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ABSTRACT

In many tumors, persistently-active signal transducer and activator of
transcription 3 (STAT3) imparts several oncogenic features such as survival,
proliferation, angiogenesis, and immune escape. Therefore, STAT3 targeting in cancer
and cancer-exposed dendritic cells (DCs) is important for cancer therapy. Our objective is
developing delivery modalities of STAT3-targeting small interfering RNA (siRNA) using
lipid-modified polyethylenimine (PEI) polyplexes and poly(D,L lactic-co-glycolic) acid
(PLGA) nanoparticles (NPs), and evaluating the therapeutic outcomes in vitro and in
vivo. Significant increase in siRNA condensation, protection, and cellular uptake by
B16.F10 melanoma was seen by stearic-acid-modified PEI (PEI-StA) compared to
unmodified PEI. Moreover, PEI-StA increased the STAT3 silencing potency of siRNA
compared to PEL. STAT3 knockdown was accompanied with significant induction of
interleukin-6 (IL-6) secretion and reduction of vascular endothelial growth factor (VEGF)
production and cytotoxicity evidenced by increased Caspase 3 activity in vitro and in
vivo, and significant inhibition in tumor growth. Analysis of tumor microenvironment
showed CD3" cells infiltration corresponding to STAT3 knockdown. The levels of CD4"
helper cells, CD8" cytotoxic cells, and NKT cells significantly increased. DC infiltration
and activation significantly increased in tumor mass following STAT3 knockdown as
evidenced by high expression of CD86 and CD40. Moreover, IFN-y, IL-12, and TNF-a
significantly increased following STAT3 knockdown by PEI-StA compared to PEI,
suggesting Thl-type immunity. Allogenic capacity of DCs isolated from siRNA-treated
mice was evidenced by the high T cell proliferation and IL-2 production in mixed

lymphocytes reaction (MLR). Then, we explored STAT3 knockdown in DCs exposed to



tumor derived factors (TDFs). We investigated encapsulation of siRNA complexes (PEI
or PEI-StA) into PLGA NPs (PLGA-P and PLGA-PS). PLGA-P and PLGA-PS had an
average diameter of ~ 370 nm and zeta potential of ~ -16 mV. Uptake and endosomal
localization was confirmed. After TDFs exposure, DCs showed high STAT3 and low
CD86 expression. STAT3 silencing by PLGA-P and PLGA-PS restored DC functionality
as evidenced by upregulation of CD86, IL-12, and TNF-o and MLR activity. PLGA
significantly reduced PEI-associated toxicity. Therefore, STAT3 targeting in B16 cells by
siRNA polyplexes of PEI and PEI-StA, or in DCs by PLGA-P and PLGA-PS provide

potential strategies for cancer therapy.
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Chapter One: Introduction

1.1 CANCER: A HISTORICAL PRECIS

Cancer is an ancient disease. The morphological evidence provided by
anthropologists indicate the occurrence of malignant tumors in the remains of
Egyptian mummies (1). Like ancient Egyptians, other ancient civilizations
recognized malignant tumors, as described in their writings and pictures, where
they attributed the causes of cancer to various gods (2). Later on, the Greek
physician Hippocrates provided the first theory that attributed cancer to natural
causes where he used the term ‘““karkinoma” (carcinoma), the Greek word for
crab, to describe tumors (2, 3). Although our understanding of cancer biology
today is incomparably wider and deeper than ancient Egyptians and Greeks, the
cancer rate is prominently increasing. According to the Canadian Cancer
Statistics, 171,000 new cases of cancer and 75,300 deaths from cancer in Canada
were estimated in 2009. This represents an increase of 4,600 newly-diagnosed
cases and 1,500 deaths compared to 2008 (4). Therefore, effort has been directed
toward intensive research for better understanding of cancer and the discovery of
more effective approaches for therapy.

Modern scientific consensus on cancer development had been swinging
between two sides: intracellular and extracellular factors for cancer development.
In the 1800s, Rudolf Virchow proposed two notions that immensely contributed
to these two concepts of cancer progression today. The first was in 1858 when
Virchow declared that cells arise from pre-existing cells (5). This notion shaped
the paradigm of carcinogenesis in the next century as a disease of normal cellular

genes, especially after the emergence of cancer genetics (6). Shortly after,
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Virchow proposed another notion in 1863 based on his discovery of the presence
of leukocytes in neoplastic tissues. He suggested that these “infiltrates” at sites
with chronic inflammation reflect the origin of cancer (7). Since then,
immunologists struggled to understand the relationship between inflammation,
immunity, and cancer. Only recently, owing to modern methods of gene targeting,
transgenic animal systems, and monoclonal antibodies (mAb), the understanding
of tumor progression was moved in research beyond the “cell-centric” concept
and toward a wider concept of tumors sculpting by stromal microenvironment,
inflammation, and immunity (8).

As a concept, the role of immunity in cancer recognition and elimination
has existed since 1909, when Paul Ehrlich proposed that cellular immunity is
directed against malignancy (9). About fifty years later, Sir Macfarlane Burnet
and Lewis Thomas formalized this concept in a hypothesis known as “cancer
immunosurveillance” (10, 11). They speculated that lymphocytes are able to
recognize and eliminate newly transformed cells (12, 13). However, this
hypothesis was quickly abandoned due to the lack of conclusive evidence, despite
further experimental development with the immunology field (14). In addition,
the findings of Osias Stutman stood against the immunosurveillance hypothesis,
where he demonstrate a similarity in the incidence of tumor formation between
nude mice and immunocompetent mice (15). These findings, corroborated by
other groups, were convincing enough to lead to the general rejection of the
hypothesis of cancer immunosurveillance; especially with the limited

understanding of nude-mouse immunological defects at that time (14). However,
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by the turn of the 21 century, two important findings revived the interest in
cancer immunosurveillance: first, the discovery of the protective effects of
endogenously-produced interferon-y (IFN-y) against transplanted, chemically-
induced, and spontaneous tumors (16-19); and second, mice lacking perforin
(pfp™"), a protein produced by cytotoxic T lymphocytes (CTL) and Natural Killer
(NK) cells (20), are more susceptible to tumor formation than their wild-type
counterparts (18, 19, 21-23). Ever since, evidence has accumulated to support
cancer immunosurveillance in mice and in humans (14, 24).

However, that early understanding of cancer immunosurveillance as a
host-protective mechanism of the adaptive immune system against newly
transformed cells is refined today. Recently, Robert Schreiber and colleagues
eloquently described how both innate and adaptive immunity have “dual roles in
promoting host protection against cancer and facilitating tumor escape from
immune destruction” (14). In other words, the host immune response against
cancer could edit the immunogenicity of developing tumors (25). With this novel
vision that cancer is not only a disease of malignant cells but also a disease of
immunity and microenvironment, they proposed the hypothesis of “cancer
immunoediting” (14, 24, 25). This hypothesis consists of three consecutive

phases: elimination, equilibrium, and escape (Figure 1.1) (25).
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Figure 1.1 Cancer immunoediting. [adopted from (25)]: The elimination phase
consists of the recognition of transformed cells by the innate and the adaptive

immune system, leading to

the killing of these cells as well as production of

chemokines and other cytokines that facilitate killing of tumor cells. If some

tumor cells are not killed in

the elimination phase, the process progresses to the

equilibrium phase, in which the tumor persists but is prevented from expanding by
immune pressure. The escape phase begins when the balance between the immune
response and the tumor tilts towards tumor growth as a result of immune
exhaustion or inhibition or as a result of the emergence of tumor-cell variants that

enable the tumor to eva

de immune pressure. Clinically detectable and

progressively growing tumors appear in this phase.
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1.1.1 Elimination Phase

The first phase represents cancer immunosurveillance where innate and
adaptive immune components work to eradicate tumor cells. Initially, tumor-
mediated angiogenesis and tissue invasiveness produce proinflammatory
mediators and chemokines that recruit components of the innate immune system
such as NK cells, NKT cells, and y/6 T cells. Upon the recognition of transformed
cells, these components initiate the anti-tumor process leading to IFN-y
production (24, 26-28). As a result of the innate response, tumor antigens from
dead tumor cells become available for the adaptive immune systems. Here,
dendritic cells (DCs) are recruited to the scene where they acquire tumor antigens
and then migrate to the draining lymph node to activate naive helper T cells
(CD4") and naive cytotoxic T cells (CD8"), which become CTL upon activation
(29-31). In a perfect scenario, tumor cells are completely eradicated as a result of
IFN-y production and CD8" T cells activation (14, 24). However, if any tumor
cells survived the elimination phase, they will enter a longer phase where cancer
cells and the host immune system will be in dynamic equilibrium.
1.1.2 Equilibrium Phase

This is probably the longest phase in the process of cancer immunoediting
reaching as long as 20 years in human (24, 32). The unstable nature of cancer
genes is thought to be the reason for tumor survival from immune attack during
this phase (33). Moreover, clinical evidence has supported this hypothesis. It has
been reported that two allograft recipients developed metastatic melanoma 1-2

years after each of them received a kidney from the same donor. This donor was
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diagnosed with melanoma but was surgically treated and considered melanoma
free for 16 years before the donation (34). This scenario suggests that the
immunosuppressive treatment received by the recipients facilitated the growth of
tumors that had been otherwise controlled in the equilibrium phase by the donor’s
immune system (24). The equilibrium shifts at this stage toward tumor
progression, where tumor cells enter the escape phase.
1.1.3 Escape Phase

In this phase, tumor cells grow to a clinically detectable level in the
presence of an intact immunological environment (14, 24). Owing to their genetic
instability, the selected variants of cancer cells in this stage develop the means to
circumvent innate and adaptive immune responses (35). Identifying those means
is currently a major focus of research, and they could be subcategorized today
into: extrinsic factors that are the influence of non-cancerous cells but present in
tumor milieu such as immunosuppressive cells (e.g regulatory T cells (Treg) and
tumor-associated macrophages (TAM)) and immunosuppressive cytokines (e.g.
interleukin 10 (IL-10), IL-4, and transforming growth factor § (TGF-B)) (36); and
intrinsic factors that cancer cells produce or modify, such as loss of antigen
expression and/or components of the major histocompatibility complex (MHC)
(37), developing IFN-y insensitivity (17), overexpression of proteins such as
integrins (38), cytokines (e.g. IL-6 (39) and IL-10 (40),) growth factors (e.g. TGF-
B (41), vascular endothelial growth factor (VEGF) (42), epidermal growth factor

(EGF) (43) and their receptors (44),) enzymes (e.g. indoleamine 2,3-dioxygenase
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(IDO) (45),) and transcription factors (e.g. signal transducer and activator of
transcription 3 (STAT3)) (46).

Among these factors, STAT3 has gained special interest as it has been
shown to be involved in different scenarios of cancer immune escape, mediated
by both intrinsic and extrinsic factors, as well as sustaining tumor survival and
proliferation. On one hand, STAT3 mediates the production of some tumor
derived factors (TDFs) responsible for cancer progression and
immunosuppression such as cytokines (e.g. IL-6 and IL-10 (47)) and growth
factors (e.g. VEGF (48)). On the other hand, these TDFs induce STAT3 activation
in multiple components of the immune systems (Figure 1.2) (49). This induction
of STAT3 activity in innate and adaptive immune cells drives these cells to
participate further as extrinsic factors for cancer immune escape. Therefore,
targeting hyperactive STAT3 in tumor cells as well as in immune cells is

considered a key strategy for cancer therapy (46).
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Figure 1.2 Role of STAT3 in Tumor Immune Escape. [adopted from (49)]:
STAT3 is constitutively activated in tumor cells of diverse origin. Activated
STAT3 (p-STAT3) in tumor cells promotes production of TDFs that activate
STAT3 in various immune subsets, such as tumor-associated macrophages
(TAM), immature DC (imDC), neutrophils and natural killer (NK) cells leading to
reduction in their ability inhibit tumor growth.
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This chapter will discuss the disruption of STAT3 activity as a promising
mean to treat cancer. Three main elements are taken into account in designing the
targeting strategy: (i) the mechanism of inhibition (i.e. the step(s) of STAT3
signaling pathway that will be targeted,) (ii) the agent (inhibitor) used to disrupt
STAT3 function, and (iii) the delivery system that optimally delivers the agent to
the site of action. First, in order to rationalize STAT3 targeting as a mean for
cancer therapy, this chapter will highlight the physiological and oncological roles
of STAT3. Special attention will be given to the role of tumor-induced STAT3
activation in DCs as they are the link between both innate and adaptive arms of
the immune system. Thereafter, we will analyze STAT3 signaling pathway to
expose possible targeting spots and will provide an up-to-date review of STAT3
targeting. Additionally, we will compare different modalities of targeting along
with an evaluation of their clinical significance. In this regard, emphasis will be
on small interfering RNA (siRNA) as a novel strategy for STAT3 disruption in
tumor cells as well as in DCs. The advantages and problems of siRNA will be
discussed in this context. Lastly, the delivery strategies of siRNA to both cell
types (tumor and DCs) will be described and compared. Among the delivery
systems discussed, polyethylenimine (PEI) complexes and poly-(D,L-lactic-co-
glycolic acid) (PLGA) nanoparticles (NPs) will be highlighted. The model used in
this thesis is B16.F10 murine melanoma cells which constitutively activate
STAT3, and bone-marrow derived DCs. Since recent discussion have emphasized

on the importance of immunotherapy for melanoma patients, we find enough
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clinical relevance in our experimental melanoma model and intervntion strategy
for cancer therapy (50).
1.2 PHYSIOLOGICAL AND PATHOLOGICAL ROLES OF STAT3

STATs are latent cytoplasmic proteins that are responsive to cytokine and
growth factor receptor stimulation (51). The acronym STAT was coined by James
Darnell Jr. after he isolated a 91 kDa protein that gets phosphorylated upon IFN
treatment (52). Darnell stated (53):

“In the Spring of 1991 Chris Schindler and X.Y. Fu in our lab
had succeeded in purifying sufficiently ISGF3 [interferon-stimulated
gene factor 3] ... so that we had some hope of identifying the
constituent protein(s). The sizes of the proteins were identified in an
experiment that Dan Kessler and | cooked up.... revealing the
presence of 91, 84, 113 and 48 [kDa] molecules .... [that] were
collected, fragmented and peptide sequenced by Ruedi Aebersold
allowing by the early Fall the cloning of what came to be called STATs
laand 15 as well as STAT2.”

After Darnell’s discovery of STATI and STAT2, five additional members
were subsequently discovered, STAT3 (54, 55), STAT4 (55, 56), STAT5a and
STATSb (57), and STAT6 (58) forming a total of seven members in the STAT
family. STATs transduce several signals from cytokines and growth factors and
activate the transcription of multiple genes, leading to different, and sometimes
opposing, cellular outcomes based on target genes (59). STAT3 was first
described in 1994 as a DNA-binding activity in IL-6—stimulated hepatocytes that

selectively interacts with an enhancer element in the promoter of acute-phase

genes, known as the acute-phase response element; hence, STAT3 was known as
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acute phase response factor (APRF) (54, 60-62). However, it has been revealed
that STAT3 is also activated by numerous other cytokines and growth factors,
which indicates a wider capacity of STAT3 to mediate several functions in
physiological and pathological contexts (63).
1.2.1 Physiological Importance of STAT3

One of the first noted roles of STAT3 was its importance for early
embryonic development, as the embryos of STAT3-disrupted mice showed rapid
degeneration before embryogenesis was completed (64). In the liver, STAT3
disruption lead to the impairment of the acute phase response, as well as the
impairment of liver regeneration (65, 66). Furthermore, it was recently shown that
serine-phosphorylated STATS3 is located in liver mitochondria where it modulates
mitochondrial respiration as a general mechanism in metabolism (67). Moreover,
it is involved in neuronal development and survival after injury (68, 69). Also,
STAT3 is important for epithelium remodeling as it has been shown to be
indispensable for wound healing (70), mammary involution (71, 72), and
protection of gut epithelium from uncontrolled inflammation (73, 74).
Furthermore, the role of STAT3 in hematopoietic cells has been established.
Specific deletion of STAT3 in T cells suppresses their proliferation and survival
since it mediates CD25 expression; an important component of the high-affinity
IL-2 receptor (73, 75). In myeloid cell lineage, STAT3 disruption leads to
inflammatory manifestations indicating a regulatory function of STAT3 in
inflammatory responses. STAT3-mutant mice showed higher mortality from over

sensitivity to lipopolysaccharide (LPS)-induced cytotoxic shock, as well as

12
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exaggerated levels in serum proinflammatory cytokines (76). In physiological
conditions, STAT3 functions are under tight control. However, uncontrolled
STAT3 activity has been shown to facilitate cellular transformation. Therefore,
STATS3 is considered as an oncogene.
1.2.2 STAT3 as an Oncogene

Unlike the previous scenario in normal cells, STAT3 is persistently active
in a variety of primary tumors and cancer cell lines (77). The first direct evidence
suggesting a critical role of STAT3 in cancer growth in human emerged with the
finding that inhibition of STAT3 in cell lines derived from patients with
squamous cell carcinoma of the head and neck (SCCHN) reduces the proliferation
of SCCHN cells (78). Further molecular investigation on multiple-myeloma cells,
separated from patients’ bone-marrow aspirates, and on U266 myeloma cell line
provided evidence for STAT3 contribution in survival and malignant progression
of multiple myeloma (79). Furthermore, in a study involving prostate cancer
patients, 82% of tumor specimens obtained by radical prostatectomy showed
elevated levels of STAT3 compared with matched non-tumor prostate tissues
(80). STAT3 was also found to be essential for leptin-induced survivin expression
in breast cancer cells (81). Recently, studies on melanoma patients also suggested
that tyrosine-phosphorylated STAT3 (p-STAT?3) is a biomarker for atypical nevi
progression and a potential target for chemoprevention of melanoma (82).
Subsequent studies revealed that STAT3 is also persistently activated in other

solid tumors including colon cancer, pancreatic cancer, brain tumors, lung
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carcinomas, ovarian, and cervical tumors, as well as hematological malignancies
(i.e. leukemias and lymphomas (reviewed in (77, 83-88))).

Evidence has demonstrated the ability of STAT3 to transform normal cells
into cancerous, indicating an intrinsic oncogenic quality in STAT3. For instance,
cellular transformation using viruses (89, 90), protein tyrosine kinases (91, 92),
and several other oncogenes are accompanied by persistence in STAT3 activity
(93-95). additional evidence confirming the intrinsic oncogenic potential of
STAT3 emerged from a chemically-modified form of STAT3, designated
STAT3C, which is constitutively activated without tyrosine phosphorylation (93).
In STAT3C, an introduced cysteine group in STAT3 monomer forms a disulfide
bond with a corresponding cysteine in another STAT3 molecule, allowing for
STAT3/STAT3 dimerization and DNA binding without phosphotyrosine/SH2
interaction. This protein was sufficient to mediate malignant transformation in
immortalized fibroblasts, which were capable of forming tumors in nude mice
(77, 93).

It has been concluded that persistently activated STAT3 mediates four
critical properties in tumorigenesis (77, 96) namely: tumor cells survival (79),
proliferation (97), angiogenesis and metastasis (98), and immune escape (49, 99).
Nevertheless, these oncogenic properties can be considered as an exaggerated or
unregulated form of the physiological functions of STAT3. Therefore, they could
be explained by studying STAT3 target genes. Numerous studies have shown that
STAT3 activates gene expression of various proteins that are involved in cell

survival and prevention of apoptosis such as survivin (81), Bel-2 (100), Bel-xL,
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and Mcl-1 (101). Similarly, cancer cell proliferation mediated by STAT3 has been
attributed to the expression of growth-promoting proteins such as cyclin D1 and
c-myc (102-105). Moreover, STAT3 is known to activate the expression of
VEGF, which is a critical growth factor for tumoral angiogenesis (48). Therefore,
STAT3 is critical for meeting the nutritional demand in tumors as well as
mediating metastasis and tissue invasion. Moreover, recent studies have
demonstrated that STAT3 mediates cancer tissue invasion by regulating matrix
metalloproteinase (MMP) expression (106-108). The fourth oncogenic property of
STATS3 is immune escape. This hallmark involves two aspects. The first aspect is
cancer-cell modifications e.g. STAT3-mediated downregulation of the tumor-cell-
surface expression of Fas receptor (CD95), which is a proapoptotic protein
involved in CTL-dependant cytotoxicity (109); or suppression of T-cell
chemotatic agents (RANTES and IP-10) production of by tumor cells (86). The
second aspect is the ability of STAT3 to mediate a cross talk between cancer and
immune cells (49, 99, 110). As mentioned earlier, in order to escape immune
eradication, TDFs produced by STAT3-activated tumors induce STAT3 activation
in multiple subsets of innate and adaptive immune cells (49, 111). Upon STAT3
activation, innate immune cells such as NK cells, TAM, NKT, and neutrophils
loose their ability of tumor inhibition or effective production of
immunostimulatory molecules (49). Additionally, STAT3 contributes to
procarcinogenic Tre, cells expansion though upregulation of forkhead box P3

(FOXP3) expression (112, 113). Moreover, a newly discovered IL-17-producing
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T helper cell subtype (Thl17) was found to depend on STAT3 for their
proliferation, and promote tumor growth through IL-6-STAT3 signal (113, 114).
Nevertheless, DCs are the most important subsets in this equation, as they
link innate and adaptive immune responses. Therefore, in the presence of cancer,
DC malfunction causes an immunological paralysis if not potentiation of cancer
progression. Typically, immature DCs (imDCs) serve as sentinels in most
peripheral tissues where they encounter, internalize, and process antigens (115).
As a result, imDCs get activated and upregulate the expression of MHC-I/II, co-
stimulatory molecules (CD40 and CD86), as well as proinflammatory cytokines in
order to activate naive CD4" and CD8" T cells in the draining lymph node (116,
117). However, in tumor microenvironment, STAT3 activity influences DCs to
remain immature i.e. expressing low levels of MHC-I/II, CD86, CD40, and IL-12.
As a result those DCs are not able to polarize immune response toward T helper
type 1 (Thl) and CTL response (99, 118-121). In that context, DCs become, not
only functionless, but also tolerogenic owing to their induction of Tges cells
accumulation (122) and secretion of immunosuppressive cytokines such as IL-10
and TGF-B (123, 124), which inhibit DC maturation even further (99, 125, 126)
(Figure 1.3). The work of (Wang et. al, 2004), on melanoma provided the first
molecular evidence showing that STAT3 activity inhibits Thl-type immune
response and induces the production of immunosuppressive TDFs that inhibit DC
maturation (86). TDFs such as IL-6, IL-10, and VEGF, were shown to suppress

IL-12 production by DCs (127, 128).
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Figure 1.3 Tumor-Induced STAT3 Activation in Immune Cells. [adopted from
(99)]: STAT3 activity is increased in tumor-associated Tre, cells. STAT3
signaling in T, cells can upregulate the expression of FOXP3, TGFp and IL-10,
which, in turn, restrain CD8" T cells, as well as dendritic-cell maturation. NK
cells and neutrophils in the tumor stroma also have persistently activated STAT3,
which inhibits the tumor-killing activity of both types of effector cell.
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With all these oncogenic properties mediated by constitutively activated
STATS3, it is not surprising to find out that STAT3-active tumors are chemo- and
radioresistant (129-131). Therefore, targeting STAT3 is currently considered a
key element for cancer treatment (46, 110, 132). In order to achieve this goal, we
have to study the STAT3 protein and its associated signaling pathway in order to
highlight potential spots for therapeutic intervention.

1.3 STAT3 PROTEIN AND SIGNALING PATHWAY

STAT3 signaling is summarized in Figure 1.4 (99). Like all other STATS,
STAT3 signal follows the general paradigm which is based on receptor
engagement, followed by activation of different tyrosine kinases (TKs) e.g. Janus
kinase (JAK) family members: JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK?2)
(133, 134). These TKs mediate the phosphorylation of receptor tyrosine motifs to
which subsequent recruitment of the desired STAT proteins takes place (134,
135). Then, they mediate the phosphorylation of a critical tyrosine on the STAT
molecule leading to the dimerization of two STAT monomers into an active
transcription factor that transport to the nucleus and activate the transcription of
target genes (134, 136). The details of STAT3 signaling will be discussed further

in this chapter.
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Figure 1.4 STAT3 Signaling Pathway. [adopted from (99)]: Activation of
intrinsic growth-factor-receptor TKs, and cytokine-receptor-associated JAK and
SRC TKs, which, in turn, phosphorylate STAT3. In transformed cells, STAT3 can
also be activated by constitutively active non-receptor TKs. Then, p-STAT3
molecules dimerize and translocate to the nucleus, where they directly regulate
gene expression. Regulatory proteins are shown: suppressor of cytokine signaling
(SOCS) proteins, and protein inhibitor of activated STAT (PIAS) proteins and
protein tyrosine phosphatases (PTPases).
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1.3.1 STATS3 Structure Activity Relationship

STAT3 is a 92 kDa protein consisting of 770 amino acids that is naturally
expressed in two isoforms, STAT3-a and STAT3-B (137). The resolved X-ray
crystal of STAT3 revealed six common STAT structural features (Figure 1.5)
(77):
e NH,-Terminal Portion: provides protein-protein interaction sites required for
dimer-dimer interaction. The formed tetramer contributes to stabilize
STAT/DNA-binding on weak promoters. Nevertheless, this interaction is not
essential for the transactivation (138, 139).
e Coiled-Coil Domain: another protein-protein interaction site that provides
potential contacts with regulatory proteins (140). It also has a role in nuclear
transportation of STAT3 (141, 142).
e DNA-Binding Domain: in the centre of the molecule and it determines DNA
sequence specificity. It makes direct contact with STAT-binding sites in gene
promoters, which have the consensus core sequence TT(N4.¢)AA (137).
e Linker Region: participates in DNA binding leads to the C-terminal SH2
domain, which is required for the recruitment of STAT3 to phosphorylated
receptors and for reciprocal SH2-phosphotyrosine interaction between monomers

(143).

e Critical Tyrosine Residue (Y'®

): required for reciprocal SH2-phosphotyrosine
interaction to form a dimer. This dimerization is essential for STAT3-DNA

interaction.
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e Transactivation Domain (TAD): at the C-terminal end of the molecule is
involved in communication with transcription complexes and contains a serine

phosphorylation site (S"*') that enhances transcriptional activation of target genes

(144).
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Figure 1.5 Molecular Topology of STAT Proteins. [adopted from (77)]: top
diagram represents the domain structure of full-length STAT3 protein (STAT3-a),
while the middle one represents the STAT3- splice variant that has C-terminal
deletion, resulting in an altered open reading frame with the addition of seven new
amino acids downstream of the deletion, and loss of the TAD domain. This
naturally occurring truncated isoform still dimerizes and binds to DNA but fails to
activate gene expression. The bottom diagram represents chemically modified
STAT3C, which is spontaneously active without tyrosine phosphorylation. Y,
critical phosphotyrosine in STAT3 (amino acid 705); S, critical phosphoserine in
some STATs (amino acid 727).
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1.3.2 JAK/STAT3 Signaling Pathway

Like other STAT proteins, STAT3 signal has seven major consecutive
events (63, 145) (Figure 1.6). For STAT3 activity, IL-6 play a major role (146):
e Ligand/Receptor Interaction: IL-6 interacts with its receptor complex that
consists of two IL-6Ra (gp 80) (the non-signaling subunit) and two gp130 (the
signal transducer subunit) (147, 148). IL-6Ra is a type I membrane protein
consisting of an extracellular domain of 339 amino acids, transmembrane domain
of 28 amino acids, and intracellular domain of 82 amino acids (149), while gp130
consists of an extracellular domain of 597 amino acids, transmembrane domain of
22 amino acids, and intracellular domain of 277 amino acids (63).
e Receptor Complexation and Orientation: evidence have shown that the binding
of IL-6 to IL-6Ra induces the dimerization of two gpl30 chains (145). This
dimerization permits the activation of members of Janus kinases (JAK) by an
auto/trans-phosphorylation mechanisms (150). Moreover, the dimerization of two
extracellular segments of gp130 leads to receptor re-orientation that reduces the
distance between the two C-termini of gpl130 homodimer, which makes all
cytoplasmic components close enough to be activated by JAK (151).
e JAK/Receptor Interaction: IL-6 induces the activation of three members of
JAK family: JAK1, JAK2, and TYK2 (61, 152). Upon gp130 dimerization, JAK
binds to specific motifs in the membrane-proximal region of gp130 called box 1,
which is critical for JAK binding to gp130, and box 2 which increases binding
affinity (153, 154). Although IL-6 antagonism could prevent STAT3 activation,

such upstream inhibition carries a huge potential for non-specificity.
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e STAT3 Recruitment and Activation: gpl30-associated JAK proteins
phosphorylate specific tyrosine residues within the cytoplasmic domain of gp130.
The human gp130 contains six tyrosine residues in its cytoplasmic domain: Y*%
located within the box 1/2 region (145); Y™ which forms a docking sites for
SH2-Containing Phosphotyrosine Phosphatase 2 (SHP2) and Suppressor of
Cytokine Signaling 3 (SOCS3) proteins, which negatively regulate signal
transduction mediated by gp130 (155, 156); and four tyrosine residues of YXXQ
motifs (Y'*'RHQ, Y*"FKQ, Y*”LPQ and Y’'°MPQ) that are recognized by the
SH2 domain of STAT3, while SH2 of STAT1 only recognizes the distal two
tyrosine residues (Y’ and Y°'?) (157). Upon STAT3 recruitment to the
phosphorylated YXXQ motifs in gp130, it becomes in close proximity to JAK,
which phosphorylate the recruited STAT3 on a single tyrosine residue (Y'*)
(158, 159). This tyrosine phosphorylation is critical for STAT3 dimerization step,
by which an active transcription factor is conformed (143). In addition to Y’*
phosphorylation, serine (S’*’) phosphorylation has also been documented to
activate STAT3 signaling (160). Although not essential for STAT3 activity, S’/
phosphorylation enhances the transcriptional activities of STAT3 since mutations
of S compromise STAT3 activity and downstream effects (161). In other
words, full activation of STAT3 requires both tyrosine and serine phosphorylation
(162). Therefore, inhibition of STAT3 phosphorylation in cancer cells is a rational

modality for STAT3 targeting.
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Figure 1.6 IL-6Ra and gpl130 Structures. [adopted from (146)]. Amino acid
residues are denoted with the single-letter code, followed by their position in the
human and mouse gp130 amino acid sequences. JAK kinases are constitutively
associated with gp130 through the Box domains. In response to IL-6 stimulation,
SHP-2 and STAT1/3 molecules are recruited to respective tyrosine residues in
gp130, indicated with arrows. CCCC four-cysteine motif, WSXWS tryptophan-
serine-any-tryptophan-serine motif.
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e STAT3 Dimerization: After STAT3 phosphorylation, (Y705) phosphotyrosine
of one STAT3 monomer will be recognized by SH2 domain from another STAT3
monomer leading to STAT3/STAT3 dimerization by reciprocal phosphotyrosine-
SH2 recognition (137, 143). In this complex, the two SH2 domains form a tunnel
that is passed by the two phosphotyrosine-containing tail segments (137).
Generally, STAT3 forms STAT3/STAT3 homodimers. However, STATI/STAT3
heterodimers have been found as well upon gpl130-mediated signaling. This is
because of the three-dimensional structural similarity in SH2 domains of STAT1
and STAT3 in spite of the low sequence homology (163). Also, it is with noting
that STAT3 dimerization is stabilized by acetylation on a single lysine residue
(K685) by histone acetyltransferase, which is reversed by type I histone
deacetylase (HDAC) (164). Stable dimers are transported to the nucleus in order
to bind to the responsive elements in DNA and mediate gene expression.
Prevention of STAT3 dimerization is another strategy of disrupting STAT3
signaling in cancer.

e STAT3 Nuclear Transportation: this step is controlled by specialized portals
known as nuclear pore complexes (NPCs) (165). These complexes consist of
proteins of karyopherin-f family that are two categories: either importins, which
recognize nuclear-localization signal (NLS) an function in nuclear import, or
exportins, which recognize-nuclear export signal (NES) and function in nuclear
export (166). The event of protein transportation in and out the nucleus is either
constitutive or inducible based on modification, such as phosphorylation, of the

protein to be transported (134). Some studies reported that importin-a5 is a major
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mediator for nuclear accumulation of p-STAT3 where specific sequence in
STAT3 coiled-coil domain strongly interact with importin-a5 (141, 142).
Moreover, phosphorylated and unphosphorylated STAT3 constantly shuttle
between nuclear and cytoplasmic compartments (167). While STAT3 interaction
with importin-a5 was found to be only after cytokine stimulation, a different
mechanism was identified to accommodate for nuclear translocation of
unphosphorylated STAT3 (134, 141, 168). Importin-a.3, which associates with
specific NLS (amino acids 152-163) in the coiled-coil domain STAT3, was found
to import STAT3 to the nucleus as silencing of importin-a3 by RNA interference
(RNA1) inhibited nuclear accumulation of STAT3 (134, 168). Therefore,
importin-a.3 was proposed to mediate the nuclear translocation of both STAT3
and p-STAT3 (134). On the other hand, STAT3 export from the nucleus back to
the cytoplasm was found to be mediated by an exportin known as Chromosome
Region Maintenance 1 (CRM1) (169). The export mechanism completes a
reactivation cycle of STAT3, which is extremely important for signal activation
from cell surface. Breaking this cycle by blocking STAT3 nuclear export, reduces
STAT3 phosphorylation and induction of STAT3-responsive genes (170).

e DNA Binding and Gene Expression: transcriptional activity of STAT3 is

S”*” phosphorylation by various serine kinases including protein

maximized by
kinase C (PKC) and mitogen-activated protein kinases (MAPK) (171, 172).

Inhibiting DNA-binding activity of STAT3 is another therapeutic strategy (111).
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1.4 STAT3 DISRUPTION MODALITIES

Numerous modalities have been employed to achieve effective STAT3
inhibition in cancer (reviewed in (132, 173)). These modalities could be
categorized according to the mode of action to: receptor antagonists,
phosphorylation inhibitors, dimerization inhibitors, nuclear translocation
inhibitors, DNA-binding inhibitors, and STAT3 synthesis inhibitors (Table 1.1).
e Receptor Antagonists: Although approaches of blocking upstream STAT3
signal, e.g. by antagonizing IL-6 receptor complex, might be effective for STAT3-
signal shutdown, it is a non-specific approach that may possibly lead to several
side effects. Moreover, since the activation of STAT3 in cancer is promoted by
collateral pathways i.e. growth factor receptor and non-receptor TKs, blocking
one upstream factor might not be sufficient for optimum tumor-cell killing.
Inhibition of IL-6/gp130/STAT3 in multiple myeloma (MM), both primary cells
isolated from patients’ bone marrows and MM cell line, using IL-6 super-
antagonist (Sant7) or anti-gp130 mAb showed significant inhibition of p-STAT3
and suppression of tumor cells proliferation. However, this was quickly reversed
by stromal factors rendering the upstream strategy of inhibition rather insufficient
for cancer therapy (174). Another study indicated that Sant7 treatment of IL-6-
dependent B cell lymphoma efficiently inhibited STAT3 activation but was
associated with only marginal induction of apoptosis and minor reduction in cell
proliferation (175). In the same study, Sant7 was compared with a STAT3-
phosphorylation inhibitor (AG490), which showed a significant reduction in both

p-STAT3 expression and B lymphoma cells proliferation (175).
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e Phosphorylation Inhibitors: Owing to the availability of an arsenal of natural
and synthetic phosphorylation inhibitors, inhibition of STAT3 phosphorylation is
probably the mostly carried out strategy in research (95, 173). Small molecules
with TKs inhibitory activity such as tyrphostins (79) (AG490 (176, 177), WP1066
(178, 179), and TG101209 (180)), resveratrol (181, 182), and indirubin (183)
have been reported to inhibit p-STAT3 in a variety of tumor cell lines (184).
However, mechanistic understanding of these molecules remains to be fully
elucidated. Moreover, the apparently-general manner by which these inhibitors
perform suggests the possibility of various toxicities (173). JSI-124 (cucurbitacin
I) is another small-molecular-weight inhibitor of STAT3 phosphorylation, which
was not clearly shown to inhibit the catalytic activity of JAK, but has induced cell
death and inhibited cell growth of transformed murine fibroblasts and human
breast cancer at 10 uM (185). However, due to the incomplete understanding of
its mechanism of inhibition, as well as associated non-specific toxicities, the
clinical application of JSI-124 was not possible. At effective JAK2/STAT3
inhibitory concentration, JSI-124 was shown to profoundly affect actin
cytoskeleton via STAT3-independend mechanism in both cancerous and non-
cancerous cells (186). More tolerable natural agents, such as curcumin, were
reported to exert STAT3 inhibitory action in cancer (187). It was shown that
curcumin inhibition of STAT3 phosphorylation is time dependent, where
complete suppression of p-STAT3 was achieved after 4 h (188). However, the
relatively high curcumin concentration used in these studies (40-50 uM) raised a

concern for its potential non-specific effects. Moreover, a phase II clinical trial
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investigating the anti-cancer potential of curcumin in prostate cancer patients
indicated the low bioavailability of curcumin when administered orally (189).
Resveratrol is another inhibitor of p-STAT3 that carries a high potential for an
anticancer therapeutic (181, 190). Originally, resveratrol was a naturally occurring
phytoalexin with antioxidant and anti-inflammatory properties, and recently was
shown to possess anti-STAT3 activity in several human cancer cell lines (129,
181, 191), where it induced apoptosis and inhibited proliferation and invasion in
tumor cells (191, 192). However, the rather general effects of resveratrol on
multiple proteins regulating cell cycle indicate the need for further mechanistic
studies before clinical applications. Additionally, a more clinically-relevant agent
was tested for p-STAT3 disruption. In a phase I/II clinical trial, tipifarnib (a
farnesyl transferase inhibitor) was administered to patients with breast cancer in
combination with doxorubicin and cyclophosphamide (193). The authors found
that p-STAT3 was inhibited in tipifarnib-treated group of patients, which
produced higher pathologic complete response rate than chemotherapy alone.
Overall, since the inhibitory effect of STAT3 phosphorylation is suggested to be
indirect through disrupting upstream components in STAT3 signaling pathway
(173), potential side effects and toxicities at levels required for STAT3 inhibition
limit clinical application of these compounds along with solubility, bioavailability
and biological stability problems.

e Dimerization Inhibitors: Peptides and peptidomimetics were introduced as
inhibitors of STAT3 dimerization (194). These compounds consist of a short

sequence of aminoacids designed to contain a phosphotyrosine that interacted
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with the SH2 domain of STAT molecules to prevent their dimerization (195).
They are designed to perform high selectivity toward STAT3 over the structurally
related STATS and STATI (194). In vitro studies demonstrated the ability of
peptidomimetics to block STAT3 dimerization and consecutive DNA binding
(194, 196). However, the effectiveness of these molecules was limited by the poor
cellular permeability and insufficient stability profile, which explains the need for
the high-concentration needed (uUM-mM) (173, 194, 196). An inverse approach to
interact with STAT3 phosphotyrosyl residue, rather than SH2 domain, is
exploited by peptide aptamers (197, 198). However, a lot of investigations are still
needed regarding the effectiveness of these molecules as therapeutics. Non-
peptidic small molecules have also been identified for STAT3-dimerization
inhibition such as STA-1 (199, 200), S31-201 (201), Stattic (202), and catechol
(1,2-dihydroxybenzene) compounds (203). Although these dimerization inhibitors
have better physicochemical properties than their peptidic counterparts, they are
still potent in the uM range indicating the need for more pharmaco-chemical
improvement. Moreover, a unique form of non-antisense G-rich DNA sequences
called G-quartet-forming oligodeoxynucleotides (GQ-ODN) have been designed
to disrupts STAT3 in cancer (204, 205). These molecules form four-stranded
structures via inter- and intra-molecular bonding and stabilized by guanine
residues (206). With the aid of computational modeling, GQ-ODN were designed
to insert between two SH2 domains in STAT3 molecules to disrupt dimer
formation (204-206). This modality was effective in inhibiting the growth of p-

STAT3" human cell lines such as prostate, breast, head and neck squamous cell
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carcinoma (HNSCC), and non-small cell lung cancer (NSCLC) (204, 205, 207,
208). However, in spite of the promising efficacy, the specificity of GQ-ODN
interaction with STAT3 but not other STATs still requires further investigation.
Moreover, improvement of physicochemical properties of these nucleic acids is
needed for pharmaceutical applications.

e Nuclear translocation Inhibitors: Since STAT3 dimer binds to a specific
sequence in the promoter region of the target gene, a modality called Decoy-ODN
exploiting this mechanism was developed to present similar sequence of double-
stranded oligunucleotide to STAT3 dimers in the cytoplasm (209). As a result,
STAT3 dimers will bind to this decoy and then be precluded from nuclear
translocation leading to STAT3 signaling disruption (209). The efficacy of this
strategy was proven in human SCCHN cells in vitro and in vivo as inhibition of
cancer cells proliferation and induction of apoptosis (209, 210), along with other
human cancer cell lines such as lung (211) and hepatocellular carcinoma (HCC)
(212). A decoy ODN is currently in phase III clinical trials for the prevention of
vein graft failure in lower extremity after bypass surgery (213). This is a good
indication for the transition of this approach from bench to bedside. Although
encouraging, further evaluation of this strategy for cancer therapy is needed
especially that the mechanism of action suggests a temporary nature of
intervention.

e DNA Binding Inhibitors: Platinum (IV) compounds were investigated as they
are shown to interfere with the interaction of STAT3 dimers with the

corresponding Cis-element in the target gene leading to inhibition of cyclin D1
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and Bcl-xL production, cell proliferation, and malignant transformation in NIH/v-
Src mouse fibroblasts and human breast cancer cells (173, 214). The presence of a
clinically-approved platinum compound for cancer treatment, cisplatin, increased
the potential of other platinum compounds that shows anti-cancer effect such as
CPA-1 and CPA-7 to be clinically evaluated (215). However, cisplatin differs
from CPA-1 and CPA-7 in two major aspects. First, it is platinum (II) not
platinum (IV) compound. Second, cisplatin has no activity against STAT3 (173,
214, 215). Therefore, it is quite difficult to extrapolate the clinical relevance of
platinum (IV) compounds from cisplatin efficacy or safety records. In fact,
platinum (IV) compounds require concentrations in uM range to exert their
inhibitory action (214). This might be a cause for potential side effects especially
when molecular evidence showed that they are only 2.4 times selective for
STAT3 over the structurally related protein STATI1 (215). Nevertheless, the
effectiveness of platinum (IV) compounds in preventing STAT3/DNA interaction
in several in vivo tumor models such as CT-26 mouse colon carcinoma and makes
its further investigation for therapeutic application worthwhile. Especially that the
mass production of such molecules is easier, more reproducible, and probably less
than a biological counterpart from a pharmaceutical point of view. Other agents
have shown inhibitory effects on STAT3/DNA binding. The natural product
galiellalactone showed efficacy on many human tumor cell lines including HepG2
hepatoma cells (216) and DU145 human prostate xenograft (217). Similarly,
peptide aptamers were shown to inhibit STAT3/DNA binding in human U266

multiple myeloma cells and B16 murine melanoma cells (198, 218). However,
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turning these agents into therapeutics require more optimization of
physicochemical properties and biological efficacy.

e STAT3 Synthesis Inhibitors: Probably, the most specific approach to tackle
diseases emerged with the concept of targeting disease-causing proteins at the
mRNA level (219). The mostly investigated modalities for this purpose are
antisense ODN and siRNA. Both share the basis of complementary interaction of
a short nucleic acid segment with a target mRNA leading to its destruction and
eventually inhibition of protein synthesis. Therefore, they provide a rational
strategy to overcome oncogenic proteins that are overexpressed in cancer cells.
Nevertheless, antisense ODN and siRNA carry fundamental differences that may
reflect on their therapeutic potential (summarized in Table 1.2).

Antisense ODN is a short single-stranded nucleic acid segment (17-22 bp)
designed to bind with its complementary region in the target mRNA via Watson-
Crick base pairing system. The formed hetero-duplex recognized as foreign gets
destroyed by the triggered nuclease RNase H (220). On the other hand, siRNA
which is a short double-stranded RNA segment (19-21 bp) incorporates first into
an endogenous cytoplasmic protein machinery to form a complex known as RNA-
induced silencing complex (RISC). This complex mediates the unwinding of
siRNA keeping only the antisense strand, which binds to its complementary
region on mRNA. Thereafter, a catalytic protein within RISC cleaves the mRNA
exactly in the middle of the recognition region leaving the siRNA intact (220).
This mechanistic difference gives an advantage to RNA interference (RNAi) by

siRNA over antisense ODN approach because unlike antisense ODN which gets
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digested with the target mRNA upon RNase H degradation, siRNA incorporated
in RISC complex is reused to destroy many copies of the target mRNA.

For STAT3 downregulation, antisense ODN introduced into cells caused
selective degradation of STAT3 mRNA accompanied by tumor growth inhibition
of prostate carcinoma (80) and LGL leukemia (221). Consistently, in a mouse
xenograft model, SSCHN treated with STAT3 antisense plasmid resulted in
decreased constitutive Stat3 activity, decreased Bcl-xL levels and increased
apoptosis, compared to tumors treated with vehicle control (222). Although
antisense ODNs preceded siRNA in approval for clinical practice or in clinical
trials (reviewed in (223, 224)), no anti-STAT3 ODNs are in clinical trials yet. It is
just recently a recent phase I trial was published that indirectly exploit STAT3
mechanism by targeting EGFR with antisense ODNs for head and neck cancer
treatment (225). Similarly, STAT3 silencing by siRNA was shown to induce
apoptosis in astrocytoma cells (226) and was shown to induce apoptosis and limit
invasiveness and motility of human prostate cancer cells (227). It also
significantly suppressed human breast cancer cell growth in xenograft model
(228). Although RNAI is a newly introduced technology, siRNA rapidly advanced
from research to clinical trials for genetic and viral disease (reviewed in (229)).
This transition is encouraging to explore the clinical applicability of anti-STAT3
siRNA for cancer treatment. The fact that a single siRNA could be reused by
cellular machinery to attack more than one copy of mRNA might contribute to the
significantly lower concentrations needed for siRNA to mediate the silencing

process compared to antisense ODN. In turn, by reducing the amount
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administered for therapy, patients are less exposed to possible off-target effects of
the nucleic acids and potential toxicities of the used vehicle. However, siRNA
suffer from significant drawbacks that prevent its direct application in a biological
system (reviewed in (220)). These drawbacks include: instability in presence of
serum nucleases (230), poor pharmacokinetic and biodistribution profile (231),
and low cellular internalization (232). Therefore, in order to be considered for

therapeutic applications, siRNA needs optimal delivery strategy.
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Table 1.1 Various modalities of disrupting STAT3 signaling
pathway used in cancer cells. Advantages and disadvantages
are listed from a therapeutic prospective [adopted from (173)].
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Table 1.2 Fundamental differences between antisense ODN and siRNA

Antisense ODN

siRNA

Nucleotide sugar
Structure

Length

Molecular weight
Precursor availability
Site of action

mRNA cleavage

Degradation upon
activity

Effective concentration

Deoxyribose

Single stranded

16-30 bp

~ 6-9 kDa

No

Cytoplasm and nucleus

RNase H

Yes

50-400 nM

Ribose

Double stranded

19-21 bp

~13-14 kDa

Yes

Cytoplasm

RISC

No

5-100 nM

37



Chapter One: Introduction

1.5 STRATEGIES FOR siRNA DELIVERY

Vectors used for nucleic acid delivery are either of viral or non-viral
origins. For clinical use, viral vectors are not preferred because they are associated
with numerous drawbacks. They have been shown to cause inflammation of the
transduced tissue (233), elicit an immune reaction to viral particles (234), and
possibly lead to uncontrolled cell proliferation of transduced cells (235). On the
other hand, non-viral vectors are considered more favorable in therapy because of
their improved safety profiles and their relatively more convenient preparation
techniques (236-239).

Numerous non-viral carriers were investigated for siRNA delivery
including: cationic liposomes (240), polyelectrolyte-complex micelles (241),
water  soluble lipopolymers (242), polycationic dendrimers (243),
polyethylenimines (PEIs) polyplexes (239), and polymeric NPs (244). In this
chapter the focus will be given to two systems for anti-STAT3 siRNA delivery
(Figure 1.7): (1) complexes of PEI and its derivatives for cancer cell targeting, and

(i1) PLGA NPs for DCs targeting.

ot B

NH-

PEI PLGA

Figure 1.7 Chemical Structures of PEI and PLGA. PEI (left) showing 1°, 2°, and
3° amines, x represents number of branching units. PLGA (right), x and y
represent number of lactic and glycolic acid, respectively.
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1.5.1 Polyethylenimine

PEI is a linear or branched cationic poly-amine that has been used for
paper production, shampoo manufacturing, and water purification, and it is
considered the gold standard for gene delivery in cancer (245). It is an attractive
carrier for intracellular gene delivery because of its well-established ability to
condense nucleic acids via electrostatic interaction between the anionic phosphate
in the nucleic acid backbone and the cationic primary, secondary, and tertiary
amines of the polymer (246, 247). PEI was shown to be effective in condensing
and delivering siRNA to target mRNA in vitro and in vivo (248, 249). Moreover,
it was able to transfer functionally active siRNA to a variety of cancer cells (250).
For instance, PEI-complexed siRNAs were shown to promote antitumoral effect
in U87 orthotopic mouse glioblastoma model growing intracranially (251). A
significant reduction in tumor growth was also observed after intraperitoneal (i.p.)
administration of PEI-siRNA complexes in mouse model targeting the c-
erbB2/neu (HER-2) receptor (249). Additionally, PEI complexes of polyethylene
glycol (PEG)-siRNA conjugates targeting VEGF showed over 95% effective
silencing of VEGF expression in human prostate cell line PC-3 (252). However,
the efficacy of PEI-mediated siRNA delivery was shown to be dependent on the
structure and molecular weight of the PEI used in the formulation (239). Overall,
branched PEI (25 kDa) is a more effective system for nucleic acid delivery than
its linear counterpart owing to higher complexation ability, smaller size of its

particles, and better interaction with target cells (253).
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One of PEI’s advantages is the relative simplicity in modifying its
backbone to generate delivery systems that are target specific and possibly less
toxic than native PEL In one study, grafting PEG-folate residues to PEI was
shown to efficiently deliver functionally-active siRNA into the high-folate-
receptor-expressing KB cells (254). In addition, targeting cancer neovasculature
in vivo lead to efficient silencing of VEGFR-2 by PEI complexes that were
decorated with Arg-Gly-Asp (RGD) peptides (255). Hydrophobic modification of
PEI to improve cell membrane interactions is an alternative approach for siRNA
delivery, as compared to receptor-specific modifications. One study has
demonstrated that attaching cholesterol to PEI backbone promoted siRNA
stability in water-soluble lipopolyplexes and inhibited VEGF expression in PC-3
cells in vitro, and ultimately induced tumor regression in vivo (242). PEI-
cholesterol conjugates were also shown to enhance intracellular uptake of DNA
and improve transfection efficiency (256). This system was effective for
intratumoral (i.t.) delivery in vivo as well (257, 258). Such results highlight the
importance of lipid components in cationic polymers for efficient siRNA delivery
in cancer.

1.5.2 Poly(D,L lactic-co-glycolic) acid

PLGA is an FDA approved biodegradable polymer that has been widely
used in the manufacturing of surgical sutures and controlled release drug products
(259, 260). This co-polymer is an aliphatic polyester that is composed of varying
proportions of lactic and glycolic acids. Upon encountering aqueous media,

PLGA gets hydrolyzed into its monomeric components lactic and glycolic acid,
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which in turn enter Krebs cycle (259). PLGA has been widely used to formulate
NPs that can encapsulate a wide range of biologically active compounds of
various physicochemical properties (e.g low molecular weight drugs, peptides and
proteins, lipids, and nucleic acids), which explains the broad spectrum of PLGA
NPs application (261).

PLGA NPs were extensively employed for cancer vaccine delivery to DCs
because of the controlled release profile, preferential uptake by DCs, and
possibility of co-delivering immunomodulatory molecules with cancer antigens to
activate DCs (reviewed in (262, 263)). Therefore, it is rational to include anti-
STAT3 siRNA in this regimen to counter tumor-induced STAT3 activation in
DCs. This concept was proven by the work of Hua Yu’s group who found out that
targeting DCs by combining the immunostimulatory molecule CpG with siRNA
against STAT3 leads to the activation of tumor-associated immune cells and
potentiating of antitumor immune response (264). Although PLGA has been used
to as a vehicle for siRNA delivery targeting a variety of molecular targets in
multiple cancer cell types (265-267), no attempt was taken to deliver anti-STAT3
siRNA to DCs as a part of tumor management application. Only recently, a
strategy to target DCs with PEI-decorated PLGA NPs encapsulating anti-IL-10
siRNA and DNA vaccine has lead to significant switch toward Thl response,
which is the favorable response for cancer immunotherapy (268). This is an
indirect indication of the validity of STAT3 knockdown by siRNA in DCs using

PLGA NPs because IL-10 and STAT3 perform an autocrine loop in DC (269).

41



Chapter One: Introduction

1.6 RATIONALE and HYPOTHESES

In the previous sections, we have provided evidence from literature on the
potential of constitutively active STAT3 as a target for cancer therapy. Owing to
its role as a cross-talk mediator between cancer and immune cells, targeting
STATS3 in cancer cells as well as DCs would be beneficial for a better therapeutic
outcome. The rationale of our work was based on targeting STAT3, in both cell
types, at the mRNA level, i.e. preventing STAT3 synthesis, rather than upstream
inhibition of STAT3 signaling pathway. Moreover, we propose using siRNA for
mRNA targeting owing to the higher specificity and potency compared to anti-
sense ODNSs. In this context, nano-carriers to deliver siRNA silencing STAT3 to
cancer cells and DCs were designed. We chose fatty-acid modified PEI polyplexs
for cancer targeting, while, for DC targeting, we further formulated those
polyplexes in PLGA NPs. Our hypotheses (summarized in Figure 1.8) state that:
1) STAT3 knockdown by siRNA in B16 cells using fatty-acid modified PEI
polyplexes nano-carriers leads to apoptosis in vitro and tumor regression in Vivo.
2) Down-modulation of STAT3 by siRNA nano-carriers of fatty-acid modified
PEI polyplexes in tumor cells induces bystander immune response in vitro and in
Vivo.

3) In tumor-exposed DCs, direct knockdown of STAT3 by siRNA using PLGA
nanoparticles loaded with fatty-acid modified polyplexes restores DC phenotypic

maturation and functional activation in an otherwise inhibitory microenvironment.
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IMMUNITY TUMOR
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Figure 1.8 Research Hypotheses. The knockdown of STAT3 in B16 melanoma
cells by siRNA/PEI polyplexes leads to tumor cell death and changes the cytokine
profile in tumor milieu toward pro-apoptotic = immunostimulatory
microenvironment. Moreover, the direct inhibition of STAT3 by siRNA in tumor-
exposed DCs using PLGA NPs leads to DC maturation, activation, and ability to
stimulate T cell proliferation.
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1.7 OBJECTIVES

1) Formulation and characterization of siRNA/PEI complexes using novel lipid-
modified PEI derivatives for B16 cells targeting.

2) Studying the inhibitory effect of siRNA complexes on STAT3 by targeting B16
melanoma in vitro and in vivo.

3) Developing a model for tumor-mediated immune suppression via STAT3
hyperactivation in DCs using B16 melanoma and evaluation of bystander immune
response upon STAT3 knockdown in cancer cells in vitro and in vivo.

4) Developing a PLGA-based NP formulation for anti-STAT3 siRNA in tumor-

exposed DCs and determining DC re-activation upon STAT3 knockdown.
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2.1 INTRODUCTION

RNA interference (RNAI) is a new technology that carries a promising
therapeutic potential. In 2001, this post-transcriptional phenomenon was proven to
exist as a defense mechanism in mammalian cells (1); it was shown that a double-
stranded RNA of 21-23 nucleotides, known as small-interfering RNA (siRNA),
mediated RNAi and effectively silenced target genes (2). Upon its introduction to
cytosol, siRNA binds with specific proteins to conform the RNA-induced
silencing complex (RISC) (3). RISC mediates the unwinding of siRNA duplex
generating an oligonucleotide that binds to the target mRNA in a complementary
manner. The resulting dSRNA gets cleaved by RISC and eventually destroyed by
the intracellular machinery (4-6). Since its discovery, siRNA has been developed
as a screening tool for cancer studies (7-9), and has been evaluated as a potential
therapeutic agent for a variety of nucleic acid-based diseases such as HIV (10),
Hepatitis C (11), and cancer (12, 13). siRNA has been employed to downregulate
angiogenic and tumor-associated factors in vitro and in vivo (14). It was shown to
inhibit the expression of Ki-67 and proliferation in human renal carcinoma cells
(HRCC) (15). Inhibition of proliferation and induction of apoptosis of HRCC was
achieved by anti-telomerase siRNA (16).

However, developing a stable and efficient delivery system is a major
challenge for therapeutic applications of siRNA (17, 18). Optimum delivery
strategy aims to reduce off-target effects, to improve siRNA pharmacokinetic and
biodistribution after administration, and to promote efficient gene silencing (19).

Viral vectors for siRNA delivery are associated with several drawbacks, such as
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the possibility of uncontrolled cell proliferation of transduced cells (20), immune
reactions to viral particles (21), and inflammation of the transduced tissue (22).
Therefore, nonviral delivery systems are considered more favorable in therapy
because of their reduced safety concerns and the relatively more convenient
preparation techniques (23-26).

In this study, we examined the potential of hydrophobically-modified PEIs
for stable condensation of siRNA in polyelectrolyte complexes and their ability to
deliver siRNA to B16 melanoma cells in vitro. PEI is a cationic polymer that is
used extensively in gene delivery studies (27); it is an attractive carrier for
intracellular gene delivery because of its well-established ability to condense
nucleic acids via electrostatic interaction between the anionic phosphate in the
nucleic acid backbone and the cationic primary, secondary, and tertiary amines of
the polymer (27, 28). PEI was shown to be effective in condensing and delivering
siRNA to target mRNA in vitro and in vivo (29, 30). It was able to transfer
functionally active siRNA to a variety of cell types including cancer cells (31).
PEI-complexed siRNAs were shown to promote antitumoral effect in US87
orthotopic mouse glioblastoma model growing intracranially (32). A significant
reduction in tumor growth was observed after intraperitoneal administration of
PEI-siRNA complexes in mouse model targeting the c-erbB2/neu (HER-2)
receptor (30). Additionally, PEI complexes of polyethylene glycol (PEG)-siRNA
conjugates targeting vascular endothelial growth factor (VEGF) showed over 95%

effective silencing of VEGF expression in PC-3 cells (33). The efficacy of PEI-
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mediated siRNA delivery, however, was shown to be dependent on the structure
and molecular weight of the PEI used in the formulation (34).

The relative simplicity in modifying PEI backbone can generate delivery
systems that are target specific and possibly less toxic than native PEIL. In a recent
study, grafting PEG-folate residues to PEI was shown to efficiently deliver
functionally-active siRNA into KB cells, a cell line originally derived from mouth
epidermal carcinoma that highly express folate receptors (35). In addition,
targeting cancer neovasculature in vivo and efficient silencing of vascular
endothelial growth factor receptor-2 (VEGFR-2) was achieved by PEI
nanoparticles that were decorated with Arg-Gly-Asp (RGD) peptides (36).
Hydrophobic modification of PEI to improve cell membrane interactions is an
alternative approach for siRNA delivery, as compared to receptor-specific
modifications. One study have demonstrated that attaching cholesterol to PEI
backbone promoted siRNA stability in water-soluble lipopolyplexes and inhibited
VEGF expression in PC-3 cells in vitro, and ultimately induced tumor regression
in vivo (37). PEI-cholesterol conjugates were also shown to enhance intracellular
uptake of DNA and improve transfection efficiency (38). This system was
effective for intratumoral delivery in vivo as well (39, 40). These results highlight
the importance of lipid components in cationic polymers for efficient siRNA
delivery. Based on this reasoning, we conducted this study to further investigate
the beneficial effect of hydrophobic modifications by grafting simpler aliphatic
lipids to PEI. By using PEIs modified with endogenous lipids, we investigated the

complexation of the chosen polymers with a model siRNA and assessed their
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capability to deliver siRNA intracellularly to B16 melanoma cells. An additional
target-specific siRNA against integrin o(v) were used to evaluate functional
siRNA delivery in this study. Our results indeed showed that PEIs modified with

aliphatic lipids provide an improved model for siRNA-delivery.

2.2 MATERIALS and METHODS
2.2.1 Materials

Branched PEI (25 kDa), triethylamine (TEA), octanoyl chloride (CA,
99%), stearoyl chloride (StA, 98.5%), oleoyl chloride (OA, 99%), and linoleoyl
chloride (LA, 99%) were obtained from SIGMA (St. Louis, MO). Anhydrous
ethyl ether and dichloromethane (DCM) were purchased from Fisher Scientific
(Fairlawn, NJ). Deuterated chloroform (CDCl3) and water (D,0) used as 'H-NMR
solvent were from Cambridge Isotope Laboratories (Andover, MA) and
ALDRICH (Milwaukee, WI), respectively. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from SIGMA (St. Louis, MO).
Fetal Bovine Serum (FBS) was obtained from HyClone (Logan, UT).
INTERFERin™ and jetPEI™ were purchased from Polyplus-Transfection (New
York, NY). Lipofectamine™ 2000 was purchased from Invitrogen Corporation
(Carlsbad, CA), and Metafectene™ was obtained from Biontex Laboratories
(Munich, Germany). 4',6-diamidino-2-phenylindole (DAPI) was purchased from
Invitrogen Molecular Probes (OR, USA). Sequenced siRNA targeting mouse
integrin o(v), was purchased from Ambion:

(sense: 5'-GGCCUUGAAGUGUACCCUATT-3,
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antisense: 5'-UAGGGUACACUUCAAGGCCAG-3").
The scrambled siRNAs used as a model siRNA were Silencer® Negative Control
#1 siRNA (Catalogue #AM4635) and Silencer® FAM™ labeled Negative Control

#1 siRNA (Catalogue #AM4620), both purchased from Ambion (Austin, TX).

2.2.2 Cell Culture

B16.F10 cell line was grown and propagated in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% FBS at 37 °C and humidified
5% CO,. The cell line was kindly provided by Dr. Mavanur Suresh, Faculty of

Pharmacy and Pharmaceutical Sciences, University of Alberta.

2.2.3 Synthesis and Characterization of Lipid-Modified Polymers

A previously described procedure (41) was used to prepare the lipid-
substituted PEIs (PEI-CA, PEI-StA, PEI-OA, PEI-LA) by N-acylation of the
corresponding lipid chlorides with PEI (Table 2.1) at fatty acid:ethylenimine
ratios of 1:15 and 1:86. Briefly, to obtain lipid-substituted PEI, 50 mg of PEI was
dissolved in DCM 2.5 mL under N, at room temperature. After addition of 2 uL
TEA, the desired fatty acid was dissolved in 2.5 mL DCM and gradually added to
the PEI solution over a 30-min period. The solution was stirred for 12 hours
under N,. Excess of ethyl ether was added to precipitate and wash (x3) the
polymer product, which was then dried under vacuum overnight at room
temperature. The composition of the reaction products was determined by a 300

MHz 'H-NMR spectroscope (Bruker 300 AM; Billerica, MA). The proton shifts
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specific for fatty acids (~0.8 ppm; terminal -CHs) and PEI (~2.5-2.8 ppm; -HN-
CH,-CH,-NH-) were integrated, normalized for the number of protons in each

peak, and used to obtain the lipid substitutions on polymers.

2.2.4 Determination of siRNA Condensation by Gel Retardation Assay

In sterile eppendorf tubes, serially diluted polymers ranging from 62.5 ng
to 2 ng were added to 2 pug of siRNA in RNase-free water and incubated for 30
min at 37 °C. 3 uL of 6x sample buffer (50% glycerol, 1% bromophenol blue, and
1% xylene cyanol FF in Tris-Borate-EDTA (TBE) buffer) was then added to each
sample. We then prepared 2% agarose gel by dissolving 2.4 g agarose powder in
120 ml TBE buffer and microaving the mixute for 2 min to allow for complete
dissolution. Thereafter, EtBr was added to a final concentration of 0.2% mg/mL.
The samples were then loaded onto the gel prior to electrophoresis.
Electrophoresis was performed at 130 V and ~ 52 mA for 15 min. The resulting
gels were photographed under UV-illumination. The pictures were digitized and
analyzed with Scion image analysis software to determine the mean density of
siRNA band. The binding percentage was calculated based on the relative
intensity of siRNA in each well to reference wells of naked siRNA without any

polymer. Each polymer was tested at least in 2 independent experiments.

2.2.5 Polyanion Competition Assay

The relative ability of complexes to release siRNA was measured after a

challenge with the competing polyanion heparin (42). Complexes were formed in
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1:1 polymer:siRNA mass ratios after incubating 2 pg of polymer and siRNA for
30 min, and then were incubated with 3.12, 6.25, 12.5, 25, 50, and 100 pg of
heparin sulfate at 37 °C for 1 hour. The samples were run on agarose gel as
described earlier. Results were presented as an average of at least 2 independent

experiments.

2.2.6 Zeta Potential Measurement

Complexes of each polymer were formed at various polymer:siRNA mass
ratios using 2 pg of siRNA. Zeta potential of each complex formulation ranging
from 0.125:1 to 1:1 polymer:siRNA mass ratios was tested in water by 3 serial

measurements using Zetasizer 3000 (Malvern, UK).

2.2.7 Serum Stability Studies

Naked siRNA (2 pg) was incubated with either 10% or 25% FBS at 37 °C.
Samples were analyzed after 1, 4, and 24 hours of serum incubation by agarose
gel electrophoresis to determine the percentage of intact siRNA. To determine the
protective effect of the polymers, complexes were prepared in several
polymer:siRNA mass ratios, ranging from 0.03125:1 to 1:1, and incubated with
25% FBS for 24 hours. Samples were then incubated for 1 hour with 100 pg of
heparin to ensure complete release of siRNA from the formulations, and then
analyzed for intact-siRNA percentage by agarose gel electrophoresis as described

earlier. The results represent an average of at least 3 independent experiments.
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2.2.8 Uptake of siRNA by B16 Melanoma Cells

In these experiments, 6-carboxyfluorescein (FAM)-labeled siRNA was
formulated in the complexes. 1.4 pg of siRNA was incubated with serially diluted
amounts of the polymers ranging from 175 ng to 1.4 pg in 50 ul PBS for 30 min
at 37 °C. B16 murine melanoma cells (5x10%) in 6-well plates were incubated
with these complexes where each formulation contains 100 nM of siRNA.

In one study, to evaluate the complexes’ ability to deliver several
concentrations of siRNA, 24-well plates were used to incubate B16 cells with
several concentrations of the complexes.

When commercial transfection agents were used to deliver a dose range of
siRNA, sterile eppendorf tubes containing 1.4 pg of siRNA in RNase-free water
were mixed with equal amounts of Lipofectamine™ 2000 or Metafectene™™ for
20 min at room temperature. Moreover, 4 pL of jetPEI"™ or INTERFERin"™ were
mixed with 1.4 pg siRNA for 20 min at room temperature. Thereafter, serial
dilutions of the formulations were prepared in PBS and incubated with B16 cells
in 24-well plates for 24 hours at 37°C. Percentage of siRNA-positive cells was
determined by fluorescence activated cell sorting (FACS). For this, 10,000 cells
(events) of each sample were acquired on a Becton—Dickinson FACSort™ flow
cytometer (Franklin Lakes, NJ) and the data was analyzed with CellQuest'™
software. At least duplicates of each sample were tested.

Intracellular uptake of siRNA was observed by Laser Scanning Confocal
Microscopy (LSCM). After growing to 50% confluence, B16 cells were incubated

with naked or formulated siRNA for 3 hours at 37 °C. The cells were then washed

71



Chapter Two: Lipid-Modified siRNA Polyplexes

three times with PBS and fixed with 2% paraformaldehyde solution in PBS for 10
min. To stain the nuclei, fixed B16 cells were washed with PBS then DAPI was
added for 5 min. The cells were examined using a confocal microscope Zeiss 510
LSMNLO (Carl Zeiss; Jena, Germany) with identical settings for each confocal

analysis.

2.2.9 siRNA-Mediated Inhibition of Integrin a(v)

To evaluate functional siRNA silencing, we used a validated siRNA
against integrin a(v). In 12-well plates, 5x10° B16 melanoma cells were
incubated with 50, 100, and 200 nM of siRNA ecither naked or in formulations
with 1:1 polymer:siRNA mass ratios at 37 °C. Identical formulations with
scrambled siRNA were used as controls. After 36 hours, cells were washed and
incubated for 30 min at 4 °C with 0.5 pl of mAb against integrin a(v) (clone
RMV-7; Santa Cruz Biotechnology, USA). Cells were washed three times with
FACS buffer (5% FBS in PBS) to remove excess antibody. For labeling, 0.5 pl of
a secondary FITC-labeled antibody (Santa Cruz Biotechnology, USA) was added
and the samples were incubated for 30 min at 4 °C. Then, cells were washed three
times with FACS buffer and the levels of protein expression on cell surface were

determined by flow cytometry.

2.2.10 Cytotoxicity Study
Polymer cytotoxicity was tested on B16 cells grown in 96-well flat-

bottomed microplates. Serial dilutions of each polymer were prepared in PBS and
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5 ul of polymer solutions were added to 100 pl of culture medium in each well.
Total polymer concentration in each well ranged from 0.35 to 2.8 pug/mL. The
plates were incubated for 3, 12, 24, 48, and 72 h for assessment of viability. Each
well was then incubated with 100 pL of (0.5mg/mL) MTT solution in culture
medium for 2 hours. The formed crystals were dissolved by adding 300 pL of
isopropyl alcohol to each well and gentle shaking for 30 min. Optical density was
measured at 550 nm using a micoplate reader. The results were converted into %
viability by using the absorbance from untreated sample as a reference (100%),
and expressing the absorbances obtained form the treatment groups as a
percentage of the reference value. The results were summarized as mean + SD of

7 replicates for each sample.

2.2.11 Statistical Analysis
The data were analyzed for statistical significance (p<0.05) by One-Way

ANOVA. Where indicated, the results were summarized as mean + SD.

2.3 RESULTS
2.3.1 siRNA Condensation by Oleic- and Stearic-acid Modified PEI

The hydrophobically-modified polymers, prepared by grafting lipid
moieties on PEI backbone by N-acylation (41), were expected to possess
sufficient cationic charge to neutralize the anionic charge of an siRNA. To assess

the polymers' ability to condense siRNA, gel retardation assay was used to
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analyze the complexes of siRNA with the native PEI or PEI derivatives (Table

2.1).

Polymer Fatty-Acid Substitute  Substitution Level (Lipid/PEI)
PEI-CA1 . 28.14

PEI-CA2 W 10.47

PEI-StA 1 /W 2.63

PEI-StA2 ° 1.89

PEI-OAZ Oleoyl Chloride “ 2 l

PEI-LAI L 6.04

PEI—LA2 Linoleoyl Chloride “ 5 . 5 5

Table 2.1 PEI substitution with fatty acid chains

74



Chapter Two: Lipid-Modified siRNA Polyplexes

As shown in Figure 2.1A, complete condensation of siRNA could be
achieved with all polymers, including PEI, at ~ 0.4:1 polymer:siRNA ratio. The
condensation ability of the derivatives PEI-OA1 and PEI-StA2 were shown to be
more efficient than the parent PEI, as indicated by a left shift in binding vs.
concentration curves in Figure 2.1A. While ~0.087:1 mass ratio of PEL:siRNA
was needed to achieve 50% siRNA binding, PEI-OA1 and PEI-StA2 required
0.026:1 and 0.019:1 polymer:siRNA ratios, respectively. Accordingly, PEI-OA1
and PEI-StA2 were chosen for further analysis due to their better siRNA binding
capability.

To evaluate the stability of the formulations, siRNA complexes of PEI,
PEI-OA1, and PEI-StA2 were prepared at polymer:siRNA mass ratio of 1:1 to
ensure complete condensation of siRNA by the polymers (Figure 2.1B). Upon
addition of serially-diluted heparin, 50% of siRNA was displaced from PEI
complexes at heparin:polymer mass ratio of ~8.5. However, with PEI-OAI, a
heparin:polymer mass ratio of ~9.45 was needed to reach the 50% siRNA
displacement value. PEI-StA2 complexes were even more stable, since a ratio of
~18.7 was needed to displace 50% of siRNA from the formulation. Complete
dissociation of siRNA from all complexes was observed when the ratio of
heparin:polymer reached 50. These findings were in line with the relatively higher
siRNA binding of the hydrophobically-modified polymers compared to the

unmodified PEI.
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Figure 2.1 Assessment of siRNA complexation by gel migration assay. (A) The
indicated polymers at different concentrations were incubated with a fixed amount
of siRNA for 30 min at 37°C, and the complexes were run on agarose gel. The
amount of naked siRNA in each sample was calculated by densitometry and
siRNA Binding (%) was calculated accordingly. siRNA Binding (%) was plotted
as a function of polymer concentration and sigmoidal curve fits were added for
each polymer. PEI-OA1 and PEI-StA2 showed higher binding efficiency than the
parent PEI, given by lower concentrations required for 50% binding of the
siRNA. An expanded region of the original graph is plotted. (B) Displacement of
siRNA from complexes by heparin competition. Complexes of 1:1
polymer:siRNA ratios were incubated for 1 hour at 37 °C with increasing
concentrations of heparin sulfate, and the amount of free siRNA was determined
by gel migration assay to obtain the extent of dissociation. PEI-StA complexes
(filled squares) showed maximum stability in the presence of heparin.
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2.3.2 Zeta Potential of sSiRNA-Complexes

Zeta potential analysis was carried out for the complexes at
polymer:siRNA ratios of 1:1, 0.5:1, 0.25:1, and 0.125:1. The results (Figure 2.2)
were consistent with the gel retardation assay where full complexation between
siRNA and polymers was detected in all formulations at 0.25:1, 0.5:1 and 1:1
ratios. With PEI, the complexes displayed increasing net surface charge
proportional to the increasing polymer ratio in the formulations. Although the
hydrophobically-modified complexes did not show a uniform increase in surface
charge, the polymers provided a sufficient net cationic charge on the particles at
the polymer:siRNA mass ratios greater than 0.25:1. It was interesting to note that
the modified polymers gave an increased cationic nature to the complexes at the
lowest polymer:siRNA ratio, again indicating better binding of the polymers to

siRNA after hydrophobic modification.
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Figure 2.2 Determination of net surface charge by zeta potential analysis. The
complexes were prepared at the indicated 4 different polymer:siRNA ratios and
their zeta potential was determined. The bars represent the averages of 3 different
measurements (+ SD).
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2.3.3 Protection of siRNA in Complexes from Degradation in Serum

Since siRNA is highly sensitive to degradation by nucleases (43), the
protective effect of the complexes against siRNA degradation was assessed in
serum. We first investigated the kinetics of naked siRNA degradation in 10% and
25% FBS at 37 °C. As shown in Figure 2.3A, siRNA was completely degraded in
10% FBS after 24 hours of incubation, while 4 hours were sufficient for 25% FBS
to completely degrade siRNA. When the complexes of different polymer:siRNA
mass ratios were incubated in 25% FBS for 24 hours, siRNA was fully
recoverable and was protected from FBS degradation (Figure 2.3B) at
polymer:siRNA ratios starting from 0.125:1. At the lower ratios 0.0625:1 and
0.03125:1, PEI-OA1 and PEI-StA2 demonstrated a significant protective effect
for siRNA compared to parent PEI. The percentages of intact siRNA in PEI-OA1
and PEI-StA2 complexes were ~72 and ~97%, respectively, compared to only

29% in the case of PEI complexes at 0.0625:1 ratio.
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Figure 2.3 Determination of siRNA stability in presence of serum. (A) A fixed
amount of naked siRNA was incubated with 10% and 25% FBS-containing
medium for 1, 4 and 24 hours, and the amount of intact sSiIRNA was determined by
gel migration assay. Control refers to siRNA incubated in the absence of serum.
Densitometry was used to calculate the amount of intact siRNA remaining after
the incubation period and the intact siRNA remaining was plotted as a function of
time in 25% FBS (filled circles) and 10% FBS (open circles). (B) siRNA/polymer
complexes, at various polymer:siRNA ratios, were incubated in 25% FBS for 24
hours and the amount of intact siRNA was determined by gel migration assay and
densitometry. Bars show the mean = SD of intact siRNA obtained at different
polymer:siRNA ratios for 3 different measurements (*; p<0.05). The modified
polymers gave a higher amount of intact siRNA at low polymer:siRNA ratios
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2.3.4 Uptake of siRNA Complexes by B16 Melanoma Cells

Naked siRNA uptake by B16 cells was determined in vitro. B16 cells were
treated with increasing concentrations of naked siRNA (1-100 nM) for 24 hours.
Our results indicate that the percentage of siRNA-positive cells increased in a
concentration-dependent fashion, but only ~5% of the cells displayed significant
uptake when incubated with naked siRNA in the absence of any carriers (data not
shown). However, when formulated at 1:1 siRNA:polymer ratios, over 98% of
B16 cells were positive for siRNA with all polymers, PEI, PEI-OA1, and PEI-
StA2 (data not shown). A time-course study of siRNA uptake was then
investigated to better characterize the uptake pattern. As shown in Figure 2.4A,
the percentage of siRNA-positive cells with naked siRNA was significant within
30 min of incubation and reached ~20%. It peaked after 1 hour reaching 37% and
then declined to less than 5% after 24 hours of incubation. When cellular uptake
of siRNA in 1:1 complexes was assessed, significant increase in the percentage of
siRNA-positive cells was detected as compared to naked siRNA reaching over
50% within 30 min of incubation. After 1 hour, PEI and PEI-OA1 complexes
associated with ~90% of the cells, while PEI-StA2 complex was significantly
higher reaching over 96% of the cells. Unlike naked siRNA, the percentage of
siRNA-positive cells peaked after 4 hours of incubation with the PEI and PEI-
StA2 complexes while all complexes sustained this high level after 24 hours of
incubation.

Since flow cytometry can not discriminate whether the siRNA was cell-

surface bound or internalized, we used confocal microscopy to localize siRNA in
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B16 cells (Figure 2.4B). We chose a time point (3 hours) where the percentage of
siRNA-positive cells was submaximal based on flow cytometry data. The results
of the confocal microscopy indicated the presence of the polymeric complexes of
siRNA to enter B16 cells after 3 hours of incubation, as evident by sequestration
of complexes (green dots in Figure 2.4B, due to FAM-labeled siRNA) in the
cytoplasm, possibly inside endosomes, and their localization around the nucleus
(blue structures, due to DAPI staining). At this time point, there was no indication
of naked siRNA inside the B16 cells. Confocal microscopy did not indicate any
qualitative differences among the three polymers (PEI, PEI-OA1, and PEI-StA2)
used for complex formation. These results were consistent with our flow
cytometry results, showing strong effect of the polymers to deliver the siRNA
intracellularly. A discrepancy between the confocal microscopy results (indicated
no uptake at 3 hours) and flow cytometry results (indicated some uptake at 4
hours), however, was present for naked siRNA (see Discussion on this issue).

The ability of the hydrophobically-modified PEIs to deliver a dose range
of siRNA to B16 cells was compared to commercially available transfecting
reagents including: INTERFERin™", which was specifically designed for siRNA
delivery, jetPEI™, which was used to transfect HepG2 cells with antisense RNA
(44), Lipofectamine™ 2000, which demonstrated significant siRNA-mediated
inhibition of tumor growth in human gastric carcinoma in vitro (45), and
Metafectene™, which was used to mediate siRNA-silencing of PCNA gene in
leukemic cell line (46). All polymer formulations were prepared at mass ratios of

1:1; for INTERFERin™ and jetPEITM, the manufacturer’s recommendations were
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followed for the amount of polymer used in the formulation. B16 cells were
pulsed with serially diluted complexes for 24 hours where siRNA concentration in
the formulations ranged from 1.56 to 50 nM. As shown in Figure 2.4C, when 25
nM of siRNA were delivered, PEI-OA1 and PEI-StA2 complexes demonstrated
~1.6-fold and ~3-fold increase in the percentage of siRNA-positive cells than the
parent PEI, respectively. At 50 nM siRNA, ~1.3-fold and ~2-fold increase the
percentage of siRNA-positive cells was observed with PEI-OA1 and PEI-StA2
compared to parent PEIL. At this concentration, PEI-OA1 also showed significant
increase in the percentage of siRNA-positive cells which was ~2.6-fold higher
than Metafectene™ and ~4.3-fold higher than jetPEI'™. Similarly, PEI-StA2
demonstrated ~4-fold increase in the percentage of siRNA-positive cells than
Metafectene™ and ~6-fold higher than jetPEI"™. PEI-StA2 was also found to be
as efficient as Lipofectamine™ 2000 for siRNA delivery to B16 cell line.
INTERFERin™ was the most effective delivery vehicle at all concentrations of
siRNA. When compared to INTERFERin™, PEI-StA2 was only ~1.6-fold less
efficient in cellular uptake while PEI showed at least 3-fold reduction in cell

uptake.
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Figure 2.4 Cellular uptake of siRNA complexes by B16 cells. (A) Determination
of siRNA-positive B16 cells over time by FACS. The study was conducted using
100 nM FAM-siRNA either naked or in 1:1 complexes with the polymers. Cells
incubated with siRNA for indicated periods of time were harvested and analyzed
in FACS. Percentage of siRNA-positive cells of complexed siRNA with the
polymers was found to be significantly higher than the naked siRNA (a; p<0.05).
PEI-StA2 complexes showed significantly higher increase in siRNA-positive cells
compared to the PEI complexes, at early time points (*; p<0.05). Data are shown
as the average + SD of 3 experiments. (B) Confocal microscopy analysis of
intracellular siRNA when B16 cells were incubated with 100 nM naked FAM-
siRNA or siRNA complexed with PEI, PEI-OA, and PEI-StA. Nuclei (blue) are
stained with 4',6-diamidino-2-phenylindole (DAPI) and the scale bar for each
image is 10 pm. Note the lack of siRNA for cells incubated with naked siRNA,
unlike cells incubated with complexes that yielded distinct particles associated
with the cells. (C) Delivery of siRNA by hydrophobically-modified polymers and
other commercially available carriers to B16 cells. siRNA complexes with the
polymers were prepared at 1:2 polymer:siRNA ratios. Serially diluted complexes
of 1:1 polymer:siRNA ratios were incubated in 24-well plates with B16 cells for
24 hours. Significant increase in siRNA-positive cells was noticed with
hydrophobically-modified PEIs compared to PEI, (*; p<0.05), jetPEI™, (+;
p<0.05), and Metafectene™, (*; p<0.05). Data are shown as an average + SD of 3
experiments.
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2.3.5 Effect of Polymer Ratio in Complexes on siRNA Delivery

In order to investigate the effect of polymer content on siRNA delivery,
siRNA complexes were formulated with polymer:siRNA mass ratios of 1:1, 0.5:1,
0.25:1, and 0.125:1. As shown in Figure 2.5, reducing the polymer ratio in the
formulation resulted in proportional reduction in the percentage of siRNA-
positive cells. At 0.5:1 ratio, siRNA delivery by PEI-OA1 and PEI-StA2
complexes was shown to be 1.4-fold and 2.4-fold less than PEI, respectively.
Further drop in polymeric content results in further reduction in the percentage of
siRNA-positive cells. At ratios lower than 0.25:1, the percentage of siRNA-
positive cells was comparable in all groups including naked siRNA. These results
indicate that although complete siRNA condensation was achieved at 0.25:1
polymer:siRNA ratio with PEI, PEI-OA1, and PEI-StA2, higher polymer ratios

are required in the formulation to achieve better siRNA delivery.
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Figure 2.5 Effect of polymer:siRNA ratio on siRNA delivery. Complexes were
prepared at the indicated polymer:siRNA ratios, incubated with the cells for 24
hours, and siRNA uptake was subsequently determined by FACS. The study was
done using 100 nM siRNA in each sample. (A) Changes in FACS histograms
indicative of siRNA-positive cells as a function of polymer:siRNA ratios
(indicated in the upper right corner of each histogram). Shaded areas represent
background, dotted lines represent PEI complexed group, green lines represent
PEI-OA complexed group, and red lines represent PEI-StA complexed group. (B)
Bars represent quantitative analysis of FACS histograms in (A) to obtain
percentage of cells positive for the siRNA. Data are shown as an average + SD of
3 experiments (*; p<0.05).
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2.3.6 Knockdown of Integrin a(v) by siRNA Using Modified PEIs

We examined the ability of hydrophobically-modified PEIs to obtain
functional siRNA silencing of integrin o(v) subunit on B16 cells. As shown in
Figure 2.6A, all siRNA complexes significantly decreased surface expression of
integrin o(v) compared to naked siRNA. Moreover, hydrophobic modification
seemed to further enhance siRNA silencing over parent PEI; PEI-OA1
formulation mediated up to 27% reduction in surface expression of integrin a(v),
while PEI-StA2 formulation mediated up to 45% reduction in integrin a(v)
surface expression compared to parent PEI. At 50 nM siRNA, PEI-StA2
complexes gave marginal yet significant silencing of integrin a(v) as compared to
PEI-OAL, but such a difference was not evident at the 100 and 200 nM siRNA
doses. A scrambled siRNA, used as a control in this study, did not cause any
reduction of surface integrin o(v) levels by naked siRNA or the corresponding

siRNA complexes (Figure 2.6B).
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Figure 2.6 Inhibition of integrin a(v) expression by siRNA complexes in B16
cells exposed to three doses of siRNA. Increasing concentrations of (A) an siRNA
targeting murine integrin a(v) or (B) a scrambled siRNA were incubated with
B16 cells either naked or in complexes of 1:1 polymer:siRNA ratios for 36 hours.
Significant inhibition of integrin o(v) expression was noticed with all complexes
compared to naked siRNA (a; p<0.05). Significant difference was also present
between the hydrophobically-modified PEIs compared to PEI (*; p<0.05), and
between PEI-StA and PEI-OA at 50 nM siRNA (a; p<0.05). Data are shown as an
average of 3 experiments (+ SD).
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2.3.7 Cytotoxicity Studies

The cytotoxic effect of the polymers on B16 cells was assessed by the
MTT assay. Cytotoxicity studies were conducted to explore whether the polymer
concentrations used for siRNA delivery had any indirect effect on siRNA uptake
due to disruption of cell viability. After 72 hours of incubation, the results
revealed that PEI, PEI-OA1, and PEI-StA2 were not toxic to B16 cells at the
polymer concentrations (<3 pg/ml) used in this study (Figure 2.7A). The
cytotoxicity of the highest concentration was further examined by MTT assay
over time and no significant changes in cell viability were noted over 72 hours

(Figure 2.7B).
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Figure 2.7 Cytotoxicity study for assessment of toxic effect of the siRNA
complexes on B16 cells. The complexes were prepared at polymer:siRNA ratio of
1:1. (A) Complexes at polymer concentrations of 0.35 to 2.8 mg/mL were
incubated with the cells for 72 hours. (B) Complexes at polymer concentration of
2.8 ug/mL were incubated with the cells over a period of 72 hours. This
concentration is at least 2-time higher than the polymer concentration used in
cellular uptake studies. Percentage of relative cell viability was determined by the
MTT assay. Data are shown as mean (= SD) of 7 replicates for each sample.
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2.4 DISCUSSION
siRNA-based therapy is a promising approach for cancer treatment (12,

13). It has been demonstrated that targeting laryngeal cancer cells with siRNA
induced early or late stage apoptosis (47). Moreover, growth of laryngeal cancer
has been inhibited in vivo when targeted with siRNA (48). However, successful
siRNA delivery has always been one of the major challenges to the therapeutic
applications of siRNA in clinic (49). The therapeutic potential of siRNA is
abrogated by low cellular uptake and poor stability profile; these negative
consequences have affected the anticipated move of siRNA-based therapeutics
from bench to bedside. Therefore, there has been an increasing interest in
developing suitable systems for siRNA delivery (30-33, 35, 36).

In our studies, we evaluated the ability of hydrophobically-modified
derivatives of branched PEI (25 kDa) to condense, protect, and successfully
deliver siRNA to B16 melanoma cells in vitro. Our findings demonstrated that
PEI-OA1 and PEI-StA2 were able to condense siRNA at lower concentrations as
compared to PEI (Figure 2.1A), indicating better binding affinity. This has been
confirmed by siRNA displacement using the polyanion heparin (Figure 2.1B).
Yet, we expect that the electrostatic interaction might not be the only mechanism
by which hydrophobically-modified PEI form complexes with siRNA. In fact,
based on our zeta potential results (Figure 2.2), the expected increase in the net
surface charge proportional to polymer ratio was observed only with the PEI
complexes. With modified PEIs, we attributed the variability in surface charge, in
spite of the increasing polymer ratio in the formulation, to the relatively flexible

three-dimensional conformation of the grafted fatty acids. The flexibility of the
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fatty acids is able to create a non-uniform surface charge distribution on the
particle, leading to unpredictable response in an electric field. Although we did
not expect to see a reduction in zeta potential with increasing polymer content,
this could be explained by the concomitant increment of the non-cationic fatty
acid content. Therefore, we suggest that the flexibility of the aliphatic fatty acids
could also allow for physical encapsulation of siRNA, which may explain the
superior condensing and protective effect of the modified polymers over PEI in
spite of variable zeta potentials. The hydrophobically-modified complexes,
nevertheless, demonstrated a net cationic surface charge which was sufficient for
successful cell uptake. This was confirmed by the efficient siRNA delivery by
hydrophobically-modified PEIs compared to naked siRNA, which was evident in
our confocal microscopy study (Figure 2.4B). Confocal microscopy, more so than
the flow cytometry, revealed the beneficial effect of polymers on siRNA; no
uptake was visible for naked siRNA with confocal microscopy, whereas some
uptake was evident from flow cytometry. Differences in sample preparation
procedures, possible quenching of fluorescence in confocal microscopy (as
observed by Li, S.D. et al. (50)), or non-specific association of siRNA with cells
under flow conditions, might have led to such a difference. Although exact
reasons for such a difference are unknown in our studies, an independent study
also noted some differences between the two methods using the analysis of viral
binding and uptake (51).

The time-dependent decline noted in the percentage of siRNA-positive

cells after incubation with naked siRNA might be attributed in part to the
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instability of naked siRNA in culture medium (Figure 2.4A). This gradual
reduction in the percentage of siRNA-positive cells from 37% after 1 hour of
incubation to ~2% after 24 hours of incubation was consistent with the serum
degradation profile after siRNA incubation with 10% FBS where the levels of
siRNA declined from 41% after 1 hour of incubation to 2% after 24 hours of
incubation (Figure 2.3A). A recent study has related the loss of siRNA activity
after incubation with serum to RNAse A-like enzymes (43). Haupenthal et al.
clearly demonstrated that the anti-tumor activity of siRNA directed against Polo-
like kinase 1 was lost after 2 hours of incubation with human serum at 37 °C; this
effect was prevented by the addition of RNaseOUT™, which is a potent inhibitor
for RNAse A (43). On the other hand, the prolonged siRNA delivery and
persistent percentage of siRNA-positive cells achieved with siRNA complexes
could be also explained by the polymer-protective effect from serum degradation
(Figure 2.4A). Others have addressed the protective effect of polymers on siRNA.
It was reported that almost complete degradation of siRNA occurred after 8 hours
of incubation in 50% FBS, while micellar formulation of PEG-conjugated siRNA
in PEI was able to protect the siRNA from degradation even after 48 hours of
incubation (33). In addition, it was shown that siRNA degradation in 20% FBS
could occur as soon as 30 min of incubation, while cholesterol-conjugated PEI
efficiently protected siRNA from degradation (37). The protective effect of
polymer complexation against nucleases will be vital after systemic
administration of siRNA. Cholesterol conjugation to branched PEI (1.8 kDa) also

showed significant increase in siRNA uptake by PC-3 cells compared to

94



Chapter Two: Lipid-Modified siRNA Polyplexes

unmodified PEI and promote anti-angiogenic effect in vitro and in vivo (37).
Although a relatively higher polymeric ratio was required in this system to
achieve successful siRNA delivery, these results strongly support our findings
where hydrophobic modification of PEI improved siRNA delivery to target cells.
Although PEI-StA2 complexes did not posses higher positive charge than PEI
complexes at the experimental conditions used for cell uptake, they were found to
demonstrate a significant increase in the percentage of siRNA-positive cells
within the first hour of incubation compared to parent PEI (Figure 2.4A). Yet,
when the ratio of PEI-StA2 was reduced in the formulation (Figure 2.5), the
percentage of siRNA-positive cells was significantly less than parent PEI. This
indicated that excess polymer might be important for siRNA delivery, since it is
shown from gel retardation assay, zeta potential analysis, and serum stability
studies that polymer:siRNA mass ratio of 0.25:1 was enough for siRNA
condensation to occur. This has been previously noticed with DNA, when
Derouazi et al. reported that although complete DNA condensation by branched
PEI (25 kDa) was detected at N/P ratio of 2, successful gene transfer was only
observed at N/P of 6 or more, reaching optimum transfection level at N/P of 13
(52). Presumably, excess polymer enhances the plasma membrane permeability
directly, and/or prevents undesirable binding of the complexes to anionic surfaces
that might cause loss of the particles.

Consistent with our findings on siRNA condensation, PEI-OA1 and PEI-
StA2 demonstrated a significant improvement in delivering a range of siRNA

doses as compared to parent PEI. Others have also shown that lipid component in
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polymers positively influenced siRNA delivery, for example by the cholesterol-
substituted PEI in PC-3 cells (37). Behr and colleagues demonstrated that cationic
lipoplexes can promote siRNA delivery to the brain at picomolar level which was
significantly higher than linear PEI (53). We also found that the lipid-containing
commercially available transfecting agents, INTERFERin™ and Lipofectamine™
2000 are more efficient in delivering siRNA than jetPEI'™ and Metafectene™.
We presumed that the hydrophobic moieties could enhance complex-plasma
membrane interactions, which may facilitate endocytosis process in turn.
Furthermore, the superior ability to condense, protect, and deliver siRNA that was
obtained with PEI-StA2 might be related to the chemical structure of stearic acid.
The free-rotation property of the saturated carbon atoms in stearic acid was
expected to give the molecule more flexibility to move inward or project outward
the complex. Hence, it was not surprising to find PEI-StA2 showing the highest
siRNA binding, protection, and delivery among the PEI derivatives.

Our results on integrin o(v) inhibition in vitro were consistent with the
findings on siRNA delivery by flow cytometry. Integrin a(v) is an attractive target
for cancer therapy since it forms a larger subunit of many integrins which are
directly involved in tumor angiogenesis, growth, survival, proliferation, invasion,
migration and metastasis (54). Integrin o(v) was found to be involved in
mediating melanoma tumorigenicity in human (55) and was also associated with
higher metastatic ability of murine melanoma B16.F10 cells (56). We found that
the polymeric formulations mediate siRNA silencing of integrin o(v) in vitro in a

dose-dependent manner compared to naked siRNA, while scrambled siRNA had
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no silencing effect either naked or formulated. Although both PEI-OA1 and PEI-
StA2 showed higher silencing effect of siRNA compared to PEI, PEI-StA2 still
provided a significant enhancement of siRNA silencing at a 50 nM concentration
over PEI-OAIl. This may be due to the higher stability of the formulation
provided by PEI-StA2 (Figure 2.1B) and better protection from nuclease
degradation (Figure 2.3B). Therefore, it is feasible that PEI-StA2 may exert this
better efficiency through mediating siRNA protection and stability in the
endosomal compartment, which allow for a higher amount of intact siRNA to
reach the cytoplasm; the fact that both modified polymers were equipotent at
higher siRNA concentrations (100 and 200 nM) may support this hypothesis. The
reasons behind this issue, however, remain to be explored. Moreover, attempts to
target integrin o(v) in melanoma using monoclonal antibodies have clearly
demonstrated that blocking integrin o(v) on tumor cells directly mediated
antitumor effects which was not due to the known antiangiogenic effect of
integrin o(v) antagonists (54, 57-59). A recent study by Cao et al. used siRNA
targeting integrin o(v) in combination with radiotherapy as a strategy for breast
cancer therapy, since they noted an upregulation of integrin ou(v)B(3) expression
on MDA-MB-435 cells after irradiation, leading to radioresistance as compared to
integrin o(v)B(3)-negative MCF-7 breast cancer cells. The authors found that
siRNA treatment was able to effectively reduce integrin o(v) and integrin
o(v)B(3) expression and increase the radiosensitivity of MDA-MB-435 cells (60).
This collective experience indicated that the functional reduction of cell surface

integrin a(v) by hydrophobically-modified PEIs might be an important target for
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clinical applications. Our future studies will focus on exploring this aspect of the
siRNA delivery by hydrophobically-modified PEIs.

We consider these polymers promising for therapeutic application,
especially that they showed no signs of toxicity over prolonged time of incubation
(Figure 2.7). Although it was reported that up to 50% reduction in cell viability
occurred in mouse fibroblasts after 24 hours of incubation with 10 pg/mL of PEI
(61), our systems did not display significant toxicity presumably due to (i) the
intrinsic resistance of B16 melanoma cells, or (i1) lower concentrations used in
our system. The concentrations used in our toxicity assessment were based on
concentrations found to be effective for siRNA delivery in our hands. The toxicity
issue is not critical for cancerous cells, since toxicity on the target cells will
actually be a beneficial effect in addition to the specific siRNA therapy. The
toxicity issue, however, is critical for normal cells since the latter will inevitably
get exposed to siRNA/polymer complexes after administration, and complexes
that can provide good cellular internalization without directly affecting cell
viability will lead to more tolerable formulations. Further studies are planned on
this issue where the toxicity of the proposed hydrophobic PEIs will be evaluated

at higher concentrations.
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3.1 INTRODUCTION

Persistent activation of signal transducer and activator of transcription 3
(STAT?3) has been associated with a vast number of solid and blood tumors and
was linked to several malignant properties including tumor survival, proliferation,
angiogenesis, and immune evasion (1). STAT3 is a downstream protein that
becomes activated by phosphorylation of a single tyrosine (Y’*) in response to
cytokine and growth factor receptor stimulations (2). This persistent activation of
STAT3 was associated with persistent activation of tyrosine kinases including src
kinases, growth factor receptors with intrinsic kinase activity, and Janus kinases
(JAKs) (3). Upon activation, STAT3 dimerizes through reciprocal
phosphotyrosine-SH2 interaction. The formed dimers translocate to the nucleus
and bind to STAT-specific sites on the promoters of target genes to induce the
transcription of proteins that have critical role in regulating cell survival and
proliferation (e.g. c-Myc, cyclin DI, and Bcl-family proteins) (2). Since the
original discovery of the association of constitutive STAT3 with malignant
transformation (4), research outcomes summarized four criteria carried by
constitutively active STAT3 that make this molecule an attractive target for
downregulation in cancer therapy: (i) hyperactivity in a large percentage of cells
in different tumor types, (ii) mediating various malignant properties, (iii)
susceptibility to inhibitors, and (iv) the dependence of tumor cells on STAT3 for
survival more than normal cells (5). However, although targeting STAT3
signaling pathway has been achieved by several modalities (e.g. upstream

inhibition of cytokine and growth factors (6, 7), inhibition of STAT3 dimerization
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(8), inhibition of STAT3/STAT3 nuclear translocation (9) and inhibition of DNA
binding activity (10)), low progress has been made for therapeutic application of
STAT3 inhibition (11). It is possible that due to cytotoxicity and lack of
specificity of pharmacological inhibitors, the progress of STAT3 inhibitors from
bench to bedside did not mach the anticipations. Hence, small interfering RNA
(siRNA) has emerged as an attractive modality with a promising therapeutic
potential for treating many nucleic acid-based diseases such as cancer (12).

The siRNA delivery has been shown to be effective in downregulating
STATS3 expression in several tumor cells. Inhibition of STAT3 gene expression
has led to suppression of growth and induction of apoptosis of Hep2 laryngeal
cancer cell line after transfection with DNA plasmid encoding for anti-STAT3
siRNA using Oligofectamine™ (13). Another study has reported that the delivery
of siRNA by Lipofectamine™ 2000 for STAT3 silencing can induce apoptosis in
astrocytoma cells (14). However, the use of these carriers is limited for in vitro
application due to carrier-associated toxicity in vivo (15). Therefore, developing
an optimum delivery system for siRNA remains the main obstacle for efficient
RNA interference (RNAi)-based therapeutics. The delivery strategy should
maintain  siRNA  stability under physiological conditions, improve
pharmacokinetics and biodistribution, and enhance siRNA potency while reducing
potential off-target effects of siRNA (16). In this regard, conventional viral
vectors used for nucleic acids delivery are associated with several drawbacks, in
vivo, including possibility of uncontrolled cell proliferation of transfected cells,

immune reactions to viral particles and inflammation of the transduced tissue (17-
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19). On the other hand, non-viral delivery systems are preferred over their viral
counterparts for therapeutic applications due to their acceptable safety profile and
polymeric carriers in particular are attractive since they are amenable for optimal
design via chemical modification techniques (20-23). The polymeric carrier
polyethylenimine (PEI) is an attractive carrier for intracellular delivery of siRNA.
Because of its high cationic charge density, PEI possesses the ability to effectively
condense nucleic acids by electrostatic interaction between the anionic phosphates
in the siRNA backbone and the cationic amines in the polymer (24). It
demonstrated effective siRNA delivery in vitro and in vivo to several cell types
including cancerous cells (reviewed in (25)). The work of Urban-Klein et. al.
signified the therapeutic applicability of PEI as a delivery system for siRNA-
based cancer therapy (26). Using siRNA targeting c-erbB2/neu (HER2) receptor,
the authors demonstrated marked reduction in tumor growth following systemic
(intraperitonial, i.p.) administration of the PEI/siRNA complex to mice bearing
subcutaneous ovarian carcinoma xenograft (26). However, it is worth noting that
the vehicle used in this study was a linear low-molecular-weight PEI. This
explains the high N/P ratio needed in this study to achieve the desired
complexation. Such carrier with lower cationic charge density compared to
branched high-molecular-weight PEI (25 kDa) would end up with larger particle
size upon nucleic acid compaction resulting in lower transfection efficiency (27).
In contrast, branched PEI (25 kDa) is more effective systems for nucleic acids
delivery than the linear counterpart (28). The smaller particles produced (nano-

seized) enhances the transfection efficiency, and the higher complexation ability
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(lower N/P ratio) is thought to reduce the need for both the polymeric material
and the nucleic acid for biological functionality and, therefore, implies more
specificity. However, this higher efficiency is also associated with higher
cytotoxicity (28). Nonetheless, it is also possible to manipulate PEI backbone in
order to enhance its condensation and transfection properties and to reduce
associated cytotoxicity.

We recently developed improved polymeric systems for siRNA delivery to
B16 melanoma cells based on stearic acid (StA) substitution on PEI backbone,
where such a modification led to better protection of siRNA integrity in biological
milieu and also improved the siRNA delivery into the cytoplasm (29). An
enhanced silencing was obtained when this StA-derivative was used to deliver
siRNA against o, integrin. The latter served as a model target for demonstrating
the feasibility of silencing and our previous studies were restricted to an in vitro
culture system. In this study, we further evaluated the StA-substituted PEI carrier
for siRNA-mediated downregulation of STAT3 in B16 melanoma cells, since
recent data suggested that STAT3 was directly required for the initiation and
promotion of mouse skin tumorigenesis (30). The molecular and cellular
consequences of such a STAT3 inhibition in tumor cells were determined based
on identified targets (IL-6 and VEGF secretion) and the studies were extended to
a B16 tumor model in order to explore the effectiveness of the proposed carrier in

vivo for the first time.
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3.2 MATERIALS and METHODS

3.2.1 Materials

Branched PEI (25 kDa), triethylamine (TEA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and stearoyl
chloride (98.5%) were obtained from Sigma-Aldrich (St. Louis, MO). Anhydrous
ethyl ether and dichloromethane (DCM) were purchased from Fisher Scientific
(Fairlawn, NJ). Fetal Bovine Serum (FBS) was obtained from HyClone (Logan,
UT). Dulbecco's Modified Eagle's Medium (DMEM), L-glutamine, and
gentamicin were purchased from Gibco-BRL (Burlington, ON, Canada). Mouse
IL-6 ELISA kit was purchased from e-Biosciences (San Diego, CA). Mouse
VEGF Quantikine ELISA Kit was purchased from R&D Systems (Minneapolis,
MN). Sequence-specific siRNA targeting murine STAT3 mRNA was purchased
from Ambion (Austin, TX) (sense: 5'-GGACGACUUUGAUUUCAACItt-3',
antisense: 5'-GUUGAAAUCAAAGUCGUCCtg-3"). The scrambled siRNAs
Silencer” Negative Control #1 siRNA (Catalogue #AM4635) and Silencer”
FAM™ labeled Negative Control #1 siRNA (Catalogue #AM4620), both
purchased from Ambion (Austin, TX). Caspase 3 Assay Kit, Nonidet P-40,
Protease Inhibitor Cocktails, and 4-Nitrophenyl phosphate were purchased Sigma-
Aldrich (St. Louis, MO). SK-MEL-28 + IFN-y Cell Lysate, anti-phosphotyrosine
(Y’®) STAT3 monoclonal antibody, and anti-actin antibody (I-19) were
purchased from Santa Cruz Biotechnology (Stanta Cruz. CA). ECL Plus

detection kit was purchased from GE Healthcare Life Sciences (Piscataway, NJ).
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3.2.2 Cells and Animals

Murine B16.F10 cells were grown and propagated in DMEM
supplemented with 10% FBS at 37 °C following the recommended propagation
conditions of the American Type Culture Collection (ATCC). Male C57B1/6 mice
were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All
experiments were performed in accordance with the University of Alberta
guidelines for the care and use of laboratory animals. All experiments were

performed using 4-6 week old male mice.

3.2.3 Preparation and Characterization of sSiRNA Complexes

As previously described, PEI-StA was prepared by N-acylation of PEI
with stearoyl chloride and characterized as described in (31). Thereafter,
complexes of desired siRNA concentrations were prepared as previously
described in (29) by incubating equal weights of siRNA and PEI or PEI-StA in
RNAse-free water for 30 min at 37 °C. Particle sizes were determined by
employing dynamic light scattering methodology and C-potentials were
determined for each siRNA complex in water by 3 serial measurements using

Zetasizer 3000 (Malvern, UK).

3.2.4 STAT3 Knockdown by siRNA Complexes
For STAT3 targeting, polymer:siRNA complexes (1:1) were prepared at
final siRNA concentrations of 6.25, 12.5, 25, 50, 100 and 200 nM. Thereafter, in

24-well plates, 1x10° B16 melanoma cells were incubated with the designated
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complexes at 37 °C. 200 nM naked STAT3 siRNA and identical complexes of
200 nM of scrambled siRNA were used as controls. To remove uninternalized
complexes, B16 medium was replaced after 8 h. Then, tumor supernatants were
collected at 36 h and levels of IL-6 and VEGF were determined by ELISA.
Moreover, cells were lysed and phosphorylated stat3 (p-stat3) levels were
detected by Western blot (details in section 3.2.5). Optical intensity of p-stat3
band was quantified and normalized to actin protein band using ImageJ software
(W. Rasband (2005) National Institutes of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij). Simultaneously, cancer cell viability was determined by

MTT assay following 36 h of incubation with identical siRNA complexes.

3.2.5 Western Blot

Cells were collected and washed twice with ice-cold PBS. Then, sample
tubes were imbedded in ice and cells were lysed in lysis buffer containing 30 mM
HEPES (pH 7.5), 2 mM Na3VO,, 25 mM NaF, 2 mM EGTA, 2% Nonidet P-40,
1:100 protease inhibitor cocktails, 0.5 mM DTT and 6.4 mg/mL phosphatase
substrate 4-nitrophenyl phosphate. Cell lysates were centrifuged for 20 seconds at
16,000xg. Thereafter, NaCl was added to samples to final concentration of 420
mM and cell lysates were centrifuges for 20 min at 16,000xg and supernatant was
transferred to new tubes and pellets were discarded. Total protein extract was
determined by Micro BCA Protein Assay kit. Equal amounts of protein (20 ng)
were mixed with equal volumes of loading buffer (0.5 M Tris-HCI pH 6.8, 20%

glycerol, 10% SDS, 1.5% bromophenol blue, 5% B-mercaptoethanol). Samples
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were dipped in boiling water for 5 min then loaded on 8% SDS-PAGE gel.
Electrophoresis was conducted in running buffer (25 mM Tris base, 192 mM
glycine, 0.1% SDS). For the first 30 min, the run was conducted under 60 v then it
was increased to 120 v for 90 min. Proteins were then transferred into activated
PVDF membrane in transfer buffer (1L contains: 200 mL methanol 2.4 g Tris
base, 14.2 g glycine, 0.1 g SDS) at 140 v for 2 h. Thereafter, the membrane was
incubated overnight at 4° C with blocking buffer containing 5% skimmed milk
and 0.5% bovine serum albumin (BSA) in Tris-Buffer Saline containing 0.1%
(v/v) Tween-20 (TBS-T). Then, membranes were thoroughly washed in TBS-T
and then probed with anti-phosphotyrosine (Y’*’) STAT3 monoclonal antibody at
(1:500) dilution for 2 h. The membrane was then washed 5 times (5 minutes per
wash) with TBS-T under gentle shaking. Then, goat anti-mouse polyclonal Ab at
(1:50,000) was added to the membranes in blocking buffer and kept in room
temperature for 90 min under gentle shaking. The membrane was then washed 5
times (5 minutes per wash) with TBS-T under gentle shaking and developed using
ECL Plus detection kit. For loading control, the membrane was incubated with
stripping solution (100 mM B-mercaptoethanol in TBS-T) at 37 °C for 30 min.
The membrane was washed, blocked, and probed with anti-actin antibody (I-19)

at dilution (1:1000) as mentioned above.

3.2.6 MTT Assay
B16 cells, grown in 96-well flat-bottomed microplates, were treated as

indicated. Thereafter, 100 uL of MTT solution in culture medium (0.5 mg/mL)
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was added to each well for 2 h. The formed formazan crystals were dissolved by
adding 200 pL of DMSO to each well and kept under gentle shaking for 30 min.
Optical density was measured at 550 nm using a microplate reader (Powerwave
with KC Junior software; Bio-Tek, Winooski, VT). The results were converted
into % viability relative to untreated sample.

In another study, B16 cells in 96-well plates were challenged with a daily
dose of 50 nM siRNA PEI and PEI-StA complexes for 3 consecutive days. Media
was refreshed 8 h after each incubation to remove uninternalized complexes and
MTT assay was carried out for 5 days from the first dose to assess cellular

viability. Media was refreshed every day in all groups during this experiment.

3.2.7 Caspase 3 Activity Study

The Caspase 3 activity was measured as an indicator for apoptosis. For
that purpose, B16 cells were treated with 50 nM siRNA in PEI or PEI-StA for 24
h. Using Caspase 3 Assay Kit, cells were normalized for 10> cells per treatment
group, lysed, and placed in designated wells in 96-well flat-bottomed microplates.
Provided Caspase 3 inhibitor (Ac-DEVD-CHO) and Caspase 3 substrate (Ac-
DEVD-pNA) were then added to designated wells according to the
manufacturer’s instructions. Optical density was measured at 405 nm using
microplate reader and Caspase 3 activity was calculated based on p-Nitroaniline

calibration curve.
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3.2.8 STAT3 silencing in vivo

For tumor establishment, 0.75X10° B16 cells, isolated from confluent
culture and suspended in normal saline, were inoculated subcutaneously in the
upper left flank of male C57Bl/6 mice. After 10 days, 500 pmol of STAT3-
targeting or scrambled (non-targeting) siRNAs complexes in normal saline were
administered to randomly-assigned groups (5 mice per group) by intratumoral
(i.t.) injections on daily basis for 4 consecutive days. Untreated control group
received daily i.t. injections of normal saline. Tumor dimensions were measured
by vernier caliber once a day during treatment period. The longest diameter and
the perpendicular shorter diameter were multiplied to obtain tumor area (mm?®).
Thereafter, mice were euthanized 1 day after the final treatment dose and tumor
samples were immediately isolated and weighed. Consequently, isolated tumors
were crushed between two slides in sterile PBS to form uniform cell suspension.
Tumor supernatants were obtained after centrifugation at 10,000Xg. Protein
content in tumor supernatant was normalized using Micro BCA Protein Assay kit
and analyzed for IL-6 and VEGF using corresponding ELISAs. Cellular part was
lysed and analyzed for STAT3 activation and Caspase 3 activity as described

above.

3.2.9 Data Analysis
ICsy for STAT3 knockdown was calculated using four parameter logistic

function (SigmaPlot for Windows, Version 10.0). The data were analyzed for
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statistical significance (p<0.05) by one-way ANOVA; Post-Hoc Scheffé’s test
was conducted to determine level of significance (SPSS for Windows, Version

16.0).

3.3 RESULTS
3.3.1 Characterization of sSiRNA Complexes

The average hydrodynamic diameter and C-potential of the siRNA
complexes with PEI and PEI-StA are summarized in Figure 3.1. Both complexes
formed ~110 nm structures with no significant differences in diameter. The
complexes displayed positive net surface charge, where the complexes with the
unmodified PEI showed 4.9-fold higher C-potential value than the PEI-StA

complexes.
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Figure 3.1 Fatty acid attachment on PEI backbone and characteristics of the
siRNA complexes. Table represents the size and zeta potential of polymer:siRNA
(1:1) complexes in averages of 3 different measurements (+ SD).
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3.3.2 STAT3 Knockdown by siRNA Complexes

To evaluate the ability of complexes for STAT3 knockdown, B16
melanoma cells were targeted with siRNA doses ranging from 6.25 to 200 nM.
The knockdown of the active protein, p-stat3, was dependant on the siRNA dose
(Figure 3.2A). Levels of p-stat3 after incubation with PEI-StA complex were
found to be 55.8% lower than that of PEI at 50 nM siRNA. At 100 nM siRNA,
PEI-StA complexes also showed up to 42.2% reduction in p-stat3 levels compared
to the PEI complexes. At 200 nM siRNA, there was no significant difference
among the two polymers in spite of further p-stat3 reduction. It is worth noting
that 25 nM siRNA was sufficient for PEI-StA complex to reach significant
reduction in p-stat3 level. The observed knockdown is considered specific since
200 nM of scrambled siRNA did not show any significant reduction in p-stat3
levels (not shown). The ICsy of STAT3 knockdown was calculated based on the
data in Figure 3.2A. PEI-StA complexes had an ICsy value of 19.0 + 3.0 nM for p-
stat3 knockdown, significantly lower than that of PEI complexes (94.3 = 23.7 nM;

p<0.05).

116



Chapter Three: STAT3 Targeting in Cancer by SiRNA

120 - — 120
— PEI-StA ST T
;\3 100 +—@gE -3 ———= ——- Controls S 100 +
5 2 80 -
> 80 =
3 § 60 - Q-
® 60 - > 0 a 3
g 2 —e— PEI
N 40 - [} ] —o— PEISIA
o o 20 ——- Controls
20 = N 92 kD 0 T T T T T T
p-stat3 A S - . a
p-stat: I 0 kDa 0 62512525 50 100 200
actin < : 0 siRNA Concentration (nM)
6.2512.5 25 50 100 200
siRNA Concentration (nM)
= 50 - 350 - 50
E’\_/ ® PEI 9] i =mmm Caspase 3 Activity X
< O  PEI-StA 23 300 A == Cancer Cell Death | 40 =
g S g 250- g
(8]
e < 3 200 A r30 o
© ™ c @
8 S o 100 1 e
c 8 €E 50 r10 2
© O £ ©
o 0 - Lo ©

0 20 40 60 80
STAT3 Knockdown (%)

w
o

PEI-StA
PEIl-sc
PEI-StA-sc
Untreated

Figure 3.2 STAT3 knockdown by siRNA complexes in vitro. (A) Western blot
analysis showing a dose-dependent reduction in p-stat3 signal using actin as
loading control. Bars represent expression of p-stat3 upon the designated siRNA
treatment. Data are shown as the average = SD of 4 experiments. (B) Percentage
of cell viability was determined relative to untreated control by MTT assay. Data
are shown as mean (£ SD) of 7 replicates for each sample. (C) Correlation
between p-stat3 knockdown and cancer cell death was determined by linear
regression. Correlation co-efficient (r2) for each set is expressed on the trend line
of best fit. (D) Correlation between Caspase 3 activity (black bars) and cell death
% (grey bars). PEI-StA caused higher apoptosis as compared to control (*;
p<0.05) and PEI (a; p<0.05). Data are shown as mean (+ SD) of 3 experiments.
Where shown, dashed line represents controls including: 200 nM of naked siRNA
or identical complexes of scrambled siRNA. Statistical significance was
determined compared to control (*; p<0.05) and PEI (a; p<0.05).
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3.3.3 Effect of STAT3 Knockdown on B16 Survival in vitro

To examine B16 cells survival following STAT3 knockdown, we
measured cell viability using the MTT assay. After 36 h of incubation with the
complexes, a dose-dependent cytotoxicity was obtained with all complexes
(Figure 3.2B). At siRNA concentration of 50 nM, both complexes caused
significant cytotoxicity of B16 melanoma cells, but cell viability was 18.5% lower
after treatment with PEI-StA2 complexes as compared to that of PEI complexes.
These results were consistent with the Western blot analysis. The possibility of
non-specific cell death was tested using 200 nM of scrambled siRNA complexes
and there were no significant changes in cell viability compared to untreated
control. A strong correlation between the siRNA-mediated p-stat3 knockdown
(data from Figure 3.2A) and B16 cell death (data from Figure 3.2B) was observed
with all complexes, where the correlation coefficients (r*) were 0.933 and 0.959
for PEI and PEI-StA complexes (Figure 3.2C).

In order to confirm apoptosis, Caspase 3 activity was measured after
treatment with 50 nM siRNA (Figure 3.2D). While controls showed basal Caspase
3 activity, PEI complexes resulted in up to 6-fold increased Caspase 3 activities as
compared to the untreated cells. When PEI-StA was used, Caspase 3 activity
reached to 14.9 folds more than the untreated control. Consistent with our
cytotoxicity results, Caspase 3 activity with the PEI-StA complexes was found to
be ~ 2.5 times higher than that with PEI complexes. With formulations of
scrambled siRNA using both polymers, no significant difference was noticed

compared to untreated cells.
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We then investigated the changes in cell viability after STAT3 silencing
with fixed daily dose of siRNA (Figure 3.3). The B16 cells were incubated with
50 nM fresh siRNA complexes of PEI or PEI-StA every 24 h for 3 consecutive
days, and cell viability was measured for 7 days. After 24 h, PEI-StA complexes
caused 39.7% decrease in cancer cell viability, which was statistically better than
what achieved by PEI complexes (12.6% reduction in cell viability). The second
dose allowed for dramatic reduction in cell viability where PEI-StA complexes
caused 73.9% decrease in cell viability as compared to only 23.9% reduction
caused by PEI complexes. A third dose of PEI complexes further reduced cell
viability by 30.6%, but with PEI-StA complexes reduction in cell viability was
remarkably more reaching over 84.7% cell death. After treatment removal, cells
started to regain viability and continued to grow back. A similar study was carried
out with identical formulations of scrambled siRNA where no significant changes

in cancer cell viability were noticed.
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Figure 3.3 Effect of multiple administrations of 50 nM siRNA complexes on B16
viability in vitro. B16 cell wviability is dramatically reduced by daily
supplementation of anti-STAT3 siRNA in PEI and PEI-StA complexes. PEI-StA
gave higher cell death as compared to control (*; p<0.05) and PEI (a; p<0.05).
Data are shown as the average (+ SD) of 3 independent experiments.
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3.3.4 In vitro Cytokine Secretion by B16 Cells

To examine changes in the cytokine profile of B16 cells following STAT3
knockdown, B16 supernatants were collected after designated treatments and
analyzed for IL-6 and VEGF. At 36 h after incubation, there was an increase in
IL-6 secretion as a function of siRNA concentration used for STAT3 knockdown
(Figure 3.4A). Unlike the PEI complexes, PEI-StA complexes mediated a
significant increase in IL-6 levels at 25 nM siRNA. At this concentration, p-stat3
level was also significantly lower compared to the PEI complexes. Both polymers
showed significant increase in IL-6 secretion at 50 nM siRNA; however, IL-6
concentration after treatment with PEI-StA complexes was 42.7% higher than the
PEI complexes. Further increase in IL-6 levels was observed at 100 nM, where
PEI-StA complexes produced higher IL-6 levels (33.4% higher than that of PEI
complexes). The highest concentration of IL-6 was achieved at 200 nM with both
polymers.

A dose-dependent decrease in VEGF concentration in B16 supernatant
was observed following 36 h of siRNA treatment (Figure 3.4B). Consistent with
the previous Western blot data, a significant reduction in VEGF level was
detected at 25 nM siRNA with the PEI-StA complexes, but not with PEI
complexes. Although all complexes significantly reduced VEGF secretion at 50
nM, PEI-StA mediated a higher reduction in VEGF level compared to PEI
complexes. A more profound reduction in VEGF concentration was detected at
100 nM siRNA, where PEI-StA accounted for 27.2% decrease in measured VEGF

concentration compared to the PEI complexes.
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Figure 3.4 Analysis of cytokine profile after STAT3 knockdown in vitro.
Cytokine levels measured by ELISA were plotted in bar graphs for IL-6 (top) and
VEGF (bottom) where PEI-StA showed significant induction of IL-6 production
and decrease in VEGF levels as compared to control (*; p<0.05) and PEI (a;
p<0.05). Dashed line represents controls which include 200 nM of naked siRNA
or identical complexes of scrambled siRNA. Data are shown as the average (+
SD) of 3 measurements.
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3.3.5 Effect of STAT3 Knockdown on B16 Tumor in vivo

To assess changes in tumor area after siRNA silencing of STAT3, we
administered siRNA complexes intratumorally to an already established B16
tumor model. The results showed significant retardation in tumor growth after 4
days of administration of STAT3- siRNA by PEI-StA as compared to PEI (Figure
3.5A). Scrambled siRNA complexes did not show any significant difference from
untreated control at any point throughout the study. By the end of the study, tumor
area for animals treated by PEI-StA/siRNA complexes was 2 fold smaller than
those treated with PEI/siRNA complexes (Figure 3.5A). Comparing the weights
of isolated tumors, only STAT3-specific siRNA complexes showed significant
reduction in tumor weight as compared to the controls (Figure 3.5B).
Nevertheless, siRNA delivery with the PEI-StA showed a 38% reduction in tumor
weight as compared to the delivery with PEL. A superior antitumor effect of
STAT3-specific PEI-StA complexes over PEI and other controls was also evident

visually at the time of sacrifices (Figure 3.5B).
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Figure 3.5 Effect of siRNA complexes on tumor growth in vivo. (A) Male
C57Bl1/6 mice (5 per group) with established B16 tumors were injected with 500
pmol siRNA complexes for 4 days intratumorally. Tumor size was measured
daily. The mean tumor area (+ SE) for each group was plotted versus time. PEI-
StA shows higher retardation in tumor growth as compared to control (*; p<0.05)
and PEI (a; p<0.05). (B) Tumor weight was measured at the endpoint of the study.
Bars represent mean weight (+ SE) of the isolated tumors from each group. (C)
Pictures representative for mice in each group at the endpoint of the study.
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The western blot analysis of tumor homogenates showed that PEI-StA
complexes were able to successfully reduce p-stat3 levels by ~41% and 60 %
lower than what achieved by PEI complexes and untreated control, respectively
(Figure 3.6A). This significant inhibition in p-stat3 was accompanied by a
significant increase in Caspase 3 activity in PEI-StA treated groups, which was 2-
fold and 22-fold higher than the PEI complex treated and the untreated control
groups, respectively (Figure 3.6B). In agreement with the in vitro data, IL-6 level
was significantly higher in PEI-StA/siRNA treated tumors, with 2-fold and 6-fold
increase as compared to the PEI/siRNA treatment and the untreated control
groups, respectively (Figure 3.6C). Consistently, VEGF level after PEI-
StA/siRNA treatment was 3-fold and 5-fold less than the PEI/siRNA treatment

and the untreated control groups, respectively (Figure 3.6D).
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Figure 3.6 Molecular analysis of tumor following siRNA administration in vivo.
(A) p-STAT3 was detected in 20 ug of collected cell lysate from each treatment
group by Western blot. Data are shown as the average (= SD) of 4 measurements.
(B) Caspase 3 activity was measured in each treatment group. Data represent the
mean of 6 measurements (= SD). (C) & (D) Levels of IL-6 and VEGEF,
respectively, in tumors from each treatment group as determined by ELISA. Data
represent the mean (+ SD) of at least 3 measurements. Significance levels are
indicated by (*; p<0.05) as compared to control and (a; p<0.05) as compared to
PEI
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3.4 DISCUSSION

The first direct evidence suggesting a critical role of STAT3 in
cancer growth emerged when it was shown that down-regulation of STAT3 in cell
lines derived from patients with squamous cell carcinoma of the head and neck
(SCCHN) reduced the proliferation of SCCHN cells (32). Further molecular
investigation on multiple-myeloma cells separated from bone-marrow aspirates,
and on U266 myeloma cell line provided evidence for STAT3 contribution in
survival and malignant progression of multiple myeloma (33). Furthermore, in a
study involving prostate cancer patients, 82% of tumor specimens obtained by
radical prostatectomy showed elevated levels of STAT3 compared with matched
non-tumor prostate tissues (34). STAT3 was also found to be essential for leptin-
induced survivin expression in breast cancer cells (35). Recently, studies on
melanoma patients also suggested that tyrosine-phosphorylated STAT3 is a
biomarker for atypical nevi progression and a potential target for
chemoprevention of melanoma (36). Subsequent studies revealed that STAT3 is
also persistently activated in other solid and hematological malignancies in human
(reviewed in (37, 38)). Finally, interruption of the STAT3 signaling pathway in
solid and hematological tumors were proposed to serve as a promising strategy for
cancer therapy (39). For instance, in a study where both JAK and STAT3 were
inhibited, a reduced tumor invasion and an increased apoptosis were noted in a
human colorectal cancer model (40). Additionally, in a phase I/II clinical trial,
tipifarnib (a farnesyl transferase inhibitor) was administered to patients with

breast cancer in combination with doxorubicin and cyclophosphamide (41). The
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authors found that p-STAT3 was inhibited in patients upon tipifarnib treatment,
which produced higher pathologic complete response rate than chemotherapy
alone. This collective experience clearly indicated STAT3 inhibition to be a
promising approach for control of tumor growth and regression.

Several modalities have been employed to achieve effective STAT3
inhibition (11, 39). Peptides and peptidomimetics were introduced as inhibitors of
STATS3 dimerization (8), but the effectiveness of these molecules was limited by
the poor cellular permeability and insufficient stability profile. Small molecular
inhibitors of STAT3 such as JSI-124 (cucurbitacin I) were shown to induce cell
death and inhibit cell growth of transformed murine fibroblasts and human breast
cancer (6). However, non-specific toxicity limited the clinical application of JSI-
124. At effective JAK2/STAT3 inhibitory concentration, JSI-124 was shown to
profoundly affect actin cytoskeleton via STAT3-independend mechanism in both
cancerous and non-cancerous cells (42). More tolerable natural agents such as
curcumin were reported to exert STAT3 inhibitory action in cancer (43). It was
shown that curcumin inhibition of STAT3 phosphorylation is time dependent,
where complete suppression of p-STAT3 was achieved after 4 h (10). However,
the relatively high curcumin concentration used in these studies (40-50 uM) raised
a concern for its potential non-specific effects. A Phase II clinical trial
investigating the anti-cancer potential of curcumin in prostate cancer patients
indicated low bioavailability of curcumin when administered orally (44). Overall,
since the inhibitory effect of small molecular weight agents on STAT3 is

suggested to be indirect through disrupting upstream components in STAT3
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signaling pathway (11), potential side effects and toxicities at levels required for
STAT3 inhibition along with solubility, bioavailability and biological stability
problems limit clinical application of these compounds.

RNA interference has been examined for STAT3 inhibition in cancer as a
more specific modality. This strategy can be used as a direct STAT3 inhibitory
approach, as well as serving as a complimentary means to reduce the required
dose of inhibitors of STAT3 function. However, the therapeutic potential of
siRNA is hindered by its poor cellular internalization and biological instability
(45). Development of efficient and safe delivery systems that can correct these
properties of siRNA will be paramount for its clinical application. Numerous non-
viral carriers have been investigated for siRNA delivery, such as PEI, cationic
liposomes, polyelectrolyte complex micelles, water soluble lipopolymers, and
polycationic dendrimers. The knockdown of STAT3 by siRNA inducing
apoptosis in astrocytoma cell lines has been achieved by high siRNA doses (20-60
uM) using Oligofectamine™™ as carrier (14). Moreover, STAT3 knockdown by
siRNA at 100 nM using Lipofectamine™ 2000 was shown to induce apoptosis
and limit invasiveness and motility of human prostate cancer cells in vitro (46).
High siRNA doses used in such studies raises the concern for off-target effects.
Besides, application of mentioned carriers has been associated with cellular
toxicity limiting their in vivo application (15).

In this manuscript, we report on a potent siRNA polyplex that achieved
efficient down-regulation of STAT3 at a relatively low siRNA concentration (~25

nM) (Figure 3.2A) and inhibited tumor growth both in vitro (Figure 3.2B) and in
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vivo (Figure 3.6A). This polyplex was based on StA attachment to branched PEI
(25 kDa), which was recently reported to form complexes with siRNA, interact
with B16 melanoma cells in vitro and reduce the expression of o(v) integrin in
those cells (29). We evaluated this system for STAT3 targeting as a cancer
therapeutic modality in vitro and in vivo. The dependence of B16 melanoma cells
on STAT3 activity for their survival has been previously established (47). Our
findings demonstrate that both polymers effectively pack siRNA into
polyelectrolyte complexes suitable for cell internalization. However, cellular
association of siRNA is higher when packed by PEI-StA as compared to PEI (not
shown). The higher degree of siRNA protection in serum by PEI-StA might
contributed to this effect (29). Others have also shown that siRNA protection from
serum degradation is associated with better cellular distribution. The work of Kim
et. al. showed that almost complete degradation of naked siRNA could occur after
8 h of incubation in 50% FBS; however, micelles of PEG-conjugated siRNA/PEI
complexes were able to protect the siRNA even after 48 h of incubation (48). In
the presence of serum, cellular uptake of these micelles by human prostate
carcinoma cells (PC-3) was shown to be higher than siRNA/PEI complexes used
in that study, which indicates improved stability (49). Moreover, we also found
that the higher cellular association is correlated with higher siRNA silencing
efficacy. Although both complexes were equipotent in STAT3 knockdown at 200
nM siRNA, PEI-StA yielded significant silencing effect and enhanced cancerous
cell death at siRNA concentrations as low as 25 nM. This is expected to be

beneficial to reduce possible siRNA off-target effects as a consequence of the
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reduced dose. Secondly, lower polymer contents were needed for siRNA
complexation when PEI-StA was used in comparison to PEI. Therefore,
application of PEI-StA as the siRNA complexing agent may help to minimize
potential inherent toxicity of PEI against non-target cells. In this regard, several
approaches have been followed in literature to reduce PEI-associated cell toxicity
while retaining transfecting efficacy including PEGylation (50, 51) and disulfide
cross-linkage of PEI (52). Although non-specific toxicity of the polymers could
complicate the interpretation of our results, the dose-dependent reduction in
cancer cell viability observed in this study was unlikely to be due to non-specific
polymer cytotoxicity, since; (i) the noted cell death after STAT3 knockdown by
siRNA is shown to be an apoptotic rather than a necrotic event (i.e., cytotoxic
effect of polymers is usually mediated via necrosis) and (ii) at the highest siRNA
concentration used in this study (i.e., highest polymeric amount) were proven not
to be toxic on B16 cells (29).

The in vitro B16 cell death was highly correlated with STAT3 knockdown
efficiency (Figure 3.4C). It is worth noting that 50% inhibition in cancer cell
survival in vitro was only achieved by PEI-StA complex after daily administration
of siRNA complexes (Figure 3.3). This is not surprising because of the temporary
nature of siRNA interference owing to its degradation by intracellular nucleases,
which can be compensated by the daily supplementation of siRNA complexes.
Such information was valuable in scheduling our in vivo study where daily
administration of anti-STAT3 siRNA complexes for 4 days significantly

suppressed tumor growth rate (Figure 3.5A). Although no reduction in the
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originally treated tumor mass was noted, groups treated with PEI and in particular
PEI-StA/STATS3 siRNA complexes, demonstrated remarkable inhibition in tumor
growth and significant induction of apoptosis in vivo compared to scrambled
siRNA complexes and untreated controls (Figure 3.6B).

Upon STAT3 knockdown, an increase in IL-6 production and a decrease
in VEGF production by B16 cells were detected in vitro (Figure 3.4A and B) and
in vivo (Figure 3.6C and D). IL-6 is a pleiotropic cytokine with paradoxical
effects. In some cases, IL-6 promotes tumor growth, while exerting anti-tumoral
activity in other cases, and being used for the treatment of malignancies such as
melanoma (53). This paradox is partly due two opposing transcription factors
activated by the IL-6 signaling, namely STAT3 and STAT1 (54). In many cancer
types, IL-6 constitutively activates STAT3, whereas STAT1 activation by IL-6
seems to be transient and inefficient especially when compared to its activation by
interferon alpha (IFN-a) and interferon gamma (IFN-y) (55). Interestingly, in the
absence of STAT3, IL-6 causes a drastic and prolonged activation of STATI, and
induces the same spectrum of genes that are induced by IFN-y with similar
kinetics and response (56). Such an effect would directly translate into
suppression of B16 cell growth (57). Therefore, we argue that one reason for the
noted cancer regression after STAT3 knockdown in this study is perhaps the anti-
tumoral effect of IL-6 that is reminiscent of the IFN-y effect. Moreover, the
expression of IL-6 is known to be induced by IFN-y (58) and NF«B activity (59).
Upon IL-6 expression, STAT3 strongly inhibits IFN expression (60) and

suppresses NFkB activity (61). Therefore, when STAT3 is downregulated, it is

133



Chapter Three: STAT3 Targeting in Cancer by SiRNA

logical to expect an induction in IL-6 production. Our results showed a dose-
dependent increase in IL-6 secretion in vitro associated with STAT3 knockdown.
Similarly, we detected an enhanced production of IL-6 in the isolated tumor tissue
(Figure 3.6C) where STAT3 is downregulated (Figure 3.6A). An independent
group has also reported similar observation where induction of IL-6 production
was detected in B16 melanoma cells in vivo after STAT3 targeting by anti-sense
oligonucleotide (62). In contrast to our findings, another study reported a
reduction of IL-6 mRNA in B16.F10 after interrupting STAT3 signaling (9). The
reason behind this discrepancy is unclear to us, but we note that the approach used
by these authors to suppress STAT3 activity was by suppression of STAT3
nuclear translocation by decoy oligonucleotide with no inhibition of cytoplasmic
levels of STAT3. The presence of STAT3 in the cytoplasm raises the possibility
of STAT3 inhibition on NFkB (63). Recently, it was suggested that STAT3 could
interact with p65 subunit to form a novel complex that suppresses P-NFxB
activity (64). In our siRNA-based approach as well as in the anti-sense
oligonucleotide approach (62), intracellular protein levels of STAT3 was reduced,
which minimized the negative effect on NFkB and, hence, promoted the IL-6
production. However, because IL-6 is also produced in vivo by components of the
immune systems, we cannot attribute all IL-6 secretion solely to tumor cells. A
more detailed analysis of the infiltrating immune cells to the tumor mass and the
possible anti-tumoral immune response is discussed in Chapter 4.

The reduction in the VEGF levels as a result of STAT3 knockdown was

expected since VEGF gene expression was shown to be upregulated by STAT3
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(65). Beside its role for tumoral angiogenesis, the importance of VEGF for B16
survival has been demonstrated (66). Considering the well established relationship
between the VEGF expression, tumor vascularization and cancer survival, we
expect the regression in tumor growth in vivo after STAT3 inhibition was due to
both its direct effects on cancer cell survival and its anti-angiogenic effect on
tumor tissue mass. However, we could not rule out the possibility of B16 cell
death due to reduced expression of other antiapoptotic proteins as a result of
STAT3 knockdown. It has been demonstrated that STAT3 upregulates the
expression of several antiapoptotic proteins such as Bcl-2, Bel-xL, and Mcl-1 (39)
and the inhibition of STAT3 activity results in an increased sensitivity to
apoptosis (67). Moreover, the detrimental effects of STAT3 disruption on B16
survival has been linked to inhibition in Becl-xL expression (67). It will be
important to elucidate the role of other intracellular proteins involved upon

STAT3 inhibition, and this may identify better therapeutic targets.
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4.1 INTRODUCTION

Immune evasion is a hallmark of cancer progression and development (1,
2). One of the major strategies that allow tumors to evade immune detection and
eradication is through persistent activation of signal transducer and activator of
transcription 3 (STAT3) (3-6). This downstream protein is a transcription factor
that becomes activated in response to cytokine and growth factor receptor
stimulation; forming dimers and translocating to the nucleus upon activation. In a
variety of tumor cells, activated STAT3 promotes the transcription of genes
responsible for cell survival and proliferation, angiogenesis, metastasis, as well as
immune escape (7, 8). For immune escape property, STAT3 involvement appears
at two levels: the cell intrinsic level and the cell extrinsic level. The cell intrinsic
mechanisms encompass changes in cancer cells that have resulted from
persistently active STAT3. For instance, constitutively active STAT3 suppresses
the production of the chemokines RANTES and IP-10 that are responsible for T-
cell recruitment (3). Another example is the downregulation of the tumor-cell-
surface expression of Fas receptor (CD95), which is a proapoptotic receptor
involved in cytotoxic T lymphocyte (CTL)-dependant cytotoxicity (9). The cell
extrinsic level is orchestrated by the ability of STAT3 to mediate a cross-talk
between cancer and immune cells (10-12). In this scenario, tumor-derived factors
(TDFs) produced by STAT3-activated tumors, induce the activation of STAT3 in
multiple subsets of innate and adaptive immune cells (11, 13). Upon STAT3
hyperactivity, innate immune cells such as natural killer (NK) cells, tumor-

associated macrophages (TAM), NKT cells, and neutrophils lose their ability to
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inhibit tumors and their effective production of immunostimulatory molecules
(11). Dendritic cells (DCs), which are the most potent antigen presenting cells
(APCs), are also negatively influenced by STAT3 hyperactivation. The
immunosuppressive milieu induces the production of immunosuppressive TDFs
that further inhibit DC maturation and results in the inhibition of Thl-type
immune response and CTL cytotoxicity (3). Thus, in the presence of cancer, DC
malfunction causes an immunological paralysis and potentiation of cancer
progression (5, 14). Therefore, breaking this cycle of tolerance by targeting
persistently-active STAT3 in tumors is essential to reactivate the immune system
for a robust anti-tumor response in an otherwise immunosuppressive
microenvironment.

RNA interference (RNAi) induced by small interfering RNA (siRNA)
provides a very specific and effective modality to downregulate protein
expression at the mRNA level (15). Despite great potential, siRNA technology
suffers from fundamental drawbacks such as low biological stability, poor cell
permeability, and unfavorable pharmacokinetic and biodistribution profile that
hinder its progress from bench to bedside (16). Therefore, it is essential to develop
a delivery system that optimally delivers siRNA to its site of action while
retaining its silencing activity (17).

We have recently developed a polymeric system for siRNA delivery to
B16 melanoma cells based on stearic acid (StA) substitution on polyethylenimine
(PEI) backbone, where such modification led to a better siRNA stability in

biological milieu, effective downregulation of STAT3 at low siRNA doses,
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leading to the inhibition of B16 cell growth both in vitro and in vivo (18).
Moreover, a reduction in the level of vascular endothelial growth factor (VEGF),
an increase in interleukin-6 (IL-6) production, and a rise in Caspase 3 activity in
isolated tumor mass upon siRNA intervention was noted (18). This chapter sheds
the light on the intratumoral trafficking and activity of immune cells, including
DCs, following STAT3 downregulation in tumor cells by its siRNA/PEI-StA
complexes.

Also, in this chapter, we examined the possible discrepancy in immune
response of DCs coming from different sources i.e. primary culture of bone-
marrow derived DCs and DC.24 cell lines, which have been used in literature in

order to study TDF effects on DC maturation and STAT3 activation in vitro.
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4.2 MATERIALS and METHODS

4.2.1 Materials

Branched PEI (25 kDa), triethylamine (TEA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and stearoyl
chloride (98.5%) were obtained from Sigma-Aldrich (St. Louis, MO). Anhydrous
ethyl ether and dichloromethane (DCM) were purchased from Fisher Scientific
(Fairlawn, NJ). Fetal Bovine Serum (FBS) was obtained from HyClone (Logan,
UT). Dulbecco's Modified Eagle's Medium (DMEM), RPMI-1640, L-glutamine,
and gentamicin were purchased from Gibco-BRL (Burlington, ON, Canada).
Mouse IL-2, IL-12, TNF-a, and IFN-y ELISA kit was purchased from e-
Biosciences (San Diego, CA). Sequence-specific siRNA targeting murine STAT3
mRNA was purchased from Ambion (Austin, TX) (sense: 5'-
GGACGACUUUGAUUUCAACtt-3', antisense: 5'-
GUUGAAAUCAAAGUCGUCCtg-3"). The scrambled siRNAs Silencer”
Negative Control #1 siRNA (Catalogue #AM4635) and Silencer” FAM™ labeled
Negative Control #1 siRNA (Catalogue #AM4620), both purchased from Applied
Biosystems (Foster City, CA). Caspase 3 Assay Kit, Nonidet P-40, Protease
Inhibitor Cocktails, and 4-Nitrophenyl phosphate were purchased Sigma-Aldrich
(St. Louis, MO). Anti-phosphotyrosine (Y’*’) STAT3 monoclonal antibody, anti-
STATS3 antibody and anti-Actin antibody (I-19) were purchased from Santa Cruz
Biotechnology (Stanta Cruz. CA). ECL Plus™ detection kit was purchased from
GE Healthcare Life Sciences (Piscataway, NJ). Anti-mouse CD3 (FITC labeled),

CD4 (phycoerythrin (PE)-Cy5 labeled), CD8 (PE-Cy5 labeled), NK1.1 (PE
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labeled), CD11c (FITC labeled), CD86 (PE labeled), and CD40 (PE-Cy5 labeled)
mAbs, or corresponding isotype controls, were purchased from BD Biosciences
(Mississauga, ON, Canada). EasySep”™ Negative Selection kit for T cells isolation

was purchased from Stemcell Technologies (Vancouver, BC).

4.2.2 Preparation of sSiRNA Complexes

PEI-StA was prepared by N-acylation of PEI with stearoyl chloride and
characterized as described in (19). Then, in sterile eppendorf tubes, equal amounts
(in pg) of siRNA and PEI or PEI-StA in PBS were incubated for 30 minutes at 37
°C as previously described (18). Samples were freshly prepared before each

administration.

4.2.3 Assessing the Effect of Media from Untreated and siRNA Treated B16
Cells on in vitro DC Maturation and Function
4.2.3.1 Cell Culture

Primary DC culture was generated from bone marrow precursor of C57BL/6 mice
femurs and propagated in complete RPMI-1640 in presence of GM-CSF as
previously described (20). In brief, femur bone was removed from dissected
mouse in aseptic technique and all tissue was removed from the intact bone
structure. Then, the femur was dipped in 70% ethanol pool for 1 min to reduce
contamination. Carefully, each tip of the femur was cut by scissors just below the
joint. After that, insulin needle was carefully inserted into one end and 1 mL PBS

was used to flush the bone marrow using a syringe into 50 mL sterile tubes. This
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process was repeated until the exterior color of the bone become completely
white. Thereafter, the flushed bone marrow was filtered through a mish to
preclude particulate matter. Then, filtrate was suspended in sterile PBS and
centrifuged at 500 g for 5 min. Cells were counted using hemocytometer and 2 X
10° cells were seeded in Petri dishes in 10 mL growth media. At day 3, another 10
mL growth media was added; at day 6, 10 mL was replaced by fresh growth
media. The purity of the DC population on day 7 was found to be between 70-
75% based on the expression of CD11c on the semi-adherent and non-adherent
cell populations.

DC2.4 cell line, obtained from Dr. Kenneth Rock (University of
Massachusetts, Worcester, MA), was propagated in complete RPMI-1640 with
10% FBS.

B16.F10 cell line was provided by Dr. Mavanur Suresh (University of
Alberta, Edmonton, AB), and NIH 3T3 cell line was obtained from ATCC
(Manassas, VA). Both cell lines were propagated in DMEM with 10% FBS. To
generate tumor-conditioned medium from B16.F10 (B16-CM), confluent B16.F10
cells were incubated in fresh serum-free DMEM medium for 24 h. Thereafter, the
medium was collected and centrifuged.

Then, primary DC culture or DC2.4 culture was exposed to B16-CM for
24 h where final concentration of B16-CM was 50%. FBS was corrected to 10%
in each culture. Then p-STAT3 level was detected in each cell type by Western
blot, and maturation level was assessed by CD86 and CD40 expression (details

below).
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4.2.3.2 Treatments

4.2.3.2.1 B16.F10 Treatment

For STAT3 targeting, siRNA complexes were prepared at final siRNA
concentrations of 50 nM. Thereafter, in 24-well plates, 1x10° B16 melanoma cells
were incubated with the designated complexes at 37 °C. Identical complexes
scrambled siRNA as well as untreated B16 cells were used as controls. To remove
uninternalized complexes, B16 medium was replaced after 8 h. Then, cells were
lysed and levels of p-STAT3 as well as total STAT3 were detected by Western
blot as described in chapter 3. Optical intensity of p-STAT3 band was quantified
and normalized to Actin protein band using ImageJ software (W. Rasband (2005)

National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij).

Simultaneously, on 96-well plate, cancer cell viability was determined by MTT
assay and Caspase 3 Activity assay following 36 h of incubation with siRNA

complexes.

4.2.3.2.2 DC Treatment

Malfunctioned DCs at day 7 were generated by exposure to tumor-conditioned
media from B16.F10 melanoma culture (B16-CM) for 24 h. Murine B16.F10 cells
were grown and propagated in DMEM media supplemented with 10% FBS at 37
°C and 5% CO,. After confluence, B16 cells were incubated with serum-free
media for 24 h. This media was collected and grouped according to the designated

treatment into: anti-STAT3 siRNA complexes treated (B16-CM/PEI and B16-
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CM/PEI-StA), scrambled siRNA complexes treated (B16-CM/PEI-sc and B16-
CM/PEI-StA-sc), and untreated B16-CM. Thereafter, conditioned medium from
each treatment group was added to a primary DC culture reaching final B16-CM
concentration of 50%. FBS was then supplemented to 10% final concentration in
culture. After that, DC phenotypic maturation was evaluated by surface
expression of CD40 and CD86 as analyzed by fluorescence activated cell sorting
(FACS). Moreover, mixed lymphocytes reaction (MLR) was performed as
described below to assess DC function as indicated by their capability to stimulate

allogenic T cell proliferation.

4.2.3.3 Western Blot

Cells were washed twice with ice-cold PBS, then lysed in a buffer containing 30
mM HEPES (pH 7.5), 2 mM Na3VOy, 25 mM NaF, 2 mM EGTA, 2% Nonidet P-
40, 1:100 protease inhibitor cocktails, 0.5 mM DTT and 6.4 mg/mL phosphatase
substrate 4-nitrophenyl phosphate. Cell lysates were centrifuged for 20 seconds at
16,000xg. Thereafter, NaCl was added to samples to final concentration of 420
mM and cell lysates were centrifuges for 20 min at 16,000xg and supernatant was
transferred to new tubes and pellets were discarded. Total protein extract was
determined by Micro BCA Protein Assay. Equal amounts of protein (20 pug) were
loaded on 8% SDS-PAGE. Proteins were then transferred into PVDF membrane
and were probed with anti-phosphotyrosine (Y'*°) STAT3 mAb. Stripped

membranes were probed with anti-STAT3 Ab and anti-Actin Ab (I-19).
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Membranes were developed using ECL Plus detection kit as described in

chapter 3.

4.2.3.4 MTT Assay

B16 cells, grown in 96-well flat-bottomed microplates, were treated as indicated.
Thereafter, 100 pL of MTT solution in culture medium (0.5 mg/mL) was added to
each well for 2 h. The formed formazan crystals were dissolved by adding 200 pL
of DMSO to each well and kept in gentle shaking for 30 min to ensure complete
dissolution. Optical density was measured at 550 nm using a microplate reader
(Powerwave with KC Junior software; Bio-Tek, Winooski, VT). The results were

converted into (%) viability relative to untreated sample.

4.2.3.5 Caspase 3 Activity Assay

The Caspase 3 activity was measured as an indicator for apoptosis. For that
purpose, B16 cells were treated with 50 nM siRNA in PEI or PEI-StA for 24 h.
Using Caspase 3 Assay Kit, cells were normalized for 10° cells per treatment
group, lysed, and placed in designated wells in 96-well flat-bottomed microplates.
Provided Caspase 3 inhibitor (Ac-DEVD-CHO) and Caspase 3 substrate (Ac-
DEVD-pNA) were then added to designated wells according to the
manufacturer’s instructions. Optical density was measured at 405 nm using
microplate reader and Caspase 3 activity was calculated based on p-Nitroaniline

calibration curve.
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4.2.3.6 FACS Analysis

For phenotypic maturation studies, 1x10° DC primary cultures were washed with
PBS and suspended in FACS buffer (PBS with 5% FBS). Then, cells were
incubated with 0.5 ul CD16 mAbs for 30 min at 4° C. Then, cells were incubated
with 0.25 pl fluorescence-labeled CD86 and CD40 mAbs or corresponding
isotype controls and kept in 4°C for 30 min. After that, cells were washed 3 times
with FACS buffer and centrifuged at 10,000Xg for 4 min to remove excess
mAbs. All samples were finally acquired on a Becton-Dickinson FACSort and

analyzed by Cell-Quest software.

4.2.3.7 Mixed Lymphocyte Reaction

T cells were obtained from spleen of Balb/c mice Jackson Laboratory (Bar
Harbor, ME, USA). Spleen was crushed between two slides and T cells were
purified using EasySep” Negative Selection kit according to manufacturer’s
instructions. Purified T cells were cocultured in flat-bottomed 96-well plates with
irradiated DCs in a ratio of (2:1) in 37°C and 5% CO,. Thereafter, [3H]-thymidine
was added during the last 18 hours of a 3 day coculture and the T-cell
proliferation measured by [*H]-thymidine incorporation in counts per minute.
Corresponding IL-2 secretion was determined by ELISA in a 96-well microplate
using a microplate reader (Powerwave with KC Junior software; Bio-Tek,
Winooski, VT) at OD of 450 nm with reference set at 570 nm. All samples were

analyzed in at least triplicates.
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4.2.4 Assessing the Effect of Anti-STAT3 siRNA Complex Treatment of B16
Tumors on Immune Response in vivo

4.2.4.1 Tumor Establishment and Treatment

All experiments were performed in accordance with the University of Alberta
guidelines for the care and use of laboratory animals using 4-6 week old male
mice. Male C57B1/6 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). B16 tumor was established as described earlier in (18)
(chapter 3). In brief, 0.75X10° B16 cells were inoculated subcutaneously in the
upper left flank of male C57Bl/6 mice. After 10 days, 500 pmol of STAT3-
targeting siRNA complexes (PEI and PEI-StA) or scrambled siRNA complexes
(PEI-sc and PEI-StA-sc) in normal saline were administered to randomly-assigned
groups (5 to 7 mice per group) by intratumoral (i.t.) injections on daily basis for 4
days. siRNA complexes were freshly prepared before each administration as
described previously in (18) (chapter 3). Additional control group received daily

1.t. injections of normal saline without any formulation.

4.2.4.2 Assessing tumor growth and STAT3 expression
Tumor dimensions were measured by vernier caliper after 1 day of the final
treatment dose. Tumor volume was calculated as:

Longest Diameter X Perpendicular Diameter
Tumor Volume (mm?) =

2
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Thereafter, mice were euthanized tumor samples were immediately isolated and
crushed between two slides to form uniform cell suspension and analyzed for

STAT3 expression by Western blot as described in capter 3.

4.2.4.3 Evaluating the Immunological Profile in Tumor Milieu

Supernatants of each tumor sample were analyzed for protein content by Micro
BCA Protein Assay kit, normalized, and analyzed for IL-12, TNF-a, and IFN-y
using corresponding ELISA kit as mentioned earlier. Furthermore, immune cells
were evaluated for cell percentage and activation level by FACS as previously
mentioned. For that purpose, each cell suspension was incubated with anti-mouse
CD3, CD4, CDS8, NK1.1, CDIllc, CD86, and CD40 mAbs, or corresponding
isotype controls and kept in 4°C for 30 min. Then, cells were washed 3 times with
FACS buffer to remove excess mAbs and 1 X 10° cells were finally acquired from
each sample on a Becton-Dickinson FACSort and analyzed by Cell-Quest

software.

4.2.4.4 Evaluation of DC Functionality following siRNA Treatment in vivo

To assess DC functionality in tumor-bearing mice following STAT3 knockdown,
MLR was conducted. Splenocytes from each treatment group were isolated,
irradiated, and cocultured with purified T cells from Balb/c mice in 37°C and 5%
CO,. T-cell proliferation was measured as described earlier. Similarly, IL-2 level

in each sample was measured by ELISA as described earlier.
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4.2.5 Data Analysis
The data were analyzed for statistical significance (p<0.05) by one-way ANOVA;
Post-Hoc Scheffé’s test was conducted to determine level of significance (SPSS

for Windows, Version 16.0).
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4.3 RESULTS

4.3.1 Comparison between Primary DCs and DC Cell Line (DC2.4)

Intracellular levels of phosphorylated STAT3 (p-stat3) were determined in
BMDCs and DC2.4 by Western blot. Upon exposure to B16-CM, intracellular p-stat3
level remarkably increased in BMDCs when compared to untreated BMDCs, which only
showed basal p-stat3 level (Figure 4.1A). In addition, conditioned medium of NIH 3T3
did not induce p-stat3 levels in DCs. Moreover, when LPS was used to stimulate
BMDOCs, p-stat3 was highly expressed with and especially without B16-CM exposure. On
the other hand, Western blot analysis indicated elevated basal level of p-stat3 in untreated
DC2.4 culture compared to untreated BMDCs. Although this was slightly induced by
LPS, B16-CM remarkably reduced p-stat3 levels in the presence or absence of LPS
(Figure 4.1A). In all groups, no remarkable difference in total stat3 expression was
noticed.

Flow cytometry was employed to detect the surface maturation markers CD86
and CD40 on BMDCs and DC2.4 upon exposure to B16-CM. In BMDCs, both CD86 and
CD40 expression was reduced after B16-CM exposure compared to untreated control.
LPS was able to induce BMDCs maturation as evidenced by high expression of CD86
and CD40. However, pretreatment with B16-CM reduced the ability of LPS to induce
BMDC maturation (Figure 4.1B). In contrast, exposure of DC2.4 to B16-CM did not
reduce maturation markers expression (Figure 4.1B). On the contrary, B16-CM seems to

further induce CD86 and CD40 expression in DC2.4 cells in comparison to LPS.
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Figure 4.1 Effects of B16-CM on STAT3 activation and DC maturation. (A)
Detection of p-stat3 level in BMDCs (left panel) and DC2.4 (right panel) by
Western blot. Data represent the mean of 4 independent experiments + SD.
Optical intensity of p-stat3 band was quantified and normalized to actin protein
band using ImageJ software (W. Rasband (2005) National Institutes of Health,
Bethesda, MD, http://rsb.info.nih.gov/ij). This software accounts for band density,
width, thickness, and background. Test-to-loading control ratio was calculated
and presented as bar graphs. (B) Flow cytometry histogram of CD86 and CD40
expression by BMDCs and DC2.4. Acquisition was performed at least twice and
normalized to 10* events per run per sample

156


http://rsb.info.nih.gov/ij

Chapter Four: Bystander Anti-Cancer Immune Response

4.3.2 STAT3 Knockdown in B16 by siRNA Induces DC Maturation and
Activation in vitro

The results of this study demonstrated that the immunosuppressive effect
of B16-CM on DCs can be reversed by silencing STAT3 in B16 cells prior to DC
exposure. Targeting B16 cells with anti-STAT3 siRNA in PEI and PEI-StA
complexes caused a significant knockdown of STAT3 expression in a specific
manner (Figure 4.2A and B). This corresponded to cytotoxic effect on B16 cancer
cells as shown by up to 30% reduction cell viability (Figure 4.2C) and over 2
folds induction in the activity of the apoptotic protein Caspase 3 (Figure 4.2D).
The exposure of DCs to B16-CM from B16 cells in which STAT3 was silenced
by PEI or PEI-StA/siRNA complexes induced phenotypic DC maturation
indicated by the significantly higher surface expression of CD86 and CD40 as
compared to controls (Figure 4.3). For both markers, the surface expression was
higher by B16-CM/PEI-StA treatment where it allowed for an induction reaching
89% for CD86 and 66% for CD40 higher than that of B16-CM/PEI. Consistently,
DC activity, characterized by their ability in recognition and priming of allogenic
T cells, was also restored following STAT3 silencing in B16 cells (Figure 4.3). T
cells cocultured with DCs from B16-CM/PEI or B16-CM/PEI-StA groups showed
a significant increase in their proliferation compared to controls (Figure 4.4A).
Similar to the phenotypic DC maturation results, DCs showed enhanced
functionality when exposed to B16-CM/PEI-StA as compared to B16-CM/PEI. It
is worth noting that IL-2 that is concomitantly secreted from T cells during their

proliferation followed a similar pattern where its maximum level was detected
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after T cell-coculture with DCs from B16-CM/PEI-StA group (Figure 4.4B). This
is consistent with our FACS results since DCs exposed to B16-CM/PEI-StA

showed a significantly higher expression of costimulatory molecules compared to

that of B16-CM/PEI (data from Figure 4.3).
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Figure 4.2 B16.F10 cell death following STAT3 knockdown by PEI and PEI-StA
complexes in vitro. Confluent B16 cells were incubated with 50 nM anti-STAT3
siRNA delivered by PEI or PEI-StA complexes. Identical complexes of scrambled
siRNA as well as untreated B16 cells were used as controls. (A) Western blot
analysis showing expression level of p-STAT3, STAT3, and Actin loading
control. (B) Bands optical intensities of p-STAT3 (black bars) and STAT3 (grey
bars) were quantified and normalized to Actin bands using ImageJ software (W.
Rasband  (2005) National Institutes of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij). The software provides optical densities that are
normalized for width, thickness, and background. Data are shown as the average +
SD of 4 experiments. (C) Percentage of cell viability was determined relative to
untreated control by MTT assay. Data are shown as mean (= SD) of 7 replicates
for each sample. (D) Caspase 3 activity after designated treatment was calculated
as the difference in the rates of substrate cleavage in the samples with and without
specific caspase 3 inhibitor and expressed as (nmol/min/10* cells). Data are
shown as mean (= SD) of 8 replicates for each sample. Statistical significance was
determined compared to control (*; p<0.05) and PEI (a; p<0.05).
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Figure 4.3 Restoration of DC phenotypic maturation in vitro. Primary DC
cultures in day 7 were incubated with B16-CM of B16 culture that was treated
with anti-STAT3 siRNA or scrambled (sc) siRNA complexes of PEI or PEI-StA
for 24 h. FACS analysis of CD86 expression (A) or CD40 expression (B) on DC
surface. Histograms indicate a shift in the fluorescence signal only following
STAT3 knockdown in B16. Black lines indicate DCs exposed to B16-CM from
siRNA-treated groups (whether anti-STAT3 or sc) while gray shade indicates
DCs exposed to untreated B16-CM control. Bar graphs show mean fluorescence
intensity (MFI) values after each treatment where B16-CM/PEI-StA gives more
MFI signals than controls (*; p<0.05) and B16-CM/PEI (a; p<0.05) for both
CD86 and CD40. Data was presented as average of 3 different measurements (+
SD).
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Figure 4.4 Allogenic MLR following STAT3 silencing in vitro. (A) Bars
represent level of T cell proliferation. DCs incubated with B16-CM/PEI-StA
allowed for higher alloreactivity compared to controls (*; p<0.05) and BI16-
CM/PEI (a; p<0.05). (B) Bars represent IL-2 levels secreted from T cells upon
proliferation. IL-2 secretion, measured by ELISA, was highly correlated with T
cell proliferation where B16-CM/PEI-StA gave a significantly higher result
compared to controls (*; p<0.05) and B16-CM/PEI (a; p<0.05). All data are
shown as mean (+ SD) of at least triplicates for each sample.
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4.3.3 Tumor Regression following STAT3 Knockdown in vivo

Tumor growth study following STAT3 knockdown in B16 tumors by siRNA
revealed significant tumor regression of the treated tumor masses as compared to
controls as a result of STAT3 knockdown (Figure 4.5). STAT3 expression in Vivo,
measured in isolated tumors one day following final treatment dose, was
significantly reduced upon siRNA administration by PEI and PEI-StA complexes
reaching 25% and 55% less than saline-treated control, respectively (Figure 4.4A
and 4.5B). Tumor growth rate was significantly reduced following STAT3
knockdown (Figure 4.5C). PEI-StA complexes allowed for 6.2 times reduction in
tumor growth compared to saline-treated control. PEI-StA complexes were also 3
times more effective in reducing tumor growth as compared to parent PEI
complexes. Moreover, tumor volume analysis confirmed uniformity of treatment
and response as indicated by close adherence of subjects in each group to the
group average (Figure 4.5D). Tumor volume dramatically dropped from ~ 390
mm’ in the untreated group to ~ 170 mm’ in case of PEI complexes. It is worth
noting that further reduction in tumor volume was noticed with PEI-StA
complexes as it reached ~ 42 mm® as measured after 24 h of final treatment dose.
This is consistent with our previous findings where the stearic-acid derivative of
PEI increased both stability and potency of siRNA in vitro and in vivo (18, 21).
Besides, the anti-tumor effect was better in each single subject of the PEI-StA
group as compared to PEI group indicting the potency provided by the lipid-

modified formulation.
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Figure 4.5 Tumor regression following STAT3 knockdown by siRNA complexes.
B16 cells were inoculated subcutaneously. Scrambled or anti-STAT3 siRNA were
administered by i.t. route from day 10 to day 13. At day 14, tumor dimensions
were taken tumor volume was calculated for each subject. Isolated tumors from
each groups were lysed for Western blot analysis. (A) Western blot analysis
showing expression level of p-STAT3, STAT3, and Actin loading control. (B)
Bands optical intensities of p-STAT3 (black bars) and STAT3 (grey bars) were
quantified and normalized to Actin bands using ImageJ software. Data are shown
as the average = SD of 4 experiments. (C) Bars represent (%) of tumor growth
following designated treatments. PEI-StA complexes significantly reduced tumor
growth as compared to saline-treated control (*; p<0.05) and PEI-treated group (a;
p<0.05). Data are shown as the average (= SE) of 5 to 7 measurements. (D) Value
of tumor volume was plotted for each subject and presented as open circles.
Median of each designated group was indicated as crossing horizontal short lines.
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4.3.4 Induction of DC Activation in vivo following STAT3 Knockdown in B16
Tumor

To evaluate DC infiltration and activation, FACS analysis was performed for DC
lineage marker CD11c and activation markers CD86 and CD40 in tumor cell
suspensions following designated treatments of B16 tumors. Our results
demonstrate up to ~ 4-fold increase in DC infiltration in B16 tumor mass upon
STAT3 knockdown (Figure 4.6A). However, no statistically-significant difference
was noted between PEI and PEI-StA treatment groups. In PEI and PEI-StA
groups, further analysis of DC population showed an increase in the surface
expression of both CD86 and CDA40 reaching up to 35% and 48% higher than
scrambled siRNA and saline control treatments (Figure 4.6B). PEI-StA complexes
of STAT3 siRNA also allowed for an increase in CD86 and CD40 expression that
was 16% higher than that of PEI complexes. Moreover, ELISA analysis of tumor
supernatants indicated the production of high levels of proinflammatory cytokines
IL-12 and TNF-a after STAT3 knockdown (Figure 4.6C). The results clearly
show that PEI-StA complexes allowed for significant increase in TNF-a and IL-
12 production that was 38% and 129% higher than what was measured with PEI

complexes, respectively.
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Figure 4.6 DC tumor infiltration, activation, and cytokine production in vivo.
Tumor samples were isolated and crushed between two slides into uniform cell
suspensions. Cellular component as well as supernatant of each group was
analyzed by FACS and ELISA, respectively. (A) Fold-increase of CD11c" cells
presented as bar graphs. Tumor treated with anti-STAT3 siRNA complexes
showed higher DC infiltration as compared to controls (*; p<0.05). Data are
shown as the average (= SD) of 3 measurements. (B) FACS analysis histograms
designated for DC activation markers CD86 and CD40. DCs were more activated
following intratumoral delivery of anti-STAT3 siRNA by PEI-StA complexes as
compared to that of PEI complexes treatment. Percentage of cells of the gated
population is indicated in the upper right corner of each histogram, n-gate and
out-of-gate cells were separated by vertical lines. (C) Cytokine levels measured in
tumor-sample supernatants by ELISA were plotted in bar graphs for IL-12 and
TNF-a. PEI-StA polyplexes of anti-STAT3 siRNA showed significant induction
of both cytokines as compared to control groups (*; p<0.05) and PEI group (a;
p<0.05). Data are shown as the average (= SD) of 3 measurements.
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4.3.5 Alloreactivity of DCs from Tumor-Bearing Mice

To evaluate the functional maturation of DCs after STAT3 knockdown in vivo,
MLR between irradiated splenocytes from tumor-bearing and allogenic T cells
was conducted. As shown in Figure 4.7A, high allogenic T cell proliferation was
recorded after coculture with splenocytes from the STAT3 knockdown groups
treated with PEI and PEI-StA complexes. In addition, the measured counts per
minute (CPM) was 1.5 times higher in PEI-StA group than PEI This was in
agreement with our previous FACS results where PEI-StA induced the highest
expression of costimulatory molecules on DC surface in vivo (data from Figure
4.6B). Consistently, IL-2 production concomitant to T cell proliferation in PEI-
StA group was around double of that for the PEI group (Figure 4.7B). These
results indicate more distal effects of local intratumoral silencing of STAT3 in

B16 tumor by siRNA complexes particularly those of PEI-StA.
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Figure 4.7 Allogenic MLR following STAT3 silencing in vivo. Splenocytes from
tumor-bearing mice were collected, irradiated, and cocultured with allogenic T
cells. (A) Bars represent level of T cell proliferation. Splenocytes isolated from
mice that were treated with PEI-StA allowed for higher alloreactivity compared to
controls (*; p<0.05) and PEI (a; p<0.05). (B) Bars represent IL-2 levels secreted
from T cells upon proliferation. IL-2 secretion, measured by ELISA, was highly
correlated with T cell proliferation where PEI-StA gave a significantly higher
result compared to controls (*; p<0.05) and PEI (a; p<0.05). All data are shown as
mean (= SD) of 5 replicates for each sample.
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4.3.6 Tumor Infiltration of T Cells following STAT3 Knockdown

FACS analysis was conducted in tumor cell suspensions for CD3 expression, the
signaling part of the T cell receptor (TCR) complex. As shown in Figure 4.8A,
STAT3 knockdown in B16 tumor allowed for a profound lymphocyte infiltration
into tumor mass reaching over 3 and 5 fold increase with PEI and PEI-StA groups
compared to saline control, respectively. The results also demonstrate a
significant increase in the tumor-infiltrating lymphocytes (TIL) following
administration of PEI-StA complexes that was 67% higher than that of PEIL
Differential analysis of CD3" population indicates an increase in CD4" T helper
cells, CD8" cytotoxic T cells, and NKT cells (Figure 4.8B). Moreover, since
activated T cells produce IFN-y, we measured the level of this cytokine in tumor
cell supernatant. The ELISA results detected a significant production of IFN-y
following STAT3 knockdown, where PEI-StA allowed for ~ 48% higher cytokine
level than PEI treatment. This immunostimulatory profile strongly suggests a role

of the immune response in the anti-tumoral effect recorded with siRNA-mediated

STAT3 knockdown in B16 cells.
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Figure 4.8 Evaluation of tumor-infiltrating lymphocytes, in vivo, and
determination of cytokine profile in tumor milieu. (A) Fold-increase of CD3" cells
was presented as bar graphs. Tumor treated with anti-STAT3 siRNA complexes
showed higher lymphocytes infiltration as compared to controls (*; p<0.05) and
PEI complexes (a; p<0.05). Data are shown as the average (+ SD) of 3
measurements. (B) FACS analysis for differential lymphocyte population makers
CD4, CDS, and NKI1.1. Histograms of designated treatment groups demonstrate
that in PEI-StA complexes more infiltration was detected for CD4" helper T cells,
CDS" CTL, and NKT cells as compared to PEI Percentage of cells of the gated
population is indicated in the upper right corner of each histogram, while cells
population in-gate and out-of-gate were separated by vertical line in each
histogram. (C) Cytokine levels measured by ELISA were plotted in bar graphs for
IFN-y where PEI-StA showed significant induction in cytokine production as
compared to control (*; p<0.05) and PEI complexes (a; p<0.05). Data are shown
as the average (= SD) of 3 measurements.
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4.4. DISCUSSION
Compelling evidence has accumulated supporting the promise of interrupting
STAT3 signaling pathway as a strategy for cancer therapy in solid and
hematological tumors (reviewed in (22)). Recent studies on melanoma patients
suggested that tyrosine-phosphorylated STAT3 is a valid biomarker for atypical
nevi progression (23). Moreover, activated STAT3 was found to have permanent
DNA-binding activity in primary human melanoma samples, but not normal skin
samples from the same patients (24). Hence, STAT3 was considered a potential
target for chemoprevention and treatment of melanoma. Furthermore, numerous
studies showed that targeting STAT3 in melanoma tumor models leads to the
induction of tumor regression (25), inhibition of angiogenesis (26), prevention of
metastasis (27), as well as activation of immune response (3, 4). Since
constitutively-activated STAT3 in tumors would negatively influence multiple
subsets of immune cells, it is logical to expect an induction of the immune
response following STAT3 disruption in tumors. In fact, such effect is not thought
to be totally associated with direct STAT3 disruption in immune cells, as they
were not intended for manipulation, but rather a consequence for the anti-STAT3
effect in tumor cells i.e. a bystander effect.

Bystander effects as a result of STAT3 inhibition were first described in
B16 murine melanoma transfected with dominant-negative form of STAT3 (28).
In that study, unpredicted cytotoxicity was noted in neighboring tumor cells that
never received the dominant-negative treatment. Subsequent studies in this focus

have isolated three possible mechanisms following STAT3 inhibition by which
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bystander effects could be mediated: (i) production of soluble factors that induce
tumor apoptosis (29), (ii) suppressed angiogenesis as determined by VEGF
downregulation (26), and (iii) involvement of innate and adaptive anti-tumor
immune response as indicated by the production of proinflammatory mediators
and infiltration of macrophages, neutrophils, and T cells in the tumor mass (3, 10).
The later gained special focus of the scientific community as a widely-progressing
area of research today comprises chemo- and immunotherapy of cancer (30).

We have recently showed that siRNA-mediated STAT3 silencing in
B16.F10 via intratumoral administration of siRNA/PEI complexes results in a
remarkable tumor regression (18). Along with direct tumor apoptosis, molecular
investigation in that study revealed two possible bystander effects: increase in IL-
6 and decrease in VEGF levels in tumor microenvironment (18). We hypothesized
that the anti-tumor activity observed subsequent to STAT3 knockdown is partly
owed to the breakdown of immunosuppressive microenvironment leading to
improvements in DC maturation, immune cell activation and trafficking to the
tumor. The validity of this hypothesis was investigated in the current study
through assessing the bystander immune response following STAT3 knockdown
in B16 melanoma cells in vitro and in vivo using siRNA complexes of PEI and its
stearic-acid derivative. In our approach to evaluate the immunological picture
after siRNA intervention, we focused on three aspects: the level of immune cell
maturation and activation, percentage of TIL, and cytokine profiles in tumor

milieu.
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DCs are professional APCs that form a crucial link between innate and
adaptive immune system. In normal situations, DCs recognize antigens from
normal, microbial, or tumoral origins (31). These antigens get processed and
presented in the context of major histocompatibility complex (MHC) class I and II
to be recognized by CDS8" and CD4" T cells, respectively (32). Nevertheless, DCs
must provide three signals in order to activate naive T cells: antigen presentation
in the context of MHC class I and II (signal 1), co-stimulation provided by
molecules such as CD86 and CD40 that interact with their ligands on T cell
surface (signal 2), and cytokine stimulation (signal 3) to polarize T cells toward
intended response, e.g. anti-tumoral response. However, tumors secrete factors
that inhibit DC differentiation and maturation and eventually evade the adaptive
immune response through this strategy (4). Therefore we wanted to develop an in
vitro model to mimic this effect. Primary DCs are isolated cells that have not been
genetically modified. On the contrary, DC2.4 cells were infected with retrovirus
encoding myc and raf genes in order to immortalize the cell line (33). Since
STAT3 is required for the expression of myc in myeloid monocytes (34), this
explains, at least in part, the high constitutive level of p-stat3 in untreated DC2.4
lysate. Moreover, unlike the scenario in BMDCs, failure of B16-CM to further
induce p-stat3 in DC2.4 confirms the independence of STAT3 hyperactivation in
DC2.4 from exogenous inducers such as cytokines or growth factors. The reason
for the reduction seen in p-stat3 after DC2.4 exposure to B16-CM is unclear to us.
Nevertheless, mere detection of p-STAT3 upregulation does not conclusively

reflect DC maturation status. As we and others have shown, STAT3 is also
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activated in mature DCs upon stimulation by LPS. Therefore, we evaluated DC-
maturation surface markers in order to assess the influence of STAT3 activation
by B16-CM on DC maturation. Our flow cytometry studies demonstrated distinct
phenotypic maturation profiles between BMDCs and DC2.4 cell line. Untreated
DC2.4 expresses higher levels of CD86 and CD40 expression than BMDCs,
indicating a more mature status. As mentioned earlier, the fact that DC2.4 cells
were infected with retrovirus encoding myc and raf for immortalization may
contributed to the induced maturation (33). The use of retrovirus vectors in that
process could trigger inflammatory signals in DCs as a result of viral component
recognition by TLR-3 or TLR-7 in DC endosome. Therefore, it is not surprising to
see reduction in DC maturation in response to B16-CM exposure only with
BMDCs. Furthermore, it was only with BMDCs that the ability of B16-CM to
reduce LPS stimulation was noticed, while DC2.4 exposure to B16-CM neither
reduced basal expression of CD86 and CD40 nor mitigated LPS stimulation. This
is consistent with the previous observation from Western blot analysis since
STAT3 should provoke an anti-inflammatory state and render DCs immature.
However, further studies are needed to shed the light on the molecular reasons of
the noticed inconsistency between the two models. Taken together, these findings
preclude DC2.4 cell line as an in vitro model to study cancer-mediated
immunosuppression.

Moreover, DC malfunction due to TDFs is documented in melanoma
patients (4). Therefore, we conducted an in vitro study where DCs were exposed

to B16-CM with or without siRNA treatment (Figures 2 and 3). Our in vitro study
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indicates: (i) phenotypical and functional maturation of DCs can be restored after
cancer cell manipulation with STAT3 siRNA complexes. (ii) The level of DC
activation is correlated with the level of STAT3 knockdown in B16 cells. We
show that DC alloreactivity (Figure 4.3) was noticed only with groups that
showed higher expression of the costimulatory molecules CD86 and CDA40
(Figure 4.2). This is an important observation since it proves that B16-CM treated
DCs became functional after siRNA manipulation of B16 cells. The CD86 and
CD40 molecules on DC surface interact with CD28 and CD40 ligand (CD40L) on
T cell surface. Such interaction is beneficial for both DCs and T cells where
stimulation of CD28 stabilizes CD40L on T cells and stimulation of CD40 on
DCs increases their expression of CD86 molecules (35, 36). Therefore, functional
and phenotypic maturation of DCs are both required for naive T cell activation.
Moreover, we noticed that STAT3 knockdown of B16 cells with PEI-StA
complexes of siRNA leads to higher phenotypic and functional maturation of
DCs. This is consistent with our previous results where PEI-StA complexes were
more potent in STAT3 knockdown and caused higher cell-killing effect on B16
cells (18). One reason for the superior effect of PEI-StA complexes reflected on
DC activation is the exponential nature of B16 cell death. It has been suggested
that B16 apoptosis after STAT3 disruption involves the production of soluble
factors such as TNF-related apoptosis-inducing ligand (TRAIL), which induces
tumor cell death (29, 37). Such effect has shown to improve anti-tumoral function
of DCs in vitro and in vivo (38). Nevertheless, detailed analysis of B16-CM is still

needed to pinpoint factors responsible for DC activation. These proof-of-concept
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results demonstrate that manipulation of STAT3 in tumor cell culture has a
positive effect on DC activation.

Similar effect was noticed after STAT3 knockdown in vivo. The recorded
B16 tumor regression (Figure 4.4) was associated with DC activation (Figure 4.5
and 4.6) and lymphocytes infiltration (Figure 4.7). Consistent with our previous
findings, STAT3 silencing by siRNA/PEI-StA complexes was superior to that of
PEI owing to the higher protective effect of PEI-StA toward siRNA (18).
Consequently, we observed a significant infiltration of CD11c¢” DCs in tumor
tissue (Figure 4.5A). However, we also noted a comparable DC infiltration for
groups treated with PEI and PEI-StA complexes. Such picture is quite logical in
vivo due to the fact that DCs traffic out of the site of antigen encounter to the
spleen and draining lymph node in order to present the antigen to naive T cells
(39). Considering the fact that DC influx and efflux in and out of tumor mass is a
continuous process while the FACS analysis was performed in a specific time
point, the difference in DC infiltration between the two formulations is irrelevant.
In this case a more important factor is the level of DC activation. Here we noticed
an advantage for PEI-StA over PEI in CD86 and CD40 expression (Figure 4.5B)
as well as levels of proinflammatory cytokines IL-12 and TNF-a (Figure 4.5C).
DCs are known to produce IL-12 and TNF-a upon capturing tumor antigen (40).
The production of IL-12 was recently found to be an absolute requirement for
Thl-type immune response that leads to CTL anti-tumor response (41). TNF-a
was also shown to enhance DC maturation and promote anti-tumor immune

response (42). The DC activation results were corroborated with our MLR study.
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Here we show that upon STAT3 knockdown in vivo, DCs in the spleens of tumor-
bearing mice showed more alloreactivity with allogenic T cells (Figure 4.6). The
noted advantage of PEI-StA group supports our argument that activated DCs
home to secondary lymphoid organs as more indicative results are demonstrated
in those organs. Moreover, we find the results of clinical significance since some
evidence showed that peripheral blood DCs induce lower allogenic MLR in a
study done on 32 breast-cancer patients (43). Hence, high MLR outcome can be
considered a positive indicator of the therapeutic approach.

Furthermore, high level of TIL was recorded after tumor regression
following STAT3 knockdown was proved by the high level of CD3" cells (Figure
4.7A). In that population, the superiority of PEI-StA treatment was noted by the
induced infiltration of CD4" T cells, CDS" T cells, and NKT cells (Figure 4.7B).
This high presence of TIL indicates three incidents in this study: stimulation of an
innate immune response following tumor regression, imminent DC activation
after siRNA intervention as T cell immune response is a latent response, and
finally the noted tumor regression is also mediated by CTL response. The latter is
explained by the ~ 4-fold reduction in tumor volume after PEI-StA administration
compared to PEI. Moreover, IFN-y was positively correlated with TIL level
(Figure 4.7C). This proinflammatory cytokines is produced by activated CD4" T
cells, CD8" CTL, NK cells, and NKT cells and plays a crucial role in anti-tumor
immunity (44). In fact, IFN-y production is directly related to suppression of B16
cell growth (45). Moreover, the results of in vivo DC activation (data from Figure

4.5) highly correlates with these result as the production of IL-12 by DCs and
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other phagocytes is known to induce IFN-y production (41). TNF-a was
demonstrated to induce T cell activation as well (42). However, it is also
important to know that our siRNA complexes may not have an exclusive effect on
cancer cells. In vivo, the siRNA complexes might have directly affected immune
cells as well as cancer cells. This is a therapeutically relevant approach, as
blocking STAT3 in tumor as well as immune cells can produce a synergistic anti-
tumor effect (10). Such effect was evidenced by the elegant work of Hua Yu’s
group where the authors demonstrated the requirement of immune cells for tumor
regression using tumor-bearing mouse model with Stat3™ hematopoietic system
(6). Taken together, the collective picture of our work proves that manipulation of
tumoral STATS3 is crucial for the generation of robust innate and adaptive immune
responses. Appropriately designed delivery systems can enhance the potency and
functional activities of STAT3 siRNA leading to more effective cancer therapy

approaches.
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5.1 INTRODUCTION

Dendritic cells (DCs) are professional antigen presenting cells (APCs) that
serve as sentinels against internal and external pathogens in most peripheral
tissues (1-3). Typically, when immature DCs (imDCs) encounter antigens, they
get activated and transformed into mature DCs (mDCs) that express high levels of
major histocompatibility complex (MHC) class-I and class-II, co-stimulatory
molecules, as well as proinflammatory cytokines (4, 5). These mDCs migrate to
secondary lymphoid organs where they activate naive mature CD4" and CD8" T
cells (6, 7). However, in tumor microenvironment, DCs cannot exert their proper
function due to the state of immune tolerance enforced by tumor milieu (8). One
mechanism by which tumors abrogate DC function is through the constitutive
activation of signal transducer and activator of transcription 3 (STAT3) (9).

STAT3 is a transcription factor that becomes activated in response to
cytokine and growth factor receptor stimulation (10). For activation, STAT3

%) by Janus

monomers get phosphorylated on critical tyrosine residues (Y
Kinases (JAKs). Thereafter, monomers of phosphorylated-STAT3 (p-STAT3)
dimerize through reciprocal phosphotyrosine-SH2 interaction and translocate to
the nucleus where they bind to STAT-specific sites on the promoter region of the
target genes (10). In tumor cells, many tumor-derived factors (TDFs) are induced
by the transcriptional activity p-STAT3 such as vascular endothelial growth factor
(VEGF), interleukin-6 (IL-6), and IL-10 (11). The secretion of these TDFs in

tumor milieu leads to further induction of p-STAT3 in several tumor-exposed

immune cells including DCs (11). This hyperactive STAT3 forces DCs to remain
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immature and malfunctioned expressing low levels of MHC class-I/II,
costimulatory molecules, and proinflammatory cytokines (12, 13). Therefore, DCs
lose their ability to polarize T cells toward T helper type 1 (Thl) and cytotoxic T
lymphocyte (CTL) response, which is needed for anti-tumoral immunity (14). In
fact, numerous studies strongly indicated the negative-regulatory role of
JAK/STAT3 pathway on DC maturation, which has been systematically
evidenced in vivo (15-17). As a result, the anti-tumor activity mediated by DCs
gets profoundly harnessed (9, 11, 18-21). Hence, the disruption of tumor-induced
hyperactive p-STAT3 in DCs is considered as an attractive strategy for cancer
immunotherapy.

Several modalities have been employed to study anti-tumor immune
responses following STAT3 inhibition in DCs. Pioneer studies focused on the
inhibition of JAKs as a mean for STAT3 activity disruption. In fact, targeted
disruption of STAT3 signaling in APCs using AG490, a known inhibitor of JAK1
and JAK2, resulted in the priming of antigen-specific CD4" T cells in response to
an otherwise tolerogenic stimulus in vivo (16). Consistently, the work of
Gabrilovich and colleagues on the JAK2/STATS3 inhibitor JSI-124 (cucurbitacin I)
demonstrated a dramatic activation of imDCs generated in the presence of TDFs
as well as in control medium (17). The outcomes from STAT3 disruption data in
DCs support the use of this approach for therapeutic applications. However, due
to the incomplete understanding of the mechanism of inhibition by which these
agents act, as well as the apparently generalized upstream action and the

associated non-specific toxicities of these pharmacological inhibitors, clinical
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applications of AG490 or JSI-124 were not possible (22). Therefore, the need is
imminent for specific STAT3 inhibition strategies.

Recently, RNA interference (RNAi) emerged as a specific and effective
modality to downregulate protein expression at the mRNA level (23). This
technology is based on introducing a small interfering RNA (siRNA) in the
cytoplasm where it integrates into RNA-induced silencing complex (RISC) that
cleaves the mRNA of interest specifically (24). However, due to low biological
stability, poor cell permeability, and unfavorable pharmacokinetic and
biodistribution profile, the progress of siRNA from bench to bedside was
significantly hindered (25). Hence, it is important to develop an optimum siRNA
delivery strategy (26). In this regard, we have previously developed siRNA
delivery systems based on lipid modification of polyethylenimine (PEI) (27). We
have shown that attachment of stearic-acid molecules on PEI backbone (PEI-StA)
enhances the protective effect of PEI against degradation of complexed siRNA in
serum (27). Moreover, the anti-STAT3 activity of the PEI and PEI-StA
polyplexes was proven in B16 melanoma cells in vitro and in vivo where PEI-StA,
in particular, enhanced the silencing potency of STAT3 siRNA and promoted its
anti-cancer activity (28). Moreover, STAT3 knockdown in B16 tumor by
siRNA/PEI-StA complexes induced a bystander anti-tumor immune response
evidenced by high infiltration and activation levels of DCs, CD4", CD8" and NKT
cells into tumor mass (29). However, knockdown of STAT3 in DC directly with
anti-STAT3 siRNA has not been investigated. In this study we evaluate this

approach by designing a delivery system based on physical encapsulation of
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siRNA/PEI or siRNA/PEI-StA complexes in poly(D,L-lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs) (Figure 5.1). The incorporation of siRNA polyplexes
into PLGA NPs improves the toxicity profile of PEI and enhance cellular uptake
(30). To our knowledge, for the first time we provide evidence that PLGA NPs of
STAT3 siRNA could restore DC maturation and functionality after exposure to

tumor factors while masking the PEI-associated toxicity.

Polvplex

-~

~ 110 nm

PLGA NP/

~370 nm

Figure 5.1 Schematic diagram showing components of PLGA-P or PLGA-PS
nanoparticulate formulation with relative sizes to the polyplexes counterparts.
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5.2 MATERIALS AND METHODS
5.2.1 Materials

Branched PEI (25 kDa), triethylamine (TEA), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and
stearoyl chloride (98.5%) were obtained from Sigma-Aldrich (St. Louis, MO).
Polyvinyl alcohol (PVA), carboxylic-acid terminated PLGA polymers (monomer
ratio 50:50, MW ~7 kDa) was purchased from Absorbable Polymers International
(Pelham, AL, USA). Anhydrous ethyl ether and dichloromethane (DCM) were
purchased from Fisher Scientific (Fairlawn, NJ). Fetal Bovine Serum (FBS) was
obtained from HyClone (Logan, UT). Dulbecco's Modified Eagle's Medium
(DMEM), RPMI-1640, L-glutamine, and gentamicin were purchased from Gibco-
BRL (Burlington, ON, Canada). Mouse TNF-a ELISA kit was purchased from e-
Biosciences (San Diego, CA). Sequence-specific siRNA targeting murine STAT3
mRNA was purchased from Ambion (Austin, TX) (sense: 5'-
GGACGACUUUGAUUUCAACtt-3', antisense: 5'-
GUUGAAAUCAAAGUCGUCCtg-3"). The scrambled Silencer® Negative
Control #1 siRNA (Catalogue #AM4635) and Silencer” FAM™ labeled Negative
Control #1 siRNA (Catalogue #AM4620), both purchased from Ambion (Austin,
TX). LysoTracker® Red DND-99 and ProLong” Gold Antifade with DAPI were
purchased from invetrogen™ (Burlington, ON). Anti-mouse CD86 (PE labeled)
mAb was purchased from BD Biosciences (Mississauga, ON, Canada). EasySep”
Negative Selection kit for T cells isolation was purchased from Stemcell
Technologies (Vancouver, BC). Anti-phosphotyrosine (Y’) STAT3 monoclonal

antibody, anti-STAT3 antibody and anti-Actin antibody (I-19) were purchased
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from Santa Cruz Biotechnology (Stanta Cruz. CA). ECL Plus™ detection kit was

purchased from GE Healthcare Life Sciences (Piscataway, NJ).

5.2.2 Preparation of Primary DC Culture

Primary DC culture was generated from bone marrow precursor of
C57BL/6 mice femurs and propagated in complete RPMI-1640 in presence of
GM-CSF as previously described (31). The purity of the DC population on day 7
was found to be between 70-75% based on the expression of CD11c on the semi-
adherent and non-adherent cell populations. To increase DC purity, semi-adherent
and non-adherent cells were isolated from primary culture on day 6 by thorough
suspension in growth medium. Cells were centrifuged and resuspended in fresh
complete RPMI-1640 in the presence of GM-CSF and then transferred to new cell
culture plates 24 h prior to any manipulation. After this process, 95 % of cells

were confirmed to be positive for CD11c.

5.2.3 Preparation of PLGA NPs of sSiRNA Complexes

PEI-StA was prepared by N-acylation of PEI with stearoyl chloride and
characterized as described in (32). Then, in sterile eppendorf tubes, 12.5 ug of
siRNA was added to equal amount of PEI or PEI-StA in 50 uL PBS and
incubated for 30 minutes at 37 °C as previously described (27). Thereafter, the
formed complexes were encapsulated into PLGA NPs by double-emulsion solvent
evaporation method regularly used in our lab. In brief, a primary w/o emulsion is

formed by emulsification of the first aqueous phase (PEI or PEI-StA polyplexes in

187



Chapter Five: PLGA NPs of STAT3 siRNA

50 uL PBS) with the organic phase (25 mg PLGA in 300 uL DCM) using a
microtip probe sonicator (Model XL2010, Heat Systems, Farmingdale, NY). The
primary emulsion is further emulsified with a secondary aqueous phase (1 mL of
5% PVA in PBS) to form a secondary w/o/w emulsion. The resulting emulsion is
transferred drop-wise to stirring 4 mL of double-deionized water to allow the
removal of DCM by evaporation. After 3 hours, the NP suspension is washed

three times at 4 °C (35000 X g, 15 min) and freeze-dried.

5.2.4 Characterization of PLGA-P and PLGA-PS NPs
5.2.4.1 Surface Morphology, Particle Size, and Surface Charge Analysis

From freeze-dried stocks, PLGA-P or PLGA-PS suspensions of 1 mg/mL
in water were prepared. Thereafter, aliquots of PLGA-P or PLGA-PS suspensions
were aspired and mounted on specimen stubs and sputter coated with Au/Pd in
Hummer 6.2 Sputter Coater. After 24 h, samples were visualized by Scanning
Electron Microscope XL30 (FEI Company, Hillsboro, OR, USA) and SEM
images were taken. Other aliquots were used for size and surface charge analysis
by dynamic light scattering (DLS) and zeta potential analysis, respectively, of 3

serial measurements using Zetasizer 3000 (Malvern, UK).

5.2.4.2 Determination of SiRNA Content
Encapsulation efficiency (E.E.) and loading of siRNA in PLGA-P and
PLGA-PS NPs was calculated by fluorescence spectroscopy and confirmed by gel

retardation assay. FAM-labeled siRNA was complexed with PEI or PEI-StA and
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then encapsulated in PLGA NPs as described above. Serial dilution of each
sample were prepared and read at (Aex = 484 nm and Aem = 535 nm) in Baxter 96-
well plate fluorescence reader (Chicago, IL). Blank PLGA NPs spiked with
known serial concentrations of siRNA-polyplexes were used as calibration curve.

For gel retardation assay, PLGA-P and PLGA-PS were dissolved in
chloroform. The solvent was evaporated under nitrogen and precipitants were
suspended in RNase-Free water. Supernatant (containing siRNA + PEI or PEI-
StA polyplexes) was incubated with 50 ug heparin at 37°C for 1 h to ensure that
all siRNA is released in free form, as previously described in (27). The samples
were then loaded onto 2% agarose gel containing 0.2% mg/mL EtBr and
electrophoresis was performed under previously-described conditions (27). The
resulting gel was photographed under UV-illumination. The pictures were
digitized and analyzed with Image] software (W. Rasband (2005) National

Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij) to determine the

mean density of siRNA band. To determine the recovery of the extraction process,
known amount of siRNA/polyplexes and empty PLGA NPs were added into
chloroform, and the extraction procedure was performed as described above.
Thereafter, E.E. % and siRNA loading (w/w) were calculated using the following
equations:

Amount of loaded siRNA in .9

S X 100
Amount of total SiRNA used in xg

Amount of loaded siRNA in xg
SIRNA Loading (W/W) = —----=-mmmmmmmmmm oo
Amount of PLGA in mg
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5.2.4.3 In vitro Release Study

Aliquots of 5 mg/mL of the suspended PLGA-P and PLGA-PS in PBS
were placed in a 37 °C gently-shaking water bath. At designated time intervals, a
set of triplicate samples was removed, and the supernatant was separated from the
particles by centrifugation. Fluorescence spectroscopy was used to determine
siRNA concentration as mentioned earlier. To determine the remaining siRNA in
the precipitated portion, pellets were dissolved and run on agarose gel as

described above.

5.2.5 Cytotoxicity Studies

DCs on day 7 were transferred to 6-well plates at cell density of 2% 10°
cells per well. Then, cells were subjected to scrambled siRNA treatment in PEI
complexes, PEI-StA complexes, PLGA-P, or PLGA-PS for 24 h at 37°C. The
treatment dose was calculated based on 10 pg/mL PEI or PEI-StA concentration
in culture media. After designated treatments, cells were washed with PBS. Then,
I mL of Trypan Blue in media (1:1 ratio) was added, and Trypan Blue exclusion
was detected by Axio Observer Z1 Inverted Microscope (Carl Zeiss Canada Ltd.,
Toronto, ON) and visualized with Axio Vision 4.8 software.

To determine cell viability as a function of polyplex concentrations, MTT
assay was carried out. Day 7 DCs were transferred to 96-well plate at cell density
of 5,000 cells per well. Then, cells were incubated with PEI complexes, PEI-StA
complexes, PLGA-P, or PLGA-PS for 24 h at 37°C. Thereafter, 100 uL of MTT

solution in culture medium (0.5 mg/mL) was added to each well for 2 h. The
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formed formazan crystals were dissolved by adding 200 pL. of DMSO to each
well and kept under gentle shaking for 30 min. Optical density was measured at
550 nm using a microplate reader (Powerwave with KC Junior software; Bio-Tek,
Winooski, VT). The results were converted into % viability by using the
absorbance from untreated sample as a reference (100%), and expressing the
absorbances obtained from the treatment groups as a percentage of the reference

value.

5.2.6 Uptake of PLGA-P and PLGA-PS by DCs

DCs uptake of PLGA-P and PLGA-PS was determined by fluorescence
microscopy. Day-7 DCs were transferred to 24-well plates and grown on cover
slips for 24 h. Then, DCs were pulsed for 6 h at 37°C with PLGA-P and PLGA-
PS encapsulating FAM-labeled scrambled siRNA (100 nM). Then, LysoTracker”
Red DND-99 at concentration of 100 nM was added for 30 min. The cells were
then washed three times with PBS and fixed with 2% paraformaldehyde solution
in PBS for 10 minutes. Then, ProLong” Gold Antifade with DAPI was mounted
to prevent photobleaching as well as to stain the nucleus. Samples were then
visualized under with Axio Observer Inverted Microscope (Carl Zeiss Canada

Ltd., Toronto, ON).

5.2.7 Treatment of Malfunctioned DCs

Malfunctioned DCs at day 7 were generated by exposure to tumor-

conditioned media from B16.F10 melanoma culture (B16-CM) for 24 h as
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previously described in (33) (chapter 4). In brief, murine B16.F10 cells were
grown and propagated in DMEM media supplemented with 10% FBS at 37 °C
and 5% CO,. After confluence, B16 cells were incubated with serum-free media
for 24 h. Thereafter, conditioned medium was added to a primary DC culture
reaching final B16-CM concentration of 50%. FBS was then supplemented to
10% final concentration in culture. Then, DCs were pulsed with anti-STAT3
PLGA-P and PLGA-PS for 48 h. As controls, DCs treated with naked anti-STAT3
siRNA or PLGA-P and PLGA-PS of scrambled siRNA (PLGA-P-sc) and (PLGA-
PS-sc) were used. Thereafter, STAT3 activation level in DCs was determined by
Western blot, phenotypic maturation was assessed by analyzing CD86 expression
by fluorescence activated cell sorting (FACS), TNF-a secretion was determined
by ELISA, and DCs alloreactivity was assessed by mixed lymphocytes reaction

(MLR).

5.2.7.1 Western Blot

After designated treatments, DCs were collected and washed twice with
ice-cold PBS, then lysed in a buffer containing 30 mM HEPES (pH 7.5), 2 mM
Naz;VOy, 25 mM NaF, 2 mM EGTA, 2% Nonidet P-40, 1:100 protease inhibitor
cocktails, 0.5 mM DTT and 6.4 mg/mL phosphatase substrate 4-nitrophenyl
phosphate. Cell lysates were centrifuged for 20 seconds at 16,000xg (eppendorf
Centrifuge 5415C). Thereafter, NaCl was added to samples to final concentration
of 420 mM and cell lysates were centrifuges for 20 min at 16,000xg and

supernatant was transferred to new tubes and pellets were discarded. Total protein
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extract was determined by Micro BCA Protein Assay kit. Equal amounts of
protein (20 pg) were loaded on 8% SDS-PAGE gel. Proteins were then transferred
into PVDF membrane and were probed with anti-phosphotyrosine (Y’*°) STAT3
monoclonal antibody (1:500). Stripped membranes were probed with polyclonal
anti-STAT3 antibody (1:1000) or anti-actin antibody (I-19) (1:1000). Membranes
were developed using ECL Plus” detection kit. Optical intensity of p-STAT3
band was quantified and normalized to actin protein band using Imagel software
(W. Rasband (2005) National Institutes of Health, Bethesda, MD,

http://rsb.info.nih.gov/ij). The Western blot procedure was described in detail in

chapter 3.

5.2.7.2 FACS Analysis

For phenotypic maturation studies, 1x10° DC primary cultures were
washed with PBS and suspended in FACS buffer. Then, cells were incubated with
CD86 mAbs or corresponding isotype controls and kept in 4°C for 30 min. After
that, cells were washed 3 times with FACS buffer to remove excess mAbs and all
samples were finally acquired on a Becton-Dickinson FACSort and analyzed by

Cell-Quest software.

5.2.7.3 ELISA Assay
After designated treatments, supernatants of DCs cultures were collected
after centrifugation at 10,000xg for 5 min (eppendorf Centrifuge 5415C). Then,

several dilutions of supernatants were loaded in a 96-well plate pre-coated with
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anti-TNF-o. mAb. Sandwich ELISA was performed using mouse TNF-o ELISA
kit according the manufacturer’s directions. The resulting color, proportional to
TNF-a concentration, was read using a microplate reader (Powerwave with KC
Junior software; Bio-Tek, Winooski, VT) at OD of 450 nm with reference set at
570 nm. Concentration was calculated from standard curve of authentic TNF-a

sample provided by the manufacturer.

5.2.7.4 Mixed Lymphocytes Reaction

T cells were obtained from spleen of Balb/c mice Jackson Laboratory (Bar
Harbor, ME, USA). Spleen was crushed between two slides and T cells were
purified using EasySep” Negative Selection kit according to manufacturer’s
instructions. Purified T cells were cocultured in flat-bottomed 96-well plates with
irradiated DCs in a ratio of (2:1) in 37°C and 5% CO,. Thereafter, [’H]-thymidine
was added during the last 18 hours of a 3 day coculture and the T-cell

proliferation measured by [*H]-thymidine incorporation in counts per minute.

5.2.8 Data Analysis
The data were analyzed for statistical significance (p<0.05) by one-way
ANOVA; Post-Hoc Scheffé’s test was conducted to determine level of

significance (SPSS for Windows, Version 16.0).
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5.3 RESULTS
5.3.1 Characterization of PLGA-P and PLGA-PS

Surface morphology, size distribution, and zeta potential analysis for
PLGA-P and PLGA-PS is shown in Figure 5.2. Evaluation of NPs surface
morphology by scanning electron microscopy (SEM) showed that PLGA-P and
PLGA-PS form spherical structures with smooth surfaces. Size determination by
DLS indicates that both PLGA-P and PLGA-PS conformed uniform populations
evidenced by the Gaussian distribution of the hydrodynamic diameter histograms.
PLGA-PS was slightly, but not significantly, larger than PLGA-P (the average
hydrodynamic diameter for PLGA-P and PLGA-PS was 351 and 392 nm,
respectively). Moreover, surface charge analysis indicated that PLGA-P and
PLGA-PS displayed comparable negative surface charges reaching ~ -13 and -19

mV, respectively. The difference was not statistically significant.
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Figure 5.2 Characterization of PLGA-P and PLGA-PS NPs. SEM images (left
panels) of dried samples showing spherical structures of smooth surfaces. Bar
scale is 400 nm. Binning charts represent with Gaussian distribution histogram of
hydrodynamic diameter of PLGA-P and PLGA-PS (middle panels). Mean + SD
for each sample is presented in the upper corner of each panel. Mean
hydrodynamic diameters of all NPs did not show any significant difference from
each other. Gaussian distribution demonstrated no skewness indicating the
uniformity of sample population. The data is representative of 10 reading cycles
for 3 independent measurements. Binning chart histograms for zeta potential
distribution (mV) (right panels) demonstrated no skewness indicating the
uniformity of sample population. Mean + SD for each sample is presented in the
upper corner of each panel. The data is representative of 10 reading cycles for 3
independent measurements.
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Moreover, siRNA encapsulation efficiency and loading in PLGA-P and
PLGA-PS was 26.3% and 43.9%, respectively (Table 5.1). This was also
confirmed by gel retardation assay of extracted siRNA from each formulation
where it reached 25.7% and 50.7% in PLGA-P and PLGA-PS, respectively
(Figure 5.3). These results indicate a significant increase in siRNA E.E. in PLGA-
PS by PEI-StA as compared to PLGA-P. Similarly, siRNA loading was

significantly higher in PLGA-PS compared to PLGA-P reaching 3.8 (ng/mg) and

2.2 (ug/mg) of PLGA, respectively (Table 5.1).

Table 5.1. siRNA E.E. and Loading in PLGA-based NPs

Formulation E.E. (%) Loading (pg/mg)”
PLGA-P 26.31 £5.96 22+04
PLGA-PS 43.98 + 6.07% 3.8+0.3°

* Statistical significance at p<0.05
siRNA loading per 1 mg PLGA
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Figure 5.3 Gel retardation assay of free siRNA and extracted siRNA from PLGA-
P and PLGA-PS. The pictures were digitized and analyzed with Imagel software
(W. Rasband (2005) National Institutes of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij) to determine the mean density of siRNA band. The
results are plotted in the bar graph which represents the average + SD of at least 2
tests. Statistical significance (a; p<0.05) compared to PLGA-P.
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5.3.2 In vitro Release Profile of siRNA from PLGA-P and PLGA-PS

The cumulative release of siRNA from PLGA-P and PLGA-PS was
sustained and followed a triphasic pattern characteristic for PLGA particulate
systems (Figure 5.4A). A burst release of siRNA was seen for both PLGA-P and
PLGA-PS reaching ~40% in the first 24 h. Thereafter, more sustained and
continuous release was observed over a period of 6 days. Then, another climb in
release was seen for both NPs until day 8. At this point, no significant difference
in the percentage of siRNA released was observed. By the end of the 10 days,
siRNA release was entering a plateau phase where the cumulative release of
siRNA was significantly higher for PLGA-PS than that of PLGA-P, reaching
almost 94 and 79%, respectively. The analysis of the entrapped siRNA in the NPs
was in agreement with the released siRNA 8% and 24% siRNA was detected in

PLGA-PS and PLGA-P, respectively, after 10 days (Figure 5.4B).
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Figure 5.4 In vitro release of siRNA and NPs surface analysis. (A) In vitro
release profile of FAM-siRNA in PBS detected over 10-day time period for
PLGA-P (filled circles) and PLGA-PS (open circles). Significant increase in
FAM-siRNA release rate was seen with PLGA-PS at days 8, 9, and 10 compared
to PLGA-P (*; p<0.05). Data was presented as average = SD of 3 different
measurements. (B) Circles represent signals of remaining siRNA extracted from
PLGA-P (filled circles) and PLGA-PS (open circles) as determined by gel
retardation assay. Percentage of the remaining siRNA in each NPs set was
calculated based on extracted siRNA at time 0 for each set. Reduction in
entrapped siRNA with time confirms the release profile in (A).
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5.3.3. Assessment of PLGA-P and PLGA-PS Cytotoxicity

In order to assess the cytotoxic effect of PLGA-P and PLGA-PS on DC
primary culture compared to PEI and PEI-StA polyplexes that were not
encapsulated in PLGA NPs, Trypan Blue assay and MTT assay were conducted to
determine cell membrane integrity and metabolic activity, respectively (Figure
5.5). Only DCs incubated with PLGA-P and PLGA-PS retained their membrane
integrity and adequately excluded the Trypan Blue dye. On the contrary, direct
application of PEI and PEI-StA polyplexes caused cytoplasmic membrane
disruption as evidenced by abundance of the Trypan Blue dye in DCs cytoplasmic
compartment (Figure 5.5A). Furthermore, we conducted a concentration-
dependent cytotoxicity study by MTT assay to determine the safety margins of
each formulation. As shown in Figure 5.5B, no cytotoxic effect was noticed at
concentrations less than 5 pg/mL with all formulations. Only after that
concentration, reduction in DC viability started to appear with PEI and PEI-StA
polyplexes. Moreover, this toxic effect was of a concentration-dependent manner
until it reached a plateau after 12.5 pg/mL concentration. On the other hand, the
PLGA-P and PLGA-PS NPs were less toxic than their polyplexes counterparts.
No significant reduction in cell viability was noted with PLGA-P and PLGA-PS

even at higher concentrations.
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Figure 5.5 Cytotoxicity assessment of PLGA-P and PLGA-PS compared to PEI
and PEI-StA polyplexes. (A) Trypan Blue exclusion test was performed for Day 7
DCs treated with 10 pg/mL of PEI or PEI-StA polyplexes (upper panels) and
PLGA-P or PLGA-PS (lower panels). Trypan Blue was detected only with
unencapsulated polyplexes, while with PLGA-P and PLGA-PS, DCs were able to
exclude the Trypan Blue dye. (B) MTT assay was performed for DCs treated with
increasing concentrations of polyplexes before and after PLGA encapsulation.
Signs for cytoxicity started to appear after 5 pg/mL concentration only with PEI
(filled circles) and PEI-StA (open circles). No signs for toxicity were recorded
with PLGA-P (filled triangles) and PLGA-PS (open triangles) even at higher
concentrations. Data are shown as mean + SD of 7 replicates for each sample.
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5.3.4 Cellular Uptake of PLGA-P and PLGA-PS by DCs

DC primary culture was incubated with PLGA-P and PLGA-PS
encapsulating 100 nM siRNA for 6 h at 37°C. We chose this time point (6 h) as
we have previously shown that around 80% of DCs could internalize PLGA NPs
within 4-8 h (34). Our fluorescence microscopy results indicated the presence of
the PLGA-P and PLGA-PS of FAM-siRNA (green color in Figure 5.6, due to
FAM-labeled siRNA) in the cytoplasm. Some FAM-siRNA signals was shown to
co-localize with LysoTracker” Red signals (orange color, due to overlay of the
green signal from FAM-siRNA, and the red signal from LysoTracker” Red),
which indicated the presence of PLGA-P and PLGA-PS inside the endosomes and
in areas around the nuclei (blue structures, due to DAPI staining). No qualitative

differences between the uptake of PLGA-P and PLGA-PS were indicated.
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PLGA-P PLGA-PS

Figure 5.6 Cellular uptake of FAM-siRNA/PLGA-P and PLGA-PS by DCs.
Fluorescence microscopy analysis of intracellular siRNA when DCs were
incubated with 100 nM FAM-siRNA/PLGA-P and PLGA-PS (green
fluorescence). Co-localization analysis was shown as orange color resulting from
an overlay of FAM-siRNA and LysoTracker Red signal. Nuclei (blue) are stained
with 4',6-diamidino-2-phenylindole (DAPI) and the scale bar for each image is 10
um. White arrows points out siRNA presence in the cytoplasm and peri-nuclear
areas indicating successful endosomal escape.
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5.3.5 Restoration of DC Functionality Following STAT3 Knockdown by
SiRNA NPs

We generated defective and tolerogenic DCs in which the STAT3
phosphorylation has been induced through exposure to conditioned medium of the
STAT3-active melanoma cell line B16.F10 (33). The STAT3" DCs were then
treated with PLGA-P and PLGA-PS of anti-STAT3 siRNA (100 nM) for 48 h.
Controls included using naked anti-STAT3 siRNA or identical formulations of
scrambled siRNA. We assessed our intervention at four levels: the specific
disruption of STAT3 signaling pathway, the induction of phenotypic DC
maturation marker (CD86) expression, the induction of proinflammatory cytokine
secretion (TNF-av), and the ability of DCs to activate the proliferation of allogenic
T cells (Figure 5.7).

Western blot analysis demonstrated a significant reduction in
phosphorylated and total STAT3 signals only by PLGA-P and PLGA-PS NPs of
anti-STAT3 siRNA (Figure 5.7A). Compared to naked siRNA-treated DC group,
p-STATS3 level was reduced by ~ 48% and 77% upon treatment with PLGA-P and
PLGA-PS, respectively. More importantly, the noted inhibition in p-STAT3 level
was specific since it was correlated with reduction in total STAT3 level as a result
of siRNA silencing. Furthermore, PLGA-PS allowed for more profound siRNA
silencing of STAT3 that was statistically significant as compared to PLGA-P (p <
0.05). No silencing effect was noticed with scrambled siRNA formulations

(PLGA-P-sc or PLGA-PS-sc) indicating the specificity of our intervention.
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The induction of p-STAT3 in DCs by B16-CM reduced their phenotypic
maturation as we have previously demonstrated (33). The siRNA silencing of
STAT3 in DCs restored surface expression of DC maturation marker CD86. As
shown in Figure 5.7B, DC groups treated with PLGA-P and PLGA-PS expressed
remarkably high levels of CD86. The mean fluorescence intensity (MFI) of the
FACS histograms were 93 and 111 for cells treated with PLGA-P and PLGA-PS,
respectively, as compared to only 33 in case of naked siRNA-treated DCs (Figure
5.7B). Scrambled siRNA formulations (PLGA-P-sc or PLGA-PS-sc) did not
induce CD86 expression, which is in agreement with our Western blot results
(data in Figure 5.7A).

This maturation picture was accompanied by a significant induction in
TNF-a secretion by DCs treated with PLGA-P or PLGA-PS (Figure 5.7C). DCs
treated with PLGA-P were shown to secrete TNF-a at levels that were 3.4 folds
higher than what was recorded with naked siRNA-treated group. Treatment of
DCs with PLGA-PS has led to the secretion of TNF-a at 5.7 folds higher than
naked siRNA control treatment. In fact, TNF-o secretion upon treatment with
PLGA-PS was even 1.7 folds higher than what followed PLGA-P treatment. This
was consistent with our FACS analysis findings were CD86 expression was
induced only after treatment with PLGA-P and, particularly, after treatment with
PLGA-PS.

More importantly, this immunostimulatory picture was corroborated by
the ability of DCs to induce allogenic T cells proliferation (Figure 5.7D). DCs

treated with naked siRNA or PLGA-P-sc or PLGA-PS-sc were not able to interact

206



Chapter Five: PLGA NPs of STAT3 siRNA

with allogenic T cells. However, PLGA-P or PLGA-PS that deliver functional
anti-STAT3 siRNA, allowed DCs to significantly induce allogenic T cell
proliferation. A 4.4 and 5.6 fold increase in the proliferation of T cells co-
cultured with DCs treated with PLGA-P or PLGA-PS was observed, respectively

(Figure 5.7D).
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Figure 5.7 Evaluation of immunostimulatory potential of PLGA-P and PLGA-PS
of STAT3 siRNA. Primary DC cultures in day 7 were incubated with B16-CM of
B16 culture for 24 h. DCs were pulsed with anti-STAT3 PLGA-P and PLGA-PS
for 48 h. (A) Western blot analysis showing expression level of p-STAT3,
STAT3, and Actin loading control. Bands optical intensities of p-STAT3 (black
bars) were quantified and normalized to Actin bands using Image] software (W.
Rasband  (2005) National Institutes of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij). The software provides optical densities that are
normalized for width, thickness, and background. Data are shown as the average +
SD of 4 experiments. Statistical significance was determined compared to control
(*; p<0.05) and PLGA-P (a; p<0.05). (B) FACS analysis of CD86 expression.
Histograms indicate a shift in the fluorescence signal only following STAT3
knockdown in DCs. mean fluorescence intensity (MFI) values after each
treatment where reported for M1 population. M1 gate region indicates the
inclusion area for CD86 expression where in-gate cells are considered positive for
marker expression. (C) TNF-a cytokine levels measured in DC culture following
STAT3 knockdown. Significant induction TNF-a cytokines secretion was noted
with PLGA-PS as compared to control groups (*; p<0.05) and PLGA-P group (a;
p<0.05). Data are shown as the average £ SD of 3 measurements. (D) Allogenic
MLR following STAT3 silencing in vitro. Treated DCs were collected, irradiated,
and cocultured with allogenic T cells isolated from the spleen of Balb/c mouse.
Bars represent level of T cell proliferation. DCs treated with PLGA-PS allowed
for higher alloreactivity compared to controls (*; p<0.05) and PLGA-P (a;
p<0.05).
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5.4 DISCUSSION

In a variety of solid and hematological tumors, constitutive activation of
STATS3 has been found to mediate numerous oncogenic properties such as cancer
cells survival, proliferation, angiogenesis, metastasis, as well as immune escape
(35-37). The latter is centrally driven by tumor-mediated inhibition of DC
maturation (8, 14). For optimum immune response, mDCs must provide T cells
with three signals: Signal 1 which represents the antigen presentation in context of
class I and class II MHC, Signal 2 which is the co-stimulation provided by surface
molecules such as CD80, CD86, and CD40 that interact with their ligands on T
cell surface, and Signal 3 which is the set of cytokines released by mDCs that
polarizes T cells toward the intended response. Failure of DCs to conduct these
stimulatory signals leads to a state of immune tolerance where T cells become
inactive (38). In fact, robust anti-tumor immune response is governed by the
capacity of mDCs to polarize T cells toward Thl/CTL response (14, 39).
However, tumors tend to escape immune recognition and response by abrogating
DC activation via p-STAT3 induction (8). This immunosuppressive/regulatory
effect, caused by tumors, imposes a state of immunological paralysis and
potentiates cancer progression (40). Therefore, inhibition of STAT3 signal in
tumor-exposed DCs was shown to be of critical significance to break tumor-
mediated immune tolerance and induce robust anti-tumor immune response (16).

Efficient inhibition of STAT3 signaling pathway in DCs was sought by the
employment of various modalities such as pharmacological inhibition by AG490

and JSI-124 (17, 41). However, this approach is not suitable for clinical practice
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due to the non-specific nature of these agents (22). The inhibitory effect of
AG490 on JAK/STAT3 pathway has been recently shown to be through the
inhibition of gp130 expression, which is the signaling chain in IL-6 receptor
complex at which JAK docks to phosphorylate STAT3 (42). Other members of
IL-6 family: cardiotrophin 1 (CT-1), leukemia inhibitory factor (LIF), ciliary
neurotrophic factor (CNTF), oncostatin M (OSM), and IL-11, depend on gp130
for signal transduction (43). Therefore, the loss of gpl30 basically eliminates
multiple physiologically-critical events. Similarly, JSI-124 was shown to
profoundly affect actin cytoskeleton via STAT3-independent mechanism at
effective JAK2/STAT3 inhibitory concentration in both cancerous and non-
cancerous cells (41). This non-specific action may highly account for JSI-124
cytotoxic effect. We have previously shown that PLGA NPs of chemically-
conjugated JSI-124 can indeed reduce p-STAT3 level in B16-CM exposed DCs,
and mitigate the deleterious effect of JSI-124 (44). Although the study provided
important proof-of-concept results, we were interested in investigating a more
clinically-relevant strategy. Therefore, we employed anti-STAT3 siRNA as a
specific modality for STAT3 inhibition in B16-CM-exposed DCs.

We were able to load pre-complexed siRNA with PEI and PEI-StA in
PLGA NPs i.e. PLGA-P and PLGA-PS, respectively. Characterization of PLGA-P
and PLGA-PS for surface morphology demonstrated the formation of nanospheres
of smooth surface and in a size range comparable to the hydrodynamic diameter
measured by DLS that showed unimodal distributions for all NPs (Figure 5.2).

Furthermore, despite the known cationic charge of PEI, the anionic surface charge
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seen on PLGA-P and PLGA-PS surface could mostly be a covering effect due to
the anionic density of the carboxylic-acid terminated PLGA. Masking the dense
cationic charge in PLGA NPs may be the reason behind a significant reduction in
the non-specific toxicity of PEI and PEI-StA polyplexes towards DCs when
incorporated in PLGA NPs (Figure 5.5). The E.E. and loading of siRNA by
PLGA-PS was significantly higher than that of PLGA-P (Table 1). This
observation can be attributed to the intrinsically higher binding capacity of PEI-
StA toward siRNA as compared to PEI (27).

The release profile indicates that complete siRNA release is dependent on
PLGA NP degradation (Figure 5.4A). Moreover, the noted 40% burst release is
mainly due to presence of siRNA polyplexes on or near the surfaces of PLGA
NPs. Furthermore, since PEI and PEI-StA are relatively more hydrophilic
compared to PLGA, they may induce formation of aqueous channels in the PLGA
matrix (45, 46). The channels could then serve as outlets for siRNA diffusion.
Such effect was reported with the release of oligonucleotides from PEI-containing
PLGA microspheres, which was correlated with the amount of PEI added to the
aqueous phase (45). Others have also reported similar pattern of siRNA release
from PLGA NPs that incorporates PEI (46). We also noticed that siRNA release
from PLGA-PS becomes faster than its release from PLGA-P, especially at the
end of the release profile (Figure 5.4A). The reason behind this could be the
higher electrostatic interaction between PEI polyplexes and PLGA than that of
PEI-StA, which drives PEI polyplexes to remain attached to the PLGA matrix.

This is an important observation as it implies that we can control the release of
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siRNA by modifying the structure of the polyplexes. The faster release of siRNA
from PLGA-PS may also be contributed to the higher loading of PEI-StA
compared to PEI polyplexes in PLGA NPs.

PLGA-P and PLGA-PS were found not toxic to DCs compared to the
cationic polyplexes alone (Figure 5.5). We attribute the significant reduction in
PEI toxicity after incorporation into PLGA NPs to two factors: (i) participation of
PLGA in preventing the surface exposure of the cationic charge as evidenced by
our zeta potential analysis (Figure 5.2B); thus prevention of PEl-induce
membrane disintegration, and (ii) the intrinsic safety of PLGA NPs since PLGA is
an FDA-approved biodegradable polymer that had been widely used in several
controlled-release drug products for human use and as a delivery system for DC
(47, 48). Although it is arguable that the sustained release effect dictated by
PLGA system may lower PEI toxicity below detection by reducing the exposure
rate of PEI to the cells, we do not anticipate this profile to be the reason behind
the noticed mitigation in PEI toxicity. In fact, the in vitro release pattern might not
be exactly mirrored after cellular internalization where the NPs are exposed to
variable pH ranges in different intracellular compartments, which would influence
the release pattern. We argue that the considerable concealment of the cationic
charge within the PLGA particles and the unique ability of PLGA NPs for
endosomal escape (discussed below) could prevent membrane disintegration and
the release of the cytotoxic lysosmal contents into the cytoplasm. Additionally,
the improvement of PEI toxicity profile by incorporation into PLGA system has

been also shown on other cell types indicating the reliability of the approach (30).
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Moreover, it has been documented that PLGA particles did not significantly affect
the viability of DCs even when DCs were loaded with large number of PLGA
particles and even during PLGA degradation where acidic byproducts are formed
(49).

The constructed NPs were successfully internalized by DCs (Figure 5.6).
The fact that these particles fit in the preferable size for DC endocytosis (Figure
5.2) is one reason for the high intracellular signal (34). Moreover, it has been
argued that the presence of PEI in the polymeric matrix of PLGA facilitates
cellular uptake and enhances the transfection efficiency to some extent (30).
Nonetheless, since the uptake study was performed on pure DC culture, it is hard
to estimate the effectiveness of these NPs in preferentially targeting DCs.
Determination of NPs uptake by DCs in the presence of other cells or in vivo
studies is needed for clearer and more conclusive assessment. Our localization
studies confirm the presence of our formulations in the endosomal compartments
as indicated by the orange color resulting from the co-localization of FAM-
siRNA/PLGA-P and PLGA-PS with the LysoTracker Red. Moreover, green
fluorescence of siRNA was also detected in the cytoplasmic compartment, which
is an indicative of an endosomal escape property of the particulate systems. A
combination of two phenomena might be responsible for this property: (i) proton-
sponge effect provided by the PEI system, and (ii) surface cationization of PLGA
NPs in the acidic pH of secondary endosomes (50). The latter was also confirmed
in PLGA NPs internalized by DCs, where endosomal escape mediated cross-

presentation of exogenous antigens (51). Surface cationization of PLGA in acidic
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pH was attributed to the transfer of excess protons from the bulk liquid to the NP
surface or attributed to hydrogen bonding between carboxyl groups of PLGA and
hydronium molecules in the acidic pH (50, 52).

The results of cell culture study indicates: (i) phenotypical and functional
maturation of B16-CM-exposed DCs can be restored, in vitro, after DC incubation
with anti-STAT3 siRNA PLGA-P and PLGA-PS. (ii) The level of DC activation
is correlated with the level of STAT3 knockdown (Figures 5.7A and 5.7B). We
show that DC alloreactivity (Figure 5.7D) was noticed only following STAT3
knockdown and the induction of the costimulatory molecules expression CD86
(Figure 5.7B). This is an important observation since it proves that siRNA was
successfully unpacked at the site of action and encountered its cytoplasmic target.
The CD86 on DC surface in known to interact with CD28. In turn, T cells provide
stimulatory signal to DCs via CD40/CD40-lignad (CD40L) interaction. Such
interaction is beneficial for both DCs and T cells where stimulation of CD28
stabilizes CD40L on T cells and stimulation of CD40 on DCs increases their
expression of CD86 molecules (53, 54). Moreover, the remarkable secretion of
the proinflammatory cytokine TNF-o from DCs upon STAT3 knockdown
provides another evidence of restoring DCs function. When secreted by activated
DCs, TNF-o was demonstrated to induce T cell activation and polarize T cells
toward Th1/CTL response (55, 56). We attribute the collective picture of DC
activation to STAT3 knockdown by siRNA and not merely to NP uptake by DCs.
Endocytosis-induced DC maturation is debatable in literature and evidence that

either confirm (57) or contradict (50, 58) this notion has been documented with
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PLGA NPs. We take the latter position since our study show no effect of
scrambled-siRNA NPs (PLGA-P-sc or PLGA-PS-sc) in restoring DC maturation,
which strongly support the specificity of our approach where STAT3 knockdown
is required for the observed effect. In fact, STAT3 inhibition in DCs was
associated with the maturation process even without tumor exposure (17).
Furthermore, the superior effect of PLGA-PS over PLGA-P in mediating siRNA
silencing is most likely due to the ability of PEI-StA to protect siRNA from
nuclease degradation to higher extent than PEI as we have previously
demonstrated (27). However, using the proposed approach, in vivo studies for
siRNA-mediated STAT3 knockdown in DCs are needed now to better evaluated

the therapeutic potential of this formulation.
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6.1 GENERAL DISCUSSION

The underlying mechanism(s) for cellular transformation and cancer
progression is/are still debatable, and the therapeutic approaches currently used
are still ineffective to completely eradicate the disease. According to the
hypothesis of cancer immunoediting, cancer progression undergoes three phases.
An elimination phase, where immune cells recognize and kill transformed cells;
followed by a long equilibrium phase, where tumor cells persist but remain
dormant against the immune pressure; and lastly an escape phase, where the
balance is tilted toward tumor progression as a result of immune exhaustion or
inhibition (1). In this process, STAT3 is an important player since it is involved in
different scenarios of cancer immune escape mediated by both intrinsic and
extrinsic factors, as well as sustaining tumor survival and proliferation. This is
because STAT3 mediates the production of TDFs that are responsible for cancer
progression and immunosuppression. These TDFs further induce STAT3
activation in multiple components of the immune system leading to weakened or
abolished anti-tumor immunity. Therefore, STAT3 disruption is critical to induce

tumor-killing effect and to reactive anti-tumor immune response.

The ultimate goal of this research project was to develop strategies with
cancer-therapy potentials based on disrupting the abnormally-activated STAT3 in
cancer cells and in cancer-exposed DCs. The choice of these two targets was
based on the compelling evidence that STAT3 mediates a cross talk between

cancer and immune cells (2-4). In this research we used B16.F10 murine
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melanoma model since it has been shown that STAT3 targeting in melanoma
tumor models leads to the induction of tumor regression (5), inhibition of
angiogenesis (6), prevention of metastasis (7), as well as activation of immune
response (5, 8). Because of the abundance of an arsenal of STAT3 inhibitors,
which vary in their mechanisms of action and sub-cellular targets, we wanted to
develop a modality that is as specific, efficient, and safe as possible. This is not an
easy task because of the drawbacks associated with each modality involved in
STAT3 disruption (discussed in Chapter 1). Since the unwanted and toxic effects
of each agent are attributed to its degree of specificity, we decided to apply RNAi
because this is the most specific modality to our knowledge if disease-causing
proteins are to be targeted at the mRNA level (9, 10). Based on our knowledge of
STAT3 role in cancer progression, we set three hypotheses for our research. First,
STAT3 knockdown by siRNA in B16 cells leads to apoptosis in vitro and tumor
regression in vivo; second, down-modulation of STAT3 by siRNA in tumor cells
induces bystander immune response in vitro and in vivo; and third, STAT3
knockdown by siRNA induces phenotypic maturation and functional activation
tumor-exposed DC. In order to test these hypotheses, we designed our

experimental approach to meet specific objectives as follows.

Our first objective was to develop an efficient delivery system for siRNA
(Chapter 2). As previously documented, the clinical applications of siRNA are
hindered by serious, but virtually controllable, obstacles that we tried to address in

this thesis. These hurdles (summarized in Figure 6.1) are mainly in regard of two
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points: siRNA stability in serum and successful encounter of the target mRNA of
interest (11). To circumvent such barriers that significantly diminish therapeutic
potentials of siRNA, we focused on designing and evaluating delivery systems
that would protect siRNA from degradation, deliver it successfully to the site of
action, and improve its biological function.

Our siRNA delivery strategy was based on attaching free-fatty acids to the
backbone of PEI (25 kDa): the gold standard for gene delivery (12). The rationale
behind the fatty acids attachment was initially to enhance cellular uptake of
exogenous nucleic acids through hydrophobic interaction with the phospholipid
bilayer component of the cell membrane, and through other biomimetic
mechanisms e.g. facilitated intracellular trafficking (13, 14). However, the
introduction of lipid groups was found to be beneficial for siRNA delivery at
multiple fronts: entrapment, stability, and delivery.

The attachment of fatty acids at different substitution levels, in most cases,
enhanced the capacity of PEI to bind with siRNA, but with significant variability
among the lipid-modified derivatives (Chapter 2, Figure 2.1) (15). Although we
were not able to pinpoint a specific reason for this erratic response, we used an
empirical approach as a screening method to choose the most effective lipid-
modified PEI in siRNA entrapment. Nevertheless, based on our observations, we
considered three factors to be possible participants to fatty-acid contribution in
siRNA binding capacity of the derived PEIs. These factors are: fatty acid

composition, chain length, and level of substitution.
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Figure 6.1 Adopted from (11). Physiological barriers to the systemic delivery of
siRNA nanoparticles. An injected nanoparticle must avoid filtration, phagocytosis
and degradation in the bloodstream (a); be transported across the vascular
endothelial barrier (b); diffuse through the extracellular matrix (c); be taken up

into the cell (d); escape the endosome (e); and unpackage and release the siRNA
to the RNAi machinery (f).
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Looking at the most potent fatty acid derivative worked in our hand, PEI-
StA2, we can inductively suggest that an optimum point for maximal binding
efficiency requires the attachment of saturated fatty acid that is not less than 18-
carbon long. Of course we cannot stretch this statement into a conclusion;
however, the evidence collected from direct comparison of the PEI derivatives
compositions supports our argument. We have two saturated fatty-acid derivatives
in this library, stearic acid (18 carbons) and caprylic acid (8 carbons). To reach
comparable capacities, the substitution level of CA was over 10-times higher than
StA (Chapter 2, Table 2.1) (15). This indicates the importance of the fatty acid
chain length. In fact, in a study targeting hepatocytes with fatty-acid conjugated
siRNA, the authors stated that fatty acids of chain lengths less than 18 carbons did
not induce gene knockdown (16). Moreover, comparing the lipid composition of
the three 18-carbon fatty acids in our library, we rank the binding efficiency of the
derived PEIs as follows: stearic acid (saturated) > oleic acid (monounsaturated) >
linoleic acid (polyunsaturated). This indicates that the presence of more double
bonds throughout the fatty acid structure is counterproductive in spite of the
substitution level. This is probably due to the increased rigidity of the three-
dimensional structure dictated by the double bonds, as discussed in Chapter 2
(15). We proposed that the flexibility of StA could allow the molecule to flex
inward and participate in physical encapsulation of siRNA on top of the
electrostatic interaction with PEI (15). However, although counterintuitive, we
found that higher substitution level of StA results in less siRNA binding capacity

as compared to that of the lower substitution counterpart. To explain this paradox,
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we find it plausible to argue that StA could interfere with the charge distribution
in PEI and possibly mask some spots for electrostatic interaction with siRNA.
Taken that siRNA entrapment by PEI-StA is a combination of electrostatic
interaction with PEI backbone and physical loading by StA chains, the content of
StA in the polymeric network could have an influence on either factors, where the
net result of siRNA entrapment is ultimately affected. We support this argument
by the inconsistency in zeta potential measurements at different polymer/siRNA
ratio, where only polyplexes of undecorated PEI showed consistent increment in
zeta potential but not the fatty-acid modified PEIs (Chapter 2, Figure 2.2) (15).
Therefore, more physicochemical studies must be done to determine how these
factors could contribute to siRNA binding/loading.

Another advantage of StA attachment is the addition of relative
hydrophobicity to the polyplexes. This translated, along with intrinsic binding
efficiency, into higher encapsulation of siRNA into PLGA NPs when DC
targeting was intended (Chapter 5). Moreover, the hydrophobicity provided by
PEI-StA may be one reason behind the higher cellular uptake by B16 melanoma
cells (Chapter 2, Figure 2.4), especially at lower complexes concentration (15). As
a paradigm, more cell uptake should translate into higher biological activity (17).
Many have shown that addition of lipid to PEI chain enhances cell uptake of
nucleic acids and their biological functions (18-21). Nevertheless, higher cellular
uptake as a result of increased hydrophobicity is not the only reason behind the
increased siRNA silencing efficiency noticed with PEI-StA system (15, 22, 23). A

very important factor is the enhanced stability of siRNA in serum.
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As we have previously shown, siRNA is very labile in serum (Chapter 2,
Figure 2.3) (15). Given that siRNA is prone to nucleases degradation at multiple
steps before encountering its target mRNA (24), we argue that the improved
siRNA stability profile seen with PEI-StA is probably the major determinant in
the noticed superiority of PEI-StA over PEI in mediating siRNA silencing. The
orientation of StA in the polyplex matrix probably created a steric hindrance to
serum nucleases. Adding this to the higher siRNA loading, PEI-StA could
transfect cells with more functional siRNA molecules that are well protected
(Figure 6.2). The collective contribution of StA, was translated in our
optimization studies into more silencing effect of a biological target in B16.F10

cells (integrin o) (Chapter 2, Figure 2.6) (15).

After this step, our next objective was to determine the clinical relevance
of our strategy by targeting STAT3, which is a key protein in cancer progression
and immune escape (25), in B16.F10 murine melanoma cells (Chapter 3). To
prove the efficacy of this system for STAT3 knockdown in cancer cells in vitro
and in vivo, and to study the outcomes of STAT3 knockdown to evaluate the
clinical relevance of the approach, we targeted B16 cells with STAT3 siRNA in
PEI or PEI-StA. We found an association between cellular uptake level and
siRNA silencing efficacy (Chapter 3) (23). However, we suggest that the
improved serum stability provided by PEI-StA is the main reason for the profound
increase in siRNA potency when delivered by PEI-StA as compared to PEI (23).

Although we have not confirmed this, it is highly likely that PEI-StA may also
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provide a prolonged intracellular effect as a result of higher entrapment efficiency
of siRNA and low nuclease degradation. Therefore, such system, if optimized,
could potentially overcome one major drawback of siRNA, which is the
temporary nature of treatment. We tried to overcome this issue by administering
repetitive doses of the polyplexes where we see remarkable anti-cancer effect in
vitro and in vivo (Chapter 3) (23). However, optimizing the lipid content to
develop a prolonged effect of the single dose would be very significant clinically.
Since it is known that many cancer cells, including melanoma, depend on STAT3
for survival, prolonged STAT3 knockdown could switch the balance toward
tumor eradication response (26). Our in Vvitro results were in agreement with the in
vivo results where PEI-StA mediated more silencing effect of STAT3 siRNA than
that of PEI. We attribute this to the higher cellular association of PEI-StA
polyplexes as well as protective effect to siRNA from serum nucleases. These
effects resulted in the reduction of the dose needed to mediate STAT3 silencing to
as low as 25 nM in vitro (Chapter 3). In addition, we noticed that by a multiple-
administration schedule, significant induction of B16 apoptosis takes place after
STAT3 silencing by siRNA polyplexes in vitro and in vivo compared to
scrambled siRNA complexes and saline-treated controls after 4 daily doses via i.t.
route. This is also a confirmatory evidence for the temporary nature of siRNA
intervention, which signify the need for the development of delivery systems with
prolonged effect. Moreover, by these studies, we also validated the pivotal role of
STAT3 in cancer progression and its potential as a target for cancer therapy. We

showed a strong correlation between STAT3 silencing and cancer cell death in
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vitro and in vivo that was proportional to the level of STAT3 knockdown, and
specific to STAT3 inhibition since scrambled siRNA polyplexes did not induce
any noticeable STAT3 silencing nor cytotoxicity on B16 cells (Chapter 3).
Although this is an evidence for the specificity of our approach, it does not
completely overrule possible non-specific cytotoxicity when other cell types are
intended for targeting. Nonetheless, at least in the studied model, the observed
results indicate clinical relevance since they suggest a specificity of the approach
especially that mice treated scrambled-siRNA polyplexes did not exhibit any
noticeable signs of toxicity. Furthermore, beside the direct correlation between
STAT3 knockdown and cancer cell death, we also noticed changes in the tumor
microenvironment particularly in the cytokine profiles, angiogenesis, and immune
response. We have seen an induction in pro-apoptotic inflammatory cytokines in
tumor microenvironment (22, 23). This switch toward more tumor-suppressing
inflammatory response has a direct cancer-killing effect owing to the role of
STAT3 in anti-apoptotic proteins overexpression (27), as well as indirect anti-
tumor effect by possible triggering of immune cells activation (25). Additionally,
we have seen a reduction in VEGF expression following STAT3 knockdown
(Chapter 3) (23). This effect, as well, leads to cancer cell death directly since
VEGFR has a role in tumor progression (28), and indirectly through anti-
angiogenic effect (29). From this piece of information we conclude that the
inhibition of STAT3 activity is of significant importance as a cancer therapy
strategy since VEGF gene expression was shown to be upregulated by STAT3

(30).
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Figure 6.2 Possible roles of fatty acid chains in enhancing siRNA properties. The
flexibility of fatty acid chains could allow for more encapsulation of siRNA and
forces the molecule to remain relatively closer to the core. This adds a protective
effect from serum degradation by preventing the access of nucleases to siRNA.
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We also confirmed the observation that STAT3 inhibition in tumor cells leads to
induction in IL-6 expression, where anti-tumor effect is amplified probably due to
the IL-6-mediated STAT1 activation (Chapter 3). The activation of STAT1 by IL-
6 is hindered in cancer cells due to STAT3 competition on the docking site on the
gp130 chain (the signaling chain of the IL-6R), where STAT3 signal prevails. In
absence of STAT3, however, STATI signal take place and leads to IFN-y like

effect on tumor cells (31).

From here, our next avenue was to determine whether STAT3 knockdown
in tumor cells induces bystander immune response (Chapter 4). To evaluate this
objective, we analyzed the tumor microenvironment for immune cells infiltration
and activation, cytokine levels, as well as functionality of splenocytes from
tumor-bearing mice before and after STAT3 knockdown. We noticed a creation of
immune response suggesting a Thl type response evidenced by remarkable
infiltration of innate and adaptive immune cells in tumor mass as well as
activation of tumor-exposed DCs in vivo following intratumoral STAT3
knockdown (Chapter 4) (22). Here also we noticed that the collective anti-tumor
response was correlated to the degree of STAT3 knockdown by siRNA. In the
CD3" cell population studied in isolated tumors, the superiority of PEI-StA
treatment was noted by the induced infiltration of CD4" T cells, CD8" T cells, and
NKT cells. This is also indicative to the role of the delivery system in enhancing
siRNA potency. In this regard, the effect is specific to STAT3 knockdown and not

due to non-specific inflammatory responses since significant difference was seen
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between STAT3 knockdown groups and scrambled-siRNA formulations,
especially that IFN-y secretion was only induced in STAT3-knockdown groups.
Moreover, the T cells response seen is corroborated by the picture of DC
activation following STAT3 knockdown in tumor, which is broken into three
segments. First, we observed a significant infiltration of CD11¢" DCs in tumor
tissue. Second, these DCs were mature as evidenced by CD86 and CD40
expression (Chapter 4 Figure 4.5B) as well as the high levels of Thl-type
cytokines IL-12 and TNF-a (Chapter 4Figure 4.5C). The third segment is the
alloreactivity of DCs with Balb/c T cells. The alloreactivity of splenocytes
isolated from tumor-bearing mice that were treated with STAT3-siRNA
polyplexes indicates bystander immune response. Here also we noticed an
advantage for PEI-StA over PEI, which is relative to the degree of STAT3
knockdown mediated by the polyplexes. This interplay created between DCs and
T cells indicates the high potential of STAT3 knockdown in cancer
immunotherapy, and also revalidates the role of STAT3 as a cross-talk mediator
between cancer and immune cells.

In fact, those collective factors i.e. proinflammatory cytokines, anti-
angiogenic effect, and cellular immune response, might have a significant role in
the noticed tumor regression, (Chapter 3, Figure 3.5) and (Chapter 4, Figure 4.5)
(22, 23), along with the direct effect of STAT3 knockdown on tumor cells
survival. Therefore, it is hard to determine the direct role of STAT3 knockdown in
tumor cells in vivo, devoid from the contribution of the other external factors.

Probably, revaluating this approach in Nude or SCID mice, where adaptive
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immunity is lacking, may give an idea of the magnitude of direct STAT3
knocdkown on tumor cell survival as well as the role contributed by the immune
response following STAT3 knockdown in tumor cells. It is also important to
know that our siRNA complexes may not have an exclusive effect on cancer cells.
In vivo, the siRNA complexes might have directly affected immune cells as well
as cancer cells. This is of clinical significance, as blocking STAT3 directly in
immune cells can produce a synergistic anti-tumor effect to STAT3 knockdown in
tumors (2). In fact, the requirement of immune cells for tumor regression has been

proven using tumor-bearing mouse model with Stat3” hematopoietic system (5).

Therefore, our next objective was to evaluate STAT3 knockdown by
targeting STAT3 directly in tumor-exposed DCs with STAT3-siRNA polyplexes
loaded in PLGA NPs (Chapter 5). We applied this approach because several
studies strongly indicated the negative-regulatory role of JAK/STAT3 signaling
pathway on DC maturation (32-34), and because PLGA NPs were extensively
used in DCs targeting for immunotherapy strategies (35, 36). We found this
strategy to carry three advantages: (i) preferential uptake by DCs, (ii) controlled-
release property by hydrophobic modification of PEI and (iii) reduction of PEI-
associated toxicity (Chapter 5). Encompassing these properties makes PLGA NPs
optimum for DCs targeting especially when co-delivery of other agents is
intended e.g. antigens, adjuvants, as well as when co-delivery with low molecular
weight drugs is needed. In deed, our NPs were in the size range of preferential

uptake by DCs (37). The uptake process might also be facilitated by the presence
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of PEIl-based polymers as noticed with PLGA microspheres of comparable
construct (38). High cellular internalization is very important objective since
siRNA suffers from poor cellular internalization, which is one reason preventing
its emergence in clinical setting. By designing PLGA NPs that are readily
internalized by DCs, not only RNAi can be mediated but also other payloads can
be co-delivered with the siRNA for additive or synergistic effect. In fact, others
have recently designed PLGA NPs that contain PEI, anti-p-glycoprotein siRNA,
and paclitaxel to target multi-drug resistant tumor (39). Along with cell
internalization, they have shown that targeting tumor cells with these PLGA NPs
potentiated the cytotoxic effect of paclitaxel due to the controlled release pattern
where siRNA was released prior to paclitaxel in order to downregulate p-gp and,
therefore, sensitized tumor cells to the chemotherapeutic agent (39). This
indicates the potential of PLGA/PEI systems to have temporal controlled-release
component that is highly applicable when siRNA and low-molecular weight drugs
are co-encapsulated, since the onset of protein downregulation is usually delayed
compared to low-molecular weight inhibitors. Therefore, it is useful to release
siRNA before the other agent. Our data adds that fatty-acid modification to PEI
backbone seems to enhance siRNA release from PLGA matrix compared to
unmodified PEI (Chapter 5). This opens a new avenue for tuning the release
process of siRNA by hydrophobic modification of the cationic polymer. The
biological impact of this property can be significant as we have noticed a
superiority of PLGA-PS over PLGA-P in mediating effective STAT3 knockdown

by siRNA within 48 h, in vitro (Chapter 5). Fore our purpose, we have shown that
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direct knockdown of STAT3 in B16-CM-exposed DCs restores phenotypic and
functional maturation of DCs. We noticed that STAT3 knockdown in B16-CM-
exposed DCs by PLGA-based siRNA NPs induced multiple stimulatory effects in
DCs: (i) phenotypic expression of maturation marker (CD86), (ii) secretion of
Thl-type response cytokine TNF-a, and (iii) alloreactivity with T cells isolated
from Balb/c mice. This is a significant step for cancer immunotherapy since
cancer employs a state of immune tolerance that is considered a reason for cancer
vaccine failure in clinical settings (40). Furthermore, the noted restoration of DCs
functionality was comparable, at least in vitro, between the two cases when
STAT3 was targeted in cancer cells (Chapter 4, Figure 4.3) or directly in DCs
(Chapter 5, Figure 5.7). This is an evidence for the availability of the second
approach to synergize or alternate the first approach, especially if cancer cells
developed a resistance mechanism, which is not uncommon throughout the
process of cancer treatment (41).

From our observations, we obtained two main remarks: first, the validity
of tumor-induced STAT3 in DCs as a target for cancer immunotherapy. This also
confirms previous results from our lab where targeting B16-CM-exposed DCs
with PLGA NPs of chemically conjugated STAT3 inhibitor JSI-124 resorted DCs
phenotypic and functional maturation (42). Second, the protective property of the
fatty-acid modified PEI to siRNA is carried on even when polyplexes are
integrated into another formulation. The clinical relevance of this observation is
retaining the effectiveness of the PEI system could as a powerful transfecting

vehicle for nucleic acids, while reducing it associated non-specific cytotoxicity,
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which is the main reason stands against its use in clinical applications. Moreover,
designing an effective, and non-toxic, delivery system for siRNA can serve as a
template or a frame for different siRNA applications with other molecular targets.

It is also important to emphasize that the work presented in this thesis is
limited to the model used. Subcutaneous inoculation of tumor cells generates
tumor models that are criticized for not mimicking etiological pathogencity of
cancer in clinical setting. Currently, cancer researchers are attracted to
spontaneous-tumor models for better understanding of tumor progression and
more relevant therapeutic applications. Another limitation of our work is that
siRNA polyplexes, in the current form, are only suitable for intratumoral
application. These polyplexes cannot be administered intravenously because they
are highly prone to non-specific binding with blood-stream components. We
highlight this issue in more detail in section 6.3.1. Moreover, we targeted DCs
with PLGA-P and PLGA-PS only in vitro. We haven’t investigated the specificity
of these NPs to be differentially internalized by DCs in presence of other cell
populations. Also, application of these NPs in vivo is crucial for a better
evaluation of this therapeutic strategy. In section 6.3.2, we discuss the latter point

in further details.

6.2 CONCLUSIONS
We developed for non-toxic polymeric systems siRNA delivery to B16
melanoma cells based on hydrophobic modification of PEI. Substituting long-

chain endogenous lipids (especially stearic acid) onto PEI contributed to
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significantly better binding to siRNA, as well as better protection in a serum-
containing medium. These two factors contributed to enhancement in siRNA
delivery to the cells and promotion of target knockdown as compared to parent
PEI. We found out that the presence of the hydrophobic moieties was
indispensable to formulate stable and efficient delivery systems for siRNA,
especially at low concentrations. The desired siRNAs were effectively delivered
to almost all cells (>90%) in culture, and a resultant knockdown of molecular
targets e.g. integrin o, and more importantly STAT3.

The delivery system based on stearic-acid modification of PEI turned to
significantly increased siRNA potency in vitro and in vivo and consequently has
the potential to reduce off-target effects. Furthermore, the siRNA-mediated
silencing of STAT3 in B16 melanoma cells was found to be able to break the state
of immune tolerance employed by the tumor and induce bystander anti-tumor
innate and adaptive immune response. We also found that the bystander effect is
highly correlated to the siRNA silencing effect and the tumor-killing action. Such
strategy carries a therapeutic potential and could be considered for combined
chemo- and immunotherapy for cancer.

We have also developed a PLGA-based delivery system of siRNA by the
aid of PEI and PEI-StA for STAT3 targeting in DCs. The formulation
successfully mediated specific siRNA silencing with no signs of non-specific
toxicities. Moreover, this approach showed a therapeutic potential by restoring
DCs function that was compromised with B16-CM exposure. This strategy holds

a promise for inclusion with other immunotherapeutic strategies such as cancer
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vaccine and adjuvant therapy. Co-delivery of STAT3 siRNA with cancer vaccine
to DCs in the same PLGA NPs might improve the success rate of cancer vaccines

at clinical settings.
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6.3 FUTURE DIRECTIONS

6.3.1 Development of a delivery system for systemic administration of SIRNA
siRNA faces similar physiological barriers as DNA intended for gene

therapy, which are mostly in regard to enzymatic degradation and inefficient

accumulation in target cells i.e. sub-optimal transfection (43). Therefore,

developing a delivery strategy for systemic administration is crucial for effective

therapeutic plan.

To accumulate in solid tumors, the so-called Enhanced Permeability and
Retention (EPR) effect can be exploited as a passive targeting strategy (44). The
permeability concept is based on the leaky nature of solid tumors’ vasculature.
Most solid tumors express elevated levels of permeability factors such as
bradykinin (45), nitric oxide (NO) (46, 47), peroxynitrite (ONOO ) (48), and
proteinaceous vascular permeability factor (VPF) (49, 50). This permeability
results in the extravasation of plasma proteins as well as macromolecules and
nanoparticles into tumor interstitial space. The extent of nanoparticles
extravasation depends on the gap width between endothelial junctions, which has
been reported in several tumor models to have a cut-off size of 380-780 nm (51,
52). Moreover, the retention concept is attributed to the fact that lymphatic
clearance from tumor tissues is much slower than normal or inflamed tissues,
which lead to macromolecules and nanoparticles retention in tumor site after
extravasation (53). Therefore, nanoparticles circulation in blood stream must be

long enough for the EPR effect to take place.
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Although our polyplexes fall in the size range for EPR effect and were
shown capable of siRNA protection from serum degradation, they cannot be used
for intravenous administration as they are. The surface cationic charge of our
polyplexes renders them prone to non-specific association with negatively
charged components in the blood stream e.g. cell membranes and proteins.
Moreover, they can be recognized by the reticular endothelial system (RES). This
could significantly reduce circulation time for the polyplexes before extravagating
through the leaky vasculature in tumor site, and enhance their clearance before
showing a therapeutic benefit. To overcome this drawback, adding a stealth
property by PEGylation could be helpful in prolonging polyplexes circulation to
prevent RES clearance and increase the chance for the EPR effect (54, 55). The
effectiveness of this approach has been proven by two methods: attachment of
PEG to siRNA and then complexation with PEI (56), or attachment of PEG to PEI
and then complexation with siRNA (57). Moreover, external PEG side chains
could be used as attachment sites for active-targeting ligands. For instance,
Folate-PEG-PEI systems have shown enhanced efficacy of siRNA when targeting
that overexpress folate receptors (58-60).

Very recently, this first report has just appeared on phase I clinical trial
involving systemic administration of siRNA against M2 subunit of ribonuclease
reductase to melanoma patients using human transferrin protein (TF)-targeted
PEGylated cyclodextrin-based polymeric nanoparticles (61). This study provided
the first evidence of specific RNAi mediated by siRNA. It also signified the

importance of EPR effect in NPs accumulation specifically in tumor tissues.

241



Chapter Six: Discussion, Conclusions, and Directions

Blood capillary
around tumor

Kupffer cells

Hepatocytes

Y pna
DNA-containing particle

S<  Inactivated  digested

Figure 6.3 Illustration of barriers for i.v. gene delivery. Adopted from (43). DNA-
containing NPs are injected intravenously into human body. Serum proteins may
bind to the particles, crosslink them and increase the particle size. This can result
in rapid particle elimination (Inset 1). The Kupffer cells (RES) may take up
particles, leading to rapid NP elimination from circulation and decrease their
access to the hepatocytes (Inset 2). Circulating NPs may extravasate in tumor
tissue through the leaky tumor vessels (the EPR effect) (Inset 3). Particles then
need to pass through the crowded extracellular matrix to contact the cell surface
(Inset 4). When the particles are internalized into cells, DNA must escape from
the endosome and find its way into the nucleus (Inset 5).
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6.3.2 Applying STAT3 knockdown strategy in context of cancer vaccines

The weak qualitative and quantitative T cell responses and
immunosuppressive tumor microenvironment that inhibits anti-tumor T cell
activity at the effector phase are the two main reasons for the failure of current
cancer vaccines in clinical trials (40, 62, 63). Therefore, in order to improve the
response to cancer vaccines, immunotherapy strategies must be directed to
activate robust and long-lasting anti-tumor immune responses. For this to happen,
the ‘immunosuppressive milieu” of the tumor microenvironment must be
reversed.

We have shown that our strategy could reverse the tumor-mediated
immune tolerance by STAT3 inhibition at the level of tumor microenvironment as
well as the level of tumor-exposed DCs. Since DCs are considered the main target
for cancer vaccines, STAT3 inhibitory modalities must be co-administered to the
same cell population to reverse the deleterious effects of tumor milieu. Previously,
we have shown that vaccination of mice bearing melanoma B16 tumors with
PLGA NPs co-encapsulating the poorly immunogenic melanoma antigen,
tyrosinase-related protein 2 (TRP2) along with Toll-like receptor (TLR) ligand (7-
acyl lipid A) induces therapeutic anti-tumor effect characterized by highly
activated TRP2-specific CD8" CTL that were capable of IFN-y secretion at lymph
nodes and spleens of the vaccinated mice (64). This model provides a perfect
framework to integrate our STAT3 siRNA systems where PLGA NPs co-
encapsulate antigen/adjuvant for DC targeting, and the polyplexes applied directly

on B16 tumor.
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