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ABSTRACT: BAFF (B cell activating factor of the TNF family, also known as BlyS and TALL-1), a TNF
family cytokine critical for the development and function of B cells, has been reported to bind to three
receptors, BCMA (B cell maturation protein), TACI (transmembrane activator and CAML [calcium-
modulator and cyclophilin ligand] interactor), and BAFFR (BAFF receptor), but with widely conflicting
values for the affinity and selectivity of binding. BCMA and TACI additionally bind APRIL (a proliferation-
inducing ligand), the TNF family ligand most homologous to BAFF. Using soluble, monomeric forms of
the receptors, we demonstrate that BAFFR binds BAFF withKD ∼16 nM, while BCMA binds withKD

∼1.6µM, indicating a∼100-fold selectivity for binding to BAFFR over BCMA. APRIL shows the opposite
selectivity, binding to BCMA withKD ∼16 nM while showing no detectable affinity for BAFFR (KD >
3 µM). The binding of BAFF or APRIL to these receptors is highly sensitive to assay-dependent avidity
effects, likely explaining the widely ranging affinity values reported in the literature. Binding of BAFF
to BCMA-Fc, a bivalent fusion protein consisting of the extracellular domain of BCMA fused to the
hinge and CH1 and CH2 domains of human IgG1, in solution or coated onto an ELISA plate gave apparent
binding affinities of∼0.63 and∼0.15 nM, respectively, compared to values ofKD(app) e 30 and∼100
pM for the corresponding BAFFR/IgG1 fusion protein, BAFFR-Fc. The high selectivity of BAFF for
BAFFR versus BCMA is thus partly obscured in these multivalent assays. The intrinsically high selectivity
inferred from the measurements with monomeric receptor correlates well within ViVo data from knockout
mice, providing a possible explanation for the observations that interruption of the BAFFR gene in the
A/WySnJ mouse produces a phenotype similar to the BAFF knockout mouse, while the BCMA knockout
mouse has no discernible B cell phenotype.

BAFF1 (also known as BLyS, THANK, TALL-1, zTNF4,
and TNFSF13B) is a TNF family ligand tightly linked to
the development and maturation of B cells (1-4). There are
three candidate receptors for BAFF, the TNF receptor family
proteins BCMA, TACI, and BAFFR (also know as BR3).
Understanding the selectivity of BAFF for each of these
receptorsin ViVo is critical for elucidating their respective
biological functions. In addition, two of these receptors,
BCMA and TACI (5-8), also bind to the homologous TNF
family ligand APRIL, further complicating the elucidation
of the biological roles of these receptors. BAFF and APRIL
each contain three receptor-binding sites, and consequently,
their interactions with their cell-surface receptors are mul-
tivalent. Achieving an understanding of the selectivities of

BAFF and APRIL for their various proposed receptors there-
fore requires elucidation of the true 1:1 binding affinities of
each ligand for each of its receptors, as well as investigation
of the role of avidity effects in governing the nature and
strength of the interactions that can form. Making quantitative
measurements of binding affinities and stoichiometries for
TNF family receptors and ligands is nontrivial. The majority
of published studies on BAFF or APRIL binding to their
candidate receptors utilize bivalent receptor-Fc fusion pro-
teins. The interaction of trimeric BAFF or APRIL with
bivalent receptor constructs results in an apparent affinity
for binding that contains an avidity component of significant
but unpredictable magnitude. Consequently, the literature
contains widely disparateKD values for these ligands binding
to each of their candidate receptors and therefore for their
potential selectivity among these receptors.

BAFF is expressed on myeloid cells as a type-II trans-
membrane protein that can be cleaved from the membrane
by a furin-like convertase and released as a soluble ligand
(1, 2). The receptors for BAFF are primarily restricted to B
cells, and BAFF is a key costimulatory molecule for mature
B cell proliferation and survival. BAFF transgenic mice
display symptoms of systemic lupus erythematosus (SLE)
and Sjogren’s syndrome, including B cell hyperplasia and
elevated autoantibody production (9). Conversely, BAFF-
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1 Abbreviations: APRIL, a proliferation-inducing ligand; BAFF, B
cell-activating factor of the TNF family; BAFFR, BAFF receptor;
BAFFR-Fc, fusion protein consisting of the extracellular domain of
BAFFR and the CH1, CH2, and hinge region of human IgG1; BCMA,
B cell maturation protein; BCMA-Fc, fusion protein consisting of the
extracellular domain of BCMA and the CH1, CH2, and hinge region
of human IgG1; CRD, cysteine-rich repeat domains; EC50, the value
at which 50% of the maximum response is attained; TACI, transmem-
brane activator and CAML (calcium-modulator and cyclophilin ligand)
interactor.

1919Biochemistry2005,44, 1919-1931

10.1021/bi048227k CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/22/2005



deficient mice have a severe reduction in the number of
mature B cells, reduced serum immunoglobulin, and severely
impaired humoral immune response to both T-dependent and
T-independent antigens (10, 11).

APRIL has the ability to stimulate tumor cell growth (12),
and it also stimulates B cell proliferation (8). It has been
reported that a fusion protein consisting of the extracellular
domain of BCMA fused to the hinge, CH1 and CH2 domains
of human IgG1 (BCMA-Fc) is able to block APRIL-induced
tumor cell growth (13). APRIL-deficient mice show no
detectable abnormality in development or in B- or T cell
function (14). This result leaves open the question of the
true role for APRIL in immune cell development and
maintenance. However, BAFF/APRIL heterotrimers have
been detected in the serum of patients with various autoim-
mune diseases (15) and in the culture medium from BAFF/
APRIL cotransfected cells. Interestingly, TACI-Fc but not
BCMA-Fc or BAFFR-Fc was able to block thein Vitro B
cell proliferation induced by these heterotrimers (15).

BCMA was originally identified by a genetic translocation
event in a T cell tumor line and was later shown to be
natively expressed primarily by mature B cells (16, 17). Some
reports have indicated that BCMA expression is limited to
the Golgi (18), while others have reported cell-surface
expression in transfected cell lines (4). Targeted gene deletion
experiments in mice have shown that BCMA, like APRIL,
is dispensable for B cell development and maintenance of
the humoral immune response, indicating that BCMA is not
the primary receptor responsible for BAFF activityin ViVo
(19).

BAFFR was identified as a receptor for BAFF in BAFF
responsive systems where the other known BAFF receptors
were not present. BAFFR was shown to bind uniquely to
BAFF and not to APRIL (20, 21). The A/WySnJ mouse
strain displays a severe deficit in mature B cells (22) similar
to that of BAFF-deficient mice. The mutation responsible
for this phenotype has been identified as a disruption in the
intracellular signaling domain of BAFFR, confirming the
critical role of BAFFR in BAFF-mediated B cell maturation
(10, 20, 21).

TACI, identified in a two-hybrid screen for proteins that
interact with CAML (23), is expressed on B cells and
activated T cells and may be required for immune system
homeostasis. Knock-out experiments in mice demonstrated
that TACI is a negative regulator of B cell activation. The
TACI-deficient mouse phenotype is similar to the transgenic
BAFF mouse, with symptoms of autoimmune antibody
formation and B cell hyperplasia (21, 24, 25).

All of the candidate BAFF and APRIL receptors differ
from the canonical structure of TNF receptor family mem-
bers. Typically, TNF receptors contain 2-4 cysteine-rich
repeat domains (CRD), and in those cases for which the
intermolecular contacts have been defined either by X-ray
crystallography (26-29) or site-directed mutagenesis (30-
34), the ligand makes discrete contact with two adjacent
CRD. BAFFR is the smallest known member of the TNF
receptor family, containing only a partial CRD (20), while
BCMA contains only one. TACI contains two CRD, but they
are of atypical structure (35). This structural difference
requires that these receptors interact with their ligands in a
manner that is distinct from the canonical mechanism. This
expectation has been confirmed by structural studies of the

complexes of BAFF with BCMA and with BAFFR. The
canonical binding mode for TNF family receptors is along
a groove formed at the monomer-monomer interface of the
ligand, parallel to the 3-fold axis of symmetry, where two
CRD from each receptor interact with two distinct patches
on the ligand composed of approximately equal contributions
from each monomer (26-29). BAFFR however binds to a
small surface cavity in BAFF, formed primarily by residues
from a single monomer with minor contribution from the
adjacent monomer (36-39). BCMA appears to bind at an
overlapping but nonidentical region that is restricted to a
single monomer (37). Modeling the BCMA-APRIL com-
plex, based on the crystal structures of APRIL (40) and the
BAFF-BCMA complex (37), indicates that BCMA fits into
a hydrophobic pocket that is conserved between BAFF and
APRIL and that the binding modes are likely similar for
BCMA binding to these two ligands (40). Because of the
widely varying values reported for the interaction affinities
of BAFF with its receptors, it is unclear whether the fact
that BAFFR and BCMA are smaller than typical TNF-R
family members and interact with their ligands in a different
way necessarily translates to a lower interaction energy or
whether nature somehow manages to engineer the same
binding strength into a smaller contact surface.

Here, we characterize the binding of mono- and bivalent
forms of the receptors BCMA and BAFFR to BAFF and
APRIL. Using soluble, mono- and bivalent forms of these
candidate receptors allows us to quantitatively assess the
affinity of receptor binding to each ligand and to distinguish
affinity from avidity contributions to binding inherent in
bivalent receptor constructs. Our results demonstrate that
BAFF displays an approximately 100-fold selectivity for
binding to monomeric BAFFR over monomeric BCMA,
while APRIL shows the opposite selectivity, binding with
high affinity to BCMA while showing no binding to BAFFR
whether presented as a monomer or dimer. When multivalent
forms of the receptor are used, a substantial additional
contribution to binding is seen because of avidity effects.
The avidity contribution of dimeric versus monomeric
BCMA results in>1000-fold increase in the apparent affinity
for binding to BAFF, while the apparent KD for dimeric
BAFFR binding to BAFF is similarly increased by a factor
of >500 over monomeric BAFFR. For technical reasons,
these assay-dependent avidity effects partly obscure the high
intrinsic selectivity of the interactions. Thus, although the
interactions of BAFF with its receptors are presumably
multivalent in ViVo, it is necessary to work with well-
characterized, monovalent receptor constructs to gain an
accurate picture of binding selectivity in this system. Our
results potentially provide a molecular basis for understand-
ing the different phenotypes of the BCMA- and BAFFR-
deficient mouse strains and thus provide clues to unraveling
the complexity of the functions of BAFF and its receptors.

MATERIALS AND METHODS

myc-Human BAFF.Purification of BAFF has been de-
scribed (4). Briefly, myc-hBAFF (Gln136-Leu285) was
expressed inPichia pastoris, and the supernatant was buffer-
exchanged to 10 mM Tris-HCl at pH 7.2 and 50 mM NaCl
and then loaded into a Q column and eluted with a salt
gradient (50-500 mM NaCl). Further purification of
myc-hBAFF was achieved by size-exclusion chromatography
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on Superdex 75 (26/70) followed by Superdex 200 (26/70)
columns. The purified protein was analyzed by SDS-PAGE
followed by Coomassie Blue staining, Western blot analysis
using mouse monoclonal 9E10 (anti-myc) antibody, and by
N-terminal sequencing. Molecular weight was determined
by mass spectrometry. Protein concentration was determined
by absorbance at 280 nm using an extinction coefficient
calculated from the amino acid sequence.

Human APRIL.Conditioned medium containing FLAG-
tagged human APRIL from 293T cell cultures was brought
to a final concentration of 10 mM CaCl2 and 150 mM NaCl
and filtered. The medium was loaded onto an M1 (anti-FLAG
antibody) Sepharose affinity column (Sigma-Aldrich Corp.,
St. Louis, MO) 3 times by gravity at 4°C. The column was
then washed with 10 column volumes of 50 mM Tris at pH
7.6, 150 mM NaCl, and 1 mM CaCl2. FLAG-tagged human
APRIL was eluted from the column with 5 column volumes
of 50 mM Tris at pH 7.6 and 150 mM NaCl containing 100
µg/mL FLAG peptide (Sigma-Aldrich Corp.). The eluted
fractions were analyzed for purity by SDS-PAGE, and
fractions containing human APRIL were dialyzed overnight
into 20 mM Tris at pH 6.8 and then loaded onto a HiTrap
SP column (Pharmacia, Piscataway, NJ). The column was
washed with 4 column volumes of 20 mM Tris at pH 6.8.
FLAG-tagged human APRIL was eluted in a single step with
1 M NaCl in 20 mM Tris at pH 6.8. The protein was further
purified using a Superdex 200, 10 mm× 300 cm gel-
filtration column (Pharmacia). Analysis by nonreducing
SDS-PAGE revealed two closely spaced bands of 21 and
22 kDa, most likely representing glycosylated and nongly-
cosylated forms of the protein. Protein concentration was
determined by absorbance at 280 nm using an extinction
coefficient calculated from the amino acid sequence.

BCMA-Fc and MonoValent BCMA-Fc.The extracellular
domain of BCMA (Met1-Gly51) was fused with human IgG1
Fc and stably transfected into CHO cells (4). The protein
was purified using Protein-A-affinity chromatography fol-
lowed by size-exclusion chromatography. To obtain mono-
meric BCMA-Fc, hydrophobic interaction chromatography
using a resource phenyl column was performed using 225
mM (NH4)2SO4 plus 50 mM phosphate. The protein was
eluted with one-step 20 mM phosphate. Appropriate fractions
were selected for SDS-PAGE under reducing and nonre-
ducing conditions. Identification of bi- and (partially cleaved)
monovalent BCMA-Fc was confirmed by the N-terminal
sequence. Protein concentration was determined by absor-
bance at 280 nm using an extinction coefficient calculated
from the amino acid sequence.

BAFFR-Fc. Construction and purification of BAFFR-Fc
has been described (4). Briefly, the extracellular domain of
BAFFR (Asp2-Ala71) was fused to human IgG1 Fc and
stably transfected into CHO cells. The protein was purified
using Protein-A-affinity chromatography followed by size-
exclusion chromatography. Protein concentration was de-
termined by absorbance at 280 nm using an extinction
coefficient calculated from the amino acid sequence.

Monomeric BCMA and BAFF-R.Monomeric BCMA and
BAFFR were obtained by controlled digestion of BCMA-
Fc and BAFFR-Fc, respectively, with endoproteinase Lys-
C. After cleavage, the Fc fragments were removed by
Protein-A-affinity chromatography and the monomeric BCMA
and BAFFR were further purified by size-exclusion chro-

matography. The purity of the proteins was analyzed by
SDS-PAGE, and molecular weight was determined by mass
spectrometry. Protein concentration was determined by amino
acid analysis.

ELISA. Microtiter plates were coated overnight in PBS
with either BAFF or APRIL (R&D Systems, Minneapolis,
MN) at 2.5 µg/mL or with biotinylated BCMA or BAFFR
at 10µg/mL and blocked for an hour at room temperature
in 1% BSA in PBS. Biotinylated ligands were added to plates
containing immobilized receptor or biotinylated receptor were
added to plates containing immobilized ligand for 30 min at
37 °C. Bound biotinylated ligand or receptor was detected
using Streptavidin-HRP. Plates were developed for 5 min at
ambient temperature with 100µL of TMB Microwell
peroxidase substrate (Kirkegaard and Perry laboratories). The
reaction was stopped using 2N H2SO4, and plates were read
at 450 nm. EC50 values were determined using an empirical
four-parameter fit to the data

wherea ) upper asymptote,b ) midpoint (EC50), c ) slope
of the linear part of the curve, andd ) lower asymptote.

Biacore Surface Preparation. All experiments were per-
formed using a Biacore 3000 instrument (Biacore AB,
Uppsala, Sweden). BCMA-Fc, BAFFR-Fc, or BAFF were
immobilized on CM5 sensorchips using the Biacore Amine
Coupling Kit according to the instructions of the manufac-
turer. Briefly, proteins were diluted to 50µg/mL in 10 mM
acetate at pH 4.5, and 50µL was injected over chip surfaces
that had been activated with a 50µL injection of 1:1
N-hydroxsuccinimide (NHS):1-ethyl-3(3-dimethylaminopro-
pyl)-carbodiimide hydrochloride (EDC). Excess free amine
groups were then capped with a 50µL injection of 1 M
ethanolamine. BCMA-Fc and BAFFR-Fc chip surfaces were
conditioned with 5× 30 s injections of 10 mM NaH2PO4.
Typical immobilization levels for both BCMA-Fc and
BAFFR-Fc were 4000-6000 RU. BAFF surfaces were
conditioned with 5× 30 s injections of biacore buffer (10
mM HEPES at pH 7, 150 mM NaCl, 3.4 mM EDTA, 0.005%
p-20 (detergent), and 0.1% BSA). Typical immobilization
levels for BAFF were 3000-4000 RU. All samples were
prepared in biacore buffer. This same buffer was used as
the running buffer during sample analysis. For immobiliza-
tions, the same biacore buffer without BSA was used.

Solid-Phase Biacore Binding Assays. Monomeric receptors
were diluted in biacore buffer to the indicated concentrations
and injected over the BAFF-derivatized surface or over an
underivatized surface as a background control at a flow rate
of 50 µL/min. The BAFF surface could not withstand
regeneration, and the ligand was instead removed by long-
term (10 min) dissociation. Bound ligand was completely
removed in this time frame, and the signal returned to the
baseline (see parts A and B of Figure 5). In all cases, binding
to the blank chip was negligible. Affinity was determined
by fitting plots of the response value where binding has come
to equilibrium (Req) versus the concentration to a hyperbolic
binding equation or by global fitting of all concentration
sensorgrams to the kinetic model shown below (42) for
simultaneously determining the on and off rates within the
BIAevaluation software

y ) (a((bx)c)/(1 + (bx)c)) + d
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whereA ) concentration,B[0] ) Rmax, andAB[0] ) 0.
Solution-Phase Biacore Binding Assays. BAFF and the

receptor were mixed in various ratios in biacore buffer and
incubated at 4°C for a minimum of 3 h. From each of these
solutions, 150µL was then passed at 10µL/min over a
BCMA-Fc-derivatized surface or over an underivatized
surface as a background control, followed by dissociation
for 3 min in biacore buffer. The surface was regenerated
with 2 × 20 µL injections of 10 mM NaH2PO4 following
each sample injection. Using these experimental conditions,
the binding is mass-transport-limited during approximately
the first minute of binding. The mass-transport-limited region
was determined from the region of the sensorgrams where
the slope of the first derivative plot is zero. During the mass-
transport-limited binding phase, the initial rate of binding
(Vi) is proportional to the concentration of free ligand in
solution. Because only free BAFF is able to bind to the
BCMA-Fc surface, this method measures the concentration
of free BAFF in each solution. The affinity and stoichiometry
of the interaction of BAFF and its receptors in solution was
determined by plottingVi versus the concentration of the
varied component in each mixture and fitting the data to the
following quadratic equation (41) that has theKD and
stoichiometric ratio (n) as variables:

whereVi ) initial rate of binding,m ) slope of the BAFF
standard curve, [BAFF]f ) free BAFF concentration, [BAFF]t

) total BAFF concentration, and [R]t ) total receptor
concentration.

Proliferation Assay.The proliferation assay has been
described (4, 20). Briefly, mouse splenic B cells were isolated
from 2 month old C57 black 6 mice using B cell recovery
columns (Cedarlane Laboratories, Ontario, Canada). B cells
were incubated in flat-bottom 96-well plates at 105 cells/
well in 100 µL of RPMI supplemented with 10% FBS for
48 h in the presence of 5µg/mL of F(ab′)2 fragment goat
anti-mouse IgM antibody (Jackson ImmunoResearch Labo-
ratories, PA) and 75 ng/mL BAFF or APRIL. Indicated
concentrations of receptor were added to block the prolifera-
tion induced by the indicated ligand. Cells were pulsed for
an additional 18 h with 1µCi/well [3H]thymidine and
harvested. [3H]Thymidine incorporation was monitored by
liquid scintillation counting. IC50 values were determined by
fitting the data to an empirical four-parameter equation as
described above for the ELISA.

RESULTS

Initial studies of BAFF binding to its receptors BCMA
and BAFFR were carried out by ELISA and Biacore using
receptor-Fc fusion proteins. Results from ELISA (Figure 1)
indicated that BAFF bound to immobilized BCMA-Fc and
BAFFR-Fc with similar high affinities. The EC50 values
determined by applying a four-parameter curve fit to the

ELISA data are 0.15 and 0.1 nΜ, respectively. These EC50

values do not correspond to true affinity measurements. In
each case, both of the binding partners are potentially
multivalent, and thus, the strength of the binding likely
includes a substantial avidity contribution. Moreover, the fact
that one component is immobilized on a microtiter plate will
lead to additional surface avidity effects if some BAFF
molecules can become bound simultaneously to two or more
nearby molecules of receptor-Fc on the assay plate surface.
Consistent with the expectation of complex binding mech-
anisms of this kind, the data in Figure 1 do not conform to
a simple hyperbolic binding model and instead were fitted
using an empirical four-parameter equation. An additional
limitation of the above method is that the data provide no
direct insight into the stoichiometry of the receptor-ligand
complex formed.

To overcome these limitations, we used a Biacore-based
solution-phase binding method, which takes advantage of
the fact that under conditions of so-called “mass-transport-
limited” binding the initial rate of ligand binding is propor-
tional to the concentration of ligand in solution (42). This is
because, under these conditions, typically obtained at high
receptor densities on the chip and low flow rates, binding
of the soluble analyte to the immobilized receptor is fast
compared to the diffusion of the analyte into the dextran
matrix within which binding occurs. Consequently, the rate
at which analyte binds to the chip is governed by the
diffusion properties of the analyte and by the analyte
concentration in the solution flowing across the chip surface
and not by the kinetics of analyte-ligand binding. Figure
2A shows sensorgrams for a series of solutions containing
BAFF at a range of concentrations binding to a BCMA-Fc
chip under mass-transport-limited conditions. The initial rate
of binding is determined over the first few seconds of
association, as indicated by the linear fit to the initial binding
phase of the sensorgrams shown as the red lines in Figure
2A. A plot of the initial velocity versus the concentration of
BAFF (0, Figure 2B) shows that the initial velocity is indeed

dAB/dt ) (kaAB) - (kdAB)

dB/dt ) -((kaAB) - (kdAB))

Vi/m ) [BAFF]f ) 1/2([BAFF]t -
{(n[R]t + [BAFF]t + KD) -

x[(n[R]t + [BAFF]t + KD)2 - (4n[R][BAFF] t)]})

FIGURE 1: BAFF binding to immobilized receptor-Fc fusion
proteins. The indicated concentrations of biotinylated BAFF were
added to 10µg/mL immobilized BCMA-Fc (O) or 10 µg/mL
immobilized BAFFR-Fc (4) in PBS at pH 7 for 30 min at 37°C.
Bound ligand was detected with streptavidin-HRP as described in
the Materials and Methods. Data points represent the mean of
triplicate measurements. EC50 values were determined from a four-
parameter curve fit (s) as described in the Materials and Methods.
The data shown are representative of three independent experiments.
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proportional to the BAFF concentration and, consequently,
that the method can be used to obtain a rapid and accurate

measure of the concentration of free BAFF present in
solution. Figure 2B also shows the results obtained when a
set of solutions containing various concentrations of BAFF
were preincubated to equilibrium with a fixed concentration
of 6 nM BCMA-Fc (O) or 6 nM BAFFR-Fc (4) before being
run over by the BCMA-Fc-derivatized chip under identical
conditions to those used in Figure 2A. In Figure 2B, at low
concentrations of BAFF, the initial velocity is depressed
relative to the standard curve obtained with BAFF alone,
because most of the BAFF present is bound to receptor-Fc
in the mixtures and is consequently not available to bind to
the receptor-Fc on the chip surface. However, as the BAFF
concentration is increased to the point where it reaches and
then exceeds the concentration of available receptor-binding
sites present in the preincubated solutions,Vi increases until
it becomes parallel to the standard curve, indicating that the
fixed amount of receptor-Fc in the solutions is fully occupied
and each additional equivalent of BAFF thus remains free.
The data for the BAFF/BCMA-Fc and BAFF/BAFFR-Fc
mixtures can be fitted using a quadratic binding equation
(see the Materials and Methods), to determine the affinity
of the interaction between the BAFF and the receptor-Fc in
the preincubated solutions and also the stoichiometry of the
complex that is formed when they interact. Importantly, the
measurement shown in Figure 2B is not a competition
experiment; the average contact time of each volume of the
flowing solution with the chip surface is only∼250 ms, and
therefore, except for exceptionally weak complexes that have
dissociation half-lives of<1 s, there is no opportunity for
the BCMA-Fc on the chip surface to displace BCMA-Fc or
BAFFR-Fc from a soluble complex. Rather, the method
provides a rapid snapshot of the distribution of bound versus
free BAFF present in each of the preincubated solutions, and
thus, the affinity and stoichiometries obtained from the data
represent true solution values. The data in Figure 2B show
that BCMA-Fc and BAFFR-Fc can each bind to BAFF in
solution to form a 1:1 complex. The slight differences in
the titration end points arise from uncertainties in the protein
concentrations of the components in the mixture. The
apparent affinities obtained from the curve fits are 520(
160 pM for BCMA-Fc (n ) 5) ande30 pM for BAFFR-Fc
(n ) 6), showing that both of these receptor-Fc constructs
bind to BAFF with high affinity. These binding titrations
can also be carried out in the reverse format, by holding the
BAFF concentration constant and varying the concentration
of receptor-Fc, as shown in Figure 2C. In this format, the
initial velocity decreases with increasing receptor-Fc, as
greater fractions of the BAFF become sequestered in
complexes. Applying a similar quadratic binding equation
to these data gave similar affinities for the interactions of
BAFF with BCMA-Fc (770( 440 pM;n ) 4) and BAFFR-
Fc (e30 pM; n ) 6) to those obtained in Figure 2B. These
results are collected in Table 1 and reported as the average
of all titrations done in both formats.

While the method described above provides solution-phase
affinity and stoichiometry data, the affinities measured in
parts B and C of Figure 2 still represent apparent affinities
rather than trueKD values. This is because the receptor-Fc
proteins are dimeric constructs, each containing two copies
of the receptor extracellular domain. This bivalency gives
rise to an avidity component to the binding with the
potentially trimeric BAFF, from which the true affinity of a

FIGURE 2: Solution-phase binding of BAFF to receptor-Fc fusion
proteins. (A) Typical sensorgrams for 0-15 nM BAFF binding to
a BCMA-Fc-derivatized Biacore chip. Initial rate data shown in B
and C were determined over the first minute of binding, from∼150
to ∼210 s as described in the Materials and Methods, and shown
as linear fits (red lines) to the early region of the sensorgrams (black
lines). (B) Separate solutions containing the indicated concentration
of BAFF alone (0), BAFF plus 6 nM BCMA-Fc (O), or BAFF
plus 6 nM BAFFR-Fc (4) were preincubated for 3 h and then run
over a BCMA-Fc-derivatized Biacore chip as described in the
Materials and Methods. The concentration of free BAFF in solution
can be determined by reference to the standard curve. (C) Separate
solutions containing the indicated concentration of BCMA-Fc plus
6 nM BAFF (O) or BAFFR-Fc plus 6 nM BAFF (4) were
preincubated for 3 h and then run over a BCMA-Fc-derivatized
Biacore chip as described in the Materials and Methods. The
affinities and stoichiometries of the solution-phase binding of
receptor-Fc fusion protein to BAFF were determined by fitting the
data to the appropriate quadratic equation (s) as described in the
Materials and Methods.
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single receptor-binding site for a single receptor cannot easily
be extracted. To overcome this limitation, we purified a
version of BCMA-Fc in which one of the BCMA domains
had been proteolytically cleaved from the Fc portion of the
molecule, leaving just a single copy of BCMA attached to
the Fc (“monovalent BCMA-Fc”). Parts A and B of Figure
3 show data from an ELISA-format assay in which biotin-
ylated BAFF binds to mono- or intact bivalent BCMA-Fc
immobilized on a microtiter plate. Figure 3A shows that
when the mono- or bivalent BCMA-Fc is coated on the
ELISA plate at a coating concentration of 1µg/mL BAFF
binds very poorly to the monovalent receptor construct in
comparison to bivalent BCMA-Fc. Figure 3B shows that
coating monovalent BCMA-Fc at a 10-fold higher concentra-
tion restores high-affinity binding to a level that is compa-
rable to that for bivalent BCMA-Fc, presumably because at
a high coating density the individual molecules of monova-
lent BCMA-Fc are typically close enough together on the
assay plate surface that BAFF molecules can bind to multiple
BCMA-binding domains as they do when interacting with
the bivalent BCMA construct. The fact that strong binding
was restored by coating the monovalent BCMA-Fc at a high
density indicates that partial proteolysis of bivalent BCMA-
Fc did not damage the remaining BCMA domain. The
integrity of this reagent was also confirmed by N-terminal
sequencing. To obtain an accurate value for the affinity of
BAFF for monomeric BCMA, solution-phase Biacore bind-
ing experiments similar to those shown in Figure 2C were
performed with monovalent BCMA-Fc. Figure 3C shows
monovalent BCMA-Fc titrated in the presence of 500 nM
BAFF. The binding data fit quite well to a hyperbolic, single-
site binding model, indicating that the dissociation constant
for the monovalent receptor is high relative to the fixed
concentration of BAFF. The curve fit returned a value of
KD ) 1.4( 0.3µM (n ) 2). Thus, the monovalent BCMA-
Fc binds to BAFF with an affinity that is nearly 3 orders of
magnitude lower than that measured for bivalent BCMA-Fc
(Table 1). As a result of the hyperbolic form of the binding
curve in Figure 3C, it was not possible to determine the
stoichiometry of the complex formed in this experiment.

To ensure that the weak binding that we observed with
monovalent BCMA-Fc was not an artifact of having the
bulky Fc domain attached to the small receptor domain, we
made soluble monomeric BCMA by enzymatically cleaving
the receptor domains from the Fc domain of the fusion
protein. Monomeric BAFFR was made by a similar method.
The sequences of the monomeric receptors were confirmed
by mass spectrometry and N-terminal sequencing, to establish
that the proteolysis conditions used in their preparation had
not resulted in any cleavage or truncation of the receptor

domains (see the Materials and Methods). Solution-phase
Biacore measurements were made with these monomeric re-
ceptors. Figure 4A shows that titration of monomeric BCMA
against 500 nM BAFF gave an affinity ofKD ) 1.4 ( 0.1
µM (n ) 3) for this interaction, in good agreement with the
data obtained using the monomeric BCMA-Fc construct.
However, similar experiments performed with monomeric
BAFFR gave a quite different result. Figure 4B shows that
titration of monomeric BAFFR against 25 nM BAFF gave
an affinity of 4.9( 2.9 nM (n ) 3), about 300-fold stronger
than the binding of monomeric BCMA (Table 1).

To confirm the data obtained with the solution-phase
Biacore method and to obtain information about the associa-
tion and dissociation kinetics of binding, we also measured
the binding of BAFF to monomeric BCMA and BAFFR
using conventional Biacore kinetic methods. In these experi-
ments, BAFF was immobilized on the surface of a Biacore
CM5 chip and various concentrations of the monomeric
receptors were run over the chip. Figure 5A shows that the
binding and dissociation of monomeric BCMA to the BAFF-
derivatized surface were too rapid to yield rate information;
both were complete within the dead time of the instrument.
However, a plot of the signal achieved at equilibrium (Req)
versus the BCMA concentration, shown in the inset of Figure
5A, fitted well to a hyperbolic binding equation for a single-
site binding model. The curve fit gave an affinity of 1.6(
0.2 µM (n ) 9), in excellent agreement with the value
obtained in Figure 4A for the same interaction taking place
in solution (Table 1). For BAFFR binding to immobilized
BAFF (Figure 5B), the binding and dissociation were slow
enough to be clearly observable and the rate constants were
determined by globally fitting a set of 10 concentration
curves spanning the [BAFFR] range of 15-150 nM to the
equation for a single-site binding model. In Figure 5B, the
data are shown as black lines and the red lines are the global
fit to the data. An affinity ofKD ) 14 ( 5 nM (n ) 13) was
determined from the ratioKD ) kd/ka (Table 2). In addition,
the Req values were plotted as a function of the BAFFR
concentration (inset of Figure 5B) and the results were fitted
to a hyperbolic binding equation, giving an affinity ofKD )
16 ( 6 nM (n ) 11, Table 1). This value is in excellent
agreement with the value obtained by analysis of on and off
rates and with the value obtained in Figure 4B for the same
reaction taking place in solution (Tables 1 and 2).

In the presence of anti-IgM antibody, BAFF has been
shown to costimulate B cell proliferationin Vitro (1, 2, 43,
44). The BAFF-induced proliferation can be blocked by
BCMA-Fc (4, 45, 46) and by BAFFR-Fc (20, 21). As
additional confirmation of the selectivity of the monomeric
receptors seen in the binding assays, we tested the ability of

Table 1: Equilibrium Binding Measurements

BAFF APRIL

Biacore ELISA Biacore ELISA

solution binding
(nM)a

immobilized
BAFF (nM)a

immobilized
receptor (nM)

solution binding
(nM)

immobilized
APRIL (nM)a

immobilized
receptor (nM)

BAFFR 4.9( 2.9 (n ) 3) 16( 6b (n ) 11) ndc no binding .3000 no binding
BCMA 1400( 100 (n ) 3) 1550( 150b (n ) 9) ndc ndc 16 ( 8 (n ) 6) ndc

BAFFR-Fc e0.03e (n ) 12) N/Ad 0.1e (n ) 1) no binding N/Ad no binding
BCMA-Fc 0.63( 0.32e (n ) 9) N/Ad 0.15e (n ) 1) ndc N/Ad ndc

a Uncertainty limits are standard deviation.b KD calculated from replot ofReq versus [receptor] fitted to hyperbolic binding equation.c nd ) not
determined.d N/A ) not applicable.e Apparent affinity, not a trueKD.
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monomeric BCMA or BAFFR to block BAFF-induced B
cell proliferation. Figure 6 shows that monomeric BCMA
had no effect on the proliferation of mouse splenic B cells
induced by BAFF, even at concentrations similar to itsKD

for binding to BAFF, while monomeric BAFFR was able to
block BAFF-induced proliferation at concentrations consis-
tent with its high affinity for BAFF. Figure 6 also shows
that the higher affinity bivalent BCMA-Fc is able to block
proliferation, but that bivalent BAFFR-Fc is 5-10-fold more
effective as a blocking reagent. These results are consistent
with previous findings (47), which established that BAFFR-
Fc is more potent than BCMA-Fc as a blocker of BAFF
activity in a variety of assay formats.

We also tested the ability of mono- and dimeric BCMA
or BAFFR to bind to APRIL, the TNF family ligand most
closely related to BAFF. Published studies have indicated
that APRIL can bind to BCMA, although not to BAFFR (20,
21). Estimates for the affinity of this interaction have been
reported (8) but only using a bivalent receptor-Fc fusion
protein. The ELISA results shown in Figure 7A demonstrate
that, as expected, bivalent forms of both receptors and also
monovalent BAFFR are able to bind to BAFF coated on an
ELISA plate, while at the concentrations tested, no binding
of monovalent BCMA was detected. In contrast, Figure 7B
shows that both mono- and bivalent forms of BCMA are
able to bind to APRIL coated on an ELISA plate, while at
the concentrations tested (up to 500 nM), neither mono- nor
bivalent forms of BAFFR showed any binding. These results

FIGURE 3: Bivalent BCMA-Fc versus monovalent BCMA-Fc
binding to BAFF. (A) Binding of the indicated concentrations of
biotinylated BAFF to ELISA plates coated with monomeric (b) or
dimeric (O) BCMA-Fc at 1µg/mL. (B) Binding of the indicated
concentrations of biotinylated BAFF to ELISA plates coated with
monomeric (b) or dimeric (O) BCMA-Fc at 10µg/mL. In A and
B, bound ligand was detected with streptavidin-HRP as described
in the Materials and Methods. Data points represent the mean of
triplicate measurements. The data shown are representative of three
independent experiments. (C) BAFF (500 nM) was preincubated
for 3 h with the indicated concentrations of monovalent BCMA-
Fc. Solutions were then flowed over a BMCA-Fc-derivitized
Biacore chip as described in the Materials and Methods. The affinity
of the monovalent BCMA-Fc-BAFF interaction in solution was
determined by fitting the data to a hyperbolic binding equation.
Data are representative of four experiments.

FIGURE 4: Solution-phase binding of BAFF and soluble, monomeric
receptors. (A) BAFF (500 nM) was preincubated for 3 h with the
indicated concentration of soluble, monomeric BCMA, or (B) 25
nM BAFF was preincubated for 3 h with the indicated concentration
of soluble, monomeric BAFFR. Solutions were then run over a
BCMA-Fc-derivatized chip as described in the Materials and
Methods. The affinity of the solution-phase binding of BAFF with
soluble, monomeric BCMA (b, A) or BAFF with soluble, mono-
meric BAFFR (2, B) was determined by fitting the data to a
quadratic binding equation (s) as described in the Materials and
Methods. Data are representative of three experiments.
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confirm previous reports that BAFFR is highly selective for
binding to BAFF. In addition, they indicate that BCMA is a
high-affinity receptor for APRIL.

To determine the precise affinities and selectivity of
APRIL binding to BCMA and BAFFR, we measured the
binding of both monomeric receptors to immobilized APRIL

FIGURE 5: Soluble monomeric receptors binding to BAFF immobilized on a Biacore chip. (A) Sensorgrams for 0-3 µM soluble monomeric
BCMA binding to BAFF immobilized on a Biacore chip. The association and dissociation of BCMA binding to immobilized BAFF are
complete within the dead time of the instrument; therefore, no kinetic information is obtained. The affinity for soluble monomeric BCMA
binding to immobilized BAFF was determined from a replot of the equilibrium response versus the concentration of monomeric BCMA
(inset). The solid line is a fit to a hyperbolic binding equation (see the Materials and Methods). (B) Sensorgrams for 0-105 nM BAFFR
binding to BAFF immobilized on a Biacore chip. The affinity of soluble monomeric BAFFR binding to immobilized BAFF was calculated
from KD ) kd/ka as determined using the rate equations within the BIAevaluation software as described in the Materials and Methods. The
affinity for soluble monomeric BAFFR binding to immobilized BAFF was also determined from a replot of the equilibrium response versus
the concentration of monomeric BAFFR (inset). The solid line is a fit to a hyperbolic binding equation (see the Materials and Methods).
Data are representative of at least four experiments.

Table 2: Kinetic Binding Measurements

BAFF APRIL

BAFFRa BCMA BAFFR BCMAa

ka (M-1 s-1) 1.4( 1.5× 106 g3.3× 105 no binding 5.1( 2.9× 105

kd (s-1) 1.3( 0.8× 10-2 >1 × 10-1 no binding 5.6( 1.2× 10-3

KD (nM) 14 ( 5b (n ) 13) ndc no binding 13.6( 8.6b (n ) 4)
a Uncertainty limits are standard deviation.b KD calculated from the ratiokd/ka. c nd ) not determined.
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in Biacore experiments (Figure 8). Kinetic evaluation of the
sensorgrams, performed as described above for BAFFR
binding to BAFF in Figure 5B, indicated that the affinity of
monomeric BCMA for APRIL isKD ) 14 ( 9 nM (n ) 4,
Table 2). A plot ofReq versus the BCMA concentration fitted
to a hyperbolic binding equation gave a value for the affinity
of this interaction ofKD ) 16 ( 8 nM (n ) 6, Table 1), in
very close agreement with theKD obtained from the ratio of
the kinetic rates,koff/kon. In similar experiments, monomeric
BAFFR at concentrations up to 3µM showed no interaction
with immobilized APRIL, indicating that theKD for this
interaction, if it occurs at all, is much greater than 3µM
(Figure 8B). These results demonstrate that APRIL is
selective for binding to BCMA over BAFFR by more than
100-fold. This observation was confirmed using the B cell
proliferation assay shown in Figure 9, which shows that both
mono- and dimeric forms of BCMA were able to block the
APRIL-induced proliferation of mouse splenic B cells, while
BAFFR had no effect either as a dimeric Fc-fusion protein
or as a soluble monomeric receptor.

DISCUSSION

BAFF is a key mediator of humoral immunity through its
role in B cell development and maturation (1, 2, 48, 49,
reviewed in ref50). Understanding the molecular mecha-
nisms of action that lead to these effects is complicated by
the fact that BAFF has been reported to engage in high-
affinity interactions with three distinct receptors, BCMA,
TACI, and BAFFR (4, 8, 20, 21, 45, 46). Two of these
receptors, BCMA and TACI, have been reported to bind also
to APRIL, the TNF family ligand most homologous in
sequence to BAFF (8, 13). This plethora of potential
interactions has made obtaining a precise molecular under-
standing of the roles of these ligands and receptors in
immunity and disease a complex affair. In this paper, we
have compared the ability of both BAFF and APRIL to bind
to mono- and bivalent forms of two of these receptors,

BCMA and BAFFR. Our goals were to obtain an unambigu-
ous view of the selectivity governing the interactions among
this set of ligands and receptors and to assess the magnitude
of the avidity effects arising from using bivalent receptor
constructs. We were unable to generate a nonaggregated form
of TACI; therefore, this receptor was not included in these
analyses.

Previous studies of the interactions of BAFF with its
receptors have reported binding affinities ranging from 0.26
to 8000 nM for BCMA (8, 37, 39, 45, 46, 51, 52) and from
0.3 to 109 nM for BAFFR (20, 37, 47, 51). With few
exceptions, the affinity measurements were made using
receptors expressed on the surface of transfected cells,
captured at high density on an ELISA plate, or using bivalent
receptor-Fc fusion proteins. In all such cases, the intrinsic
selectivity of BAFF for interacting with the receptors is
obscured by the large and potentially widely variable
contributions of avidity effects to the strength of binding,
arising from the multivalent nature of the interaction, making
it difficult to draw quantitative conclusions. There are three
exceptions to this caveat. In two papers by Liu et al., the
binding of monomeric BCMA (52) or BAFFR (37) to BAFF
was measured by Biacore. The authors report affinities of
113 and 109 nM, respectively, although very little experi-
mental detail is provided. Patel et al. (51) found no

FIGURE 6: Soluble, monomeric receptors or bivalent receptor-Fc
blocking BAFF-induced B cell proliferation. A total of 75 ng/mL
BAFF plus 5 µg/mL anti-IgM F(ab′)2 in the presence of the
indicated concentrations of BCMA-Fc (O), BAFFR-Fc (4), mon-
omeric BCMA (b), monomeric BAFFR (2), or hIgG as a control
(]) were added to mouse splenic B cells as described in the
Materials and Methods. B cell proliferation was measured by [3H]-
thymidine incorporation. Data points represent the mean of triplicate
measurements. IC50 values were determined from a four-parameter
curve fit (s) as described in the Materials and Methods. The data
are representative of three independent experiments.

FIGURE 7: Soluble, monomeric receptors or bivalent receptor-Fc
fusion proteins binding to BAFF- or APRIL-coated ELISA plates.
The indicated concentrations of biotinylated BCMA-Fc (O), mon-
omeric biotinylated BCMA (b), biotinylated BAFFR-Fc (4), or
monomeric biotinylated BAFFR (2) were added to BAFF-coated
ELISA plates (A) or APRIL-coated ELISA plates (B) in PBS at
pH 7 for 30 min at 37°C. Bound receptor was detected with
streptavidin-HRP as described in the Materials and Methods. Data
points represent the mean of triplicate measurements and are fitted
using a four-parameter equation (s) as described in the Materials
and Methods. The data are representative of three independent
experiments.
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measurable binding of monomeric BCMA to BAFF by
Biacore but obtained an IC50 value of 8µM by competition
ELISA.

In our experiments, we found that the measured affinities
of BAFF for BCMA and BAFFR were highly sensitive to
whether the receptor was presented captured on a surface,
as a bivalent Fc fusion construct in solution, or as a soluble
monomer. When BCMA-Fc or BAFFR-Fc were captured on
the surface of a microtiter plate, BAFF was able to bind to
both of these receptors with apparent affinities in the low
nanomolar range, consistent with previous reports. Indeed,
even a monovalent form of the intrinsically low-affinity
receptor BCMA, when immobilized to high density on an

assay plate, displayed high-affinity binding to BAFF. This
relatively strong binding presumably results from the ability
of BAFF to form simultaneous complexes with two or more
neighboring receptor molecules. Even when measured in
solution, both BCMA-Fc and BAFFR-Fc showed strong
interactions with BAFF. When measured in these ways, no
strong selectivity of BAFF for one receptor over another was
evident, although binding to BAFFR-Fc appeared marginally
stronger. Only when monomeric forms of the receptors were
tested for their ability to bind to BAFF in solution did it
become clear that BAFF binds to BAFFR with a much higher
affinity than it does to BCMA (KD ∼16 nM versus 1.6µM).
The results obtained using monomeric BCMA and BAFFR

FIGURE 8: Soluble, monomeric BCMA or BAFFR binding to APRIL immobilized on a Biacore chip. (A) Sensorgrams for 0-150 nM
BCMA binding to APRIL immobilized on a Biacore chip. The affinity of soluble monomeric BCMA binding to immobilized APRIL was
calculated fromKD ) kd/ka as determined using the rate equations within the BIAevaluation software as described in the Materials and
Methods. The affinity for soluble monomeric BCMA binding to immobilized APRIL was also determined from a replot of the equilibrium
response versus the concentration of monomeric BCMA for the subset of sensorgrams that reached a plateau (inset). The solid line is a fit
to a hyperbolic binding equation (see the Materials and Methods). Data are representative of four experiments. (B) Sensorgrams for 0-3
µM BAFFR binding to APRIL immobilized on a Biacore chip. Zooming in on the same data set (inset) shows no interaction between
APRIL and BAFFR.
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in solution (Figure 4) also demonstrate the absence of any
strong allosteric coupling between the receptor-binding sites
on BAFF. Any strong positive or negative cooperativity in
the occupancy of the three binding sites on BAFF by
successive receptor monomers would be expected to cause
the binding curves to deviate from the single-site binding
models shown to fit the data in Figure 4.

Several previous reports have shown that APRIL is able
to bind with high affinity to BCMA (8, 13, 46, 51). All of
these reports utilize bivalent BCMA-Fc immobilized on
either an ELISA plate, a Biacore chip, or in coimmunopre-
cipitation experiments. They are therefore subject to the
caveats associated with using dimerized and/or immobilized
receptors to quantify binding affinities to multivalent ligands,
detailed above. Patel et al. (51) have also measured the
binding of a monomeric form of BCMA to APRIL and report
an affinity of ∼5 nM, although the data were not shown
and little experimental detail was provided. We performed
binding measurements using monomeric BAFFR and BCMA
to measure the affinities and selectivity of APRIL for binding
to these two receptors. From ELISA, we have shown that
both mono- and dimeric forms of BCMA bind to APRIL
with high affinity, whereas neither mono- nor dimeric
BAFFR were able to bind to APRIL even at receptor
concentrations up to 200 nM. In kinetic experiments by
Biacore (Figure 8A), similar to that shown for BAFF in
Figure 5, we observed that APRIL bound monomeric BCMA
with KD ∼ 16 nM, whereas monomeric BAFFR showed no
detectable binding (KD . 3 µM) (Figure 8B). Taken together,
these results indicate that BAFF has a high selectivity for
binding to BAFFR over BCMA, while APRIL shows the
opposite selectivity, binding to monomeric BCMA>100-
fold more strongly than to BAFFR. The high selectivity of
APRIL for BCMA versus BAFF was confirmed by showing
that both mono- and dimeric forms of BCMA were able to
inhibit APRIL-induced proliferation, while neither form of
BAFFR had any effect. Conversely, mono- and dimeric
BAFFR were able to block BAFF-induced proliferation,
while monomeric BCMA was ineffective.

An additional feature of the “solution-phase” (initial rate)
Biacore measurements is that they constitute a direct titration

of ligand versus receptor. When the fixed component of the
titration is present at a high concentration relative to theKD,
these measurements give a direct determination of the
stoichiometry of the complex that forms in solution, provided
that the concentrations of active ligand and receptor are
accurately known. Measured in this way, the stoichiometries
of the complexes formed in solution between BAFF and the
receptor Fc fusions were 1:1 for both BAFFR-Fc and
BCMA-Fc.

The selectivity of BAFF for binding to BAFFR versus
BCMA observed with monomeric receptors, as compared
to dimeric receptor-Fc fusion proteins, does not imply that
binding is necessarily less selective when occurring in a
multivalent context. On the contrary, one would expect that,
all other things being equal, the overall selectivity for binding
to BAFFR versus BCMA would increase with each ad-
ditional interaction that forms within a multivalent complex.
This is because occupancy of successive receptor-binding
sites by BAFFR would each generate more binding energy
than the corresponding interactions with the weaker-binding
BCMA. The fact that this selectivity is less evident from
the results obtained in the assays that allow multivalent
binding is an artifact of the experimental methods rather than
a mechanistic result. In each case, avidity effects cause
binding to become so strong that it approaches or exceeds
the measurement limits of the assay. Therefore, below a
certainKD, all ligands begin to look similarly potent. This
is because, no matter how strong the binding, it is necessary
to add at least 1 equivalent of ligand to titrate the receptor
to full occupancy. The selectivity that we could demonstrate
using these bivalent reagents either in solution- or solid-phase
assays was therefore relatively modest (E20-fold), even
though the true selectivity may have been much greater than
even the factor of 100-fold seen using the monomeric
receptor reagents. Evaluating the true selectivity of BAFF
for bi- or multivalent forms of BAFFR and BCMA would
require methods that could accurately measure affinities in
the subpicomolar range. Equilibrium methods would require
exceedingly high sensitivity because of the need to work with
receptor and ligand concentrations at or belowKD as well
as very long incubation times to achieve equilibrium. Kinetic
methods, in which theKD is calculated from on- and off-
rate measurements, overcome some of these obstacles.
Performing rigorous kinetic analyses of complex multivalent
interactions, however, has difficulties of its own, and we did
not attempt it in this case.

Avidity and surface effects of the kind described above
presumably are responsible for the widely different values
that have been reported for the affinities of these interactions
when measured in different studies. Indeed, our data show
that the apparent affinities measured using surface-captured
receptor-Fc fusion proteins are somewhat arbitrary and can
vary greatly with changes in the format of the assay (see
parts A and B of Figure 2).In ViVo, the receptor is expressed
on membrane surfaces, allowing multiple receptor molecules
to interact with each BAFF molecule. The multivalency of
receptor-ligand binding that gives rise to these avidity
effects is therefore certainly relevant to the biological
mechanism of the receptor. However, the entropic situation
that governs the avidity of binding for such membrane-
expressed receptors, whether independently diffusing or
existing as part of some specific preassociated complex, is

FIGURE 9: Soluble, monomeric receptors or bivalent receptor-Fc
fusion proteins blocking APRIL-induced B cell proliferation.
Indicated concentrations of BCMA-Fc (O), BAFFR-Fc (4), mon-
omeric BCMA (b), monomeric BAFFR (2), and hIgG as a control
(]) were tested for their ability to inhibit the B cell proliferation
induced by 75 ng/mL of APRIL as measured by [3H]thymidine
incorporation. Data are from triplicate measurements made in a
single experiment.
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quite distinct from that of receptor molecules immobilized
on a plastic assay plate or coupled to the dextran matrix of
a Biacore chip (53). There is therefore no basis for assuming
that such assays provide a quantitatively valid mimic of the
interaction of endogenous BAFF with its cell-surface recep-
tors in ViVo. Indeed, no quantitative analysis of the role of
avidity effects in BAFF signaling is possible without
knowing whether its receptors exist on the membrane surface
as independently diffusing monomers or as preassociated
dimers or trimers, and there are no published data on this
point. Our conclusions on this issue are therefore limited to
the observation that receptor-ligand binding in this system
is highly sensitive to avidity effects, in keeping with the
multivalent nature of the complex, but the quantitative
consequences of these effects for receptor engagement and
signaling remain to be elucidated.

In mouse gene deletion experiments, the BAFF knockout
and the BAFFR-deficient A/WySnJ mouse share many
phenotypic traits such as a vastly reduced number of mature
B cells and reduced serum immunoglobulin (10). Neither
the BCMA nor the APRIL knockout had any obvious defect
in B cell maturation or function and in fact had no overt
phenotype. The observations that the BCMA knockout did
not share any features of the BAFF knockout and the APRIL
knockout showed none of the phenotypic traits seen with
the BAFFR-deficient mouse are consistent with the notion
that the interactions between these proteins that we have
shown to be very weakin Vitro also do not occurin ViVo.
Our results thus provide a molecular, mechanistic basis for
understanding these genetic findings.
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