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ABSTRACT: The COVID-19 pandemic underscores the need for
rapid, safe, and effective vaccines. In contrast to some traditional
vaccines, nanoparticle-based subunit vaccines are particularly
efficient in trafficking antigens to lymph nodes, where they induce
potent immune cell activation. Here, we developed a strategy to
decorate the surface of oxidation-sensitive polymersomes with
multiple copies of the SARS-CoV-2 spike protein receptor-binding
domain (RBD) to mimic the physical form of a virus particle. We
evaluated the vaccination efficacy of these surface-decorated
polymersomes (RBDsurf) in mice compared to RBD-encapsulated
polymersomes (RBDencap) and unformulated RBD (RBDfree), using monophosphoryl-lipid-A-encapsulated polymersomes (MPLA
PS) as an adjuvant. While all three groups produced high titers of RBD-specific IgG, only RBDsurf elicited a neutralizing antibody
response to SARS-CoV-2 comparable to that of human convalescent plasma. Moreover, RBDsurf was the only group to significantly
increase the proportion of RBD-specific germinal center B cells in the vaccination-site draining lymph nodes. Both RBDsurf and
RBDencap drove similarly robust CD4+ and CD8+ T cell responses that produced multiple Th1-type cytokines. We conclude that a
multivalent surface display of spike RBD on polymersomes promotes a potent neutralizing antibody response to SARS-CoV-2, while
both antigen formulations promote robust T cell immunity.

■ INTRODUCTION
COVID-19, the disease caused by the novel coronavirus SARS-
CoV-2, emerged in late 2019 and was declared a pandemic by
the World Health Organization in March 2020. Since its
emergence, researchers across the world have sought to rapidly
develop vaccine candidates, some of which have received
Emergency Use Authorization by the U.S. Food and Drug
Administration.1,2 While the first vaccines that entered the
clinic were based on nucleic acid technologies, subunit
vaccines are gaining attention and have also shown promise
in clinical trials.3,4 The primary antigens used in preclinical and
clinical vaccine candidates are the spike protein and its
constituent receptor-binding domain (RBD). The RBD of the
spike protein binds to the ACE-2 receptor on host cell surfaces,
enabling viral entry into host cells.5,6

Several highly potent neutralizing antibodies have been
isolated that target RBD and prevent viral binding and uptake,
making it an attractive vaccine target.7−10 Since RBD is smaller
and more stable than the full homotrimeric spike fusion

protein, it is also advantageous from a manufacturing and
distribution perspective.11 However, RBD has been shown to
have lower immunogenicity than the full spike protein or its
RBD-containing S1 domain.12,13 Materials science and
engineering approaches, particularly strategies involving nano-
technology, may improve RBD immunogenicity and thus aid in
the development of next-generation vaccines.14−16 Indeed,
several approaches of self-assembling RBD into virus-like
particles have resulted in potent neutralizing antibody
responses.17−20
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To offer robust protection from infection, cellular in
addition to humoral responses are needed.21−23 Almost all
convalescent individuals show T cell immunity, and the
majority have both CD4+ and CD8+ SARS-CoV-2-specific T
cells.24−27 Conversely, severe disease is associated with
lymphopenia and reduced T cell function.28−30 Furthermore,
T cell immunity may be more durable than humoral responses,
and T cells are expected to play an important role in immune
memory.23,28,31 Therefore, the goals of this study were to
improve both humoral and cellular immunogenicity of RBD
and compare the efficacy of engineered nanoparticle
formulations in order to inform the design of next-generation
nanovaccines.
We have previously reported the development of polymer-

somes (PS) that self-assemble from the oxidation-responsive
block copolymer poly(ethylene glycol)-bl-poly(propylene
sulfide) (PEG−PPS)32 and shown their efficacy in delivering
antigen and adjuvant to dendritic cell endosomes.33 In
endolysosomal compartments, the PPS block becomes
oxidized, which initiates the restructuring of the PS into
micelles and concurrent release of encapsulated payload.33,34

These vaccine nanocarriers have been shown to activate
dendritic cells, induce robust T cell immunity, and elicit high
antibody titers with broad epitope coverage.33,35,36

In this study, we hypothesized that we could further improve
the humoral responses elicited by PS while retaining their
ability to induce T cell immunity by engineering them to
mimic the physical form of a viral particle through multivalent
surface display of antigen. We envisaged that multivalent
surface display of RBD would result in enhanced cross-linking

and clustering of B cell receptors (BCRs) and subsequent
production of neutralizing antibodies. As such, we developed
and evaluated PS displaying surface-bound RBD (RBDsurf) and
PS encapsulating RBD (RBDencap) adjuvanted with mono-
phosphoryl-lipid-A-encapsulated PS (MPLA PS). MPLA was
chosen as an adjuvant due to its hydrophobicity and ability to
be encapsulated within the PPS-rich shell of the polymersomes
without affecting antigen loading in future single-particle
vaccines. Furthermore, as MPLA has been combined with
aluminum hydroxide to prolong its retention as a clinical
adjuvant,37 we hypothesized that its incorporation into PS
would similarly increase its efficacy. Here, we show that mice
vaccinated with RBDsurf in combination with MPLA PS in a
prime-boost schedule develop high titers of SARS-CoV-2-
neutralizing antibodies with robust germinal center responses
as well as CD4+ and CD8+ T cell immunity, thus meeting our
design criteria.

■ RESULTS

Formulated Polymersomes Exhibit Long-Term Stabil-
ity and In Vitro Activity. Having previously encapsulated
antigen into PS as nanovaccines,33 here we developed a
conjugation strategy to attach antigens to their surface. To
create a modular platform that could be generalized to virtually
any antigen, we synthesized N3−PEG−PPS (Figure S1),
which, when formulated into PS, yields particles displaying
clickable surface moieties (Figure 1a). Upon the addition of
RBD conjugated to a DBCO-containing linker, we generated
PS decorated with RBD (RBDsurf, Figure S2). We also
synthesized PEG−PPS (Figure S3) and formulated PS

Figure 1. RBD and MPLA are formulated into stable, biologically active polymersomes (PS). (a) Schematic of formulation of PS. RBD was
conjugated to the surface (RBDsurf) or encapsulated inside (RBDencap) of PS, and MPLA was encapsulated in the vesicle membrane (MPLA PS)
due to its hydrophobicity. (b) Representative cryo-electron microscopy images of PS, depicting vesicle structure. Scale = 50 nm. (c) Size and
polydispersity index (PDI) from dynamic light scattering (DLS) measurements of PS upon formulation and after >180 days at 4 °C. (d)
Representative DLS curves of PS. (e) Normalized mean fluorescence intensity (MFI) of AF647 conjugated to free RBD or RBDsurf by flow
cytometry showing concentration-dependent binding to HEK-293 cells that express human ACE-2 (HEK-hACE2). Nonlinear regression was used
to model data assuming specific binding to one site to determine equilibrium dissociation constants (KD). (f) Dose-dependent secretion of TNFα
from cultured murine bone-marrow-derived dendritic cells (BMDCs) stimulated by free MPLA, MPLA PS, or empty PS. Data represent mean ±
SD for n = 2 (e) or 3 (f) replicates.
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encapsulating RBD (RBDencap) or adjuvant (MPLA PS, Figure
1a). The loading capacities of RBDsurf and RBDencap were 1.57
and 1.75%, respectively, comparable to previous reports of
encapsulated ovalbumin,33,35 while the loading capacity of
MPLA PS was 6.46% (Table S1). We confirmed the vesicular
structure of PS through cryo-electron microscopy (cryoEM)
and demonstrated that the different formulations have similar
sizes and morphologies (Figures 1b and S4). According to
dynamic light scattering (DLS) measurements, the average PS
diameter is around 150 nm (Figure 1c,d), which is comparable
to the reported size of SARS-CoV-2 particles (60−140 nm).38

The polydispersity index (PDI) of each formulation was less
than 0.2, indicative of a relatively homogeneous population of

nanovesicles. As indicated by their consistent size and PDI, in
addition to the absence of free RBD released into solution, PS
remain stable at 4 °C for at least 180 days, which can be
beneficial for distribution and shelf life considerations (Figures
1c and S5).
We next characterized the biological activity of the PS

formulations in vitro. To confirm that RBD structure is not
substantially altered upon conjugation to the PS surface, we
quantified its ability to bind to HEK-293 cells that express
human ACE-2 (HEK-hACE2, Figure 1e). The normalized
mean fluorescence intensity (MFI) versus RBD concentration
curves were used to calculate the equilibrium dissociation
constants (KD) for free RBD and RBDsurf conjugated to AF647

Figure 2. High levels of RBD-specific IgG antibodies are produced upon PS vaccination. (a) Vaccination schedule consisting of a priming dose
followed by a booster 3 weeks later. (b) Total RBD-specific IgG antibodies over time reported as the area under the log-transformed curve (AUC)
of absorbance vs dilution. (c) Comparison of RBD-specific IgG isotypes (IgG1, IgG2b, IgG2c, IgG3) on day 28. (d) Ratio of AUCs of IgG2b/IgG1
isotypes. (e) Quantification of RBD-specific IgG+ antibody secreting cells by ELISpot of splenocytes (Dunn’s post-test compared to unadjuvanted
RBDfree). (f) Representative ELISpot wells from (e). Data plotted as mean ± SD and represent 1 of 2 experiments with n = 5 mice each. Symbols
represent individual mice. (g) Vaccine and blood sampling schedule of long-term kinetics study. (h) Total RBD-specific IgG antibodies over time
for the vaccination schedule in (g). Data represent mean ± SD for n = 5 mice. Comparisons were made using one-way ANOVA with Tukey’s post-
test unless stated otherwise. # P < 0.0001 compared to unadjuvanted RBDfree.
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(AF647-RBDfree and AF647-RBDsurf, respectively). The curves
and KD values are in excellent agreement, indicating that
surface conjugation to PS does not impact ACE-2 binding of
RBD. Empty PS conjugated to AF647 did not bind to HEK-
hACE2, and neither PS formulation bound to HEK-293 cells
lacking hACE-2 (Figure S6).
Next, we confirmed that MPLA retained its ability to serve

as a TLR4 agonist upon formulation in PS with a HEK-Blue
TLR4 reporter cell line (Figure S7). To further validate MPLA
PS activity in a more physiologically relevant model, we
stimulated murine bone-marrow-derived dendritic cells
(BMDCs) with free MPLA, MPLA PS, or empty PS, and we
measured the subsequent secretion of the proinflammatory
cytokines TNFα, IL-6, IL-1α, and IL-1β (Figures 1f and S8).
For each cytokine, there was a dose-dependent increase in
secretion for free MPLA and MPLA PS with only background
levels of secretion for empty PS, indicating that MPLA PS
successfully activated antigen presenting cells (APCs) in vitro.
Thus, we successfully synthesized two RBD formulations of PS
in addition to MPLA PS and showed that they are

homogeneous vesicular structures with long-term stability
and in vitro biological activity.

All Adjuvanted Formulations Elicit RBD-Specific IgG
Responses. Having confirmed that antigen- and adjuvant-
loaded PS exhibit their expected bioactivity in vitro, we next
evaluated their ability to enhance humoral and cellular
immunity in 8-week-old, female C57BL/6 mice compared to
RBDfree. We immunized mice via subcutaneous (s.c.) injection
in the hocks in a prime-boost schedule 3 weeks apart and
monitored antibody titers weekly (Figure 2a). The total RBD-
specific IgG is represented by the area under the log-
transformed ELISA absorbance curves (AUC), starting at a
plasma dilution of 10−2 (see Methods, Figure S9). All
adjuvanted groups had significant RBD-binding antibody
responses within a week after their first dose, with RBDencap

stimulating the highest responses (Figure 2b). The antibody
responses in adjuvanted groups either increased gradually or
remained constant until a week after the booster, when the
mean AUC increased 1.3- to 1.6-fold.

Figure 3. Antibodies induced by vaccination with RBDsurf + MPLA PS are neutralizing and localized to the receptor-binding motif. (a) Plasma from
mice 1 week postboost was tested for its ability to neutralize SARS-CoV-2 infection of Vero E6 cells in vitro. Percent neutralization for multiple
plasma dilutions normalized to cells without virus (100%) or without plasma (0%). Data plotted as mean ± SEM for n = 5 human convalescent
samples (human conv.) or 10−15 mice. Comparisons to unadjuvanted RBDfree were made for lowest dilution (10−2.11) using one-way ANOVA
with Dunnett’s post-test. (b) Virus neutralization titers, representing the plasma dilution at which 50% of SARS-CoV-2-mediated cell death is
neutralized. Dashed line: lower limit of quantification (LLOQ = 2.11). For values below the LLOQ, LLOQ/2 values were plotted. Solid line: FDA
recommendation for “high titer” classification (=2.40). Comparisons were made using a Kruskal−Wallis nonparametric test with Dunn’s post-test
or a Wilcoxon signed rank test (‡ ns, P > 0.05 compared to hypothetical value of 2.40). Symbols represent individual mice. (c) Pooled plasma was
then tested for antibody binding to linear epitopes using overlapping 15-amino-acid peptides with 5-amino-acid offsets, spanning the entire RBD
sequence. The x-axis represents sequential peptide number within the RBD amino acid sequence showing the position of the receptor-binding
motif (RBM), and the y-axis represents average luminescence for each peptide epitope. (d) 3D structure and amino acid sequence of RBD with the
RBM underlined and main peptide sequences recognized by mouse plasma highlighted in pink (Protein Data Bank Entry 7DDD).
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In order to explore the humoral response in further detail,
we then evaluated IgG subtypes of induced antibodies at the
study end point (day 28, 1 week postboost). While plasma
antibody levels of all adjuvanted groups were similar for IgG1
and IgG3, RBDsurf elicited significantly lower IgG2b and IgG2c
antibody responses (Figure 2c). The ratio of IgG2b/IgG1 was

then taken as an indication of a Th1/Th2-mediated
response.39 While RBDencap and RBDfree + MPLA PS have a
ratio of around 1, indicating a balanced Th1/Th2 response,
RBDsurf shows a lower ratio of IgG2b to IgG1, indicating a
slightly Th2-skewed response (Figure 2d). Since IgA is
important for combating respiratory viruses at the mucosal

Figure 4. CD4+ T follicular helper cells (Tfh) and B cells are activated by PS vaccine 1 week postboost in the injection site draining lymph nodes
(dLN). (a) Tfh cells (CXCR5

+ BCL6+) of vaccinated mice quantified via flow cytometry as a percent of live CD4+ T cells. (b) Highly activated
ICOS+ Tfh cells quantified as percent of Tfh cells. (c) Germinal center B cells (CD38− GL7+) quantified as a percentage of total B cells (B220+

CD19+). (d) Plasmablasts (B220+ CD138+) quantified as a percentage of total dLN cells. (e) Germinal center B cells quantified as a percentage of
RBD-specific B cells. (f) Plasmablasts quantified as a percentage of RBD-specific dLN cells. (g,h) Concatenated flow cytometry contour plots for n
= 5 mice/group showing RBD-specific GC B cells (g) or plasmablasts (h). Data plotted as mean ± SD and represent 1 of 2 experiments with n = 5
mice each. Symbols represent individual mice. Comparisons to unadjuvanted RBDfree were made using one-way ANOVA with Dunn’s post-test.
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sites, we also measured plasma levels of RBD-specific IgA
antibodies.40,41 Although we did not expect high titers of
circulating IgA from an s.c. administered vaccine, there were
detectable anti-RBD IgA antibodies in all adjuvanted groups,
which were significantly higher than the background-level
responses elicited by unadjuvanted RBDfree (Figure S10).
We next aimed to determine whether the presence of RBD-

specific antibodies from the priming dose affects the drainage
of RBDsurf to the lymph nodes during the booster. To
accomplish this goal, we compared the accumulation of
fluorescently labeled RBDsurf in the lymph nodes of mice
that had been previously immunized with RBDsurf or saline in a
prime-boost schedule and had mean RBD-specific IgG AUCs
of 9.9 and 0.23, respectively. AF647-RBDsurf and MPLA PS
were injected s.c. in the hocks, and the brachial and popliteal
draining lymph nodes were collected and fluorescently imaged
24 h later (Figure S11a). There was no significant difference in
the total radiant efficiency of the lymph nodes between the
preimmunized and saline control groups, indicating that the
presence of antibodies does not substantially affect PS
accumulation in the lymph nodes at this time point (Figure
S11b).
Next, to determine if the higher antibody responses of

adjuvanted groups stemmed from an expanded number of
RBD-specific antibody secreting cells (ASCs), we performed
an ex vivo RBD enzyme-linked immunosorbent spot (ELISpot)
assay with splenocytes harvested 1 week postboost. All groups
receiving adjuvanted RBD showed significantly higher RBD-
specific IgG+ ASCs compared to unadjuvanted RBDfree,
consistent with plasma antibody levels (Figure 2e,f).
Finally, we evaluated the kinetics and durability of the

humoral response to demonstrate the persistence of elicited
antibodies (Figure 2g). The RBD-specific IgG AUC for all
adjuvanted groups increased until 1 week postboost (week 4)
and then remained constant over the subsequent 12 weeks,
indicating that the antibody responses stimulated by these
vaccine formulations persist for at least 4 months in mice after
the initial dose. The results of this later experiment correlate
with the two experiments performed according to the timeline
in Figure 2a, suggesting that not only are the PS stable upon
storage at 4 °C but also maintain their activity. Specifically, our
data suggest RBDsurf, RBDencap, and MPLA PS remain active
for at least 4, 6, and 10 months, respectively. Taken together,
MPLA PS-adjuvanted RBDsurf, RBDencap, and RBDfree all
stimulated persistent anti-RBD antibodies with increased
frequencies of splenic RBD-specific ASCs while maintaining
their activity upon storage at 4 °C for extended durations.
RBD-Surface-Decorated Polymersomes, but Not RBD-

Encapsulated Polymersomes, Induce Neutralizing Anti-
bodies. After analyzing the quantity of RBD-specific antibod-
ies produced by the vaccine candidates, we next sought to
determine their neutralizing capacity and breadth of epitope
recognition. Neutralizing antibodies were assessed against
SARS-CoV-2 infection of Vero E6 cells in vitro. Although all
adjuvanted groups elicited similarly high titers of RBD-binding
IgG antibodies (105−107, Figure S12a), only RBDsurf
neutralized the virus to a greater extent than unadjuvanted
RBDfree at a plasma dilution of 10−2.11 (lower limit of
quantification, Figure 3a). We then quantified the virus
neutralization titer (VNT) as the dilution at which 50% of
SARS-CoV-2-mediated cell death is neutralized. There was no
significant difference between VNTs of human convalescent
plasma and RBDsurf plasma, and both groups induced higher

VNTs compared to unadjuvanted RBDfree (Figure 3b).
Furthermore, the median VNT elicited by RBDsurf was 2.45,
which falls within the FDA classification of “high titer” for
convalescent plasma therapy (>2.40).42 To ensure reproduci-
bility, the neutralization assay was repeated with 3 different
cohorts of n = 5 mice each, and no significant differences were
observed between the resulting VNTs (Figure S12b).
We next aimed to determine whether differences in

neutralizing ability resulted from the epitope recognition
breadth elicited by each vaccine formulation. To test this, we
mapped the epitopes recognized by vaccine-elicited antibodies
using a linear peptide array from the full-length RBD sequence.
While IgG antibodies elicited by RBDsurf primarily recognized
linear epitopes concentrated within the receptor-binding motif
of RBD (RBM; aa 438−508), RBDencap and RBDfree + MPLA
PS exhibited broader linear epitope diversity (Figures 3c,d and
S13). Within RBD, the RBM is particularly critical for
interacting with ACE-2, so antibodies specific for this region
may have potent neutralizing potential.43,44

Because RBDsurf appeared to offer the advantage of
improved neutralizing activity while RBDencap offered epitope
diversity, we asked if coadministration would synergize to
further enhance protection. To test this, we mixed RBDsurf and
RBDencap (with the total RBD dose remaining constant) with
MPLA PS and treated mice using the same vaccination
schedule. As an additional control, we also investigated the
humoral response of RBDfree adjuvanted with free MPLA.
While both groups produced high RBD-specific IgG AUCs,
neither exhibited neutralizing potential against the SARS-CoV-
2 virus above background levels (Figure S14a,b). Analysis of
the peptide arrays for these groups shows the presence of high-
intensity-binding antibodies outside of the RBM (Figure
S14c).
In summary, while all adjuvanted groups elicit high titers of

RBD-specific antibodies, only RBDsurf generated neutralizing
antibodies against SARS-CoV-2 at titers comparable to human
convalescent plasma. Additionally, these antibodies uniquely
bound to linear epitopes localized within the RBM, while all
other groups produced antibodies with greater epitope
breadth.

All Adjuvanted Formulations Increase Tfh and B Cell
Activation in the dLN. Given the differences in antibody
responses and neutralizing activity elicited by RBDsurf versus
RBDencap vaccination, we further investigated the phenotypes
of the B and T cells involved in the initiation of the humoral
immune response. All adjuvanted groups showed trends of
higher frequencies of T follicular helper cells (Tfh; CD4+

CXCR5+ BCL6+) in the injection site draining lymph nodes
(dLNs) 1 week postboost compared to unadjuvanted RBDfree
(Figures 4a and S15), although differences were only
statistically significant for RBDfree + MPLA PS. Interestingly,
a greater percentage of Tfh cells in all adjuvanted groups highly
upregulated expression of ICOS, a costimulatory receptor
important in Tfh activation and maintenance (Figure 4b).45

Following activation by Tfh cells, naiv̈e B cells can either
undergo a germinal center (GC)-dependent response, in which
they become GC B cells and undergo cycles of class-switching
and somatic hypermutation (SHM) before differentiation into
long-lived plasma cells and class-switched memory B cells, or
they can differentiate into short-lived plasmablasts or IgM
memory cells in a GC-independent response.46 A stronger GC
response is valuable in vaccination, because it results in higher
affinity and longer-lived antibody production.47 Overall
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Figure 5. Vaccination with polymersome-formulated RBD improves antigen-specific T cell responses in mice. Cells isolated from dLN of PS-
vaccinated mice 1 week postboost were restimulated ex vivo for 6 h with RBD peptide pools or 3 days with full RBD protein and analyzed by flow
cytometry or multiplexed ELISA, respectively. (a,b) Percentages of cytokine-positive CD8+ T cells (a) and CD4+ T cells (b) in response to RBD
peptide pools, subtracting unstimulated controls. (c) Proinflammatory cytokine levels in the supernatant measured after restimulation with whole
RBD protein. Data plotted as mean ± SD and represent 1 of 2 experiments with n = 5 mice each. Symbols represent individual mice. Comparisons
to unadjuvanted RBDfree were made using one-way ANOVA with Dunn’s post-test.
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frequencies of B cells (CD19+ B220+) were unaffected across
groups, but there were significantly lower frequencies of naiv̈e
IgD+ B cells in the adjuvanted groups compared to
unadjuvanted RBDfree (Figures S16 and S17). All adjuvanted
groups generated GC responses, characterized by increased
frequencies of GC B cells (CD38− GL7+) in the dLN
compared to unadjuvanted RBDfree (Figure 4c). Both RBDencap
and RBDfree + MPLA PS formulations, but not RBDsurf,
significantly increased the frequencies of plasmablasts (B220+

CD138+) in the dLN compared to unadjuvanted RBDfree
(Figure 4d).
To determine the antigen specificity of the B cells, we

developed a set of fluorescent RBD protein tetrameric probes.
To ensure selectivity, B cells were considered RBD-specific if
they were double-positive for both PE- and APC-conjugated
RBD tetramers and negative for the nonspecific control protein
tetramer (Figure S18). RBDfree + MPLA PS was the only
formulation to significantly increase the frequency of RBD-
specific B cells in the dLN (Figure S19). We next sought to
further determine the phenotype of these RBD-specific B cells.
RBDsurf, unlike the other adjuvanted formulations, led to a
significantly higher fraction of RBD-specific B cells with GC B
cell phenotype, suggesting a more robust GC response to RBD
(Figure 4e). RBDsurf was also the only formulation with a
significantly lower fraction of plasmablasts within the RBD-
specific B cell subset compared to unadjuvanted RBDfree
(Figure 4f). These differences are also visually apparent in
pooled flow cytometry plots for RBD-specific GC B cells
(Figure 4g) and plasmablasts (Figure 4h). In summary, all
adjuvanted formulations of RBD increased activation of Tfh
cells and GC B cells in the dLN, but within the RBD-specific B
cell population, only RBDsurf generated a higher fraction of GC
B cells and a lower fraction of plasmablasts.
Vaccination with Polymersome-Formulated RBD

Generates RBD-Specific Th1 T Cell Responses. Having
demonstrated that our PS vaccines can generate strong
humoral responses, we next sought to determine their capacity
to generate robust CD8+ and CD4+ T cell immunity. In order
to assess the RBD-specific T cell response, we isolated cells
from the dLNs of vaccinated mice 1 week postboost. Prior to
intracellular staining, cells were restimulated with RBD peptide
pools for 6 h. The RBD-specific response was quantified by
subtracting the signal from cells incubated in media alone from
those incubated with RBD peptide pools (Figure S20). Only
PS-formulated RBD groups RBDsurf and RBDencap generated
significantly higher frequencies of IFNγ+, bifunctional
IFNγ+TNFα+, and IL-2+ CD8+ T cells compared to
unadjuvanted RBDfree (Figure 5a). Similar trends were seen
in the CD4+ T cell compartment. Treatment with RBDsurf and
RBDencap but not RBDfree + MPLA PS led to significantly
higher frequencies of IFNγ+ and IL-2+ CD4+ T cells, although
the increase in bifunctional IFN γ+TNFα+ was not statistically
significant (Figure 5b). The production of these cytokines
implies a Th1 T cell response, which has been correlated with
less severe cases of SARS-CoV infection.21

For further validation of the cytokine response, cells from
the dLN isolated from the same vaccinated mice were
restimulated with full RBD protein ex vivo for 3 days, followed
by quantification of cytokines in the supernatant. The RBD-
specific response was quantified by subtracting unstimulated
signal from stimulated signal as above. The levels of Th1-type
cytokines detected were consistent with intracellular staining
data. Levels of IFNγ and IL-2 were modestly but not

significantly increased in the RBDsurf and RBDencap groups
compared to the RBDfree group, while cells from RBDencap-
treated mice secreted TNFα at significantly higher levels than
unadjuvanted RBDfree (Figure 5c). RBDencap also led to
increased production of IL-6 and IL-10, which are pleiotropic
cytokines known to be secreted during Th1 responses (Figure
5c).48,49 Levels of secreted Th2-type cytokines were also
measured. More IL-4 was produced in the supernatant of
samples treated with RBDsurf and RBDencap compared to
RBDfree, albeit at an overall low concentration. There was no
significant elevation of IL-5 secretion across any of the
treatment groups compared to the saline control and no
detectable levels of IL-13 in any sample (Figure S21). In
summary, vaccination with RBD delivered via polymersome
formulations generated stronger RBD-specific Th1-type CD8+

and CD4+ T cell responses than unadjuvanted RBDfree, while
RBDfree + MPLA PS did not.

■ DISCUSSION
In this study, we developed antigen-decorated, oxidation-
sensitive polymersomes that mimic virus particles as next-
generation nanovaccines. While all adjuvanted formulations
generated long-lived RBD-binding IgG responses, surface
conjugation of antigen was necessary to generate neutralizing
antibodies against SARS-CoV-2. More generally, this compar-
ison of antigen formulation on the quality of immune response
offers valuable insight into vaccine design, demonstrating the
benefits of surface antigen display.
The differences in the immune responses elicited by the two

PS antigen formulations, RBDsurf and RBDencap, suggest that
surface display of antigen leads to stronger GC responses,
while PS-encapsulated antigen elicits more predominantly an
extrafollicular response. Though RBD-specific GC B cells are
present in the dLN after treatment with both formulations, a
much higher percentage of the RBD-specific B cells recovered
after vaccination with RBDsurf exhibited a GC B cell phenotype.
This higher percentage could be due to the induction of higher
numbers of RBD-specific GC B cells after vaccination with
RBDsurf or an increase in their affinity, leading to easier
detection via RBD protein tetramer staining. Both possibilities
suggest a more robust GC response, as GC responses are
necessary for an efficient SHM leading to increased B cell
affinity.50 Evidence for affinity maturation due to SHM also
includes the relatively few epitopes on the RBD linear peptide
array to which IgG from RBDsurf-treated groups were specific
compared to the other adjuvanted groups. Clonal bursts in GC
responses can lead to rapid expansion of high-affinity SHM
variants and loss of overall clonal diversity.51 A difference in
the affinity of RBD-specific IgG generated by these vaccines
may also explain the neutralization ability of the plasma after
vaccination with RBDsurf but not RBDencap. An interesting
finding is that when RBDsurf and RBDencap were codelivered,
the resulting antibodies recognized a greater diversity of
epitopes compared to RBDsurf alone and were also non-
neutralizing. These data suggest that in the context of PS
vaccines, epitope breadth and neutralization capacity may be
mutually exclusive. Therefore, the decision of encapsulating
antigen versus displaying it on the PS surface should be
determined based on vaccine design criteria.
Further data that suggest that RBDencap elicits a more

extrafollicular response include the fast initial antibody
response after priming by RBDencap, which resulted in RBD-
specific IgG AUC 1 week after the priming dose that was

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00596
ACS Cent. Sci. 2021, 7, 1368−1380

1375

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00596/suppl_file/oc1c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00596/suppl_file/oc1c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00596/suppl_file/oc1c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00596/suppl_file/oc1c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00596/suppl_file/oc1c00596_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly higher than that of RBDsurf. In an extrafollicular B
cell response, B cells can differentiate immediately into
plasmablasts and begin secreting antibodies after initial T cell
help, whereas B cells that enter GCs delay the antibody
response by several days.46 The preferential differentiation into
plasmablasts rather than GC B cells was also evident in the
increased fraction of plasmablasts within the RBD-specific B
cell population generated by RBDencap. In vaccine develop-
ment, the generation of robust GC reactions is typically
preferable to extrafollicular responses, because GC formation
usually results in higher affinity B cells, increased memory B
cells, and increased long-lived plasma cells in the bone
marrow.46

A potential rationale for these differences could be due to
the multivalent display of RBD on RBDsurf. Multimeric
structures have been associated with the induction of potent
antibody responses due to BCR cross-linking in the presence of
CD4+ T cell help.52 In our studies, RBDsurf most likely
efficiently exposes for the BCR interaction the conformational
epitopes of RBD reported to be targeted by neutralizing
antibodies in plasma of convalescent or vaccinated individu-
als.7−10 Furthermore, increased antigen valency has been
shown to enhance early activation and proliferation of antigen-
specific B cells as well as B cell accumulation at the T-B border,
leading to increased differentiation of antigen-specific B cells
into GC B cells and plasma cells.53 Thus, the multimerization
of RBD on the PS surface in addition to its increased
availability to B cells led to an improved functional quality of
humoral response compared to encapsulated or unformulated
RBD.
The different formulations of RBD polymersomes likely

access the follicular B cells via different mechanisms. In order
for B cells to encounter their cognate antigen within the
follicle, the antigen must first enter the subcapsular sinus of the
lymph node and cross the subcapsular sinus barrier into the
follicles. Particles 20−200 nm have been shown to gain ready
access to lymphatics;54 thus, both RBDsurf and RBDencap
particles likely enter into the draining lymph node with the
afferent lymph into the subcapsular sinus after s.c. injection.
Increased antigen exposure to B cells upon vaccination with
RBDsurf may be due to protease activity in the sinus, which
could cleave the surface-conjugated RBD from the larger
particles, allowing the smaller proteins to diffuse into the
follicular space, while the encapsulated RBD remains in the
particle, which is too large to diffuse.55 Alternatively, the PS
may be taken up by the subcapsular sinus macrophages. These
macrophages are nondegradative phagocytes and have been
shown to uptake full particulate antigens and subsequently
present them to B cells on the follicular side of the subcapsular
sinus.56 Presentation of antigen via subcapsular sinus macro-
phages is known to be increased for opsonized antigens via
binding to complement receptor 3 and Fc receptor IIb.57

Immune-complex formation on RBDsurf upon a boost due to
circulating RBD-specific antibodies could explain an increase in
GC responses compared to RBDencap, which does not have
exposed RBD-specific antibody epitopes. Cognate B cells in
the follicle that encounter RBDsurf may become activated at the
follicular border, avoiding the need to be trafficked into the B
cell follicles.58 RBDencap particles, on the other hand, shield
encapsulated RBD from B cell recognition and thus rely on
uptake and degradation in APCs.
The type of immune response to SARS-CoV-2 may have

important implications in how the infection is cleared and

should be considered in vaccine design.21 Less severe cases of
SARS-CoV were associated with increased Th1-type cell
responses.59,60 In contrast, Th2-type responses were associated
with increased pathology due to antibody-dependent enhance-
ment, and several vaccine formulations against SARS-CoV
showed signs of immunopathology due to Th2 cell-mediated
eosinophil infiltration.61,62 For our vaccine formulations,
RBDencap generated a IgG2b/IgG1 ratio around 1, suggesting
a balance between type 1 and type 2 immunity, whereas
RBDsurf generated a response with a slight IgG1 bias, suggestive
of a more Th2-skewed response. The IgG2b/IgG1 ratio of
RBDsurf is comparable to the IgG2a/c/IgG1 ratio reported for
the mRNA-1273 SARS-CoV-2 vaccine although the mouse
strain is different.63 Additionally, the BNT162b mRNA vaccine
elicited large numbers of IgG1+ B cells in the spleen and LN of
vaccinated mice.64 Both of these mRNA vaccines elicit strong
Th1 cytokine responses in addition to the production of IgG1
antibodies. Similarly, both RBDsurf and RBDencap generated
significant levels of the Th1-type cytokines IFNγ, TNFα, and
IL-2, likely resulting from the use of MPLA as an adjuvant.65

RBDsurf did not result in an increase in Th2-type cytokines
upon restimulation compared to RBDencap. Therefore, we
conclude that RBDsurf promotes a balanced Th1/Th2 response,
and the risk of adverse events related to Th2-type responses is
low.
The PS-formulated RBD vaccines were able to generate

stronger Th1-driven CD4+ and CD8+ T cell responses
compared to RBDfree. We previously demonstrated that as an
antigen delivery vehicle, PEG−PPS polymersomes improved
cross-presentation to CD8+ T cells.33 This increased T cell
response likely occurs as a result of both enhanced APC
targeting and rapid endosomal antigen release.33 APCs uptake
membrane-impermeable nanocarriers such as PS more
efficiently than other cell types due to their constitutive
macropinocytosis.66 Once endocytosed, PEG−PPS polymer-
somes require only a small amount of oxidation to release
encapsulated antigen, and payload delivery to the cytosol is not
restricted to endosomal compartments with reductive or acidic
conditions.33 Unlike antigen-encapsulated PS, however, acid-
ification may be important for proteolytic degradation of
RBDsurf and translocation to the cytosol.67,68 Additionally,
peptides derived from large antigen particles have been found
to enter the cross-presentation pathways more efficiently than
those derived from soluble antigens, which may provide
rationale for the enhanced CD8+ response of RBDsurf.

69

Therefore, antigen formulation using PS to improve T cell
responses could be beneficial in the engineering of future
vaccines against cancer or other infectious diseases for which T
cell immune responses are thought to be necessary for
protection, such as herpesviruses, human immunodeficiency
virus, and hepatitis C virus.70

In summary, we have demonstrated that a polymersome-
based antigen and adjuvant delivery system generates robust
humoral immunity and neutralizing antibody titers as well as T
cell responses against a key SARS-CoV-2 vaccine target, the
RBD of the spike protein. This platform technology is
amenable to a wide variety of antigens and formulated or
soluble adjuvants. Once the type and dose of adjuvant has been
optimized for a given application, a single particle could be
used to deliver both antigen and adjuvant to APCs in the
injection site draining lymph nodes. Additionally, multiple
antigens, for example from different viruses or different strains
or variants of the same virus, could be conjugated to the same
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particle as a strategy to induce cross-reactive neutralizing
antibodies.20 Importantly, surface-decorated and antigen-
encapsulated polymersomes remained stable and active at 4
°C for at least 6 and 4 months, respectively. Vaccines that
exhibit long-term stability without requiring subzero temper-
atures will likely be important for widespread vaccine
distribution, for example to rural populations or developing
nations with poor cold chain networks. The evaluation of
RBD-decorated polymersomes presented here could thus
provide insight into the next generation of stable formulations
of nanovaccines to combat the current COVID-19 pandemic
as well as future viral outbreaks.
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