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Chapter 2

2.1 Atherosclerosis

“Atherosclerosiz is a disease in which plagque builds up inside the arteries. Arteries
are blood vessels that carry oxygen-rich blood to the heart and other parts of the body.
Atherosclerosisis a disease in which inside of an artery narrows due to plaque building (1)
Plaqueismade up of fat, cholesterel, caloium, and other substances found in the blood. Over
the time, plagque hardens and narrows the arteries (2). This limits the flow of oxygen-rich
blood to the organs and other parts of the body Initially there are generally no symptoms of
atherosclerosis. However, when severe it can result in coronary artery disease, stroke, heart
attack, peripheral artery disease, of kidney problems depending on the arteries which are
affected (13 Figure 2.1 {a) shows a normal artery with normal blood flow and (b)) shows an
artery with plaque. The inset image shows a cross-section of both while () shows steps of

formation of plague.”
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Figure 2.1 Plaque formations in atherosclerosis
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Atherosclercsis can affect all large and medium-sized arteries, including the
coronary, carotid, and cerebral arteries; the aorta; its branches; and major attenies of the
extremities. It 1z the leading cause of morbidity and mertality 1n the T3 and in most
developed countries. In recent vears, agetelated mortality attributable to atherosclerosis has
been decreasing, but in 2015, cardiovascular disease (CVID), prmarly coronary and
cerebrovascular atherosclerosis still caused almost 15 million deaths wotl dwide (= 25% of
all deaths (3). In the IS, = B00 000 people died of CVD in 2014, corresponding to almost 1
in 3 of all deaths (4). Atherosclerosis 15 rapidly ihereasing in prevalence in developing
countries, and as people in developed countries live longer, incidence will increase.

Atherosclerosis 1s the leading cause of death worl dwade”

“The cause of atherosclerosis 130t known, Howewer, certain traits, conditions, or
habits may raise the risk for the disease. These conditions are khown as nsk factors. Some
of the nsk factors are lack of physical activity, high blood pressure, obesity, smoking,
oxidative stressors (eg, superoxmide radicals), angiotensin II, and systemic infection,
inflamntnation, proinflammatory cytolines, chemnotactic proteins, vasoconstrictors and an
unhealthy diet Others one can't control, such as age and a family history of heart disease.
some people who have atherosclerosis have no signs or symptoms. They may not be
diagnoszeduntil after a heart attack or stroke. Prewvention 15 generally by eating a healthy diet,
exercise, not smoking, and mantaning anormal weight. Diagnosis is based upon a physical

exatn, electrocar diogram, and exercise stress test”
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2.1.1 Pathophysiolagy of the disease

Atherosclerosis gives rise to cerebrovascular disease and coronary artery dizsease
threugh a slowly progressing lesion Formation and luminal narrowing of arteries. Tpon
plague rupture and thrombosis, these most comm on form s of cardiovascular disease manifest
as acute coronatry syndrome (ACSE), myocardial infarction or stroke. The underlwing
pathology i3 charactenized by a chronic inflamm atory process of the arterial wall that cccurs
at predilection sites with disturbed laminar flow, such as branch points (). Ttis imtiated by
endothelial dysfunction and structural alterations, including the absence of a confluent
luminal elastin layer and the exposure of protecglycans (6). The earliest wisible lesion of
atherosclerosis 15 the fatty streal, which 15 an accumulation of lipidladen foam cells in the
intimal laver of the artery. The atherosclerotic placque is the hallmark of atherosclerosis; it 15
an evolution of the fatty streak and has 2 major components, Lipids, Inflammatory and
smooth muscle cells, and a connective tizsue matnx that may contain thromhbi in various
stages of organization and calcium deposts All stages of atherosclerosis—from mitiation
and growth to complication of the plaque—are considered an inflammatory response to
injury mediated by specific cytokines. Endothelial injury 15 thought to have a pnmary
iniating or tnciting role. Figure 2.2 descnibes the stages of development of plague, its

progression and disrupton
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Ltherosclerosis preferentially affects certain areas of the arterial tree. Monlaminar or
turkulent bloodflow (eg, at branch points in the artenal tree) leadsto endothelial dysfunction
and inhibits endothelial production of nitric omde, a potent wasodilator and anti-
inflammatory molecule. Such blood flow alse stimulates endothelial cells to produce
adhesion molecules, which recruit and bind infl amm atory cells. Thenet effect1s endothelial
binding of monocytes and T cells, migration of these cells to the subendothelial space, and
initation and perpetuation of a local vascular inflammatory response. Monocytes in the
subendothelium transform into macrophages. Lipids in the blood, particularly low-density
lipoprotein (LDL) and very-low-density lipoprotein (VLDL), also bind to endothelial cells
and are oxidized in the subendothelium. Uptake of oxidized lipids and macrophage
transformation into liptdladen foam cells result in the typical early atherosclerotic lesions
called fatty streaks Degraded erythrocyte membranes that result from mpture of vasa
vasorum and intraplagque hemorthage may be an important additional source of lipids within
plagques. Macrophages elaborate proinflammatory cytolines that recriut smooth muscle cell
migration from the media and that further attract and stimulate growth of macrophages.
Warious factors promote smooth muscle cell replication and increase production of denze
extracellular matriz. The result iz a subendothelial fibrous plague with a fibrous cap, made
of intimal smooth muscle cells surrounded by connective tizssue and intracellular and
extracellular lipids. & process similar to bone formation causes calcification within the
plagque. & link between infection and atherosclerosis has been observed, specifically an
assoctation between serclogic evidence of certain infections {(eg, Chlamydia pneum oniae,
cytomegal owvirus) and coronary artery dizease (CAD). Putative mechanism s include indirect
effects of chronic inflammation 1n the bloodstream, crossqeactive antibodies, and
inflammatory effects of infectious pathogens on the artenial wall Atherosclerotic plaques

may be stable or unstable. Stable plaques regress, remain static, or grow slowly over several
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decades until they tnay cause stenosiz or occlusion. Unstable plagques are vulnerable to
spontaneous erosion, fizsure, or rupture, cansing acute thrombosis, ecclusion, and infarction
long before they cause hemodynamically significant steneosis. Most clinical events result
trom unstable plaques, which do not appear severe on angiography; thus, plaque stabilization
may be a way to reduce morbidity and mortality. The strength of the fibrous cap and its
resistance to rupture depend on the relative balance of collagen deposition and degradation.
Plagque rupture inwvolves secretion of metall oproteinases, cathepsing, and collagenases by
activated macrophages in the plagque. These enzymes digest the fibrous cap, particularly at
the edges, causing the cap to thin and ultimately rupture. T cells in the plagque contribute by
secreting cytokines. Cytokines inhibit smooth muscle cell s from synthesizing and depositing
collagen, which normally reinforces the plaque. Once the plagque ruptures, plaque contents
are exposed to circulating blood, triggering thrombeosis, macrophages also stimulate
thrembosis because they contain tissue factor, which promotes thrombin generation in wive.

CUne of 5 outcomes may ocour.

The resultant thrombus may organize and be incorporated into the plagque, changing

the plaque’ s shape and causing itz rapid growth.

s The thrombus may rapidly ccclude the vascular lumen and precipitate an acute
ischemic event.

s Thethrombus may embolize.

s Theplaque may fill with blood, balloon out, and imnmediately occlude the artery.

» Plagque contents (rather than thrombus) may embolize, occluding wvessels

downstream..

Placue stability depends on multiple factors, including plaque composition (relative

proportion of lipids, inflammatory cells, smooth muscle cells, connective tissue, and
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thrombus), wall stress (cap fatigue), size and location of the core, and configuration of the
plaque in relation to blood flow By contributing to rapid growth and lipid deposition,
intraplagque hemorrhage may play an impottant role in transforming stable inte unstable
plagques. In general, unstable coronary artery plagques have ahigh macrophage content, athick
lipid core, and athin fibrous cap; they narrow the wessel lumen by < 50% and tend to rupture
unpredictably. Unstable carot d artery plagques have the same composition buttypically cause
problems through severe stenosis and occlusion or deposition of platelet thrombi, which
embolize rather than rupture. Low-risk plagques have a thicker cap and contain fewer lipids;
they often narrow the vesszel lumen by = 30% and may produce predictable exercizseanduced
stable angina Clinical consequences of plagque rupture in coronary artenies depend not only
on plagque anatomy but also on relative balance of procoagulant and anti coagulant activity in

the blood and on the vulnerability of the myocardium to arthythmias.

2.1.2 Atherosclzrosis freatment and its mandagament

Ltherosclerosis management involves warious facets. Lifestyle Changes focuses on
weight management, physical activity and a healthy diet Medicati onsinclude administration
of various lipad lowering drugs such as Satins (HWG Col Eeductase inhibitors), Fibrates,
Eile acid binding resins and seweral others including nicotinic acid, probucel etc. Severe
cases of athercsclerosis may be treated by surgical procedures, such as angioplasty or
coronary artery bypass grafhing (CABG). However, the oral antithyperlipidemic therapy

needs to be continued on a daily basis for maintenance of the blood chelesterol level.

Treatment involves aggressive modification of risk factors to slow progression and
induce regression of existing plaques. Lowering LDL to below a certain target 13 no longer

recommended, and "the lower the better" approach is currently favered Lifestyle changes
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include diet modification, smoking cessation, and regular participation 1n physical achivity.
Dirugs to treat dyslipidemia, hypertension, and diabetes are often required These lifestyle
changes and drugs directly or indirectly improve endothelial function, reduce inflammation,
and improve clinical outcome. Statins can decrease atherosclerosisrelated morbidity and
mottality even when serum cholestercl 15 normal or slightly high. Antiplatelet drugs help all
patients with atherosclerosis. Patients with coronary artery disease may benefit additionally

from ACE inhibitors and beta-blockers.

2.2 Gene therapy as an approach for atherosclerosis — Current perspective

HMew pro- and anti-4nflammatory pathways lnkang lipid and inflammation biclogy
have been discovered, and genetic profiling studies have unveiled vanations invelved in
human CATY. The growing understanding of the inflammatory processes and mediators has
uncovered an intriguing diversity of targetable mechanisms that can be exploited to

complement lipt d-owenng therapies (7).

Llthough considerable progress has been made in the prevention and treatment of
atherosclerotic  cardiovascular disease, new therapeutic strategies are stll needed
Atherosclerosis iz 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. Thiz approach should be differentiated from localized vascular gene

delivery to isolated atherosclerotic lesions such as that intended to prevent restenosis.

systemic gene therapy for atherosclerosis can involve either: 1) gene replacement

therapy in patients with defined genetic dizorder causing prematire atherosclerosis, or 2)
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overexpression of proteins which directly or indirectly 1nhibat atherosclerosiz or stabilize

vulnerable lesions ().

In the past decade warious gene delivery approaches have been studied for the
treatm ent of atherosclerosis. Such gene delivery approaches act particul atly by inducing or
overexpressing receptors that lead to increase in LDL metabolism. Advancements made in
the treatment of atherosclercsiz with gene delivery are described below. Various gene

delivery approaches explored for atherosclerosiz iz summarised in table 2.1

221 APO AL

The Apcll gene provides instructions for maling a protein called apolipoprotein A -
I {Apod-TN. Apoh-Tis a component of HDL. HDL 15 a molecule that transports cholesterol
and certain fats (phospholipids) through the bloodstream from the body's tissues to the liver.
Oncein the liver, cholesterol and phospholipids are redistributed to other tissues or rem oved
from the body Apod-I attaches to cell membranes and promotes the movement of
cholesterol and phospholipids from inside the cell to the outer surface. Onece cutside the cell,
these substances combine with apod I to form HDL. Apod-Talso triggers areacton called
cheolesterol esterification that converts cholesterol to aform that can be fully integrated into
HDL and transported through the bloodstream. Epidemiological data indicate a strong
inwverse assoctation between HDL cholesterol levels and atherosclerotic disease. Genetic
syndromes of high HDL are associated with longewity and a decreased incidence of coronary
heart dizease (%) 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
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endothelial cell by using specific viral or non-wiral vector leading to its expression at the

damaged endothelium cell.

222APOKE

Lpolipoprotein E (ApoE) 15 a crtical ligand for the clearance of chylomicron and
VLDL remnant lipoproteinz{10). ApcE 15 synthesized by many tissues, but the apoE in
plasma 1z derived largel v from the liver. Genetic deficiency of ApoE results in substantially
elevated levels of lipoprotein remnants and 12 assoctated with an increased risk of premature
atherosclerotic disease (11). Systemic delivery of AP0 E along with siE A to elevate APO
Elewvels in genetic deficiency or expression of gene at the site by use of vectors are protnising
approaches. Human apolipoprotein E (apoE) 15 a 34-kDa multifunctional protein that plays
a key role in lipoprotein metabolism and inhibits the development of atherosclerosiz (12).
Deficiency of apoE in mice results in hypercholesterolemia and atherosclerosis on a chow
diet {13}, Apclipoprotein (apo) E, which 15 present in plasma lipoproteins that carry dietary
and liver-denived cholesterol, plays a protective role in atherosclerosis (14). ApoE plays a
requisite role in remnant lipoprotein clearance by the liver, and although hepatic LDL
receptors can clear both LDL and apoE-containing lipoproteins, LDL receptor— related
protein-mediated clearance of remnants 12 dependent on apcE (120, Compared with wild-
type mice, apoE-deficient mice have high levels of plasma cholesterol as a result of this
impaired clearance of cholesterol -enniched lipoproteins (16). Moreover, these apoE-deficient
mice develop complex athercsclerotic lesions that are a direct result of the plasma
accumulation of cholesterol-rich ipoproteins. Addition of apoE to apoE-deficient mice (by
either expression of apolE Transgenes (177, intravenous injection of synthetic mimics of apoE

{18) or administration of adenovirus to achieve hepatic expression of apoE) reduces plasma
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cholesterol levels and provides protection against the progression of athercsclerosis (19).

Thus, apoE plays arequisite role in mantenance of plasma cholesterol levels.

223 8R-BF

The class B scavenger receptor, SE-BIL 15 the first HDL receptor to be well defined
at amolecular level and 1z a mediator of selective cholesterol uptake in vitro. Iti1s expressed
most abundantly in  stercidogenic tissues, where it 1z coordinately regulated with
steroidogenesiz by adrenocotticotropic hormmone (ACTH), human chorionic genadotropin
thC3) and cestrogen, andin the liver, where 1tz expressionin rats is suppressed by cestrogen.
Adenovirus-mediated, hepatic overexpression of SE-EI in mice on both sinuscidal and
canalicular surfaces of hepatocytes results in the virtual disappearance of plasma HDL and a
substantial increase in biliary cholesterol. SE-BI may directly mediate these effects by
increasing hepatic HDL cheolesteral uptake or by increasing cholesterel secretion into bile,
of both (200, These results indicate that SE-Bl may beimportantin hepatic HDL metabolism,
in determnining plasma HDL concentrations, and in controlling cholesterol concentrations in

bile, and thus may influence the development and progression of atherosclerosis.

2. 2.4 Lecithin-cholzsterol acyltransferase {(LCAT)

By converting unesterified to esterified cholesterol, LCAT 1z believed to Facilitate the
process of "reverse cholestersl transport'. A first-generation adenovirus has been used to
achieve somatic gene transfer and expression of human LCAT in transgenic mice expressing

human apod-I, and resulted in a substantial increase in HDL chelesterol and human apod T
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levels. Itis unclear whether gene therapy to rase LOAT activity would be beneficial in term s

of reducing atherosclerosis (8]

2.2.5 Cholesteryl ester transfer protzin (CETP)

It 15 a hydrophobic plasma glycoprotein that mediates the transfer and exchange of

cheolesteryl ester (CE) and triglyceride (T3 between plasma ipoproteins, and also plays an

impottant role in HDL metabolizm {213

Tahle 2.1 Various Gene Delivery Approaches used in Atherosclerosis

Gene therapy Mechanism/target Vector for Houte of Remarks Ref.
with transfection  administ

ration
Antizense Declined DI - Thiz  approach (22)
oligodeoxynuc  concentration  of  dipalmitylgly may
leotides mEMA  in the cylapolipopro enable gene
(AS-ODI:) nuclel of cells after tein regul ati on in

transfecti on. E

vive and could
ke uzed  to
regulate vascular
tone and

cotstriction
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through ET
receptors

pDMA The peptide  Adeno wirus Intraperit feasibility of (23)
=IGYPLP, targeted oneal using small,
gENE delivery novel  peptides
specifically to 1zolated Via
endothelial  cells phage display to
with a significantly target gene
enhanced delivery
efficiency OVEr specifically  and
nontargeted efficiently to
adenovirs HUVECs

pDTIA LDL receptor  Adeno Injection Complete (24
protein modulation  associated in portal normalization of
by &AW szerotypes wirus TEL) serum lipids
coding  for  the
hutn an LDL
receptor

pDHA APO Al helper- Infusion HDAd provided (230
EHprESELof dependent into  the prolonged, stable
stimulating reverse adenovirus carotid expression of a
cholesteral (HDA ) artery therapeutic
transport transgene in the

artery wall
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pDHA LAV and Adeno Intraven  Prevented {(26)
LAV wectors associated ous atherosclerosis
mediated hepato- wirus injection  after 1 year of
specific expression sustained
of apoE EXpression.

2.3 Lipoplexes as gene delivery vector

Among vanous vectors researched for gene delivery, those used in atherosclerosiz
include wiral vectors manly adenoviral vector, adenocassociated viral vector, baculowviral
vector and retroviral wvector Though prowiding wery efficient transfection ability, wiral
vectors bear alot of disadvantages mainly higher encogenic, inflammatory andimmunogenic
potential and alse wirus insert their genotne into host genome in random pattern restricting
functioning of host genes This 15 changing the scenario of gene delivery from wiral based
delivery to non-viral gene delivery. However, recently a few instances have been reported
where non-viral gene delivery have been used in vive preclinically. These vectors include
lipid-nucleic acid complexes. This opens a possibility to develop and use liposomal vector
(synonvmously used terns are lipoplexes, ipid-DMNA complex, liposotnes etc) for gene

delivery atherosclerosis.

Lipoplexes have become the most used gene delivery vector for in witro gene delivery
to cells and have been successfully evaluated ix vive in animals for treatment of various
genetic conditions such as cancer, atherosclerosis, Alzheimer’s disease, Parkinson’s disease,

multiple sclerosis, viral infections, cardiovascular diseases and many more (27)
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Among the non-wiral gene delivery systems, naked DINA and lipofection has been
uszed in clinical trials with 5 9% of clinical tnals emploving lipofection as a gene delivery
system (28). With increasing attention on the nanotechnelogy based gene delivery systems
and advancing understanding of wiral and non-wiral gene delivery systems, lipoplexes based

gene delivery are projected to be used most used gene delivery system .

Liposome mediated gene transfer occurs by endocytosis where liposomes can bind
to cell membrane and get engulfed into the cells. Endocytosed liposome-DINA complexes
can release DINA into cytosol (29-31). Cytoszolic release 15 often promoted by the helper
lipids which hawe fusion capabilities or the lipids which have capability to destruct
endosomal wall. Additionally, enhanced transfection can be rendered by the lipids which
provide buffering effect. DINA released can migrate to nucleus. Additionally, transfection
can also follow the direct cytosolic uptake through direct fusion to cell membrane of the
lipoplexzes (29-31). Lipoplexes offer inherited low tomicity characteristics of biocompatible
bilayer structure. MMoreower, lipoplexes can be modified in order to provide advantages such
as a) ability to target van ous organs by modifyving liposome surface by attaching appropriate
ligands, b) reduced immunogenic response, o) differential release characteristics and d)
protection of the complezed gene (2%). Few shortcomings of the liposomal gene delivery
systems are cellular tomicities, low transtection efficiency, uptake by reticuloendothelial
system cells, low target organ delivery, low protection of DINA against iz vive milieun etc.
Following sections will discuss in detail on the aforementioned challenges with special focus

on systemic delivery of gene therapeutics,
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2.4, Systemic gene delivery using lipid non-viral vectors - lipoplexes and other lipidic

systems

Dwrer the past two-decade, gene delivery has transitioned the therapeutic arena of the
diseases with over 1800 gene delivery clinical trials ongoing or conducted for a wide array
of genetic diseases. Among the two broad gene or nucleic acid delivery approaches 1.e
delivery DNA or delivery of EMNA, DMA delivery deal s with the delivery of therapeutic gene
which either cotrects the lacking expression of the required protein in the body by inserting
the corrective gene in the host cell gencme or induces the expression of the protein providing
additional pool of the therapeutic protein in the body which elicits a specific the therapeutic
activity. The latter approach of delivery of EMA to the cells deals with suppressing the
expression of the faulty gene or the overexpressed gene which 1z dvsfunctional leading to the

inception of exaggeration of a dizease.

Lmong these approaches, delivery of the therapeutic DA to cells has been the most
widely accepted technique asreflected by their highest number in the registered clinical trials
wotldwide. Though not much different in the composition, the physicochemical differences
between DIMA and EINA makes DINA more robust for its use. Although similar 1n structure
comprsing sugar-phosphate backbone connected with nitrogen bases arranged in a double-
stranded helical structure, there are some crucial differences which forbid researchers in
concluding about the akality of a vector in delivering both DIMA and ENA . Unlike DA,
saRMA contains nbose sugar instead of deoxyribose. The ribose ning contains 27 -hydroxy
group which makes EINA more susceptible to hydrolysis by serum nucleases than DEA (323
Further, the plasmi d DI As are usually large and of the order of several kil o base pairs against

ENAs which are often 19-21 base pairs long. These renders DINA different in the molar
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charges which makes them require different condensation (complexation) chemistry for
development of formulations. It is reported that EMNA | owing to itz stff structure and low
charge density, forms loose complexes with cationic vector as compared to plasmid DA
(33, 24 However, delivery of DINA 12 alzo challenging andinvolves factors such as the site
of itz action. Unlike BEIA, their therapeutic site 13 inside the nucleus which demands vectors
differing in their intracellular trafficling and necessitates the thorough evaluation of DA

delivery systems for their therapeutic activity.

The course of action of a DA after administrati on requires to follow aspecific path.
The cellular delivery 15 the first and pritne imnportant part of it. The cellular delivery deals
with the cellular uptake and cytoplasmic release of the nucleic acid Cnce in the cytoplasm,
it uses cellular machinery to reach inside the nucleus where the nuclear enzymatic pool help
translate the therapeutic protein from the inserted gene. Howewer, practical applications iz
severely limited by the extracellular barriers such as high hydrolytic instability of nucleic
acids due to susceptibality to degradation by nucleases and clearance mechanistm s as well as
intracellular barriers like endosomal degradation and cvtosolic release of DMNA (350
Henceforth, the discussion will be carried out in terms of nucleic acids except for specific

ment ons.

Therapeutic gene delivery with DINA 15 emploved in two approaches. One of which
1g direct iz vive administration of the therapeutic gene delivery system. And the other one is
transfection of the cells in witro using the gene delivery system and injecting the transformed
cells directly into the target site. With advancement in the nanotechnology based delivery
systems, the focus 13 growing in the direction of developing delivery systems that can be
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used for in vivoe administration to address the target organs where it 15 difficult to inject
externally transformed cells. Out of vari ous routes of administration avail able for delivery of
nucleic acids, the intravenous route 12 the most exploited due to its connectivity with every
organ of the body. The intravencus route 13 apt for nanosized delivery systems, as they can
be easily camied by wvascular hydrodynamics. Therefore, systemic delivery of nucleic acids
involkes use of varnous vectors which could be viral or polymer and liptd based nanocarrer
systems. Out of these, latter non-vriral vector systems have emerged as potential delivery

vectors due to their negligible propensity for infection and immunostimul ation.

Wiral wectors like adenovitus, adeno-associated virus, retrovirus, though having high
transfection efficiency, have been besmirched by limitati ons like immunogeni city, toxicity,
oncogenicity of the wirus and scale up 1ssues. These limitati ons refocused the direction of
research  towards development of non-wiral wectors hawing transfection efficiency
approaching that of viral vectors. Several non-viral vectors have been evaluated for systemic
delivery of siEMA which range from most widely used liposomes and other lipid systemag,
polvethyleneimine (36-46), cationic proteinsfpeptides (38, 47-55), aptamer conjugation ( 56-

59, antibody conjugation (54, 60, 610, dendnimers (62) etc.

Amongst the non-viral vectors, the lipid based delivery systems are constidered the
most promising due to their more biocompatibility as compared to other cationic svstems.
However, since all delivery wectors involve different pnnciples of transfection, the

development of each vector has to be studies distinctly. This review focuses on the role of
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lipid based delivery systems for widely used systemic route of nucleic acid delivery. It
highlights th eir uni queness right from their physicochemical featires to moelecular mechanics
of cell uptake and transfection efficiency as compared to other delivery systems It also
spotlights the challenges being faced in the current development, objectives of newer
strategies for delivery and clinical scenario of lipid based systems for systemic delivery of

ZEfES.

2.4.1 Importance of Lipid envelope sy stems as nucleic acid defivery vectors

Due to the structural similarity between the liposomes and cell membrane as well as
tolerability of lipids, lipid based wectors for delivery of genes make a logical choice due to
their possible goodinteraction with cell surface. Cationic lipids have been usedfor more than
decades now in gene delivery, with DOTAP being the most popular choice. Several
commercially available transfection agents for gene delivery which include reagents of
Lipofectamine® Senes (Invitrogen, TEA), Cligefectamine™ (Invitrogen, TTE4A), EMNAifect
(iagen, The MNatherlands), XtremeGENE (Eoche Molecular Biochemicals, TSA), MVLS
{pentavalent cationic lipid from Awvanti Polar Lapids, Ts4), DOTAP (Eoche Molecular
Biochemicals, USA), siPORT™ NeoFX™  (Invitrogen, TSA) and GeneSilencer®

(Genlantis, TTSA) are all cationic lipid based vectors for gene delivery.

Lipid baszed systems also stand out due to their advantages over polymer based
systems in several ways FEI 15 considered a gold standard for gene delivery and iz being
studied extensively. However, PEI based system s often pose problem of toxcity (39, 63-65).
This has been attributed to their high charge density (66) and non-biocompatibility due to

their non-degradable nature (67). Though toxicity has been the 1ssue with the cationic lipids
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also, reports indicate improved transfect on andfor reduced toxcity through use of iposomal
coating of PEI polyplexes (39, 400 Additionally, lipid based systems have shown high
transfection efficiency due to rapid release of therapeutic gene in cytosel after endosomal
gscape owing to their ease of metabolism in the cytosclic enwvironment and property of
endosomal membrane fusion which leads to direct cytosolic release of nucleic acid
However, studies have reasoned out hindered release of nucleic acids from PEI polyplexes
in cytozol as compared to cationic lipid based systems (41-43), even though PEI provides

good endosom olytic effect due to proton sponge phenomenon.

Other cationic polymers like chitosan, peptides and dendnmers have been explored
recently, however, they have not vet gained populanity as PEI or other lipid based systemic
gene delivery systetns.  Lipid based systems have one to several advantages over these
delivery systems as well. Polypept des prowide better cell uptake (68), howewer instability of
nucleic acid-peptide complex in physiclogical conditions pose a problem (62 In contrast,
lipid based systems have been found to form complexes through covalent modification of
polymer with lipads like stearoyl chains or cholesterol with enhancement of transfection

andfor reduction of toxicity (38, 50, 700,

Another addittonal advantage of lipid based systems 15 that one has a vast range of
choice of lipids which can be selected and optimized for their amounts in the lipid

composition of the delivery system depending onthe cell types, tozmicity 1s5ues, frequency of
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administrati on, targeting requirements, etc. to get optimal balance between transfection and
toxicity. Also, modification of lipids 15 a relatively easy task for attachment of ligands or
other functional moieties due to vanety of easy and scalable conjugation chemistry available
1.e streptavidine-biotin conjugation, EDCTIHS conjugation. Maleitni de-thicl conugation
etc. It 13 noteworthy that such modifications can be utilized for several purposes. Conugation
of targeting ligands to lipids allows modifying the surface of the liposomes for targeted
delivery to cells. Cationic lipid vectors catering the needs of enhanced transfection and low
toxicity can be synthesized through attachment of cationic peolymenic, peptidic or other
moieties. Hydrophilic chains and protein moleties can be attached to the lipids and modified
lipids can be incorporated to provide long circulation and low cytotoxicity. Additionally,
surface chemistry of the liposomesfany lipid envelope system can be modified using different

am cunts of the desired lipids.

A number of lipid based fortnulati ons have been devized till date. Structural features
of such lipid envelope systems and challenges associated with their systemic delivery are

deszcribed here.
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Choice of lipids for gene delivery

Cationic Lipids

Feature(s)

MMonovalent cationic lipids

Contains quaternaty ammonium group with ester inkage, Most widely

DOTAP
used cationic lipid
Contains quaternary ammonium group with ether linkage, First
DOThA
demonstrated cationic lipoid for transfection of plasmid DA
One of methyl group of Quaternary amim onium group of DOTAP
DOEI replaced with B-hydrozvmethvl group, Increases integrity and stabality
of bilayer structure
Cne of methyl group of Quaternary amm onium group of DOTILA
DOERIE replaced with P-hydrozvmethvl group, Increases integrity and stabality
of bilayer structure
DDAER
Contains quaternaty amm onium group
CTAB

Stearyl amine

Containg primary amine group

Cholesterol hased m onovalent cationic lipids

Tertiary amine group linked with cholesterol and Degradable carbamate

Di2-Chal
linkage
AC-chel Primary amine group linked with cholesterol
W C-chol secondary amine group linked wath cholestersl
TC-chal Caternary amtn oniun group linked with cholesteral

Multivalent cationic lipids

44




Chapter 2 Lileredure Review
A Gene Delivery Approach far Freatrment af Atherosclerosis

Contains quaternary ammonium group and lipoamine, High

DOSPA
transfection efficiency but high toxicity
DOGE Lipoamine, helper lipids not required to achieve high transfection
Contains a primary amine, Cuaternary amim otium and dodecyl tal,
GAP-DLEIE
Higher transfection abality with low toxicity
LV L-5 Pentavalent cationic lipid wath carboxamidoethyl benzamide structure
Helper lipids
Inverted hexagonal phase prototing lipid acting as membrane
DOPE
destabiliser
Glyceryl Double gyroid cubic phase forming lipid higher fusogenic capacity and
monaool eate transfection
DEPE m-
Improwves serum stability and prolongs blood circulation
PEG2000
Cholesterol provides strctural rigi dity
DOPC HEPC,
Lamellar structure promoting lipd ds
DPPC
DFPG, DPPS,
AEntonic lipids for reducing tozicity of lipoplexes
DEPG
~special purpose lipids
Tristearin,

Precirol ATO 5,
Tricaprin, GRS,

Cholesteryl

For solidlipid nanoparticles
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oleate,

triglycerides

soyabean ol

liprodal,
For nancemulsion based formulations
Srualene,

Dleic acid,

ABBREVIATIONS.DOTAP-- Dioleoyl-tnimethylammoniumpropane, DOTMA--  M[1-(2,3-
dholevlozy)propyl] WA M-trimethyl-ammonium chlonde, DORIE-- 1, 2-dioleoylozypropyl -3-M, M -
ditnethyl-N -hydrozrethyl arnTnoni hromide, DOSPA-- M, M-dimethyl-M-[2-
sperminecarhoxamido)ethyl]- 2, 3-bis(dioleyloxy)-1-propanitnium pentachloride, DOGS-
thoctadylamidoglyeylspermine, GAP-DLEIE --M-{3-aminopropyl)-H, H-dimethyl - 2,3-
b s{dodecyl oxy)-1 proparmunium bromide, DOPE-- Dioleoyl-phosphatidyl ethanolamine , DOPC-
Dioleoyl —phosphatidylcholing HEPC-- Hydrogenated sova phosphatidylcholine, DPPC--
Dipalmitoyl phosphatidylcholine, DEPG — Distaroyl-phosphatidylglyceral, DPPG — Dipalmitoyl -
phosphatidyl glycerol, DPPS — Dipalmitoyl-phosphatidylglycerol, DSPE-PEGxon 1,2 -Distearoyl
phosphatidylethan ol amine-methylpolyethvleneglyeol  conjugate-2000, DC-chol-- 3h{N-(MN, 1M -
dimethylamino ethylicartbamoyl)  cholestercl), DCRI - (1,2-dioleovlomypropyl-3-  dimethyl -
by droxyethyl ammonium chloride), DDAPR --dioctadecyl dimethy] amm on um bromuide
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2.4. 2 Structural features aof lipid envelope systems af siRNA

Different formulation strategies have been developed using cationic lipids to make
structurally diverse group of nanoparticulate systems The most commonly employved
systems for gene delivery evaluated using catonic lipids are phospholipid based systems
which ih particular are liposomal systems which exhibit lamellar structure which holds
therapeutic gene on the surfaces of the lamella or 1nside the aquecus core of the liposomes.
Additionally, other systems include inverted hexagonal tmicelles, micelles, solid lipid
nanoparticles, ipid emulsions etc. All these formulations bear different stnictural featuresin
terms of complexation with s EIA depending on their composition. The differences in their

structural features and their physicochemical properties are discussed below.

Other cationic liptd based formulations 1.6 solid lipid nanoparticles (LI, lipad
emulsions have not been studied extensively in gene delivery and correlati on between their
structural features and transfection efficiency is vet to be established. However, as described
eatlier, structural differences might play important role in the transfection and toxicity
profiles of nucleic acid complexes, and hence, it 15 required that studies be performed in this
directi on which will allow researchers to optimize such formulations with better outcomes.
Eesearchers have hypothesized the structures of these formulations as shown in Error!
Reference source not found.. 5L prepared for nucleic acid delivery may either bear two
structures depending on the preparation methodology employed. 5L prepared by solvent
evaporation using tristeanin as solid lipid and DOTAP-EMNA complex have proposed to
entrap the complex inside the solid lipid core surrounded by the surfactants (71). Another
EINA 5L based system showed a solid lipid core (with paclitazel) surrounded by cationic

lipid coat which was complexed with EINA {72). A few examples are there of nancemulsions
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with nucleic acidionically attached on the cationic coat made of cationic lipids like (DOT AT,
DODAR andfor DOTIA) and non-ionic surfactant surrounding the oil core) (Figure 2.4)
{73-79). One nanoemulsion system emploved oleic acid based cationic surfactant obtained
by conpugation of cationic amine acids like lysine, arginine and histidine (76). Such systems
can offer an inexpensive alternative to cationic phospholipid based systems due to their low
or no requirement of cationic phospholipads. Such delivery systems can be further explored

for nucleic delivery as well.

Lipoplex Lipopolyplex Lipid Nanoparticle

Q) Cuomcimionic id NG Helps Gk O PiGyleed tipid Y fonisable Amino acids

§  Cholesterol ()~ Tarectng Ligend % e vy - B

Figure 2.3 Schematic structures of lipoplex, lipopolyplex and lipid nanoparticle hased

delivery systems
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Micellas anoenlsing

Figure 2.4 Schematic structures of micelles, solid ipid nanoparticle and nanoemulsion

hased delivery systems

LArnother important feature of gene delivery svstems 12 the particle size. Lipid based
nuceic acid delivery systems have shown a wide range of particle sizes ranging from few
tens to several hundred nanometers. As reviewed by Ia et al |, there iz conflicting literature
available on particle size requirements for mamimal transfection through lipoplexes (7).
However, generalization have been made that larger complexes provide more contact surface
with cell membrane promoting endocytosis, fusion and subsequent transfection efficiency.
However, with cells which are not engaged in active endocytosis, smaller particle size may
be effective (7). How, looking at the constraint of systetnic delivery, the particle size 15 the
major govemnor of tizsue distnbution. For systemic delivery, optimal particle size 15 reported
to be less than 200 nm. This particle size 13 found to be effective not only in cancer where
leaky wasculature promotes accumulation of complexes in tumours, however, other
condittons as well due to thewr lower uptake by EES. Most of the reports available on lipid

based gene delivery systems have reported particle sizes of only few hundred nanometers.
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2.4.3 Overcaming challenges

For effective treatm ent with gene therapeutics, lipid vector dewvizsed should ensure (1)
delivery to correct cells of the correct tissues (11) delivery to large number of target cells (111)
release inthe cytosol and (1v) activation to silencing complex. In orderto achieve these goals,

several challenges and barriers need to be overcome.

2.4.3.1 Overcoming foxicity

One of the major 1ssues of concern in case of systemic delivery of nucleic acids
threugh cationic lipid vectors 13 the toxicity, Thiz problem needs more attention in case of
faBEMNA delivery than DINA delivery siEINA activity 15 dependent on the cell divizsion and
hence, highly dividing cells show short duration gene silencing using stEMNA while non-
proliferating and slow-dividing cells or growth arrested cells show prolonged duration gene
stlencing (75, 79 Even though said to be prolonged, knockdown of target gene lasts only
tor few days to few weelks (79-85) Toxmicity 1ssues with such shott-term activity of stEIA
may become motre conceming in case of dizseases with high cell proliferation rate 1.e. cancer
and with chronic diseases which necessitate frequent administration of cationic lipad based
systemns of stEMNA.  Howewer, 1n case of delivery of DIMA, cells’ capability to retain
transfected DA remains higher and hence, the tissue toxicities, though of concern, would

beless malking DINA delivery as gene therapy more feasible.

systemically administered cationic vectors may pose toxicity issues to the cells which
are directly in exposure to these vectors 1.e. EBCs, macrophages, monocytes, neutrophils,
etc. which mediate several inflammatory cascades (84-86) TUptake of catonic
liposomesflipoplezes by EES macrophages modulate the release of IL-6, IL-12, THF-w, IFN -
v, WO and other proinflammatory mediators and immune cell activation inducing

inflammatory cascade (86, 87). Inflammatory toxcity, liver toxicity or haematological and
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serclogical changes have been reported on intravenously administered lipid based DA
formulations. However, only inflammatory reactions in macrophages and tnoderate
leukopenta have been associated with cationic lipids (88). In particular, caticnic liposomes
formulated using cationic lipids (DOTAP, DETAD DEPTAP, DMTAP and DD AR Y have been
shown to act preferentially on phagocytic macrophages than non-phagocytic cells (87). The
toxicity shown by cationic lipids were further enhanced by incorporaton of DOCPE 1n the
formulation. Incorporation of DSPE instead of DOPE reduced the tomicity towards
macrophages and use of PEGylated lipid (DPPE-FEGamon) 1in DOTAPDOFPE liposomes
completely abolished tozicity. This 15 attnbuted to reduced binding to cell membrane and
subsedquent cell uptake (57). Also, proteins like albumin and transfernin have been shown to
reduce the interactions with cells. Incorporation of DC-Chel 1n formulation has shown to
form aggregates that tend to accumulate in capillanies of pulm onary region (8% Awvoiding

of such lipids may be beneficial in case where very frequent administrations are required.

Cationic lipids have been shown to induce cytotoxicity to EBCs. They induce pore
formation 1n EBC membrane which 1z further promoted by incorporation of fusogenic lipids
like DOFE (200, Pore formation in EBC membrane leads of erythrocyte hasmolysis. This
tendency 15 also reduced through incorporation of PEGylated lipids like (DEPE -PEGanm) 1n
the lipid component (91, Also, incorporation of HSPC andfor Cheolestersl in the formulation
of liposomes reduces the surface charge density of DOTAP/DOPE liposomes leading to
reduced hemolysis (91-93). Toxicity to EBCs has also been extrapolated to other cells of the

body.

Teomcity 1ssues of A based lipid formul ati onis may be due either to the nucleic acid
itself’ or to the cationic lipid vector. Though saEMNA meolecules are specific in their activity,
they may act on othet cells causing off target adverse events. 5o goes for the DINA delivery

systems, where wrong integration of the therapeutic gene in the host genome may alter the
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activity of gene where it gets inserted. However, similar ixvifre cytotoxicity behaviour have
been shown by nucleic acid complexes and liposomes alone indicating that only lipid type
and concentration of different lipids 1n liposomes influence the toxicity behawiour (24)
Additionally, the toxicity mediated by lipoplexes have been shown to be dependent on the
cationic lipid: nucleic acid charge ratio and composition of lipid in bilayer (54). Eeduced
toxicity have been observed with vectors having high number of cationic head groups than
singly charged cationic lipids due to reduced charge rati o recquired for transfection. Though
inclusion of DOPE has apeositive influence on the transfection efficiency of ipoplexes, it has
exhibited more cytotoxmicity to the cells as compared to lipoplezes prepared with
DOTARDOPC (94, 953 Eeplacement of DOPE with DOPC may be employved to reduce
the toxicity of the lipid complexes. hcorporation of HEPC andior cholesterol in liposomes
alzo reduces the surface charge density of liposomes formulated only with DOTAPTDCFPE
(92, 92 However, incorporation of cholesterol has been shown to be more effective in
charge separation in cationic liposomes due to better interdigitati on capability of cholesterol
as compared to HEPC (913 Alzo, reduced toxicity of PEGylated lipid carriers over non-
PEGylated carriers has been reported. Studies with lipids with head-group charge ranging
from +1 to +16 have shown that higher cationic lipid nucleic acid charge ratios are required
tor efficient transfection, however, it has shown tomicity to the cells (94, 96) This 1s
attibuted to the number of cationic lipid molecules in the complex rather than the charge
density of the complex suggesting that dendntic lipids with higher head-group charge may

be beneficial to obtain maximal transfection without causing significant tos city (24, 96

Catonic head-groups of lipids can also interact with cellular enzymes like protein
kinase-C causing cell toxicity (37). This tendency 15 higher with cholesterel denvatives
containing cationic moieties due to their steroid backbone (98). Avoiding such lipids in the

lipoplex formulation may help to formulate a less toxmic version for gene delivery
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Commercially available cationic lipads, lipofectamine, lipofectin and oligofectamine have
been shown to cause alteration in expression of several genes which ultimately caused
marked increase in tendency of cells to enter early cell apoptosis (92, 1000, Additionally,
steatyl amine liposomes have also been shown to induce cell apoptosiz (101, 1023 The
underlying mechanisms are attributed to the generation of reactive oxygen species as ectopic
activity of supercxide dismutase and glutathione reductasze and addition of EOS scavenger
M-acetyloysteine reduced the apoptosiz due to cationic liposomes (100-102) Thiz indicates
that use of cattonic lipids may inadvertentl¥ raise safety concerns and hence, should not be
ovetlookedin EMA and DA delivery experiments where interference infmasking of desired
genotypic of phenotypic endpoints might ocour. Though no strategies have been devised vet
for overcoming apoptotic cell tomicity of cationic lipids, work on strategies which can reduce

EOCE generation or scavenge EOS may provide solutions to these toxicity 1ssues.

2.4.3.2 Overcaming loss af nucleic acid in systemic circulation

In order to get maximum output from nucleic acid therapeutics, overcoming loss of
activity of nucleic acid in systemic circulation is the first step. Though intravenous delivery
of gene delivery wectors affords a potential and attractive way for nucleic acid delivery, the
applicabality of route faces several confounding challenges and vector has to ensure delivery
tothe correct cells in correct amounts. Shortlength of EINA has been shown to pose stakility
1gsues even in ix vitre cultures cansing low transfection at lower cationic lipi diucleic charge
ratios which were efficient for DNA delivery (963 Thus, in order to maintain stabality of

cotnplex in hostile environment of systemic circulation, higher charge ratios are required.

EMA molecules themselves are bel ow the molecular weight threshold limits of renal
filtration which leads to their rapi d elimination from the systemic circulation. Additionally,

presence of nucleases in serum causes degradation of nucleic acids 1if administered
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intravenously 1n naked form (103, 1043 Though for DA molecules, kidney clearance of
whole DIA molecule becomes aless preferred pathway of elimination; degradation in serum
by serum nucleases causes rapid loss of DA Lipidic vector systems protect nucleic acids
from such renal clearance and nuclease based degradation. However, they also have their
own demerits causing loss of nucleic acid in systemic circulation. Such systemic loss of
nucleic acid from lipid envelope systems is attributed to several factors which range from
EES uptake, binding to negatively charged serum components, degradation by serum

nucleases etc.

Apart from inflammatory reactions described eatlier, macrophage uptake also
contributes to the loss of therapeutic nucleic acid in systemic circulati on affecting therapeutic
outcome. Uptake of cationic lipid vectors take place through non-specific tonic interaction
with negatively charged cell surface consttuents like chondroitin sulphate, dermatan
sulphate and hepanin sulphate protecglycans and integrins and subsequent endocytosis (105-
1070, Along with this, systemically admini stered cationic lipid vectors of nucleic acids show
very low transfection partly due to their interaction with components of blood 1. serum
proteins like albumin, antbodies, complements and other negatively charged serum
components ( 108-111). Complement activation in part can be reduced by proper optimization
of cattonic lipad nucleic acidratio (108, 112, As mentioned eatlier, binding to serum proteinsz
can ke reduced through incorporati on of PEGylated lipids in the lipid bil ayer which provide
a steric barrier around the liposomes hindering the closer approach of negatively charged
serum components {113) PEGylation, by preventing opsonisation and alse by creating a
highly hydrated sheath around the lipid carriers, hinders the macrophage uptake (113).
Formulation containing DOPE has alzo been shown to be profusely bound to serum proteins
(albumin in particular) in mice (111). Eeplacement of DOPE with cholestersl has reduced

the association with serum proteins. Additonally, incorporation of cholesteral has also

54



Chapter 2 Lileredure Review
A Gene Delivery Approach far Freatrment af Atherosclerosis

improved the transfection efficiency and reduced the total amount of cationic lipid required

for mamimal transfection (1117

2.4.3.2 Overcoming umwanted distribution

The second step after reducing the EES uptake and protecting lipid systems from
serum components i3 to preventunwanted distnbubion to non-targettissues. therapeutic ENA
maolecules are wvery specific and selective in their actions on mEMNA However, they can silent
genes with slight variations in the sequences. Even, it has been reported that long double
stranded EINA tmolecules cause antiviral interferon response asz well as global protein
expression shutdewn. In case of DINA | the expression of the protein at the target site will be
very much efficient in dizease alleviation than to induce its expression at aremote place in
the body which ultimately will be distributed to the whole body through systemic circulation
making less concentration avalable at the target organ. Thus, 1tis of prime impottance that
nucleic acid complexes reach the target cells. This might lead to several off target effects as
well as losz of therapeutic activity will be there due to unwanted distribution of nucleic acid
molecules to non-target cells (114-116). Additonally, such unwanted distnbution on
systemnic administration accounts for very low levels of nucleic acids in the target cells,

which will increase the dose requirements ultimately contributing to the toxicity due vector,

These concerns necessitate that systemic nucleic acid delivery systems be targeted to
specific cells. However, though targeting ensures accumulation in the target organ, the
formulation needs to remain 1n circulation for longer periods to ensure the targeting or the
distribution to target organ to become strong. One approach 15 the surface conjugation of
shielding moieties like PEG that mask the surface charge of cationic lipid vectors and can
reduce the unwanted uptake in non-target cells (116). However, to ensure delivery to target

cells, these formulations need to be modified with ligands for receptors 1dentified to be
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overexpressed or specifically expressed by these cells. To quote afew examples, epidermal
growth factor receptors for tumour tissue targeting (117), integrins for angiogenic vessels of
cancer {118, 119 and transfernn receptors for brain targeting (4%9) and tumour targeting (1200
may be utilized for targeted delivery of nucleic acids. Also, one can select ligands from a

range of growth factors, peptides, proteins, antibodies and lipoproteins etc. (121

2.4.3.3 Enhancing transfection efficiency {cellular uptake and endosomal escapea)

successful gene delivery to the target cells requires the wectors to carry their cargo
inte the cells which 12 crucial for transfection efficiency of gene based therapeutics. Cellular
barriers and trafficking can be of prime significance for cellular uptake and effective
transfection into the cells. Initially, it was proposed that cellular uptake of cationic lipoplexes
takes place through direct cellular membrane fusion, however, studies have now confirmed
that cellular uptake pathway of cationic lipid vectors 13 majotly endocytosis mediate d (1223
Endocytosiz has been shown to take place through a variety of mechanisms ranging from
macropinocytosis, phagocytosis, clathrin mediated endocytosis, caveolae mediated
endocytosis and receptor mediated endocytosis (122). Endocytosed matenal follows the
pathway of eatly endosome, late endosome and then endolysozomes. However, for gene
delivery systems, 1t 15 necessary to ensure release of nucleic acid in cytosol before
endolysozome forms, as lyscsomal enzymes lead to degradation of gene leading to
therapeutic failure. So, 1t 12 essential to understand the internalization and cellular uptake
mechanism of gene-carner complex through the cell membrane and the factors which impact
ont the endocytosis and cellular release of therapeutic gene. Several key parameters have
been identified which play role in the transfection by liptd-nucleic acid complexes and
include structural differences in complexes, cationic lipidnucleic acid charge ratio, complex

membrane charge density, target ligand attachment etc.
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2. 4.4 Structural features of complex

Mucleic acid complexes made of DOTARPDOPE, DOTAPDOPC and MVL/DOPC
have shown different transfection efficiencies ix vigre (94, 123). This has been attributed to
the structural differences in the complexes described earlier and hence, aforesaid structural
differences between the complexes can be related to their transfection efficiencies as well as
toxicities. Eeplacement of DOPC wath DOPE has not improved the transfection efficiencies,
howewer, at the amount required for efficient tran sfection they were found to be toxic. The
inverted micellar phase promoted by DOPE has been shown to be plavingrolein fusogenicity
of DOPE based systems. Additionally, even the systems formulated using other lipids along
with cationic lipid and DOPE, which have exhibited lamellar liposomal structures may
undergo transition to inverted hexagonal phase when 1onizaton of DOPE takes place in
acidic environment of endosomes triggering the phase transition, membrane fusion and
membrane rupture events leading to cytosolic release of nucleic acid Howewer, with some
formulations such phase transition requires additional mechanism. Cationic lipid based
lamellar formulations show transition to hexagonal phase in presence of anionic
phospholipid wesicles (124).  One study emploving Saint-2(DOPE and Saint-2/DPPE
lipoplexes dem onstrated that DOPE based systems exhibit hexagonal phases even in absence
of anionic phespholipids while DPPE based wesicles require the presence of anionic
phosphaolipids for such transformation and subsequent fusion (125). This demonstrated that
different phosphatidylethanolamines exhibit differential ability to mediate nucleic acid
release  1n  cytesol.  Similar  structural  behaviour has  been  observed  with
glycerylmonooleate/DOTAP based complexes which exhibit a distinct gyroid cubic phase
which has been shown to improve the transfection efficiency (126 Hence, one need to take
inte the structural features of the lipid based systems in order to get best outcomein terms of

transfection.
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2.4.5 Cafienic lipid: nucleic acid N/P ratio

Studies have repotted the effects of TP ratio (charge ratio, cationic nitrogen of
lipt dPhosphate of nucleic acid) with transfection efficiency for DMNA and st ENA molecules.
Study has shown that for efficient EWNA transfection, higher MIT ratio 15 required as comp ared
to DA transfection (96). This has been attnbuted to reduced stability of complexes at lower
ratics due to small stEMNA molecules. Though cationic liptd -DINA complexes and cationic
liptd-E& complexes are stricturally similar, there exists difference in local ordering of
ENA and DMA 1n the lipoplex (94, In lipoplexes, DMNA exist as a ngid structure, in contrast
A BEIA existin a liquid like phase. & considerably large amount of lipid 13 required to attain
the charge ratio to achieve effective silencing efficiency using stEMNA (94) This 15 due to
higher degree of freedom of stEINA as compared to DINA leading to higher energy barrier
for complex formation. Secondly, lower adhesion energy of stEITA per unit length than for
DHMA becanse short chains of st EIA, unlike DMA | doesn’t contain bound countenions which
release on complexation contributing the half the adhesion energy (94, 95, 127, 128)
Additionally, 1onic repulsion between stEMA molecules in complex iz larger than that
between DA molecules causing problems of packing of stEIA in complexzes. All these
factors lead to instability problems and transfection issues with stENA complexes at low
charge ratics and makes DMNA as a better therapeutic choice for gene delivery if choice 12

possible.

Transfection studies with varving head-group charges indicated that in transfection
efficiencies, initially there 15 an increase in the transfection efficiency with increasing NP
ratio (129 The transfection reaches a platean at a point after which further increase in TP
ratic deesn’t confer more transfection efficiency to the complex. However, one thing which
isnoteworthy 13 that IMIT rati o at which plateau occurred was different for lipids with different
headgroups 1.e. for lipoplexes wiath singly charged cationic lipid (DCOTAP) transfection
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efficiency was not further enhanced after M/P ratio of 2, while with other dendntic lipids
with head-group charge of +4, +8, and +16 MNP ratio of almost 4.3 was required for reaching

platean.

2.4.6 Lipid compaosifion of complex

The lipid compositon of membrane 15 the second factor which affects the efficiency
of gene transfection. Types as well as content of neutral lipids in cationic lipid membranes
affect the transfection efficiencies of complexes. Incorporation of DOPE has been shown in
several studies to enhance the transtection efficiency. The mechanism of the DOPE mediated
enhancement of transfection 1s reported to be due to membrane fusing capability of DOPE
causing endosomal escape of nucleic acid cargo inside the cell {130, 131 Cther lipids like

sphingomyelin and cholesterol also play tmportant role in fusion (132)

Additionally, incorporation of the neutral lipids in the membrane influences the
membrane charge density 1. e, charge per unit area which can be related to the cationic nature
of the membrane and transfection efficiency (91, 133). However, membrane charge densities
may be different for liposomes made at same catonic liptdneutal lipid ratio using two
different cationic lipd ds with varving head-group chargesie DOTAP ve. DOGE or DOTAP
ws. MVLD etc. conversely, it may be noted that two liposomes made using different mole
ratics of cationic lipid to neutral lipid might show similar membrane charge density even
when the lipids have different head-groups used. The trend generally shows increase in
transfection efficiency with increasing molar fraction of cationic lipids in complexes. When
membrane charge densities of lamellar phases of different cationic lipids with DOPC were
plotted against transfection efficiencies it showed, regardless of the head-group charge of
cationic lipid, a bell shaped curve showing an initial fse and then decline with a peak at the

membrane charge density (17 = 107 ef&) with mazimum transfection efficiency. While the
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same plot for DOTAPDOPE formulation showed no change in transfection efficiency on
changing the membrane charge density. This results also confirmed the effect of lamell ar
phases (cationic liptdDOPCY and hexagonal phases (DOTARDOPE) on transfection
efficiencies. Hence, in orderto achieve masimum transfection efficiency, formulation should
be optimizedto have correct membran e charge density and al so correct lipid composition 1.e.
DOPE ws. DOPC or any otherneutral lipids. Also, it may benotedthat use of DOPE excludes
the need of optimizing the formulation charge density and serves as a better choice for
transfection. Additionally, multivalent cationic lipids have shown better results for specific

gene silencing as compared to non-specific gene silencing.
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Additionally, cellular uptake has not only been found to depend on the cationic lipids

in the complexes but also the attachient of the ligands on the sutface of the complezes

sutface modification of the complexes with ligands enhances cellular uptake of complexes

threugh receptor mediated uptake. Thus, attachment of receptor targeted ligand enhances

accumulation of nucleic actd complexes in target tissue as well as provide better transfection

efficiency through endocytosts mediated uptake which have been confirmed 1n the human

trials as well.

2.5 Emerging Strategies for gene delivery

Emerging strategies for gene delivery using lipid based delivery systems mainly aim

at improving the transfection efficiency and potency while reducing toxicity, achieving

prolenged release, cell specific targeting, co-delivery of drug and gene. Eatlier efforts to

improve the transfection efficiency while overcoming the toxicity led to the need for

preparing conjugates of lipids with polyamines (134-126). Polycation liposomes (PCL)

prepared so were thought to provide advantage of both liposomes and polyvcations for

systemic stEMA delivery. Eecently, Asa et al have proposed systemic sitEMNA delivery using

liposomes made of dicetyl phosphate-tetraethylenepentamine (DCP-TEPA) (137 PCL were

prepared suing DCP-TEPA, DOPE, DEPC and cheolesterol and were loaded with stEINA

They repotted that short polycations such as TEPA, unlike polyethyleneimine, are stably

presented on PCL surface; and therefore, do not interfere with advantages of PEGylation

such as EES escape and log circulation half-life after systemic administration. For ideal
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systemic delivery, PEG coating 15 required for preventing interactions with serum

cotnponents and subsequent aggregation which lead to rapid systemic clearance through EES

(128). However, PEGylation performed to improve circulation times inhibits both uptake

and endosomal escape and 15 undesirable after cellular internalization (139 To overcome

this, Hatakeyama et al. developed a PEG-Peptide-DOPE (PFD) which can get rid of PEG

after cleavage in matnx metall oprotease environtm ent of tum our cells and also used fusogenic

FATL A peptide to enhance transfection (1400 The content of GATL A and PPD was optimized

to get synergistic functions of both GALA and PPD and a molar ratie of 1:1 was able to

restore the transfection efficiency of system lost due to PEGylation.

Eealizing the fact that gene delivery is not about overcoming arange of extracellul ar

barriers but also overcoming the intracellular challenges as described eatlier such as

endosomal escape and cytosclic release, efforts are being directed to control the intracellul ar

trafficking of delivery systems. Multifunctional envelope type nanodevices (MENDY have

been proposed to have better endosomal escape capacity than any other lipid based vectors,

MEMD contains nucleic acid condensed into core particle which 1z surrounded by a lipid

envelope. MEND wath permanently cationic liptds like DOTAP or pH sensitive lipids such

as ¥ =E05 have been studied (141, 142} MEND contaning pH sensitive lipad having an

apparent pEa 6.4 to 6.6 becomes cationic in endosome and fuses with antonic endosomal

membranes through phase transition to inverted hexagonal phase.
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Another way to enhance transfection 15 to conjugate lipids with cell penetrating

peptide (CEP) such as TAT peptide, oligoarginine, penetratin and low molecular weight

protamine  (142). Eecently, Tomohiro et al. conpugated lipid such as DOPE with CFP

derived from protamine which acted both as a CPP and gene carnier maintaining stability.

The cell uptake studies showed that lipid nanoparticles without CPP were pootly internalized

into B16F10 munne melancma cells which suggests that lipids modified with protamine

derived CFF are facilitators of nucleic acid intemalization and can be used to boost the

transfection efficiency of lipid based nucleic acid carmers (144

Une of the most promising lipid based vectors for systemic delivery of gene are

SMALP: (Stable Mucleic Acid-Lipid Particles). The uniqueness of SIWALP lies in the fact

that they contain the nucleic acid enclesed by a lipid lamella of cationic and other helper

lipids. The core makes 1t highly stable to nuclease degradation and aids in cellular uptake,

while the fusogenic lipids facilitate endosomal release. The PEG coating malkes it highly

bioavalable by protecting the patticles i vive to escape rapid systemic clearance (1430

SIMALFE have been studied intravenously in animal models of dyslipidemia and wiral

infections like hepatitis B (HBV), and Ebola (Zatre) (146). Ambegia et al reported that a

PEG-lipid conjugate in envelope can provide the advantage dizssociaton of PEG-lipid

cotijugate from the SIMATTP after reaching the site of action converting the stable nanoparticle

into a cationic charged transfect on-competent entity (147). The content of cationic lipids in

SMALP 15 generally lower than that of PEGylated liposomes, eg. 5 — 10% by mole for gene
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and stll lower for s EMNA . Systemic administration of SMALP-s1iENA 1n HEV infectedmice

displayed along plasmahalf-life (14%). Three Daly dosing of 3mgikgiday of st EINA showed

prominent and long lasting reduction in serum HEWV DMA levels (one log unit for =7 days)

and further reductions up to & weeks on weekly dosing indicatng long circulation

characten stics of SHALP.

Very recently, a new strategy has been devised using cell penetrating peptide of
which lysine residues are caged by aphotolabile protective group which helps specific uptake
of i EMA liposomes by cancer cells through tumeour localized exposure of near infrared -MNIE
light (149 The infrared exposure on tumour area causes cleavage of the photolabile
protective groups and the cationic charge of CPP 1: exposed which in turn enhances cellular
interaction and uptake giving efficient anticancer activity, Additionally, this targeting
strategy has been augmented by incorporation of asparagine-glycine-arginine peptide which
renders liposomes to preferentially accumulate in tumour tissue iz wve followed by NIE

mediated CPF uncaging and interaction with other cells (1207

2.6 Theway forward

The physiclogical barriers in successful delivery of genes are making the clinical
promises of gene therapy elusive ones. Therefore, it is essential that a sound scientific
rationale is laid for future developments of lipid based gene delivery systems for its delivery
threugh potential intravencus administration to hasten 1tz clinical applications. The
development has to be rationalized to address individual challenges posed by extracellular
barriers like senum stability, long circulation 1ife, non-specific distribution, low cell uptake
and toxicity as well as intracellul ar barriers such as endosomal escape and cytosolic delivery.

Conventional liposomes and lipid bazed formulations, though optimized to address these
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batriers, often lack in addressing one of these completely. So, efforts are being focused to
develop newer lipid based systems which overcome these barrers. Cationic liposomes,
SMALP:, lipid conjugates, liptdods and 1omizakle lipids appear to be most promising for
intracellul ar delivery of gene therapeutics. The evidences from clinical trials are pointing out

saf ety 135ues and 1inadequate potency 1ssues which need attention for future devel opments.

2.7 Targeting liver cells

Mormally most of the drugs achieve high hepatic concentration, still their targeting
isnecessary because liver 13 the major organ in the body equipped for uptake, detomification,
metabolic transformation, and excretion of zenobiotics inte hile by means of carrier-
mediated mechanism . As aconsequence, most of the drugs arerapi dly cleared from the blood
and display high first pass clearances by the liver Howewer, it should be realized that the
total hepatic uptake predominantly depends on hepatocvtes, whereas Eupfter cells largely
contribute to hepatic uptake of particulate material. Therefore, the drugs that enter the liver
as such orin the form of covalent carrier conjugates will not necessarly reach the required
cell type. Moreover, if drugs are accumulated in the liver, their residence time 1n the organ
is influenced by the factors discussed under macrophages interaction with delivery systetn
and pharmacokinetic consideration. Thus, the challenge 15 to obtain selective accumulation

of drugs in one specific cell type and to sustain intracellular levels for longer pertod.

Some of the suggested strategies for hepatocyte targeting are:
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* FEeducing liposome size (less than 100 nm)

o Increasing negative charge of liposomes by incorporation of monosialoganglioside
(GL,)

o Labelling ipesomes with galactose or N-acetylgal actosamine residues, such as, P-D-
galactopyrancsyl of lactosylcerami de

o  Addition of stearyl glycyrrhizin

The target cellsfreceptors within the liver for treatment and possible entry
mechanisms in these cells have been identified {Tabkle 2.2).
Hepatocytes are functional units responsible for most of the metabolic and secretory
activities of the liver. Small size delivery system, that 15, 150 nm, avedd capture by Eupffer
cells and can diffuse out of the sinusoids through the fenestrations and reach the hepatocytes
plates. These cells can take up colleidal carrier system through pinocytosis and receptor-
mediated endocytosis. Improved delivery (enhanced localization) to the parenchyma is
achieved with small size delivery systetn, that 12, £50 nm, that can diffuse deeper in the space
{1573, (152). For a therapeutic moiety to exert its desired effect, it needs to be in physical
contact with its physiological target such as a receptor present on liver cells. Site-specific
drig delivery ensures that such interactions take place only in the desired anatomical location
of the liver and for that delivery svstem should be recognized selectively by the receptor
present on liver cell such as astaloglycoprotein. Specific targeting of hepatocyte receptors
can also be achieved The most commonly exploited target 15 the asialoglycoprotein receptor
(& 5GP-B) that recognizes catbohydrates (mainly galactose and MN-acetylgalactosamine) with

variable affinity (153).
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Table 2.2 Receptors present on various hepatic cell and may be used for drug

targeting (154)
Hepatocytes Eupter cells Endathelial cell Hepatic stellate cells
Asialoplvcoprotein Mannose!™-acetyl glucose

MannoseiN-acotyl glacose amine 14

reerplor (ASGE-L) amnine {
HDL-R Gulaclose parlicle B Swavenger B (Class Aland AL
LLML-I Galaclose speeilic It Fe 1 iomune complees
T — Malrix compound (hyaluronan
fpA-R n:areI;iah R R P (bronetin, denabured cullagen
: FILIME)
; . Scavenger R (Class AL BL BIL MARCO
Seavenger B (Class TH ; ]
AWENET RIVEREL (a6 and macrosialin)
Trunslerrin I LOL B mabris commpenmls {ibonecling
- Cumplerment B (C3bum] Cly) LPS R,
R macroglobulin T
* [ Receptor.

MalVIGE LE]
o, macropglubulin B

Ferrilin 1§

Uroplasminugzn I

Theambin B

EBP R matrix compannds
{inLeeyrin, collagen Lype W
[ibroneclio C1,,)

A major goal for gene therapy 13 to obtain targeted vectors that transfer genes

efficiently to specific cell types The liver possesses a vanety of characteristics that make

this organ wery attractive for gene therapy. Atheroprotective gene therapy invalves localized

expression of therapeutic genes in the hepatocytes. Expression of these therapeutic genes 1z

aimed at counteracting the fundamental processes that dnwe atherosclerosis, including lipad

accumulation in the vascular intima and inflammatory cell recruitment YVascular gene

therapy has substantial theoretical advantages over systemic drug and gene therapies for

atherosclerosis in that it can deliver therapeutics precizely to

the site of onigin (i.e., hepatocytes) (250 Apolipoprotein E (APOE) 15 a multifunct onal

plasma protein mainly acting in lipid metabolism. Human APOE 13 polymorphic with three

major isoforms (APOEZ2, APOES and APOEA). Up to 73% of the body's APCE 15 produced
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by the liver {155). Hepatic targeting of the liposomes 15 proposed for achieving specific

expression of APOE plasmidin the hepatocytes.

Dirug carriers with specific ligands for the corresponding receptors on the cell surface
are useful for targeted drug delivery. Specific targeting to the liver has been achieved by
using ligands that band the specific receptor such as asialoglycoprotein receptor (A 5GP,
which 1s uniquely presented on the surface of hepatocytesin large numbers with high-binding
affinity (1263 It 13 the most commonly exploited target that recognizes carbohvdrates
(mainly galactose and MN-acetylgalactosamine) with variable affinity. Among vanous ligands
investigated so far, galactose has been shown to be a promising targetng ligand to
hepatocytes (liver parenchymal cells) because the cells possess a large number of the
asialoglycoprotein receptors that recognize the galactose units on the oligosaccharide chains
of glycoproteins or on chemically galactosylated drug carmers {157 The receptordigand
interaction 15 known to show a significant “cluster effect” 1n which a multivalent interaction
results in extremely strong hinding of ligand to the receptors (158) This receptor iz
responsible for the clearance of glycoproteins with  desialylated galactose  or
acetylgalactosamine residues from the circulation by receptoranediated endocytosis
(Galactosylated surface 13 an attractive substrate for hepatocyte culture because of the specific
interaction between the galactose ligand and the asial oglycoprotein receptor on hepatocytes.
The density of galactose 15 one of the important param eters for the hepatocyte attachment as

it1s amajor determinant of the hepatocyte attachment, morphology, and functions {1577
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