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ABSTRACT

Cancer vaccine contributing to the success of the treatment and prevention of tumors
has attracted a huge attention as a strategy for tumor immunotherapy in recent years.
A major challenge of cancer vaccine is to target cytosols of dendritic cells (DCs) in the
lymph nodes (LNs) to enhance efficiency of antigen cross-presentation, which elicits high
levels of cytotoxic T-lymphocytes to destruct tumor cells. Here, we address this issue by
conjugating ovalbumin (OVA) to PEG-PCL using disulfide bond (-ss-), and the degradable
pH-responsive polymer-PEI-PCL as delivery carrier. In addition, the mol ratio of PEG-PCL
to PEI-PCL in the mixed micelles was tailored to deliver the OVA to LNs. Subsequently,
CpG ODNigy6, @ TLR-9 agonist, was further introduced into a mixed micelle of 30nm or
less as a unique tumor vaccine. Importantly, the results demonstrated the mixed micelles
with 1:1mol of PCL-PEG and PCL-PEI can effectively migrate to distal LNs where antigen
were efficiently captured by DCs, meanwhile, OVA was modified to the surface of mixed
micelles via disulfide bonds (-ss-) for promotion efficiency of antigen cross-presentation.
More surprisingly, combination of tumor vaccine with anti-PD-1, the therapy of ectopic
melanoma (B16-OVA) and lung metastasis melanoma (B16-OVA) is excellent therapeutic
effect. Taken together, our works offers a novel strategy for the cytosol delivery of antigens
to achieve potent cancer immunotherapy.
© 2022 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

It is well known that cancer immunotherapy is to elicit a
robust antigen-specific immune response to fight against
cancer cells rather than directly attack tumor cells [1,2]. The
cancer immunotherapies involving tumor vaccination [3],
immune checkpoint blockade [4,5] and chimeric antigen
receptor T-cell (CAR-T) [6] immunotherapy have been
widely used for clinical trials [7-10]. Among these cancer
immunotherapeutic approaches,
been extensively researched because of relatively less
expensiveness and low side effects [11-13]. However, the
clinical efficacy has been is not satisfactory because the
vaccine delivery system primarily induced the humoral
immune response rather than the cellular immune responses,
which are considered to be essential for the effectiveness of
cancer vaccine [13,14]. Therefore, it is critical for developing
a new nanoparticle-based vaccine delivery system that can
maximize immunogenicity to improve the desired cellular
immune response.

A major challenge of nanovaccine delivery systems is to
target the cytosol of antigen-presenting cells (APCs), such
as macrophages and DCs, as cellular immune response
is determined by efficiency of MHC-I antigen -cross-
presentation (antigen peptide enter to the cytosol with
major histocompatibility complex class I (MHC-I) form
antigen peptide-MHC-I complexes, then antigen peptide-
MHC-I interacts with CTLs), initiating of cellular immune
responses to destruct tumor cells [15-18]|. Nanoparticles
(NPs) physico-chemical characteristics remarkably influenced
the efficiency of antigen cross-presentation, including as
size [19], surface modifications [20-22|, and charge [8]. For
example, NPs with sizes ranging from 10 to 100nm were
easier drained directly into LNs than large size NPs [19,23].
PEGylation of NPs is also a modality to enhance delivery
to LNs and reduce retention at the injection site [22,24,25],
since the PEG coating is able to reduce the interaction of
NPs with glycosaminoglycans and collagen fibres in the
interstitium, but it inhibits the uptake by DCs [23]. Previous
studies indicated that positively charged NPs can facilitate
the uptake by DCs more than negative or neutral charge
[8], nevertheless, it increases the risk of NPs being trapped
in the interstitium before reaching LNs [26,27]. In addition,
one of the features of MHC-I presentation pathway is that
antigens are mostly degraded in the cytosol, in which form
complexes with MHC-I and then trigger cellular immune
responses [28,29]. However, exogenous antigens are degraded
in lysosomes, leading to MHC-II presentation, triggering
humoral immune response [30,31]. Therefore, developing new
vaccine vehicles to simultaneously maximize targeting DCs
in LNs and cytosolic delivery of antigens can be challenging.

To resolve these challenges, combination of PCL-PEG with
PCL-PEI was constructed the mixed micelles (denoted as PP)
via modulating the mol ratio of two copolymers [32]. It is
hoped to develop its respective advantages while evading
its disadvantages in order that maximize LNs targeting and
uptake by DCs. Polyethylenimine (PEI) is extensively employed
as a gene delivery vector the tertiary, moreover, amine on
the branched-PEI can be protonated under endo/lysosomal
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pH, which makes it has endo/lysosomal escape capacity
[33,34,8]. PCL-PEG is widely used as a small hydrophobic drug
delivery carrier [33], the PEG on the PCL-PEG backbone has
the ability to reduce the reticuloendothelial system (RES)
identification and intake, which makes it prolong the time
of systemic circulation, and increase the half period [24]. In
addition, we could utilize the feature of cytoplasmic reductive
environment to conjugate antigens to the surface of NPs
by a disulfide bond (-ss-), which is able to achieve cytosolic
delivery of cargos, and boost efficiency of antigen cross-
presentation [30,35,36]. Sachiko Hirosue ea tl. has revealed
that reducible bond favored cytosolic delivery of antigens,
to enhance antigen cross-presentation and generate cellular
immune response [30].

In this work, we designed an intelligent scheme to
conjugate OVA to the NPs surface by disulfide bond (denoted
as PP-SS-OVA) in order that cytosolic delivery of antigens,
triggering antigen-specific immune response. It is found
that PP-SS-OVA has the ability to facilitate antigen MHC-I
cross-presentation and DCs maturation, compared with OVA
or nanovaccine by OVA and PP conjugated with amide bond.
Thereafter, we further introduced CpG ODNigys, @ TLR-9
agonist [37], into PP-SS-OVA to generate PP-SS-OVA/CpG NPs.
Surprisingly, PP-SS-OVA/CpG NPs as therapeutic vaccines
could introduced high levels of antigen-specific CTLs activity
that remarkably suppressed the growth of ectopic melanoma
(B16-OVA) and lung metastasis melanoma (B16-OVA). In
the further, combination of PP-SS-OVA/CpG with anti-PD1
immunotherapy could suppressed already-established
ectopic melanoma and lung metastasis melanoma with
significant immunotherapeutic effect. Therefore, our
study has shown that PP-SS-OVA/CpG NPs was able to
trigger excellent cellular immune response, meanwhile, the
combination of PP-SS-OVA/CpG NPs with anti-PD1 provided
an attractive combinational immunotherapy strategy for
cancer treatment.

2. Materials and methods

2.1. Materials

Stannous octoate (Sn(Oct);), polyethyleneimine (PEI),
e-caprolactone, 4-nitrophenyl chloroformate (NPC), N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC),

cysteamine hydrochloride, 2,2'-Dithiodipyridine, N-
hydroxysuccinimide (NHS) were obtained from Aladdin
(China). CpG ODN3gy6 and traut’s reagent were obtained from
Sangon Biotech (Shanghai). HOOC-PEG-NH, were purchased
from Ponsure Biological (Shanghai). Carboxyfluorescein
Succinimidyl ester (CFSE), OVA, OVAjs57_564, and OVA33_339
were purchased from Sigma-Aldrich (USA). LysoTracker Red
and DAPI were purchased from Beijing Solarbio Science
& Technology Co.Ltd. The anti-SIINFEKL/H-2KPPE, anti-
CD11c¢c-BB700, anti-CD86-PE, anti-CD80-FITC, anti-CD3e-FITC,
anti-CD4-APC and anti-CD8a-PerCP-Cy5.5 were obtained BD
Biosciences (USA). IL-12p70, TNF-« and IFN-y enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
Invitrogen (USA). FITC-OVA was prepared according to the
previous protocol.
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2.2. Cells and animals

Female C57BL/6 and BALB/c mice aged six to eight weeks were
obtained from the Laboratory Animal Center of Shenyang
Pharmaceutical (Liaoning, China). B16-OVA melanoma cell
was kindly provided by Prof. Siging Wang (Jilin University,
China). The BMDCs was prepared according to the previous
protocol.

2.3.  Synthesis and characterization of PCL-PEG and
PCL-PEI copolymers

The synthesis procedures and characterization of different
copolymers were presented in the Supporting Information.

2.4.  Preparation and characterization of mixed micelles

Mixed micelles were prepared employing the conventional
thin-film hydration procedure that had been prepared
employing the under mol ratios of PEI-PCL to PEG-PCL 0:100
(PPO), 25:75 (PP25), 50:50 (PP50), 75:25 (PP75) and 100:0 (PP100).
The particle size, ¢-potential and size distribution of micelles
were analyzed by DLS. The critical micelle concentration
(CMC) of micelles was analyzed by pyrene as a probe with
fluorescence spectrophotometry.

2.5.  Biodistribution of micelles-DiR in vivo

Female BALB/c mice were subcutaneously injected in
the forepaw with Blank NPs, PPO, PP25, PP50, PP75 and
PP100 (20mg) containing DiR (1000ng), and the mice were
observed at 6h, 24h and 7 d employing IVIS spectrum (FX
PRO, Carestream Health, Toronto, Canada). In a separate
experiment, Female C57BL/6 mice were treated similarly
procedure and were sacrificed at 24hr, and major organs
were obtained respectively: heart, spleen, kidney, lung, liver
and LNs. The LNs were analyzed by IVIS spectrum. LNs
suspensions stained with anti-CD11c were analyzed by flow
cytometry (FCM).

2.6.  Preparation and characterization of PP-OVA,
PP-SS-OVA and PP-SS-OVA/CPG

OVA-SH was prepared by reacting OVA with a 20 molar excess
of Traut’s reagent in PBS (5ml, pH 7.8) at 4 °C for three days
and then filtered. PP-SS-OVA;s;_5¢4 Was prepared by a disulfide
exchange reacting PDS groups on PP with HS-OVAjs;_g64 in
PBS (5mL, pH 7.4) at 4 °C for 24 h. As shown in Fig. 2A, PP-SS-
OVA was prepared by a disulfide exchange reacting PDS groups
on PP with OVA-SH in PBS (5ml, pH 7.4) at 4 °C for 24h. PP-
OVA was prepared by reacting PP with OVA-NH, in the PBS
(pH 7.4, 5ml) for 24 h at 4 °C. The reducibility of the disulfide
bond in the presence of 10 mM glutathione was observed via
nonreducing SDS polyacrylamide gel electrophoresis (SDS-
PAGE). PP-SS-OVA/CpG were formed by combining conjugates
and CpG ODNggys at 25 °C for 30min. CpG ODNygys Was
analyzed by a 2% agarose gel retardation assay. The ¢-
potential and particle size of PP-OVA, PP-SS-OVA and PP-SS-
OVA/CpG were analyzed employing Zetasizer Nano series. The
surface morphology of PP-SS-OVA/CpG were investigated by

transmission electrostatic microscopy (TEM, TecnaiG220, FEI,
USA).

Conjugation E f ficiency(%) = (the conjugationof OVA)
/(thetotal of OVA) x 100%
AdsorptionE f ficiency(%) = (the adsorptionof CpG)
/(thetotal of CpG) x 100%

2.7. In vitro cellular cytotoxicity assay

Bone marrow-derived dendritic cells (BMDCs) were incubated
with different formulations at a concentration gradient for
24h. The cellular cytotoxicity of different formulations was
then measured by standard thiazolyl tetrazolium (MTT) assay.

2.8.  Intracellular uptake and localization of antigen assay
in vitro

The cellular uptake of nanoparticle carriers was observed by
Confocal laser scanning microscopy (CLSM).

For FCM assay, immature BMDCs were incubated with
Blank, OVA, PP-OVA, PP-SS-OVA at 37 °C for 4h. BMDCs were
then harvested for analysis using FCM. For CLSM assay,
immature BMDCs were incubated with Blank, OVA, PP-OVA,
PP-SS-OVA at 37°C for 4h. BMDCs were fixed with 4%
paraformaldehyde for 30 min. BMDCs were stained with DAPI,
and then observed using CLSM.

CLSM were used to investigate the endosome/lysosome
escape of nanoparticle carriers. For CLSM assay, immature
BMDCs (2 x 10° cells/well) were incubated with Blank, OVA, PP-
OVA, PP-SS-OVA for 1 or 4 h. BMDCs were stained with Lyso-
Tracker™ Red at 37 °C for 30 min. The cells were fixed with 4%
paraformaldehyde for 30 min. BMDCs were stained with DAPI,
and then observed using CLSM.

2.9.  BMDCs cross-presentation assay in vitro

BMDCs (10%/ml) were incubated in a 6-well plate with Blank
NPs, PP-SS-OVAjc7_s64, PP-SS-OVA and PP-OVA for 24 h. BMDCs
were incubated with anti-SIINFEKL/H-2KPPE and anti-CD11c-
BB700 for 30 min. The BMDCs were analyzed by FCM.

BMDCs (10%/ml) were incubated in a 6-well plate with
Blank, OVA, OVA+CpG, PP-OVA, PP-SS-OVA and PP-SS-
OVA/CpG for 24h. BMDCs were incubated with anti-
SIINFEKL/H-2KPPE and anti-CD11c-BB700 for 30min. The
BMDCs were analyzed by FCM.

2.10. BMDCs maturation assay in vitro

BMDCs (10%/ml) were incubated in a 6-well plate with Blank,
OVA, OVA+CpG, PP-OVA, PP-SS-OVA and PP-SS-OVA/CpG for
24h. BMDCs were incubated with anti-CD11c-BB700, anti-
CD80-FITC and anti-CD86-PE for 30min. The BMDCs were
measured by FCM. The cells supernatant was analyzed for
TNF-« and IL-12p70 using ELISA.

2.11. DC maturation assay in vivo

Female C57BL/6 mice were subcutaneously immunized with
Blank NPs, OVA, OVA+CpG, PP-OVA, PP-SS-OVA and PP-SS-
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OVA/CpG. Seven days later, the lymph nodes from vaccinated
mice were removed and mechanically disruption, meanwhile,
digested into cell suspensions at 37°C for 30 min in RPMI-
1640 (collagenase IV, collagenase I, and hyaluronidase,).
Cell suspension was then filtered to recover single cell
suspension. The cell suspensions were incubated with anti-
CD11c¢c-BB700, anti-CD80-FITC and anti-CD86-PE for 30 min.
The cell suspension was analyzed by FCM.

2.12. Invivo CTLs assay

Female C57BL/6 mice were subcutaneously immunized
with Blank, OVA, OVA+CpG, PP-OVA, PP-SS-OVA and PP-SS-
OVA/CpG. Seven days later, splenocytes were collected from
spleens the naive mice. Splenocytes were divided into two
aliquots. One was pulsed in the presence of OVAjs;7_564 and the
other in the presence of RPMI-1640 medium at 37 °C for 2h.
The OVAjs7 264 part was stained with 5mM CFSE (CFSEp;gp),
while the RPMI-1640 complete medium part was stained with
0.5mM CFSE (CFSEjsy). Equal numbers of CFSEig, (5 x 10
cells per ml) and CFSEjyy, (5 x 107 cells per ml) were merged
and injected intravenously into each experimental group.
After 18 h, splenocytes were collected and measured by FCM.

Speci fic Lysis (%) =
[1 — (ratio 0f CFSEj,ytoCF SEpgyin naive mice)
/(mtio 0f CFSE|,to CFSEpigpinimmunized mice)} x 100%

2.13. Interferon gamma (IFN-y) production

Days 7 after the final immunization, the splenocytes were
collected from immunized mice. Splenocytes were cultured
with OVAjs;_p64 at 37 °C for 18 h. The cell supernatants were
harvested, and the IFN-y was measured employing enzyme-
linked immunosorbent assay (ELISA).

2.14. In vivo tumor experiments for vaccines

Female C57BL/6 mice were s.c. injected with 1 x 10° B16-OVA
cells. As shown in Fig. 6A, the mice were subcutaneously
immunized with Blank, OVA, OVA+CpG, PP-OVA, PP-SS-OVA
and PP-SS-OVA/CpG. The tumor volumes were monitored

every 2 d The mice were sacrificed when the tumor sizes
achieved 1500 mm?3.

Hight
Control  PPO PP25 PPSO  PPIS PP100

Fermale C57BL/6 mice were i.v. injected with 5 x 10> B16-
OVA cells. As shown in Fig. 6A, the mice were subcutaneously
immunized with Blank, OVA, OVA+CpG, PP-OVA, PP-SS-OVA
and PP-SS-OVA/CpG.

2.15. In vivo immune combination therapy

Subcutaneous of B16-OVA tumor model followed the above
preparation method. As shown in Fig. 7A, female C57BL/6
mice were subcutaneously immunized with Blank, OVA, PP-
SS-OVA and PP-SS-OVA/CpG+anti-PD-1(intravenous injection,
20 pg/mouse). The tumor volumes were monitored every two
days. The mice were sacrificed when the tumor sizes achieved
1500 mm3.

Lung metastasis of B16-OVA tumor model followed
the above preparation method. Female C57BL/6 mice
were subcutaneously immunized with Blank, OVA, PP-SS-
OVA and PP-SS-OVA/CpG+anti-PD-1(intravenous injection,
20 pg/mouse).

2.16. Tumor-infiltrating lymphocytes analysis

For assessment of the anti-tumor immune response after
above combinational immunotherapy, tumor was digested
by hyaluronidase, collagenase I, and collagenase IV at
37°C for 1h. Cell suspension was filtered to recover single
cell suspension. The cell suspensions were incubated with
anti-CD3-FITC, anti-CD4-APC, and anti-CD8-PerCP-Cy5.5 for
30min. The cell suspensions were measured by FCM.

3. Results and discussion
3.1.  Optimized micelles to target LNs and DCs

Vaccine carries against cancer are centered on the delivery of
tumor associated antigen to lymph nodes which then initiate
the cellular immune responses[26,38]. Herein, we investigated
the capacity for mixed micelles to deliver cargo to distal LNs
from the site of injection. As shown in Fig. 1A, cargo (DiR)
distribution observed upon the IVIS spectrum showed that
PPO promoted DiR a whole-body distribution inside 6 h, while
PP100 maintained DiR at Day 7 at the injection site, indicating
that the interstitial migration potency of mixed micelles is
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Fig. 1 - PP50 made the strongest property on inguinal LNs targeting and uptake by DCs in vivo. (A) Female BALB/c mice
treated with Blank (control), DiR-loaded PPO, PP25, PP50, PP75 or PP100. Female BALB/c mice were observed by fluorescence
images. (B) The heart, liver, spleen, lung, kidney and inguinal LNs were observed by fluorescence images. (C) Inguinal LNs
were observed by ROI analysis at 24h post-administration. (D) Percentages of DCs in inguinal LNs that were positive for DiR:

CD11c*DCs.
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inversely related to the proportion of PEL Lower PEI accelerates
the migration of mixed micelles.

Furthermore, the same conclusion can be obtained by the
study of the tissues harvested from mice (Fig. 1B and 1C).
The study further demonstrated that PPO with a favorable
whole-body distribution was not better to PP50 (denoted as PP)
when delivering LNs. Compared to other organs, PPO mostly
accumulated in the liver. Decreasing the proportion of PEG-
PCL in the mixed micelles leads to a significant reduce in
the accumulation of them in the liver. However, PP75 or
PP100 revealed a greatly low dispersion in all organs. PP50
was widely dispersed in LNs and rarely distributed in liver.
As shown in Fig. S9 and Table S1, the diameter of all the
formulations was about 20 nm as determined using DLS. But,
the Zeta potential of all the formulations relied on the mol
ratio of PEI-PCL/PEG-PCL, a high ratio resulting in a higher Zeta
potential. We speculate that a high level PEGylation of NPs
favored whole-body distribution when delivering LNs, since
the PEG coating was able to reduce the interaction of NPs with
glycosaminoglycans and collagen fibres in the interstitium.
However, the positive charge of NPs will be caught in the
interstitium before it can delivery to the LNs. Therefore, PP50
has possess strongest capacity to deliver to LNs.

The vaccines reach LNs, where tumor associated antigens
are taken up by APCs, such as DCs. DCs are activated to drive
the cellular immune responses|15,39]. Furthermore, the single
cell suspension of lymph nodes was prepared to research the
frequency of the cargo uptake by cells in LNs using FCM. As
displayed in Fig. 1D, PP50 showed that the proportion of DiR
positive cells is significantly higher than other control groups.
The much better proportion of DiR positive cells of PP50 than
PPO or PP25 may benefit from higher positive charge on PP50,

PCL-PEI

B

+10 mM GSH

SR\ ofR\ o
QAV';Q 94 S
§ &5
]

which plays a role “agonist” to activate DCs. Consistent with
previous research, cationic liposomes facilitated the antigen-
specificimmune response, while neutral liposomes restrained
the one. The much better proportion of DiR positive cells of
PP50 than PP75 or PP100 may benefit from better delivery
cargo to distal LNs. These results confirmed that PP50 has the
strongest capacity to deliver to LNs and the weakest capacity
to enter into the systemic circulation.

3.2. Characterization of different formulations

CMC is a key character of micelles, which influences the
stability of micelle framework[40]. The CMC was tested
using the fluorescence spectrophotometry. Pyrene was used
as a species of fluorescence probe. As shown in Fig. S8a,
the CMC value was 2.35pg/ml, indicating that the mixed
micelles had good dilution stability and remained stable
after subcutaneous injection. To exert cytosolic delivery of
antigens effects, the NPs must be released from lysosome
when it is internalized into the endo/lysosome. Therefore,
the pH-sensitive delivery systems were need to possess an
appropriate triggering pH value, at which a rapid NPs escape
from endo/lysosomal. The pKb value of PEI-PCL was calculated
acid-base titration experiments. As shown in Fig. S8b, we
have demonstrated the pKb of PEI-PCL was about 5.5 which
is approximate the pH value of endo/lysosome.

As shown in Fig. 2B, conjugation of OVA to the mixed
micelles was measured by SDS-PAGE, and the migration of free
OVA-FITC to the lower molecular weights band was found.
By contrast, conjugates were not observed to migrate into
the gel. It can be evaluated whether OVA have the ability
to release from the mixed micelles with cytosolic levels of

AAYAd
PEG

Size (nm)

Fig. 2 - Preparation and characterization of dual-Responsive nanovaccines. (A) Schematic representation of preparation
method of nanovaccines. (B) SDS-PAGE of OVA, OVA+PP, PP-OVA, and PP-SS-OVA. Incubation of PP-OVA, PP-SS-OVA with
10 mM glutathione (GSH) liberates OVA from the mixed micelles. (C) Agarose gel electrophoresis of CpG ODN13556,
PP-SS-OVA/CpG, PP-SS-OVA and PP-OVA. (D) TEM image of PP-SS-OVA/CpG NPs, Scale bar =50 nm. (E) The size distribution
of PP-SS-OVA/CpG NPs measured by DLS. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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glutathione (10 mM) by nonreducing SDS-PAGE. The disulfide
bonds linked OVA to the mixed micelles were degraded in the
presence of glutathione, indicating that PP-SS-OVA was able to
release OVA in the DC cytosol, facilitating efficiency of antigen
cross-presentation. By contrast, the amide bond between
OVA and mixed micelles were not degraded by glutathione.
The conjugation efficiency assayed by a bicinchoninic (BCA)
protein was about 95%. As shown in Fig. 2C, the migration of
the free CpG to the cathode blocked by the mixed micelles
through gel retardation assays, suggesting that CpG was
completely complexed to mixed micelles. As shown in Fig.
2D and2E, the diameter of PP-SS-OVA/CpG NPs about 20-
30nm was measured using DLS. The same results can be
observed by TEM, suggesting that all the nanovaccines were
stable and uniform. As shown in Fig. S9 and Table S1, the
size distribution of all the mixed micelles (PPO, PP25, PP50,
PP75 and PP100) was about 25nm as determined using a DLS.
The Zeta potential of all the mixed micelles (PPO, PP25, PP50,
PP75 and PP100) is —17, 13, 32, 36 and 46 mV, respectively.
Co-loading of OVA and CpG into the mixed micelles did not
visibly influence the size of all the nanovaccines, based on the
DLS.

Antigen

A Nucleus

OVA

PP-OVA

PP-SS-OVA

C

3.3.  Cellular cytotoxicity and cellular uptake

DCs are a crucial APCs and as a key role in activating of antigen
specific T cells [39,41,42]. As shown in Fig. S10A and S10B,
we found that neither PP-SS-OVA nor PP-OVA has no obvious
cytotoxic effects on BMDCs through MTT experiment. As
shown in Fig. S11a and b, PP-OVA or PP-SS-OVA could enhance
remarkable antigen cross-presentation and DC maturation.
The OVA was chosen to the following assays.

The cellular uptake of OVA, PP-OVA, and PP-SS-OVA were
evaluated by FCM and CLSM. BMDCs were culture with
Blank, OVA, PP-OVA, or PP-SS-OVA for 4h. As shown in Fig.
3A, compared to the OVA, both PP-OVA and PP-SS-OVA can
promote the uptake of BMDCs. As shown in Fig. 3B, the same
result was also determined using FCM, indicating that mixed
micelles could boost the intracellular antigen delivery. We
speculate that the enhanced uptake profit from higher zeta
potential, showing the significance of positive charge for NPs
uptake.

We used CLSM to further investigate the intracellular
localization of PP-OVA or PP-SS-OVA in BMDCs. BMDCs was
cultured with PP-OVA or PP-SS-OVA NPs at 37°C for 1h,

B

PP-SS-OVA

PP-OVA

k]
100 10 10 103 10

PP-SS-OVA

- Nucleus . Nucleus
1h . Lysosome . Lysosome
. Antigen . Antigen
- Nucleus . Nucleus
4 h . Lysosome . Lysosome
. Antigen . Antigen

Fig. 3 - In vitro NPs uptake by BMDCs. (A) OVA, PP-OVA and PP-SS-OVA were treated to BMDCs for 4 h, the signals were
observed by CLSM. (B) Uptake of OVA, PP-OVA and PP-SS-OVA by BMDCs as determined using FCM. (C) Intracellular OVA
release of PP-OVA and PP-SS-OVA were observed by CLSM. The blue, green, and red shows the nuclei, OVA, and
endo/lysosomes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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as shown in Fig. 3C, a yellow fluorescence occupied most
of the merged images, indicating that the NPs resided in
lysosome. BMDCs was cultured with PP-OVA or PP-SS-OVA
NPs at 37°C for 4h, as shown in Fig. 3C, which showed the
isolation of green and red fluorescence, suggesting that NPs
could effectively escape from the lysosome. Combined with
the results above, we speculate that NPs was protonated
under endo/lysosomal acidic conditions and stimulates the
endo/lysosomal escape of it via a “proton sponge” effect
(Scheme 1).

3.4.  Efficiency of cross-presentation of NPs-conjugated
antigens is conjugation chemistry-dependent

An effective nanovaccine can induce antigen-specific
cytotoxicity (CD8") T lymphocytes [42,43]. The activity of
the CTLs is decided by efficiency of antigen MHC-I cross-
presentation. To study the efficiency of antigen MHC-I
cross-presentation following NP-conjugation antigen uptake,
we employed the anti-SIINFEKL/H-2KPPE that identify MHC-I
complexes combined with OVAysy ye4j30). As shown in Fig.
4E, PP-SS-OVAjs7 564 Were successfully captured by BMDCs,
the differences between OVAjs; ¢4 and OVA conjugated
by disulfide bond were inappreciable. However, when OVA
was conjugated by non-reducible amide bond, antigen MHC-I
cross-presentation was remarkably inhibited [44]. The PP-OVA
degradation may need an oxidative process or a proteolytic
process before OVA can be released [45]. These results
indicated that the reduction-sensitive release of antigen from
the mixed micelles appears much earlier than the other step
of the mixed micelles.

3.5.  Nanoparticle carriers promote antigen
cross-presentation, BMDCs maturation and cytokine secretion

Exogenous antigens were captured by DCs to elicit following
immune responses via interaction with CTLs [39,46]. The

high expression of CD80 and CD86 as well as antigen
peptide-MHC-I complexes would be triggers for priming
CD8*" T-cells. The percentage of CD11ctCD86"CD80"DCs
and CD11c'SIINFEKLTDCs were separately analyzed by
FCM. As shown in Fig. 4A, and 4B, the antigen MHC-I
cross-presentation efficiency of PP-SS-OVA was 1.6 times
higher than that of PP-OVA. Moreover, antigen MHC-I cross-
presentation efficiency of PP-SS-OVA was 5.1 times higher
than that of free OVA. As shown in Fig. 4C and 4D,
the expression of CD80 and CD86 of PP-SS-OVA was 1.3
times higher than that of PP-OVA and was 1.8 times
higher than that of free OVA, indicating that the OVA
conjugated by disulfide bond could effectively facilitate
antigen MHC-I cross-presentation and the DC maturation.
When disulfide bond-NPs were degraded under a cytosol
reductive-sensitive environment, which induced much more
remarkable MHC-I cross-presentation and DC maturation.
Furthermore, the antigen MHC-I cross-presentation efficiency
of PP-SS-OVA/CpG was 1.6 times higher than that of PP-SS-
OVA and was 4.3 times higher than that of free OVA+CpG;
the expression of co-stimulatory (CD80, CD86) molecules of
PP-SS-OVA/CpG was 30% higher than that of PP-SS-OVA and
was 50% higher than that of free OVA+CpG, suggesting that
incorporation of CpG ODN into the PP-SS-OVA system could
notably raise the immunogenicity of antigens and then elicit
CTL responses.

The BMDC maturation was proved by cytokine production.
It has been reported that IL-12p70 and TNF-¢ are an
indispensable cytokine for priming cellular
responses [47]. As shown in Fig. 4F and 4G, compared
with PP-OVA or OVA, the PP-SS-OVA could induce much more
production of IL-12p70 and TNF-«. This could owe to the
disulfide bond have the property of the cytosol reduction-
sensitive. PP-SS-OVA/CpG could elicit greatest secretion of
IL-12p70 and TNF-o than other groups. In summary, it is
proved that reduction-sensitive bond is considered to be
essential for the effectiveness of tumor vaccine, meanwhile,
incorporation of CpG ODN into the PP-SS-OVA system could
significantly elicit antigen MHC-I cross-presentation and DC
maturation.

immune

3.6. Nanoparticle carriers enhance BMDC maturation and
cytokine secretion in vivo

We investigated antigen cross-presentation and DC
maturation on day 3 after immunization. As shown in
Fig. 5A and 5B, the expression of CD80 and CD86 of PP-SS-OVA
was 30% higher than that of PP-OVA and was 90% higher
than that of free OVA, indicating that the OVA conjugated by
disulfide bond could effectively promote the DC maturation
in vivo. When administered in vivo, the expression of co-
stimulatory (CD80, CD86) molecules of PP-SS-OVA/CpG was
80% higher than that of PP-SS-OVA and was 2.3 times higher
than that of free OVA+CpG, suggesting that incorporation
of CpG ODN into the PP-SS-OVA system could notably raise
the DC maturation and further initiate antigen-specificity
immune responses.

Interferon gamma (IFN-y) is an important marker of
CTLs in the immunotherapy [18,47]. To assess whether these
formulations of vaccine could boost T-cell immune responses
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Fig. 4 - Disulfide bond conjugates promote MHC-I antigen cross-presentation and DCs maturation in vitro. (A&B) Expression
of CD11c*SIINFEKL*DCs was analyzed using FCM. (C&D) Expression of CD11c*CD86*CD80*DCs was analyzed using FCM.
(E) Expression of CD11c*SIINFEKL*DCs was analyzed using FCM. (F&G) The production of IL-12p70 and TNF-« cytokines

were analyzed using ELISA kits.

in vivo. As shown in Fig. 5E, the generation of IFN-y* CTLs
of PP-SS-OVA was 50% higher than that of PP-OVA and was
4.9 times higher than that of free OVA, suggesting that OVA
conjugated by disulfide bond is necessary in generation of
IFN-y*.In addition, compared to free OVA+CpG or PP-SS-OVA,
PP-SS-OVA/CpG could elicit the highest level of IFN-y+ CTLs,
suggesting that incorporation of CpG-ODN into the PP-SS-OVA
system could trigger one more IFN-y* CTLs generation than
unformulated adjuvant. As shown in Fig. S14, there was no
obvious toxicity in the heart, liver, spleen, lung and kidney. In

summary, these results confirmed PP-SS-OVA/CpG NPs could
elicit in vivo antigen cross-presentation and DC maturation.
3.7.  CTLs assay in vivo

CTLs are a crucial role in inhibiting growth of tumor cells
or the prevention of cancer recurrence [21,48]. To evaluate
whether the mixed micelles can trigger robust cellular

immunity, we measured the specific lysis of PP-SS-OVA/CpG
NPs. As shown in Fig. 5C and 5D, free OVA or PBS did not
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Fig. 5 - In vivo CTL response and DC maturation after vaccination. (A&B) Expression of CD11c*CD86*CD80*DCs was
measured by FCM. (C&D) CTL activity after vaccination in vivo. (E) IFN-y was measured by ELISA. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

exhibit OVA;s7_oe4-specific CTLs response. The free OVA+CpG
or PP-OVA, and approximately 20% OVAjsy 64 pulsed target
cells were killed. In contrast, the mice immunized with PP-SS-
OVA was able to kill about 35% OVA;s7_64-pulsed target cells,
suggesting that OVA conjugated by disulfide bond is a crucial
role in generation of CTLs. The PP-SS-OVA/CpG NPs was able

to kill about 60% OVAjs;_ses-pulsed target cells, implying the
PP-SS-OVA/CpG NPs induce an effective in vivo OVAj;s7 se4-
specific CTLs response compared with other groups. In the
present work, PP-OVA or PP-SS-OVA could produce moderate
CTL response and tumor inhibitory activity, indicating that
the NPs may activate DCs moderately. This is similar to
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previous reports that cationic NPs are not only a carrier
but also an effective vaccine adjuvant to trigger immune
response.

3.8.  Nanoparticle carriers enhance antitumor activity

As shown in Fig. 6A, the mice were subcutaneously injected
on Day 0 with B16-OVA cells. The mice were subcutaneously
injected with PBS, OVA, OVA+CpG, PP-OVA, PP-SS-OVA and
PP-SS-OVA/CpG separately on Day 7, 14 and 21. As shown
in Fig. 6B and S12, compared to PP-OVA and OVA alone,
immunization with PP-SS-OVA NPs could partially suppress
the tumor growth. Surprisingly, CpG ODN was integrated
into PP-SS-OVA, the obtained PP-SS-OVA/CpG NPs had the
most potent tumor growth inhibitory effect. As shown in
Fig. 6C, the survival of mice immunized with the PP-SS-
OVA was prolonged the 15% than that of PP-OVA and was
prolonged the 30% than that of free OVA. The survival with
the PP-SS-OVA/CpG group was prolonged the 50% than that of
other ones, indicating that PP-SS-OVA/CpG group can induce
effective cellular immune response to suppress tumor growth.
It is critical for CpG ODN introducing into PP-SS-OVA that can
maximize inducing immunogenicity to enhance the cellular
immune response. This result is similar to CTLs assay in
vivo, indicating that codelivery of OVA and CpG ODN in
nanovaccine forms could elicit strong the cellular immune
response superior to vaccination by delivery of OVA.

Whether PP-SS-OVA/CpG NPs could inhibit B16-OVA
metastasis was another critical issue. The mice were injected
via tail vein on day O with B16-OVA melanoma cells. The
mice were subcutaneously injected on days 7, 14 and 21
with formulations PBS, OVA, OVA+CpG, PP-OVA, PP-SS-OVA
and PP-SS-OVA/CpG separately. As shown in Fig. 6D, PP-
SS-OVA/CpG NPs shown the most potent tumor metastasis
inhibition, exhibiting the least lung metastatic nodules. As
shown in Fig. 6E, the numbers of lung metastatic nodules of
PP-OVA or OVA was 1.7 or 2.3 times higher than the numbers
of lung metastatic nodules of PP-SS-OVA, indicating that
OVA conjugated by disulfide bond could notably enhance
the antigen cross-presentation and further initiate CTL
responses. The numbers of lung metastatic nodules of PP-
SS-OVA or OVA+CpG was 1.8 or 2.7 times higher than that
of PP-SS-OVA/CpG, indicating that the PP-SS-OVA/CpG NPs
could produce CTL response and tumor inhibitory activity.

3.9.
activity

Combination immunotherapy enhance antitumor

The PD-1 blockade in combination with other antitumor
therapy strategies have provided tremendous potential in
cancer treatment in recent years [4,49]. As shown in Fig. 7A,
the therapeutic effect of anti-PD-1 blockade in combination
with PP-SS-OVA/CpG NPs strategy was also assessed. As
shown in Fig. 7B, C and S13, PP-SS-OVA/CpG group or anti-



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 583-595 593

A 0d 7d 8d 11d 14d 15d 18d 21d 22d 25d
PD-1 PD-1 PD-1 PD-1 PD-1 PD-1
Tumor injection Vaccination Vaccination Vaccination
B 1500 C
< Blank <
“ = PP-SS-OVA/CpG S
E « Anti-PD-1 = 90} :
£ 1000{ = PP-SS-OVA/CHG E = Blank
§ +Anti-PD-1 é | = PP-SS-OVA/CpG
i be — Anti-PD-1
= s
g 50N | = PP-SS-OVA/CpG
= 3 & +Anti-PD-1
04 . . —_—
0 10 20 30 0 10 20 30 40 350 60
D Time (d) Time (d)
P 200
Normal ” “ " ” : é
natc i
=3
Blank NPs . E;
° =
Anti-PD-1 ‘ 0 ‘ ‘ “ ég
PP-SS-OVA/CpG A E g
Anti-PD-1+ ” “ ‘ * 2
PP;SS-()\'A.'('p(; ‘ ﬂ “ “ "
T ; PP-SS-OVA/C
F Blank PP-SS-OVA/CpG  Anti-PD-1 e e
+Anti-PD-1
13.9 12.5
e
a 41.5 368
o
CD4
40, H 80
G o 2 - _
O30 + ; O _ 60} P S
X . a8 —_
27 - 2 7
= =20} @ = 40
T3 Y3 =
e =L o
=z 10 ‘ Iz 20
| ’
0 : 0
g < N O & o b &
> S R
Q\Q '.\(,Q .\RQ QLQ N Q\"b ) ‘QCQ Q ' ’;&r Q’\
g W ¢ S o $
& &0 & &
& ¢ 2 ¢

Fig. 7 - Combination of PP-SS-OVA/CpG with anti-PD-1 for immunotherapy could elicit stronger antitumor activity in vivo. (A)
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PD-1 single therapy could partially inhibit tumor. Interestingly,
mice immunized with a combined treatment of PP-SS-
OVA/CpG NPs and anti-PD-1, the tumor volume was potently
suppressed and the mice survival rate was increased to 50%
within 60 d As shown in Fig. 7D, the PP-SS-OVA/CpG NPs-+anti-
PD-1 exhibited the most potent tumor metastasis inhibition.
As shown in Fig. 7E, numbers of lung metastatic nodules of
PP-SS-OVA/CpG or anti-PD-1 was 3.3 times or 4.1 times higher
than that of PP-SS-OVA/CpG+anti-PD-1, indicating that the
anti-PD-1 could enhance synergistically antitumor activity in
the combinational immunotherapy. As shown in Fig. S15, no
perceptible body weight decrease was observed with PP-SS-
OVA/CpG group, indicating the no obvious toxicity of NPs to
the treated mice.

3.10. Tumor-infiltrating lymphocytes analysis

To assess whether combination therapy could trigger
antitumor response. It is known that anti-PD-1 promotes the
infiltration of tumors, leading to cellular immune response
[4,5,49]. Hence, the tumors were harvested on day 13. The
tumor infiltrating T-cells were analyzed by FCM. As shown
in Fig. 7F-7H and S16, when combined PP-SS-OVA/CpG NPs
with anti-PD-1 therapy, the percentages of tumor-infiltrating
CD3"CD4" and CD3*CD8* T-cells among CD3*T cells within
the tumors were remarkably enhanced. In contrast, CD8" and
CD4'T cells were not adequately infiltrated into tumors by
PP-SS-OVA/CPG or anti-PD-1 simple therapy.

In summary, the theories of combinational
immunotherapy strategy may be interpreted as follows:
(1) The PP-SS-OVA/CpG NPs were able to induce cellular
immunity; mixed micelles were able to promote cargo
delivery and antigen MHC-I cross-presentation; the CpG
ODN could facilitate the immunogenicity [25,50,51]. (2) Anti-
PD-1 was able to potently enhance CTL infiltration into
tumors, enhancing antitumor activity in the combinational
immunotherapy [34,49].

4, Conclusions

In summary, the mixed micelles were prepared as a
multifunctional carrier for co-delivering OVA and CpG ODN.
The mixed micelles were optimized by incorporating the
advantages of both cationic PEI-PCL and anionic PEG-PCL,
which can deliver to LNs and boost antigens taken up by
DCs. In this system, antigens were conjugated to the surface
of NPs by disulfide bonds increasing the accumulation of
antigens on LNs, potentiating the cytosol delivery of antigens
which would induce efficient antigen cross-presentation
in DCs. CpG ODN was introduced into PP-SS-OVA by
simple mixing, the obtained PP-SS-OVA/CpG NPs further
promoted antigen immunogenicity initiating potent anti-
tumor immunity. The PP-SS-OVA/CpG+anti-PD-1 could not
only trigger strong therapeutic efficacy, but also to potently
control lung metastasis tumor. This work prominent that we
conjugated antigen to NPs surface by the disulfide bond for
cytosol delivery of antigens, owing to more intelligent design
of carriers. Our study offers a new point of a rational delivery
design of antigens to induce cellular immune response.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ajps.2022.05.004.
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