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ABSTRACT Depending on the stimuli they encounter, B lymphocytes engage
in signaling events that lead to immunity or tolerance. Both responses are medi-
ated through antigen interactions with the B cell antigen receptor (BCR). Antigen
valency is thought to be an important parameter in B cell signaling, but system-
atic studies are lacking. To explore this issue, we synthesized multivalent ligands
of defined valencies using the ring-opening metathesis polymerization (ROMP).
When mice are injected with multivalent antigens generated by ROMP, only those
of high valencies elicit antibody production. These results indicate that ligands
synthesized by ROMP can activate immune responses in vivo. All of the multiva-
lent antigens tested activate signaling through the BCR. The ability of antigens to
cluster the BCR, promote its localization to membrane microdomains, and aug-
ment intracellular Ca2� concentration increases as a function of antigen valency.
In contrast, no differences in BCR internalization were detected. Our results indi-
cate that differences in the antigenicity of BCR ligands are related to their ability to
elicit increases in intracellular Ca2� concentration. Finally, we observed that unli-
gated BCRs cluster with BCRs engaged by multivalent ligands, a result that sug-
gests that signals mediated by the BCR are amplified through receptor arrays. Our
data suggest a link between the mechanisms underlying signal initiation by recep-
tors that must respond with high sensitivity.

W ith the advent of powerful methods to synthe-
size compounds that bind multiple copies of
receptors, new questions regarding the role

of cell surface receptor organization can be probed
(1–3). Ligand-promoted changes in receptor organiza-
tion are often critical for activating signaling (4, 5). Evi-
dence is emerging that output responses can depend on
cell surface receptor location and organization. Defined
multivalent ligands can be used to investigate how
these factors influence output responses (1, 2). Utiliz-
ing multivalent ligands generated by the ring-opening
metathesis polymerization (ROMP), we have demon-
strated previously that ligand valency can influence re-
ceptor clustering and signal output (6–8). These inves-
tigations underscore the utility of synthetic multivalent
ligands as mechanistic probes of receptor clustering in
cell signaling. They also illustrate the efficacy of these
ligands as tools for controlling cellular responses.

The immune system depends on multivalent interac-
tions. For example, B cell activation triggered by multiva-
lent antigens can result in clonal expansion and anti-
body production. Alternatively, antigen signals can also
lead to quiescence or apoptosis (9). Antigen signals are
transmitted via the B cell antigen receptor (BCR), a mul-
tiprotein complex on the B cell surface that functions to
direct antigen-specific responses (10). Indeed, this re-
ceptor initiates signaling events leading to both immu-
nity and tolerance (9, 11). A number of features of the
antigen are thought to influence signaling pathways,
including its functional affinity (avidity), dose, and va-
lency. Exploring the effects of antigen structure on sig-
nal output can illuminate the features responsible for
signal transmission and lead to new strategies to con-
trol immune responses.

A variety of methods are being used to elucidate the
effect of antigen structure on output responses (12). The
most common approach is to use antibodies to exam-
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ine the role of
BCR clustering
in immune sig-
naling. These
divalent re-
agents can
form nonco-
valently cross-
linked com-
plexes with the
divalent BCR,
thereby obscur-
ing the role of
antigen valency
(Figure 1). A re-
lated approach
uses molecular
assemblies
composed of
biotinylated
F(ab=) frag-
ments and tet-
rameric avidin,

termed pseudoantigens (13). Activation is greater when
cells are stimulated with higher order pseudoantigen as-
semblies, but the valency of the complexes is not well
characterized. Moreover, BCR responses to pseudoanti-
gens can differ from those induced by polyvalent anti-
gens. For example, coreceptors on the cell surface can
modulate BCR-mediated signals; however, the use of
antibodies to cluster the BCR can interfere with corecep-
tor function (14). Chemical synthesis can be used to
assemble multivalent antigens that overcome these
drawbacks.

Some studies investigating the role of the BCR em-
ploy proteins as the scaffold upon which antigenic
epitopes are presented (15, 16). With a protein scaf-
fold, antigen valency has been varied by altering the av-
erage number of epitopes appended. This approach,
however, simultaneously alters antigen density. When
the antigen density is altered, the mechanism(s) by
which a multivalent ligand acts can also be changed
(17), thereby complicating analysis. Because the dimen-
sions of the protein scaffold are invariant, investiga-
tions with protein ligands of this type cannot reveal the
role of receptor clustering.

Chemical synthesis provides the means to generate
multivalent ligands that serve as antigens and vary sys-

tematically in structure. Polymer functionalization reac-
tions have been used to generate multivalent ligands
based on dextran, ficoll, or polyacrylamide derivatives.
Studies by others (18–22) revealed that polymeric li-
gands can elicit the production of antibodies in mice.
The conclusion of these studies was that a critical num-
ber of BCRs (�20) must be engaged to elicit B cell acti-
vation. These studies are an elegant example of explor-
ing how antigen features influence immune signaling.
Still, the only response measured, antibody production,
involves many different steps. Innovations in chemical
synthesis provide the means to generate much more de-
fined antigens, and advances in signal transduction
have provided new tools to examine B cell signaling.
By combining these developments, we sought to corre-
late the in vivo activities of multivalent antigens with
their influence on BCR localization and signal transduc-
tion. These studies provide new insight into how antigen
valency can be used to control immune responses.

RESULTS AND DISCUSSION
Synthesis of Multivalent Antigens Using ROMP. Typi-

cal polymerization methods used to synthesize polyva-
lent ligands afford highly heterogeneous populations. B
cell responses depend on antigen dose, and antigens
of different valencies might have different effects on BCR
signaling. Accordingly, routes to synthetic antigens of
defined valencies are needed. To this end, we applied
ROMP to synthesize multivalent antigens. The kinetic
parameters of select ruthenium carbene-initiated ROMP
reactions can facilitate the synthesis of biologically ac-
tive polymers of defined molecular mass and narrow
polydispersities (23–28). By variation of the monomer
to initiator (M:I) ratio, multivalent ligands of defined av-
erage length (Mn) and low polydispersity indices (PDI)
can be generated. The utility of ROMP for generating
compounds to investigate and manipulate various sig-
naling pathways has been demonstrated (6, 7, 29–36).
Here, we employed ROMP under optimized polymeriza-
tion conditions with a recently reported ruthenium car-
bene metathesis initiator (23, 37). This synthetic
method provides multivalent antigens of defined length
and hapten substitution to investigate the effect of anti-
gen valency on BCR signaling.

The defined multivalent antigens were generated us-
ing a postpolymerization modification strategy (35, 38).
With this synthetic approach, a polymer backbone is as-
sembled to which antigenic epitopes can be attached.

anti-IgM F(ab′)2

ROMP-derived multivalent ligand

a

b

Figure 1. Proposed mechanisms of
binding for F(ab=)2 anti-IgM and
ROMP-derived multivalent ligand. a)
F(ab=)2 anti-IgM �-chain binds the in-
variable region of the transfected DNP-
specific BCR of the A20/2J HLTNP cell
line. In this model, one antibody can
engage two BCRs, forming BCR–anti-
body complexes that vary widely in
stoichiometry. b) ROMP-derived multi-
valent ligands of high valency en-
gage multiple BCRs simultaneously.
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This synthetic approach is especially valuable for bio-
logical studies because a single reaction can afford a va-
riety of substituted polymers with identical lengths and
PDI values. To implement this approach, we needed to
synthesize polymers bearing a group that can undergo
rapid and efficient reaction to append the desired anti-
genic moieties; this group must also be stable to the po-
lymerization conditions. We used monomers bearing
succinimidyl ester groups (3a–f; Scheme 1), which we
had shown can be polymerized using ruthenium car-
bene initiators to afford amine-reactive polymers. The
reactions were conducted using a ruthenium carbene
that affords polymers with very narrow polydispersities
(PDIs ranging from 1.05 to 1.10) (23, 34). We employed
this initiator at low temperature (�20 °C) as these con-
ditions afforded the lowest PDI values (25, 26, 37). In
contrast to results obtained with commercially avail-

able ruthenium carbene cata-
lysts, we observed complete
consumption of the monomer
even at M:I ratios of 1000:1.
In addition, the average poly-
mer length (Mn), as determined
by comparing the 1H-NMR inte-
gration of the signal due to the
polymer alkene protons to that
due to the terminal phenyl pro-
tons, is consistent with that pre-
dicted from the M:I ratio. For
convenience, we refer to the
polymers generated as 10-mer
(M:I � 10), 25mer (M:I � 25),
etc.

The antigen that we ap-
pended, the 2,4-dinitrophenyl
(DNP) group, was selected for
two reasons. First, a cell line ca-
pable of recognizing and inter-
nalizing DNP-substituted anti-
gens has been reported (16).
Second, DNP-substituted poly-
mers can readily be generated
from DNP-lysine; the �-amino

group can under-
go reaction with
the succinimidyl
ester-substituted
polymers to gener-

ate the target multivalent antigens (Scheme 1). Be-
cause the DNP group is relatively nonpolar, we sought
to enhance the aqueous solubility of the antigen-
bearing polymers by substituting only a portion of the
available activated ester groups with this moiety. The re-
maining succinimidyl esters were converted to neutral
functionality by the addition of excess ethanolamine to
afford antigens 4a–f. The mole fraction (�) of DNP ligand
substituted was determined by comparing the integra-
tion of the 1H-NMR signals from the aromatic DNP pro-
tons to that of the polymer alkene protons. This analy-
sis indicated that the mole fraction of DNP incorporated
was similar for polymers of varying valencies (10mer
4a, 25mer 4b, 50mer 4c, 100mer 4d, 250mer 4e, and
500mer 4f). Specifically, when 0.1 equiv of DNP lysine
was used relative to polymer succinimidyl ester, a � of
0.08–0.10 was obtained; 0.4 equiv of DNP lysine af-
forded a � of 0.37–0.40, and 1.0 equiv of DNP lysine
gave a � of 0.80–0.90. As polymers with different mole
fractions of DNP had similar activities (data not shown),
we focused our investigations on the multivalent anti-
gens generated from 0.4 equiv of DNP lysine relative to
succinimidyl ester groups.

Antibody Production Is Influenced by Antigen
Valency. Ligands Generated by ROMP Can Be Used in
Vivo. To evaluate the in vivo activity of antigens gener-
ated by ROMP, we tested their ability to elicit anti-DNP
antibody production in mice. We compared the effects
of low and high valency ligands by injecting either the
10mer 4a or the 500mer 4f into BALB/c mice. There are
no reports describing the effects of polymers of this
type in vivo. Importantly for these investigations, they
had no obvious toxicity. No increase in mortality in
polymer-treated mice was observed nor were obvious
behavioral changes. These results indicate that poly-
mers of this type can be used for in vivo applications.

After 6–15 d, serum IgM concentrations of antibod-
ies specific to the dinitrophenyl hapten were assessed
using an enzyme-linked immunosorbent assay (ELISA).
Animals treated with the highest valency ligand, 500mer
4f, exhibited DNP-specific IgM levels significantly higher
than that of buffer-treated control animals (Figure 2).
This increase was observed for all concentrations of
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Scheme 1. Route used to assemble multivalent DNP antigens that vary in valency using ROMP.
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Figure 2. Antibody production in BALB/c mice
after injection of synthetic multivalent li-
gands 4a and 4f. 500mer 4f induced produc-
tion of DNP-specific IgM, whereas the 10mer
4a did not. The data shown are representative
of trends observed for three independent ex-
periments. Error bars depict variation be-
tween three mice injected with the same con-
centration of polymer for a single experiment.
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500mer; immunization with 0.1, 1, 10, or 100 ng of 4f
afforded elevated levels of DNP-binding IgM. Converse-
ly, the lowest valency ligand (10mer, 4a) failed to elicit
detectable anti-DNP antibody production under any con-
ditions tested (Figure 2). Our results indicate that the
multivalent antigens generated by ROMP are capable
of eliciting immune responses.

The data indicate that high valency antigens are re-
quired to initiate immune responses leading to anti-
body production; the low valency antigen (10mer) did
not. In previous experiments, high valency polymers of
other types were shown to promote antibody production
(20, 21, 39). These results led to the conclusion that
polymers with molecular weights �60,000 and ex-
tended lengths of 4600 Å can cluster �20 BCRs, and
that this level of clustering is required to elicit antibody
production. Although we admire these efforts to relate
findings on antibody production to the molecular fea-
tures of the antigens, our data do not support such mod-
els. The antibody-eliciting 500mer 4f is estimated to be
�2000 Å (40, 41); therefore, it would not be expected to
elicit antibodies, yet it does. Presuming that BCR cluster-
ing is the critical step leading to antibody production
(vide infra), it is not surprising that there would be differ-
ences in the apparent length requirements for different
scaffolds for antigen presentation. The structural fea-
tures of a multivalent antigen influence its ability to clus-
ter receptors (42). Thus, in addition to its length, the
structure of an antigen is critical for its activity. More-
over, our data suggest that the number of BCRs that con-
tribute to signaling cannot be estimated by determin-
ing the number of BCRs a ligand can engage.

Antigen Valency Modulates Changes in Intracellular
Ca2� Levels. The differing abilities of low (e.g., 10mer)
and high (e.g., 500mer) valency antigens to elicit signal-
ing might stem from changes in the adsorption distri-
bution or clearance of the polymers. Alternatively, these
differences might result from the polymer’s abilities to
activate signaling. We therefore tested whether poly-
mer valency influences BCR signaling. One key mani-
festation of antigen-induced signaling is an increase in
intracellular Ca2� concentration ([Ca2�]i). Engagement
of the BCR by multivalent antigen results in the phos-
phorylation of kinases that activate phospholipase 	2

(PLC	2), which in turn produces inositol triphosphate
(IP3). The presence of this second messenger causes
the release of Ca2� from the endoplasmic reticulum
stores. The increase in [Ca2�]i then leads to activation

of protein kinase C (PKC), which induces additional
signal-transduction pathways (10). Thus, examining
changes in [Ca2�]i provides a means to determine
whether the observed valency-dependent differences
in antibody production in vivo correlate with early sig-
naling events in antigen-mediated B cell activation. To
determine if the polymers elicit a response, we em-
ployed a standard flow cytometry assay that relies on
the ratiometric dye indo-1, which changes its emission

 maximum when chelated to Ca2� (43, 44).

Multivalent DNP Derivatives Are Required for Signal-
ing. Although it has been generally accepted that sig-
naling through the BCR is initiated by BCR clustering, a
recent study suggests that monovalent protein antigens
can activate signaling (45). To ascertain whether low-
molecular-weight, monovalent DNP derivatives elicit sig-
naling, we exposed cells to DNP-Lys. We could not de-
tect signaling (i.e., no change in [Ca2�]i). These data
indicate that monovalent DNP derivatives do not acti-
vate BCR signaling.

One explanation for the inability of low valency anti-
gens to elicit antibodies in vivo is that they are unable
to activate BCR signaling. When A20/2J HLTNP cells were
exposed to the multivalent antigens, a sharp increase
in [Ca2�]i was observed (Figure 3). These data indicate
that all of the multivalent ligands generated by ROMP,
even the low valency antigens, elicit signaling. To deter-
mine whether signaling arises from specific engage-
ment of the BCR, we tested the activity of our most active
compound, 500mer 4f, on the A20 cell line. Because
A20 cells do not display a DNP-specific BCR, they should
not respond to multivalent antigen. As expected, expo-
sure of these cells to DNP-substituted multivalent li-
gands did not elicit calcium flux (Figure 3, panel a inset).
This result indicates that the increases in intracellular
[Ca2�] induced by the multivalent ligands occur only in
cells that display a BCR with the proper specificity.

To ascertain whether these ligands function via multi-
valent binding, we tested signal output as a function of
antigen concentration. Ligands that act through multi-
valent binding exhibit a characteristic relationship be-
tween ligand concentration and activity. Specifically,
activity initially increases with increasing ligand concen-
tration, because the addition of more ligand results in
the clustering of more receptors. When the multivalent
ligand concentration is very high, however, the receptors
become less clustered because complexes between in-
dividual multivalent ligands and single receptors can
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form. If signaling depends on multivalent binding,
very high multivalent ligand concentrations will result
in a decrease in signal magnitude (46–48). To test
for this relationship, a concentration curve was deter-
mined for each multivalent antigen. All antigens af-
forded a curve that increased as a function of polymer
concentration, peaked at a specific multivalent ligand
concentration, and then decreased at high concentra-
tions (Figure 4). This pattern of activity indicates that
the BCR response to these antigens depends on multi-
valent binding.

Intracellular Ca2+ Levels Increase with Antigen
Valency. Analysis of the concentration curves for
antigens of different valencies provides insight into
the relationship between antigen valency, antigen
dose, and BCR signaling. Regardless of the valency
of the antigens, the DNP concentration of each
that gives rise to the largest effect corresponds to
5 �M. To compare antigen strength, we performed sta-

tistical analysis on the peak
fluorescence emission ratio
for several replicates (n � 3)
of cells treated with each
of the multivalent ligands
(5 �M DNP). These data in-
dicate that the magnitude
of the Ca2� flux increases
as antigen valency (polymer
length) increases. At 5 �M
DNP, the 500mer affords a
larger increase in [Ca2�]i
than does the 10mer
(Figure 3, panel b). Differ-
ences in the requisite anti-
gen dose required to elicit
the maximal signal were
also apparent. Maximal sig-
nals for the 500mer were
obtained at 100-fold lower
concentration than those re-
quired for the 10mer (100 nM

vs 1.4 �M). Still, the maximum
signal for the 10mer never ap-
proaches that of the 500mer.
These data underscore the in-
terdependence of antigen va-
lency, antigen dose, and BCR
signal output (9, 11, 49).

The data on antibody production suggest a relation-
ship between the valency of a compound, its ability to
elicit antibody production, and its ability to cause large
changes in [Ca2�]i. It has been shown that the differ-
ences in [Ca2�]i can influence gene expression in B
cells. For example, a large transient release in intracellu-
lar [Ca2�] results in activation of the transcriptional regu-
lators nuclear factor � B (NF-�B) and nuclear factor of ac-
tivated T cells (NFAT), but a low sustained increase in
intracellular [Ca2�] results in nuclear factor of activated
T cell activation (50). Thus, the degree of calcium flux,
which our data indicate can be dictated by antigen va-
lency, might be used to manipulate BCR responses. Our
data suggest that calcium signals generated by higher
valency antigens give rise to downstream signaling
events that reach the threshold for gene expression
changes necessary for antibody production, while cal-
cium signals generated by lower valency antigens do
not. Evidence exists that antigens unable to achieve the
threshold for function-related gene expression give rise
to signals for quiescence or apoptosis (9). These results
are consistent with studies in which low valency anti-
gens can induce tolerance (22, 51–54) (reviewed in ref
55). The ability to control antigen valency via modern
polymerization methods (56–58) provides a means to
synthesize materials that elicit immunity or tolerance.

Signaling Differences Do Not Arise from Differences
in BCR Internalization. The relationship between BCR
signaling and internalization is controversial (59). It has
been suggested that more robust signals may result
from ligands that are internalized less effectively (60).
We therefore tested the different valency ligands to de-
termine whether their abilities to promote BCR internal-
ization might differ. To this end, we compared the extent
of BCR internalization in the presence of the 10mer 4a
and the 500mer 4f (Figure 5). Multivalent ligands were
incubated with the cells at either 4 or 37 °C, and a Cy5-
labeled F(ab=) fragment with specificity for the BCR (anti-
IgM) was used to label the remaining surface BCR. As a
positive control for internalization, A20/2J HLTNP cells
were exposed to DNP-substituted bovine serum albu-
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min (DNP–BSA) at 4 or 37 °C and internalization was
monitored by flow cytometric analysis using the afore-
mentioned F(ab=). Treatment with DNP–BSA promoted
significant levels of BCR internalization (data not
shown). The addition of multivalent antigen 4a or 4f,
resulted in similar amounts of BCR internalization
(Figure 5). Thus, the differences observed in signals elic-
ited by the multivalent ligands 4a and 4f do not appear
to arise from differences in BCR internalization. These re-
sults provide evidence that BCR internalization and sig-
naling are distinct.

BCR Clustering Induced by Multivalent Ligands. The
differing abilities of the various multivalent ligands to
promote BCR signaling might arise from their differing
abilities to mediate BCR clustering. We employed fluo-
rescence microscopy to ascertain whether such differ-
ences would be manifested. To label the DNP-specific
BCRs without engaging multiple receptors, we used a
monovalent Cy3-conjugated anti-IgM F(ab=) fragment.
Before treatment of cells with multivalent ligands, this
BCR marker exhibited diffuse staining across the cell
surface (Figure 6, panel a). When cells were treated with
anti-IgM F(ab=)2, which can induce BCR clustering, the
receptor was localized to large patches (Figure 6,
panel b). Similarly, we found that both the low valency
(10mer 4a) and high valency (500mer 4f) DNP-

substituted multivalent ligands induced clustering of
the BCR (Figure 6, panels c and d). Although all syn-
thetic ligands were capable of clustering the BCR, a
higher degree of clustering was observed in cells treated
with 500mer 4f versus those treated with 10mer 4a.
Analysis of the images demonstrated that the spot size
(number of pixels) increases, while the number of spots
decreases when cells are treated with multivalent li-
gand (Figure 7). This analysis also indicates that the
extent of clustering induced by 500mer 4f is greater
than that induced by 10mer 4a. Many small BCR
patches are seen on cells treated with 10mer 4a; when
cells are treated with 500mer 4f, we observed fewer but
much larger patches of BCR clusters (Figure 7). Thus,
the increased signaling observed for the higher valency
ligands may result from their ability to cluster the BCR.

This examination of BCR clustering highlights the
differences in antibody-promoted versus multivalent
antigen-induced BCR clustering. It is well established
that anti-BCR antibodies promote clustering by the bind-
ing of multiple antibodies to multiple copies of the BCR
(i.e., two antibodies can bind a single BCR, and one
antibody is capable of binding two BCRs, thus forming
a large patch of BCRs bound by several antibodies,
Figure 6, panel b). Intriguingly, the data indicate that
the polymeric antigens do not act in a similar manner.
If the polymers cluster the BCR using the same mecha-
nism as the antibodies, each polymeric antigen should
induce the same extent of clustering, regardless of va-
lency. Our data indicate, however, that the extent of
clustering and the magnitude of the Ca2� flux depend
on antigen valency (Figures 6, panels c and d, and 7).
The ability of the polymeric antigens to induce cluster-
ing of the BCR to different extents likely stems from the
inability of two polymer molecules to bind to a single
BCR. Such a binding mode should be inhibited because
of steric stabilization (3, 61). Moreover, only those li-
gands that most effectively cluster the BCR elicit anti-
body production. These data emphasize the benefits of
using polyvalent antigens over antibodies to explore
BCR signaling.

Recruitment of the BCR to GM1-Rich Regions of the
Membrane Depends on Ligand Valency. BCR cluster-
ing leads to its colocalization with glycosphingolipids
such as GM1. This localization is often suggested to re-
sult from lipid microdomains. The existence and role
of these domains are controversial (62–64), and re-
cent data suggest that signaling proteins are localized
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lent antigens. Washed A20/2J HLTNP cells were incubated
with antigen (4f or 4a or buffer control) and then incu-
bated at either 4 or 37 °C for varying intervals of time.
Cells were stained with Cy5-labeled F(ab=) fragment anti-
IgM and analyzed by flow cytometry. Percent internal-
ization was determined by dividing the geometric mean
fluorescence intensity of the 37 °C sample by the geo-
metric mean fluorescence intensity of the 4 °C sample
and multiplying by 100.

ARTICLE

www.acschemicalbiology.org VOL.2 NO.4 • 252–262 • 2007 257



via protein–protein
interactions (65).
Whatever the role
of these domains
(13, 60, 66–70),
multivalent anti-
gens can promote
BCR recruitment to
GM1-rich regions.
We therefore tested
the influence of
multivalent ligand
valency on this lo-
calization. To iden-
tify GM1-rich re-
gions, we employed
fluorescein-labeled
cholera toxin B-
subunit, which rec-
ognizes GM1 on
the plasma mem-
brane. This tool,

in conjunction with the Cy3-conjugated anti-IgM F(ab=)
antibody mentioned above, provided the means to
monitor recruitment of the BCR to GM1-rich regions.

Prior to treatment with either a BCR-cross-linking
antibody or a multivalent antigen, cells labeled with
fluorescein-conjugated cholera toxin B-subunit exhib-
ited diffuse staining (Figure 6, panel a). Thus, GM1 is
diffusely distributed on untreated cells. When cells
are exposed to the anti-IgM F(ab=)2 antibody, however,
large patches of GM1 are apparent that coincide with
the clusters of BCRs. To explore the effects of the mul-
tivalent ligands, A20/2J HLTNP cells were exposed to the
DNP-substituted multivalent ligands (10mer 4a and
500mer 4f). The low valency antigen, 10mer 4a, caused
small clusters (though large in number) of BCR colocal-
ized with GM1-enriched regions (Figure 6, panel c). In
contrast, the 500mer 4f induced clustering of BCR and
its colocalization with GM1-enriched membrane regions
(Figure 6, panel d). The resulting large patches overlap
with GM1-enriched membrane regions. These observa-
tions, in conjunction with the signaling data, indicate
that BCR clustering results in changes in membrane
organization. The extent of a ligand’s ability to induce
BCR clustering and localization is related to its ability to
elicit robust calcium signals.

Clustering of Unligated BCR Suggests Mechanism
for Signal Amplification. The importance of receptor
localization in BCR signaling led us to hypothesize that
BCR signals might be amplified via receptor–receptor
contacts. Other processes that depend upon signal am-
plification, including bacterial chemotaxis (1, 71–73),
employ receptor–receptor interactions for amplifying
signals. Experiments focused on elucidating how the T
cell receptor (TCR) amplifies signals suggest that endog-
enous peptides bound to major histocompatibility com-
plexes (MHCs) contribute to T cell activation (74). These
data suggest that TCRs not bound to antigenic peptides
contribute to activation. The use of receptor–receptor in-
teractions for amplifying signals initiated through the
BCR is attractive, because this receptor must respond
with high sensitivity to physiological signals.

The finding that receptor–receptor contacts contrib-
ute to signal amplification in Escherichia coli is sup-
ported by data indicating that unliganded chemorecep-
tors cluster with bound receptors (6). We reasoned that
if receptor–receptor contacts are important for BCR sig-
naling, unliganded BCRs would cocluster with liganded
receptors. To test for such colocalization, we took advan-
tage of the presence of a BCR of IgG subtype (with un-
known specificity) on the A20/2J HLTNP cell surface.

Overlay BCR GM1a

b

Untreated

anti-IgM F(ab′)2

500mer 4f

c
10mer 4a

d

Overlay BCR GM1

Overlay BCR GM1

Overlay BCR GM1

Figure 6. Visualization of BCR and GM1 localization on
A20/2J HLTNP cells treated with multivalent ligands. BCR
(purple) was labeled with Cy3-conjugated anti-IgM F(ab=)
and GM1 (green) was labeled with fluorescein-conjugated
cholera toxin B-subunit. Overlays were constructed by
combining images for BCR and GM1 using Adobe Photo-
shop. Scale bar equals 10 �m.
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Figure 7. Graph depicting the percentages of cells exhibit-
ing diffuse or punctate staining after multivalent antigen
treatment. The percentages were devised from statistical
analysis of images of cells treated with buffer (control),
10mer 4a, or 500mer 4f DNP-substituted homopolymers.
For each sample, several fields were randomly selected
and 50–100 cells total were analyzed per treatment. Dif-
fuse vs punctate staining was scored. Some cells exhibited
inconclusive staining that could not be assigned as dif-
fuse or punctate. The results are a composite from analy-
sis of cells from three independent experiments.
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Each BCR subtype could be visualized indepen-
dently. Interestingly, our data indicate that these sub-
types colocalize in untreated cells (Figure 8, panel a).
This finding is consistent with other results that indi-
cate BCRs interact to form an extended array. To ascer-
tain whether unligated receptors interact with ligated re-
ceptors, we envisioned clustering the DNP-specific BCR
(IgM subtype) with the multivalent antigens and deter-
mining the localization of the unliganded BCR (IgG sub-
type). Our data indicate that the BCR of IgG subtype
does not interact with the multivalent ligands; no signal-
ing was observed when A20 cells (which only display
this IgG-subtype BCR) were treated with the multivalent
ligands. Accordingly, we exposed A20/2J HLTNP cells to

the DNP-presenting multivalent 500mer 4f and moni-
tored localization of each BCR subtype. Intriguingly,
treatment with the 500mer at low temperatures afforded
large patches that contain unligated BCR (IgG). These
patches overlap with the DNP-specific BCR (IgM sub-
type) (Figure 8). These data suggest that unliganded
BCRs colocalize with the liganded BCRs that are respon-
sible for signal transmission. They are consistent with
models in which BCR arrays mediate antigen sensing
(75). Indeed, our data implicate a role for BCR–BCR in-
teractions in signal amplification.

CONCLUSION
The multivalent ligands we have generated can dissect
the inter-relationships between BCR clustering, localiza-
tion, internalization, and signal amplification. Our re-
sults indicate that the extent of signaling, degree of BCR
clustering, and antibody production are all influenced
profoundly by antigen valency. In contrast, the extent of
BCR internalization is not correlated with antigen va-
lency, a result that suggests that BCR signaling and in-
ternalization are distinct processes. Our data highlight
the ability of the multivalent ligands generated by ROMP
to systematically probe signaling, not only in vitro but
also in vivo. Thus, they underscore the value and versa-
tility of these polymers as biological probes.

Our data support models in which clustering of BCRs
is required for antigen-dependent signaling. In addition
to the clustering of ligand-bound BCRs, unbound recep-
tors are also clustered, a result that suggests they con-
tribute to signal amplification. Indeed, the data are con-
sistent with a model in which BCR signals are amplified
through receptor arrays. Because B cells must respond
with high sensitivity, these arrays can provide the means
through which B cells transmit antigen signals into out-
comes that range from immunity to tolerance.

EXPERIMENTAL PROCEDURES
Generation of Multivalent Ligands for Investigating B Cell

Signaling. Solvents and reagents were obtained from commer-
cial suppliers. Dichloromethane (DCM) was distilled from cal-
cium hydride, cooled to �78 °C under high vacuum, and kept
under N2. Gastight syringes were dried in a drying piston. Ana-
lytical thin-layer chromatography (TLC) was performed on
0.25 mm precoated Merck Silica Gel 60 F254, and compounds
were visualized with potassium permanganate stain. Disposable
PD-10 (Sephadex G25-resin) size exclusion columns were ob-
tained from Amersham Biosciences. All gel permeation chroma-
tography (GPC) analysis was done with equipment obtained
from Polymer Laboratories. EasiCal Polystyrene Standards MW

580–7,500,000 were used to make a calibration curve. Poly-
mer analysis was done by injection of 100 �L of samples in
1 mg mL–1 tetrahydrofuran into two PLgel 5 �m MIXED-D 300
 7.5 mm columns connected in series. Cirrus GPC Software
was employed in data analysis.

Synthesis of Succinimidyl Ester-Containing Polymer 3a. To a so-
lution of monomer 1 (100.0 mg, 0.4251 mmol, 10 equiv) in de-
oxygenated DCM was added a solution of ruthenium initiator 2
(37.6 mg, 0.0425 mmol, 1 equiv) in deoxygenated DCM such that
the monomer concentration of the resulting solution was 0.1 M. The
resulting purple solution was stirred at �20 °C for 45 min until
analysis by TLC showed no remaining monomer. Excess ethyl vinyl
ether (1 drop) was added to terminate the polymerization. After 3 h,

Overlay IgM IgG
Untreated

Overlay IgM IgG
500mer 4f

a

b

Figure 8. Visualization of unliganded BCR, liganded BCR,
and GM1 localization on A20/2J HLTNP cells treated with
multivalent ligand 4f. In panel a, the DNP-specific BCR
(IgM; purple) was labeled with fluorescein-conjugated
anti-IgM F(ab=) and the unliganded BCR (IgG; green) was
stained with Cy3-conjugated anti-IgG F(ab=). The model in
panel b depicts unliganded BCR (green; IgG) colocalizing
with BCRs engaged and clustered by our multivalent anti-
gen (purple; IgM). Overlays were constructed by combin-
ing images for BCR and GM1 using Adobe Photoshop.
Scale bar equals 10 �m.
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the polymer was precipitated in a vortexing solution of 9:1 ether/
benzene (60 mL). The solution was centrifuged and decanted, and
the solid was dried to provide polymer 3a (M:I 10:1, 89.7 mg, 83%)
as a granular gray solid.

Synthesis of DNP-Substituted Polymer. To polymer 3a (0.9 mg,
3.8 �mol, 1 equiv) in an Eppendorf tube was added a solution of
2,4-dinitrophenyllysine·HCl in DMSO (39.2 �L). N-Methylmorpho-
line (2.1 �L, 19.1 �mol, 5 equiv) was added. After 24 h, ethanol-
amine (1.2 �L, 19.1 �mol, 5 equiv) was added to convert excess
succinimidyl ester groups to neutral functionality, thereby generat-
ing 4a–f. After 24 h, polymers were purified by a PD-10 (Sephadex
G-25 resin) size exclusion column using water as an eluent. The wa-
ter was removed using speed vacuum concentration. 1H-NMR in d6-
DMSO was employed to determine a mole fraction (�) of DNP sub-
stitution (0.4) on the final multivalent antigen (1.0 mg, 93% yield).

Anti-DNP IgM Production and Detection. Female BALB/c mice,
6–8 weeks old, were injected with 0 (control), 0.01, 0.1, 1, or
10 ng of either 10mer 4a or 500mer 4f suspended in Dulbecco’s
phosphate-buffered saline (DPBS; Invitrogen)/complete
Freund’s adjuvant (CFA; Sigma) emulsion. Postinjection 6–15 d,
serum was isolated from the animals and was screened for DNP-
specific IgM. To assess production of the desired antibodies,
an ELISA was performed. Polysorb plates (96-well) were first
coated overnight at 4 °C with 1 �g mL�1 DNP-(30)-BSA (DNP-
conjugated BSA). After three washes with DPBS, plates were
blocked with Superblock T20 PBS (Pierce) for 1 h at RT, and were
then washed extensively with DPBS. Wells were then incubated
for 1 h at RT with dilutions of antibody serum isolated from the
injected animals. Serum dilutions were made using Superblock
T20. After additional DPBS washes, wells were incubated with
horseradish peroxidase-conjugated goat anti-mouse-IgM for 1 h
at RT. Wells were then incubated with substrate TMB 1-step
turbo (Pierce) and were quenched with 1 N H2SO4, and plates
were read at 450 nm. Animal studies were performed in accor-
dance with the University of Wisconsin–Madison Research Ani-
mal Resources Center, which adheres to both national and local
guidelines and regulations for proper care and usage of re-
search animals.

Cell Culture and Media. A20/2J cells stably transfected with
heavy and light chains for DNP/TNP-specific mIgM, termed
A20/2J HLTNP (16), were cultured in Roswell Park Memorial Insti-
tute medium (RPMI) 1640 media supplemented with 2 mM
L-glutamine, 10% fetal bovine serum (FBS), 50 �M �-mercapto-
ethanol, 100 U mL�1 penicillin, and 100 U mL�1 streptomycin.
For cell culture and experimentation, cells were stripped from
adherent flasks by incubation at 37 °C in DPBS pH 7.1 contain-
ing 1 mM EDTA (Sigma) for 10 min. A20 cells were cultured in
RPMI 1640 supplemented with 2 mM L-glutamine, 10% FBS,
100 �M �-mercaptoethanol, 100 U mL�1 penicillin, and
100 U mL�1 streptomycin.

Multivalent Ligand Signaling through the BCR Monitored by
Ca2� Flux. Cells (2  106 cells mL�1) were washed extensively
in DPBS (pH 7.1) loaded with 6 �g mL�1 indo-1, AM (Molecular
Probes), for 40 min at 37 °C. Loaded cells were then washed in
calcium flux buffer and DBPS supplemented with 1% BSA and
1 mM CaCl2 and diluted to 1  106 cells mL�1. Indo-1 loaded
cells were analyzed using a Becton-Dickinson fluorescence-
activated cell sorting (FACS)-Diva flow cytometer and the fluores-
cence ratio (R) was monitored as F2/F1, where F2 corresponds
to emission from Ca2�-bound indo-1 (�405 nm) and F1 repre-
sents emission from Ca2�-free indo-1 (�490 nm). After collec-
tion of baseline emission for 40 s, cells were stimulated with
multivalent ligand or antibody control (F(ab=)2 anti-IgM fragment
was used because it can bind and cluster the BCR without en-
gaging inhibitory Fc receptors). The indo-1 emission ratio was re-
corded for 260 s after stimulation. [Ca2�]i was determined us-
ing the formula [Ca2�]i � KdB[(R – Rmin)/(Rmax – R)], where Kd is

the dissociation constant for indo-1 and Ca2� and B � F1,min/
F1,max (76, 77). Minimum and maximum values for R and F1 were
determined by analysis of cells in Ca2�-free solution (DPBS
pH 7.1 with 3 mM EGTA) and at saturating levels of Ca2� (cells
treated with 5 �M ionomycin in calcium flux buffer), respec-
tively. Data analysis was performed using the FlowJo kinetics
platform.

BCR Internalization. A20/2J HLTNP cells were harvested,
washed twice with FACS buffer, and resuspended to a concen-
tration of 2  106 viable cells mL�1. The cells were incubated
with antigen (polymer, DNP–BSA, or buffer control) for 60 min at
4 °C and then pelleted to remove unbound ligands. The cell pel-
lets were resuspended in FACS buffer to the original concentra-
tion of 2  106 viable cells mL�1. Half of the sample was then
warmed to 37 °C for a specific time period. The second half of
the sample remained at 4 °C. After the relevant incubation time,
the cells were stained with Cy5-labeled Fab fragment anti-IgM
for 30 min at 4 °C, washed twice, and resuspended in FACS
buffer for analysis by flow cytometry. The percent internaliza-
tion was calculated by dividing the geometric mean fluorescence
intensity of the 37 °C sample by the geometric mean fluores-
cence intensity of the 4 °C sample and multiplying by 100.

BCR Clustering and Lipid Microdomain Corecruitment. Cells (5
 106 cells mL�1) were washed extensively in binding buffer,
DPBS pH 7.1 supplemented with 1% BSA (Research Organics).
To examine localization of the DNP-specific BCR and GM1, cells
were stained for 30 min on ice, with 16 �g mL�1 Cy3-conjugated
anti-IgM �-chain F(ab=) and 50 �g mL–1 fluorescein-conjugated
Cholera toxin B-subunit (Figure 6). To monitor localization of un-
liganded BCRs (IgG) with respect to liganded BCRs (IgM) and
lipid microdomains (GM1), cells were stained 16 �g mL�1 Cy3-
conjugated and 16 �g mL�1 fluorescein-conjugated anti-IgM
�-chain F(ab=) (Figure 7, panel a), or 16 �g mL�1 Cy3-conjugated
anti-IgG F(ab’) and 50 �g mL�1 fluorescein-conjugated Cholera
toxin B-subunit (Figure 7, panel b) for 30 min on ice. After being
washed extensively with binding buffer, stained cells were incu-
bated with compounds 4a or 4f or with anti-IgM F(ab=)2 for
10 min on ice. The cells were then washed twice with DPBS
and then fixed with 4% p-formaldehyde for 30 min on ice. After
additional washing with binding buffer, cells were mounted on
polylysine-coated slides and analyzed with a Nikkon E800 mi-
croscope and MetaMorph software (Universal Imaging Co.,
Downing, PA). For each slide, several fields were randomly se-
lected on bright field, and 50–100 cells were analyzed per slide.
Roughly 10% of the stained cells exhibited either weak stain-
ing or very high/nonspecific staining; these cells were omitted
from analysis. Of the remaining cells, diffuse versus bright,
punctate staining was scored.
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