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Background: CD154, an immuno-inflammatory molecule, binds to four receptors.
Results: CD154 differentially binds its various receptors and is capable of simultaneously interacting with multiple ones,

inducing synergistic responses in monocytes.

Conclusion: The simultaneous engagement of CD154 receptors can create a cross-talk between them.
Significance: Concomitant binding of CD154 to multiple receptors is greatly significant in therapies of CD154-related diseases.

In addition to its classical CD40 receptor, CD154 also binds to
allbpB3, a561, and aMB2 integrins. Binding of CD154 to these
receptors seems to play a key role in the pathogenic processes of
chronic inflammation. This investigation was aimed at analyz-
ing the functional interaction of CD154 with CD40, aIIbf33, and
a5B1 receptors. We found that the binding affinity of CD154 for
allbp3 is ~4-fold higher than for a581. We also describe the
generation of sCD154 mutants that lost their ability to bind
CD40 or allbf33 and show that CD154 residues involved in its
binding to CD40 or aIlbf3 are distinct from those implicated in
its interaction to a531, suggesting that sCD154 may bind simul-
taneously to different receptors. Indeed, sCD154 can bind
simultaneously to CD40 and a581 and biologically activate
human monocytic U937 cells expressing both receptors. The
simultaneous engagement of CD40 and a5@1 activates the
mitogen-activated protein kinases, p38, and extracellular sig-
nal-related kinases 1/2 and synergizes in the release of inflam-
matory mediators MMP-2 and -9, suggesting a cross-talk
between these receptors.

CD154, also known as CD40 ligand (CD40L) or gp39, is a
type II transmembrane protein that belongs to the tumor
necrosis factor (TNF) superfamily, expressed on a variety of
activated hematopoietic and nonhematopoietic cells (1, 2).
CD154 expression on T cells is triggered primarily by T cell
receptor signaling and is regulated by CD28-dependent and
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-independent pathways. In platelets and a subpopulation of T
cells, CD154 is stored and rapidly translocates to the cell mem-
brane following cellular activation (3, 4). In addition to mem-
brane-bound CD154 (mCD154), soluble CD154 (sCD154),
which originates from a matrix metalloproteinase-dependent
proteolytic cleavage of mCD154, has been found at high levels
in several inflammatory conditions (5-7). Both mCD154 and
sCD154 are found to be as a homotrimers (8), and such prop-
erty is an absolute requirement for its biological activity.

For almost 2 decades, CD40 was considered the sole recep-
tor for CD154 (1). CD40 is a type I transmembrane protein
and a member of the TNF receptor superfamily. It is expressed
on the surface of many immune and nonimmune cells, includ-
ing B-lymphocytes, monocytes/macrophages, dendritic cells,
platelets, epithelial cells, as well as endothelial cells (2, 9, 10).
Most biological functions of CD154 have been attributed to
its direct interaction with CD40. However, studies using
CD154 '~ and CD40 /" mice have suggested that CD154 may
also bind other receptors (11). In support of this hypothesis, it
has been demonstrated that sCD154 interacts with allbB3
(GPIIb/IlIa), an integrin expressed on the megakaryocyte-
platelet lineage, mast cells, and hematopoietic progenitor cells
(12). CD154" /" mice exhibit increased bleeding times and
unstable thrombi, thus highlighting the physiological relevance
of the CD154/allbB3 interaction (12).

Based on the above observations, and on earlier studies
showing that CD154 induces CD40-independent cytokine pro-
duction in human monocytes (13, 14), we hypothesized that
CD154 may bind to yet another unknown receptor on human
monocytes. In support of our hypothesis, we reported that
sCD154 binds to CD40-negative human monocytic U937 cells,
a binding that is mediated by the a581 integrin (15). Binding of
sCD154 to a5B1 induced translocation of o581 to the Triton
X-100-insoluble fraction in U937 cells (CD40~, a5817), as well
as rapid activation of the mitogen-activated protein kinase
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TABLE 1
Primers for cloning CD154 wild type and mutants

Sequence name

Primer sequence

sCD154wt

Forward, 5'-C GGG AGA TCT ATG CAA AAA GGT GAT-3'

Reverse, 5'-TAG ACT CGA GTT TGA GTA AGC C- 3’

sCD154-D117E

Forward, 5'-C GGG AGA TCT ATG CAA AAA GGT GAA-3'

Reverse, 5'-TAG ACT CGA GTT TGA GTA AGC C-3’

sCD154-R203A

Forward, 5'-GAG TAA GAT TGC CTC GAA TCT-3'

Reverse, 5'-AGA TTC GAG GCA ATC TTA CTC-3’

sCD154-Y145A

Forward, 5'-GAA AAA GGA GCC TAC ACC ATG-3'

Reverse, 5'-CAT GGT GTA GGC TCC TTT TTC-3'

(MAPK)-extracellular signal regulated kinase (ERK1/2) and
IL-8 gene expression (15). Additionally, the leukocyte aM 32
integrin (also named Mac-1) has also been identified as a recep-
tor for CD154 (16, 17). This integrin was found to be implicated
in atherosclerosis development via its role in leukocyte adhe-
sion to the endothelial layer and their subsequent trans-endo-
thelial migration (18). Taken together, these results clearly indi-
cate that CD154 interacts with four different receptors (CD40,
allbB3, o581, and aMB2) of biological relevance.

Although the three newly described receptors (allIbB3, a51,
and aM2) all belong to the integrin superfamily, CD154 binds
to each of them in a specific manner. CD154 binds to the active
and inactive forms of alIbf3 (12), whereas its binding to «aM[32
is mainly mediated by the active form of the integrin (16). Acti-
vation of a5B1, which increases its ability to interact with
fibronectin, completely abolished CD154 binding (15). In this
investigation, we present data showing the affinity of CD154 to
o561 and demonstrate that CD154 residues involved in its
interaction with a581 are distinct from those implicated in its
interaction with CD40 and aIIbB3. According to the topologi-
callocation of the residues involved in sCD154 binding to CD40
and alIbB3, these findings may indicate that sCD154 simulta-
neously binds different receptors (CD40, a581, and/or olIbf33).
Simultaneous interaction of CD154 with CD40 and «581 on
CD40-transfected U937 cells generates a cross-talk between
these receptors and induces rapid p38 and ERK1/2 activation,
which lead to enhanced MMP-2 and MMP-9 secretion.

EXPERIMENTAL PROCEDURES

Cells—The myelomonocytic cell line U937 (ATCC, Manas-
sas, VA) and the B cell lymphoma cell line BJAB (from Dr. J.
Menezes, Sainte-Justine Hospital, Montréal, Quebec, Canada)
were maintained in RPMI 1640 medium containing 10% heat-
inactivated fetal bovine serum (FBS), L-glutamine, penicillin,
and streptomycin (Wisent, St-Bruno, Quebec, Canada).

Plasmids and Mutagenesis—The pMTBip/V5-His-(A) vec-
tor was purchased from Invitrogen. pMTBip/V5-His-(A)-
sCD154 wild type (sCD154WT) was generated by subcloning
sCD154WT at Bglll and Xhol sites within the pMTBip/V5-His-
(A) vector. Prior to cloning, the 450-bp sequence encoding the
soluble form of wild type CD154 (Met-113 to Leu-261) was first
amplified by PCR from pSecTag2A/CD154, using sCD154
primers (Table 1) containing a BglII and Xhol restriction site,
respectively. The cDNA encoding mutants of sCD154 (D117E,
R203A, Y145A, and R203A/Y145A (R/Y)) were generated by
PCR overlap extension methods using the primers described in
Table 1. The PCR product was then cloned in pMTBip/V5-His-
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(A) at BglII and Xhol. Nucleotide sequence was confirmed by
ABI DNA sequencing.

Cell Culture, Transfection, and Protein Purification—Sch-
neider’s (S2) cells (1.5-3 X 10° cells/ml) were cultured in com-
plete DES Schneider’s Drosophila medium (Invitrogen), sup-
plemented with 10% heat-inactivated FBS (Wisent Inc.,
St-Bruno, Quebec, Canada), 100 units of penicillin G sodium,
100 pg/ml streptomycin sulfate, and 0.25 ng/ml amphotericin
B as fungicide (Invitrogen) at 26 °C without CO,. To produce
recombinant soluble CD154 (rsCD154) containing different point
mutations, cells were co-transfected with pMT-BiP/V5—6X HisA
carrying the sCD154 DNA sequence and pCoHygro vectors
(Invitrogen) at a weight ratio of 19:1, respectively, by calcium
phosphate. The clones were then selected by 300 wg/ml hygro-
mycin B (Wisent Inc., St-Bruno, Quebec, Canada). The expres-
sion of rsCD154 was tested by seeding 1-2 X 10° cells in a
100-mm Petri dish followed by induction with 100 mm copper
sulfate for 24 h. Cell debris was removed, and Western blot
analysis of the generated supernatant was performed. A stable
population of hygromycin-resistant S2 cells was obtained after
a 20-day period. The selected cultures were initiated to a large
scale-up in serum-free medium (Drosophila-SEM) (Invitrogen)
supplemented with antibiotics and antimycotic without hygro-
mycin B. Upon induction, the proteins released in the superna-
tant were recovered by centrifugation at 3000 X g for 20 min.
The samples were then filtered through a 0.22-um filter and
concentrated to one-twentieth of the initial volume with a
Centricon concentrator. The hexahistidine tag within the
recombinant sCD154 protein was used for purification with the
HisTrap-FF column (GE Healthcare). Purity of all recombi-
nants, CD154 mutants as well as recombinants obtained from
commercial sources, was assessed by Coomassie Blue staining.

Reagents and Antibodies—Anti-CD154 hybridoma 5C8
(IgG,,) and anti-CD40 hybridoma G28.5 (IgG,) antibodies
were obtained from ATCC. The isotype controls anti-TSST-1
hybridoma 2H8 (IgG,) and anti-SEB hybridoma 8C12 (IgG,,)
antibodies were developed in our laboratory. The following
antibodies (Abs)® were purchased: goat anti-mouse IgG-fluo-
rescein isothiocyanate (FITC) Ab (Sigma); rabbit anti-phos-
pho-p38 Abs, anti-p38 Abs, rabbit anti-phospho-ERK1/2, anti-
ERK1/2, and JBS5 anti-a581 Abs (Cell Signaling Technology,
Inc., Beverly, MA); and goat anti-rabbit IgG-HRP Ab and goat
anti-mouse IgG-HRP Ab (Santa Cruz Biotechnology, Santa
Cruz, CA). Soluble «a5B1 and «lIIbB3 were produced as
described previously (19, 20). Recombinant soluble CD40-Fc

3 The abbreviation used is: Ab, antibody.
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was from R&D Systems (Minneapolis, MN). Avidin was pro-
cured from Sigma, and the Alexa Fluor-488 labeling kit came
from Molecular Probes (Molecular Probes, Eugene, OR). Alexa
Fluor-488 labeling of rsCD154 (rsCD154-A) and avidin (Avi-
din-A) was performed according to the manufacturer’s
instructions.

BlAcore Analysis—The affinity and kinetic analyses of the
interactions between rsCD154 and a5831 and between rsCD154
and alIbB3 were determined at 25 °C using the surface plasmon
resonance detections with a BIAcore 3000 instrument (GE
Healthcare). Briefly, rsCD154 was immobilized (~980 response
units) onto a CM4 sensor chip (GE Healthcare), as described for
other systems (21). The concentrations used for the injected
analyte samples are a581 (0.63 um to 80 nm) and allbB3 (0.18
M to 23 nm), with 2-fold dilutions. Association and dissocia-
tion rates (K,,/K,g), as well as the dissociation constant (K),
were obtained by global fitting of the surface plasmon reso-
nance data from multiple concentrations to a simple 1:1 Lang-
muir binding model, using the BIAevaluation software Version
4.1.

Flow Cytometric Analysis—Cell surface analysis was per-
formed with specific mAbs or Alexa-labeled rsCD154-A, as
described previously (22). Washed cells were then analyzed on
a FACSort. For competition binding assay, cells (2 X 10° cells/
100 ml) were incubated in binding assay medium (RPMI 1640,
HEPES 10 mM, bovine serum albumin (BSA 1%)) containing 20
ng of labeled rsCD154-A or Alexa-labeled avidin-A in the pres-
ence or absence of a 10-fold molar excess of unlabeled rsCD154,
sCD40-Fc, o581, or allbB3 for 1 h at 37 °C in a humidified
incubator (5% CO, atmosphere). Washed cells were analyzed
ona FACSort (BD Biosciences). For binding analysis, cells were
incubated with sCD154 (CD154WT, CD154 D117E, CD154
R203A, CD154 Y145A, or and CD154 R203A/Y145A) in stain-
ing medium for 30 min at 4 °C for BJAB cells and at 37 °C for
U937 cells. Washed cells were then incubated with biotinylated
anti-CD154 poly-Ab for 30 min at 4 °C, followed by streptavi-
din-phycoerythrin (Sigma) for 30 min. Sample were then
washed and analyzed on a FACSort.

Cell Stimulation—U937 and BJAB cells were incubated in
serum-free medium for 4 h at 37°C and stimulated with
rsCD154WT or mutants at different concentrations (15-500
ng/5 X 10° cells/ml) for 1, 2, 5, or 10 min at 37 °C. The stimu-
lation was stopped by the addition of heated/warmed 2X SDS
sample buffer containing 10% 2-mercaptoethanol, and a mix-
ture of protease (Roche Applied Science) and phosphatase
inhibitors (Sigma) inhibitors. After boiling for 7 min, cell lysates
were separated by SDS-PAGE for Western blot analysis.

Immunoblot Analysis—Polyvinylidene fluoride (PVDF)
membranes were blocked in 5% skim milk in Tris saline, pH 7.5,
0.15% Tween 20 (Fisher) for 1 h at room temperature. The
phosphorylation of p38 and ERK1/2 was assessed by immuno-
blotting using phospho-specific Abs according to the manufac-
turer’s instructions. Membranes were stripped (62 mMm Tris-
HCI, pH 6.8, 2% SDS, 100 mm 2-mercaptoethanol, 30 min,
50 °C) and reprobed with antibodies recognizing total p38 or
ERK1/2. Antigen-antibody complexes were revealed by ECL
(GE Healthcare).
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Analysis of MMP-2 and -9 Secretion by Zymography—U937
cells (10° cells/ml) were stimulated with 100 or 500 ng/ml of
anti-CD40 mAb G28.5, anti-a581 mAb JBS5, or with both
mAbs in RPMI serum-free medium at 37 °C for 48 h. The pres-
ence of MMP-2 and -9 was assessed by gelatin zymography (23).
Briefly, 45 ul of the different supernatants were analyzed at 4 °C
on an 8% SDS-polyacrylamide gel containing 2 mg/ml gelatin
(Sigma). Gels were then washed twice for 15 min with 2.5%
Triton X-100 wash buffer to extract SDS and allow gelatinases
to re-nature within the gel. Thereafter, the gel was incubated
overnight in enzyme assay buffer (38 mMm Trizma hydrochlo-
ride, pH 7.5, 13 mm CaCl, anhydride, 0.05% NaN,) at 37 °C to
allow development of enzyme activity bands. Following incuba-
tion, gels were washed and stained with 0.2% Coomassie Bril-
liant Blue (methanol/acetic acid/water, 4:1:6) for 1 h on a shaker
at room temperature. Gels were then destained in 40% metha-
nol with 10% acetic acid until detection of gelatinase activity,
appearing as clear bands against a dark background. Finally, the
gel was scanned, and the density of the bands was measured
(Bio-Rad GS-800 and QuantityOne Analysis Software).

RESULTS

CD154 Molecules Bind to Their Receptors with Different
Affinity—The ability of a ligand to bind several receptors is not
unique for CD154, as it has been reported for various cytokines
(24) and different cell surface molecules such as CD28/CTLA4:
B7.1/B7.2 (25), BAFF/APRIL:BAFF-R/BCMA/TACI (26), and
PD-1:PD-L1/PD-L2 (27). Although CD28 and CTLA-4 bind to
the same receptors, B7.1 and B7.2, CTLA-4 shows a higher
affinity to B7.1 and B7.2 receptors than does CD28. The binding
affinity of CD154 to its receptors and the nature of this interac-
tion are not well known. To determine the binding affinity of
CD154/receptors, we used the surface plasma resonance
approach by immobilizing soluble purified CD154 and inject-
ing increasing concentrations of soluble a581 and allIbB3. We
found that the binding affinity of CD154 for allbB3 (3.07 X
1078 m) is ~4-fold higher than for @581 (1.19 X 10~ 7 m) (Fig. 1).

Binding of CD154 to BJAB Cells Is Inhibited by sCD40,
whereas Its Binding to U937 Cells Is Inhibited by o581 and
allbB3—To verify the possible concomitant binding of sCD154
to two receptors and determine the nature of the interaction of
CD154 with various receptors, we first investigated the ability
of soluble CD40-Fc, a5B1, or alIbB3 to modulate the binding of
sCD154 to CD40 or o581 expressed on the cell surface. For this
purpose, BJAB cells (a B cell line expressing only CD40) and
U937 cells (a monocytic cell line expressing only a581) were
used as models. Soluble CD154-Alexa was added to BJAB or
U937 cells alone or in the presence of unlabeled sCD154,
sCD40-Fc, a5B1, or ollbB3. Purity of these recombinant pro-
teins was also determined by Coomassie Blue staining (Fig. 2,
middle blots). After incubation, washed cells were analyzed by
flow cytometry. Our results indicate that the binding of
sCD154-Alexa to BJAB cells was only inhibited by sCD40-Fc
(94.6 = 2.1% inhibition, Fig. 2, A and C). In contrast, binding of
sCD154-Alexa to U937 cells was unaffected by sCD40-Fc
(11.1 £ 2.7% inhibition) but significantly blocked by «531
(85.9 = 1.5% inhibition) and, to a lesser extent, by allbp3
(69.2 = 3.1% inhibition) (Fig. 2, B and C). Competition analysis
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FIGURE 1. Binding affinity and kinetic analysis of the interactions
between sCD154 and o531 and between sCD154 and allb3, as deter-
mined by the surface plasmon resonance approach. Soluble purified
sCD154 was immobilized (980 response units) onto biosensor chips (GE
Healthcare) and a581 (630, 315, 157, and 78.75 nm) and allb3 (180, 90, 45,
and 23 nm) at different concentrations were injected. Sensograms were fitted
to a 1:1 binding model to obtain on- and off-rates (K., and K ). K, was calcu-
lated as kq¢/Kop-

in the presence of unlabeled sCD154 (10-fold molar excess) was
also assessed to show binding specificity of sCD154-Alexa (Fig.
2, A and B, top panels). As expected, binding to both BJAB and
U937 cells was completely block by unlabeled CD154 (94.6 =
2.1% inhibition and 91.2 = 3.6% inhibition, respectively). Taken
together, these results strongly suggest that sCD154 may con-
comitantly bind CD40 and 5831 or CD40 and aIIbf3. Hence, it
is highly likely that the residues involved in its interaction with
CD40 are different from those implicated in its interaction with
o581 and oIIbB3.

Distinct CD154 Residues Are Involved in CD40, o5B1, and
allbB3 Binding—The CD154 residues involved in CD40 bind-
ing have been initially studied by site-directed mutagenesis
(28-30) and more recently by co-crystal analysis (31). How-
ever, with respect to the CD154/allb@3 interaction, structural
analysis has only been analyzed by site-directed mutagenesis
(12). According to these analysis, CD154 residues involved in
CD40 binding are centered on at least two clusters of residues
(Lys-143, Lys-145, Lys-146 and Arg-203, GIn-220) (28-31),
whereas the CD154/allb33 interaction is mediated by the RGD
residues of murine CD154 and the KGD residues of human
CD154 (at positions 115-117) (12). Residue Asp-117 seems to
play a major role in the CD154/allbf3 interaction, because
substitution of Asp-117 by alanine or glutamic acid abolishes
the interaction (12). The RGD and KGD motifs of «581 do not
appear to mediate CD154 binding, because activation of a581
with Mn>" or DTT abolished binding (15). Therefore, the abil-
ity of allb33 to inhibit the binding of sCD154-Alexa to a581 on
U937 cells, as observed in the above experiments, might be due
to hindrance and/or binding competition for shared residues
between both receptors. To verify these hypotheses and to
investigate whether CD154 residues involved in CD40 or
alIbB3 binding are distinct from those involved in binding to
a5B1, recombinant sCD154 mutants have been generated,
purified, and used for binding and functional analysis. These
CD154 mutants include the following: 1) D117A or D117E,
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which lost the ability to interact with olIbB3, and 2) Y145A,
R203A, or Y145A/R203A double mutant, which abolished
CD154 binding to CD40. Binding of sCD154WT or mutants to
BJAB and U937 cells was assayed using flow cytometry, as
described above. Our results indicate that all sCD154 mutants
were capable of binding to U937 cells (Fig. 3). In contrast, as
expected, sCD154 R203A/Y145A mutants lost their ability to
bind to BJAB cells, thereby confirming that CD154 residues
involved in the a5B1 interaction are distinct from those
required for binding to CD40 and alIbB3. Similar results were
also generated by ELISAs using receptor-bound plates in the
presence of CD154 and its mutants (data not shown).

CD154 Mutants Maintain Their Ability to Induce p38 MAPK
Phosphorylation in U937 Cells but Not in BJAB Cells—To fur-
ther support the hypotheses drawn from the above experi-
ments, we investigated the effect of these sCD154 mutants in
cellular activation. U937 and BJAB cells were stimulated with
sCD154WT or its derived mutants. In contrast to sCD154WT
and to a lesser extent sCD154 Y145A that induced p38 phos-
phorylation in BJAB cells, sCD154 R203A and R203A/Y145A
failed to stimulate such responses in these cells (Fig. 44). How-
ever, sCD154WT as well as all sCD154 mutants described
above induced p38 phosphorylation in U937 cells (Fig. 4B).
Altogether, these results confirmed that CD154 residues
involved in the o5PB1 interaction are distinct from those
required for binding to CD40 and aIIbf33.

Simultaneous Binding of CD154 to a5B1 and CD40 Induces a
Cross-talk between Both Receptors—Our recent studies clearly
indicated that engagement of o581 with sCD154 on human
monocytic U937 cells triggers ERK1/2 and p38 MAPK phos-
phorylation, which leads to IL-8 gene expression (15). Here, we
investigated the outcome of sCD154WT binding to cells
expressing both CD40 and a5B1. Vector-transfected U937
(CD40™ /a5B81%) or CD40-transfected U937 cell lines (CD40™/
a5B17) (Fig. 5A) were stimulated with sCD154W T, and the
phosphorylation of the MAPK p38 and ERK1/2 was analyzed
(Fig. 5B). Stimulation of vector-transfected U937 cells with
sCD154WT induced phosphorylation of both p38 and ERK1/2
at 1 min that persisted up to 5 min. However, stimulation of
U937 cells expressing both CD40 and 581 with sCD154WT
induced phosphorylation of p38 and ERK1/2 that reached max-
imal responses at 1 min and quickly decreased at 2 and 5 min
(Fig. 5B).

To delineate the mechanisms involved in the above observa-
tions, both U937 cell lines were activated with sCD154WT or
sCD154 R/Y mutant. As with sCD154WT, stimulation of vec-
tor-transfected U937 cells with sCD154 R/Y mutant induced
phosphorylation of both p38 and ERK1/2 at 2 min that persisted
up to 5 min. (Fig. 6). However, in contrast to sCD154WT, which
decreased phosphorylation of p38 and ERK1/2 at 2 and 5 min in
CD40-transfected U937 cells, sCD154 R/Y mutant stimulated
CD40-transfected U937 cells with persistent phosphorylation
of p38 and ERK1/2 up to 5 min (Fig. 6). There are two possible
explanations for the rapidly decreased phosphorylation of p38
and ERK1/2 at 2 and 5 min upon simultaneous binding of
sCD154 to CD40 and a581. Soluble CD154WT could ligate
simultaneously CD40 and o581 without cross-linking the
receptors or sCD154 could cross-link two different receptors
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FIGURE 2. CD154 binding to U937 cells is inhibited by soluble 581 and allbf33, whereas binding to BJAB cells is inhibited by sCD40. BJAB (A) or U937
cells (B) were incubated for 1 h with labeled rsCD154-Alexa (200 ng/ml) in the absence (Media) or presence of 2 ug/ml of sCD154, sCD40-Fc, o531, or allbB3.
For competition analysis with CD154, cells were preincubated with 10-fold molar excess of uncoupled sCD154 (2 ng/ml) prior to incubation with labeled
rsCD154-Alexa (200 ng/ml), although CD40-Fc, o581, and allb3 were co-incubated with labeled rsCD154-Alexa prior to incubation with cells. Cells were then
washed and analyzed by flow cytometry for CD154 binding. Filled gray plots indicate avidin-Alexa staining (negative control); empty gray plots show the binding
of rsCD154-Alexa in the absence of competitors; and empty black plots represent rsCD154-Alexa binding in the presence of unlabeled competitors (CD154,
CD40-Fc, a5B1, or allbB3). Values within plots represent the mean fluorescence intensity for rsCD154-Alexa binding in the absence or presence of unlabeled
competitors. Middle blots show the expression of the recombinant competitors. Proteins (2 ug total) were resolved on 6% (CD40-Fc, 581, and allbp3) or 12%
(CD154) SDS-polyacrylamide gels and stained with Coomassie Blue (R-250). Data presented in C show the mean percentage of inhibition (=S.E.) in the presence
of unlabeled competitors. All results shown are representative of four independent experiments.

on the cell surface. In both cases, signals induced via each recep-
tor could modulate each other; modulation was reflected by
changes in the kinetics of the activation of the MAPK p38 and
ERK1/2 pathways. Taken together, these results strongly sug-
gest a cross-talk between the CD154 receptors when ligated
with their ligand.

Simultaneous Ligation of a5B1 and CD40 on U937 Cells with
Specific Abs Alters the Activation of MAPKs—To investigate the
first possibility, vector-transfected and CD40-transfected U937
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cells were stimulated with the specific anti-CD40 mAb G28.5 or
with the anti-a581 mAb JBS5, alone or in combination. Our
results showed that engaging a581 or CD40 individually was
capable of inducing phosphorylation of p38 and ERK1/2 in
U937 cells, indicating that CD40 expression on these cells is
functionally linked to the MAPK pathway, similarly to that on
BJAB cells. In contrast, the combination of both mAbs inhibited
the phosphorylation of p38 and ERK1/2 at 2 and 5 min (Fig. 7).
Although our results are in support of the first possibility, they
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compared with the empty gray plots that represent the binding of rsCD154 to BJAB and U937 cells. Values within plots represent the mean fluorescence
intensity for rsCD154 binding (wild type or mutants). Middle plots show the expression of the recombinant competitors. Proteins (2 g total) were resolved on
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do not rule out the possible cross-linking of two receptors by

sCD154WT.

Simultaneous Ligation of CD40 and a5B1 with Specific Abs
Synergizes in MMP-2 and -9 Secretion by U937-transfected
Cells—1It is well established that ligation of CD40 or o551 on
human monocytes or monocytic cell lines leads to the secretion
of several inflammatory proteins, such as MMP-2 and -9 (32).
In addition, the expression and secretion of these two metallo-

18060 JOURNAL OF BIOLOGICAL CHEMISTRY

proteinases are known to be mediated by p38-dependent path-

ways (33-35). To further assess the cellular response that could

be induced in our U937 cells, we analyzed the release of MMP-2
and -9. For this purpose, cells were stimulated with different
concentrations of specific anti-CD40 mAb G28.5 and anti-
a5B1 mAb JBS5 alone or in combination. Supernatants were
collected after 48 h of stimulation and analyzed for MMP-2 and
-9 secretions by gelatin zymography. When the specific Abs
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were used alone at a suboptimal concentration (100 ng/ml), no
detectable MMP-2 or -9 secretion was observed, whereas the
combination of both mAbs induced a synergistic secretion of
both MMP-2 and -9 (Fig. 8). Under optimal concentrations
(500 ng/ml), each mAb induced a significant up-regulation of
matrix metalloproteinases, and their combination leads to an
additive response (Fig. 8). Together, these results confirm that
both CD40 and «5B1 are linked to functional activities in
monocytic U937 cells and that simultaneous stimulation of
both receptors, even under suboptimal conditions, can induce a
synergistic cellular response.

DISCUSSION

CD40 was initially thought to be the sole receptor for CD154.
However, studies from different groups showed that CD154
also interacts with three members of the integrin family, a5f1,
allbB3, and aMB2 (12, 15, 16). The nature of these interactions
and their biological responses remain fairly uncharacterized. In
this study, by using the BIAcore approach we determined and
compared the binding affinity between CD154 and «581 and
between CD154 and other receptors. We also showed that the
CD154 residues involved in its interaction with a581 are differ-
ent from those implicated in CD154 interaction with CD40 and
oIIbB3. We further studied the functional outcome of simulta-
neous binding of sCD154 to two receptors.

In general, high affinity binding of ligands to receptors is
often physiologically important when some of the binding
energy can be used to cause a conformational change in the
receptor, resulting in altered behavior of an associated ion
channel or enzyme. High affinity binding implies that a rela-
tively low concentration of a ligand is adequate to maximally

MAY 25,2012+VOLUME 287 +NUMBER 22

occupy a ligand-binding site and trigger a physiological
response. Low affinity binding implies that a relatively high
concentration of a ligand is required before the binding site is
maximally occupied, and the maximum physiological response
to the ligand is achieved. The binding affinity of CD154 for
CD40 has been previously evaluated by plasmon resonance on
BIAcore biosensors and appears to be in the range of 10 -30 nm
(36). Here, we found similar binding affinities for alIbB3 (30
nMm), as reported by Andre et al. (12). Interestingly, our binding
data indicate that the affinity of CD154 for a5B1 is around 120
nM, which is ~4-fold lower than the affinity of CD154 for CD40
and allbB3. These results do not undermine the importance of
a5B1 in CD154-driven reactions, given that this integrin can be
expressed at higher levels than CD40 on the cell surface, as is
the case for monocytes/macrophages and T-lymphocytes,
which are of great importance in inflammatory diseases. More-
over, integrin signaling and activity are known to mediate cru-
cial aspects of inflammation, indicating that even though
CD154 shows lower binding affinities for @531, this interaction
may be of utmost importance in certain conditions. In accord-
ance with this argument, it has recently been shown that the
binding affinity of CD154 for M2 is in the range of 200 nm
(37), which would make aMp2 the lowest affinity receptor for
CD154. Nevertheless, the CD154/aMf2 interaction appears
crucial for leukocyte recruitment and atherogenesis in mice,
thus supporting the concept that each receptor may mediate a
particular element of CD154-driven inflammation, regardless
of their binding affinities.

With the TNF-B/TNF receptor interaction in mind, Bajorath
et al. (29) have identified the CD40 and CD154 residues that are
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were used to control the sample loading. The values below the blots represent arbitrary units of increase in phosphorylation relative to total protein levels, as
measured by densitometry using the Quantity One analysis software (Bio-Rad). Results are representative of three independent experiments.

important for receptor-ligand binding, using structure-based
sequence alignments, a molecular model of CD154, site-di-
rected mutagenesis, and receptor-ligand binding assays. They
identified residues in CD154 (Lys-143 and Tyr-145) and CD40
(Tyr-82, Asp-84, and Asn-86) involved in CD154/CD40 inter-
actions (29). The same group has extended their mutagenesis
analysis of the CD154/CD40 interaction, where they identified
additional CD154 (Tyr-146, Arg-203, and Gln-220) and CD40
(Glu-74 and Glu-117) residues that contribute to such interac-
tion. They also explored the importance of the CD154 residue
Tyr-145 in the CD154/CD40 interaction by conservatively
replacing this residue with Phe (30). These findings are in har-
mony with the recent co-crystal analysis of An et al. (31), and
our current results show the importance of Tyr-145 and Arg-
203 residues in binding of CD154 to CD40. Andre et al. (31)
reported that binding of alIb3 to CD154 is mediated through
the RGD (murine) or KGD (human) sequence present on
CD154 (12). Residue Asp-117 of CD154 seems to be the major
binding player (12), and substitution of Asp-117 to Glu or Ala
was shown to diminish integrin binding activity (38). Our
results showed that this substitution failed to affect the binding
of CD154 mutants to a5B1 expressed in U937 cells. This is
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supported by our earlier study showing that divalent cation
(Mn>*), which induces activation of a581 and increases its
ability to interact with fibronectin, inhibited CD154 binding to
a5B1 (15). Indeed, our studies also suggested that distinct
CD154 residues are implicated in the interaction of CD154 with
CD40, ollbB3, a5B1, and probably aMpB2. Here, we disre-
garded the comparison between CD154 residues implicated in
CD154/CD40, CD154/a5B1, or CD154/allbB3 interactions
and those involved in CD154/aMp2 binding for two reasons.
First, in contrast to a581, only the active form of M2 binds to
CD154 (16), and second, the residues implicated in the binding
of CD154 to aMB2 are still unknown and will be the subject of
further investigations by our group.

Interestingly, sCD154 can simultaneously bind to a531 and
CD40, as shown by our cell binding and activation experiments.
The simultaneous binding of sCD154 to o581 and CD40 con-
firms that sCD154 interacts with 581 outside the CD40-bind-
ing site. These results raise the possibility that sCD154 trimers
may serve as molecular bridges between CD40 and 51 from
different cell types, triggering as such signal transduction in
these cells. Alternatively, sCD154 may cross-link these two
receptors (or perhaps three receptors) on the same cell, thus
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sent arbitrary units of an increase in phosphorylation relative to total protein
levels, as measured by densitometry using the Quantity One analysis soft-
ware (Bio-Rad). Blots are representative of three independent experiments.

inhibiting, modulating, or inducing signal-related events via
both receptors. This phenomenon is potentially of great impor-
tance when evaluating the role of CD154 in cells expressing
more than one CD154 receptor and should be carefully moni-
tored when designing therapeutic strategies directed against
these cells. Indeed, our results have shown that simultaneous
ligation of sCD154 to CD40 and o531 induces maximal p38 and
ERK1/2 MAPK phosphorylation faster than ligation of each
receptor alone. One of the interesting findings of this study is
the synergistic response observed with respect to MMP-2 and
MMP-9 secretion when both receptors were ligated. These data
suggest new biological mechanisms of interaction between
CD154 and its receptors, as other ligands function differently
upon binding to one or more of their receptors. For example,
CD28, a ligand of at least two members of the B7 family, acts as
an activating molecule, whereas CTLA-4, another ligand of the
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antibodies alters p38 and ERK1/2 phosphorylation in CD40-transfected
U937. Transfected U937 cell lines were stimulated at 37 °C with 500 ng of
anti-CD40 mAb (G28.5) or anti-a581 mAb (JBS5), alone or in combination, as
indicated. Cells were lysed, and total cell lysates were analyzed by immuno-
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total ERK1/2 Abs were used to control the sample loading. The values below
the blots represent arbitrary units of an increase in phosphorylation relative
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analysis software (Bio-Rad). Blots are representative of three independent
experiments.

B7 family, acts as an inhibitory molecule, and such responses
seem to be influenced by the affinity of ligand/receptor interac-
tion (39, 40). In addition, APRIL and TACI interact with Syn-
decan-1 on the surface of multiple myeloma cells to form an
essential survival loop (41). The efficiency of many cell-surface
receptors is sometimes dependent on the rate of binding solu-
ble or surface-attached ligands (42).

In conclusion, this study describes the differential binding of
CD154 to its various receptors and suggests that CD154 can
interact with all of its receptors simultaneously. These findings
bear an intriguing importance with regard to anti-CD154 ther-
apies. Indeed, CD154 interfering agents, in particular anti-
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sentative of three independent experiments.

CD154 antibodies, have been used for the treatment or preven-
tion of various CD154-associated diseases such as systemic
lupus erythematosus, arthritis, and multiple sclerosis (43, 44).
However, the use of such therapies has been accompanied with
thromboembolic complications, possibly resulting from the
interaction of the antibody with the platelet Fc receptor or the
formation of unstable thrombi, as described earlier (45). These
observations press the need for the development of novel ther-
apeutic strategies aiming at inhibiting a particular CD154/re-
ceptor interaction implicated in a given cellular response, with-
out affecting other CD154 interactions. To address this issue,
we generated CD154 mutants that lost the ability to specifically
bind CD40 or ollbB3, without affecting binding to a581. We
are currently also investigating CD154 residues implicated in
its binding to a581 and Mac-1. These mutants will specifically
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interfere with the binding of endogenous CD154 to a specific
receptor, while preserving its capacity to bind and activate
other CD154 receptors, thus reducing undesired complications
associated with anti-CD154 therapies.
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