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Abstract

Despite the advent of novel targeted therapies and early diagnosis, breast cancer
remains the second cause of cancer death in women in the US since 1950.
More effective treatments are still needed to improve its prognosis. Her2-positive
(HER2") breast cancer represents 15-25% of invasive breast cancer. Although
HER2-targeted therapy has significantly improved the prognosis of this breast
cancer subtype, resistance is common. The Cancer Genome Atlas project has
identified genomic aberrations in breast cancer which can be used to guide the
development of a wide range of therapeutic agents. However, most attractive
therapeutic targets, that may be used to overcome cancer resistance to current
treatment modalities, are considered ‘undruggable’ by conventional small
molecule inhibitors or monoclonal antibodies. RNA interference (RNAI) using
small interfering RNAs (siRNASs) is a promising alternative to inhibiting these
otherwise intractable therapeutic targets. This strategy has proven effective in
vitro. However, because the delivery of siRNAs to tumors in patients is still
challenging, this technology has yet to be fully capitalized.

In this dissertation project, a novel nanoparticle construct has been engineered
for efficient delivery of siRNAs to tumors. The construct consists of a 47-nm
mesoporous silica nanoparticle core coated with cross-linked polyethyleneimine—
polyethyleneglycol copolymer, electrostatically loaded with the siRNA against
human epidermal growth factor receptor type 2 (HERZ2) oncogene, and coupled
to the anti-HER2 monoclonal antibody (trastuzumab). The construct has been
engineered to increase SiRNA half-life in the blood, enhance tumor-specific
cellular uptake, and maximize siRNA knockdown efficacy. The optimized anti-
HER2 nanoconstructs produced apoptotic death in HER2" breast cancer cells
grown in vitro but not in HER2-negative (HERZ2) cancer or nonmalignant
epithelial cells. One dose of the siHER2-nanoconstructs reduced HER2 protein
levels by 60% in trastuzumab-resistant HCC1954 xenografts. Administration of
multiple intravenous doses over 3 weeks significantly inhibited tumor growth (p <
0.004). The siHER2-nanoconstructs have an excellent safety profile in terms of
blood compatibility and low cytokine induction when exposed to human
peripheral blood mononuclear cells. In addition, mice that received multiple
doses of siHER2-nanoconstructs did not show signs of liver or kidney toxicity, as
determined by serum biochemistry markers and histology. The construct can be
produced with high batch-to-batch reproducibility and the production methods are
suitable for large-scale production.

Xiii



In conclusion, the developed nanoconstructs have great potential for clinical
translation. This platform development coupled with genome analysis and RNAI
functional screening could provide a more effective treatment in HER2" refractory
breast cancer. Further, the nanoconstructs have capacity to load multiple cargos
simultaneously, including chemotherapeutic drugs and a cocktail of sSiRNAs. This
affords a targeted combination therapy that may provide better synergistic
outcomes. Application to other types of cancers can be done with ease by
utilizing appropriate siRNAs or other therapeutic cargos and targeting
components.

Xiv



1. Chapter 1: Introduction and Background

1.1 Introduction

Cancer is caused by genetic aberrations in cells. These alterations can
affect oncogenes, tumor-suppressor genes, and microRNA genes [1]. Due to
functional redundancy, multistep genetic changes are typically required for the
development and growth of malignant tumors. The accumulation of these
changes allows cells to gain certain functional advantages over normal cells and
transforms them into cancer cells. These so-called “hallmarks of cancer” [2]
include sustaining proliferative signaling, evading growth suppressors, resisting
cell death, enabling replicative immortality and angiogenesis, activating invasion
and metastasis, and evading immune destruction. In general, cancer develops
and sustains a complex redundant signaling network that regulates these

different unique properties.

This dissertation focuses on HER2" breast cancer, which is a breast
cancer subtype that overexpresses HER2 (Human epidermal growth factor
receptor type 2) proteins on the cancer cell membrane. This breast cancer
subtype was once known for its aggressive growth and poor prognosis. However,
it has recently responded well to new targeted therapies. This success has
prompted many attempts to better understand the molecular blueprint underlying

cancer pathogeneses and, in turn, design better therapeutic compounds.



Despite these advancements, HER2" breast cancer still recurs and
progresses, and the treatment advantage lengthens survival time but does not
necessarily cure the disease at late stages. This is partly due to an inability to
effectively inhibit certain intracellular genes with current conventional small
molecule inhibitors or monoclonal antibodies. Therefore, there are still unmet

needs for the treatment of this refractory cancer.

RNA interference (RNAI) with small interfering RNA (siRNA) is potentially
a more effective therapeutic candidate for cancer treatment than conventional
drugs because it can target virtually any gene with higher specificity. This
therapeutic strategy is an ideal candidate for drug-resistant HER2" breast cancer,
where targeted therapies with conventional small molecules or antibodies are not
sufficient. However, the application of RNAIi is mainly limited to the research
laboratory as a tool to understand the functional roles of each gene/protein in the
cells under study. A significant hurdle blocking effective patient application of

RNAI technology lies with the lack of an effective delivery system.

In light of this, this dissertation project focuses on developing mesoporous
silica nanoparticles, MSNPs, as a platform for siRNA delivery to HER2" breast
cancer. More specifically, the nanoparticle is modified and loaded with different
components in an attempt to render the nanoparticle functional for delivering
siRNA. Further, the ability of these developed nanoparticles to load additional
cargos beyond siRNAs will be also explored. Therefore, this system allows for
the simultaneous delivery of different compounds to cancer cells, potentially
eliciting synergistic or additive effects. Although this dissertation focuses on

2



mesoporous silica nanoparticles, these possible collateral outcomes could be

utilized in other nanoparticle systems.

If successful, targeted delivery of siRNAs will be attainable and could
revolutionize cancer treatment for patients. Subsequently, treatments could be
designed to target virtually any genes responsible for cancer progression,
abrogate tumor burden, and ultimately improve patient survival. Lastly, as cancer
is a very heterogenous disease, and the treatment of different types of cancer
requires the abrogation of different oncogenes, this siRNA-nanoparticle system
offers greater flexibility for targeting different genes by employing different

SiRNAs, creating more personalized cancer treatments.

1.2 Overview of breast cancer

Cancer is a disease wherein the body’s cells become abnormal and grow
uncontrollably. In most cases, cancer leads to the formation of a mass called a
tumor. Cancer is conventionally classified by the organ in which it originates.
Breast cancer originates in breast tissue, either in lobules, which are milk-
producing glands, or ducts, which connect the lobules to the nipples [3]. When
breast cancer is confined within breast tissues, it is referred to as carcinoma in
situ (i.e., DCIS — ductal carcinoma in situ or LCIS — lobular carcinoma in situ). By
contrast, if the cancer cells start to spread to nearby tissues, it is referred to as
invasive carcinoma (i.e., IDC — invasive ductal carcinoma, and ILC — invasive

lobular carcinoma). These differences are depicted in Figure 1.1. However,



these classifications do not sufficiently address the heterogeneity of breast

cancer, resulting in poor prognostic implications and clinical utility.
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Figure 1.1: Anatomical features of different types of breast cancer (Cancer
Research UK). (A) Breast cancer originated in ducts, (B) Breast cancer
originated in lobules.

As the second most common cause of death in the US after heart disease,
cancer remains one of the most fatal diseases. Breast cancer is the most
frequently diagnosed cancer in women, and, after lung cancer, the second
leading cause of cancer death in women in the US since 1950 [3, 4]. The current
risk of American women developing breast cancer in their lifetime is one in eight.
It is estimated that 234,190 new cases will be diagnosed in the US in 2015 [3].
Meanwhile, owing to the early detection and development of new treatments,
five-year survival rates for breast cancer have improved substantially, from 84%

in 1987-1989 to 91% in 2004-2010. Recurrence in breast cancer is common,



however, and the treatment for these recurrent cases and advanced metastatic
cases is still rather ineffective. For metastatic breast cancer, the five-year survival

rate is 25% [3].

A more refined molecular-based classification of breast cancer includes
six subtypes: luminal A, luminal B, basal-like, HER2-enriched, normal breast-like,
and claudin-low [5, 6]. These subtypes were derived from hierarchical clustering
using an ‘“intrinsic” gene list. In particular, Prat et al. reported hierarchical
clustering of 320 human breast tumors and 17 normal breast samples using
~1900 genes [7], as illustrated in Figure 1.2A [5, 8]. The Cancer Genome Atlas
(TCGA) has also found good correlation between these intrinsic (MRNA)
subtypes and the breast cancer subtypes defined from information integrated
across five different platforms (i.e., miRNAs, DNA methylation, copy number,
MRNA expression, and reverse-phase protein arrays) [6]. However, due to
limitations in translating research to clinical practice, this microarray-based
diagnosis is not considered a routine practice. Diagnoses based on classical
immunohistochemical markers still remain a mainstream practice in clinics.
Standard practice examines only the hormone receptor (estrogen receptor “ER”
and progesterone receptor “PR”) and HER2 status. For example, patients with
hormone receptor-positive tumors are candidates for hormone therapy, and
patients with HER2-positive tumors are candidates for HER2-targeted therapies.
Although these HERZ2-positive tumors (as determined by IHC) largely overlap
with the HER2-enriched subtype, all of the intrinsic subtypes can be identified

within HER2-positive tumors (Figure 1.2B) [5]. Therefore, ER, PR, and HER2



status determined by IHC do not necessarily suggest the intrinsic subtype status,

and these two classifications should be considered unique.
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Figure 1.2: Classification of intrinsic (molecular) breast cancer subtypes.
(A) Hierarchical clustering of ~1900 genes (by the abundance of transcript of
each gene) with the sample-associated dendrogram colored according to
specified intrinsic (MRNA) subtypes (Data are presented in matrix format: each
row represents a single gene, and each column represents each tumor sample),
(B) Distribution of ER and HER?2 in different intrinsic (MRNA) subtypes of breast
cancer. Reproduced with permission from Elsevier [5].



1.3 Biology of HER2" breast cancer and HER2

HER2" breast cancer is a subtype that presents HER2 overexpression on
the tumor cell surface. This is caused by the amplification of HER2 oncogene
and related genetic elements in the amplicon on chromosome 17 [9]. This
subtype accounts for approximately 15-25% of invasive breast cancer [10,
111.HER2 (ERBB2) belongs to a family of transmembrane receptor tyrosine
kinases (RTKs), which also include HER1 (EGFR; epidermal growth factor
receptor), HER3 (ERBB3), and HER4 (ERBB4). RTKs have key roles in
regulating several cellular processes, such as proliferation, migration,
metabolism, differentiation, and survival, particularly during embryogenesis [12,
13]. In normal cells, this signaling network is tightly regulated. However, when
these genes mutate, amplify, or overexpress, they become oncogenes
responsible for the onset, progression, and aggressiveness of many types of

cancer (Figure 1.3) [13, 14].

Each receptor is composed of a cysteine-rich ligand-binding domain
(extracellular domain; ECD), a hydrophobic transmembrane segment, and an
intracellular tyrosine kinase portion with a regulatory carboxyl-terminal segment
[15] (Figure 1.3). HER receptors exist as monomers but dimerize upon ligand
binding, either as homodimers (e.g., HER2-HER2) or heterodimers (e.g., HER2-
HERS3). The activating ligands for each of the HER receptors are shown in
Figure 1.3. Although HER2 does not have a known specific ligand, it is the
preferred heterodimerization partner for other HER receptors. Each ligand with a

bivalent structure will bind to HER1, HER3 or HER4 via its high-affinity, narrow-
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specificity site. Meanwhile, the other low-affinity broad-specificity site of the
ligand will recruit a homo- or heterodimerization partner. It has been shown that
HER2 preferentially binds to the low-affinity sites of the ligands [15, 16].
Therefore, HER2 can participate in several signal transduction pathways as a
heterodimer. Further, an alternatively spliced human HER2 isoform encoding a
receptor lacking exon 16 (which immediately precedes the transmembrane
domain containing two cysteine residues) was reported to evoke more
aggressive tumorigenicity and metastasis [17, 18]. The structural change of this
HER2 variant promotes the formation of stable HER2 homodimers (by
intermolecular disulfide bridge) and, in turn, renders HER2 constitutionally active.
Excess dimerization (homo- and hetero-) of HER proteins results in a subsequent
increase in cellular signaling [11, 19]. This HER2 aberration thus contributes to

poor clinical outcome and resistance of this subtype of breast cancer.

As mentioned earlier, not all clinically HER2+ tumors are of the HER2-
enriched (HER2E) mRNA subtype. In fact, only ~50% of HER2" tumors fall into
the HER2E mRNA subtype, while ~40% of other HER2" tumors are of the luminal
subtypes [6, 20]. HER2E-mRNA/HER2" tumors showed coordinated
overexpression of HER2, EGFR, phosphorylated HER2, and phosphorylated
EGFR, suggesting more heterodimerization and cross-phosphorylation of the two
HER receptors. In contrast, this was not observed in luminal-mRNA/HER2"
tumors, where a higher expression of luminal cluster of genes was present,

including GATAS3, BCL2 and ESRL1.
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Figure 1.3: Crystal structure of four members of epidermal growth factor
receptor family. The ligand-binding clefts are marked by black arrows and the
dimerization loops by dashed circles. ERBB2 has no ligand-binding cleft. White
arrows mark the ATP-binding sites. AR, amphiregulin; BTC, B-cellulin; EGF,
epidermal growth factor; EPGN, epigen; EPR, epiregulin; HBEGF, heparin-
binding EGF-like growth factor; NRG, neuregulin; TGF-a, transforming growth
factor-a. Reproduced with permission from Nature Publishing Group [21].



1.4 Current treatment for HER2" breast cancer

Current treatments for HER2" breast cancer typically include a
combination of chemotherapeutic drugs and HER2-targeted therapies. This
treatment regimen was designed based on the extrapolation of previous clinical
trials. If the tumor is resectable, adjuvant therapy is usually administered after
surgery to limit any potential micro-metastatic disease [22]. A lack of relapse is
commonly an end-point for such treatment. The following review will focus on

HERZ2-targeted therapies, the most relevant to the scope of this dissertation.

Figure 1.4 shows the current treatment scheme for women diagnosed
with metastatic breast cancer. It can be seen that, despite the development of
new HER2-targeted compounds, trastuzumab remains part of a first-line
treatment. Consequently, trastuzumab will be discussed in more detail next.

Other HER2-targeted therapies in line will also be briefly described at the end.
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» Trastuzumab + pertuzumab + taxanes
First-line + Trastuzumab monotherapy (Patients are not

treatment

candidates for chemo.)

* Trastuzumab + endocrine therapy (Tumors
are also ER/PR positive)

-
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* Ado-trastuzumab emtansine (T-DM1)
treatment

-

_ . + Lapatinib + capecitabine
Third-line - Other combinations of trastuzumab and
treatment chemotherapy and/or endocrine therapy

Figure 1.4: Treatment algorithm for women diagnosed with metastatic
HER2" breast cancer (2015) [23].

1.4.1 Trastuzumab

Trastuzumab is a humanized monoclonal antibody that targets the HER2
extracellular domain (ECD). It has been a gold standard for HER2" breast cancer
and has shown good clinical outcomes. It has significantly improved the
prognosis of this aggressive subtype of breast cancer. However, trastuzumab is
well-known for its cardiac side effects, most of which are treatable and reversible
(unlike anthracycline-related cardiac toxicity, which is not reversible) [24]. The
prevalence of these toxicities is most likely due to the inhibition of HER2

signaling in cardiac myocytes [25]. Of note, the exact mechanism of trastuzumab

11



action is not completely known; It is believed, nonetheless, that trastuzumab has
more than one simultaneous mechanism of action. Several postulates are

summarized in Figure 1.5 and discussed below.
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Figure 1.5: Potential mechanisms of action for trastuzumab. Mechanisms of
action for trastuzumab can be extracellular or intracellular. Trastuzumab can
recruit natural killer cells, harnessing the immune system to kill cancer cells.
Intracellular actions include disruption of HER2 signaling, HER2 extracellular
domain shedding, tumor angiogenesis, and DNA repair. Reproduced with
permission from American Society of Clinical Oncology [13].

Inhibition of intracellular signal transduction is predicated on the inhibition

of HER2 activation and phosphorylation by trastuzumab. Reports indicate that
this affects HER2 downstream pathways, primarily MAPK (Mitogen-activated
protein kinases) and PI3K-Akt (Phosphoinositide 3-kinase-Akt) [26-28].
Dysregulation of the PI3K pathway in cancer activates Akt and also delays p53-
mediated apoptosis, resulting in disease progression [13]. Trastuzumab
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modulates these signaling pathways to promote apoptosis and proliferation arrest
in cancer. Accordingly, downstream activation of the PI3K pathway was shown to
correlate with poorer trastuzumab response. For instance, tumors lacking PTEN
(a negative regulator of the PI3K pathway) and/or containing mutations in
PIK3CA (the catalytic subunit of PI3K) were more resistant to trastuzumab,
compared to tumors with wild-type PI3K (rate of disease progression of 50% vs.

20%) [29].

Inhibition of HER2 ECD shedding is the process through which

trastuzumab inhibits the formation of the truncated form of HER2, known as p95.
p95 is a constitutively active RTK that leads to increased signal transduction.
Trastuzumab was found to inhibit HER2 ECD cleavage from HER2" cells. The
maintenance of the intact form of HER2 on the cell surface could decrease
constitutive receptor activation and, in turn, inhibit cell growth [28].
Unsurprisingly, decreases in serum HER2 ECD in patients (suggesting lower
ECD shedding events) during trastuzumab treatment were shown to correlate

with better treatment response and survival [30, 31].

Inhibition of tumor angiogenesis can also be induced with trastuzumab

treatment. The treatment of HER2" breast cancer cells with trastuzumab has
previously resulted in dose-dependent reduction in vascular endothelial cell
growth factor (VEGF), one of the most important inducers of tumor angiogenesis
[32]. This angiogenic suppression was observed both in vitro and in vivo and is

thought to be an important anti-tumor effect of trastuzumab [33].
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Inhibition of DNA damage repair is another possible mechanism of action

for trastuzumab. Upregulation of HER2/PI3K-Akt signaling was reported to take
part in the repair of specific DNA lesions produced by chemotherapy [34]. It was
also shown that trastuzumab delays the repair of DNA interstrand cross-links

induced by chemotherapeutic agents.

ADCC (Antibody dependent cellular toxicity) is the process whereby

immune effector cells are recruited to attack (lyse) target cells. In this case, the
Fc (Fragment crystallizable region) portion of trastuzumab that is bound to
cancer cells can be detected by Fcy receptors on immune effector cells,
principally natural-killer (NK) cells [13, 35]. This effect was reported in several
breast cancer cell lines [36] and mouse models of breast cancer [37]. ADCC has
also been reported in early breast cancer patients. In a pilot study with 11 early
breast cancer patients who received neoadjuvant trastuzumab, all tumors
showed a strong infiltration of lymphoid cells [38]. Also, patients in remission
were reported to have a higher degree of leukocyte infiltration in their tumors
and, therefore, a higher capability to mediate ADCC than patients whose tumors

failed to respond to trastuzumab [39].

Trastuzumab is typically used in the early stages and metastatic cases of
breast cancer as a monotherapy or in combination with paclitaxel and docetaxel.
Although trastuzumab has revolutionized HER2" breast cancer treatment and
serves as an ideal example of a HER2-targeted therapy, resistance to
trastuzumab is common. In fact, more than 70% of the HER2" metastatic breast

cancer patients fail to respond to single-agent trastuzumab [40], and most
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patients who initially respond to trastuzumab will eventually develop resistance
within one year, suggesting acquired resistance [41, 42]. There are a number of
hypotheses about the mechanisms of trastuzumab resistance [14, 43]. These
mechanisms include (1) steric effects hindering trastuzumab binding to HER2, (2)
upregulation of HER2 downstream signaling pathways (e.g., PI3K pathway
activation), (3) the ability of HER2 to signal through alternate pathways, and (4)

the failure to trigger immune-mediated mechanisms to destroy tumor cells.

1.4.2 Other HER2-targeted agents

Due to the shortcomings of trastuzumab, other agents have been
developed to either replace or to be combined with trastuzumab. Figure 1.6
illustrates the molecular targets for agents that are currently used or being

considered in HER2" breast cancer treatment.
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Figure 1.6: Molecular approaches to HER2-targeted therapies. Copyright ©
2014, Rights Managed by Nature Publishing Group [44].
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Pertuzumab is another HER2 monoclonal antibody that can bind to the
HER?2 extracellular domain, but at a different site than trastuzumab (Figure 1.6)
[45]. Unlike trastuzumab, pertuzumab is active against HER2 heterodimers. The
combination of pertuzumab and trastuzumab could provide a more complete
blockade of the HER2 pathway and has shown better outcomes in patients.
Specifically, the combination of pertuzumab, trastuzumab, and docetaxel was
reported to improve progression-free survival over the combination of just
trastuzumab and docetaxel (18.5 months vs. 12.4 months) with no increase in
cardiac toxicity [46]. This combination is now a standard first-line treatment for

patients with HER2" metastatic breast cancer.

Ado-trastuzumab emtansine (T-DM1) is the most recently approved

HER2-targeted therapy. Ado-trastuzumab is trastuzumab that has been
conjugated with an average of 3.5 molecules of DM1 (emtansine, a derivative of
maytansine) [47, 48]. Maytansine is a potent inhibitor of the polymerization of
microtubules. However, maytansine therapy did not progress to clinical
application due to non-selective toxicity and a poor therapeutic window. DM1 was
developed as a derivative of maytansine to enable conjugation with the targeting
antibody, trastuzumab. DM1 was also shown to have 3-10 times greater in vitro
cytotoxicity than maytansine [12]. Conjugation with trastuzumab provides DM-1
with selectivity and targetability for HER2" breast cancer. T-DM1 is currently

used in a second-line setting.

T-DM1 was also shown to provide better response rates than the
combination of trastuzumab and docetaxel in the first-line setting (progression
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free survival of 14.2 months vs. 9.2 months) [49]. Its toxicity profile was also
favorable, as the trastuzumab-associated cardiotoxicty was not exacerbated in T-
DM1. However, a recent press release by Roche regarding the phase Il
MARIANNE study (NCT01120184, 2014) did not support this result [50]. The
three arms in the Phase Il MARIANNE study include T-DM1 alone, T-DM1 plus
pertuzumab, and trastuzumab plus taxane chemotherapy. Neither of the T-DM1-
containing treatment arms improved progression-free survival compared to
trastuzumab plus chemotherapy. Therefore, the current treatment algorithm

(Figure 1.4) will unlikely change in the near future.

Lapatinib disrupts the intracellular tyrosine kinase activity of both EGFR
and HER2. The combination of trastuzumab and lapatinib, despite targeting the
same pathway, results in a significant improvement in progression-free survival
[51, 52]. In patients with prior trastuzumab-based therapies, a 4.5-month median
overall survival advantage was reported with the combination of trastuzumab and
lapatinib versus lapatinib alone (Phase Ill EGF104900 trial (2012)). However, the
combination of lapatinib and taxane was shown to be inferior to that of
trastuzumab and taxane in the first-line setting of HER2" metastatic breast
cancer (Phase Il MA.31 trial (2012)) [53]. The median progression-free survival
times were 8.8 months and 11.4 months, respectively. Further, in patients
pretreated with trastuzumab and a taxane, T-DM1 (as a second-line therapy)
outperformed the combination of capecitabine and lapatinib in the Phase Il

EMILIA trial (2012) [54]. The median progression-free survival times were 9.6
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and 6.4 months, respectively. Consequently, lapatinib is now used in combination

with capecitabine as a third-line therapy.

Neratinib was developed as an irreversible tyrosine kinase inhibitor and
was shown to be more potent than lapatinib. The combination of neratinib and
capecitabine showed efficacy in patients pretreated with lapatinib with a median
progression-free survival rate of 35.9 weeks (~9 months) [55]. Neratinib was
further evaluated in an extended adjuvant setting (ExteNET trial: NCT00878709
(2014)). Following trastuzumab, patients were randomized to one-year of
neratinib or placebo. Results indicated that an extended adjuvant treatment with
neratinib prolonged disease-free survival by 33% compared with placebo [56,
57]. Based on this finding, Puma Biotech planned to file for a new drug

application in 2015.
1.4.3 Other targeted pathways beyond HER2

The alternative targeted pathways to HER2 include the PI3K, HSP9O0,
VEGF, and IGF1R pathways [12, 58-60]. The PI3K pathway can be inhibited by
PI3K inhibitors [61] or Akt and mTOR inhibitors. HSP90 is a molecular chaperone
that stabilizes HER2 among other proteins. Inhibition of HSP90 increases HER?2
degradation and fortifies the effect of trastuzumab treatment [62]. Multi-kinase
and angiogenesis inhibitors are also being considered for HER2" breast cancer
because overexpression of HER2 is associated with VEGF and angiogenesis
[63]. In fact, bevacizumab (angiogenesis inhibitor) was granted accelerated

approval by the FDA for metastatic breast cancer in 2008 [64]. However, it was
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later revoked in the US in 2010 after it failed to improve efficacy and also had a

poor safety profile.

Current HER2-targeted agents only prolong survival in patients with
advanced cancer — even after decades of development. Clearly, alternatives or
additions are needed. Non-coding RNA molecules are discussed below as one

class of alternative targeted therapy.

1.4.4 Alternative strategies to targeted therapy

Knocking down oncogenes/oncoproteins at the mRNA level may be a
more effective approach because this process inhibits the synthesis of the active
oncoproteins, while monoclonal antibodies and small molecule inhibitors merely
block the activity of oncoproteins but do not halt the synthesis of the new active
oncoproteins. Further, while monoclonal antibodies and small molecule inhibitors
can target only certain accessible proteins (so-called “druggable targets”), RNA
interference (RNAI) can be designed to modulate virtually any gene with known
MRNA sequences. Large-scale genomic projects, such as The Cancer Genome
Atlas project, have identified genomic aberrations and affected regulatory
networks that enable aspects of cancer progression including proliferation,
angiogenesis, invasion, drug resistance, and metastasis [2, 6]. These discovery
efforts and associated large-scale functional studies [65-67] are guiding the
development of a wide range of therapeutic agents designed to inhibit the genes
and pathways on which cancers depend. Many of the identified attractive

therapeutic targets are considered ‘undruggable.” RNAi can provide a possible
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alternative to these undruggable targets and, in turn, can revolutionize cancer
treatment. The next section will review the efforts and progress of using RNA
molecules (with the focus on RNAIi approach with small interfering RNA (SIRNA))

in targeting oncogenes in cancer.

1.5 Non-coding oligonucleotides as therapeutics in cancer

The functional roles of oligonucleotides (nucleic acids), beyond their use in
encoding genes and proteins, were discovered in the 1990s. The identified non-
coding oligonucleotides were shown to have a role in regulating gene expression
and cell function in all organisms [68]. These non-coding oligonucleotides include
siRNAs, miRNAs, antisense oligonucleotides, ribozymes, and aptamers. This
section describes the different classes of such oligonucleotides and examples
from clinical trials. Figure 1.7 shows the research trend for each oligonucleotide
and reveals that siRNAs have received rapidly increasing interests since 2005.
MiRNAs has also had a similar upward trend which is expected because the
mechanisms of siRNAs and miRNAs are very similar. Although these
oligonucleotides have promise in many disease applications, this review is limited

to applications in cancer.
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Figure 1.7: Trend of research in oligonucleotides. The number of publications
each year (1992-2014) based on Pubmed queries with specified keywords.

siRNAs (small interfering RNAs) are small (20-24 nt) double-stranded
RNAs, which are incorporated into a protein complex called RNA-induced
silencing complex (RISC) upon cellular internalization (Figure 1.8) [69]. Each
SsiRNA has two strands, a sense strand and an antisense strand. The sense
strand will be degraded by an endonuclease of RISC, argonaute 2 (AGO2). The
antisense strand will guide RISC towards complementary target mRNA and
induce cleavage of the mMRNA. Unlike antisense oligos which act
stoichiometrically on target mRNA molecules, siRNA machinery (RISC) can be
recycled upon degrading each mRNA [70]. In addition, siRNAs have only one
mechanism of gene ablation, which is mMRNA cleavage. This is deemed more

effective and controllable than the multiple mechanisms offered by antisense
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oligos (see next section). While siRNAs and miRNAs share the same RISC-
mediated RNA cleavage, siRNAs are optimized and designed to target certain
genes with high specificity. By contrast, miRNA mimics--which are small,
chemically modified double-stranded RNAs that mimic endogenous miRNAs--
follow the sequence of miRNAs that already exist in cells, are involved in cell
functions, and in turn typically target multiple genes. This could be beneficial in
some scenarios but also increases the likelihood of unwanted effects. Also, the
role of miRNAs in non-targeted cells can be uncertain. Therefore, siRNAs are
considered the most effective oligonucleotide at knocking down target genes.
Despite their intracellular potency, delivery remains a major hurdle to translate
siRNAs into clinical applications. Unlike antisense oligos, siRNAs cannot be
delivered by themselves. Chemical modification and/or delivery materials are
required to introduce siRNAs to targeted cells effectively. The subsequent
section will review a detailed delivery strategy for siRNAs in cancer, with the

main focus on solid tumors and breast cancer.

miRNAs (mature microRNAs) are involved in regulating post-
transcriptional gene expression and thus serve as one of the mechanisms that
regulate cellular events and homeostasis [71]. miRNAs have been extensively
studied for their cancer diagnostic and therapeutic properties. As a diagnostic
tool, tumor miRNA profiles can correlate with patient survival and treatment
responses [72-74]. Further, miRNA expression can be upregulated or
downregulated in cancer to promote cancer’s survival advantages. As miRNAs

can behave as oncogenes or tumor suppressors [75], one can strategize with
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MiRNA therapeutically by either suppressing oncogenic miRNAs or introducing

tumor suppressor miRNAs (e.g., miRNA mimics).

oy mRNA N A
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Figure 1.8: Schematics illustrating siRNA mechanism inside the cells. (1)
introduction of siRNAs either being taken up from outside the cells or processed
from longer regulatory double-stranded RNAs (dsRNAs) inside the cells, (2)
formation of the RISC, (3) degradation of the sense (non-guiding) strand of the
SiRNA, (4) “complexation” of RISC with the target mRNA and (5) cleavage of the
target mMRNA. Reproduced with permission from Springer [69].

23



The first miIRNA mimic entered clinical trial in 2013 [76]. It utilizes a liposome-
based technology to deliver miR-34a in cancer patients (primary or metastatic
with liver involvement). Liposomes were exploited for their natural tendency to
accumulate in the liver. Interestingly, an miRNA can target multiple proteins
involved in different pathways. For example, miR-34a was found to downregulate
MRNA expression of several genes, such as ERC1, RRAS, PHF19, WTAP,
CTNNB1, SIPA1, DNAJB1, MYCN, and TRA2A [77]. This broad targeting ability
can theoretically enhance therapeutic potential, but it also increases propensity
for unwanted side effects. The mechanism of miRNA action is similar to SiRNAS,
described earlier, except that one miRNA can typically modulate more than one

gene.

Antisense oligonucleotides modulate gene expression by altering mRNA

splicing pattern, blocking mRNA translation (by providing steric hindrance), and
inducing degradation of targeted mRNA by the endogenous enzyme RNase H
[68, 78]. Since antisense oligos are single-stranded, the aromatic bases are
exposed to the outside (unlike double-stranded RNA where aromatic groups are
nestled between the strands) [78]. This structure gives antisense oligos a
hydrophobic property, which allows some levels of cellular uptake without
delivery agents. However, modification and conjugation are still normally
performed to promote their stability, cellular uptake, and efficacy. One of the
most advanced antisense oligos for cancer in clinical trials (i.e., reaching the
NDA filing stage) is Genasense (Genta Inc.). Genasense was developed to block

the production of the Bcl-2 protein, one of the key anti-apoptotic oncoproteins in
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cancer [79, 80]. It was later rejected by the FDA for approval in melanoma and
chronic lymphocytic leukemia, though, because the primary endpoint of
improving overall survival was not met [81, 82]. ISIS Pharmaceuticals is another
leading company in antisense development. The most advanced antisense in
their pipeline for cancer is OGX-011, which targets clusterin in castration-
resistant prostate cancer [83, 84]. However, the phase Il SYNERGY trial did not
show significant improvement in overall survival [85]. Other next-generation
antisense drugs for cancer developed by ISIS Pharmaceuticals [78] include ISIS-
STAT3-2.5Rx [86] for targeting STAT3 [87] in hepatocellular carcinoma and
lymphoma and ISIS-AR-2.5Rx for targeting AR [88, 89] in prostate cancer. ISIS-
STAT3-2.5Rx showed some clinical response in lymphoma patients (Phase |,
2014) and has currently progressed to Phase Il study [86]. ISIS-AR-2.5Rx is

currently in the phase I/ll stage and there are no published results yet.

Ribozymes are considered self-processing RNAs in that they do not
require proteins for catalysis. Angiozyme (Ribozyme Pharmaceuticals) is the first
ribozyme that reached clinical trials for cancer treatment; it is designed to target
vascular endothelial growth factor receptor-1 (VEGFR-1) in patients with renal
cancer. Phase | results (2005) in patients with refractory solid tumors showed a
favorable safety profile, and 25% of patients had stable disease for more than 6
months [90]. Angiozyme was recently evaluated with metastatic breast cancer

patients (Phase Il, 2012) but did not show clinical efficacy [91].

Aptamers, unlike other non-coding RNAs, rely on their tertiary and

quaternary structure for interacting and binding with target proteins [92].
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Aptamers can bind proteins in a similar manner to antibodies but with less
immunogenicity. Therefore, they are an improved alternative to current

therapeutic antibodies.

Like antibodies, most of the aptamer’s targets are still confined to only
extracellular or membrane proteins [93]. AS1411 (Antisoma PLC) was designed
to inhibit nucleolin activity and was the first aptamer to reach a clinical trial for
cancer treatment. Extended phase | (2006) and phase Il (2014) studies have
shown promising outcomes in patients with metastatic renal cell carcinoma [94,
95]. NOX-A12 (Noxxon Pharma), an aptamer conjugated to PEG polymer, was
designed to target and block the activity of chemokine CXCL12 [96, 97]. The
combination of NOX-A12 and Bendamustine/Rituximab, was evaluated in
patients with chronic lymphocytic leukemia (Phase lla, 2014) [98]. This
combination, when compared to the historical data of patients treated with
Bendamustine/Rituximab alone, improved the overall response rate and
complete remission [99]. Aptamers were also studied as homing targets for other
agents. For example, labeling AS1411 with Cu-64 allows it to become a PET
tracer and utilized as an imaging agent for non-small-cell lung cancer [100, 101].
Notably, the modification of aptamers must be completed with care so that their
three-dimensional structures will not be affected and, in turn, retain their

functional properties.

Challenges and Limitations: most applications of oligonucleotides (without

delivery platforms) are confined to blood or clearance organs (e.g., liver and
kidney). Thus, lymphoma, kidney cancer, and liver cancer are the main
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candidates amenable to such technology. However, delivering sufficient
therapeutic levels of oligonucleotides to other solid tumors (e.g., breast, prostate,
and pancreatic cancer) upon systemic administration remains a challenge.
Molecular complexes and nanoparticle platforms have been introduced and
widely studied in order to address these unmet needs. The next section reviews
the strategy to overcome the short half-life of these small oligonucleotides and
help them accumulate more in solid tumors. The progress of translating these
technologies to clinical trials/applications in cancer treatment will be presented,

with the main focus on siRNA delivery.

Of note, although this dissertation primarily focuses on siRNA delivery, the
developed nanoparticle can be used with other types of non-coding
oligonucleotides discussed earlier. This is because all of them share the same
overall physicochemical feature (i.e., containing negatively charged

phosphodiester backbones).

1.6 Clinical translation of siRNA therapeutics

Local delivery of siRNAs was the initial step of SIRNA translation to clinical

use. Local siRNA delivery is feasible for locally restricted diseases with
accessible tissues. Bevasiranib was the first siRNA-based drug that reached
Phase Il clinical trials. It was designed to modulate VEGF expression upon
intravitreal administration to treat age-related macular degeneration. The trial
was discontinued because it was deemed unlikely to achieve the primary

endpoint of reducing vision loss [102], but since then, a number of SiRNA
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technologies have advanced towards clinical trials--although, to date, none has
made it to the market. For cancer, an example of local siRNA delivery is siG12D
encapsulated in biodegradable polymer Local Drug EluteR (LODER) developed
by Silenseed Ltd. This siRNA modulates mutant KRAS (KRAS-G12D) expression
in pancreatic cancer via injection by endoscopic ultrasound needle [103]. Phase |
(2013) showed a favorable safety profile and promising efficacy: reduction in
tumor marker CA 19-9 was observed in 64% of the patients with locally advanced
non-operable pancreatic cancer [104]. A phase Il study was set to start in early

2015 but as of this writing is not yet open for participant recruitment.

Systemic (intravenous) administration of SiRNAs is considered more

feasible and applicable to target a wider spectrum of cancer, including advanced
cancer or metastasis where local treatment is not effective. Systemic delivery of
siRNAs must overcome several barriers before reaching its intended site, which
is the cytosol of cancer cells. When introduced in blood circulation, though,
naked siRNAs exhibit potential for the stimulation of innate immune response
and susceptibility to blood enzyme degradation. To solve these issues, siRNAs
can be modified using several strategies: (1) backbone modifications such as
phosphorothioate or boranophosphate linkages, (2) modifications of 2'-OH group
on the pentose sugar such as 2'-fluoro, 2'-O-methyl, 2'-O-(2-methoxylethyl), 2'-O-
(2,4-dinitrophenyl), and locked nucleic acids, and (3) modifications of the termini
such as 5'-phosphate, 5'-O-methyl, and 3'-deoxythymidine [69, 105, 106].

Because of their small size, siRNAs still suffer a short circulation half-life due to
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rapid kidney clearance. These modified siRNAs also still lack the ability to home

in on cancer cells.

The next section will review how nanoparticles can be used to overcome
challenges and limitations of siRNA delivery. Although viral-based siRNA delivery
strategy is effective, concerns regarding immunogenicity response and
insertional mutagenesis remain major issues [107]. As a result, this review will

focus only on non-viral vectors/platforms for siRNA delivery.

1.7 Nanoparticles for siRNA delivery: common rationale and concepts

Prolonging siRNA half-life cannot be achieved by modifying siRNAs alone.

Due to their small size, siRNAs will be cleared rapidly by kidney filtration. At the
same time, particles larger than 200 nm can be trapped and cleared by the liver
and spleen. Nanopatrticles loaded with siRNAs (50-200 nm) can thus potentially
prolong systemic clearance [108]. Besides size considerations, surface
characteristics also dictate their fates in vivo. Both cationic and anionic
nanoparticles can bind with opsonins like immunoglobulin and complement
proteins. This binding promotes phagocytosis by means of Fcy and complement
receptors, respectively, in the reticuloendothelial system (RES). This also leads
to faster clearance by the liver and spleen. To slow down the nanoparticle uptake
by RES and, in turn, extend the systemic circulation time, hydrophilic neutral
polymer is often used to shield the surface charge of the nanoparticles.
Polyethyleneglycol (PEG) [109, 110] is one of the most often used stealth

polymers for nanoparticle-mediated gene delivery. Other polymers that can
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shield the surface charge on nanoparticles and prolong nanoparticle circulation
include dextran [111-113] and sialic acid [114]. This prolonged circulation of
siRNA-nanoparticles will increase the likelihood of their accumulation in tumor

and thus their efficacy.

The toxicity of cationic nanoparticles must be taken into account when

they are used as a siRNA delivery platform. Although cationic materials (polymer
or lipid) are commonly used for siRNA delivery due to their ability to load
negatively charged siRNAs, they are considered toxic to cells and notorious for
poor blood compatibility. Cellular damage can be caused by direct interactions
between the cationic groups and cellular components or indirectly by reactive
oxidative species (ROS) formed in the presence of cationic compounds [115,
116]. Further, cationic nanoparticles can interact with red blood cells, causing
hemolysis [117]. Since PEGylation of cationic compounds can serve to shield the
surface charge of nanoparticles, the stealth effects of PEG also enhance the

safety profile and blood compatibility of cationic materials [118-120].

Targeting tumors by nanoparticles can be achieved by two simultaneous

strategies. First, passive targeting of nanopatrticles to the tumor area relies on the
enhanced permeabillity and retention (EPR) effect [121]. This effect describes
tumors that have abnormal molecular and fluid transport dynamics due to leaky
vasculature and poor lymphatic drainage. This pathological characteristic allows
nanoparticles of size 50-200 nm to remain in tumor tissue. Secondly, active
targeting by nanoparticles can be achieved by decorating their outer surface with
targeting agents (homing targets) [122] such as monoclonal antibodies, single-
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chain variable fragments (scFv), targeting peptides, transferrin, folic acid [113],
and aptamers. This strategy utilizes the distinct characteristics of each tumor’s
overexpressed membrane proteins. As a result, the targeting components on the
nanoparticles can enhance the affinity binding to such targeted membrane
proteins (and/or receptors) on cancer cells and promote cellular uptake via
receptor-mediated endocytosis [123]. For example, breast cancers that
overexpress HER2 can be targeted by nanoparticles decorated with HER2-
targeted aptamer [124], scFV [125] or antibody [126]. Other examples include
cancer cells that overexpress folate [127, 128] or transferrin receptors [129, 130].
In order to deliver cargo to these cancer cells in a more targeted manner, folate

or transferrin can be employed as homing targets, respectively.

Endosomal escape is considered a major cellular barrier for siRNA
delivery. The primary route of nanoparticle uptake to cells is endocytosis. Upon
endocytosis, early endosomes containing siRNA-nanopatrticles will later fuse with
sorting endosomes, late endosomes and eventually lysosomes in which various
nucleases and acidity will degrade siRNAs. To avoid lysosomal degradation,
nanoparticles must be capable of compromising endosomal membranes so that
siRNAs can escape from the endosome into cytosol, where they can function
[131, 132]. Properties of different materials can be utilized to achieve this effect

and will be discussed in the next section.

Figure 1.9 summarizes the barriers siRNA-nanoparticles must overcome
before reaching the cytosol. To summarize, to be feasible for SIRNA delivery, the

nanoconstructs must (1) be intravenously injectable and thus dispersible in
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saline, (2) have prolonged blood circulation (avoiding rapid clearance by the
kidney and liver) so they can seek and accumulate in the tumor, (3) protect
SsiRNAs against blood enzyme degradation, (4) be taken up effectively into cells,
(5) escape the endosome and release siRNAs in the cytoplasm, and (6) have low

toxicity.

<
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Figure 1.9: Barriers of siRNA delivery upon systemic administration. To
overcome several barriers, nanoparticles (e.g., liposomes) are proposed to
package and deliver siRNA. (1-2) System level: nanoparticles should avoid the
uptake by reticuloendothelial system, prolonging clearance. (3-4) Tumor level:
longer circulation time of nanoparticles enhances the chance of accumulation in
tumors. (5-8) Cellular level: nanoparticles must be taken up efficiently by cancer
cells and able to trigger endosomal escape and deliver siRNAs to their site of
action, cytosol. Reprinted with permission from Gomes-da-Silva et al. [133].
Copyright (2012) American Chemical Society.
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1.8 Different classes of nanoparticles for systemic delivery of sSiRNAs

This section summarizes the different classes of materials utilized for
siRNA delivery and focuses on those that show efficacy in animal models upon
systemic administration. The three main classes of materials under investigation

are lipid-based, polymer-based, and inorganic-based nanoparticles.

1.8.1 Lipid-based nanoparticles. As can be seen in the subsequent sections,
lipid-based nanopatrticles or liposomes are among the earliest material class for
systemic siRNA delivery that advanced to clinical trials. A lipid molecule consists
of a hydrophilic head group and a hydrophobic tail (Figure 1.10A). When put in
solution with siRNA, siRNA-liposomes can self-assemble as depicted in Figure
1.10B. Cationic lipids [134] that were used to form siRNA-encapsulated
liposomes include dioleoylphosphatidyl ethanolamine (DOPE) [135-137],
dimethyldioctadecylammonium bromide (DDAB) [136], N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) [137], 1,2-
dioleoyl-3-(trimethyammonium) propane (DOTAP) [135, 136], and oleic acid (OA)
[138]. Neutral lipids include 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC) [139] and cholesterol. The outer membrane of the liposome can be
further functionalized with other components such as PEG and targeting agents.
To achieve endosomal escape, liposomes can reorganize and bind the anionic
phospholipids on the endosomal membrane. This binding destabilizes the

endosome, allowing endosomal escape of siRNAs (flip-flop mechanism) [140].
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A majority of lipid-based nanoparticles exploit their natural tendency to
accumulate in the liver (major clearance organ) [141-143]. Due to self-assembly
one-pot synthesis, liposomes are typically not monodispersed. The specific
examples of lipid-based platforms for siRNA delivery in clinical trials will be

discussed in the next section.
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