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Therapeutic strategies for cancer involving immune checkpoint inhibitors (ICls) have been gaining
widespread attention, but their efficacy remains limited. Thus, combination of ICI therapies with other
therapeutic modalities may be required to improve their outcomes. In this study, we examined the
improved efficacy of a CHP nanogel-based vaccine delivery system after combination with ICI therapy.
For this, we evaluated the therapeutic efficacy of combining an anti-PD-1 antibody as an ICI with an
OVA antigen-complexed CHP nanogel vaccine delivery system in a mouse E.G7-OVA tumor model. Mice
were subcutaneously inoculated with E.G7-OVA tumor cells on one side of the back, and
subcutaneously injected with OVA or the OVA/CHP nanogel vaccine on the other side of the back. Anti-
PD-1 antibody was administered at defined intervals. Tumor volume, immune responses, and tumor-
infiltrating cells were evaluated. Mice treated with OVA vaccine alone showed weak tumor suppression
compared with untreated control mice. Mice receiving combined OVA/CHP nanogel vaccine and anti-
PD-1 antibody therapy exhibited strong tumor growth suppression and markedly improved survival,
suggesting that PD-1 signaling blockade by the anti-PD-1 antibody enhanced the anti-tumor efficacy of
the OVA vaccine. Furthermore, tumor-infiltrating cells and immune responses were increased in the

combined therapy group. No serious side effects were observed for any of the treatments. Taken
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Accepted 12th February 2020 ogether, the immune system activation induced by the nanogel vaccine was synergistically
enhanced by the anti-PD-1 antibody. The present findings suggest the potential for enhanced
DOI: 10.1039/c9ral0066k therapeutic efficacy by combining the CHP nanogel vaccine delivery system with ICl therapy for various

rsc.li/rsc-advances cancer types.
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1. Introduction

Immunotherapy has attracted attention as a new therapeutic
strategy for cancer.' Inhibitors of immune checkpoint mole-
cules like PD-1/PD-L1 and CTLA-4 block immunosuppressive
signaling pathways among T cells, cancer cells, and antigen-
presenting cells, and consequently improve immunity.>?
Although immune checkpoint inhibitor (ICI) therapy has shown
impressive anti-tumor efficacy, the efficacy was dependent on
individual patients or cancer types, because it was related to
induction levels of cancer-specific cytotoxic T lymphocytes
(CTLs) and expression levels of immune checkpoint molecules
in tumors.*® Thus, despite the potential of ICI therapy for
treatment of various cancers, its combination with other ther-
apeutic modalities like immunotherapy, chemotherapy, or
radiation therapy may be required for more effective
outcomes.®®
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As one of the possible immunotherapies, vaccines specifi-
cally activate systemic immunity against antigens and have low
side effects.”’ In general, exogenous antigens induce Th2
immune system activation to exert cancer prophylactic effects.
To activate the Th1 immune system and obtain cancer thera-
peutic effects, functional antigen delivery systems, such as
delivery to lymph nodes, assistance of endosomal escape, and
complexation with adjuvants, are needed."™ We previously
developed a novel antigen delivery system involving a self-
assembled nanogel.**** Specifically, cholesterol-bearing pul-
lulan (CHP) self-assembly led to nanogel formation in water by
hydrophobic interactions. The CHP nanogel acted as a protein
delivery carrier, and showed immune-stealth ability by pre-
venting interactions with non-antigen-presenting cells because
of its highly hydrophilic surface.'® We further confirmed that
the CHP nanogel induced Th1 immune system activation and
exhibited anti-tumor efficacy as a cancer therapeutic
vaccine,"”*®* and CHP nanogel vaccines with HER-2 or NY-ESO-1
antigens have shown novel cancer therapeutic effect in clinical
trials.*?* The CHP nanogel effectively delivered antigens to
lymph nodes and enabled activation of CTLs through cross-
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presentation of antigen-presenting cells including CD169"
macrophages. Thus, combination of the CHP nanogel vaccine
with ICI therapy would be a promising strategy to enhance the
anti-tumor efficacy for potential clinical applications. In the
present study, we used an anti-PD-1 antibody as an ICI, and
investigated its combination therapy with an OVA antigen-
complexed CHP nanogel vaccine using an E.G7-OVA tumor
model (Fig. 1).

2. Materials and methods
2.1 Materials

CHP was purchased from NOF Corporation (Tokyo, Japan).
Phosphate-buffered saline (PBS), ATCC-modified RPMI 1640
medium, fetal bovine serum (FBS), 2-mercaptoethanol, and
antibiotic-antimycotic were purchased from Gibco (Carlsbad,
CA, USA). G418 was purchased from Nacalai Tesque (Kyoto,
Japan). EndoGrade OVA was purchased from Hyglos GmbH
(Bernried, Germany). InVivoMADb anti-mouse PD-1 antibody
(clone J43) was purchased from BioXCell (West Lebanon, NH,
USA). Urea was purchased from Wako (Osaka, Japan). Slide-A-
Lyzer™ Dialysis Cassettes (10 K MWCO, 3 mL) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). IFN-y
Mouse Uncoated ELISA Kit was purchased from Invitrogen
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(Carlsbad, CA, USA). CpG with phosphorothioate modification
was purchased from FASMAC (Kanagawa, Japan). PE-
conjugated anti-mouse CD279 (PD-1) antibody (RMP1-30) and
APC-conjugated anti-mouse CDS8 antibody (53-6.7) were
purchased from BioLegend (San Diego, CA, USA).

2.2 Cell culture and mice

E.G7-OVA cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA), and cultured in ATCC-
modified RPMI 1640 medium supplemented with 10% FBS,
0.4 mg mL™' G418, 0.05 mM 2-mercaptoethanol, and 1%
antibiotic-antimycotic. Female C57BL/6] mice were purchased
from SLC Co. Japan (Shizuoka, Japan). All animal experiments
were approved by the Ethics Committee for Animal Welfare of
Kyoto University and were performed according to the institu-
tional guidance of Kyoto University on animal experimentation.

2.3 Preparation of CHP nanogel vaccine

To obtain OVA/CHP complexes, CHP was dissolved in PBS
containing 6 M urea, followed by addition of OVA (final
concentrations: 5 mg mL ™' CHP nanogel and 0.2 mg mL ™' OVA
in PBS containing 6 M urea). After complexation for 1 day at
37 °C, OVA/CHP complexes were dialyzed against PBS to remove
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Combination therapy of OVA/CHP nanogel vaccine with anti-PD-1 antibody enhances the anti-tumor efficacy. A schematic illustration of

the study is shown. (A) The CHP nanogel forms complexes with OVA protein via hydrophobic interactions between the cholesteryl group of CHP
and hydrophobic amino acid residues of OVA. (B) The nanogel vaccine activates antigen-specific CTLs and the anti-PD-1 antibody enhances the
anti-tumor efficacy by blockade of PD-1/PD-L1 signalling.
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urea. The OVA/CHP nanogel complex was passed through 0.22
um filter for sterile. The complexes were kept at 4 °C until use.
The diameters of CHP nanogel and OVA/CHP nanogel were
measured by dynamic light scattering (DLS; Zetasizer Nano-ZS;
Malvern, Worcestershire, UK).

2.4 Immunotherapy in tumor-bearing mice

For treatment with OVA/CHP nanogel vaccine, mice were inoc-
ulated with E.G7-OVA cells (1 x 10°) in the backs of C57BL mice.
For the combined treatment group, mice were treated with OVA
or OVA/CHP vaccine (containing 20 pug OVA and 5 pg CpG) on
days 6, 10, and 14 by subcutaneous administration, and anti-
PD-1 antibody (200 pg) on days 8, 12, and 16 by intraperito-
neal administration. For the anti-PD-1 antibody only group,
mice were treated with anti-PD-1 antibody on days 6, 10, and 14
by intraperitoneal administration to start the treatment on the
same day. As a control, one group was not take any treatment to
monitor the natural growth of E.G7-OVA tumor. Tumor volumes
were calculated by the formula: tumor volume = (major axis) x
(minor axis) x (height) x /6. Mice were euthanized for ethical
reasons when the tumor volumes exceeded 1500 mm?®. Each
group contained 6-10 mice.

2.5 Immune activation

OVA or OVA/CHP nanogel vaccine (containing 20 ug OVA) plus
CpG (5 pg) was subcutaneously injected into C57BL/6] mice to
activate their immune system. Serum samples were collected on
the following day for IFN-y assays. CpG only was administered
to control mice.

2.6 Evaluation of side effects

E.G7-OVA cells (1 x 10°) were inoculated into C57BL/6] mice.
Vaccines were subcutaneously injected on days 5 and 9, and
anti-PD-1 antibody (200 pg) was intraperitoneally injected on
days 7 and 11, followed by euthanasia on day 12. Serum was
collected on day 12 for aspartate aminotransferase (AST) assays,
which were performed by the customized services of Oriental
Yeast Co. Ltd. (Nagahama, Japan). Spleens, lungs and tumors
were harvested and weighed on day 12, and lungs were further
weighed after drying. Tumors were minced in digestion buffer
(RPMI 1640 medium containing 1 mg mL " collagenase type IV,
20 U mL ™" DNase IV, 10% FBS, and 1% antibiotics), and incu-
bated at 37 °C for 1 h to obtain single-cell suspensions. The
collected cells were immunostained with fluorescent dye-
conjugated anti-CD8a and anti-PD-1 antibodies at 4 °C for
20 min. Tumor-infiltrating CD8" cells and PD-1 expression
levels in CD8" cells were evaluated by flow cytometry (LSR For-
tessa Cell Analyzer; BD Biosciences, San Jose, CA, USA). Data
were analysed using FlowJo 7.6.5 software (Tree Star, Ashland,
OR, USA).

3. Results and discussion
3.1 Anti-tumor efficacy against an E.G7-OVA tumor model

OVA/CHP nanogel complex was prepared by mixing denatured
OVA and CHP nanogel. The diameters of CHP nanogel before and
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after OVA encapsulation were determined by DLS (Fig. 2). CHP
nanogel and OVA/CHP nanogel complex showed 30 nm and 63 nm
in diameter, respectively. The diameter of CHP nanogel became
larger by OVA encapsulation, and kept suitable size for lymph node
transfer (<100 nm).”* CHP nanogel enabled to form complex with
OVA via hydrophobic interaction of cholesteryl group in CHP
nanogel and hydrophobic domain in denatured OVA.

We investigated the anti-tumor efficacy of the combination
therapy using an E.G7-OVA tumor model. C57BL/6] mice were
inoculated E.G7-OVA tumor cells into the left side of the back,
while vaccine was subcutaneously injected into the right side of
the back to observe systemic immune activation. The anti-PD-1
antibody treatment group showed almost no tumor growth
suppression efficacy and a similar tumor growth curve to the non-
treatment group (Fig. 3A), indicating that vaccination with OVA
antigen was necessary to induce sufficient CTLs into the tumor
for treatment. The OVA group showed weak tumor growth
suppression compared with non-vaccinated groups, but failed to
exhibit tumor reduction. Meanwhile, the OVA/CHP nanogel
vaccine group showed strong tumor reduction. As CHP nanogel
enabled to deliver antigens into draining lymph nodes effec-
tively,"®* OVA/CHP nanogel vaccine would induce higher numbers
of activated CTLs, which led efficient anti-tumor efficacy. The
OVA with anti-PD-1 antibody group showed stronger anti-tumor
efficacy than the OVA only group, suggesting that blockade of
PD-1/PD-L1 signalling by the anti-PD-1 antibody enhanced the
anti-tumor efficacy even in the OVA vaccine. Notably, the OVA/
CHP nanogel vaccine with anti-PD-1 antibody combination
therapy showed the strongest anti-tumor effect and the survival
rate was dramatically improved (Fig. 3B). These results indicated
that effective CTL activation by the CHP nanogel vaccine was
essential for anti-tumor efficacy, and that the anti-PD-1 antibody
combination therapy assisted the efficacy.

3.2 Effects on tumor environment by CHP nanogel vaccine
and anti-PD-1 antibody treatment

To investigate activation of the tumor environment by the
nanogel vaccine with anti-PD-1 antibody combination therapy,
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Fig. 2 Characterization of OVA/CHP nanogel complex. Diameters of
CHP nanogel before and after complexation with OVA were deter-
mined by DLS.
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Fig. 3 Anti-tumor efficacy of OVA/CHP nanogel vaccine with anti-PD-1 antibody. E.G7-OVA tumor-bearing mice (n = 6—8) were treated with
vaccines and anti-PD-1 antibody. (A) E.G7-OVA tumor volumes in mice treated with anti-PD-1 antibody, OVA, OVA with anti-PD-1 antibody,
OVA/CHP nanogel vaccine, or OVA/CHP nanogel vaccine with anti-PD-1 antibody. (B) Survival rates of the mice. Data are shown as means +
SEM. *p < 0.05, **p < 0.01, by one-way ANOVA (A) or log-rank (Mantel-Cox) test (B).

flow cytometric analysis was performed for E.G7-OVA tumors.
Tumor-infiltrating CTLs (CD8" cells) were increased when mice
were vaccinated with OVA only or OVA/CHP nanogel vaccine
(Fig. 4A). These findings indicated that the OVA/CHP nanogel
vaccine activated more antigen-specific CTLs systemically and
recruited these cells to tumor sites more effectively than the
OVA vaccine. Moreover, infiltration of CTLs was slightly more
effective with anti-PD-1 antibody administration.

High PD-1 expression in CTLs indicates T-cell exhaustion
and loss of effector functions,*** and leads to weak tumor
growth suppression and tumor regrowth. Almost all tumor-
infiltrating CTLs showed high PD-1 expression after vaccina-
tion without anti-PD-1 antibody treatment, but the expression
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was down-regulated by vaccination plus anti-PD-1 antibody
treatment (Fig. 4B). These results suggest that combination
therapy of CHP nanogel vaccine and anti-PD-1 antibody
recruited more CTLs into tumors and prevented T-cell exhaus-
tion by inhibiting PD-1/PD-L1 signalling, thereby exhibiting
marked anti-tumor efficacy.

3.3 Effects of CHP nanogel vaccine and anti-PD-1 antibody
combination therapy on immune responses

We further evaluated the immune responses induced by nano-
gel vaccine with anti-PD-1 antibody combination therapy. CHP
nanogel vaccine or OVA with CpG adjuvant were subcutaneously
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Fig. 4 Effects on tumor-infiltrating T cells. E.G7-OVA tumor-bearing mice (n = 4) were treated with vaccines. (A and B) Ratios of tumor-
infiltrating CTLs (CD8" cells) (A) and PD-1 expression on CTLs (B) were evaluated by flow cytometry. Data are shown as means & SEM. *p < 0.05,

**p < 0.01, by one-way ANOVA.
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Fig. 5 Immune system activation by OVA/CHP nanogel vaccine. At
24 h after subcutaneous injection of OVA or OVA/CHP nanogel
vaccine into mice (n = 4), serum concentration of IFN-y were
measured by ELISA. Data are shown as means + SEM. *p < 0.05, by
one-way ANOVA.

injected into mice, and serum IFN-v levels were evaluated after
1 day (Fig. 5). IFN-y was not detected in the CpG only group,
because immune responses like production of inflammatory
cytokines by CpG are very quick (within several hours) and the
concentration would immediately decrease.”*** Meanwhile, the
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serum IFN-y level was increased after OVA or CHP nanogel
vaccine treatment, suggesting that responses other than those
induced by CpG had occurred. IFN-y is an inflammatory cyto-
kine that assists Th1 type immune system activation and leads
to induction of CTL activation. Thus, the results indicated that
treatment with the vaccines, especially the CHP nanogel
vaccine, enabled activation of Th1 immunity.

Finally, the side effects of the treatments were evaluated. No
splenomegaly or increased water content in the lung was
observed after any of the treatments (Fig. 6A and B). The OVA/
CHP nanogel vaccine and anti-PD-1 antibody combination
therapy appeared to slightly increase the serum AST level, but
the differences between the treatment groups were not signifi-
cant (Fig. 6C). An increase in AST is a known side effect of
nivolumab (anti-PD-1 antibody), and thus the AST level incre-
ment could be an effect of the anti-PD-1 antibody. Moreover,
body weight did not decrease during the treatment schedule
(Fig. 6D). Thus, there were no apparent serious side effects for
the nanogel vaccine and the combination therapy with the anti-
PD-1 antibody. While there were no differences in the tumor
burdens on the mice, tumor weights were decreased by OVA/
CHP nanogel vaccine administration (Fig. 6E), suggesting that
antigen-specific Th1 immunity was effectively activated by the
nanogel vaccine.
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Fig. 6 No side effects by OVA/CHP nanogel vaccine and the combination therapy with anti-PD-1 antibody. E.G7-OVA tumor-bearing mice (n =
4) were treated with vaccines and anti-PD-1 antibody, and measured for their spleen weight (A), lung water content (B), and serum AST level (C) as
side effects. (D and E) Mice were monitored for their body weight during treatment (D) and tumor weight (E). Data are shown as means + SEM.
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4. Conclusions

We have utilized CHP nanogel as an antigen carrier for a cancer
therapeutic vaccine. The CHP nanogel formed complexes with
OVA protein by hydrophobic interactions, and enabled activa-
tion of the immune system. While anti-PD-1 antibody, OVA, or
OVA with anti-PD-1 antibody treatments did not show anti-
tumor efficacy, OVA/CHP nanogel vaccine combined with anti-
PD-1 antibody showed tumor reduction. In particular, the
combination therapy of OVA/CHP nanogel vaccine and anti-PD-
1 antibody dramatically improved the survival rate compared
with the other treatments without remarkable side effects.

The CHP nanogel formed stable complexes with protein
antigens and activated the antigen-specific immune system,
suggesting that the CHP nanogel vaccine system is applicable to
various types of antigens. The anti-PD-1 antibody synergistically
enhanced the immune activation induced by the CHP nanogel
vaccine. In conclusion, the combination therapy of CHP nano-
gel vaccine with ICI therapy focuses on clinical applications and
shows promising potential for cancer therapy.
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