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ABSTRACT

Hepatic fibrosis is a serious health problem in many parts of the world. However, its treatment
remains severely limited because of inadequate target specificity. HSC are the largest reservoir
of vitamin A in the body. They are also the principal players responsible for the pathogenesis of
liver fibrosis. Targeting HSC is an effective strategy for treatment of liver fibrosis. The specific
association of BMP4 with various liver diseases including liver fibrosis makes it an ideal
candidate for targeting HSC cells using siRNA. The objective of this study is to develop and
characterize vitamin A (VA)-coupled liposomes for the targeted delivery of BMP4-siRNA to
cultured HSC. DOTAP/DOPE liposomes surfaces were prepared by thin film hydration and their
surfaces were decorated with VA (1:2 mol/mol). Particle size and zeta potential were determined
using ZetaPALS. In addition, the siRNA binding efficiency was determined by ultra-
centrifugation and fluorescence assays. The cytotoxicity of VA-conjugated liposomes was
evaluated by the WST-1 cytotoxicity assay. Inhibition of BMP4 and a-SMA was determined by
real time PCR and ELISA. Their average particle size was in the range of 100-120 nm and they
exhibited zeta potential around +45 mV. VA-coated liposomes were mixed with BMP4-siRNA,
forming lipoplexes with particle sizes less than 200 nm and zeta potential around +25 mV. The
presence of VA did not alter the siRNA binding efficiency, it also had no effect on cytotoxicity,
but resulted in enhanced cellular uptake of siRNA as shown by flow cytometry. There was a
significant reduction in BMP4 mRNA with VA-coupled liposomes carrying BMP4-siRNA.
Moreover, BMP4 gene silencing was accompanied by a significantly reduced the expression of
the potent fibrinogenic a-SMA at MRNA and protein levels. In conclusion, VA-coated liposomes
were successfully able to target and deliver BMP4-siRNA to HSC. This could offer an

interesting perspective for the treatment of liver fibrosis.
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Chapter 1: Introduction

Liver is considered the second largest organ after the skin in the human body. In addition, the
liver forms the largest internal glandular organ that is located on the right side of the belly. It
weighs about three pounds representing approximately 2% of the adult body weight. The liver is
composed of four lobes, including two major large lobes (left, right) and two small ones (caudate
and quadrate). The liver is connected to a double blood supply; the first is the portal vein that
provides nutrient-rich blood from the gastrointestinal system and the second is the hepatic artery
that brings oxygen-rich blood from the aorta. The blood passes inside the liver thorough micro-
vessels called sinusoids, which ultimately deliver blood to hepatic lobules; each lobule consists
of millions of metabolic hepatic cells. Blood then flows into the central vein of each lobule.

Finally, these veins drain the de-oxygenated blood into the inferior vena cava (1-3).

The liver has numerous functions in the body. In addition to the metabolism of proteins,
carbohydrates and lipids; the liver also secretes bile and synthesizes important proteins, such as
coagulation factors, hormones and plasma proteins (e.g. alboumin and globulin). Moreover, it
detoxifies chemicals, drugs and other xenobiotic compounds, which are eliminated through the
bile and urine afterwards. The hepatic lobules are the building units of the liver; they are made of
parenchymal cells (hepatocytes) and non-parenchymal cells, including Kupffer cells (KCs),

endothelial cells (ECs), and hepatic stellate cells (HSC) (3, 4).

Hepatocytes are the major cells in the liver accounting about 78% of the total cellular makeup
and occupying more than 90% of its volume. They are responsible for most of the metabolic
functions of the liver, including the urea cycle. The outer membrane surfaces of hepatocytes are

characterized by various domains, such as sinusoidal, contiguous, and canalicular domains, each


http://en.wikipedia.org/wiki/Inferior_vena_cava

exhibiting a different function. For example, the canalicular domain is responsible for the
transport of bile salt, lipids, bilirubin and xenobiotics into the bile, whereas, the sinusoidal
domain contains the sodium pump that plays an important role in the transport of organic ions
and drugs. In addition, hepatocytes are the primary sites of glycogen storage and glucose release,

which maintains normal blood glucose levels (1, 2)

Liver endothelial cells represent 2.8% of the liver volume. ECs possess several small pores (50-
170 nm in size), that are referred to as fenestrations. These fenestrations act as selective filters or
sieves, which regulate the passage of specific small molecules from blood through the
perisinusoidal space to the liver hepatocyte (5). Fenestrations also help in filtering the blood
from different macromolecular metabolic waste products. In addition, ECs produce inflammatory
cytokines, such as tumor necrosis factor alpha (TNF-a) and interleukin type 6 (IL-6). Morever,
they secrete adhesion molecules, including intercellular adhesion molecule type 1 (ICAM-1) and
vascular adhesion molecule type 1 (VCAM-1). In a normal liver, ECs synthesize both type IV

collagen and laminin which are components of the extracellular matrix (ECM) (1, 2, 6, 7).

Kuppfer cells (KCs) constitute approximately 2.1 % of the total liver volume and represent 80—
90 % of all the liver macrophages (8). KCs are part of the reticuloendothelial system (RES) and
are known for their high phagocytic activity that allows them to protect the liver and the body
from harmful microorganisms and detoxify their toxic products. KCs also aid in removing
immune complexes, dead cells and other materials absorbed from the gastrointestinal tract that
are present in the blood (3). The immune-regulatory function of KCs involves their activation in
response to external stimuli, such as alcohol or bacterial endotoxin. Activation of KCs is
followed by the production of inflammatory cytokines such as TNF-a, IL-1 and IL-6 (8) in

addition to reactive oxygen species (ROS), proteases and eicosanoids. These products promote
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phagocytic activity of KCs and also activate the surrounding parenchymal and other sinusoidal

lining cells (1-3).

LASAARS BARPS

Figure 1: Schematic representation of liver. KCs are found in sinusoids. HSC are sited in the space of
Disse between ECs and Hepatocytes. ECs feature the walls of sinusoids and possess fenestrations that act
as a selective sieve, which regulate the passage of molecules from the blood through the perisinusoidal

space to the liver hepatocyte.

(Figure was created by Ms Jiagi Yang).



Hepatic stellate cells (HSC)

Hepatic stellate cells (HSC) are also referred to as vitamin A-storing cells, fat storing cells,
lipocytes and Ito cells. HSC are non-parenchymal cells of the liver, representing 1.4 % of total
liver volume and 5 to 8 % of the total liver cells. HSC are located in the perisinusoidal space
(space of Disse) between hepatocytes and sinusoidal endothelial cells. This anatomical position
of HSC provides physical contact to the sinusoidal endothelial cells and to the hepatocytes (9,
10). HSC display two different phenotypes that exhibit various structures and behaviors: the
quiescent phenotype in the normal liver, and the activated myofibroblast-like phenotype in the

injured liver.

Functions of HSC in the normal and in the injured liver

Storage of Vitamin A

The primary function of quiescent HSC is the storage of retinoid (vitamin A). The liver stores
around 70% of the total retinoid found in the body. HSC store about 90-95 % of hepatic retinoid
in their lipid droplets as retinyl esters complexed via retinol binding protein (RBP). Therefore,

HSC are considered the largest reservoir of retinoid in the body (11).

Dietary retinol in the gastrointestinal tract is esterified and incorporated into chylomicrons which
enter the systemic circulation through the lymphatic system (12). The retinol-containing
chylomicrons are hydrolyzed by lipoprotein lipase (LPL) resulting in the formation of
chylomicron remnants (13). Hepatocytes take up 75% of chylomicron remnants from the blood
stream as esters and convert them to free retinol via hydrolysis (14). Retinol binds to RBP before
being transferred to HSC for storage (15). Moreover, RBP-bound retinoid can pass directly from

the circulation to HSC (16, 17). Retinoid is stored in HSC bound to RBP as a retinyl ester, which



can be released again into the plasma. The process of storage and transport of vitamin A is
controlled by the availability of vitamin A in the animal body. In the case of vitamin A
deficiency, retinoid stored in the HSC is transported to the circulation. Also, dietary retinoid
stored in hepatocytes in a RBP-bound form can be released back to the circulation without

transfer to HSC (14, 17, 18).

ECM synthesis and degradation

HSC are mainly responsible for the production of ECM in the liver and for the synthesis of
enzymes that regulate ECM degradation (6). Consequently, HSC are the major players in the
development of liver fibrosis. Generally, quiescent HSC in the normal liver secrete adequate
amounts of ECM proteins. In addition, HSC secrete several degrading enzymes called matrix
metalloproteinases (MMPs), such as MMP-1, MMP-8 and MMP-13, which promote ECM
degradation. HSC also produce inhibitors called tissue inhibitors of matrix metalloproteinase
(TIMPs), such as TIMP-1 and TIMP-2. The balance between MMPs and TIMPs regulates the
ECM degradation processes. The extra cellular membrane protein synthesis also contribute to

ECM homeostasis (19, 20).

Liver Development and Regeneration

Due to their anatomical position, HSC play an important role in liver growth and regeneration.
HSC surround sinusoids in a cylindrical manner that enables them to control blood flow through
those sinusoids and regulate the sinusoidal tone. In addition, they secrete vasoactive proteins,

such as substance P, neuropeptide Y and somatostatin (21).

Furthermore, HSC express epimorphin, which is a mesenchymal morphogenetic protein that

regulates liver regeneration especially after partial hepatectomy. In addition, HSC produce



morphogenetic proteins, such as hepatocyte growth factor (HGF) (22) and pleiotrophin (23),
which stimulate hepatocyte proliferation and regeneration respectively. HSC also express
vascular endothelial growth factor (VEGF) that stimulates the growth of both sinusoidal and
vascular endothelial cells (24). Moreover, HSC secrete various molecules that regulate
homeostasis process within the liver, such as endothelin-1 (25), transforming growth factor-f

(TGF-B) (26) and erythropoietin (27).

Immunoregulatory Function

When liver injury takes place, HSC along with other cell types, release inflammatory cytokines,
such as platelet-derived growth factor (PDGF), which is the most potent mitogen and
chemotactic mediator (17, 28). Another key cytokine that is released is TGF-B1 that plays a

significant role in liver fibrosis development (17).

In addition, HSC secrete chemokines that enable their interactaction with Gram-negative
bacterial-derived lipopolysaccharides (LPS); these are exemplified by the chemotactic monocyte
chemoattractant protein-1 (MCP-1) (29). They also secrete and express macrophage
inflammatory proteins (MIPs), Toll-like receptors (TLRs) and chemokine receptors, including

CCR5 and CXCRY7 (17, 30-35).

The involvement of HSC in developing inflammatory response to alcoholic liver disease is
attributed to their ability to produce complement protein 4 and neutrophil chemoattractants, such

as MCP-1and macrophage colony-stimulating factor (M-CSF) (17, 35-39).

The contribution of HSC in developing antiviral inflammatory responses has been evaluated (17,
40). HSC can act as antigen presenting cells and modulate lymphocyte behavior (41, 42).The

interaction between HSC and lymphocytes has been established (33, 40). Studies showed that



there is not only direct adhesion between lymphocytes and HSC (43), but also that diseased
lymphocytes are ingested by HSC in hepatic fibrosis resulting in activation of HSC (40). In
addition, the capacity of HSC to present antigen leads to stimulation of lymphocyte proliferation

(42).

HSC and Liver Fibrosis

Fibrosis of the liver is a reversible response following liver injury (44). Although fibrosis is an
attempt to minimize liver injury, liver function is significantly impaired. The major causes of
liver injury include; chronic viral infection by hepatitis B and C viruses (HBV and HCV),
excessive alcohol consumption, non-alcoholic steatohepatitis (NASH), iron overload,
autoimmune disorders like primary biliary cirrhosis and autoimmune hepatitis, drug-related
toxicity, cholestasis, and inherited metabolic diseases such as hematochromatosis as well as

Wilson’s disease and Alfa 1- antitrypsin deficiency (1, 45, 46).

Hepatic fibrosis is characterized by increased deposition and decreased degradation of ECM (47,
48). Decreased degradation of ECM is due to an imbalance between MMPs TIMPs that regulate
the ECM degradation processes (19, 20). After liver injury, TIMP-1 is over expressed, resulting

in decreased removal of ECM (48).

Accumulation of ECM leads to formation of fibrous scars, development of nodules and cirrhosis

(49). Cirrhosis increases the portal hypertension and leads to liver failure (10).

There are several cells involved in the development of liver fibrosis. However, HSC are still the
major player in the development of liver fibrosis as they are the main source of the excessive

production of ECM in an injured liver (6, 50). When the liver is injured, HSC receive signals



from immune cells and from damaged hepatocytes resulting in HSC activation. HSC activation is
a complex process that involves the interaction of various cells and inflammatory mediators.
HSC activation is divided into two major phases: initiation and perpetuation. These may be

followed by a resolution phase when liver injury resolves (51).

The initiation stage (also called the pre-inflammatory stage) refers to the early changes in gene
expression and phenotype, which subsequently render the cells responsive to certain cytokines
and other stimuli shortly after the occurrence of liver injury. The perpetuation is the stage at
which the effect of these stimuli on maintaining HSC activated and development of fibrosis take
place (44, 52). Resolution occurs when fibrotic HSC undergo apoptosis or revert to a normal,

quiescent phenotype (52).

The initial paracrine stimulation that leads to HSC activation and changes in ECM includes
signals received from immune cells, damaged hepatocytes, KCs and from ECs, as well as

exposure to lipid peroxides (17, 46).

The activation of HSC involves migration, proliferation, contraction and morphological
transformation from a quiescent (retinoid- rich phenotype) to a myofibroblast-like phenotype (9).
In contrast to quiescent HSC, their activated counterparts express more smooth muscle alpha
actin (a-SMA\) protein and produce greater amounts of ECM proteins, such as collagen type I, 111
and laminin (48). In addition, activated HSC are characterized by loss of retinoid droplets (17,

53-62).

Despite the contribution of KCs and ECs to the production of TGF-, HSC remain the main

source of production of this growth factor in the fibrotic liver (26).



TGF-p is a very important cytokine in the development of liver fibrosis. TGF-B1 is a key factor

in the regulation of HSC proliferation (63).

Another important cytokine is the Platelet-derived growth factor (PDGF), which is over
expressed in liver injury. PDGF is mainly produced by HSC, KCs and ECs (64). It is considered
the most potent stimulus for HSC activation (38, 65, 66), in particular for HSC proliferation (28).
In an injured liver, HSC display elevated levels of PDGF and up-regulation of its receptor (67,
68). In order to understand the role of PDGF in the development of liver fibrosis, a previous
study showed that treatment with PDGF-C induces fibrosis, as well as results in the development

of hepatocellular carcinoma (HCC) in a mouse model (17, 69).

Bone morphogenetic protein-7 (BMP7) may also play an important role in liver fibrinogenesis.
Although, BMP7 has a protective role in renal fibrosis by inhibiting TGF-p-mediated effects (70,
71), recent studies indicated that BMP7 is over expressed in fibrotic and cirrhotic liver (72). The
profibrinogenic role of BMP7 results from its activity on HSC transdifferentiation (73). In

addition, BMP7 stimulates HSC to produce collagen and fibronectin (72).

However, a different study reported that treatment with rhBMP7 has an antifibrotic effect in liver
in agreement with its antifibrotic protective role in renal fibrosis (74). This antifibrotic effect is
attributed to inhibiting TGF-B1-induced EMT (Epithelial to Mesenchymal transition) (70, 71).
Treatment with rhBMP7 was also associated with reduced expression of collagen type I and-Ill

by HSC (74).

Activated HSC play a significant role in the development of inflammatory responses during
liver injury as they tend to migrate and accumulate around damaged areas in response to

chemotactic factors, such as MCP-1 (35, 39) and M-CSF (38). MCP-1 attracts activated HSC



and promotes recruitment of monocytes and leukocytes (75), while M-CSF regulates
macrophage accumulation and growth (38). Other cytokines released by HSC include PDGF,
which stimulates M-CSF synthesis (38). PDGF is also the most potent chemotactic mediator that
induces migration for the activated HSC but not for the quiescent ones (76, 77). Moreover HSC
release cytokine-induced neutrophil chemoattractant (CINC)/IL-8 (36) and adhesion molecules

such as ICAM-1 and VCAM-1 (44, 78).

Contractility of the activated HSC is common following liver injury. HSC contraction has been
identified as a major cause of increased intrahepatic resistance to blood flow and portal
hypertension through constricting sinusoids (17, 79, 80). HSC contraction is mainly regulated by
two HSC-derived compounds; endothelin-1 (ET-1) and nitric oxide (NO) (81). ET-1 is referred
to as the contraction stimulus to HSC (82, 83) while NO is the antagonist to ET-1 (84). Activated

HSC also produce excessive contractile filament such as a-SMA (85, 86).

Bone morphogenetic protein-4

Bone morphogenetic protein 4 (BMP4) is a member of the BMPs family that is a part of the
TGF-p superfamily. BMPs are the major subgroup of this superfamily as there are 15 BMPs and
four growth differentiation factors (GDFs). Because BMPs members share some similarities with
each other, they are categorized into four subclasses according to their sequence similarity. For
example, the chemical structure and biological activity of BMP4 and BMP2 are very similar

therefore they fall into the same subclass (87, 88).

In general, the biologically active BMPs are 30-38 kDa homodimers that are initially
synthesized as a large precursor composed of 400-525 amino acids (89, 90). Subsequently, the

large precursor is cleaved into the active BMPs, each consisting of 50-100 amino acids. The
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BMP structure contains seven cysteine residues, six of which form three intra-molecular
disulphide bonds (cysteine knots). The remaining cysteine is used for the dimerization of two
BMP monomers through forming a covalent disulphide bond to make the biologically active

mature BMP dimer (91-93).

The biologically active BMP dimer binds to membrane receptors type | BMPRIA (or activin
receptor-like kinase 3 (ALK3)), BMPRIB (ALK®6), and type Il receptor-BMPRII (88, 90). When
a BMP dimer binds to a type | receptor and type Il receptor, the type Il receptor is
phosphorylated resulting in the activation of the type | receptor. Activation of type | receptor
phosphorylates R-SMAD proteins (Smadl, Smad5, Smad8), or mitogen-activated protein kinase
(MAPK). The phosphorylated R-SMADs and MAPK associate with smad4 and form a complex.
This complex enters and accumulates in the nucleus, consequently interacting with specific DNA

sequences, leading to transcription regulation of target genes (89, 90, 93).

BMPs were originally discovered based on their role in bone and cartilage formation (94).
However, recent studies demonstrated that BMPs have significant functions in regulating the
vertebrate development through interlinked regulation of cellular proliferation and differentiation
(93, 95). BMPs play fundamental roles during the embryonic stage, and have been shown to
regulate processes such as hematopoiesis, differentiation of the left and right side of the body,
engineering of the skeleton and nervous tissues, and formation of body organs and limbs (93,
95-97). Not only that, but the vitality of BMPs extend beyond embryonic development and birth.
This is because they maintain the health of cartilage and bone mass through regulating the
differentiation of bone marrow cells and healing bone fractures. Additionally, they repair spinal

cord defects (97, 98).
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BMP4 together with BMP2 like other BMPs are required for the early stages of development,
such as specification of the dorsal-ventral axis and formation of the appendages (99). The vital
role of BMP4 and other BMPs during embryonic development has been analyzed. Animal
studies showed that knocking out BMP4 leads to early death of mice embryos accompanied by a
defect in mesoderm development. This finding reveals the contribution of BMP4 in mesoderm
formation (100). Another study showed that BMP4 inhibition has led to inhibition of blood
formation in hematopoietic stem cells. This evidence highlights the critical role of BMP4 in the
development of the hematopoietic system and its function as a hematopoietic growth factor
(101). There is evidence that BMP4 is involved in the regulation of other organ, such as the
kidney. Mutations in the BMP4 gene have been observed in patients with renal hypodysplasia
(RHD) (102). In addition, BMP4 is expressed in several tumors, such as gastric (103),
hepatocellular (104), melanoma (105), colorectal (106), ovarian cancer (107) and renal
carcinomas (108). The role of BMP4 in different tumors is attributed to its activity on cellular
behaviour, including regulation of cell growth, differentiation migration, invasion, apoptosis, and
angiogenesis (93). Reports on the effect of BMP4 on the growth of cancer cells are
contradictory. For instance, treatment with BMP4 led to inhibition of cell growth in basal cell
carcinomas, myeloma (109), breast (110), gastric (103, 111), lung (112) and pancreatic cancers
(113). In contrast, other cancer cells, such as melanoma, colon cancer, ovarian cancer, and
retinoblastoma cells, showed no effect in terms of cell growth after treatment with BMP4 (105,

106, 114-116).

Similarly, one study reported that the inhibition of BMP4 in hepatocellular carcinoma (HCC)
has no effect on cell growth (117), while in 2012, Chiu et al. showed that up-regulation of BMP4

strongly enhances proliferation and migration of HCC (104). The promotion of cell growth in
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HCC by BMP4 results from induction of cyclin-dependent kinase inhibitor protein (CDK1) and

CCNB1 expression after BMP4 the activation of ERK/MEK signaling pathway (104).

BMP4 has also been linked to cell migration and invasion, both of which are critical for the
metastatic behavior of cancer cells. For example, BMP4 treatment promotes cell invasiveness in
pancreatic (106, 118), ovarian (119) and colorectal cancer (106). Further supporting results were

obtained where BMP4 inhibition resulted in reduction of cell migration and invasion (105, 117).

Although there are conflicting data regarding the contribution of BMP4 to tumor formation, it

has been found that BMPR1A knock down resulted in reduced tumor growth of HCC (104).

The role of BMP4 in regulation of cancer cell apoptosis is still not fully established. However,
few studies have reported that BMP4 treatment induces apoptosis in myeloma, retinoblastoma,

glioma and in colorectal cancer stem cells (93, 109, 116, 120, 121).

In addition to the effect of BMP4 on cancer cell growth, BMP4 is an essential factor for the
regulation of normal liver regeneration. A previous study reported that BMP4 is regularly
expressed in hepatic stromal and endothelial cells; however, BMP4 expression in these cells was
decreased after hepatectomy. This finding demonstrates the paracrine control of BMP4 exerts on
liver regeneration, where BMP4 acts as an anti-proliferative agent. Moreover, in vitro treatment
with high concentrations of BMP4 inhibited the proliferation of primary hepatocyte and HepG2
cells. In addition, maintaining BMP4 levels in a mouse model after partial hepatectomy led to
inhibition of hepatocyte proliferation and consequently reduced the capability of restoring the
liver mass. In a similar fashion, treatment with a BMP4 antagonist, Noggin, promoted liver
regeneration. These findings suggest that BMP4 expression is essential for inhibiting liver

regeneration (122).
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BMP4 was also shown to affect the differentiation of hepatic progenitor cells (HPCs). HPCs are
local stem cells in the liver that are able to differentiate into either hepatocytes or cholangiocytes.
This process is critically regulated by HGF, ECM, and cell surface associated molecules (90,
123). A recent study demonstrated that treatment of rat HPCs (WB-F344) with BMP4 has

induces the differentiation into the hepatocytes lineage (124, 125).

The crucial role of BMPs in regulating various cellular processes has led to the investigation of
their role in other clinical disorders such as liver fibrosis. A previous study reported that BMP2
and BMP4 increased the expression of a-SMA in cultured HSC (63, 126). The expression of a-
SMA is a marker of HSC trans-differentiation and transformation into their myofibroblast-like
phenotype (44). In addition, it has been shown that BMPs have a potent effect in the regulation
of trans-differentiation of HSC (63). Moreover, BMP4 itself is over expressed in other liver

diseases, e.g. bile duct ligated liver (126) and in liver cancer tissue (104, 117).

Resolution of Fibrosis

Due to the significant involvement of HSC in the development of fibrotic liver, it is clear that the
resolution of fibrosis is related to the reduction of HSC activation. There are two major pathways
for the resolution of HSC activation: reversion of activated HSC to their quiescent status, or their
clearance via stellate cell apoptosis (28). The reversion of activated HSC to quiescence has been
verified in cultured cells (127); however, in vivo studies did not show the evidence that support
this possibility. On the other hand, both in vivo and in vitro studies confirmed the activated HSC
apoptosis during the resolution of fibrosis (128). Both CD95 (Fas), its ligand CD95L (Fas-
ligand) and nerve growth factor receptor (NGFR) are expressed by activated HSC, which
promote HSC apoptosis (129). Natural Killer cells (NK) can also induce HSC apoptosis through
the TRAIL-mediated pathway (130). Activated HSC also secrete soluble survival factors,
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notably insulin-like growth factor 1 (IGF-1) and tumor necrosis factor alpha (TNF-a). The
excessive secretion of IGF-1 and TNF-o during liver injury promotes the survival of activated
HSC (17, 129). In addition, TGF-p and PDGF also promote HSC survival and have little anti-
apoptotic activity (128, 131). TIMP-1 reduces apoptosis generated by serum deprivation, NGF
stimulation and cycloheximide exposure (132). The anti-apoptotic effect of TIMP-1 is based on
its effect on inhibiting ECM degradation through inhibition of MMP (133). Inhibition of ECM
degradation suppresses apoptotic cytokine release from HSC (132), whereas, pro-survival

receptors such as IGF-1 are stimulated (134).

Antifibrotic therapeutic approaches

For many years, it has been believed that fibrosis is an irreversible process. Recent clinical
studies, however, have indicated that fibrosis can be reversed (34, 135, 136). Many animal
studies reported that the removal of the primary cause is the most effective strategy for fibrosis
regression, especially in early stages (137, 138). For example, removal of excessive iron in
haemochromatosis leads to reversion of fibrosis (139, 140). Using anthelmintic drugs for treating
schistosomiasis is associated with fibrosis regression (141). In addition, inhibition of HBV (142,
143) or HCV (144) showed significant improvement in liver function and regression of fibrosis.
Furthermore, fibrosis regression has also been observed after relief of bile duct obstruction (145).
Other effective antifibrotic therapeutic approaches in preclinical or in clinical trials include:
inhibition of HSC activation, reduction of inflammation, antioxidant administration, stimulation
of activated HSC apoptosis, inhibition of collagen synthesis and promotion of ECM degradation

(Table. 1) (45, 52, 146).
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Table 1. Main antifibrotic therapies for treatment of liver disease

Agent Strategy Antifibrotic effect in | Antifibrotic effect in human
experimental fibrosis (Clinical trials)
Angiotensin 1l Receptor Positive data (147, 148) Positive data (149, 150)
Blocker e.g. losartan
Pentoxifylline limited data (151, 152) Limited negative data (153)
Inhibition of HSC
Colchicine limited data (154) inconsistent data (154, 155)
activation
Interferon gamma Positive data (85, 156, | Positive data (158)
157)
PPAR gamma ligands Consistent positive data | Positive data in NASH (161-163)
e.g. Rosiglitazone (159, 160)
Silymarin Positive data (164, 165) Limited inconsistent data (166,
167)
Phosphatidylcholine Consistent positive data | Not proven in alcohol induced
Antioxidant (168) fibrosis (169)

a-tocopherol

Positive data (170, 171)

Isolated reports in NASH (172,

173)

Sho-saiko-to Positive data (174, 175) Isolated reports in hepatitis C
(176)

S-adenosyl-methionine Positive data (177) effective in alcohol-induced
fibrosis (178)

IL-10 Inhibits inflammatory | Positive data (179) Isolated reports in chronic
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response hepatitis C (180)
Colchicine Inhibits collagen | Positive data (181, 182) Inconsistent results (183-185)
synthesis
Gliotoxin Induction of HSC | Positive data (186, 187) Not tested
apoptosis
Gene Therapy

Gene therapy is a new therapeutic tool that may provide a solution to manage fibrosis. Antisense
oligonucleotides or functional therapeutic genes located in plasmid DNA can be used to manage
fibrosis through modulation of gene expression in diseased cells (188, 189). There are various
methods used for gene transfer to a fibrotic liver. In this regard, viral vectors have shown the
highest efficiency as a means for gene transfection into the target cells. Retroviruses and
adenoviruses are the most common viral vectors for gene transfer both in vitro and in vivo (190,
191). Recombinant adeno-associated viruses (rAAV) have superior properties over adenoviruses,
such as high cellular tropism, more stable transgenic expression and less stimulation of immune

response (192).

TGF-B promotes HSC proliferation as well as increases the production of collagen type I and III
proteins by activated HSC (63).Various studies reported that inhibition of TGF-p release causes
reduction of liver fibrosis. For example, the administration of adenoviruses carrying a gene
expressing a truncated type 1l TGF-beta receptor (AdTbeta-TR) to dimethylnitrosamine (DMN)-
treated rats inhibited TGF-B binding to its receptor, reduced deposition of ECM and suppressed

liver fibrogenesis (193). Adenoviral transfection of Smad 7 (known for its inhibitory effect on
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TGF-B) (194) led to a reduction of HSC activation and prevented fibrogensis progression (195).
The delivery of TGFBRII-specific short-hairpin RNA (shRNA) into rat activated HSC was
accompanied by the knockdown of TGFBRII and reduced levels of a-SMA, collagen type I, 1lI,
IV and hyaluronic acid (HA) expression (196). Also, TGF-f1-siRNA has been used to knock
down TGF-B1 expression in CCl4-treated mice. Another important cytokine is TNF-a, which is
mainly produced by KCs. TNF-a is not only involved in activation of HSC and liver damage but
also plays an important role in reduction of apoptosis in HSC (131). Targeting KCs with TNF-a
antisense oligonucleotides utilizing liposomes as a carrier system resulted in reduction of liver

fibrosis that was induced by ethanol (2, 197).

The Augmentation of liver regeneration (ALR) cloned gene plays a critical role in the regulation
of liver regeneration and exerts potent anti-hepatitis effects. Therefore, the administration of
ALR recombinant plasmid to a rat with hepatic fibrosis reduced the liver fibrosis, ALT, AST and
TIMP-1 expression. The administration of ALR also inhibited the expression of collagen type |
& 111 when compared with colchicine that has been used as an anti-fibrotic positive control

(198).

Hepatocyte growth factor (HGF) is a major regulator of hepatocyte regeneration and it exhibits
potent anti-apoptotic activity. Moreover, it displays anti-fibrotic effects through inhibition of

TGF-B1 and collagen type III gene expression levels (199-201).

It has been reported that the delivery of MMPs can be a promising tool for resolving liver
fibrosis and advanced cirrhosis through their role in digestion of the fibrillar collagen of ECM.
MMP-1, MMP-8 and MMP-13 are considered the most potent MMPs (202, 203). In 2011, Kim

et al. utilized a polyethylenimine polymer coupled to hyaluronic acid (HA) as a specific ligand
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for the targeted delivery of plasmid DNA encoding MMP13 to the liver. The expression of
MMP13 resulted in the reduction of aspartate transaminase enzyme levels, and also reduced the
induction of liver fibrosis caused by CCL4 administration (204). The delivery of human pro-
MMP-1 encoded on complementary DNA using an adenoviral vector to a rat model of liver
fibrosis showed significant attenuation of liver fibrosis (205). Similarly, the adenoviral
transfection of MMP-8 to a rat model of liver cirrhosis mediated by CCL4 administration was

accompanied by significant resolution of liver damage (203).

In advanced stages of liver damage, TIMP-1 is overexpressed, leading to more fibrosis through
disposition of ECM. This is because TIMP-1 binds to MMPs and inhibits their activity (206). In
2006, Roderfeld et al. reported that the adenoviral delivery of the proteolytically inactive MMP-
9 to mice of CCl4-mediated hepatic fibrosis reduced liver damage accompanied by a decrease in

collagen type-I expression (207).

RAAV has been utilized for the delivery of IFN-gamma to HSC (rAAV-IFN-gamma). The
antifibrotic effect of rAAV-IFN-gamma has been investigated in both in vitro and in vivo rat
models of CCL4-mediated hepatic fibrosis. The in vitro study revealed that rAAV-IFN-gamma
inhibits HSC activation and decreases the expression of a-SMA, TIMP-1 and TGF-p.
Concurrently, the in vivo study reported that treatment with rAAV-INF-gamma was associated
with fibrosis regression. Furthermore, the hydroxyproline content, serum AST and ALT levels
and TIMP-1 mRNA expression were significantly decreased; however, no significant changes

were observed in TGF-f3 and MMP-13 expression (208).
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RNA interference

RNA interference (RNAI) is a mechanism by which small double-stranded RNAs (dsRNAS)
regulate specific gene expression. This process can be induced either endogenously through
microRNAs (miRNAs) or exogenously through small interfering RNAs (siRNAs) (209, 210).
RNAI was first observed in Caenorhabditis elegans by Fire and Mello when they discovered the
ability of dsRNA to knock down the expression of specific genes (44, 211). In 2001, another
study showed that siRNA could block gene expression in mammalian cells (212). The first
successful trial of siRNA-mediated gene silencing was carried out in an HCV mouse infection
model (213). In recent years, RNAI has increasingly become a novel therapeutic approach for the

treatment of many human diseases (214, 215).

RNAI occurs when long pieces of dsRNA are cleaved into smaller fragments known as siRNA
(21-23 nucleotides long) by the Dicer enzyme (216). However, siRNA can be chemically
synthesized outside the body and directly introduced into the cell, therein avoiding Dicer-
mediated cleavage and nonspecific off-target gene silencing. When siRNA forms intracellularly,
it binds to a protein complex called the RNA-induced silencing complex (RISC) (112). RISC
contains Argonaute-2, a protein that separates the siRNA into two single stranded RNA
molecules, followed by the cleavage of the sense strand (217). The single antisense strand of the
SiRNA guides the activated RISC and selectively binds to mRNA that has a complementary
sequence to the antisense strand resulting in the degradation of mMRNA (218). The cleavage of
MRNA is mediated by the endonuclease activity of Argonaute-2 at a position that is located
between nucleotides 10 and 11 on the complementary antisense strand from the 5-end (219).
The activated RISC complex is then recycled and functions in multiple catalytic processes (220).
This effect lasts up to one week in rapidly dividing cells, and for several weeks in non-dividing

20



cells (221, 222). The frequent administration of SiRNA is required after its degradation within

the cell to achieve a persistent inhibitory effect (223).
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Figure 2: Mechanism of RNAI
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Barriers of siRNA delivery and therapy

Theoretically, RNAI can be used to silence almost any gene in the body. However, this faces
many challenges in clinical practice, including safety, stability, and effective delivery of sSIRNA
(224). The first obstacle is sSiRNA degradation by plasma RNAses as well as its rapid elimination
by the renal and reticulo-endothelial system. This is especially the case for naked unmodified
SiRNA (225). Moreover, siRNAs are capable of stimulating the innate immune system, which

recognizes them as foreign bodies. Therefore, this may lead to off-target immune-mediated side
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effects (226). In order to achieve gene silencing, sSiRNA must enter the cytoplasm of the target
cell. However this delivery is limited by the negative charge and the high molecular weight of
SiIRNA, which makes it difficult to penetrate the cell membrane by passive diffusion or without
the aid of a delivery system (227, 228). Another barrier is the intracellular endosomal trapping
effect that will guide siRNA to degradation before it reaches the target mRNA (229).
Furthermore, siRNA application can cause off-target effect, in which siRNA may interact and
induce nonspecific silencing to genes whose expression should not be targeted, as these genes
may share partial sequence similarity to the target gene (230, 231). The off-target gene silencing
can be a significant problem and may lead to toxicity, mutation and unexpected changes in cell
behaviour (232, 233). However, these challenges can be solved through rational design of
SiIRNA, as well as the development of nanocarriers that ensure specific and safe delivery of
SiRNA into target cells without inducing any toxic or immunological side effects. In this sense,
additional optimization of SiRNA biostability and cellular delivery is of utmost importance
(234). In 2005, Jackson et al. reported that off-target gene silencing can be minimized through
substitution of the 2’-O-methyl group on the ribose ring of the guide strand (231). Rational
SiRNA design should consider several parameters, namely: GC content, the minimal repeated
sequences that are responsible for the off-target effect, and an appropriate choice of siRNA
length (19-22 bps). In practice, several companies provide an effective sSiRNA design online
with the desired properties to reduce off-target effects (233, 235). To facilitate SIRNA transport
through biological membranes, one approach is to complex the siRNA to cationic polymers or
with cationic lipids. The polymers form polyplexes and cationic lipid create lipoplexes that
facilitate endosomal escape (236). Several nanocarriers (1-1,000 nm) can be utilized to deliver

SiRNA, however, it has been reported that the nanoparticles of 50-200 nm are easily taken up by
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target cells via passive delivery and avoid rapid renal clearance as well as provide a large surface
area that can improve drug release, extend bioavailability, bio-distribution and efficacy of drugs
(236-238). In addition, these nanocarriers can be modified with targeting moieties to achieve
active targeted delivery, which can be internalized via receptor-mediated endocytosis. These
targeted nanoparticles can avoid or minimize off-target side effects, as well as achieve the
desired therapeutic effect with the minimum required dose (239). Among the nanocarriers that
have been successfully formulated to target liver fibrosis are cationic polymers, cationic

liposomes, stable nucleic acid lipid particles (SNALP) and polylipid nanoparticles.

Liposomes in siRNA delivery

Over the last 25 years, liposomes have been extensively utilized for drug and gene delivery
(240). This is due to their safety, biocompatibility, and comparative ease of preparation. In
addition, they demonstrate a diverse range of morphologies, compositions, sizes, tissue targeting
and controlled release characteristics. Furthermore, they are able to deliver and protect various
types of therapeutic molecules of either hydrophilic or hydrophobic natures (241-243). To date,
the FDA has approved seven liposomal drugs for targeting different health problems, such as
cancer and infectious diseases (238, 244). Structurally, liposomes are spherical vesicles formed
by self-assembly and characterized by an aqueous core surrounded by one or more phospholipid
bilayers (unilamellar or multilamellar, respectively). In general, most liposomal preparations

used for siRNA and gene delivery are made of neutral and cationic lipids.

Cationic liposomes such as DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) and DOTMA
(N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl-ammonium methyl sulfate) are mainly used for
SIRNA delivery to the liver (245). This is attributed to their ability to form lipoplexes with
negatively-charged siRNA via electrostatic interaction, as well as facilitate interaction with
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negatively charged cell membrane components resulting in the uptake of the particles (230, 246,
247). Moreover, cationic liposome provide protection for sSiRNA from enzymatic degradation
and reduce renal clearance of SiRNA (233). Further, cationic liposomes also provide high
transfection efficiency of SiRNA and exhibit relatively low cytotoxicity and immunogenicity

(230).

Generally, lipoplexes are formed via electrostatic interactions between the cationic lipid head
groups (quaternary amine head groups) with the anionic phosphate groups of siRNA. siRNA
packaging into liposomes can be achieved either through encapsulation or adsorption. The
former requires adding siRNA to the inner water of hydration during liposomes preparation or
during liposomes recovery after lyophilization (internal addition). This method provides higher
encapsulation efficiency and stability to SIRNA. The latter strategy is adsorption of sSiRNA to the
pre-formed liposomes nanoparticles. This requires mixing the cationic liposomes with the
aqueous SiRNA solution at a certain weight ratio and incubation for a period to allow complex
formation (external addition). The positively charged head groups of liposomes are thought to
associate and coat the surface of the siRNA, resulting in cationic lipid layers on siRNA or the
SiRNA associate on the surfaces of the liposomes. Although this strategy has a lower sSiRNA
loading efficiency, we employed it in the present study because it offers a simple and rapid way

of siRNA loading compared with encapsulation of SiRNA into liposomes (248).

Although cationic liposomes offer high siRNA encapsulation efficiency, the in vivo preclinical
application encountered some challenges. Namely, these included systemic administration-
associated toxicity, poor stability in plasma and immune response activation (244, 249, 250). The
major concern in this context is systemic administration-associated toxicity, a phenomenon

largely thought to arise from the excessive charge on the lipid surface (249, 251). Dokka et al.
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reported that this toxic effect is related to activating the release of reactive oxygen species (ROS)
and increased intracellular calcium levels induced by cationic liposomes (252). Another
challenge is that cationic liposomes possess poor stability in plasma, wherein they tend to
aggregate. This aggregation is attributed to their interaction with negatively charged serum
proteins (250). The interaction of cationic liposomes with serum components may result in
undesirable off-target side effects that lead to their rapid clearance from the blood by
macrophages of the reticulo-endothelial system (RES), and failure of siRNA release to the
targeted cells. Reports have also shown that multivalent cationic liposomes like Lipofectamine®
are highly toxic to macrophages and other immune cells in contrast to monovalent cationic
lipids like DOTAP (244, 253, 254). In order to overcome these challenges and to achieve
successful delivery of siRNA by liposomal delivery systems, important measures should be
taken, such as optimization of lipid content ratio, lipid-to-siRNA ratio, size of particles and zeta
potential. Additional parameters worthy of optimization may include siRNA encapsulation or
binding efficiency, as well as incorporation of specific ligands to liposomal surfaces in order to

enhance their selective interaction with the target cells (244).

The development of a targeted delivery system for anti-fibrotic therapeutics is a preferred
approach, as most of these drugs lack in vivo cellular specificity to HSC, leading to off-target
side effects. However, the selective targeted delivery system increases the drugs’ bioavailability
at the target site and enhances their therapeutic efficiency with the minimum required therapeutic
dose. Consequently, this eliminates the side effects that result from off-targeted delivery (1, 189,
255). In this regard, ligands such as galactosylated cholesterol, glycolipids or galactosylated
polymers have been conjugated to liposomes, resulting in significantly improved targeting

efficacy to the liver (256-258). Adrian et al. developed targeted liposomes for drug delivery to
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HSC composed of dilinoleoylphosphatidylcholine (DLPC). Specifically, they used human serum
albumin and mannose-6-phosphate (M6P-HAS) as a selective targeting group to HSC. M6P-
HAS-coupled liposomes showed high specificity and enhanced uptake by HSC. In vitro
investigation demonstrated that M6P-HAS liposomes exhibited anti-fibrotic activity on cultured

HSC, where the expression levels of TGF-p, collagen- I and a-SMA in HSC were decreased (1).

In 2008, Sato et al. developed vitamin A-coupled liposomes for selective targeted delivery of
collagen specific chaperone (gp 46) siRNA to HSC. These cationic liposomes are composed of
cationic lipid (DC-6-14), cholesterol and DOPE. Vitamin A has been employed as a selective
ligand based on the function of HSC in the storage of vitamin A, as they are the only liver cells
with high retinol-storing capacity and high expression levels of RBP. The anti-fibrotic effect of
vitamin A-coupled liposomes-gp46 siRNA has been investigated both in vitro and in three rat
models of DMN, CCI4 and bile duct ligation (BDL)-mediated hepatic fibrosis. VA-lip-gp46
SiRNA could silence gp46 gene expression both in vitro and in vivo as well as reverse the hepatic
fibrosis in the three cirrhotic model treated rats with a systemic administration of relatively low
doses of 0.75 mg/kg of VA-lip-gp46 siRNA. In addition to decreased production of collagen,
hydroxyproline accumulation, bilirubin and hyaluronate levels have been normalized in all
treated rat models by VA-lip-gp46 siRNA administration. It has also been revealed that
treatment with VA-lip-gp46 siRNA, in contrast to treatment with Lipofectamine 2000®, did not
stimulate the immune response, as TNF-a expression levels remained normal. All these findings
strongly support a specific and selective action for VA-lip-gp46 siRNA complex on HSC
without off-targeting effects (259). Similarly, Narmada et al. have cloned HGF gene to pDsRed?2
plasmid DNA vector and transfected to HSC utilizing vitamin A coupled liposomes as a delivery

system to rat model of DMN-induced liver fibrosis. Treatment with VA-lip-HGF leads to

26


http://www-ncbi-nlm-nih-gov.proxy1.lib.umanitoba.ca/pubmed?term=Narmada%20BC%5BAuthor%5D&cauthor=true&cauthor_uid=23527815

increase HGF gene expression and resolution of the existing liver damage induced by DMN

administration. In addition, TGF-B1, a-SMA and collagen-I mRNA levels decreased (255).

Moreover, polyethylene glycol (PEG) has routinely been used to modify liposomal surfaces
through formation of a protective barrier. This protective coat prevents macrophage uptake and
reduces interaction with serum components. Therefore, PEGylated liposomes, which are also
referred as stealth liposomes, minimize RES clearance, immune response, cationic liposomes
aggregation in serum, and consequently enhance the stability and transfection efficiencies of
lipoplexes in presence of blood (244, 254, 260-262). Despite these advantages, PEGylated
liposomes exhibit some shortcomings, notably: lack of target cell specificity, and decreased
cellular uptake of lipoplexes. The latter stems from an inhibition of endocytosis in such a way
that it is dependent on the amount of PEG found on liposomes (262, 263). Moreover, as
PEGylation stabilizes DNA encapsulation into liposomes, this may decrease DNA-liposome
complex dissociation and consequently result in a failure to release DNA into the cytoplasm
(262). Although PEGylated liposomes lack specificity for targeting cells, PEGylation provides a
good surface and facilitates the conjugation of target-specific ligands (244). In 2012, Gao J et al.
developed PEGylated immunoliposomes composed of DOTAP and cholesterol conjugated with
anti-EGFR antibody (TLPD) for the targeted delivery of siRNA to hepatocellular carcinoma

(264).

Neutral lipids

As mentioned previously, cationic liposomes-related toxicity results from the excessive charge
on the lipid surface; therefore, neutral lipids are commonly used in gene delivery in combination
with cationic lipids to minimize the toxicity associated with the cationic liposomes. In addition,
neutral lipids do not stimulate the immune response. Moreover, several in vivo studies have
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reported that utilization of neutral lipids with cationic ones in sSiRNA delivery achieved higher
transfection efficiency than did cationic liposomes alone (232, 244, 265, 266). The most
commonly used neutral lipids are 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and
1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine (DOPE). It is believed that DOPE leads to
higher transfection efficiency than does DOPC (267, 268), as the former yields a hexagonal
tubular structure that allows direct binding to DNA via electrostatic interactions and stabilizes
DNA inside its tubules. Furthermore, reports showed that DOPE-containing cationic liposomes
could destabilize the endosomal vesicle membrane, leading to endosomal escape of the lipoplex.
In contrast, DOPC forms lamellar layers of DNA and lipids, and it has no effect on endosomes

(262, 269, 270).
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Figure 3: Chemical structures of commonly used synthetic lipids. Neutral lipids include 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) and dioleoylphophatidylethanolamine (DOPE), while cationic
lipids include N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium methyl sulfate (DOTMA) and
1,2-bis(oleoyloxy)-3-(trimethylammonio) propane (DOTAP).
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SiRNA-nanotherapeutics and liver fibrosis

Up to date, there have been significant developments in the clinical use of siRNA-based
therapies. However, the most common application of siRNA-based therapeutics is based on the
localized delivery form e.g. age-related macular degeneration (AMD) which causes vision loss
(226). This study was carried out by Acuity Pharmaceuticals in 2004, which resulted in improved

vision in some of the patients (238).

In addition, several clinical trials based on systemic delivery of sSiRNA are currently underway,
including those for HBV infection and acute renal failure. In 2008, the first clinical trial started
for siRNA-therapy against a human solid tumor (melanoma) (271). Currently there are eight
clinical studies for the treatment of cancer using nanoparticle-based SiRNA delivery (244).
Calando Pharmaceuticals developed CALLA-01, which is the first sSiRNA-anticancer therapeutic
entered phase | clinical trial. CALLA-01was designed based on cyclodextrin-based polymer to

inhibit the expression of the M2 subunit of ribonucleotide reductase (R2) (272).

The application of siRNA-based therapies in the treatment and prevention of liver diseases has
been reported to be effective (273, 274). The potential application of sSiRNA for the treatment of
HCV infection has also been discussed by Chang Ho Lee (272). The intravenous administration
of HCV-specific siRNA with liposomes and purified recombinant human apolipoprotein A-I

(rhapo A-1) significantly reduced HCV protein expression (275).

Another study showed that VEGF-siRNA is able to silence VEGF expression. VEGF silencing is

followed by reduction in growth of hepatocellular carcinoma both in vivo and in vitro (276).
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Adenovirus was applied to deliver siRNA to inhibit the oncogene p28GANK in hepatocellular
carcinoma (HCC) cell lines and nude mice. Results showed that siRNA for p28GANK could

significantly inhibited tumor growth both in vitro and in vivo by inducing HCC apoptosis (277).

In terms of liver fibrosis, siRNA has been used to knock down TGF-B1 expression in CCl4-
treated mice. TGF-B1 gene inhibition resulted in reduced expression levels of type I collagen and
a-SMA. In addition, ALT and AST levels also decreased and consequently reduced the
progression of liver fibrosis (278). Similarly, plasmid vectors harboring TGF-B1-siRNA have
been utilized to target TGF- 1 in both CCL4- and high-fat diet-mediated fibrosis. TGF- B1
SiRNA successfully silenced the expression of TGF-B1, leading to inhibition of HSC activation,

as well as reduced the production of type I and type Il collagen (279).

In 2006, Li et al. evaluated the anti-fibrotic activity of connective tissue growth factor (CTGF)-
SiRNA in a rat model of CCl4-mediated hepatic fibrosis. They observed reduction in type | and
[l collagen and TGF-B1 levels, as well as inhibition of HSC activation (280). Two different
working groups have also used CTGF-siRNA to treat the progression of hepatic fibrosis; one
study was conducted in hepatic fibrosis induced by N-nitrosodimethylamine (NDMA) (281) and
the other recent study was against liver fibrosis in CCL4-treated rats (282). Both studies
demonstrated that CTGF knockdown led to reduced HSC activation and resolution of liver
fibrosis. In addition, down-regulation of TGF-B1 levels and reduced accumulation of connective
tissue proteins in the liver have been reported in the first study (281), whereas the latter showed
decreased a-SMA levels (282). In 2008, Chen et al. investigated the influence of PDGFR f-
SiRNA on cultured activated HSC and in rat models of liver fibrosis induced by DMN and bile
duct ligation. PDGFR [-siRNA delivery was carried out using a hydrodynamics-based

transfection method. They found that down-regulation of PDGFR-f could inhibit HSC activation
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and proliferation, and block the MAPK pathway in vitro. Fibrotic rats treated with PDGFR-f
SIRNA showed significant improvement in their liver function as well as suppressed fibrosis

progression (283).

In 2009, Cheng et al. constructed and evaluated different sequences of TGF-f1 siRNA and TGF-
B1 shRNA on cultured HSC-T6. Lipofectamine 2000® was used to deliver TGF-B1 siRNAs
while pyridinium liposomes were used to transfect TGF-f1 shRNA into the activated HSC-T®6.
There were significant decreases in TGF-B1 and TIMP-1 expression levels upon transfection of
HSC-T6 with both TGF-1 siRNA and TGF-B1 shRNA, which advocated a synergistic effect.
Furthermore, TGF-B1 gene silencing was accompanied by reduced expression of both TNF-a

and IL-1P (284).

The development of liver-targeted specific delivery system of siRNA therapeutics is an
important approach to minimize the toxicity and to improve the transfection efficiency (285,
286). In 2010, Kang et al. used polyethyleneimine (PEI), cationic polymer utilizing pullulan
polysaccharide as targeted conjugate, to achieve specific delivery of PEI-siRNA complexes to
liver. The use of PEI-pullulan/siRNA complexes not only improved the liver targeting efficiency,
but also minimized in vivo toxicity and mortality rates in rats when compared with the use of
PEI-siRNA complexes (286). Another study carried out by Park et al. developed siRNA delivery
system targeting HSC in the liver. They used reducible PEI conjugated to hyaluronic acid as a
targeting ligand to deliver TGF-B1 for treatment of liver fibrosis. The anti-fibrotic effect of (PEI-
SS)-g-HAJ/SIRNA has been evaluated on cultured HSC-T6 and in vivo in cirrhotic mice treated
with CCl4. PEI-SS-g-HA/siIRNA complex demonstrated low toxicity and high transfection
efficiency both in vitro and in vivo. Moreover TGF-B1 siRNA/(PEI-SS)-g-HA delivery showed a

significant protective effect against liver cirrhosis, exemplified by a strong reduction in nodule
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formation, collagen production, a-SMA expression and HSC activation (285). Recently, another
group used a PEI polymer conjugated to N-acetylglucosamine (GIcNAc) and indocyanine green
(ICG) to successfully deliver TGF-1 siRNA to activated cultured HSC and to CCl4-treated
mice. The transfection of TGFB1-siRNA using PEI-D-GIcNAc-1CG showed higher accumulation
of PEI-D-GIcNACc-ICG/TGFB1siRNA complex on the fibrotic mice’s livers than the
accumulation in normal liver. In addition, TGF-B1 and a-SMA levels have been significantly
reduced. This finding suggests that the specific targeting of the complex to HSC was responsible

for the fibrosis (287).

Currently there are about 25 siRNA-based drugs in clinical trials for the treatment of various of
diseases including viral infections, cancer and liver diseases (288). As a result, sSiRNA-based

therapy has become a promising potential for the treatment of a wide range of diseases.
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Hypothesis

The targeted specific delivery of BMP4-siRNA to HSC inhibits BMP4 gene expression and
decreases transformation of quiescent HSC into myofibroblast-like phenotype, consequently

decreasing development to fibrosis.

Aim of Study

The objective of this study was to utilize RNAI to silence BMP4 expression in LX-2 cells in an
attempt to decrease the transformation of quiescent HSC into myofibroblast-like phenotype, and

to provide a potential therapeutic approach for liver fibrosis

The specific aims for this study are:

-
1

To develop and characterize VA-coupled liposomes for the targeted delivery of siRNA

to HSC.

2- To evaluate the delivery efficiency of siRNA to LX-2 cells by VA-coupled liposomes
and VA-free liposomes using FACS analysis.

3- To investigate in vitro BMP4 gene silencing

4- To examine the effect of BMP4 suppression on a-SMA expression as an indicator of

BMP4 activity on HSC trans-differentiation
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Chapter 2: Materials and Methods

Materials

1, 2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine (DOPE) (CAT#ME-8181) and

1, 2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP) (CAT#CL-8181TA) were purchased
from NOF, America Corporation (NY, USA), D-(+)-Trehalose dehydrate (CAT# 90210-50G),
vitamin A (CAT#95144) and Dimethyl sulfoxide (DMSO) (CAT#D4540) were purchased from
Sigma Aldrich (ON, Canada). Chloroform was obtained from Fisher Scientific Company (ON,
Canada). Amicon® Ultra-4 centrifugal filters devices (30,000 NMWL) (CAT#UFC803024) were
from EMD Millipore (Massachusetts, USA). Premixed WST-1 Cell proliferation reagent
(CAT#630118) was purchased from Clontec (ON, Canada). Polymerase chain reaction (PCR)
primers were designed by the Oligo 7 computer software and synthesized by Life Technology™
(ON, Canada). BMP4 qPCR Template Standard (CAT# HK201114), a-SMA gqPCR Template
Standard (CAT#HK200549) were obtained from OriGene Technologies (Maryland, USA).
PureLink® RNA Mini Kit (CAT# 12183018A) was from Life Technology™ (ON, Canada).
Halt™ Protease and Phosphatase Inhibitor Cocktail (100X) (CAT#78442) was supplied by Life
Technology™ (ON, Canada). BCA Protein Assay Kit (CAT#23227) was purchased from
Thermo Scientific (ON, Canada), The iScript™ c¢cDNA Synthesis Kit (CAT#170-8891) and
Microseal® 'B' Adhesive Seals (CAT#MSB-1001) were purchased from the Bio-Rad
Laboratories Ltd. (ON, Canada) and Power SYBR® Green PCR MASTER MIX (CAT#
4368706) and MicroAmp® Fast Optical 96-Well Reaction Plate (CAT# 4346906) were obtained
from Life Technology™ (ON, Canada). Human BMP4 ELISA kit (CAT# ab99983) was

purchased from abcam (ON, Canada) Lipofectamin 3000 (CAT# L3000008) was supplied by

35


https://www.lifetechnologies.com/order/catalog/product/L3000008

Life Technology™ (ON, Canada). Human Alpha-Smooth muscle actin, Alpha-SMA ELISA Kit

(CAT# NB-E11172) was obtained from Novatein Biosciences (Massachusetts, USA).

Cell culture

Human hepatic stellate LX-2 cells (CAT# SCC064), Dulbecco’s Modified Eagle Medium
(DMEM)(CAT#SLM-021-B), FBS (CAT#ES009-B), penicillin/streptomycin (CAT#TMS-AB2-
C) and 1 X Glutamine (CAT#TMS-002-C) were purchased from EMD Millipore (Massachusetts,
USA), Opti-MEM® Reduced Serum Medium (CAT#31985-070) and trypsin—-EDTA

(CAT#15050057) were supplied by Life Technology™ (ON, Canada).

LX-2 cells were recovered from liquid nitrogen by incubating the cryotube briefly at 37 °C in a
water bath. When cells were completely thawed, the outside of the cryotube was disinfected with
70% ethanol. In a laminar flow hood, the contents of the cryotube were transferred into a sterile
15 mL conical tube. 10 mL of pre-warmed DMEM media with high glucose supplemented with
10% fetal bovine serum (FBS), 1 X penicillin/ streptomycin and 1 X glutamine were slowly
added to the conical tube. The cell suspension was gently mixed by pipetting up and down
avoiding formation of air bubbles, and then centrifuged at 600 x g for 5 min to remove residual
cryopreservative (DMSO). The supernatant was discarded and the pellet was resuspended in 5
mL of the culture media mentioned above, and the cell suspension was transferred into a sterile

T25 tissue culture flask and placed in a humidified 37°C incubator of 5% CO2 and 95% air.

When cells were 80% confluent after 3-4 days of culturing, they were passed by trypsinization.
The culture medium was aspirated from the T25 flasks. Then, cells were washed twice with 1x
Phosphate buffer saline (PBS) solution. PBS solution was then removed by aspiration. Cells

were de-attached by adding 1 mL trypsin 0.25 % w/v, and incubated for 3 min at 37°C incubator.
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After that, 10 mL of 10% FBS DMEM medium was added to the flask to stop trypsinization. The

cell suspension was then transferred into a T75 tissue culture flask and maintained in a

humidified 37°C incubator of 5% CO2 and 95% air for next passage.

siRNAs

Two pre-designed siRNA silencer select targeting human BMP4 were purchased from Life

technologies™ (ON, Canada). The two siRNAs were 21 bps long (MW~ 13 kDa), and their

sequences are shown in Table 2.

Silencer® Negative Control siRNA (CAT# AM4635) and Silencer® FAM-labeled Negative

Control siRNA (CAT# AM4620) were also purchased from Life technologies™ (ON, Canada).

Table 2: Sequences of specific BMP4-siRNAs.

Name Sequences SiRNA | RefSeq
Location

BMP4-siRNA Sense: AGAGUGCCGUCAUUCCGGATT 651 NM_001202.3

(CAT#s2026) Antisense: UCCGGAAUGACGGCACUCUTG

BMP4-siRNA Sense: GCAUGUCAGGAUUAGCCGATT 968 NM_130850.2

(CAT#s2027) Antisense: UCGGCUAAUCCUGACAUGCTG
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Methods

Preparation of liposomes

Liposomes were prepared using the thin-film hydration method as described previously with
some modifications (289). Briefly, cationic liposomes were prepared from DOTAP and DOPE at
a 1:1 molar ratio. Lipids (containing 50 mg DOTAP and 47 mg DOPE) were dissolved in HPLC-
grade chloroform in a round bottom flask. After mixing the lipids, the solvent was dried at 55°C
using a rotary evaporator yielding a lipid film. The thin lipid film was thoroughly dried to
remove any residual chloroform by placing the flask on a vacuum pump for 1 hr. The resulting
dried film was hydrated in ddH,O to make a stock solution of 10 mg/mL. The lipid dispersions
were warmed and mixed using a rotatory evaporator in which the round bottom flask was
spinning in a warm water bath without vacuum for 10 min at 50°C above the lipid transition
temperature (gel liquid crystal transition temperature). The resulting lipid dispersions were large
multilamellar vesicles (LMVs). The liposomes size was reduced to small unilamellar vesicles

(SUVs) by sonication for 80 sec at 7 kHz (using Branson Sonifier 150 Danbury, USA).

Conjugation of Vitamin A to liposomes and Lyophilization

To prepare Vitamin A (VA)-coupled liposomes, VA was first dissolved in a minimal volume of
DMSO (2.6 W/V % VA). VA was then mixed with liposomal suspensions at a molar ratio of
VA/lipids (2:1) (259). The mixture was incubated overnight at -20 °C to allow complete
adsorption of VA on liposomal surfaces. After that, DMSO and the free fraction of VA were
removed by ultra-filtration three times using Amicon® Ultra-4 centrifugal filters devices (30,000
NMWL) at 4,000 rpm for 20 min (259). The resultant liposomes were reconstituted in double

distilled water (ddH,0O) and stored in amber colored vials at 4 °C overnight. To increase the
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stability of the liposomes for long-term storage and protect liposomes against hydrolysis and
oxidation of phospholipids, they were lyophilized (290, 291). However, lyophilization is
associated with changes in physicochemical properties of liposomes due to damage and rupture
of the lipid bilayers by ice crystals during freezing, particle aggregation after dehydration and
phase transition during rehydration (292-294). To stabilize liposomes during lyophilization,
lyoprotectants e.g carbohydrates were used to maintain transfection efficiency (293-295).
Liposomes employed for the present study were lyophilized utilizing trehalose as lyo-protectant
as described previously (290). Firstly, trehalose was added to liposomes at a mass ratio of 1:10
liposomes/trehalose in ddH,O and mixed using a vortex mixer for 15 sec at 25 °C in amber
colored vials. The liposomes were then frozen at —80 °C for 8 hr followed by lyophilization at
—50 °C under reduced pressure 0.310 mBar for 24 hr (Labconco freeze dryer; Labconco Corp.,
MO, USA). The lyophilized samples were stored at —20°C in amber colored vials for further

characterization and for siRNA loading.

Preparation of Lipoplexes (SiRNA-liposomes complex)

Lyophilized samples were reconstituted in pre-warmed ddH2O to their original volume. The
reconstituted liposomes were warmed in a water bath at 50°C and mixed using a vortex mixer
until the samples were totally dispersed (without any visually inspected particulate matter). To
prepare lipoplexes, VA-liposomes were first prepared as mentioned above, and SiRNA was
diluted to a concentration of 1.0 pg/pL in nuclease-free water prior to lipoplex preparation.
Lipoplexes were prepared by the addition of VA-liposomes to siRNA solution at various VA-
liposomes /siRNA molar ratios of (10:1, 10:2 and 10:3 mol: mol). The mixture was gently mixed
by pipetting up and down forty times and then incubated at RT for 30 min to allow complex

formation (296).
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Characterization of liposomes

Measurement of particle size and Zeta potential

The particle size was recorded to evaluate the effectiveness of size reduction and liposomes
stability following lyophilization. It is also an important parameter for entry across cellular

membranes by endocytosis.

The zeta potential of a particle is the overall charge that a particle acquires in a particular
medium. Zeta potential depends on several factors, including: pH, ionic charge, ion size, and
concentration of ions in solution (297). Zeta potential is another important parameter that
indicates stability because it measures the degree of aggregation or repulsion between particles.
It is also an important factor that helps to predict the permeability across biological membranes.
The change in particle size and zeta potential of particle could cause change of the transfection

efficiency (298).

Liposomes and lipoplexes were suspended in deionized water at 100-200 pg/mL of NP
suspension, pH 7.4. The average size, polydispersity (particle size distribution) and zeta potential
of VA-—coupled liposome, VA-lipoplexes, VA-free liposomes and VA-free lipoplexes were
determined at 25°C by dynamic light scattering (DLS) using ZetaPALS (Brookhaven
Instruments, Holtsville, NY, USA). Each sample was run for two min three times and all samples

were tested in triplicates.

SiRNA binding efficiency (BE)

To measure siRNA-binding efficiency (BE), lipoplexes were prepared with FAM-labeled

SiRNA. The siRNA BE was determined by comparing the amount of initially added siRNA with
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the unencapsulated siRNA in the sample using ultra-centrifugation and a fluorescence assay
(264). Briefly, the lipoplexes were prepared by adding different concentrations (1, 3, 5, 9 ug) of
fluorescein amidite (FAM™)-labeled siRNA to a fixed volume (3pL) of VA-liposomes (10
mg/mL). The final concentrations of the liposomes and siRNA were 30 pg/mL (259, 299).
Lipoplexes were filtered using Amicon ®UlItra-4 centrifugal filter devices (30,000 M.W. cut-off)
at 4,000 rpm for 15 min. Afterwards, the filtrate containing the free fraction of FAM-siRNA was
collected and quantified using a calibration line obtained by serial dilution of standard FAM-
SiRNA solutions. The fluorescence intensity of FAM-siRNA was determined using a microplate
reader (Synergy™ 4, Biotek, Wi, USA) at excitation and emission wavelengths of 495 and 525

nm, respectively. The siRNA BE was calculated using the following formula:

__ Initially added siRNA—mass of unencapsulated siRNA

BE
Initially added siRNA

X100

Vitamin A Assay

Vitamin A concentration was determined by Reverse Phase High-Performance Liquid

Chromatography (RP-HPLC) as described below (300).

HPLC conditions

Vitamin A analysis was carried out using HPLC with UV detection (Waters Corp, USA). The
HPLC system consisted of a Model 600 E System Controller pump, a Model 700 Satelite Wisp
injector and Waters™ 996 Photodiode Array Detector (PDA), interfaced with an NEC power
mate 386/331 personal computer and millenium™ 2010 chromatogram measuring software. The

separation of Vitamin A was carried out using a Nova-Pak C18 column, 3.9 X 150 mm, 60
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nominal pore size, 4 pum spherical particles with an isocratic mobile phase composed of
acetonitrile, tetrahydrofuran and water (55%: 37%: 8%) respectively. The flow rate was adjusted
to 1.2 mL/min. Detection was performed at a wavelength of 325 nm and the injection volume
was 20 pL. The samples and standards were prepared in the dark and kept in amber colored vials

due to the light-sensitive nature of retinol.

Preparation of mobile phase

The mobile phase used in the study was composed of acetonitrile, tetrahydrofuran and water (55
%: 37 %: 8 %) respectively. The mobile phase solution was filtered through 0.45 mm nylon

membrane filters using vacuum and subsequently degassed for 20 min with an ultra-sonic bath.

The analytical column was washed with the mobile phase and then adjusted to a flow rate of 1.2

mL/min.

Standards preparation

4 mg of retinol were accurately weighed on an analytical balance and dissolved in 4 mL of
HPLC grade methanol in an amber-colored vial to make a stock standard solution with a
concentration of 1 mg/mL. The solution was mixed by vortexing for 30 sec and stored in the dark
at - 20°C between uses. Working solutions of the standard were prepared by serial dilution using
HPLC grade methanol yielding the following concentrations: 62.5, 125, 250, 500 and 1000

pg/mL.
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Sample Preparation

The free fraction of vitamin A was removed by ultra-centrifugation of VA-liposomes three times
using Amicon® Ultra-4 centrifugal filters devices (30,000 M.W. cut-off) at 4,000 rpm for 20 min
each (259). Then, 500 pL of liposomes with a final lipid concentration of 10 mg/ml were
dissolved in an equal volume of HPLC grade methanol and protected from light in amber vials.
The sample was mixed by vortexing for 30 sec at RT. For vitamin A analysis, aliquots of the
sample and the diluted standard solutions were transferred into small HPLC amber vials. A

volume of 20 pL of all the samples and the standards was injected into the column.

Methanol was used for sample extraction and standards preparation. Retinol was used as an
internal standard. Samples and standards were prepared in the dark and kept in amber colored
vials. Aliquots of the sample and the diluted standard solutions were transferred into small HPLC
amber vials. A volume of 20 pL of all samples and standards was injected into the column.
Vitamin A analysis was carried out using HPLC with UV detection (Waters Corp, USA). The
separation of Vitamin A was carried out using Nova-Pak® C18 4 pum particle size 3.9 X 150 mm
column with a mobile phase composed of acetonitrile, tetrahydrofuran and water (55 %: 37 %: 8
%) respectively, at a flow rate of 1.2 mL/min. Detection was performed at 325 nm. To avoid
interfering peaks from the liposomes, Vit A-free liposomes were used as negative controls. The
standard curve was established by plotting the amount of each standard dilution against the
corresponding peak area. The concentration of vitamin A was determined by relating the area

under the peak acquired by reverse-phase HPLC to the equation of the standard curve.
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WST-1 Assay

WST-1 assay is a quantitative measurement of the metabolic activity of viable cells in vitro. The
assay can be used for determination of cell viability, factor-mediated toxicity and for cell
proliferation. The assay is based on the enzymatic cleavage of the slightly red tetrazolium salt
WST-1 to the dark formazan by cellular mitochondrial dehydrogenases in viable cells.
Expansion in the number of viable cells or mitochondrial enzyme activity results in an increase
in the intensity of formazan dye formed, which could be quantified by measuring the absorbance

at 540 nm using a microplate reader (Synergy™ 4, Biotek, Wi, USA).

Cytotoxicity of Vit A-coated liposomes

The cytotoxicity of Vit A-liposomes was evaluated by premixed WST-1 cell proliferation
reagent according to the manufacturer’s protocol. Briefly, LX-2 cells were seeded on 96-well
plates at a density of 1 X 10 cells per well in 100 uL of DMEM media, and incubated for 24 hr.
The following day, cell culture media was replaced with Opti-MEM® reduced serum medium. A
volume of 10 ul of Vit-A free liposomes and Vit-A coupled liposome was added to each well, at
a concentration of 25 to 250 pg/mL, and incubated for an additional 24 h. Blank cell media was
used as a negative control while untreated cells were used as positive controls. Cell proliferation
was evaluated by adding 10 pL of WST-1 solution to each well and incubated at 37 °C for 2 hr.
All concentrations were measured in triplicate. The absorbance was measured using a microplate
reader (Synergy™ 4, Biotek, Wi, USA) at 540 nm. Cell viability was calculated according to the

following formula:

Absorbance of treated cells — Absorbance of Blank

RPN
Cell viability % Absorbance of control — Absorbance of Blank
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In vitro cellular uptake

The intracellular delivery of VA-liposomes-siRNA complex was assessed by Flow Cytometry
analysis. LX-2 cells were seeded on 6-well plates at a density of 2 X 10° cells per well. After 24
h, the culture medium was exchanged with Opti-MEM® reduced serum medium. Cells were
treated with 15 pg liposomes containing 3 pg FAM-labeled siRNA per well in 2 mL of the
culture media and incubated for 4 h. After that, cell medium was removed by aspiration and cells
were washed twice with PBS. Cells were detached by trypsinization. The cell suspensions were
centrifuged at 600 rpm for 5 min and washed three times with 1X PBS to remove any free FAM-
labeled nanoparticles. Pellets were resuspended in 500 pL PBS and the fluorescence intensity
was measured by Flow Cytometer (BD Biosciences, San Hose, CA, USA) (296). Approximately
1 X 10* cells were counted by the flow cytometer to determine the trend of the VVA-liposomes-
SiRNA taken by the LX-2 cells. The instrument was calibrated using non-treated cells (301, 302).

The Flow Cytometry data were analyzed using CELLQUEST v.1.0 software.

Intracellular delivery of siRNA to LX-2 cells was also evaluated using a microplate reader.
Briefly, LX-2 cells were seeded in 24-well plates at density of 5 X 10* cells per well 20 h before
experiments. Cells were treated with different liposomes formulations containing 2 pg/well
FAM-siRNA in the culture medium at 37 °C for 4 h. Cells were washed three times with PBS

followed by incubation with 300 uL lysis buffer (0.3% Triton X-100 in PBS) at RT for 30 min.

The fluorescence intensity of 100 pL cell lysate was determined using a microplate reader
(Synergy™ 4, Biotek, Wi, USA) at excitation and emission wavelengths of 495 and 525 nm,

respectively.
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SiRNA Transfection

LX-2 cells were pre-seeded in 12-well plates at density of 1 X 10° cells per well and incubated at
37°C for 12 h before experiments. Cells were treated with different formulations carrying 3 g of
BMP4-siRNA per well in 1 mL of Opti-MEM® reduced serum medium. The cells were divided
into three groups. BMP4-siRNA was transfected into LX-2 cells using Vit A—coupled liposomes,
Vit A-free liposomes and the commercial transfection agent Lipofectamine 3000. The second
group was the control group including cells treated with negative control siRNA and normal
control (non-transfected cells). LX-2 cells were incubated with BMP4-siRNA at 37°C for

different time points (24 h, 48 h and 72 h).
Gene Expression Analysis- RT-PCR
RNA Extractions

Total RNA was extracted from cultured LX-2 cells using PureLink® RNA Mini Kit according to
the manufacturer’s protocol. In brief, culture media were aspirated and cells were homogenized
with 300 pL lysis buffer (containing 1% 2-mercaptoethanol) per well. Cells were lysed directly
in culture plates by pipetting the cell suspension up and down several times. Cells were
completely harvested in microcentrifuge tubes by vortexing for 1 min using a vortex mixer. Cell
lysates were transferred to clean tubes and filtered through homogenization columns by
centrifugation at 12,000 g for 2 min at room temperature (RT). Filtrates were collected and
washed by addition of an equal volume of 70 % ethanol. A volume of 700 puL of each sample
was transferred into spin cartridge (with the collection tube) and samples were centrifuged at
12,000 g for 15 sec at RT. The flow-through was discarded and RNA pellet was washed by

adding 700 pL Wash Buffer | to the spin cartridge followed by centrifugation at 12,000 x g for
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15 sec at RT. The flow-through and the collection tubes were discarded, and the spin cartridge
was placed into new collection tube. The spin cartridge was washed twice by adding 500 pL
Wash Buffer 11 followed by centrifugation at 12,000 x g for 15 sec (wash 1) and 2 min (wash 1)
at RT. The flow-through was discarded, and the spin cartridge membrane was dried by
centrifugation the spin cartridge at 12,000 x g for 1-2 min at RT. The collection tube was
discarded, and the spin cartridge was placed into a recovery microcentrifuge tube. A volume of
30-60 puL RNase-free water was added to the center of the spin cartridge and incubated for 1 min
at RT. RNA was eluted from the membrane into the recovery tube by centrifugation the spin
cartridge at 12,000 x g for 2 min at RT. RNA concentration was determined by measuring the
spectrophotometric absorbance at 260 nm, and RNA purity was determined by evaluating
Aoeo/Azgp  Wavelength  ratio using Thermo  Scientific™  NanoDrop™  2000/2000c

Spectrophotometers. RNA samples were stored at -80°C for further cDNA synthesis.
cDNA Synthesis

Total RNA was converted to cDNA using iScript™ cDNA Synthesis Kit. The total reaction
volume was 20 pL containing 500 ng total RNA and 4 pL of 5 x iScript RT supermix (reverse
transcriptase (RT), RNase inhibitor, dNTPs, oligo (dT), random primers, buffer, MgCl, and
stabilizer). The volume was adjusted to 20 pL using Nuclease-free water. cDNA synthesis was
carried out using S1000™ Thermal Cycler (Bio-Rad Laboratories, ON, Canada) using the
following condition: 5 min at 25°C for priming, 30 min at 42°C for reverse transcription and 5
min at 95°C for reaction inactivation. cDNA samples were stored at -20°C until analysed by real

time PCR.
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Real time PCR

Gene expression levels were determined by absolute quantification using standards of known
quantity. Briefly, BMP4 and a-SMA gPCR template standards from OriGene Technologies were
prepared according to the manufacturer’s protocol. Stock solution of qPCR template standard
(107 copies/ pL) was prepared by dissolving the qPCR template pellet in 50 pL RNase-free water
and mixing by gentle vortexing. A ten-fold dilution series was used to prepare working solutions
of the standard over the range 10 ° to 10 copies/ uL. 10 pL of stock solution was added to
microtubes containing 90 pL 1x dilution buffer and was mixed by vortexing, resulting in a
working solution of 10° copies/ pL. To prepare the second working solution, 10 pL of 10°
copies/ ulL was transferred into a microtube containing 90 pL 1x dilution buffer and mixed
gently. The remaining dilutions were prepared by repeating this step. 5 pL of each template

solution from each tube was added to a 96-well PCR plate.

The obtained cDNA was diluted to a concentration of 5 ng/ pL. Real time PCR was carried out
for BMP4 and o-SMA using the oligonucleotides synthesized by Invitrogen. The specific
primers for each gene were designed by the Oligo 7 program based on the respective sequences
obtained from GenBank (BMP4# NM_001202.3 and a-SMA# NM_001141945.1). A list of
primer sequences is shown in Table 3. The total reaction volume was 20 pL with 5 uL of cDNA,
10 pL of 2X of Power SYBR® Green, 0.5 pL of 10 uM forward and reverse primers and 4 uL
Nuclease-free water. Reaction components were added to the MicroAmp® Fast Optical 96-Well
PCR Plate. The standard was run on the same PCR plate. PCR plates were sealed with adhesive
cover sheet and centrifuged at 1,000 x g for 1 min. g°PCR amplification was carried out using a
PCR Detection System (Bio-Rad Laboratories, ON, Canada) by running 10 min at 95 °C for pre-
denaturation and 50 cycles under the following cycle conditions: 30 sec at 95 °C for
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denaturation; different annealing temperatures for 1 min; elongation at 72 °C for 2 min; followed
by a final elongation at 72 °C for 10 min. The data were analyzed by Bio-Rad CFX Manager
software version 3.1. The standard curve was established by plotting the log of the starting
quantity of each template dilution against the respective fluorescence intensity acquired during
the amplification known as Ct (cycle threshold) of each dilution. The slope, intercept and
coefficient of determination R? were determined after plotting the A Ct value versus log
concentration to evaluate whether the gPCR assay was optimized. The amplification efficiency
(E) and the concentrations of unknown samples were calculated based on standard curve

equation as follow:

Ct sample—Intercept
slope

Sample (number of copies) =

E = 10~ 1/slope

% Efficiency = (E—1)X 100

The comparative A Ct method was applied to determine the change in gene expression between
treated samples relative to control group. To examine regulation of BMP-4 or a-SMA, the Ct
from each treated sample was subtracted from the control-treated sample cycle values (A Ct= Ct

control-Ct treated). The fold change of the test gene was determined as follow: 2 "4

49



Table 3: List of primer sequences used for gene isolation and PCR

Annealing | Amplicon size
Gene Primer sequence
Tem°C (bp)
BMP-4 F-5'-ATGTGGGCTGGAATGACTGG -3’ 60°C/30s | Amplicon Length:
R-5'-GCACAATGGCATGGTTGGTT -3’ 117 bp
SMAa F-5'- GAGACCCTGTTCCAGCCATC-3' 60°C/30s | Amplicon Length:
R-5'-TACATAGTGGTGCCCCCTGA -3’ 143 bp
SMADb F-5'- GTCACCCACAATGTCCCCAT-3’ 58°C/30s | Amplicon Length:

R-5'- GGAATAGCCACGCTCAGTCA-3’

123 bp

Protein Isolation

Control and treated cells were grown in 6-wells plate as mentioned above. Cells were washed

with ice-cold PBS, and the cells were trypsinized and centrifuged at 600 rpm for 5 min. The

supernatant was discarded and the cell pellet was lysed in 100 uL ice-cold protein extraction

solution (1x 50 mM Tris, pH 8.0, 0.5 mM EDTA, 150 mM NacCl, 0.5%NP-40) containing 1x

protease inhibitor cocktail (10puL/mL lysis buffer: protease inhibitor). Cell lysates were

maintained at constant agitation for 30 minutes at 4°C. Samples were centrifuged at 13,000 g for

15 min at 4°C. The supernatant of each sample was carefully collected and transferred into a new

tube. The protein concentration was determined by the BCA protein assay.
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Determination of protein concentration (BCA protein assay)

The BCA protein assay is a colorimetric assay used for quantitation of protein concentration, and
is based on reduction of Cu*? to Cu*™* by protein in an alkaline medium. When cuprous ion (Cu*%)
is formed, it can be detected using a unique reagent containing bicinchoninic acid resulting in a
purple colour. The purple-colored reaction product results from chelation of two molecules of

BCA with one cuprous ion, hence forming a purple-coloured, water-soluble complex.

The BCA protein assay kit includes: Reagent A (containing sodium carbonate, sodium
bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide), Reagent B
(containing 4% cupric sulfate), standard solution of bovine serum albumin (BSA) ampoules with
a concentration of 2 mg/mL. BCA Working Reagent (186) was prepared by mixing stock
solution A and B at a ratio of 50:1, respectively. A series of dilutions over the range of 20-2000
pg/mL of BSA standard solution was prepared, and assayed alongside the unknown samples. A
volume of 10 uL of each standard dilution and unknown sample replicate was transferred into
96-well plates. 200 pL of the BCA WR was added to each well, and the plate was mixed on a
plate shaker for 30 seconds. The plate was then incubated at 37°C for 30 min. The absorbance
intensity is related to protein concentration, and was determined using a microplate reader
(Synergy™ 4, Biotek, Wi, USA) at 562 nm. The total protein concentration of tested samples
was determined based on the equation acquired by the standard curve. The standard curve was
established by plotting concentration of each standard dilution against the respective absorbance

intensity.
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ELISA (Enzyme-Linked Immunosorbent Assay) for detection of BMP4

Following total protein isolation and quantification, an ELISA was established to determine the
concentration of BMP-4 in cell lysates according to the manufacturer’s instruction. Briefly, 100
ML of each standard and appropriately diluted sample (1/149) was pipetted into each well of the
96-well ELISA plate pre-coated with BMP-4 monoclonal antibody. All samples and standards
were run in duplicate. Plates were sealed and incubated overnight at 4°C. The solution was then
aspirated, and washed 4 times with 300 pL 1x wash buffer. A volume of 100 uL of 1X BMP-4
biotin-conjugated detection antibody was added to each well and incubated for 1 h at RT with
gentle shaking. The solution was removed, and plates were washed again with the wash buffer.
After four washes, 100 pL of 1X HRP-Conjugated Streptavidin solution (consisting of
streptavidin protein that is covalently conjugated to horseradish peroxidase (HRP) enzyme) was
added to each well, and incubated at RT for 45 min with gentle shaking. The solution was then
discarded and washing was repeated. A volume of 100uL tetramethylbenzidine (TMB) substrate
solution was added to each well and incubated in the dark for 30 min at RT with gentle shaking.
50 pL of stop solution was added to each well. The absorbance was measured immediately at
450 nm using a microplate reader (Synergy™ 4, Biotek, Wi, USA). The specific protein
concentration of tested samples was determined based on the equation acquired by the respective
standard curve. The standard curve was established by plotting the concentration of each

standard dilution against the respective absorbance intensity.

ELISA for detection of a-SMA
An ELISA was also established to determine the concentration of a-SMA in cell lysates
according to the manufacturer’s instruction with some modification. Briefly, samples were first

appropriately diluted (1 : 4) using sample diluent. A volume of 50 pL of each standard dilution
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and sample was pipetted into each well of the 96—well ELISA plate pre-coated with the a-SMA
monoclonal antibody. All samples and standards were run in duplicate. Plates were sealed and
incubated for 1.5 h at 37°C. The solution was then removed, and the plate washed five times
with 300 pL 1x wash buffer. A volume of 100 puL of HRP-Conjugate reagent was added to each
well and incubated for 1.5 h at 37°C. The solution was removed, and plates were washed. A
volume of 50 pL each of chromogen A and chromogen B solution was added subsequently to
each well and incubated in the dark for 15 min at 37°C. A volume of 50 pL of stop solution was
added to each well. The absorbance was measured immediately at 450 nm using a microplate

reader (Synergy™ 4, Biotek, Wi, USA).

Statistical analysis

Data were analyzed using Prism 6.0 (Graph-Pad Software Inc.). Results were expressed as mean
+ standard deviation (SD) of n > 3 unless otherwise specified. One and two way analysis of
variance (ANOVA) tests were used to test significant differences between treatments with p-
values < 0.05 considered significant, < 0.01 very significant, < 0.001 highly significant and <

0.0001 very highly significant.
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Chapter 3: Results

Characterization of Liposomes and Lipoplexes

Particle size and zeta Potential

The average particle size of VA-free liposomes and VA-coupled liposomes ranged between 100
and 120 nm with a polydispersity index (PDI) around 0.20 (Table 4). The small PDI of
liposomes indicates a narrow size distribution. The average zeta potential measurement for VA-
free liposomes and VA-coupled liposomes in ddH20 (pH 7.4) remained nearly constant at ~ 45
mV. When liposomes were conjugated with siRNA, the average size was considerably increased
forming lipoplexes. The size of lipoplexes was below 200 nm with PDI less than 0.2. However,
the measured zeta potential of the resulted lipoplexes was greatly decreased from ~ 45 to ~ 25

mV.
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Table 4: The average particle size, zeta potential and polydispersity index (PDI) of liposomes and
lipoplexes measured by dynamic light scattering using ZetaPALS.

LIPOSOMES PARTICLE | ZETA POTENTIAL | POLYDISPERITY Index
FORMULATION SIZE (nm) (mV) (PDI)

VA-free liposomes 112.5+6.6 46.25+7.7 0.21475+0.034

Vit A-liposomes 113.5%5 43.75+6.99 0.20775+0.022
VA-free—siRNA lipoplexes 153.5+8 27+3.65 0.15+0.0139

VitA-siRNA lipoplexes 158.5+9.8 23.75+3.40 0.1395+0.013

Data represent means £ SD; n = 4.

siRNA Binding Efficiency

Another important factor to evaluate the quality of the liposomes is the siRNA loading

efficiency. SIRNA BE determined by ultra-filtrating method and fluorescence assay were shown

in Figure 4. The amount of unbound-siRNA was measured in the clear filtrate. To consider any

loss of sSiRNA onto the ultrafiltration membrane, the amount of liposomes-bound siRNA retained

over the membrane were resuspended and measured. A small amount of siRNA content (0.8 %)

was adsorbed onto the filtration membrane. Any loss of siRNA by adsorption to the filtration

membrane was included in the calculation of BE results.
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The BE of VA-coupled liposomes prepared with FAM-labeled siRNA of varying concentrations
1, 3, 5 and 9 pg/mL resulted in BE % of 95.3 + 1.23, 93.76 + 3.064, 93.75 + 3.58, 92.68 + 8.75
respectively. Similarly, The BE of VA-free liposomes was found to be 94.62 + 1.72, 93.501 +

6.250, 91.62 + 7.159, 88.195 + 5.89 at siRNA concentration of 1, 3, 5, and 9 pug/mL.

HPLC Analysis

Separation of vitamin A in liposomes was achieved successfully using a mobile phase of
acetonitrile-tetrahydrofuran-water (55: 37: 8) with a flow rate of 1.2 mL/min. There were no
interfering peaks. The retention time was 1.3 min (Figure 6). The data from the mean calibration
curves of vitamin A using Retinol (Sigma) as an internal standard are shown in Table 5 and
Figure 5. The standard curve was constructed by plotting the mean AUC versus concentrations
of Retinol. Reproducibility was expressed as the percent coefficient of variation (% C.V). The
calibration curves were linear over the range 100-1000 pg/mL with R2 = 0.9991. The linear
equation y = 74.982x + 3206.5 derived from average data was used to calculate vitamin A
concentrations in liposomes samples. The concentration of vitamin A in liposomes was
determined according to AUC acquired by reverse-phase HPLC using the equation of the
standard curve. HPLC analysis showed that our liposomes contain 3.25 mg/mL of vitamin A,

which makes up around 80 % of the initially added amount of vitamin A.

Liposomes toxicity study

The major concern about utilization of the cationic liposomes is systemic administration-
associated toxicity. Therefore, the liposomes should possess good biocompatibility and low
cytotoxicity. The cytotoxicity at various concentrations of VA-coupled liposomes and VA-free

liposomes was evaluated in the presence of LX-2 cells in vitro using the WST-1 assay Figure 7.
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The data showed that VA-coupled liposomes and VVA-free liposomes have very similar toxicities.
Both VA-coupled liposomes and VVA-free liposomes at concentrations up to 100 pug/mL were not
toxic to LX-2 cells (~100%) as indicated in Figure 7. However, a significant reduction in cell
viability ~80% (p < 0.05) was observed for both liposomes at 150 pg/mL. The highest toxic
concentrations of VA-coupled liposomes were at 200 and 250 pg/mL reaching up to 57.16 % (p
< 0.0001) and 45.34 % (p < 0.0001), respectively. The similar toxic effect was also observed for
VA-free liposomes at 200 and 250 pg/mL ~ 60 % (p < 0.0001). Despite the concern about
vitamin A toxicity, the chosen amount of vitamin A conjugated to liposomes did not alter the

cytotoxicity of liposomes.

Cellular uptake study

To evaluate the delivery efficiency of VA-liposomes, LX-2 cells were treated with VA-
liposomes containing FAM-siRNA. The delivery efficiency was measured by flow cytometry,
which determines the number of fluorescence-positive cells. Flow Cytometry analysis showed
that VA- liposomes possess significant higher transfection efficiency compared with VA free
liposomes. Lx-2 cells transfected with VA liposomes were 55 + 7 % (p <0.01) FAM-positive,
whereas those transfected with VA-free liposomes were 30 + 9% (p <0.05) FAM positive.

However, treatment with naked siRNA did not increase the fluorescence intensity (Figure. 8).

The transfection efficiency of liposomes was further determined by a microplate reader. The
fluorescence intensity of the cell lysate, which represents the intracellular delivery efficiency for
SiRNA by a given formulation, is shown in Figure 9. The cells treated with VA-liposomes (p <
0.001) showed significantly higher fluorescence intensities than did VA-free liposomes (p <

0.05). The mean fluorescence intensity was 1592.3 + 238.7 for VA-free liposomes treated cells
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and 2876.3 = 320.75 for VA-coated liposomes treated cells. These results show that better

cellular uptake was achieved when siRNA was complexed to VA-coupled liposomes.

In vitro BMP4 gene silencing

RT-PCR analysis showed that there is significant BMP4 gene silencing >50% after treatment
with BMP4-siRNA. RT-PCR was conducted to examine the effect of BMP4-siRNA on BMP4
gene expression. BMP4-siRNA was transfected into activated human hepatic stellate LX-2 cells
using Lipofectamine 3000, VA-free liposomes and VA-coupled liposomes. The optimized
standard curve is shown in Figure 10. At 24, 48 and 72 h post-transfection, the amount of BMP-4
MRNA acquired by template standard curve using absolute RT-PCR was compared with normal
untreated control. Results are shown as a ratio of BMP4 mRNA of the experimental group to the
BMP4 mRNA of the untransfected control. The data showed no significant change in BMP-4
expression for the same treatment between 24 h, 48 h and 72 h time points (Figure 11). The
highest silencing effect at all pre-determined experimental time points was achieved using
BMP4-siRNA complexed into VA-liposomes. The gene silencing efficiency of BMP4-
SIRNA/VA-liposomes at 24 h, 48 h and 72 h post transfection was 72 + 11.5625 % (p < 0.0001),
74.47 £ 3.17 % (p < 0.0001), and 81.12 + 5.42 % (p < 0.0001), respectively. In addition, BMP4
expression was also significantly inhibited by BMP4-siRNA/VA free liposomes lipoplexes:
60.65 + 6.45 % (p < 0.0001), 54.64 + 7.36 % (p < 0.0001), and 55.68 + 6.74 % (p < 0.0001), at
24, 48 and 72 h respectively. Similarly, after treatment with BMP4-siRNA/lipofectamine
complex at all-time points, the BMP4 level was reduced to 45.96 + 5.56 % (p < 0.0001), 51.10 £

5.23 % (p < 0.0001), and 40.64 + 9.69 % (p < 0.0001) compared to untreated control.
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Effect of BMP4 Gene Silencing on a-SMA mMRNA Expression

BMP is involved in regulating many cellular processes including HSC trans-differention. A
previous study indicated that BMP4 is the key cytokine that can increase the expression of a-
SMA in cultured HSC (63, 126). The expression of a-SMA indicates HSC trans-differentiation
and transformation into their myofibroblast-like phenotype (44). Therefore, we measured a-SMA

MRNA expression of HSC cells after transfection with BMP4-siRNA (Figure 12).

Interestingly, we observed that treatment with BMP4-siRNAcaused significant reduction of a-
SMA expression in a similar fashion as observed in the case of BMP4. All groups treated with
VA-liposomes, VA-free liposomes and Lipofectamine-3000 carrying BMP4-siRNA caused
significant a-SMA knockdown at all-time points. The a-SMA expression was lowest in the
group treated with siRNA bound to VA-liposomes [22.84 + 3.31 % (p < 0.0001), 36.04 + 5.67 %
(p <0.0001), and 34.45 £ 8.27 % (p < 0.0001) at 24 h, 48h and 72 h respectively]. BMP4-siRNA
delivered with VA-free liposomes and lipofectamine 3000 showed similar expression of a-SMA
compared with that of untreated control at all-time points assessed [VA-free liposomes = 32.73 +
8.76 %, 39.23 + 13.05 % and 36.33 + 12.58 % (p < 0.0001) while, lipofectamine 3000 = 29.99 +
2.82 %, 43.53 + 11.08 % and 41.39 + 16.14 % at 24 h, 48 h and 72 h respectively (p < 0.0001)].
However, we did not observe any significant change in a-SMA expression following treatment

with the negative control siRNA at all-time points tested.
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BMP4 protein expression analysis by ELISA

We examined the efficiency of siRNA in silencing BMP4 protein expression using ELISA. The
method measures the concentration of BMP4 protein inside the cells. Results are given as
percentage of BMP4 expressed in the experimental group compared with BMP4 expressed in the

untreated group Figure 13.

Our data showed that at 48 h and 72 h, VA-liposomes, VA-free liposomes and lipofectamine

3000 caused significant reduction in BMP4 protein level.

At 48 h post siRNA transfection BMP4 expression level significantly went down to 52.76 + 4.57
% (p < 0.0001), 63.69 + 4.28 % (p < 0.0001) and 50.60 + 3.97 % (p < 0.0001) following
treatment with VA-liposomes, VA-free liposomes and Lipofectamine 3000, respectively,
compared with untransfected control. Similarly, at 72 h post transfection VA-liposomes, VA-free
liposomes and Lipofectamine 3000 showed significant suppression of BMP4 by 47.01 + 3.31 %

(p < 0.0001), 44.01 + 5.13% (p < 0.0001) and 50.08 + 5.18 % (p < 0.0001) respectively.

However, 24 h post transfection, only siRNA complexed to Lipofectamine 3000 could

significantly knock down BMP4 expression by nearly 36.86 + 3.83 % (p < 0.0001).
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a-SMA protein expression analysis by ELISA

a-SMA protein expression in LX-2 cells at different time points following BMP4-siRNA
treatment is shown in Figure 14. Results are given as percentage of a-SMA expressed in each
sample compared with a-SMA expressed in the untreated group. In ELISA performed on a-

SMA, the pattern was very similar to that obtained in BMP4 ELISA analysis

At 24 h post transfection, there was no significant change in a-SMA protein levels for group
treated with VA-coupled liposomes and VA-free liposomes. In contrast, Lipofectamine 3000

could knock down a-SMA protein expression to 71.97 + 8.68 % (p < 0.05).

However, 48 h post siRNA transfection a-SMA levels significantly went down to 63.59 + 2.89
% (p < 0.01), 50.42 £ 3.63 % (p < 0.0001) and 63.40 £ 10.59 % (p < 0.01) following treatment
with VA-coupled liposomes, VA-free liposomes, and Lipofectamine 3000, respectively,

compared with un-transfected control.

Similarly, at 72 h post transfection VA-liposomes, VA-free liposomes and Lipofectamine 3000
showed significant suppression of a-SMA by 30.89 £ 7.24 % (p < 0.01), 45.04 + 13.76 % (p <
0.001) and 32.34 + 4.84 % (p < 0.01), respectively, compared with un-transfected control. In
contrast, there was no significant change in a-SMA expression in the group treated with control

SIRNA.
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siRNA Binding Efficiency
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Figure 4: siRNA binding efficiency using fixed concentration of liposomes (30 pg/mL) at different
siRNA concentrations (1, 3, 5, 9 pg/mL) determined by the ultra-filtration method. The free fractions of
siRNA in different samples were collected after ultra-filtration and then measured by a fluorescence
assay. The siRNA BE was calculated using the formula: (Initially added siRNA-mass of unencapsulated
siRNA/Initially added siRNA) X 100. The results represent mean + SD (n = 3).

Table 5: HPLC calibration of Retinol, n=4, % C.V. = % coefficient of variation

Concentration of Retinol | Average AUC %C.V.
pg/mL

62.5 6810.5 2.849741
125 12589.75 2.788132
250 22704.75 6.95524
500 41579.25 8.224421
1000 77625.75 10.20611
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Figure 5: A reversed-phase HPLC chromatogram of retinol (Vit A) was detected by UV absorbance at 325 nm
using reversed-phase (Nova-Pack C18, 4 ~m) column with a mobile phase of acetonitrile-tetrahydrofuran-water (55:
37: 8) and a flow rate of 1.2 mL/min
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Figure 6: Standard curve of Retinol showing correlation coefficient and trend line. (n = 4),
correlation coefficient = R?
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Cytotoxicity
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Figure 7: Cytotoxicity analysis determined by WST-1 assay on LX-2 cells. The data show the percentage
of viable LX-2 cells after treatment with different concentration of VA-coupled and VA-free liposomes in
comparison with untreated cells at 24 h post-transfection using the WST-1 assay. The data show three
different experiments (each performed in triplicate) and are expressed as mean + SD (n = 3). Both VA-
coupled liposomes and VA-free liposomes at concentrations up to 100 pg/mL were not toxic to LX-2
cells. However, a significant reduction in cell viability by ~20% (p < 0.05) was observed for both
liposomes at 150 pg/mL. The highest toxic concentrations for both liposomes were at 200 and 250 pg/mL
(p < 0.0001).
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Figure 8: Flow cytometer analysis of 300 nM FAM-labeled siRNA complexed to the liposomal
formulation transfected into LX-2 cells at 4 h incubation. (A) Untreated cells (B) free sSiRNA as
negative control (C) VA-liposome/siRNA (D) VA-free liposomes/siRNA.
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Figure 9: In vitro cellular uptake analysis determined by microplate reader. The fluorescence intensities
of cell lysates from LX-2 cells treated with FAM-siRNA represent the intracellular delivery efficiency for
siRNA by a given formulation. LX-2 cells were incubated with VVA-coated liposomes, VA-free liposomes
and free siRNA at 37 °C for 4 h. Cells were washed and lysed. Each value represents the mean + S.D. (n
= 3).* = p-values < 0.05 considered significant and*** = p< 0.001 highly significant. Statistics were
performed using one way ANOVA with post-hoc Tukey. There are significant uptake differences for both
vitamin A—coupled liposomes (p < 0.001) and vitamin A—free liposomes (p < 0.05) in comparison with
free-siRNA, which showed no fluorescence intensity. However, vitamin A—coupled liposomes showed
higher fluorescence intensity (p < 0.05) vs vitamin A—free liposomes.
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Figure 10: Real time PCR plots for BMP4 (A) and a-SMA (B). Real time PCR data were obtained by
using serial dilutions of a PCR standard template. The standard curve shows log of starting quantity of
each template dilution (x-axis) against the respective fluorescence intensity acquired during the
amplification known as Ct (cycle threshold) of each dilution (Ct on y axis). R? value is close to 1. The
slope, intercept and coefficient of determination R? were determined to evaluate whether the RT-PCR
assay was optimized. E is the amplification efficiency.
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Figure 11: Inhibition of BMP4 in LX-2 cells determined by absolute RT-PCR assay at 24, 48 72 and h
post-transfection after treatment with 3 pg/well of BMP4-siRNA using vitamin A—coupled liposomes,
vitamin A-free liposomes, Lipofectamin 3000 and Control siRNA. Results were normalized and
compared to normal control (non-transfected cells) within same time point, **** = p< 0.0001 considered
highly significant. Statistics were performed using 2-way ANOVA with post-hoc Tukey. All groups
treated with vitamin A-coupled liposomes, vitamin A-free liposomes, Lipofectamin 3000 showed
significant reduction in BMP4 mRNA (p < 0.0001) in all time points assessed compared to control
untreated.
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Figure 12: Inhibition of a-SMA in LX-2 cells determined by absolute RT-PCR assay at 24, 48 and 72 h
post-transfection after treatment with 3 pg/well of BMP4-siRNA using vitamin A—coupled liposomes,
vitamin A—free liposomes, Lipofectamin 3000 and Control siRNA. Results were normalized to normal
control (non-transfected cells) within same time point. Statistics were performed using 2-way ANOVA
with post-hoc Tukey. Treatment with BMP4-siRNA caused significant inhibition in a-SMA mRNA
in all groups treated with vitamin A—coupled liposomes, vitamin A—free liposomes, Lipofectamin 3000 (p
< 0.0001) in all time points assessed compared to control untreated.
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Figure 13: Effect of BMP-4 gene silencing on BMP4 protein expression determined by ELISA at 24, 48
and 72 h post-transfection after treatment with 3 pg/well of BMP4-siRNA using vitamin A—coupled
liposomes, vitamin A—free liposomes and Lipofectamine 3000. Negative control siRNA was used as
internal standard. Results were normalized and compared with normal control (non-transfected cells)
within same time point. Statistics were performed using two-way ANOVA with post-hoc Tukey. At 48 h
and 72 h post transfection, all groups treated with vitamin A-—coupled liposomes, vitamin A—free
liposomes, Lipofectamin 3000 showed significant decrease in BMP4 protein (p < 0.0001). However, at 24
h, only the group treated with Lipofectamine 3000 caused significant reduction in BMP4 protein (p <

0.0001).

70



&-SMA Protein Expression

VA

VA-Free

1501

B Lipofectamine 3000
Control siRNA

- Control untreated

&-SMA /Controluntreated

Figure 14: Effect of BMP-4 gene silencing on a-SMA protein expression determined by ELISA at 24, 48
and 72 h post-transfection after treatment with 3 pg/well of BMP4-siRNA using vitamin A—coupled
liposomes, vitamin A—free liposomes, Lipofectamine 3000 and control siRNA. Results were normalized
and compared with normal control (non-transfected cells). * = p-values < 0.05 considered significant,** =
p< 0.01 very significant,*** = p< 0.001 highly significant and ****= p< 0.0001 considered very highly
significant. Statistics were performed using two-way ANOVA with post-hoc Tukey. At 48 h and 72 h
post transfection, all groups treated with vitamin A—coupled liposomes (p < 0.01), vitamin A-free
liposomes { at 48 (p < 0.0001), at 72 (p < 0.001) }Lipofectamin 3000 (p < 0.01) showed significant
decrease in 0a-SMA protein. However, at 24 h, only the group treated with Lipofectamine 3000 caused
significant reduction in a-SMA protein (p < 0.05).
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Chapter 4: Discussion

Hepatic fibrosis affects millions of people worldwide and it has a poor prognosis. This is because
fibrosis can lead to cirrhosis, hepatocellular carcinoma, liver failure, and eventual death (303).
According to a report released by the Canadian Liver Foundation in 2013 over an eight-year

period, there was an increase in the death rate by nearly 30 % due to liver diseases.

Hepatic fibrosis is a reversible response that develops following liver injury (44) in an attempt to
minimize the liver damage. Despite this attempt to minimize damage, liver function is
significantly impaired (44). Recent clinical studies have reported that fibrosis can be reversed

(34, 135, 136).

HSC are the principal players responsible for the pathogenesis of liver fibrosis. (6, 50). This is
because when the liver is injured, HSC are activated, allowing them to proliferate, contract, and
transform into fibrogenic myofibroblasts phenotype. This then enables their migration to regions
of fibrosis (9). Activated HSC also express a-SMA protein and produce larger amounts of
extracellular matrix (ECM) proteins, which accumulate as insoluble substances, causing fibrosis

(48). Therefore, targeting HSC is an effective strategy for treatment of liver fibrosis (255).

The specific association of BMP4 with various liver diseases including liver fibrosis renders it an
excellent candidate for targeting HSC cells using siRNA (63, 104, 117, 126). RNAI is a
promising therapeutic approach by which dsRNAs can regulate specific gene expression (209,
210). However, siRNA therapy is encountering some challenges after systemic administration,
including safety, stability, and effective delivery of siRNA (224). Therefore, the key issue to
solve these challenges and improve therapeutic outcomes to siRNA application lies on the

development of safe and effective siRNA-delivery systems.
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Biocompatible and biodegradable cationic liposomes formed by phospholipids are considered
excellent vehicles for siRNA delivery (245). This is attributed to their ability to form lipoplexes
with negatively-charged siRNA via electrostatic interaction, additionally they enhance binding to
negatively charged biological membrane components facilitating the uptake of the liposomes by
endocytosis (230, 246, 247). In the present study we developed vitamin A-coupled liposomes to
specifically target HSC with BMP4-siRNA and they were tested in an in vitro cell culture model.
Utilizing vitamin A as a specific ligand is based on the remarkable capacity of HSC for vitamin
A uptake and storage via the RBP receptor. Vitamin A-coupled liposomes have previously been

shown to provide specific HSC targeting and enhance cellular uptake of sSiRNA (259).

The particle size was recorded to evaluate the effectiveness of size reduction and liposomes
stability following lyophilization. Particle size is also an important parameter for entry across
cellular membrane by endocytosis. Zeta potential is another important parameter that indicates
stability because it reflects the degree of aggregation or repulsion between particles. It is also a
critical factor that helps to predict permeability across biological membranes. The change in

particle size and zeta potential of particles could cause changes in transfection efficiency (298).

In order to achieve successful delivery to the hepatic cells, previous studies suggested that the
size of nano-therapeutic particles should not exceed 150 nm (304, 305). This is because the
endothelial fenestrations, which regulate the passage of specific molecules from the blood
through the perisinusoidal space to the liver cells, possess small pores (50-170 nm in size) (5).
In addition, it has been also reported that nanoparticles between 50 and 200 nm are not only
easily taken up by target cells via passive delivery, but also avoid rapid renal clearance as well as
provide a large surface area that can improve drug release, extend bioavailability, bio-

distribution and efficacy of drugs (236-238).
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In the current study, liposomes with small particles size (~110 nm) and uniform size distribution
(PDI~ 0.20) were obtained after brief sonication of the formulation for 80 sec. When liposomes
were conjugated with siRNA to form lipoplexes, the average size was considerably increased to
be around and below 200 nm with a narrow size distribution less than 0.2. The small PDI of

liposomes indicates narrow size distribution (Table 3).

Data show that the average particle size and zeta potential of VA-coupled liposomes and
lipoplexes were barely altered in comparison with their respective VA-free liposomes. The zeta
potential values of all liposomes and lipoplexes are positive with a significant decrease after
conjugation with siRNA. This decrease in the zeta potential could be due to the neutralization of
the cationic lipid head groups (a quaternary amine head group) with anionic phosphate groups of

SIRNA.

The loading efficiency depends on strategies used for lipoplexes preparation, lipid/siRNA ratio,
and the cationic lipids/neutral lipid ratio (306). In this study, lipoplexes were prepared by a
simple adsorption method (external addition). To achieve this, liposomes were first prepared.
After that, SIRNA was added to the preformed liposomes. The siRNA binding efficiency was
calculated by subtracting the free faction measured in the sample from the initially added amount
of siRNA. Our results show that siRNA was efficiently associated with the cationic liposomes.
The siRNA binding efficiency using fixed concentration of liposomes (30 pug/mL) at different
SiRNA concentration of siRNA (1, 3, 5, 9 ug/mL) was found to be in the range of 90-95 %. This
may be because of a charge interaction between negatively charged siRNA and positively
charged lipids (230, 246, 247). The data also indicate that SIRNA BE% of lipoplexes prepared
with VA-free liposomes and VA-coupled liposomes remained almost constant, suggesting that

the modification of DOPE/DOTAP liposomes with Vit A has little impact on siRNA BE.
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An essential step for siRNAs to achieve their silencing function is their internalization to the
target cells. In the present study, the cellular uptake of lipoplexes has been studied using flow
cytometry and spectrofluorimetry. The latter determined the greatest degree of cellular uptake by
LX-2 cells based on measuring the fluorescence intensities of lysed cells that have previously
been treated with FAM-SiRNA. Therefore, this technique does not distinguish between SiRNA
associated with cells or the culture plate and those that are internalized. However, flow
cytometry offers the advantage of counting only FAM-positive cells per 1 X 10* cells. Results
from both spectrofluorimetry and flow cytometry revealed that VA-coupled liposomes achieved

significantly higher cellular uptake in comparison with VVA-free liposomes.

Hence, we can conclude that the significant differences in cellular uptake between VA-coupled
liposomes and VA-free liposomes that are of similar composition and of nearly similar size but
possess different outer layers, suggest that surface properties may strongly affect interactions
with LX-2 cells. The data may also suggest that the cellular uptake of VA-coupled liposomes
was mediated by RBP receptor-dependent pathway. The enhanced cellular uptake and
transfection efficiency of VA-coupled liposomes into HSC render them promising carriers for
targeting liver fibrosis. Further studies using fluorescence microscopy need to be considered to

observe the release of SiIRNA to the cytosol.

In the present in vitro study, there was no significant change in viability of LX-2 cells transfected
with VA-coupled liposomes or with VA-free liposomes at lower lipid concentrations (up to 100
pg/mL). However, at lipid concentration > 150 pg/mL, the cell viability was significantly
reduced. These findings suggest that the optimum safe concentration for both VA-coupled

liposomes and VVA-free liposomes is at 100 pg/mL, which shows no toxicity to LX-2 cells (~ 100
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% cell viability) (Fig 7). The cytotoxicity result also led to the conclusion that the amount of

vitamin A added to the liposomes did not enhance the cytotoxicity of liposomes.

BMP4 is a member of the TGF-p family that is widely involved in regulation of cellular
behavior, such as cell growth, migration, differentiation, apoptosis and angiogenesis (93). For
example, treatment with BMP4 resulted in inhibition of hepatocyte regeneration (122). Fan et al
reported that BMP4 affects the differentiation of hepatic progenitors towards the hepatocyte
lineage (124, 125). BMP4 is a potent regulator of HSC trans-differentiation and transformation
into a myofibroblast-like phenotype (63). Our lab has reported that BMP2 and BMP4 can
increase the expression of a-SMA in cultured HSC (63, 126). The expression of a-SMA is a
marker of HSC trans-differentiation and transformation into their myofibroblast-like phenotype
(44). Further supporting studies of the crucial role of BMP4 in liver diseases have shown that
BMP4 itself is overexpressed in other liver diseases, e.g bile duct ligated liver (126) and in liver

cancer tissue (104, 117).

In the present study, the in vitro gene silencing of BMP4 using different formulations carrying
BMP4-siRNA was explored using real time PCR. The results of RT-PCR showed that BMP-
SiRNA delivered with VA-coupled liposomes caused ~75% decrease of BMP4 mRNA compared
with untreated control, while treatment with BMP4-siRNA/ VA-free liposomes resulted in ~ 55
% knockdown of BMP4 mRNA. Since BMP4 regulates HSC trans-differentiation and
transformation into myofibroblast-like phenotype through controlling the activity of a-SMA, we
decided to examine o-SMA after treatment with BMP4-siRNA. Surprisingly, BMP4-siRNA
inhibited a-SMA expression at the same level as it did for BMP4 (Figure.12). This result is

consistent with previously published data implicating that the expression of a-SMA is increased

76



in HSC after treatment with BMP4 (63). Consequently, inhibition of BMP4 leads to inhibition of

a-SMA.

Following confirmation of the effect of BMP4 gene silencing on reduction of a-SMA mMRNA
expression in vitro, we proceeded to evaluate BMP4-siRNA-mediated silencing on BMP4 and a-
SMA protein expression in vitro using ELISA. Our result showed that there was nearly no effect
on both BMP4 and a-SMA protein expression after 24 h post treatment with BMP4-siRNA.
However at 48 h and 72 h post transfection, there was a significant reduction reaching ~ 50 % of

both BMP4 and a-SMA protein expression.

Generally, the duration and level of gene silencing resulting from siRNA are dependent on cell
type, concentration of sSiRNA and size of protein. This effect usually last from five to seven days

(221, 222). Therefore, transfections may be repeated to maintain knockdown.

Because siRNA only suppresses the expression of new transcribed mRNA, it is possible that the
observed level may be either due to the residual protein expressed by cell prior to siRNA
treatment or due to the mRNA that was not successfully transfected (307). The unsuccessful or
incomplete capacity to silence the target gene expression could result from a liposomal failure to
deliver siRNA, or siRNA degradation. These reasons might explain why BMP4-siRNA could not
downregulate protein expression after 24 h and why we did not obtain 100 % protein knockdown

48 and 72 h post treatment.

These results may indicate that the anti-fibrotic properties of BMP4-siRNA occur significantly

via inhibition of the a-SMA.
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Chapter 5: Conclusion

Recently, several anti-fibrotic therapies developed for targeting liver fibrosis were shown to be
ineffective for clinical use. The key solution to address this issue lies on understanding the
mechanism governing fibrosis pathogenesis and fibrosis regression, as well as developing new
therapeutic approaches that specifically target HSC. Therefore, the current study focused on
targeting HSC through inhibiting BMP4 using siRNA. RNA interference is a new therapeutic
approach that can be a useful tool for studying gene function by knocking down its expression; it
may provide a solution to manage multiple diseases through modulation of specific gene
expression in diseased cells. The key challenge to utilize siRNA-based therapeutics lies on the
development of a biocompatible and efficient delivery system to the target cells. In the present
study, we developed cationic VA-coupled liposomes for the targeted delivery of sSiRNA directed

against BMP4 to cultured HSC.

The efficacy of the formulation was tested in an in vitro cell culture model. Liposomes were
optimized to result in a favorable particle size (~110 nm) and to maximize siRNA loading
efficiency. Inclusion of vitamin A in the cationic liposomes significantly improved the cellular

uptake without affecting the cytotoxicity.

We also evaluated in vitro gene silencing using real time PCR, which showed significant
reduction in BMP4 mRNA level. Targeting HSC with BMP4-siRNA was associated with
suppression of a-SMA mRNA expression. Our experimental evidence suggests that targeting
BMP4 mRNA using BMP4-siRNA is paralleled by the suppression of the potent fibrinogenic o-

SMA at both the mMRNA and protein level. This finding provides a better understanding of the
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role of BMP4 that plays in the development of liver fibrosis, and how inhibition of BMP4 could

revert fibrosis.

BMP4-siRNA delivery to the liver might have the potential to restore liver homeostasis by
inhibiting the a-SMA activation pathway. Further studies in different liver fibrosis models are
required to demonstrate that BMP4 as a potentially new therapeutic target in the management of
liver fibrosis and provide a new perspective for the development of formulations for the

treatment of liver fibrosis.
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