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Abstract

A carrier-based, immunogenic cell death (ICD)-eliciting platinum(IV) chemotherapeutic
agent was synthesized via complexation between an axially derivatized Pt(IV)-tocopherol
and hyaluronan-tocopherol nanocarrier. The resultant HA-Pt(IV) complex demonstrated
anti-proliferative activity and induced calreticulin translocation, an indicator of ICD, in
murine and human head and neck cancer cells. The intratumorally administered HA-Pt(IV)
treatments were tolerable and efficacious in both immunocompetent and immunodeficient
mice with head and neck cancer, partially due to the direct cytotoxicity. Superior efficacy and
survival was observed in the immunocompetent group, suggesting a possible Pt(IV)-induced
immunological response, which would only manifest in animals with an intact immune
system. Subsequent imaging of tumor tissues demonstrated increased macrophage
infiltration in the HA-Pt(IV) treated tumors compared to the non-treated controls and the
cisplatin-treated tumors, suggesting favorable inflammatory activation. RNA sequencing of
HA-Pt(IV)-treated tumors indicated that carbohydrate and vitamin metabolisms were the
most important Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and molecular
function, biological process and cellular component were highly enriched gene ontology
(GO) categories.
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Introduction

Head and neck cancers (HNCs) are the sixth most common cancer in people worldwide with
over 630,000 new diagnoses each year and with an estimated incidence rate of 65,000 in the
United States alone . HNCs are categorized based on the anatomical sites where they
originate, such as the oral cavity (lips, tongue, gums, hard palate, floor of the mouth), nasal
cavity and paranasal sinuses, salivary glands, pharynx (throat), and larynx (vocal cords) 2.
Treatment options include conventional modalities of surgery, radiation therapy and
chemotherapy. Newer targeted therapies such as anti-epidermal growth factor receptor
(EGFR) antibodies (e.g. Cetuximab) inhibit the stimulation of EGFRs in SCC, and checkpoint
inhibitor immunotherapies disrupt the interactions between the programmed cell death
protein 1 (PD1) and the programmed death ligand 1 (PDL1) (e.g. Pembrolizumab and
Nivolumab) 3. The selection of treatment modalities depends primarily on the location and
the stage of the HNCs, in which concurrent and sequential uses of multiple modalities are
common practices in the paradigm of HNC oncology.

In this report, the authors discuss the development and application of an intralesional
(intratumoral) platinum(IV) chemotherapeutic for HNCs via direct tumor injection. The
current work is based on previous preclinical and canine clinical studies of an intralesional
platinum(II) delivery system, in which hyaluronan-conjugated cisplatin (HylaPlat™) was
administered intratumorally in laboratory mice with HNCs and pet dogs with spontaneous
cancers including HNCs. The intralesional HylaPlat™ demonstrated sustained release and
prolonged retention of platinum in the lesion and the surrounding lymphatic basin in mice
and rats *°, and a remarkably high ratio of platinum in the tumor tissues compared to the
systemic circulation in dogs 1°. The improved targeted distribution of HylaPlat™ translated
into anti-cancer efficacy against HNCs in laboratory mice 113 and in pet dogs with naturally
occurring malignancies 1# 15, HylaPlat™ did not induce histologically evident injection-site
reactions and systemic side effects such as renal and hepatic toxicities in rodents. Canine
clinical studies, however, revealed myelosuppression, neutropenia, and liver injury, possibly
due to the reactivity of the liberated platinum(II) from the loosely bound hyaluronan carriers
in the form of diaquated cisplatin that subsequently entered circulatory system, bone
marrow, and liver *. To improve the toxicology and the pharmacodynamics of intralesional
platinum(Il) therapy, an effective and safer platinum(IV) version of HylaPlat™ was
developed.

Platinum(IV) chemistry has been sought by medicinal chemists for several decades and
various mono-, di- and mixed axial-functionalized molecules have been synthesized as
platinum(Il) prodrugs 19 The octahedrally coordinated platinum(IV) is more inert
chemically than the planar platinum(II), making it more resistant to degradation and
interactions with off-target biological substances in blood circulation and normal tissues
before reaching the tumor site. However, partitioning and accumulation of drug in red blood
cells, and subsequent hemoglobin Fe reduction to Pt(II) inactivates drugs such as Satraplatin
(JM216) 2°, which hinders their clinical use. To circumvent this shortcoming, we hypothesize
that local, intralesional delivery of platinum(IV) directly to the tumor tissue may be
advantageous. Once administered intratumorally, Pt(IV) accesses cancer cells that have a
more reducing environment (e.g. in cytoplasm) and higher concentrations of reductants like
ascorbic acid and glutathione, to which it binds, and is reduced to the active, DNA-damaging
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Pt(II) moieties 1* 21, Furthermore, the reduction potentials and reduction rates of Pt(IV)
compounds could be tailored by installing different axial groups to the metal center. For
example, carboxylato ligands display intermediate reduction potentials, whereas hydroxido
ligands exhibit low and chlorido ligands exhibit high reduction potentials, which, in
consequence, yield Pt(IV) molecules with different reactivity in vivo 20 22,

In addition to improved Kkinetic stability, Pt(IV) may differ from Pt(II) in its mechanism of
action. Traditionally, it is well recognized that platinum agents form Pt-DNA adducts and
cause inhibition in protein biosynthesis which lead to apoptotic death of cancer cells.
Moreover, Pt(IV) treatment was also shown to induce immunogenic cell death (ICD) and
trigger massive infiltration of cytotoxic CD8* T lymphocytes in colon cancer 23. In contrast to
a non-immunogenic cell death, ICD activates the host’s immune system against the invading
cancer. The dying cancer cells undergo several immunogenic processes, including
calreticulin translocation to the cell surface, release of ATP and HMGB1, and generation of
onco-antigens, that collectively result in the maturation of dendritic cells and the activation
of T lymphocytes 2425, Similar findings were reported for oxaliplatin 24 26, a Pt(Il) agent with
a bidentate ligand that shares structure similarity with Pt(IV) molecules. Accordingly, we
hypothesize that a carrier-based Pt(IV) complex could elicit immunogenic cell death in a
similar manner once the Pt(IV) cargo enters the cancer cells, resides and activates in the
reductive cytoplasm.

Materials and Methods

Cis-Dichlorodiamine platinum (II) (cisplatin) was purchased from Strem Chemicals, Inc.
(Newburyport, MA). Sodium hyaluronate was purchased from Contipro Inc (Dolni Dobrouc,
Czech Republic). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxide hexafluorophosphate (HATU), and 3-(3-Dimethylaminopropyl)-1-ethyl-carbodiimide
hydrochloride (EDC-HCI) was purchased from Chem-Impex International, Inc. (Wood Dale,
IL). 1-Hydroxybenzotriazole hydrate (HOBtZH,0) was purchased from Advanced ChemTech
(Louisville, KY). N-(tert-Butoxycarbonyl)glycine (Boc-Gly-OH), hydrogen peroxide solution
(H,0,, 30 wt% in H0), succinic anhydride, (%)-a-tocopherol, NN’
Dicyclohexylcarbodiimide (DCC), N,N-Dimethylpyridin-4-amine (DMAP), trifluoroacetic acid
(TFA), N,N-Diisopropylethylamine (DIPEA), oxaliplatin, tetrabutylammonium hydroxide
solution (TBA-OH, 40 wt.% in H,0), and anhydrous organic solvents were purchased from
Sigma-Aldrich (Saint Louis, MO). Alexa Fluor ® 488 anti-CD8a, Alexa Fluor® 594 anti-
CD11b, and Alexa Fluor® 647 anti-CD11c antibodies were purchased from BioLegend (San
Diego, CA). All other chemicals and organic solvents were purchased from Thermo Fisher
Scientific (Waltham, MA).

1. Synthesis of Pt(IV)-Tocopherol [Pt(IV)-Toco] conjugate, (4)

The synthetic scheme is shown in Figure 1. A bi-conjugated tocopherol Pt(IV) was reported
by Suntharalingam et al 27, in which doubly substituted Pt(IV)(toco), and Pt(IV)(toco)(OEt)
were synthesized. Different from the reported molecules, we found that an axial substitution
with a single tocopherol and a simple hydroxyl placement at the opposite axial position
renders the characteristics needed for further fabrication of the carrier-based prodrug
without the additional lipophilicity and bulk.
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Figure 1. Synthetic scheme of Pt(IV)-Tocopherol [Pt(IV)-Toco] conjugate. a, water, H,0,, 50
°C; b, DMSO, 25 °C; ¢, Boc-Gly-OH, DCC, DMAP, DCM; d, TFA, DCM; and e, HATU, DIPEA, DMSO.

1.1 Synthesis of cis,cis,trans-[Pt(NH3),Cl;(OH)-], (1)

Fifty milliliter of H,0, (30 wt% in water) was added dropwise to a stirred suspension of
cisplatin (1.05 mg) in 3 mL of water (50 °C) in the dark. After 1 hour, a light-yellow
suspension was obtained and subjected to recrystallization at 4 °C overnight. The product
was collected by filtration, sequentially washed with ice-cold water, ethanol and diethyl
ether, and dried under vacuum. A bright yellow solid was obtained as a product (95% yield).

1.2 Synthesis of cis,cis,trans-[Pt(NH3),Cl;(O0OCCH,CH,;COOH(OH)] (Pt(IV)-Su, 2)

A suspension of compound 1 (200 mg, 0.60 mmol) and succinic anhydride (66 mg, 0.66
mmol) in 16-mL of anhydrous DMSO was stirred in the dark at 25 °C overnight and resulted
in a clear light yellowish solution. After DMSO was removed by lyophilization (Labconco 2.5
Plus FreeZone, Kansas City, MO), the product was obtained by recrystallization from acetone
at -20 °C overnight, and washed with cold acetone and diethyl ether. The solid was dried
under vacuum and was a pale yellow product (70%). 'H NMR (400 MHz, DMSO-ds) & 6.24-
5.66 (m, 6H), 2.34-2.45 (m, 4H), (Figure S1).

1.3 Synthesis of H-Gly-Tocopherol (H-Gly-Toco, 3)

Boc-Gly-OH (0.89 g, 5.11 mmol), (#)-a-tocopherol (2.42 g, 5.62 mmol), and DMAP (64 mg,
0.52 mmol) were dissolved in 20-mL of anhydrous DCM. The mixture was added dropwise
to a solution of DCC (1.16 g, 5.62 mmol) in 5-mL of anhydrous DCM, and was stirred at room
temperature overnight. The reaction mixture was then stored at -20 °C for 2 hours. After the
white precipitate was filtered off, solvent was removed under vacuum to obtain a pale-
yellow syrup. The product was purified by a Combiflash Rf+ purification system (Teledyne
ISCO, Lincoln, NE), and eluted at 5% v/v of EtOAc in hexane. The product fractions were
concentrated under vacuum to obtain a colorless syrup (92% yield).
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THNMR (400 MHz, Chloroform-d) 6 5.17 (s, 1H), 4.21 (d, / = 5.0 Hz, 2H), 2.59 (t, / = 6.8 Hz,
2H), 2.10 (s, 3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.79 (ddq, J = 20.0, 13.3, 6.8 Hz, 2H), 1.63-1.49
(m, 3H), 1.49-1.45 (m, 9H), 1.38 (qd, ] = 8.4, 7.5, 3.0 Hz, 4H), 1.31-1.18 (m, 11H), 1.17-1.02
(m, 6H), 0.87 (d, /] = 6.6 Hz, 6H), 0.85-0.83 (m, 6H) (Figure S2); 13C NMR (101 MHz, CDCl3) &
169.31, 155.83, 149.78, 140.30, 126.71, 125.00, 123.33, 117.64, 80.24, 75.28, 42.47, 39.52,
37.70,37.61,37.56,37.54,37.44,32.93,32.85,31.17, 28.46, 28.13, 24.96, 24.59, 22.87,22.77,
21.17, 20.73, 19.90, 19.83, 13.12, 12.27, 11.96. (Figure S3); Chemical formula: C35Hg;NO:s.
ESI-MS: M + Na* = 610.4447, found 610.4444.

A solution of TFA (5 mL) in DCM (5 mL) was added dropwise into a solution of Boc-Gly-Toco
(2.87g, 4.89 mmol) in DCM (15 mL) at 0 °C for 30 min, and the reaction mixture was stirred
at ambient temperature overnight. The reaction mixture was evaporated under vacuum, and
the resulting gray solid was purified over silica. The product (H-Gly-Toco, 3) fractions
yielded a white solid after concentration under vacuum (yield 60%). TH NMR (400 MHz,
DMSO0-dg) 6 8.45 (s, 2H), 4.27 (s, 2H), 2.57 (t, ] = 6.9 Hz, 2H), 2.04 (s, 3H), 1.97 (s, 3H), 1.95
(s, 3H), 1.81-1.72 (m, 2H), 1.56-1.44 (m, 3H), 1.40 (t, J = 8.7 Hz, 4H), 1.31-1.16 (m,11H),
1.16-0.99 (m, 6H), 0.83 (dd, J = 9.1, 6.5 Hz, 12H), (Figure S4); 13C NMR (101 MHz, DMSO) &
166.76, 149.01, 139.57, 126.21, 124.91, 122.07, 117.59, 74.95, 36.73, 36.58, 32.04, 31.93,
27.37,24.13,23.69,22.54,22.45,20.31,19.87,19.61, 19.55,12.77,11.91, 11.56, (Figure S5).
Chemical formula: C31H53NO3. ESI-MS: M+H* = 487.4025, found 487.4106.

1.4 Synthesis of Pt(IV)-Su-Gly-Toco (Pt(IV)-Toco, 4)

A mixture of Pt(IV)-Su (0.54 g, 1.25 mmol), HATU (0.71 g, 1.87 mmol), and DIPEA (0.43 ml],
2.47 mmol) in 30 mL of anhydrous DMSO was added to a solution of H-Gly-Toco (0.62 g, 1.28
mmol) in DMSO and stirred overnight. The DMSO was removed under reduced pressure, and
the resulting oily mixture was purified by the Combiflash Rf+ system eluting at 0% to 20%
of MeOH in DCM. The product fractions were concentrated under vacuum to a brown solid,
and subsequently washed with MeOH to obtain the product as a beige solid (25%). 'H NMR
(400 MHz, DMSO-d¢) 6 8.47 (dt, J = 16.9, 5.9 Hz, 1H), 6.17-5.62 (m, 6H), 4.14 (t, /] = 5.0 Hz,
2H), 2.63-2.52 (m, 3H), 2.48-2.35 (m, 4H), 2.02 (s, 3H), 1.93 (s, 3H), 1.91 (s, 3H), 1.76 (t,] =
7.7 Hz, 2H), 1.51 (dt, /] = 13.1, 6.5 Hz, 3H), 1.44-1.34 (m, 4H), 1.32-1.17 (m, 11H), 1.17-1.02
(m, 6H), 0.92-0.80 (m, 12H), (Figure S6).

2 Synthesis of Hyaluronan-Tocopherol (HA-Toco) conjugate
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Figure 2. Synthetic scheme of HA-Toco.

2.1 Synthesis of HA-TBA, (5)

Sodium hyaluronate (32 kDa, 10g) was dissolved in 200 mL of water, and stirred for 1 hour.
The solution was added to 50 g of AG 50W-X8 cation-exchange resin (20-50 mesh, H-form,
Bio-Rad, Hercules, CA), and stirred overnight. The mixture was filtered, and the filtrate was
titrated with TBA-OH to pH 8-9. The aqueous solution was lyophilized to obtain a white
sponge-like cake and was stored at -20 °C for future use (Yield 64%).

2.2 Synthesis and characterization of HA-Toco, (6)

A solution of HA-TBA (200 mg, 0.32 mmol) in 12 mL of DMF was stirred for 30 min at ambient
temperature (ca. 20°C). A mixture of H-Gly-Toco (15.6 mg, 0.032 mmol), EDC (15.4 mg, 0.08
mmol), and HOBteH,0 (7.4 mg, 0.048 mmol) in 2.3 mL of DMF was added to the previous
solution at ambient temperature and stirred overnight. The reaction mixture was dialyzed
using regenerated cellulose dialysis tubing (10,000 MWCO, Thermo scientific) against 50
vol.% EtOH in water overnight, then against NaCl dialysate (150 mM, 2 changes in 24 hours),
and subsequently against water (3 changes in 2 days). The dialyzed mixture was lyophilized
to yield a white cotton-like polymer 6 (117 mg, yield 69%). The degree of substitution (SD)
of tocopherol molecules on HA was calculated to be ca. 6% on a molar basis by comparing
the peak integration ratio of the N-acetyl group of HA (s, 3H, 2.02 ppm) to the methyl groups
of tocopherol (m, 12H, 0.81-0.86 ppm) in 'THNMR spectra (Figure S7). The hydrodynamic
diameter of HA-Toco in an aqueous solution was determined using a ZetaPALS (Brookhaven
Instrument Corporation, Holtsville, NY). All measurements were carried out with five
replicates.

3 Preparation of HA-Toco/Pt(IV)-Toco complex

HA-Toco (122 mg) was rehydrated in 12 mL of water on a shaker overnight. To the HA-Toco
solution, a solution of Pt-Toco (61 mg) in 2.4 mL of DMSO was added dropwise, and the
resulting mixture was stirred for 2 hours in the dark. The solution was lyophilized overnight
to remove water and DMSO, then the solid was rehydrated with 5 mL of water for injection
(WFI) into a homogenous nanosuspension. The Pt concentration was determined by an
inductively coupled plasma-mass spectrometry (ICP-MS, Agilent Technologies 7500i, Santa
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Clara, CA) using terbium as the internal standard 28. High purity argon (>99.996%) was used
as the carrier gas. The final drug concentration was calculated on a cisplatin weight basis.
The loading degree of Pt on HA-Toco/Pt(IV)-Toco is approximately 10%. Note: for simplicity,
the HA-Toco/Pt(IV)-Toco is abbreviated as HA-Pt(IV) in this article.

4 In vitro studies

4.1 AT84 cells

AT84 cells were derived from a spontaneous squamous cell carcinoma in the oral mucosa of
a C3H mouse 2% 3% and were gifted by Aldo Venuti (Regina Elena National Cancer Institute,
Rome, Italy). Cells tested negative for interspecies contamination (Idexx BioResearch) and
rodent pathogens (21 pathogen IMPACT I PCR profile), and negative for Mycoplasm
contamination prior to animal studies (Lonza, MycoAlert test kit). Idexx CellCheck STR
(short tandem repeat) profile: MCA-4-2: 20.3, 21.3; MCA-5-5: 15; MCA-6-4: 18, 19; MCA-6-7:
12; MCA-9-2: 15; MCA-12-1: 16; MCA-15-3: 25.3, 26.3; MCA-18-3: 16; MCA-X-1: 26, 27. Cells
were cultured in RPMI-1640 media (Gibco, Thermo Fisher Scientificc Waltham, MA)
supplemented with 10% FBS (Corning Corning, NY), 100 U/mL penicillin, and 100 pg/mL
streptomycin (HyClone, Thermo Fisher Scientific, Waltham, MA) in a humidified incubator
at 37°C and 5% CO,.

4.2 Anti-proliferation

AT84 cells were seeded into 96-well plates (3,000 cells/well) and allowed to attach
overnight. Cisplatin and HA-Pt(IV) were diluted in water and added to the cells (8
concentrations in duplicate). After 72 hours at 37°C, Resazurin Blue (Acros Organics, Geel,
Belgium) in PBS was added to each well (5 uM final concentration) and incubated at 37°C for
4 hours. Fluorescence (Aex 550 nm, A, 605 nm) was quantified with a SpectraMax Gemini
XS plate-reader (Molecular Devices, Sunnyvale, CA). The relative growth of cells incubated
with each compound concentration was normalized to vehicle-treated controls (100%
proliferation). Data from at least three separate experiments were analyzed using non-linear
regression (GraphPad Prism 5.0) to generate 1Cs values.

4.3 Calreticulin translocation

Plasmid: A mouse calreticulin-HaloTag®-KDEL fusion protein (reported by Golden et al. 31)
was synthesized (ATUM, Newark, CA) and inserted into the pD643 mammalian expression
vector having a CayenneRFP fluorescent reporter gene (Ex:554nm / Em:590nm) (Addgene,
Watertown, MA, USA, plasmid #153529). The resulting construct was sequenced to confirm
the insert.

AT84 cells were plated in 6-well culture plates and allowed to grow to ~90% confluence.
Cells were transfected with the calreticulin plasmid with lipofectamine (Invitrogen,
Carlsbad, CA) using 10 pg/well pDNA. After 5 hours at 37°C, cells were split 1:3 into 6-well
plates with complete media and incubated overnight at 37°C. Cisplatin, oxaliplatin, or HA-
Pt(IV) was added to a final concentration of 500 uM (drug). Following 12-15 hours
incubation, cells were washed with fresh media. Cells were incubated at 37°C for 30 minutes
with 1 puM HaloTag® Alexa Fluor® 488 Ligand (1 mM solution, Promega, Madison, WI) and
20 pM Hoechst dye (20 mM solution, Thermo Scientific, Rockford, IL), washed with media,
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and imaged within one hour. Live cells were imaged using an Olympus 1X81 inverted
epifluorescence microscope with a 60x objective. Representative images are shown from 3
independent experiments (Figure 4).

5 In vivo studies

5.1 Mice

All rodent studies were performed at the University of Kansas Animal Care Unit, which is in
compliance with the “Guide for the Care and Use of Laboratory Animals” and is accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). The studies were done according to a protocol approved by the
University of Kansas IACUC committee.

5.2 Immuno-competent tumor model for efficacy

Wildtype male and female C3H mice (Charles River Strain 025, 6-8 weeks old, 20-25g) were
used for in vivo tumor studies. Since no differences were found between the sexes, the
reported results combined both sexes into one group. Mice were anesthetized using 5%
isoflurane in O, for 5 minutes. One million AT84 cells in 50 pl PBS were injected
subcutaneous (s.c.) into the floor of the mouth via an extra-oral route of C3H mice to obtain
orthotopic allograft tumors 2% 39, Treatment began when tumors reached 75 mm3, generally
on days 4 to 7 after cell injection. Under isoflurane anesthesia, HA-Pt(IV) (3 mg/kg Pt(IV)
basis) or vehicle (50 pl hyaluronan-tocopherol, 16.7 mg/mL) was injected intratumoral once
per week for 3 weeks. Tumor size was calculated: tumor volume (mm3) = 4m/3 x (width/2)?
x (length/2) 32, where length is the longer of two perpendicular dimensions. Statistical
comparisons were conducted using GraphPad Prism v.7 software (San Diego, CA).

5.3 Immuno-deficient tumor model for efficacy

Nude male and female mice (Charles River Ath/nu, 6-8 weeks old, 20-25g) were used for in
vivo xenograft studies. Since no differences were found between the sexes, results show
both sexes as one group. Mice were anesthetized using 5% isoflurane in O, for 5
minutes. One million MDA-1986 cells in 50 pl PBS were injected subcutaneously into the left
cheek of mice to obtain orthotopic xenograft tumors 1 13, Treatment began when tumors
reached 75 mm?3, generally on day 14 after cell injections. Under isoflurane anesthesia, HA-
Pt(IV) (3 mg/kg Pt(IV) basis) or vehicle (1.5 MDa hyaluronan, 16.7 mg/mL) was injected
intratumoral once per week for 3 weeks. Tumor size and statistical comparisons were
performed as stated in the C3H model.

5.4 Tumor stains using immune cell markers

Mice with AT84 derived head and neck tumors were randomly divided into 5 groups,
including 1) no treatment, 2) three weekly intravenous cisplatin injection (3 mg/kg per
dose), 3) one intratumoral HA-Pt(IV) injection (3 mg/kg), 4) two weekly intratumoral HA-
Pt(IV) injections (3 mg/kg per dose), and 5) three weekly intratumoral HA-Pt(IV) injections
(3 mg/kg per dose). Our previous studies showed that intravenous cisplatin penetrated
tumors inadequately and cleared rapidly from the systemic circulation, so IV cisplatin was
administered as a triple-dose treatment instead of a double- or single-dose treatment. All
mice, except for the no treatment group, were sacrificed after the last injection. The
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individual tumors were excised and frozen in OCT medium. The embedded tumors were
sectioned into 20 um slices on a Shandon Cryotome® FSE (Thermo Scientific). The sections
were fixed in 10% formalin for 15 minutes, blocked with 5% goat serum in PBS, and stained
with primary antibodies. Fluorescent-dye conjugated primary antibodies were diluted to 5
pug/mL in blocking buffer (5% goat serum in PBS) and incubated overnight at 4 °C. After
antibody staining, sections were stained with 10 pg/mL Hoechst 33342 for 15 minutes,
mounted in SouthernBiotech™ Fluoromount-G™ Slide Mounting Medium, and stored in the
dark at 4 °C. Images were acquired using an Olympus IX-81 inverted epifluorescence
microscope at 10x magnification. The acquired images were compiled on Slidebook 6.0.

5.5 RNA isolation

Tumor pieces were stored in RNAlater solution at room temperature for at least one day and
then at 4°C until RNA isolation. Tumor pieces were removed from RNAlater solution and
homogenized in 10 mL TRIzol reagent (38% phenol, 0.8 M guanidine thiocyanate, 0.4 M
ammonium thiocyanate, 0.1 M sodium acetate, 5% glycerol). Homogenate was divided into
1 mL aliquots for ease of subsequent centrifugation steps. To each 1 mL of homogenate, 100
ul BCP (Molecular Research Center, Cincinnati, OH) was added, shaken vigorously 15
seconds and centrifuged 12,000 x g, 10 minutes, 4°C. Top aqueous layer contains RNA, which
is precipitated with isopropanol and washed with 75% ethanol. RNA was reconstituted in 1
mM sodium citrate pH6.4 and stored at -80°C. RNA quality was analyzed using the Agilent
TapeStation; all RNA samples showed an RNA integrity number greater than 8, which is
indicative of excellent quality.

5.6 RNA sequencing

Sequencing was performed on an Illumina NextSeq 550 in the SR-75 mode (KU Genome
Sequencing Core). Three reads from each demultiplexed sample were combined and checked
for quality in FastQC v0.11.8.33 The expression of the transcripts was quantified using
Salmon v.1.0.0 with an index compiled from the Mus musculus GRCm38 primary assembly
and transcriptome. 34 35> The transcript abundance estimates from Salmon was converted
into gene-level count matrices using tximport v.1.14.2.3¢ Count normalization was
performed using DESeq2 v.1.26.0., and data was filtered by p-value < 0.1 and log2 fold change
(LFC) > 1.58 to obtain genes with most significant differences in expression between control
and Pt4-treated tumors. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways clustering analysis was performed on the expression data using Gene Set
Enrichment Analysis (GSEA) v 3.0.0 37 38 Sequence data and sample descriptions are
available at NCBI BioProject accession #PRJNA612618.

Results and Discussion

The carrier-based HA-Pt(IV) was developed first by functionalizing one of the axial ligands
of the platinum with activated tocopherol via a succinic linkage. Subsequently, the
derivatized lipophilic Pt(IV) molecule was complexed with a hyaluronan-tocopherol
conjugate via attractions between the lipophilic tocopherol portions of the two molecules,
forming a hyaluronic acid polymer-based delivery platform for the anticancer Pt(IV) cargo.
A Pt(IV)-based oncology molecule is of interest in this study due to its less toxic nature than
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the platinum(II) compounds as a result of the altered reduction kinetics of the platinum(IV)
39, making them less likely to cause dose-limiting side effects as seen in cisplatin, as well as
due to its improved cellular accumulation and greater lipophilicity, a property facilitating the
encapsulation or complexation into nanocarriers 21. Lippard et al. at MIT reported several
derivatives of Pt(IV) that utilized tocopherol or fatty acids to encapsulate the drugs in
micelles or form other prodrugs 27 40, Pt(IV)-containing nanoconjugates such as dextran-
platinum(IV) and ethylenediamine modified hyaluronic acid-platinum(IV) were also
reported by other groups and underwent preclinical development #4142,

Based on our experience with carrier-based Pt(Il) drugs, we hypothesized that localized
delivery to tumor would further improve the activity of Pt(IV). In addition, we believed a
hyaluronan-based carrier could increase retention and tumor-associated lymph node
uptake, while lessening RBC inactivation, a drawback of previous unsuccessful Pt(IV)
molecules including the clinically investigated drug Sartaplatin.*®> #* The uniqueness of the
HA-Pt(IV) formulation in this work is manifested by the combination of at least three factors
including - a lipophilic platinum(IV) and its immunological properties as discussed below, a
safe and pharmacokinetically tailored hyaluronan-based drug carrier demonstrated by
previous animal studies 7-% 11134547 ‘and a clinically feasible mode of intralesional delivery
for spontaneous cancers based on the results of canine clinical trials 1% 14 15, The HA-Pt(IV)
formulation uses FDA-designated generally recognized as safe (GRAS) substances such as a-
tocopherol, and biodegradable and biocompatible natural polysaccharide such as hyaluronic
acid, which has been approved by the FDA for uses as a dermal filler and as an intra-articular
injection. These characteristics render HA-Pt(IV) a clinically relevant molecule and justify
the synthetic and testing efforts, which are discussed below in detail.

1 Hydrodynamic diameter of HA-Toco

The hydrodynamic diameter of HA-Toco in water solution was determined to be 332.0 + 2.2
nm with a polydispersity of 0.145 + 0.028 using the intensity weighted Gaussian distribution.
The particle size of tocopherol functionalized hyaluronan nanoparticles was much larger
than the non-tocopherol conjugated hyaluronic acid molecules previously evaluated by the
authors (25.2 + 4.4 nm) *8, The formation of larger particles can be attributed to the intra-
and inter-molecular interactions between the hydrophobic tocopherol pedants, tangling the
long and linear HA chains. These HA-toco nanoparticles further attract small-molecule
Pt(IV)-tocopherol and eventually construct drug-retaining depots that can release Pt(IV) and
cause growth inhibition of cancer cells.

2 In vitro studies

2.1 Anti-proliferation

To determine whether HA-Pt(IV) exhibits anti-proliferative activity against cancer cells, it
was tested for growth inhibition of the AT84 murine head and neck cancer cell line (Figure
3) and the human MDA-1986 head and neck cancer cells. The positive control, cisplatin, and
HA-Pt(IV) both inhibited over 80% of cell growth compared to vehicle-treated controls at
the highest doses tested with potencies (ICso) of 3.0 £ 0.26 uM and 6.1 + 1.1 pM, respectively.
Oxaliplatin also inhibits growth of these cells with slightly lower potency (13.6 + 3.8 uM).
The results suggest that the HA-Pt(IV) complexes demonstrated similar growth inhibition
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against cancer cells compared to cisplatin, enabling further mechanistic evaluation such as
the calreticulin translocation assay discussed below.
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Figure 3. HA-Pt(IV) inhibits growth of head and neck cancer cells. AT84 cells were cultured
in the presence of increasing concentrations of compounds for 72 hours and cell
proliferation was quantified. Data from at least five separate experiments was analyzed by
non-linear regression. Representative dose response curves are shown. All drugs show full
efficacy. Potencies are HA-Pt(IV) ICsy = 6.1 + 1.1 uM, cisplatin ICso = 3.0 + 0.3 pM, and
oxaliplatin ICsp = 13.6 + 3.8 uM (n=7-8).

2.2 Calreticulin translocation

The immunological effects induced by certain anticancer chemotherapeutics began to divert
the interest of developers of conventional chemotherapies due to their pathways for the
activation of the immune system against the cancer. Chemotherapy can induce cell death that
can be either immunological or non-immunological. Cisplatin causes non-immunogenic cell
death, wherein apoptotic cell debris is cleared by macrophages without the activation of
dendritic cells or the release of significant levels of pro-inflammatory cytokines such as IL12
and TNFa %%, while other chemotherapies, such as oxaliplatin, cause immunologic cell death
24, 25,50, 51 [CD is a particular type of apoptotic cancer cell death that activates the host
immune system 2% 52 against tumor cells. Some chemotherapeutics elicit ICD by creating
endoplasmic reticulum stress, leading to membrane translocation of calreticulin (CRT), an
early indicator of ICD, which can be tested in vitro 3% >2. Other characteristics of ICD include
release of ATP and high mobility group protein 1, which activates dendritic cells to present
tumor antigens to the cytotoxic CD8* T lymphocytes to complete the final destruction of
tumor cells 2°. Unlike traditional chemotherapeutics, which rely on the penetration of
nonimmunogenic cytotoxins and sustained exposure, immunogenic chemotherapeutics like
oxaliplatin and Pt(IV) may elicit a tumor-specific immune response 23.

In the calreticulin translocation assay, AT84 cells were transfected with a plasmid coding for

mouse CRT-HaloTag®-KDEL fusion protein. Positivity transfected cells were identified by
visualizing the CayenneRFP reporter protein (red), coded for in the same plasmid. Following
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overnight treatment with an ICD-inducing drug, CRT translocates to the plasma membrane,
exposing the HaloTag® protein to the outside of the cell. Extracellularly exposed HaloTag®
protein can bind to the membrane impermeable HaloTag® Ligand Alexa Fluor® 488. After
overnight treatment with the positive control, oxaliplatin (500 pM) 25 membrane
translocation of CRT is observed as green fluorescence (Figure 4). Similar to oxaliplatin,
Pt(IV) (500 uM) also causes CRT translocation to the membrane, indicating ICD. In contrast,
cisplatin does not cause CRT translocation to the membrane, thus unavailable to bind the
488-labled ligand (no green), indicating a lack of ICD, consistent with previous reports °3. In
an oversimplified sense, the immunogenic oxaliplatin and hopefully the newly developed
HA-Pt(IV) could be regarded mechanistically as the equivalent of cisplatin plus radiation
therapy in terms of inducing ICD (cisplatin does not induce ICD, but irradiation does), which
explains their superior potential for long-term success in a realistic tumor model (e.g.
immunocompetent small laboratory animals, such as C3H mice, or large non-laboratory
animals, such as dogs). While in vitro translocation of CRT is an indicator of ICD, analysis of
in vivo tumor response and immune response (cell types, pro-inflammatory cytokines, etc.)
in an intact animal is required to understand ICD mechanisms. We have begun these in vivo
analyses in this report; more detailed analyses of the ICD immune response remain an active
area of investigation in our lab.

Control oxaliilatin HA-Pt4 cisilatin

Figure 4. HA-Pt(IV) causes calreticulin translocation to the cell surface. AT84 cells were
transfected with mouse CRT-HaloTag®-KDEL fusion protein. Positively transfected cells are
identified by the CayenneRFP reporter protein expressed from the same plasmid (red, top
panel). After incubation with drug (500uM; 15 hours), membrane translocation of CRT-
HaloTag® is visualized by addition of the membrane impermeable HaloTag® Ligand Alexa
Fluor® 488 (green, bottom panel). The positive control oxaliplatin and HA-Pt(IV) show CRT
translocation, indicating ICD. In contrast, cisplatin does not show CRT translocation,
consistent with a lack of ICD induction. Live cells were imaged using a 60x objective.
Representative images are shown from 3 independent experiments.

Red- CRT

Green-
Surface CRT transfection

ACS Paragon Plus Environment



oNOYTULT D WN =

Molecular Pharmaceutics

3 In vivo studies

3.1 Mouse tumor efficacy

We used two models of head and neck cancer to determine whether HA-Pt(IV) can inhibit
tumor growth in vivo. One model uses a spontaneously arising oral squamous cell cancer
(AT84) in immunocompetent C3H mice, while the other model uses human derived cervical
nodal metastasis of tongue cancer (MDA1986) in immunodeficient athymic nude mice. C3H
mice with AT84 allografts and nude mice with MDA1986 xenografts were administered HA-
Pt(IV) (3 mg/kg) intratumorally once per week for 3 weeks, starting when the tumor reached
~75 mm?3. These doses were empirically determined as tolerable in these mice, resulting in
no decrease in weight or deterioration in body condition.

In both tumor models, HA-Pt(IV) treatments significantly reduced tumor growth over the
time course compared to vehicle treated animals in the control group (Figure 5). In the AT84
allografts, the mean + SEM for the final tumor measurements of the control and the HA-Pt(IV)
treated were 2027 + 364 mm?3 and 1024 + 129 mm3, respectively, a 49% tumor inhibition in
an immunocompetent host. On the other hand, the mean + SEM for the final measurements
of the control and the HA-Pt(IV) treated were 1427+162 mm3 and 812+150 mm?3,
respectively, in the MDA-1986 xenografts, a 43% tumor inhibition in an immunodeficient
host.

Though the difference in the percent tumor regression at the end of the study between the
two models was relatively small, the AT84 model showed a difference in tumor growth
between the control and the treated groups much earlier than the MDA1986 model.
Specifically, AT84 tumors in immunocompetent mice were significantly smaller than
controls between day 21 and 32, about one third of the entire study course. In contrast,
MDA1986 tumors in immunodeficient mice were significantly smaller than controls between
days 35 to 42, only 17% of the entire study course. The superior efficacy in the AT84 model
may be due to the ICD effect induced by the Pt(IV) treatment, which would only manifest in
animals with an intact immune system. Pt(IV)-induced ICD may involve dendritic cell
recruitment and T lymphocyte activation to attack and eradicate some of the residual cancer
cells. Thus, the dying cancer cells may act as an immunogenic site to stimulate tumor-specific
immune responses and sustain the effectiveness of the cytotoxic stimulus. Ongoing studies
are examining immune cell responses to HA-Pt(IV) therapy.
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24 Figure 5. HA-Pt(IV) demonstrated growth inhibition of head and neck tumors in
25 immunocompetent (AT84) and immunodeficient (MDA1986) mouse models (mean + SEM).
;? HA-Pt(IV) treatment significantly reduced AT84 tumor growth compared to vehicle controls
28 in immuno-competent C3H mice (two-way ANOVA, p<0.0001 for treatment, time, and
29 interaction; Sidak’s multiple comparisons test, *p<0.05,****p<0.0001; n=6-8). In the
30 immuno-compromised MDA1986 model, HA-Pt(IV) treatment also significantly reduced
31 tumor growth (two-way ANOVA, p<0.001 for treatment, p<0.0001 time, and p<0.01
32 interaction; Sidak’s multiple comparisons test, ##p<0.01,###p<0.001; n=8). Individual
gi growth curves are included in the supplementary data.

35

36

;73 3.2 Survival

39 The HA-Pt(IV) treatment resulted in significantly increased survival in both tumor models
40 (Figure 6). In the AT84 immunocompetent model, HA-Pt(IV) treatment resulted in a survival
41 rate of 100% by the time all control mice died. In contrast, in the MDA1986
42 immunocompromised model, HA-Pt(IV) treatment showed only 50% survival when all
43 control mice died. The differences observed between the two models’ efficacy and survival
j;' may be partially due to the immunogenic nature of the HA-Pt(IV), though the difference may
46 also be attributed to the intrinsic characteristics of the two distinct tumor models and
47 respective growth patterns. The human cancer cell line MDA1986, as opposed to the murine
48 cancer cell line AT84, was selected to establish the tumor models in nude mice because the
49 murine cancer cells could grow aggressively in immunodeficient mice and cause premature
30 casualty, interfering with the validity of the study. Thus, the MDA1986 model was included
g; for a more thorough examination of the immunological response in tumors.
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Figure 6. Survival rates of MDA-1986 and AT84 tumor models. The control and the HA-
Pt(IV) treated groups differed significantly in both models (Mantel-Cox, **p<0.01,
*#*p<0.001; n=6-8).

3.3 Tumor immunohistochemistry

Tumor tissues were stained for the immunological markers CD8a, CD11b and CD11c, which
are commonly recognized markers for cytotoxic T lymphocytes, macrophages, and dendritic
cells, respectively. CD8a staining was observed after 2 and 3 weekly injections of HA-Pt(IV)
(2x and 3X), but not after the first injection (1X). A CD8+ cytotoxic T cell response can take
up to 7 days to develop and was not observed 2 days after the first injection, when that group
was sacrificed. For CD11c staining, all groups display a low intensity pattern for dendritic
cells, suggesting a baseline level in all AT84 tumors. In contrast, the CD11b column
demonstrates the most prominent differences between the no treatment and the HA-Pt(IV)
treated groups (1x, 2x, or 3x); to a lesser degree, between the no treatment and the cisplatin
(3x) treated groups. The strongest intensity of fluorescence is detected in the 3x HA-Pt(IV)
treated tumor sections, consistent with this group having the highest accumulated doses of
Pt(IV). In addition, between the 3x HA-Pt(IV) and the 3x cisplatin treated tumors, the former
appears to present a higher number of tumor-infiltrating macrophages than the latter.

Certain chemotherapeutics induce increased macrophage recruitment to tumor
microenvironment >+°6, As a consequence of the inherent plasticity of macrophages, they
respond to local stimulants and allow two contradictory transformations, one resulting in an
inflammatory, M1-polarized activation that inhibits tumor progression, while, the other,
leading to a non-inflammatory, M2-polarized activation that promotes tumor invasiveness
57,58, In this case, the corresponding local stimulants may either be the trace concentration
of cisplatin, a fraction of its total intravenous dose that manages to diffuse into tumor from
blood vessels, or the high concentration of HA-Pt(IV) nanoparticles, sustainably eluted from
the injection depot, engulfed by the infiltrating macrophages via phagocytosis, and
subsequently transported to the neighboring tumor cells. It is not surprising that the self-
regulated uptake of Pt(IV) molecules and the simultaneous recruitment of macrophages
could work synergistically to result in a superior tumor suppression compared to the
intravenous cisplatin. Further investigations on the identity of the infiltrating macrophages
using M1/M2 specific markers in the presence of fluorescently labeled, intratumorally

ACS Paragon Plus Environment

Page 16 of 25



Page 17 of 25 Molecular Pharmaceutics

administered HA-Pt(IV) may elucidate the dynamics of the tumor environment and the
immune cell activation.
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42 Figure 7. Mouse AT84 tumors treated with either intravenous cisplatin or intratumoral
43 HA-Pt(IV), and stained with DAPI, CD8a, CD11b and CD11c.

47 3.4 RNA sequencing

49 In the gene expression analysis, 35 genes in the HA-Pt(IV)-treated were filtered as

50 differentially expressed compared to the untreated control, 20 of which were
downregulated, whereas 15 of which were upregulated (p<0.1). If the analysis threshold
was tightened to p<0.05, 17 genes in the HA-Pt(IV)-treated were filtered as differentially
54 expressed compared to the untreated control. Nine of the 17 were downregulated, and the
55 remainder of 8 were upregulated. A complete list of differential gene expression analysis
56 result is included in the supplementary data.
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Figure 8. Volcano plot of the gene expression analysis.

The 3 most over-expressed genes in HA-Pt(IV)-treated were GALTN2I, Rps13-ps2, and Nnt;
and the 3 most under-expressed genes in the HA-Pt(IV)-treated were EGF, Rps16-ps2, and
Dpp10. The highly expressed GALTN2] gene encodes an enzyme, N-
acetylgalactosaminyltransferase 2-like that belongs to a family of over 20 polypeptides of
N-acetylgalactosaminyltransferases. This group of transferases catalyzes the transfer of N-
acetylgalactosamine from uridine diphosphate N-acetylglucosamine to the hydroxyl group
of a serine or threonine residue °°. The overexpression of GALTN2 has been linked to the
inhibition of neuroblastoma proliferation ¢°, whereas the underexpression of this gene has
been associated with the proliferation, invasion and tumor metastasis of gastric
adenocarcinoma L. In the current study, the upregulation of GALTN2I in HA-Pt(IV)-treated
tumors may partially contribute to the superior tumor suppression and the resultant,
improved anti-cancer effectiveness. On the other hand, the underexpressed EGF gene
encodes epidermal growth factor protein, which stimulates cell proliferation by binding to
the epidermal growth factor receptor. Overexpression of EGF has been correlated with
progression and invasiveness of breast cancer 2. In this analysis, the EGF expression shows
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significant downregulation in HA-Pt(IV)-treated tumors compared to the untreated control.
The underexpression of EGF may explain the prolonged survival and the enhanced tumor
suppression observed in the drug treated HNCs compared to the untreated tumors.

Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment
analysis are two of the common downstream procedures to interpret the differential gene
expression results in a biological context. GO enrichment analysis effectively categorizes
differential gene expressions into specific biological processes. KEGG uses molecular-level
information generated from large-scale, high-throughput gene datasets to help elucidate
high-level functions and utilities of the biological system ©3.

In the GO analysis, the 3 most significantly enriched GO categories for the HA-Pt(IV)
treatment group are: 1) nucleoside diphosphate kinase activity, 2) piRNA metabolic
process, and 3) intrinsic component of nuclear inner membrane, which belong to the
categories of molecular function-kinase activity, biological process-RNA metabolic process,
and cellular component-nuclear membrane, respectively. The 3 most significantly enriched
GO categories for the untreated group are: 1) positive regulation of interleukin 12
production, 2) cargo receptor activity, and 3) toxin metabolic process, which belong to the
categories of biological process-cytokine production, molecular function-cargo receptor
activity, and biological process-cellular metabolic process, respectively.

In the KEGG analysis, 89 pathways were enriched and analyzed to understand the
biological roles of the differentially expressed genes. In the HA-Pt(IV) treated group, the 5
most important KEGG pathways include: 1) pentose and glucuronate interconversions, 2)
starch and sucrose metabolism, 3) ribosome, 4) porphyrin and chlorophyll metabolism,
and 5) galactose metabolism (all with p<0.037, and 17 to 83 gene sets). It is worth noting
that 4 out of these 5 pathways are associated with metabolism - 3 are identified in
carbohydrate metabolism; and 1 is identified in cofactor/vitamin metabolism, and 1 of 5 is
associated with translation. Carbohydrate metabolism is commonly dysregulated in
cancers, especially the pentose and glucuronate interconversions 4, and changes in the
metabolism may reflect a response to the treatment.

The 5 most important KEGG pathways for the control group include: 1) allograft rejection,
2) leishmania infection, 3) autoimmune thyroid disease, 4) intestinal immune network for
IgA production, and 5) primary immunodeficiency (all with p<0.033, and 28 to 62 gene
sets). Different from the HA-Pt(IV) treated group, none of the 5 most important pathways
involved in the control group are associated with metabolism. Instead, 4 of the 5 most
important pathways are associated with immune disease and 1 is associated with
infectious disease. The close correlation between the untreated HNCs and the KEGG
immune disease pathways may suggest that HNC is not a localized disease and the immune
system may be highly involved in its progression. Therefore, non-traditional therapies such
as ICD-eliciting molecules (e.g. HA-Pt(IV)), immunomodulators (e.g. TLR agonists) > %6, and
immune checkpoint inhibitors (e.g. anti-PD1 antibodies) %> ¢7 may be more targeted,
effective solutions for treating HNCs compared to conventional therapies that do not
activate the immune system.
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Conclusion

In an effort to understand the indications and limitations of evolving platinum
chemotherapy, we reported the synthesis, characterization and preclinical testing of a
platinum(IV)-based, ICD-eliciting, and carrier-delivered nanoconjugate for potential
oncology applications. This study showed for the first time that intralesional Pt(IV) induced
a form of ICD in head and neck cancers. In addition, immunological evaluation of the tumors
demonstrated increased lymphocyte and macrophage infiltration compared to the
intravenous cisplatin treatment. HA-Pt(IV) may also find utility in concurrent chemo-
radiation therapy, making practical and effective use of the radiation-sensitizing platinum
and the immune responsive radiotherapy. We are currently conducting a clinical study
combining intralesional HA-Pt(IV) and radiation therapy in pet dogs with naturally-
occurring, externally-accessible malignant tumors at the Kansas State University Veterinary
Health Center. Although platinum drugs were discovered over a century ago and have been
used in oncology for more than four decades, platinum therapies still offer new interesting
avenues for improved treatments.
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