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ABSTRACT: Eﬃcacious vaccines require antigens that elicit
productive immune system activation. Antigens that aﬀord robust
antibody production activate both B and T cells. Elucidating the
antigen properties that enhance B−T cell communication is
diﬃcult with traditional antigens. We therefore used ring-opening
metathesis polymerization to access chemically deﬁned, multivalent antigens containing both B and T cell epitopes to explore
how antigen structure impacts B cell and T cell activation and
communication. The bifunctional antigens were designed so that
the backbone substitution level of each antigenic epitope could be
quantiﬁed using 19F NMR. The T cell peptide epitope was
appended so that it could be liberated in B cells via the action of the endosomal protease cathepsin D, and this design feature was
critical for T cell activation. Antigens with high BCR epitope valency induce greater BCR-mediated internalization and T cell
activation than did low valency antigens, and these high-valency polymeric antigens were superior to protein antigens. We
anticipate that these ﬁndings can guide the design of more eﬀective vaccines.

V

Antigen features, such as epitope aﬃnity, valency, or
coreceptor recruitment, can impact B or T cell signaling.10−16
Signaling by B and T lymphocytes is closely linked: the
antigen−BCR interactions that trigger B cell signaling and
antigen uptake are necessary for downstream T cell signaling.
Despite this connection, the inﬂuence of antigen on immune
signaling is typically examined solely in B cells or solely in T
cells but not in tandem. To determine which antigen structural
features impact B−T cell communication, antigens are required
that can engage the BCR and undergo processing and
presentation such that they lead to T cell activation. Protein
conjugates are typically employed, but they have limitations:
features such as the valency of B and T cell epitopes are diﬃcult
to control or modify. Incisive identiﬁcation of antigen features
that enhance presentation and T cell activation requires deﬁned
antigens that can be readily manipulated.
The advent of controlled polymerization reactions has
opened new opportunities to explore biological processes that
beneﬁt from multivalency.17,18 Immune signaling pathways are
excellent testing grounds, as knowledge of how antigen
properties inﬂuence output responses can guide the design of
eﬀective tolerogens or vaccines. As tools to study immune cell
responses, we reasoned that epitope-functionalized polymers
could overcome the limitations of traditional protein antigens.
We showed previously that polymers decorated with B cell
epitopes can oligomerize the BCR and induce both signaling
and uptake.13,16,19,20 Using ring-opening metathesis polymer-

accines are needed to prevent infectious disease caused by
HIV, tuberculosis, and other pathogens recalcitrant to
traditional strategies. This demand is driving advances in our
understanding of the immune system and new approaches to
antigen design. Most successful vaccines require production of
neutralizing antibodies.1,2 Robust antibody responses, characterized by high-aﬃnity antibodies and immunological memory,
are typically triggered by T cell-dependent antigens, agents that
contain both B and T cell epitopes.3 Such antigens are
recognized and processed by antigen-speciﬁc B cells to provide
peptide epitopes that are presented to CD4+ helper T cells.4,5
Direct contact with T cells provides signals that promote B cell
activation. Accordingly, the structural features of the antigen
that promote B−T cell communication must be identiﬁed.
The activation of T cells by antigen-presenting B cells
involves multiple steps (Figure 1).6 B cells recognize antigen
through the B cell receptor (BCR), a membrane-bound
antibody that is complexed to an intracellular signaling domain.
Multivalent interactions promote BCR clustering and signaling
and facilitate receptor-mediated internalization of antigen.
Internalized antigen is processed by endosomal proteases to
release peptides that can be loaded onto major histocompatibility complex type II (MHCII) molecules. Peptide−MHCIIs
are shuttled to the cell surface, and T cells scan the B cell
surface until the T cell receptor (TCR) recognizes a cognate
peptide−MHCII complex. Direct B−T cell contact allows
bidirectional signaling that promotes B cell proliferation and
diﬀerentiation.7−9 For a B cell to eﬀectively recruit T cell help,
antigen must engage the BCR and trigger the cascade of events
that results in presentation.
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Figure 1. General attributes of bifunctional antigens. (Left) Events required for dual activation of B and T cells with a multivalent antigen. The
bifunctional antigen must (a) engage and cluster the B cell receptor (BCR) to activate signaling and uptake, (b) undergo endosomal processing to
release a T cell epitope for loading and presentation on MHCII, and (c) elicit T cell activation. (Right) General design of polymers generated by
ROMP. Polymer backbones were functionalized with B cell epitope (DNP, blue) and a peptide epitope recognized by the T cell receptor (Ova323,
green). The T cell epitope was appended through a linker that can be cleaved by the endosomal protease cathepsin D. Cathepsin D-mediated
cleavage should occur between the residues highlighted in red that occupy the P1 and P1′ sites of the protease. Full structures of the antigens used in
this study are depicted in Figure 3.

controlled by the monomer-to-initiator ratio (M:I).21,22 The
multivalent antigens were obtained by polymerizing a monomer
bearing an N-hydroxy succinimidyl ester to generate a polymer
backbone to which amine-substituted epitopes were appended.23 The epitope density was controlled by altering the
ratio of amine to activated succinimidyl ester.23,24 Variations on
this general approach have been used to assemble multivalent
ligands that can cluster cell-surface receptors.18,25,26 The
modularity and reproducibility of this approach prompted its
use to assemble antigens designed to mediate B−T cell
communication.
The antigens were designed to exploit B cell and CD4+ T cell
lines capable of mutual recognition and synapse formation. The
speciﬁcity of the antigen receptors present on each cell line
dictated the epitopes that were aﬃxed to the polymer
backbone. The B cell line (A20.2J HLTNP denoted as
A20HL) expresses a BCR that recognizes the 2,4-dinitrophenyl
(DNP) hapten.27,28 Accordingly, polymers bearing Nε-DNP-LLys (DNP-Lys) activate signaling and should undergo receptormediated internalization and entry into the endocytic network.
We employed the immunogenic peptide Ova323−339 (denoted
Ova323), derived from chicken ovalbumin (Ova), as our T cell
epitope. The Ova323 peptide has good aﬃnity for the MHCII IAd haplotype expressed by A20HL cells,29,30 and the presence
of the Ova323/MHCII I-Ad complex can elicit activation of the
CD4+ T cell line (DO-11.10).31,32 This system can reveal
whether polymers functionalized with a DNP epitope and
Ova323 peptide can be used to activate B cells and T cells and
thereby probe B−T cell communication.
To generate a B−T cell synapse, B cells must process the T
cell epitope and load it into MHCIIs for presentation. As the
antigen migrates through the endosomal network, it encounters
conditions that are increasingly acidic, reducing, and
proteolytic. Reduction-sensitive33 or pH-sensitive34 linkers
have been used to release peptides within the endolysosomal
compartment of dendritic cells. For B cell processing, we
employed a linker that is protease-sensitive because we

ization (ROMP) to control key features of polymer structure,
such as length and ligand conjugation, we examined how
antigen valency inﬂuences B cell signaling16 and how coclustering of the BCR and the lectin CD2213,19 attenuates BCR
signaling and promotes endocytosis. We postulated that deﬁned
polymers could be functionalized with B and T cell epitopes to
investigate how antigen properties inﬂuence downstream
events, including B−T cell communication.
To this end, we synthesized bifunctional antigens equipped
with a B cell epitope that binds the BCR and a peptide epitope
that can be released from the polymer backbone for
presentation to T cells (Figure 1). These antigens cluster the
BCR to trigger signaling and receptor-mediated internalization.
Upon antigen internalization, the T cell epitope is liberated by
the endosomal protease cathepsin D and loaded onto MHCII
complexes for display to cognate T cells. B cells treated with the
bifunctional antigens promote T cell activation, which could be
visualized directly. We used chemical synthesis to optimize
antigen features to facilitate their uptake and processing by B
cells, which ultimately elicits higher levels of T cell activation.
Our results validate a strategy to access modular synthetic
antigen capable of activating both B and T cells and provide
insight into the parameters that regulate antigen presentation
and B−T cell communication.

■

RESULTS AND DISCUSSION
Design and Synthesis of Dual-Activation Polymer. We
showed previously that ROMP can be used to prepare
polymers displaying multiple copies of a B cell epitope and
that the polymers function as antigens to activate BCR
signaling.13,16 Both short (25mer) and long (500mer) polymers
activate signaling, but longer polymers are more potent. The
ability to use ROMP to vary polymer length was valuable for
elucidating the inﬂuence of BCR clustering on B cell signaling.
Speciﬁcally, ROMP with a functional group-tolerant ruthenium
carbene initiator facilitated the synthesis of polymers with a
narrow molecular weight distribution and whose lengths were
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envisioned that it would have a number of advantages: the
cleavage site can be readily installed, it should be stable in the
absence of the protease, and its sequence can be altered to
examine or exploit the roles of speciﬁc proteases. The
endosomal processing of ovalbumin is primarily mediated by
cathepsin D, an aspartyl protease located in the late
endosome.35,36 We therefore designed our polymers to possess
a cathepsin D-speciﬁc cleavage site between the backbone and
the Ova323 epitope. The chosen linker sequences were guided
by the reported substrate speciﬁcity of human cathepsin D.37
We tested two 25mer peptides with murine cathepsin D. Each
contained the Ova323 epitope linked either to a sequence
hypothesized to be protease-sensitive (8, S-Ova323) or
-insensitive (9, IS-Ova323) (Supporting Information Figure
S1). The products of protease treatment were monitored over
time using MALDI-TOF. IS-Ova323 peptide 9 was not a
substrate, but cleavage of S-Ova323 peptide 8 was complete by
15 min to yield the Ova323 epitope (Supporting Information
Figure S2). The susceptible sequence was cleaved only at the
expected position. These results indicate that cathepsin D
processes the S-Ova323 peptide sequence eﬃciently and
selectively. We therefore had the requisite features to devise
polymer probes of B−T cell communication.
To compare B and T cell responses to diﬀerent polymers, the
relative epitope substitution levels were controlled and assessed.
Our synthetic approach was designed so that the substitution
levels of each pendant functional group could be determined.
Speciﬁcally, the proportion of DNP-Lys conjugated to polymer
was quantiﬁed by integration of distinct 1H NMR signals that
arise from the BCR epitope and the backbone. The level of
peptide substitution was diﬃcult to judge because Ova323 lacks
signals in a nonoverlapping region of the spectrum. We
therefore installed ﬂuorinated functional groups on both the
peptide and the polymer terminus such that the loading of
conjugated Ova323 peptide could be assessed by 19F NMR
spectroscopy (Figure 2). We anticipate that this strategy can
serve as a general means of determining the level of polymer
substitution.
To implement our plan for ascertaining backbone functionalization levels, we needed to generate an appropriate enol
ether capping agent to install a triﬂuoromethyl end group. This
capping agent was synthesized from 4-(triﬂuoromethyl)-phenyl
boronic acid and 5,6-dihydro-2H-pyran-2-one, which undergo a
rhodium/(S)-Binap catalyzed reaction to generate β-aryl
lactone 3 (Figure 2).38 The ester was reduced to incipient
aldehyde 4, which was subjected to a Wittig reaction to aﬀord
enol ether 5 as a 1:1 mixture of E/Z isomers. This agent was
used to terminate ROMP reactions of norbornene derivative 6
using ruthenium initiator 7 to aﬀord antigen precursors 2a−c
(Figure 2).21 Succinimidyl ester-substituted polymers in a range
of lengths were generated, with the degree of polymerization
(DP) controlled by the ratio of monomer to initiator. The
resulting succinimidyl ester-substituted polymers 2a−c were
exposed to DNP-Lys and Ova323 peptide 8 to generate
multifunctional polymers bearing B and T cell epitopes (1a−
c, Figure 3). For the T cell epitope, we incorporated a 2triﬂuoromethyl-L-phenylalanine (2-CF3-Phe) residue at the
Ova323 peptide N-terminus to serve as an NMR handle for
quantiﬁcation. Unreacted succinimidyl esters were converted to
neutral functionality by treatment with excess ethanolamine.
The DNP-substitution level was determined by 1H NMR, and
19
F NMR spectroscopy was used to assess the relative amount
of Ova323 substitution. The epitope loading levels obtained

Figure 2. Synthetic scheme used to prepare polymeric antigens. (Top)
Route employed to generate a capping agent bearing a ﬂuorinated
label. (Bottom) ROMP of succinimidyl ester-substituted norbornene 6
yielded polymers whose length was controlled by the ratio of
monomer 6 to initiator 7. The polymerization was terminated with
capping agent 5 to install unique functional groups at the polymer
terminus.

were predictable and consistent for polymers of diﬀerent
lengths. Speciﬁcally, polymers functionalized with 0.4 equiv of
DNP-Lys had a substitution level of 37−40%, which is
suﬃcient for eliciting strong BCR signals.16 A substitution
with 4−5% Ova323 peptide 8 was selected to allow intracellular
delivery of multiple Ova323 copies per polymer molecule
internalized, while minimizing the possibility that peptide
substituents would interfere with epitope−BCR interactions.
Antigen Valency Modulates BCR-Mediated Internalization. We tested the ability of DNP/Ova323-substituted
polymers to activate BCR signaling, a requirement for eﬃcient
B cell antigen uptake. Using total tyrosine phosphorylation as a
measure of B cell activation,39,40 we compared BCR signals
elicited by the DNP/Ova323-substituted 300mer 1a, 150mer 1b,
and 50mer 1c to the DNP-substituted 150mer 3b, which we
have shown initiates strong BCR signaling.16 Polymers
functionalized with either DNP epitope alone or DNP and
Ova323 epitopes triggered an increase in phosphorylation,
indicative of B cell activation (Supporting Information Figure
S3). We speciﬁcally evaluated phosphorylation of PLCγ2, a
critical mediator of B cell activation. Stimulation with either
DNP-substituted polymer or DNP/Ova323-substituted polymer
produced a rapid increase in PLCγ2 phosphorylation
(Supporting Information Figure S3). Together, these results
indicate that the DNP/Ova323-substituted polymers engage the
BCR to activate signal transduction.
We next assessed the ability of DNP/Ova323 polymers to
induce BCR-mediated uptake. Longer polymer antigens induce
greater BCR clustering,16 suggesting that they would promote
more BCR internalization. We compared cell-surface levels of
DNP-speciﬁc BCR as a function of time after exposure to
300mer 1a, 150mer 1b, or 50mer 1c (5 μM DNP) (Figure 4).
The 300mer 1a and 150mer 1b resulted in rapid BCR
internalization to similar extents; at 26 min, 65 ± 4% and 56 ±
5% of cell-surface BCR was internalized, respectively. In
contrast, the shorter 50mer 1c induced a much lower level of
1819
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Figure 3. Synthetic route to polymers bearing B cell (R1 = DNP, blue) and T cell epitopes (R2 = Ova323, green). Polymers of controlled length were
functionalized with a DNP derivative (approximately 40% substitution) and Ova323 peptide (approximately 4%). The 4% value was determined by
comparing the integration of the signals arising from the ﬂuorinated substituents on the polymer backbone and the peptide N-terminus (F* = 2-CF3Phe).

We measured IL-2 production in the presence of
chloroquine, a small molecule inhibitor that disrupts endocytic
function and prevents antigen processing.42 As expected,
chloroquine-treated cells did not secrete IL-2 (Supporting
Information Figure S4), indicating blockage of polymer
processing. We further tested whether polymer internalization
and peptide presentation depend upon the BCR. BCRmediated endocytosis is the most eﬃcient mode of antigen
capture for presentation, but B cells can also present antigen
internalized through ﬂuid-phase pinocytosis.4,43 We therefore
used A20 B cells that lack a DNP-speciﬁc BCR. In nonspeciﬁc
B cells, IL-2 production was observed only with very high
polymer doses. We therefore conducted subsequent experiments at a dose range that requires BCR-speciﬁc antigen uptake
for presentation.
To assess the role of cathepsin D in processing of the
polymer antigens, we compared IL-2 production elicited by
150mer polymers with peptides linked via sensitive (1b) or
insensitive (1d) linkers (Figure 5). Bifunctional antigens with a
cathepsin D-sensitive linkage (1b) elicited IL-2 production,
whereas those with the insensitive linker (1d) did not (Figure
5, bottom left). These data suggest that the accelerated and

Figure 4. Eﬀect of antigen valency on BCR-mediated uptake. A20HL
B cells were treated with DNP/Ova323 300mer 1a, 150mer 1b, or
50mer 1c (5 μM DNP) for distinct time points. Cell surface BCR was
labeled with a ﬂuorescent anti-BCR Fab, and ﬂuorescence was
measured by ﬂow cytometry. Error bars represent ±1 standard
deviation from the mean of three independent experiments.

internalization: after 26 min, only 25 ± 7% of cell-surface BCR
was internalized. The concentration of 300mer that aﬀorded
maximal BCR uptake was approximately 6-fold lower than that
required for the 50mer (0.04 vs 0.25 μM, respectively), and
even at this lower concentration, the 300mer promoted more
BCR internalization. These results indicate that BCR-mediated
uptake is sensitive to antigen valency, such that high valency
antigens promote increased levels of internalization.
Polymer Delivers Peptide for Presentation and Elicits
T Cell Activation. We assessed the ability of DNP/Ova323
polymers to deliver the Ova323 epitope for presentation to T
cells. When T cells encounter B cells presenting MHCII loaded
with antigenic peptide, an immunological synapse can form
wherein the TCR engages peptide−MHCII. Ligation of the
TCR initiates a T cell signaling cascade that results in an
increase in intracellular calcium.41 Calcium signaling dramatically alters T cell gene expression, which leads to increased
expression of cytokines, including IL-2. Accordingly, B cells
were treated with bifunctional antigen, ﬁxed, and co-cultured
with T cells, and the amount of IL-2 produced was quantiﬁed
by an enzyme-linked immunosorbent assay (ELISA). The
DNP/Ova323 150mer 1b promoted IL-2 production in a dosedependent manner (Supporting Information Figure S4). These
data suggest that the DNP/Ova323 polymer is processed to
generate functional Ova323−MHCII complexes on the B cell
surface. We veriﬁed that presentation of Ova323−MHCII
requires B cell uptake and processing by showing that ﬁxed B
cells treated with DNP/Ova323-substituted polymer failed to
elicit IL-2 production (Supporting Information Figure S5).

Figure 5. Role for the protease-sensitive linker in B cell presentation
and T cell activation. (Top) Polymers (n ∼ 150) were functionalized
with BCR ligand (R1 = DNP) and T cell epitope bearing either a
cathepsin D-sensitive linker (R2 = S-Ova323, green) or an insensitive
linker (R2 = IS-Ova323, red). (Bottom) An ELISA was used to measure
IL-2 production by DO-11.10 T cells in response to A20HL B cells
that had been treated with either DNP/S-Ova323 polymer 1b or DNP/
IS-Ova323 polymer 1d (0.4 μM Ova323) for 0.5, 1, or 3 h.
1820
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our model system. We compared the responses after B cells
were exposed to either 300mer 1a or DNP/Ova protein for 3 h,
suﬃcient time to induce robust IL-2 production (Figure 5).
Both compounds promote IL-2 production, but the DNP/
Ova323 polymer elicited IL-2 levels that were signiﬁcantly higher
than those induced by the DNP/Ova protein conjugate (Figure
6B). The dramatic diﬀerence in T cell activation could result
from more eﬃcient BCR-mediated internalization of the
polymer antigen. When we tested for this possibility, we
found that the percentages of BCR internalization triggered by
the protein (53 ± 7% at 26 min) and polymer (64 ± 4%)
antigens were similar (Supporting Information Figure S6).
These ﬁndings indicate that uptake alone cannot account for
the diﬀerence in T cell activation.
B Cells Exposed to Polymeric Antigen Activate T Cell
Signaling. The increase in IL-2 production elicited by the
polymer versus the protein antigen may arise because the
former gives rise to higher levels of cell surface peptide−
MHCII. When peptide−MHCII display is augmented, signalactive B−T cell contacts occur more frequently.48 If the
polymer antigen aﬀords higher levels of cell surface peptide−
MHCII, then we postulated that it should result in more
stimulatory B−T cell interactions. Accordingly, we monitored
the formation of B−T cell interactions and T cell calcium
signaling. T cells were loaded with Fluo-4, a dye whose
ﬂuorescence emission intensity increases upon calcium binding.49 Fluo-4-treated T cells were added to antigen-treated B
cells, and changes in Fluo-4 emission intensity were monitored
by live single cell imaging to provide a measure of intracellular
calcium ion concentration [Ca2+]i. Over the 75 min period for
which cells were imaged, multiple aspects of the calcium signal,
such as intensity, frequency, and timing, could be resolved for
individual responders within the T cell population.
Responses from T cells cultured with either unstimulated or
antigen-stimulated B cells were analyzed. We demarcated
signaling as an elevation in [Ca2+]i that reached a peak intensity
at least 1.3 times greater than baseline, and this criterion was
used to quantify the percentage of T cells undergoing calcium
signaling. Unstimulated B cells rarely yielded calcium signaling
events (<1% of T cells), and the few cells that seemed to
respond aﬀorded only weak signals (Figure 7B). To establish an
upper response level, we measured the T cell response to B
cells pulsed with free Ova323 peptide 8 (5 μM). We anticipated
that this peptide concentration would saturate B cell-surface
MHCII molecules and lead to a greater percentage of
responding T cells. As predicted, many more T cells in the
population (28%) exhibited calcium ﬂux. With these upper and
lower limits serving as benchmarks, we monitored calcium
signaling for T cells exposed to B cells that had been pretreated
for 3 h with DNP/Ova323 polymer 1a (0.5 μM Ova323).
Approximately 8% of T cells formed direct contacts with
polymer-treated B cells and underwent calcium signaling
(Figure 7B). The strength and the duration of the calcium
signal could be charted for each responding T cell population
(Figure 7A and Supporting Information Figure S7). Compared
to the polymer, the frequency of productive B−T cell
interactions was lower for the DNP/Ova protein (0.5 μM
Ova323). These results show that exposure to polymer antigen
allows B cells to more eﬀectively form signal-active synapses
with T cells. This likely stems from increased B cell antigen
presentation of polymer antigens relative to the protein
antigens.
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enhanced antigen presentation of the DNP/S-Ova323 polymer
depends on its cathepsin D-sensitive cleavage site.
BCR Ligand Valency Modulates IL-2 Production by T
Cells. The increase in BCR internalization with polymer length
(Figure 4) suggests that long polymers deliver more Ova323
epitope within the cell, resulting in higher levels of peptide−
MHCII presentation. Since T cell activation is sensitive to the
concentration of peptide−MHCII displayed,44 we hypothesized
that stronger T cell activation would result from longer
polymers. We tested this hypothesis by comparing the activities
of the DNP/Ova323 300mer 1a, 150mer 1b, or 50mer 1c. The
data are consistent with this model: the longer 300mer and
150mer polymers induce more cytokine production than does
the 50mer polymer (Figure 6A). This potency of the 300mer

Figure 6. IL-2 production by T cells depends on antigen properties.
(A) IL-2 produced by DO-11.10 T cells in response to B cells
(A20HL) exposed to DNP/Ova323-substituted 300mer 1a, 150mer 1b,
or 50mer 1c for 3 h. The response is indicated as a function of
polymer concentration (left) and Ova323 concentration (right). (B) IL2 produced by T cells in response to B cells treated with either DNP/
Ova323-substituted 300mer 1a or the haptenated protein antigen
DNP/ovalbumin. Data shown were normalized to IL-2 levels obtained
when T cells are exposed to B cells pretreated with peptide 8 (5 μM
Ova323). Error bars represent ±1 standard deviation from the mean (n
= 3).

over 50mer is not due to diﬀerences in Ova323 concentration
(Figure 6A). These data are consistent with the model in which
reduced uptake of the short polymer results in lower levels of
intracellular peptide delivery.
Immune responses are stronger against T cell-dependent
antigens bearing multivalent B cell epitopes.45,46 This enhanced
immunity is generally attributed to their ability to augment
BCR clustering and thereby trigger B cell signaling above an
activation threshold. Yet, robust antibody responses also
require that antigen-speciﬁc B cells compete for T cell help.47
Our data suggest that high valency antigens also facilitate
greater antigen uptake, which then leads to enhanced
presentation and T cell activation. Thus, multivalent antigens
may result in enhanced immunity through their ability to both
amplify signals and enhance B−T cell communication.
We next assessed T cell activation in response to treatment
with high valency polymer versus that obtained from ovalbumin
functionalized with DNP (DNP/Ova), a protein-conjugate
antigen containing epitopes recognized by the B and T cells in
1821
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Figure 7. B cells stimulated with synthetic antigen form B−T cell synapses that lead to T cell activation. (Top) A20HL B cells labeled with
Dylight649-conjugated anti-IgM Fab (red) were treated with DNP/Ova323-substituted 300mer 1a at a concentration of 5 μM DNP (0.5 μM Ova323)
for 3 h. Stimulated live B cells were combined with DO-11.10 T cells loaded with the Ca2+-sensitive dye Fluo-4, and samples were imaged by
confocal microscopy for approximately 75 min. The Fluo-4 ﬂuorescence emission intensity (green) provides a measure of T cell intracellular Ca2+
concentration ([Ca2+]i). The frames shown are an overlay of brightﬁeld and ﬂuorescence images and are a single representative T cell signaling
event. The movie from which the still images were captured can be found in the Supporting Information. (Bottom) (A) Fluo-4 ﬂuorescence
emission as a function of time is shown for a single T cell in response to an unstimulated B cell (bottom) or a B cell stimulated with 300mer 1a
(top). (B) Percentage of T cells demonstrating an increase in [Ca2+]i upon contact with either unstimulated B cells or B cells treated with DNP/
ovalbumin (0.5 μM Ova323) or 300mer 1a (0.5 μM Ova323).

intracellular T cell epitope delivery on antigen presentation
and T cell activation.
Conclusions. We have developed a modular strategy to
synthesize polymers that activate both B and T cells, and it
yielded antigens that are more eﬀective than widely used
protein conjugates. Using ROMP, we assembled bifunctional
antigens that can promote BCR signaling, antigen internalization, antigen processing, presentation of antigenic peptides,
and activation of T cells. Multiple features of this powerful
polymerization method can be exploited to investigate antigen
features that promote immune responses. For example,
polymer end capping with a ﬂuorinated capping agent provides
the means to control and quantify epitope loading. By
exploiting the ability to control polymer length, we determined
that polymers with high epitope valency induce greater BCR
internalization and T cell activation. Finally, by appending the
T cell epitope with a cathepsin D-sensitive linker, we revealed
the necessity of endosomal processing to achieve T cell
activation. Thus, our ability to promote stronger T cell
activation stems from the ability to endow antigens with
features that promote increased uptake and processing. While
we have exploited the attributes of ROMP to explore and
optimize antigen features, our ﬁndings can be generalized to
other scaﬀolds.
T cell-independent antigens, such as carbohydrates, oﬀer
promising targets for immunotherapies designed to treat cancer
and infectious disease.50,51 However, such antigens are often

The stark diﬀerence in T cell activation mediated by the
polymer versus protein antigen is not likely due to diﬀerences
in antigen accumulation within B cells, given that both antigens
induced BCR internalization to a similar extent. In the case of
these two distinct types of antigens, the diﬀerences in T cell
responses may stem from the relative eﬃciencies of antigen
processing. The polymer antigen requires a single protease
cleavage event to release a T cell epitope. Thus, we postulate
that the polymer is processed more eﬃciently than the protein
conjugate. The former is readily cleaved by cathepsin D,
whereas the latter requires cleavage at multiple sites to release
Ova323 peptide. Additionally, the polymer antigen bears
multiple copies of the Ova323 epitope; therefore, it can deliver
a higher concentration of antigenic peptide than does the
protein antigen, which contains only a single Ova323 epitope.
The diﬀerences in T cell response to polymer versus protein
antigen highlight key features that can be designed into
antigens to optimize B and T cell activation and thereby elicit
robust immune responses. These parameters include the
valency of the B cell epitope, the speciﬁcity of the proteasesensitive cleavage site, and loading of the T cell epitope. Protein
carriers are static scaﬀolds that cannot be readily modiﬁed to
enhance B and T cell activation. In contrast, deﬁned polymers
oﬀer the ability to vary antigen structure in a modular fashion.
This ability can be exploited to elucidate the eﬀects of B cell
ligand−receptor interactions, processing of antigen, and
1822

DOI: 10.1021/acschembio.5b00239
ACS Chem. Biol. 2015, 10, 1817−1824

Articles

ACS Chemical Biology
conjugated to protein carriers to increase immunogenicity.52−54
Some disadvantages of these protein carriers have been noted,
including challenging conjugation chemistry, a tendency to
elicit oﬀ-target antibody responses, and instability at high or
low temperature.55,56 Polymer chemistry oﬀers exciting
alternatives for synthesizing antigens that can address these
drawbacks. A polymer scaﬀold can be readily functionalized
with select B and T cell epitopes to generate an immune
response against a pathogen of interest. Moreover, adjuvant
ligands, such as those recognized by the toll-like receptors
(TLRs),57,58 can be appended to the scaﬀold. The ease with
which such scaﬀolds can be generated and manipulated oﬀers a
promising strategy to access a new generation of vaccine
antigens.
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