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ABSTRACT: Multiple successful vaccines against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are urgently needed to address the ongoing coronavirus
disease 2019 (Covid-19) pandemic. In the present work, we describe a subunit vaccine
based on the SARS-CoV-2 spike protein coadministered with CpG adjuvant. To enhance
the immunogenicity of our formulation, both antigen and adjuvant were encapsulated
with our proprietary artificial cell membrane (ACM) polymersome technology.
Structurally, ACM polymersomes are self-assembling nanoscale vesicles made up of an
amphiphilic block copolymer comprising poly(butadiene)-b-poly(ethylene glycol) and a
cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane. Functionally, ACM polymer-
somes serve as delivery vehicles that are efficiently taken up by dendritic cells (DC1 and
DC2), which are key initiators of the adaptive immune response. Two doses of our
formulation elicit robust neutralizing antibody titers in C57BL/6 mice that persist at
least 40 days. Furthermore, we confirm the presence of functional memory CD4+ and
CD8+ T cells that produce T helper type 1 cytokines. This study is an important step
toward the development of an efficacious vaccine in humans.
KEYWORDS: ACM, polymersome, Covid-19, spike, vaccine, neutralizing antibody

Vaccines are an integral part of the global healthcare
strategy and have played a decisive role in eliminating or
controlling numerous infectious diseases. Since Covid-

19 emerged as a pandemic, rapid development of a vaccine has
become a paramount focus across the globe. The etiological
agent, SARS-CoV-2, is capable of efficient human-to-human
transmission,1−3 with ∼20% of patients exhibiting severe
(respiratory distress) to critical (respiratory failure, septic
shock, and/or multiorgan failure) symptoms.4 SARS-CoV-2
belongs to the genus Betacoronavirus within the family
Coronaviridae.5 Each virion consists of a nucleocapsid
protein-encapsulated single-stranded genomic ribonucleic acid
(RNA), surrounded by a lipid bilayer into which spike,
membrane, and envelope proteins are incorporated.6 Trimers
of spike protein form spike-like projections from the virus
exterior surface and are key to host−virus interaction. The spike
protein, which consists of subunits S1 and S2, enables viral entry
into the host cell through the interaction of the receptor-binding
domain (RBD; situated within the S1 subunit) with the
angiotensin-converting enzyme 2 (ACE2) receptor of the host
cell membrane. This stimulates cleavage at the S1−S2 junction

by host cell proteases and induces significant structural
rearrangement that exposes the hydrophobic fusion peptide,
thus permitting the merging of viral and host cell membranes
leading to viral entry.7 The spike protein is immunogenic and
the target of antibodies as well as T cells, particularly CD4+ T
cells.8−10 Therefore, it has emerged as the key target for subunit
vaccines of various modalities.
Meeting the global demand for a Covid-19 vaccine using

traditional approaches of inactivated or live attenuated virus is
challenging due to the requirement for a biosafety level 3 (BSL3)
facility to handle SARS-CoV-2. Subunit vaccines based on the
spike protein eliminate the need for handling live virus and are
key to addressing the global demand challenge. Advances in
structural biology and development of specialized carriers for
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respective cargoes (including messenger ribonucleic acid
[mRNA] and protein), coupled with the rapid dissemination
of the SARS-CoV-2 genomic sequence, have greatly accelerated
the development of subunit vaccines. By July 2021, there were

18 vaccines approved for emergency use by at least one
regulatory authority.11 Nevertheless, some of the leading vaccine
candidates do possess significant limitations. Adenoviral vectors
could trigger antivector responses that may reduce the efficacy of

Figure 1. Preparation of ACM Covid-19 vaccine. (a) Schematic illustration of ACM-vaccine preparation. (b) Schematic of the spike protein
variants used in this study. NTD: N-terminal domain. RBD: receptor-binding domain. FP: fusion peptide. TM: transmembrane. (c) SYPRO
Ruby total protein stain. Lane L: Precision Plus Protein Standards (Bio-Rad). Lane 1: S2. Lane 2: trimer. Lane 3: S1S2. (d) Western blot
showing antibody-reactive S1S2 bands, indicated by *. (e) ACE2-binding curves of trimer, S2, and S1S2 proteins. (f) Dynamic light scattering
(DLS) measurements of ACM-antigens (ACM-trimer, ACM-S2, and ACM-S1S2) and ACM-CpG. (g−i) Cryo-EM images of ACM-S1S2, ACM-
CpG, and amixture of ACM-S1S2 +ACM-CpG illustrate the vesicular architecture with an average diameter of 158± 25 nm (scale bar 200 nm).
Insers (lower left of each image) are magnifications of the bilayer membrane of vesicles at regions indicated by white arrows. Areas highlighted
by a yellow star are lacy carbon. (j) ACE2-binding activity of encapsulated S1S2 on day 1 and after 20 weeks of storage at 4 °C. S1S2 was released
via Triton-X 100 lysis of ACM vesicles. (k) In vitro cytotoxicity assay. HEK293T cells were seeded in triplicates in a 96-well plate at a density of
40 000 per well and incubated with 37.5 μg/mL of each of the following: free S1S2, free CpG, ACM-S1S2, ACM-CpG, and ACM-S1S2 + ACM-
CpG. Cell viability was determined using the MTT assay against medium-only control wells.
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subsequent administrations.12 mRNA vaccines formulated in
lipid nanoparticles have enabled a swift response to the Covid-
19 pandemic but issues of stability (currently mitigated by an
ultracold chain to preserve mRNA integrity) and cost pose a
major hurdle for effective and equitable distribution of such
vaccines.13

Advancement in nanotechnology can potentially contribute
to the development of a safe, cost-effective, and scalable vaccine
platform, thus addressing some of the issues with the current
Covid-19 vaccine candidates. Amphiphilic block copolymer self-
assembly offers a straightforward, scalable route to well-defined
nanoscale vesicles. By controlling the ratio of the different
constituent blocks, self-assembly can be tailored to access
different nanostructures, including polymersomes. The ability to
compartmentalize antigens and adjuvants in the aqueous
compartment of polymersomes renders them very attractive
for vaccine application.14 Compared to liposomes, polymer-
somes have the advantage of tuning membrane thickness and
property.15 Owing to their relatively long hydrophobic seg-
ments,16,17 polymersomes possess enhanced stability without
the need for additional stabilization strategies such as cross-
linking chemistries.18 Despite their tremendous potential, only a
few reports are available employing polymersomes as a carrier
for vaccine application.19−21 Nevertheless, these limited studies
clearly demonstrate that antigen-loaded polymersomes can
target dendritic cells (DCs), the most efficient of antigen-
presenting cells. Moreover, many polymersome attributes, such
as size and surface properties, can be customized17 to modulate
their specific uptake by DCs, hence rendering polymersomes as
an ideal platform for the delivery of subunit vaccines.
In the present work, we describe the development of a subunit

vaccine based on the spike protein of SARS-CoV-2, coadminis-
tered with CpG adjuvant. We can encapsulate different classes of
biomolecules (i.e., deoxyribonucleic acid[DNA] and protein)
within our proprietary artificial cell membrane (ACM) polymer-
somes to produce coherent and immunogenic particles, thus
demonstrating the flexibility of this technology. Structurally,
ACM polymersomes are self-assembling vesicles made of an
amphiphilic block copolymer comprising poly(butadiene)-b-
poly(ethylene glycol) (PBD-b-PEO) and a cationic lipid, 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP).22 We
show here that, functionally, ACM polymersomes serve as
delivery vehicles, which are efficiently taken up by DC1 and
DC2, which are key initiators of the adaptive immune response.
We further investigate the immunological effect of ACM
polymersomes on different SARS-CoV-2 spike proteins, namely,
the ectodomain of the spike protein, the S2 domain only, and a
trimeric spike protein. Altogether, we show that our vaccine
formulation possesses strong immunogenicity and can elicit
robust and durable humoral and cellular immunity against
SARS-CoV-2 in C57BL/6 mice that persist for at least 40 days.

RESULTS AND DISCUSSION
Spike Protein Purification and Encapsulation in ACM

Polymersomes. The SARS-CoV-2 spike protein is immuno-
genic and targeted by T cells and strongly neutralizing
antibodies,8−10 making it a highly attractive subunit vaccine
target. On the basis of previous work with various viral and
cancer antigens (data not shown), we established that
immunogenicity of a protein could be significantly improved
through encapsulation within ACM polymersomes. Moreover, a
further increase in the immune response could be achieved via
coadministration of an appropriate adjuvant, such as the Toll-

like receptor 9 (TLR9) agonist CpG. Therefore, our present
approach involved the encapsulation of both the spike protein
and the CpG adjuvant for coadministration (Figure 1a).
Given the natural configuration of the SARS-CoV-2 spike as a

trimer, immunizing with a trimeric spike would be expected to
generate conformationally relevant antibodies. The caveat of
this approach was the requirement for a trimerization domain,
typically the T4 fibritin sequence,23 which had no regulatory
precedence and may be met with substantial hurdles prior to
approval. Moreover, the use of native trimeric spike protein
requires an extensive purification protocol to isolate it from the
host cells.24,25 The selection of a full-length spike monomer as
the vaccine candidate, rather than the S1 domain alone, was
based on available evidence suggesting that a broader immune
response could be elicited by the full-length protein. S1 was an
obvious candidate since the RBD and N-terminal domain
(NTD) were targeted by many human neutralizing antibod-
ies.26−29 Nevertheless, a linear neutralizing epitope was
identified in the fusion peptide of the S2 domain.30 At the
same time, the potential importance of T cells should not be
overlooked, given that some convalescent patients could mount
a robust T cell response despite the absence of antibodies.31

Human T cell epitopes have been mapped to both S1 and S2
domains of the spike protein.32 In view of the existing
immunogenicity data, we considered it prudent to select the
ectodomain (S1S2) of the spike protein instead of S1 alone.
To generate the spike protein, we engineered T.ni cells to

express a spike variant that retained S1 and S2 domains but
excluded the hydrophobic transmembrane domain (hereby
referred to as “S1S2”; Figure 1b), thereby improving protein
solubility. In addition, we purchased an S2 fragment and a
trimeric spike protein (Figure 1b) from commercial vendors to
serve as controls for the subsequent immunogenicity study. S2
was ideal as a negative control since it lacked strongly
neutralizing epitopes, whereas trimeric spike was used as a
positive control given that it best represented the natural
configuration of this viral protein.
The three spike variants were analyzed by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by SYPRO Ruby staining (Figure 1c) and Western blot
using mouse immune serum raised against a recombinant SARS-
CoV-2 spike protein purchased from Sino Biological (Figure
1d). Total protein staining using SYPRO dye showed the S1S2
protein to consist of several bands, including two closely
migrating major bands at the 150 kDa position, as well as two
smaller bands at 75 and 50 kDa (Figure 1c). All four bands were
recognized by spike-specific antibodies in Western blot (Figure
1d), confirming that they were all or parts of the spike protein.
Among the two bands at the 150 kDa position, the heavier one
corresponded to a highly glycosylated full-length spike protein,
whereas the lighter one was presumed to have a lighter
glycosylation profile. The remaining two Western blot-reactive
bands were likely truncations of the full-length protein. The
purity of our S1S2 protein was determined to be 77.0% by
densitometry, and the concentration was 365 μg/mL by
comparing against bovine serum albumin (BSA) standards.
Interestingly, analytical size exclusion chromatography data
indicated that our S1S2 protein could form higher order
structures (311 kDa; Supplementary Figure 1). This was larger
than an expected monomer (180 kDa33) and may suggest the
presence of oligomers despite the absence of a trimerization
domain. Functionally, our S1S2 protein bound ACE2 strongly
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with an EC50 value of 139.6 ng/mL (Figure 1e) although its
avidity was lower compared to the trimeric spike.
Taken together, our data suggest a correctly folded spike

protein that presents a functional RBD. Adopting the correct
conformation is fundamentally important from an immunization
standpoint since potently neutralizing antibodies typically target
the RBD,9 although other regions of the spike protein have also
been reported.8,9,30 In the scenario where vaccination is done
using an incorrectly folded protein, induction of a high ratio of
binding to neutralizing antibody is expected and may predispose
the individual to antibody-dependent enhancement (ADE) or
vaccine-associated enhanced respiratory disease (VAERD)
during actual infection.34 ADE describes a scenario in which
binding but non-neutralizing antibodies facilitate viral entry into
cells bearing Fcγ receptors, notably cells of the myeloid lineage,
resulting in increased viral load and disease severity.35 With
regard to VAERD, this refers to a situation wherein high levels of
non-neutralizing antibodies cause excessive immune complex
deposition, complement activation, and, ultimately, airway
inflammation.36,37 Although both phenomena remain theoreti-
cal possibilities in the context of Covid-19, they still argue
strongly for a conformationally correct spike protein to enhance
vaccine safety and efficacy.
ACM polymersomes are self-assembled from an amphiphilic

block copolymer comprising PBD-b-PEO and the cationic lipid
DOTAP.22 When amphiphilic block copolymers encounter
water, they undergo self-assembly into a thermodynamically
stable bilayer conformation placing the PBD block on the inside
to minimize the water interaction, whereas the water-soluble
PEG block is surface-exposed. During the self-assembly process,
solutes are entrapped in the vesicular cavity. DOTAP, or other
charged lipids, can be used to increase electrostatic interactions
to enhance encapsulation of negatively charged molecules, such
as antigens and adjuvants. In this work, viral antigens (spike
trimer, S2, and S1S2 protein) and CpG adjuvant were separately
encapsulated in individual vesicles as ACM-trimer, ACM-S2,
ACM-S1S2, and ACM-CpG, respectively. Vesicles were
extruded to within a 100−200 nm diameter range followed by
dialysis to remove the solvent, nonencapsulated antigens, and
adjuvant. The final vaccine formulation was a 50:50 v/v mixture
of ACM-S1S2 and ACM-CpG prior to administration. All
samples tested negative for endotoxin using the colorimetric
HEK Blue cell-based assay (Supplementary Figure 2).
The sizes and morphologies of ACM-antigen and ACM-CpG

were assessed by dynamic light scattering (DLS) and cryogenic-
transmission electron microscopy (cryo-TEM), respectively.
Overall, the sizes of ACM polymersomes followed a unimodal
intensity-weighted distribution with a mean z-average hydro-
dynamic diameter of 158 ± 25 nm (Figure 1f). The sizes of the
different ACM-antigen preparations were comparable: ACM-
trimer, 133 nm (polydispersity index [PDI] 0.192); ACM-S1S2,
139 nm (PDI 0.181); and ACM-S2, 143 nm (PDI 0.178). ACM-
CpG, on the other hand, was slightly larger at 183 nm (PDI
0.085). The final vaccine formulation (ACM-S1S2 + ACM-
CpG) showed a size distribution comparable with those of
individual vesicles (Figure 1f). Electron micrographs revealed a
vesicular architecture (Figure 1g−i). From line profile measure-
ments, the bilayer thicknesses of ACM-S1S2, ACM-CpG, and
ACM-S1S2 + ACM-CpG were estimated to be 9.0± 0.8, 10.3±
1.0, and 9.9± 1.1 nm, respectively. Compared to liposomes with
a bilayer thickness of 3−5 nm, ACM polymersomes had thicker
membranes (9−10 nm), which in turn had been shown to
impart better stability.17

To assess protein encapsulation within vesicles, ACM-antigen
particles were lysed with 2.5% nonionic surfactant Triton-X 100
and then characterized by SDS-PAGE alongside free protein
calibration standards. The concentrations of encapsulated
proteins were quantified by the densitometric method from
SDS-PAGE followed by SYPRO Ruby staining (Supplementary
Figure 3a−c). ACM polymers interacted with SYPRO stain to
generate a distinct smear at the bottom of the lane, and co-
localization of the protein band with this smear confirmed that
encapsulation had occurred. The amounts of encapsulated
trimer, S1S2, and S2 were determined to be 48, 46, and 25.7 μg/
mL, respectively, from 100 μg/mL starting concentrations. To
remove free protein that escaped encapsulation, all ACM
preparations were dialyzed. A parallel dialysis experiment with
free protein control was performed to determine the quantity of
free protein remaining in each ACM preparation. SYPRO
staining showed 19.8 μg/mL free trimer, 7.5 μg/mL free S1S2
protein, and 0 μg/mL free S2 remaining after dialysis from 100
μg/mL starting protein concentrations (Supplementary Figure
3a−c), indicating that the majority of the nonencapsulated
proteins were removed from ACM-S1S2 and ACM-S2
preparations, whereas close to 40% free protein remained with
the ACM-trimer sample. The lower efficiency of trimer removal
may be caused by its larger size relative to S1S2 or S2, thus
reducing its diffusion across the dialysis membrane. To quantify
the concentration of CpG encapsulated in ACM vesicles, the
DNA-binding dye SYBR Safe was used. Based on the 530 nm
fluorescent emission, the encapsulation of ACM-CpG was
determined to be 480 μg/mL at an efficiency of 60%.
To determine whether ACM encapsulation had inadvertently

impaired the structure and function of spike protein, S1S2
protein was released from vesicles through Triton-X 100 lysis,
and its activity assessed by the ACE2-binding assay. Compared
to the free protein with an EC50 of 139.6 ng/mL, ACM-S1S2
possessed an EC50 of 137.6 ng/mL (Figure 1j), indicating no
alteration to its function. Given the importance of shelf life and
product stability in the context of local and global distribution,
we performed a stability study on free S1S2 protein, ACM-S1S2,
free CpG, ACM-CpG, free S1S2 + free CpG, and ACM-S1S2 +
ACM-CpG at 4 and 37 °C. The initial observation showed a very
stable vesicle with no change of size and PDI of the ACM-S1S2
formulation, no degradation of S1S2 protein content, and
minimal loss of activity for up to 20 weeks at 4 °C measured by
DLS, SDS-PAGE followed by SYPRO staining (Supplementary
Figure 4a−c), and ACE2-binding assay (Figure 1j). However, an
accelerated stability study at 37 °C showed a decrease in protein
concentration for both free S1S2 and ACM-S1S2 after 1 week
(Supplementary Figure 5a), indicating proteolytic degradation
at elevated temperature. Unexpectedly, samples containing CpG
(either ACM-S1S2 + ACM-CpG or free S1S2 + free CpG)
exhibited reduced protein degradation. Further, only ACM-
S1S2 + ACM-CpG maintained its protein content for up to 28
days, whereas other formulations showed complete proteolysis
(Supplementary Figure 5a). It remained unclear how CpG was
able to maintain protein stability at 37 °C, although we
speculated that the negatively charged CpG may possibly
associate with proteases present as impurities in the S1S2
sample, thereby hindering proteolysis of S1S2 protein. In
contrast, the size and PDI of the ACM formulations remained
stable over the 28-day time course (Supplementary Figure 5b,c).
DOTAP-based nanoparticles are generally cytotoxic owing to

the cationic nature of the lipid.38 Although, we had only 30 mM
of DOTAP in our polymersomes, we wanted to investigate
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potential toxicity issues with our vaccine formulation. We
incubated the human embryonic kidney 293T (HEK293T) cell
line, frequently used for cytoxicity assessment,39,40 with ACM-
S1S2 and ACM-CpG individually or in combination and
determined cell viability using the MTT assay (Figure 1k).
Antigen or adjuvant was normalized to a concentration of 37.5
μg/mL, which represented the highest possible amount of
material that we could apply to the assay, after considering
encapsulation efficiency and assay dilution. Free S1S2 and free
CpG each induced a slight drop of approximately 25% in
viability. ACM-S1S2 also induced a similar loss of viability,
whereas ACM-CpG did not impair viability. In combination,
ACM-S1S2 and ACM-CpG also did not impair viability of
HEK293T. Altogether, the data suggested that the ACM-S1S2 +
ACM-CpG formulation was not cytotoxic at the concentration
of 37.5 μg/mL. To further investigate potential safety issues with
our vaccine formulation, preclinical animal toxicity analysis is
currently ongoing.
In summary, we have expressed and purified functional SARS-

CoV-2 spike (“S1S2”) protein from T.ni cells that bound ACE2
with high avidity. This suggested a correctly folded protein,
which was necessary for the induction of neutralizing antibodies.
The protein and CpG adjuvant were separately encapsulated in
ACM-polymersomes for the purpose of coadministration in our
final vaccine formulation. Based on an in vitro cytotoxicity assay,
our formulation was nontoxic at the concentration of 37.5 μg/
mL. In stability tests, the ACM-encapsulated S1S2 protein
quickly degraded at 37 °C but remained intact and functional for
at least 20 weeks at 4 °C. With proper temperature control at 4
°C during storage, transport, and distribution, our ACM-S1S2
formulation would be expected to maintain functionality for
prolonged periods.

ACMs Are Efficiently Taken up by DCs. To gain long-
lasting immunity against viruses, such as SARS-CoV-2, the initial
induction of an efficient immune response is crucial. DCs, which
can be roughly divided into XCR1/CD8/CD103+CD11b−

classical DC1 and CD11b+XCR1/CD8/CD103− classical
DC2,41,42 are cells of the innate immune system highly
specialized in priming and activation of naiv̈e CD8+ T cells
and CD4+ T cells. Following the uptake of foreign antigens, DCs
process and present them to naiv̈e CD8+ T cells or CD4+ T cells
via their MHC-I or MHC-II complexes, resulting in antigen-
specific cytotoxic and helper T cell responses, respectively.42,43

To analyze the capacity of DCs to take up ACM polymer-
somes, mice were injected subcutaneously (SC) with either
phosphate-buffered saline (PBS) or the nontoxic dye Rhod-
amine conjugated to the polymer of ACM vesicles. At 1 to 6 days
postinjection, expression of Rhodamine by DCs in the skin and
skin-draining lymph nodes (LNs) was examined by flow
cytometry. Both DC1 and DC2 could efficiently take up
ACM-Rhodamine, as evidenced by the high Rhodamine signals
recorded in both cell types (Figure 2a). However, DC2 in the
skin seemed to be more potent in ACM-Rhodamine uptake over
time as compared to DC1, with around 80−90% of DC2
remaining Rhodamine+ on days 1 to 3 postinjection compared
to around 70% and 20% of DC1 on days 1 and 3, respectively
(Figure 2c). While we could not detect any signal for
Rhodamine in the draining LNs on day 1 postinjection (data
not shown), around 2−5% of migratory DC1 (mDC1) and
migratory DC2 (mDC2) had taken up ACM-Rhodamine as
early as day 3 postinjection (Figure 2b,d). Collectively, these
experiments show that DCs take up ACMs from the skin and
thenmigrate to the draining LNs with their “ACM cargo”. As the
LNs are the prime location for DC-T cell interaction, we

Figure 2. ACM vesicles were efficiently taken up byDCs. (a−d)Mice (n = 8) SC injected with ACM-Rhodamine vesicles. (a) Rhodamine signals
from skin DC1 and DC2 1 day post-SC injection. (b) Rhodamine signals from migratory DC1 and DC2 in skin-draining LNs 6 days post-SC
injection. (c, d) Graphs showing % of Rhodamine+ DC1 and DC2 in skin and skin-draining LNs. (e) Rhodamine signals by DC1 and DC2 from
human PBMCs after incubation with different dilutions of ACM-Rhodamine.
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speculate that these ACM-loaded DCs interact with naiv̈e CD8+

T cells or CD4+ T cells to prime and polarize them for further
responses.
To translate our results from mouse to human, we cultured

primary human peripheral blood mononuclear cells (PBMCs)
with ACM-Rhodamine in varying concentrations overnight and
assessed their ability to take up ACM-Rhodamine by flow
cytometry. We found that, compared to our mouse data, both
human DC subsets, CD141+ DC1 and CD1c+ DC2, were
capable of efficiently taking up ACM-Rhodamine, as indicated
by the high expression of Rhodamine in both populations,
relative to the control (Figure 2e). Since uptake was also
observed in monocytes but not B or T cells (Supplementary
Figure 6), this indicated a process that was dependent on cell
type.
In conclusion, both DC1 and DC2 are capable of efficiently

taking up ACMs and thus likely to present ACM-encapsulated
antigen to naiv̈e CD8+ T cells or CD4+ T cells. This may
potentially induce a strong and durable adaptive immune
response, which is highly desirable in the context of a vaccine.
In Vivo Release of ACM-S1S2 and ACM-CpG. Next, we

examined whether ACM polymersomes could release encapsu-
lated cargo following SC administration in mice. For our initial
experiments, ACM-Rhodamine was encapsulated with DQ-
ovalbumin (DQ-OVA) in its vesicular cavity; the Rhodamine
fluorescent signal would inform us of successful internalization
of the vesicle, whereas the DQ fluorescent signal, which was
generated only after cleavage by lysosomal hydrolases, would
inform us of successful release of ACM cargo within the
endosome. DC2 was observed to coexpress Rhodamine and
DQ-OVA (Supplementary Figure 7a), indicating release of

ACM cargo, although the efficiency of uptake was considerably
poorer than uptake of ACM-Rhodamine alone, as evidenced by
the low proportion (∼30%) of cells in skin expressing
Rhodamine signal (Supplementary Figure 7b). On the other
hand, DC1 seemed to either have a lower take up rate or
completely fail to take up ACM-Rhodamine/DQ-OVA
(Supplementary Figure 7a,b). Subsequently, only approximately
0.05% of ACM-Rhodamine/DQ-OVA+ cells were detected in
LNs at the late time point of day 6 and were identified as DC2
(Supplementary Figure 7c). These results suggested that the
physicochemical property of ACM-Rhodamine/DQ-OVA may
be adversely altered to the detriment of DC uptake.44

Nevertheless, we did observe a clear DQ signal from DC2,
which indicated potential release of ACM cargo within DCs.
On the basis of the initial findings with ACM-Rhodamine/

DQ-OVA, we proceeded to examine the in vivo release
characteristics of our vaccine components. For ACM-S1S2,
mice were SC vaccinated on days 0 and 14 with 5 μg of free or
encapsulated spike protein. Antigen-specific serum immunoglo-
bulin G (IgG) was used as an indication that S1S2 was
successfully released from ACM polymersomes to elicit an
immune response (Figure 3a). No antibody response was
detected from PBS controls over the 54-day study period,
whereas clear IgG titers were detected in all mice immunized
with free or encapsulated S1S2. IgG titers peaked on day 28 after
the second dose and gradually declined for the remainder of the
study period but remained detectable at the final time point of
day 54. Notably, levels of IgG frommice immunized with ACM-
S1S2 were significantly higher than mice immunized with free
S1S2 at all time points after boost, indicating that encapsulation
had enhanced the immunogenicity of the spike protein.

Figure 3. Immunological effects induced by in vivo release of ACM-S1S2 and ACM-CpG. (a) In vivo release of ACM-S1S2. C57BL/6 mice were
SC immunized on day 0 and 14 (indicated on graph by arrows) with free or ACM-encapsulated S1S2. Serum IgGwas assessed on days 13, 28, 40,
and 54 as a measure of S1S2 release to induce an antigen-specific immune response. Two-way ANOVA with Tukey’s multiple comparison was
performed. Only comparisons between free and ACM-S1S2 are shown. (b−d) In vivo release of ACM-CpG. C57BL/6 mice were SC injected
with one of the following: (i) PBS, (ii) ACMonly, (iii) free CpG, or (iv) ACM-CpG. Inguinal LNs (draining the site of injection) were harvested
2 days later to assess activation of cDC1 and cDC2 by flow cytometry. (b) Representative histograms showing expression of the activation
markers CD86 and CD80. FMO: fluorescence-minus-one staining control. (c, d) Proportions of CD86- and CD80-expressing cDC1 and cDC2
from the mouse groups with the different treatments. Two-way ANOVA with Sidak’s multiple comparison was performed. Only statistically
significant differences are shown.
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Figure 4. Antibody responses to ACM Covid-19 vaccine candidates. (a) Immunization and blood collection schedule. Each group consisted of
7−8C57BL/6mice, SC immunized twice with 5 μg of antigen±5 μgCpG per dose. One group (n = 5) immunized with ACM-S1S2 +ACM-CpG
received 1/10th dose (0.5 μg) as part of a limited dose-sparing study. (b−e) Spike-specific total IgG titers at bleed 1 (after prime) and bleed 2
(after boost). End point ELISA IgG titers were determined on plates coated with spike protein. GMTs are indicated above bar graphs.
Horizontal dashed line denotes highest background measurement from PBS-injected mice. (b) Mice immunized with fS2 or ACM-S2. (c)
fTrimer or ACM-Trimer. (d) fS1S2 or ACM-S1S2. (e) We also investigated the potential benefit of including CpG adjuvant. The following
groups were examined: fS1S2 + fCpG, ACM-S1S2 + ACM-CpG, and ACM-S1S2 + ACM-CpG (0.5 μg). Two-way ANOVAwith Sidak’s multiple
comparison was performed. *: P≤ 0.05; **: P≤ 0.01; ***: P≤ 0.001; ****: P≤ 0.0001; ns: not significant. (f−i) Surrogate virus neutralization
test. Serum neutralizing activity was determined using an ELISA-based cPass kit that assessed antibodies blocking the interaction between RBD
and ACE2 receptor. Arithmetic means are indicated above bar graphs. A cutoff of 20% inhibition (horizontal dashed line) was recommended by
themanufacturer to define seropositive samples. Sera frommice vaccinated with S2 (f), trimer (g), S1S2 (h), and S1S2 +CpG (i). (j−q)Kinetics
of spike-specific total IgG titers after boost, for vaccination with free or ACM-encapsulated S2 (j), trimer (k), S1S2 (l), or S1S2 + CpG (m), and
kinetics of neutralizing activity after boost, for vaccination with free or ACM-encapsulated S2 (n), trimer (o), S1S2 (p), or S1S2 + CpG (q).
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For ACM-CpG, mice were SC injected with a single dose of 5
μg of CpG (free or encapsulated), and cDCs in draining LNs
were examined 2 days later for upregulation of activation
markers (Figure 3b), as a readout for successful release. We
found similar expression of the activation markers CD80 and

CD86 on cDC1 and cDC2 after treatment with empty ACMs or
PBS (Figure 3c,d), indicating that polymersomes were intrinsi-
cally nonimmunogenic and failed to activate DCs. Mice treated
with free CpG exhibited significant increases in CD86 and
CD80 expression on cDC2 (Figure 3d) but not cDC1 (Figure

Figure 5. Virus neutralizing tests confirmed the ability of the ACM-S1S2 + ACM-CpG vaccine to induce a robust, durable neutralizing response.
(a) Day 28 sera (representing the time point of peak response) from five key mouse groups, after vaccination with ACM-S2, ACM-Trimer,
ACM-S1S2, and ACM-S1S2 + ACM-CpG (0.5 or 5 μg). (b) IC50 pseudovirus neutralizing titers on day 54 (last assessed time point). (c) IC100
live SARS-CoV-2 neutralizing titers on day 54. (d) Kinetics of neutralizing titers from ACM-S1S2 + ACM-CpG-immunized mice. One-way
ANOVA with Tukey’s multiple comparison was performed; only significant differences are shown. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001;
****: P ≤ 0.0001. GMTs are indicated above bar graphs. Lower limits of detection are indicated by horizontal dashed lines; samples below
threshold are assigned a nominal value of 1.
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3c), compared to PBS- or empty ACM-injected mice. In
contrast, cDC1 from ACM-CpG-injected mice exhibited a
highly significant increase in CD86 expression compared to
PBS- or empty ACM-injected mice (Figure 3c), whereas cDC2
showed highly significant increase in expression of both CD86
and CD80 (Figure 3d). Although the difference between free
CpG- and ACM-CpG-treatedmice remained nonsignificant, the
results clearly showed the effect of free CpG to be restricted to
cDC2, whereas ACM-CpG could strongly activate both DC
subsets. Collectively, these in vivo data demonstrated superior
DC activation by ACM-CpG, despite the lack of intrinsic
immunogenicity of empty ACM polymersomes, suggesting that
the immune-enhancing effect of ACM was due to efficient
delivery of their cargo to DCs. Moreover, the results supported
the use of ACM-S1S2 and ACM-CpG in combination to
capitalize on their respective benefits.
ACM-S1S2 + ACM-CpG Formulation Induced Robust

and Durable Neutralizing Antibodies against SARS-CoV-
2 in Mice. A total of nine vaccine formulations underwent
immunological assessment in C57BL/6mice. Two doses of each
formulation were administered at a 2-week interval via SC
injection, and serum antibodies were examined on day 13
(preboost) and days 28, 40, and 54 (postboost) (Figure 4a). All
antigens were injected at 5 μg per dose with or without 5 μg of
CpG adjuvant. Antigen dose was selected based on the prior
scientific report,45 whereas the dose of CpG was based on the
amount frequently described in mouse vaccination experi-
ments.46−48 Additionally, one group of mice received the ACM-
S1S2 + ACM-CpG formulation at 1/10th dose (0.5 μg) for a
limited dose-sparing investigation, based on an earlier report
that 10-fold reduction of CpG remained efficacious when
delivered by nanoparticles.48 IgG titers against spike protein
were higher at day 28 as compared to day 13, indicating a boost
effect. Immunization with ACM-S2 gave significantly higher IgG
titers as compared to free S2 (fS2; Figure 4b), significantly
higher with ACM-trimer as compared to free trimer (fTrimer;
Figure 4c) and significantly higher with ACM-S1S2 as compared
to free S1S2 (fS1S2; Figure 4d). These data suggested that ACM
encapsulation improved immunogenicity of each antigen.
Moreover, we showed earlier that ACM encapsulation of CpG
resulted in superior DC activation compared to free CpG. Taken
together, these results strongly supported the use of ACM-S1S2
and ACM-CpG in combination. Among mice immunized with
free S1S2 + free CpG (fS1S2 + fCpG), ACM-S1S2 + ACM-
CpG, or ACM-S1S2 + ACM-CpG (0.5 μg), similarly high titers
were obtained after two doses (Figure 4e). Nevertheless, ACM
encapsulation of S1S2 + CpG resulted in a slight but
nonsignificant titer increase, which was also characterized by
tight clustering of data points indicative of greater consistency in
the immune response (Figure 4e).
To further investigate the potential of protective immunity of

these vaccine candidates, we performed a surrogate virus
neutralization assay (cPass kit) as described in Materials and
Methods. Vaccination with S2 induced little to no neutralizing
antibodies (Figure 4f), consistent with the absence of
neutralizing epitopes in this domain. For trimer or S1S2, widely
varying neutralizing activities ranging from <20% to >95%
inhibition were detected at day 28 for either free or ACM-
encapsulated antigens (Figure 4g,h). For fS1S2 + fCpG, good
neutralizing activity was detected in 6/8 mice (>90% inhibition)
andmoderate activity (<60% inhibition) in 2/8mice. For ACM-
S1S2 + ACM-CpG, strong neutralizing activity was consistently
detected in all mice (88.4−96.8% inhibition). Notably, even the

1/10th dose was highly efficacious (74.4−96.8% inhibition)
(Figure 4i). Collectively, the cPass data suggested that
coadministering ACM-encapsulated spike protein and CpG
facilitated the development of uniformly strong immune
responses, whereas coadministering free spike protein and free
CpG did not.
To monitor antibody kinetics, further samples were taken on

day 40 (bleed 3) and day 54 (bleed 4). A gradual decline in
spike-specific total IgG titers was seen in mice administered with
free or ACM-encapsulated S2, trimer, S1S2, or S1S2 + CpG
(Figure 4j,k,l,m). Kinetics were also determined for neutralizing
antibodies measured by the cPass kit. Concomitant with the
respective IgG profiles, there was a gradual decline of the
neutralizing antibodies from mice vaccinated with free or ACM-
encapsulated S2, trimer, or S1S2 (Figure 4n,o,p). With regard to
S1S2 + CpG, the free antigen and free CpG formulation showed
a progressive decline in neutralizing activity, whereas ACM-
S1S2 + ACM-CpG maintained neutralizing antibodies at high
levels between days 28 and 54 (average of 93.9 ± 3.0%, 94.5 ±
3.2%, and 93.3 ± 2.7% inhibition on days 28, 40, and 54,
respectively), despite falling IgG titers. Durability in antibody
response was, however, lost when the dose was reduced to 1/
10th (Figure 4q). Altogether, the data here suggested that the
ACM-S1S2 + ACM-CpG formulation at 5 μg dose was able to
induce uniformly high neutralizing responses that were durable
for at least 40 days after the final administration.
To confirm these findings, we performed a pseudovirus

neutralization test on day-28 sera from five key groups: ACM-
S2, ACM-trimer, ACM-S1S2, and ACM-S1S2 + ACM-CpG
(0.5 μg and 5 μg dosage groups). As expected, ACM-S2 failed to
generate neutralizing antibodies against SARS-CoV-2 spike-
pseudotyped virus (IC50 titer <40; Figure 5a). For the ACM-
trimer and ACM-S1S2 mouse groups, partial seroconversion
was observed with 7/8 and 4/8 mice, respectively, showing a
positive response (IC50 titer ≥40). Finally, the ACM-S1S2 +
ACM-CpG mouse group showed complete seroconversion at
high titers (geometric mean titer [GMT] of 596; Figure 5a).
Interestingly, even the 1/10th (0.5 μg) dose remained highly
efficacious, eliciting seroconversion in 5/5 mice with a GMT of
550.
We proceeded to analyze sera from the last time point (day

54) by pseudovirus and live SARS-CoV-2 neutralization tests
(Figure 5b,c). Neutralizing responses across mouse groups were
generally moderate to low, with many mice falling below
respective limits of detection. Only the ACM-S1S2 + ACM-
CpG (5 μg dose) group retained high neutralizing titers against
pseudovirus (GMT of 195; Figure 5b) and live SARS-CoV-2
(GMT of 245; Figure 5c). Statistical analysis indicated ACM-
S1S2 + ACM-CpG induced significantly higher GMT compared
to PBS, fS2, ACM-S2, ACM-Trimer, and fS1S2. Even though
the difference with the 1/10th dose was not significant, the
GMT of the 1/10th dose was reduced 2.0-fold against
pseudovirus and 3.5-fold against SARS-CoV-2, suggesting loss
of efficacy at this late time point with dose reduction. Between
the two neutralizing assays, results were generally in strong
agreement (Pearson correlation coefficient: 0.83; Supplemen-
tary Figure 8) although some discrepancies were observed. In
particular, we noticed one mouse from the ACM-S1S2 + ACM-
CpG group that was seemingly seronegative on day 54 by a
pseudovirus neutralization test but was consistently seropositive
across time points by the cPass assay as well as live the SARS-
CoV-2 neutralization test. This discrepancy may arise from the
relatively high threshold of 1:40 serum dilution of the
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pseudovirus assay, which was needed to address high back-
ground activity of some naiv̈e mice that we and others49 have
noticed. At the same time, we must acknowledge that our
understanding of the SARS-CoV-2 infection process is likely
incomplete. The design of the pseudovirus virus assay is based
on the interactions between SARS-CoV-2 spike protein and host
cell ACE2 receptor and proteases,50,51 as well as the ability of
neutralizing antibodies to disrupt these interactions.52 It is
possible that antibodies may neutralize in a mechanism not
recapitulated by this assay. Therefore, results should be validated
with a live SARS-CoV-2 neutralization test, which is the gold
standard.
To better understand the kinetics of the neutralizing response

after ACM-S1S2 + ACM-CpG (5 μg dose) vaccination, sera
from days 13 and 40 were also assessed by the live virus
neutralization test (Figure 5d; day 28 sera unavailable due to the
earlier pseudovirus test). A single dose of ACM-S1S2 + ACM-
CpG elicited partial seroconversion with a GMT of 17 on day
13, whereas two doses resulted in a sharp rise in GMT to 467 on
day 40, followed by a slight but nonsignificant drop to 245 on
day 54. Together with the earlier serum IgG data, this strongly
supported a prime-boost regimen to induce robust neutralizing
titers. Altogether, we demonstrated that ACM-S1S2 + ACM-
CpG at a 5 μg dose induced high levels of neutralizing antibodies
in all mice. Moreover, neutralizing titers persisted at least 40
days after the last administration, suggesting a durable response.

ACM-S1S2 + ACM-CpG Formulation Induced T Helper
Type 1 (Th1)-Biased, Functional Memory T Cells against
SARS-CoV-2 Spike Protein in Mice. To evaluate spike-
specific T cell responses, splenocytes were harvested from all
mice on day 54 and stimulated ex vivo with an overlapping
peptide pool covering the spike protein. T cell function was
measured by intracellular cytokine staining. At this late time
point (40 days after boost), activated T cells would have
progressed beyond the initial expansion phase and entered
contraction/memory phase.53 To the best of our knowledge,
only one mRNA vaccine had been investigated for murine T cell
responses at the late time point of 7 weeks after boost.54

Memory-phenotype CD4+ and CD8+ T cells were identified by
gating on the respective CD44hi subpopulations (Supplemen-
tary Figure 9a). Among the S1S2 vaccine groups, only the ACM-
S1S2 + ACM-CpG formulation (5 μg dose) induced significant
increase in interferon gamma (IFNγ)-, tumor necrosis factor
alpha (TNFα)-, or interleukin-2 (IL-2)-expressing CD4+ T cells,
compared to PBS, fS1S2, ACM-S1S2, or fS12 + fCpG (Figure 6a
and Supplementary Figure 9b). For the S2 and trimer mouse
groups, no significant increase in Th1 cytokine-producing CD4+

T cells was detected above baseline (Supplementary Figure 9d).
With regard to T helper type 2 (Th2) cytokines, interleukin-4
(IL-4) was not detected in any mouse group, whereas
interleukin-5 (IL-5) was consistently elevated in nonadjuvanted
S1S2-, S2-, or trimer-immunized mice (Figure 6a and

Figure 6. |ACM-S1S2 + ACM-CpG vaccine elicited functional memory CD4+ and CD8+ T cells. Spleens were harvested on day 54 (40 days after
boost), and splenocytes (including those from PBS controls) were stimulated ex vivowith an overlapping peptide pool covering the SARS-CoV-
2 spike protein. T cell responses were determined by intracellular cytokine staining. (a) Th1 (IFNγ, TNFα, and IL-2) and Th2 (IL-4 and IL-5)
cytokine production by CD44hiCD4+ T cells. (b) IFNγ, TNFα, and IL-2 production by CD44hiCD8+ T cells. Baselines were assigned according
to PBS controls, and readings above them were considered antigen-specific. One-way ANOVA with Tukey’s multiple comparison was
performed; only significant differences are shown. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001.
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Supplementary Figure 9d, respectively), indicating a Th2-biased
immune response. Strikingly, production of IL-5 was strongly
suppressed by coadministration of CpG. In particular, the ACM-
S1S2 + ACM-CpG formulation (5 or 0.5 μg dose) produced a
clear Th1-polarized profile (Figure 6a). With regard to CD8+ T
cells (Supplementary Figure 9c), IFNγ was the predominant
response in the ACM-S1S2 + ACM-CpG (5 μg dose) group,
with significantly elevated activity compared to PBS, fS1S2,
fS1S2 + fCpG, or ACM-S1S2 + ACM-CpG (0.5 μg dose)
(Figure 6b). Additionally, some mice had slight expression of
TNFα and IL-2 although the average frequencies of responding
cells were not significantly elevated. A similar cytokine profile
was seen in the ACM-S1S2 group, although only 5/8 mice had
IFNγ responses above baseline. For the remaining mouse
groups, CD8+ T cell responses were not significantly elevated
(Figure 6b and Supplementary Figure 9e). Collectively, ACM-
S1S2 + ACM-CpG (5 μg dose) induced in all mice functional
memory CD4+ and CD8+ T cells that were readily detected even
after 40 days from the last administration. Additionally, CD4+ T
cells exhibited a Th1-skewed cytokine profile.

CONCLUSIONS
ACM-SARS-CoV-2 vaccine (ACM-S1S2 + ACM-CpG) induces
a robust neutralizing antibody response as well as functional
memory CD4+ andCD8+ T cells that persist at least 40 days after
the last administration. The efficient targeting of both DC1 and
DC2 by ACM polymersomes ensures that antigen and adjuvant
payloads are delivered to both cell types for the induction of a
multifaceted adaptive immune response. Inclusion of CpG in the
vaccine formulation confers several benefits. It potently activates
DCs to upregulate co-stimulatory molecules, including CD40,
CD80, and CD86,55 which promotes T cell activation and B cell
antibody class switch and secretion.56,57 Binding of CpG to
TLR9 triggers mitogen-activated protein kinase (MAPK) and
nuclear factor kappa B (NF-κB) signaling that results in pro-
inflammatory cytokine production and a Th1-skewed immune
response.58,59 In our study, such polarization is clearly
demonstrated by the cytokine profile of CD4+ T cells of the
CpG-containing vaccine formulations. In the absence of CpG,
we consistently observed IL-5 production, which fits a broader
picture of an inherent Th2 skew from immunizing with protein
antigens of viral and nonviral origins.60,61 From a safety
standpoint, this represents a potential risk of Th2 immunopa-
thology, best exemplified by whole-inactivated respiratory
syncytial virus (RSV) vaccines.34,62 Accordingly, such vaccines
primed the immune system for a Th2-biased response during
actual infection, and the resultant production of Th2 cytokines
promoted increased mucus production, eosinophil recruitment,
and airway hyperreactivity. Therefore, skewing of the immune
response to Th1 by CpG is likely to improve vaccine safety.
We have shown that neutralizing titers can remain stable

despite rapidly declining total IgG, which resembles SARS-CoV-
2-infection in humans.63 This may be due to affinity maturation,
which progressively selects for high avidity, strongly neutralizing
antibodies while excluding weaker binders. Additionally,
compared to the neutralizing titers measured in convalescent
patients recruited in Singapore,64 it appears that our vaccine
formulation may be more efficient in triggering neutralizing
antibodies. Neutralizing antibodies are highly predictive of
protection from symptomatic SARS-CoV-2 infection65 and
could potentially serve as a correlate of protection. Reports of
asymptomatic or mild patients producing widely varying
neutralizing antibody levels, including a minority with no

detectable neutralizing response,4,66 underscore the unpredict-
ability of a natural infection. In this regard, our vaccine can
perhaps facilitate the induction of a more uniform neutralizing
antibody response.
The role of T cells in SARS-CoV-2 is arguably less clear than

antibodies. Nevertheless, several studies have confirmed the
induction of a T cell response following infection. Early in the
adaptive immune response against SARS-CoV-2, T cells are
robustly activated.31 Patients who recovered from SARS in 2003
possessed memory T cells that could be detected 17 years
after.64 Additionally, individuals with no history of SARS, Covid-
19, or contact with individuals who had SARS and/or Covid-19
possessed cross-reactive T cells that may be generated by a
previous infection with other betacoronaviruses.64 These data
suggested that the SARS-CoV-2-specific T cell response may be
similarly durable. In a study examining the T cell specificities of
Covid-19 convalescent patients, spike-specific CD4+ T cells
were consistently detected, whereas CD8+ T cells were present
in most subjects.10 This implies that a spike-based vaccine may
generate a cellular immune response that largely recapitulates
the CD4+ T cell profile of a natural infection, albeit with a
narrower CD8+ T cell repertoire.
One major challenge in creating a pandemic vaccine is

generating sufficient doses of high-quality antigen to rapidly
meet global demand. As such, dose-sparing strategies are critical,
and this has traditionally been achieved using adjuvants. On the
basis of our work, we believe that ACM technology can further
augment the dose-sparing effect. We have shown this approach
to greatly improve vaccine immunogenicity, such that even the
1/10th dose retains a substantial level of efficacy. While further
titration experiments are required to determine the optimum
dose, the present limited investigation strongly supports the use
of ACM technology to address limited antigen availability in a
pandemic.
Another challenge concerns the rapid emergence of new

variants of concern exhibiting enhanced transmissibility and/or
antibody escape, which would necessitate periodic boosters with
new spike proteins. In this regard, having a nonimmunogenic
carrier, such as ACM polymersomes, is advantageous to avoid
the induction of antivector responses that can potentially
attenuate the viral-specific immune response.67 Apart from this,
our modular approach of combining ACM-S1S2 with ACM-
CpG allows us to easily replace existing spike protein with those
of new variants for a more rapid response. Moreover,
manufacturing is also simplified by this strategy, given the
difficulty of controlling the quantity of both materials being
encapsulated within the same polymersome. Finally, from the
perspective of the immune response, we have shown that
coadministering ACM-CpG with ACM-S1S2 confers significant
improvement in the antibody and T cell responses. This
indicates that coencapsulation of antigen and adjuvant within
the same vesicle is not strictly required to achieve the
enhancement of the antigen-specific response, a finding that is
in line with a recent study demonstrating effective vaccination
with co-delivery of antigen and CpG adjuvant in separate virus-
like particles (VLPs).68

MATERIALS AND METHODS
Ma t e r i a l s . Mu r i n e C pG 1 8 2 6 (T *C *C *A *T * -

G*A*C*G*T*T*C*C*T*G*A*C*G*T*T, where * denotes phos-
phorothioate backbone) was purchased from InvivoGen. Rhodamine
B-terminated PEG13-b-PBD22 was purchased from Polymer Source Inc.
DQ-OVA was purchased from Life Technologies, Thermo Fisher
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Scientific. DOTAP was from Avanti Polar Lipids. Triton-X 100 was
fromMP Biomedicals. All other chemicals were purchased from Sigma-
Aldrich unless stated otherwise. The trimeric spike protein was
purchased from ACROBiosystems, and the S2 domain protein from
Sino Biological.
Protein Expression. Recombinant SARS-CoV-2 spike protein

containing only the ectodomain (hereby referred to as “S1S2”), from
Genbank entry MN908947.3, with a mutated furin cleavage site
(NSPRRAR → NSNQSAR) and a melittin secretion leader, was
expressed via T.ni insect cells (Hi5, Thermo Fisher Scientific). The
gene of interest was placed into the Bac-to-Bac system (Thermo Fisher
Scientific), transfected, and passaged in Sf9 cells (Thermo Fisher
Scientific) until a high titer was achieved. T.ni cells, diluted to 1.5 × 106

cells/mL, were infected at a MOI of 0.1 and left to incubate (27 °C for
96 h, shaking at 125 rpm). The cell culture was harvested, and the cells
were removed by centrifugation (3500g for 15min at 4 °C) and clarified
by 0.22 μm filtration. The media containing the protein of interest was
first concentrated to a tenth of the original volume via Tangential flow
filtration hollow fiber cassettes (10 kDa hollow fiber cassette; Cytiva),
followed by 5 volumes worth of diafiltration into IEX binding buffer (20
mM phosphate, 50 mMNaCl, 5% sucrose, 5% glycerol, 0.025% Tween
20, 1 mM EDTA, pH 4.6). The protein was initially purified by first
binding the sample in a HiTrap FF SP column (5 mL; Cytiva) using a
GE AKTA system loaded with Unicorn software, set at 2 mL/min.
Once the sample had been loaded and washed with 5 column volumes
of IEX binding buffer, the protein of interest was eluted off the column
by switching to IEX elution buffer (20 mM phosphate, 50 mM NaCl,
5% sucrose, 5% glycerol, 0.025% Tween 20, 1 mMEDTA, pH 7.6). The
eluted sample was concentrated using a Vivaspin concentrator (10 kDa,
15 mL, PES; Sartorius) to a 5 mL volume. The protein was polished by
loading 2.5 mL of sample in a 5 mL loading loop onto a Hiload 16/60
Superdex 200 Prep grade column, running with SEC buffer (20 mM
phosphate, 150 mM NaCl, 5% sucrose, pH 7.6) at 1 mL/min. Purified
protein was analyzed for size by injection of 100 μL of sample into a
Superdex 200 increase 10/300 GL column using a GE AKTA system
running at 0.75 mL/min. Molecular mass of the protein was calculated
via comparison with an HMW gel filtration calibration kit (containing a
mixture of thyroglobulin, ferritin, aldose and conalbumin; Cytiva).
Preparation of ACM-Antigen Polymersomes. ACM polymer-

somes encapsulating spike trimer, S1S2, and S2 proteins were prepared
by the solvent dispersion method, followed by extrusion. A 400 mg/mL
stock solution of DOTAP and PEG13-b-PBD22 polymer was prepared
by dissolving solid DOTAP and polymer in tetrahydrofuran (THF,
Tedia HPLC grade, cat. no. TS2121). A 0.15 equiv (1.5 μmol) amount
of DOTAP stock solution and 0.85 equiv (8.5 μmol) of polymer stock
solution were mixed in a 2 mL glass vial (Agilent, cat. no. 8010-0542)
and vortexed for 30 s to prepare solution A. After mixing, a defined
amount of solution A was aspirated in a 50 μLHamilton glass syringe. A
1mL solution of 100 μg/mL antigen was placed in a 5mL glass test tube
(solution B). Solution A was added slowly (with the addition rate of
roughly 2 mL/h) to 1 mL of solution B while constantly mixing (600−
700 rpm) at room temperature. A turbid solution was obtained. The
resultant solution was extruded 21 times through a 200 nm Nuclepore
hydrophilic polycarbonate membrane filter using a 1 mL mini-extruder
(Avanti Polar Lipids, cat. no. 610000) to get monodispersed ACM-
antigen vesicles. Nonencapsulated antigens were removed by overnight
dialysis. Encapsulation of antigen was quantified by densiometric
analysis using a known BSA standard in Fiji ImageJ software (v. 1.52a).
Preparation of ACM-CpG Polymersomes. ACM-CpG polymer-

somes were prepared by the solvent dispersion method above, followed
by extrusion. A 50 μL amount of the 400 mg/mL stock solution
containing DOTAP and PEG13-b-PBD22 polymer was added
dropwise (with the addition rate of roughly 2 mL/h) to 1 mL of
CpG solution. A turbid solution was obtained. The resultant solution
was extruded 21 times through a 200 nm Nuclepore hydrophilic
polycarbonate membrane filter using a 1 mL mini-extruder to get
monodispersed ACM-CpG polymersomes. Unencapsulated CpG was
removed by overnight dialysis using 300 kDa molecular weight cutoff
(MWCO) cellulose ester membrane (Spectrum Laboratories Inc., cat.
no. 131450) against PBS, pH 7.4 at 4 °C.

Preparation of ACM-Rhodamine and ACM-Rhodamine/DQ-
OVA. ACM-Rhodamine and ACM-Rhodamine/DQ-OVA were
prepared by the thin-film rehydration method, followed by extrusion.
A 9.9 mg amount of PEG13-b-PBD22 polymer in chloroform was mixed
with 0.1 mg of Rhodamine B-terminated PEG13-b-PBD22 in chloroform
with a ratio of 99:1 w/v shaken in a 10 mL round-bottom flask. After
mixing, chloroform was removed by rotary evaporator followed by
drying for 1 h at high vacuum. A 1mL solution of 100 μg/mLDQ-OVA
was placed in the flask with a Teflon-coated magnetic stirrer bar for the
preparation of ACM-Rhodamine/DQ-OVA; for ACM-Rhodamine, 1
mL of buffer was added. The solution was stirred at 600−700 rpm with
aluminum foil covered overnight at 4 °C. A pink-colored turbid solution
was obtained. The resultant solution was extruded 21 times through a
200 nmNuclepore hydrophilic polycarbonatemembrane filter using a 1
mL mini-extruder (Avanti Polar Lipids, cat. no. 610000) to get
monodispersed ACM nanoparticles. Nonencapsulated DQ-OVA was
removed by overnight dialysis using a 300 kDa MWCO cellulose ester
membrane (Spectrum Laboratories Inc., cat. no. 131450) against 1×
PBS at 4 °C.

Particle Size Measurement by Dynamic Light Scattering.
DLS was performed on the Zetasizer Nano ZS system (Malvern
Panalytical). A 100 μL amount of the 20-fold-diluted, purified, filtered
sample was placed in a microcuvette (Eppendorf UVette; Sigma-
Aldrich), and an average of 30 runs (10 s per run) were collected using
the 173° detector.

Quantification of Spike Protein by SDS-PAGE. A 20 μL amount
of ACM-spike protein or free spike protein at known concentrations
was added to microcentrifuge tubes. A 2 μL amount of 25% Triton-X
100 was added to each sample and incubated for 30 min at 25 °C to lyse
ACM vesicles. Next, 20 μL of 1× gel loading dye buffer was added, and
the tubes were shaken at 95 °C for 10 min. A 20 μL amount of each
sample was migrated on 4−12% Bis-Tris SDS-PAGE gel at 140 V for 40
min. The completed gel was fixed and then stained with SYPRO Ruby
protein gel stain (Molecular Probes, Thermo Fisher Scientific).

Western Blot. Proteins were transferred from SDS-PAGE gel to
PVDFmembrane using the iBlot 2 dry blotting system (Thermo Fisher
Scientific). The membrane was blocked 1 h at room temperature with
5% w/v nonfat milk dissolved in TBST (Tris-buffered saline with 0.1%
v/v Tween-20).Mouse serum raised against a recombinant SARS-CoV-
2 spike protein (purchased from Sino Biological) was diluted 1:6000
and incubated with the membrane for 1 h at room temperature. The
membrane was washed thrice with TBST for a total of 30 min before
incubating 1 h at room temperature with HRP-conjugated goat anti-
mouse secondary antibody at a 1:10 000 dilution. After three final
washes with TBST, the membrane was briefly incubated with ECL
substrate (Pierce, Thermo Fisher Scientific). Chemiluminescent signals
were captured using the ImageQuant LAS 500 system (Cytiva).

Quantification of CpG by Fluorescence. A 20 μL portion of
ACM-CpG or free CpG at known concentrations was added to a 384-
well black plate. A 20 μL amount of PBS with 10% Triton-X 100 was
added into each well, and the plate was incubated for 30 min at 25 °C to
lyse ACMvesicles before adding 10 μL of 20× SYBR Safe DNA gel stain
(Invitrogen, Thermo Fisher Scientific). The plate was incubated for 5
min at 25 °C, and fluorescence was measured (excitation, 500 nm;
emission, 530 nm) using a plate reader (Biotek).

Cryogenic-Transmission Electron Microscopy. For cryo-TEM,
4 μL of the samples containing ACM-S1S2, ACM-CpG, and ACM-
S1S2 + ACM-CpG vesicles (5mg/mL)was adsorbed onto a lacey holey
carbon-coated Cu grid, 200 mesh size (Electron Microscopy Sciences).
The grid was surface treated for 20 s via glow discharge before use. After
surface treatment, a 4 μL sample was added and the grid was blotted
with Whatman filter paper (GE Healthcare Bio-Sciences) for 2 s with
blot force 1 and then plunged into liquid ethane at −178 °C using a
Vitrobot (FEI Company). The cryo-grids were imaged using a FEG 200
keV transmission electron microscope (Arctica; FEI Company)
equipped with a direct electron detector (Falcon II; Fei Company).
Images were analyzed in Fiji ImageJ software (v. 1.52a), and membrane
thickness of vesicles was calculated by counting at least 20 particles.

MTT Assay.HEK293T cells were routinely cultured in RPMI-1640
medium supplemented with 10% v/v heat-inactivated fetal bovine
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serum (FBS) and 1× penicillin/streptomycin. Cell culture media and
reagents were purchased from Thermo Fisher Scientific. To perform
the MTT assay, HEK293T cells were seeded in a 96-well U-bottom
plate at a density of 4 × 105/mL in 100 μL per well and incubated 24 h
at 37 °C, 5% CO2. Cells were subsequently washed once with fresh
medium, and ACM formulations were applied in triplicates at 100 μL
per well. Cells were incubated for 24 h before MTT reagent (Sigma-
Aldrich) was added at 0.5 mg/mL. After 4 h of incubation, 100 μL of
Solubilization Solution was added per well, and the plate was allowed to
stand overnight in the incubator for complete solubilization of purple
formazan crystals. Absorbance was measured at 550 nm with
wavelength correction at 690 nm.
Mice (Investigation of DC Targeting byACMPolymersomes).

C57BL/6mice were purchased from InVivos. All mice were maintained
in the Singapore Immunology Network (SIgN) animal facility before
use at 7−10 weeks of age. All experiments and procedures were
approved by the Institutional Animal Care and Use Committee of the
Biological Resource Center (Agency for Science, Technology and
Research, Singapore) in accordance with the guidelines of the Agri-
Food and Veterinary Authority and the National Advisory Committee
for Laboratory Animal Research of Singapore (ICUAC No. 181357).
To investigate in vivo ACM-CpG release, mice were SC injected with
empty ACM or 5 μg of free CpG or ACM-CpG. Draining LNs
(inguinal) were harvested 2 days later for the assessment of DC
activation by flow cytometry.
Mice (Vaccination). This study was performed at the Biological

Resource Center (Agency for Science, Technology and Research,
Singapore). Female C57BL/6 mice were purchased from InVivos and
used at 8−9 weeks of age. Seven to eight mice were assigned to each
vaccine formulation, unless stated otherwise. Mice were administered 5
μg of a respective antigen (free or encapsulated) with or without 5 μg of
CpG adjuvant (free or encapsulated) in a 200 μL volume per dose via
the SC route, for one prime and one boost separated by 14 days. Blood
was collected on days 13, 28, 40, and 54; spleens were collected on the
final time point of day 54. This study was done in accordance with
approved IACUC protocol 181137.
Mouse Tissue Preparation and Data Analysis for Flow

Cytometry. Mice were injected SC with 100 μL of PBS, 100 μL of
ACM-Rhodamine, or 100 μL of ACM-Rhodamine/DQ-OVA and
analyzed on day 1, 3, or 6 postinjection. Back skin from the injection site
was harvested and placed in RPMI1640 (Gibco, Thermo Fisher
Scientific) containing Dispase for 90 min at 37 °C. The back skin and
skin-draining LNs (separately) then were transferred into RPMI1640
containing deoxyribonuclease I (Roche) and collagenase (Sigma-
Aldrich), disrupted using scissors or tweezers, and digested for 30 min
at 37 °C. Digest was stopped by adding PBS + 10 mM EDTA, and cell
suspensions were transferred into a fresh tube over a 70 μm nylon mesh
sieve. If necessary, red blood cells were lysed using RBC lysis buffer
(eBioscience), and single-cell suspensions were passed through a 70 μm
nylon mesh sieve before further use. Single-cell suspensions then were
stained for flow cytometry analysis following standard protocols.
Monoclonal antibodies against Ly6C (clone HK1.4), CD11b (clone
M1/70), EpCAM (clone G8.8), CD64 (clone X54-5/7.1), and F4/80
(clone BM8) were purchased from BioLegend, CD11c (clone N418),
CD103 (clone 2E7), CD8a (clone 53-6.7), and MHC-II (clone M5/
114.15.2) were purchased from eBioscience, CD24 (clone M1/69),
CD3 (clone 500A2), CD45 (clone 30-F11), CD49b (clone HMa2),
and Ly6G (clone 1A8) were purchased from BD Bioscience, and CD19
(clone 1D3) and Streptavidin for conjugation of biotinylated antibodies
were purchased from BD Horizon. DAPI staining was used to allow
identification of cell doublets and dead cells. Flow cytometry
acquisition was performed on a five-laser LSR II (BD) using FACSDiva
software, and data were subsequently analyzed with FlowJo v.10.5.3
(Tree Star).
Intracellular Cytokine Staining. Single-cell suspensions of

splenocytes were generated by pushing each spleen through a 70 μm
cell strainer. Red blood cells were lysed using 1× RBC lysis buffer
(eBioscience, Thermo Fisher Scientific) for 5 min at room temperature.
Splenocytes were resuspended in complete cell culture medium (RPMI
1640 supplemented with 10% v/v heat-inactivated FBS, 50 μM β-

mercaptoethanol, 2 mM L-glutamax, 10 mM HEPES, and 100 U/ml
pen/strep; all materials purchased from Gibco, Thermo Fisher
Scientific) and seeded in a 96-well U-bottom plate at a density of ∼3
million per well. Splenocytes were incubated with an overlapping
peptide pool covering the spike protein (JPT product PM-WCPV-S-1
vials 1 and 2) along with functional anti-mouse CD28 and CD49d
antibodies overnight at 37 °C, 5% CO2. Peptides and antibodies were
used at 1 μg/mL, respectively. Negative control wells were generated by
incubating splenocytes with culture medium and costimulatory
antibodies. Positive control wells were generated by incubating
splenocytes with 20 ng/mL PMA (Sigma-Aldrich) and 1 μg/mL
ionomycin (Sigma-Aldrich). The followingmorning, cytokine secretion
was blocked with 1× brefeldin A (eBioscience) and 1× monensin
(eBioscience) for 6 h. Subsequently, cells were stained with fixable
viability dye eFluor 455UV (eBioscience) at 1:1000 in PBS for 30 min
at 4 °C. Cells were washed with FACS buffer (1× PBS supplemented
with 2% v/v heat-inactivated FBS and 1 mM EDTA) and stained for
surface markers with the following antibodies purchased from
BioLegend, eBioscience, and BD: BUV395-CD45 (30-F11), Brilliant
Violet 785-CD3 (17A2), Alexa Fluor 700-CD4 (GK1.5), APC-eFluor
780-CD8 (53-6.7), and PE/Dazzle 594-CD44 (IM7). Antibodies were
diluted 1:200 with FACS buffer and incubated with cells for 30 min at 4
°C. Fixation and permeabilization were done using the Cytofix/
Cytoperm kit (BD), according to the manufacturer’s instructions.
Intracellular cytokines were stained with the following antibodies: Alexa
Fluor 488-IFNγ (XMG1.2), Brilliant Violet 650-TNFα (MP6-XT22),
APC-IL-2 (JES6-5H4), PerCP-eFluor 710-IL-4 (11B11), and PE-IL-5
(TRFK5). Antibodies were diluted 1:200 with 1× permeabilization
buffer and incubated with cells for 30 min at 4 °C. Cells were washed
with 1× permeabilization buffer and then resuspended in FACS buffer
for analysis with the LSR II flow cytometer (BD). Approximately
600 00 total events were recorded for each sample. Data analysis was
performed using FlowJo V10.6.2 software. Percentages of cytokine-
positive events for immunized mouse groups were compared against
the PBS-control group. Responses above the background of the PBS-
control group were considered spike-specific.

ACM Uptake in Human PBMC. Blood samples were obtained
from healthy donors after providing written informed consent to
participate in research protocols approved by the Institutional Review
Board of SIgN. PBMCs were isolated by Ficoll-Paque (GE Healthcare)
density gradient centrifugation of apheresis. Isolated PBMCs were
cultured overnight in RPMI1640 medium supplemented with 2%
human AB serum and 1% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific) in 96-well round-bottom tissue plates, at 37 °C, with
or without ACM-Rhodamine (1:50 or 1:250 dilution). PBMCs then
were stained for flow cytometry following standard protocols; briefly, 5
× 106 cells/tube were washed and incubated with live/dead blue dye
(Invitrogen) for 30 min at 4 °C in PBS, followed by incubation in 5%
heat-inactivated FCS for 15 min at 4 °C (Sigma-Aldrich). Antibodies
were diluted in PBS with 2% FCS and 2 mM EDTA, added to the cells,
and incubated for 30min at 4 °C. PBMCswere stained withmouse anti-
human monoclonal surface antibodies (mAbs) against CD45 (clone
HI30), CD3 (clone SP34-2), CD19 (clone SJ25C1), CD20 (clone
2H7), CD14 (clone M5E2), and CD123 (clone 7G3) purchased from
BD Biosciences, mAbs against HLA-DR (clone L243), CD16 (clone
3G8), and CD1c (clone L161) purchased from BioLegend, and mAb
against CD141 (clone AD5-14H12) purchased from Miltenyi. Flow
cytometry was performed on a BD FACSFortessa (BD Biosciences).
Data were analyzed using FlowJo v.10.5.3 (Tree Star).

ACE2-Binding Assay. Spike protein was coated onto 96-well EIA/
RIA high binding plates (Corning) in carbonate-bicarbonate buffer (15
mmol/L Na2CO3, 35 mmol/L NaHCO3; pH 9.6) at 200 ng per well,
overnight at 4 °C. Plates were blocked with 2% BSA in TBS + 0.05% v/v
Tween-20 for 1.5 h at 37 °C. Threefold serial dilutions of recombinant
hACE2-Fc protein (12 000 ng/mL to 0.61 ng/mL; GenScript) were
prepared in TBS buffer containing 0.5% w/v BSA and applied to the
plate for 1 h at 37 °C. HRP-conjugated goat anti-human IgG (Fc
specific; Sigma-Aldrich) was diluted 1:10 000 and applied to the plate
for 1 h at 37 °C. ACE2-binding was visualized by addition of TMB
substrate (Sigma-Aldrich) for 15 min at room temperature, and the
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reaction was terminated with Stop Solution (Invitrogen, Thermo Fisher
Scientific). Absorbance was measured at 450 nm using a microplate
reader (Biotek). Background absorbance was subtracted and the EC50
value of the titration curve was determined using GraphPad Prism
version 8.4.3 with five-parameter nonlinear regression.
SARS-CoV-2 Spike-Specific Serum IgG. Homemade spike

protein was coated onto a 96-well EIA/RIA high binding plate
(Corning) at 100 ng per well in PBS overnight at 4 °C. Plates were
blocked with 2% w/v BSA in PBS + 0.1% v/v Tween-20 for 1.5 h at 37
°C. Mouse sera were serially diluted from an initial 1:100 with blocking
buffer and applied to the plate for 1 h at 37 °C. HRP-conjugated goat
anti-mouse IgG (H/L) (BioRad) was diluted in blocking buffer at
1:10 000 and applied to the plate for 1 h at 37 °C. Antibody binding was
visualized by addition of TMB substrate for 10 min at room
temperature, and the reaction was terminated with Stop Solution.
Absorbance was measured at 450 nm. Each titration curve was analyzed
via five-parameter nonlinear regression (GraphPad Prism V8.4.3) to
calculate end point titer, which was defined as the highest dilution
producing an absorbance three times the plate background.
Serum Neutralizing Antibody by Competitive ELISA. The

cPass SARS-CoV-2 Surrogate virus neutralization test kit (GenScript)
was used according to the manufacturer’s instructions. Briefly, each
serum sample was diluted 1:10 using sample dilution buffer and
incubated with an equal volume of HRP-RBD solution for 30 min at 37
°C. The mix was then applied to eight-well strips precoated with ACE2
protein for 15 min at 37 °C. RBD-ACE2 binding was visualized by
addition of TMB substrate for 15 min at room temperature. Reaction
was terminated using Stop Solution, and absorbance was measured at
450 nm. Inhibition of RBD-ACE2 binding was calculated using the
formula:
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Pseudovirus Neutralization Test. Pseudotyped lentiviral par-
ticles harboring the SARS-CoV-2 spike glycoprotein (S-pp) were
generated by co-transfection of 293FT cells with S expression plasmid
and envelope-defective pNL4-3.Luc.R-E- luciferase reporter vector.
The S expression plasmid was constructed by cloning the codon-
optimized spike gene (according to GenBank accession QHD43416.1)
containing a 19 amino acid C-terminal truncation to enhance
pseudotyping efficiency51 into the pTT5 mammalian expression vector
(pTT5LnX-coV-SP, a kind gift from Brendon John Hanson, Biological
Defense Program, DSO National Laboratories, Singapore). The viral
supernatant was collected 48−72 h post-transfection, clarified by
centrifugation, and stored at −80 °C until use. S-pp titer was
determined using a lentivirus-associated p24 ELISA kit (Cell Biolabs,
Inc., San Diego, CA, USA). CHO cells stably overexpressing human
ACE2 (CHO-ACE2)69 were seeded in 96-well plates 24 h before
transduction. Mouse serum samples were diluted 1:20 in culture
medium, inactivated at 56 °C for 30 min, and sterilized using Ultrafree-
MC centrifugal filters (Millipore, Burlington, MA, USA). For S-pp
neutralization assays, the serum samples were 2-fold serially diluted six
times and incubated with S-pp for 1 h at room temperature before the
mixture was added to target cells in triplicate wells. Cells were incubated
at 37 °C for 48 h before being tested for luciferase activity using the
Bright-Glo luciferase assay system (Promega, Madison, WI, USA).
Luminescence was measured using a plate reader (Tecan Infinite
M200), and after subtraction of background luminescence, the data
were expressed as a percentage of the reading obtained in the absence of
serum (cells + S-pp only), which was set at 100%. Dose−response
curves were plotted with a four-parameter nonlinear regression using
GraphPad Prism 8, and neutralizing titers were reported as the serum
dilution that blocked 50% S-pp entry (IC50). Samples that did not
achieve 50% neutralization at the input serum dilution (1:40) were
expressed as 1, while the neutralizing titer of samples that achieved
more than 50% neutralization at the highest serum dilution (1:1280)
was reported as 1280.
SARS-CoV-2 Neutralization Test. Serum samples were serially

diluted 2-fold in DMEM supplemented with 5% v/v FBS, from an initial

of 1:10, and incubated with an equal volume of viral suspension (1 ×
104 TCID50/mL) for 90 min at 37 °C. The mixture was transferred to
Vero-E6 cells and incubated for 1 h at 37 °C. The inoculum was
removed, and cells were washed once with DMEM. Fresh culture
medium was added, and cells were incubated for 4 days at 37 °C. The
assay was performed in duplicate. Neutralization titer was defined as the
highest serum dilution that fully inhibited a cytopathic effect.

Statistics. Statistical analyses were performed using GraphPad
Prism software (version 9.2.0). For comparison of antibody titers
between treatment groups across multiple time points or activation
markers on DC subsets between treatment groups, two-way ANOVA
with Tukey’s or Sidak’s multiple comparison was used, where
appropriate. For comparison of antibody titers or T cell responses
between treatment groups at a single time point, one-way ANOVAwith
Tukey’s multiple comparison was used. Significant differences are
indicated where present. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001;
****: P ≤ 0.0001; ns: not significant.
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