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ABSTRACT: CD40 ligand (CD40L) and CD40 are members of the tumor necrosis factor (TNF) and TNF
receptor superfamilies, respectively. Their interaction is crucial for the development of a proper immune
response. Intervention on this pathway provides an important ground for new treatments targeting
autoimmune diseases or helping to fight infection and cancer. We have recently reported on the structure-
based design of synthetic molecules withC3 symmetry, named mini-CD40Ls, that can effectively mimic
homotrimeric soluble CD40L. Here we show that substitution of aD-prolyl residue for the glycyl within
the Lys-Gly-Tyr-Tyr CD40-binding motif leads to a complete loss of cooperativity in the interaction of
the mimetic with its cognate receptor as assessed by surface plasmon resonance experiments. The ability
of the modified mini-CD40L to induce apoptosis on both human and murine lymphoma cells was not
affected by this mutation. However, it was unable to induce the NF-κB pathway in the mouse D1 dendritic
cell line, which is essential for its complete maturation, but still activated production of IL-12 p40 mRNA.
These differential effects might be partly explained by the change in rigidity of the CD40 recognition
element. In this study, we not only point out the consequences of the abrogation of the cooperative property
in a ligand-receptor interaction on downstream cellular events but also demonstrate the usefulness of
synthetic multivalent ligands in dissecting the complex mechanisms implicated in the signalosome.

CD40 ligand (CD154 molecule) is a 39 kDa type II
transmembrane glycoprotein, which belongs to the TNF
family (1). It is mainly expressed on the surface of activated
T lymphocytes in a transient manner (2, 3) but also exists
as a soluble extracellular and biologically active homotri-
meric form (4, 5). Its receptor CD40, a member of the TNF
receptor (TNF-R) superfamily, is expressed on the cell
surface of antigen-presenting cells (APC)1 such as dendritic
cells (DC) (6), B cells (7), macrophages/monocytes, and

microglia in the nervous system (8). CD40 is upregulated
after antigen recognition. CD40-CD40L interaction plays
an important role in B cell activation and proliferation,
antibody isotype class switching, cytokine production, modu-
lation of apoptosis in the germinal center, and generation of
memory B cells (9). Moreover, ligation of CD40 by CD40L
is essential in regulating the cellular immune response in
which CD40 engagement on DCs leads to their maturation
for activating cytotoxic T cells by increasing the level of
major histocompatibility complex (MHC) and costimulatory
molecule expression and by producing a high level of T cell-
stimulating cytokine interleukin-12 (IL-12) (10).

CD40 is also expressed on non-immune cells like fibro-
blasts, endothelial cells, smooth muscle cells, and some
epithelial cells (11) and induces important biological activi-
ties in synergy with interferon-γ. For instance, in athero-
sclerosis, inhibition of CD40 signaling on artery epithelial
cells reduced the pathology and delayed the accumulation
of atherosclerotic patches (12, 13). Finally, CD40 is over-
expressed in a broad range of cancer cells such as carcinoma,
leukemia, lymphoma, and multiple myeloma in which
ligation of CD40 with an agonistic monoclonal antibody
(mAb) induces apoptosis (14-16). These CD40-expressing
cells are, thus, like cells expressing other members of the
TNF-R family (17), targets for cancer immunotherapies based
on agonistic mAb and recombinant soluble CD40L (18, 19).
CD40 exerts either potent inhibition of tumor cell prolifera-
tion or sensitization to other anticancer agents by acting
directly on tumor cells or by increasing the strength of the
antitumor immune response via activation of dendritic cells
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(20, 21). Such strategies have already been used to increase
the strength of the immune response in infectious diseases
(22, 23) and in cancer immunotherapy (24) and thus
reinforced the importance of developing small-molecule
CD40 agonists with no side effects and high chemical and
biological stability that are amenable to large-scale produc-
tion.

Active forms of soluble and membrane CD40L are
noncovalently bound homotrimers (25), which interact with
three CD40 monomers forming, like the TNF-TNFR
interaction (26), a well-ordered stoichiometrically defined
3:3 hexameric complex essential for the initiation of proper
intracellular signaling. The CD40 cytoplasmic tail lacks
intrinsic enzymatic activity, but interaction with its cognate
ligand allows the formation of a signalosome under the
plasma membrane. Subsequently, recruitment of TNF-R-
associated factor (TRAFs) adaptor proteins engages down-
stream pathways (27, 28). Activation of CD40 signaling in
DCs is initiated in lipid rafts (29). It also induces rapid
modifications in phosphorylation of protein tyrosine kinases
Lyn, Fyn, and Syk that are important for the activation of B
cells (30). In contrast, CD40L inhibits the development of
aggressive histology B lymphomas and implicates Bax (31).
Parameters influencing the activation of distinct pathways
in the various cell types are not yet well understood, and
this knowledge might be useful for a controlled treatment.

We have recently reported on the structure-based design
of small peptide-based molecules withC3 symmetry that can
mimic CD40L homotrimers (32, 33). These mini-CD40Ls
interact with CD40 and reproduce the functional cellular
effects of the soluble CD40L protein on both human and
mouse cells. In this report, we intended to improve the
biological activities of mini-CD40Ls by restricting the
conformational space accessible to the CD40-binding peptide
(Lys143-Gly144-Tyr145-Tyr146). Thus, one residue was modified
in the sequence of the CD40-binding motif (Gly144 f D-Pro)
to stabilize a conformation closer to that of the loop observed
in the X-ray structure of native CD40L. As cooperativity is
a common process for multimeric proteins (34-36), we first
used surface plasmon resonance (SPR) experiments and
processed the binding kinetic constants to obtain accurate
data on the cooperativity of binding. The two mimetics were
then used to induce apoptosis on both human and mouse
lymphoma cells and to initiate some intracellular signals in
the D1 mouse dendritic cell line. We will discuss the effect
of the Gly f D-Pro mutation and the importance of
cooperativity during the binding for the activation of
downstream signaling pathways.

MATERIALS AND METHODS

CD40L Mimetic Synthesis.Synthesis of mini-CD40LA-1
(named CD40L mimetic1 in our previous work) was
described previously (32). Synthesis of modified mini-
CD40LA-11 was performed in an analogous manner except
that the glycyl residue in the pentapeptide was substituted
with a D-prolyl residue. A detailed account of the synthesis
of mini-CD40Ls will be reported elsewhere (N. Trouche et
al., manuscript in preparation). For sample preparation,
ligands were dissolved in milliQ 18 MΩ water at a
concentration of 1 mM before further dilution to the indicated
concentrations in appropriate buffer or medium.

Reagents.Recombinant soluble human CD40-mouse Ig
fusion protein (rshCD40-mIg) and recombinant soluble
human CD40L coupled to the mouse CD8-R extracellular
domain (rshCD40L-mCD8) were purchased from Ancell
Corp. (Bayport, MN). Surfactant P20 was purchased from
Biacore AB (Uppsala, Sweden). The 3,3′-dihexyloxacar-
bocyanine iodide DiOC6(3) dye was purchased from Inter-
chim (Montluçon, France). Lipopolysaccharide (LPS) from
Escherichia coli(strain 0111.B4) was obtained from Sigma-
Aldrich (St. Louis, MO). Fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD40 (3/23 clone), FITC anti-human
CD40 (5C3 clone), phycoerythrin (PE) anti-mouse CD54
(3E2 clone), PE anti-mouse CD80 (16-10A1 clone), and PE
anti-mouse CD86 (GL1 clone) mAbs were purchased from
Pharmingen (San Jose, CA). Anti-IκB-R rabbit antiserum and
anti-actin mouse monoclonal antibody (C4) were purchased
from Pharmingen. Low-endotoxin recombinant mouse granu-
locyte/macrophage colony-stimulating factor (rmGM-CSF)
was purchased from USBiological (Swampscott, MA). Per-
oxidase-labeled goat anti-mouse (GAM) and goat anti-rabbit
(GAR) antibodies as well as the enhanced chemilumines-
cence (ECL) reagent detection kit for Western immunob-
lotting were purchased from Amersham (Little Chalfont,
Buckinghamshire, U.K.).

Surface Plasmon Resonance (SPR) Analysis.BIAcore
3000 (Biacore AB) was used to evaluate the binding of
CD40L mimetics to CD40. Flow cells of a CM5 sensor chip
(Research Grade, Biacore AB) were precoated with rabbit
polyclonal antibodies directed against the mouse immuno-
globulin (Ig) domain (RAM-Ig, Biacore AB) using amine
coupling at 30µg/mL in 10 mM acetate buffer (pH 5.5)
according to the manufacturer’s instructions. The chip was
then flushed with 1 M ethanolamine hydrochloride (pH 8.5)
(Biacore AB) and 50 mM HCl to eliminate unbound
antibody. Generally, ca. 10 000 response units (RU), corre-
sponding to 10 ng/mm2, of RAM-Ig was immobilized.
Biosensor assays were performed at 25°C with HBS-EP
buffer [10 mM HEPES (pH 7.4) containing 0.15 M NaCl,
3.4 mM EDTA, and 0.005% (v/v) surfactant P20] as the
running buffer. Capture of rshCD40-mIg and of LG11-2, a
mouse IgG2a mAb directed against H2B histone used as an
irrelevant control (purified by protein G affinity chromatog-
raphy from hybridoma supernatant), was performed on
individual flow cells at a flow rate of 5µL/min and at a
concentration allowing us to achieve equivalent protein mass
binding. A small amount of protein was captured, ca. 450
RU, sufficient for the detection of the binding of the CD40
ligands, and limiting the mass transport and rebinding
artifacts.

CD40L mimetics and rshCD40L-mCD8 were then in-
jected (kinetic mode) at a flow rate of 30µL/min over the
control and CD40 channels for 4 min and allowed to
dissociate for an additional 3 min. The channels were
regenerated for 30 s with 50 mM HCl. A 1 Hz acquisition
mode was sufficient for subsequent good assessment of
kinetic constants. Control sensorgrams were subtracted from
the CD40 ones and analyzed with BIAevaluation version 4.1
with various models.

The simplest “Langmuir 1:1” model was first used to
assess the binding kinetics of the interaction. A complete
description of equations used for kinetics data determination
can be found in theBiacore AB Handbookand is summarized

Synthetic CD40L Mimetic, Cooperativity, and Cell Signaling Biochemistry, Vol. 46, No. 11, 20073483



in the Supporting Information. The trivalent analyte model
(37, 38) was also used to evaluate the stoichiometry and to
acquire some details about the mechanism of binding, in
particular, the distinct rates for all binding and conformational
change events, but due to the complexity of the equations
and the limited integrative possibilities offered by BIAe-
valuation, cooperativity was assessed with theReq values
from a trivalent model with freedom in the determination of
the association and dissociation rate constants of the first
interaction and theRmax value as well as all other rate
constants globally processed for the sets of concentrations
of the CD40 ligands.

The accuracy of the fits was measured by theø2 value,
which evaluates the deviation of the fitted model from the
experimental points. Residuals were also shown to give better
insight into whether a model is accurate as the bandwidth
and its shape reveal the differences between the fitted curve
and the experimental data.

CooperatiVity Measurement by SPR.The cooperativity is
used to describe how the binding of a ligand to a multimeric
receptor can enhance the binding of additional ligand to the
same multimer. Given the binding ofn A molecules to
multimeric molecule B (eq 1)

Y is defined as the fractionated saturation of the binding sites
at equilibrium (eq 2), with the Hill numberh varying from
0 to the real number of binding sitesn.

Considering that the variation of the concentration of analyte
is nearly nil during the injection compared to the concentra-
tion of captured ligand, the sum [B]h + [BA] h represents
the total capacity of binding on multimer B. By incorporating
dissociation constantKD (see eq S1 of the Supporting
Information) into eq 2, withKD′ being the apparent affinity
constant, we obtain the expression (eq 3)

Equation 3 can be rearranged to eq 4.

A plot of log[Y/(1 - Y)] versus log[A] is called the Hill plot
and represents the logarithms of the ratio of bound molecule
A to free multimer B versus logarithms of the concentration
of free molecule A. This plot approximates a straight line
for concentrations at which the phenomenon occurs that is
neither at the saturation nor at the initial phase of the sigmoid
curve. Its slope atY ) 0.5 is called the “Hill coefficient”,
denotedh, and increases with the degree of cooperativity
for a maximum value of the number of real binding sites
(n). By homology to the SPR-calculated values, eq 4 can be
converted to eq 5.

From these expressions, one can trace the plot log[Req/
(Rmax - Req)] versus logC, with Rmax assessed for one set of
concentrations,Req determined for individual concentrations
from eq 5 withka1 andkd1 in place ofka andkd, respectively,
assuming that the only interaction resulting in a response
(increase in mass) is the first binding to the receptor, andC
as the concentration of mini-CD40L injected.

Culture of Lymphoma Cells and Measurement of Apop-
tosis.BL41 Burkitt lymphoma and Jurkat human T leukemia
cells were cultured in RPMI 1640 (Cambrex Bioscience,
Verviers, Belgium) supplemented with 10% heat-decomple-
mented fetal bovine serum (FBS; Dominique Dutscher,
Brumath, France) and gentamicin (10µg/mL, Cambrex). The
A20 mouse lymphoma cells were cultured in RPMI supple-
mented with 10% heat-decomplemented FBS, gentamicin (10
µg/mL), 2 mM HEPES, and 10µM â-mercaptoethanol. For
apoptosis assays, cells (5× 105 cells/mL) were incubated at
37 °C in flat-bottom 96-well plates in the presence of various
CD40 ligands at the indicated times and concentrations in
200µL of the respective complete medium. After incubation,
cells were washed with phosphate-buffered saline (PBS) and
apoptosis was evaluated by measurement of the decrease in
mitochondrial transmembrane potential (∆ψm) associated
with a reduction of the level of cationic dye DiOC6(3) uptake
as detected by flow cytometry (39); cells were resuspended
in 300µL of PBS containing 20 nM DiOC6(3), incubated at
37 °C for 20 min, and then directly analyzed by flow
cytometry.

Results are expressed as the percentage of specific
apoptosis according to the following formula: % of specific
apoptosis) 100(% apoptotic treated cells- % spontaneous
apoptotic control cells)/(100- % spontaneous apoptotic
control cells).

Culture and Maturation of D1 Mouse Dendritic Cells.D1
cells have been described as a MHC class II-positive growth
factor-dependent immature dendritic cells, derived from adult
mouse spleen maintained in lineage without being trans-
formed (40). Cells were cultured in nontreated plastic dishes
in IMDM with HEPES andL-glutamine (Cambrex), supple-
mented with 10% heat-decomplemented FBS, gentamicin (10
µg/mL), 10µM â-mercaptoethanol, and 10 ng/mL rmGM-
CSF. For cellular assays, 2× 105 cells/mL were cultured
for 24 h in 24-well untreated polystyrene microplates
(Evergreen Scientific, Los Angeles, CA). Then, fresh medium
containing the various inducers was added. After incubation
for a further 24 h, cells were washed with cold PBS and
harvested with 2 mL of PBS containing 2 mM EDTA. After
centrifugation, cells were resuspended in cold PBS and
analyzed for cell surface phenotyping by flow cytometry or
used for immunoblotting and RT-PCR.

Flow Cytometry Analysis.For measurement of apoptosis,
lymphoma cells were analyzed directly after the staining
procedure. For phenotyping, D1 cells were stained in PBS
containing 2% FBS at 4°C for 20 min with the various
antibodies used at a concentration recommended by the
manufacturer. After two washes in PBS, cells were analyzed
by flow cytometry with a FACSCalibur. At least 10 000
events were acquired for each experiment using CellQuest

B + nA T B(A)n (1)

Y )
[BA] h

[B]h + [BA] h
(2)

Y )
[A] h

[A] h + KD′
(3)

log
Y

1 - Y
) h log[A] - h log KD′ (4)

log
Req

Rmax - Req
) h log C - h log KD′ (5)
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version 3.3 (Becton Dickinson, Pont de Claix, France), and
the data were processed with WinMDI version 2.8 (J. Trotter,
Scripps Research Institute, La Jolla, CA).

Western Blotting.Total cellular extracts were prepared by
treatment in lysis buffer [50 mM Tris-HCl (pH 7.4), 300
mM NaCl, 10% glycerol, 0.5% Triton X-100, 2 mM EDTA,
2 mM activated-sodium orthovanadate, and protease inhibitor
cocktail (Sigma Aldrich)] for 20 min on ice. Lysates were
clarified by centrifugation at 10000g for 20 min at 4°C and
quantified for total protein concentration with the bicincho-
ninic acid assay (BCA, Pierce, Rockford, IL). Ten micro-
grams of total cellular proteins was separated by 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred
to a nitrocellulose membrane. The membrane was saturated
with Tris-buffered saline (TBS) containing 0.5% (w/v)
Tween 20 (TBS-T) and 5% (w/v) nonfat milk (TBS-T/milk)
for 1 h atroom temperature and then incubated overnight at
4 °C with the anti-IκB-R or anti-actin antibody diluted 1:2000
in TBS-T/milk. After three washes with TBS-T at room
temperature, the membrane was incubated at room temper-
ature for 1 h with the GAR or GAM antibody diluted 1:5000
in TBS-T/milk. After three washes with TBS-T, the mem-
brane was incubated with ECL reagent (Amersham), and the
relative signal intensity of each band was quantified by
densitometry with the gel analyzer tool from ImageJ version
1.37f (http://rsb.info.nih.gov/ij/) after scanning of the radi-
ography.

ComparatiVe ReVerse Transcription Polymerase Chain
Reaction (RT-PCR).Expression of theIL-12 p40messenger
RNA (mRNA) was evaluated by comparative RT-PCR as
described previously (32). Total RNA was isolated from D1

cells with TriReagent-LS (Molecular Research Center, Inc.,
Cincinnati, OH) and converted to complementary DNA
(cDNA) with Moloney-Murine leukemia virus reverse tran-
scriptase (Sigma Aldrich) according to the manufacturer’s
instructions. The primers used to amplifyIL-12 p40cDNA
were as follows: forward, 5′ GGA AGC ACG GCA GCA
GAA TA 3′; reverse, 5′ AAC TTG AGG GAG AAG TAG
GAA TGG 3′.

As a constant probe, the cDNA sequence of the house-
keeping gene glyceraldehyde phosphate dehydrogenase
(Gapdh) was also amplified using the following primers:
forward, 5′ CGT CCC GTA GAC AAA ATG GTG 3′;
reverse, 5′ GTG GAT GCA GGG ATG ATG TTC 3′.

The sizes of the amplified products were 180 bp forIL-
12 p40and 642 bp forGapdh. A thermal cycle of 30 s at 94
°C, 45 s at 56°C, and 45 s at 74°C was used 26-32 times
for IL-12 p40 and 16-22 times forGapdhusing the Taq
DNA polymerase (Promega, Madison, WI) according to the
manufacturer’s instructions. Five microliters of each ampli-
con was taken from the exponential phase of the PCR (set
up before each test) and analyzed by electrophoresis on a
1% agarose gel in a 10 mM sodium borate, 2 mM EDTA,
and 2µg/mL ethidium bromide buffer. Imaging data of the
ethidium bromide-stained amplified products were obtained
with the ChemiDoc XRS system (Bio-Rad, Hercules, CA)
using Quantity One.

Statistical Analysis.The one-tailed Student’st-test tool
from the statistical package of Microsoft Excel 10 was used
to analyze data for significant differences.p values of<0.05
were regarded as significant. SigmaPlot 6.00 (SPSS Inc.,
Chicago, IL) was used for linear regression analysis of Hill

FIGURE 1: Synthetic homotrimeric CD40L mimetics. (A) Representation at atomic resolution of the human CD40L extracellular domain
fragment (PDB entry 1ALY) (25). The CD40-binding motif (Lys143-Gly144-Tyr145-Tyr146) in the AA′′ loop considered for the design CD40L
mimetics is colored black. (B) TrimericA-1 andA-11 molecules were synthesized by a fragment coupling CD40-binding pentapeptide (C)
to the macrocyclicC3-symmetricD,L-R-hexapeptide core as previously described (32). In the case ofA-11, the glycyl residue from the
binding motif of A-1 was substituted for the non-naturalD-prolyl residue.
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curves and determination of confidence intervals, that is
regions where any given data point will fall with 95%
probability a certain distance from the regression line.

RESULTS

Design of the Mini-CD40Ls.Like other members of the
TNFR superfamily, CD40L assembles intoC3-symmetric
complexes forming stoichiometrically defined homotrimers.
On the basis of the X-ray structure of the human CD40L
extracellular domain (Figure 1A), and using a model of the
CD40-CD40L interaction as well as data obtained from
previous site-directed mutagenesis studies (41), we previously
designed trimeric CD40L mimetics, named mini-CD40Ls.
We synthesized a CD40-binding motif fragment containing
hot spot residues from the AA′′ loop (Lys143, Tyr145, and
Tyr146; Figure 1A, black residues) and coupled it to a rigid
flat macrocyclic scaffold (Figure 1B), chosen for an optimal

trimeric radial distribution (32), via an aminohexanoic acid
(Ahx) residue spacer (Figure 1C). These conditions in length
and geometry were necessary for the proper functional
mimetism of CD40L, and the first active molecule was
namedA-1 (Figure 1C). Detailed analysis of the AA′′ loop
in the crystal structure of CD40L (Figure 1A, black residues)
reveals a turnlike geometry centered on the Gly144 and Tyr145

residues withφi+1, ψi+1, andφi+2 angles close to those of an
ideal type II′ â turn (42). We have previously shown that
Gly144, in contrast to Lys143, Tyr145, and Tyr146, can be
substituted with Ala without any significant effect on the
functional properties of mini-CD40LA-1 (32). Herein, to
better mimic the turn geometry adopted by the CD40-binding
segment in the structure of CD40L, we decided to fix the
φi+1 and ψi+1 angles by replacing the glycyl residue with
the non-naturalD-prolyl one (43). The analogous molecule
obtained was namedA-11 (Figure 1C).

FIGURE 2: SPR experiments, fitting methods, and analysis of cooperativity forA-1 binding. Study of the direct binding of mini-CD40L
A-1 to captured rshCD40-mIg, as shown by SPR. (A) The top graph represents the binding data forA-1 at the indicated concentrations
(solid lines) and the fitting curves (dashed lines) using the trivalent model with rate constants for the first binding event determined by local
fitting. The bottom graphs represent the residuals for the fitting from the trivalent analyte model in global (global fitting) or local (local
fitting) mode. One experiment representative of three is shown. (B) Hill representation forA-1 binding using data extracted from sensorgrams
of the experiment shown in panel A. Bound and Free denoteReq and the differenceRmax - Req, respectively.C denotes the concentration
of CD40 ligand injected. The Hill numberh, assessed by linear regression, is given for each mimetic, and 95% confidence intervals are
shown (- - -).

3486 Biochemistry, Vol. 46, No. 11, 2007 Wieckowski et al.



Analysis of the Binding of Mini-CD40LA-1 to CD40 by
SPR.We have previously shown thatA-1 (i) effectively
inhibits the binding of rshCD40L-mCD8 to a rshCD40-
mIg captured on a RAM-coated CM5 chip, (ii) directly binds
to CD40, and (iii) interacts with a CD40 molecule captured
by an anti-CD40 Ab (32). Our present SPR data fit better
with a trivalent model (Figure 2A) than with the classical
Langmuir 1:1 monovalent one, suggesting that this interaction
is of one mini-CD40L for three CD40 receptors. Fitting was
only correctly achieved by using a local fitting instead of a
global fitting of the rate constants for the first binding event,
that is,ka1 andkd1, with ø2 falling from 8.42 to 0.85 for the
1:1 model (Table 1). Indeed, global fitting resulted inRmax

values too high to be stoichiometrically correct based on the
molecular mass of ca. 3000 Da for each mini-CD40L and
the level of CD40 captured (approximately 450 RU in all
the experiments, with a predicted molecular mass of 45.6
kDa for a monomer). Local fitting using a trivalent model
instead of a monovalent model resulted inø2 values of 0.43
and 0.85, respectively, suggesting a better fit with the
trivalent model. The binding ofA-1 to CD40 is thus better
explained by a multistep interaction in which the first CD40-
binding motif interacts with a CD40 molecule and then the
second and third peptides ofA-1 bind to two other CD40
molecules. This is probably due to the radial distribution of
the pentapeptides from the rigid core, the flexibility of the
spacer arms, and the three-dimensional context created by a
multilayer CD40 presentation on a carboxylated dextran chip.

CooperatiVity of the Binding of Mini-CD40LA-1 to CD40.
The discrepancy between the result obtained by global fitting
and that from local fitting prompted us to consider a more
complex interaction. Kinetic data obtained from the fitting
described above were used to assess the cooperative level
of the interaction, assuming that the mimetics are trivalent
and the CD40 is distributed in a cell membrane-like context.
Interaction between the Fc domains of the chimeric CD40-
Ig construct, Brownian diffusion of the injected molecules,

and the apparent flexibility of their spacer arms could explain
a cooperative effect by which the binding of the first
recognition element of the trivalent ligand enhances the
binding of the other ones to monomeric CD40 molecules.
This mechanism should be easily described by a SPR
technique, which permits us to record binding of a nontagged
molecule to another captured one in real time and in a
reconstituted three-dimensional lattice. The Hill plot is a
method of analyzing the cooperativity. It requires data at
equilibrium to assess the fractionated saturation, denotedY,
of the binding sites in relation to the concentration of
multimeric molecules. Unfortunately, the equilibrium could
never be reached (data not shown) probably because
nonspecific interactions between bound and free analyte
molecules with very low association rates are interfering.
Since SPR measures changes in mass on the chip, only the
Req after the first binding event is important. Indeed,
subsequent kinetics alter the form of the binding curve but
not the intensity of the signal. We thus extracted equilibrium
values from kinetic rate constants for the first binding event
and used them to trace the Hill plot for each ligand (eqs
1-5 from Materials and Methods; see also Surface plasmon
resonance analysis; summary of the equations used for the
determination of kinetics data in the Supporting Information).
These plots indicated that theA-1-CD40 interaction was
cooperative with anh of 2.9 (Figure 2B). We can notice
that the rshCD40L-mCD8 molecule has the same coopera-
tive property (Figure S1 of the Supporting Information),
confirming that it naturally homotrimerizes in solution to
give fully functional homotrimeric CD40L as shown by other
groups (5).

Effect of the Gly144 f D-Pro Mutation on the Binding of
Mini-CD40Ls to CD40.We compared the binding ofA-11
to CD40 under the same conditions and fitted the experi-
mental curves with the same models as described above
(Table 1). Here again, global fitting was avoided sinceø2

values shifted from 16.4 and 15.7 to 1.62 and 1.50 for the

Table 1: Summary of Measured Kinetic Binding Parameters and Affinity Constants for the Interaction of CD40L MimeticsA-1 andA-11 with
Captured rshCD40-mIg As Determined by SPRa

(A) Local Fitting

CD40L
mimetic

ka1
(M-1 s-1)

kd1
(s-1)

ka2
(RU-1 s-1)

kd2
(s-1)

ka3
(RU-1 s-1)

kd3
(s-1)

KD1
(nM)

overall
kd (s-1)

overall
KD (nM) Rmax ø2

trivalent model A-1 (3.8( 2.8)× 103 (1.5( 1.1)× 10-3 2.9× 10-3 0.13 5.1× 10-3 0.055 395 (6.8( 3.2)× 10-4 179 67.4 0.43
A-11 (2.8( 0.7)× 103 (1.1( 0.3)× 10-3 2.8× 10-4 0.03 3.5× 10-7 5.3× 10-3 393 (6.7( 1.6)× 10-4 239 170 1.5

CD40L
mimetic ka (M-1 s-1) kd (s-1) KD (nM) Rmax ø2

1:1 model A-1 (3.3( 1.8)× 103 (4.0( 2.7)× 10-4 121 52.4 0.85
A-11 (3.5( 0.9)× 103 (6.4( 2.8)× 10-4 183 131 1.62

(B) Global Fitting

CD40L
mimetic

ka1

(M-1 s-1)
kd1

(s-1)
ka2

(RU-1 s-1)
kd2

(s-1)
ka3

(RU-1 s-1)
kd3

(s-1)
KD1

(nM)
overall
kd (s-1)

overall
KD (nM) Rmax ø2

trivalent model A-1 175 3.03× 10-4 1.2× 10-9 7.0× 10-4 7.5× 10-8 1.5× 10-3 1731 4.72× 10-4 2697 733 8.38
A-11 966 0.016 1.4× 10-5 1.2× 10-3 6.1× 10-4 1.4× 10-3 16200 7.9× 10-4 818 790 15.7

CD40L
mimetic ka (M-1 s-1) kd (s-1) KD (nM) Rmax ø2

1:1 model A-1 124 5.1× 10-5 412 965 8.42
A-11 1.8× 103 8.6× 10-4 457 212 16.4

a The data from Figures 2A and 3A were evaluated with the indicated binding model. The first binding events in the trivalent model are means
( SD of the rate constants obtained for all the concentrations. Overallkd values were determined as means of all the observed dissociation rate
constants. OverallKD ) (overall kd)/ka1. KD1 ) kd1/ka1.
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monovalent and trivalent models, respectively, comparing
global and local fitting. Rate constants are in the order of
the ones measured forA-1 with the use of the monovalent
model. TheRmax, however, differed, suggesting a difference
in stoichiometry between the two mini-CD40Ls. Indeed, the
maximum binding capacity forA-11 is 2.5-fold greater than
the Rmax value obtained forA-1, whatever model was used
(Figures 2A and 3A). As theRmax for A-1 mathematically
better corresponds to a 1:3 stoichiometry, and when we take
into account the fact thatø2 in local fitting cannot distinguish
between a monovalent and a trivalent mechanism, our data
suggest thatA-11 rather binds to CD40 in a monovalent
manner. Nevertheless, the local fitting resulted in aø2 lower
than the global one, probably because a change in valency
as a function of theA-11 concentration is not reflected in
the global model. Due to a higher dissociation rate constant
for the first CD40-binding motif (Table 1), equilibrium is
shifted toward monovalent interactions at high concentra-

tions. Hill plots were calculated as explained forA-1. The
trivalent model was preferred for comparison withA-1
binding results and takes into account any cooperative effect
at low concentrations ofA-11 at which multivalent interac-
tions may occur. As expected, the loss of trivalency has led
to a loss of cooperativity forA-11 from which a Hill
coefficient of 1.0 was calculated (Figure 3B). The experi-
ments were repeated twice under similar conditions, with
two different batches of each of the mini-CD40Ls, to confirm
that the replacement of the glycyl residue with aD-prolyl
residue in the CD40 motif did not affect the binding of the
molecule to CD40 (Table 1 and Figures 2A and 3A) but led
to the significant (p ) 0.011) loss of cooperativity with Hill
numbers of 2.4( 0.2 for A-1 and 1.0( 0.04 for A-11
(Figure 3C).

Effect of the Gly144 f D-Pro Mutation on the Pro-
Apoptotic Properties of Mini-CD40Ls on B Lymphoma Cells.
The two CD40 ligandsA-1 and A-11 were compared for

FIGURE 3: Effect of the Gly144 f D-Pro mutation in the CD40-binding motif on the binding of mini-CD40Ls. Study of the direct binding
of mini-CD40L A-11 to captured rshCD40-mIg as in Figure 2. (A) The top graph represents the binding data forA-11 at the indicated
concentrations (solid lines) and the fitting curves (dashed lines) using the trivalent model with rate constants for the first binding event
determined by local fitting. The bottom graphs represent the residuals for the fitting from the trivalent analyte model in global (global
fitting) or local (local fitting) mode. One experiment representative of three is shown. (B) Hill representation forA-11 using data extracted
from sensorgrams from panel A. Bound and Free denoteReq and the differenceRmax - Req, respectively.C denotes the concentration of
CD40-ligand injected. The Hill numberh, assessed by linear regression, is given for each mimetic, and 95% confidence intervals are shown
(- - -). (C) Means( SE of theh values from three independent experiments, with two different batches of mini-CD40LsA-1 andA-11,
determined by the same method and under the same conditions.p was determined with a Student’st-test.
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their biological effects in several cell-based assays. Differ-
ences in their functional behavior could tentatively be
correlated to the loss of cooperativity observed in the SPR
context. Caution must nevertheless be exercised because the
distribution of CD40 molecules at the surface of the sensor
chip may differ from that at the cell membrane in several
aspects such as density, accessibility, fluidity, and preorga-
nization. We first used the property of Burkitt lymphoma
cells to engage apoptosis after ligation of CD40 with its
cognate ligand (31). The BL41 human B lymphoma cells
expressing CD40 (Figure 4B, insets) were incubated with
different concentrations of each mini-CD40L for 16 h, and
apoptosis was then assessed by flow cytometry with the
DiOC6(3) dye, probing the decrease in mitochondrial mem-
brane potential (Figure 4A) consecutive to induction of
apoptotic pathways. The two mimetics induced apoptosis of
BL41 cells with no significant differences (Figure 4A,B).
In contrast, neither of them was efficient on Jurkat human
leukemia cells, which do not express CD40. This was
comparable to the effects induced by rshCD40L-mCD8
(data not shown) and emphasized the specificity toward
CD40. Finally, because of the cross reactivity of murine

CD40L toward human and murine CD40 (32, 44), the mouse
B lymphoma cell line A20 expressing murine CD40 (Figure
4B, inset) was tested against the two ligands, and no
significant differences were observed in the level of apoptosis
they induced (Figure 4A,B).

Effect of the Gly144 f D-Pro Mutation on the Maturation
of Mouse Dendritic Cells.In contrast, engagement of CD40
by the two mini-CD40Ls in the D1 mouse dendritic cell line
(45) resulted in a differential functional outcome. We have
already shown thatA-1 efficiently induced the maturation
of D1 cells by increasing the level of expression of
costimulatory proteins such as CD80 (B7-1), CD86 (B7-2),
CD54 (ICAM-1), and IAb and by overexpressing CD40 itself
(32). As shown in Figure 5A (top panel),A-1 induced
maturation of more than 90% of the cells from a 5µM
solution after incubation for 24 h. In contrast, the expression
level of the maturation markers was significantly lower in
the presence ofA-11, and even if we detected nearly 50%
of the cells expressing a higher level of CD86 at 10µM
compared to the nontreated cells, the efficiency never reached
that of A-1 at lower concentrations (Figure 5A, bottom
panel). A more complete study of the degree of overexpres-

FIGURE 4: Effect of the Gly144 f D-Pro mutation in the CD40-binding motif on the induction of apoptosis of human and mouse lymphoma
cells. Induction of apoptosis assessed by the decrease in∆ψm, as detected by a reduction in the rate of DiOC6(3) dye uptake. (A) A
representative panel of the DiOC6(3) staining of BL41, Jurkat, and A20 cells, not treated (0) or treated withA-1 or A-11 at 20µM for 16
h. (B) Effect ofA-1 (9) andA-11 (O) on human B lymphoma BL41, human T leukemia Jurkat, and mouse B lymphoma A20 cells after
incubation for 16 h. Levels of membrane expression of the human and mouse CD40 protein as measured by flow cytometry are shown in
the inset. Results are expressed as the averages( SE of three independent experiments with two different batches of each mimetic.
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sion for each of these maturation markers was conducted in
three independent experiments by using two different batches
of mini-CD40Ls, and the mean fluorescence intensity (MFI)
was measured after incubation for 24 h (Figure 5B). When
A-1 at 10µM reached the saturated expression level of LPS-
stimulated cells for every marker,A-11 effects were not
comparable to theA-1 activity for all of the maturation
markers that were tested (p < 0.05). Even if MFI cannot be
neglected in the case of CD40 and CD86 markers,A-11 has
largely lost its activity toward maturation of these dendritic
cells.

Effect of the Gly144 f D-Pro Mutation on the Signaling
Induced in the Mouse Dendritic Cells.Finally, we measured
the level of IL-12 p40 mRNA, another marker of CD40L
stimulation. Interestingly, bothA-11 and A-1 induced the
transcription of this cytokine subunit (Figure 6A), pointing
out the efficient engagement of common pathways by the
two mini-CD40Ls from CD40 in these cells. To understand
the mechanisms involved in the differential effect induced
by A-11, we investigated the ability of the two CD40L
mimetics to induce the degradation of IκB-R, a step necessary
for the subsequent translocation of NF-κB to the nucleus (46).
As previously described,A-1 induced a net degradation of
IκB-R in a dose-response manner after incubation for 45

min. By contrast,A-11 failed to induce any effect (Figure
6B), even after incubation for 6 h at 10µM (Figure 6C).

DISCUSSION

The CD40-CD40L interaction is a key event for the
activation of both the cellular and humoral immune re-
sponses. A broad range of CD40 cellular expression has been
described on immune and non-immune cells and on various
cancer cells like lymphoma cells. However, the relation
between the various effects resulting from CD40 activation
in this large cells network is still lacking because signaling
pathways vary from cell to cell (47). Indeed, the intracellular
events mostly studied on B cells are complex and are
regulated by diverse environmental and intracellular agents,
resulting in differential biological effects. For instance, CD40
activation in malignant B cells results in growth inhibition
instead of differentiation in nontransformed B cells (18).
Tools for studying the induction of different regulatory
pathways are missing. Here we show that a one-residue
mutation in the receptor-binding motif of our CD40L
mimetics led to a variation in their physicochemical proper-
ties and, more importantly, to a selective deactivation of an
intracellular signal.

FIGURE 5: Effect of the Gly144 f D-Pro mutation in the CD40-binding motif on the maturation of the D1 mouse dendritic cell line. (A)
Expression of maturation markers, as measured by flow cytometry after treatment for 24 h withA-1 (top line) orA-11 (bottom line) with
increasing concentrations of mini-CD40L (light, medium, and dark gray histograms for 2.5, 5, and 10µM, respectively). Empty histograms
represent nontreated cells and full histograms cells treated with LPS at 10µg/mL (positive control). One experiment representative of three
independent experiments with two different batches of each ligand is shown. (B) MFIs after treatment for 24 h with the mini-CD40Ls were
measured by flow cytometry for each of the maturation markers. Empty, dashed, gray, and black bars represent nontreated samples,A-11
at 10 µM, A-1 at 10 µM, and LPS, respectively. Averages( SE of three independent experiments with two different batches of each
mimetic are shown. An asterisk denotes ap of <0.05 (Student’st-test) between treatment withA-1 andA-11.
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The rationale behind the chemical modification was to
stabilize the naturally occurringâ turn-type geometry found
in the CD40-binding motif of the CD40L homotrimer. We
changed the glycyl residue in the three Lys-Gly-Tyr-Tyr-
Ahx pentapeptides linked onto theC3-symmetrical core of
mini-CD40L A-1, for the non-naturalD-prolyl residue
stabilizing a conformation closer to the native structure. The
D-prolyl-modified molecule lost its capacity to bind CD40
in a cooperative manner. While the discrepancy between
global and local fitting of the data onA-1 binding is probably
due to its cooperative character, forA-11 it might be due to
a change in stoichiometry. Indeed, at low concentrations, the
molecule probably binds in a 3:1 or 2:1 ratio, but since the
multivalent binding is not stabilized by a cooperative process,
at high concentrations only the dimeric complex is formed,
explaining the stoichiometry. We suggest that the Gly144 f
D-Pro modification has rigidified the binding motif, lowering
its capacity to induce allosteric movements. Two alternatives
are envisaged to explain why the first event of binding of
A-1 enhances the binding of the second and third binding
motifs to CD40. Ligand restructuring occurs and allows faster
subsequent interactions with the receptor. Alternatively, some
allosteric movements in the tetravalent complex make the
second and third CD40 molecules more susceptible to
subsequent interactions. Indeed, the rshCD40-mIg construct
seems to oligomerize as assessed by electrophoresis under
nonreducing conditions (data not shown). Anyway, our
experimental data cannot discriminate between the two
alternatives, although a lack of cooperativity byA-11 makes
the first alternative more likely. The difference in the binding
behavior of the two molecules did not alter their property to
induce apoptosis in B cell lymphoma cells. However, we
found a different biological behavior between the two mini-
CD40Ls in maturation of the D1 mouse dendritic cell line,
and only A-1 upregulated costimulatory molecules. This
effect was correlated with the inability ofA-11 to induce

NF-κB activation. We showed further that despite these
different effects, both of the mimetics stimulated production
of IL-12 p40mRNA, suggesting not a complete loss of the
effect on a particular cell but the engagement of different
intracellular signals.

These results can be linked to a recent study of the
complex regulation of CD40-mediated signaling (48) in
which the authors showed that the p38 mitogen-activated
protein kinase (MAPK) and the alternative NF-κB pathways
are selectively activated depending on the maturation status
of the DC. In particular, they demonstrated that a p38 MAPK
inhibitor downregulated the production of the CD40-medi-
ated IL-12 protein by immature DCs but showed no
significant effects on mature cells. Furthermore, Mackey et
al. (49) have isolated separated pathways engaged from the
CD40 receptor in primary DC by mutation of the binding
sites for the different TRAFs in the receptor cytoplasmic
domain. They showed independent signaling engagement for
TRAF 2, 3, and 5, and for TRAF 6, and in particular, they
showed that only disruption of the binding of TRAF 6 to
CD40 markedly decreases the level ofIL-12 p40secretion
along with p38 MAPK and JNK activation in response to
CD40L. These observations, our results, and the well-known
complex signalosome organization in the membrane rafts of
DC (29) lead us to propose a more complex mechanism
behind the pattern of downstream signals. The 3:3 stoichi-
ometry between CD40 and its ligand is essential for the
recruitment of the required complex under the membrane
for the initiation of a downstream signal. However, due to
the context of some membrane microdomains, the close
communication between other trivalent receptor molecules
would orient the cascades to be activated. For example,
TRAF recruitment would greatly vary depending on the
density of CD40 at the membrane. A specific matrix for the
placement of submembrane partners, in which some binding
sites are more or less accessible, would modulate this

FIGURE 6: Effect of the Gly144 f D-Pro mutation in the CD40-binding motif on the signaling induced in the D1 mouse dendritic cell line.
(A) Induction of IL-12 p40mRNA transcription byA-1 andA-11 as measured by comparative RT-PCR after treatment for 16 h.Gapdh
was used as a housekeeping gene control. (B) Induction of the NF-κB pathway byA-1 andA-11. D1 cells were treated for 45 min with
the indicated concentration of the CD40L mimetic. IκB-R degradation was then assessed by immunoblotting on cell extracts, and actin was
used as an internal loading control. The ratio of the band intensity of IκB-R to that of actin is given under each lane. (C) Kinetics of
activation of the NF-κB pathway as measured by immunoblotting of IκB-R. D1 cells were treated withA-11 at 10µM for the indicated
times or with LPS at 10µg/mL for 45 min. The ratio of the band intensity of IκB-R to that of actin is given under each lane.
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organization and leads to the activation of different pathways.
This could explain the results of Yanagawa et al. (48) since
CD40 is overexpressed in mature DCs compared to immature
cells, but also the discrepancy observed among CD40L
soluble protein, membranous CD40L, and antibody directed
against CD40. A molecular consequence would be the
inability to form microaggregates, as shown by Legembre
et al. for Fas (50), another member of the TNFR family. In
this model, an apoptotic signal could be sent without
formation of SDS-stable and reducing agent-resistant mi-
croaggregates. In fact, both the anti-Fas agonist Ab and
multimeric soluble FasL lead to Fas oligomerization and
subsequent apoptosis of normal lymphocytes, but only the
Ab stabilizes it inside microaggregates, triggering pathways
that are subtly different.

The CD40-binding motif rigidification induced by the
Gly144 f D-Pro modification does not lead to a complete
loss of activity. TheA-11-CD40 complexes probably do
not allow formation of microaggregates, leading to a different
submembranous organization or stability and initiating dif-
ferent intracellular signals.

Finally, mini-CD40Ls could be valuable tools for dissect-
ing the mechanisms set up during ligand-receptor interaction
and analyzing the multireceptor signaling complexes engaged
in downstream cellular events following CD40 activation.
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