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Abstract: Chemoimmunotherapy combines chemotherapy based on anticancer drugs with
immunotherapy based on immune activators to eliminate or inhibit the growth of cancer
cells. In this study, water-insoluble paclitaxel (PTX) was dispersed in water using hyaluronic
acid (HA) to generate a tumor-associated antigen in the tumor microenvironment. Cytosine—
phosphate—guanosine oligodeoxynucleotides (CpG ODNs) were used to enhance the T helper
(Th) 1 immune response. However, CpG ODNSs also induced the secretion of interleukin-10
(IL-10) that reduces the Thl response and enhances the T helper 2 (Th2) response. Therefore,
RNA interference was used to downregulate IL-10 secretion from bone marrow-derived den-
dritic cells (BMDCs). For the combined immunomodulation of BMDCs, we fabricated two
types of poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) containing CpG ODNs to
activate BMDCs via Toll-like receptor 9 (CpG ODN-encapsulated PLGA NPs, PCNs) or a
small interfering RNA to silence IL-10 (IL-10 small interfering RNA-encapsulated PLGA NPs,
PINs). Treatment of BMDCs with both types of PLGA NPs increased the Th1/Th2 cytokine
(IL-12/IL-10) expression ratio, which is important for the effective induction of an antitumor
immune response. After primary injection with the HA/PTX complex, the tumor-associated
antigen was generated and taken up by tumor-recruited BMDCs. After a secondary injection
with immunomodulating PCNs and PINs, the BMDCs became activated and migrated to the
tumor-draining lymph nodes. As a result, the combination of chemotherapy using the HA/PTX
complex and immunotherapy using PCNs and PINs not only efficiently inhibited tumor growth
but also increased the animal survival rate. Taken together, our results suggest that the sequential
treatment of cancer cells with a chemotherapeutic agent and immunomodulatory nanomaterials
represents a promising strategy for efficient cancer therapy.
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Introduction

Cancer is usually treated using surgery, chemotherapy, radiotherapy, or immunotherapy.'?
Surgery, which involves removal of the tumor and the surrounding tissue, is the oldest
form of cancer treatment and remains the most common treatment for various types
of cancer. However, it is not typically used to treat blood cancers such as leukemia
and lymphoma. Moreover, the combination of surgery with other therapies is neces-
sary because most neoplasms can metastasize into other organs.’~ Chemotherapy
is generally used to treat cancer with anticancer drugs such as paclitaxel (PTX) or
doxorubicin (DOX). However, chemical substances can suppress the immune system
by diminishing immune cells.® PTX, one of the most effective antineoplastic drugs,
displays excellent therapeutic efficacy against a broad range of cancers, including
acute leukemia, ovarian cancer, and breast cancer.””'* One limitation of PTX is its poor
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solubility in water.!'"'* In recent years, the solubility of PTX
(commercial brand name TAXOL® [Bristol-Myers Squibb,
New York, NY, USA]) has been improved by mixing the
drug with surfactants such as Cremophor EL and ethanol.'
However, the use of Cremophor EL in TAXOL® causes acute
hypersensitivity reactions and occasionally leads to neuro-
toxicity, nephrotoxicity, vasodilatation, labored breathing,
lethargy, and hypotension.'*!” Therefore, many researchers
have attempted to formulate PTX-based compounds lacking
these side effects using nanoparticles (NPs), liposomes, and
emulsions.'®2! In fact, nab-PTX (an albumin-bound 130 nm
NP form of PTX) was approved by the US Food and Drug
Administration (FDA) in 2005 for the treatment of refractory,
metastatic, or relapsed breast cancer.?

Cancer immunotherapy uses the immune system to fight
the tumor. Activating the immune system for the treatment of
cancer is an important goal in immunotherapy. The activity
of immune cells, such as dendritic cells (DCs), macrophages,
natural killer cells, and T-cells, is enhanced by various immune
activators, including cytokines, immune adjuvants, and Toll-
like receptor (TLR) ligands.?*2¢ The TLR ligand unmethylated
cytosine—phosphate—guanosine oligodeoxynucleotide (CpG
ODN) binds to TLR9 receptors on the endosomal membranes
of DCs or macrophages and consequently activates the immune
response by inducing the secretion of various cytokines.”’
These immune responses can increase anticancer activity by
generating T helper 1 (Th1) cells and cytotoxic T-lymphocytes
(CTLs); however, these responses simultaneously result in the
expression of anti-inflammatory cytokines that downregulate
the secretion of Th1 cytokines, major histocompatibility com-
plex class II antigens, and costimulatory molecules from DCs or
macrophages. The immunosuppressive cytokine interleukin-10
(IL-10) suppresses Thl cell differentiation and the activity of
antigen-presenting cells (APCs). Moreover, IL-10 polarizes
the immune system toward a Th2 response and promotes the
induction of immunosuppressive regulatory T-cells in the
tumor microenvironment.”*' Recently, many researchers have
attempted to silence the expression of IL-10 in DCs using small
interfering RNA (siRNA). The decrease in IL-10 expression in
DCs induces the enhancement of Th1 and CTL responses and
consequently enhances the antitumor immune response.’3

A combined chemoimmunotherapeutic approach may
be beneficial for the efficient elimination of cancer. Chemo-
therapy using anticancer drugs can kill the tumor cells, caus-
ing the cancer to shrink. As a result, tumor-derived antigens,
such as whole tumor cells, peptides, or proteins isolated from
the tumor cells, can be efficiently internalized by APCs,
thereby increasing the antitumor immunity of CTLs.3*%
In this in vivo study, we sequentially subjected tumor-bearing

mice to chemotherapy consisting of PTX dissolved in
hyaluronic acid (HA) and to immunotherapy using CpG
ODNs and IL-10 siRNA incorporated into poly(lactic-co-
glycolic acid) (PLGA) NPs (Figure 1). The sequential treat-
ment with chemotherapeutic drugs followed by a combined
immunostimulation strategy resulted in a synergistic effect
against solid tumors. The Institutional Review Board of the
Sungkyunkwan University does not require approvals for
these case studies.

Materials and methods
Preparation of the polymer—drug

complex

For the preparation of the HA/PTX complex, 4 mg of PTX
(ChemieTek, Indianapolis, IN, USA) in 0.2 mL of methanol
was mixed with 4 mg of HA (LMW; Bioland, Cheonan,
Korea) in 4 mL of distilled water (DW) at room temperature
for 1 hour. The above solution was lyophilized to remove
organic solvents. The lyophilized powder was redispersed
in DW to obtain a stable dispersion.

Preparation of immunomodulatory

PLGA NPs

PLGA NPs containing CpG ODN or IL-10 siRNA (PCNs
or PINs) were synthesized by the double-emulsion solvent
evaporation method. Briefly, 0.5 mg of indocyanine green
(ICG, M, =774 Da; Dongindang Pharm Co, Siheung, Korea)
was dissolved in 0.3 mL of DW. A 176 ug of poly-L-lysine
(PLL; Sigma-Aldrich, St Louis, MO, USA) was mixed with
140 pg of CpG ODNSs or IL-10 siRNA (Bioneer, Daejeon,
Korea) (amine group [N]:phosphate group [P] ratio =2:1) in
ICG-dissolved DW (0.3 mL) for 30 minutes. Then, the PLL/
CpG ODN or PLL/IL-10 siRNA complex was mixed with
2 mL of chloroform containing 60 mg of PLGA (Resomer®
RG502H, monomer ratio 50:50, M, =7-17 kDa and inherent
viscosity 0.16-0.24 dL/g; Boehringer Ingelheim, Ingelheim,
Germany) using a microtip probe sonicator at 4°C for
1 minute. The primary emulsion was further emulsified with
a secondary aqueous phase (10 mL of 2.5% w/v polyvinyl
alcohol, 80% hydrolyzed, Sigma-Aldrich) in endotoxin-free
water at 4°C for 2 minutes to form a secondary (w/o/w) emul-
sion. The resultant emulsion was agitated using a magnetic
stirrer at room temperature overnight until the chloroform
was completely evaporated. After 16 hours, the suspension
of PLGA NPs was washed three times with DW at 4°C
(13,000 rpm, 20 minutes) and freeze-dried. To quantify the
encapsulated CpG ODNs or IL-10 siRNA, the PLGA NPs
were dissolved in 0.1 M NaOH and 0.1% sodium dodecy]l sul-
fate, incubated at room temperature overnight and analyzed
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Figure | Schematic illustration of the sequential delivery of a chemotherapeutic drug (HA/PTX) followed by immunomodulatory PLGA NPs (PCNs and PINs) as a

chemoimmunotherapy.

Notes: Water-insoluble PTX was dispersed in water using HA to generate a TAA in the tumor microenvironment. For combined immunomodulation of BMDCs, we
fabricated two types of PLGA NPs that contained CpG ODNs for the activation of BMDCs via TLR9 (CpG ODN-encapsulated PLGA NPs, PCNs) and siRNA for the silencing

of IL-10 expression (IL-10 siRNA-encapsulated PLGA NPs, PINs).

Abbreviations: HA, hyaluronic acid; PTX, paclitaxel; PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; TAA, tumor-associated antigen; BMDC, bone marrow-derived
dendritic cell; CpG ODN, cytosine—phosphate—guanosine oligodeoxynucleotides; TLR, Toll-like receptor; siRNA, small interfering RNA; IL, interleukin.

under UV light (260 nm). The binding efficiency between
PLL and CpG ODNSs or IL-10 siRNA was evaluated using
a gel retardation assay. Electrophoresis was performed on a
1% agarose gel at a current of 100 V for 20 minutes in TAE
buffer (40 mM Tris—HCI, 1% (v/v) acetic acid, and 1 mM
EDTA [ethylenediaminetetraacetic acid]). The migration
of the PLL/CpG ODN or PLL/IL-10 siRNA complex was
visualized by staining with ethidium bromide.

Characterization of PLGA NPs

The size and surface morphology of PLGA NPs was char-
acterized via field emission scanning electron microscopy
(JSM-7000F; JEOL, Tokyo, Japan). The size distribution
and zeta potential of the PLGA NPs were analyzed via
dynamic light scattering (DLS) using an electrophoretic
light scattering photometer (ELS-Z; Otsuka Electronics,
Osaka, Japan).

Mice and cell lines
Female C57BL/6 (H-2b) mice 5-6 weeks of age were pur-
chased from KOATECH (Pyeongtaek, Korea). The mice

were maintained under pathogen-free conditions. All
experiments employing mice were performed in accordance
with the Korean NIH guidelines for the care and use of labo-
ratory animals. The murine melanoma cell line B16-F10 was
purchased from American Type Culture Collection and was
cultured in Dulbecco’s Modified Eagle’s Medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated fetal bovine serum (Thermo Fisher
Scientific) and 1% antibiotic-antimycotic solution (Thermo
Fisher Scientific) at 37°C in 5% CO,/95% humidified air.

Generation of DCs from mouse bone

marrow cells

Femurs and tibiae were collected, and the muscle attach-
ments were carefully removed. Intact bones were incubated
in 70% (v/v) ethanol for 1 minute for disinfection and were
then washed with phosphate-buffered saline (PBS; HyClone).
Next, both ends of the bones were cut with scissors, and the
marrow was flushed out with RPMI 1640 medium (Thermo
Fisher Scientific) using a 1 mL syringe connected to a
26-gauge needle. Clusters within the marrow suspension
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were disintegrated via vigorous pipetting. After one wash
(15,000 rpm, 5 minutes) in RPMI 1640 medium, the red
blood cells were depleted using 0.83 M NH Cl buffer (Sigma-
Aldrich). Bone marrow cells (2x10° cells) were collected
and cultured in 100 mm Petri dishes containing 10 mL of
RPMI medium supplemented with 10% heat-inactivated fetal
bovine serum, 50 IU/mL penicillin, 50 pg/mL streptomycin,
and 20 ng/mL mouse recombinant granulocyte-macrophage
colony-stimulating factor (R&D Systems, Inc., Minneapolis,
MN, USA). After 7 days, the nonadherent and loosely adher-
ent cells (imDCs) were harvested, washed, and used for in
vitro and in vivo experiments.

Silencing of IL-10 protein in bone

marrow-derived dendritic cells

Bone marrow-derived dendritic cells (BMDCs) (2x10°
cells) were transfected with 1L-10 siRNA (100 nM,
300 nM, or 500 nM) in PLGA NPs for 24 hours at 37°C.
Then, the siRNA-transfected DCs were stimulated with
5 nug/mL of PCNs for 24 hours at 37°C. The level of IL-10
messenger RNA in the DCs was estimated via reverse
transcriptase—polymerase chain reaction (RT-PCR) and real-
time PCR analyses. Total RNA from the cells was isolated
using TRIzol reagent (TaKaRa, Japan); a total of 2 g of total
RNA was reverse-transcribed using an oligo(dT) primers
and monkey murine leukemia virus RT (Promega Corpora-
tion, Fitchburg, WI, USA) according to the manufacturer’s
protocols. The complementary DNA product was amplified
via PCR. Primers were designed as follows: mouse IL-10:
5-GTACAGCCGGGAAGACAATAA-3’ (forward) and
5’-GCATTAAGGAGTCGGTTAGCA-3’ (reverse); mouse
GAPDH: 5-AGGCCGGTGCTGAGTATGTC-3’ (forward)
and 5'-TGCCTGCTTCACCACCTTCT-3’ (reverse)
(Bioneer). The expression of the housekeeping gene GAPDH
was used to normalize the complementary DNA input.

Cytokine and maturation assays

BMDCs (2x10° cells) were transfected with IL-10 siRNA
(100 nM, 300 nM, or 500 nM) in PINs for 24 hours at 37°C.
Then, the siRNA-transfected DCs were stimulated with
5 pg/mL CpG ODNs in PCNs for 24 hours at 37°C. The
expression of tumor necrosis factor (TNF)-o., IL-6, IL-12p70,
and IL-10 in the DCs was analyzed using cytokine-specific
enzyme-linked immunosorbent assays (ELISAs) (BD Biosci-
ences, San Diego, CA, USA) according to the manufacturer’s
instructions. Cytokine concentrations were quantified using a
VICTOR3™ microplate reader (PerkinElmer, Inc., Waltham,
MA, USA) by measuring the optical density (OD) at 450 nm

and at the reference wavelength 570 nm. The expression of
DC maturation markers was measured via flow cytometry
after staining with FITC-anti-CD40, FITC-anti-CD80, and
FITC-anti-CD86 antibodies (BD Biosciences).

Evaluation of in vivo antitumor activity
B16-F10 melanoma cells (1x10°) were inoculated into the
right flank of 5- to 6-week-old C57BL/6 mice. Ten days after
tumor implantation, animals bearing tumors with an average
diameter of 100 mm? were selected. These mice were divided
into five treatment groups (n=12 each) and were numbered
accordingly. Each drug was administered via intratumoral
injection. The HA/PTX complex was injected at day 10
after tumor implantation, and the PLGA NP treatment was
continued from day 14 to 22 at 3-day intervals (on days 14,
18, and 22). The tumor diameters were measured until the
26th day after tumor implantation using a sliding caliper.
The tumor volume was calculated using the following
formula: tumor volume (mm?) = length x (width)*/2. For
survival analysis, the treated animals were observed for
36 days.

Evaluation of the in vivo immune status

of the tumor-draining lymph nodes

Mice were inoculated with cancer cells as described earlier
and were treated via intratumoral injection. On day 19,
the tumor-draining lymph node was isolated and filtered
through a 70-um cell strainer in complete RPMI medium
for the preparation of a single cell suspension. The cells
were fixed and then labeled with the following fluorescent
marker-conjugated antibodies for specific cell types: FITC-
anti-mouse CD14 for macrophages (BD Biosciences) and
FITC-anti-mouse CD11c¢ for DCs (BD Biosciences). The
cells were incubated at 4°C for 30 minutes, followed by
two washes with PBS. Then, a minimum of 10* cells were
analyzed via fluorescence using the BD Accuri™ C6 flow
cytometer (BD Biosciences).

In vivo near-infrared imaging of the

tumor-draining lymph nodes

Mice were inoculated with cancer cells as described earlier
and were treated via intratumoral injection. On day 19, the
mice were anesthetized and placed in a sealed dark cham-
ber that was connected to a charge-coupled device camera.
Near-infrared (NIR) images of the tumor-draining lymph
node were acquired using a 760-nm light-emitting diode
light as the excitation light source and an 845/55 nm emis-
sion filter.
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Results and discussion

Preparation and characterization of the
HA/PTX complex

In this study, a low dose of the anticancer drug PTX was
dispersed in water with the aid of HA. We examined whether
treatment with this complex combined with immunostimula-
tory NPs exerted a synergistic effect against solid tumors.
PTX was dispersed in aqueous solutions for an extended
period using the HA matrix. However, PTX that was dis-
persed in DW alone aggregated and sedimented due to its
hydrophobicity (Figure 2). Based on our previous results,*
we prepared the HA/PTX complex for the injection of 200 pg
of PTX per mouse, resulting in weak anticancer activity.

Preparation and characterization of PLGA

NPs

Two types of PLGA NPs (PCNs and PINs) encapsulating
immunomodulatory molecules (CpG ODNs and IL-10 siRNA,
respectively) and an NIR imaging tracer (ICG) were fabricated
using the emulsion evaporation method. The average size and
surface charge of the NPs were measured via DLS (Table 1).
The average diameters of the PCNs and PINs were 142.9 nm
and 151.0 nm, respectively. Based on zeta potential analysis,
the surface charge of the synthesized PCNs and PINs was
strongly negative, ranging from —15 to —25 mV. The amount
of CpG ODNSs encapsulated by PCNs was 4.7+0.32 pug/mg of
PCN. IL-10 siRNA was efficiently encapsulated by PINs at a
load of 3.69+0.69 ng/mg of PINs. A cationic polymer (PLL)
was combined with the CpG ODNSs or the IL-10 siRNA to
enhance the loading efficiency of the small-sized siRNA onto
the hydrophobic PLGA matrix.3” The capacity of the binding

DW

HA

Day 0

of CpG ODNSs or IL-10 siRNA to PLL prepared at various N:P
ratios was evaluated using a gel retardation assay (Figure 3A).
PLL/DNA or RNA complexes were well combined at N:P
ratios ranging from 2:1 to 5:1. The positively charged amine
groups of PLL neutralized the negatively charged phosphate
groups in the DNA or RNA backbone, thus retarding the
mobility of the CpG ODNSs and the IL-10 siRNA based on
ethidium bromide staining. Naked CpG ODN or IL-10 siRNA
was used as a control, and the band intensity decreased at
increasing N:P ratios. Based on the scanning electron micros-
copy images, the PCNs and the PINs appeared to be spherical
in shape with a smooth surface (Figure 3B). The size of the
PCNs and the PINs was approximately 100200 nm, which
was consistent with the result obtained via DLS.

In vitro gene silencing of BMDCs treated
with PINs

The specificity of siRNA for gene inhibition was investigated
after transfecting BMDCs with PINs containing various
concentrations of IL-10 siRNA. Immature BMDCs were
transfected with empty PLGA NPs (mock) or with PINs
encapsulating 100 nM, 300 nM, or 500 nM siRNA. After
24 hours, the BMDCs were matured via the addition of
5 pug/mL PCNs encapsulating CpG ODNSs. After matura-
tion in CpG ODNSs for 24 hours, the in vitro gene-silencing
effects of PINs were determined via RT-PCR (Figure 4A)
and real-time PCR (Figure 4B) analyses. The level of knock
down was dependent on the treated concentration of siRNA
(100-500 nM). The PINs containing 500 nM IL-10 siRNA
reduced the IL-10 gene expression level by ~70% compared
with the mock treatment.

Day 7

Figure 2 Digital images of PTX dispersed in distilled water (DW) and in aqueous HA solution.

Abbreviations: PTX, paclitaxel; HA, hyaluronic acid.

International Journal of Nanomedicine 2015:10

submit your manuscript

5985

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Heo et al

Dove

Table | Characterization of immunomodulatory PLGA NPs

Formulation Mean diameter + Zeta potential +

Loading amount of CpG

Loading amount of Polydispersity

SD (nm) SD (mV) ODN = SD (ug/mg) siRNA * SD (ug/mg) index
PCNs 142.9£13.7 —24.21%1.46 4.7+0.32° - 0.17+0.02
PINs 151.0%14.1 —17.99£1.85 - 3.69+0.69* 0.13+0.02

Notes: *Loading amount per | mg of PLGA NPs. Values are presented as the mean + SD (n=3).
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; SD, standard deviation; CpG ODN, cytosine-phosphate—guanosine oligodeoxynucleotides; siRNA, small

interfering RNA.

In vitro activation and maturation of
BMDC:s treated with PCNs and PINs

To assess the IL-10-silencing effect of the PINs, we mea-
sured the level of pro-inflammatory cytokines (TNF-o,
IL-6, and IL-12p70) secreted by BMDCs transfected with
PINs containing various concentrations of IL-10 siRNA.
Then, the TNF-q,, IL-6, and IL-12p70 cytokine levels in the
culture supernatants were determined via ELISA following
incubation in 5 ug/mL PCNs encapsulating CpG ODNss for

A PLL:CpG ODN (N:P ratio)

@ 3:1 4:1 5:1

Naked
CpG ODN

B PCNs

5.0 kV 11.8 mm x100 k SE (U)

Figure 3 Characterization of PLGA NPs.

24 hours. As shown in Figure 5SA—C, cytokine expression in
BMDCs was increased at increasing concentrations of IL-10
siRNA. These results suggested that the IL-10 siRNA in the
PINs enhanced the activation of BMDCs, resulting in the
expression of pro-inflammatory cytokines, such as TNF-a,
IL-6, and IL-12p70, in vitro.

Figure 6 shows the balance of Th1/Th2 cytokine expres-
sion in BMDCs treated with PCNs or both PCNs and PINs.

In the tumor microenvironment, Th1-dominant immunity is

PLL:siRNA (N:P ratio)

PINs

.r'/ »
€103 nm

5.0 kV 11.8 mm x100 k SE (U)

Notes: (A) Gel retardation assays of the PLL:CpG ODN or IL-10 siRNA complexes prepared at different N:P ratios. The samples were electrophoresed on a 1.0% agarose
gel and stained using ethidium bromide. (B) Scanning electron microscopy (SEM) images of PLGA NPs (scale bar represents 500 nm). The red circles represent the ratio we
used in further experiments.

Abbreviations: PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; PLL, poly-L-lysine; CpG ODN, cytosine—phosphate—guanosine oligodeoxynucleotides; IL, interleukin;
siRNA, small interfering RNA; N, amine; P, phosphate.
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Figure 4 In vitro gene silencing effect of PLGA NPs.

Notes: BMDCs (2x10° cells) were unmanipulated (no treatment) or transfected with empty PLGA NPs (mock) or with 100 nM, 300 nM, or 500 nM PINs for 24 hours.
Then, the DCs were stimulated with 5 pig/mL PCNs for 24 hours. The cells were assessed for IL-10 mRNA expression via (A) RT-PCR and (B) real-time PCR (*P<<0.05 vs
the Mock group).

Abbreviations: PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; BMDC, bone marrow-derived dendritic cell; IL, interleukin; mRNA, messenger RNA; RT-PCR, reverse
transcriptase—polymerase chain reaction; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 5 Cytokine profile of BMDCs.

Notes: BMDCs (2x10°¢ cells) were unmanipulated (no treatment) or transfected with empty PLGA NPs (mock) or with 100 nM, 300 nM, or 500 nM PINs for 24 hours. Then,
the DCs were stimulated with 5 pg/mL PCNs for 24 hours. The supernatants were harvested from the culture medium and analyzed via ELISA for (A) TNF-a, (B) IL-6, and
(C) IL-12p70 production (¥P<<0.05 and **P<<0.01 vs the Mock group).

Abbreviations: BMDC, bone marrow-derived dendritic cell; PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; ELISA, enzyme-linked immunosorbent assay; TNF, tumor
necrosis factor; IL, interleukin.
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Figure 6 Cytokine profile of BMDCs.

Notes: Bar graph showing the concentrations of (A) IL-12 and (B) IL-10 in the culture supernatant of BMDCs after treatment with empty PLGA NPs, (mock), PCNs
(5 ng/mL) or PCNs and PINs (500 nM). (C) Bar graph showing the expression ratio of the Th1 cytokine IL-12 to the Th2 cytokine IL-10 (*P<0.05, **P<<0.01, and ***P<<0.001|

vs the PCNs group).

Abbreviations: BMDC, bone marrow-derived dendritic cell; IL, interleukin; PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; Th, T helper.

critically important for the induction of antitumor cellular
immunity in vivo. Because Th2 cytokines have been shown to
inhibit Th1 responses, IL-10 (a representative Th2 cytokine)
may be considered as a CTL-inhibitory cytokine. Treat-
ment of BMDCs with PCNs enhanced the Thl response
(IL-12p70) and induced an elevated Th2 response (IL-10)
(Figure 6A and B). The increased production of IL-10 pro-
moted a shift in the Th1/Th2 balance toward a Th2 response,
thereby inhibiting the Thl response. However, treatment of
the BMDCs with both PCNs and PINs resulted in the inhi-
bition of CpG ODN-induced IL-10 production due to gene
silencing. Thus, these results indicated that the cotransfec-
tion of PCNs and PINs enhances the shift in the Th1/Th2
balance toward a Th1 response compared with transfection
with PCNs alone (Figure 6C).

To confirm the effects of IL-10 silencing using PINs
on the BMDC phenotype after maturation, we analyzed
the expression of cell surface markers via flow cytometry

(Figure 7). In general, CpG ODN treatment induced the
upregulation of maturation markers, including adhesion-
related (CD40) and costimulatory (CD80 and CD86) mol-
ecules, in immature BMDCs. Therefore, BMDCs treated
with PCNs were confirmed to display upregulated CD40,
CD80, and CD86 expression levels on their surfaces. The
siRNA-mediated knock down of IL-10 did not affect BMDC

maturation.

In vivo antitumor efficacy of

chemoimmunotherapy

To evaluate the in vivo antitumor effects of chemoimmu-
notherapy using the HA/PTX complex and two immuno-
modulatory NPs (PCNs and PINs), the tumor volume, which
was initially ~120 mm?, was monitored for 26 days after
intratumoral injection (at 3-day intervals) with the HA/PTX
complex or with PCNs and PINs (Figure 8A). The HA/PTX
complex inhibited tumor growth to some extent, whereas HA
alone exerted no effect. Additionally, no difference in tumor
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Figure 7 Expression of BMDC maturation markers.

Notes: BMDCs (2x10° cells) were unmanipulated (no treatment) or transfected with 500 nM PINs for 24 hours. Then, the DCs were stimulated with 5 ug/mL PCNs for
24 hours. The DC phenotype was assessed based on CD40, CD80, and CD86 expression via flow cytometry.

Abbreviations: BMDC, bone marrow-derived dendritic cell; NS, not significant.

growth inhibition was observed between cotreatment of  response due to IL-10 expression by tumor-infiltrating DCs
PCNs and the HA/PTX complex and treatment with the HA/  or macrophages. Interestingly, the combined treatment with
PTX complex alone. These results indicated that treatment  the HA/PTX complex and both PCNs and PINs drastically
with PCNs alone might be insufficient to induce an antitumor  inhibited the growth of the solid tumors. Figure 8B shows
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Figure 8 In vivo tumor volume and animal survival after intratumoral (IT) injection of an anticancer drug (HA/PTX) and immune modulators (PCNs with or without PINs).
Notes: (A) Time course of tumor growth (n=12) after the injections (filled arrow: HA/PTX; unfilled arrow: PLGA NPs) of either PBS, HA alone, or HA/PTX with or without
PLGA NPs (*P<<0.05 vs the PCNs group). (B) Kaplan—Meier survival plot of the mice inoculated with cancer cells and then subjected to intratumoral injection of the indicated
materials. Red and blue arrows, represent the points of anticancer drug, and immune modulators, respectively.

Abbreviations: HA, hyaluronic acid; PTX, paclitaxel; PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; PBS, phosphate-buffered saline; vs, versus.
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Kaplan—Meier survival curves of the mice treated with vari-
ous therapeutic materials. The group of mice treated with the
HA/PTX complex and both PCNs and PINs exhibited >40%
survival at 36 days postinjection, whereas in the other groups,
all mice died within 36 days.

In vivo tracking of APCs using NIR
fluorescence imaging and the status of
immune cells in the tumor-draining lymph

nodes

APCs such as macrophages and DCs capture and process
tumor-derived antigens in the tumor microenvironment
following maturation. Then, the mature APCs migrate to
secondary lymphoid tissues, such as the draining lymph
nodes. We investigated whether the injected NPs migrated to
the tumor-draining lymph nodes following their internaliza-
tion by APCs. ICG-loaded NPs were injected at the tumor
site, and their migration was analyzed using an NIR optical
imaging system. The ICG-loaded NPs efficiently migrated
to tumor-draining lymph nodes and generated strong NIR
signals (Figure 9A). These results suggested that the NPs
were taken up by recruited APCs after intratumoral injec-
tion. The NP-loaded DCs migrated to a lymph node for
the priming of naive T-cells that, in turn, induce activation
marker expression, cytokine secretion, and proliferation. We
also confirmed the presence of an ex vivo NIR signal in the
inguinal lymph nodes dissected from the NP-injected mice
(Figure 9B). To confirm the in vivo immune status of APCs
after treatment with PCNs and PINs, the tumor-draining
lymph nodes were analyzed for the presence of populations
of CD14* macrophages and CD11c¢* DCs (Figure 10). After

A

HA/PTX + PCNs/PINs

Figure 9 In vivo molecular imaging of tumor-draining lymph node after treatment.

combined injection of the HA/PTX complex and both PCNs
and PINs in the tumor microenvironment, the percentage of
CD14* macrophages detected in the tumor-draining lymph
nodes was increased to 2.9% compared to 1.3% in those
from the PBS-injected controls (Figure 10A). Moreover, the
percentage of CD11c* DCs was increased to 9.9% following
this combined treatment compared to 8.7% for the control
PBS injection (Figure 10B). The percentage of APCs was
increased to some extent in the PCNs-treated group; however,
as observed in the tumor challenge experiment, PCNs treat-
ment alone may be insufficient for the inhibition of tumor
growth. In fact, we have analyzed immunostimulatory Thl
cytokines (TNF-o, IL-6, and IL-12) in DCs isolated from the
tumor-draining lymph nodes in our previous study. Cytokine
expression was increased when the DCs were treated with
CpG ODN-encapsulated PLGA NPs.*® The current in vivo
experimental results are also consistent with the previous
analysis. Therefore, the sequential treatment of cancer cells
with a chemotherapeutic agent and immunomodulatory
nanomaterials represents a promising strategy for efficient
cancer therapy. The combination of the HA/PTX complex
and both PCNs and PINs displayed excellent potential to
activate APCs at the injection site and naive T-cells in the
lymph nodes, thereby generating a potent antitumor immune
response.

Conclusion

In this study, we developed a system utilizing an HA/anti-
cancer drug complex and polymer NPs loaded with TLR-
based immunostimulating material and a silencer of an
immunosuppressive gene. The water-insoluble anticancer

B

Optical

NIR

Notes: (A) In vivo NIR images of the tumor-draining inguinal lymph node were obtained 24 hours after intratumoral injection with PLGA NPs (black circle: tumor region;
red circle: tumor-draining lymph node). (B) Ex vivo optical (top) and NIR (bottom) images of a dissected tumor-draining lymph node.
Abbreviations: HA, hyaluronic acid; PTX, paclitaxel; PLGA, poly(lactic-co-glycolic acid); NP, nanoparticle; PBS, phosphate-buffered saline; NIR, near infrared.
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drug PTX was stably dispersed using HA. CpG ODNs and
IL-10 siRNA were encapsulated in PLGA NPs, and these
materials were used as immune cell activators. Treatment
of mice with CpG ODNSs alone in vivo exerted a negligible
anticancer effect. However, the suppression of the Th2
response by IL-10 siRNA increased immune cell activity.
The sequential delivery of the HA/PTX complex (chemo-
therapy) followed by PCNs and PINs (immunotherapy)
powerfully induced immunogenic tumor cell death.
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