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Chapter 1

1.1 Atherosclerosis

Atherosclerosis 15 a condition where the artenies become narrowed and
hardened due to an excessive built up of plagque around the artery wall. The dizease
distupts the flow of bleod arcund the body, posing serious cardiovascular
complications. Corcnary artery dizease (CADY arising from atherosclerosis 13 a

leading cause of death and morbi dity wotl dwide (1)

Under normal conditions, leukocytes in the bleod do not adhere to the
endothelial cells that line all blood wessels. Howewer, injury to endothelial cells
provokes an inflammatory response. The endothelial cells begin to produce cell
surface adhesion melecules such as VCAM-1, causing moneocytes and Tdymphocytes
to adhere to the endothelium and then migrate beneath 1t by squeezing between the
endethelial cells. Circulating monocytes and T-lymphocytes are attracted to the sites

of injury by chemoattractant cytolines (chem okines) .

The endothelial cells also change shape, and the tight junctions between
endothelial cells loosen, increasing the permeability to fluid, lipids, and leukocytes.
Lipoprotein particles, and especially low-density lipoprotein (LDL), enter the arterial
wall and undergo cxmidaton. Omdation of LDL in the artennal wall occurs as a result
of its exposure to nitric oxide, macrophages, and some enzymes such as
lipoxygenase. Once they have migrated into the intima, monocytes differentiate into
macrophages and begin to take up oxidized LDL that has gotten into the intima
Mlacrophages retain the lipid they take up, and as they become more lipidladen, they
are referred to as foam cells. Eventually, the foam cell will undergo apoptosiz and
die, tut the lipid will accumulate in the intima. Fatty streaks are the first signs of
atherosclercsis that are wisible without magnification. 4 fatty streak consists of lipad-
contaning foamn cells in the arterial wall just beneath the endothelium. Over time,

these fatty streaks can evolve into atherosclerotic plaques (Figure 1.1).
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The plarque clogs up the artery, potentially causes blood clots that can resultin
life-threatening conditions such as heart attack, stroke and other cardiovascular
dizseases. Certain factors that can damage the endothelium to dewelop atherosclerosis

and can trigger CAD include (&)

{a) Eisk factors wath a significant genetic component (hentability): Elevated LDL

and VLDL (WVery Low Density Lipoprotein) cheolesterol (40%—60%), Low HDL
{(High Density Lipoprotein) cholesterol (45%—75%); Elevated tnglycerides (40%0—
80%); Increased body mass index (22%—60%); Elevated systolic blood pressure
{50%—70%%); Elevated diastelic blood pressure (D0%—63%0); Elevated lipoproteinia)
lewvels (90%); Elevated hom ocysteine levels (=42%0); Type 2 diabetes mellitus (40%—
d0%; Elevated fibrinogen (20%—50%); Elevated Creactive protein (=40%);, Gender;
Age; Family history..

(k) Environmental nsk factors: Smeoling, Diet, Exercise, Infection, Fetal

environment, Air pollution (particul ates).
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Figure 1.1 Pathogenesis of Atherosclerosis
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1.2 Current Treatment

Atherosclerosis management invelves various facets. Lifestyle Changes
focuses on weight management, physical activity and a healthy diet Medications
include administration of vanous lipid lowering drugs such as Satins (HMG Col
Eeductase inhibitors), Fibrates, Bile acid binding resinz and several others including
nicotinic acid, probucel etc. Sewvere cases of atherosclerosis may be treated by
surgical procedures, such as angioplasty or coronary artery bypass grafting (CABG).
However, the oral z 2002 showed an incidence of 015 deaths from rhabdomyolysis

per 1.0 million statin prescrptions (3) (4).

1.3 Gene Delivery for Atherosclerosis: Current Status

Mew pro- and anti-inflammatory pathways lnking lipid and inflammation
kiology have been discovered, and genetic profiling studies have unveiled vanations
involved in human CAD. The growing understanding of the inflammatory processes
and mediators has uncovered an intriguing diversity of targetable mechanisms

that can be exploited to complement lipid-lowering therapies (3.

Although considerable progress has been made in the prevention and
treatnent of atherosclerotic cardiovascular disease, new therapeutic strategies are still
needed. Athercosclerosiz 1 a systemic disease and represents an attractive target for
the devel opment of somatic gene transfer intended to modulate systemic factors with
the goal of inhibiting disease progression. This approach should be differentiated
from localized vascular gene delivery to 1sclated atherosclerotic lesions such as that

intended to prevent restenosis.

Systemic gene therapy for athercsclerosis can inwolve either 1) gene
replacement therapy in patients with defined genetic disorder causing premature
atherosclerosis, or 2) overexpression of proteins which directly or indirectly inhibat

atherosclercsis or stabilize wulnerable lesions (6) These approaches may involve
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administration of therapeutic pDITA that may increase the production of deficient

proteins or stE 1A that inhibat the overexpression of faulty genes (7).

In the past decade various gene delivery approaches have been studied for the
treatnent of atherosclerosis. Such gene delivery approaches act particulatly by
inducing or overexpressing receptors that lead to increase in LDL metabolism.
Advancements made in the treatment of atherosclercsiz with gene delivery are

described bel ow..

A hepatocellul ar-targeted, atheroprotective gene therapy as an approach to the
prevention and treatment of atherosclerosis iz being sought Ezpression of these
therapeutic genes 15 aimed at counteracting the fundamental processes that dnve
atherosclerosis, including lipid accumulation in the vascular intima and inflamm atory
cell recruitment. Targeted gene therapy has substantial theoretical advantages over
systemic drug and gene therapies for atherosclerosis in that it can deliver therapeutic
gene precisely to the site of wvascular disease. This approach mamimizes local

therapeutic effects and minimizes systemic side effects (8)

1.4 Targeting of genes
141 APO AL

The APOAL gene  prowides instructions for making a protein called
apolipoprotetn A-T (Apol TN, Apod -l 15 a component of HDL. HDL 15 a molecule
that transports chelesterol and certain fats (phospholipids) through the bloodstream
from the body's tissues to the liver. Once in the liver, cholesterol and phospholipids

are redistnibuted to other tizsues or removed from the body .

ALpobd-T attaches to cell membranes and promotes the movement of
cholesterol and phospholipids from inside the cell to the outer surface. Once outside
the cell, these substances combine with apod-I to form HDL. Apod -1 alse triggers a
reaction called cholesterol estenfication that conwverts cholesterol to a form that can

ke fully integrated inte HDL and transpotted through the bloodstream .
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Epidemiclogical data indicate a strong inverse association between HDL
cholesterol levels and atherosclerotic disease. Genetic syndromes of high HDL are

aszsociated with longevity and a decreased incidence of coronary heart disease(9).

The concept that intervention to raise HDL cholesterol levels could be a
method of treating or preventing atherosclerosis 1z attractive. The gene can be
transported to endothelial cell by using specific viral or non-wiral vector leading to its

expression at the damaged endothelium cell..

14.2 APOE

Apolipoprotein E (ApoE) 15 a critical ligand for the clearance of chylomicron
and VLDL remnant lipoproteins (107, ApoE 15 synthesized by many tissues, but the
ApoE in plasma iz derived largely from the liver. Genetic deficiency of ApoE results
in substantially elevated levels of lipoprotein remnants and 1z associated with an

increased risk of premature atherosclerotic disease (110

1.4.3 SR-BI

The class B scavenger receptor, SE-BI, is the first HDL receptor to be well
defined at a molecular level and 1z a mediator of selective cholesterol uptake in witro.
It 1z expressed most abundantly in stersidogenic tissues, where it 15 coordinately
regulated with stercidogenesis by adrenccorticotropic hormone (ACTH), human
chorionic gonadotropin (hCG) and cestrogen, and in the liver, where its expression in
rats 15 suppressed by cestrogen. Adenovirus-mediated, hepatic overexpression of SE-
EI in mice on both sinusoidal and canalicular surfaces of hepatocytes results in the
virtual dizappearance of plasma HDL and a substantial increase in biliary cholestergl.
SE-BI may directly mediate these effects by increasing hepatic HDL cholesterol

uptake or by increasing cholesterol secretion into bale, or both {12}

Thesze results indicate that SE-BI may be important in hepatic HDL

metabolism, in  determining plasma HDL concentrations, and in controlling
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cholesterel concentrations in bile, and thus may influence the development and

progression of atherosclerosis.

1.4.4 Lecithin-cholesterol acyltransferase (LCAT)

By converting unesterified to esterified cholesterol, LCAT 15 believed to
facilitate the process of reverse cholesterol transport. A first-generation adenovirus
has been used to achieve somatic gene transfer and expression of human LCAT in
transgenic mice expressing human Apol-I, and resulted in a substantial increase 1n
HDL chelesterel and human Apod-T levels. It is unclear whether gene therapy to

raise LCAT activity would be beneficial in terms of reducing atherosclerosis (6.

1.4.5 Cholesteryl ester transfer protein (CETP)

It 15 a hydrophobic plasma glycoprotein that mediates the transfer and
exchange of cholesteryl ester {(CE) and tniglyceride (T3 between plasma

lipoproteins, and also plays an important role in HDL metabolism (13)
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zene therapy with Mechanism/target Vector for Eoute of Remarks Ref.
transfecti on administration
Antizense Dedined concentration of M, M- - This approach may (143
oligodenzynucleotides | mEMNA in the nuclet of cells dipal rratyl glvevlapolip enabl e gene regulation in
(A5-0ODMs) after transfection. oprotein wvo and could be used to
E regulate vascular tone and
constrichon through ET
receptors
nDHA The peptide SIGYPLF, Adeno s Intrapenitoneal | Feasthility of using small, | {15)
targeted gene delivery novel peptides 1solated wia
specifically to endothelial cells phage display to target gene
wath asignficantly enhanced delivery specifically and
efficiency over nontargeted efficiently to HUVEC:.
adenovirus
pDHNA LDL receptor protein Adeno associated s | Injection (in Complete normalization of | (16)
modulation by A4V serotypes portal vein) serum lipids
coding for the human LDL
receptor
pDHNA APO Al expression helper-dependent Infusion into HD Ad provided prolonged, | (8)
stimul ating reverse cholesterol | adenovirus (HDA) the carotid stahle
transp ort artery expression of atherapeutic
transoene in the artery wall
pDNA AANVAT and AAVAE vectors | Adeno assoctated wirus | Intravenous Prevented atheroscleroas (17
mediated hepato-specific injection after 1 year of sustained

expression of apoE

EXPrESSion.
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1.5 Gene Delivery Vectors

Among wvarious vectors researched for gene delivery, those used in
atherosclerosis include wral vectors mainly adenoviral vector, adeno-associated wiral
vector and retrowiral wvector (Table 1.1). Though previding very efficient transfection
ability, wiral wectors bear a lot of disadvantages manly higher oncogenic,
inflammatory and immunogenic potential and also virus insert their genome into host
genome in random pattern restnicting functioning of host genes. This 15 changing the

scenario of gene delivery from wiral based delivery to non-wiral gene delivery”™

“The non-wiral carrier studied in atherosclerosis tll date includes nano-
constructs. Different carriers have been used for targeting of drug, such as
immunoglebulin,  serum  proteins, synthetic polymers, liposome, microspheres,

ervthrocytes and niosomes. Some are discussed herein.

1.5.1 Liposome Based G ene Delivery

Liposomes are generally formed by the self-assembly of dissolved lipid
molecules, each of which contains a hydrophilic head group and hydrophobic tails.
These lipids take on associations which vield entropically Favorable states of low free
energy. Cationic lipids commonly attain a positive charge through one or more
amines present in the polar head group. The presence of positively charged amines

facilitates binding with anions such as those found in DA

1.5.2 Lipoplexes and Polyplexes

To improve the delivery of the new DINA into the cell, the DMNA must be
protected from damage and its entry into the cell must be faclitated New molecules,
lipoplexes and polyplexes, have been created that have the ability to protect the DA

from undesirable degradation during the transfection process.

Flastmid DA can be covered with lipids 1n an organized structure like a
micelle or a liposome 15 termed Lipoplex. There are three types of lipads, antonic

(negatively charged), neutral, of cationic (positively charged)..
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Complexes of polymers with DIMNA are called polyplexes. Most polyplexes
constst of cationic polymers and their production 15 regulated by 1onic interacti ons.
Cne large difference between the methods of action of polyplexes and lipoplexes is
that polyplexes cannot release their DA load into the cytoplasm, so cotransfection
with endosome-ytic agents (to lyse the endosome that 1z made during endocytosis,
the process by which the polyplex enters the cell) such as inactivated adenovirus must
occur. However, this isn't always the case, polymers such as polyethylenimine have

theit own method of endosome disruption as does chitosan and tnmethylchitosan..

L solution of cationic lipids, often formed with neutral helper lipids, can be
mized with DA to form a positively charged complex termed a lipoplex. "Well-

characterized and widely used commercial reagents for cationic lipid transfection

include H-[1-2,3-dioleyloxy)propyl | -H I H-trim ethyl amm onium chlonide
(DOTRAY , [1,2-bs(oleoylozy)-3-(trimethylammont o)propane | (DOTAR), 3p[IN-(IT,
'-dimethylaminoethane)-carbamoyl | cholesterol (D C-Chal) and

dioctadecylamidoglyeylspermine (DOGEE). Dicleoylphosphatidylethanol amine
(DOPE), aneutral lipad, 15 often used in conunction with caticnic lipids because of
its membrane destabilizing effects at lew pH, which aids in endelysosomal

escape. {18}

Few other gene delivery vectors are enlisted herein and includes niosomes,

nanoparticles and hybrid lipopolymeric particles (not discussed)..

1.6 Targeting Str ategies to Hepatic cells and Endothelial Cells

a) Targeting liver cells:

Cn the surface of hepatocytes there are glycosyl receptors which may mediate
endocytosis of liposome-associated substances by means of ligand receptor reactions.
Thilamellar liposomes, which contain negatively charged moncsialeganglioside
(OB in their lipid bilayer, as well as 60% galactose residues (especially P-D-
galactopyranosyl) on their surface, have an accelerated rate of hepatocyte uptake. Cn

the other hand, a-mannosylated liposomes are preferentially incorporated by liver
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nonparenchymal cells, predeminantly by EES cells, on which there are mannose
receptors. & number of investgators have used mannose-bound liposomes to target
the liver and believe that the liposomes are taken up by tacrophages via mannosze
receptors on their sutface. However, arecent report by Matsuo et al. (19) showed that
hepatic uptake of acetylmannoside- modified multilamellar vesicles (Ifan-ILYV)
were inhibited by preheating the serum or by treattment with anti-rat complement C,
antiserum. The results suggested that hepatic incorporation of Man- MLY was
primanly mediated by a complement receptor rather than by mannose receptors on
Eupfter cellz in wive. The mechanisms of preferential liposome uptake need to be
further elucidated  Liposomes, which contan  dipalmitoviphosphatidylcholine
(DPPCY and lactosyloeramide, are small enough (less than 100 nm) to pass through
the endothelial fenestrae, and are more ngid than the fluid (soft) liposomes which
constst of dimyristoylphosphatidylcholine (DWPC). DPPC-liposomes alse have
better hepatocyte uptake, and are stable in serum, but have a shorter half-life in
serum. These findings imply that the transfer of the targeted liposomes into
hepatocytes by a galactose-specific receptor may also be affected by the membrane
fluidity of the liposemes (200, DPPCliposomes are mote rigid than those consisting
of DMPC and EPC, and they have a higher blood clearance rate because of ready
uptake by EES cells. These findings indicate that the membrane fludity of the
liposomes ih wive 15 a crucial factor for their preferential liver uptake (213, A number
of galactosyl ligands for liposomes have been synthesized and their effects on
liposome accumulation in rat lver were compared. Among these ligands, [8-
(hexadecyl octadecanoylamide) -3 6- diczactyl-P-D-galactosi de was found to have the
longest circulating time and the highest rate of liver accumulation. It was also shown
that the length or lipophilicity of the anchor (aliphatic modety) iz important for
intreduction and incorporation of the ligands. The branched anchor in the galactosyl
ligands that have been synthesized 1z most preferable for recognition of the galactosyl
residues by the receptors. This suggested that the cluster effect could be achieved by
ligands without forming a cluster structure on the liposomes i witre (227

Interestingly, stearyl glycyrthizin (GLOSt)-bound iposomes were accutnulated in the

10
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liver at a several-fold higher concentration than control liposomes (237 A high liver
accutnulation of liposotmes was also cbserved by the incorporation of a high
proportion (60-80%) of nonionic surfactant (HCO6D) into lipesomes (247

mome of the suggested strategies for hepatocyte targeting are:

o Eeducing liposome size {less than 100 nm)

o Increasing negative charge of liposomes by tncorporation of
monostaloganglioside (G

o Labelling liposomes with galactose of M-acetylgal actosamine residues, such
as, P-D-galactopyrancsyl or lactosylceramide

o Addition of stearyl glycyrrhizin

o Tncreasing- liposome rigidity by addition of dipalmitovlphosphatidylcheline
(DPPC)

h) Targeting Endothelial cells:

Apart from targeting to liver cells, several targeting strategies have been designed

for endothelial cells also and are listed in Table 1.2 below:

Table 1.2 T argeting Endothelial Cell

Targeting Targeting ligand Remarks Ref.
receptor
P32 Atherosclerotic plagque—homing | LyP-1 accumulated 1n | (253)

peptide, LyP-1 (peptide | the plague  interior,

sequence COMNEETEGC) predominantly it
macrophages
Fibrin and Atherosclerstic plagque—homing | Homes on the sutface of | (23)
fibronectin peptide, CEEEL peptide the atherosclerotic
clots lesion
Stabilin 2 =2 {Peptide sequence | Transmembrane protein | (26)
CETLTVEEC) expressed i1

11
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atherosclerotic  arteries
endothelial cells,
macrophages and

smooth muscle cells

Endothelin Endothelin antagonistic | Cwerexpression an | (27)
receptors peptides and antibodies endothelium of
atherosclerotic vessels
P2 integrin | Integnin (cEGD peptides) Angiogenic  expansion | (28)
of wasa vasorum
ICAN-1 LF&-1 peptide, LF&-1 | Expression i | (29
antagonistic antibodies atherosclerosis prone
endothelial cells
WICAN-1 He-Len-Asp-ial sequence | Expression in | (29-31)
peptides atherosclerosis  prone

endothelial cells

1.7 Adm of the Work

The aim of the current project was to develop a delivery system for APOE

gene for targeting to liver. & general constraint in delivery of naked plasmid 1z their

short term limited expression and rapid degradation in the blood stream. Hence, for

achiewing longer circulation and duration of action, carrier systems such as liposomes

and nancparticles are generally employed Liposomes are preferred due to the

tiodegradability and biocompatibility. Herein, cationic liposomes were formulated

followed by preparation of lipoplexes. The lipoplexes were imparted receptor

specificity to liver cells by conjugation them with galactose moiety as ligand Thus,

this approach was aimed for investigating a safe, effective and targeted gene delivery

system for management of atherosclerosis.

12
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1.8 Rationale of the Study

LAtheroprotective gene therapy inveolves localized expression of therapeutic
genes in the hepatocytes. Expression of these therapeutic genes is amed at
counteracting the fundamental processes that drive atherosclerssiz, including lipid
accutnulati on in the vascular intima and inflamm atory cell recruitment. Vascular gene
therapy has substantial theoretical advantages over systemic drug and gene therapies
for atherosclerosis in that it can deliver therapeutics precisely to the site of ongin
(1.e., hepatocytes) (B). Hepatic targeting of the liposomes 15 proposed for achieving
specific expression of APOE plasmid in the hepatocytes. APOE was selected as it
critical ligand in the plasma clearance of triglycenide- and chelesterol-rich
lipoproteins {chylomicron remnants, VLDL, intermediate density lipoproteins, and a
subclass of HDL) .

One of the essential feature that confers interaction of liposomal delivery
system wath cells 15 the 1onic character. For efficient interaction and internalizati on,
the liposotnes are prepared with cationic lipids. However, many of these cationic
lipids have the disadvantage of being high cytotoxicity leading to cell death. Hence,
these cationic lipids are tnodified to decrease their cytotomicity and improving
biocompatibility. Herein, catonic lipid has been incorporated 1in the liposomes at
minimal level, so as to minimize cytotoxic potential and a neutral lipid (DEPE) was
modified to impart the system with endosomal escape capacity. Mlost studies have
focuszed on cholesterol (Chol) asz a lipophilic anchor motety, becauszse Chal derivatives
can be easily synthesized (32). However, it 15 very easy for Chol to fall out from the
liposome membrane 1if the hydrophilic head group 13 too large, whereas
distearoylphosphatidylethanclamine (DSPE) anchor may be located deeper in the
liposome membrane with its two long aliphatic chains (2 = 17-CH2-), thus steadily
inserting into the walls of lipt d bilayer structures (33 (347 .

Hepatocytes, the liver parenchymal cells, constitute 60% -2 of the mass of
the liver tissue, and liver diseases mainly develop from the hepatocytes (35).
Although hepatocytes are the main functional cells of the liver, high uptake of

compounds into other liver cell types, such as Eupffer cells, often leads to serious

13



Chapter 1: Intrachiction
A Gene Defivery Approcch for Treatment of Atherosclerosis

degradation of them, which in some cases destroys their therapeutic activity (367
However, hepatocyte targeting 15 often equated with liver targeting, and total liver
uptake of a compound 15 measured without proper identificati on of the cell type. This
has induced the necessity of the development of cell-specific delivery carriers,
through sutface modification, which are usually transferred via a receptor-mediated
endocytosis  system. Astaloglycoprotein receptors (ASGP-Es) are exclusively
expressed on the membranes of hepatocytes, providing active membrane-bound sites,
and have been used as the target receptors for drug delivery to the hepatocytes (37)
(38). ASGP-Es main function is to recognize, kind, and internalize A 3GFs that
contain terminal galactose (Gal) or MN-acetvlgalactosamine (Gallddc) residues (399
Thus, for targeting purpose of the delivery system to the liver cells, galactose was

selected for conugating to liposomal surface as anchor..

1.9 Hyp othesis:

It iz hypothesized that delivery of APOE gene to hepatocytes will increase the
local expression of protein in the cell and would stimulate the cheolesterol efflux
pathway that will prevent further deposition of cholesterol at plaque sites along with
removal of cholesterol from the plagque sites leading to effective remission in the

dizeaze.

1.10 Ohjectives

Liposomes have emerged as one of the safest delivery drug delivery,
howewer, requirement of cationic liposotnes which enhance the toxcity of iposomes
on cells 15 inevitable. One of the essential property for these carner system 1s to
imnpart capability for endosomal escape so that the pavload can be released inside the
cells without being endocytosyzed and cleared by the EES. It 15 required that they
escape from endosome as soon as possible due to reducing pH of endosomes through
late endosomes and endolysozomes. Hence, synthesis of modified lipids which will
provide buffering effect inside endosomes and will provide sufficient time for

cytosolic release 15 sought.. To achieve these goal DSPE has been modified to change

14
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the head-group chemistry using amine acidsidipeptide 1.e histidine, arginine and
carnosine, Such modification invelving amine acid 13 a novel strategy to couple two
functional moieties without substantially increasing the overall molecular weight due
to linker. These modified lipids will be used in preparation of cationic liposomes
containing stearylamine as cationic lipid The pDINA will be complexed with these
liposomes to prepare lipoplexzes. Further, to achieve targeted delivery to hepatocytes,

galactose ligand was conjugated to lipoplexes .

1.11 Plan of work

a) Literature review

kY Isolation and characterization of plasmid

o) Synthesis of novel lipids and their characterization

d) Preparation of the cationic liposomes and preparation of lipoplexes, along
with their characterization

el fmvifro performance studies

£y Formulaton of targeted lipoplexes and their evaluation

o) fx vive petformance studies: Atheroprotective activity in atherosclerotic
atimal tmodel.

hy Stability study of the optimized formulations.

1) Sumtnanzing and concluding the research work

15
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1.12 Proposed Strategy (Graphical overview)

1. Preparation of Cationic liposomes
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