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ABSTRACT: One of the major challenges in vaccine design has been the over ? e N
dependence on incorporation of abundant adjuvants, which in fact is in violation (3% & .Qa;\;g ¥
of the “minimalist” principle. In the present study, a compact nanovaccine derived : il
from a near whole antigen (up to 97 wt %) was developed. The nanovaccine v o g
structure was stabilized by free cysteines within each antigen (ovalbumin, OVA), prslide etwerk
which were tempospatially exposed and heat-driven to form an extensive
intermolecular disulfide network. This process enables the engineering of a
nanovaccine upon integration of the danger signal (CpG-SH) into the network \

during the synthetic process. The 50 nm-sized nanovaccine was developed \, ,T e "\‘.' f
comprising approximately 500 antigen molecules per nanoparticle. The nano- J 2 J FI <
vaccine prophylactically protected 70% of mice from tumorigenesis (0% for the  owcs souser m:m.o.exposed Nanoparices
control group) in murine B16-OVA melanoma. Significant tumor inhibition was €5 outumic(om D= s 3N st QA som vssoste 59

achieved by strongly nanovaccine-induced cytotoxic T lymphocytes. This strategy
can be adapted for the future design of vaccine for a minimalist composition in clinical settings.
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. . . . 4 . .
accines, developed to provoke the immune response, and licensed for vaccine development,” showing promise for
. . . : 7,8
have been recognized as the most effective medical cancer immunotherapy.”
intervention for human public health.! Research has Synthesized or bioderived nanocarriers have been exten-

sively investigated, as promising adjuvants, capable of pack-
aging antigens at the nanoscale’™'* (such as polymeric'® or
virus-like'” particles). Similar to conventional adjuvants, these
nanocarriers exhibit considerable depot effects for persistent
activation of antigen presenting cells (APCs). '3 Furthermore,

8
these nanocarriers mimic pathogens, such as viruses,” for

long been focused on developing vaccines with “minimalist”
compositions intended to reduce biological risks accompanied
by the “isolate—inactivate—inject” paradigm.” To this end,
antigens (typically proteins), screened and extracted from
pathogens, are used to pulse the immune system for health

protection or disease treatment. However, these “purified” antigen cross-presentation.” 16 This a dvantage largely relies
antigens suffer from low immunogenicity in the activation of upon the capacity for cytosol delivery to simulate T cell
sufficient immune responses.” Adjuvants have thus been response, a key step for antitumor effect. Systemic trans-
employed as an antigen reservoir (depot effect) to boost portation can also be achieved through diffusion into lymph
antigen immunogenicity.* The most intriguing example is the nodes (LNs) to spatially expand antigen presentation in situ to
clinical use of aluminum salt adjuvants in vaccines for the past

90 years.” However, the limited capacity to elicit T cell Received: January 22, 2018

responses has been the major obstacle for antitumor Accepted: June 21, 2018

vaccines.”” Several adjuvants have been recently developed Published: June 21, 2018
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distant lymph tissue.'”'® Other versatile nanocarrier functions

(imaging,lg targeting,20 and intracellular deliverym’zz) can
further enhance antitumor efficacy to meet additional require-
ments in clinical settings.23’24

One of the major challenges in nanovaccine design has been
the tendency to incorporate overly abundant adjuvants (such
as liposomes'' or poly(lactic-co-glycolic acid) (PLGA)™), a
violation of the minimalist principle.”® Another issue deals with
the difficulty in achieving virus-like multicopy display as a
result of antigen entrapment impeding antigen exposure.
Surface multicopy display is harnessed by viruses to mediate a
potent immune response.’ Additionally, some nanocarriers
generate unexpected immune responses that considerably
compromise therapeutic outcomes. In particular, poly(ethylene
glycol) (PEG), the most common polymer nanocarrier, has
been identified as “immunogenic”.”’ The PEG antibody
generated can lead to rapid clearance of PEG-based drugs or
vaccine delivery systems from body.*®

In this study, we designed a nanovaccine with minimalist
immune compositions while maintaining adjuvant properties
of conventional nanovaccine. The approach is to self-assemble
protein antigens (OVA) by exposing free thiols embedded in
hydrophobic regions followed by the formation of an
intermolecular disulfide network at the nanoscale for structural
fixation (Figure 1). In this fashion, a nanovaccine is constituted
with superhigh antigen packaging (97%) and the necessary
CpG agonist (3%), without the assistance of any exterior
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Figure 1. Scheme for the structure and assembly of OVA@CpG
nanoparticles with 100% immune compositions: (a, left) tradi-
tional nanovaccine, with low antigen loading efficiency (generally
<20%) and difficult antigen exposure due to entrapment by
carriers, such as poly(lactic-co-glycolic acid) (PLGA) nanospheres;
(a, right) hypothesized structure of OVA@CpG nanoparticles
assembled from a near whole antigen supplemented with minimal
CpG agonist, fixed through a disulfide network. (b) Schematic
diagram of the assembly procedure. Thiol groups in OVA structure
are exposed under treatment with a hydrophobic regulator
(sodium dodecyl sulfate, SDS) and subsequently are heat-driven
to form OVA@CpG nanoparticles through disulfide bonds. The
as-developed strategy for the nanoengineering of OVA and CpG
uses green-synthetic techniques and is straightforward and highly
size-controlled.

6399

nanocarriers. The construction nearly entirely from antigen is
not only consistent with the principle of minimalist
composition but also with an extremely high antigen density,
highly preferred for APC interactions. Advantages of antigen
and CpG coordination include enhanced “antigen depot”,
dendritic cell (DC) maturation, LN transportation, and
elicitation of endogenous T cell responses. These biostructural
characteristics are fundamentally important in preventing
tumorigenesis and are experimentally demonstrated by
application of B16-OVA melanoma model in C57BL/6 mice.

RESULTS

Design Strategy. OVA as a classic model antigen® is
frequently co-delivered with CpG agonist (which activates
TLR9 ligand as a danger signal to initiate immune responses”’)
via various nanocarriers.””*>** For OVA antigen, four free
thiols in each OVA molecule®® can theoretically ensure
sufficient intermolecular cross-linking to form a network at
the nanoscale. Incorporation of a terminal thiol group enables
CpG to be integrated into the disulfide network. The cleavable
disulfide bonds upon intracellular reduction® facilitates the
selective release of CpG inside DCs where TLR9 is located.*

As free thiol groups are typically embedded within the OVA
hydrophobic region,”” they are not readily accessible for
intermolecular cross-linking. Moderate protein denaturation is
therefore needed to liberate the free thiols,*® which are
supposed to form the intermolecular disulfide network in
stabilizing the OVA@CpG nanoassembly. The biostructural
design is able, without any other carriers, to protect OVA
antigens and CpG oligonucleotides (short half-life in vivo)
from rapid degradation and clearance in vivo for intense
immune activation.

Synthesis, Physiochemical Properties, and Formation
Mechanism of OVA@CpG Nanoparticles. As an initial
attempt, we first sought to find out if there exists a critical
temperature that enables nanoassembly formation via an
intermolecular disulfide network. OVA in MES buffer was
therefore heated under different temperatures. At 70 °C, the
reaction solution gradually became slightly opalescent during
the reaction. The size of resultant nanoparticles could be
controlled from 30 to 400 nm depending on the reaction time.
Circular dichroism (CD) revealed OVA protein unfolding after
the heating process (Figure S1). However, the nanoparticle
was not disulfide-fixed but noncovalently assembled instead.
This is supported by the fact that treatment with urea or SDS
led to rapid nanoparticle disassembly, as shown by dynamic
light scattering (DLS) assay (Figure S2). This result suggests
inadequate formation of the disulfide bond network.

With an optimized pH and temperature, we found that a
small amount of SDS incorporation led to OVA nanoparticles
with the desired “disulfide-fixed” stability, although the
assembly process required a prolonged reaction time.
Reduction of the sulthydryl concentration of OVA protein
after nanoparticle formation suggested disulfide formation
(Figure 2a). OVA@CpG nanoparticles were developed by
incorporating thiol-terminated CpG (CpG-SH). Mechanistic
analysis revealed a definite, decisive role of disulfide bond in
OVA@CpG assembly. Even with SDS treatment, the size of
the OVA@CpG assembly remained constant during 48 h of
monitoring, with only minor increase due to swelling.
However, following treatment with dithiothreitol (DTT, a
regular agent to cleave disulfide), a rapid nanoparticle
destruction was shown by size change, particularly at higher
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Figure 2. Characterization of the physicochemical properties. (a) Sulfhydryl concentration of molecular OVA and OVA particles at 50, 100,
and 150 nm. (b) Size stability of OVA@CpG nanoparticles after treating with excess SDS and DTT. (c) Growth of the OVA@CpG
nanoparticle size over the reaction time, showing precision in size regulation. Data are presented as mean + SD (n = 3). (d) Photographs of
the OVA@CpG nanoparticle solutions (1.5 mg mL™") with their respective size distribution. (e, f) TEM analysis and size distribution of two
representative OVA@CpG nanoparticles. (g) Gel electrophoresis to show the capacity of OVA to carry CpG during assembly. OVA and CpG
were assembled with weight ratios of 20:1, 30:1, or 40:1 (OVA/CpG). (h) Gel electrophoresis to show the resistance to DNase I degradation
and selective reduction-triggered release of CpG. Molecular CpG without treatment (lane 1); OVA@CpG nanoparticles (OVA,,,/CpG,, =
30:1) treated with DNase I (lane 2); OVA@CpG treated with DNase I, followed by heat-deactivation of the enzyme, and finally treatment
with DTT (lane 3); OVA@CpG treated with DNase I, followed by heat-deactivation of the enzyme, and finally treatment with DTT + SDS

(lane 4).

DTT concentration or lower particle size (Figure 2b and
Figure S3). Additionally, the nanoparticles displayed consid-
erable biostability when cultured in complete RPMI medium
or PBS (Figure S3). The UV spectrum of OVA@CpG
nanoparticles (Figure S4) was slightly blue shifted compared
with the mixture of molecular OVA and CpG
(OVAM&CpGM). This alteration is probably associated with
the partial unfolding of protein structure.

The size of the OVA@CpG nanoparticle was precisely
controlled from tens to hundreds of nanometers (Figure 2c),
depending on the reaction time. The nanoparticle solutions
gradually became opalescent as the particle size increased, with
a narrow size distribution (Figure 2d).

Transmission electron microscopy (TEM) images of
representative samples (hydrodynamic size, 70 nm and 150
nm) showed well-dispersed, regular spherical nanoparticles
(Figure 2e,f). The spherical shape was confirmed by the index
of scattering particle topology (p value close to 1) (Figure SS).
It is estimated that approximately 500 antigen molecules were
assembled to form one 50 nm nanoparticle, as characterized by
dynamic laser light scattering (LLS) (Figure SS). The effective
encapsulation of CpG into nanoparticles was confirmed by gel
electrophoresis (Figure 2g) and UV spectral analysis (Figure
S4). The CpG migration in agarose gel was completely
retarded for the OVA@CpG nanoparticles at the weight ratios
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(OVA,/CpG,,) of 30:1 or 40:1, suggesting efficient CpG
condensation. The feed ratio of OVA to CpG was chosen to be
30:1 in the following study. CpG-loaded nanoparticles
displayed considerable protection against DNase I degrada-
tion; however, CpG was released when assemblies were treated
with DTT, showing binding of OVA and CpG through
disulfide bonds (Figure 2h and Figure $6). SDS-PAGE analysis
showed no noticeable free OVA band, indicating negligible
OVA protein left in the nanoparticle synthesis (Figure S6).
OVA@CpG Nanoparticle Promoted Cellular Uptake
and Activated APCs in Vitro. Antigen uptake and APCs
(macrophage and DC) activation are key steps in the
generation of potent immune responses.””*" We first identified
phagocytized efficiency of OVA@CpG nanoparticles (hereafter
denoted as mNV) by bone marrow-derived DC (BMDC) and
DC2.4 as a function of incubation time (Figure 3a,b). The
mNV concentration was chosen according to cytotoxicity assay
(Figure S7). Fluorescent mNVs containing FAM-labeled CpG
(mNVF) and mNVs containing BODIPY-labeled OVA
(mNV®) were used for detection, with FAM-labeled CpG
(CpGF) and BODIPY-labeled OVA (OVA®) as the controls,
respectively. Quantitative fluorescence analysis showed en-
hanced CpG internalization of mNVs in contrast to molecular
CpG. Additionally, OVA uptake was also significantly
increased at 12 and 24 h incubation time points in DC2.4
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Figure 3. DC cellular uptake and maturation induced by mNVs. mNV uptake by (a) BMDC and (b) DC2.4 incubated for 1, 2, 4, 12, and 24
h, with CpG as the control. BMDC maturation was quantitatively detected using flow cytometry, with medium as the negative control and
LPS as the positive control. Individual histograms are shown for (c) CCR?7, (d) MHCI], (e) CD86, (f) CD80, (‘%’) CD40, and (h) CD83. Data
are presented as mean + SD (n = 3). *p < 0.05, *¥p < 0.01 and **¥p < 0.001 vs untreated cells. p < 0.05 and *p < 0.01 vs cells treated with

the molecular group.

(Figure S8). Potentiated endocytosis for both CpG and OVA
indicated a co-delivery synergy. The internalization process
was visibly observed using confocal microscopy (Figure S9).
BMDC:s after 24 h stimulation expressed higher levels of TNE-
a and IL-6, suggestive of potential cellular immunity (Figure
$10).

The maturation of BMDCs was investigated after mNV
stimulation for 24 h, with lipopolysaccharides (LPS) as the
positive control. The characteristic markers of CD40, CD80,
CD86, CD83, CCR7, and MHC II were analyzed using flow
cytometry and quantified with the mean fluorescence intensity
(MFI). The 70 nm particles (mNV-70) greatly elevated the
expression levels of CCR7 (92.8%), MHC 1I (96.3%), CD80
(90.5%), and CD86 (84.4%), even higher than stimulation
with LPS (CCR7, 66.2%; MHC 11, 88.7%; CD80, 84.7%;
CD86, 80.0%). Though not as efficient as mNV-70, incubation
with mNV-150 (the 150 nm particles) showed comparable
marker upregulation to that with LPS. CCR7, the most
prominent among all characteristic markers, suggests enhanced
migration capacity.”" Additionally, OVA nanoparticles without
CpG exhibited a self-adjuvant property similar to the PLGA
nanoparticles (Figure S11).

mNV Promoted Retention in Injection Site and
Draining LNs. To investigate the transportation and retention
properties of mNVs, C57BL/6 mice were subcutaneously
injected in the inguinal region with mNV®, OVA®, mNV¥, and
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CpG", respectively. As shown in Figure 4a, fluorescence was
undetectable at the injection sites after 96 h for the OVA
molecule, while the mNV-treated group showed a prolonged
signal even after 168 h. The signal of naked CpG rapidly
degraded (within 12 h) and was nearly invisible for in vivo
detection (Figure 4d). In contrast, mNVs prevented CpG from
rapid decomposition for as long as 96 h with persistent
fluorescence, indicating a considerable co-delivery synergy.

Images of isolated draining LNs (Figure 4b—f) showed that
mNVs rapidly accumulated within LNs at 4 h and persisted
over 168 h for mNV® (96 h for mNV¥). For quantitative
analysis, the cells isolated from LNs were examined using flow
cytometry (Figure 4c,f). It was found that 16.3% of the positive
(fluorescence*) lymphocyte cells in the mNV® group exhibited
detectable fluorescence for 168 h, while 13.0% of the cells in
the mNV* group exhibited fluorescence for 96 h. The values
were 10-fold higher than the molecule-treated group. The
above results indicated that mNVs favored both depot effect
and LN migration.

mNYV Elicited a Potent Antitumor Immune Response
in Vivo. As a potential therapeutic nanovaccine, the antitumor
performance of the mNVs was assessed. B16-OVA cells (5 X
10*) were subcutaneously injected into the right flank of mice
followed by three immunizations at intervals of 4 days.*” In
contrast to the groups of saline or OVAM&CpGM, the tumors
in mNV groups grew much slower (Figure Sa and Figure S12).
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Figure 4. mNV-70 depot at the injection site and transport into draining LNs investigated using an in vivo imaging system. CS7BL/6 mice
were subcutaneously injected in the inguinal region with mNV®, OVA®?, mNV¥, or CpG'. Antigen fluorescence at injection sites was
evaluated and documented (a) at 0, 4, 24, 48, 96, and 168 h for mNV® or OVA® and (d) at 0, 1, 3, 12, 24, 48, and 96 h for mNV* or CpGF.
Data are presented as mean + SD (n = 3). The representative fluorescence images of the draining LNs (DLNs) for groups of (b) OVA®, (c)
mNV?, (e) CpGF, and (f) mNVF at the indicated time points. The cells were collected from the isolated DLNs to quantitatively analyze time
dependent LN accumulation of antigen and CpG using flow cytometry.

The group immunized with mNV-70 displayed significantly
retarded tumor growth (Figure Sa), compared with the group
receiving mNV-150, showing the critical role of size. mNV-70
facilitated a prolonged mean survival time of more than 28
days, which was accompanied by a significantly improved
survival rate (Figure Sb). To examine the antitumor
immunization for a larger dose of tumor cells, 10-fold higher
population of B16-OVA cells (5 X 10°) was applied using the
same experimental schedule. Despite gradual tumor growth,
the survival rate (Figure Sc) of mNV-70 (100%) or mNV-150
(60%) groups remained much higher than that of the control
group, which experienced continuous tumor growth with a
mean survival time of less than 15 days.

mNV Induced Tumor Prevention. To investigate the
prophylactic efficacy of mNVs against B16-OVA melanoma,
CS7BL/6 mice were immunized three times at one-week
intervals, with complete Freund’s adjuvant (FA) supplemented
with OVA as a positive control. B16-OVA cells (5 X10*) were
subcutaneously injected in the right flank of mice 1 week after
the last immunization. The percentage of mice with no
detectable tumor masses (Figure Sd,e) during the investigated
period reached 70% for mNV-70 immunization but only 30%
for mNV-150 immunization (n = 10). The tumor-free mice in
the mNV-70 group remained tumor-free up to 18 weeks.
Moreover, tumor growth was significantly delayed in those
mice in which tumor occurred compared with the positive
control group (Figure Sd). However, mice immunized with
OVAM&CpGM succumbed to a steady tumor growth with
marginal survival benefits (Figure S12). Importantly, no
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significant fluctuation of body weight was observed (Figure
S$13), indicating insignificant toxicity in animals immunized
multiple times with mNVs. The survival ratio (Figure Sf)
reflected the potent inhibitory effect of tumors elicited by
mNV-70 (100% survived during the investigated period).

Mechanistic Study. We next investigated the underlying
mechanism for the antitumor effect elicited by mNVs. The
serum levels of TNF-a and IL-12 (p40) were significantly
increased in mice treated with mNVs (Figure 6a,b). These
cytokines represent important indices for successful induction
of antitumor immune responses. The single-cell suspensions of
draining LNs, spleen, tumor, and peripheral blood were
acquired according to the reported protocol.”’~** The
expression levels of the costimulatory molecules (CD8O,
CD86, and CD40) and MHC 1II in isolated CD11c" DCs
from the draining LNs were analyzed by flow cytometry. The
results showed a significant shift from the immature to the
mature phenotype in the prophylactic (Figure 6c—f) and
therapeutic groups (Figure S14). The CD80" expression level
of cells in the mNV-70 treated group exhibited 31.6%
upregulation, which was in sharp contrast to the controls
(<14%), as well as mNV-150 group (<20%). This result is
consistent with the BMDC maturation triggered through
mNVs in vitro.

The CD8/CD4 T cell ratio in the CD3" lymphocyte subset
is a significant indicator of the outcome of adaptive T cell
immunotherapy,*® where a decreased CD8/CD4 ratio is
generally associated with a negative outcome. In the
prophylactic test, the ratio observed in the mNV-70 group
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Figure S. mNV-induced prophylactic and therapeutic immune effects in the B16-OVA model. For therapeutic experiment, CS7BL/6 mice
were subcutaneously inoculated with 5 X 10* B16-OVA tumor cells and vaccinated with the indicated formulations on days 4, 8, and 12. (a)
Average tumor growth curves and (b) survival rates are shown (n = 6). (c) The survival rate of the mice subject to the challenge of 10-fold
population of B16-OVA cells (5 X 10°) under the same vaccination protocol. For prophylactic experiment, mice were subcutaneously
inoculated with 5 X 10* B16-OVA tumor cells after being prevaccinated with the indicated formulations three times at one-week intervals.
(d) Average tumor growth curves, (e) tumor volume on day 25, and (f) survival rates are shown (n = 10). Data are presented as mean =+ SD,
*¥p < 0.01 and *¥*¥p < 0.001 vs the saline group, *p < 0.05 and #p < 0.01 vs the mNV-150 group, NS indicates p > 0.05.

was significantly higher than that of control group (p < 0.001)
(Figure 7a,b). A similar tendency was also observed in the
immunotherapy test (Figure 7c,d), suggesting a stronger
upregulation of splenic CD8" T lymphocyte subset induced
by mNV-70. To investigate OVA specificity of the generated
cytotoxic T lymphocytes (CTLs), splenocytes stained with
carboxyfluorescein succinimidyl ester (CFSE) were restimu-
lated by antigen in vitro and monitored for CTL proliferation.
Upon each division, cells will generally lose half of their CFSE
label. Fluorescent intensity of CD8" T cells from the mNV-70
group reduced dramatically compared with the control group.
A ratio of 33:1 fluorescence intensity of mNV-70 versus
control group showed an average >S-fold multiplication (S
generations), higher than mNV-150 group (4 generations) and
molecule group (2 generations), as shown in Figure 7e,f.
Subsequently, OVA-specific CTL killing capacity was
measured using cytotoxicity detection kit with lactate
dehydrogenase (LDH). After 168 h restimulation by antigen

6403

in vitro, mNV-70 group generated considerable cytotoxic effect
(40%) against B16-OVA cells even at effector-to-target ratio of
10:1, 2-fold increase over mNV-150 group (Figure 7g). These
results reveal that mNV-70 can more efficiently stimulate the
generation of OVA-specific CTLs. Additionally, spleen T cells
from mice immunized with mNV-70 or mNV-150 upon
stimulation with OVA produced significant amounts of IFN-y
(521 and 307 pg mL™", respectively) (Figure 7h). Expressions
of elevated IFN-y with stable IL-4 (Figure 7i) suggested that
mNVs induced a biased Thl-type immune response, which is
favorable for antitumor effect.”’

The tetramer assay of OVA-specific CD8" T cells in
peripheral blood and spleen was subsequently examined on
day 14. The frequency of OVA-specific CD3*CD8"tetramer* T
cells were quantitatively detected by flow cytometry. In spleen,
mNV-70 elicited 2.52% OVA-specific CD8" T cells, markedly
higher than the other groups (Figure 8ab). In peripheral
blood, mNV-70 elicited a peak frequency of 23.7% OVA-
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Figure 6. mNVs inducing DC maturation of draining LNs in prophylactic experiment. The serum levels of (a) TNF-a and (b) IL-12 (p40)
from mice on day 14 were measured using ELISA. The cells from the isolated LNs of immunized mice were stained with (c) FITC-MHCII,
(d) PE-CDA40, (e) FITC-CD86, and (f) PE-CD80 antibodies to characterize the maturation of DCs in vivo. Data are presented as mean + SD
(n = 4). *p < 0.0, *¥p < 0.01, and *¥*¥p < 0.001 vs the control group; *p < 0.05 and *p < 0.01 vs the mNV-150 group.

specific CD8" T cells (Figure 8c,d). Of note, one can conclude
that the priming efficiency is highly associated with particle
size, with 3—5-fold increase when size is reduced from 150 to
70 nm. OVA-specific IFN-y production in splenocytes was also
efficiently induced by mNV (Figure S15) using ELISPOT. The
tetramer assay results for OVA-specific CD8" T cells in
therapeutic protocol are shown in Figure S16. These results
demonstrated that mNVs can significantly augment OVA-
specific CTLs with killing capacity of target melanoma cells.

To further validate the infiltration of CTLs in tumors,
cryostat sections of the tumors from prophylactically treated
mice were stained with anti-CD8 antibody (green) (Figure
8e). The results showed a large number of CD8" T cells (green
signal) infiltrating and accumulating in the tumors of mNV-
immunized mice. The ratio of CD3*CD4" or CD3*CD8* T
cell infiltration within tumors was quantitatively characterized
by flow cytometry (Figure 8fg). Increased CTL distribution
(5—8-fold) was observed in tumor tissues from mNV
immunized mice as compared to the control groups. The
CTL infiltration in the therapeutic test conditions is shown in
Figure S17.

DISCUSSION

The principle of minimalist composition has shown great
success in prophylactic vaccine development, in close
association to the discovery of adjuvants (like aluminum
adjuvants). It has remained a challenge to replicate the same
success for tumor vaccines. The underlying mechanism is
largely associated with the inability of conventional adjuvants
to elicit sufficient T cell immune response. Nanovaccinology
has shed light on the above critical issue by densely packaging
antigens in a single nanoparticle, somewhat analogous to the
particulate microbes. However, conventional nanovaccines
have to use additional nanocarriers for the required
formulation.

To address this critical challenge, we have developed an
“antigen carries antigen” strategy by forming an intermolecular
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disulfide network between antigens, through which mNVs with
precision size can be yielded. The key underlying principle is to
expose free cysteines by partial denaturation while avoiding fast
hydrophobic aggregation with SDS. CpG (3 wt %) terminated
with thiol groups can be further incorporated through
integration into the disulfide network as a “danger signal” to
activate DCs (known as the most efficient APCs). The
resultant mNVs were assembled from a near whole antigen,
characterized by high-density antigen packaging. They were
biostructurally stable in serum and capable of protecting fragile
CpG within mNVs from DNase I degradation.

As the most efficient APCs, DCs play an important role in
the recognition and collection of antigen information to initiate
specific immunity. mNVs feature a minimalist composition,
being engineered from a near whole antigen (up to 97 wt %).
This “antigen carries antigen” strategy avoids the necessity of
antigen encapsulation into conventional nanocarriers, which is
not favorable for antigen exposure. The biological skeleton is
similar to viruses or bacteria for antigen display, different from
soluble proteins. mNVs are found to exhibit a gradual, time-
dependent, and intracellular accumulation of CpG, more
prominent than their molecular counterparts, showing the
synergistic co-delivery of OVA and CpG. Expectedly, mNVs
significantly promote DC maturation and boost antigen
presentation efficiency after uptake. The APC stimulation is
at least comparable to that with known adjuvants, such as
PLGA and LPS.

The efficiency of synergistic co-delivery is further supported
by the local depot effect at the immunized sites and
transportation to LNs. Upon subcutaneous immunization,
both molecular CpG and OVA show rapid clearance to an
insignificant level at 24 h within LNs, reflecting biological
instability. However, mNVs comprising only molecular OVA
and CpG display considerable accumulation in LNs and
retarded release at the injection sites, which is favorable for
generation of immune responses.
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Figure 7. Stimulation and specificity of T cell responses. To validate the CTL effect generated from mNVs, mice were sacrificed on day 14 for
prophylactic test and on day 24 for therapeutic test. The proportion of CD3*CD4* and CD3*CD8" T cells in splenocytes from mice in (a, b)
prophylactic and (c, d) therapeutic experiments is quantified. The CFSE labeled splenocytes from prophylactic mice were restimulated by
OVA antigen in vitro to assess the proliferation of antigen specific CTLs. (e, f) After 48 h incubation, the proliferation of CD8" T cells was
assessed by CFSE dilution, with unstimulated CD8" T cells as the control (gray shade). (g) After additional 7 days restimulation, LDH
release tests were performed by taking cultured splenocytes as effector cells. Splenocytes were cocultured with B16-OVA cells (target cell) at
different E/T ratios 10:1, 20:1, 40:1, or 80:1 for 6 h. Amount of (h) IFN-y and (i) IL-4 in splenocyte supernatant after 48 h restimulation
with OVA antigen, measured by ELISA. Data are presented as mean + SD (n = 4). *p < 0.05, **p < 0.01 and ***p < 0.001 vs the saline

group; ##”p < 0.001 vs the OVAM&CpGM group.

Subsequently, the results from B16-OVA murine melanoma
models verify the antitumor prophylactic and therapeutic
efficiency of mNVs. In the prophylactic experiments, mice
immunized with mNV-70 show markedly inhibited tumori-
genesis, with 70% of the mice (7 in 10) remaining tumor-free
for the entire investigation period. In sharp contrast, no tumor-
free mice are observed for the positive control group
(complete FA combined with OVA) but with delayed
tumorigenesis compared to the negative control. In the
therapeutic test, the tumor growth is effectively delayed in
mNV-treated mice resulting in prolonged mean survival time.

Analysis of draining LNs revealed a higher level of DC
maturation, which has conditioned the subsequent cascade of
immune responses. Cytokine secretion from splenic lympho-
cytes (elevated IFN-y with stable IL-4) tip the immunological
balance toward a Thl phenotype for an enhanced antitumor
effect. The tetramer assays of antigen-specific CD8" T cells in
peripheral blood and spleen demonstrate that mNVs can
significantly augment OVA-specific CTLs, accompanied by
efficient IFN-y production. Enhanced CTL infiltration has also

6405

been observed in the tumor area and contributed to antitumor
efficacy. Figure 9 schematically depicts the functional pathway
of sequential, mNV-triggered antitumor immune processes,
including the depot effect, lymph transportation, APC
endocytosis and activation, CTL generation, and antitumor
efficacy.

Distinctive size effects are observed among extensive
characterizations including DC maturation (either in vitro or
in vivo), capacity to generate the antigen-specific CD8" T cells,
and tumor prevention and therapy. The advantages of mNV-70
over mNV-150 are likely associated with its virus-mimicking
size, which is favorable for an effective immune response. A
larger size can be adverse to intracellular dissociation for
antigen presentation, as well as timely release of CpG in DC
maturation. This was preliminarily supported by a dissociation
experiment, in which mNV-150 was found to exhibit an
obviously slower disassembly compared with mNV-70 upon
DTT treatment.
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Figure 8. Tetramer assay of OVA-specific CD8" T cells, and tumor-infiltrated CTLs elicited by mNVs in prophylactic test. Shown are their
representative scatter plots on day 14 and the frequency of OVA-specific CD8" T cells in (a, b) spleen and (c, d) peripheral blood by flow-
cytometry analysis of CD3"CD8"tetramer” T cells. Tissue cryosections were used to observe CD8" T cell infiltration in vivo. (e)
Representative immunofluorescence assay of CD8" T cells (green) in B16-OVA melanoma tumors. Two different scales are shown (10X and
100X magnification). The percentages of (f) CD3"CD4" T cells and (g) CD3*CD8" T cells among total tumor cells were quantitatively

determined. Data are presented as mean + SD (n = 5). *p < 0.05 and ***p < 0.001 vs the control group;
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'p < 0.001 vs the mNV-150 group.

CONCLUSION

In summary, a nanovaccine constituted from near whole
antigens (97 wt %) has been developed based on an “antigen
carries antigen” strategy. The intermolecular disulfide bonds of
the antigens were used to cross-link proteins within the
nanovaccine, leading to a sulfur network that stabilizes the
nanoparticle. Furthermore, the compact, carrier-free, and self-
adjuvant nanovaccine, with a high antigen density, significantly
promotes a robust T cell immune response and marked LN
transportation. This strategy is also highly versatile and
potentially universal, as most antigens inherently contain or
are conveniently modifiable with cysteine groups.

METHODS

Thermal Assembly of OVA Nanoparticles. Ovalbumin powder
was dispersed in S0 mM MES buffer (pH 6.0) at a concentration of
1—10 mg mL™" and then injected in a screw capped glass test tube.
The OVA solution was subject to heat treatment in a water bath at 70
°C and magnetically stirred at 750 rpm thoroughly. The assembly
process was closely monitored by opalescence of the reaction,
generally accomplished within tens of seconds. At given reaction time,
the reaction was terminated by immediately putting the tube in an ice
water bath. Finally, the formed nanoparticles were subject to
characterization after ultrafiltration.

SDS Assisted Assembly of OVA@CpG Nanoparticles. Thiol-
CpG 1826 was first subject to a reduction treatment so as to acquire
CpG terminated with free thiol groups (CpG-SH). Ovalbumin
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dissolved in DD water (3.0 mg/mL, 1.0 mL) was buffered with 100
mM MES (pH 3.7) at a final concentration of 1.5 mg mL™" and then
injected in a screw capped glass test tube. The solution of SDS (20
#L, 30 mg mL™") was added, followed by the addition of CpG diluted
in diethyl pyrocarbonate (DEPC)-treated water (2 pug uL™') in
different volumes (75, 50, and 37.5 uL for OVA/CpG weight ratios of
20:1, 30:1, and 40:1, respectively). The assembly process was
performed in an oil bath at 90 °C under rigorous stirring, with the
reaction time from several to tens of minutes. At given reaction time,
the reaction was terminated by immediately cooling in an ice water
bath. Finally, the formed nanoparticles were subject to character-
ization after ultrafiltration.

Immunization Protocol for Prophylactic Experiment. The
CS7BL/6 mice (6—8 weeks old) were randomly divided into five
groups (n = 10) and immunized as follows: four groups of the mice
were subcutaneously injected with 150 L of saline, mNV-70 (1 mg
mL™'), mNV-150 (I mg mL™'), or molecular formulation
(OVAM&CpGY, equivalent dosage to nanovaccine), three times at
one-week intervals; one group was immunized with complete
Freund’s adjuvant (FA) supplemented with equivalent OVA as the
control. One week after the final immunization, each mouse was
subcutaneously injected with 5 X 10* BL6-OVA cells in the right flank,
and animals were monitored for tumor growth and body weight.
Thereafter, the tumor volume was estimated using the following
formula: (short diameter)” X long diameter X 0.5. Tumor growth was
measured at 3 day intervals for 24 days.

Evaluation of Lymphocyte Activation and T Cell Response
by Flow Cytometry. On day 14, mice were euthanized to collect
spleens, draining LNs, tumors, and peripheral blood for immuno-
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Figure 9. Schematic illustration of mNV-triggered antitumor immune responses. Depot effect: mNVs function in antigen protection and
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antitumor immunity generated by mNVs elicits potent protection against tumors, suppresses tumor growth, and prolongs the mean survival

time.

logical assays. Serum was stored at —80 °C and subsequently analyzed
by enzyme-linked immunosorbent assay (ELISA).

The isolated tissues (tumor, draining LN, and spleen) were cut into
pieces and inflated in digestion solution (2 mg mL™" collagenase IV,
0.1 mg mL™" DNase I in 10% FBS complete medium), followed by
incubation for 30 min (60 min for tumor) at 37 °C with continuous
shaking. The above digested tissues were then gently ground to
acquire single-cell suspensions through a 70 pm strainer. For splenic
single-cell suspensions, upon completion of digestion, an additional
step was applied to lysis red blood cell using 1 X RBC lysis buffer. Of
special note are treatments of spleen in a bacteria-free operating
environment.

The peripheral blood was placed in an anticoagulant tube and
centrifuged at 2000 rpm to remove the supernatant. The resulting
precipitates were incubated with 3 mL of 1 X RBC lysis buffer for 5
min, centrifuged, and washed twice, then repeated lysis 1—2 times to
remove the red blood cell thoroughly. The procedures of flow
cytometry are shown in Supporting Information.

Immunization for the Established Tumor. To test the therapy
effect of mNVs, 5 X 10* B16-OVA cells were subcutaneously injected

6407

in the right flank of animals on day 0. The C57BL/6 mice (6—8 weeks
old) were randomly divided into four groups (n = 6) and immunized
as follows: the mice were subcutaneously injected with 150 yuL of
saline, mNV-70 (1 mg mL™"), mNV-150 (1 mg mL™"), or molecular
formulation (OVAM&CpGM, equivalent dosage to nanovaccine),
three times on day 4, 8, and 12. Local tumor growth and body weight
were evaluated. To assess the effect of mNVs against a larger dose of
tumor cells, a ten-fold larger population of B16-OVA cells (5 X 10°)
were subcutaneously inoculated into CS7BL/6 mice (n 5)
according to the vaccination protocol described above.
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