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Abstract

The wide prevalence of BRAF mutations in diagnosed melanomas drove the clinical advancement
of BRAF inhibitors in combination with immune checkpoint blockade for treatment of advanced
disease. However, deficits in therapeutic potencies and safety profiles motivate the development
of more effective strategies that improve the combination therapy’s therapeutic index. Herein,

we demonstrate the benefits of a locoregional chemoimmunotherapy delivery system, a novel
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thermosensitive hydrogel comprised of gelatin and Pluronic® F127 components already widely
used in humans in both commercial and clinical products, for the co-delivery of a small molecule
BRAF inhibitor with immune checkpoint blockade antibody for the treatment of BRAF-mutated
melanoma. /n vivo evaluation of administration route and immune checkpoint target effects
revealed intratumoral administration of antagonistic programmed cell death protein 1 antibody
(aPD-1) lead to potent antitumor therapy in combination with BRAF inhibitor vemurafenib.

The thermosensitive F127-g-Gelatin hydrogel that was evaluated in multiple murine models of
BRAF-mutated melanoma that facilitated prolonged local drug release within the tumor (>1
week) substantially improved local immunomodulation, tumor control, rates of tumor response,
and animal survival. Thermosensitive F127-g-Gelatin hydrogels thus improve upon the clinical
benefits of vemurafenib and aPD-1 in a locoregional chemo-immunotherapy approach for the
treatment of BRAF-mutated melanoma.
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1. Introduction

With rapidly increasing rates of melanoma over recent decades, BRAF has been identified as
a highly attractive therapeutic target since half of melanoma cases are BRAF-mutated [1-4].
BRAF is a signaling molecule in the mitogen-activated protein kinase (MAPK) pathway,
which governs the growth, differentiation, and apoptosis of cells by associating with
epidermal growth factor (EGF), Kirsten rat sarcoma viral oncogene homologue (KRAS),
mitogen-activated protein kinase kinase (MEK), extracellular signal-regulated kinase (ERK),
phosphoinositide 3-kinase (PI3K), and mechanistic target of rapamycin (mTOR) [4]. While
a wild-type BRAF monomer induces the low activity of its downstream MEK, activation

of its upstream RAS promotes the homo- or heterodimerization of BRAF, which elevates
MEK activity [5]. However, a mutation in an ATP-binding pocket of BRAF leads to

the consecutive unchecked hyperactivation of the RAS/RAF/MEK/ERK pathway, which
promotes the growth, differentiation, and survival of cancer cells [5,6]. Vemurafenib (Vem),
Dabrafenib, and Encorafenib approved by U.S. Food and Drug Administration (FDA)

as BRAF inhibitors (BRAFi) to treat metastatic melanoma in clinic, have shown high
therapeutic potencies. Nevertheless, most patients develop acquired resistance to BRAFi,
which is attributed to secondary mutations in other pathways, dysregulated metabolism,
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and BRAFV600E gverexpression [7-10]. Numerous combination therapies with various
inhibitors blocking upstream and downstream of BRAF have been explored, such as EGFR
inhibitors (Cetuximab, Panitumumab), IGF1R inhibitors (Ganitumab), KRAS inhibitors
(Dacomitinib), and MEK inhibitors (Trametinib, Binimetinib, Cobimetinib) [1-6]. To date,
Dabrafenib plus Trametinib, Vem plus Cobimetinib, and Encorafenib plus Binimetinib have
received FDA-approval [11].

It is now established that the therapeutic effects of BRAFi originate not only from its

direct effects on the RAS/RAF/MEK/ERK pathway in cancer cells [1-11], but also from
the host immune response. Therapeutic BRAFi increases CD8* T [12-16] and natural Killer
(NK) cells in tumors [15] as well as decreases the level of myeloid-derived suppressor

cells (MDSCs) [13] and regulatory T cells (Tregs) [13]. However, programmed cell death
ligand (PD-L) 1, an immune checkpoint whose ligand is programmed cell death (PD)

1, is up-regulated on cancer cells in response to BRAFi [14,15]. Furthermore, NKG2D
ligand that mediates the cytotoxicity of NK and T cells is downregulated in tumors [15],
which can compensate for the CD8* T and NK cell-mediated antitumor immune response
induced by BRAFi. Considering the blockbuster clinical success of agonist antibodies of
immune checkpoints, so called immune checkpoint blockade (ICB) therapies, that invigorate
the antitumor immune response to result in durable cures, it is now established that the
combination of targeted therapies including BRAFi with ICB can elicit more potent disease
control [14,17-21].

Clinically, Vem is administered orally or systemically [22], but systemic toxicity including
liver injury and kidney failure is a known side effect [22-24]. To mitigate these toxicity
risks, the potential of topical administration of Vem in a form of ointments has been
explored, demonstrating enhanced antitumor effects and improved liver, kidney, and lung
biosafety compared to oral and systemic intraperitoneal (i.p.) administration [22]. Our
group also recently reported the potential for locoregional administration of ICB antibodies
to improve tumor control relative to conventional systemic administration by promoting
the immune response in tumor microenvironment and secondary lymphoid tissues [25].
Furthermore, locoregional sustained delivery of immune modulating agents including ICB
antibodies with hydrogels and scaffolds can improve the antitumor therapeutic index with
durable immune response [25-32].

Herein, we report a locoregional sustained drug delivery system (DDS) for Vem and
antagonistic PD-1 monoclonal antibody (aPD-1) combination therapy for the treatment of
BRAF-mutated melanoma. Various drug combinations and routes of administrations were
explored, revealing intratumoral (i.t.) administration of VEM in combination with aPD-1 to
result in the most potent control of an /n vivo murine model of BRAF-mutated melanomas.
The potential of this newly developed sustained delivery system, thermosensitive hydrogels
(F127-g-Gelatin) comprised of gelatin and Pluronic® F127 [32], on therapeutic benefits

on Vem and aPD-1 combination therapy was investigated. The delivery system achieved
sustained drug release that was controlled by hydrogel degradation. As a result of sustained
delivery, i.t. administration of Vem and aPD-1 within the hydrogel system not only reduced
the drug dose and number of administrations required to achieve therapeutic benefit, but
also improved the therapeutic index with the enhanced memory CD8* T cell response
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in the tumor compared to the free drugs. This demonstrates the potential for the F127-¢g-
Gelatin sustained drug delivery system in potentiating locoregional chemoimmunotherapy
for BRAF-mutated melanoma.

2. Materials & Methods

2.1. Invitro cytotoxicity test of Vem

108 D4M, B16F10, or NIH3T3 cells in DMEM (90 uL, Gibco™) containing fetal bovine
serum (10%, Gibco™) and Antibiotic-Antimycotic (1X, Gibco™) were seeded in the 96-well
cell culture plates (Falcon™). After overnight incubation in 37°C CO, incubator, cells were
treated with Vem (10 pL) at different concentrations. After incubating for 2 days at 37°C in a
CO, incubator, AlamarBlue™ cell viability reagent (5 L, Invitrogen™) was added to culture
suspensions. After 1 h incubation at 37°C in a CO, incubator, fluorescence (ex: 560 nm, em:
590 nm) was measured by Synergy H4 microplate reader (BioTek).

2.2. Animals

All animal procedures were approved by Georgia Tech’s IACUC. Animals were acquired
from Jackson Laboratories.

2.3. Optimization of D4M cell numbers for establishing D4M tumor models

0.5x105, 1x10°, or 5x10° D4M cells in saline (30 uL) were subcutaneously inoculated

to the right dorsal skin of the C57BI/6 (8—10 weeks). The volume of the D4M tumors
was determined by an ellipsoid calculation, with dimensions measured by caliper. Animal
survival is depicted with Kaplan-Meier plots.

2.4. Administration- and ICBs-dependent Vem-mediated tumor therapy.

5x10° D4M cells in saline (30 uL) were subcutaneously inoculated to the right dorsal

skin of the C57BI/6 (8—10 weeks) on day 0. Free Vem was formulated in 20% DMSO
containing hydroxypropyl methylcelluose (HPMC, 0.05 mg uL=1). Vem (10 mg kg™, 100
uL) was treated i.p. every day from day 7 to day 16. aPD-1, aCTLA-4, or aPD-1/aCTLA-4
(each 150 pug mouse™1, 30 uL) were administered intraperitoneally (i.p.), intratumorally (i.t.),
intradermally to tissue ipsilateral (i.l.) to the tumor, and intradermally to tissue contralateral
(c.l.) to the tumor on day 8, 11, and 14. For tumor re-challenge studies, 5x10° D4M cells

in saline (30 pL) were subcutaneously inoculated to the left dorsal skin of the mice survived
after tumor inoculation and Vem and ICBs therapy. Tumor volumes were determined by

an ellipsoid calculation, which dimensions were measured with caliper. Animal survival is
depicted with Kaplan-Meier plots.

2.5. Synthesis of F127-g-Gelatin polymer

F127-g-Gelatin polymer was synthesized by our previously reported procedure [32]. In
brief, 4-nitrophenyl chloroformate (3.2 g, Sigma Aldrich) dissolved in 50 mL DCM was
added to Pluronic® F127 (20 g, Sigma Aldrich) dissolved in dichloromethane (50 mL,
Sigma Aldrich), followed by vigorous stirring for overnight. Cold diethyl ether (2750
mL, Sigma Aldrich) was used to precipitate the resultant 4-nitrophenyl chloroformate
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functionalized F127. After vacuum filtration, the 4-nitrophenyl chloroformate functionalized
F127 dissolved in 33.3 % (v/v) ethanol (150 mL, Sigma Aldrich) was reacted with gelatin
type A (10 g, Sigma Aldrich, 300g bloom) dissolved in deionized water (1 L) containing
triethylamine (15 mL, Sigma Aldrich) for overnight. The final product, F127-g-Gelatin, was
yielded with dialysis (Spectrum Industries, MWCO 100 KDa) against deionized water for
1.5 days and then lyophilization for 3 days.

2.6. Characterization of F127-g-Gelatin polymer

2.7

Bruker Advance 400 MHz FT-NMR H nuclear magnetic resonance spectroscopy (*H
NMR) was used to confirm the chemical compositions of F127-g-Gelatin polymer. Hitachi
SU-8230 at accelerating voltage 1 kV and 10 YA emission current was used to take
scanning electron microscope (SEM) images to observe microstructure of dry F127-g-
Gelatin hydrogel that had prepared by incubating 4.5 wt.% hydrogel in 37 °C water bath
for 1 h, rapid-frozen in liquid nitrogen, and lyophilized for 3 days. Synergy H4 microplate
reader was used to determine the critical micellar concentrations (CMC) of the polymer
by measuring the ratiometric emission (em) fluorescence (373 nm/383 nm) of pyrene
(final concentrations=0.6 uM) at 336 nm excitation (ex) in the difference concentrations
of polymer solutions.

In order to prepare TRITC-labeled aPD-1 (aPD-1-TRITC), aPD-1 (4.1 mg, Bioxcell, clone
RMP1-14) in DPBS without calcium and magnesium (PBS(—/-)) (500 uL, Gibco™) was
reacted with TRITC (100 pg, Thermofisher Science) in dimethyl sulfoxide (DMSO, 100
pL, Sigma Aldrich) for 2 h, followed by purification with Zeba desalting column (MWCO
7 KDa, Thermofisher Science) four times. Synergy H4 microplate reader was used to
observe self-quenching of aPD-1-TRITC in F127-g-Gelatin by quantifying the fluorescence
of TRITC in aPD-1-TRITC (ex: 547 nm, em: 579 nm) in the different concentrations of
F127-g-Gelatin solutions.

. In vitro residence stability of the hydrogel and drug release test with the hydrogel

In vitro residence stability of F127-g-Gelatin hydrogel was evaluated by measuring the
weight of F127-g-Gelatin hydrogel hydrated by DPBS with calcium and magnesium (PBS
(+/+)) (Gibco™) in the same volume of PBS (+/+) over time. In detail, 4.5 wt.% F127-¢-
Gelatin hydrogel in PBS (+/+) (300 L) without or with Vem (0.7 mg mL™1 in 4.5 wt.%
F127-g-Gelatin hydrogel) or aPD-1-TRITC (0.6 mg mL™1 in 4.5 wt.% F127-g-Gelatin
hydrogel) was added in the 1.5 mL e-tube in 37 °C water incubator. After 30 min incubation,
PBS (+/+) (300 uL) with or without 2.5 U mL~1 MMP-9 (collagenase IV, Gibco™) was
added. At predetermined time intervals, supernatants were taken. The remaining mass of
hydrated hydrogel were measured and then fresh PBS (+/+) (300 pL) with or without 2.5 U
mL~1 MMP-9 was added.

Drug release testing was performed by measuring the contents of \Vem or aPD-1-TRITC
in the supernatants sampled from F127-g-Gelatin hydrogel incubated with PBS (+/+) over
time. In detail, 4.5 wt.% F127-g-Gelatin hydrogel in PBS (+/+) (300 pL) with Vem (0.7
mg mL~1 in 4.5 wt.% F127-g-Gelatin hydrogel) or aPD-1-TRITC (0.6 mg mL™1in 4.5
wt.% F127-g-Gelatin hydrogel) was added in the 1.5 mL e-tube in 37 °C water incubator.
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After 30 min incubation, PBS (+/+) (300 pL) with or without 2.5 U mL~1 MMP-9 was
added. At predetermined time intervals, supernatants were taken and then replaced with
fresh PBS (+/+) (300 pL) with or without 2.5 U mL~1 MMP-9. Agilent 1260 Infinity 1

High Performance Liquid Chromatography (HPLC) system (G7111B, G7129A, G7130A,
G7114A) equipped with Agilent Poroshell 120 EC-C18 column (4.6 mm X 100, 2.7 um)
was employed to evaluate the contents of Vem in the supernatants in the condition of
gradient elution of acetonitrile and deionized water (% acetonitrile=30-90) at flow rate 1 mL
min~1 at 25 °C. Synergy H4 microplate reader was utilized to quantify the fluorescence of
TRITC in aPD-1-TRITC (ex: 547 nm, em: 579 nm).

2.8. Invivo residence stability of the hydrogel

4.5 wt.% F127-g-Gelatin hydrogel in saline (30 puL) was subcutaneously administered to the
right dorsal skin of the C57BI/6 (8—10 weeks). The volume of hydrogel was determined by
an ellipsoid calculation, which dimensions were measured with caliper.

2.9. Invivo biodistribution of aPD-1 with the hydrogel

2.10.
aPD-1

To prepare AF647-labeled aPD-1 (aPD-1-AF647), aPD-1 (15.65 mg) in PBS (-/-) (1.23
mL) was reacted with AlexaFluor™647 NHS Ester (AF647-NHS, Invitrogen™) in DMSO
(30 pL of 10 mM) for 2 h, followed by purification with Zeba desalting column (MWCO 7
KDa, Thermofisher Science) 5 times.

5x10° D4M cells in saline (30 uL) were subcutaneously inoculated to the right dorsal

skin of the C57BI/6 (8-10 weeks) on day 0. Free aPD-1-AF647, Free Vem+aPD-1-AF647,
4.5 wt.% F127-g-Gelatin hydrogel containing aPD-1-AF647 or 4.5 wt.% F127-g-Gelatin
hydrogel containing Vem and aPD-1-AF647 in 30 uL were i.t. administered to the D4M
tumor-bearing mice on day 7. The dose of Vem and aPD-1-AF647 is 10 mg kg™t and 100
g mouse™1, respectively. Mice were sacrificed on day 8, 11, and 14. FastPrep-24 (MP
Biomedicals) was utilized to homogenize tumors, tumor draining lymph nodes (dLNs), non
draining lymph nodes (ndLNs), spleens, livers, kidney, lungs, and blood harvested in 1.4
mm zirconium bead filled tubes (OPS Diagnostics). Synergy H4 microplate reader was
used to record the fluorescence of aPD-1-AF647 (ex: 650 nm, em: 670 nm) in each tissue.
Different concentrations of aPD-1-AF647 were mixed with homogenized tissues harvested
from tumor-, drug-, and hydrogel-free mice to establish the standard curves.

In vivo tumor therapy and immune profiles with the hydrogel containing Vem and

5x10° D4M cells in saline (30 uL) were subcutaneously inoculated to the right dorsal skin
of the C57BI/6 (8-10 weeks) on day 0. Vem (10, 20, 40 mg kg~1) and aPD-1 (300 or

450 ug mouse™1) in 30 uL saline or in, 30 uL of 4.5 wt.% F127-g-Gelatin hydrogel (30

uL) was i.t. administered on day 7. The volume of tumors was determined by an ellipsoid
calculation, which dimensions were measured with caliper. Animal survival is depicted with
Kaplan-Meier plots. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels in serum were measured from blood collected from facial vein on day 14 by using
alanine aminotransferase (ALT) activity colorimetry/fluorometry (Biovision) and aspartate
aminotransferase (AST) activity colorimetric assay kits (Biovision).
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For immune profiles, another set of mice with same schedule of tumor inoculations and
treatment was sacrificed to harvest tumors, dLNs, and spleens on day 14. 70 um strainer
(Corning) and ACK lysis buffer (Lonza) were used to harvest splenocytes. 70 pm strainer
(Corning) and collagenase D (Roche, 1 mg mL~1) were used to harvest lymphocytes and
tumoral immune cells. To prevent non-specific interactions between cells and antibodies,
cells were incubated with 2.4G2 on ice for 5 min. To stain live cells, Zombie Aqua

Fixable viability dye (Biolegend) were treated to cells, followed by incubation at room
temperature (RT) for 30 min. The resultant cells were stained with antibody mixtures except
Foxp3 on ice for 30 min. After the cells were fixed and permeabilized with Foxp3 Fixation/
Permeabilization working solution (eBioscience™ Foxp3/Transcription Factor Staining
Buffer Set, Invitrogen™) on ice for 60 min, Foxp3 and Tcf1 staining was proceeded on

ice for 75 min. Cells were profiled with LSR Fortessa flow cytometry (BD Biosciences) and
then analyzed with FlowJo (FlowJo LLC).

The SM1 tumor model was used as an additional model of BRAF-mutated melanoma.
SM1 cells were kindly donated from Dr. Antoni Ribas at the University of California Los
Angeles. To passage and amplify the SM1 cells, SM1 cells (1x10° cells) in 30 uL were
subcutaneously inoculate to the right dorsal skin of NOD scid gamma (NSG) mouse (8
weeks). When size of a tumor reached to 5-10 mm, SM1 cancer cells were harvested by
using 70 um strainer after the tumors were excised from the sacrificed mouse, and then
dispersed in 50 pL saline. To establish the SM1 tumor model, 30 uL of the cell solutions
above were subcutaneously inoculated to the right dorsal skin of the C57BI/6 (8-10 weeks)
on day 0. Vem (40 mg kg™1) and aPD-1 (450 pg mouse™1) with 4.5 wt.% F127-g-Gelatin
hydrogel (30 pL) was i.t. administered when tumor size reaches to 5-10 mm. As a control
group, one time administration of free Vem (40 mg kg~1) formulated in 20% DMSO
containing hydroxypropyl methylcelluose (HPMC, 0.05 mg pL=1, 100 pL) i.t. and aPD-1
(450 pg mouse™2, 30 pL) was treated i.t. Tumor volumes and survival were measured as
same with the above.

2.11. Statistics

Plotting graphs and statistical analysis were performed with Prism software (Graphpad). /n
vitroand /n vivo data are reported with a formulation of mean + standard deviation (SD) and
mean + standard error of mean (SEM), respectively. While two-tailed paired Student #test
was used for statistical comparisons of two groups, two-way ANOVA or one-way ANOVA
with Tukey post-hoc hypothesis were employed for statistical comparisons of multiple
groups; ****p<0.0001, ***p<0.001, **p<0.01, and *p<0.05.

3. Results & Discussion

3.1. Administration route- and ICB-dependent Vem-mediated tumor therapy effects on
D4M melanomas

D4M is a metastatic murine melanoma cell line bearing the BRAFV600E mytation, which
can be passaged /n vitro and then used for /n vivo disease modeling in either immune-
deficient or syngeneic mice [33]. Consistent with its BRAF status, D4M cells treated in
in vitro culture were Vem sensitive (Fig. S1A), whereas negligible effects of Vem were
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found for BRAF wild-type melanoma cells (B16F10, Fig. S1B) and normal (non-malignant)
fibroblasts (NIH3T3, Fig. S1C).

To identify effective administration routes and combinations for Vem (10 mg kg1,
administered i.p. a total of 10 times) with ICB, aCTLA-4, aPD-1, or aCTLA-4 and aPD-1

in combination (each 150 pg mouse™?, administered a total of 3 times) were administered
i.p., i.t, i.l,, orc.l. (Fig. 1-3, Fig. S2, Table S1-S3) into mice bearing melanomas injected

in the right dorsal skin formed from 5x10° D4M cells. aCTLA-4 was found to significantly
improve the therapeutic effects of Vem with respect to tumor growth and/or survival
regardless of its administration route (Fig. 1, Fig. S2A, Table S1), though this effect was
least pronounced i.l., which only prolonged delay in tumor growth post-treatment in a
greater number of animals (Fig. S2A). Most notably, administration of aCTLA-4 i.p. and

i.t. in Vem treated (i.p.) animals led to 20% complete tumor regression of D4M tumors.
Likewise, aPD-1 significantly promoted the antitumor effects of \Vlem, regardless of its
administration route (Fig. 2, Fig. S2B, Table S2). However, the therapeutic effects of the
combined Vem and aPD-1 (Fig. 2) were significantly better than the combined Vem and
aCTLA-4 (Fig. 1) in terms of tumor growth, survival, and complete response (CR), the latter
being defined herein as complete tumor regression. In particular, administration of aPD-1 i.t.
allowed for 60% CR of tumors in Vem treated (i.p.) animals, which was more efficient than
other administration routes of aPD-1 as well as aCTLA-4. However, the combination of Vem
with aCTLA-4/aPD-1 failed to improve efficacy over Vem alone (Fig. 3, Fig. S2C, Table S3)
or in combination with either aCTLA-4 (Fig. 1) or aPD-1 (Fig 2) individually, which can be
explained by blockade of multiple immune checkpoints in combination not always resulting
in synergies due to compensatory upregulation of the other immune checkpoint pathways
[34,35] and tumor-specific sensitivities to ICB [36,37]. Despite different rates of response
and therapeutic efficacy, mice that had experienced CR to the combined Vem and aCTLA-4,
the combined Vem and aPD-1, and the combined Vem and aCTLA-4/aPD-1 exhibited

100% resistance to the re-challenge of D4M tumors inoculated in the left dorsal skin (Fig.
4) contralateral to the regressed tumor completely treated with the combined Vem and

ICB therapy (Fig. 1-3). These results indicate that when regression occurs with combined
Vem and ICB therapy, this response is associated with long-term systemic immunological
memory. Results in this model imply that i.t. administration of aPD-1 synergizes optimally
with BRAFi anticancer therapy in the treatment of BRAF-mutated melanoma.

3.2. Sustained release of Vem and aPD-1 with F127-g-Gelatin thermosensitive hydrogel

Based on the improved synergies of Vem and aPD-1 therapy when administered i.t. in
mediating tumor control (Fig. 1-4) and the potential of sustained DDSs to potentiate the
effects of immunotherapy [25-32], we hypothesized that a sustained release hydrogel would
promote the antitumor effects of i.t. administered Vem and aPD-1. Our group recently
reported a thermosensitive hydrogel (F127-g-Gelatin) comprised of biocompatible and renal
clearable Pluronic® F127 and biocompatible and biodegradable gelatin [32]. As F127-¢-
Gelatin hydrogels not only contain hydrophobic polypropylene oxide blocks capable of
loading hydrophobic drugs, but also interact with protein drugs [32], the F127-g-Gelatin
formulation was expected to enable the efficient loading and sustained release of Vem
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and aPD-1, which can lead to durable antitumor chemoimmunotherapy on BRAF-mutated
melanomas.

F127-g-Gelatin was synthesized via two-step reaction. Briefly, 4-nitrophenyl chloroformate
facilitated the conversion of hydroxyl groups of Pluronic® F127 to nitrophenyl carbonates, a
good leaving group. Amine groups of gelatins were reacted with the nitrophenyl carbonates
to afford F127-g-Gelatin polymer (Fig. S3). 1H NMR confirmed the successful synthesis
of F127-g-Gelatin polymer that is comprised of 61.6 + 3.1 % F127 and 38.4 % gelatin in
mass ratio (Fig. S4). The F127-g-Gelatin polymer behaved as a thermosensitive hydrogel
with a phase-transition from solution to hydrogel at 4.0-7.0 wt.% aqueous solution when
its temperature was increased to 37°C [32]. Scanning electron microscopy (SEM) images
of 4.5 wt.% hydrogel sampled by incubation at 37°C, rapid-freeze with liquid nitrogen,

and lyophilization (Fig. 5A) showed the sheet-like structures capable of entrapping small
molecule and biomolecular solutes to facilitate their release via diffusion.

The residence stability of the F127-g-Gelatin hydrogel and drug release profiles were
investigated. Bare F127-g-Gelatin hydrogels were gradually degraded and disrupted over
the course of 6 days when incubated at 37°C (Fig. 5B). High residence stability of F127-¢-
Gelatin hydrogel without toxicity was also observed in vivo as well (Fig. S5). Due to the
enzymatic degradation of gelatin components in F127-g-Gelatin, co-incubation with matrix
metalloproteinase-9 (MMP-9) that is overexpressed by various melanomas [32, 38—-40] was
found to accelerate the degradation of F127-g-Gelatin hydrogels (Fig. 5B). Furthermore,

the Vem load negligibly affected the residence stability of F127-g-Gelatin hydrogels

(Fig. 5B,C). Reverse-phase gradient HPLC was employed to quantify Vem released from
F127-g-Gelatin hydrogels (Fig. S6). Vem was released from F127-g-Gelatin hydrogel in
phosphate-buffered saline (PBS) for 6 d in a sustained manner, while MMP-9 accelerated the
release of Vem from F127-g-Gelatin hydrogel (Fig. 5D). The critical micellar concentrations
(CMCs) of F127-g-Gelatin polymer were detected at 25 °C and 37 °C (Fig. 5E, Table

S4), indicating the presence of hydrophobic interactions potentially between Vem and F127-
g-Gelatin polymer. However, pyrene-assisted CMC of F127-g-Gelatin was not changed by
Vem (Fig. 5E), correlating with the insignificant effects of Vem on residence stability of
F127-g-Gelatin hydrogel (Fig. 5B,C). TRITC labeled aPD-1 (aPD-1-TRITC) was used to
investigate the effects of aPD-1 on the residence stability and the aPD-1 release profiles.
Like Vem loaded hydrogels, the residence stability and drug release behaviors of aPD-1-
TRITC loaded F127-g-Gelatin hydrogels were altered by coincubation with MMP-9 (Fig.
5F,G). However, aPD-1-TRITC loaded F127-g-Gelatin hydrogels demonstrated significantly
prolonged residence stability compared to bare and Vem loaded hydrogels (Fig. 5F), which
affected aPD-1 release behaviors (Fig. 5G). Interestingly, fluorescence of aPD-1-TRITC
sharply dropped and was then restored with increasing F127-g-Gelatin concentration (Fig.
5H). This phenomenon is attributed to the self-quenching effects of fluorophores that

are aggregated or clustered to form dark dimers in the nanoparticles and polymers [41],
implying the interactions of aPD-1 and F127-g-Gelatin polymers. Consistent with the
expected interactions between drugs and F127-g-Gelatin polymer, drug release correlated
with hydrogel degradation rate (Fig. 51). In summary, F127-g-Gelatin hydrogel not only
allowed the load of Vem and aPD-1, but also facilitated sustained drug release that was
hydrogel controlled.
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3.3. Invivo biodistribution of aPD-1 with the hydrogel on D4M tumor models

To explore hydrogel effects on drug biodistribution, 4.5 wt.% F127-g-Gelatin hydrogels
loaded with AlexaFluor 647 labeled aPD-1 (aPD-1-AF647) at 100 pg mouse ™! were
injected into day 7 D4M melanomas and fluorescence quantified in the tumor as well

as systemic tissues over time (Fig. 5J,K, Fig. S7). F127-g-Gelatin hydrogels resulted in
enhanced and sustained retention of aPD-1 in the tumor (Fig. 5J) even 7 d after the
administration, effects accompanied by reduced systemic exposure of aPD-1 in the spleen
(Fig. STA), Liver (Fig. S7B), kidney (Fig. S7C), lung (Fig. S7D), and blood (Fig. 5K),
compared to i.t. bolus delivery of aPD-1-AF647. Interestingly, Vem significantly reduced
tumor retention of aPD-1 (Fig. 5J), which may be ascribed to the improved perfusion

of tumors associated with BRAFi and thus clearance of released drug [42]. Nevertheless,
F127-g-Gelatin hydrogels imparted the significantly higher accumulation of aPD-1 in the
tumor with significantly lower systemic exposure than bolus delivery in the absence and
presence of Vem, which raised an expectation of durable antitumor chemo-immunotherapy.

3.4. Invivo tumor therapy and immune profiles of the hydrogel containing Vem and aPD-1
on D4M tumor models

The therapeutic potential of F127-g-Gelatin hydrogels to potentiate the combination of
Vem and aPD-1 was assessed in the D4M tumor model (Fig. 6). In contrast with the
combination of daily i.p. administration of Vem (each 10 mg kg2, total 10 times =

total 100 mg kg™1) with i.t. aPD-1 every 3 days (each 150 g mouse ™1, total 3 times

= total 450 pg mouse™1) (Fig. 2), a single i.t. administration (Fig. 6A) of free Vem (20

mg kg™1) and free aPD-1 (300 pug mouse™1) failed to achieve tumor control (Fig. 6B).
However, a single i.t. administration of Vem (20 mg kg™1) and aPD-1 (300 pg mouse™1)
formulated within the F127-g-Gelatin hydrogel achieved more potent tumor control with
60% partial response (PR), defined as a 30% decrease in tumor size after treatment,
compared to treatment with saline (0% PR), unloaded (drug-free) hydrogel (HG) (0%

PR), and bolus delivery of the drugs in combination (0% PR) (Fig. 6C). In addition,

the hydrogel formulations negligibly affected levels of alanine aminotransferase(ALT)/
aspartate aminotransferase(AST) (Fig. 6D) and body weight (Fig. 6E), supportive of F127-¢g-
Gelatin’s biocompatibility. Furthermore, the enhanced antitumor effects with F127-g-Gelatin
hydrogels allowed significantly prolonged animal survival, compared to bolus delivery (Fig.
6F, Table S5). These results demonstrate the utility of hydrogel-mediated sustained release
to impart therapeutic benefit without the need for repeated dosing, yet this represents just
one approach among many conceivable strategies for combination therapies enabled by

this drug delivery system. Further optimization studies to explore best combinational dose
for each drug, decoupling of drugs (a single injection of drugs vs. separate injection of

each drug), and drug formulation (Vem in hydrogel + free aPD-1 vs. Free Vem + aPD-1

in hydrogel vs. Vem+aPD-1 in hydrogel, Vem in hydrogel + aPD-1 in hydrogel) would
pave the way for improving clinical benefits of Vem and aPD-1 therapy in the treatment of
BRAF-mutated tumors.

Immune profiles day 14 post-treatment were assessed (Fig. S8, Table S6) revealing
negligible effects of combined Vem and aPD-1 therapy on T lymphocyte responses in
lymphoid tissues, but a reduced DC frequency in the spleen (Fig. S9). However, delivery
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in the F127-g-Gelatin hydrogels significantly increased the infiltration of CD8* T cells into
treated tumors compared to treatment with saline, unloaded HG, and bolus delivery of Vem
and aPD-1 in combination (Fig. 6G). Intratumoral frequencies of CD8* T¢y and CD8*

Tem Were also significantly increased by treatment of Vem and aPD-1 in combination when
formulated in the HG but not in their free form (Fig. 6H). On the other hand, only subtle
increases in CD4" T (Fig. 6G) and Tyq (Fig. 6H) cell frequencies were found in tumors
treated with Vem and aPD-1 in combination formulated in the HG. The combination therapy
of Vem with aPD-1 formulated within the F127-g-Gelatin hydrogel that results in improved
tumor control and animal survival is associated with expansion of memory CD8" T cells
within the tumor.

3.5. Dose-dependent in vivo tumor therapy with the hydrogel containing Vem and aPD-1

Dose-dependent anticancer therapeutic effects of combined Vem (10, 20, or 40 mg kg™1) and
aPD-1 (300, or 450 pg mouse™1) formulated in F127-g-Gelatin hydrogels were investigated
(Fig. 7, Table S7). As expected, increasing the Vem dose also achieved higher rates of tumor
regression (Fig. 7A) and PR/CR (80% PR/20 % CR in Vem 10 mg kg1 + aPD-1 300

g mouse™1, 60% PR/0 % CR in Vem 20 mg kg~1 + aPD-1 300 pg mouse ™1, and 100%
PR/33 % CR in Vem 40 mg kg™ + aPD-1 450 pug mouse™1) (Fig. 7B), which resulted in
significantly prolonged survival of the mice (Fig. 7C, Table S7) with negligible body weight
changes (Fig. 7D).

3.6. Invivo tumor therapy with the hydrogel containing Vem and aPD-1 on SM1 tumor

models

The therapeutic benefit of F127-g-Gelatin hydrogels on combined Vem and aPD-1
chemoimmunotherapy was further demonstrated in the SM1 model of BRAF mutated
melanoma (Fig. 8). Like the DAM model, this melanoma line was established from the
inducible BRAFV600E mouse model and is moderately sensitive to Vem due to the CD-
KNZ2A gene deletion and BRAFand MITF gene amplification in addition to the BRAFV600E
mutation [43,44]. SM1 cells were passaged in NSG mice, harvested and subcutaneously
inoculated to the right dorsal skin of C57BI/6 animals. Single i.t. administration of Vem
(40 mg kg™1) and aPD-1 (450 pg mouse™1) in combination when formulated within the
F127-g-Gelatin hydrogel led to prolonged tumor control than bolus delivery of free drug
without any bodyweight changes (Fig. 8A-C, Fig. S10, Table S8), with a PR of 50 % and
CR of 25 %. These results (Fig 2, Fig. 6-8, Fig. S2B, Fig. S10) fortify the F127-g-Gelatin
thermosensitive hydrogel as improving the therapeutic index, achieving dose sparing, and
reducing number of injections required to treat BRAF-mutated tumors using BRAFi and
aPD-1 in combination.

4. Conclusion

In summary, therapeutic synergies of Vem with ICB for the treatment of BRAF-mutated
melanoma were achieved by targeting aPD-1 and focusing drug actions to directly within
the tumor microenvironment through locoregional delivery. The benefits of this sustained
release formulation were substantial with respect to achieving tumor control, increasing
the rate of response, immunomodulation, and prolonging animal survival. Our findings,
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fortified in multiple murine tumor models, demonstrate the potential of F127-g-Gelatin
hydrogels for sustained locoregional chemoimmunotherapy drug delivery in the treatment of
BRAF-mutated cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Administration routes-dependency of combined VVem and aCTLA-4 therpay on D4M
models.

(A) Scheme for administration routes and treatment schedule. 5x10° D4M cells in 30 pL
saline were subcutaneously inoculated in C57BI/6 on day 0. Vem (10 mg/kg, 100 pL)

was treated i.p. every day from day 7 to day 16. aCTLA-4 (150 ug mouse™1, 30 pL) was
administered i.p., i.t., i.l. or c.l. 3 times every 3 days from day 8. (B) Average and individual
tumor volumes (n=5). (C) Weight changes after treatment (n=5). (D) Kaplan—Meier survival
curves (n=5). Data are presented as mean+SEM. Two-way ANOVA using Tukey post-hoc
statistical hypothesis was employed for (B) and (C). Log-rank using Mentel-Cox statistical
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hypothesis was used for survival (D). ***p< 0.0001, *p<0.001, **p<0.01, and “p<
0.05. N.S. means “Non Significant”. Statistical values for (D) are listed in Table S1.
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Fig. 2. Administration routes-dependency of combined Vem and aPD-1 therpay on D4M models.
(A) Scheme for administration routes and treatment schedule. 5x10° D4M cells in 30 pL

saline were subcutaneously inoculated in C57BI/6 on day 0. Vem (10 mg/kg, 100 uL)

was treated i.p. every day from day 7 to day 16. aPD-1(150 g mouse™2, 30 pL) was
administered i.p., i.t., i.l. or c.l. 3 times every 3 days from day 8. (B) Average and individual
tumor volumes (n=5). (C) Weight changes after treatment (n=5). (D) Kaplan—Meier survival
curves (n=5). Data are presented as mean+SEM. Two-way ANOVA using Tukey post-hoc
statistical hypothesis was employed for (B) and (C). Log-rank using Mentel-Cox statistical
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hypothesis was used for survival (D). ***p< 0.0001, *p<0.001, **p<0.01, and “p<
0.05. N.S. means “Non Significant”. Statistical values for (D) are listed in Table S2.
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Fig. 3. Antagonistic effects of combined aCTLA-4 and aPD-1 in Vem-mediated therapy on D4M
models.

(A) Scheme for administration routes and treatment schedule. 5x10° D4M cells in 30 pL
saline were subcutaneously inoculated in C57BI/6 on day 0. Vem (10 mg/kg, 100 pL) was
treated i.p. every day from day 7 to day 16. Mixture of aCTLA-4 and aPD-1 (each 150

g mouse 1, total 30 pL) was administered i.p., i.t., i.l. or c.l. 3 times every 3 days from

day 8. (B) Average and individual tumor volumes (n=5). (C) Weight changes after treatment
(n=5). (D) Kaplan—-Meier survival curves (n=5). Data are presented as mean£SEM. Two-way
ANOVA using Tukey post-hoc statistical hypothesis was employed for (B) and (C). Log-
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HAAA A Ak

rank using Mentel-Cox statistical hypothesis was used for survival (D). £<0.0001, "p
<0.001, "p<0.01, and “p< 0.05. N.S. means “Non Significant”. Statistical values for (D)
are listed in Table S3.
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Fig. 4. Re-challenge of tumor on the mice that had experienced CR after combined Vem and

ICBs therapy in Fig 1-3.

(A) Scheme for tumor re-challenge and treatment schedules. 5%x10° D4M cells in 30 pL
saline were subcutaneously inoculated to the left dorsal of the mice survived from combined
Vem and ICBs therapy. (B) Individual tumor volumes of the mice that had never experienced
tumor inoculations and combined Vem and ICBs therapy. (C-E) Individual re-challenged
tumor volumes of the mice that survived after having experienced the tumor inoculations on
right dorsal and (C) combined Vem (i.p.) and aCTLA-4 (i.p. or i.t.) therapy, (D) combined
Vem (i.p.) and aPD-1 (i.p., i.t.,i.l., or c.l.) therapy, or (E) combined Vem (i.p.) and aCTLA-4/
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aPD-1 (i.p., i.t., or c.l.) therapy. (F) Kaplan—Meier survival curves after re-challenge. (G)
Weight changes tumor after re-challenge. Log-rank using Mentel-Cox statistical hypothesis
was used for statistical analysis of (F). “"p < 0.0001, **p<0.001, “p<0.01, and “p<
0.05. Two-way ANOVA using Tukey post-hoc statistical hypothesis was employed for (G)

presented with mean+SEM.. N.S. means “Non Significant”.
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Fig. 5. In vitro residence stability and drug release behavior of F127-g-Gelatin hydrogels and in
vivo biodistribution of aPD-1 released from F127-g-Gelatin thermosensitive hydrogels.

(A) Dry SEM image of dry 4.5 wt.% F127-g-Gelatin hydrogel. (B) /n vitroresidence
stability of 4.5 wt.% bare F127-g-Gelatin hydrogel (n=3-4). (C) /n vitro residence stability
of 4.5 wt.% F127-g-Gelatin hydrogel (300 pL) containing Vem (20 mg mL™1 in the F127-¢-
Gelatin hydrogel) (n=4). (D) /n vitro Vem release behaviors from 4.5 wt.% F127-g-Gelatin
hydrogel (300 L) containing Vem (20 mg mL™1 in the F127-g-Gelatin hydrogel) (n=4).

(E) CMC measurement of F127-g-Gelatin at 25 °C and 37 °C with (w/) or without (w/0)
Vem. CMC is the intersection of two distinctive linear lines determined by ratiometric
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fluorescence (373 nm/383 nm) of pyrenes. (F) /n vitroresidence stability of 4.5 wt.% F127-
g-Gelatin hydrogel (300 pL) containing aPD-1-TRITC (6.67 mg mL™1 in the F127-¢-Gelatin
hydrogel) (n=4). (G) /n vitro VVem release behaviors from 4.5 wt.% F127-g-Gelatin hydrogel
(300 pL) containing aPD-1-TRITC (6.67 mg mL™1 in the F127-g-Gelatin hydrogel)

(n=4). (H) F127-g-Gelatin concentration-dependent fluorescence of aPD-1-TRITC (n=3).
() Correlation graph between hydrogel degradation and Vem/aPD-1-TRITC release (n=3—
4). (J,K) /n vivolocal and systemic biodistribution of aPD-1 released from F127-g-Gelatin
thermosensitive hydrogels. Free aPD-1-AF647, free aPD-1-AF647 in the presence of Vem,
aPD-1-AF647 with 4.5 wt.% F127-g-Gelatin hydrogel, aPD-1-AF647 with 4.5 wt.% F127-
g-Gelatin hydrogel containing Vem (Vem and aPD-1 dose equivalent to 10 mg kg~ and

100 pg mouse™1, respectively) (n=4) were administered into the tumor established with
D4M 5x10° cells in 30 pL saline on day 0. Mice were sacrificed on day 1, 4, and 7.
Biodistribution of aPD-1 in (J) tumor, and (K) blood. Data are presented as (A-1) mean+SD
or (J,K) mean£SEM. Two-way ANOVA using Tukey post-hoc statistical hypothesis was

employed for (B-D,F,G,J,K). “*p<0.0001, “"p< 0.001, “p<0.01, and “p< 0.05. N.S.
means “Non Significant”.
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Fig. 6. Antitumor effects and tumoral immune profiles of combined Vem and aPD-1 with F127-g-
Gelatin hydrogel on D4AM models.

(A) Scheme for administration routes and treatment schedule. 5x10° D4M cells in 30

pL saline were subcutaneously inoculated in C57BI/6 on day 0. Mixture of Vem (20 mg
kg~1) and aPD-1 (300 pg mouse™1) in saline (30 pL) or F127-g-Gelatin hydrogel (30 pL)
was administered i.t. on day 7. (B) Average and individual tumor volumes (n=5). (C)
Swimmer plot to present therapeutic response, which depicts how long that mouse’s tumor
growth curve remained flat or lower than its initial volume at time of treatment (n=5). (D)
ALT/AST results from blood serum (n=5). (E) Weight changes after treatment (n=5). (F)
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Kaplan—-Meier survival curves (n=5). (G,H) Profiles of DCs and T cells in tumor on day

14 (n=4-5). Frequency of (G) CD45*CD11c* (DCs), CD45*CD3*CD8* (CD8* T) cells,
CD45*CD3*CD4* (CD4* T), (H) CD45*CD3*CD8*CD62L*CD44™" (central memory CD8*
T cells, CD8" Tcnm), CD45TCD3*CD8*CD62L~CD44* (Effector memory CD8* T cells,
CD8* Tgwm), and CD45*CD3"CD4*Foxp3™ (Treg) cells. Data are presented as mean+SEM.
Data are presented as mean=SEM. Two-way ANOVA using Tukey post-hoc statistical
hypothesis was employed for (B) and (E). One-way ANOVA using Tukey post-hoc statistical
hypothesis was employed for (D), (G), and (H). Log-rank using Mentel-Cox statistical
hypothesis was used for survival (F). “*“p< 0.0001, “p<0.001, “p< 0.01, and “p < 0.05.

N.S. means “Non Significant”. Statistical values for (E) are listed in Table S5.
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Fig. 7. Dose-dependent antitumor effects of combined Vem and aPD-1 with F127-g-Gelatin
hydrogel on D4M models.

(A) Average and individual tumor volumes (n=5-10). (B) Swimmer plot to present
therapeutic response, which depicts how long that mouse’s tumor growth curve remained
flat or lower than its initial volume at time of treatment (n=5 or 10). Arrow indicates
complete responder, which continues to have low tumor volume for remainder of
measurement days. (C) Kaplan—Meier survival curves (n=5-10). (D) Weight changes after
treatment (n=5-10). Data are presented as mean+=SEM. Two-way ANOVA using Tukey
post-hoc statistical hypothesis was employed for (A) and (D). Log-rank using Mentel-Cox
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statistical hypothesis was used for survival (C). '0<0.0001, “"p<0.001, “p<0.01, and
“n<0.05. N.S. means “Non Significant”. Statistical values for (C) are listed in Table S7.
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Fig. 8. Antitumor effects of combined Vem and aPD-1 with F127-g-Gelatin hydrogel on SM1
models.

SM1 cells were passaged in NSG mice. After harvested and resuspended in 160 pL saline,
30 uL of SM1 cell solutions were subcutaneously inoculated in C57BI/6. Treatments were
started when SM1 tumor size reached to 5-10 mm. Mice treated with saline, or combined
single i.t. administrations of Vem (40 mg kg™1) and aPD-1 (450 pg mouse 1) were employed
as control groups. F127-g-Gelatin hydrogels containing combined Vem (40 mg kg™1)

and aPD-1 (450 ug mouse™1) were i.t. administered one time. (A) Relative average and
individual tumor volumes (n=3-4). (B) Swimmer plot to present therapeutic response, which
depicts how long that mouse’s tumor growth curve remained flat or lower than its initial
volume at time of treatment (n=3-4). (C) Kaplan—-Meier survival curves (n=3-4). Data are
presented as mean+SEM. Twoway ANOVA using Tukey post-hoc statistical hypothesis was
employed for (A). Log-rank using Mentel-Cox statistical hypothesis was used for survival

(C). ™p<0.0001, “p<0.001, “p<0.01, and “p< 0.05. Statistical values for (C) are
listed in Table S8.
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