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Abstract

Pancreatic cancer is responsible for nearly 40,000 deaths in the U.S. annually, with a
dismal 5-year survival rate below 7%. The poor therapeutic outcomes reflect a paucity of new
approaches targeting the genomic underpinnings of pancreatic ductal adenocarcinomas (PDAC,
the vast majority of pancreatic cancers) as well as our inability to overcome the desmoplastic
stromal barrier characteristic of PDAC. RNA interference through siRNA holds promise in
targeting key mutations driving PDAC, such as oncogenic KRAS; however, a nucleic acid
delivery vehicle that homes to PDAC and breaches the stroma does not yet exist. Noting that
the novel cyclic peptide iRGD mediates tumor targeting and penetration through interactions
with avfss integrins and neuropilin-1, we hypothesized that “tandem” peptides combining a
cell-penetrating peptide and iRGD can complex with siRNA to form tumor-penetrating
nanocomplexes (TPNs) effective in delivering siRNA to PDAC. Such a nanoscale carrier could
provide a practical means of bridging our understanding of PDAC as a genetic disease to the
clinic. Furthermore, the modular aspect of these self-assembled particles permits them to
accommodate alternate cargoes or targeting domains, and we have proposed that tandem
peptide complexes could be extended to applications outside of RNA interference, particularly
for the delivery of components for CRISPR/Cas9-mediated gene editing. This delivery system
could be applied to generate improved animal models of pancreatic cancer.

In this work, we first designed, characterized, and optimized iRGD-based TPNs for
RNAI in pancreatic cancer cells in vitro, showing robust knockdown of single and multiple
targets. In order to stabilize these nanoparticles for systemic administration, we then devised
and compared diverse, non-covalent materials for formulating TPNs with polyethylene glycol
(PEG). The best material in this capacity, a peptide-PEG conjugate, reduced accumulation of
TPNs in off-target organs and improved circulation kinetics, while preserving functional
knockdown capacity. Incorporating this approach with the iRGD tandem peptides, we studied
the translational potential of PEGylated iRGD TPNs to deliver siRNA to various models of
pancreatic cancer and have begun therapeutic testing with siRNA targeting KRAS. Finally, we
have adapted the tandem peptide platform to mediate delivery of CRISPR/Cas9 components.
Particle configurations to deliver guide RNA alone, guide RNA with a DNA template for
homology-directed repair, and guide RNA with Cas9 protein have all shown efficacy in gene
editing in vitro, important steps toward creating sporadic mutations to model PDAC. Thus, we
have established a versatile approach to the delivery of nucleic acids for studying and treating
pancreatic cancer.
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Chapter 1: Motivation and Background [*]
1.1 Overview [*]

Pancreatic cancer is a devastating disease that kills over 40,000 people in the U.S.
annually, with less than 7% of patients surviving five years past their initial diagnosis [1].
Traditional chemotherapy is rarely effective at managing the disease and results in considerable
toxicity. Two important factors contributing to the failure of current treatment regimens are the
dense stromal layers surrounding pancreatic cancers, which block the entry of therapeutics [2],
and the lack of therapeutic agents targeted specifically at important genetic drivers of pancreatic
cancer progression. As such, there is a need for new approaches that incorporate mechanisms
for overcoming delivery barriers and that deliver therapeutics with the capacity to potently
address commonly mutated genes, such as the KRAS oncogene activated in over 95% of
pancreatic ductal adenocarcinomas (PDACs) [3], which in turn comprise over 85% of pancreatic
cancers [4]. Thus, the overall goal of this thesis is to develop and formulate peptide-based
tumor-penetrating nanocomplexes for the systemic delivery of nucleic acid therapies targeted to
PDAC-specific genetic abnormalities. We additionally show that the modularity of this delivery
platform allows it to be further adapted to mediate genomic editing, an important tool in
generating new animal models of pancreatic cancer that can contribute a better understanding

of the disease process and treatment.



1.2 Pancreatic Cancer: Clinical Profile, Genetics, and the Potential of Nucleic Acid
Therapies [*]

1.2.1 Epidemiology and Clinical Features

Pancreatic cancer is one of the deadliest types of cancer, with overall five-year survival
of only 6.7% in the United States for cases first diagnosed in 2006 [5] (Fig. 1-1A). Indeed, while
considerable inroads have been made in reducing mortality associated with many of the most
common forms of cancer — lung, colorectal, prostate, and breast among them - no such
improvement has been seen for pancreatic cancer over the last three decades (Fig. 1-1B). The
poor prognosis and persistent mortality rate of pancreatic cancer reflect several clinically
challenging aspects of the disease: the frequently asymptomatic progression of the disease until
the disease is too advanced to treat surgically, the lack of a pre-emptive diagnostic screen, high
rates (~80%) of recurrence following surgical resection, and a very poor response to standard
chemotherapy regimens [3, 6]. This explains why a cancer originating from the pancreas — an
organ that a patient could live entirely without, given appropriate enzymatic and hormonal
supplementation — can become such a severe and incurable disease.

Efforts to mitigate risk factors have been a crucial centerpiece in bringing down
mortality in many forms of cancer, but in the case of pancreatic cancer, few preventable risk
factors have been identified — conclusive evidence of causation exists only for tobacco use, with
a risk ratio of 2.5-3.6 (notably much less impactful than in lung cancer) [3]. Furthermore, efforts
to screen for pancreatic cancer have stalled, as no screening markers possess the needed
sensitivity and specificity to reliably detect disease before it reaches advanced stages. For

instance, CA19-9, a useful marker for tracking therapeutic response in advanced pancreatic
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Figure 1-1: Pancreatic cancer statistics. (A) Comparison of U.S. five-year survival rates for primary
cancers of different sites for cancers diagnosed in 2006, with the survival rate of pancreatic cancer
highlhighted. (B) Age-adjusted U.S. cancer mortality for selected cancer sites from 1975-2012. Mortality
rates for prostate cancer and breast cancer pertain to male and female populations only, respectively.
Data from the NCI Surveillance, Epidemiology, and End Results (SEER) Program [1].

cancer, is only elevated in 40% of early-stage pancreatic cancer and may also be elevated in a
number of unrelated, benign hepatobiliary conditions. As such, its use in screening is
discouraged by the ASCO [7, 8].

The lack of preventable risk factors and diagnostic screening tools leaves diagnosis up to
symptomatology. Unfortunately, symptoms that patients might present with, such as weight
loss, fatigue, cholestasis, abdominal (epigastric) pain, jaundice and pruritis, steatorrhea, clay-
colored stools, or new-onset diabetes mellitus are either non-specific or likely to arise only when
the cancer is quite advanced, as many of these phenomena require the tumor to be large enough
to obstruct the common, bile, or pancreatic ducts, to have metastasized to the liver, or to
substantially interfere with islet function in both physical and hormonal manners [9]. At
advanced stages of disease, surgical resection of the primary tumor or the entire pancreas is no

longer therapeutically beneficial, and most patients will eventually die from complications of



metastasis such as liver failure. Even when surgery is an option, patients rarely live 5 years past
the procedure, with only ~12% 5-year survival following pancreatic head resection (the exact
rate varies considerably by site and study) [10]. Thus, there is a present and persisting need for

new strategies for treating advanced pancreatic cancer.

1.2.2 Shortcomings of Pancreatic Cancer Treatment

Current standard-of-care first-line chemotherapy for locally advanced, unresectable
pancreatic cancer is a regimen of the nucleoside analogue gemcitabine, with a median survival
of only 5.5 to 6 months [11]. In the setting of metastatic pancreatic cancer, several recent clinical
trials have identified alternative regimens that show improvement in survival over gemcitabine
alone. Combination therapy of gemcitabine with nab-paclitaxel (albumin-bound paclitaxel) has
recently shown a significant survival benefit of 1.8 months over gemcitabine monotherapy,
though accompanied by increased rates of peripheral neuropathy and myelosuppression [12].
FOLFIRINOX, a combination of 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin, is a more
aggressive treatment option that has impressively extended survival to 11.1 months versus
gemcitabine monotherapy at 6.8 months, and thus is the preferred first-line therapy for
metastatic disease [13]. While the benefit of combination therapies has not yet been proven in
clinical trials on unresectable but non-metastatic disease, many treatment centers now employ
them as first-line therapy, particularly in patients with good performance status (i.e. ECOG
scale 0-1 [14]) and serum total bilirubin <1.5 over the upper limit of normal (an indicator of liver
function), who are able to tolerate the increased toxicity [15]. However, the severity of the toxic

side-effects as well as a median survival of less than a year in the best treatment scenario clearly
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provides impetus for seeking out new “cancer-targeted” therapeutic options rather than piling
on additional indiscriminate chemotherapeutics.

In a first step towards this goal, many clinical trials have striven to treat pancreatic
cancer with new targeted molecular therapies that have found success in other types of cancer,
including anti-VEGF (bevacizumab [16], aflibercept [17]), anti-VEGFR/PDGFR/cKit (axitinib)
[18], and anti-EGFR (cetuximab [19], erlotinib [20]). Unfortunately, these therapies have all
failed to significantly extend survival with the exception of erlotinib, which prolonged survival
by the statistically significant but clinically underwhelming margin of 0.3 months [11, 21].

These dismal results emphasize the need to tailor therapeutic strategies to the
complexities of pancreatic cancer, which presents both a unique delivery challenge as well as a
unique genetic landscape. Ninety-five percent of pancreatic cancers involve the exocrine
pancreas, most often giving rise to pancreatic ductal adenocarcinomas (PDACs), which generate
a characteristic thick and poorly vascularized desmoplastic stroma that prevents penetration of
even small molecules [22]. Strategies for dismantling or reorganizing the stroma, such as
hedgehog inhibition (IPI-926, also called saridegib, a SMO inhibitor) [22] or PEGylated
hyaluronidase (PEGPH20) [2, 23] have demonstrated improved delivery to PDAC animal
models, though resistance and restoration of the stromal barrier eventually occurs. Saridegib
has unfortunately not shown any therapeutic benefit in Phase II clinical trials for pancreatic
cancer [24], but this is perhaps less surprising in the context of recent evidence that while
stromal cells may abet tumor cells in some capacities, long-term hedgehog inhibition and
stromal depletion can actually accelerate pancreatic cancer growth [25] — likely on account of

increased vascularity — and furthermore, cancer-associated fibroblast depletion can lead to



immunosuppression [26]. These findings suggest that perhaps a better approach would be to
transiently penetrate the stromal barrier — as will be discussed in Section 1.4.2 — rather than
frankly abolish it. Beyond tackling the stromal barrier, the ideal approach to therapy must also
consider the key signaling pathways and mutations that drive PDAC (discussed in the
following Section 1.2.3), rather than simply importing targets that have worked in other cancers.
Therefore, the approach to therapy in this thesis combines both a tumor-penetrating peptide carrier and

RNAI therapies against key PDAC pathways.

1.2.3 Targeting the Genetic Basis of Pancreatic Cancer

Progress in unraveling the complex genetic basis of cancer has been proceeding at a
rapid pace. At the core of PDAC as a genetic disease are two key mutations: KRAS oncogenic
activation and loss-of-function mutations in the cell-cycle checkpoint gene CDKN2A (encoding
both P16-INK4A and P14ARF), both found to occur in over 90% of cases [3]. The ubiquity of
KRAS mutations is a unique feature to PDAC, though these mutations are also relevant to lung
cancer and colorectal cancer in particular. Interestingly, virtually all (99%) KRAS mutations in
PDAC involve Glycine-12, which leads to constitutive Ras signaling through conformational
changes. The preferential downstream signaling pathways depend somewhat on the resulting
amino acid in the 12% position; for instance, G12D mutations (by far the most common amino
acid-level substitution at 50% of all KRAS mutations in PDAC [27]) activate PI3 kinase and Mek
signaling, while G12C mutations preferentially activate Ral signaling [28]. These preferences are

of relevance to the design of inhibitors to K-Ras signaling, as discussed later in this section.



A large proportion of pancreatic adenocarcinomas also harbor mutations in the tumor

suppressors TP53 and SMAD4/DPC4 [29, 30]. The causative role of the four most common

mutations — KRAS, CDKN2A, TP53, and SMAD4 — in driving pancreatic cancer has been

exhaustively borne out in genetically-engineered mouse models, in which combinations of these

mutations in the pancreas lead to highly aggressive PDAC [31, 32]. A brief summary of

common genetic abnormalities in PDAC, as well as less common mutations in PDAC of

relevance to current targeted therapies, is presented in Table 1. Importantly, there are countless

supporting mutations that occur at lower frequencies, whose role and importance in tumor

formation and growth have yet to be delineated in pancreatic cancer due to the difficulty of

generating new animal models. Many of these mutations are important players in the complex

Gene Protein Type Frequency | Mutation Types / Locations
KRAS K-Ras Oncogene 95% 99% involve Glycine-12 (G12D,
50%; G12V; GI2R, 12%; GI12S;
G12C; G12A), G13 mutations rare
in PDAC
CDKN2A pl6-Ink4A, | Tumor 98% Homozygous deletion, intragenic
p19Arf Suppressor missense mutations, epigenetic
promoter silencing
TP53 p53 Tumor 70% Missense mutations, dominant
Suppressor negative mutations; rarely
homozygous deletion
SMAD4 (DPC4) | Smad4 Tumor 45% Missense mutations
Suppressor
NCOA3 AlB1, Oncogene 37-44% Copy-number gains
NCOA3
RB1 pPRb Tumor <6%
Suppressor
ERBB2 HER2/neu | Oncogene <27%
EGFR (ERBB1) EGFR Oncogene 0-4%

Table 1-1: Selected mutations in exocrine pancreatic
alterations from [27]

cancer. Adapted with significant




dialogue between pancreatic tumor cells and the surrounding stromal elements, impacting
therapies in often uncharacterized ways [33]. New methods for creating custom animal models
containing these mutations, perhaps on a background of the “big four” mutations, would be of
benefit in providing a more complete understanding of the genetic underpinnings of the
disease; this topic is discussed at greater length in Sections 1.2.4, 1.3.2, and Chapter 5.

While translation of genetic targets into new therapies has begun over the last two
decades, current targeted therapies have been limited to druggable proteins such as HER2/neu
(by trastuzumab) and EGFR (by gefitinib and erlotinib), with the therapeutic being either an
antibody or small molecule tailor-made for the target [34]. Mutations in these genes occur
relatively infrequently in PDAC, which is in essence a KRAS-driven disease. Unfortunately, it
has proven difficult to inhibit K-Ras function or post-translational modification with small
molecules, despite over 30 years of research directed at this challenge. Inhibiting critical post-
translational modification of Ras proteins using farnesyltransferase inhibitors (FIIs) showed
encouraging preclinical efficacy, yet failed in clinical trials due to molecular evasion involving
redundant pathways (e.g. geranylgeranyltransferases) — and attempts to concomitantly block
these pathways led to unacceptable toxicity [35]. More recently, the pan-Ras inhibitor
farnesylthiosalicylic acid (salirasib), acting as a competitor for Ras-escort proteins, made it to
phase 1II clinical trials but failed to meet target survival criteria in lung cancer patients with
tumors known to harbor KRAS mutations [36]. Researchers have thus shifted focus to other
members of the Ras signaling pathways, with MEK and PI3K inhibitors enjoying the most
success [37]. However, the preclinical and clinical experience with MEK [38] and PI3K inhibitors

[39] has suggested that they are more likely to be useful as combination therapies than acting



alone. Thus, there remains a need for potent therapeutic strategies to strike at driving mutations, such as
RNAIi, which prevents cancer-driving proteins from being made in the first place rather than trying to
block function after they have already been translated and assembled. Strategies like RNAi could
potentially complement existing small molecule inhibitors and chemotherapies in the clinic, especially as
we consider ways to address redundant, compensatory, and synthetic lethal pathways in the context of

pancreatic cancer.

1.2.4 Murine models of human cancer

Validation of new cancer therapies requires accurate animal models of human disease,
especially as sophisticated therapies are being optimized for delivery via specific targeting,
penetrating, and deployment pathways and their cargoes take action via specific molecular
pathways.

Transplant models, in which tumor cells are introduced into a host animal, are simple to
establish and allow the use of human cells (xenografts) in immunosuppressed animals or mouse
cells (allografts) in immunosuppressed or syngeneic immunocompetent animals. Heterotopic
grafts, where tumor cells are injected in a convenient location unrelated to the primary organ of
origin, simplify tracking of tumor growth but necessarily overlook the complex host organ-
tumor interactions, the gradual mutation of tumor cells leading to polyclonality, and the role of
the immune system if immunosuppressed animals are employed [40, 41]. Unfortunately, there
have been several cases in which therapeutics demonstrating efficacy in xenograft models failed
to show any clinical efficacy [40, 42, 43]. Orthotopic grafts into the appropriate primary organ

[44, 45] or into representative organs of metastatic disease (e.g. via intrasplenic or intracardiac



injection) better replicate the proper microenvironment and therefore are important first steps
in validating delivery vehicles, but still exhibit rapid growth and monoclonality, features that
influence tumor responses.

Genetically-engineered mouse models (GEM models) have been shown to closely
replicate clinical pathology in humans, including critical components of the vasculature,
microenvironment, and immune system. In these models, initiating mutations drive
tumorigenesis based on site-specific promoters, as in the KPC (Kras-p53) model of PDAC [31],
or site-specific delivery of a recombinase, as in a Kras®?P-Trp53# model of lung
adenocarcinoma [46]. Specifically, the KPC model of pancreatic cancer is based on triple-mutant
LSL-Kras¢ 2P LSL-Trp53R172H/+;Pdx-1-Cre or LSL-Kras®?P/4;,LSL-Trp53"%;Pdx-1-Cre mice, which
develop invasive pancreatic tumors as a result of pancreas-specific (Pdx-1 promoter) Cre
recombinase activity. Pancreatic Cre-mediated recombination leads to expression of the
oncogenic Kras®'?P allele and either homozygous loss of p53 or activation of the dominant-
negative Trp53R172H allele [31, 47, 48]. The Kras“?® mutant is frequently seen in human
pancreatic cancer, and the Trp53r7?H allele, homologous to human R175H mutations, is present
in both the hereditary Li-Fraumeni cancer syndrome and spontaneous mutations. This mutated
variant of p53 not only acts as a dominant negative through aberrant tetramer formation with
wildtype p53 but also contributes to pro-metastatic signaling in pancreatic cancer [49]. Tumors
from this model have been documented to metastasize widely to sites such as the liver, which
represents 58% of PDAC metastases in humans [50]. Models based on KRAS and CDKN2A
mutations [32] or KRAS and SMAD4 mutations [51], among others, have also been described.

Extensive insights into the roles of these mutations in PDAC have been gleaned from these
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models, yet because they all rely upon pan-pancreatic gene mutations, the resulting
simultaneous transformation of nearly the entire pancreas makes these models incredibly
difficult to treat with new therapies, whether for the purposes of validating new drugs or new
genetic targets. This comes on top of the challenge and time involved in the development of
new transgenic models — usually a process requiring years for each genotype — limiting the
number and combinations of mutations that may be studied.

CRISPR/Cas9-mediated genetic manipulation for the purposes of cancer model
development presents an opportunity to generate a myriad of mutations — in a more sporadic
manner and much more quickly. The basis and delivery of CRISPR/Cas9 technology is
introduced in Sections 1.3.2 and 1.4.5, respectively.

In the larger picture, these genetic models of pancreatic cancer represent the first half of
the “preclinical testing pipeline,” in which cancers are created to closely replicate the genetic,
morphological, and contextual properties of the disease. The second half, then, is the capacity to
treat these models in hopes that such treatments would also translate to human therapy. As
mentioned in Section 1.2.3, the challenges in developing effective conventional small molecule
drugs for key protein targets in pancreatic cancer necessitates the development of other
therapeutic paradigms such as RNAi for addressing specific genetic mutations that cause

disease.
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1.3 Nucleic Acid Therapies [*]
1.3.1 RNA Interference (RNAi) and the Utility of RNAi in Cancer Therapy

RNA interference is a technique for silencing gene expression via the introduction of
double-stranded RNA (dsRNA) complementary to a portion of the gene of interest, a strategy
first described in C. elegans by Andrew Fire et al. in 1998 [52]. The precise mechanism of RNAi
has since been elucidated and relies upon a host of endogenous machinery that orchestrates the
suppressed translation or frank cleavage of mRNA complementary to the antisense strand of
the dsRNA in a catalytic fashion. In the natural setting, RNAI is effected by microRNAs
(miRNAs), which originate as long primary-microRNAs (pri-miRNAs) transcribed from the
genome and are subsequently processed by the Drosha ribonuclease and Pasha into pre-
microRNAs [53]. These pre-microRNAs are in turn cleaved by the Dicer ribonuclease into 19-23
base pair (bp) dsRNAs that can be loaded into the RNA-induced silencing complex (RISC) [53].
In the RISC, the inactive strand of miRNA is removed, leaving only the active (antisense)
strand, which binds to one of many mRNA targets through the seed sequence located
approximately from base pairs 2 through 8. This binding encumbers mRNA translation,
promotes deadenylation of the mRNA, or leads to cleavage of the mRNA [54-57]. The fate of the
mRNA depends on the degree of complementarity — stronger binding is more likely to result in
cleavage [58].

Non-endogenous short interfering RNAs (siRNAs) have been designed to harness the
miRNA/RISC machinery so as to exert control over gene expression in a potent yet reversible
manner. siRNA is structurally identical to mature miRNA except for three subtle yet critical

differences: (1) the two strands are perfectly complementary to each other, (2) the antisense
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sequence is perfectly complementary to the target mRNA, and (3) the seed sequence is
optimally designed to have minimal off-target binding [59]. Thus, miRNA-like effects are
minimized and the target mRNA is efficiently cleaved.

The adaptation of RNA interference (RNAi) to mammalian cells in 2001 has opened the
possibility of knocking down or modulating expression of virtually any protein in the cell,
requiring only knowledge of the target’s mRNA sequence to rationally design the therapeutic
molecule, in contrast to small m