potassium bisperoxo-(1,10-phenanthroline)-oxovanadate [bpV (phen)]
(100 wM) in the presence or absence of CD43 mAb (HI161, 0.5 ng/ml) for 3 h, as described under Materials and methods. Images of cellsin culture at this
time point were obtained using an inverted phase contrast microscope, attached to a video camera, and captured using NIH Image software. (D) U937 cells
were incubated with tyrosine phosphatase inhibitor bpV (phen) at a range of different concentrations in the presence or absence of CD43 mAb (HI161, 0.5
rg/ml) for 3 h, and aggregation was measured under standard conditions as described under Materials and methods. The results show means = SEM for
triplicate cultures. (E) U937 cells were incubated with the phosphatase inhibitor dephostatin at arange of different concentrations in the presence of CD43 (HI161,
0.5 png/ml), and aggregation was measured under standard conditions as described under Materials and methods. Results are expressed as aggregation relative to

control cultures in the presence of each aggregating mAb, but in the absence of the modulating agents, and are the mean = SEM of triplicate cultures.

MAPK pathways in CD43-induced homotypic U937 aggre-
gation was examined. CD43 (HI161) treatment induced
ERK activation as judged by increased phospho-ERK1/2
levels at 5 min and decreased by 30 min to less than normal,
suggesting that protein tyrosine phosphatase activity is in-
volved (data not shown). A similar pattern was also shown
in the immunoblot with anti-phospho-p38 mAb. However,
Fig. 6 shows that pharmacological testing with the inhibi-
tors PD98059 (which acts via MEK1/2) and SB203589
(which acts via p38 MAPKS) did not affect CD43-induced
homotypic U937 aggregation, irrespective of which anti-
body was used and whether the inhibitors were tested in
FCS-free or 10% FCS-supplemented conditions.

CD43 ligation increases surface levels of adhesion
molecules

One mechanism that might lead to an increase in homo-
typic U937 aggregation is via an increase in expression of
other adhesion moieties on the cell surface. Therefore, the
consequences of CD43 ligation were examined with respect
to expression of CD18, CD29, CD98, and CD147. Table 1
shows that there was an increase in expression of all these
molecules as evidenced by MFI levels. This increase was
till present at 24 h after CD43 ligation (data not shown). In
contrast, the cell surface level of CD45 was not affected,
confirming that the CD43-mediated up-regulation was se-
lective. Furthermore, control experiments ligating the other
adhesion molecules did not lead to similar significant alter-
ation in the levels of either the adhesion moieties them-
selves or of CD45 (data not shown).

CDA43 ligation increases CD29- and CD98-induced
homotypic aggregation in an additive fashion

To clarify the functional relationship between CD43 and
the other adhesion moieties further, CD43 ligation was
performed in the presence of aggregating and of blocking
mAbsto CD18, CD29, CD43, CD98, and CD147 and in the
presence of mAbs that did not affect aggregation. The re-
sults with CD18 mAbs showed 30%—40% inhibition, con-
sistent with previous reports that CD43-induced aggregation
was partially CD18-dependent [44,45]. However, none of
the mAbs that had previously been shown to block homo-
typic U937 aggregation [31] had an inhibitory effect on
CD43-induced aggregation at the same concentrations they
did block CD29- and CD98-induced aggregation (data not
shown). Furthermore, CD43- (161-46 or HI161) induced
homotypic U937 aggregation was not affected by three
CD43 mAbs (148-1B6, 148-1C3, 148-3D4) that are not able
to trigger homotypic aggregation.

Another aspect of the combined antibody studies is il-
lustrated in Fig. 7, where there was concomitant treatment
of U937 cdls with the CD43 mAb (146-16) and the mAbs
specific for either CD29 (MEM-101A) or CD98 (AHN-18)
that are known to induce homotypic aggregation. In these
experiments the concentration of “primary” aggregating an-
tibody was 50% of the optimum concentration used [31],
and the results are expressed as a percentage of cells in
aggregates. In the presence of CD43 the degree of aggre-
gation was increased significantly. Thus the increased sur-
face levels noted above (Table 1) may contribute in an
additive fashion to the CD43-induced response.
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Fig. 5. Protein kinase C negatively regulates CD43-induced aggregation. (A) U937 cells were incubated with the serine/threonine kinase inhibitors H-7 and
H-89 at a range of different concentrations in the presence or absence of CD43 mAb (161-46, 0.5 wg/ml), and aggregation was measured under standard
conditions as described under Materials and methods. Results are expressed as aggregation relative to control cultures in the presence of each aggregating
antibody, but in the absence of the modulating agent, and are the mean = SEM of triplicate cultures. All values that differ significantly from controls (P <
0.01) are indicated by two asterisks or by one asterisk (P < 0.05). (B) U937 cells were incubated with the protein kinase A inhibitor KT5720 and with the
protein kinase A activators forskolin and PGE, at a range of different concentrations, in the presence or absence of CD43 mAb (161-46, 0.5 ng/ml) and
aggregation was measured under standard conditions as described under Materials and methods. Results are expressed as aggregation relative to control
cultures in the presence of each aggregating antibody, but in the absence of the modulating agent, and are the mean = SEM of triplicate cultures. (C) U937
cells were incubated with the protein kinase C isozyme inhibitors staurosporin, myristoylated protein kinase C inhibitor 19-27, calphostin C, and rottlerin,
at a range of concentrations, in the presence or absence of CD43 mAb (161-46, 0.5 png/ml) and aggregation was measured under standard conditions as
described under Materials and methods. Results are expressed as aggregation relative to control cultures in the presence of each aggregating antibody, but
in the absence of the modulating agent, and are the mean = SEM of triplicate cultures. All values that differ significantly from controls (P < 0.01) are
indicated by two asterisks or by one asterisk (P < 0.05). (D) U937 cells were incubated with CD43 mAb (HI161, 0.5 ng/ml) in the presence or absence of
the phosphatase inhibitor dephostatin (100 uM) and of rottlerin (10 wM), and aggregation was measured under standard conditions as described under
Materials and methods. Results are expressed as aggregation relative to control cultures in the presence of the aggregating mAb, but in the absence of the
modulating agents, and are the mean = SEM of triplicate cultures.

Discussion cell that we have explored recently in relationship to CD98
[31].
There were several important features of the CD43-

induced homotypic U937 aggregation that distinguish it

In this study we have investigated the molecular mech-
anisms that regulate the well-established role of the major

transmembrane sialoglycoprotein CD43 in cell—cell inter-
action. For this purpose we used the model system wherewe
induced homotypic aggregation of the U937 monoblastoid

from that seen with either CD29 or CD98 in the same assay.
First, with respect to metabolic processes, the CD43 model
is less sensitive to energy depletion. Second, it is not sen-
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Fig. 6. The activation of MAPK by CD43 ligation is not required for
CD43-induced homotypic aggregation. U937 cells were treated with a
range of concentrations of the MAPK inhibitors PD98059 (PD) and
SB203580 (SB) for 30 min before the addition of CD43 mAb (161-46, 0.5
ng/ml). In some experiments the U937 cells were cultured in serum-free
medium for 4 h prior to the addition of the inhibitors PD (50 uM) and SB
(20 uM). Aggregation was measured under standard conditions as de-
scribed under Materials and methods. Results are expressed as aggregation
relative to control cultures in the presence of each aggregating antibody,
but in the absence of the modulating agent, and are the mean = SEM of
triplicate cultures.

sitive to the same forms of cytoskeletal injury. In fact, high
concentrations of cytochalasin B strongly augmented
CD43-induced cell aggregation, whereas CD29- and CD98-
induced aggregation were strongly inhibited. Third, al-
though several intracellular signaling pathways were trig-
gered by CDA43 ligation, only tyrosine dephosphorylation
was linked to induction of homotypic aggregation. In addi-
tion, the serine/threonine phosphorylation pathway and ac-
tivation of protein kinase C acted as a negative regulatory
mechanism of CD43-induced aggregation, since inhibitors
of this pathway had an amplifying effect. Fourth, the adhe-
sive interaction, which is known to be partially B,-integrin-
dependent [44,45], does not appear to be mediated by B, or
by other adhesion moieties such as CD44, CD98, and
CD147, which are among the predominant molecules in-
volved in adhesion and expressed on U937 cells [31].
Blocking antibodies against these molecules had no effect
on the CD43-induced response. However, the engagement
of CD43 (but not CD29, CD98, and CD147) did up-regulate

surface levels of adhesion molecule expression, and this
may account for the synergistic increase in U937 homotypic
aggregation induced by combinations of CD43 with either
CD29 or CD98.

Although CD43 was identified several years ago, and the
features of the molecule have been characterized in detail
(reviewed in Horejsi and Stockinger [32]) the question as to
whether the molecule has a predominant proadhesive or
antiadhesive effect—in either physiological or pathological
circumstances—remains unresolved [34]. Even with respect
to homotypic aggregation per se, the results are equivocal.
CD43 mAbs are known to induce such aggregation of neu-
trophils and lymphocytes, and the effects were abrogated by
F(ab) treatment, but maintained by F(ab’),, suggesting a
cross-linking event, rather than a direct physical effect of
mADb binding to CD43 [44]; but even this effect has both
CD18-dependent and CD18-independent (i.e., integrin-me-
diated adhesive) components. Bivalent CD43 mAb aso
induces homotypic aggregation of dendritic cells and den-
dritic cell maturation with enhancement of their T-cell-
activating role in primary allogeneic and autologous re-
sponses, and in presentation of an HIV-1 peptide [46]. This
study documented that the expression of several costimula-
tory molecules on dendritic cells was either induced or
increased, and cytokine synthesis (including IL-10 as well
as the conventional activating moieties) was increased, but
changes in expression of integrin adhesion molecules were
not described. The molecular mechanism of the CD43-
induced aggregation, including questions such as those
about the rel ative balance between different signal transduc-
tion pathways, also remained very poorly understood. In T
cells a clear association between CD43, protein tyrosine
phosphorylation, downstream transcription factors, and ac-
tivation has been documented, but this was not correlated
with amorphological clustering event and addressed signal-
ing molecules that are implicated particularly in T cell
activation. In dendritic cells there is a rise in intracellular
calcium, and protein tyrosine phosphorylation does occur,
but protein tryrosine phosphatase activity and protein kinase
C activity were not examined.

The possibility that CD43 is antiadhesive stems from the
observation that it is heavily glycosylated. Hence, a high

Table 1

CD43 ligation increases surface levels of adhesion molecules

Molecule CD43 CD29 CD44 CD98 CD147
CD98 110.8 += 3.0** 100.6 = 2.0 973+ 18 NT 947+ 18
CD29 1185 + 2.1** NT 98.5*+ 0.6 1041+ 31 95.6 = 0.7
CD18 119.3 £ 0.8** 1145 £+ 3.1** 979+ 16 1014+ 14 96.4 = 0.6
CD147 119.0 = 1.0** 106.2 £ 2.3 102.6 = 3.1 99.7 £ 3.3 NT

CD45 102.7 £ 4.1** 1042 £ 21 101.7 £ 35 102.1 £ 2.7 96.4 = 0.6

Note. U937 cells (10°) were incubated with an aggregating CD43 mAb (H161, 0.5 wg/ml) for 3 h, and cell surface molecule expression was measured using
directly labeled mAbs under standard conditions as described in methods. In control experiments the U937 cells were treated with mAbs to CD29
(MEM-101A), CD44 (E1/6), CD98 (AHN-18), and CD147 (MEM-M®6/1) (al at 0.5 wg/ml) for 7 h. MFI values were calculated using WIN-MDI software
on aminimum of 7500 cells. The results are expressed as percentages of control MFI = SEM (n = 6). NT, not tested. **P < 0.01
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Fig. 7. Relationship between CD43 and other cell surface molecules. U937
cells were treated with CD29 (MEM-101A), CD98 (AHN-18), and CD43
(HI161) mAb (all at 0.25 wg/ml) either alone or in combination, for 3 h.
Aggregation was measured under standard conditions as described under
Materials and methods. Results are expressed as percentages of cells in
aggregates in the presence of mAb, either alone or in combination, and are
the mean = SEM of triplicate cultures.

proportion of the negative cell surface charge on hemato-
poietic cells is attributed to CD43, and this would mitigate
against cell-cell adhesion. The less heavily glycosylated
95- to 115-kDa CD43 isoform would have a proadhesive
effect, in contrast with the antiadhesive role of the 130- to
140-kDa isoform. Superficially our data would support this
antiadhesive view, since CD43 ligation would mask some
of this negative charge and hence facilitate cell—cell contact
and adhesion via conventional pathways. However, when
the data reported here are considered in more detail, this
view does not seem to be correct. The CD43 mAbs, which
do induce aggregation (161-46, HI161, MEM-59, and 84-
3C1), dl recognize the 110-kDa isoform [30]. Some of the
mAbs (e.g., 148-1C3 and RPD/ADY) that recognize neura-
minidase-sensitive epitopes, the most negatively charge
portions of CD43, did not induce homotypic clustering. This
agrees with the report that both CD43 (161-46), which
recognizes a sialic-acid-independent epitope, and CBF78,
which binds to a neuraminidase-insensitive site, may have
similar effects on adhesion [30].

Other possible mechanisms whereby CD43 ligation
might abrogate an antiadhesion process could be to induce
loss of surface CD43, either by proteolytic shedding [33,34]
or by internalization. Correlation between the ability to
induce homotypic aggregation and shedding of CD43 from
the surface was not seen in this study. The combination of
lack of correlation between quantitative expression and ag-
gregation and the enhancing effect of cytochalasin B both
argue against significant internalization. Hence, the CD43-
induced aggregation is not due to CD43 loss and resultant
abolition of an antiadhesion process.

The dternative to the antiadhesive hypothesis is that
CD43 ligation does induce intracellular signaling [47],
which would promote either an adhesive process or afailure

thereof depending on the nature of the signaling. Previous
reports in other model systems[22,29,46] have documented
that calcium flux, PTK activity, and MAPK activity can
occur in response to CD43 mADbs. In this study, athough
some of these previous observations were confirmed, unex-
pectedly there was a more direct correlation of homotypic
aggregation with PTPase activation than with either of these
kinases. This suggests that there is a special, different bio-
chemical pathway for CD43-induced aggregation, unlike
the integrin-mediated aggregation that requires the activa-
tion of MAPK (and PKC) [48,49]. The role of PTPase is
supported both by the pharmacological data using the PT-
Pase inhibitors bpV (phen) and dephostatin and by the bio-
chemical evidence. It is noteworthy that ligation of CD45,
which itself has intrinsic PTPase activity, has also been
reported to have a proaggregatory effect [50-52].

Previous reports have suggested that activation of PKC
by CD43 ligation may induce positive regulation of pro-
cesses such as adhesion [53,54]. In contrast, in this study the
nonselective PKC inhibitor staurosporin augmented CD43-
induced homotypic aggregation in a striking fashion. Al-
though the mechanism of action of staurosporin was not
investigated in detail in this study, the qualitatively identical
data obtained when more specific PKC inhibitors were used
support the hypothesis that staurosporin may be acting as an
inhibitor of PKCs. Unfortunately staurosporin is known to
have toxic effects at higher concentrations, which therefore
determine the range that can be used in the assay— hence, it
may have less effect than the specific inhibitors, which did
not have the same toxicity problem. The combination of an
inhibitory effect of rottlerin, which is a selective PKC§
inhibitor [55,56], and of myristoylated peptides that are
selective inhibitors of PKCa/B [57] suggests that all three
(PKC8, PKCa, and PKCB) may be negatively involved,
that is, as inhibitors of CD43-induced aggregation. This
would imply that cell activation—as judged by enhanced
PKC activity—would decrease the CD43-adhesive poten-
tial. Under normal conditions PMA-responsive PKC iso-
forms are known to be involved in hyperphosphorylation of
the intracytoplasmic tail of CD43 [58,59]; it may be that to
see any proadhesive effect, one needs to abrogate the PKC-
mediated negative regulation and thus induce a state of
CD43 hypophosphorylation, and this could be achieved
either by a direct (ligation) or indirect (blocking of PKC)
route.

The exact molecular mechanism by which CD43 ligation
mediates the increase of surface adhesion molecule expres-
sion remains to be elucidated. CD43-induced changes in
these molecules do not appear to require new protein syn-
thesis, as cycloheximide did not block aggregation. Further-
more, the change in phenotype did not affect CD43-induced
homotypic aggregation directly, as only blocking antibodies
to the B2 integrin adhesion molecules diminished the CD43-
induced aggregation. It is possible that translocation of
integrins trapped within the actin cytoskeleton on to the cell



J.Y. Cho et al. / Experimental Cell Research 290 (2003) 155-167 165

—
l \ PTK \
PTPase Cytoskeleton \

Other

PK
/ disruption

Increase of surface
adhesion molecules

MAPK

biological
Activities

Homotypic

aggregation —

Fig. 8. Proposed model of signaling cascade in U937 cells during CD43
ligation. CD43 ligation promotes tyrosine phosphorylation, MAPK activa-
tion, and tyrosine dephosphorylation. These may all be involved in differ-
ent CD43-induced biological activities. Tyrosine dephosphorylation ap-
pears to be linked to homotypic aggregation and this may in turn be
connected to cytoskeletal disruption, which could lead to an increased
surface expression of cell surface adhesion molecules. Further details are
outlined in the text.

membrane may explain up-regulation of these molecules
[60] and thus account for the present observations.

Thus, in summary, these data suggest CD43-induced
model system of U937 homotypic aggregation, which
would not only account for some of the conflicting previous
studies, but also provide insight into an important compo-
nent of the cell dynamics of the immune system. This is
illustrated diagrammatically in Fig. 8. Our results support
the view that the 110-kDa form of CD43 promotes adhe-
sion. CD43 ligation does lead to PTK activity, and MAPK
activation, but the PTPase-dephosphorylating activity is
what isrequired asacritical step in theinitiation of cell—cell
adhesion. This leads to CD43-mediated actin rearrange-
ment, which may be involved in up-regulation of surface
adhesion molecule levels. Both conventional and novel
PK Cs have arole as down-regulators of any CD43-ligation-
induced events, and it may be that activation of these en-
zymes is what regulates CD43 signaling to a separate, par-
alel pathway, to induce cell migration or cell-matrix
binding, rather than to the cell—cell interaction that has been
documented here.
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