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ABSTRACT

This study evaluates the effect of combination of two different treatment regimens
for solid tumor therapy: vasculature targeting agent and immune-stimulation. Poly
lactide-co-glycolide (PLGA) nanoparticles were synthesized for intracellular delivery
of toll-like receptor (TLR) 7/8 agonist—gardiquimod. Spherical and mono-disperse
gardiquimod encapsulated PLGA nanoparticles (Gardi-PLGA), approximately 194 nm
in size were formulated. Gardi-PLGA induced immune-stimulation, and vasculature
disrupting agent (VDA)—5,6-Dimethylxanthenone-4-acetic acid (DMXAA) was used
in combination to assessing the influence on bone marrow derived dendritic cells
(BMDCs) and B16-F10 melanoma cells. The combination treatment significantly
increased the levels of pro-inflammatory cytokines, indicating their activation in
BMDCs, while melanoma cells remained viable. Further, mice melanoma model was
established, and DMXAA was administered intraperitoneally and Gardi-PLGA was
administered via an intra-tumoral injection. The combination treatments strategy
significantly inhibited tumor growth as shown by tumor volume analysis, and the
survival rate of the mice was found to be 63.6% (n = 11), after 54 days of tumor
inoculation. Immunohistochemical findings of tumor sections treated with DMXAA
confirmed the in vivo vasculature disruption. Thus, the inhibition of tumor growth can
be attributed to the synergistic effect of immune stimulation caused by DC activation
and vasculature disruption.

to have minimal side-effects [1]. The progression of
tumor cells is monitored by immune cells and is called
as immune-surveillance [2]. However, tumor cells have
not only developed various mechanisms to circumvent
immune-surveillance, but can also establish immune-
mediated conditions, which expedite tumor development

INTRODUCTION

The heterogencous tumor microenvironment
primarily consists of malignant transformed cells,
vasculature, lymphatics, and extra-cellular matrix along
with a wide repertoire of immune cells such as dendritic

cells (DCs), macrophages, fibroblasts, and lymphocytes.
While the conventional treatment strategies for solid
tumor include surgery, chemotherapy and radiation
therapy; immune-cell mediated killing of cancer cells
and combination therapy are upcoming approaches.
Immunotherapy and combination therapy unlike standalone
chemotherapy is less prone to drug resistance, is known

[3]. Targeting the mechanisms adopted by tumor to
escape the host immune system and stimulating the
suppressed immune system, has led to the development of
immunotherapeutic-based treatment. Immunotherapeutic-
based approaches include T cells-, DCs-, and natural
killer (NK) cells-based therapy [4-6]; small molecule
immunomodulatory compounds, protein engineered
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vaccines [7-9]; and monoclonal antibodies-based therapy
[10]. Toll like receptors (TLR) agonists are a class of
immuno-stimulatory compounds which are routinely
being used as adjuvants for vaccination and also as a
candidate for combination therapy in cancer [11]. TLR7
agonist, imiquimod (R837) has shown remarkable results
for treatment of superficial basal cell carcinoma, actinic
keratosis and perianal and genital warts [12]. TLR7 agonist
is known to impart tumor killing activity to plasmacytoid
dendritic cells (pDCs) [13]. Recently, TLR8 agonist has
also been emphasized for anti-tumor immune response
owing to its ability to promote NK-DC cross talk [14, 15].

Gardiquimod (1-(4-amino-2-ethylaminomethy-
limidazo-[4,5-c]quinolin-1-yl)-2-methylpropan-2-ol) is
another TLR7/8 agonist belonging to the class of
imidazoquinoline compounds which is known to have
higher potency than imiquimod [16]. Gardiquimod has
also been known to enhance the efficacy DC-based
therapy for melanoma. Combination therapies of TLR-
based agonist with other anti-cancer treatment regimens
have resulted in encouraging outcomes. TRL7 agonist
imiquimod in combination with chemotherapeutic drug
paclitaxel has demonstrated improved anti-tumor therapy
and immunological memory effect in mouse model [17].
Some studies suggest that combination of chemotherapy with
immune-stimulating agents does not influence the anti-tumor
efficacy of individual drugs [18]. However, many researchers
have illustrated increased anti-tumor effects by using
various TLR agonist (TLR4 agonist-LPS, TLR9 agonist-
5’-cytosine-phosphate-guanine-3° (CpG)) in combination
with chemotherapeutic drugs [19, 20]. While majority of
chemotherapeutic drugs attack the tumor cells and cause
direct tumor cell killing, anti-angiogenic drugs and vasculature
disrupting agents (VDA) are another class of drugs that
inhibit tumor growth by disrupting the tumor vasculature
[21]. Anti-angiogenic drugs prevent the formation of new
blood vessels and VDA block tumor vasculature resulting in
reduced blood supply to the tumor cells, leading to necrosis.
After single treatment, VDA lead to formation of a necrotic
center, while the effect of the drug on the periphery of a solid
tumor is not pronounced due to difference in interstitial fluid
pressure and vessel architecture [22]. The tumor cells in the
periphery also continue to thrive because they receive oxygen
and nutrition through blood and they are able to migrate
(metastasis) to distant locations in the body. This is a major
drawback of VDAs, which needs to be addressed for effective
tumor therapy. Since the periphery of the tumor can be readily
accessed by the immune cells in the tumor microenvironment,
combination of vasculature disruption with immunotherapy
anti-tumor effect was explored.

The wvasculature disrupting agent, 5,6-dimethy-
Ixanthenone-4-acetic acid (DMXAA) also known as
Vadimezan or ASA404, has shown encouraging results
in phase II clinical trial. However, the results were not
satisfactory in phase III clinical trial. The molecular
target of DMXAA is STING, which is found to be mouse
specific and not effective in humans [23]. While research

demonstrates human analogue of DMXAA (8-methyl
xanthenone-4-acetic acid) has potent anti-tumor activity
for human tumors, in this study DMXAA was used as a
prototype VDA in mouse model [24]. Another benefit
associated with DMXAA is that it is also known to possess
immune-stimulatory activity and thus is expected to
facilitate the activation of immune cells caused by TLR7/8
agonist gardiquimod [25]. Since the receptors-TLR7 and
TLRS8 are present on the endosomal membrane of the
cells, nanoparticulate formulation was used for delivery
of gardiquimod inside the cells. Poly(lactic-co-glycolic
acid)-PLGA nanoparticles are known to be non-specifically
endocytosed by cells and reach the endosomal compartment
where the acidic environment leads to degradation of PLGA
matrix, consequently releasing the encapsulated therapeutic
agent [26]. Therefore, in this research gardiquimod
encapsulated PLGA nanoparticles (Gardi-PLGA) were
used as carrier for delivery of gardiquimod and subsequent
activation of BMDCs. Further, DMXAA in combination
with Gardi-PLGA was tested on BMDCs for analysis
of activation status, followed by exploring the effect of
combination in mice tumor model. This research work
ventures to delineate the combined effect of vasculature
disruption therapy by DMXAA and TLR7/8 agonist
gardiquimod on tumor treatment (Scheme 1).

RESULTS AND DISCUSSION

Characterization of gardiquimod-PLGA
nanoparticles and analyzing its efficiency in vitro

The size distribution of gardiquimod-encapsulated
PLGA nanoparticles (Gardi-PLGA) was found to be 194
+ 50 nm, with zeta potential of -36.58 mV (Supplementary
Figure 1). The encapsulation efficiency of gardiquimod in
the particles was 11.1 + 0.3 ng/mg. TEM and SEM (Figure
1) analyses revealed uniform and spherical morphology of
the nanoparticles.

Nano particulate carriers are considered to be more
efficient than the free form for delivery of antigens and
adjuvants because the drugs contained in nanoparticles are
known to impart higher levels of immuno-stimulation than
free drugs [27-29]. In order to assess the immuno-stimulatory
activity of gardiquimod in free form and nanoparticulate
formulation, BMDCs were treated with two concentrations
(0.1 and 1 pg/ml) of free gardiquimod and Gardi-PLGA. The
gardiquimod concentration in Gardi-PLGA was measured
by dissolving the nanoparticles in DMSO, followed by
analysis by ultraviolet (UV) spectrometer. The levels of
cytokine, TNFa significantly increased in cells treated with
nanoparticulate formulation as compared to those of free
gardiquimod (Supplementary Figure 2). The effect may be
attributed to fact that antigen presenting cells (APCs) are
capable of efficient uptake of nanoparticles by endocytosis
and phagocytosis. Moreover, PLGA is known to possess
adjuvanticity, which could further enhance immuno-
stimulation caused by gardiquimod [30].
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The uptake of these nanoparticles was assessed by
fluorescent imaging of DCs treated with ICG (indocyanine
green)-labeled nanoparticles. Punctate-like structures were
observed inside the cells, which confirmed the uptake of
Gardi-PLGA by DCs (Supplementary Figure 3). Further, it
was confirmed that the nanoparticles have been localized
in the endosomal compartment inside the cells which
is required stimulating TLR7 and TLR8 present in the
endosome (Supplementary Figure 4).

Synergistic activation of BMIDCs in the presence
of combined DMXAA and Gardi-PLGA

BMDCs were treated with varying concentrations of
individual drugs (Gardi-PLGA, 0.1 and 10 pg/ml; DMXAA,
10, 20 and 50 pg/ml) and various combination ratios of
Gardi-PLGA and DMXAA (GD-0.1 10 pg/ml, GD-0.1 20

pg/ml, GD-0.1 50 pg/ml, GD-1 10 pg/ml). Combined
treatment with Gardi-PLGA and DMXAA revealed that
GD-0.1_10 and GD-0.1_20 led to significant elevation in
cytokine levels (TNFa, IL-6, IL-12, and IL-1p) as compared
to control individual drugs (Figure 2A and 2B). TNFao,
IL-6, and IL-12 were found to be significantly enhanced
when GD-0.1 50 was used. TNFa, IL-12, and IL-1p levels
increased considerably at GD-1_10 ratio (Figure 2C and
2D). Interestingly, the effect of combination treatment
is not only additive but also synergistic when compared
with individual drugs for most of the combination ratios.
Further, levels of maturation markers (CD40 and CD80)
were analyzed to determine the level of immune stimulation.
The combination treatment demonstrated enhanced
expression of maturation markers as compared to control
and individual drugs (Figure 3), indicating an enhanced
immune stimulation in the presence of combination. The
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Scheme 1: Illustration depicting speculated mode of actions of combination of Gardi-PLGA and DMXAA. Gardiquimod
encapsulating PLGA nanoparticles in combination with DMXAA is speculated to cause activation of dendritic cells which facilitates
immune cell mediated killing of cancer cells. Vasculature disrupting agent DMXAA further aids in inhibition of tumor growth.
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Figure 1: A. Transmission electron micrographs (scale bar, 1 um), and B. scanning electron micrographs (scale bar, 2 pm) of the Gardi-

PLGA nanoparticles.
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enhanced immune-stimulatory effect in the presence of
combination treatment could be attributed to the fact that
the immune-stimulatory response of Gardi-PLGA and
DMXAA is facilitated by different pathways inside a cell. It
is known that MyD88 pathway and nuclear factor kB (NF-
kB)—dependent gene expression are associated with the
immune-stimulatory effect of TLR agonist—gardiquimod
while the target of DMXAA is TANK-binding kinase 1
(TBK1)-interferon (IFN) regulatory factor 3 (IRF-3), a
non-MyD88 pathway with minimal NF-kB—dependent gene
expression [31, 32]. Therefore, when the cells are treated
with the combination of these two drugs, two pathways
are triggered inside the cell, which could possibly be the
reason for synergistic activation of DCs and be speculated
to enhance T cell response in vivo.
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In vitro and in vivo anti-tumor effect of
combination of DMXAA and Gardi-PLGA

In order to assess the cytotoxic activity of the
two drugs, B-16-F10 melanoma cells were treated with
Gardi-PLGA, DMXAA, and their combination at various
concentrations. The cell proliferation data observed after
24 and 48 hours showed no cytotoxicity in the presence
of the two drugs individually as well as in combination
(Supplementary Figure 5). Thus, unlike chemotherapeutic
agents, both Gardi-PLGA and DMXAA are not cytotoxic
towards melanoma cells.

The combination treatment was tested in vivo in a
mouse melanoma model. Tumor growth was inhibited in
the presence of individual drugs as wells as combination
of Gardi-PLGA and DMXAA until 22 days after tumor
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Figure 2: Secretion levels of cytokine (TNFa, IL-6, IL-12 and IL-1p) by BMDCs after treatment with Gardi-PLGA,
DMXAA, and their combination at various concentrations. A. Gardi-PLGA 0.1 ug/mL + DMXAA 10 pug/mL, B. Gardi-PLGA
0.1 pg/mL + DMXAA 20 pg/mL, C. Gardi-PLGA 0.1 pg/mL + DMXAA 50 pg/mL, and D. Gardi-PLGA 1 pg/mL + DMXAA 10 pg/mL.
***p <0.001 by one-way ANOVA Test, with Tukey’s multiple comparison.
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Figure 3: Mean fluorescence intensity (MFI) of A. CD40 and B. CD80 of BMDCs after treatment with Gardi-PLGA,
DMXAA, and their combination at various concentrations.
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inoculation. However, after 26 days, in case of individual
drugs (Gardi-PLGA only and DMXAA only), the tumor
continued to grow, while the growth was significantly
diminished for combination drug-treated group (Figure
4A). The combination also led to significant increase in
the survival percentage of mice (63.6%) as compared to
individual treatment of Gardi-PLGA (18.1%), DMXAA
(9%) and control PBS group, 54 days after tumor
inoculation (Figure 4B). These observations suggest that
individual drug treatment with standalone vasculature
disrupting agent or immune-stimulatory TLR7/8 agent is
capable of illustrating partial anti-tumor effect. However
the combination of the two agents at same dose is capable
of producing pronounced anti-tumor effects.

The limited effect of VDA could possibly be
attributable to its inability to disrupt the periphery of the
solid tumor, leading to the presence of a viable rim which
sustains the tumor [33]. The immunostimulatory effect of
standalone gardiquimod is speculated to be non-specific
owing to the absence of tumor antigen, which diminishes
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the anti-tumor response. The combination of both the
drugs is speculated to cause massive tumor cell necrosis
at tumor center (due to DMXAA), which leads to release
of necrotic particles which can act as tumor antigen, that
imparts specificity to gardiquimod-mediated immune
response, thus leading to prominent inhibition in tumor
growth and distinct survival of mice.

Analysis of tumor sections after treatment with
DMXAA and Gardi-PLGA

The histological findings of tumor sections for
endothelial cell marker MECA-32 were performed to
assess the vasculature disruption in tumor. Clusters of
endothelial cells indicating intact blood vessels were
observed in PBS- and Gardi-PLGA treated groups.
However the signal drastically diminished in DMXAA
and combination treated groups, indicating vasculature
disruption (Figure 5). The diminished signal intensity of
MECA-32 after individual and combination treatment of
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Figure 4: A. Tumor volume (mm?®) with respect to day 1 until day 27 in C57BL/6 mice immunized with Gardi-PLGA, DMXAA, and their
combination. Injection time points are indicated by black arrows. Significant inhibition in tumor growth was observed after treatment with
combination. *p < 0.05, ***p < 0.001, ****p < 0.0001 by one-way ANOVA Test, Bonferroni’s post-test, n = 8. B. Kaplan Meier survival

plot of immunized mice is shown. **p = 0.0024, n = 11.
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Figure 5: A. Immunohistochemical images of tumor sections at day 14 after tumor inoculation for Gardi-PLGA, DMXAA, and their
combination labelled with (left to right) endothelial marker (MECA-32, green), nuclear stain (DAPIL, blue), and merged. B. Mean
fluorescence intensity (MFI) of MECA-32 (n = 3 tumor sections, average of 10 different regions for each sample). Significant decrease in
presence of endothelial cell marker confirmed vasculature disruption in combination treated groups. ****p < 0.0001, ***p < 0.001, **p <

0.01 by one-way ANOVA Test, with Tukey’s multiple comparison.
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DMXXA suggested possible cytoskeletal rearrangement
of endothelial cells and/or apoptosis. Endothelial cell
apoptosis leads to cascade of events including high
interstitial pressure, reduced blood flow, increased
viscosity, and red blood cell stacking [33]. The signal
for endothelial cells is also expected to be diminished
owing to blockage caused by red blood cells after
DMXAA treatment. In case of Gardi-PLGA treated
tumors, the decreased number of endothelial cells may
be due to TNFa (secreted by activated DCs) mediated
vasculature disruption [34]. The shutdown of blood flow
in tumor would cause oxygen and nutrients deprivation
in the tumor cells, thus leading to massive necrosis. This
could further lead to release of large number of tumor
antigens and damage associated molecular patterns
(DAMPs), causing activation of resident immature
DCs. The tumor antigen released can further specify
and direct the immune response generated by Gardi-
PLGA-activated DCs. The released tumor antigen is also
expected to reach systemic circulation and is speculated
to keep a check on tumor metastasis at distant sites by
causing immuno-activation as previously reported in
a similar study [17]. The activation of tumor-resident
APCs (macrophages and DCs) was confirmed by
immunohistochemistry (IHC) by using specific markers
for macrophages (CD68) and activated DCs (CD83).
The macrophage population was significantly enhanced
in tumors treated with both Gardi-PLGA and DMXAA
individually as well as in combination; however the level
of significance was considerably higher for combination
treatment (Figure 6). It is well established that the

A CD68 DAPI
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Gardi-PLGA

DMXAA

Gardi-PLGA
+ DMXAA

immunostimulatory activity induced by gardiquimod
is due to TLR7/8 stimulation. DMXAA is also known
to have immune-stimulatory effect which could lead
an increase in the number of macrophages in the tumor
[25, 32]. It is reported to cause immune-stimulation
via activation of interferon response factor-3 signaling
and is also known to contribute to anti-tumor immune
response by changing the phenotype of macrophages [31,
35]. This suggests the possible immune-stimulation by
DMXAA which augments the overall anti-tumor immune
response. The treatment with individual drugs was not
able to improve the number of DCs in tumor sections but
combination treatment demonstrated drastic increase in
the number of DCs (Figure 7). The infiltration of CD8+
T cells in tumors can be also increased by DC activation
with DMXAA or Gardi-PLGA, in which CD8+ T cells
are known to have cytolytic activity against tumor cells.
The infiltration frequency of CD8+ T cells in tumor sites
was also confirmed by the IHC measurement for CD8+ T
cells in the tumor tissues, showing significant increase of
CD8+ T cell infiltration in tumors for both the DMXAA-
and Gardi-PLGA-treated groups (Figure 8). Further,
in combination treated group, the amount of infiltrated
CD8+ T cells was significantly increased compared to
DMXAA- or Gardi-PLGA-treated group. This indicates
the doses of DMXAA and Gardi-PLGA used individually
were insufficient to cause immunostimulatory effect on
DCs; however, combination treatment of the drugs led
to synergistic activation (confirmed by in vitro studies)
that subsequently led to favorable anti-tumor immune
response (Supplementary Figure 6).
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Figure 6: A. Immunohistochemical images of tumor sections at day 14 after tumor inoculation for Gardi-PLGA, DMXAA, and their
combination labelled with (left to right) macrophage marker (CD68, red), nuclear stain (DAPI, blue), and merged. B. Mean fluorescence
intensity (MFI) of CD68 (n = 3 tumor sections, average of 10 different regions for each sample). Significant increases in presence of
macrophage marker are shown in the treated groups. ****p < 0.0001 by one-way ANOVA Test, with Tukey’s multiple comparison.
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Figure 7: A. Immunohistochemical images of tumor sections at day 14 after tumor inoculation for Gardi-PLGA, DMXAA, and their
combination labelled with (left to right) dendritic cells marker (CD83, green), nuclear stain (DAPI, blue), and merged. B. Mean fluorescence
intensity (MFI) of CD83 (n = 3 tumor sections, average of 10 different regions for each sample). Significant increase of dendritic cell
infiltration is shown only in combination treated group. ****p < 0.0001 by one-way ANOVA Test, with Tukey’s multiple comparison.
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Figure 8: A. Immunohistochemical images of tumor sections at day 14 after tumor inoculation for various treatment groups labelled with
(left to right) T-cell marker (CD8, red), nuclear stain (DAPI, blue), and merged. B. Mean fluorescence intensity (MFI) of CD8 (n =3 tumor
sections, average of 10 different regions for each sample). There was significant increases of CD8 T cell infiltration in the DMXAA- and
Gardi-PLGA-treated groups compared to PBS group, and further significant increase was observed in combination treated group. *p < 0.05,
**p <0.01, and ***p < 0.001 by one-way ANOVA Test, with Tukey’s multiple comparison.
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MATERIALS AND METHODS

Preparation of Gardi-PLGA and DMXAA
solution

5 mg of gardiquimod (Sigma, St. Louis, MO, USA)
with 60 mg of PLGA (Sigma) in 2 ml of dichloromythelene
(DCM) was added to 10 ml of 2.5% poly (vinylalcohol)
and sonicated for 2 minutes in a probe sonicator. DCM was
allowed to evaporate overnight, by stirring the emulsion
at 600 rpm using a magnetic stirrer. The nanoparticle
suspension was centrifuged at 4,000 rpm for 3 min and
the pellet was discarded to remove large particles. The
supernatant was centrifuged at 13,000 rpm for 15 minutes
followed by dispersion in 30 ml of distilled water. This
process was repeated for three times. Nanoparticles were
freeze-dried and stored until further use. For preparation
of indocyanine green (ICG, Dongindang Pharm., Siheung,
Korea)-encapsulated PLGA nanoparticles, 5 mg of
ICG was added in the first step, and followed the same
procedure as mentioned above. DMXAA solution was
prepared by dissolving 5 mg of DMXAA (Sigma) in 1 ml
of 5% sodium bicarbonate (Sigma) solution.

Characterization of Gardi-PLGA

The morphology of nanoparticles was observed
by using scanning electron microscope (SEM, S4700;
Hitachi, Germany) and transmission electron microscope
(TEM, Tecnai G2 F30; FEI, Hillsboro, OR, USA).
Nanoparticle size and size distribution was measured using
electrophoretic light scattering (ELS Z; Otsuka Electronics,
Osaka, Japan). For determination of encapsulation
efficiency, 5 mg of nanoparticles was dissolved in 1 ml
of dimethyl sulfoxide (DMSO) and absorbance was
measured at 332 nm using S-3100 spectrophotometer
(Scinco, Seoul, Korea). The concentration of gardiquimod
in Gardi-PLGA was analyzed from the standard curve of
gardiquimod in DMSO at 332 nm.

In vitro viability assay

B-16-F10 murine melanoma cell line (American
Type Culture Collection-ATCC) was tested for in vitro
viability after treatment with Gardi-PLGA (0.1 and 1 pg/
ml of gardiquimod), DMXAA (10, 20, 50 pg/ml), and
combination of both at various concentrations. MTS assay
for analysis of mitochondrial activity was used as a measure
of cell viability. 1 x 10* cells in 100 pl Dulbecco’s Modified
Eagle’s medium supplemented with 10% fetal bovine serum
and an antibiotic—antimycotic mixture (Invitrogen-Gibco,
Carlsbad, CA, USA) were seeded per well in a 96 well plate
(Corning Costar, Cambridge, MA, USA). Drug sample (100
pl) dispersed in cell culture media was added and incubated
for 24 and 48 hours at 37°C and 5% CO,/95% humidified
air. After incubation, 20 pl of MTS solution-Cell Titer 96

Aqueous One Solution kit (Promega, Madison, WI, USA)
was added to each well and incubated for 2 hours. The
absorbance of the samples was read at 490 nm (VersaMax,
Molecular Devices, Sunnyvale, CA, USA) and was
normalized with respect to absorbance of untreated cells.

In vitro BMDC activation and maturation

Bone marrow derived dendritic cells (BMDCs) were
isolated from mouse bone marrow as reported previously
[36]. BMDC:s (1 x 10°) suspended in 1 ml of RPMI media
supplemented with 10% FBS and 1% antibiotic-antimycotic
solution were seeded per well in a 6 well plate (Corning
Costar). Cells were treated with 1 ml of drug solution and
incubated for 24 hours at 37°C and 5% CO,/95% humidified
air. The plates were centrifuged at 1,500 rpm for 5 minutes
and the supernatant was collected and was analyzed for
various cytokines (IL-1f, IL-6, IL-12, and TNFa) using
ELISA kit (BD Biosciences, Franklin Lakes, New Jersey).
For analysis of upregulation of maturation marker after
incubating with drug samples for 24 hours, the cells were
harvested and fixed using 4% paraformaldehyde. They were
treated with fluorescence labeled marker antibody FITC-
CD40 (BD PharMingen, San Diego, CA, USA) and PE-
CD80 (eBioscience, San Diego, CA, USA) by incubating
at 4°C for 30 minutes followed by washing with PBS twice.
The cells (10%) were then analyzed for fluorescence using
flow cytometer (Attune Acoustic Focusing Cytometer, Life
Technologies, California, USA).

Nanoparticle uptake by cells and fluorescence
microscopic imaging of cells

DC2.4 cells were obtained from Dr. Kenneth L.
Rock (Dana-Farber Cancer Institute, Boston, MA, USA)
and cultured in RPMI 1640 medium (Gibco-BRL, Grand
Island, NA, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Gibco), 1% antibiotic-antimycotic
(Gibco) at 37°C in humidified air containing 5% CO,.
To determine the intracellular delivery of nanoparticles,
DC2.4 cells were incubated with Gardi-PLGA (0.1 pg of
gardiquimod) and ICG-encapsulated PLGA nanoparticles
in 8 well p-slide (Ibidi Integrated Biodiagnostics, Munich,
Germany) at a density of 1 x 10* cells/well, at 37°C for 24
hours. Unbound nanoparticles were removed by washing
with phosphate buffered saline (PBS, Gibco). The cells
were fixed with 4% paraformaldehyde solution for 15
min at room temperature, and treated with 4.6-diamino-
2-phenylindoledichydrochloride (DAPI, Sigma, St. louis,
MO, USA) in PBS for 10 min. Fluorescence microscopy
was performed on a Deltavision RT (Applied Precision
Technologies, Issaquah, WA, USA). To detect intracellular
localization of ICG-Gardi-PLGA nanoparticles, cells were
stained with Lysotracker Blue (Invitrogen) for 15 minutes
and fluorescence images were obtained after 1 h incubation.
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Mice and cell lines

5-6 weeks-old female C57BL/6 (H-2b) mice were
purchased from KOATECH (Pyeongtack, Korea). The
mice were maintained under pathogen-free conditions. All
experiments employing mice were performed in accordance
with the Korean NIH guidelines for care and use of
laboratory animals. B16-F10 murine melanoma cell line was
purchased from ATCC, and it was allowed to grow in DMEM
supplemented with 10% FBS and 1% antibiotic-antimycotic
solution at 37°C and 5% CO,/95% humidified air.

Evaluation of in vivo antitumor activity

B16-F10 melanoma cells (1 x 10°) were inoculated
into the right flank of 5-6 weeks old C57BL/6 mice. After
10 days of tumor implantation, animals with an average
tumor diameter of 4-6 mm were selected. These mice
were divided into 4 treatment groups (n = 8 for tumor
volume analysis and n = 11 for survival analysis). Gardi-
PLGA nanoparticles in 50 pl of PBS were administered
by intratumoral injection and DMXAA solution (100
ul) was administered by intra-peritoneal injection. The
drug treatment was started from day 10 after tumor
implantation. Total 4 injections were given (days 10, 14,
18 and 22). The tumor diameters were measured till 26"
day after tumor implantation using a sliding caliper. Tumor
volume was calculated using the following formula: tumor
volume (mm?) = length x (width)*2. After 8 weeks mice
were humanely euthanized.

Evaluation of vasculature disruption and
presence of immune cells in ex vivo tumor tissues
using immunohistochemistry

The xenograft tissues (n = 3 for each group) were
fixed with 10% formalin and embedded in paraffin. The
paraffinized tissues were cut into 2-pm sections and
placed on frontier micro slide glass. The sections were
deparaffinized by 99.9% xylene, following 100%, 95%,
70% ethanol and finally distilled water. The sections were
fixed with 4% paraformaldehyde, permeabilized in 0.2%
trition in PBS, then blocked with 5% NGS (normal goat
serum) for 2 hour, followed by incubating with a primary
antibody, which was used at a final concentration of 5-10
pg/ml in 2% NGS and included: anti-mouse endothelial
cell (MECA-32, BioLegend, California, USA), mouse
anti-rat CD68 (AbD Serotec, Kidlington, UK), anti-
CD83 (Michel-19, BioLegend), aand anti-mouse CDS§
(BioLegend, California, USA). Sections were incubated
overnight with primary antibody at 4°C and then incubated
with appropriate horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) after washing with 0.1% Trition in
PBS. The sections were finally mounted using DAPI
Fluoromount-G (SouthernBiotech, Birmingham, USA).
Fluorescent images were captured by Olympus microscope

BX53 using MetaVue software under the same conditions
(10 or 1,000 ms exposure time, high & low limits, and
scaling) and the signal intensity was analyzed with the
threshold images that excluded the background signal.

Statistical analysis

For analyzing the statistical difference between two
groups one-way ANOVA with multiple comparisons was
used. For analyzing statistical significance in survival data
log-rank (ManteleCox) test was used and p value <0.05
was considered statistically significant. All values are
expressed as mean =+ standard deviation. GraphPad Prism
(San Diego, CA, USA) was used for all statistical analysis.

CONCLUSION

Both Gardi-PLGA and DMXAA did not possess
direct tumor killing activity as confirmed by viability assay
on B-16-F10 melanoma cells. Thus, the tumor inhibition
observed in vivo can be attributed to the immuno-
stimulatory effect of combined Gardi-PLGA and DMXAA
along with vasculature disrupting effect of DMXAA. The
synergy in the combination of DMXAA and Gardi-PLGA
mainly works at two levels. Firstly, synergistic immuno-
stimulatory effect is observed in DCs. Secondly, tumor
inhibition is speculated to be achieved by targeting the
tumor center by vasculature disruption and tumor periphery
mainly by the immune cells. If a human analogue of
DMXAA [24] or any other vasculature disrupting agent
is successfully identified, its combination with immune-
stimulating agent such as TLR agonists seems to have
remarkable potential for treatment of solid tumors.
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