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ABSTRACT

Title of Dissertation: Water Soluble Polymer Drligerapies for Targeted
Delivery to Pancreatic Cancer
Joseph D. Stanton, Doctor of Philosophy, 2014
Dissertation directed by: Peter W. Swaan, Ph.D
Professor
Director, Center for Nanomedicine and Cellibafivery
Department of Pharmaceutical Sciences

University of Maryland, Baltimore School of Riveacy

Current therapies of advanced staged pancreaticecaare limited by poor
response and high toxicity of chemotherapeuticsth®smolecular basis of pancreatic
cancer has become better understood the needtéogeted therapy could help provide
an increase in therapeutic response while alsdifighside effects. N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer drug conjugatesendemonstrated their potential
use as carriers of small molecule drugs to impiaecer therapies. The overall goal of
this research was to develop a polymer peptide drogjugate based on HPMA
copolymers, which can increase the therapeuticximdigpancreatic cancer chemotherapy.
Previous investigation of the uMUCL1 receptor, whila glycoprotein overexpressed on
the surface of pancreatic tumors, has lead to ¢veldpment of EPPT1, a small peptide
has been found to have a strong binding affinituMUC1, (Ky=20uM). Our hypothesis

HPMA copolymer with an active target EPPT1 to thUC1 receptor will enhance



therapeutic action of a cancer chemotherapeutig dach as gemcitabine. In this study,
we were successful in the synthesis and charaatenizof a series of HPMA copolymer-
EPPT1-Gemcitabine conjugates. Using model pancreaincer cell lines, the binding
efficiency, internalization and mechanisms of delluuptake were evaluated with
polymer EPPT1 conjugates. Polymer gemcitabine gatgs were evaluated for efficacy
against free gemcitabine. The optimized polymetideprug conjugates were evaluated
for efficacy and drug release. Results during sgsithand characterization indicated that
copolymer vyield, solubility and performance werduanced by each incorporation of
peptide and drug. Flow cytomentry determined tlodyrmper peptide conjugates were able
to bind with Capan-2 and Panc-1 cell lines. Confac&roscopy verified that polymer
peptide conjugates were not only getting interraimto the cytoplasm but also routing
to the lysosome. Using endocytosis inhibitors, camdd that polymer peptide conjugates
use clathrin mediated endocytosis pathways wheimgetternalized into the cell. Drug
release studies revealed that gemcitabine willathetd from the polymer in lysosomal
conditions. Polymer drug conjugates compared &® fgemcitabine alone against
pancreatic cancer cells in MTT assay had equataffi. Attachment of the active
targeting moiety EPPTL1, exhibited that polymer pkptirug conjugates were superior in

killing cells to free gemcitabine alone.
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Chapter 1. Introduction

1.1 Introduction

Pancreatic cancer is th& 4eading cause of cancer-related death in the UrStates-.
New disease cases for 2014 were projected to bet &&000 cases with a probable
39,000 patients dying from the diselaskhe overall 5 year survival rate among patients
with pancreatic cancer is <8% Pancreatic cancers cause is yet to be determined
however, several environmental factors and genatitations have been implicated.
Approximately 5 to 10% of patients have a familgtbiy of the diseaseThe main types

of treatment for pancreatic cancer are surgeryiatiad and chemotherapySurgical
removal is often deemed too difficult due to thealion of the pancreas and will only be
used if the cancer is localized. Radiation thergpyften used in combination with
surgical removal and/or chemotherdp¥y

The chemotherapeutic Gemz@r (gemcitabine HCI), is a nucleoside analogue that
exhibits antitumor activity and has been extensiveliewed for antitumor efficalylts
mechanism of action is to inhibit DNA synthesiscefls in the G1/S-phase boundary of

the cell cyclé. Although our focus for this drug is primarily rfpancreatic cancer,



gemcitabine is used as a chemotherapy for sevérat cancers as wéllGemcitabine
(Gem) is considered to be the frontline therapydancreatic cancérin 2010 clinical
trials i.e. gem was compared against the previoutiér therapy for pancreatic cancer, 5
fluoruracil (5-FU). Patients treated with gem shdvegatistically significant increases in
clinical benefit response which involves surviviahé¢ and time to disease progres8ion
However, clinical investigations with the drug halewn that long-term treatment may
lead to several adverse side effects and toxitit®em treatment is associates with non-
specific toxicity such as suppression of bone marfoinction as manifested by
leucopenia, thrombocytopenia and anemia. Pulmotwigities and renal failure have
also been reportédThe effectively reduce gemcitabine’s toxicity ptefithe rationale of
this project is to use a novel drug delivery systeade of HPMA copolymer backbone
containing gem covalently attached to the polymeaie-chains. This system could
enhance efficacy and reduce non-specific toxicytyusther attaching an active targeting
moiety.

HPMA copolymers are widely used as drug carfittsFavorable properties of HPMA
polymers are: they are highly water soluble, nomimogenic, and are amenable to
large-scale production. HPMA copolymers have beppleyed as drug carriers to
modify in vivo biodistribution of several chemothpeutic agents and enzynté&$? They
are not concentrated by any body tissue and arenglied primarily through the kidneys.
HPMA copolymers have also been proven to be safé effective in cancer
chemotherapies. HPMA copolymers can be tailor-masigh simple chemical
modifications to regulate drug and targeting moigiptent for optimum biorecognition,
internalization or subcellular trafficking depenglion specific therapeutic neétis®?’

2



Gem will be covalently linked to the HPMA backbowm a glycine-phenylalanine-
leucine-glycine (GFLG) side chain. This degradgiptide linker is used because it is
stable in circulation but cleaved by lysosomal gases such as cathepsin B once
internalized by endocytosis. This linker is ess@rfor polymeric drug delivery because
the drug remains inactive while bound to the linket once cleaved while in the
lysosome it becomes active. Moreover, by linking thug to the polymer, its route of
entry into cells is limited to endocytosis, whicbtgntially can bypass mechanisms of
drug resistance such as efflux puips- %

HPMA copolymer based drug delivery systems utilize enhanced permeability and
retention effect (EPR) taking advantage of the miggical disturbances caused due to
cancer. The most significant physiological chanastie of tumor tissue is its leaky
vasculature, which in this case allows drugs tspaty localize near the tumor. Tumors
are also associated with a decreased lymphatioaiyaj which allows macromolecular
drug delivery systems to be retained for a longeet" * However, heterogeneity of
clinical presenting cancers makes it difficult &heeve uniform drug distribution at the
tumor site. Also the EPR effect is very tumor spe@nd provides only a passive form
of targeting; thus, a targeting moiety is necessarfurther increase the amount of drug
specifically endocytosed by the cancer ¢8lls

Active targeting is the key to utilizing the HPMAlgmeric drug delivery system. Mucin
1 (MUC1) is an ideal candidate for targeting beeaokits large over expressed mucin
granules that are exposed on the apical surfacalmbst all human epithelial cell
adenocarcinomas including pancreatic caft¢&rThe mucin molecule has been found to
extend about 100-200nm above the surface, whi&hli8 fold higher than the length of
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most membrane molecules. In normal tissue, MUGQteavily glycosylated however, in
neoplastic tissue MUC1 is underglycosylated (uMUCThis reduced glycosylation
permits access to the peptide core and revealspegitthat are normally masked. The
extracellular domain of uMUCL1 is defined by the gaece of the amino acid sequence
PDTRP, which is recognized by many targeting megetiuch as antibodies and peptides.
A small peptide EPPT1 (YCAREPPTRTFAYWG) is the fedar our project because it
can overcome the shortcomings of the monoclonalibaaies, which include
immunogenic response and long plasma half-life. BIPB derived from the CDR3
antibody and has a beta strand type conformatidts a&ctive binding site. Analysis of
the peptide had shown that it has a significanhidyf for the uMUC1 derived peptide
PDTRP with a K = 20uM making it an ideal targeting moiety for qalymer delivery
systemi*4

The rationale of the proposed research is repredesthematically in Figure 1 An
HPMA copolymer-EPPT1-(GFLG)-Gem conjugate has h@efiminarily developed as a
novel drug delivery system for targeting to panticeeancer.The overall hypothesisis
that when delivered systemically this novel polyspeptide-drug conjugate will utilize
the enhanced permeability and retention effecpréderentially accumulate at the tumor
site. The presence of the targeting moiety willtHar permit the polymer to actively
target the uMUCL1 receptor on pancreatic cances.CEHis will ensure that the anticancer
drug Gem will be more effectively delivered by eogmsis therefore increasing its

efficacy while also reducing toxicity (by minimizjraccumulation at non-target sites).
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Figure 1: Project Rationale

Scheme depicting the rationale for targeted druiyehy to pancreatic cancer using HPMA copolymer-
drug conjugates. Upon systemic administration, ipelyconjugates will utilize the EPR effect and béea

to target the uMUCL1 receptor. Upon binding to thaaer cells, the polymer conjugate will be inteized

by receptor-mediated endocytosis and traffic to Iyssomal compartment. In the lysosome, proteases
(e.g. Cathepsin B) will cleave the tetrapeptide (G}-to allow controlled release the drug. The reézh
drug will subsequently escape the lysosomes archriésnuclear target, causing a stop to DNA sysithe
and eventual death. Since polymer-drug conjugatesgecifically delivered by endocytosis, this mes

will bypass resistant machineries in cancer ceithsas p-glycoprotein (PgP) mediated efflux pumps.



1.2 Specific aims

The overall aim of this dissertation was to invgaste the utility of HPMA copolymer
tethered to EPPT1 peptide for targeted delivergeshcitabine to pancreatic cancer cells.
The specific Aims of this research are as follows:

1. To synthesize and characterize the monomer buildtgcks and HPMA
copolymer conjugates for targeted delivery to peatic cancer cell lines.

2. Systemically evaluate polymer peptide conjugates tbogeted delivery and
polymer drug conjugates for cytotoxicity to pantie@ancer cell lines. HPMA
copolymer EPPT1 conjugates will be evaluated vitro for binding and
internalization. HPMA copolymer Gem conjugates Wil evaluatedh vitro for
efficacy.

3. From the evaluation of optimized polymer peptid@jagates and polymer drug
conjugates in aim 2, synthesis of polymer peptidegcconjugates fom vitro
binding, internalization, drug release and efficaeyl be completed. HPMA-
EPPT1-Gem conjugates will also be tested for delgpse and efficacy.

These specific aims were formulated to test thieiohg hypotheses: Through means of
free-radical polymerization HPMA copolymer peptideug conjugates containing an
optimized amount of the stable EPPT1 peptide antcdabine can be synthesized.
Polymer conjugates with optimum EPPT1 content widmonstrate comparable or
enhanced activities namely binding to the uMUClepgor, cellular uptake by uMUC1
overexpressing cancer cells and improved or equiadamcer efficacy, when compared to

free drug alone or non targeted conjugates.



Polymer conjugates with active targeting and drudl wWemonstration enhanced
therapeutic efficacy in pancreatic cancer celldinrempared to free drug. Release of gem

from the polymer will occur in lysosomal conditions

1.3 Scope and Organization

Chapter 2 of this dissertation presents a miniew\of the literature on pancreatic cancer
and the approaches for treatment of pancreaticecahcthis chapter, the development of
gemcitabine as an anticancer agent and its invaweras chemotherapy for several
cancers but specifically pancreatic cancer areepted. Additionally, the role of MUC1
is explored as an ideal target for drug deliverlyigles, specifically when using the novel
peptide EPPTL1. The function of polymer conjugapasticularly HPMA copolymers are
examined as drug delivery vehicles.

Chapter 3 describes the synthesis and charadtenza the comonomer building
blocks, which make up different HPMA copolymer agggtes.In vitro evaluations of
HPMA copolymers are done to look at the bindingeninalization and cytotoxicity of
different conjugates. This chapter will serve aspmliminary platform for the
development of the final HPMA-EPPT1-(GFLG)-Gem cypter. This chapter will
cover the development of several “control” copolyneenjugates that have different
amounts of EPPT1 and Gem added to the backboneelat both together.

In chapter 4 the synthesis and characterizatiof obnjugates are explored for
further evaluation to determine the optimal cantfidar future studies. HPMA-EPPT1
conjugates are investigated to determine the sliterelfate and to observe the
mechanism of which endocytosis pathway the congugall windup. HPMA-(GFLG)-

Gem conjugates will be incubated with and witholRPE1 peptide in lysosomal
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conditions to monitor drug release. Finally, HPMRIET1-(GFLG)-Gem conjugates are
evaluated for cytotoxicity to compare against fgeencitabine.
In the 8" chapter we summarize the finding of the chapteis gropose future

studies for this project.



Chapter 2. Background

2.1 Introduction

Recently, there has been a large emphasis and @went of understanding the
molecular biology of pancreatic cancer as welltagiagnosis, staging and treatment in
patients with early stage tumors. However, insigaift progress has been in the early
diagnosis, prevention and treatments for patierits wdvanced diseaseMetastatic
pancreatic cancer is a terminal disease becausetieéf clinical treatments are currently
not available. While new drug treatments show pideim preclinical models, pancreatic
cancer deaths are still on the rise. In gendra,tas been attributed to several factors: i)
clinical response is not correlated typically witteclinical model, ii) chemotherapeutics
are dose-limited causing major side effects ank gecificity to their tumor target, iii)
limitations on cellular entry and intracellular okery, iv) tumor development of
resistances to therapies. Although the developraedtdesign of a variety of novel drug
delivery systems show some promise in other caffcate need for a novel delivery
system that can overcome pancreatic cancers dlioltallenges is still not around.
Development of an effective drug delivery systemgfancreatic cancer treatment will be

discussed.



2.2 Pancreas

The pancreas is an organ deep within the bodydirgsbehind the stomach. It stretches
across behind the stomach horizontally and is ottedeto the duodenum via the
pancreatic duct. It is a dual function glandulagaor in the digestive and endocrine
system®. Within those systems there are two different $ypé glands, exocrine and

endocrine. The exocrine gland assists in the tigesystem from cells secreting
pancreatic fluid that contains digestive enzymesiciv break down fats and proteins in
our dief®. The duct drains the fluid directly into duodenutnsmall number of cells in

the pancreas are endocrine. Th@seell clusters are called islets of LangerhanssThi
function of the pancreas produces important glucegelating hormones like insulin that

help balance the amount of sugar in the blood.

2.3 Pancreatic Cancer

Pancreatic cancer is an adenocarcinoma of the @anevhich predominately involves a
mutation in the ductal epithelium cells and evoliesn pre malignant lesions to fully
invasive adenocarcinorifa The cause of pancreatic cancer remains unknoltigugh
there are some indications that several environahéattors may be implicated, along
with hormonal factors, diet and genetics. K-Rasegemtations have been found in over
90% of pancreatic carcinomas, but it is unknown tivae this occurs before the
formation of the actual canéérlt also is believe that family history may alsave an
indirect influencé . This disease continues to be a major health erobh the United
States which, in 2014 roughly 46,000 people (24,0@h and 22,000 women) will be

diagnosed with pancreatic cancéf *% In addition to this high prevalence that has been
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slowly increasing over the past 10 years (in 200®@0 people diagnosed) is pancreatic
cancer is associated with high rates of mortilithn estimated 40,000 deaths in 2014
make this disease one of the most deadly caficéfhe overall 5 year survival rate
among patients with pancreatic cancer is >5%, nugiiis the &' leading cause of cancer
related deatH& Incidence of pancreatic cancer is related to agest commonly found
in the elderly, and less than 20% of patients prieselocalized, potentially curable

tumor- 3" 38

2.3.1 Pancreatic Cancer detection and diagnosis.

Having a reliable screening practice for the assess of cancers has been controversial
because current supportive evidence does not'exixath rates for other cancers such
as, prostate, breast and colorectal cancers hase Slewly declining over the past
decad@ *° Widespread improvement in screening for theseaarhas been attributed to
this decliné * However, with all these screening practices ggtbetter it seems to
have minimal effect for pancreatic cancer. Techesqused for pancreatic cancer have
been limited in abilities to identify, stage andcdte tumorS. The ideal goal for
screening of pancreatic cancer is to detect theadis at an early phase, (pre invasive or
early invasive). Unfortunately, the critical factor of the deadhature of pancreatic
cancer is due to its relatively quiet signs and ptgms' 3 Obstructive jaundice,
abdominal pain and weight loss are among the comimdications of patients with
pancreatic cancer. Despite advancements for otrerecs, today the most common tools
used are biopsy, CT scans, magnetic resonance rima@Rl) and endoscopic
ultrasound (EUS), no ideal single test éxist° These imaging studies are used for the

diagnoses of pancreatic cancer once the tumorger@nough to cause symptomgost
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patients would benefit from an improved screeningd diagnosis but unfortunately, it is
very difficult to find pancreatic cancer edrly *” Although there are many potential
serum biomarkers for diagnosis, an elevated levehbohydrate antigen 19-9 (CA19-9)
is the only one that has demonstrated clinicaluises$ *°. However, use of CA 19-9 as
a biomarker as a screening tool is generally noepted because of its low sensitivity
and specificity”. The signs and symptoms are not only relativegrgday problems but,

the pancreas is located deep within the body stodocannot see or feel tumors during

routine physical exafl The must rely 100% on diagnostic/imaging tools.

2.3.2 Types of pancreatic cancer

Pancreatic tumors are classified similar to thatcafcers arising from other organs.
Classification is done according to cell type arigstructure and behavf6*2 As
described earlier, the pancreas has two glandsrieeoand endocrine, both of which
have different roles in digestion and productiomloicose and insulfi*> Nearly 90% of
all pancreatic cancers are exocrine in that thegirate from the epithelial cells line
forming gland-like structures on the pancreaticttfifé The second most common type
of exocrine pancreatic cancer is mucinous tumorsichv account for <10% of all
tumors® ** This type of tumor forms sac-like structures aedrete muciti. They form
from the pancreatic ductal epithelium and are @ihycless invasive than other types of
exocrine pancreatic canc&ts™ Far less common cancers arise from islet celithé
endocrine duct which only account for <5% of alhp@atic cancers. These types of
tumors include insulinomas and gastrinofflad® However, rather than preventing

endocrine functions, they are often detected dusytmptoms caused by excessive
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hormone levels because the cancerous cells s@dtiging hormones at a high levV8ls

45

2.3.3 Pancreatic cancer metastasis/staging
The advancement of pancreatic cancer has beenstadge be the result of a successive
accumulation of gene mutations in which the carmegins formation in the ductal
epithelium and progresses from premalignant legionfully invasive cancéf. In
pancreatic cancer, metastasis or spreading of dheec beyond its point of origin is
similar to that of other cancers, however pancteancer seems to be a less vascularized
tumof’. Data suggests that the mechanism of invasion mathstasis of pancreatic
cancer as a continuous process by which, a redceledell adhesion, alteration in the
interactions of the tumor cell with the extra cklumatrix, and an invasion into
surrounding tissues including the blood stream Bmuph duct?® *° The E-cadherin-
catenin complex (part of the extra cellular mawwix ECM) which plays a role in the
mediating of homotypic cell-cell adhesion and colstrepithelial cells architecture and
differentiation is present in almost all epithel@@lls®>3 It is recognized as part of the
metastasis proce¥s® An abnormal structure and dysfunction of anyhef nolecules in
E-cadherin-catenin complex has shown to correlath an increase of invasion and
metastatic ability in which cells will spread to jacknt microenvironment, which
includes bordering organs, blood vessels and lympted’ >*°" Studies and years of
research have determined that metastasis occunyniraliver and peritoneal cavity
The staging of pancreatic cancer is based on negsint edition of the American Joint
Committee on Cancer (AJCC) tumor-node-metastaasssitication. From this table the

assessment of resectability of a tumor is deterthingEl, T2 and T3 tumors are
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potentially resectable where as T4 tumors are s&ctable. T4 tumor involvement with

the superior mesenteric artery and celiac artdyg#) of which carry large amounts of
blood and cannot be disrupted. Table 1 denoteadhsmlly staging of pancreatic cancer:
Resectable; meaning the cancer is confined to @inerpas and all of it can be removed.

Locally advanced (unresectable); The tumor hasashi@ tissue and blood
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Table 1: Staging of Pancreatic Cancer

Stage

Tumor Grade Nodal
Status
T1 NO
T2 NO
T3 NO
T1,T2,0rT3 N1
T4 NO or N1

T1,T2,T3, T4 NOor N1

Staging of Pancreatic Cancer
Median
Metastases Survivl mo

Distant

MO
MO

MO
MO
MO
M1

241
20.6

15.4
12.7
10.6
4.5

Charatceristics

Tumor limited to pancreas, £2cm in longest dimension
Tumor limited to pancreas, >2cm in longest dimension
Tumor extends beyond the pancreas but does not involve
the celiac axis or superior mensenteric artery

Regional lymph-node metastasis

Tumor involves the celiac axis or the superior mensenteric
artery (unresectable disease)

Distant metastasis

‘N’ denotes regional lymph nod« ‘M’ distant metastases, and ‘“Tor primary tumors. Data are Hildago

al.

[1].
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vessels around the pancreas but not to other distgans and metastatic; tumor has

spread to distant organs.

2.4 Treatments for pancreatic cancer

There are several treatment options available &iepts with pancreatic cancer some of
which will not be explored in this paper. Most ek would agree that patients with
pancreatic cancer get the best treatment opiniohenwmultidisciplinary teams are
involved. This would include, surgeons, medical and ragifatincologists, radiologists,
gastroenterologist, nutrionist and pain specialigis discussed earlier, there are two
types of pancreatic cancer, exocrine and endocrihile only 2-4% of patients have
endocrine pancreatic cancer, standard treatmemtdh&se patients include surgery,
chemotherapy and hormone ther&pyPrognosis for the type of cancer is strictly
dependent of the type of islet cell cancer andntieglian survival time is between 2-3
years® *® Pancreatic cancer originates in the exocrineafmut 95% of patient$ Due

to metastasis into adjacent or distant organs, rtftae 80% of these carcinomas are
unresectabf. This means that only 20% of pancreatic cancerslatected early enough
for removal. These patients would be eligible dopancreaticoduodebectomy (surgical
removal of the pancreatic head, duodenum, galll@laddd bile duct), with or with the
gastric antrum, this is also known as The Whippberatiot®. However, even after
surgical removal of the tumor, the recurrence rate the tumor is higff.
Chemoradiothearpy followed by chemotherapy is a®rsid to be the best treatment for
postoperative adjuvant therdfyClinical trials were done and shown that with ove

1,600 patients treatments with 5-fluorouracil (5-Fu the gemcitabine (gem) with
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radiation prolonged the overall survival intervéleo2 year survival rate from less than
20% to 30-40%. Therapies for locally advanced pancreatic canerd include tumors
that have locally spread or have encased critigatwlar structures and therefore cannot
be surgically removed. Due to inconsistent resufltslinical trials, the common practice
is to use 5-fu based chemoradation followed by gems-Fu based chemotherapies
Symptomatic relief and prolonging survival is theafof systemic chemotherapy. For
patients with metastatic advanced disease, tumend to be highly chemoresistant;
response rates to multiple classes or agents @rdgimetabolites, alkylating agents,
antibiotics and anthracyclines), used as a singg@iaand in combination therapy are less
then 20%°. Recently, gemcitabine has replaced 5-Fu as thedatd treatment for
metastatic pancreatic cancer. In other recentesydiem has been combined with many
different types of chemotherapeutic agentsaatimetabolite(fluorouracil, pemetrexed),
topoisomerase | inhibitors (irinotecan, exatecgmtinums (cisplatin, oxaliplatin), and
taxanes (paclitaxel, docetaX@l) However, despite the recent advances, metastatic
pancreatic cancer remains to have a dreary progmosi median survival of less than 12
months. This lack of effective treatment remam$é one of the greatest challenges in

clinical oncology.

2.4.1 Gemcitabine
Gemzar® (gemcitabine HCI) (Gem) is a nucleosidelagnee that exhibits anti-tumor
activity and is marketed by Eli Lily and Comp&@y (Figure 2). The first synthesis of
this compound was done in the early 1980s by LHestef®. Its original purpose was to
be used as an antiviral drug but it proved to bectifle against leukemia celis vitro®®.

The empirical formula for gemcitabine HCI iskG1F2N304« HCI. It has a
17
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Figure 2: Structure of Gemcitabine
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molecular weight of 299.66 Gemcitabine HCI a white powder is soluble in wate
marginally soluble in methanol and is almost corgheinsoluble in ethanol and other
polar solvent§ Supplied in a sterile form, the clinical formidat is for intravenous use
only*. Gem is used in a variety of clinical assays &mna agent or in combination with
other drugs. Positive reports of its use in treatnfer patients with non-small cell lung
cancer, breast cancer, pancreatic cancer and ovaarecer prompted gem to be approved
by the Food and Drug administration (FDA) and Eeap Agency for the evaluation of
Medicinal Products (EMEA) in July of 2006°® Gem is considered a pro-drug because
of the fact that it must be converted to a différemmpound in order to exert its efféct
Gem’s pharmacokinetics are linear and described2rcompartment modef® “© It was
shown that volume of distribution of gemcitabineswsignificantly influenced by the
duration of its infusion and gendet” " The halflife for gemcitabine is relatively short.
During short term infusions the clearance was nrealsto be 32-94 minutés™®
However during longer infusions the clearance vhriem 245-638 minufe ® "
Dosages of Gem are varied between 500-3600 Aiy/Bue to its rapid body clearance,
efficacy has shown to be limited, due to kidneyreon and metabolism by certain
enzymes. Gem is easily phosphorylated into an iwvectmetabolite 2 ,2'-
diflurodeoxyurdine (dFdU} ® " Thus longer infusion at high doses is requiredctvh
causes significant side effett® ° Unfortunately, infusion times longer than 60mins
and more than once a week treatment have shownadmsrse reactions in patichtin
hematology, suppression of bone marrow function capur leukopenia,
thrombocytopenia, and anerhiaGem has also shown pulmonary toxicity along with

renal failure, hemolytic uremic syndrome, potethyideading to death or requiring
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dialysis®. Although it is rare, serious hepatotoxicity irditug liver failure and death have
also been reportel Generally, a medical professional that will usengas a cancer

chemotherapy will have to monitor patients verysely who receive getn

2.4.1.1 Gemcitabine mechanism of action

As mentioned before, Gemcitabine (Gem) is a nudeoanalog and prodrug, which
needs to be phosphorylated in order to exert itshamaism of actich”*"3(Figure 3). The
chemical structure of gem is very similar to thatdeoxycytidine triphosphate (dCTP)
except that it has two fluorines at the 2’ positiéhi’® When Gem is brought into a cell
(whether it is cancerous or not) it is facilitatey 5 different nucleoside transporters,
however the main transporter is equilibrative nosige transporter 1 (ENT1)*"
When Gem is phosphorylated and subsequently phodpted two more times, it can
exert its cytotoxic effect by destroying cells ttzae undergoing DNA synthe&ié'™®
During the cell cycle DNA replication occurs duritige S (synthesis) phase, which is
where gemcitabine exerts its cytotoxic action. Gerphosphorylated by deoxycytidine
kinase (DCK)* ™" Gem once phosphorylated, becomes difluoro dedsimy
monophsphate (dFdCMP), diphosphate (dFdCDP), iphdsphate (dFdCTP§ "+
There are several sites of action in cells by wilEWC’s work to stop DNA synthesis:
DNA polymerases are proposed as the major targét dFdCTP is a weak inhibitor of
dCTP for direction inhibition of DNA polymerasé "3 The incorporation of dFdCMP
into the C sites of DNA strands causes a major @anspolymerization and, once
incorporated, dFdCMP stops the editing functiothat3'-5’exonuclease’>’® dFdCDP

inhibits ribonucleotide reductase and cause a anbat decrease in DNA dNTPs

synthesi$ "*"® This reduction in dCTPs would then also incretlse potential for
21



incorporation of dFdCTP into the DNA*"® Finally reduction of the dCTP may release
deoxycytidine kinase from feedback inhibition by T# and therefore increase the
dFdc’s phosphorylation procésé'”® Prevention of the growing DNA chain induces
internucleosomal DNA fragmentation, which is a eeristic of apoptosis’™™™®  90%

of Gem is converted by cytdine deaminase (CDA)rtanactive metabolite, which gets

excreted out of the cél't"®
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Figure 3: Gemcitabine’s mechanism of action
CDA= Cytdine deaminas®CK = deoxycytdine kinasedFdCMP = difluro deoxycytdine monophospha
dFdCDP-= difluro deoxycytdine diphosphaldFdCTP= difluro deoxycytdine triphosphate
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2.4.1.2 Gemcitabineclinical trials for pancreatic cancer
Gemcitabine (Gem) is considered a first line treattrfor cancer patients with a locally
advanced (nonresectable Stage Il or Stage lllhetastatic (Stage 1V) adenocarcinoma
of the pancredsHowever, it also can be used in combination wigiplatin and 5-Ft®®
In 2 original clinical trials, data was evaluatedpiatients who were treated with gem that
had locally advanced or metastatic pancreatic carte€u was compared to gem in
patients who had no prior chemotherapy treatnielitshe second trial, gem was studied
in pancreatic cancer patients who already were @ifa treatment or had previous
treatment$ In both studies, the primary efficacy parametezasured was “clinical
benefit response,” a measure of clinical improvemehich involves parameters of
analgesic consumption, pain intensity, performastzus and weight change. To be
considered a clinically benefited responder, paienust be able to:
Patient shows a50% reduction in pain or consumption of pain metiticafor a period
of at least 4 weeks.
OR:
Patient is stable on all of the parameters listed shows a marked weight gam7f6

increase maintained for up to 4 weeks) not duéuid faccumulation.

In summary, the first clinical trial where gem wasmpared to 5-Fu with patients who
had no prior chemotherapy treatment, 22% of paidwid a clinical benefit response
when treated with gem, as opposed to 5-Fu, whidig bad 4.8% of patients with a

clinical benefit responéeln the second study in which they studied gerattnent on
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patients who had already had prior chemo treatnfentsd that 27% of the patient taking

gem showed a clinical benefit response with a nresiimvival of only 3.9 montfis

2.4.1.3 Gemcitabine resistances
Recent results have attributed cellular resistaaagemcitabine treatment as an intrinsic
resistance. However it is always been believedetddveloped during gem treatméfts
In vitro studies have shown that limited intracellular kptaf gem can be credited to a
decrease in hENT1 expressianin a clinical study, with 102 patients who wereated
with gem and had an unresectable pancreatic adexomaa, transcription analysis of
their genes confirmed hENT1 levels had a significaffect on median survival
Patients whose hENT1 levels that were measurecetbigher were found to have a
significantly longer median survival compared tdigrats with lower hENT1 level&
Immunohistochemistry for hENT1 has been advocated potential predictive tool for
selecting patients who may benefit most from geeattnent§. Deficiency in DCK
activity has also been rooted as a possible resistpathwa§ ‘® Although clinically it
is unclear, overexpression of RR is an important gathe mechanism of gem resistance
since RR is a responsible for the conversion obmiltleoside diphosphates to
deoxyribonucleoside diphosphates, which are esddatiDNA synthesis and rep&ir In
more recent study, hENT1, DCK, and RR subunits Mid &2 (RRM1, RRM2) were
shown to be associated with gem resistance andhbaxpression of several other genes
played a significant role in gem sensitivity on heiglifferent cell lines’®. Another
potential key player in gem resistance is the HGM#atein complex. Composed of
transcription factors that regulate the transasipiof a number of genes promoting tumor

progression, it has been reported to be overexgudaspatients with pancreatic carfCer
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82 This over expression of HGMAL is associated \iiitreased resistance to apoptosis

and increased expression of growth factors anckineeg®®2 However, gem resistance is

still under heavy review and seems to have muliigflaences on is resistance pathway.

2.5 Mucin 1-membrane cell surface protein

The mucin 1 membrane cell surface receptor praf&idC1) was first identified as a
molecule recognized by mouse monoclonal antibodiescted at malignant mammary
epithelial cell&. Mucins are high molecular weight glycoproteitmatt are heavily
glycosylated®. Side chains of many oligosaccaharides also makenucins in which
they link to a protein backbone called apométiAt least 21 mucins genes have been
identified and divided into two groups: Those tbeatode for membranous mucins and
those that secrete mucins. While membrane-assdcmteins are involved in cell-cell
interactions, secreting mucins are glycoproteirat #re considered to be the major
component of muscfs Almost all epithelial cells have mucins on theface because of
its involvement of protection and lubrication. Adilgh as mentioned there are many
mucins, MUC1 has been the most researched. MU@Grgs, rigid, negatively charged
and heavily glycosylated structure extruding frdme @pical surface of many types of
cellular membranéé The heavy glycosycolation of MUCL1 is due to thetfthat 50-90%
of its molar mass is made up of O-linked carbohtetfa Different types of epithelia
cells and in different physiologic states, hetermgrisly express MUC1, meaning that
the glycosylation quantities can range for 50% amnmal mammary gland to 80% in
cancer celf®. The glycoprotein MUC1 is a complex molecule, witits core, a large
domain of variable number tandem repeats represbatextracellular protefA This

extracellular domain has been found to be madeOuan2no acid tandem repeats, each
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of which have 5 potential 0-glycoslation sftesThose O-glycosylation sites are flanked
by degenerate tandem repeats, which also contaatehtial N-glycosylation sites closer
to the transmemebrane dontdinEpitopes of 3, 4, or 5 amino acids within the
hydrophilic regions, APDTRPAP, is reactive with rngaanti-MUC1 antibodies and

peptide&® %

2.5.1 Roles in cancer

MUC1 has been reported to facilitate anti-adhesiod adhesion effects Glycosylated
tandem repeats of MUC1 confers a protruding rod Bkructure that can extend 200-
500nm above the cell surfateThis implies that the extracellular domain of MUC
extends more than 150-450nm above estimated lemigthther cell surface adhesion
molecules. However, in cancer cells MUC1 can becaftezed. As mentioned before,
MUCL1 is heavily glycosylated however, in neoplasissue MUC1 is underglycoslaféd

A reduction in glycosylation permits access of édiryg ligands to reach the peptide core
of the tumor associated underglycoslated MUC1 antiguMUC1). The reduction in
glycosylation also can reveal epitopes that arenatly concealed. Novel regions of the
protein core in MUC1 are shown to consistently gposed. MUCL1 in cancer cells is
thereby made antigenically distant from MUC1 fowmdnormal epithelial tissue. MUC1
is also been reported to be ubiquitously expresdedver the cell surface. These
features of MUC1 in cancer cells have encouragedidvelopment of targeting moieties

for imaging and targeted cancer therapy.
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2.5.2 Glycosylation
Glycosylation is defined as the enzyme-catalyzedalemt attachment of a carbohydrate
to a polypeptide, lipid, polynucleotide, carbohydraor other organic compound,
generally catalyzed by glycosyltransferases, utigjzspecific glycan nucleotide donor
substratesAlthough most glycosylation reactions occur in @&gi, precursor activation
and interconversions occur mostly in the cytoplasNucleotide sugar—specific
transporters carry the activated donors into th&giGGlycan’s, which are built up and
stacked during glycosylation, have varied biologrcdées, which include any protective,
stabilizing, organizational, and barrier functiottsmay also have important regulatory
roles as well. Every free-living cell and everyldgpe within multicellular organisms is
covered with a dense and complex layer of glycduns to the process of glycosylation.
However, the point of explaining glycosylation isat in malignant cells an altered
mechanism of glycosylation is occurring. The pescand function of that alteration in
which glycosylation slowed or reduced at the mdiclevel is beyond the scope of this

project.

2.6 EPPT1 peptide

Many recent new studies have been dedicated tribgpective use of uUMUCL1 as a
target for immunotherafy °°* The APDTRP sequence tandem repeat that was
mentioned before has been the main target for ¢éveldpment of multiple monoclonal
antibodies. However, antibodies were found to bguocessful. Immunogenicity and a
long plasma half life proved to be detrimental fimaging and targeting The use of
small peptides has proved thus far to be a befteorofor targeting uMUC1 because of

the fact that they can overcome the limitationsanfibodie&” %2 A synthetic peptide
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EPPT1 (YCAREPPTRTFAYWG), was developed from the GD®h region of the
monoclonal antibody (ASM2) that was raised agamsinan epithelial celfé °2 The
structure of the peptide has been shown to hgstieand type conformation as the active
binding sit&”. It also has been revealed that the EPPT1 pepéide significant binding
affinity (Kd = 20 uM) for the uMUC1-derived peptide PDTEP?2 The idea for EPPT1
to be used as a target for cancer was first deedl@s an imaging agent for early tumor
detectiofi’. Since at the time of the peptides developmentJG¥M was being reported as
a highly expressed protein on 72% of new cases68f6l of deaths in several can®érs
% Therefore researchers surmised to look intogusivo imaging modalities, cross-
linked iron oxide nanoparticles (CLIO) as MR-imagioontrast agent and Cy5.5 dye as
near infrared fluorescence (NIRF) optical probexplore early tumor detection87. The
imaging probe was made up of a CLIO, which was fedliwith the Cy5.5 dye and
carrying EPPT1 peptide attached to the dextran afoide nanoparticfé. Using different
characterization and imaging tests, the probe wasd to successfully recognize tumors
in vivo, produce high resolution signal on MR-imagji and allowed for real time data
acquisition by NIRE’. However, the goal of this dissertation is toizgilthe targetability

of the EPPT1 peptide, which proved to be succedsfutargeted in vivo imaging and

apply it to a drug delivery vehicle for cancer tygy.
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2.7 Polymer Conjugates

Polymer conjugates have a distinguished recordinical relevance and is an advancing
field. They have been used in clinics and/or chhitials with proteins, small molecular
weight drugs, modification of liposomes, surfacedifications of bio matrerials and
carriers of genes and oligonucleotitfeAlthough over the last century water soluble
macromolecular carrier has evolved, the term coinek®06 by Ehrlich “magic bullet” is
still recognized the main concept of biorecognitifor successful drug delivety
Polymer conjugates have been able to be successhancing therapeutic efficacy of
drug by altering the biodistrubution of proteinglairugs to increase plasma half life by
improving cellular localization and improving sollity of poorly soluble drug®.
Several polymer with linear, random coiled strueturhave been used including,
polyethylene glycol (PEG), N-(2-hydroxypropyl)methgamide (HPMA), dextran and
poly(glutamic acid) (PGAY. These systems are advantageous for drug delbezguse
they allow for many options for chemical modificats and alterations in molecular
weight. However, this advantage creates a challbegause by nature the polymer exists
in a random orientation of molecular weight that aafluence the variability of in vivo
disposition and biological activity *> Polymers characteristics in terms of molecular
weight are in general estimated and expressed ighta/erage molecular weight (Mw)
or number average molecular weight (MA)!** The ratio between Mw and Mn gives
the polydispersity and a sense of size distributiba given polymer. Beyond the scope

of this dissertation, later discussions of impdrjaolymer conjugates will be applicably
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concentrated on to those that have advanced oimicatl practice, as they have

demonstrated successful pathways to achieving haffi@acy.

2.7.1 Polymer-protein conjugates
Protein based drugs as a therapeutic is a promiiigfor many diseases, but the there
are many flaws in its design. However, short plagralilife, undesirable stability and
immunogenicity limit its effectivene¥. As development of polymer conjugates became
more readily available, linear PEG polymers werejugated with therapeutic proteins
(termed PEGylation) to increase protein solubilignd stability and reduce
immunogenicity”>. By using PEG, its helps lengthen the plasma lifalfbecause it
prevents rapid renal clearance. It also preventeprauptake in the reticuloendothelial
system, which also helps in prolonging protein plasalf-life. It was also found that by
varying the molecular weights of the PEGs from 8@&Da, the pharmacokinetics can be
altered®® PEG polymers that increase the ratio beyond ttenton one polymer per
protein have been found to add to the variabilitybiodistribution. Polymers with only
one reactive site per strand, named semi-telecpelioner, are required for the synthesis
of polymer protein conjugates to prevent crosshgk®. In recent studies, polymer
protein conjugation reactions with PEG have advdrceinclude enzymatic reactions,
which improve precision and ease of conjugationdertease protein degradafih
The PEGylated protein PEG-L-asparaginase was thedf its kind to be treated for
cancet® Used for patients with acute lymphoblastic leukemthe conjugate
demonstrated greatly reduced hypersensitivity r@ast longer plasma half-life and an
overall slower total clearance. Furthermore, pasiclater were found to need less

frequent administration. Another conjugate, whishused in cancer therapy for the
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prevention of serious chemotheapry—induced neutiapels the PEG-recombinant
methionyl human granulocyte colony stimulated factbhis polymer conjugate was
found to be as benefical as the first PEGylatedymel'®. Lastly, improvements in
toxicity and plasma half-life were achieved whenQ?iterferone. conjugates were

tested in renal cell carcinoma pati@ht

2.7.2 Polymer drug conjugates

The objective of polymer drug conjugates desigradchncer therapy are to improve
drug targeting to the site of action while reducsygstemic toxicity by restricting its
biodistrubutiod®® By attaching the drug to a carrier renderingniditive, there is a
potential to avoid drug resistance mechanisms sscR-gp mediated efflux. It has also
been found that water-soluble polymer can help nmproving the solubility of
hydrophobic drugs allowing for a simpler formulatiand easier patent administration.
However, as the advancement of polymer-drug carti@ve come about in the clinical
setting, polymer induced toxicities and immunogiypibave been seél. One of the
biggest limitations of polymer-drug conjugates l® tcarrying capacity of the single
polymer chain. This is why there are a small amairgxamples in the clinical setting
with PEG-drug conjugates. PEGs limitation is duethe fact that drugs can only be
conjugated at the ends of polymer chains, low doaging. However, one example of a
PEG-camptothecin conjugate containing 1.7 wt% afgdshowed response in patients
with gastric cancét®. In contrast, PGA-paclitaxel conjugate containBigwt% of the
drug a polymer therapeutic is an example of higlgdoading™. By linking the drug to
the 2’ position of the PGA researchers were ableadbieve a higher drug loading.

Clinical trials of this polymer drug conjugate weakle to result in a partial response or
33



stable disease in cancer patients with patients miesothelioma, renal cell carcinoma
and ovarian cancEf A more recent phase Il clinical trial with theugrexhibited the
effectiveness of this conjugate in a therapy fon remall cell lung canc& The
polymers attributed success is due to the fact ithéd biodegradeble by hydrolytic
mechanism, but also discharges the drug in greai@ntities under lysosomal enzymatic
conditions following endocytosis. Furthermore, thigh drug loading capacity of the
carrier developed a larger Mw of 49 kDa. This coalldw for greater tumor localization
with the attempts of size related renal clearitce

HPMA polymer conjugates will be discussed in latections as one of the most widely
studied polymer-drug conjugates. The important ictamations of polymer-drug

mechanism of action and biological fate will be emd next.

2.7.2.1 Biological fate
One of the greatest advantages of polymer-drugugatgs is when administered
intravenously, the drug is restricted to the blogidteam and has limited access to
potential sites of toxicity>. Due to the drug being connected to its carriee, typical
route of elimination of the conjugate is renal, gfhhelps prevent sequestration of the
free drug in potentially sensitive organs such e liver and brait*. Although an
important characteristic of these conjugates iglrefimination, the underlying issue to
be protected is that these conjugates do not uadagsg plasma clearance via rapid renal
filtration or organ captur®. Polymer-drug conjugates in the blood stream axtrieve
tumor localization because of the process knowerndnced permeability and retention
effect (EPR)®. While developing polymer conjugates of styreneleicaanhydride

polymer and the antitumor protein nocarzinostaBMANCS), EPR was discovered by
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Maeda and coworkers. They found higher tumor camatons of their conjugate and
determined that the discontinuous nature of theotuemdothelium results in a “leaky”
vasculature, providing a route for macromolecules pass the blood barrier and
accumulate in tumor tissue. The lack of an effectymphatic drainage in tumors also
fosters the retention of polymer. EPR-mediated tuacgumulation seems to be managed
by the circulating plasma concentrations which dhasct relations to polymer molecular
weight and renal excretiof.

The ideal polymer-drug carrier would have a linkehich connects the drug to the
carrier, which allows for stable transport to theor but releases the drug upon reaching
the site of action. Although some transcytotic naubms of endocytosis are
observed’, most drugs conjugated to water soluble polymersehlimited cellular
uptaké®. Cellular internalization of conjugates dependste nature of the polymer and
whether it binds to the cell surface through noeedfic interactions or specific
binding'®® Most polymer-conjugates route of internalizatisrither through fluid-phase
pinocytosis or receptor mediated endocyt§&i©nce internalized, drug release from the
carrier would occur in the lysosomal compartmentulgh exposure to lysosomal
enzymes if the drug were connected via degradabfeide spacét® ''° It also can
attribute to pH-dependent hydrolysis of drug froolymers resulting from acidification
of drugs™®. Drug delivery via intracellular compartments sogp a bypass of multidrug
resistance proteins such as the P-glycoproteimetfansporter that can rapidly remove
drugs molecules from the cell once they have d#fushrough the phospholipid bi-

layer®.
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2.7.2.2 N-(2-hydroxylpropyl)methcrylamide (HPMA) copolymers
In the late 1970s, Dr. Kopecek developed HPMA comelr by systematic research on
hydrophilic biomedical polyméf’. The copolymer synthesized via free radical
polymerization of comonomer units which contain ylmide group&’ HPMA
copolymer are highly water soluble, stable and &ipdblé?’. These random copolymers
can be functionalized along the copolymer chain améhte a versatile nature of these
systems to incorporate different, drug, targetingiaties, imaging agents and
radioisotopes. See Figure 5. Early studies with AP&bpolymers demonstrated that
they were non-toxic and posed no immunogenic rskestablished by low and non-
significant levels of specific serum antibodiessemt in mice following treatmetit As
research progressed the development of degradalgdidker side chains for the HPMA
copolymer became fundamental for the effectivenésese systems as macromolecular
molecule$?> HPMA copolymers typically have the most effectiees when using either
a tetra-peptide linker Gly-Phe-Leu-Gly (GFLG) amrd/bydrazine linkers. GFLG
tetrapeptide linker is very stable in plasma duringpolymer circulation and
trafficking*?®> Upon internalization and subsequential endocgtasio the lysosomal
compartment, the tetrapeptide is cleaved by lysasomotease cathepsin'® The
hydrazine linkers are pH dependent and drug rel&ase the carrier in the lysosomal
compartment is in response to lower pH (pH 5.5)levhiing stable at pH 7Z. In vivo
studies with HPMA copolymer doxorubicin conjugatamntaining a hydrazone linker

showed better anti-tumor activity when comparedcomjugates with the tetrapeptide
36



GFLG linker®®. In most conditions, drug release in the lysosd@snienperative because

macromolecular molecules can not permeate the

HPMA (V)  MA-GG-T* (W) APMA-FITC (X)  MA-GFLG-OH (2)
ey {2 '# % T 2%
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HN/K HN
H3C O %
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\

T

Figure 5: Schematic of the basic structure of an HP  MA copolymer
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lysosomal membrane but the free drug is small ghda diffusé’. However, in some
case it has been shown in vitro that drug releas®t required to have an effect and that
the presence of the GFLG spacer without drug carytmoxic?’ .

The enhanced permeability and retention effectrhade it possible for not only other
polymer but also HPMA copolymers to passively tatgenors. Since molecular weight
has such a substantial influence on the extenbwfimuch polymer can accumulate near
the tumor with only passive targeting, researcisetsout to test those limiS. Tumor
accumulation of larger copolymer fractions gredatean 74kDa had increased activity
over a 24h period however, it was also found thaaller copolymers less than 40kDa
were rapidly cleared by the kidnéys **® Copolymers found to have lower tumor
accumulation, were also found to have lower bloodcentrations. This is attributed to
the fact that smaller polymers will experience fgkimerular filtration, which agrees
with earlier findings that molecular copolymersttingere below the 45kDa glomerular
filtration limit were rapidly cleared from bloodrculation?®

In addition to molecular weight having an influenage tumor accumulation, HPMA
copolymer were also found to be influenced by tlobisrge content which could further
impact its biodistribution and organ accumulatiohew analyzed in vivo. Studies were
done to evaluate the charge and functionality @biporated side chaitfé. In vivo
studies showed that polymers of higher moleculargite65kDa had higher tumor
accumulation than polymers of lower molecular weigBkDa. Copolymer synthesized
with negatively charged carboxyl groups and posijivcharged hydrazine amoino
groups were found to cause the most rapid bloadimdition which cause the lowest
tumor accumulation. Adding a drug or protein/pepttdrgeting moiety also showed to
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cause a decrease in tumor accumulation as opposgtstt free unconjugated HPMA
copolymet?®. It also have been shown that chemically modifi#®MA copolymer also
have altered kidney accumulation which would resultlecreased tumor accumulation.
Despite the kidney accumulation of chemically medif HPMA copolymers,
concentrations evaluated of tumor-to-organ rat@®ained unchanged even if tumor
accumulation was decreaséd

Understanding the subcellular fate of HPMA copolynsealso important in evaluating
conjugates once the accumulated near the tumor. fllimeescent drug compound
Adriamycin and either galactosamine or monoclongibadies were conjugated to a
HPMA copolymer and evaluated for subcellular fatecancer cells™®. The study
confirmed two fates for HPMA copolymer conjugatde first is that that HPMA
copolymer Adriamycin conjugates demonstrated rexeptediated endocytosis and that
fluorescence patterns of the drug in the nucleusevgemilar to that a free drug. The
second is that in adriamycin-resistant cancer céil®PMA copolymer adriamycin
conjugates had internalization that was greaten that of the free drug. This would

suggest the route of cellular entry for copolymeas bypassed efflux transporters, which

contribute to drug resistancéé

2.7.2.3 Clinical evaluation of HPMA copolymers
Passive targeting utilizing the EPR effect, in vistndies showed improved antitumor
activity of HPMA copolymer-doxorubicin conjugatesnspared to free drdd. These
results correlated with other similar studies léadhe development of conjugates for
clinical evaluation. Titled PK1, this HPMA copolymeavith doxorubicin bound via

GFLG peptide sequence was the first of severalugatgs to be evaluated clinicafl§
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Characteristics of PK1 were evaluated and fount itekaapproximate molecular weight
was 30 kDa, containing 8 wt% of doxorubicin and \administered to patients up to the
maximum tolerated dose of 320 md/rthat dose level increased the maximum tolerated
dose in patients four to five fold compared to fitee drug alone. Antitumor activity was
observed in lung, colorectal, and breast cancearsmia. Studies in phase Il clinical trials
showed only limited activity in lung and breast canpatients, however researchers were
able to demonstrate safe administration even wiith Hoses of polymer with dr&&.

A second clinical trial was also done with HPMA obpner conjugate of doxorubicin
and a targeting ligand galactosamine. The firstitokind, this HPMA copolymer
conjugate had both a drug attached and a targetiigty and was named P¥2 The
conjugate was designed for hepatocyte asialoglytepr receptor for liver cancer
treatment. Dose limiting toxicities were consistenth those seen with the free drug
which included febrile neutropenia and mucositissxiWhum tolerated dose was 160
mg/nt. Out of the 23 patients enrolled in the studyoélivhich had liver cancer, 3 saw
favorable response in decreased tumor volumes wihile patients had stable
conditiong®*

Although there have been a total of 5 HPMA copolssndrug conjugates which were
evaluated clinically they were deemed much lessessful. HPMA copolymers bearing
chemotherapies paclitaxel and/or camptothecin didcause a tumor response and were
hampered by severe dose limiting toxicity. Estergdinkage, which caused early release
of the drug, were deemed as the cause for suchrpealts. Thus the need for a better
conjugate that has improved drug linker stabilitg @rug loading was the emphasis for
future conjugate®.
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Chapter 3. Water Soluble Polymers for Targeted Therapy to

Pancreatic Cancer

3.1 Abstract

Current therapies of pancreatic cancer are limiitggoor response, lack of selectivity
and high toxicity of chemotherapeutics. Targetasyditelivery can provide an increased
response while limiting side effects. The goal lnd present study was to evaluate the
targetability and efficacy of N-(2-hydroxypropyl)ethacrylamide (HPMA) copolymer-
(EPPT1)-Gemcitabine conjugates as novel macromialedwug delivery systems against
pancreatic cancers. The synthetic peptide liganBTHP(YCAREPPTRTFAYWG) has
appreciable affinity (K= 20 uM) for the underglycosylated glycoproteinaimureceptor

1 (uMUC1) which is overexpressed on the surfacpawicreatic cancer cells making it a
favorable candidate for targeted delivery of amtcea drugs like Gemcitabine (Gem).
Polymer conjugates with drug and peptide ligand ewaynthesized by radical
precipitation copolymerization using correspondamgnonomers. Gem was attached to
the polymer via an intracellularly degradable te¢yatide (GFLG) spacer. Size exclusion

chromatography (SEC) was used to purify the polgmand to determine their
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hydrodynamic molecular weight and polydispersityuud and peptide content were
determined by amino acid analysis and UV spectrigghetry. The binding efficiency

(flow cytometry) and anticancer efficacy of the paates were evaluated in uUMUC1
positive CaPan-2 and Panc-1 pancreatic cancer. ¢#IMA-EPPT1 peptide conjugates
(Mw=41-44 kDa; polydispersity=1.7-2.1) showed aetitargeting to both pancreatic
cancer cells in a concentration- and peptide ctvtependent manner. HPMA-Gem drug
conjugates inhibited cancer cell growth with a petethat was comparable to free Gem
(IC50=0.004-0.01 uM). These results suggest that thenpal conjugated Gem retained
its bioactivity in vitro which could be further eaimced in conjunction with the EPPT1
targeting peptide. Together these studies supperhypothesis that HPMA copolymers
with optimized peptide content could afford a noeatlrier that can deliver Gem and

improve its therapeutic effect to combat pancrezditcer.

3.2 INTRODUCTION

Pancreatic cancer is the fourth leading cause mdararelated death in the United States
135 1t is one of the most deadly forms of cancer thu¢he fact that there are no early
signs or symptoms; therefore, the majority of patehave an advanced metastatic form.
Unfortunately, the incidence of pancreatic canderoat equals its mortality rate”.
Treatment for pancreatic cancer traditionally hadrb5-fluoruracil (5-Fu) but because of
its side effects and less than mediocre success gaimcitabine (Gem) has become a
frontline drug of choice for adjuvant and neoadjuvéherapies™ % **¢ Gem is a
nucleoside analogue that exhibits S cell phaseifspgcby predominantly destroying
cells undergoing DNA synthesis. In clinical triatseatment with Gem alone showed

clinical response in 22% of patients and a mediawigl rate of 5.7 months, much
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longer than traditional 5-fluoruracil However, Gem treatment(s) is associated with non-
specific toxicity such as suppression of bone marfoinction as manifested by
leucopenia, thrombocytopenia and anemia. Pulmotwigities and renal failure have
also been reported® **® The median survival of patients with advanceeak®s ranges
around 6 months because pancreatic cancer becasistant to gemcitabine treatment,
possibly mediated by MDR efflux pump& The objective of the present study is to
design a novel drug delivery system to overcomepilfalls of gemcitabine treatment
alone. Using N-(2-hydroxypropyl) methacrylamide N copolymer backbone
containing Gem covalently attached to the polymeide-chains this system could
enhance efficacy and reduce non-specific toxicytyusther attaching an active targeting
moiety. HPMA copolymers are widely used as drugiegs " 99 109 130, 137:1431jq g
due to their high water solubility, non-immunogetyicand amenability to large-scale
production. HPMA copolymers have been employedrag darriers to modify in vivo
biodistribution of several chemotherapeutic agemts$ enzymes?® 122 144148 g5 can
be covalently linked to the HPMA backbone via acgig-phenylalanine-leucine-glycine
(GFLG) side chain, which is stable in circulatiaut lbleaved by lysosomal proteases such
as cathepsin B once internalized by endocyt§isThis linker is essential for polymeric
drug delivery because the drug remains inactivdesMmound to the linker but activates
upon cleavage within the lysosomes. Moreover bkitig the drug to the polymer, its
route of entry into cells is limited to endocytgsiwhich potentially can bypass
mechanisms of drug resistance such as efflux putffpd* *’ Active targeting is a
major advantage to utilizing HPMA polymeric drudidery systems. MUCL1 is an ideal

candidate for targeting because it is a large @xaressed mucin molecules that are
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exposed on the apical surface of almost all humgithaial cell adenocarcinomas
including pancreatic canc& % 8 %2 The mucin molecule has been found to extend
about 100-200nm above the surface, which is 5-1d liggher than the length of most
membrane moleculeé$’ ® While MUCL1 is heavily glycosylated in normal tigs it is
underglycosylated in neoplastic tissue (UMUC1),eaing epitopes that are normally
maske8® & 159 1gch as PDTRP, which is recognized by many targenoieties such
as antibodies and peptid&s Anti-MUC1 is associated with immunogenicity arhg
plasma half-lifes, which prompted us to focus ofPEP (YCAREPPTRTFAYWG), the
small peptide derived from the CDR3 antibody thas b beta strand type conformation
as its active binding site [29-32]. Analysis oktpeptide had shown that it has a
significant affinity for the uMUC1-derived peptid@DTRP (Ky ~20uM) making it an
ideal targeting moiety for polymer delivery systej8-32]. In this study we explore the
potential for a HPMA-copolymer which utilizes th®ET1 peptide binding affinity to the
MUC1 receptor on 2 different pancreatic cell linedile also investigating the
therapeutic effect of a non-targeted HPMA-copoly@emcitabine conjugate compared

to gemcitabine alone.

3.3 EXPERIMENTAL SECTION

3.3.1 Materials.
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Gemcitabine HCI| was obtained from Netgem, LLC &hgle Park, NC). All other

reagents were of reagent grade from Sigma-Aldi&thl(ouis, MO).

3.3.2 Synthesis of Comonomers.

The following monomer building blocks were syntlzesi according to published
methods: (i) N-(2-hydroxypropyl)methacrylamiddRMA , m.p. 66-68°C, MW 143.8), a
comonomer that forms the polymer backbone and rendgueous solubility®® (ii)
methacryloyl-glycylglycyl-p-nitrophenyl esteMA-GG-ONp, m.p. 160-163°C, MW
321.7,e273 = 9500 M'cmi?), a non-degradable dipeptide linker containingctiea co-
monomer to which the EPPT1 peptide is attacheavatg polymerization; (iii) 5-(3-
(methacryloyl-aminopropyl) fluorescein isothiocyta@PMA-FITC , MW 533.60,e495

= 8200 M'cm™), a fluorescent comonomer to monitor in vitrolger binding and
internalization™®® (iv) methacryloyl-glycylphenylalanylleucylglycin (MA-GFLG-OH,
MW 460.52), a lysosomally degradable tetrapeptidmanomer intermediate to which
Gem is covalently bound prior to polymerization.eT#rug containing comonomer (v)
MA-GFLG-Gem was synthesized by reacting Gem HCI with MAGFLGQHL(molar)
in anhydrous dimethylformamide (DMF) using N,N-djgopylethylamine (DIPEA)
(1.5x), hydroxybenzotriazole (HOBT) (1.1x), N,Negclohexylcarbodiimide (DCC)
(1.1x) and 4-dimethylaminopyridine (DMAP) (.15x) @tom temperature for 16 hours.
The final product was isolated and purified by cofuchromatography (silica gel, mobile
phase: dichloromethane 83%/Methanol 15%/Acetic A&6) and analyzed by thin layer

chromatography (R0.48) and mass spectrometry (MW 706.3). See Fi§ure
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1. MAGFLG-OH reacted with Gemcitabine to form lyso®l drug linker. 2. Free radical polymerization
of Polymer precursor and polymer drug conjugates
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3.3.3 Synthesis and characterization of HPMA copolymer-EPT1 peptide
conjugates.

In the first step, the HPMA, MA-GG-ONp and APMA-RIT comonomers were
dissolved in acetone (with 0-10% DMSO as neededn&ure complete solubilization)
and combined with the initiator N, N’-azobisisobutyitrile (AIBN) and sealed in
ampules under nitrogen. Free radical precipitatopolymerization of monomers was
performed by reacting at 50°C. The polymer prequeso synthesized was isolated by
precipitation in ether/acetone (1:1) mixture. Thealf polymer-peptide conjugates were
synthesized by aminolysis of the pendent ONp graapthe polymer precursor with
EPPT1 peptide (ONp: EPPT1=1:1 molar). The reactas carried out under nitrogen
and anhydrous DMF. The reaction was terminated .l Godium hydroxide (NaOH)
and then purified on a Sephadex G-25 PD10 colunth &althcare, Piscataway, NJ)
and finally lyophilized. The weight average Mand number average (Mmolecular
weights of HPMA copolymer precursors and polymeptjake conjugates were estimated
by size exclusion chromatography (SEC) on an AKTAstf protein liquid
chromatography (FPLC) system using a Superose [L2ncocalibrated with a HPMA
copolymer standards UV detection at 280 nm, mabiilase: phosphate buffered saline
((PBS), pH=7.4). The polydispersity index (MWl,) was calculated to estimate the
molecular weight distribution. EPPT1 content of to@jugates was determined by amino
acid analysis (AlBiotech, Richmond, VA). FITC contef the polymers was determined

by UV spectrophotometry (DMSO/1% acetic acigs=81000 M*cm™.
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3.3.4 Synthesis and characterization of HPMA copolymer-Gm drug conjugates.
Polymer-drug conjugates were synthesized in onp bte free radical precipitation
polymerization similarly as described for polymeppide conjugates using the
comonomers: HPMA, MA-GG-ONp, MA-GFLG-Gem and APMATE. The content of
pendent ONp, Gem and FITC were estimated by UVtsgawotometry. Gem and FITC
were measured in 0.1N NaOH at 263 nms£ and 495 nm ges=79000M'cm™)
respectively. Total ONp in the polymer was measumedDMSO/1% acetic acid
(e27=9100M*cm™). To measure ONp content that is accessible/diailéor further
conjugation to peptide, the ONp groups were hydmedy and released p-nitrophenol
measured in 0.1N NaOH at 400ngao=9000M*cm™) The molecular weight and weight

distributions of the polymer-drug conjugates westneated by SEC as described earlier.

3.3.5 Cell Culture.

CaPan-2 and Panc-1 (ATCC, Manassas, VA) (pass&g85)lwere grown at 37°C in an
humidified atmosphere of 5% GOCells were maintained in T-75 flasks using
Dulbecco's Modified Eagle's Medium (DMEM) and McCoy5A respectively,
supplemented with 10% fetal bovine serum (FBS),nth-essential amino acids, 10,000
units/mL penicillin, 10,000 pg/mL streptomycin a@8 pg/mL amphotericin B. Media
was changed every other day and cells were pass#g80-90% confluence using a
0.25% trypsin/ethylenediamine tetraacetic acid (BD3olution. Incubation buffer used
in the assays consisted of Phosphate Buffered &sg#BS) without calcium or
magnesium chloride. For all experimental procedutég confluent cultures were

harvested by treatment with trypsin/EDTA.
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3.3.6 Cellular binding of polymer-peptide conjugates.

The binding affinity of HPMA copolymer-EPPT1 pemictonjugates was quantified
using a flow cytometry assay. Active binding of t&®PT1 peptide to the uMUCL1
receptor on pancreatic cancer cells was measured Vitked to an HPMA copolymer
backbone. Binding studies were carried out agawstmodel primary pancreatic cancer
cell lines CaPan-2 (high MUCL1 levels) and Pancils ¢@wer MUC1 levels)®! 1°2 The
cells were seeded in 12 well plates (CaPan-2: DBOells/ well, Panc-1 65,000
cells/well) and grown until they were 90% conflu¢éaPan-2: 3-4 days, Panc-1: 48 h).
The cells were then treated with varying concemnat (10-40uM) of FITC labeled
HPMA-EPPT1 conjugates for 30 minutes at 37 °C. &tednine competitive (active)
binding of the polymer-peptide conjugates, celedinvere pretreated with free EPPT1
peptide at a 10-fold higher (200uM) concentratibant its Ky value. After incubation,
cells were washed and harvested in PBS with 1% letane serum (FBS) and analyzed
by flow cytometry (FACScan BD Newark, New Jerseyhe cell count and mean
fluorescence intensity was recorded to measurebthend and internalized polymer-

peptide conjugates.

3.3.7 Confocal internalization studies.
Intracellular internalization of polymer peptidenpugates of varying EPPT1 content
within Capan-2 and Panc-1 cells was also invesigah addition to their uptake
mechanism. Panc-1 cells were seeded at 4000 c&ldonB-chamber slides. CaPan-2

cells were seeded at 10000 cells/cBlides were used 3 days to 5 days after incufatio
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at 37°C, 95 % relative humidity and 5% GQCCells were washed with warm HBSS and
then were treated with a concentration (40uM) offG-llabeled HPMA-EPPT1
conjugates for 30 minutes at 37 °C. After whicHscalere washed with ice-cold DPBS,
and fixed with 4 % (wt %) paraformaldehyde, 4 % &) sucrose in DPBS for 15 min.
Cells were washed with permeabilization buffer (P&®itaining 300 mM sucrose, 50
mM NaCl, 3 mM MgC}-6H,0, 20 mM HEPES, 0.5 % Triton X 100 (vol %), pH 7.2)
which was added to the samples and kept at 4 °G fminutes. The permeabilization
buffer washed out twice with DPBS and later inceldaat 37°C with blocking buffer (3
% bovine serum albumin (BSA) (wt/vol) in DPBS) férminutes. Cells were washed
with DPBS. Cells were then incubated with 300 nM64liamidino-2-phenylindole
(DAPI) for 10 min to stain the nuclei. The cellsree¢hen washed twice with DPBS and
the chambers were removed. The slides were moameaovered with glass coverslips.
They were allowed to dry for a few hours beforeythvere sealed with nail varnish and
stored at £C. Images were acquired using a Nikon Al Invertedfacal laser-scanning

microscope (Nikon Instruments, Melville, NY).

3.3.8 Cytotoxicity of polymer-drug conjugates.
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide) assay was used to
determine in vitro cell growth inhibition of Gem cirHPMA copolymer-Gem drug
conjugates against the model pancreatic cancelice, CaPan-2 and Panc-1. Briefly,
CaPan-2 and Panc-1 cells were seeded into 96-\teégpat an initial density of 5,000
and 2,000 cells/well respectively and allowed tadt for 24 h. Cells were treated with

increasing concentrations of gemcitabine or copelygmn fresh media and incubated for
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72h. The efficacy of the polymer drug conjugates warsmpared to the free drug by
calculating the growth inhibitory coefficient (3¢} based on the viability vs.

concentration curves. All experiments were perfametriplicate.
3.4 RESULTS

3.4.1 Characteristics of polymer precursors and polymer gptide conjugates.

Initial studies were performed leading to synthemisl characterization of a series of
polymer precursors (HPMA-(MA-GG-ONp)-FITC) and thetorresponding polymer
peptide conjugates (HPMA-(MA-GG-EPPT1)-FITC). (Tebl3.1) All precursors
contained 2% APMA-FITC while the reactive MA-GG-ONpmonomer content was
varied at 0, 5 and 10 mol%. Based on spectrophdtamaeasurements it was observed
that the amount of incorporated MA-GG-ONp in theqursor increased with increase in
its feed comonomer content (Table 3.1) which issesiant with literature reports® >4
However, with increasing MA-GG-ONp incorporatiohgetyield of the precursor (PP2,
PP3) decreased. This can be explained by the useoo¢ DMSO (up to 10% to
solubilize MA-GG-ONp) during polymerization, whichlso solubilizes some of the
precipitated polymer¥® FITC content was observed to be constant and stemsiwith
feed composition. See Table 2. Based on SEC datial€13) the hydrodynamic volume
based molecular weight of the polymer precursogadsed as MA-GG-ONp content
increased. This observation is attributed to thewkm chain-terminating effect of MA-
GG-ONp when used in radical polymerizatidnlUpon aminolytic conjugation of EPPT1

peptide to the ONp groups of the polymer precurth@r jncorporated peptide content was
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found to increase with increase in feed ONp contd@ime molecular weight of the
polymer peptide conjugates also increased relédivke corresponding precursors
although the polydispersity values increased suggesaltered hydrodynamic

conformations of the polymer due to peptide attasminTable 3).
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Physicochemical Characterization of HPMA-MAGGPeptide-FI TC Conjugates

Feed Composition Monorrer conlent
ONp FITC Peptide
Sample HPMA MAGGONp Wt-% Conten? Conten? Conten?

mmol/g of poymer

PP1 98 0 90.74 .0085+.06 .132+.06 -

PP2 93 5 69.12 351+.03 .125+.06 0.0272
PP3 88 10 62.5 543 +£.05 .119+.03 0.066
PP4 83 15 53 .676+.04 .113+.02 0.1207

Table 2: Physiochemical Characterization of HPMA-M  AGGPeptide-FITC Conjugates
Determined by a,b) UV spectrosco@Np €»7gnm= 9500 M'.cmi* FITC g495,m= 82000 M:.cmi* | c) AA
analysis
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Size Exclusion Data
Polymer Precursor

Polymer Peptide Conjugate

Sample M, M, Polydispersity M, M, Polydispersity
g-mol  g-mol (n) g-mol g-mol (n)
PPl  9774¢  6580( 1.5 - - -
PP,  2907:  1984¢ 1.5 4424 2562( 1.7
PP:  2205.  1669: 1.2 43387 24597 1.8
PPz  2018. 1576 1.2 4121¢ 1933¢ 2.1

Table 3: Size Exclusion Data
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3.4.2 Cellular Binding of polymer peptide conjugates.
The ability of the EPPT1 peptide to augment thelinigp and/or uptake of HPMA-EPP1
peptide conjugates to uUMUCL expressing pancreaticer cells was substantiated using
flow cytometry. In CaPan-2 cell line, overall bindiincreased as a function of the final
peptide concentration (10-40 uM) for the polymeptmke conjugates PP1 and PP2
(Figure 7). In contrast, control polymer with noppide (PP1) exhibited only marginal
association with the cells. Interestingly, at eqlewt peptide concentrations (20 or 40
KM), an increase in the peptide content of the mpelg (PP2 vs. PP3) resulted in a
corresponding increase in mean fluorescence ingenghich would indicate an increase
in binding affinity. To demonstrate whether bindingas uMUC1l-mediated, we
conducted competitive studies where the bindingssitere saturated with pre-treatment
with free peptide. This generally resulted in auest level of fluorescence intensity for
both polymer-peptide conjugates at 20 and 40 puMceoinations compared to studies
with no-pretreatment. This further confirms receptoediated binding of polymer-
peptide conjugates with possibly greater affinibart the free peptide. PP3 showed
greater binding when compared to PP2 suggestingiyaoptimizing the number of
peptide chains on the polymer backbone it is ptessio promote multivalent binding
(several pendent peptides on a polymer backboné}ahc-1 cells, similar observations
were made as CaPan-2 cells. However Panc-1 ceksalbvshowed higher mean
fluorescence intensity equating to higher bindimgl anternalization (Figure 7). This
could be generally attributed to the differentigpeession of uUMUCL1 in these two cell
lines. CaPan-2 cells are known to produce highl$evemucin'®? **¢ which may act as a

barrier to efficient polymer binding or uptake Additionally Panc-1 cells have a faster
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doubling time (52 h) than CaPan-2 (96 iy *®***®which would indicate a more

aggressive cell line with faster rates of interzetiion.
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Figure 7: Flow cytometry studies.

In graphs PP1 polymers were incubated with a potymighout a peptide (no active targeting). The bwtt

3 graphs represents incubation in Pancl cellst@mé& graphs represents incubation with CaPani&.del
graphs PP2 was incubated for 30mins with varyingceatrations (10uM, 20uM and 40uM) of EPPT1
peptide. In graphs PP3 was incubated for 30minis vatying concentrations (10uM, 20uM and 40uM) of
EPPT1 peptide. Black bar graphs represent blockinifpe uMUC1 receptor competitively with the free
peptide EPPT1 for 30 mins prior to polymer conjegathat have the EPPT1 peptide attached. White bar
graphs represent polymer peptide conjugates treateells without pre-treatment of EPPT1 peptidiep
<0.001, *** p <.0001
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3.4.3 Confocal internalization studies.

Internalizations studies (Figure 8) further confanthat polymer peptide conjugates
were getting internalized in the cells. The purpadethis qualitative study was to
visualize that polymer-peptide conjugates effedyiventered the cellular cytosol, which
further corroborated flow cytometry data. Eacheshdas treated with PP2 and PP3 with
40uM of the EPPT1 peptide for 30mins. Confocal aisation suggests that Pancl cells
had a higher intracellular green fluorescence &véh line with flow cytometry
observations. PP3 shows more green fluorescenoeRR2. CaPan-2 cells still showed
internalization of the polymer peptide conjugateit lat a strongly reduced level

compared to Pancl cells.
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10 pm

{Merge

Figure 8: Internalization stud ies.

Polymer peptide conjugates were treated PP2 and PP3 at 4BUEPPT1 concentration for 30mins. (
and (B) represent internalization of PP2 and PRpeetively in Pancl cells. (C) and (D) repre:
internalization of PP2 and PP3 respectively in @-2 cells. Starting from left images are of Ds, FITC,
DIC and finally a merger dadll 3 image.
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3.4.4 Characteristics of polymer-drug conjugates.

After completing polymepeptideconjugate characterization studies, the next seafe
experiments involved the synthesis, characterinadiod in vitro evaluation of a series of
polymerdrug conjugates (without EPPT1 peptide) (See Table Bgsé& polymers had a
general structure of HPMA-(MA-GG-ONp)-(MA-GFLG-GefR)TC. In an effort to
optimize the side chain composition, the contenMé&-GG-ONp (0, 5, 10 mol%) and
MA-GFLG-Gem (0, 5, 10 mol%) were varied. FITC carttevas kept constant at 2 mol%
as before. Upon measuring the content of the varemmonomers in the polymer-drug
conjugates (PD1-PD5, Table 4) it was observed @&t incorporation is influenced by
the content of MAGGONp. When Gem feed compositioasvkept at 5 mol%, an
increase in the feed ratio of MA-GG-ONp from 5-1@I% resulted in an increase in
incorporated ONp content. However, it was obsertlet upon increasing the ONp
content in the feed to 10 mol% a threshold was hedcwhere Gem incorporation
remained the same independent of feed mol%. Itimasesting to observe that with 10
mol% feed of Gem, the incorporated reactive ONppgsowere not accessible to alkaline
hydrolysis (which is critical for subsequent peptbnjugation). In all the polymers, the
incorporated FITC content was constant as expeateédvas generally lower than the
polymer-peptide conjugates as discussed earliererdlly we concluded that
incorporation of multiple comonomers in a polyméain by random copolymerization
will influence the content of each monomer makirigektremely challenging for
optimization of individual monomer content. SECalat Table 4 revealed that polymer

drug conjugates with ONp-containing side chainsZHD5) were generally smaller than
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the control polymer without ONp (PD1), possibly doethe chain-terminating effect of

ONp groups:>®
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Feed composition of monomers (mol%o) Polymer characteristics Size Exclusion Data
MaGenr Total ONp Accessible ONp FITC My M, Polydispersity
Sampl¢HPMA MaGem MAGGONp APMA-FIT conten?  conten? contenf’ conten?
(mmol/g polymer) g/mol g/mol n
PD1 93 5 0 2 0.36 +.04 - - 0.06 = .p9012¢ 6032( 1.8
PD2 88 5 5 2 0.22+.05 0.64 .03 0.24+ .03 0.04 4 3B23¢ 2434¢ 1.4
PD3 83 5 10 2 0.31+.12 0.74+.03 0.00+.02 0.08 £3H3: 2606! 1.t
PD4 83 10 5 2 0.46 +.03 0.67 .03 0.46+.06 0.06 £ 21B8¢ 6032( 1.2
PD5 78 10 10 2 0.31+.14 0.55+*.06 0.00+.06 0.06 $3934¢ 2814: 1.4
Table  4: Physiochemical Characterization of HPMA-M  GGONp-MaGem Copolymer
Conjugates

Determined by**“?UV spectroscopy. MaGemsgnm= 9360 M-.cm® Total ONpés7gnm= 9500 M*.cm*

Accessible ONp40=9000M'cm* FITC g495nm= 82000 M'.crmi*
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3.4.5 Cytotoxicity of polymer drug conjugates.

All polymer drug conjugates were tested for cellitxicity on CaPan-2 and Panc-1 cell
lines and compared to free Gem by employing the M$3ay. A range of concentrations
from (0.0004-0.464 pM) of Gem equivalent was stddiResults in Figure 9 indicated
that all polymer-drug conjugates irrespective aitiGem incorporation caused growth
inhibition of both cell lines in a concentrationpdmdent manner. The measured,IC
values were similar and comparable to that of @een as indicated by previous research
on both cell lines'® and also show that Gem retained its bioactivitprupolymeric

conjugation.
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Figure 9: Cytotoxicity of polymer drug conjugates.

All polymer drug conjugates for both cell lines wdreated with a range of concentrations (0.4-4@4 u
Gem equivalent. Both cell lines were treated wittefgem for negative control. In both cell lineH,
polymer-drug conjugates showed concentration degr@ndnticancer effect that was comparable to free
drug. 1G; of free drug was comparable to resedféh
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3.5 DISCUSSION

Drug delivery via HPMA copolymers has been sucegdsf enhancing the locoregional
delivery of conventional anticancer agents sinagy tivere first introduced back in the
1970s*?°. The nanocarrier’s ability to conjugate differefrtigs and targeting moieties,
prevent the random diffusion of cytotoxic compouiae healthy tissues, consequently
prolong the residence of the drug in the bloodutatton and access tumors via the EPR
effect of the neo-vasculature supporting solid ttsrtd *** Here, we aim to develop a
targetable delivery system for trafficking therapewcargo to pancreatic cancer cells.
MUC1 was chosen as an ideal pharmacological tdrgeause it is heavily glycosylated
in normal pancreatic tissue and under-glycosyldteédUC1) only in neoplastic tissue.
This reduced glycosylation permits access to th#ige core and reveals epitopes that
are normally hiddef° In order to develop a successful targetable potyogjugate drug
delivery system, our first step was to optimize pleptide incorporation in the polymers
that will provide most favorable binding propertiéss previously discussed in results,
we were able to develop consistent nanocarriers. MAGGONp content in the polymer
precursor conjugates increased as we increasedanmaunt of MAGGONp feed
comonomer content Table 2 and Table 3 consistétht literature datd®* **° Size
exclusion data Table 3 confirmed that higher premuMAGGONp content increased
the amount of peptide that was subsequently cotgédga the polymet>® >4 It was also
observed that polymer-peptide conjugates were layaramically larger than their
precursors, which suggests that peptide is coMglbound to the polymer. Additionally,
peptide bound to the polymer may have increasegdthgispersity (n) of conjugates.

Next, the binding and internalization of the polynpeptide conjugates were tested on
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CaPan-2 and Panc-1 cell lines both of which areghpancreatic cell [iné3* CaPan-2

is a good candidate for binding studies due tofaleethat it features the highest level of
MUC1 mucin granules amongst pancreatic cell lifksc-1 serves as a control cell line
with lower overall expression of MUC1 mucin grarsite®. Using two cell lines with
differential MUC1 expression might give a bettergpective on general drug targeting
efficiency. Flow cytometry data Figure 7 demonstsathat binding and internalization
occurs in both cell lines, under both competitivel anon-competitive conditions. As
expected, binding/internalization was higher una@m-competitive conditions compared
with a competitive challenge using free peptidevdis also observed that as the amount
of peptide bound to the polymer increased, the fhetrescence intensity increased
correspondingly, suggesting higher intracelluladivéey due to receptor-mediated
internalization.

Total cellular binding/uptake of polymer-peptidengmates in Panc-1 cells was higher
compared to CaPan-2 cell lines (Figure 7). We hypsize that even though Panc-1 has a
lower MUCL1 receptor expression, this cell line laagrowth rate that is about twice as

fast as the CaPan-2 cell lilg: 162

supporting the observation that polymer-peptide
conjugates internalization is higher and occura higher rate in this cell line compared
to Capan-2. The clinical significance of this fingiis that both cells types show
binding/internalization of the polymer-peptide aaggte demonstrating that MUC1
receptors can be effectively used for targeting detivery to a variety of MUC1

receptor-expressing cancerous &li€onfocal microscopy imaging (Figure 7) further

confirmed internalization of polymer-peptide corgtes observed via flow cytometry.
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Qualitatively, Pancl cells clearly demonstrate eased intracellular fluorescence
compared to CaPan-2 cells.

Once a peptide composition with efficient cellubanding was identified, we continued
development of a second series of conjugates econgaGem (but no peptide) to allow
optimization of drug content for therapeutic efigaGem incorporation was influenced
by the presence of other reactive comonomer (MAQ@®) in the same polymer
backbone. Importantly, this would provide challenge the subsequent incorporation of
peptides to drug-containing polymer backbone. Is wpecifically observed that a 10
mol% feed composition of MA-GG-ONp resulted in dymeer-containing pendent ONp
group but none of those groups were hydrolysabldeuralkaline conditions. This
observation suggests a significant change in timocmation of the final polymer-drug
precursor possibly entrapping the ONp groups igadt® in a micellar conformation. This
would prevent polymer-precursors with 10% or higbamtent of ONp to be subsequently
used to attach a peptide via ONp aminolysis. Thejugates however maintained
bioactivity of incorporated Gem as evidenced byghoinhibition (Figure 9). Although
polymer-drug conjugate cytotoxicity is not superitw free drug, their relative
comparable efficacy is encouraging since these ugatgs will display altered
biodistribution in vivo that will favor tumor dispdion (due to EPR and active targeting).
Moreover, when such conjugates are administeredivio they may feature reduced
exposure to normal cells, thereby reducing sidesctdf while maintaining their
chemotherapeutic effects on pancreatic cancer. deifally, systemic toxicity can be
expected to be minimal since Gem would be inaativid its release in the lysosome of
the cellular cytoplasm.
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In this report, we systematically obtained optintiaa criteria for a prospective polymer-
peptide-drug conjugate containing HPMA copolymePPH1, and Gem. Peptide and
drug optimization parameters were investigated peddently. We identified the
threshold feed content of Gem (less than 5 mol%@CHK2 mol%) and reactive precursor
MA-GG-ONp (less than 10 mol%) (Table 4: Physiocleaih Characterization of
HPMA-MGGONp-MaGem Copolymer Conjugates). We furtliatermined that 5-10
mol% peptide incorporation would result in actiaegeting to pancreatic cancer cells via
uMUCL1 binding. Future studies would combine the aadages of both an active
targeting polymer and a potent chemotherapeutig.de hypothesize that adding
gemcitabine to an already optimized active targepialymer could significantly increase
the potency of gemcitabine and thereby improveclitsmotherapeutic effect. Targeted
drug delivery for improving chemotherapy has bespleyed in a number of phase 2
and phase 3 clinicatials % 8 however, these trials are limited by the avaligbbf
unique pharmacological targets. Our study for ir& fime uses the potential targeting
ability of the EPPT1 peptide as a targeting agest pancreatic cancer-directed
therapeutics. By utilizing the MUCL1 receptor we destrate the possible exploitation of
a novel overexpressed ligand on pancreatic tunifyrsevealing that the present drug-

polymer conjugate is comparably effective to freegd
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Chapter 4. HPMA based Gemcitabine delivery to pancreatic cell

MUC1 receptors

4.1 Abstract

Pancreatic cancer therapies are inadequately sfatdse to their major side effects and
lack of sufficient therapeutic response. An actageting drug delivery system could be
employed to overcome the shortfalls of these thesag he goal of the present study was
to evaluate the targetability and efficacy of Nhiroxypropyl) methacrylamide
(HPMA) copolymer-(EPPT1)-Gemcitabine conjugatesnasel macromolecular drug
delivery systems against pancreatic cancers. Ivique studies, we developed a
polymer-peptide conjugate which can actively tagggaticreatic cancer cell lines and also
developed a polymer drug conjugate which showedalggleffective cytotoxicity
compared to free drug. In this study, we continuedevelopment of a polymer peptide
drug conjugate that confirms a 5%—ONp incorporatiddnch EPPTL1 peptide is linked
too is sufficent to reach the intracellularly lysoge compartments. We also verify that in
lysosomal conditions, where the polymer conjugat@cubated with a known lysosomal
enzyme cathepsin B and at a pH of 5.5, gemcitabingleased regardless of whether the

peptide EPPTL1 is bound or not. Mechanistic stud&ag endocytosis inhibitors were
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done to determine that clathrin-mediated endocgtosi one potential pathway our
polymer peptide conjugates are being internalifddotoxicity studies were preformed
with three different endocytosis inhibitors to dédigh the optimal concentration for
internalization studies. Two finalized polymer pdpt drug conjugates were used in
cytotoxicity studies compared to free drug and thtmimprove therapeutic effect. The
story concludes for in vitro studies having founebtpotential polymer peptide drug
conjugates which could be used for further studiesivo to help improve pancreatic

cancer treatment.

4.2 Introduction

Although there have been many new developmentshén fight towards pancreatic
cancer, new statistics have shown no decreaseeisutvival rate ** **> Neoplasms of
the pancreas are one of the most deadly forms rafea’®> **® Treatments have been
slow to change and yet incidence of this diseas®st equals in mortality rdf&: 3
Gemcitabine (Gem) is considered the leading cheenafly for pancreatic cancérs®
Its mechanism of action is primarily as a cell ghapecific target by disrupting cells
undergoing DNA synthesisPrevious clinical trials for treatment of pantireaancers
with gem have shown a median survival rate of lksm 6 months **¢ However,
gemcitabine has with many side effects associatéd Mv Since effective doses for
cancer treatment bring about non-specific toxicippimonary toxicities, and renal
failure* ¢ Although, still under heavy investigation, tumaell resistance to
gemcitabine treatment have also been reptfted this section we aim to overcome the
many pitfalls of the free gemcitabine treatment.efBfiore, we are using N-(2

hydroxypropyl) methacrylamide (HPMA), a water sd&bpolymer to assist in
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gemcitabine treatment. As previously reported, HPbbpolymers are widely used as
drug carriers due to there favorable propertiesb@ihg highly water soluble, non-
immunogenic and are adaptable for large scale ptmt’®’. Previously we covalently
linking gem via a glycine-phenylalanine-leucine@he (GFLG) side chain to HPMAs
backboné&®. This degradable peptide linker is stable in néroirgulation but is cleaved
by lysosomal proteases such as cathepsin B, otematized by endocytosfé *? This
linker is vital for HPMA drug delivery because thieug remains non-active while
attached to the polymer. Moreover, by keeping dctive until it get into the cell, it is
also brought closer to the site of action and tetiacrease its therapeutic effet*%"
199 The other part of getting gem into the cell isauyively targeting pancreatic cancer
cells. As previously stated, the MUCL1 receptomsdeal candidate for targeting because
of its a large over expressed mucin granules thtateaposed on the apical surface of
almost all human epithelial cell adenocarcinomaghwincludes pancreatic canter®
Being that the MUCL1 receptor extends out furthantmost membrane molecules and in
neoplastic tissue it becomes underglycosylated ®rpgoaits peptide core, it became an
ideal target for our projett EPPT1 is a peptide that has shown to have afisigni
affinity to the uUMUC1 receptor with a g&20uM®™. Our previous work has shown
successful conjugation of free gem to the HPMA p@y®*. In vitro studies with MTT
assay also have proven that HPMA-Gem has equat &fkect on 2 different types of
pancreatic cell lines as free g&fh Other previous work has shown that when HPMA has
the EPPT1 peptide bound to it via a non-gradabtelpthere was an increase in cellular
uptake. Our goal was to further narrow down thaligelymer peptide drug conjugate

that would be promoted for in vivo studies.
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4.3 Materials and Methods

4.3.1 Materials

See section 3.3.1

4.3.2 Synthesis of Comonomers

Monomer building blocks were synthesized accordmg@reviously published methods:
() N-(2-hydroxypropyl)methacrylamide (HPMA, m.p.6®8°C, MW 143.8), a
comonomer that forms the polymer backbone and rendgueous solubility®® (ii)
methacryloyl-glycylglycyl-p-nitrophenyl ester (MA&ONp, m.p. 160-163°C, MW
321.7,¢573 = 9500 M'cm™), a non-degradable dipeptide linker containingctiea co-
monomer to which the EPPT1 peptide is attachedviafig polymerization; (iii) 5-(3-
(methacryloyl-aminopropyl) fluorescein isothiocyta@APMA-FITC, MW 533.60¢g495

= 8200 M'cm™), a fluorescent comonomer to monitor in vitrolaer binding and
internalization™®® (iv) methacryloyl-glycylphenylalanylleucylglyoin (MA-GFLG-OH,
MW 460.52), a lysosomally degradable tetrapeptidmanomer intermediate to which
Gem is covalently bound prior to polymerization.eTtrug containing comonomer (v)
MA-GFLG-Gem was synthesized by reacting Gem HChwtAGFLGOH (1:1 molar)
in anhydrous dimethylformamide (DMF) using N,N-dpsopylethylamine (DIPEA)
(1.5x), hydroxybenzotriazole (HOBT) (1.1x), N,Negiclohexylcarbodiimide (DCC)
(1.1x) and 4-dimethylaminopyridine (DMAP) (.15x) @tom temperature for 16 hours.

The final product was isolated and purified by eotuchromatography (silica gel, mobile
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phase: dichloromethane 83%/Methanol 15%/Acetic A&e) and analyzed by thin layer

chromatography (F0.48) and mass spectrometry (MW 706.3).

4.3.3 Synthesis and Characterization of HPMA copolymer-Gm drug conjugates
Polymer-drug conjugates were synthesized in onp bte free radical precipitation
polymerization as similar to polymer precursor esvpusly reported. HPMA, MA-GG-
ONp, MA-GFLG-Gem and APMA-FITC. The content of pentl ONp, Gem and FITC
were estimated by UV spectrophotometry. Gem andCRAVEre measured in 0.1N NaOH
at 263 nm €= 9630M'cm* and 495 nme4es=79000M'cm™) respectively. Total ONp
in the polymer was measured in DMSO/1% acetic &gig=9100M*cm?’). To measure
ONp content that is accessible/available for furtbenjugation to peptide, the ONp
groups were hydrolyzed and released p-nitropheredsured in 0.1N NaOH at 400nm
(£40=9000M*cm™). ONp content for non-drug containing polymers \irarporated at
5 and 10%. ONp content for drug containing polymere held at 5%. Gem content was
varied at 5% and 2.5%. FITC incorporation was held2% for all polymers. The
molecular weight and weight distributions of thdypeer conjugates were estimated by

SEC as previously reportéd

4.3.4 Synthesis and characterization of HPMA-EPPT1-Gem agugates
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EPPTL1 conjugation to copolymers was synthesizesieps as previously reported(REF).
The only difference is that conjugation of the ERREptide was also done to polymer

that had Gem attached as well. Table 5.

4.4 |n vitro Evaluations

4.4.1 Cell Culture
CaPan-2 and Panc-1 (ATCC, Manassas, VA) (pass&g85)lwere grown at 37°C in an
humidified atmosphere of 5% GOCells were maintained in T-75 flasks using
Dulbecco's Modified Eagle's Medium (DMEM) and McCQoy5A respectively,
supplemented with 10% fetal bovine serum (FBS),n¥-essential amino acids, 10,000
units/mL penicillin, 10,00Qug/mL streptomycin and 2hg/mL amphotericin B. Media
was changed every other day and cells were pass#g80-90% confluence using a
0.25% trypsin/ethylenediamine tetraacetic acid (BD3olution. Incubation buffer used
in the assays consisted of Phosphate Buffered &d#BS) without calcium or
magnesium chloride. For all experimental procedutége confluent cultures were

harvested by treatment with trypsin/EDTA.

4.4.2 Confocal Internalization
Intracellular trafficking of polymer peptide conptgs of different ONp incorporation
within CaPan-2 and Pancl cells were examined fecip finalization of intracellular
destination. CaPan-2 and Pancl cells were seedéd@d and 2,000 cell/cm2 on 8-
chamber slides respectively. Cell were kept foragsdto 5 days of incubation at 37°C

and 95% relative humidity and 5% CO2. After whiatll€ were washed with warm
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HBSS and then incubated with copolymer peptidewgates in HBSS for 30 mins. After
which cells were washed with ice-cold DPBS, andedixwith 4% (wt%) para-
formaldehyde, 4% (wt%) sucrose in DPBS for 15 m@ells were washed with
permeabilization buffer (PBS containing 300 mM siser, 50 mM NaCl, 3 mM Mggl
6H,O, 20 mM HEPES, 0.5% Triton X 100 (vol%), pH 7.2)hich was added to the
samples and kept at 4°C for 5 min. The permealitirabuffer washed out twice with
DPBS and then incubated at 37°C with blocking buffé2 bovine serum albumin
(BSA) (wt/vol) in DPBS) for 5 min. Cells were washevith DPBS and primary
antibodies for lysosome-associated membrane prdte{nabbit polyclonal lysosome
antigen — 1 (LAMP-1); Molecular Probes) (solutiorepared at 1:500 vol.ratio in 3%
BSA solution) were added to separate cell sampéentlers and left for 30mins in the
incubator at 37°C. The primary antibody was thenaeed and the cells were washed 3
times with blocking buffer and then the secondantibendy Alexa flour-488 goat anti-
rabbit IgG (Molecular Probes, Carlsbad, CA) waseaddt 1:1000 in the blocking agent
solution for 30 mins. The cells were then washetth Wi5 vol (vol%) Tween 20 in DPBS
and finally three times with DPBS. Cells were thiewubated with 300 nM 4',6-
diamidino-2-phenylindole (DAPI) for 10 min to staime nuclei. Finally, cells were then
washed twice with DPBS and the chambers were detadfhe slides were mounted and
covered with glass coverslips. They were allowedrtofor a few hours before they were
sealed with nail varnish and stored at 4°C. Imagege acquired using a Nikon Al
Inverted confocal laser- scanning microscope (Nikaostruments, Melville, NY). Co-
localization between 5%ONp copolymer and 10%ONpoboper in the lysosome was
guantified using the Elements software suppliedhliie Nikon microscope. The extent
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of co-localization between the overlapping chanmeds determined using the Mander’s
overlap coefficient (Moc). The extent of co-localization between the red aneewg

channels (Moc) Was calculated using the following equation:

YiXicoloc
>

x(oc)= (X,

where Xi,coloclS the value of voxels of the overlapped red witben components, and xi
is the value of the red component. pxis reported for each treatment as an average of
the 6 images where the threshold was adjusted tofd@%all images, in order to
compensate for any background noise. This metha@dlotilating the co-localization was
adopted from a previously published journal argtfe however here we used Nikon
Elements for acquisition and the Volocity 3D imagealysis software verison 6.3

(PerkinElmer Waltham, MA) to determine our co-lézafion valuet™®: ¢

4.4.3 Drug Release Studies

The in vitro release of Gemcitabine from HPMA copolymers wasluatad using the
model lysosomal enzyme cathepsin B (CPB) accordiogpreviously described
procedures with minor modificatiotfs. Enzyme incubation mixture consisted of CPB
stock solution (0.98 ml, 0.572 mg/ml (12.2 unitg/ml 0.1 M ammonium acetate buffer
pH=5.5, 1 mM EDTA) and cysteine solution (0.02 880 mM in acetate buffer pH=5.5,

1 mM EDTA). 5 mg of HPMA copolymer—Gem conjugatelsdhd HPMA-EPPT1-Gem
(see Table I) were dissolved in the incubation arixt(1 ml, 5 min preincubation at
37°C). At 15, 60 and 180 min, 1@Dsamples were removed, drug extracted twice with 1

ml ethyl acetate, organic layer separated and dnmetkr nitrogen. Resulting residue was
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dissolved in 0.5 ml of mobile phase and evaluateddfug content using reverse-phase
high performance liquid chromatography (HPLC). Mebphase consisted of 0.05 M
ammonium acetate buffer pH=4.7 and acetonitrile3b5//v) at a flow rate of 1 ml/min
(ADD REF). HPLC analyses were performed with a W&afEl7 autosampler (Waters
Corporation, Milford, MA) with Waters 2487 dual walength detector set at 260 nm
using a Waters XBridge column (C18, 4.6x150 mnprH. The analytical column was
protected with a Waters Xbridge guard column (CA8x20 mm, 5um). A calibration
curve was generated by extracting and processingpi@sl above standard solutions of
Gemcitabine dissolved in 0.1 M ammonium acetatefebufpH=5.5 using the
corresponding peak aregersusconcentration. Direct injections of standard solosi
without extraction were used to determine extracatiiciency. Percent drug release was
calculated from the drug content of the copolymaesasured by UV spectroscopy and
the content of free drug quantified by HPLC. A &t@olution of the standard substrate
N- benzoyl-Phe-Val-Arg-p-nitroanilide hydrochlorideO(3nM in DMSO) was used to

verify enzyme activity at the given time intervals.

4.4.4 Cytotoxicity of Endocytosis Inhibitors
Cytotoxicity of endocytosis inhibitors was assesseldoth Pancl and CaPan-2 cell lines
to ensure the cell viability over short-term expesto these chemicals during uptake
experiments. Endocytosis inhibitors were prepated range of concentrations known to
reduce the different pathways (purchased from Sigidach, St. Louis, MO). Inhibitors
used for their respective pathways were as followsnodansyl cadaverine (MDC) (150

to 600uM) for clathrin mediated endocytosis; filipin (FI(2 to 8uM) for reduction of
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caveolin-mediated endocytosis; and dynasore (DY28)uM to 100 uM) for dynamin-
dependent endocytosis. (The range of all the itdnbi was determined through
literaturd®® °7 Cytotoxicity of the inhibitors was assessed bg wmater-soluble tetra-
zolium salt (MTT assay) assay. Pancl cells wereleskat 25,000 cells per well and
CaPan-2 cells were seeded at 35,000 cells periwell 96-well plates(Corning, NY).
Cells were incubated at 37°C, 95% relative humiditgl 5% CO2 for 48 h. Cells were
washed with warm Hank’s balanced salt solution (8BBS8uffer and incubated for 2 h
with 100 uL solutions containing a varied concentration ofl@eytosis inhibitors. The
solutions were removed after 2 h and cells wereéhagswice with HBSS buffer. MTT
assay reagent solution was added to each wellrautbated for 4 h at 37°C. Following
the incubation time, MTT was dissolved in DMSO &inél plate was mixed well and then
measured for absorbance on a plate reader. Abstlzd60 nm and background at 600
nm were measured using a SpectraMax plate readete¢Mlar Devices, Sunnyvale,
CA). Cells incubated in HBSS were used as the nagabntrol for 100% viability and
cells incubated in Triton-X were used as the pesittontrol. Cell viability>80% was
classified as concentrations acceptable for upsikdies. As represented in Table

MDC at 30QuM, FIL 4 uM and DYN at 5QuM were used for the cellular uptake studies.

4.4.5 Cellular Uptake
Cellular uptake of the copolymers was determinedh@ presence and absence of
endocytosis inhibitors. Inhibitors used were atagorirations that showed a minimum of
85% of viability during the 2 h period of the assagubation period. Pancl and Capan-2
cells were seeded at 150,000 cell/well and 300¢@0i8/well in a 12-well plate (Corning,

NY) and grown for 3 days - 4 days at 37°C, 95%tnetahumidity and 5% CO2. Culture
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medium was then removed and cells were washed twitewarm HBSS. The required
amount of HBSS and Polymer solution was added ¢b @eell such that the total volume
was 400uL. Cells were incubated with the copolymer solution 1 h at 37°C. The
copolymer mixture was then removed and cells weashed twice with a 1 mL solution
of ice-cold Dulbecco’s phosphate buffered salinBB3). Cells were then incubated with
trypsin for 5 min after which cell culture mediumasvadded to halt this detachment
process. Cells were removed from plates, transfetce microcentrifuge tubes, and
centrifuged for 4 min at 1500 rpm. After removirg tsupernatant, cells were washed in
DPBS and finally fixed in 1% (wt%) paraformaldehydi@ DPBS) solution. Flow
cytometry was used to measure the cellular fluemese using the BD LSR flow
cytometer (Becton Dickenson, Franklin Lakes, NJhvfilters, Ex - 495 nm; Em — 519
nm. A 200uL solution of 0.4% (wt%) Trypan Blue was added &aste sample and 10,000
events to 20,000 events were taken per sample fogp8at experimental samples.
Percentage uptake was determined for different patiulations by the shift in mean
fluorescence (region of interest was determinedguBiowJo software) in the presence of
endocytosis inhibitors compared to the controlsHBSS. Uptake analysis for the
influence of liposome size on cell populations watermined by comparing the shift in
means. The data for fluorescence intensity evemtstife polymer recorded by flow
cytometry was normalized to the total uptake abdipmes at 37°C in the absence of any
inhibitor (this gives the 100% value on the graphg to the difference between the
uptake in presence of inhibitors by its uptake gadt 4°C (for the copolymer the 4°C

uptake was different since this represents theiymsgptake and hence highlights the

79



region of interest). Hence the values presenteksept the percentage of copolymer not

affected by the inhibitor

4.4.6 Cytotoxicity of polymer peptide drug conjugates
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetraaain bromide)assay was used to
determine in vitro cell growth inhibition of Gem catHPMA copolymer-EPPT1-Gem
drug conjugates against the model pancreatic cacelrines, CaPan-2 and Panc-1.
Briefly, CaPan-2 and Panc-1 cells were seededd6twell plates at an initial density of
5,000 and 2,000 cells/well respectively and allowedattach for 24'h. Cells were
treated with increasing concentrations of gemaitalor copolymers in fresh media and
incubated for 72h. The efficacy of the polymer peptide drug conjegavere compared
to the free drug by calculating the growth inhibjtacoefficient (1IGo) based on the

viability vs. concentration curves. All experimemisre performed in triplicate.

4.5 Results

4.5.1 Characterization of HPMA Copolymer conjugates
Polymer peptide conjugates and Polymer peptide damgugates that were synthesized
and characterized retained similar properties asipusly reported. The characteristics
of HPMA copolymers with or without Gemcitabine aBBPT1 peptide are summarized
in Table 5. The content of each monomer was deteanto be nearly equivalent to
theoretical amount and comparable to previouslgmspAs demonstrated previously, we
measured the total ONp in the polymer and the addesONp along with Gemcitabine
content and FITC content. Peptide content was medsby amino acid anaylsis.

Estimated molecular weight of each polymer preauessw polymer with/without drug
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were measured. Results showed similar size difte®m@and polydispersity compared to

previously reported in section 3.4.1.
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Physicochemical Characterization of HPMA-MAGGONp-MaGem Copolymer Cojugates

Feed composition of monomers Polymer charactesistic Size Exclusion Data

MaGen  Total ONp  Accessible ONp  Peptide FITC

) M, M, i i M, M, i i
Sample sva Magem MAGGONp Content®  Conient” Content” Conent?  Conent? Polydisperst} Polydispersit}

Polymer Precursors Polymer Peptide Drug Conjugates
mmol/g of poymer gmol  g/mol (n) gimol  g/mol (n)
A 92 - 5 - 31£.04 25+.03 0.03 13+.0129,07:  19,84¢ 15 44,24, 25,62 17
B* 88 - 10 - 57+.02 55+.03 0.07 10+.0122,05. 16,69 13 4338 24,59 1€
C 88 5 5 28+.03 .25+.04 23+.02 0016  .11+.0B3,09: 2331 14 54,79¢  51,96¢ 11
D 9.5 25 5 11+£.05  29+.09 27+.01 0.022  .12+.028,50¢ 20,69 14 46,528 26,10¢ 18

Table 5: Characterization of Polymers

Determined by-"“¢ UV spectroscopy.® Amino acid analysis! Size exclusion chromatography.

Polydispersity. * for polymers A and B indicatecepiously mentioned result Table 2. Provided here f
comparison only.
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4.5.2 Co-localization of Polymer Peptide Conjugates
Intracellular trafficking of polymers A and B (withit drug) was done to determine
whether an HPMA copolymer with 5% ONp would be afoldraffic to the lysosome. It
was already determined that in previous studiesat®% ONp copolymer with EPPT1
peptide attached had more uptake in flow cytomemtian a 5% ONp copolymer.
However, in this studies, the ultimate goal wagébthe polymer with drug accumulate
in lysosomal compartments where the molecule ieslegd umitimately releasing the
drug and subsequently be transported to the nueteushibit S-phase cell production.
Polymers were colocalized at a concentration of MiOof EPPT1 with lysosome
(LAMP1) compartment after 30 min incubation at°@7 CaPan-2 cells when tested
against both copolymers 5% and 10%, they showedasifavels of co-localization with
lysosomal regions independent of the co-polymeteartn In Pancl cells, however, the
5% co-polymer seemed to show slightly less accutioma within lysosomal

compartments than that compared with the 10% cyprped, as represented in Figure 10.
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10% EPPT1

5% EPPT1

5% EPPT1

10% EPPT1

Figure 10: Confocal imaging of colocalization of Polymers A and B with lysosomal
regions.

CaPan-2 (A and B) and Pan¢C and D)cells were incubated for 30mins Polymer peptidejuagtes
(40uM EPPT1) A & C with 5%0GNp an(B and D with 10%©Np. Lysosomes were stained using Al
Fluor 488 (green) for anti Lamp-antibody. Samples were examined by confocal reampe (Nikon Al)
The nucleus was stained with Day
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5% ONp-Panc1l Areas of Co-localization Co-localization ROI

Figure 11: Measuring Co- localization using z -stacks
Images represent the measurement clocalization for confocal stack for all samples used a
explained in Figure 10. Here we have shown an elawiphe 5%0ONpPancl z stack, where the yellc
color signifies the co-localed areas. The (-localization Region of Interest represents the afdaue ct-
localization and used to calculate the Mander'sfaent, when the threshold is set to a minimunbé.
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Figure 12: Co-localization of polymer Aand B (gra  y and black) respectively with LAMP-1.
Intracellular trafficking was measured after 30rmoubation. Colocalization between the differentNgO
polymers and LAMP1 was measured using Mander’s lapecoefficient (Mc). Reported as Mean +
Standard Deviation in 6 z-stack images.
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4.5.3 Cathepsin B Catalyzed Drug Release from HPMA copoiper Gemcitabine
conjugates

Extent of drug release from HPMA copolymer produets evaluated at 15, 60, 180
mins in model lysosomal conditions. Time points d&y 180 mins showed degraded
products (data not shown). Cathepsin B (CPB) catalydrug release was quantified and
identified using reverse phase HPLC and extraoéificacy was calculated to be 95%.
Incubation with CPB resulted in the release of fgeencitabine. Drug was extracted
twice with 1 ml ethyl acetate, organic layer sepadand dried under nitrogen. Resulting
residue was dissolved in 0.5 ml of mobile phase ewvaluated for drug content. Total
drug release was compared when peptide was boundnibound to the different

polymers C and D. See Figure 13
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Cathepsin B Catalyzed Gem Release

30- Polymer C
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Cathepsin B Catalyzed Gem Release
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Figure 13: Drug release of polymers C & D in model lysosomal conditions.

Comparison of copolymers with —-EPPT1 peptide boundopolymers without —-EPPT1 peptide bound.
Time points were taken at 15, 60, and 180 mins.eTpwints beyond that degraded the polymers(Data not
shown). %Release of Gem was measured. For samgiaatlrization see Table. 4.1. Data represents mean
+ SD (n=3)
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4.5.4 Effect of Endocytosis Inhibition on Pancreatic Caner cell lines
Three endocytosis inhibitors were used to examieepathways of cellular uptake for
polymer peptide conjugate A. The initial step astprocess is to observe the Pancl and
CaPan-2 cell viability during a 2h treatment in iresence of endocytosis inhibitors. A
range concentrations found in literature were useatbt only test the viability of the cell
lines but also to make sure the concentration wgis énough to achieve endocytosis
inhibition. The inhibition concentrations that shemvcell viability above 80% were
selected for the uptake assay. (Figure 14) The amosis inhibitor dynasore (DYN)
(50uM), is a non-competitive inhibitor responsile vesicle scission and GTPase
activity of dynamin during both clathrin- and caliro mediated pathway®.
Monodansyl cadaverine (MDC) (300uM), was used ta@ckl clathrin mediated
endocytosis. It is known to prevent formation ot tklathrin coated pits, thereby
preventing endocytosi®. Filipin (FIL) 4uM, was selected as an inhibitdr caveolin
mediated endocytosis. It has been shown to dishigopathway by binding to cholesterol
inside the caveolar pits, thereby disturbing thényway. HPMA copolymers are strongly
influenced by charge and molecular weight for theilular uptak&®. However, in our
studies aimed to effectively distinguish whether q@olymer uptake was dynamin
dependent and either clathrin or caveolin medialdte effect of each inhibitor was
compared at 37°C and°@ in the presence of each respective endocytoslsvps
inhibitor at 37C. At 4°C, passive cellular uptake is the only processtfanal. Low
temperature suppresses all active endocytic pathwhys copolymer uptake would be

completely due to a passive internalization viadbBular membrane. In Figure 15, we
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see that in the presence 64 copolymer mean fluorescence intensity (MFI) Veagest.
The uptake of the copolymer at°8 without any endocytosis inhibitors representstal t
cellular uptake. In Figure 15, represented thédst MFI for both cell lines. The highest
inhibition we observed was in the presence of MDsatlirin mediated pathway
inhibitor). Both cell lines showed a statically mificant reduction in MFI in the presence
of MDC compared to positive control. FIL (caveofrediated pathway inhibitor) showed
to have the least effect on endocytosis uptake.sMdil both cell lines were either equal
or greater than positive control. In the presenicBYN (dynamin inhibitor), both cells
saw a slight reduction in uptake but generally gneshan the uptake the presence of

MDC inhibition exerted.
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Figure 14: Cytotoxicity of endocytosis inhibitors.
Both cell lines were incubated for 2 h at@7with various endocytosis inhibitors. The graptii¢ated the

percentage of cell viability for the different camtrations for each endocytosis inhibitor and tssate
reported as mean + SD with n=6
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Figure 15: Polymer uptake in presence of endocytosi s inhibitors represented as mean

fluorescence intensity (MFI).
Polymer A was used for uptake studies at a conatotr for EPPT1 at 40uM in presence of endocytosis

inhibitors. Positive control represents no endasigténhibitors. Monodansyl cadaverine (MDC)(300uM),
Filipin (FIL) (4uM) and Dynasore (DYN)(50uM) weresed for inhibition. *** indicates a significant
difference (p < 0.001) by One-way ANOVA test whempared to positive control.
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4.5.5 Cytotoxicity of polymer peptide conjugates
Polymer peptide drug conjugate C & D were testedafaicancer effects on CaPan-2 and
Pancl cell lines. These were then compared togeegcitabine by using the MTT assay.
A range of concentrations from (.0004-.46M1) Gem equivalent was studied. Results
indicated that Igyvalues for the polymer peptide drug conjugates @ner compared
to free gem. Thus polymer peptide drug conjugatesige a higher toxicity then free
drug. For both cell lines polymer peptide drug cgajtes improved the therapeutic effect

of gemcitabine. See Figure 16.
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Figure 16: Cytotoxicity study of polymer peptide dr ug conjugates

Polymer peptide drug conjugates C & D were treategrowth inhibition assay for 72 h. Treatment
concentrations were kept to the same as previaeggrted Figure 9. In both cell lines polymer péeti
drug conjugate showed more effective cytotoxichgrt free gem. Gemcitabine sfOvas comparable to
previous reports Figure 9.
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4.6 Discussion

The occurrence of pancreatic cancer have beeneoristh in the past 10 yéarThe need
for therapeutics to evolve is essential in ordehép the treatment and survival of this
growing patient population. Drug delivery via HPMe&opolymers have to shown
improve the chemotherapeutics for certain typesasfcer$®* The delivery of a non-
active drug payload has been proven that with greefit of the EPR effect, the potential
for an improved chemotherapy with reduced acutécities is a viable possibility®.
This study continues the development of an HPMAobtgper with an active target
EPPT1 peptide along with a chemotherapeutic dramaitabine for pancreatic cancer as
a possible improvement in therapeutic responseTdble 5, we characterize four
polymers that were narrowed down from previous pass conjugates. This
characterization is for further develop the fingtimal candidate for future in vivo
studies. A and B polymers were studied again toarthk final determination for the
optimal ONp incorporation. It was also observed #haC and D all were similar in the
amount of MAGGONp content measured total or avéla@em content was measured
in C and D polymers. Gem incorporation in the payread to a increase in gem content
which was measured using UV spectrometry. Thesesumed contents of Gem were
consistent with previously reported data See TableFITC content was kept constant at
2% for all polymers and was shown to be consisbattveen polymers and previous
reports Table 2. C and D are the newest polynm@osocalization studies Figure 10,
Figure 11 and Figure 12 confirmed that 5%ONp wascassfully accumulate within

lysosomal compartments. The final polymers werd ke&p%ONp since previous reports
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showed that by increasing ONp causes a decreas#uhility and incorporation of other
side chains. Amino acid analysis was done to piethe amount of EPPT1 peptide that
was conjugated to the MAGGONp attached to the pelynit was observed that the
content remained consistent with the amount of GNp was attached to the polymer
backbone. Through size exclusion data, we obsdahatdefore the peptide is conjugated
the size of the all the polymers remains roughly shme. Polymer B is the exception
because it has double the amount of MAGGONp. Orepdige is added to the polymers,
the size of the polymers increase but again thay dlatively the same size. The only
real differences is polymer C which has 5% ONp pegtide attached and 5% Gem
attached was slightly larger. In Figure 10, Figuteand Figure 12 confocal studies were
preformed to observe the accumulation of polymehenlysosomal compartment that has
either 5% ONp or 10%ONp with peptide attached. Siogr hypothesis is that the drug
which is attached to the polymer via the lysosoynd#grable linker, -GFLG we looked
to confirm whether or not when peptide is attachedhe polymer backbone does it
colocalize with lampl. Using manders overlap coedfit we observed that all polymers
were colocalizing into the lysosome at more tha#5@hen incubated for 30mins in
Pancl and Capan-2 cell lines aP@7 See Figure 12. This allowed us to confirm that
even a 5%0Np polymer with EPPT1 conjugation wowdshfficient to deliver a drug
payload into the lysosome. Our hypothesis is thatrést of the non-colocalized polymer
is being retained in the cellular matrix or endsnsoFor future studies it maybe useful to
look into whether if even more polymer can colaoalif incubated for more time. As a
follow up to the colocalization studies, we provddevidence that the polymer with
peptide was actually accumulating in the lysosormwyever, the next step would be to
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focus on the release of gem in the lysosomal cammditand therefore become a bioactive
compound capable of disrupting DNA synth&is*® Drug release from conjugates C
and D was evaluated in vitro with model lysosomma@dyene CPB to understand the extent
and differences in release profiles of polymerdwait without peptide EPPT1. Figure 13
RP-HPLC was employed to accurately identify andngjfyathe release of gem in our
drug delivery system. The time frame for the stws limited to 3 h because further
incubation in acetate buffer (confirmed with prawsoreports) (pH 5.5) at 37°C caused
degradation of the polym&?f. We observed a slightly reduced enzymatically lgaésl
drug release when EPPT1 targeting moiety was athtd the polymer Figure 13. We
suspect that this reduction was due to the pepitidéng the accessibility of degradable
peptide sequence —GFLG to the active site of CPPIBe preliminary drug release studies
were used to optimize the detection of release ymsdusing RP-HPLC following
method development from free gem standards.

In our next study, we evaluated internalizatioroof polymer with 5% ONp by focusing
on 3 main cellular uptake pathways, dynamin depenadathrin-mediated and caveolin
mediated. These endocytosis pathways are distentitheir internalization mechanisms
by which pancreatic cancer cells respond to a membele such a HPMA copolymer.
Dynamin-dependent pathway plays an important rolkké receptor mediate pathway by
which the enzyme dynamin severs vesicles from theesnpa membrane during
endocytosi¥®. In clathrin mediated endocytosis, a formatiorcadted pits are assembled
by the protein clathritt®. This triskelion-like shaped object composed a&¢hclathrin
heavy chains and three light chains forms the leesipon endocytosis of the particle.
The caveolin-mediated pathway is regulated by ttaéepn caveolin. This protein binds
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cholesterol to sphingolipids in certain areas tanfdlask-like pits like a caé®. In our
studies, we found that our polymer peptide congigaptake in both cell lines was
inhibited when MDC was treated to the cells alonth\a slight inhibition of uptake from
dynamin. This data would suggest that our interadéibn mechanism for receptor
mediated endocytosis is heavy influenced by ththetamediated endocytosis pathway.
Although this does not tell the whole mechanistios it is however one of the dominate
pathways an HPMA copolymer is using. (Figure 15)

In our final study we looked to determine whethddiag an active targeting moiety
would improve cytotoxicity of gem Figure 16. Inroprevious section Figure 9, we
found that when Gem was attached to our polymenouit any active targeting was able
to maintain the same cytotoxic effect as free tttign our most recent study, by adding
the EPPT1 peptide we able to improved the toxioitygemcitabine in both cell lines.
Free drug gem maintained a similarsd@n both cell lines compare to other published
reports and our own previous restfitsAlthough only a slight improvement was made, it
is a further confirmation that this novel targetipgptide and drug combination needs to
be promoted to in vivo studies for further evaloati

In conclusion, our reports have shown that we @arsistently make HPMA copolymers
loaded with an active targeting moiety and conjaghtg to a degradable peptide linker.
We confirmed that a polymer with 5%ONp-EPPT1 hasugh targeting to reach the
lysosomal compartment in both Pancl and CaPani loeds. Further investigations in
to drug release profiles have proven that gemeitabelease is occurring, regardless of
peptide being bound or not. Our mechanistic studly how our polymer is endocytosed
has proven that caveolin mediated endocytosis neéy@ involved and that at the very
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least clathrin mediated endocytosis seems to plagjar role. Lastly, the combination of
active targeting along with drug release was dtsovgd to improve the potency of gem in
cytotoxicity assay. The knowledge found here now lead into further investigations of

this unique drug delivery system for clinical proement.
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CONCLUSION

The current state of pancreatic cancer treatmestdeacribed in Chapter 2. Advanced
staged pancreatic cancer treatments are curreatly limited and improvements in the
therapeutic intervention for this disease couldeptally have great effect on patient
outcomes. Although gemcitabine has improved sutvimaimumally from previous
treatments, the clinical use is still limited byiwty and lack of efficacy. The use of a
targeted drug delivery system for the delivery efngand treatment of pancreatic cancer
may be a possible promising pathway to improveefifect of this drug. As stated before,
polymer conjugates have shown success for improthegn vitro, in vivoand clinical
response of chemotherapeutic drugs. Furthermoradding a targeting moiety to such
carriers like HPMA they now can specifically ainr fmore tumor accumulation instead
of non-specific targets. This could help improve telivery and efficacy aspects of
chemotherapeutic drugs. This dissertation describesdevelopment of an HPMA co-
polymer EPPT1 peptide conjugate bearing Gem fatrirent of pancreatic cancer.

The synthesis of copolymers containing gem waseaeld using free radical
polymerization of HPMA, MAGGONp, MAGFLG-GEM and APMFITC. Each
comonomer was added at different wt% determindo&®t incorporation ratios for future
studies. Upon completion of each different conjagsynthesis, each polymer was put
through several studies for analysis to understhadolubility, incorporation efficiency,
molecular weight and molecular weight distributiohinding and internalization
properties, drug release and finally cytotoxigityvitro to model pancreatic cancer cell
lines. In Chapter 3 development of “control polyimeas the main focus of that study.

Every HPMA copolymer was synthesized with a 2% fipooation of APMA-FITC
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because it served as the best incorporation %nfaging purposes. Building polymer
precursors to attach on the targeting moiety ERRad the first step in the process. Since
MAGGONp was the non-degradable convalent linkeffedent wt% of that commoner
was polymerized into the conjugate. Preliminarydss used 5, 10 and 15% of
MAGGONp incorporation. Initial findings found thathe total polymer HPMA-
MAGGONp-FITC was stable only when MAGGONp was kegit or below 10%
incorporation. Solubility of polymer with 15% MAGG{ was a major issue since more
MAGGONDp increase causes a decrease in its watebistl. The conjugation of EPPT1
to the MAGGONp was synthesized by an aminolysictiea in a 1:1 ratio. Polymer
precursors and polymer peptide conjugates wereactaized using UV spectroscopy,
size exclusion chromatography and amino acid aisalysPhysiochemical
characterizations were deemed successfully basetheoretically yield of reaction
parameters and an increase molecular weight wasadiserved when EPPT1 peptide
was conjugated to the polymén vitro studies were done using two model pancreatic
cancer cell lines that had opposite MUC1 expresstaiPan-2 (High) and Panc-1 (Low).
Based on flow cytometry competitive total uptakedsts, polymer peptide conjugates
could be taken up in both cell lines after 30me@atments. Polymers whose incorporation
of MAGGONp was 10% were found to have higher mehmoréscence intensity
signifying more total uptake to those of 5%0MAGGOMNowever, both still exerted
statistically significant increase in mean fluomsre intensity than control. Confocal
microscopy studies were done to visually confirnypwer uptake and further study their
internalization after 30mins of incubation at°@7in both cell lines. Both polymer
peptide conjugates displayed encouraging visualmatization profiles. The next sets of
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polymers were developed without the incorporatibfEBPT1. Polymerization reactions
with different amounts of HPMA, MAGGONp and MAGFLGem were also tested.
Using physiochemical characterization techniques feend that an increase in
incorporation of either MAGGONp or MAGFLG-Gem negaty effected overall
polymer solubility and the theatrically yields bktside chains incorporations. Therefore,
10% incorporation of either side chain is the siitybthreshold. Through cytotoxicity
study we were able to compare the polymer conjsgadataining gem vs free gem. We
found that polymer drug conjugates preformed edoalfree drug in Kkilling both
pancreatic cell lines.

Based on chapter 3 results, HPMA copolymers widptide were deemed
successful at uptake and internalization to paticreeancer cell lines. HPMA
copolymers with drug incorporation (no peptide) evateemed to be successful for
cytotoxicity despite the fact that they were simila free drug alone. Since, the ultimate
goal is to deliver Gem to the nucleus where it &xis cytotoxic effects, colocalization
studies were preformed on two polymer peptide agetes from previous studies to
compare internalization of 5%ONp-EPPT1 vs 10%ONB®EP against a lysosomal
marker Lamp-1. Results indicated that at least ®%oth conjugates colocalized in the
lysosome compartment where drug release can otherefore, 5%0Np polymers were
deemed the best options for a targeting polymeg d@anjugate based on the fact that
10%ONp polymers caused major solubility issues witbmbination of Gem
incorporation. Mechanistic studies were done tonera the endocytosis route the
polymer 5%0ONp-EPPT1 conjugate may utilize in orlemternalize into the lysosomal

compartment. For the purpose of this mechanistidystve used 3 different endocytosis
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inhibitors. Results indicated that when using tekeommended concentrations of the
inhibitors, cell viability was still at least 80%en after 2h exposure. When the polymer
peptide conjugate was treated in conjunction witecsfic endocytosis inhibitors, results
indicated that the polymers entry into the cell waadered by clathrin-mediated
inhibitors, which signifies that cellular entry rhigbe clathrin mediated.

We also preformed a drug release study of polymeg donjugates vs polymer peptide
drug conjugates in lysosomal conditions, which walgzed in RP-HPLC. Time points
of 15, 60 and 180mins were analyzed to see if ang telease did occur in the lysosomal
conditions and if the peptide affected any relezsthe drug. Results here indicated that
1) release of the drug does occur in the lysos@oradlitions and 2) peptide incorporation
may have an effect on the release of the drug. llffinaytotoxicity studies were
developed to compare 2 finalize HPMA-EPPT1-(GFL@&nGcopolymers compared to
free gem. The results showed that both polymerigepdrug conjugates had better
therapeutic efficacy than free drug.

Overall, these studies were effective at a prelany demonstration of the utility
of HPMA copolymer EPPT1 (GFLG)-Gem conjugates foe treatment of pancreatic
cancer cells. The targeted conjugates proved thatould bind and internalize in
pancreatic cancer cells and deliver a drug paytbatican enhance the therapeutic effect
to that free drug at decreasing cell viability. Hower, the limitations of this project call
into question some of the results. Building thefipolymer peptide drug conjugate is a
very time consuming process. Conjugation of the EPPeptide could potentially be
improved if a monomer of the peptide was made amdexjuently polymerized into the
polymer instead of conjugation after the polymedraa process. Further pre-clinical
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evaluations could be done primarily to use anotdmbocalization study to see if any of
the polymer conjugate is getting confined to theammme when internalized into the
cell. The flow cytometry studies are also limitedthe fact that they have no true control.
To better understand and confirm the polymers payhef internalization, non-MUC1
cell types could be used to confirm whether intkzagion is truly through the MUC1
receptor. It would additionally be useful to enharbe endocytosis inhibition to do a
more in depth determination specifically on how gmdymers enter the cell. Although
the pilot studies confirmed clathrin mediated endosis was the route of entry, further
analysis using more endocytosis inhibitors wouldubeful to further prove this theory.
Finally, further analyses moving forward would alsrequired to better understand the
polymer peptide drug conjugates behaviowivo. Specifically, biodistrubution studies
may be useful to assess the polymer conjugates rtuemd non-targeted organ
accumulation. Although molecular weight studiegenbeen preformed on these polymer
peptide drug candidates, the overall charge ofethmdymers have not been assessed.
Therefore, it may be important to make that deteatidon since biodistribution is
affected by molecular weight and charge. The hopealdvbe to see significant tumor
accumulation and minimum normal tissue uptake. khaxn tolerated dose (MTD)
would be preformed in order to determine the besird) regimen for tumor growth
intervention. This study along with biodistributiamill coincide well by focusing on
doing targeted tumor accumulation and tumor groimtBrvention. The obvious goals
here would be to see if the polymer peptide drugugates can actually localize near the

tumor and have minimum normal tissue uptake. If there the case, inhibited tumor cell
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growth i.e. increase in Gem efficacy could be tfzet ©f a basis to begin phase | clinical

trials.

105



BIBLIOGRAPHY
1. Hidalgo, M. Pancreatic cancdihe New England journal of medicid810,362
(17), 1605-17.
2. Tampero M, A. J., Behrman S, Ben-Josef E, Bem&Bn et al. Pancreatic

Adenocarcinoman NCCN Clinical practice Guidelines in Oncolog912 1-6

3. Klapman, J.; Malafa, M. P. Early detection ahpreatic cancer: why, who, and
how to screenCancer control : journal of the Moffitt Cancer Cen2008,15, (4), 280-
1.

4. Lilly E, C. Gemzar (gemcitabine hydrochloridejection, Powder, Lyophilized
In Package Inser201Q pp. 1-21.

5. Tampero, M.; Arnoletti, J. P.; Behrman, S.; Basef, E.; Benson, A. B.; Berlin,
J. D.; Bhargava, P.; Cameron, J. L.; Casper, EC8hten, S. J.; Duff, M.; Ellenhorn, J.
D.; Hawkins, W. G.; Hoffman, J. P.; Kuvshinoff, B4alafa, M.; Muscarella, P.; Thayer,
S.; Wolff, R., Pancreatic Adenocarcinoma. MCCN Clinical practice Guidelines in
Oncology 2010; 'Vol.' 2, pp 1-60.

6. David, A.; Kopeckova, P.; Rubinstein, A.; Kopkecé., Enhanced biorecognition
and internalization of HPMA copolymers containingultiple or multivalent
carbohydrate side-chains by human hepatocarcinatia d¢n Bioconjug Chem2001;
'Vol." 12, pp 890-9.

7. Lu, Z. R.; Gao, S. Q.; Kopeckova, P.; KopecekMbdification of cyclosporin A
and conjugation of its derivative to HPMA copolyms.ein Bioconjug Chem2001; 'Vol.'

12, pp 129-33.
106



8. Lu, Z.-R.; Shiah, J.-G.; Sakuma, S.; Kopeckd¥aKopecek, J., Design of novel
bioconjugates for targeted drug delivery.JiControl Release2002; 'Vol.' 78, pp 165-
73.

9. Minko, T.; Kopeckova, P.; Kopecek, J., Efficaafythe chemotherapeutic action
of HPMA copolymer-bound doxorubicin in a solid tummodel of ovarian carcinoma. In
Int J Cancey 2000; 'Vol.' 86, pp 108-17.

10. Minko, T.; Kopeckova, P.; Kopecek, J., Prelianin evaluation of caspases-
dependent apoptosis signaling pathways of free &fMA copolymer-bound
doxorubicin in human ovarian carcinoma cellsJI@ontrol Release2001; 'Vol."' 71, pp
227-37.

11. Omelyanenko, V.; Kopeckova, P.; Gentry, C.; &mk, J., Targetable HPMA
copolymer-adriamycin conjugates. Recognition, imadization, and subcellular fate. Jn
Control Releasel998; 'Vol.' 53, pp 25-37.

12. Duncan, R.; Vicent, M. J., Do HPMA copolymempayates have a future as
clinically useful nanomedicines? A critical ovemieof current status and future
opportunities. IMdvanced Drug Delivery Revienwz010; 'Vol.' 62, pp 272-82.

13. Rihova, B.; Kovar, M., Immunogenicity and imroumodulatory properties of
HPMA-based polymers. IAdvanced Drug Delivery Revien&010; 'Vol.' 62, pp 184-91.
14. Pike, D. B.; Ghandehari, H., HPMA copolymerday®&GD conjugates for tumor
targeting. InAdvanced Drug Delivery Revien&010; 'Vol.' 62, pp 167-83.

15. Kopeek, J.; Kopékova, P., HPMA copolymers: Origins, early developise

present, and future. lsdvanced Drug Delivery Revien&)11; 'Vol.' 62, pp 122-149.

107



16. Sprincl, L.; Kopecek, J.; Vacik, J.; Lim, D.jo®gical tolerance of poly(N-
substituted methacrylamides).JrBiomed Mater Re4971; 'Vol.' 5, pp 197-205.

17. Duncan, R.; Kopecek, J.; Rejmanova, P.; Lloyd,B., Targeting of N-(2-
hydroxypropyl)methacrylamide copolymers to liver lbycorporation of galactose
residues. IBiochim Biophys Actal983; 'Vol.' 755, pp 518-21.

18. Kopecek, J., Soluble biomedical polymersPtliim Med 1977; 'Vol." 7, pp 191-
221.

19. Kopecek, J.; Kopeckova, P.; Minko, T.; Lu, HAPMA copolymer-anticancer
drug conjugates: design, activity, and mechanisractibn. InEur J Pharm Biopharm
2000; 'Vol." 50, pp 61-81.

20. Kopecek, J.; Kopeckova, P.; Minko, T.; Lu, Z; Reterson, C. M., Water soluble
polymers in tumor targeted delivery.JrControl Release2001; 'Vol.' 74, pp 147-58.

21. Duncan, R.; Seymour, L. C.; Scarlett, L.; Llpyd B.; Rejmanova, P.; Kopecek,
J., Fate of N-(2-hydroxypropyl)methacrylamide comoérs with pendent galactosamine
residues after intravenous administration to retBiochim Biophys Actal986; 'Vol.'
880, pp 62-71.

22. Huang, Y.; Nan, A.; Rosen, G. M.; Winalski, §.; Schneider, E.; Tsai, P.;
Ghandehari, H., N-(2-Hydroxypropyl)methacrylamidéiP(MA) Copolymer-Linked
Nitroxides: Potential Magnetic Resonance Contragjerds. In Macromolecular
Bioscience2003; 'Vol.' 3, pp 647-652.

23. Kopecek, J., Controlled biodegradability of ypoérs--a key to drug delivery

systems. IrBiomaterials 1984; 'Vol.' 5, pp 19-25.

108



24, Nan, A.; Croft, S. L.; Yardley, V.; GhandehaH,, Targetable water-soluble
polymer-drug conjugates for the treatment of vigtdeishmaniasis. InJ Control
Releasg2004; 'Vol.' 94, pp 115-27.

25. Nan, A.; Nanayakkara, N. P.; Walker, L. A.; dlay, V.; Croft, S. L,;
Ghandehari, H., N-(2-hydroxypropyl)methacrylamid¢P(MA) copolymers for targeted
delivery of 8-aminoquinoline antileishmanial druggsJ Control Release2001; 'Vol.' 77,
pp 233-43.

26. Omelyanenko, V.; Kopeckova, P.; Prakash, R. Bert, C. D.; Kopecek, J.,
Biorecognition of HPMA copolymer-adriamycin conjuga by lymphocytes mediated by
synthetic receptor binding epitopes.Hharm Res1999; 'Vol.' 16, pp 1010-9.

27. Rihova, B.; Bilej, M.; Vetvicka, V.; Ulbrich, K Strohalm, J.; Kopecek, J.;
Duncan, R., Biocompatibility of N-(2-hydroxypropylinethacrylamide copolymers
containing adriamycin. Immunogenicity, and effentlmematopoietic stem cells in bone
marrow in vivo and mouse splenocytes and humamplperal blood lymphocytes in vitro.
In Biomaterials 1989; 'Vol.' 10, pp 335-42.

28. Duncan, R., The dawning era of polymer therapguln Nat Rev Drug Discqv
2003; 'Vol.' 2, pp 347-60.

29. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.;iH&., Tumor vascular
permeability and the EPR effect in macromolecutarapeutics: a review. b Control
Releaseg2000; 'Vol."' 65, pp 271-84.

30. Modi, S.; Prakash Jain, J.; Domb, A. J.; Kunhar, Exploiting EPR in polymer
drug conjugate delivery for tumor targeting. @Qurr Pharm Des 2006; 'Vol." 12, pp

4785-96.

109



31. Moore, A.; Medarova, Z.; Potthast, A.; Dai, @n vivo targeting of
underglycosylated MUC-1 tumor antigen using a muitilal imaging probe. I€ancer
Res 2004; 'Vol.' 64, pp 1821-7.

32. Hussain, R.; Courtenay-Luck, N. S.; Siligaf@i, Structure-function correlation
and biostability of antibody CDR-derived peptidaestamour imaging agents. Biomed
Pept Proteins Nucleic Acid4996; 'Vol.' 2, pp 67-70.

33. Li, Y.; Cozzi, P. J., MUC1 is a promising theeatic target for prostate cancer
therapy. InCurr Cancer Drug Target2007; 'Vol.' 7, pp 259-71.

34. Taylor-Papadimitriou, J.; Burchell, J.; MileB, W.; Dalziel, M., MUC1 and
cancer. IrBiochim Biophys Actal999; 'Vol.' 1455, pp 301-13.

35. O'Brien, M. E.; Socinski, M. A.; Popovich, A.;YBondarenko, I. N.; Tomova,
A.; Bilynsky, B. T.; Hotko, Y. S.; Ganul, V. L.; Katinsky, I. Y.; Eisenfeld, A. J.;
Sandalic, L.; Oldham, F. B.; Bandstra, B.; SandferB.; Singer, J. W. Randomized
phase Il trial comparing single-agent paclitaxeliftumex (CT-2103, PPX) with single-
agent gemcitabine or vinorelbine for the treatmanPS 2 patients with chemotherapy-
naive advanced non-small cell lung cancéwurnal of thoracic oncology : official
publication of the International Association foretlstudy of Lung Cance&008,3, (7),
728-34.

36. Chowdhury, R. S.; Forsmark, C. E. Review Bti€ancreatic function testing.
Alimentary pharmacology & therapeutiz03,17, (6), 733-50.

37. Freelove, R.; Walling, A. D. Pancreatic canaiagnosis and management.

American family physiciaB006,73, (3), 485-92.

110



38. Siegel, R.; Naishadham, D.; Jemal, A. Cantatistics, 2013.CA: a cancer
journal for clinicians2013,63, (1), 11-30.

39. Poruk, K. E.; Firpo, M. A.; Adler, D. G.; Mulill, S. J. Screening for pancreatic
cancer: why, how, and wha@%hnals of surgerg013,257, (1), 17-26.

40. Fesinmeyer, M. D.; Austin, M. A.; Li, C. I.; DRoos, A. J.; Bowen, D. J.
Differences in survival by histologic type of pasatic cancerCancer epidemiology,
biomarkers & prevention : a publication of the Amsan Association for Cancer
Research, cosponsored by the American Society edfeRtive Oncolog005, 14, (7),
1766-73.

41. Cowgill, S. M.; Muscarella, P. The genetics paincreatic cancerAmerican
journal of surgery2003,186, (3), 279-86.

42. Li, D.; Jiao, L. Molecular epidemiology of maeatic cancerlnternational
journal of gastrointestinal canc&003,33, (1), 3-14.

43. Mullan, M. H.; Gauger, P. G.; Thompson, N. VEEndocrine tumours of the
pancreas: review and recent advané@$Z journal of surgerg001,71, (8), 475-82.

44, Lichtenstein, D. R.; Carr-Locke, D. L. Muciaeseting tumors of the pancreas.
Gastrointestinal endoscopy clinics of North Ameli®85,5, (1), 237-58.

45, Rindi, G.; Bordi, C. Highlights of the biologyf endocrine tumours of the gut
and pancreagndocrine-related cancet003,10, (4), 427-36.

46.  Vogelstein, B.; Kinzler, K. W. Cancer genegl ahe pathways they control.

Nature medicin004,10, (8), 789-99.

111



47. Mihaljevic, A. L.; Michalski, C. W.; Friess, HKleeff, J. Molecular mechanism
of pancreatic cancer--understanding proliferatiomasion, and metastasisangenbeck’s
archives of surgery / Deutsche Gesellschaft fur@gie 2010,395, (4), 295-308.

48. Beavon, I. R. The E-cadherin-catenin comptexumour metastasis: structure,
function and regulatiorEuropean journal of cancer (Oxford, England : 192000, 36,
(13 Spec No), 1607-20.

49. Stamenkovic, |. Matrix metalloproteinases umor invasion and metastasis.
Seminars in cancer biolo®3000,10, (6), 415-33.

50.  Christofori, G.; Semb, H. The role of the @dhesion molecule E-cadherin as a
tumour-suppressor genkrends in biochemical scienc&899,24, (2), 73-6.

51. Hirohashi, S. Inactivation of the E-cadheriaeiated cell adhesion system in
human cancerd.he American journal of patholod®98,153 (2), 333-9.

52.  Van Aken, E.; De Wever, O.; Correia da RochaSA Mareel, M. Defective E-
cadherin/catenin complexes in human can¢gchows Archiv : an international journal
of pathology2001,439 (6), 725-51.

53.  Wijnhoven, B. P.; Dinjens, W. N.; Pignatelli,. ME-cadherin-catenin cell-cell
adhesion complex and human candére British journal of surgerg000,87, (8), 992-
1005.

54, Debruyne, P.; Vermeulen, S.; Mareel, M. Thke rof the E-cadherin/catenin
complex in gastrointestinal cancécta gastro-enterologica BelgicE099,62, (4), 393-

402.

112



55. Nollet, F.; Berx, G.; van Roy, F. The roletbe E-cadherin/catenin adhesion
complex in the development and progression of aamdelecular cell biology research
communications : MCBR(999,2, (2), 77-85.

56. Berx, G.; Van Roy, F. The E-cadherin/catemmplex: an important gatekeeper
in breast cancer tumorigenesis and malignant pssgre.Breast cancer research : BCR
2001,3, (5), 289-93.

57. El-Bahrawy, M. A.; Pignatelli, M. E-cadherimd catenins: molecules with
versatile roles in normal and neoplastic epithal&l biology.Microscopy research and
techniquel998,43, (3), 224-32.

58. Li, J.; Wientjes, M. G.; Au, J. L. Pancreatiancer: pathobiology, treatment
options, and drug deliverffthe AAPS journa2010,12, (2), 223-32.

59. Strosberg, J.; Gardner, N.; Kvols, L. Survigall prognostic factor analysis in
patients with metastatic pancreatic endocrine narnasPancreas2009,38, (3), 255-8.
60. Niederhuber, J. E.; Brennan, M. F.; Menck, H.TRe National Cancer Data Base
report on pancreatic canc€rancerl995,76, (9), 1671-7.

61. Adsay, N. V.; Basturk, O.; Saka, B.; Bagci, ®zdemir, D.; Balci, S.; Sarmiento,
J. M.; Kooby, D. A.; Staley, C.; Maithel, S. K.; &ett, R.; Cheng, J. D.; Thirabanjasak,
D.; Weaver, D. W. Whipple made simple for surgigathologists: orientation,
dissection, and sampling of pancreaticoduodenectpagimens for a more practical and
accurate evaluation of pancreatic, distal commda dhuct, and ampullary tumor¥he
American journal of surgical patholog}014,38, (4), 480-93.

62. Ueno, H.; Kosuge, T. Adjuvant treatments fesectable pancreatic cancer.
Journal of hepato-biliary-pancreatic surge208,15, (5), 468-72.

113



63. Gutt, R.; Liauw, S. L.; Weichselbaum, R. R. jlAcnt radiotherapy for resected
pancreatic cancer: a lack of benefit or a lackddcuate trialsNature clinical practice.
Gastroenterology & hepatolog®009,6, (1), 38-46.

64. Huguet, F.; Girard, N.; Guerche, C. S.; HenieqQ.; Mornex, F.; Azria, D.
Chemoradiotherapy in the management of locally aded pancreatic carcinoma: a
qualitative systematic reviewlournal of clinical oncology : official journal othe
American Society of Clinical Oncolog8909,27, (13), 2269-77.

65. Louvet, C.; Labianca, R.; Hammel, P.; Lledo; Zampino, M. G.; Andre, T.;
Zaniboni, A.; Ducreux, M.; Aitini, E.; Taieb, J.afFoux, R.; Lepere, C.; de Gramont, A.
Gemcitabine in combination with oxaliplatin compdreith gemcitabine alone in locally
advanced or metastatic pancreatic cancer: resuisGERCOR and GISCAD phase Il
trial. Journal of clinical oncology : official journal ahe American Society of Clinical
Oncology2005,23, (15), 3509-16.

66. Sneader, WDrug Discovery: A HistoryWiley: 2005.

67. Cerqueira, N. M.; Fernandes, P. A.; Ramos, MUaderstanding ribonucleotide
reductase inactivation by gemcitabin€hemistry (Weinheim an der Bergstrasse,
Germany)007,13, (30), 8507-15.

68. von der Maase, H. Gemcitabine-containing regisnin bladder cancer: A new
standard of caré&seminars in oncolog®001,28, (3 Suppl 10), 1-3.

69. Storniolo, A. M.; Allerheiligen, S. R.; Peard#, L. Preclinical, pharmacologic,
and phase | studies of gemcitabiBeminars in oncolog¥997,24, (2 Suppl 7), S7-2-s7-

7.

114



70. Pasut, G.; Canal, F.; Dalla Via, L.; Arpicco; Beronese, F. M.; Schiavon, O.
Antitumoral activity of PEG-gemcitabine prodrugsgeted by folic acidJournal of
controlled release : official journal of the Conliled Release SocieB008,127, (3), 239-
48.

71. Ueno, H.; Kiyosawa, K.; Kaniwa, N. Pharmacagaits of gemcitabine: can
genetic studies lead to tailor-made theraByitish journal of cance2007,97, (2), 145-
51.

72. Mini, E.; Nobili, S.; Caciagli, B.; Landini,;IMazzei, T. Cellular pharmacology
of gemcitabineAnnals of oncology : official journal of the EurgreSociety for Medical
Oncology / ESMQ@006,17 Suppl 5v7-12.

73. Bergman, A. M.; Pinedo, H. M.; Talianidis, /eerman, G.; Loves, W. J.; van
der Wilt, C. L.; Peters, G. J. Increased sensytito gemcitabine of P-glycoprotein and
multidrug resistance-associated protein-overexprgdsuman cancer cell line8ritish
journal of cancer2003,88, (12), 1963-70.

74.  Andersson, R.; Aho, U.; Nilsson, B. |.; Petéss,J.; Pastor-Anglada, M.; Rasch,
W.; Sandvold, M. L. Gemcitabine chemoresistancepamcreatic cancer: molecular
mechanisms and potential solutioBsandinavian journal of gastroenterolog909,44,
(7), 782-6.

75. Mackey, J. R.; Mani, R. S.; Selner, M.; Mowl8s; Young, J. D.; Belt, J. A,;
Crawford, C. R.; Cass, C. E. Functional nucleosidmsporters are required for
gemcitabine influx and manifestation of toxicity @ancer cell linesCancer research

1998,58, (19), 4349-57.

115



76. Giovannetti, E.; Del Tacca, M.; Mey, V.; Funé&l,; Nannizzi, S.; Ricci, S.;
Orlandini, C.; Boggi, U.; Campani, D.; Del Chiaid,; lannopollo, M.; Bevilacqua, G.;
Mosca, F.; Danesi, R. Transcription analysis oimho equilibrative nucleoside
transporter-1 predicts survival in pancreas carpaients treated with gemcitabine.
Cancer researcl006,66, (7), 3928-35.

77. Spratlin, J.; Sangha, R.; Glubrecht, D.; Dabb&g, Young, J. D.; Dumontet, C.;
Cass, C.; Lai, R.; Mackey, J. R. The absence aham equilibrative nucleoside
transporter 1 is associated with reduced survimapatients with gemcitabine-treated
pancreas adenocarcinon@linical cancer research : an official journal di¢ American
Association for Cancer Resear2zf04,10, (20), 6956-61.

78. Farrell J, G. M., Lai R, Ammar A, Regine W, Albrs R et al. Human ENTL1 is
predictive of response in patients with pancreediccer treated with gemcitabine: results
from the RTOG9704 prospective radomized tidncreas2007,35, 401.

79. Nakano, Y.; Tanno, S.; Koizumi, K.; Nishikawia; Nakamura, K.; Minoguchi,
M.; Izawa, T.; Mizukami, Y.; Okumura, T.; Kohgo, YGemcitabine chemoresistance
and molecular markers associated with gemcitabargsport and metabolism in human
pancreatic cancer cellBritish journal of cance2007,96, (3), 457-63.

80. Kim, M. P.; Gallick, G. E. Gemcitabine resista in pancreatic cancer: picking
the key players.Clinical cancer research : an official journal ofhé American
Association for Cancer Resear2f08,14, (5), 1284-5.

81. Liau, S. S.; Jazag, A.; Whang, E. E. HMGA1laigdeterminant of cellular
invasiveness and in vivo metastatic potential imgo@atic adenocarcinom&ancer
research2006,66, (24), 11613-22.

116



82. Liau, S. S.; Whang, E. HMGAL is a moleculaedminant of chemoresistance to
gemcitabine in pancreatic adenocarcino@lamical cancer research : an official journal
of the American Association for Cancer Rese@@08,14, (5), 1470-7.

83. Taylor-Papadimitriou, J.; Burchell, J.; MileB, W.; Dalziel, M. MUC1 and
cancerBiochimica et biophysica act099,1455 (2-3), 301-13.

84. Hollingsworth, M. A.; Swanson, B. J. Mucinsdancer: protection and control of
the cell surfaceNature reviews. Canc&004,4, (1), 45-60.

85. Legrier, M. E.; de Pinieux, G.; Boye, K.; ArgeF.; Judde, J. G.; Fontaine, J. J.;
Bara, J.; Poupon, M. F. Mucinous differentiaticatiires associated with hormonal
escape in a human prostate cancer xenog@afish journal of cance2004,90, (3), 720-

1.

86. Li, Y.; Cozzi, P. J. MUCL1 is a promising theeatic target for prostate cancer
therapy.Current cancer drug target®007,7, (3), 259-71.

87. Moore, A.; Medarova, Z.; Potthast, A.; Dai, G.In vivo targeting of
underglycosylated MUC-1 tumor antigen using a mudidal imaging probeCancer
research2004,64, (5), 1821-7.

88. Baeckstrom, D.; Hansson, G. C.; Nilsson, Ohadsson, C.; Gendler, S. J.;
Lindholm, L. Purification and characterization @fmembrane-bound and a secreted
mucin-type glycoprotein carrying the carcinoma-assted sialyl-Lea epitope on distinct
core proteinsThe Journal of biological chemist®991,266, (32), 21537-47.

89. Denton, G.; Brady, K.; Lo, B. K.; Murray, A.;r&es, C. R.; Hughes, O. D.;

Tendler, S. J.; Laughton, C. A.; Price, M. R. Ricitbn and characterization of an anti-

117



(MUC1 mucin) recombinant diabodZancer immunology, immunotherapy : G999,
48, (1), 29-38.

90. Kohlgraf, K. G.; Gawron, A. J.; Higashi, M.; ke J. L.; Burdick, M. D,
Kitajima, S.; Kelly, D. L.; Caffrey, T. C.; Hollingworth, M. A. Contribution of the
MUC1 tandem repeat and cytoplasmic tail to invasavel metastatic properties of a
pancreatic cancer cell lin€ancer researc2003,63, (16), 5011-20.

91. Hilkens, J.; Ligtenberg, M. J.; Vos, H. L.; witov, S. V. Cell membrane-
associated mucins and their adhesion-modulatingpgoty. Trends in biochemical
scienced 992,17, (9), 359-63.

92. Hussain, R.; Courtenay-Luck, N. S.; Siligad@di, Structure-function correlation
and biostability of antibody CDR-derived peptides@amour imaging agentBiomedical
peptides, proteins & nucleic acids : structure, thgsis & biological activityl996,2, (3),
67-70.

93.  Winthrop, M. D.; DeNardo, S. J.; DeNardo, G. LDevelopment of a
hyperimmune anti-MUC-1 single chain antibody fragiwsephage display library for
targeting breast canceClinical cancer research : an official journal ohé American
Association for Cancer ReseartB99,5, (10 Suppl), 3088s-3094s.

94. Moller, H.; Serttas, N.; Paulsen, H.; Burchdll, M.; Taylor-Papadimitriou, J.
NMR-based determination of the binding epitope emformational analysis of MUC-1
glycopeptides and peptides bound to the breastecamtective monoclonal antibody
SM3. European journal of biochemistry / FERB02,269, (5), 1444-55.

95. Goldsmith, S. J. Receptor imaging: competitivecomplementary to antibody
imaging?Seminars in nuclear mediciii®97,27, (2), 85-93.

118



96. Greenlove R., M., T., Bolden, S., and WingoG&ancer statistic€ancer J. Clin.,
2000,50, 7-33.

97. Kopecek, J.; Kopeckova, P. HPMA copolymersgins, early developments,
present, and futurddvanced drug delivery review810,62, (2), 122-49.

98. Vicent, M. J.; Duncan, R. Polymer conjugatenosized medicines for treating
cancer.Trends in biotechnolog8006,24, (1), 39-47.

99. Duncan, R.; Vicent, M. J. Do HPMA copolymempgmates have a future as
clinically useful nanomedicines? A critical ovemieof current status and future
opportunitiesAdvanced drug delivery revie®910,62, (2), 272-82.

100. Bareford, L. M.; Avaritt, B. R.; Ghandehari,.;HNan, A.; Swaan, P. W.
Riboflavin-targeted polymer conjugates for breasiar delivery. Pharmaceutical
research2013,30, (7), 1799-812.

101. Borgman, M. P.; Ray, A.; Kolhatkar, R. B.; Salle, E. A.; Burger, A. M,;
Ghandehari, H. Targetable HPMA copolymer-aminoligedganamycin conjugates for
prostate cancer theragyharmaceutical researck009,26, (6), 1407-18.

102. Brekke, O. H.; Sandlie, I. Therapeutic ardibse for human diseases at the dawn
of the twenty-first centuryNature reviews. Drug discove®003,2, (1), 52-62.

103. Harris, J. M.; Chess, R. B. Effect of pegglaton pharmaceuticalfNature
reviews. Drug discover003,2, (3), 214-21.

104. Sato, H. Enzymatic procedure for site-speg@ggylation of proteinsAdvanced
drug delivery review2002,54, (4), 487-504.

105. Graham, M. L. Pegaspargase: a review of aainstudies.Advanced drug
delivery review2003,55, (10), 1293-302.

119



106. Kinstler, O.; Molineux, G.; Treuheit, M.; LadD.; Gegg, C. Mono-N-terminal
poly(ethylene glycol)-protein conjugatesdvanced drug delivery reviev2902,54, (4),
477-85.

107. Bukowski, R.; Ernstoff, M. S.; Gore, M. E.; Nenaitis, J. J.; Amato, R.; Gupta,
S. K.; Tendler, C. L. Pegylated interferon alfa-2batment for patients with solid
tumors: a phase I/ll studyournal of clinical oncology : official journal dhe American
Society of Clinical Oncolog8002,20, (18), 3841-9.

108. Duncan, R. Polymer conjugates as anticanaeromedicinesNature reviews.
Cancer2006,6, (9), 688-701.

109. Rihova, B.; Kovar, M. Immunogenicity and immamodulatory properties of
HPMA-based polymerdAdvanced drug delivery review@§10,62, (2), 184-91.

110. Scott, L. C.; Yao, J. C.; Benson, A. B, 3rdpmas, A. L.; Falk, S.; Mena, R. R;
Picus, J.; Wright, J.; Mulcahy, M. F.; Ajani, J.;Avans, T. R. A phase Il study of
pegylated-camptothecin (pegamotecan) in the tre@tnad locally advanced and
metastatic gastric and gastro-oesophageal junctiagenocarcinoma. Cancer
chemotherapy and pharmacolog§09,63, (2), 363-70.

111. Singer, J. W.; Shaffer, S.; Baker, B.; BerggreA.; Stromatt, S.; Nienstedt, D.;
Besman, M. Paclitaxel poliglumex (XYOTAX; CT-2103n intracellularly targeted
taxane Anti-cancer drug2005,16, (3), 243-54.

112. Nemunaitis, J.; Cunningham, C.; Senzer, NayGM.; Oldham, F.; Pippen, J.;
Mennel, R.; Eisenfeld, A. Phase | study of CT-2183%o0lymer-conjugated paclitaxel,
and carboplatin in patients with advanced soliddtsnCancer investigatior2005, 23,
(8), 671-6.

120



113. Boddy, A. V.; Plummer, E. R.; Todd, R.; Sluddd.; Griffin, M.; Robson, L.;
Cassidy, J.; Bissett, D.; Bernareggi, A.; Ver, W.; Calvert, A. H. A phase | and
pharmacokinetic study of paclitaxel poliglumex (XYBX), investigating both 3-weekly
and 2-weekly schedule€linical cancer research : an official journal ofi¢ American
Association for Cancer Resear2f05,11, (21), 7834-40.

114. Satchi-Fainaro, R.; Puder, M.; Davies, J. Wan, H. T.; Sampson, D. A
Greene, A. K.; Corfas, G.; Folkman, J. Targetimgiagenesis with a conjugate of
HPMA copolymer and TNP-47MNature medicin004,10, (3), 255-61.

115. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.;iH&. Tumor vascular
permeability and the EPR effect in macromolecularapeutics: a reviewlournal of
controlled release : official journal of the Conlled Release Socie®000, 65, (1-2),
271-84.

116. Seymour, L. W.; Miyamoto, Y.; Maeda, H.; Brterg M.; Strohalm, J.; Ulbrich,
K.; Duncan, R. Influence of molecular weight orsgise tumour accumulation of a
soluble macromolecular drug carrigturopean journal of cancer (Oxford, England :
1990)1995,3143, (5), 766-70.

117. Nori, A.; Jensen, K. D.; Tijerina, M.; Kopeeskn P.; Kopecek, J. Subcellular
trafficking of HPMA copolymer-Tat conjugates in ham ovarian carcinoma cells.
Journal of controlled release : official journal dfie Controlled Release Soci€903,
91, (1-2), 53-9.

118. Duncan, R. The dawning era of polymer therape Nature reviews. Drug

discovery2003,2, (5), 347-60.

121



119. Stastny, M.; Strohalm, J.; Plocova, D.; WhriK.; Rihova, B. A possibility to
overcome P-glycoprotein (PGP)-mediated multidrugistance by antibody-targeted
drugs conjugated to N-(2-hydroxypropyl)methacryldeniHPMA) copolymer carrier.
European journal of cancer (Oxford, England : 199099,35, (3), 459-66.

120. Kopecek, J. Soluble biomedical polyméd®slimery w medycyni&977,7, (3),
191-221.

121. Strohalm, J.; Kogek, J.  Poly[N-(2-hydroxypropyl)methacrylamide]. .IV
Heterogeneous polymerizatiddie Angewandte Makromolekulare Cherh8/8,70, (1),
109-118.

122. Kopecek, J.; Kopeckova, P.; Minko, T.; Lu, HPMA copolymer-anticancer
drug conjugates: design, activity, and mechanismaction. European journal of
pharmaceutics and biopharmaceutics : official joalrnof Arbeitsgemeinschaft fur
Pharmazeutische Verfahrenstechnik 2000,50, (1), 61-81.

123. Rejmanova, P.; Kopecek, J.; Duncan, R.; LIdyd3. Stability in rat plasma and
serum of lysosomally degradable oligopeptide secgegnin N-(2-hydroxypropyl)
methacrylamide copolymerBiomaterials1985,6, (1), 45-8.

124. Rejmanova, P.; Kopek, J.; Pohl, J.; Baudys, M.; Kostka, V. Polymers
containing enzymatically degradable bonds, 8. Dagran of oligopeptide sequences in
N-(2-hydroxypropyl)methacrylamide copolymers by @ spleen cathepsin Hie
Makromolekulare Chemi&983,184, (10), 2009-2020.

125. Etrych, T.; Chytil, P.; Jelinkové, MRjhova, B.; Ulbrich, K. Synthesis of HPMA

Copolymers Containing Doxorubicin Bound via a Hyunae Linkage. Effect of Spacer

122



on Drug Release and in vitro Cytotoxicitacromolecular bioscienc2002,2, (1), 43-
52.

126. Etrych, T.; Jelinkova, M.; Rihova, B.; Ulbrich, K. New HPMA copolymers
containing doxorubicin bound via pH-sensitive ligkasynthesis and preliminary in vitro
and in vivo biological propertiedournal of Controlled Releas2001,73, (1), 89-102.

127. Rihova, B.; Strohalm, J.; Hovorka, O.; Subr, Btrych, T.; Chytil, P.; Pola, R.;
Plocova, D.; Boucek, J.; Ulbrich, K. Doxorubicielease is not a prerequisite for the in
vitro cytotoxicity of HPMA-based pharmaceuticals: vitro effect of extra drug-free
GlyPheLeuGly sequenceslournal of controlled release : official journal athe
Controlled Release Socie2(08,127, (2), 110-20.

128. Seymour, L. W.; Duncan, R.; Strohalm, J.; Kabe J. Effect of molecular
weight (Mw) of N-(2-hydroxypropyl)methacrylamide mmlymers on body distribution
and rate of excretion after subcutaneous, intréperal, and intravenous administration
to rats.Journal of biomedical materials researtB87,21, (11), 1341-58.

129. Lammers, T.; Kuhnlein, R.; Kissel, M.; Subr; Etrych, T.; Pola, R.; Pechar, M.;
Ulbrich, K.; Storm, G.; Huber, P.; Peschke, P. eEffof physicochemical modification
on the biodistribution and tumor accumulation of NH® copolymers. Journal of
controlled release : official journal of the Conlied Release Socie®005,110, (1), 103-
18.

130. Omelyanenko, V.; Kopeckova, P.; Gentry, C.p&xek, J. Targetable HPMA
copolymer-adriamycin conjugates. Recognition, imadization, and subcellular fate.
Journal of controlled release : official journal dfie Controlled Release Societ998,
53, (1-3), 25-37.

123



131. Duncan, R.; Seymour, L. W.; O'Hare, K. B.;f@gan, P. A.; Wedge, S.; Hume, .
C.; Ulbrich, K.; Strohalm, J.; Subr, V.; Spreafi¢a; Grandi, M.; Ripamonti, M.; Farao,
M.; Suarato, A. Preclinical evaluation of polynmund doxorubicin.Journal of
Controlled Releas#992,19, (1-3), 331-346.

132. Vasey, P. A.; Kaye, S. B.; Morrison, R.; Twedy C.; Wilson, P.; Duncan, R.;
Thomson, A. H.; Murray, L. S.; Hilditch, T. E.; May, T.; Burtles, S.; Fraier, D.;
Frigerio, E.; Cassidy, J. Phase | clinical andrptaxokinetic study of PK1 [N-(2-
hydroxypropyl)methacrylamide copolymer doxorubicififjst member of a new class of
chemotherapeutic agents-drug-polymer conjugatesc&@&research Campaign Phase I/l
Committee Clinical cancer research : an official journal di¢ American Association for
Cancer Research999,5, (1), 83-94.

133. Bilim, V. Technology evaluation: PK1, Pfizéancer Research UKCurrent
opinion in molecular therapeuti@)03,5, (3), 326-30.

134. Seymour, L. W.; Ferry, D. R.; Anderson, D.;sBlewood, S.; Julyan, P. J;
Poyner, R.; Doran, J.; Young, A. M.; Burtles, SerK D. J. Hepatic drug targeting:
phase | evaluation of polymer-bound doxorubidiournal of clinical oncology : official
journal of the American Society of Clinical Oncoj@&§02,20, (6), 1668-76.

135. Dunphy, E. P. Pancreatic cancer: a review @pdate.Clinical journal of
oncology nursin@008,12, (5), 735-41.

136. Doyle, T. H.; Mornex, F.; McKenna, W. G. Thénical implications of
gemcitabine radiosensitizatiof€linical cancer research : an official journal ohe

American Association for Cancer Resea€li91,7, (2), 226-8.

124



137. David, A.; Kopeckova, P.; Rubinstein, A.; Kopk, J. Enhanced biorecognition
and internalization of HPMA copolymers containingultiple or multivalent
carbohydrate side-chains by human hepatocarcin@fisa Bioconjugate chemistr001,
12, (6), 890-9.

138. Lu, Z. R.; Gao, S. Q.; Kopeckova, P.; KopedekModification of cyclosporin A
and conjugation of its derivative to HPMA copolymdioconjugate chemistr001,12,
(1), 129-33.

139. Lu, Z. R,; Shiah, J. G.; Sakuma, S.; Kopeck®aKopecek, J. Design of novel
bioconjugates for targeted drug delivedpurnal of controlled release : official journal
of the Controlled Release Socie§02,78, (1-3), 165-73.

140. Minko, T.; Kopeckova, P.; Kopecek, J. Prefhary evaluation of caspases-
dependent apoptosis signaling pathways of free &fMA copolymer-bound
doxorubicin in human ovarian carcinoma celleurnal of controlled release : official
journal of the Controlled Release Socigf01,71, (3), 227-37.

141. Minko, T.; Kopeckova, P.; Kopecek, J. Effigaaf the chemotherapeutic action
of HPMA copolymer-bound doxorubicin in a solid tummodel of ovarian carcinoma.
International journal of cancer. Journal internatial du cance000,86, (1), 108-17.
142. Rihova, B.; Bilej, M.; Vetvicka, V.; UlbrichK.; Strohalm, J.; Kopecek, J.;
Duncan, R. Biocompatibility of N-(2-hydroxypropylinethacrylamide copolymers
containing adriamycin. Immunogenicity, and effentlmematopoietic stem cells in bone
marrow in vivo and mouse splenocytes and humamplperal blood lymphocytes in vitro.

Biomaterials1989,10, (5), 335-42.

125



143. Pike, D. B.; Ghandehari, H. HPMA copolymeciayRGD conjugates for tumor
targeting.Advanced drug delivery revie910,62, (2), 167-83.

144. Sprincl, L.; Kopecek, J.; Vacik, J.; Lim, DBiological tolerance of poly(N-
substituted methacrylamides)ournal of biomedical materials researd®71, 5, (3),
197-205.

145. Duncan, R.; Kopecek, J.; Rejmanova, P.; Lloyd,B. Targeting of N-(2-
hydroxypropyl)methacrylamide copolymers to liver lbycorporation of galactose
residuesBiochimica et biophysica acte983,755, (3), 518-21.

146. Kopecek, J.; Kopeckova, P.; Minko, T.; LufRZ; Peterson, C. M. Water soluble
polymers in tumor targeted delivedournal of controlled release : official journal die
Controlled Release Socie2(01,74, (1-3), 147-58.

147. Duncan, R.; Seymour, L. C.; Scarlett, L.; l[dpy. B.; Rejmanova, P.; Kopecek, J.
Fate of N-(2-hydroxypropyl)methacrylamide copolysexrith pendent galactosamine
residues after intravenous administration to rBischimica et biophysica acth986,
880, (1), 62-71.

148. Lammers, T.; Ulbrich, K. HPMA copolymers: g$8ars of advance#&dvanced
drug delivery review2010,62, (2), 119-21.

149. Subr V, S. J., Ulbrich K, Duncan R, Hume IBolymer containg enzymatically
degradable bonds, XII. Effect of spacer structumettee rate of release of daunomycin
and adriamycin from [N-(2-hydroxypropyl)-methacnylale] copolymer drug carriers in
vitro and antitumor activity measured in vivdournal of Controlled ReleasE992,18,

123-32.

126



150. Callahan, J.; Kopeckov, P.; Kopecek, J. tattalar trafficking and subcellular
distribution of a large array of HPMA copolymeBiomacromolecule2009, 10, (7),
1704-14.

151. Monti, P.; Marchesi, F.; Reni, M.; Mercalli,;Aordi, V.; Zerbi, A.; Balzano, G.;
Di Carlo, V.; Allavena, P.; Piemonti, L. A compesatsive in vitro characterization of
pancreatic ductal carcinoma cell line biologicah&eor and its correlation with the
structural and genetic profil&irchows Archiv : an international journal of patiogy
2004,445, (3), 236-47.

152. Sipos, B.; Moser, S.; Kalthoff, H.; Torok, VLohr, M.; Kloppel, G. A
comprehensive characterization of pancreatic duzdatinoma cell lines: towards the
establishment of an in vitro research platfoxfirchows Archiv : an international journal
of pathology2003,442 (5), 444-52.

153. Borgman, M. P.; Aras, O.; Geyser-Stoops, 8us8ille, E. A.; Ghandehari, H.
Biodistribution of HPMA copolymer-aminohexylgeldangcin-RGDfK conjugates for
prostate cancer drug deliveiyolecular pharmaceutic2009,6, (6), 1836-47.

154. Nan, A.; Croft, S. L.; Yardley, V.; GhandehaH. Targetable water-soluble
polymer-drug conjugates for the treatment of vigteleishmaniasis.Journal of
controlled release : official journal of the Conlied Release Socie004,94, (1), 115-
27.

155. Huang Y, N. A., Rosen GM, Winalski CS, Scheeidc, et al. N-(2-
Hydroxypropyl)methacrylamide (HPMA) Copolymer-Linke Nitroxides: Potential

Magnetic Resonance Contrast AgeisMacromolecular Bioscienc2003 647-652.

127



156. Dabhiya, R.; Kwak, K. S.; Byrd, J. C.; Ho, 8gon, W. H.; Kim, Y. S. Mucin
synthesis and secretion in various human epithebalcer cell lines that express the
MUC-1 mucin geneCancer researchi993,53, (6), 1437-43.

157. Lieber, M.; Mazzetta, J.; Nelson-Rees, W.; |Kap M.; Todaro, G.
Establishment of a continuous tumor-cell line (paphdrom a human carcinoma of the
exocrine pancreatternational journal of cancer. Journal internatial du cancel 975,
15, (5), 741-7.

158. Wu, M. C.; Arimura, G. K.; Yunis, A. A. Mechiam of sensitivity of cultured
pancreatic carcinoma to asparaginaseternational journal of cancer. Journal
international du cancet978,22, (6), 728-33.

159. Nan, A.; Nanayakkara, N. P.; Walker, L. A.;riay, V.; Croft, S. L;
Ghandehari, H. N-(2-hydroxypropyl)methacrylamid#P(MA) copolymers for targeted
delivery of 8-aminoquinoline antileishmanial drugkurnal of controlled release :
official journal of the Controlled Release Soci2@01,77, (3), 233-43.

160. Duxbury, M. S.; Ito, H.; Zinner, M. J.; Ashley. W.; Whang, E. E. Inhibition of
SRC tyrosine kinase impairs inherent and acquirechgitabine resistance in human
pancreatic adenocarcinoma cel@inical cancer research : an official journal ohe
American Association for Cancer Reseag€l94,10, (7), 2307-18.

161. Modi, S.; Prakash Jain, J.; Domb, A. J.; Kunhar Exploiting EPR in polymer
drug conjugate delivery for tumor targetin@urrent pharmaceutical desigk006, 12,
(36), 4785-96.

162. Lan, M. S.; Hollingsworth, M. A.; Metzgar, B. Polypeptide core of a human

pancreatic tumor mucin antigegBancer researcti990,50, (10), 2997-3001.

128



163. Tempero, M. A.; Arnoletti, J. P.; Behrman,V&.; Ben-Josef, E.; Benson, A. B.,
3rd; Casper, E. S.; Cohen, S. J.; Czito, B.; ElkenhJ. D.; Hawkins, W. G.; Herman, J.;
Hoffman, J. P.; Ko, A.; Komanduri, S.; Koong, A.aMWV. W.; Malafa, M. P.; Merchant,
N. B.; Mulvihill, S. J.; Muscarella, P., 2nd; Nakak, E. K.; Obando, J.; Pitman, M. B.;
Sasson, A. R.; Tally, A.; Thayer, S. P.; Whiting; ®/0olff, R. A.; Wolpin, B. M.;
Freedman-Cass, D. A.; Shead, D. A. Pancreatic dcicinoma, version 2.2012:
featured updates to the NCCN Guidelindsurnal of the National Comprehensive
Cancer Network : INCCR012,10, (6), 703-13.

164. Stanton JD, A. A., Swaan PW, Nan A. WateruBlel Polymers for Targeted
Therapy to Pancreatic CancBtolecular Pharmecutic2014,(Under Review)

165. Jonckheere, N.; Skrypek, N.; Van SeuningeniMucins and pancreatic cancer.
Cancers2010,2, (4), 1794-812.

166. Andar, A. U.; Hood, R. R.; Vreeland, W. N.;\De, D. L.; Swaan, P. W.
Microfluidic preparation of liposomes to determiparticle size influence on cellular
uptake mechanismBharm Re2014,31, (2), 401-13.

167. Goldberg, D. S.; Ghandehari, H.; Swaan, P. @kllular entry of G3.5 poly
(amido amine) dendrimers by clathrin- and dynamepahdent endocytosis promotes
tight junctional opening in intestinal epitheli@harmaceutical researcB010, 27, (8),
1547-57.

168. Macia, E.; Ehrlich, M.; Massol, R.; Boucrot, Brunner, C.; Kirchhausen, T.
Dynasore, a cell-permeable inhibitor of dynantdevelopmental ce006,10, (6), 839-

50.

129



169. Kirchhausen, T.; Owen, D.; Harrison, S. C. lédalar structure, function, and
dynamics of clathrin-mediated membrane trafftold Spring Harbor perspectives in
biology2014,6, (5), a016725.

170. Fridolfsson, H. N.; Roth, D. M.; Insel, P. APatel, H. H. Regulation of
intracellular signaling and function by caveolPASEB journal : official publication of

the Federation of American Societies for ExperiraeBiology2014

130



