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ABSTRACT (Cancer immunotherapy is mainly focused on manipulating patient's
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Mannose-inserted membrane structure was constructed to actively target APCs in
the lymphatic organ, and redox-sensitive peptide-conjugated PLGA nanoparticles were fabricated which prone to cleave in the intracellular milieu. The
nanovaccine demonstrated the retained protein content in erythrocyte and enhanced in vitro cell uptake. An antigen-depot effect was observed in the
administration site with promoted retention in draining lymph nodes. Compared with other formulations after intradermal injection, the nanovaccine
prolonged tumor-occurring time, inhibited tumor growth, and suppressed tumor metastasis in prophylactic, therapeutic, and metastatic melanoma
models, respectively. Additionally, we revealed that nanovaccine effectively enhanced IFN-y secretion and (D8 T cell response. Taken together, these
results demonstrated the great potential in applying an erythrocyte membrane-enveloped polymeric nanoplatform for an antigen delivery system in cancer
immunotherapy.
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he current cancer immunotherapies,
Tsuch as cytokines treatment, immune

checkpoint blockade immunotherapy,
adoptive immunotherapy, and chimeric anti-
gen receptor T cell immunotherapy (CAR-T),
have shown meaningful benefits for cancer
therapy.! Among them, dendritic cell (DQ)-
based immunotherapy plays a crucial role in
cancer treatment from the unique features
of DCs in the immune system. As the most
potent professional antigen presenting cells
(APCs), DCs are considered as the important
initiator of immunity for generation of spe-
cific cytotoxic T lymphocyte (CTL)-mediated
immunotherapy against tumors. To pro-
mote T cell activation, DCs have to migrate
to the proximal draining lymph nodes (LNs)
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after capture of tumor antigens, and subse-
quently secrete the pro-inflammatory cyto-
kines.? Provenge, the first FDA-approved
therapeutic cancer vaccine, is based on
the ex vivo pulsing of autologous DCs with
prostatic acid phosphatase, an antigen as-
sociated with a subset of prostate cancers.?
Despite DC-based immunotherapy present-
ing the induction of antigen-specific re-
sponses in preclinical animal models and
human clinical studies, the isolation, culture,
and antigen-pulsing of DCs are still ata high
cost, extremely labor-intensive, and less
reproducible. Moreover, transplanted DCs
which could home in on the LNs were only
0.5—2.0% and thus not enough to induce
efficient T cell responses.*> To avoid the
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Figure 1. Schematic illustration of the preparation of Man-RBC membrane-coated PLGA-SS-hgp100 nanoparticles (Man-RBC-

NP},gp) and induction of antitumor immunity.

tedious ex vivo DC-based procedure and present a
sufficient amount of antigen to DsC for efficient induc-
tion of antitumor CTL responses, nanotechnology is
applied for sustained and targeted antigen delivery to
DCs.5~8 In this regard, nanoparticles (NPs) of natural or
synthetic origin have been developed to enhance the
efficacy of therapeutic agents for antigen delivery.””
Soluble antigens are encapsulated into nanocarriers
to enhance uptake by professional APCs with less
proteolytic degradation and improved stability.'®"
Furthermore, with coencapsulation of adjuvant, anti-
gen-loaded NPs can induce in situ DC maturation and
much stronger T cell responses. To date, the antigen
delivery system mediated by nanocarriers have exhib-
ited great potential in cancer immunotherapy.®'%"!
Many kinds of NP delivery systems have been devel-
oped for cancer chemotherapy and immunotherapy,
including polymeric NPs, microspheres, liposomes, cell,
or cell-derived vesicles, etc.®'" "' Among them, poly-
meric NPs, especially applying FDA-approved poly-
mers (e.g., poly(p,L-lactici-co-glycolic acid), PLGA) as a
delivery system, have attracted much attention.8%'% In
our previous research, we have reported PLGA-NPs as
melanoma-associated antigenic peptides, TRP21g0_ 18>
and hgp100,5_33, delivery system. TRP2 peptide and
toll-like receptor 4 agonist (MPLA) coentrapped PLGA-
NPs are capable of promoting the presentation of anti-
gen in APCs2 Recently, cell or cell-derived membrane
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vesicles have been proposed as potential drug deliv-
ery carriers, including erythrocytes (RBCs), macro-
phages, dendritic cells, stem cells, tumor cells, and so
on.">1>718 Membrane vesicle-based drug delivery has
received particular attention by virtue of their biologi-
cal formation, antigenic components, and physico-
chemical properties.'® For example, tumor cell-
derived microparticles can be used as a good package
of chemotherapeutic drugs, which exhibited antican-
cer activity with reduced adverse effects.'®> Compared
with the above-mentioned cultured cell-derived vesi-
cles, red blood cells (erythrocyte, RBCs) may be more
appropriate for selective delivery of pharmacological
agents because of their convenient isolation, intrinsic
biocompatibility, and a variety of other remarkable
properties.’” Erythrocyte is an interesting tool for
antigen delivery to target DC and induce CTL re-
sponses.?® 23 As an antigen carrier, RBCs can protect
the antigens from blood clearance, deliver antigens
in strategic organs, and present antigens directly to
immune cells after processing by APCs.>>** The oval-
bumin antigen entrapped-RBCs can promote the pha-
gocytosis by APCs and result in the subsequent
activation and proliferation of antigen-specific CD4"
and CD8™ effector T cells.?? HIV regulatory protein, TAT
conjugated on the RBC membrane exhibited a 1250-
fold less dosage to induce a similar T-cell response
compared with soluble TAT.? Several distinct methods
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Figure 2. Characterizations of RBC-NP. TEM images of (a) PLGA-NPs and (b) RBC-NPs. Scale bar = 200 nm. (c) Hydrodynamic
diameter (blue) and zeta potential (red) of PLGA-NPs and RBC-NPs measured by DLS. (d) In vitro particles stability assay of
RBC-NPs in 1-PBS over a span of 15 days. (e) In vitro release profile of hgp from PLGA-NP,,, or RBC-NPy,g, with/without

DTT in PBS.

have been developed to load antigen in RBCs or onto
the outer surfaces by physical encapsulation or chemi-
cal conjugation. The amount of antigen or drug en-
trapped in RBCs is variable and the encapsulated
substances leak rapidly from the RBCs by the mainly
used osmosis-based method.?*>%° The electroporation
and biotin—avidin—biotin bridge may cause the dis-
ruption of cell membrane and affect the functionalities
of proteins in RBCs.*® Recently, functionalizing syn-
thetic NPs with natural RBC membranes has been
developed to construct RBC-mimicking NPs. The RBC
membrane-cloaked NPs have been developed as a
carrier to extend drug circulation time in cancer che-
motherapy and a safe vaccine to deliver pore-forming
toxins to immune systems.?”?® With this in mind, an
alternative approach is to directly employ RBC mem-
branes as building materials to construct antigen
carriers.

In the present work, we proposed a novel antigenic
peptide delivery system with erythrocyte membrane-
enveloped PLGA-NPs. The nanocarriers will combine
the loading capacity of PLGA-NPs and the natural
intrinsic properties, easy modification with targeting
ligand and insertion capacity for lipid-like adjuvant of
MPLA in the membrane structure of RBC. The feasibility
of polymeric NPs as peptide and adjuvant delivery has
been reported to efficiently induce functional CTL
specific to tumor-associated antigens.” Compared to
the hydrophobic melanoma-associated antigenic pep-
tide TRP2;g0_182, hgp100,5_33 with high hydrophilicity
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can hardly be entrapped in PLGA-NPs by the double
emulsification method with entrapment as low as
0.5%, which limited its application in vaccine formu-
lations.2 The conjugation of the cysteine-modified
peptide with a polymer via disulfide bond may be an
alternative solution with enhanced entrapment effi-
ciency and inclination to cleave under the reductive
condition of abundant y-glutamyl-cysteinyl-glycine
(GSH) in the intracellular milieu.?*3° The bioreducible
NPs have been shown to enhance vaccine-induced
antibody production and CD8" T cell-mediated tumor
cell lysis.>' Therefore, PLGA-SS-hgp NPs (PLGA-NP},g,)
were fabricated with reductive-cleaved hgp100 (hgp)
conjugation and the surface of NPs was further deco-
rated with the RBC membrane (Figure 1). The mannose
receptor (MR) is a carbohydrate-binding receptor ex-
pressed on macrophages, DCs, and nonvascular
endothelium.3? More importantly, it is a key molecule
in antigen recognition.>® The activation of MR can
arouse the targeting of APCs. Mannose-modified NPs
enhanced vaccine delivery into draining LNs and in-
creased vaccine-induced antitumor immune responses.*
DSPE-PEG-mannose (DSPE-PEG-Man) was thus incorpo-
rated into RBC membranes to generate DSPE-PEG-
Man-inserted-RBCs (Man-RBC), which presumably
would be able to actively target APCs in lymphatic
organs. Here, we characterized PLGA-SS-hgp@RBC NPs
(RBC-NPygp) and PLGA-SS-hgp@Man-RBC NPs (Man-
RBC-NPygp) in vitro and in vivo to evaluate the nano-
vaccine formulations on melanoma immunotherapy.
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RESULTS AND DISCUSSION

Preparation and Characterization of RBC membrane-envel-
oped PLGA-NPs (RBC-NPs). PLGA-SS-hgp was synthesized
via a three-step reaction (Supporting Information,
Figure S1). After activation of carboxylic acid termi-
nated PLGA with NHS, 2-(pyridyldithio)-ethylamine
(PDA) was introduced to synthesize PLGA—PDA inter-
mediate. The pyridyl sulfide group of PLGA—PDA was
then exchanged by cysteine-modified hgp peptide,
hgp-SH (KVPRNQDWLC) to form PLGA-SS-hgp. The
conjugation of hgp to PLGA was confirmed by 'H
NMR (Supporting Information, Figure S2). Four methyl
protons of valine and leucine were used as character-
istic peaks at 0.79—0.94 ppm. Protons of some peptide
bonds and aromatic ring of tryptophan appeared at
6.80—8.50 ppm, while the peaks belonging to PDA
disappeared at the same area. The response of PLGA-
SS-hgp in reductive environment was evaluated under
the condition of DL-dithiothreitol (DTT) and the hgp
content was calculated by HPLC measurement. No
retention peak of hgp was observed in the sample of
PLGA-SS-hgp without DTT treatment in contrast to free
hgp-SH or DTT treated samples (Supporting Informa-
tion, Figure S3). These results confirmed the successful
synthesis of PLGA-SS-hgp and reductive-cleavage be-
havior of the pure peptide under in vitro reductive
environment.

RBC-NPs were fabricated by preparing the PLGA-
NPs by nanoprecipitation, deriving RBC membrane
vesicles from natural RBCs by hypotonic hemolysis,
and coating the RBC-membrane onto the surface of
PLGA-NPs by serial extrusion.'*** To visualize the struc-
ture of RBC-NPs, the particles were negatively stained
with phosphotungstic acid and observed through
transmission electron microscopy (TEM) (Figure 2a,b).
A spherical core—shell structure was exhibited as ex-
pected in RBC-NPs (Figure 2b). Moreover, the average
hydrodynamic diameter of RBC-NPs was increased
from 131.3 £ 0.6 nm for PLGA-NPs to 149.2 + 0.6 nm,
with a slight increase of 17.9 nm (Figure 2c). The shell-
structure and thickness detected in the transmission
electron microscopy (TEM) images and increased par-
ticle size measured in dynamic light scattering (DLS)
were in good agreement with the thickness of the
bilayer structure of natural RBC membranes which is
known to be 5—10 nm.>** Man-RBC-NPs, RBC-NPy,,
and Man-RBC-NPy,4, were prepared in the similar way.

Physiological stability is a significant challenge in
the application of NP. Designed for biomedical appli-
cations, we evaluated the stability of PLGA-NPs and
RBC-NPs by suspending them in two commonly used
biological media, pH 7.4 phosphate buffer solution
(PBS), and pure fetal bovine serum (FBS). The particle
size and the surface zeta potential were continuously
monitored by dynamic light scattering (DLS) for 15 days
in PBS. The hydrodynamic diameter of the RBC-NPs was
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Figure 3. Cell uptake capability and cytotoxicity of RBC-NPs
in DC2.4 cells. (a) CLSM images and (b) fluorescence inten-
sity of DC2.4 incubated with coumarin 6-loaded PLGA-NPs,
RBC-NPs, and Man-RBC-NPs. (c) In vitro cytotoxicity of NPs
against DC2.4 cells after treatmnt for 24 h.

slightly changed from 149.2 + 0.6 nm to 156.6 +
4.6 nm, the zeta potential decreased from —17.5 £+
2.0 mV to —20.1 £ 0.7 mV (Figure 1d). It seems that no
significant change was observed in PBS for at least
15 days. For the serum stability, we shelved the RBC-
NPs for 4 h in FBS to monitor the absorbance change at
560 nm.>> Cross-linking between NPs would be ex-
pected to happen if serum proteins bind to the surface
of the NPs3’ It is well-known that larger particles
induce higher light scattering. Aggregation of unstable
particles can thus be assessed by monitoring the
increase in absorbance value.>® The results suggested
that RBC-NPs were more stable than PLGA-NPs in
serum as there were no observable changes in absor-
bance within 4 h (Supporting Information, Figure S4).
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Figure 4. Uptake of DiD 6-loaded PLGA-NPs, RBC-NPs, and Man-RBC-NPs by APCs in the draining LNs in vivo. NPs were
intradermally injected in the inguinal region of C57/BL6 mice. Cells were harvested from the draining LNs after 48 h, and
then stained with anti-CD45R/B220, anti-CD11b, and anti-CD11c mAbs. The uptake of DiD-loaded NPs was assessed by

flow cytometry.

This may occur because the RBC membrane-covered
structure prevented the serum binding from RBC-NPs.

An important feature of the bioreducible NPs is that
they are prone to cleavage in the presence of reductive
agent, such as DTT, and then quickly releasing their
cargoes. Accordingly, we evaluated the in vitro release
profile of PLGA-NPy,g, and RBC-NPyg,, by coincubation
with 10 mM DTT. As shown in Figure 2e, the PLGA-
NPhgp and RBC-NPgy, showed controlled release be-
havior over 48 h, while negligible hgp release was
detected in the absence of DTT. Moreover, RBC-NPy,g,
exhibited slower sustained release of hgp compared
with PLGA-NP},, in the presence of DTT which may be
caused by the RBC barrier from this membrane-coated
NP. It demonstrated that the bioreducible bond con-
jugated peptide-loaded NPs can realize preferentially
intracellular stimuli-responsive release property in-
stead of a burst release before uptake by DCs.

To ensure the retained membrane proteins of RBC
in RBC-NPs after extrusion, SDS-PAGE analyses of Man-
RBC-NPs along with PLGA-NPs, natural RBC membranes,
Man-RBC, and RBC-NPs were performed in parallel (Sup-
porting Information, Figure S5a). Compared to that of
natural RBC membranes, the majority of protein con-
tent was not lost during the samples preparation. The
protein profiles of Man-RBC-NPs and RBC-NPs were as
similar as natural RBC membranes. To confirm the
presence of specific antigens on the RBC-NPs, CD58
and CD59 were examined by Western blotting analysis,
respectively. The results showed that CD58 and CD59
molecules both existed no matter the pre/post-mem-
brane extrusion (Supporting Information, Figure S5b
and S5c). CD59 is a small (20 kDa), globular, glycopho-
sphatidyl inositol (GPI) linked glycoprotein on almost
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all tissues in the body and all circulating cells.>® CD58
is a highly glycosylated cell adhesion molecule
(55—70 kDa) that is expressed in diverse cell types as
a transmembrane or GPl-membrane-anchored form
CD58 and CD59 that distributed on the RBC surface
are the corresponding ligands of CD2.*° CD2 presents
on the surface of T lymphocytes, which is a member of
the immunoglobulin superfamily, and plays a crucial
role in cell—cell adherence.*' CD58 and CD59 are
considered to play an important role in the interaction
of T cells with target cells. Taken together, these obser-
vations suggested that RBC-NPs were stable enough to
apply in biomedical conditions and the majority
of membrane proteins were retained in RBC-NPs
throughout the particle preparation process.
Man-RBC-NPs Enhance Cell Uptake and Promote Retention in
Draining LNs. A key step by which naive T cells first
become aware of tumor-associated antigens is the
presentation of tumor antigens by host APCs. NPs
(20—200 nm) are known to traffic to the draining LNs
rapidly after intradermal injection where they are
effectively taken up by resident DCs.*? We supposed
that the Man-RBC-NPs may efficiently home in on the
LN when intradermally injected, because the NPs were
small enough (<200 nm) to pass through the clefts and
pores of lymphatic vessels. In light of the described
functional features of DCs and their remarkable ability
in cancer immunotherapy, the cell uptake capability of
RBC-NPs and Man-RBC-NPs was investigated by con-
focal laser scanning microscope against DC2.4 cells, a
DC line derived from C57/BL6 mice.** For the purpose
of tracking and comparison, NPs were labeled with
coumarin-6 (green). As shown in Figure 3a, after 2 h
of exposure, all samples exhibited significant green
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Figure 5. Antigen depot at the injection sites and antigen transport into draining LNs. C57/BL6 mice were intradermally
injected in the hind legs with Cy5-labeled NPs. Antigen persistence at injection sites was evaluated and documented by an
in vivo imaging system at the indicated time points. Living Image software was employed to quantify the fluorescence
intensity at the injection sites. (a) Representative fluorescence images and (b) quantitative fluorescence intensity of antigen
persistence at injection sites. (c) The image of LN and spleen at 24 h after intradermal injection.

fluorescence throughout the cytoplasm, which was
closely located around the nuclei (blue) in DC2.4 cells.
The results were further validated through quantitative
assay by flow cytometry in Figure 3b. Both RBC-NPs
and Man-RBC-NPs showed higher cell uptake capa-
bility compared with to PLGA-NPs. All samples reached
the maximum cell uptake after 4 h of incubation. This
suggested that Man-RBC-NPs and RBC-NPs have been
effectively taken up by the DC2.4 cells. The enhanced
cell uptake of Man-RBC-NPs was of immense benefit
to cancer immunotherapy. Moreover, the negligible
cytotoxicity of Man-RBC-NPs toward DC2.4 cells im-
plied the high biocompatibility of our antigen delivery
system (Figure 3c). To further uncover the possibility of
Man-RBC-NPs being taken up by APCs, we injected
lipid dye DiD-loaded NPs in the inguinal region of
C57/BL6 mice to analyze the cellular populations in
draining LN after 48 h of intradermal injection. As
shown in Figure 4, RBC-NPs were positive in 22.4% of
CD11b*CD11c" DCs and 4.7% of CD11b~CD11c* DCs.
Also 19.7% of CD11b"CD11¢™ macrophages took up
the Man-RBC-NPs, whereas CD11b"CD11¢™ cells did

GUO ET AL.

not. Man-RBC-NPs showed an increased uptake by
CD11bTCD11c™ DCs, compared with RBC-NPs (31.4%
vs 22.4%). These results suggested that Man-RBC-NPs
and RBC-NPs can be efficiently taken up by APCs,
including DCs and macrophages which make a vital
contribution to immunity and inflammatory responses
to pathogenic microorganisms.**

It is universally accepted that the ability to form a
“depot effect” at the administration site contributes to
the adjuvant effects of many antigen delivery systems.
The antigen depot effect can extend the exposure time
of antigens to the immune system, thereby enhancing
antigen capture by the immunity system.*> As men-
tioned above, RBC can act as an adjuvant. To explore
the antigen depot effect of Man-RBC-NPs, mice were
injected intradermally with Cy5-labeled RBC-NPs
or Man-RBC-NPs to evaluate the maintenance of
Cy5-labeled NPs at chosen time-points. As shown in
Figure 5a and b, there was no fluorescent signal at the
injection sites after 24 h injection with PLGA-NP. The
fluorescent signal of Man-RBC-NPs was much higher
than that of RBC-NPs, especially at 24 h after injection.
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There was no significant difference between their
decreasing rates of fluorescence intensity. To deter-
mine the precise localization of NPs, spleen and drain-
ing LNs were harvested 24 h later. The RBC-NPs and
Man-RBC-NPs accumulated mostly in the draining LNs
(Figure 5¢). These facts indicated that Man-RBC-NPs
have greater potential to target resident DCs and
enhance the accumulation in the draining LNs through
modification of the particles with mannose.

RBC-NP,g, Promotes the Expression of (D86 and Inflammatory
Cytokines on DGs. DCs as professional APCs can stimulate
both innate and adaptive immune responses.*® The
recognition and capture of tumor antigens by imma-
ture DCs is the first step in the cellularimmune response.
Meanwhile, maturated DCs with upregulation of costi-
mulatory molecules (e.g., CD40, CD80, CD86) may be
necessary to induce T-cell responses.*”*® Vaccine for-
mulation is commonly composed of three key elements,
antigens, adjuvants, and delivery system.*® Although
NPs can themselves act as an adjuvant in promoting DC
maturation, choosing a potent adjuvant is also crucial.>°
The adjuvant has become a prerequisite in cancer
vaccine design to induce potent immune responses
in vivo.*® PLGA-NPs carrying both the peptide antigen
and an adjuvant MPLA had much stronger immune
responses than other formulations, such as the pep-
tide mixed with complete Freund's adjuvant (CFA)2
Hence, we chose MPLA as adjuvant in the following
vaccine formulations. It is an FDA-approved low-toxicity
derivative of lipopolysaccharide (LPS) with immunosti-
mulatory properties, which binds to toll-like receptor 4
(TLR-4). MPLA was incorporated with NPs at 0.1 wt % of
the polymer weight by gently agitating the sample in a
bath sonicator.>' The ability of RBC-NPs to deliver tumor
antigens and induce bone marrow-derived dendritic
cells (BMDCs) maturation was tested by incubating
different vaccine formulations with DCs derived from
C57/BL6 mice. To monitor DC maturation, we focused
on the expression of costimulatory molecule, CD86 and
secretion of cytokines** Data presented in Figure 6a
showed that the percentage of CD86" cells in the
Man-RBC-NP,¢, treated group reached up to 81.6%.
Compared with 33.1% CD86" cells in PBS, all vaccine
formulations caused an up-regulation of CD86 expres-
sion. Moreover, the cytokines secretion is essential in the
induction of antitumor immunity.>? To confirm the
function of RBC-NPs on the antigen presentation pro-
cess, supernatants recovered from 24 h of incubation
of BMDCs with vaccine formulations were tested by
enzyme linked immunosorbent assay (ELISA) kits for
secretion of tumor necrosis factor-a (TNF-a), interleu-
kin-12(p70) (IL-12p70), and interferon-y (IFN-y). TNF-a
and IFN-y appear necessary for the inhibition of tumor,
while IL-12 is a T-cell growth and stimulating factor and
known to be a strong inducer of IFN-y production. These
cytokines are frequently analyzed to characterize anti-
gen delivery efficiency to APCs from antigen-entrapped
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Figure 6. DC maturation induced by combination Man-RBC-
NP},g, with MPLA in vitro. (a) CD86 as a maturation marker
and analyzed by flow cytometry. Secretion of (b) TNF-a,
(c) IL-12 P70, and (d) IFN-y from BMDCs treated with
different formulations.

NPs.>*> RBC-NP,g, and Man-RBC-NPy,q, demonstrated
the similarly increased cytokines secretion pattern as

LPS compared to that of PBS and around 2-fold en-
hancement compared to those of free peptide+MPLA

VOL.9 = NO.7 = 6918-6933 =

ACS

2015 A4

LM\

N
\ O

WWW.acsnano.org

6924



a

vaccination vaccination vaccination

S |

Inoculation
of BL6F10 in

CS’TIT.6 l

Measure tumor size

Day -28 Day -21 Day -14
b -e Saline —#- hgptM =&~ PLGA NP, +M
~¥- RBC-NPg, +M —&~ Man-RBC-NP,,,+M
100 +—%
. o
g 80 T
=
~ 604 =
g e ¥ v
S
T 404
<
E = -
S 201
0 T T -.-I ™

10 12 14 16 18 20 22 24 26 28 30
Time (Day)

v

Day 0 Day 28
€~ 30007
£
£ 2500+
@
£ 2000-
E] *
S 1500- T .
B
£ 1000-
= 5004 #
=
= 0 T —l- 1 T T
R ¢ Q;e‘ DD D
o 5y
) ) (\AQ'&( F\S‘&Q ‘\AQ.@(
>~ -~ (4
& q,(“ QD
] < Qg'
@‘}

Figure 7. Efficacy of Man-RBC-NPy,g, for tumor occurrence in vivo. Mice were immunized three times at 1 week interval with
different vaccine formulations. After 14 days of the last immunization, BI6F10 melanoma cells (5 x 10* cells) were
subcutaneously injected. (a) The immunization protocol; (b) percentage of tumor free mice after tumor challenge; (c) tumor
volume at day 28 after tumor cell challenge. Significant difference vs saline group (%, p < 0.05). Significant difference vs

hgp+M group (#, p < 0.05).

(hgp+M) and PLGA-NPg+M (Figure 6b—d). Com-
bined with the in vitro and in vivo results presented in
Figures 3 to 6, targeted Man-RBC-NPs exhibited the
superiority of DC uptake and activation compared with
nontargeted RBC-NPs, PLGA-NPs and free hgp.
Man-RBC-NPy,g, as Vaccine Induces the Preventive Effect on
Tumor Occurring from the Prophylactic Model. To investigate
the protective efficacy of the nanovaccine against
B16F10 melanoma, vaccine formulations including
hgp+M, PLGA-NPpg,+M, RBC-NP, +M, and Man-
RBC-NP},go+-M were immunized in B6 mice for three
times with a 1 week interval (Figure 7a). Fourteen days
after the last vaccination, B6 mice were inoculated with
5 x 10% B16F10 cells subcutaneously (SC). As shown in
Figure 7b, all control mice (saline group) showed the
palpable tumor at day 16. In contrast, the tumor-free
time was prolonged to day 24 and 26 for hgp+M and
PLGA-NPy,+-M, respectively. Remarkably, the tumor
occurring was retarded by immunization with Man-
RBC-NPy,go+M and RBC-NPyg,-++M. The percentages
of tumor-free mice were 50% (four of eight mice) for
RBC-NPgp+M and increased to 62.5% (five of eight
mice) for Man-RBC-NP,g,+M at day 28. Man-RBC-
NPhgp and RBC-NPyg, also presented a preventive
effect on tumor growth as demonstrated from
Figure 7c for the tumor size measured at day 28.
Compared with 2276.7 + 223.6, 753.3 4+ 647.5, and
693.2 + 4754 mm? for saline, hgp+M, and PLGA-
NPLgp+M, respectively, the mean tumor volumes of
RBC-NPgpo+M and Man-RBC-NPy,g+-M  immunized

GUO ET AL.

mice were 295.8 + 179.6 and 305.1 &+ 166.6 mm?,
respectively (p < 0.05). Moreover, the tumor-free mice
at day 28 were continuously observed. The tumor-free
time was prolonged to day 42 and 38 for Man-RBC-
NPgp+M and RBC-NPyg,+M, respectively. The tumors
occurring in these immunized mice were still growing
and not completely cleared. It may be because the
antitumor T cells become less responsive and their
enduring activity is abrogated by the immunosuppres-
sive DCs at advanced stages.>® The immune check-
point blockade or other combined therapy may be
further developed to inhibit this cancer-induced im-
munosuppression. It seems that the nanovaccine de-
veloped can retard the tumor occurring, but cannot
clear the tumor altogether.

Antitumor Efficacy in Xenograft Tumor Model by Man-RBC-
NPug. The antitumor efficacy of Man-RBC-NPy,q, was
further investigated on a SC xenograft B16F10 mela-
noma model. The tumor size and body weight were
monitored every other day for 21 days after treated
with above-mentioned vaccine formulations. The tumor-
bearing mice were sacrificed as some of the tumors
reached 20 mm in one dimension. No significant
fluctuation of body weight was observed in any of
the groups (Supporting Information, Figure S6a), in-
dicating none obvious toxicity from the formulations.
As shown in Figure 8a, both hgp+M and PLGA-
NPhgpo+M showed a minor tumor inhibition effect.
When compared with the saline, hgp, and PLGA-NPy,,
both Man-RBC-NP},g,+-M and RBC-NP},g,+-M presented
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Figure 8. Antitumor activity of various formulations in B16F10 tumor model. (a) The tumor growth curves of B16F10 tumor-
bearing mice model that were treated with different vaccine formulations (n = 6, x, P < 0.05). (b) Tumor inhibitory rate of
different groups compared with saline. (c) Representative H&E staining sections and immunochemical staining of CD31 in

tumor excised from tumor-bearing mice.

stronger suppression on tumor growth (p < 0.05). The
average tumor volume of mice in Man-RBC-NP},g,+M
group was only about '/5 of that in saline group after 21
days. The rates of tumor growth inhibition from
hgp+M, PLGA-NP,g,+M, RBC-NP,g,+M, and Man-
RBC-NPgp+M were 43.9%, 52.6%, 68.2%, and 76.6%,
respectively (Figure 8b). This was in good agreement
with the isolated tumor images (Supporting Infor-
mation, Figure S6b). The histopathology of tumor from
the each group was investigated by H&E staining
(Figure 8c). In saline group, the tumor tissue had a
large obvious nucleus, with more nuclear division and
less intercellular substance. In accordance with patho-
logical features of melanoma, many melanin particles
in the cytoplasm and less phenomenon of tumor tis-
sue necrosis were also observed in the saline group.

GUO ET AL.

The groups injected with vaccine formulations showed
varying degrees of tumor cell necrosis and intercellular
substance increase. It was clear that cell nuclei apo-
ptosis and the increased intercellular substance in RBC-
NPhgpo+M and Man-RBC-NPyg,+M were more severe
as compared to other groups. The H&E results were
consistent with variations of the tumor volume.

A tumor requires nutrients and oxygen via angio-
genesis in the process of tumor growth and me-
tastasis.”> The major characteristic of tumor angiogen-
esis is the development of new blood vessels from the
existing vasculature. CD31, a membrane protein con-
stitutively expressed on the surface of endothelial cells
of blood vessels, can quantify the microvessel density
to measure angiogenesis.>® To assess the progres-
sion of angiogeniesis in a B16F10 tumor, the tumor
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Figure 9. Inhibition of vaccine formulations in the B16F10 metastatic tumor model. (a) Lungs were harvested for imaging.
(b) Tumor nodules exceeding 2 mm in diameter were counted manually. (c) Representative H&E staining sections showing
the metastases of lungs and immunochemical staining was performed to detect the expression of CD31 and MMP-2 in lung.
n = 6, significant difference vs saline group (x, p < 0.05). significant difference vs hgp+M group (#, p < 0.05).

sections were immunohistochemically stained for CD31
(Figure 8c). Fewer CD31 positive cells were seen in the
RBC-NPpg, and Man-RBC-NPyg, treated group com-
pared with the other groups from the images in the
striated skeletal muscle and the periphery of tumor.
Blood vessels formed throughout the tumor in the
control; therefore, the decreasing expression of CD31
would be beneficial to inhibit tumor growth.

The Inhibition of Tumor Metastasis with Man-RBC-NPyg,.
Melanoma is one of the most aggressive skin cancers
with a high propensity to recurrence and metastasis.
Metastasis is the leading cause of mortality in cancer
patients. The lung was the most frequent site of me-
tastases.”” To test the suppressive effect of Man-RBC-
NPhgp On melanoma metastasis, mice were injected

GUO ET AL.

with B16F10 cells through the tail vein to establish
the metastatic model. After that, C57/BL6 mice were
treated on day 4 and 11 with tested formulations.
Observable nodules (exceeding 2 mm in diameter)
were found in all mice and counted manually. The sig-
nificant pigmentation of migrated B16F10 cells in lung
was easy to distinguish via photographs (Figure 9a).
Compared with the other groups, significantly fewer
metastasis nodules in the lung were developed after
vaccination with Man-RBC-NP,g,. The metastasis nod-
ules counted by microscopy on the lungs of all groups
presented a similar tendency as the isolated lung
images (Figure 9b). The rates of nodules inhibition
with hgp, PLGA-NP},g,, RBC-NPpgp, and Man-RBC-NP, g,
were 19.7%, 40.1%, 57.5%, and 70.5%, respectively
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Figure 10. IFN-y production from immunized mice. Spleen
and draining LN were harvested 7 days after the last
vaccination. Single cell suspension (3 x 10°) was incubated
with the indicated concentrations of hgp peptide for 30 h.
IFN-y production was measured with the ELISPOT assay
system:. (a) representative spot and (b) the number of
positive cells (n = 3, %, p < 0.05).

(Supporting Information, Figure S7b). The metasta-
sis was further visualized by H&E staining on lungs
(Figure 8¢), livers, and kidneys (Supporting Information,
Figure S7c). Only a few nodules were seen from the
lungs of RBC-NPy,g, and Man-RBC-NPyg,. No remarkable
metastase nodules were observed from kidneys and
livers.

The interaction between cancer cells and the extra-
cellular cell matrix (ECM) is a key step during the
procedure of metastasis.>® ECM degradation, mediated
by matrix metalloproteinases (MMPs), is a prerequisite
for tumor metastasis. After degrading the ECM, tumor
cells have the chance to migrate away from primary
tumors and penetrate blood vessel walls.>®> MMPs, such
as MMP-2 and MMP-9 are key enzymes involved in the
metastatic process and have a primary effect on the
ability of cancer cells to grow in a secondary site.°
To further evaluate the suppression efficiency in the
lung metastasis model, CD31 and MMP-2 expressions
were studied through immunohistochemical staining

GUO ET AL.
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Figure 11. CTL response after vaccination in tumor-bearing
mice. The cells of draining LNs isolated from immunized
mice were stained with PE-Cy5 antimouse-CD3 and FITC-
labeled anti-CD8 for 30 min at 4 °C in dark, and then
analyzed using a flow cytometer.

(Figure 9¢). Man-RBC-NP},g, and RBC-NPy,y, exhibited a
decrease in the CD31 and MMP-2 expressions. The
metastasis assay showed that Man-RBC-NPyq, and
RBC-NPy,g, resulted in a significant inhibition of tumor
metastasis with fewer metastasis nodules, and the
lower expressions of CD31 and MMP2 compared with
the other groups.

IFN-y Production by Splenocytes and LNs from Immunized
Mice. The tumor growth inhibitions demonstrated
above may be attributed to the antigen-specific im-
mune responses induced by Man-RBC-NPs containing
both the antigenic peptide and adjuvant. IFN-y is a key
cytokine in tumor immunology, and positively asso-
ciated with tumor rejection. The mechanism of IFN-
y-mediate antitumor immunity has been evidenced
through plenty of studies.®’ IFN-y plays an important
role in the coordinating tumor immune responses, and
the typical feature of activated T-cells is robust produc-
tion of IFN-y. To determine the frequency of activated
T-cells, an IFN-y-ELISPOT assay was used. The genera-
tion of discrete spots reflected the number of cytokine-
secreting cells. Therefore, the spleen and draining LNs
of B6 were extracted and processed into single cell
suspensions on the seventh day after the last vaccina-
tion. As presented in Figure 10, the frequencies of IFN-
y secreting in the spleen and LNs immunized with RBC-
NPhgp and Man-RBC-NPyy, were significantly higher
than those of other formulations (p < 0.05). Man-RBC-
NPygp increased the IFN-y spots up to 411 & 64 per 3 x
10° LN cells which was 13.0, 2.8, 2.0, and 1.1-fold
compared with those of saline, hgp+M, PLGA-
NPhgp+M, and RBC-NPyg,4-M, respectively. There was
no significant difference between levels in the spleen
and draining LN. Moreover, a significant difference was
observed among hgp+M, PLGA-NP}4,+M, and Man-
RBC-NP},gp+M treated groups (p < 0.05). The result was
consistent with previous animal experiments.
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Figure 12. Anti-RBC titer assay and blood parameters monitoring of as-designed nanovaccine. (a) The anti-RBC titer was
measured by ELISA at 3 weeks after the last immunization. (b) Monitoring of RBC count, hemoglobin level, and hematocrit of
mice after different vaccinations. (c) Serum chemistry levels including blood urea nitrogen (BUN), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) in mice after treatment with different vaccine formulations. (d) Representative
H&E staining of mice organs after treatment with vaccine formulations. (b—d) The samples were collected at 7 days after last

vaccine injection.

Man-RBC-NPy,g, Enhance CTL Responses. A potential me-
chanism behind the remarkable immune response
from the Man-RBC-NP},4, may be due to the antigen-
specific CD8™ T cells that generate CTL to reject cancer
cells. CTL responses are important arms of antitumor
immune responses.5? The major effective strategy for
cancer immunotherapy is to recognize antigens by
tumor-specific CTL. To examine the immune responses
to vaccines in vivo, the draining LNs of tumor-bearing
mice were collected and stained with CD8 and CD3e.
As shown in Figure 11, vaccinations with either RBC-
NP, or Man-RBC-NP,g, led to a significant pro-
liferation in CTL. Taking Man-RBC-NPy,g,, for example,
the percentages of CTL could climb up to 36.6%,
which is higher than 27.6% and 28.4% for hgp+M

GUO ET AL.

and PLGA-NPpq,+M, respectively. The augmented CTL
responses could be due to the enhancement of IFN-y
production. Over all, RBC-NPyg, and Man-RBC-NPyg,
enhanced vaccine-induced CTL responses much more
effectively than other vaccine formulations did,
demonstrating the feasibility of RBC in antitumor im-
munity and providing us a deeper insight into the
immunotherapy. In all, vaccinations utilizing RBC
coated onto PLGA-NPs resulted in two distinct phases
of immune responses in situ. First, innate responses
included APC uptake and DC activation. In the second
phase adaptive T-cell responses maintained a persis-
tent CTL response. These results highlighted the ben-
efit of augmenting immune cell responses vaccination
with this nanovaccine.
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Man-RBC-NPy,;, Does Not Elicit Autoimmune Antibodies
against RB(s. To evaluate whether the RBC mem-
brane-coated NPs led to the induction of anti-RBC
autoimmunity, we measured the autologous anti-RBC
titers in serum of mice at 3 weeks after the last immu-
nization using a well-documented ELISA method.5®
None of the serum samples from different vaccine
formulations showed a significant increase in optical
absorbance when compared with saline (Figure 12a).
The absorbance values from the different vaccine
formulations showed much less than the positive
control (100 ng/mL anti-RBC). The results showed no
observable elevation of autologous anti-RBC responses
in mice receiving nanovaccine treatment compared
with the control. Moreover, the blood was collected to
monitor the RBC count, hemoglobin level, hematocrit,
and the levels of ALT, AST, and BUN in all groups.
As shown in Figure 12b and c, they were all at the
normal range. Besides, there were no obvious toxicities
or inflammatory infiltrates in the histological sections

MATERIALS AND METHODS

Materials. Details of the materials can be found in the
Supporting Information.

Cell Line, Cell Culture, and Animals. Murine melanoma cell line
B16F10 (syngeneic with C57BL/6) and DC2.4 cells were grown in
RPMI 1640 medium supplemented with 10% fetal bovine
serum, 100 IU/mL of penicillin, and 100 xg/mL of streptomycin
in a humidified atmosphere incubator with 5% CO, at 37 °C.

Adult C57BL/6 mice were purchased from the Experimental
Animal Center of Wuhan University, China. All mice were main-
tained under specific pathogen-free (SPF) condition in the
Animal Center of Huazhong University of Science and Technol-
ogy, China. The animals were maintained at 25 + 1 °C and
60% =+ 10% humidity under a 12-h light/dark cycle during the
experiments. All animals were treated according to the regula-
tions of Chinese law and the local Ethical Committee Quantita.

Preparation of RBC Membrane and Ligand-Inserted RBC Membrane.
The RBC-membrane derived vesicles were prepared using
hypotonic hemolysis previously reported.3* Briefly, whole blood
was collected from female C57BL/6 mice (6—8 weeks) with
20 uL of low molecular heparin solution per milliliter of blood for
anticoagulation. After the whole blood was centrifuged at
3500 rpm for 10 min at 4 °C, the plasma and buffycoat were
carefully removed. The resulting packed RBCs were washed
once in cold 1:PBS. And then, 20 mL of 0.25-PBS was added
for hemolysis through the hypotonic medium treatment in
ice-bath for 2 h. The solution was centrifuged twice at
9000 rpm for 10 min to remove the released hemoglobin, and
the light pink pellet was then resuspended in 1 x PBS. To form
ligand-inserted RBC ghosts, the light pink solution was incu-
bated with DSPE-PEG-Man for 30 min.%®> The RBC-membrane
was prepared by extruding through a 200 nm polycarbonate
porous membrane with an Avanti mini-extruder (Avanti Polar
Lipids).

Preparation of PLGA-NPs. PLGA-NPs were prepared by the
nanoprecipitation method. The PLGA polymer was first dis-
solved in acetone at a 5 mg/mL concentration, added dropwise
to 20 mL deionized water, and then stirred overnight to
evaporate the organic solvent. After removing large particles
by 3000 rpm centrifugation for 10 min, the particles were
collected by centrifugation at 12000 rpm for 30 min and
redispersed in distilled water for use. Cy5-labeled PLGA-NPs
were prepared by mixing Cy5-amine with the activated PLGA-
NPs for 30 min and purified to remove the free molecules of

GUO ET AL.

of heart, liver, spleen, lung, and kidney (Figure 12d).
The results demonstrated the safety of the nano-
vaccine.®*

CONCLUSION

In this paper, we constructed a novel nanovaccine
formulation composed of three key elements, anti-
genic peptide (hgp100,5_33), adjuvant MPLA, and
delivery system of mannose-inserted-RBC-membrane
coated PLGA-NP. The nanovaccine demonstrated the
superiority to an ordinarily used vaccine formulation
against tumor prevention, growth, and metastasis. This
RBC membrane-coated NPs delivery system could com-
bine the antigen entrapment and stimuli-responsive
property from polymeric NPs and the antigen presen-
tation and adjuvant features of RBCs with membrane
surface and protein integrity. The investigations in this
research may provide a novel strategy to develop a
safe, effective, low-cost, and biomimetic vaccine for-
mulation in the future.

Cy5-amine. PLGA-NPs loaded with the lipophilic dye DiD or
coumarin-6 were fabricated in a similar way as the PLGA-NPs.

Preparation of RBC-Membrane-Coated PLGA-NPs. One mL of PLGA-
NPs or PLGA-NPy,g, was mixed with 100 uL of RBC-membrane
from whole blood. The resultant mixture was subsequently
extruded nine times through a 200 nm polycarbonate porous
membrane using an Avanti mini-extruder to yield the RBC-
membrane-fused PLGA-NPs or PLGA-NP},4, (RBC-NPs or RBC-
NPhgp)-

Characterization of RBC-NPs. The hydrodynamic diameter and
zeta potential of NPs suspended in 1-PBS were measured by
dynamic light scattering (DLS) (Zeta Plus, Brookhaven Instru-
ments, USA). The morphology of RBC-NPs was observed by
transmission electron microscope (TEM, JEM-1230, Japan) at an
accelerating voltage of 200 keV. The stability experiments of
RBC-NPs in PBS were monitored by DLS. Serum stability tests
were conducted according to a previous report at the indicated
time points.>® The PLGA-NPs and RBC-NPs were suspended in
100% FBS with a final NP concentration of 1 mg/mL, and the
absorbance values were measured at 560 nm at different times
to monitor the particle aggregation in the presence of FBS. The
in vitro release profiles of NPs were determined by suspending
PLGA-NPy,g, and RBC-NP},, in release medium with or without
10 mM DTT, respectively. At the assigned time intervals, the
samples were analyzed by HPLC. The proteins retained on RBC-
NPs compared with those on the natural RBC membranes were
observed by SDS-PAGE. CD58 and CD59 on RBC-NPs were
identified by Western Blot.%®

The Cell Uptake and Cytotoxicity Study. The ability of cell uptake
was assessed by flow cytometry (CLSM, Leica TCSNT1, Germany)
and confocal microscopy (Becton Dickinson, San Jose, CA). The
cell cytotoxicity was determined by the MTT assay. Details of the
experiment can be found in the Supporting Information.

Antigen Persistence at Injection Site. To monitor antigen persis-
tence at the injection site in vivo, PLGA-NPs were labeled with
the near-infrared fluorescent dyes Cy5-amine ester. C57BL/6
mice were injected by intradermal in the hind legs with different
vaccine formulations. Lymph nodes nearby the injection site
were isolated for fluorescent imaging after 24 h injection.
Fluorescent images were acquired at different time points
postinjection using an IVIS Lumina XR system equipped with a
150-W quartz halogen lamp and a T mW power scanning laser
(Caliper Life Sciences, Hopkinton, USA). The parameters were
fixed with exposure time of 0.5 s, binning of 1, f/stop of 2 and
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filter excitation/emission wavelength sets of 640/670 nm.%’
Acquired images were analyzed by Living Imaging software.

Generation of Mouse Bone Marrow-Derived Dendritic Cells
(BMDCs). BMDCs were prepared as previously reported with a
minor modification.® Briefly, the BMDCs collected from marrow
cavities of femurs and tibias of mice were cultured in 24-well
plates containing 1 mL of RPMI 1640 medium supplemented
with 10% FBS, 100 mg/mL streptomycin, 100 IU/mL penicillin,
10 ng/mL GM-CSF, and 5 ng/mL IL-4 at 37 °Cin a humidified 5%
CO, humidified atmosphere. DC maturation was induced at day
7 treated with 1 ug/mL of LPS stimulation for 24 h.

Cell Surface Marker Expression and Cytokine Analysis. Flow cyto-
metry analysis was performed to evaluate DC phenotype. Cells
were resuspended in PBS containing 1% FBS, stained with goat
anti-mouse antibody against CD86-PE for 30 min at 4 °Ciin dark,
and then analyzed using a flow cytometer.

For quantitative measurement of TNF-q, IL-12p70, and IFN-y
in the medium released by the cultured cells, the supernatant
derived from DC cultures was harvested and measured by ELISA
analysis according to the manufacturer's instructions at the
indicated time (MultiSciences Biotech Co., Ltd., Hangzhou, China).

Immunization and Tumor Cell Challenge Assay. C57BL/6 mice were
divided into five experimental groups and immunized three
times at an interval of 1 week by intradermal injections of 100 uL
of different vaccine formulations (50 uL/hind leg) containing
50 ug of hgp and 10 ug of MPLA. Fourteen days later after the
last vaccination, 5 x 10% B16F10 cells were transplanted sub-
cutaneously into the right flank of mice. The tumor size was
measured every other day using a caliper, and mice were
euthanized when the length reached 20 mm?. The tumor
volume was calculated as 0.5 x length x width

Therapeutic Assay. Tumor inhibition activity against a solid
tumor model was evaluated. B16F10 cells (5 x 10% suspended
in 0.1 mL physiological saline were injected subcutaneously at
the right flank of each mice. After 8 days of transplantation, all
the tumor-bearing mice were divided randomly into five vac-
cine formulations (six mice per group). On day 9, 13, and 17 after
tumor cell implantation, various formulations were adminis-
tered. The tumor size and body weight of each mouse were
measured every other day. The tumor was stained with hema-
toxyline and eosine after the mice were sacrificed. The CD31
expression was investigated through the immunohistochemical
staining.

Metastasis Inhibition Assay. The metastasis model was estab-
lished to determine the effect of vaccines on tumor metastasis
using female B6 mice (6—8 week, 14—18 g). B16F10 melanoma
cells suspension (1 x 10%/0.1 mL of saline) were injected
intravenously via the caudal vein to the mice. The mice were
randomly divided into five groups with different formulations.
Twenty days later, animals were euthanized with CO,. The
lungs, kidneys, and spleens were excised by gross anatomy
and photographed. Organs containing metastases were fixed in
Bovin fixative solution, and sections were taken and stained
with hematoxyline and eosine. The number of metastatic lung
nodules (pigmented nodules at the surface of the lung) was
counted. The CD31 and MMP-2 expressions were investigated
through the immunohistochemical staining.

IFN-y ELISPOT Assay. To investigate the effect of various for-
mulations on antigen-specific T-cell responses by IFN-y ELISPOT
assay, spleens and LNs were collected from mice on day 7 after
last immunization. A 100 uL cell suspension (3 X 108 cell/mL)
was incubated with 10 ug of the indicated peptide for 20 h in 96-
well ELISPOT plates. The well with 100 uL of medium was used
as a negative control, while the 100 uL cell suspension with
ConA was used as a positive control. The assay was done
according to the protocol supplied by the manufacturer
(Dakewei Biotech Company Ltd., Shenzhen, China). Spots were
counted using an automated analyzer (Immunospot, Cellular
Technology Ltd.).

The CTL Activity in Draining LNs. To analyze immune effector
cells in tumor-bearing mice, the percentage of CD3e*CD8" T
lymphocytes in LNs were determined by flow cytometry. LNs
were teased apart into single cell suspensions by pressing with
a plunger of a syringe. After being washed with PBS for two
times, the cells were stained with PE-Cy5 antimouse-CD3 and
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FITC-labeled anti-CD8 for 30 min at 4 °C in dark, and then
analyzed using a flow cytometer.

Determination of Anti-RBC Antibody Production. The anti-RBC anti-
body productions in the serum of immunized mice were
quantitatively determined by ELISA in accordance with the
manufacturer's protocol. Briefly, 3 weeks after the last immuni-
zation, the serums were collected from all mice (six in each
group), diluted 1:5 with sample diluents and added to the wells
in duplicate (50 uL). Then, 50 uL of horseradish peroxidase-
conjugated rabbit antimouse antibody was added to each well,
and the plate was incubated for 60 min at 37 °C. The plate was
washed three times with 200 uL of washing buffer and incu-
bated with 3,3’,5,5'-tetramethylbenzidine substrate solution in
the dark for 15 min at room temperature. The enzyme reaction
was stopped by adding 50 uL of 2 M H,SO, to each well, and the
optical density of the plate at 450 nm was read using a
microplate reader (Multiskan MK3, Thermo, USA).

The Blood Parameters of the Nanovaccine. Blood was sampled at
the seventh day after the last vaccine injection. The RBC count,
hemoglobin level, and hematocrit were determined by an
automated hematology analyzer. BUN, ALT, and AST were
measured according to the manufacture's instruction (Nanjing
Jiangcheng Bioengineering Institute, China) using a semiauto-
matic biochemical analyzer. Also, organs (heart, liver, spleen,
lung, and kidney) were fixed in paraformaldehyde fixative
solution, and sections were taken and stained with hematoxy-
line and eosine.

Statistical Analysis. Statistical analysis was performed using a
two-tailed Student's t test by comparing with the control group
unless specified with markings. The differences were consid-
ered statistically significant with p < 0.05.
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