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HEALTH AND MEDICINE

Self-assembling synthetic nanoadjuvant scaffolds
cross-link B cell receptors and represent new platform
technology for therapeutic antibody production

Sujata Senapati‘, Ross J. Darlingz, Kathleen A. Ross'3, Michael J. Wannemeuhler®3,

Balaji Narasimhan'#, Surya K. Mallapragada'>*

Host antibody responses are pivotal for providing protection against infectious agents. We have pioneered a new
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class of self-assembling micelles based on pentablock copolymers that enhance antibody responses while providing
a low inflammatory environment compared to traditional adjuvants. This type of “just-right” immune response is
critical in the rational design of vaccines for older adults. Here, we report on the mechanism of enhancement of
antibody responses by pentablock copolymer micelles, which act as scaffolds for antigen presentation to B cells
and cross-link B cell receptors, unlike other micelle-forming synthetic block copolymers. We exploited this unique
mechanism and developed these scaffolds as a platform technology to produce antibodies in vitro. We show that
this novel approach can be used to generate laboratory-scale quantities of therapeutic antibodies against multi-
ple antigens, including those associated with SARS-CoV-2 and Yersinia pestis, further expanding the value of these
nanomaterials to rapidly develop countermeasures against infectious diseases.

INTRODUCTION

The diversity in population demographics (as a function of age, ge-
netics, and other factors) leads to substantial variability in the induction
of host immune responses to vaccines, requiring the development
of novel adjuvants. A case in point is the coronavirus disease 2019
(COVID-19) pandemic, which has, for example, disproportionately
affected older adults (I). Efficient preventive measures for such threats
require the design of vaccine adjuvants that can balance competing
and complex requirements. To achieve rational design of vaccines
for older adults, it is important to generate vaccine formulations that
account for immunosenescence and judiciously balance the compe-
tition between the exacerbated inflammation associated with aged
individuals and the induction of efficacious immune responses.
Traditional adjuvants [e.g., Toll-like receptor (TLR) agonists] typi-
cally induce robust immune responses but can also exacerbate the
chronic inflammatory environment, which is known to diminish
immune responses in aged individuals (2, 3). Because a robust B cell
response is critical for providing antibody-based protection against
many infectious diseases (including COVID-19) (4-6), mechanistic
studies exploring the interaction of adjuvants and immunogens with
B cells have important implications for the development of new and
more effective vaccines.

Self-assembling micellar systems of different sizes and chemistries
have been extensively used for vaccine delivery (7). Their small size
(<100 nm), flexibility for functionalization, and ability to deliver
antigens (Ag) to Ag-presenting cells (APCs) make them promising
platforms for vaccine adjuvants. There are multiple reports on the
use of micelle-based adjuvants (8-10). Their immune-enhancing
characteristics are similar to that of the aforementioned traditional
adjuvants in that they activate APCs, induce pro-inflammatory cytokine
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secretion, and lead to antibody responses with similar kinetics (11-13).
However, little is known about their mechanism of action in the
context of B cell activation, differentiation, and antibody production.

We recently reported on the synthesis of a new class of amphi-
philic pentablock copolymers (PBCs) based on the U.S. Food and
Drug Administration (FDA)-approved temperature-responsive (14)
Pluronic F127 and cationic end-group blocks of poly(diethylamino-
ethylmethacrylate) (PDEAEM), which undergo both temperature-
and pH-responsive self-assembly to form micelles (15). The cationic
PBC micelles have been shown to associate with Ag to form PBC
micelle-Ag complexes and enhance Ag delivery to APCs (16). They
have also been demonstrated to induce rapid and short-term enhance-
ment in antibody responses in mice (16). However, the underlying
mechanism of action of these PBC micelles with respect to B cell
activation is unknown. In addition, studies indicate that the PBC
micelles neither activate APCs (e.g., cell surface marker expression)
nor lead to the induction of innate effector molecules such as nitric
oxide, reactive oxygen species, or pro-inflammatory cytokines (16).
This enhanced humoral immune response induced by the PBC mi-
celles while inducing less inflammation is especially beneficial for the
development of vaccine formulations for older adults (17, 18). This
is because traditional adjuvants such as TLR agonists, alum, and MF59
may exacerbate chronic inflammation, which leads to diminished
immune responses in aged individuals (19-21).

We hypothesize that the dissimilarity in characteristics of the
immune response generated between the PBC micelles and traditional
adjuvants may be attributed to the material properties of the PBC
micelles and the mechanisms involved in their interactions with and
activation of B cells. In this work, we delineated the mechanism under-
lying the Ag-specific B cell responses induced by PBC micelles and
identified key attributes contributing to this behavior. By observing
increased expression of Nur77 [a marker for Ag-B cell receptor
(BCR) engagement], we demonstrated that cross-linking of BCRs
by PBC micelles leads to B cell activation (22). After confirming the
engagement of BCRs with the PBC micelle-Ag complexes, we show
that BCR cross-linking induces B cell proliferation in vitro, leading
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to the production of Ag-specific antibodies. Last, we demonstrate
that BCR cross-linking by PBC micelles can be exploited for in vitro
production of therapeutic antibodies to a diverse array of Ag associ-
ated with Yersinia pestis (F1-V) and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [spike (S) protein].

RESULTS

Material characterization

The purity and molecular mass of the synthesized PBC were deter-
mined using "H nuclear magnetic resonance (NMR). The spectrum
showed multiple characteristic peaks (fig. S1, A and B), consistent
with previous work (23), and the average molecular weight was cal-
culated to be 14,600 g/mol. The mean diameter of the PBC micelles
(fig. S1C) determined using dynamic light scattering was 30.4 nm
(+2.7 nm), and the zeta potential was +5.82 mV (£0.89 mV) with a
critical micellar concentration (CMC) of about 0.3 pg/ml. In con-
trast, the mean diameter of Pluronic F127 micelles was 27.1 (+3.2 nm)
and the zeta potential was —0.30 mV (+0.17 mV), consistent with
literature values (24, 25).

PBC micelle-Ag engagement with BCRs

We investigated the underlying mechanism of B cell activation that
leads to the observed in vivo responses in mice immunized with PBC
micelle-Ag formulations. Our previous studies showed that the PBC
micelles associated with Ag (16). Hence, to gauge the engagement
of PBC micelle-Ag complexes with BCRs, analysis of endogenous
Nur77 protein expression in B cells stimulated with PBC micelle-
Ag was performed and compared with that induced by two controls:
lipopolysaccharide (LPS; a TLR4 agonist) and anti-immunoglobulin
M (IgM) F(ab’),. We also used Pluronic F127 micelles as a stimu-
lant in our studies to better understand how the additional cationic
blocks of the PBC micelles (whose parent molecule is Pluronic F127)
help generate this type of B cell response. Nur77 is a well-studied
specific marker for Ag receptor signaling for both B and T cells in
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mice and humans and reflects the strength of receptor signaling
(22, 26). We found that Nur77 was induced in murine splenic B cells
(CD19") upon stimulation with PBC micelle-Ag complexes at levels
similar to (control) stimulation (Fig. 1A). We also studied Nur77
induction at different time points of stimulation. Although at 2 hours
after stimulation Nur77 induction for the PBC micelle-Ag treatment
was not as pronounced as the anti-IgM F(ab’), control, we observed
robust induction at 4 hours after stimulation for both treatments,
which declined to basal levels by 24 hours after stimulation. Similar
kinetics have been previously reported for Nur77 induction (22). In
contrast, LPS did not trigger Nur77 induction, consistent with the
literature (Fig. 1B) (22). Cells stimulated with Pluronic F127 micelle-
Ag were also evaluated and failed to effectively induce Nur77, indi-
cating the nonengagement of BCRs with these micelles. These studies
show that the cationic PBC micelles specifically engaged B cells via
interactions with the BCR.

B cell activation via BCR cross-linking by PBC micelles

Together, the observations of short-term antibody responses gener-
ated by PBC micelles, nonactivation of APCs, and engagement of
PBC micelle-Ag with BCRs all led us to investigate the mechanism
of B cell activation by cross-linking of BCRs. To test our hypothesis,
B cell proliferation from splenic cells isolated from wild-type (WT)
C57BL/6 mice was investigated by using a carboxyfluorescein diacetate
succinimidyl ester (CFSE) proliferation assay (27). The schematic of
this study is shown in the top panel of Fig. 2A. To demonstrate BCR
cross-linking, anti-IgM F(ab) fragments were used with or without
PBC micelles to stimulate the splenic cells. Anti-IgM F(ab’), (10 ug/ml)
was used as a positive control. Anti-CD40 (5 ug/ml) was added to all
treatment groups, except unstimulated medium-only control, to
provide a costimulatory signal. After 5 days in culture, the viability
of B cells (Zombie Aqua”CD3"CD19"B220") was observed to be lower
for the cells stimulated with F(ab) fragments alone (10 pg/ml), PBC
micelle alone (10 pg/ml), and unstimulated controls (medium only)
than for cells stimulated with either F(ab’), (positive control) or
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Fig. 1. Up-regulation of Nur77 by PBC micelle-Ag complexes. (A) Representative histograms for Nur77 antibody expression in B cells. Total splenic cells following RBC
lysis from C57BL/6 mice stimulated with either PBC micelle-Ag or Pluronic F127 micelle-Ag (at 10 ug/ml each component) are shown. LPS (0.5 ug/ml) and anti-lgM
Fa(ab’); (10 ug/ml) were used as controls. Cells were stained for cell surface marker (CD19) for B cell gating and intracellularly stained for Nur77 antibody at 2, 4, 6, or
24 hours after stimulation. Cells analyzed at 0 hour after stimulation were shown to indicate background levels of Nur77 expression. (B) Representative histograms
for Nur77 induction following 4 hours (peak) of stimulation for four treatment groups (blue lines) and unstimulated control (light gray, filled). Data are representative of

three independent experiments.
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Fig. 2. PBC micelle-anti-lgM Fab complexes cross-link BCRs and induce B cell proliferation. (A) Top: Schematic of the experiment showing stimulation of WT murine
spleen cells following RBC lysis with anti-IgM F(ab’); (10 ug/ml), anti-IgM F(ab) (10 ug/ml), PBC micelles (10 ug/ml), or PBC micelle-anti-IgM F(ab) (10 ug/ml each). Anti-CD40
(5 ug/ml) was added to all the treatment groups except unstimulated controls. Bottom: Corresponding representative histograms for the stimulation groups with CFSE
expression for viable B cells (Zombie"CD3~CD19*B220") from flow cytometry. The histograms (blue lines) were generated 5 days after proliferation. The number of daughter
populations is indicated in a row on top of each histogram (i.e., zero = nonproliferating parent peak). Peaks for CFSE-unstained cells (dark gray, filled) and CFSE-stained
nonproliferated cells (light gray, filled) are also shown. (B) Percent proliferated viable B cells from spleens as determined by CFSE® gating for young mice. ns, not signifi-
cant. C) Percent proliferated viable B cells from spleens as determined by CFSE"® gating for aged mice. For cell culture, splenic cells (0.5 x 10° cells per well) were stimulated
in 96-well U-bottom plates. Data are represented as mean + SEM. Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test; n=5;
ns, not significant. In addition to the significance denoted in the image with the respective P values, mean values for anti-F(ab)2 and PBC micelle-anti-lgM F(ab) are also
statistically significant from control for (B) and (C) with P <0.0001, and PBC micelle and anti-IgM F(ab) groups are not significant from control.

PBC micelle-F(ab), indicating that only these two treatments pro-
vided the required survival signal to B cells (fig. S2A).

Investigating the proliferation of B cells, multiple proliferation
peaks (i.e., CFSE"®) were detected corresponding to daughter popu-
lations for cells stimulated with either F(ab’), or PBC micelle-F(ab)
(Fig. 2A, bottom), in contrast to cells stimulated with F(ab) fra%—'
ments alone or PBC micelle alone (which only show the CFSE™
parent peak). It is also noteworthy that for PBC micelle-F(ab) stim-
ulation, provision of anti-CD40 signal was not required for B cell
activation and proliferation. However, we observed a relatively
higher number of viable B cells when anti-CD40 was present (92.1%
versus 79.8%; fig. S2B). The percentage of B cells that proliferated
was found to be similar for F(ab’), and PBC micelle-F(ab) at 80 to
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90% (Fig. 2B). We also tested and observed the same effect with
B cells isolated from spleens of aged (20- to 22-month-old) WT
mice (Fig. 2C), further underlying the value of using PBC micelle-
based adjuvants in enhancing B cell proliferation in aged immune
systems.

Furthermore, we investigated BCR cross-linking-induced B cell
proliferation for various concentrations of PBC micelle-F(ab) and
observed B cell proliferation at PBC micelle concentrations as low
as 1 ug/ml (fig. S2C). This effect was not observed for PBC unimers
(ata concentration of 0.1 pg/ml—below the CMC for PBC micelles)
or for Pluronic F127 micelles at 10 pg/ml (fig. S2D), indicating that
polymer properties such as the PBC chemical structure, its cationic
nature, and its micellar phase are necessary for this cross-linking.
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Ag-specific B cell proliferation induced by PBC

micelle-Ag complexes

To investigate whether BCR cross-linking also occurs upon use of
PBC micelle-Ag complexes, similar studies were performed where
splenic cells from WT BALB/c and C57BL/6 mice were stimulated
with Ag (10 ug/ml) with or without PBC micelles (10 ug/ml) (Fig. 3A).
Both model Ag used for these studies [i.e., hen egg lysozyme (HEL)
and ovalbumin (OVA)] showed similar results. A clear distinction
was observed between the total number of viable B cells stimulated
with Ag alone versus PBC micelle-Ag complexes (fig. S3A). In terms
of B cell proliferation, a significantly higher percentage of proliferation
with multiple daughter peaks (CFSE) was observed after stimulation
with PBC micelle-Ag complexes compared to Ag alone (Fig. 3, A
and B). Next, we analyzed whether these proliferated B cells secreted

Ag-specific antibodies. We measured anti-IgM titers in the super-
natants of the cells 10 days after stimulation with different Ag with
or without PBC micelles. We observed significantly higher levels of
anti-HEL or anti-OVA titers when the cells were stimulated with
the PBC micelles, in contrast to the respective Ag-only stimulation
(Fig. 3, C and D). The supernatant samples from cells stimulated
with all the Ag groups were analyzed for Ag-specific IgM. The titers
for nonspecific antibodies induced by the PBC micelle-Ag complex
were found to be negligible. We used anti-F(ab’), again as a positive
control for stimulation of the cells and observed that this treatment
induced significantly higher levels of B cell proliferation than that
induced by the PBC micelle-Ag complexes. However, the Ag-specific
antibody response data indicated that these B cells were producing
alow level of nonspecific antibodies, similar to that of the medium-only
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Fig. 3. PBC micelle-Ag complexes enhance B cell proliferation and antibody production. (A) Schematic of experiment showing stimulation of murine spleen cells
following RBC lysis with the following treatment groups: anti-lgM F(ab’); (10 ng/ml) as positive control, Ag only [Ag: hen egg white lysozyme (HEL) or ovalbumin (OVA)],
PBC micelles only (10 pg/ml), or PBC micelle-Ag (10 ug/ml each). Anti-CD40 (5 ng/ml) was added to all the treatment groups except unstimulated controls. Corresponding
representative histograms for the stimulation groups with CFSE expression (blue lines) for viable B cells (Zombie"CD3"CD19¥B220") generated 4 days after proliferation.
The number of daughter populations is indicated in a row on top of each histogram (i.e., zero = nonproliferating parent peak). Peaks for CFSE-unstained cells (light gray,
filled) are also shown. (B) Percent proliferated viable B cells from spleens as determined by CFSE" gating for young WT mice. (C) Anti-HEL IgM titers and (D) anti-OVA IgM
titers in the supernatants of cells stimulated with different treatment groups. For cell culture, splenic cells (0.5 x 10° cells per well) were stimulated in 96 well U-bottom
plates. Experiments were performed with cells from both C57BL/6 and BALB/c mice. Data are represented as mean + SEM. Data were analyzed using one-way ANOVA
followed by Tukey's post hoc test; n = 4. In addition to the significance denoted in the image with the respective P values, mean values for anti-F(ab')2 and PBC micelle-Ag
groups in (B) are also statistically significant from control with P < 0.0001. PBC micelle, HEL, and OVA are not significant from the medium-only control in (B) to (D).
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control group. Similar to the PBC micelle-F(ab) stimulation, provi-
sion of anti-CD40 signal was not required for B cell activation and
proliferation with PBC micelle-Ag complexes. However, the anti-
CD40 signal was required for antibody production (fig. S3B). Again,
no significant B cell proliferation was observed for cells stimulated
with Ag in combination with either PBC unimers or Pluronic F127
micelles (fig. S3C). Together, these studies indicate that the PBC
micelle-Ag complexes induced Ag-specific B cell proliferation, in
contrast to PBC unimers or micelles of other synthetic chemistries.

PBC micelle scaffolds for Ag presentation to B cells

Next, we investigated the proliferation of B cells stimulated with
PBC micelle-Ag complexes in a transgenic (Ighel Tg) mouse model
(28), in which majority of BCRs on splenic B cells are specific to
HEL. Our hypothesis was that the increase in Ag-specific BCR rep-
ertoire would lead to enhanced PBC micelle-Ag complex-BCR en-
gagement and, hence, increased B cell proliferation (compared to
WT mice). Splenic cells isolated from Ighel Tg mice were cultured
and stained with CFSE, following which they were stimulated with
HEL alone (10 pg/ml), PBC micelle (10 pg/ml) alone, or PBC micelle-
HEL complexes. Given the increased number of HEL-specific BCRs
in these mice as compared to WT mice, we observed a small peak
with some proliferation in cells stimulated with the HEL-only group
(Fig. 4A). Notably, at least five proliferation peaks (CFSEIO) for the
corresponding daughter populations were observed for the B cells
stimulated with the PBC micelle-HEL complex. The viable B cell
population 4 days after stimulation was also the highest for this
group (fig. S4A). The percentage of proliferated B cells was twice as
high with the Ighel Tg mouse model (about 80%), in contrast to WT
mice (about 40%) as shown in Figs. 3B and 4B, supporting our hy-
pothesis. We measured anti-HEL IgM in the supernatants and found
significantly higher levels of antibody secretion from cells stimulated
with the PBC micelle-HEL complex, compared to HEL alone (Fig. 4C).
The anti-HEL IgM titers in supernatants of cells stimulated with PBC
micelle-HEL complex for the Ighel Tg mice were about 2.5-fold
higher than that measured in cell supernatants from WT mice, cor-
relating with the higher proliferation (Figs. 3, Band C,and 4, B and C).
In contrast, stimulation with Pluronic F127 micelles + HEL or PBC
unimers + HEL did not lead to B cell proliferation (fig. S4C), once
again confirming that just the PBC micelle-Ag complex induced
Ag-specific B cell proliferation. These observations suggest that the
PBC micelles must be acting as a scaffold for Ag that is able to stim-
ulate B cells and lead to the generation of Ag-specific antibodies.

PBC micelle platform for in vitro antibody production

Because we observed anti-IgM antibodies in the supernatants of the
B cells stimulated with the PBC micelle-Ag complexes for the model
Ag, we sought to determine whether these observations could be
exploited by using these scaffolds as a platform technology for the
production of therapeutic antibodies in vitro. To investigate this, we
used S protein from SARS-CoV-2 and recombinant fusion protein
F1-V from Y. pestis with the PBC micelles and evaluated in vitro
production of antibodies and B cell proliferation using CFSE as de-
scribed previously. Our results were consistent with the experiments
with the model Ag and indicated that cells stimulated with the PBC
micelle-Ag complexes exhibited daughter cell populations, but cells
stimulated with Ag only or with Pluronic F127 micelle + Ag or PBC
unimers + Ag did not (Fig. 5, A, B, D, and E). As a result, only cell
culture supernatants in cells stimulated with the PBC micelle-Ag
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complexes showed anti-S IgM or anti-F1-V IgM (Fig. 5, C and F).
Although we observed proliferation in the cells stimulated with anti-IgM
F(ab); (positive control), we did not observe Ag-specific antibodies
in the supernatants of these cells. Hence, the ability of the PBC micelle
scaffolds to cross-link BCRs, combined with the synergistic effect
provided by costimulatory signals induced by anti-CD40, could be
exploited as a novel platform technology for rapid and efficient pro-
duction of Ag-specific therapeutic antibodies, which may be effec-
tive in the treatment of individuals affected by diseases such as
COVID-19 or pneumonic plague.

DISCUSSION
Host immune responses generated following vaccination can
be complex and diverse in nature, with B cell responses being an
essential contributor toward conferring protective immunity (e.g.,
antibody-mediated viral and toxin neutralization). Hence, the design
of vaccine adjuvants has largely been focused on improving B cell
and antibody responses (29).

An in-depth understanding of the mechanisms of B cell activa-
tion by different types of adjuvants that drive the induction of pro-
tective antibody responses has been extensively explored (30, 31). It
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Fig. 4. Ag presentation to B cells by PBC micelles in Tg mice. (A) Representative
histograms for CFSE-stained (blue lines) viable B cells (Zombie"CD3"CD19*B220")
4 days after stimulation of splenic cells from C57BL/6-Tg(IghelMD4)4Ccg/J mice
with various treatment groups [anti-IgM F(ab'),, HEL, and PBC micelles at 10 ug/ml].
Anti-CD40 (5 ng/ml) was added to all the treatment groups except unstimulated
controls. The number of daughter populations is indicated in a row on top of each
histogram. Peaks for CFSE-unstained cells (dark gray, filled) and CFSE-stained non-
proliferated cells (light gray, filled) are also shown. (B) Percent proliferated viable
B cells as determined by CFSE' gating. (C) Anti-HEL IgM in the supernatants of cells
stimulated with different treatment groups for 10 days. For cell culture, splenic
cells (0.5 x 10° cells per well) were stimulated in 96-well U-bottom plates. Data are
represented as mean + SEM. Data were analyzed using one-way ANOVA followed
by Tukey’s post hoc test; n=4 animals per group. In addition to the significance
denoted in the image with the respective P values, mean values for PBC micelle
and HEL are not significant from medium-only control in (B) and (C).
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Fig. 5. PBC micelles serve as a platform for in vitro therapeutic antibody production. Splenic cell population obtained from WT C57BL/6 mice or BALB/c mice following
RBC lysis was stimulated in 96-well U-bottom plates at a density of 0.5 x 10° per well. Anti-CD40 (5 pg/ml) was added to all the treatment groups except unstimulated
controls. S protein from SARS-CoV-2 (10 ug/ml) and F1-V from Y. pestis (10 ug/ml) was used with or without PBC micelles (10 ug/ml), Pluronic F127 micelles (10 ug/ml), or
PBC unimers (10 ug/ml). (A) Histograms depicting CFSE levels of B cells stimulated with various treatment groups with or without S protein for 4 days. (B) Percent proliferated
viable B cells as determined by CFSE' gating. (C) Anti-S IgM titers measured in the supernatants of the stimulated cells after 10 days. (D) Histograms depicting CFSE levels
of B cells stimulated with various treatment groups with or without F1-V for 4 days. (E) Corresponding percent proliferated viable B cells as determined by CFSE" gating.
(F) Anti-F1-V IgM titers measured in the supernatants of the stimulated cells after 10 days. Data are represented as mean + SEM. Data were analyzed using one-way ANOVA
followed by Tukey’s post hoc test; n =2 to 4. PBC micelle, S protein, F1-V, Pluronic F127 micelle, and PBC unimers are not significant from medium-only control.

is well known that traditional adjuvants have multiple functions,
including APC activation, enhanced cytokine secretion, and serving
as Ag depots. However, the mechanism(s) underlying B cell acti-
vation by synthetic polymer micelle-based adjuvants is relatively
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unknown. In this work, we studied the mechanism of activation of
cationic PBC micelle adjuvants. While pursuing this, we made the
novel discovery that the same mechanism(s) may not be operative
for all types of micellar adjuvants, calling for the use of appropriate
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adjuvant chemistries for specific applications instead of a “one-size-
fits-all” approach.

It is well known that, unlike T cells, B cells can recognize Ag in
its native form and that the activation of B cells can be mediated in
a T cell-independent manner (32). This process involves the cross-
linking of the BCRs by repetitive or complexed/aggregated Ag,
which would up-regulate Nur77 expression. Our studies demonstrated
that PBC micelles, shown previously to associate with Ag (16, 33),
can facilitate cross-linking of BCRs, resulting in B cell activation.
We first investigated the interaction of the PBC micelle-Ag complexes
with the BCRs by analyzing Nur77 expression. Nur77/NR4A1 be-
longs to a subfamily of orphan nuclear receptors known as NR4A
(encoded in the Nr4al-3 gene) (26), which plays an important role
in cell survival and inflammatory signaling events. Nur77 expression
has also been shown to be rapidly induced following BCR engage-
ment by Ag, resulting in intracellular signaling (34). The engagement
of BCRs with PBC micelle-Ag complexes led to the induction of a
strong BCR signal that was similar to that induced by anti-IgM
F(ab’), (Fig. 1). In contrast, other synthetic micelle chemistries such
as the nonionic Pluronic F127 or the nonmicellar PBC unimers did
not induce Nur77 expression. These results support our hypothesis
that the biomaterial chemistry, its cationic nature, and the ability
to form micelles all play a crucial role in enhancing interactions be-
tween Ag and BCRs. In addition, it is likely that the PBC micelles
are activating T cells because we previously demonstrated that
the PBC micelles efficiently deliver Ag to the cytosols of dendritic
cells (16).

To demonstrate BCR cross-linking by the PBC micelles, we used
anti-IgM F(ab’), and anti-IgM F(ab) fragments. The first report of
the cross-linking model of B cell activation also used these molecules
and showed that while monomeric anti-IgM F(ab) fragments bind
to but do not activate B cells, dimeric anti-IgM F(ab’), fragments do
(35). Our results (Fig. 2) were consistent with these observations and,
in addition, showed that when the monomeric anti-IgM F(ab) frag-
ments were combined with PBC micelles, B cell survival and pro-
liferation were induced (Fig. 2). It was notable that this enhanced
B cell proliferation was also observed in aged animals (Fig. 2C), un-
derlying the value of using PBC micelle-based adjuvants in vaccines
for aged immune systems. As mentioned previously, including ad-
juvants in vaccine formulations that can enhance immune responses
without exacerbating chronic inflammation in aged individuals may
lead to beneficial immune responses (19-21).

We also demonstrated that PBC micelle-Ag complexes induced
a higher degree of B cell activation and proliferation compared to
soluble Ag alone or Ag associated with PBC unimers or micelles of
other chemistries, owing to BCR cross-linking by the PBC micelle-
Ag complexes (Fig. 3 and fig. S3). Antigenic epitope density has been
previously linked to Ag recognition and the efficiency of B cell re-
sponses, especially for T-independent Ag with repeating epitopes (36).
There have also been reports of engineered synthetic particles that
can exhibit repetitive orientation of antigenic epitopes (37). The PBC
micelles, by virtue of their association with Ag, may be providing a
scaffold-like structure that orients Ag as high epitope density com-
plexes that facilitate cross-linking of BCRs. In addition, the use of
vaccine adjuvants that create a similar multivalent display of Ag has
been shown to lead to a balanced T helper 1 (Tyl)/Ty2 response
(38). This type of balanced response is vital for clearing viral infec-
tions, in which both neutralizing antibody and cytotoxic T cells are
important to induce protective immunity (39).
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It is noteworthy that the presence of anti-CD40 was not required
for inducing B cell proliferation. However, we observed a higher de-
gree of proliferation with anti-CD40, and its addition was a requirement
for the production of antibodies (figs. S2B, S3B, and S4B). This is
consistent with reports in the literature showing that the engage-
ment of both the BCR and CD40 leads to a synergistic activation of
B cells through distinct cellular pathways and that a costimulatory
signal is required for inducing B cell differentiation (40, 41). Ac-
cording to another report, while maximal B cell proliferation could
be achieved without anti-CD40 signal (T cell help), the B cells failed
to differentiate into antibody-producing cells (i.e., plasma cells) (42).

In addition to increasing the valency of Ag by using PBC mi-
celles, we showed that the recognition of PBC micelle-Ag complexes
by BCRs is also proportional to the number of Ag-specific BCRs
using a Tg mouse model with splenic cells consisting of HEL-specific
BCRs. Greater B cell proliferation was accompanied by higher anti-
body secretions from B cells of Ighel Tg mice compared to WT mice
(Figs. 3, B and C, and 4). We hypothesize that the PBC micelles act
as a scaffold to orient Ag for efficient presentation and cross-linking
of the BCRs, resulting in activation and terminal differentiation
into antibody-secreting plasma cells. These observations are consist-
ent with the spatial orientation of BCRs and the need to effectively
cluster BCRs by taking advantage of the scaffolding capabilities of
the PBC micelle (43). A similar concept for using synthetic materi-
als to act as scaffolds for vaccine delivery has been reported previously,
and our PBC micelles and the experiments herein provide support
to this concept (44). Furthermore, the enhanced responses induced
by the PBC micelles mixed with HEL likely indicate that this com-
plex may lower the mechanical force threshold required to initiate
BCR clustering (43, 45). The desired outcome of Ag-B cell interactions
would be to induce germinal center formation, memory B cells, and
long-lived plasma cells (46). Given that the affinity of Ag for BCRs
governs the activation and differentiation of naive B cells, we hy-
pothesize that the use of the PBC micelles effectively increases the
affinity of the Ag-BCR interaction by (i) extending the dwell time
that Ag and BCRs interact, (ii) allowing the generation of larger
BCR clusters, and (iii) inducing B cell proliferation and differentia-
tion resulting in a more robust B cell response than induced by Ag
alone (43, 46).

Our studies showed that BCR cross-linking is Ag dependent and
is not induced by using either polymeric chains that have not formed
micelles (i.e., PBC unimers below the CMC) or other self-assembled
synthetic micelle-based formulations (such as nonionic Pluronic
F127) (figs. S2D, S3C, and S4C). As the Pluronic F127 triblock co-
polymer is a part of the PBC and forms micelles of the same size, it
serves as an inherent control for comparison. It appears that the outer
cationic PDEAEM blocks in the PBC micelles, which are not present
in Pluronic F127, are playing a major role toward interacting with
and presenting Ag, thus enabling the observed BCR cross-linking.

We also demonstrated that this type of B cell activation by PBC
micelles can prove to be beneficial in the context of providing an
efficient and fast method for the production of therapeutic antibodies
in vitro. Antibodies are being used extensively as therapeutics for
the treatment of several diseases and can prove to be effective ther-
apies for new and emerging diseases (47, 48). This has been exem-
plified during the COVID-19 pandemic with emergency use approval
from the FDA of multiple antibody therapies to treat individuals
with SARS-CoV-2 infections, which has reduced hospitalizations
and deaths (49). We exploited the B cell activation mechanisms of
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PBC micelles to demonstrate production of Ag-specific antibodies
that bind to multiple pathogenic Ag (i.e., S protein from SARS-CoV-2
and F1-V from Y. pestis) in the supernatants of the cells stimulated
with PBC micelle-Ag complexes (Fig. 5), indicating the versatility
and further added value of this approach as a platform technology.

The enhancement in the in vivo antibody response induced by
the PBC micelles was short-lived, in contrast to that induced by a
traditional adjuvant such as monophosphoryl lipid A (MPLA) (fig. S5).
However, immunization with a combination of PBC micelles and
MPLA induced a synergistic enhancement in the antibody response
due to BCR cross-linking by the PBC micelles and immunoglobulin
isotype switching facilitated by MPLA (figs. S5 and S6) (50). These
results provide strong rationale for the use of combination adjuvants
that may be beneficial in scenarios where both antibody isotypes and
the induction of both rapid and long-lived immunity are important
components of protective immunity. Our previous work has shown
the value of such a combination adjuvant strategy in the design of
nanovaccines against pneumonic plague and influenza A virus (51-53).

In summary, the PBC micelles provide a promising platform not
only for rational design of vaccine adjuvants but also for the produc-
tion of therapeutic antibodies. For many vaccine formulations, a com-
bination of adjuvants is required for generating an optimal immune
response, which calls for a better understanding of the mechanism
of action of these adjuvants. This work, which is focused on under-
standing the mechanism of action of PBC micelle adjuvants, is an
important step closer toward that goal. Our studies implicate BCR
cross-linking as a possible mechanism of action for PBC micelle ad-
juvants in B cell activation. Last, the production of therapeutic anti-
bodies in vitro with this platform has the potential to be a disruptive
technology for rapid availability of such countermeasures, especial-
ly in the face of a global pandemic. All these attributes position the
PBC micelle platform as a highly versatile tool in the development
of multiple countermeasures against emerging and reemerging in-
fectious diseases.

MATERIALS AND METHODS

Materials

N,N-(diethylamino)ethyl methacrylate (DEAEM), Pluronic F127, HEL,
IgG from rat serum, and Triton X-100 were purchased from Sigma-
Aldrich (St. Louis, MO). Goat anti-mouse IgM F(ab’), fragment, goat
anti-mouse IgM Fab fragment, and alkaline phosphatase-conjugated
anti-mouse IgM were purchased from Jackson ImmunoResearch
Laboratories Inc. (West Grove, PA). Endotoxin-free OV A was purchased
from InvivoGen (San Diego, CA). Y. pestis fusion protein F1-V (NR-4526)
was obtained from the Biodefense and Emerging Infections Repository
(Manassas). SARS-CoV-2 S protein was purchased from GenScript
(Piscataway, NJ). Antibodies for flow cytometry [phycoerythrin (PE)
anti-mouse CD19, allophycocyanin/Cyanine 7 (Cy7) anti-mouse B220,
Zombie Aqua viability kit, PE-Cy7 anti-mouse Nur77, and peridinin
chlorophyll protein (PerCp)-Cy5.5 anti-mouse CD3 and anti-CD16/32]
and purified anti-mouse CD40 antibody were purchased from Bio-
Legend (San Diego, CA). BD stabilizing fixative was purchased from
BD Biosciences (Franklin Lakes, NJ). All other chemicals and materials
were purchased from Fisher Scientific (Pittsburgh, PA).

PBC synthesis and characterization
PBC was synthesized by atom transfer radical polymerization as pre-
viously reported (23). This involves the formation of a difunctional
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macroinitiator from Pluronic F127 as the first step. Next, the macro-
initiator and the monomer, DEAEM, were reacted using copper (I)
oxide nanoparticles as the catalyst and N-propylpyrilidinemethanamine
(NPPM) as the complexing ligand. The molecular weight of the re-
sulting PBC was determined using "H NMR. For the micelle formu-
lation, a stock solution of 50 mg/ml total polymer concentration
(either PBC or Pluronic F127) was prepared in phosphate-buffered
saline (PBS). The stock solution was diluted to the required concen-
trations and mixed with the Ag before stimulation of cells. For char-
acterizing the size, zeta potential, and CMC of PBC and Pluronic
F127 micelles, dynamic light scattering measurements with Zetasizer
Nano S (Malvern PANalytical, Westborough, MA) were carried out.

Animals

Female BALB/c and C57BL/6 mice (6 to 8 weeks old or 20 to 22 months
old) and C57BL/6-Tg(IghelMD4)4Ccg/] mice (6 weeks old) were
purchased from The Jackson Laboratory (Bar Harbor, ME). The In-
stitutional Animal Care and Use Committee at lowa State University
approved all the protocols involving animals.

Immunization and serum collection

To evaluate antibody responses, C57BL/6 mice were subcutaneous-
ly immunized with 100 pl of the PBC micelle (5 mg per dose) for-
mulation or MPLA (10 pg per dose) formulation or MPLA and PBC
micelle formulation with 50 ug of either HEL or OVA Ag. Control
animals were immunized with soluble HEL or OVA in PBS (50 pug
in 100 pl) (i.e., no adjuvant). Serum samples were collected via the
saphenous vein at 2, 4, 6, 8, and 10 weeks after immunization.

Tissue isolation and cell culture

Following euthanasia, the spleens of mice (BALB/c and C57BL/6)
were excised, and a single-cell suspension was prepared using a
handheld tissue homogenizer. The tissue culture medium consisted
of RPMI 1640, penicillin (100 U/ml), streptomycin (100 pg/ml), and
10% fetal bovine serum. Red blood cell (RBC) lysis was performed
to remove erythrocytes from the cell suspension, and the resulting
splenocytes were washed with medium before counting the cells. One
set of splenocytes was labeled with CFSE for analyzing cell prolifer-
ation after stimulation. The cells were stained with CFSE on day 0
after isolation from spleens using standard procedure. Micelles and
Ag were mixed thoroughly by pipetting up and down and co-incubated
at the required combination of concentrations for 30 min at room
temperature. The CFSE-labeled cells were stimulated with differ-
ent treatment groups for 4 to 5 days. After stimulation, cells were
stained with antibodies for flow cytometry.

The other set of splenocytes was directly used for stimulation and
collection of supernatants 10 days after stimulation. For the plating,
the splenocytes (with or without CFSE stains) were plated in 96-well
U-bottom tissue culture plates at a cell density of 5 x 10 cells per
well with 200 pl of medium in each well. The cells were stimulated
with different combinations of treatment groups and concentrations.
Similar cell density and stimulant concentrations were used for the
Nur77 expression studies in 96-well U-bottom tissue culture plates
for various time periods of stimulation as indicated in Fig. 1.

Flow cytometry

B cell proliferation was detected using in vitro labeling of cells with
CFSE and analysis by flow cytometry. Distinct generations of prolif-
erating cells can be monitored by dilutions of CFSE stain on the
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cells as viewed on the flow cytometry plots. For the flow cytometry
procedure, the cells were transferred into polystyrene fluorescence-
activated cell sorting (FACS) tubes and labeled with Zombie Aqua
dye for tracking viable cells after stimulation using the manufacturer’s
instructions. Next, Fc receptors on the cells were blocked using rat
IgG (100 pg/ml) and anti-CD16/32 (10 pug/ml) and stained with spe-
cific antibodies for surface markers (CD19, CD3, and B220) to de-
tect the B cells in the splenocytes. Following surface staining, cells
were washed with PBS and then fixed with 4% p-formaldehyde. After
washing the cells again with PBS, 0.1% Triton X-100 was used for
permeabilization, and following that, anti-Nur77 antibody at a 1:50
dilution was used to intracellularly stain the cells. After all staining,
cells were washed in FACS buffer to remove excess dye, and sam-
ples were fixed before analysis. Flow cytometry data were collected
on FACSCanto II (BD Biosciences, Franklin Lakes, NJ) and analyzed
using Flow]Jo (FlowJo LLC, Ashland, CA).

Antibody responses

Antibody levels in the sera collected from immunized animals at various
time points (2, 4, 6, 8, and 10 weeks after immunization) and in the
cell-free supernatants after 10 days of in vitro stimulation with var-
ious treatment groups were measured using enzyme-linked immuno-
sorbent assay. Briefly, high-binding 96-well plates were coated with
Ag (HEL, OVA, F1-V, or S protein) and blocked with 2% (w/v) of
gelatin in 0.05% Tween-PBS solution. Sera samples were added to
the plates starting at 1:200 dilution and then diluted 1:2 across the
plate. Culture supernatant samples were added to the plates at a start-
ing dilution of 1:3 and then diluted 1:3 across the plate. Alkaline
phosphatase-conjugated anti-mouse IgG (H+L), IgG1, and I1gG2c
(Jackson ImmunoResearch, West Grove, PA) were used as the sec-
ondary antibody. The optical density was recorded at 405 nm using
a SpectraMax M3 plate reader (Molecular Devices, San Jose, CA)
after adding the substrate, and the titer was recorded as the last di-
lution that exhibited an optical density value that was twofold or
higher than the background optical density.

Statistical analysis

All the data were analyzed using GraphPad Prism 8 software for
statistical significance. For all figures, one-way analysis of variance
(ANOVA) was used, followed by Tukey’s post hoc test for multiple
comparisons. For fig. S5, Kruskal-Wallis and Mann-Whitney tests
were used to determine statistical significance.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabj1691/DC1

View/request a protocol for this paper from Bio-protocol.
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