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ABSTRACT

Just 3% of all new cancer cases in the United States are pancreatic. Yet, pancreatic
cancer continuously is shown to be one of the most lethal and common causes of cancer death.
Early detection is critical. However, oncologists and researchers have struggled to find effective
strategies or tests to detect cancer of the pancreas early on in development. Thus, the cancer is
often found late stage and requires significant chemotherapy intervention. These multi-drug
treatment cocktails have shown benefit, but only add a few months to a patient’s life. Significant
adverse effects often limit the full effective doses of treatment. In order to limit these adverse
effects, as well as increase the effectiveness of treatment, we have designed, optimized, and
tested unique drug carriers known as polymersomes. Using characteristics of the environment
surrounding pancreatic tumors and the cells found therein, we created targeted therapies that are
responsive and relatively selective toward cancerous cells. Herein, are found two distinct
polymersomes. The first, is a oxygen reactive drug carrier with an additional small peptide
molecule that is able to penetrate dense tumor tissue and has shown decreased tumor growth of
260% as compared to control samples in an animal model of pancreatic cancer. The chemical
make-up of this polymersome allows for extended circulation time and a high accumulation at
the tumor site. A second design, uses an intracellular enzyme to destabilize the polymersomes’
structure, which in turn, releases a selected chemotherapy drug near its intended site of action.
This strategy, has shown a 10 fold increase in potency of the chemotherapy drug, as compared to
when the drug is given alone and showed decreased toxicity to non-cancerous cells. It is certain
that thoughtful drug delivery strategies and not just drug molecule design will be instrumental in

the paradigm shift of pancreatic cancer from likely death to survival.
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A MICRO HISTORY OF NANOMEDICINE

We can trace our earliest medicines and remedies back over 4,500 years ago. The ancient
Egyptians used a wide assortment of herbs, plants, and even bones. Using the technology and
understanding they had, they were able to produce modest effects in therapy. Of course, there
would have been a substantial amount of trial and error and not everyone was lining up for
treatments that included animal feces or ingesting metals. Over time, the understanding of
medicine increased, and we began to develop a better knowledge of the human body’s complex
biology. The Greek, Diocles, wrote the first known book of anatomy in 300 BC followed by
Pedanius Dioscorides, who wrote the book De Materia Medica in 60 AD. De Materia Medica
included herbal medicines, medicinal substances and later became a leading pharmacological
text for the next 1,500 years. Countless other scientists have given their lives to bettering the
human condition; from producing the first vaccines to solving the structure of DNA. However,
over 500,000 people still die in the United States each year from a malignant group of diseases
known as cancer. Even with 4,500 years of medical knowledge and experimentation we are still
often baffled by this disease. Thousands of new and experimental drugs have been trialed. Yet,
only 1 in 50 will make it to market. Many times, these new drugs fail. Most often due to
intolerable toxicity, solubility, or lack efficacy. What if, it is not the drug itself that is the
problem? What if, the problem is delivery?

While not nearly as old as Egyptian medicine, nanomaterials are a relatively new field
that has applications across many disciplines. Nanomedicine is the use of nanomaterials for
medical purposes. The history of nanomedicine starts in 1954, with a German scientist
publishing the first reported polymer-drug conjugate.! Soon thereafter, another group discovered

liposomes, a lipid based nanoparticle.?A third major type of nanoparticle based on albumin was



produced by Scheffel and team in 1972.2 The final piece of the nanoparticle puzzle was the
observation of an enhanced accumulation of nanoparticles at the tumor site brought on by altered
tumor vasculature.* This finding went on to become a major concept in cancer nanomedicine
known as the enhanced permeability and retention (EPR) effect. These breakthroughs, among
others, eventually led to the formulation and FDA approval of the first nanoparticle for cancer
treatment in 1995. Doxil, a liposomal nanoparticle, encapsulated the previously FDA approved
anticancer drug doxorubicin and led to a significant reduction in toxic adverse effects. Ten years
later, an albumin bound nanoparticle drug formulation (Abraxane) was approved that removed
the need for organic solvents during administration, preventing solvent-related side effects.
There are now over 50 nanopharmaceuticals approved by the FDA for various disease states.®
However, we are just scratching the surface of the possibilities these particles have. Research is
being conducted to make nanoparticles in many sizes, shapes, targeting moieties, externally
responsive (ultrasound, magnetism, light etc.) and even able to be responsive to the tumor’s own
microenvironment.
The Tumor Microenvironment

The focus of this research is to take advantage of specific abnormal characteristics of the
pancreatic tumor microenvironment (TME). To do this, we must first understand the
microenvironment itself. The pancreatic tumor microenvironment is not simply a mass of
malignant aggressive atypical cells but rather a combination of fibroblasts, adipocytes,
extracellular matrix, endothelial cells, hematopoietic cells, stromal cells, and stem or stem-like
cells.®8 Furthermore, cells are not stagnant. They are replicating, initiating cell-death
mechanisms, and secreting many components that further modify the TME. Sometime during

early carcinogenesis, fibroblasts begin to secrete large amounts of proteins necessary for



extracellular matrix (ECM) formation, namely laminins, fibronectins, and collagens.® This leads
to a desmoplastic stroma, which acts as a shelter for the tumor. Release of various chemokines
and continued release of ECM proteins provides immune evasion, promotion of migration, and
inhibition of angiogenesis, in turn creating hypovascular hypoxic niches. The lack of vasculature
and blood flow, makes getting effective concentrations of chemotherapy to the tumor difficult.
Chemotherapeutic agents must travel through a biological maze to reach their site of action.
Chemically modified nanoparticles can exploit an intrinsic cellular function known as
macropinocytosis as a way of “cheating” these biological mazes and reach the hypoxic
hypovascular niches.

Histone deacetylase (HDAC) proteins are one of multiple proteins that play a significant
role in transcription. An apparent over expression of specific HDACs namely 1, 7, and 8 is
observed in many pancreatic cancer patients.’® The downstream role that these enzymes play in
altering cellular function and overall tumor microenvironment is not fully understood. The
theorized implications are: a lack of inactivated genes and/or over inactivation of genes involved
in proliferation, apoptosis, and immune suppression. High levels of HDACSs correlated with
significantly worse overall patient survival, hinting to a potentially important transcriptional role
in pancreatic cancer.

Designing and Optimizing Polymeric Nanoparticles

Medicinal chemistry has played a significant role in an often-overlooked aspect of
medicine, formulation. Small alterations to a chemical structure can greatly increase or decrease
the effectiveness of a drug. Parameters such as, solubility, pH, size, stability, and even dosage
form (i.e. capsule, tablet, solution), can make an impactful difference when it comes to FDA

approval and efficacy in general. Formulation and design must be thoughtfully carried out for



nanoparticles as well. Detailed below are three important design principles for polymer
nanoparticles that will increase their translational potential.

The general objective in designing nanoparticles is the delivery of a selected therapeutic
agent (small molecule, proteins, nucleic acids, etc.). Accomplishing this objective often comes
down to knowing the chemical characteristics of the therapeutic agent with emphasis on
molecular charge and solubility. While it is possible to design nanoparticles around a specific
drug, it is more lucrative to design a particle that is non-specific for the encapsulated contents.
This is important for cancer therapeutics, as multi-drug treatment strategies are becoming
common. Drug/therapeutic agent(s) selection should use evidence-based results either in-vivo or
in-vitro.

Design Principle 1: Material Selection

One of the guiding theories for the use of nanomedicine is the potential for reduced side
effects while maintaining or increasing efficacy. Doxil™, the nanoparticle formulation of
doxorubicin was one of the first clinical attempts at testing this hypothesis. Many studies and
thousands of patients lead us to believe it has been successful, as pooled-analysis show
significant decreases in adverse events while keeping similar efficacy.!! Nanoparticle material
selection is a key parameter controlling these results. The terms bio-compatible, bio-degradable,
and non-toxic are often used in describing these materials that are often made from simple
molecules. The polymers are composed of monomers that are naturally produced or easily
broken down by the body. The most commonly used polymeric materials are: polylactic acid
(PLA), a polymer composed of lactic acid, the same molecule produced by our muscles during
exercise. Poly lactic-co-glycolic acid (PLGA) is composed of PLA and glycolic acid; this

polymer undergoes hydrolysis in the body to produce lactic acid and glycolic acid (a metabolic



by-product) that is easily metabolized and excreted. The third most common polymer is
polyethylene glycol (PEG), which goes through multiple metabolic transformations in the liver
producing glycoaldehyde, glycolic acid, and other minor compounds. Regardless of the selected
polymer, cellular toxicity should be determined early.
Design Principle 2: Minimize Polymer Toxicity and Immune Response

The next principle accounts for the body’s action on nanoparticles. The first challenge
encountered by nanoparticles is the mononuclear phagocyte system (MPS). This is the body’s
way of removing foreign particles/materials out of the blood stream. Macrophages, a phagocytic
cell found within tissues and blood, recognize nanoparticles as foreign and in turn, attempt to
engulf them. Macrophages use an array of enzymes to break down whatever it has ingested. To
counter these phagocytic cells, PEG coatings can be applied to the nanoparticles. This coating
creates a brush border that is able to prevent opsonization coating by antibodies, a method used
by our body to target molecules, bacteria, or nanoparticles for removal by the macrophages.*? 4

The bodies complement system, named in part to its enhancement of our immune system
functioning, consists of small proteins that circulate in the blood. Once the complement system
is triggered, it initiates the release of cytokines leading to stimulation of phagocytes and
increased inflammation to attract additional phagocytes. A highly complex and intricate system
that includes over 30 small proteins has potential for creating lethal outcomes if over activation
occurs. These proteins along with many others flowing through our plasma create a biological
shell termed the protein corona. This corona consists of proteins bound to the nanoparticle, the
hard shell, and proteins bound to those proteins which adsorb and desorb sporadically. The
affinity and amount of protein absorbed is highly dependent on polymer composition and surface

chemistry.’® In general, hydrophobic particles provide enhanced absorbability of plasma proteins



leading to increased destruction and uptake by the immune system where hydrophilic particles
have lessened absorbability.*® While certain interpatient genetic difference can contribute to the
level of complement response, there is currently no proven method for predicting a patient’s
response to a foreign nanomaterial. Further adding complexity to nanoparticle design, is that we
often see difference between in-vitro immune responses and those that occur in-vivo.!’ The
potential for life-threatening immune reactions is real and caution should be taken when using
nanoparticles in treatment naive patients. Current and future nanomedicine research is working
towards immune neutral particles. Variation in molecular features including; surface charge,
corona molecules, size, shape, and materials, may hold promise in reaching neutrality.*®-2

The kidneys are the primary filtration center in our bodies, processing 180 liters of fluid
per day. Filtration is carried out by a size and charge regulated membrane. Small pore sizes of
about 10 nm within the kidneys are relatively impervious to particles larger than 100 nm. With
multiple negatively charged layers, the kidney exhibits charge dependent filtration that induces
clearance in a charge dependent manner. The fastest clearance is seen with positively charged
particles and slowest clearance by negatively charged molecules.?

The final major obstacle for clinical use of nanoparticles is the liver. This organ is the
major filter for our bodies and consequently most implicated in removal of nanoparticles. There
is a significant decrease in blood flow going through the liver, which is thought to increase
nanoparticle interaction with hepatic cells, leading to their removal.?> While ideas have been
proposed, such as, increasing liver blood flow or altering phenotypes to prevent nanoparticle
uptake, there is currently no guaranteed strategy for bypassing liver uptake. The current best
strategy to prevent significant alteration of pharmaceuticals is to inject them via the intravenous

route. This allows for the by-pass of the liver’s initial 1% pass metabolism.



Design Principle 3: Particle Size

Accounting for these design principles has led to many studies manipulating nanoparticle
materials, sizes, and chemistry in order to find ideal characteristics.?>° Further advancements
have led to a new generation of materials, referred to as “smart” polymers. These smart
polymers create nanoparticles that are responsive to outside stimulus, creating a selective release
mechanism. The nanoparticles we designed and tested take into account the initial three design
principles (material, toxicity, and size) as well as use of smart polymers for specific release of
contents. The first design incorporates a 4,4’ azobenzene linker, creating a hypoxia responsive
polymer (Chapter 2).31:32

The second design creates a dual-functional nanoparticle. Here, a PEG shell is utilized to
discourage immune cell uptake and increase circulation time. This design utilizes an enzyme
targeting/inhibitory strategy in addition to encapsulated drug delivery. As the nanoparticles find
their way to the tumor microenvironment, they encounter altered expression of histone
deacetylase (HDAC) enzymes. These HDAC enzymes, which are responsible for regulating
gene transcription, bind to the nanoparticles. These nanoparticles act as a substrate for the HDAC
enzymes active site. This has two outcomes: the nanoparticle’s acetylated lysine residues are
deacetylated and destabilized releasing the chemotherapeutic agent inside. The second outcome
is that simultaneously the nanoparticles are occupying the HDAC enzyme and preventing it from
completing its role in controlling DNA epigenetics and regulation (Chapter 3).

We created polymeric nanoparticles using the aforementioned design principles.
Through testing and optimization we found these nanoparticles to be stable and able to
encapsulate chemotherapeutic cargo. We hypothesized that these nanoparticles will be able to

increase the efficacy of chemotherapeutics compared to unencapsulated therapies.



Hypoxia-Responsive Nanoparticles: AIMs
e Prepare multi-modal polymersomes that are hypoxia responsive and targeted
towards pancreatic cancer cells.
e Demonstrate efficacy of polymersomes vs. unencapsulated drug under normal and
hypoxic conditions in-vitro.
e Utilize a mouse model of pancreatic cancer and compare efficacy of
polymersomes vs. unencapsulated drugs.
HDAC-Responsive Nanoparticles: AIMs
e Prepare polymersomes that utilize HDAC enzyme mediated release.

e Demonstrate efficacy of polymersomes vs. unencapsulated drug in-vitro.



TARGETING THE TUMOR CORE: HYPOXIA RESPONSIVE NANOPARTICLES

FOR DELIVERY OF CHEMOTHERAPY TO PANCREATIC TUMORS

.......

Polymersomes

interaction

TEM S
Tumor microenvironment

Drug release at hypoxic conditions

§ Azo-Benzene @Napabucasin _——"  PEG & NRP-1 @ Gemcitabine §iRGD Peptide

Figure 1. Hypoxia Responsive Nanoparticles Illustration.

Abstract

Oxygen is a necessary component of our daily lives both macroscopically and
microscopically. However, cancer cell populations have the ability thrive and mutate in oxygen
depleted environments. Chronic hypoxia, found in many solid tumors, alters cellular gene
expression; thereby, altering signaling pathways that modulate proliferation, angiogenesis, and
apoptosis. In pancreatic ductal adenocarcinoma (PDAC), early onset of hypoxia triggers
remodeling of the extracellular matrix, epithelial-to-mesenchymal transition, increased cell
survival, and metastasis. Specifically, cancer stem cells, are thought to contribute to metastasis,

drug resistance, and relapse, resulting in a grim prognosis evident by 5-year survival rate of only



8%. In addition, hypoxia in PDAC is associated with the development of collagen-rich, fibrous
extracellular stroma (desmoplasia) that makes it difficult for therapy to penetrate the tumor.

To overcome these daunting challenges, we created polymer nanoparticles
(polymersomes), which target and penetrate pancreatic tumors, resulting in structural
destabilization and release of encapsulated payloads in response to hypoxia. We successfully
delivered a chemotherapeutic payload deep into the hypoxic niches of solid pancreatic tumors
using uniquely designed polymersomes containing a hypoxia responsive linker and a tumor
penetrating peptide. In vitro studies indicated a high cellular uptake of the polymersomes and an
increased cytotoxic effect of our chemotherapy drugs (napabucasin and gemcitabine) under
hypoxic conditions compared to unencapsulated drugs. Our animal study found polymersome
formulations effectively decreased tumor growth by 260%, as well as, increased necrosis within
the tumor core by 60% as compared to untreated controls. Therefore polymersomes showcase a
therapeutic advantage over unencapsulated drugs that warrants further investigation for treatment
of solid tumors.

Introduction

Solid tumors account for roughly 85% of all human cancers.®® While surgical resection is
often the most effective treatment procedure, it is not always possible or practical depending on
the type and location of the tumor. Thus, an anticancer drug(s) is the primary treatment option in
many cases. The success of each drug largely depends on efficient delivery to the tumor site,
ideally with as little offsite toxicity as possible. Not surprisingly, even the best clinical
chemotherapy agents are ineffective if they are unable to reach their intended site of action. For
example, a drug given intravenously will concentrate in areas with the best blood supply.

However, in solid tumors, sufficient blood supply is restricted to the periphery, and 90% of the

10



tumor receives little or no drug.®* While this may result in an initial rapid reduction of the tumor
volume, the death of only the outer cells often leads to continued inner growth and eventually an
increase in tumor volume as cancer cells become resistant or tumor growth outpaces cell death.

Hypoxia (reduced oxygen partial pressure) further adds to the conundrum of solid
tumors. Koong and colleagues were the first to measure the oxygenation of pancreatic tumors in
humans. Examining seven different human patient samples, they found an extreme degree of
hypoxia in pancreatic tumor tissue. The partial pressure of oxygen (pOz) in these tumors ranged
from 0 to 5.3 mm Hg, while a normal pancreas range is 9.3 to 92.7 mm Hg. Multiple tumors had
greater than 90% of measurements show a pO: of less than 2.5 mm Hg, indicating significant
levels of hypoxia.®® Studies in glioblastoma, sarcomas, head and neck carcinomas, breast, cervix,
and prostate cancers have shown similar results for solid tumors.®-4? Cancer cells are able to
adapt to this hostile environment through transcriptional activity of hypoxia-inducible factors
(HIF1 and HIF2). Hypoxia, along with HIFs, play intricate roles in regulating the expression of
multiple genes involved in glucose metabolism, angiogenesis, cell invasion, metastasis, and
significantly increases risk of cancer mortality.4344:45-47

The tumor’s microenvironment plays a crucial role in pancreatic cancer. Composed of
many cell types including: fibroblasts, adipocytes, endothelial cells, and others, its obvious cells
within the tumor are not homogenous.®-8 This heterogeneity leads to a unique environment with
significant fibrosis (desmoplasia) and a dense extracellular matrix. Cancer stem cells (CSCs),
sometimes referred to as tumor-initiating cells, within this microenvironment have been
identified in a large number of human malignancies and possess the capacity to self-renew.
While often representing less than 1% of cells present, the CSCs significantly contribute to

chemotherapy resistance, metastasis, and relapse.*84%>0 Hypoxia and the HIF proteins have been
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shown to further induce self-renewal of these CSCs as well as inhibit their differentiation in
multiple cancer types.>~>3The preference of CSCs to accumulate in hypoxic niches makes
targeting and eliminating these cells difficult as there is a lack of vasculature preventing
chemotherapy from accessing these sites. The signal transducer and activator of transcription
(STAT3) gene encodes a transcription factor pivotal in stem cell self-renewal. Persistent
activation of STAT3 is observed in multiple gastrointestinal cancers including hepatocellular,
pancreas, and colon carcinomas.>> Evidence shows STAT3 interacts with CD44, upregulates
NANOG, and induces CSC like properties in cancer cells,>"-°8:59.60

Pancreatic cancer cells are reported to overexpress the neuropilin-1 receptor.®* We
previously demonstrated that pancreatic CSCs also overexpress this receptor.®? A small circular
peptide known as iRGD, named for its specific amino acid sequence, has been previously
reported as a cell penetrating peptide.®® The iRGD, binds to avfs and avps integrins on the cell
surface.®* Once bound, proteolytic enzymes cleave the iRGD peptide altering its specificity
towards the neuropilin-1 receptor. Binding of the neuropillin-1 receptor induces two important
pathways. First, downstream signaling allows endocytosis of the receptor by a macropinocytosis
mechanism. The vacuoles produced by macropinocytosis range from 0.2 up to 3 um in size.®®
The polymersome bound to the receptor is included into these vacuoles allowing entrance into
the cell. The second mechanism, transcytosis, is initiated allowing increased tissue penetration
and cargo delivery deep into the tumors.53¢%6"The increased expression of these receptors on
pancreatic cancer cells acts as an active targeting mechanism for our polymersomes. Any free
drug released or leeched from the nanoparticles will still be able to enter the cell via their influx
transporters. Gemcitabine mainly enters through the SLC29A1 and SLC28A3 transporters and

efflux by multiple ABC transporters (ABCC3, 5, and 10).%%% Napabucasin, being a highly
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lipophilic drug is able to readily enter cells via passive diffusion. Any influx/efflux transporters
directly interacting with napabucasin have yet to be elucidated.

These hypoxia-induced changes to solid tumor cells, along with resilient CSCs,
necessitate the need for deep-penetrating drug carriers that target the hypoxic niches of solid
tumors. Herein, we report a tumor-penetrating, hypoxia-responsive, polymeric carrier
(polymersome) composed of PEG and PLA, which releases encapsulated drugs in the reducing
microenvironment of the hypoxic-niches inside solid pancreatic tumors. Previous use of these
hypoxia responsive polymersomes in our laboratory using gemcitabine and an epidermal growth
factor receptor inhibitor (erlotinib) showed increased response to treatment in spheroidal cultures
of BxPC-3 pancreatic cancer cells.”® Here, we encapsulated a top chemotherapy treatment option
for pancreatic cancer, gemcitabine, along with a drug currently in clinical trials as a STAT3
inhibitor, napabucasin. Napabucasin has been shown to lower tumor self-renewal by CSC and
induce apoptosis in this cellular subset in a variety of solid tumors.”*~"* Incorporating a drug with
well-documented clinical efficacy in pancreatic cancer (gemcitabine) along with a STAT3
inhibitor, we hypothesized a greater effect on tumor suppression and prevention of tumor self-
renewal from inside the tumor core.

Results and Discussion

Synthesis of hypoxia-responsive copolymers (PEG-AZO-PLA), tumor-penetrating
peptide-polymer conjugate (PLA-PEG-iRGD), and tumor penetrating polymersome.

In our polymersome design, a 4,4’-diazobenzene is used for linking the hydrophilic polyethylene
glycol (PEG 2K molecular weight) and the hydrophobic polylactic acid (PLA 7K molecular
weight) of the diblock copolymer (Figure 2A). Biological reducing environments are amplified

under hypoxic conditions.”™"® The addition of this 4,4’-diazobenzene functional group that is
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sensitive to this environment allows for the triggered delivery of the encapsulated payload.’®’
Both polymer blocks are approved for human use by the US Food and Drug Administration
(FDA), and are classified into the “generally regarded as safe” category. We synthesized the
copolymer by ring opening polymerization of DL-lactide using Sn(octanoate); as the catalyst.
Hence, the resultant copolymer is racemic. Next we recrystallized commercially available DL-
lactide and carefully controlled the reaction conditions to reduce the polydispersity of the
resultant polymer. The resultant polymer is precipitated and removed via filtration to remove any
residual Sn(octanoate),. The purified hypoxia-responsive polymer PEG2o00 —diazobenzene—
PLAsooo Was characterized by *H and *3C NMR spectroscopy and gel-permeation
chromatography (GPC, Appendix, Figure A1-A3). Analysis of the GPC data showed a

polydispersity index of 1.12 for the hypoxia-responsive copolymer.
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Figure 2. Polymersome Components. (A) diblock copolymer consisting of polyethylene glycol
linked to poly lactic acid by the hypoxia-sensitive 4,4’-diazobenzene linker (red), and (B) iRGD
peptide conjugated to the PLA-PEG copolymer.
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The synthesis of the PLA-PEG-IRGD polymer (Figure 2B) was a two-step process. First,
we synthesized N3-PEGzo0-PLAsooo polymer following our previously reported protocol.’®
Protocol in brief, an azide PEG derivative reacts with D,L-lactide and dioctanoyl tin under reflux
and precipitated in either. Next, we conjugated the synthesized hexynoic acid-iRGD to Nas-
PEG2000-PLAgooo Using the Cu?*-catalyzed Click chemistry ([2+3]-cycloaddition). Further r
experimental details can be found in Materials and Methods. We determined the critical
aggregation concentration of the synthesized hypoxia-responsive polymer to be 0.86 + 0.051
mg/ml employing fluorescence spectroscopy of added pyrene (Figure 3).7%8% We prepared the
polymersomes from the hypoxia-responsive polymer (85%), the PLA-PEG-iRGD polymer
(10%), and a fluorescent reporter, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
lissamine-rhodamine B sulfonyl ammonium salt (5%), employing the reported solvent-exchange
method.8!

The effectiveness of a nanoparticle formulation can be dramatically changed by its
characteristics.®2® We determined the size and shape of the polymersomes by transmission
electron microscopy (TEM), atomic force microscopy (AFM), and dynamic light scattering

(DLS) (Table 1). The enhanced permeability and retention effect, while being controversial, is
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still widely considered to be a key factor in allowing the accumulation of nanoparticles in and
around the tumor tissues.®+2®Specifically, rapid angiogenesis induced by tumor cells, produces a
structurally poor vasculature that allows for nanoparticles to extravasate and accumulate in and
around the tumor. In addition to TEM and AFM (Figure 5A,B,C) images, the hydrodynamic
diameter, polydispersity index, and zeta-potential of the polymersomes were determined by
dynamic light scattering (Table 1). An average size of 107 (+/-2), 117 (+/-2), and 188 (+/-6) nm
for control polymersomes (containing iRGD and HEPES buffer), iGem (gemcitabine
encapsulated iRGD polymersomes), and iNap (napabucasin encapsulated iRGD polymersomes)
respectively were measured. Gemcitabine is a hydrophilic drug and resides in the aqueous core
of the polymersomes. However, napabucasin, being hydrophobic, partitions into the bilayer of
the polymer vesicles, causing the increase in vesicle size. These polymersomes fit into a size
window, where they are large enough to escape renal filtration (>10 nm), yet, small enough
(<200 nm) to potentially avoid significant uptake by the mononuclear phagocyte system,26:87-89
The stability of the polymersomes was investigated by adding buffer loaded iRGD-
polymersomes to serum isolated from mice. The polymersomes average size increased by about
20 nm within 48 hours of incubation with serum and they then maintained that average size for
up to 120 hours (Figure 4). The increase in size is likely due to adhesion of molecules within the
serum to the polymersomes. This phenomonon is referred to as the protein corona. Adherent

proteins make removal by our immune system quicker and may also alter cell uptake.

Table 1. Polymersome Characterization

Sample Name: Size (nm) Poly Dispersity Index  Zeta-Potential
Control Polymersome 107 +£2 0.11 -3.2+£04 mV
iGem 117 £ 2 0.14 -10.3+0.5mV
iNap 188+ 6 0.3 0.1+0.4mV
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The exact pharmacodynamics and pharmacokinetics of this formulation are outside the
scope of this study and are reserved for future investigation. Preliminary studies showed no or
minimal entrance into the CNS and blood brain barrier after 72 hours. These studies were
conducted using a transwell assay with bEnd.3 brain endothelial cells. Additionally, we lack the
facilities to complete radio-labeling in-vivo studies to accurately determine half-life of the
encapsulated drugs.

Next, we demonstrated the polymersomes’ ability to release the encapsulated contents
under hypoxic conditions (2% oxygen). A fluorescent dye, carboxyfluorescein, was encapsulated
into the polymersomes. We used human liver microsomes as an oxidizing enzyme of NADPH to
NADP+. This reaction provides reducing electrons that will break the azobenzene containing
polymersomes (Scheme 1).%° A hypoxia chamber set to 2% oxygen was to further mimic hypoxic
conditions (Figure 5D).” The release profile was monitored over time by measuring the
fluorescence intensity of the solution. Our polymersome formulation was able to release 81% (+
3) of its contents under hypoxic conditions compared to only 21% (+ 2) under normoxia after 60
minutes.

e e

|

AN \ H H
PLA=N=N=PEG ——» PLA-N N=PEG ——>» PLA=N=N=PEG
2e
H H N
PLA-N-N-PEG ——» PLA=NH, + H N=PEG

Scheme 1. Proposed Mechanism of Azobenzene Reduction

In-vitro cytotoxicity. Cytotoxicity was measured in a monolayer culture of BXPC-3

pancreatic cancer cells (Figure 6A). Previous studies demonstrated that hypoxia induces
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Figure 5. Characterization of Polymersomes. (A-C) Hypoxia-responsive iRGD peptide
conjugated polymersomes’ size and shape as shown by transmission electron microscopy (A)
and atomic force microscopy under normoxic (A, B) and hypoxic conditions (C),
respectively. (D) Carboxyfluorescein release under hypoxic and normoxic conditions with
NADPH and liver microsomes.

biochemical and genetic changes in pancreatic cancer cells resulting in a more gemcitabine-
resistant phenotype.*>4691-%3 \We observed that 73% (+ 4) of cancer cells cultured in a hypoxic
environment were viable after treatment with free gemcitabine compared to 48% (+3) viability
after encapsulated (iGem) treatment. A similar result was observed with napbucasin that showed
74% (+ 4) and 52% (+ 3) viability between unencapsulated free drug and the encapsulated
polymersome formulation respectively. iRGD polymersomes (iGem, iNap, and the drug
combination iPsome) were able to either increase cellular toxicity or mitigate the resistant
phenotype developed under hypoxia, possibly due to an increased uptake of the vesicles,
resulting in higher drug concentrations inside the cells (Figure 6B). Next, we tested iRGD
polymersomes using a three-dimensional (3D) model allowing gradients in oxygen, nutrients,
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and metabolites, creating a more heterogeneous population along with physiological cell-cell
interactions.>® 5! Cell spheroids were prepared using 3D Petri Dish® from Microtissues®. We
then tested free Gem and free Nap against the IRGD polymersomes encapsulating these drugs. A
high chemoresistance (10-30% greater viability) under hypoxia was observed for the free drugs
but was mitigated using the iRGD polymersomes (Figure 7A). A cell viability of 76% (+ 4) and
71% (+ 3) for unencapsulated free drugs gemcitabine and napabucasin, while the iRGD-
polymersome formulations of these drugs were 60% (+ 3) and 38% (+ 4) respectively after 72

A iRGD-

Monolayer - 72 Hour Treatment |[JJll Normoxia Polymersomes Polymersomes
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Figure 6. In-Vitro Monolayer Studies on Cell Viability. (A) Viability of BxPC-3 cells in
monolayer cultures under normoxic and hypoxic (2% O2) conditions. Control treatments lack
encapsulated drugs. (B) Cellular uptake after 2 hours of iRGD conjugated hypoxia-
responsive polymersomes in monolayer cultures of BxPC-3 cells. Control represents
polymersomes without iIRGD. (C) Cellular uptake using a FITC conjugated polymer and flow
cytometry. Represents fold increase in cellular uptake at selected time points

*p value <0.05,n =8 (A), n=3 (C)
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hours of treatment in hypoxic conditions. It is speculated that the polymersomes were better able
to penetrate the dense spheroids as compared to the free drugs leading to overall decreased cell
viability. This theory was previously examined by our lab, using an ex-vivo penetration
apparatus that showed a penetration depth of 2.2mm."”

In-vitro uptake and internalization. The increased cellular toxicity of the drug-
encapsulated polymersome formulations is likely due to a higher accumulation of the drugs in
the cancer cells. To validate this hypothesis, uptake and internalization of fluorescently labeled
polymersomes (incorporating a FITC-PEG-PLA polymer) into pancreatic cancer cells (BxPC-3)
was studied using flow cytometry. The iRGD-targeted polymersomes showed 12-fold greater
uptake after 12 hours of incubation with the BxPC-3 cells compared to the non-targeted
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Figure 7. In-Vitro 3D Spheroids. (A) Viability of BXPC-3 cells in 3D spheroid cultures
under normoxic and hypoxic (2% O) conditions. (B) Image of single spheroid pre-treatment.
(C) Spheroid after 72 hour treatment with iRGD-polymersomes, using live (green) and dead
(red) staining.

*pvalue <0.05,n=8
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polymersomes lacking the iRGD (Figure 6C). A qualitative fluorescence microscopy experiment
supported the significant difference in uptake of the iIRGD-polymersomes in the pancreatic
cancer cells compared to the non-targeted (no IRGD peptide) polymersomes after 6 hours of
incubation (Figure 6B). The BXxPC-3 cells are reported to overexpress the neuropilin receptor on
the surface.?®” The enhanced uptake is likely due to the integrin and neuropilin-1 receptor
targeting by the iRGD peptide.

Bio-distribution and accumulation of the polymersomes. One of the crucial properties
for drug delivery vehicles is having a longer retention time in circulation. To evaluate the
circulation time of the iRGD-polymersomes, we injected fluorescently labeled iRGD-
polymersomes into non-tumor bearing NOD skid gamma (NSG) mice. These mice lack specific
immune components and may portray a longer circulation time compared to normal mice. The
iIRGD-polymersomes encapsulating the near infrared dye indocyanine green (10 uM, excitation:
820 nm; emission 850 nm) suspended in 200 pL of phosphate buffered saline were injected in
the mice though the tail vein.*® Blood (100 pL) was drawn at various time points (1 h, 24 h, 72
h), and the fluorescence intensity of indocyanine green was measured at excitation 820 nm and
emission 850 nm. A right shift in ex/em maximum was seen compared to unencapsulated ICG
(780/810, respectively). We observed that 20% of the injected polymersomes ICG signal
remained after 72 hours (Figure 8B). The PEG polymer on the exterior of the polymersomes
provides the stealth needed to delay uptake of the iRGD-polymersomes by the mononuclear
phagocyte system.™® While we lack the ability for standard pharmacokinetic testing using
clearance and volume of distribution, the circulation times we observed put these nanoparticles
in the range of other FDA approved PEGylated nanoparticles with half-lives from 20 hours to 5

days!>%%-193  Further studies are needed to confirm this data.
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Next we monitored tumor accumulation, BXxPC-3 tumor bearing mice were injected with
IRGD-polymersomes formulation and live images were recorded. Images were acquired 2 hours
after injecting (tail vein) either a control (saline), or iRGD-polymersomes (buffer only). Even
when a mouse had two flank tumors, we observed a high accumulation of the polymersomes in

both tumors (Figure 8A). The organs were also examined for accumulation of polymersomes at
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Figure 8. In-Vivo Bio-Distribution. (A) Mice with subcutaneous tumors (circled in white)
injected with iRGD-polymersomes and imaged after two hours showing accumulation at
tumor site. *Ear fluorescence from permanent marker used to label mouse. (B) Circulation
time of IRGD-polymersomes based on remaining fluorescent signal in the blood. (C)
Biodistribution to organs at 5 minutes, 2 hours, and 6 hours after tail vein injection of iRGD-
polymersomes containing indocyanine green dye. (n = 3) (scale bar = 10mm)
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various time points (Figure 8C). Some fluorescence signal was observed in the lung tissues. The
accumulation of the polymersomes in the lungs is likely due to the presence of the neuropilin-1
(NRP-1) receptor on alveolar macrophages of the lung.'®* However, the accumulated
polymersomes are unlikely to release excessive amounts of encapsulated drug in the lungs due to
the high oxygen concentration. Quantification of polyermersome concentrations in these
selected tissues has been reserved for future studies.

Hemoglobin and Oxygenation Saturation in a Mouse Model of PDAC. BxPC-3 (10°)
cells were injected into the pancreas of four athymic nude mice. Tumors grew to an average size
of 500 mm?, verified by ultrasound. Next, photoacoustic imaging was used to monitor tumor
oxygenation. Hemoglobin oxygenation was determined by averaging three measurements from
three different sites (normal pancreas, tumor edge, and tumor core). The average percentage of
saturated oxygen (sO2) was significantly different within these locations (F(,9) = 7.85, p < 0.05,
Figures 9A). Specifically, sO2 was significantly reduced in the tumor core, relative to both the
tumor edge (p < 0.05) and normal adjacent pancreas (p < 0.01). Likewise, total hemoglobin
(Figure 9B) was significantly different across locations (F,9) = 4.43, p < 0.05) with the tumor

core showing significantly less hemoglobin than the tumor edge and the normal adjacent
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Figure 9. In-Vivo Saturated Oxygen and Hemoglobin. (A) Average saturated oxygen
levels using PALI across all tumors. (B) Average concentration of hemoglobin across all
tumors. * p value <0.05, **pvalue <0.01,n=4
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pancreas (p < 0.05). Notably, these initial results resemble those seen in patient derived PDAC
tumors.®*The observed low levels of sO2 indicates the presence of a hypoxic environment
facilitating drug release from the polymersomes.

Tumor tissue staining for carbonic anhydrase 1X and PECAM-1. A pilot study was
conducted using excised tumor tissue to show a correlation between tumor hypoxia and poor
vascularization. Carbonic anhydrase IX (CA 1X) is transcriptionally regulated via HIF-1 and
plays a significant role in acid-base regulation.'®*Due to its higher stability over HIF-1 it acts as
an indirect measure of tissue hypoxia (Figure 10A.). Platelet endothelial cell adhesion molecule

(PECAM-1) also known as CD31 is primarily used in immunohistochemistry to mark the

Figure 10. Immunohistochemistry of Excised Tumor Core. Excised tumors were sliced in
half and the inner core was stained with CA IX (A), PECAM-1 (B), and a nucleus staining
dye. The overlaid images can be seen in (C) indicating a lack of vasculature and angiogenesis.
Scale bar represents 1 mm.
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presence of endothelial cells and can help evaluate the degree of angiogenesis within the tumor
(Figure 10B). We observed areas within the tumor core that had high levels of CA 1X staining
while simultaneously having low or no levels of PECAM-1 (Figure 10C). These findings further
solidify the theory of hypoxic niches within the tumor.

Efficacy of polymersomes in subcutaneous mouse model of pancreatic cancer.
Athymic nude mice were injected with 108 BxPC-3 cells suspended in 200 pL of Matrigel® into
the left flank and the tumors were allowed to grow for four weeks. Three male and three female
mice were randomly assigned to each treatment group. Gemcitabine was dosed at 30 mg/kg and
napabucasin was dosed at 20 mg/kg either as free drug or encapsulated into the polymersomes
based on previously published animal data.'%%” One week after the last treatment, we
euthanized the mice and harvested the tumors. A significant decrease in tumor growth was
observed for all drug encapsulated iIRGD polymersome groups. The end stage tumor size was
reduced by 242%, 254%, and 260% compared to no drug control for iGem, iNap, and the drug
combination iPsome, respectively (Figure 12). A suppression of growth was also noted in the
free drug groups of 113% and 118% reduced size for free gemcitabine and free napabucasin, but
this was not significant compared to control. Interestingly, we observed that the drug
encapsulated iRGD polymersome treatments rendered the tumors physically soft compared to the

solid and dense control tumors. The resected tumors showed sunken fluid filled cores due to

Control Free Gem iPsome

__iGe FreeNap ___iNap_

Figure 11. In-Vivo Excised Tumors. Tumor outer surface (bottom) and tumor core (top).
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vastly enhanced necrosis of the tumors from inside. In a few instances, the inside necrosis was
so much that the overall tumor resembled a donut like structure. In general, the mice had no
obvious treatment complications. Two mice from the two drug combination iPsome group were
removed from the study after two weeks due to a decrease in body weight of greater than 15% as
well as one mouse from the control and free gem group that were removed due to excessive
tumor size affecting ambulation.

Histology Analysis. Tumors were collected at the conclusion of study (day 35), bisected,
fixed, and embedded in paraffin wax. Tumor slices (10 um thick) from the cut edge (tumor core)
were placed on microscope slides, stained with hematoxylin and eosin, and analyzed using NIH
ImageJ software. The area of necrosis was compared to the total area of tissue for that slide.

The average area of necrosis was then compared between all treatment groups. The iRGD
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Figure 12. In-Vivo Animal Study. (A) Graphical representation of change in tumor size over
the course of the treatment. Significant difference in the end stage tumor size between control
and free drug groups vs. iRGD polymersome groups.

p value: * <0.05, ** <0.01
n =5 (Free Nap, Free Gem, iGem, iNap) (Control = 4, iPsome = 4)
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polymersome groups showed a significantly higher area of necrosis compared to saline treated
controls and free drug groups (Figure 13B), with 25% more necrosis seen in iGem and iNap
groups compared to free drug. Visually, the necrotic areas can be seen in the scanned slides with
significant difference between free drug and the respective polymersome treatment group (Figure
13A).

Human Pancreatic Cancer Samples. To further assess the translational potential, we
examined the tissue samples from two pancreatic cancer patients. Patient samples included a
primary pancreatic tumor, unaffected pancreas tissue, and lung metastasis all from the same
patient. We saw a 4-5 fold increased expression of both NRP-1 and STAT3 proteins in the
primary tumor as well as the metastatic liver site (Figure 14). High expression of NRP-1 in
PDAC is associated with other clinicopathologic characteristics such as lymph node
involvement, advanced T stage, and decreased survival time.%Insinuating that the most lethal

PDAC tumors may have high NRP-1 levels and better targets for our nanoparticle therapy.
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Figure 13. Excised Tumor Histology. (A) Excised tumors were sliced in half, formalin fixed,
embedded in paraffin wax and stained using hematoxylin and eosin. (B) Calculated and
averaged total necrotic area for each tissue section. **p value< 0.01 , ***p value <0.001
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same patient. (B) NRP-1 to GAPDH expression ratio. (C) STAT3 to GAPDH expression ratio.
**p value< 0.01

Conclusion

Pancreatic cancer patients often have minimal clinical success. The 5-year survival rate
has remained below 10% for over 40 years and only in the last 10 years have these rates been
above 5%.1%° Potentially, targeting the hypoxic tumor core may pose a strategic advantage to
these patients. Utilizing polymeric nanoparticles with a tumor penetrating iIRGD peptide and a
hypoxia-responsive system, we were able to increase cellular toxicity and uptake to cancer cells
to combat hypoxia-induced resistance. These polymersomes were able to increase cellular
toxicity by nearly 50% compared to unencapsulated drugs. The incorporation of the IRGD
peptide allowed for a 12-fold increase in cellular uptake as compared to polymersomes lacking
this peptide. These initial results compelled us to further investigate the therapeutic potential of
an inside-out treatment strategy. Upon completion of our animal study using a mouse model of
pancreatic cancer, we found intriguing results. First, the apparent tumor size and volume was

decreased by over 200% compared to untreated controls. Interestingly, tumor volume bounced
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back up immediately when the treatment had stopped in case of free drug group whereas the
tumor volume stayed relatively steady when treated with iRGD polymersome encapsulated
drugs. This result potentially suggests that iRGD polymersome encapsulated drugs decreased the
number of free drug resistant cancer cells and delays cancer recurrence. Second, and possibly
most alluring, were the resected tumors. The iRGD polymersome groups had tumors that were
subjectively squishy, and fluid filled compared to either the free drug or control tumors. The
final finding of increased necrosis in the tumor core, was another indication that our tumor
penetrating polymersomes were effective in delivering their payload deep inside the tumor
tissue.

Our future studies aim to better discern the possible toxicity associated with these
nanoparticles and better understand pharmacokinetics of these small particles. The
polymersomes were able to suppress tumor growth, but in the end the tumors did not achieve
complete remission. An optimization of treatment protocol or a possible combination of these
polymersomes with a non-penetrating chemotherapy may have a better chance at achieving
complete remission.

Materials and Methods

Materials. The amino acids and resin beads for peptide synthesis were purchased from
Peptides International. Polymers for synthesis of the diblock copolymer were purchased from
Biochempeg. The fluorescent lipid 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
lissamine rhodamine B sulfonyl ammonium salt was purchased from Avanti Polar Lipids.
Pancreatic cancer cell line (BxPC-3) was obtained from American Type Cell Culture, USA. The
solutions used for cell culture including; media, fetal bovine serum, and 100X antibiotic solution

was purchased from VWR International. The nude lab mice were purchased from Envigo labs.
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Scheme 2. Synthesis of Hypoxia-Responsive Copolymer

Synthesis and characterization of hypoxia responsive polymer PEG-azobenzene-
PLA. Polymer m-PEG2000—NH> was conjugated to azobenzene-4,4'-dicarboxylic acid by
following a previously published protocol.!® The PEG—diphenylazacarboxylate (50 mg, 0.023
mmol) was dissolved in pyridine (1.25 mL). To this solution, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC.HCI; 6.7 mg, 0.0345 mmol) and N-
hydroxysuccinimide (NHS; 4 mg, 0.0345 mmol) were added followed by excess 3-
aminopropanol (8.75 mg, 0.116 mmol). The reaction mixture was stirred at room temperature
overnight. The solvent was then evaporated under reduced pressure. The residue obtained was
dissolved in dichloromethane (10 mL) and washed with water three times, the bottom organic
layer was dried under vacuum, yielding 34 mg (67%) of yellow solid product. *H NMR (400
MHz, chloroform-d) 6 ppm: 8.00-8.23(CH=CH- CH, m, 8 H), 3.67 ((CH2-CH»-0), t, 4 H), 3.40
((CH3-0), s, 3 H), 0.88 ((NH-CH2-CHa- CH2-OH), m, 2 H).

Synthesis of the block copolymer. The product obtained from the previous step (100
mg, 0.05 mmol), D,L-lactide (500 mg, 3.5mmol) and tin(ll) ethoxyhexanoate (3 (1L, 0.009

mmol) were added to anhydrous toluene (5 mL) in a 35 mL glass high pressure vessel, then filled
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with nitrogen. The solution was stirred at 120° C under nitrogen for 24 hours. After cooling to
room temperature, the reaction mixture was added dropwise to cold ether. The top clear
supernatant was decanted, and the precipitate was washed again with ether, dried under vacuum.
The orange solid product obtained (305 mg, 51%) was analyzed by *H NMR spectroscopy and
gel permeation chromatography. *H NMR (400 MHz, chloroform-d) § ppm: 5.19 ((-CH-C=0), q,
1 H), 3.67 ((CH2-CH2-0), t, 4 H), 1.59 ((CHs-CH-C=0), d, 3 H) (Appendix, A1-A3).

Determination of copolymer composition. The repeating monomer number m of PLA
was also estimated from *H NMR by comparing (-CH-C=0) (& ppm = 5.19 from the PLA block)
to —(OCH2CH2)n— (8 ppm = 3.67 from the PEG block), m is the number of protons of -CH-C=0;
4n is the number of protons of -(OCH2CH2)n—

m/4n = ai/a; : a; = area of peak at 5.19 ppm az = area of peak at 3.67 ppm

Mw of PEG = 2000, n = 46, 4n = 184, then m = 188as/az, then Mw (PLA) = 5900

Synthesis and characterization of the iRGD peptide. Microwave-assisted, solid phase
peptide synthesis was carried out using a Liberty Blue (CEM Corporation). The resin used was a
Rink amide (Protide purchased from CEM Corporation). The sequence hexynoic acid-
Cys(Acm)-Arg(Pbf)-Gly-Asp(OBtu)-Lys(Boc)-Gly-Pro-Asp(OBtu)-Cys(Acm)-OH was
synthesized without the final deprotection step. To cyclize, 0.1 mmol thallium trifluoroacetate in
DMF (5 mL) was stirred with the peptide-resin conjugate for 1 hour. The resin was then washed
with DMF and dichloromethane 3 times. Next, the peptide was cleaved from the resin using
trifluoroacetic acid (19 mL), distilled water, (0.5 mL), and triisopropylsilane (0.5 mL) for 2
hours. Whatman Grade 1 qualitative filter paper was used to collect the peptide in a 50 mL
centrifuge tube to which 30 mL of ice cold diethyl ether was added. The precipitate was

collected and dried in a vacuum desiccator overnight. The dried product was then characterized
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by MALDI-TOF mass spectrometry (observed mass: 1041.42, expected mass: 1042.43,
elemental composition C41HesN14014S2, Appendix, Figure A4)

Synthesis of IRGD peptide — polymer conjugate. The polymer PLA-PEG-N3 was
reacted with the alkyne (hexynoic acid) moiety of the iRGD peptide using Click chemistry (1:2
molar ratio peptide to polymer). The copper complex was made by mixing copper (1) sulfate
with N,N,N’,N’,N”-penthamethyl diethylenetriamine (PMDETA) for 2 hours. Ascorbic acid
solution (1.4 umol) was prepared in distilled water. The reaction mixture was then stirred for 24
hours at room temperature. The stirred solution was then transferred to a 1000 kD dialysis bag
and dialyzed against water for 72 hours to remove the catalyst (PMDETA and ascorbic acid) as
well as unreacted iRGD peptide. The product was then analyzed by CD spectroscopy and FT-IR
(Appendix, Figure A5).

Preparation of polymersomes. PEG-azobenzene-PLA and iRGD polymer conjugate
was dissolved (10 mg/mL) in acetone, and lissamine rhodamine lipid (0.01 mg/mL) in
chloroform. First, the lissamine rhodamine lipid was added to a clean glass vial and air dried.
Next, polymers were added dropwise in a 85:10:5 ratio of PEG-azobenzene-PLA, iRGD-PEG-
PLA, and lissamine respectively to HEPES buffer (10 mM and pH 7.4). The resulting mixture
was stirred for 1 hour, bubbled air for 45 minutes (to evaporate acetone), and then sonicated in a
water bath sonicator (VWR Symphony ultrasonic cleaner, Model: 97043-936) for 1 hour at 35
KHz. The polymersomes were then passed through a Sephadex G100 size exclusion column.
The eluted polymersomes were collected and used for the studies. Encapsulation of drugs was
achieved by passive or active loading. For passive loading, napabucasin was added to the
polymer mixture and added to the HEPES buffer. For active loading, we utilized a citrate buffer

(100 mM and pH 4) instead of HEPES. Once collected through the size exclusion column,

32



gemcitabine was added, then pH was adjusted to 8 by adding a 1 M sodium bicarbonate solution
dropwise and testing the pH. This mixture was than stirred for 8 hours before passing through
the size exclusion column again to remove unencapsulated drug.

Determination of critical aggregation concentration. From a stock solution of 0.1 mM
pyrene in dichloromethane, 10 uL aliquots were taken in different vials, and the dichloromethane
was allowed to evaporate in air. To each of these vials, various measured amounts of the polymer
were added (stock solution concentration 10 mg/mL in a 1:5 acetone: deionized water solution
by volume) so that the concentrations varied from 5 mg/mL to 9.8 [ig/mL, and the final
concentration of pyrene in each vial was 1 uM. The vials were sonicated at 35 KHz using a
VWR Symphony ultrasonic cleaner (Model: 97043-936) for 45 minutes and then allowed to
stand for 2 hours before recording the fluorescence spectra. The fluorescence emission spectra
were recorded at an excitation wavelength of 337 nm with a bandwidth of 2.5 nm (for both
excitation and emission). The ratio of the intensities at 373 nm and 393 nm were plotted against
the concentration of the polymer, and the inflection point of the curve was used to determine the
critical aggregation concentration.”®#°

Size analysis of the polymersomes. The hydrodynamic diameter of the polymersomes
was measured using dynamic light scattering, using a Malvern Zetasizer instrument and
Zetasizer software version 7.02. One mL of sample was placed in a Sarstedt Cuvette. Sample
was give 120 second equilibration time followed by three measurements each with ten runs.
Atomic force microscopy was carried out in noncontact mode at a scanning rate of 0.7 Hz and a
resonance frequency of 145 kHz using a NT-MDT NTEGRA (NT-MDT America). The
cantilever was made of silicon nitride and was 100 pum long. Scanning area was 5 x 5 or 20 x 20

um? at a resolution of 512 or 1024 points per line respectively. For electron microscopic
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imaging, copper TEM grids (300-mesh, Formvar-carbon coated, Electron Microscopy Sciences)
were prepared by applying a drop of 0.01% poly(L-lysine), allowing it to stand for 30 s, wicking
off the liquid with torn filter paper, and allowing the grids to air-dry. A drop of the suspension
diluted 1:100 was placed on a prepared grid for 30 s and wicked off; grids were allowed to air-
dry again. Phosphotungstic acid, 0.1% pH adjusted to 7-8, was dropped onto the grid containing
the sample, allowed to stand for 2 min, and wicked off. After the grids had dried, images were
obtained using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL USA,
Peabody, Massachusetts) running at 200 keV.

In-vitro uptake and internalization. Polymersomes were prepared using our standard
protocol but in place of lissamine rhodamine B lipid, a FITC-PEG-PLA polymer was used at 5%
concentration. Uptake was analyzed using an Accuri C6 flow cytometer with subsequent data
analysis using FlowJo software (FlowJo, LLC).

Cell viability studies in monolayer culture. 5,000 BXxPC-3 cells were seeded in each
well of 96-well clear bottom plate. The cells were allowed 24 hours for attachment before
placing in either a normal oxygen incubator (20% oxygen) or a hypoxia chamber (2% oxygen).
The cells then grew for 24 hours before being subjected to their respective treatments. After 3
days, the media was removed, and cells were washed three times to remove any remaining
polymersomes or drug. Subsequently, 20 uL of Alamar Blue (Invitrogen), a cell health indicator
that uses the reducing power of living cells to quantitatively measure viability and 180 uL of
fresh medium was added. The fluorescence was then measured, and viability was calculated.

Cell viability study in spheroid cultures. Spheroid scaffolds were prepared by adding
agarose to a silicone mold (Microtissues) following the manufacturer’s protocol using 96,000

cells/75 pL to produce a spheroid diameter of 200 um. The seeded scaffolds were incubated for
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7 days, changing the standard cell culture media every 2 days. The scaffolds were then placed in
either normoxic (20%) or hypoxic (2%) conditions for 24 hours before being exposed to their
respective treatments for 72 hours. After treatment, the scaffolds were washed with phosphate
buffered saline before viability was analyzed by Celltiter-Glo 3D cell viability assay (Promega).

Orthotopic tumor implantation. Mice were first anesthetized by isoflurane (3% in 1
L/min 100% oxygen for induction and 2% in 1 L/min oxygen for maintenance). A cell
suspension of 108 BxPC-3 cells in 25 pL sterile saline was injected into the pancreas using a 28G
needle. The peritoneum was sutured back together using Ethicon Chromic Gut dissolvable
sutures. The skin was then sutured with an Ethicon nylon suture. A topical antibiotic and tissue
glue was used over the wound to prevent infection and help close the wound. The mice then
received buprenorphine subcutaneous injection in the scruff of the neck for post-surgical pain.
Mice were given welfare checks daily post-surgery.

Ultrasound and photoacoustic imaging of tumor volume and oxygenation. A
VevoLAZR system equipped with LZ250 linear array transducer (VISUALSONICS) was used
to measure tumor size and tumor oxygenation status (oxygenated/deoxygenated hemoglobin) A
tunable laser with a pulse repetition rate of 10 Hz was used to excite the sample from 680-970
nm. Images were obtained under identical conditions using Vevo’s 3D ultrasound imaging (B-
mode) and Photoacoustics (PA) modes, respectively. Subsequent PA measurements of
oxygenated/deoxygenated hemoglobin (750/850 nm absorption, respectively) were obtained in
triplicate from the tumor core, edge and associated normal adjacent pancreas and subsequently
quantified using Vevo’s OxyZated analysis software.

In-vivo biodistribution. Athymic nude mice were used to establish subcutaneous

tumors. Tumor bearing mice were injected with iIRGD containing polymersomes and imaged
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using a Kodak In-Vivo Multispectral Imaging System FX after two hours. Organ images were
taken from mice lacking subcutaneous tumors. The mice were injected with the IRGD
polymersome formulation via tail vein and were then euthanized at their respective time points (5
minutes, 2 hours, and 6 hours) and imaged using the Kodak camera at excitation 590 and
emission 615.

In-vivo circulation time. iRGD polymersomes encapsulated with 12 uM ICG were
injected (200 pL) via tail vein into 3 nude athymic mice. Blood draws (200 pL) were taken at 1
hour, 24 hours, and 72 hours post injection. The fluorescence was measured at excitation 820
and emission 850. The total remaining ICG was estimated by extrapolating the signal from 200
pL of blood to the total blood volume of the mouse using the equation total blood volume = 58.5
mL/kg.1** A standard curve was made using various amounts of ICG and percent remaining was
calculated use the initial 200 pL injection as a reference signal.%

In-vivo animal study. Six-week old nude athymic mice were purchased from Envigo
Labs. BxPC-3 cells (1.5 x 10%) were cultured, trypsonized, and re-suspended in Matrigel. The
cell-Matrigel mixture was then injected into the right flank of the mice. Once tumors had reached
a significant size (greater than 30 mm?) as measured by calipers, the 36 mice were randomly
allocated to each of the six treatment groups with three male and three females within each
group. The control group received 200 L of sterile saline, while the drug treatment groups
received gemcitabine at 30 mg/kg and/or napabucasin at 20 mg/kg. Injections were given via tail
vein using a 26G needle, twice weekly for four weeks. Mice were weighed and tumor volume
measured using calipers before each injection. One week of observation continued after the
treatment ended and tumor volume and weight were again measured twice during this time. Post

observation period, the mice were euthanized via CO followed by cervical dislocation.
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Measurement by caliper. Estimated tumor volume was done using an external caliper.
The greatest length and greatest width were selected and measured. The total tumor volume was
calculated by the modified ellipsoidal formula. 2113

Tumor volume = %(length x width?)

Animals. All mice were housed under standard housing conditions at the animal Core
facility of NDSU, and all animal procedures were reviewed and approved by the Institute of
Animal Care and Use Committee at the NDSU.
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HISTONE DEACTYLASE (HDAC) ENZYMES AS A RELEASE MECHANISM FOR

ACETYLATED POLYMERSOMES
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Figure 15. HDAC Nanoparticles Illustration

Abstract

Multiple drugs have recently been developed for inhibiting histone deactylase (HDAC)
enzymes and preventing or altering their role in gene transcription. Altered expression of genes
encoding HDACs has been linked to tumor development by induced transcription of genes that
affect cellular functions. Specifically, functions relating to cell proliferation and apoptosis are of

key importance. Unfortunately, these inhibitors have had little efficacy in solid tumors due to
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many potential biological factors. An alternative strategy for modulating the function of
HDAC:S, is to provide an excess of substrate to prevent the enzyme from performing its
enzymatic deacetylation on target genes and/or the formation of corepressor complexes that often
occur in the absence of a ligand. In this work, we created an acetylated block copolymer
comprised of polyethylene glycol and a polylysine block. Acetylation of these lysine residues
allows for self-assembled nanoparticles with an average diameter of 108 nm and a stability of up
to 4 weeks. After incubation with HDAC enzymes, the nanoparticles lose their structure and
collapse due to loss of hydrophobicity of the polylysine block, causing rapid release of
encapsulated cargo. Cellular studies carried out on pancreatic cancer cells and stem cells using a
STATS3 inhibitor (napabucasin) showed a 10 fold increased in potency and significant
cytotoxicity to pancreatic stem cells in just 24 hours of treatment.
Introduction

Pancreatic cancer has an estimated 57,000 new cases in 2019 and 46,000
deaths.!**Making up only 3% of all cancer diagnosis in the U.S., it accounts for 7% of all cancer
deaths.!** Mortality rates have incrementally increased (2007-2016 by 0.3%/year) leading us to
believe current treatments are not effective. The most common treatments are gemcitabine based
therapies, or a four drug combination chemotherapy cocktail, FOLFIRINOX (leucovorin,
fluorouacil, irinotecan, and oxaliplatin), being used in select patients. These have modest
benefits, but due to the resistance of cancer to gemcitabine as well as its off target toxicity,
increased overall survival is limited.!®> A number of studies have been carried out to better
understand the irregular gene expression and the alteration in the chromatin structures of the
disease.'® Of these gene expressions, some, very strongly indicate the pivotal role of histone

deactylases (HDACS) for inducing transcriptional repression through chromatin condensation.
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The progression of carcinogenesis has been attributed to the anomalous acetylation of histone
tails.**” Histone deacetylases are a class of enzymes that control critical cell functions by
regulating the acetylation states of histone proteins and other non-histone protein targets.*'8t
also plays a vital role in cancer initiation and progression.*'®2% In healthy cells, histone
acetylation is precisely controlled by histone acetyl transferase (HAT) and HDAC but hyper-
acetylation of oncogenes or hypo-acetylation of tumor suppressor genes is often seen in
carcinogenic cells.*?122 Histone acetylation and deacetylation processes are controlled by
histone acetyltransferases (HATS) and histone deacetylatransferases (HDACs).*?® Lately, HDAC
inhibitors have become largely popular as anti-cancer treatment drugs.'6122 HDAC inhibitors
disrupt the cell cycle and induce apoptosis. They interact with the catalytic site of HDACS, block
substrate access and promote hyper acetylation of histone terminals.*®

18 different HDAC isozymes have been identified in humans, and these are grouped, into
four major classes. These classes are; class | (HDACL, 2, 3, and 8), class Il (HDAC4-7, 9, and
10), class 111 HDACs (sirtuins), and class IV (HDAC11).12+126 |t has also been reported that
class | HDACs appear to be expressed only in the nucleus, while class I HDACs are found both
in the cytoplasm and the nucleus.*?” Among all of the HDAC isozymes, HDACS has been
reported to regulate the expression of tumor suppressor protein p53 in a HoxA-dependent
manner*?®-130 and has drawn a lot of attention as a target for several diseases including multiple
types of cancer.!?#13 HDAC-8 and other HDAC enzymes in the class | category have been
reported to bind to numerous transcription factors via nuclear-hormone corepressors NCOR
(nuclear-receptor corepressor) and SMRT (silencing mediator for retinoid and thyroid-hormone
receptors). Post binding to the strands of the chromatin, these enzymes operate via the

mechanism of deacetylation of the histone tails and induce transcriptional repression.2%132 This
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repression, prevents the eventual production of various proteins and enzymes that regulate a

plethora of cellular processes including: cell cycle, apoptosis, stress response, and DNA repair.
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Scheme 3. Acetylation of Polylysine Block

A number of HDAC inhibitors have become popular as anti-cancer therapeutic agents
and several studies have also shown these inhibitors to be active in vivo and in vitro for
pancreatic cancer treatment.!'8133-135 \various compounds have gained popularity as HDAC
inhibitors, which operate by blocking substrate access to the enzymes and thereby induce cell-
cycle arrest and apoptosis in vitro and also have been reported to be successful for in vivo
investigations.*-13 HDAC inhibitors can be structurally grouped into at least four classes:
hydrox-amates, cyclic peptides, aliphatic acids and ben-zamides.**° The most common HDAC
inhibitors known to block HDAC activity are tri-chostatin A (TSA)** and suberoylanilide
hydroxamic acid (SAHA).124142-144 A number of other inhibitors like SNDX-275, MGCD0103
and valproic acid'*>%® have also been reported to show selective inhibition effects on HDAC
class | and V.14 Healthy cells do not normally get affected when treated with HDAC inhibitors,
whereas cancer cells have been reported to exhibit inhibited differentiation and undergo cell
death.'*31% The mechanism of action of HDAC inhibitors are inferred to be due to altered gene
expression and changes in non-histone proteins via regulation at the epigenetic and post-
translational modification levels. HDAC inhibitors also induce upregulation of the cell cycle

gene p21, blocking the CDK complexes and leading to apoptosis via cell cycle arrest, 4915
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Apoptosis induced by HDAC inhibitors is often seen to be simultaneous with the activation of
caspases although SAHA has been proven to induce cell death in its absence; whereas, other
HDAC inhibitors require activated caspases to degrade chromosomal DNA.!

In this work we aim to show a substrate for HDAC-8 which is an acetylated block
copolymer comprising a polyethylene glycol and a polylysine block. Upon acetylation of the
lysine residues these polymers are able to form self-assembled structures owing to the distinct
hydrophobic-hydrophilic blocks when dissolved in a non-selective solvent and then nano
precipitated to a selective (hydrophilic solvent).

Our hypothesis is to provide a large number of acetyl groups to the HDAC enzymes in
the cancer microenvironment. This should interfere with the deacetylation of the histone proteins
of the cancer cells and alter epigenetic pathways. Lysine was selected as it can be easily
acetylated via chemical alteration and HDAC enzymes are largely specific for acetylated lysine
residues. These lysine residues are normally found throughout histone proteins that surround
DNA and ultimately help regulate DNA transcriptional activity. While HDAC is acting on the
nanoparticles acetylated lysines, an encapsulated drug within this nano-structure will rapidly
release as HDAC enzymes deacetylate the lysine residues leading to collapse of the nanoparticle.
To the best of our knowledge such a system has not been devised earlier although various
PEGylated nanocarriers for the delivery of HDAC inhibitors have been reported.’®152153
Results and Discussion

Self-assembly of polymersomes. To investigate if the acetylated polymers would form
self-assembled structures at the molecular scale, we used fluorescence based measurements with
pyrene as a probe to determine the critical aggregation concentration (CAC) of the copolymers.

The ratio of the first (A373 nm) and third (Asss nm) peaks in the fluorescence emission spectra of
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Figure 16. Characterization. (a) CAC plot of the acetylated PEG-b-polylysine (b) Particle
size distribution of the different functionalization degrees of the polymers, (c) TEM image of
the 100 % functionalized polymersome pre incubation and (d) Post overnight incubation with
HDACS.

pyrene indicate the stability of assembled structures. We observed that the ratio of 1373/l3s4
decreased with increasing concentration after which it remained almost the same (Figure 16a).
The CAC value of the larger length polymer (n=200) was determined to be 2.2 x 10°® M and
CAC for the smaller polymer as 5.26 x 10°® M. This indicate the minimum concentration for
these polymers to form stable self-assembled structures is in the micro molar range. The
copolymers were found to form self-assembled polymersomes under nanoprecipitation condition
from DMSO to an aqueous buffered solution of pH 7.4. They exhibited an average diameter of
108 = 10.7 nm (n = 5) when formed under similar conditions (Figure 16b). These polymersome
solutions were found to be stable for up to 4 weeks when stored at 4 °C. When incubated with
HDACS at 37°C overnight these polymersomes showed a reduction in size. This observation is
possibly due to the breakdown of the acetyl groups by HDACS and the collapse of the self-
assembled structures due to the loss of the hydrophobic block. Transmission electron microscopy

(TEM) showed a distinct population of polymersomes at pH 7.4. The particles post incubation
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with HDACS did not show any discernible structures on the TEM grid as they had collapsed due
to the deacetylation leading to the loss of hydrophobicity of the polylysine block. (Figure 16c¢, d).

Polymersomes as substrate for HDACS8. We then checked whether the acetylated
polymersomes would be a substrate for HDACS8 enzymes. A fluorimetric assay was performed
using the Fluor De Lys kit where the HDACS8 enzyme was treated with Flour De Lys and
different concentrations of polymersomes. This kit utilizes an acetylated lysine residue and after
being deacetylated will produce fluorescence upon adding a developer reagent. The emission
spectra is then monitored over a period of time. It was observed that with increasing
polymersome concentration the emission intensity decreased which indicates lower binding to
the Fluor De Lys substrate and increasing binding to the acetyl groups of the polymersomes

(Figure 17a).
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Figure 17. Fluor De Lys. (a) Emission intensity plot of the Flour De Lys assay in presence of
different polymersome concentrations and without it (b) Release plot of encapsulated 5(6)
carboxyfluorescein in the presence of 850 nM HDACS, 3 uM HSA and 3 uM Trypsin.

Enzyme mediated release of encapsulated dye. To investigate the encapsulation and
release properties of the acetylated polymersomes, a model dye (5(6)carboxyfluorescein) was
encapsulated within the polymersomes by co-precipitation as described in the previous section.
The release of the dye from the polymersomes was studied at different conditions by monitoring

the emission spectra of the released dye by exciting it at a particular wavelength (492 nm) and
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plotting the emission intensity at 517 nm as a function of time to calculate the percentage release.
The release experiments were carried out in the presence of 850 nM HDACS8 enzyme, 3 UM
Human Serum Albumin (HSA) and 3 uM trypsin (concentrations derived from standardizing the
Fluor De Lys assay). The release was monitored for a period of 6 hours and it was observed that
almost 100% of the dye was released in the presence of HDACS at the end of 3 hours while for
HSA and trypsin around 35-40% of the dye content was released at the same time frame (Figure
17b). This led us to infer that the rate of release of the encapsulated cargo is faster in presence of
HDACS than other proteins and enzymes, which is an indication of some specific interactions
between the enzyme and the polymersomes in all probability mediated via the cleaving of the
acetyl groups by the enzymes. The release of the encapsulated dye in presence of trypsin and
HSA can be attributed to a non-specific interaction and a diffusion based release due to osmotic

difference.
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Figure 18. Release with HDACS. (a) Release plot of encapsulated dye at various HDACS8
concentrations and (b) Release plot of 5(6)carboxyfluorescein in the presence of 1 uM HDACS
and HSA. (c) Evolution of carboxyfluorescein release in the presence and absence of SAHA and
(d) Release profile of the dye in the presence of activated and deactivated enzyme (1 uM).
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We narrowed down the time of release to 1 hour with monitoring at smaller time intervals
in order to study the kinetics of release better. These experiments were carried out with different
HDACS concentrations as well as the same concentration for both HSA and HDAC in order to
check the specificity of the enzymes in mediating this release. We observed there was a
concentration dependent release. HDACS at the highest concentration (1 uM) was able to release
almost 50% of the dye at the end of one hour. Whereas a lower 100 nM enzyme concentration
release was only 15% (Figure 18a). This confirms our hypothesis that the greater the number of
enzymes available to the substrate to cleave the acetyl groups the faster the collapse of the self-
assembly and the greater release of dye. When treated with HSA there was less than 10% dye
release at the end of one hour (Figure 18b), which further confirms the release of the dye is in
fact enzyme mediated and any release observed with other substances (trypsin or HSA) was due
to the diffusion of the dye across the membrane and is nonspecific in nature. Furthermore, to
investigate whether the release profile had an impact in the presence of an inhibitor we added 1
UM SAHA along with the enzyme and monitored the release of the encapsulated cargo (Figure
18c). We observed that there was almost total suppression of release of carboxyfluorescein in
presence of the inhibitor. This leads to us infer that the release observed earlier was enzyme
specific and in the presence of the inhibitor there are few enzymes available to cleave off the
acetyl groups thereby exhibiting almost no increase in emission intensity over time. A similar
observation occurred when the polymersomes were treated with deactivated HDAC8 enzymes
(Figure 18d). Both these results indicate that the enzyme in its active form interacts with the
polymersomes and destabilize the self-assembled structures leading to a total collapse of the

nanostructures and release of the encapsulated cargo.
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Enzyme mediated release of anti-cancer drug. We wanted to check the potency of our
system to encapsulate and release a hydrophobic anti-cancer drug (napabucasin) known for its
potency to induce cell death in cancer stem cells by a STAT3 inhibition mechanism.”*%* The
polymersomes were found to have an encapsulation efficiency of 58.5% and a loading content of
13.5%. The polymersomes aexhibited an enzyme catalyzed temporal release (Figure 19) with
almost 100% of the drug released at the end of 3 hours. This observation is in line with the dye
release observed with 1 UM enzyme and further corroborates the hypothesis that the disruption

of the self-assembly in the presence of HDAC enzymes will lead to the release.
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Figure 19. Release of Napabucasin in the presence of HDACS8

Cellular studies and cytotoxicity measurements. We first checked for toxicity of the
polymer alone at concentrations 10-20 times higher than those used for drug encapsulated
experiments (Figure 20a). The lack of cellular toxicity at these levels would indicate that we are
in fact activating the enzyme as a substrate and not completely inhibiting its activity, which has
been shown to not only initiate cell death but also produce significant side effects in human
trials.?®>1% These findings are also consistent with previous studies that have shown little effect

in solid tumor cell lines with HDAC specific inhibitors.'®” The unencapsulated napabucasin was
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Figure 20. Cellular Toxicity Studies. (a) HDAC NP (b) unencapsulated napabucasin at
varying concentrations. (c) HDAC NP with napabucasin encapsulated and (d) comparison
between cell lines treated with HDAC NP at 500 nM napabucasin concentration.

*** p-value <0.001 n=6

tested at varying concentrations (Figure 20b). A dose dependent response was seen in the

cancerous cell lines while the normal HPNE cells lacked a significant response until

concentrations were greater than 2 uM. This lack of response from HPNE is consistent with a

previous study that targeted STAT3 as these cells appear to be less dependent on this protein for

proliferation.’>® Most intriguing, is what happens when napabucasin is encapsulated into the

HDAC polymersomes system. We see a near 10-fold increase in potency and a powerful

cytotoxic effect, especially in the stem cells (Figure 20 c/d). A potential mechanism for this

increased efficacy may relate to an HDACS8 and STAT3 co-repressor complex identified by

Kang et al in colon cancer cells.*>® Where HDACS8 and STAT3 complex and repress BMF’s

(Bcl-2 modifying factor) apoptotic effect. The HDACS protein levels (Figure 21.) seen in each
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cell line have a correlation coefficient of 0.9 when comparing the amount of protein to cellular
viability. This indicates the amount of HDACS protein that is normally made within each cell
plays a vital role in cell survival and when this protein is low, cells are more susceptible.

The dose response curves were made by averaging at least three repeats at various drug
concentrations. The free napabucasin needed significantly higher doses to produce the same
effect as seen in the HDACS8 nanoparticle formulations (Appendix, Figure 8). A dose of 1-2 um
was needed to see significant cell toxicity and death in the free drug group and a more linear
dose-response is seen as more drug is then able to diffuse into the cell and begin acting on the
STATS3 proteins. When napabucasin is encapsulated into the HDACS8 nanopatrticle it allows for a
more rapid and higher initial accumulation of the drug inside of the cell. This produces a more
sigmoidal curve as STAT3 within the cell is quickly inhibited leading to downstream apoptosis.
Also of note, is the slope of the curves for HDA8 nanoparticle treated cells correlates to the
relative expression of STAT3 in these cells. A steeper curve, indicating higher toxicity, is seen

in the cell lines with less STAT3 protein.

I Control
HDACS Protein Levels |l HDAC NP

[ |Free Nap

Normalized Values

HPNE PANC-1 MIA-Paca-2 Stem

Figure 21. HDACS Protein Levels. Relative amount of HDACS protein using a cell based
ELISA. n=8
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Conclusion

HDAC inhibitors have, so far, shown limited efficacy in treatment of solid tumors.®" An
exact biological reason for this lack of efficacy is yet to be determined. However, we have
presented a novel polymersome substrate for HDAC enzymes as an alternative to full inhibition.
Composed of block co-polymers with lysine residues, the polymersomes are acetylated to form
self-assembled structures with an average diameter of 100 nm. These polymersomes were found
to be an active substrate for HDAC8 enzymes and likely other class | HDACs that were not
tested. The polymersomes were capable of both encapsulating and releasing encapsulated cargo
(drugs and dyes) in an enzyme mediated release in a temporally controlled fashion. Additionally,
napabucasin, when encapsulated into the polymersomes showed a 10-12 fold increase in
potency. The increased cytotoxicity could be accounted for by HDACS and STAT3’s
corepressor complex that prevents transcription of BMF. Inhibition of both HDACS8 and STAT3
would then allow for increased BMF leading to enhanced apoptosis. HDACSs are ubiquitous
among cells, but their exact role seems to be slightly different, especially among cancer types
and even cell types within these cancers. Targeting HDAC enzymes appears to be a promising
strategy for cancer treatment whether it is inhibition or as a mechanism for drug release. Further
development and a greater understanding of the epigenetic biology is warranted.

Materials and Methods

Materials. PEG-b-polylysine was purchased from Alamanda polymers, all other
chemicals were purchased from Sigma-Aldrich, and anhydrous solvents were purchased from
VWR, EMD Millipore. Fluor De Lys® HDAC fluorometric activity assay kit was obtained from
Enzo Life Sciences. *H NMR Spectra were recorded using a Bruker 400 MHz spectrometer
using TMS as the internal standard. IR Spectra were recorded using an ATR diamond tip on a

Thermo Scientific Nicolet 8700 FTIR instrument. DLS measurements were carried out using a
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Malvern instrument (Malvern ZS 90). UV— visible and fluorescence spectra were recorded using
a Varian UV-vis spectrophotometer and a Fluoro-Log3 fluorescence spectrophotometer,
respectively. TEM studies were carried out using a JEOL JEM2100 LaB6 transmission electron
microscope (JEOL USA) with an accelerating voltage of 200 keV.

Acetylation of PEG-b-Polylysine. Acetylation of PEG-b-polylysine was carried
following the procedure mentioned by Thoma et al.1®°, with slight modification, 100 mg (0.0026
mmol) of the PEG-b-polylysine was dissolved in a 4:1 DMF: 2,6-Lutidine solution and cooled in
an ice bath. To this a 1 mL DMF solution containing 0.526 mmol acetic anhydride was added
slowly. The reaction mixture was stirred at 0°C for 18 hours and precipitated into cold diethyl
ether followed by centrifugation at 8000 rpm for 30 minutes with centrifugation step repeated
twice to provide a higher yield. The polymers were then characterized using *H NMR
spectroscopy. Different levels of acetylation were used for the polymer with 200 lysine units and
the one with maximum functionalization was chosen due to its optimal size. In order to compare
the effect of the number of lysine residues and varying chain lengths a similar study was
conducted with 100 lysine residues and 100% functionalization.

Determination of the degree of functionalization. To determine the number of lysine
residues that have been acetylated, a ninhydrin test was performed on the starting material and
the products.'® Briefly, 2.5 mg of the polymers were dissolved in 2.5 mL of DMSO to which a
few drops of freshly prepared ninhydrin solution (200 mg of ninhydrin in 10 mL ethanol) was
added and heated in a water bath at 85°C till color development was observed. The absorbance
of each sample was measured and the percentage functionalization was calculated using the
following equation:

Abstest —Absblank

mg of a — amino acid =
EAbsstanard - Absblank
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Preparation of HDAC8 enzymes and assay buffer. The cDNA containing plasmid
(mammalian expression vector pPCMV-SPORT) was purchased from Open Biosystems
Huntsville (clone ID 5761745). The HDAC-8 gene was amplified by PCR reaction using forward
and reverse primers. Following ligation of the PCR product with pLIC-His expression vector
(obtained as a gift from Prof. Stephen P. Bottomley, Monash University, Australia), the
recombinant plasmid (pLIC-His6-HDACS8) was transformed into E. coli BL21 codon plus DE3
(RIL) chemically competent cells (purchased from Stratagene) for expression of the HDAC-8
enzyme. The transformed cells cultured in LB medium at 37C to reach OD600. At this point the
culture supplemented by 100 uM ZnClI2 and the culturing continued at 16C for 16 additional
hours. Cells harvested by centrifugation at 5000 rpm. The pellet was sonicated using lysis buffer.
The resulting lysate centrifuged (15000 g for 30 min at 4C) and filtered to remove cell derbies.
Pure HDAC-8 enzyme obtained using HisTrap column on AKTA purifier UPC 10 (GE
healthcare Life Sciences). SDS-PAGE agarose gel and catalytic activity analysis confirmed the
presence of the HDAC-8 enzyme. The HDACS assay buffer had the following composition: 50
mM Tris-HCI buffer, containing 137 mM NaCl, 2.7 mM KCI, 1 mM MgCI2, 1 mg/ml BSA, pH
7.5 while the HDACS lysis buffer comprised 50 mM Tris-HCI, 150 mM KCI, 3 mM MgCI2,
1mM 2-mercaptoethanol, 1 mM PMSF (Phenylmethylsulfonyl fluoride) and 0.25 % Triton X-
100, pH 8

Encapsulation of 5(6) carboxyfluorescein. 5(6)Carboxyfluorescein was encapsulated
by the following procedure, briefly, 10 mg of the polymer and 1 mg of 5,6-carboxyfluorescein
were dissolved in 250 uL. DMSO and was then added dropwise to a 750 puL PBS buffer solution
under magnetic stirring. This was left stirring for an hour at room temperature followed by

dialysis (MWCO 1-1. 5 kDa) against 800 mL PBS buffer with regular media change till no
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further discoloration of the media was observed. 20 puL of Triton was added to disintegrate the
polymersome and the fluorescence emission intensity was measured for total release after
disintegration. The cumulative percentage release was plotted versus elapsed time. Percentage
release was calculated using the following equation:

Emi intensity after rel — Emi intensity before rel

% release = —— - - — .
° Emi intensity after Triton rel — Emi intensity before rel

x 100

Determination of the critical aggregation concentration (CAC) of the polymers. To
evaluate the aggregate forming capacity of the copolymers and to estimate their systemic
stability, we determined the critical aggregation concentration (CAC) of the synthesized
architectures. A stock solution of 0.1 mM pyrene in dichloromethane was prepared. An aliquot
of 10 pL of this solution was taken in a set of vials, and dichloromethane was allowed to
evaporate by air-drying. To each of these vials, various measured amounts of the acetylated
polymers were added (from a stock solution of 10 uM) so that the concentrations varied from
0.15 to 5.5 pM and the final concentration of pyrene in each vial remained 1 pM. The vials were
sonicated for 1 h 30 min and then allowed to stand for 3 h before recording the fluorescence
spectra. The fluorescence emission spectra were acquired at an excitation wavelength of 337 nm
with slits of 2.5 nm (for both excitation and emission). The ratio of the intensities at 373 and 384
nm were plotted against the concentration of the polymer, and the inflection point of the curve
was used to determine the CAC."%150

Preparation of polymersomes. We employed nanoprecipitation, also known as the
solvent shifting method, from a selective solvent (DMSO) to a nonselective solvent (buffer). The
acetylated polymers were dissolved in 250 pL of DMSO, and the solution was added dropwise to
750 uL of PBS buffer (pH 7.4). The resultant solution was transferred to a float-a-lyzer dialysis
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device (MWCO 3.5-5 kDa) and dialyzed against 800 mL PBS buffer (pH 7.4) overnight with
constant shaking at moderate speed. For the napabucasin encapsulated polymersome system, 10
mg of the polymer and 5 mg of napabucacin were dissolved in 250 pL of DMSO and added
slowly dropwise to a separate vial containing 750 uL. of PBS (pH 7.4) with constant stirring. The
solution was allowed to stir overnight followed by filtration using an ultracentrifuge filter
(MWCO 3.5-5 kDa) at 5000 rpm for 3 hours to prepare the purified polymersomes. Then the
resulting polymersome suspension was dispersed in chilled (4 °C) buffer to a concentration of 10
mg/mL. Polymersomes were tested for size prior to use to confirm formation and observe for
aggregation. The filtrate was used to quantify the amount of drug encapsulated. The
encapsulation efficiency was calculated using the following equation:

Amount of drug added — Amount of drug in filtrate

Encapsulation ef ficiency (%) = Amount of drug added

X 100

Particle size and zeta potential analysis of polymersomes. The hydrodynamic
diameters of resulting polymersomes prepared from the acetylated block copolymers were
determined using Dynamic Light Scattering (DLS) at a scattering angle of 90°. For zeta potential
measurements a sample concentration of 10 mg/mL was used and the zeta potential was
determined in terms of electrophoretic mobility by taking an average of 5 readings. For all of
these measurements, the sample solution was filtered using a 0.45 um PES filters.

Size analysis using TEM imaging. A drop of polymersome sample (obtained from the
acetylated polymers) was placed on a 300-mesh Formvar carbon coated copper TEM grid
(Electron Microscopy Sciences) for 1 min and wicked off. Phosphotungstic acid 0.1%, pH

adjusted to 7— 8, was dropped onto the grid and allowed to stand for 2 min and then wicked off.
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Polymersomes incubated with HDACS at have been investigated for their microstructure by
TEM at 200 keV.

Fluor De Lys® HDAC fluorometric assay. The assay was performed on a microplate
reader. Varying polymersome concentrations were used and the HDACS8 concentration was
optimized to be 850 nM. The Fluor De Lys® substrate concentration was maintained at 200 uM.
The excitation wavelength was 360 nm and the emission recorded at 460 nm. The emission
spectra was monitored for a period of 4 hours.

In vitro release of napabucacin. In vitro drug release was studied at two different
conditions in the presence of 1uM HDACS and in its absence using the same buffer solution. An
aliquot of 1 mL of the drug encapsulated polymersomes was taken in different Float-a-lyzer
(MWCO 3.5-5 kDa) chambers against 5 mL of media. After a specified time interval, 1 mL of
sample was withdrawn and replaced with the same volume of fresh media. The samples were
then analyzed for napabucacin concentration using UV—vis spectroscopy.

Cellular studies. In-vitro studies were carried out using four cell variants. HPNE,
PANC-1, and MIA-Paca-2 cell lines were obtained from American Type Tissue Culture (ATCC)
and subsequently maintained and passaged according to ATCC recommendations. The fourth
cell variant, are patient-derived xenograft pancreatic cancer stem cells obtained from Celprogen.
The stem cells were maintained and passaged using Celprogen recommended media, flasks, and
plates. For all studies, a passage number of less than 10 was used, except for the stem cells
where only passages below 5 were used.

In-vitro cytotoxicity. Cells were seeded in a 96-well plate at a density of 10,000
cells/well and were allowed 24 hours of incubation prior to adding treatments. Polymersomes

containing napabucasin were suspended in serum free cell culture media and added to their
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respective wells. 24 hours post treatment, the cells were washed 3x with phosphate buffered
saline and a 10% concentration of Alamar Blue (Bio Rad) was used to determine cell
viability/cytotoxicity.

Estimation of HDACS protein levels. An HDACS cell-based ELISA kit, obtained from
Abnova, was used to quantify the relative levels of HDACS protein in each cell variant. Values
were normalized using GAPDH and crystal violet cell stain.
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CONCLUSION

The human understanding of medicine has come a long way from ingesting ground up
animal dung and plant matter. Our knowledge of biology, biochemistry, and science in general
would not be where it is without the sacrifices, failures, and breakthroughs that came before us.
The United States national nanotechnology initiative that began in the year 2000, jump started
the field of nano research. Nanomaterials now encompass many scientific disciplines from
chemistry and biology to physics and engineering. We are nearing a time of exponential growth
in nanomedicine and nanomaterials as we have learned basic design principles, and have seen
their vast potential. This potential is seen in our hypoxia responsive nanoparticles that were able
to decrease tumor growth by as much as 260% or the potential of increasing efficacy as our
HDAC responsive nanoparticles showed a 10-fold greater potency.

Chemical modifications to nanoparticles have further effected the way nanoparticles
interact with our bodies, leading to significant increases in circulation time and ability to target
cells expressing specific receptors. Environment responsive qualities further add specificity and
can allow for increased accumulation either at the therapeutic site of action or the tumor site in
general. Inclusion of these alterations along with consideration of basic design principles (drug
selection, biocompatibility, and size) produced significant tumor core necrosis, tumor
suppression, and no apparent severe toxicity in an animal model of disease. However, this
represents the response from only one genetic line. In clinical medicine we encounter wide
variability of genetics that will play a role in treatment outcome. The HDAC responsive
polymersomes tested four different cell lines, each with their own genetic profiles and mutations.

Treating different cells led to significantly altered reactions to treatment depending on cell
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characteristics (Figure 20). We even saw that the same cells (BXPC-3) will respond differently
to treatment depending on their oxygenation (Figure 6).

A nano-sized approach to disease forces us think small to get big results. We have a
plethora of small therapeutic molecules that have shown promise through cellular testing, small
animal models, and even into clinical trials. Yet, failure results in greater than 90% of cancer
clinical trials. Our studies show that we can increase effectiveness of these agents that had
previously showed promise, but failed due to severe side effects or failure to demonstrate
improved outcomes. Gemcitabine, for example, has been used for over 20 years (FDA approved
1996) and our simple encapsulation protocol led to a more effective formulation that reduced
tumor size 42% more than standard gemcitabine. Doxorubicin, known for cardiotoxicity, was re-
formulated as a nanoparticle formulation to offset cardiotoxic effects. Many other FDA approved
medications currently exist that have black box warnings for various toxicities that may also be
able to be re-formulated as a more targeted nanoparticle therapy with lower incidence of toxicity.

For the future of nanomedicine, there are many non-biological aspects that also need to
be considered. During drug development, there will be added difficulties in formulation; can we
control aggregation, maintain consistent nanoparticle size, stability and storage requirements.
Safety, especially in patients with decreased liver and kidney function. Cost, a factor that is
continually highlighted with new treatments. Higher development costs along with potentially
shorter expiration dates caused by lower stability of the nanoparticle vs. dried powder of the drug
will lead to higher costs to patients.

The mass production of nanoparticles will be necessary to facilitate wide use of
nanomedicine therapies. However, this is easier said than done. Changes in speed or agitation of

mixtures significantly effects the nanoparticle size and drug loading can become hindered at
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higher volumes of production.t®1:162 New processes such as flash nanoprecipitation are able to
produce tunable particles sizes in the range of 50-500 nm with variability under 10%. Yet this
technique is not feasible for all nanoparticle forms (currently optimized for polymeric
nanoparticles). As with many manufacturing processes nanomedicine production may not have a
universal standard of production and new technologies and strategies are being developed to
address this looming problem.

Today, many diseases and conditions have available medications that work very well,
have low side effects, and low costs. A nano formulation of every drug for every disease is not a
realistic or even practical idea. However, many diseases exist that require a more non-traditional
approach. The blood-brain-barrier, makes hydrophilic drugs useless for treatment without a way
of penetration, which can be done using nanoparticles. Gene therapies require delivery of
sensitive DNA modulating agents, which can be done using nanoparticles. The list of possible
uses for nanomedicine continues to grow every year. Continued experimentation, ingenuity, and

desire to help people will push nano formulations to clinical use and beyond.
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Figure A8. Dose-Response Curves. Dose-response curves for the four different cell lines are
shown. Column (a) represents each cell type exposed to free napabucasin given in doses ranging
from O um up to 4 um. Column (b) represents each cell type exposed to HDACS responsive
nanoparticles with varying concentrations of encapsulated napabucasin ranging from 0 nm up to
1pum.
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