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Targeted Delivery of Surface Modified Nanoparticles: Modulation of
Inflammation for Acute Lung Injury

Abstract

The objective of the study is to demonstrate alleviation of pulmonary inflammation associated with acute
lung injury (ALI) using novel surface modified nanoparticles. ALl is characterized by three main
pathological events: I) pulmonary edema, Il) excessive pro-inflammatory cytokines and chemokines
production from alveolar epithelial and endothelial cells and Ill) leukocyte migration from blood
circulation into alveoli. Currently, there is no FDA approved pharmacological treatment available except
the supportive mechanical ventilation therapy. Numerous clinical trials involving pharmacological
therapies aimed at different pathological targets turned unsuccessful. National Institute of Heart Lung
and Blood Institute (NHLBI) cited underappreciation of drug delivery systems as one of the attributed
drawbacks.

During ALI, the avB6/avp5 integrins of alveolar epithelium and endothelium, respectively play a critical
role in mediating pulmonary edema in interleukin-1b (IL-1b) stimulated ALI models. A transient blockade
of both integrins by antibodies (Ab) or small Arg-Gly-Asp (RGD) peptide sequences may provide new
causal therapies for pulmonary edema. A transcription factor, nuclear factor-kB (NF-kB) is associated with
the regulation of a battery of genes that encode for pro-inflammatory cytokines, chemokines and cell
adhesion molecules (CAMs). Glucocorticoids (GCs) exert their anti-inflammatory effects by NF-kB
transcriptional interference mechanisms. Besides the above inflammatory mechanisms, leukocyte
migration is another hallmark feature responsible for part of ALI pathogenesis. Leukocyte migration is
dictated by sequential activation of adhesion molecules and their ligands on both leukocytes and
endothelial cells (ECs). Intercellular adhesion molecule-1 (ICAM-1) located on alveolar endothelium plays
a significant role in the recruitment of leukocytes into alveoli. Blockade of ICAM-1 receptors using anti-
ICAM-1 antibodies may impede leukocyte migration into alveoli.

In view of high mortality associated with ALI, there is an urgent need for a drug delivery system that
inhibits majority of pathological events. In drug targeting research, liposomes are considered as versatile
for their ability to carry drug payloads and flexible enough to modulate their surface for targeting
purposes. In the current investigation, | developed surface modified stable liposome formulation for
delivery of methylprednisolone succinate (a glucocorticoid; MPS) to the lung. Liposomes were targeted to
the disease sites through different routes of administration to avail the spatial expression of the receptors

in response to IL-1b stimulus. MPS-L ORGP targeted to avb6 integrins of alveolar epithelium attenuated

pulmonary edema. MPS-LAP were able to modulate neutrophil migration. Moreover, MPS released from

targeted liposomes inhibited the expression of pro-inflammatory cytokines and chemokines. The research
work demonstrated the concept of using drug encapsulated and surface modified nanoparticles for
therapeutic intervention of ALI.
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ABSTRACT

The objective of the study is to demonstrate alleviation of pulmonary inflammation
associated with acute lung injury (ALI) using novel surface modified nanoparticles. ALI
is characterized by three main pathological events: I) pulmonary edema, II) excessive
pro-inflammatory cytokines and chemokines production from alveolar epithelial and
endothelial cells and IIT) leukocyte migration from blood circulation into alveoli.
Currently, there is no FDA approved pharmacological treatment available except the
supportive mechanical ventilation therapy. Numerous clinical trials involving
pharmacological therapies aimed at different pathological targets turned unsuccessful.
National Institute of Heart Lung and Blood Institute (NHLBI) cited underappreciation of
drug delivery systems as one of the attributed drawbacks.

During ALI, the avpB6/avp5 integrins of alveolar epithelium and endothelium,
respectively play a critical role in mediating pulmonary edema in interleukin-1f3 (IL-1p)
stimulated ALI models. A transient blockade of both integrins by antibodies (Ab) or small
Arg-Gly-Asp (RGD) peptide sequences may provide new causal therapies for pulmonary
edema. A transcription factor, nuclear factor-kB (NF-kB) is associated with the regulation
of a battery of genes that encode for pro-inflammatory cytokines, chemokines and cell
adhesion molecules (CAMs). Glucocorticoids (GCs) exert their anti-inflammatory effects
by NF-kB transcriptional interference mechanisms. Besides the above inflammatory
mechanisms, leukocyte migration is another hallmark feature responsible for part of ALI
pathogenesis. Leukocyte migration is dictated by sequential activation of adhesion
molecules and their ligands on both leukocytes and endothelial cells (ECs). Intercellular
adhesion molecule-1 (ICAM-1) located on alveolar endothelium plays a significant role
in the recruitment of leukocytes into alveoli. Blockade of ICAM-1 receptors using anti-
ICAM-1 antibodies may impede leukocyte migration into alveoli.

In view of high mortality associated with ALI, there is an urgent need for a drug delivery
system that inhibits majority of pathological events. In drug targeting research, liposomes
are considered as versatile for their ability to carry drug payloads and flexible enough to
modulate their surface for targeting purposes. In the current investigation, I developed
surface modified stable liposome formulation for delivery of methylprednisolone
succinate (a glucocorticoid; MPS) to the lung. Liposomes were targeted to the disease
sites through different routes of administration to avail the spatial expression of the
receptors in response to IL-13 stimulus. MPS-LR6P targeted to aevPp6 integrins of
alveolar epithelium attenuated pulmonary edema. MPS-L" were able to modulate
neutrophil migration. Moreover, MPS released from targeted liposomes inhibited the
expression of pro-inflammatory cytokines and chemokines. The research work
demonstrated the concept of using drug encapsulated and surface modified nanoparticles
for therapeutic intervention of ALI



TABLE OF CONTENTS

Chapter 1. Introduction to Targeted LipoSOmes .......ccccevererueireessnecssnecsnenseccseecsnecnnes 1
1.1 Statement Of Problem............oooiiiiiiiii e 1
1.2 Overview of Acute Lung INJUIy .......ccoouiieiiiiiiiie et e 1
1.2.1 Pulmonary Cytokines and Inflammation in ALL............ccccceoviiiieiieinneennne. 3
1.2.2 Pulmonary Edema...........cccviiiiiieiiiieieeeeeeee e 3
1.2.3 Leukocyte Migration in Pulmonary Vasculature .............ccccoecvveveveeennneennee. 5
1.2.4 Relevance of ALI Models in Therapeutic Intervention .............cceeeueeennee. 8
1.2.5 Pharmacological Interventions of ALI in Preclinical and Clinical
TTIALS .ot 9
1.2.6 Significance of Drug Delivery in ALI Pathogenesis...........cccccevervencnnne. 12
1.3 Overview of Liposome LIterature.........ccuevvieruieeieeriieeieenieeieesre e eiee e sene e 13
1.3.1 Basic Liposome COmMPOSItION .......cccueerrieeiieriieeieeniienieerieesreeieesneeseenenes 14
1.3.2 Physico-chemical Properties of Drugs: Liposome Encapsulation............ 16
1.3.3 PEGylation of LiPOSOMES ........ecouieriieriieeiieiieeieeieeeieeieesveeieesaeeveeeenes 17
1.3.4  LipoSOmME Targeting .........ccceeecvieriieriiieiieeiieriieereeieesreeseessveeseessneeseessnes 19
1.3.5 Methods for Attaching Targeting Ligands to Liposomes.............c..c......... 20
1.3.6  Preparation of LIPOSOMES ........cccuveiiieiiieniieiieeieeieeeie e 24
1.3.7 Liposome In Vivo Kinetics: Systemic Administration and
ACTOSOIIZAtION ...ttt ettt e 26
1.3.8 Liposomes: Clinical and Diagnostic Applications...........ccccceeevvervencnnnen. 27
1.3.9  Stability 0f LIPOSOMES .....ccveruiiriiiiiniiiniiiieeierieeierterie et 28
1.3.10 Lyophilization: Stabilization of LipOSOMES ..........ccceevervuenienerneriencenens 31
1.4 Summary and Rationale.............cocoiiiiiiiiiiiiiieeee e 34
Chapter 2. Central Hypothesis and Specific AImS........ccoveevveicreiiecisuenssnecsessnccseecnne 36
2.1 Central Hypothesis........oooiiiiiiiiiiiieeie et 36
2.2 SPECIFIC ATIMIS ..ttt ettt ettt e et e bee e b e seaesateesneeens 36
2.2.1 To Develop MPS Encapsulated Targeted Liposomes ..........ccccccervenueenene 36
2.2.2  To Lyophilize and Develop Stable MPS Encapsulated Targeted
LAPOSOIMES ...ttt st 36
2.2.3 To Modulate Pulmonary Edema via MPS-L*" Targeting to avp6
INEEEIINS .. et 37
2.2.4 To Impede Neutrophil Migration via MPS-LA° Targeting to ICAM-1
RECEPLOTS. ..ottt 37

Vi



Chapter 3. HPLC Method for Determination of Lipids in Liposomes...........cccceeee.. 38

3.1 INErOAUCTION ...ttt et eaeeas 38
3.2 Experimental SECHIOMN .......cccuiiiiiiieiieciiee ettt e e e e e s 38
R I R\ F: ) -1 F R USRRRRRPR 38
3.2.2 MELhOMS. ..ot e 39
33 Results and DIiSCUSSION .....cuvveeiiiieiiieciieeciiee et eree e e e s 40
3.3.1 Linearity and Range.........cccceevuiieiiieeiiieeieecee e e 40
3.3.2  ACCUTACY wuvtieiiiiiiiee ettt ettt e e ettt e e e ettt e e e st e e e s snteeeeennaeeeesnnsaeeesnnsaneeeanns 40
3.3.3  PIOCISION...cetiiiitietie ettt ettt ettt ettt et 40
3.3.4 Quantitation LIMIt..........cooiiiiiiiiiiiiii it 44
3.3.5  RODUSINESS ..eieiiiiiciiiieciiieeeiee et et e et e e tee e e tae e e veeeeveeessreeesaseeeaseesnsaeens 44
3.3.6  CONCIUSIONS......uviieiiiieeiiieeeieeesiteeestteeeetteeetaeeebaeesteeeeaseeessseeensseeesseesnsseeans 46
Chapter 4. MPS Encapsulation and Surface Modification of Liposomes ................. 47
4.1 INETOAUCTION ...ttt e e e e e e e e e s abeeesebee e nseeessneeas 47
4.2 A 1S o T PP 47
4.3 1\ (51 1 La T (PP 48
4.3.1 Preparation of MPS-L by Passive Loading (Bangham Method) .............. 48
4.3.2 Active Loading of Amphipathic MPS into Liposomes..........cccccecueennenne 48
4.3.3 Synthesis of DSPE-PEG;(pp-maleimide-cRGD Conjugate....................... 49

4.3.4 Insertion of DSPE-PEG;g0p-maleimide-cRGD Conjugate into
LIPOSOMES ....eeieiiiieeiiieeitee ettt ettt e et e e e eeaaeesneeesnneees 49
4.3.5 Chemical Characterization of Liposome Dispersion...........cccccveeeeuveennee. 51
4.3.6 Physical Characterization of Liposome Dispersion...........c.cceecveeeruveennnee. 51
4.3.7 MPS Encapsulation EffiCiency .........cccccveviiiiiciieiniieeiiecce e, 51
4.3.8 In Vitro Leakage Kinetics of MPS from Liposomes ...........ccccceevvuveenneen. 53
4.3.9 Mathematical MOdelS.........cccooiiiiiiiiiiiiiiniiieee e 53
4.4 Results and DISCUSSION ....cc.ueiuiiriiiiiiiiniiieieereeee ettt e 53
4.4.1 Passive Loading Strat€Zies .......ceeevueeeruieeriiieeniieerieeeeieeeereeeieeeseeee e 53
4.42 Active Loading Strate€@ies.......cccueeevuireriieeririeeriieesieeeeree e eeveeeevee s 64
Chapter 5. Protection of Colloidal Properties of MPS-LRCP ........ovevrerrrerrrerrnnnne 72
5.1 INEEOAUCTION ...ttt 72
5.2 Experimental SECHIOMN .......cccviiiiiiieiieeiiee e s 73
52,1 MALETIAlS .neiiiiiiiieieeee e 73
5.2.2 0 MEEhOAS...couiiiiiiiiieee et 73
53 Results and DISCUSSION ......covuuiiiiiiiiiiieiieeiiee et 75

vii



5.3.1 Disaccharides as Lyoprotectants: Evaluation of Appearance of MPS-

5.3.2 Effect of Lyoprotectants on Particle Size...........ccceevveeeciiinciiiiniieeieee 75
5.3.3 Effect of Lyoprotectants on the Thermotropic Phase Behaviour of
HSPC before Lyophilization .............cccueeeieeiienieeiiieiecieesee e 77
5.3.4 Effect of Lyoprotectants on the Thermotropic Phase Behaviour of
HSPC after Lyophilization...........ccccveeeiiieiciieeciieeciie e 80
5.3.5 Amino Acids as Lyoprotectants: Influence of Lyoprotectant
CONCENETATION ...ttt ettt sttt e b enees 82
5.3.6 Influence of Freezing Temperature on the Performance of the
LyOproteCtantS........uuveeeeiiiee ettt e e e e e e e 85
5.3.7 Influence of Lyoprotectants on MPS Leakage from MPS-L .................... 85
Chapter 6. Inhibition of Lung Inflammation Using MPS-LRCP 89
6.1 INEEOAUCTION ...t et e 89
6.2 Experimental SECtION .........coocuiiiiiiiiiiiiee e 90
6.2.1  MALIIAlS ..ooeiiiiieiie e 90
6.2.2  MELhOMS....coiiiiiieiie e 91
6.3 Results and DISCUSSION ......cccueiiiiiiiiiiieiie ettt 97
6.3.1 AlphaVBeta6 (avp6) Integrin Receptor Expression in A549 Cells ......... 97
6.3.2  Cell Internalization of MPS-L™*P: CLSM Studies...........cc.ccrrrrrrreernneree 99
6.3.3 Effect of MPS-L™*" on MCP-1 Expression in A549 Cells .................. 99
6.3.4 Effect of MPS-L™*" on Monocytes Adhesion to IL-1f Stimulated
AS549 MONOLAYETS. ...c.eeiuiiriiiiiieieeieriteieee ettt 103
6.3.5 Effect of MPS-L®*°® on ICAM-1 Expression in A549 Cells ................. 103
6.3.6  Effect of MPS-L®*°" on Neutrophil Adhesion to A549 Monolayers...... 105
6.3.7 Effect of MPS-L®®" on Epithelial Permeability in IL-1p Induced
AS49 ClIS .. 105
6.3.8 MPS-L™“P Inhibits NF-kB Nuclear Translocation in A549 Cells......... 108
6.3.9 Effect of MPS-L®“P on BALF Protein Concentration in IL-1{
Induced Rats........ooiiiiiiiiiiiieeee e 111
6.3.10 Effect of MPS-L®“P on MCP-1 Production in BALF of IL-1f
Induced Rats......coc.ooiiiiii e 111
6.3.11 Effect of MPS-L®P on TNF-o. Production in BALF of IL-1§
Induced Rats......ccc.ooiiiiiiii e 113
6.3.12 Effect of MPS-L®“P on Neutrophil Migration of IL-1f Induced Rats...113
6.3.13 Effect of MPS-L®“P on Neutrophil Accumulation in Lung
Parenchyma.........ccoooiieiiiiiiicieee e 115
6.4 SUMMATY ...ttt ettt e et e et e e st eesabteesabeeesabeeesaneeenns 115

viii



Chapter 7. Inhibition of Lung Inflammation Using MPS-LA" 117

7.1 INErOAUCLION ...ttt 117
7.2 Experimental SECtION ........ccceviiiiiiiiieiiieriie ettt ere e ees 118
72,1 MALEIIALS ..ot 118
7.2.2 MENOMS. ....eiiieiiiieriieeee ettt 119
7.3 Results and DISCUSSION ....ecueeuiriiriiiiiiiiiiieieeie sttt 123
7.3.1 Physico-chemical Characterization of MPS-L™ .........ccccovviirirrn, 123

7.3.2  Effect of MPS-L™" on BALF Protein Concentration in IL-1p Induced
RAALS e e 123

7.3.3  Effect of MPS-L™" on MCP-1 Production in BALF of IL-1p Induced
RALS <o e e e 125

7.3.4 Effect of MPS-L** on TNF-a Production in BALF of IL-1B Induced
RALS <o e e e 125
7.3.5 Effect of MPS-L*" on Neutrophil Migration of IL-1p Induced Rats ..... 125
7.3.6  Effect of MPS-L™" on Neutrophil Accumulation in Lung Parenchyma . 125
7.4 SUMIMATY ..ottt et et e eanees 129
Chapter 8. Summary and Conclusions ..........eceeineeinennsensecnseensennssessecssseessecssnes 130
LiSt Of ReTCIeNCES cuueerueerrueeisnenruinisneniunnssnensenssnesssnssssessanssssesssnsssnssssesssssssssssssssssassssesssans 132
| Y L 153

X



Table 1.1

Table 1.2
Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 4.1
Table 4.2
Table 5.1

Table 5.2

Table 5.3

Table 6.1
Table 6.2

Table 7.1

LIST OF TABLES

Pharmacological agents in preclinical and clinical phases of drug

14 S 74e] (075) 13 1S3 1 L SRS UR 10
Liposome products in clinical and preclinical studies. ..........c.ccccveeennnnnee. 15
Chromatographic performance data of the method. ............ccceevevrnennnnee. 41
Summary of linear regression data for calibration standards. .................... 42
Summary of method accuracy results. .........cccoeeeeeerciieeniiieerie e, 43
Summary of method precision results. ........ccccoeeeeerciiieicieeeiie e, 43
Summary of robustness of the method. ...........cccceeviiiiiiiiiciiie e, 45
Parameters in the K-P equation for MPS release kinetics from MPS-L..... 60
Values of k from the t”7 law for MPS-L at different temperatures. ........... 63
The effect of lyoprotectant concentration on the mean diameter of

empty liposomes (after lyophilization). ........ccccceceveevinieninnenienieieeeee, 84
The effect of lyophilization protocols on the mean diameter of

JIPOSOMIES. ..eeveiieeiiiieeiie ettt ettt e et e e e e et e e s taeeesaeeenbeeesaseeessaeennneas 86
The effect of lyoprotectant concentration of the mean diameter of

IMIPS =L ettt sttt 86
Primer sequences for av, B6, MCP-1, ICAM-1 and B-actin. ..................... 93
Physico-chemical properties of MPS-L®P ysed in in vitro and in vivo
SEUAIES. -ttt ettt st ettt 98
Physico-chemical properties of MPS-L** used in in vivo studies........... 124



Figure 1.1
Figure 1.2
Figure 1.3

Figure 1.4
Figure 1.5

Figure 1.6
Figure 1.7

Figure 1.8
Figure 3.1
Figure 3.2

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10

LIST OF FIGURES

Schematic representation of the normal alveolus and the injured

alveolus in the acute phase of ALI/ARDS. .......cccooeoiiiieiiieeeceeeee e, 2
Schematic illustration of the effect of interleukin-1f on the alveolar
CAPILIATY DAITICT. ..coveiieiiieieciiece e e 4
Schematic diagram of neutrophil and endothelial cell interactions in

the pulmonary vasculature. ..........cc.eeeciieeiiieeiieeeie e e e 6
Schematic representation of various classes of liposomes. ..........ccccueenn.e.e. 18
Schematic representations of different coupling methods used for

surface modification of lipOSOMES. .........cceeviiriiiieiieiiecieeieecee e 21
Schematic representation of the liposomal loading of weak bases (A)

and weak acids (B)....cc.eoiouiiiiiiieeieeee e 25
Schematic diagram of the Gouy-Chapman-Stern diffuse double layer

11 11570) 2O OO S SU SRR UPRRPRR 29
Schematic representation of different stages of a lyophilization cycle. ..... 32
Chromatogram of calibration standards of CHOL and HSPC.................... 41
Typical chromatogram of linearity of standards containing CHOL and

5 N o SRR 42
Schematic representation of Michael addition reaction between the

lipid, DSPE-PEG;ggp-maleimide and cRGD-peptide.........ccceevevverurrennennne. 50
Schematic representation of the insertion of the targeting conjugate by
POSt-INSErtion tEChNIQUE. ....cccuvieiieiiieiieeie e e 52
Schematic representation of the mathematical model based on Rippie’s

RIS 11101018 10 4 1SS 54
Graph depicting the MPS encapsulation efficiency as a function of
Arug/lipid TatiOS. ....eoueevieiieiieiceee e 55
Graph depicting the MPS encapsulation efficiency as a function of

CHOL fraction. ...cc.eeeieiiieiiieiieeieeee ettt 57
Graph depicting the MPS encapsulation efficiency as a function of
PEGylated lipid inCOTPOTation. ........coeevverierieriuenienieeieniesieeteeieesie e 57
Graph depicting the MPS encapsulation efficiency as a function of

number Of eXtrusion CYCIES. .....uviviiiiiriiieiieceeee e e 58
Graph depicting the MPS release from liposome formulations

containing different fractions of DSPE-PEG2000. «.evvevvveeveenieiiieieeieenee. 60
Graph depicting the MPS release from PEGylated liposome

formulations with mean diameters of 100, 200, 400 and 800 nm. ............. 62

Graph depicting the MPS release rate constant of the liposome
formulations with varied mean diameter, calculated from K-P
70| L1510 ) F USRS 62

xi



Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6

Figure 6.7

MPS release rate from PEGylated liposomes stored at different

temperatures 4 (m), 25 (0), 30 (A), 37 (A) and 40°C (*). ceeverveeereeerrenee, 63
Histogram of MPS encapsulation driven by various acetate salt

gradients in PEGylated lipoSOmes. .........cccceevieeiiieeiiieeie e 66
Histogram of MPS encapsulation as a function of different ionic

strengths of calcium acetate inside the lipoosmes. .........ccccccvevvieriienieennnn. 66
Histogram of MPS encapsulation in liposomes as a function of
INtravesiCular PH. ....ocoviiiiiiee e e 68
MPS release from liposomes as a function of pH of the external

MEAIUM At 25%C. 1ot 68
MALDI-MS spectra of the (DSPE-PEG;gpo-maleimide)-cRGD-peptide
COMJUZALE. ...eentteitietieeiteeiee et e ette et e esteeeabeesateeabeesseeenbeesseeenbeesseeenbeenaeeenseenneas 70
Representative samples of the MPS-L®P lyophilized with high (400

mM; left) and low (50 mM; right) concentrations of trehalose. ................. 76
Transmission electron micrographs ofMPS-L™P before and after
lyophilization (i.e. reconstituted) with trehalose. ..........ccccovviriiiniinnnnn. 76
Mean diameter of MPS-L™®P as a function of lyoprotectant

CONCENTALION. ...ttt ettt ettt et st et et e eaee bt eateseeenbeeneesaeenees 78
Thermograms of MPS-L®" containing increasing concentrations of
trehalose (A) and sucrose (B) prior to lyophilization. .............cccceeceeneenne. 79
Thermograms of lyophilized, rehydrated MPS-L*°" formulations
containing increasing concentrations of SUZAT. .........cccoecveverrierienieeneeneenne. 81
Transmission electron micrographs of MPS-L before (A) and after (B)
lyophilization with lysine as external lyoprotectant. ..........c...coccevervennnnne. 84
Graph depicting the mean diameter of MPS-L as a function of

aminoacids as external lyoprotectants used for lyophilization. .................. 87
Graph depicting the MPS leakage from MPS-L, lyophilized with
aminoacids as external lyoprotectants. .........cccccoceeveeverienernenieneeieneene. 87

RT-PCR and Western Blot analyses of concentration dependent
inhibition of av36 integrin expression by MPS. ... 100

Confocal laser fluorescence microscopy of cell internalization of MPS-

L and MPS-L™®“? in quiescent and IL-1p activated A549 cells................ 101
ELISA and RT-PCR analyses of MCP-1 expression in A549 cells as a
function of MPS encapsulated formulations............ccccceverienenicnienennnen. 102
Histogram of the monocyte adhesion as a function of MPS

encapsulated formulation treatments in IL-1f3 activated A549 cells. ....... 104
Densitometric RT-PCR and Western Blot analyses of ICAM-1

expression in A549 cells, treated with MPS-L™, .. 106
Histogram of neutrophil adhesion as a function of MPS encapsulated
formulation treatments in IL-1f3 activated A549 cells........ccceevvriivennnnne. 107
Histogram of '*C-albumin permeability across A549 cells, pretreated

with MPS encapsulated formulations and antibodies. ...........ccccceeeuveennnee. 109

Xii



Figure 6.8

Figure 6.9
Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6

Figure 7.7

EMSA (left panel) of NF-«B elicitation and Western Bot analysis of
IxBa and p-IkBa expression pattern in A549 cells, pretreated with

MPS-LE FOrMUIAON. ..vvvvvvvrerieenrieseeese et 110
Histogram depicting the inhibition of BALF protein after nebulization

of MPS-L®Y in male Sprague-Dawley rats. ...........o.ooeeeevreeeeereereeeneene. 112
Histogram of the inhibition of BALF MCP-1 levels after nebulization

of MPS-L™®“P in male Sprague-Dawley rats. ...........o.oveeveereeeeeeeereeenenne. 112
Histogram of inhibition of BALF TNF-a levels after nebulization of
MPS-LED et 114
Histogram of inhibition of BALF levels of neutrophils after

nebulization of MPS-L®® in male Sprague-Dawley rats. ...................... 114
Histological sections of lung parenchyma after haematoxylin treatment

t0 Stain NEULTOPNIIS. ...ceviiiiiicieceee e e 116
Schematic representation of the coupling of anti-ICAM-1 antibody
fragment tethered to the surface of liposomes. .........cccceecvieviienieeiieennnnnne. 120
SDS-PAGE analysis of DSPE-PEG;yg-mFab’ fragment under non-
1€dUCING CONAITIONS. ...etieiiieiiieiie ettt 121

Histogram of inhibition of BALF protein in male Sprague-Dawley rats
after systemic administration of MPS-L. e, 124

Histogram of inhibition of BALF MCP-1 levels in male Sprague-
Dawley rats after systemic administration of MPS-LA. 126

Histogram of inhibition of BALF TNF-a levels in male Sprague-
Dawley rats after systemic administration of MPS-L*". ...........c..ccc......... 126

Histogram of inhibition of BALF levels of neutrophils after
nebulization of MPS-L"® in male Spague-Dawley rats. ............cccco......... 127

Histological sections of lung parenchyma after haematoxylin treatment
t0 Stain NEULTOPNILS. ...ceviieiieeiiceee e 128

Xiii



Ab

ALI
ANOVA
ARDS
BALF
BDS
BSA
CAM
ACN
CHOL
Ci
CINC-1
CL
CLSM
cRGD-peptide
CTAC
D

Da
DLS
DLVO
DMEM
DOPE
DPPC
DSC
DSPC
DSPE
DTT
DXR
ECs
EDC
EE
ELISA
ELSD
EMSA
EPC
FBS
FCS
FDA

LIST OF ABBREVIATIONS

Antibody

Acute lung injury

Analysis of variance

Acute respiratory distress syndrome
Broncho-alveolar lavage fluid
Bonded di-octyl silane

Bovine serum albumin

Cell adhesion molecule

Acetonitrile

Cholesterol

Curie

Cytokine induced neutrophil chemoattractant-1
Cardiolipin

Confocal laser scanning microscopy
Cyclic RGD-peptide

Cetyl triethyl ammonium chloride
Diffusion coefficient

Daltons

Dynamic light scattering
Derjaguin-Landau-Verwey-Overbeek
Dulbecco's modified eagle medium
Dioleoyl phosphoethanolamine
Dipalmitoyl phosphatidylcholine
Differential scanning calorimetry
Distearoyl phosphatidylcholine
Distearoyl phosphatidylethanolamine
Dithiothreitol

Doxorubicin

Endothelial cells
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
Encapsulation efficiency

Enzyme linked immunosorbent assay
Evaporative light scattering detection
Electrophoretic mobility shift assay
Egg phosphatidylcholine

Fetal bovine serum

Fetal calf serum

Food and drug administration

X1v



GCs
GM-CSF

H3POy4
HEPES
HP
HPLC
HSPC
i.t.
IACUC
ICAM-1
IL-1b

J

A

LAP
LogD
LPS
LTBP-1
MALDI-MS
MCP-1
MIP-1
MLVs
L
MPO
MPS
MPS-L
MRI
mV
MWCO
NAC
NF-kB
NHS
NIH
NIRF
nm
PA
PBS
PEG
PEG-PE
PG

Glucocorticoids
Granulocyte macrophage colony-stimulating factor

Viscosity

Phosphoric acid
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid])
Helmholtz plane

High performance liquid chromatography
Hydrogenated soy phosphatidylcholine
Intra-tracheal

Institution Animal Care and Use Committee
Intercellular adhesion molecule-1
Interleukin-1b

Joules

Wavelength

latency associated peptide

Partition coefficient
Lipopolysaccharide

latent TGF-B-binding protein-1
Matrix assisted laser desorption/ionization mass spectrometry
Monocyte chemoattractant protein-1
Macrophage inhibitory protein-1
Multilamellar vesicles

Micrometers

Myeloperoxidase
Methylprednisolone succinate

MPS encapsulated liposomes
Magnetic resonance imaging

Milli volts

Molecular weight cut off

N-acetyl cysteine

Nuclear factor-kappa beta
N-hydroxysulfosuccinimide
National institutes of health

Near infrared fluorescence imaging
Nanometers

Phosphatidic acid

Phosphate buffer saline
Polyethylene glycol

PEGylated phosphatidylethanolamine
Phosphatidylglycerol

XV



PI
pKa
PL

PS
PSG
RAD
RES
RGD
RNA
ROS
RPMI
RSD
RT-PCR
S/N
SATA
SD
SDS-PAGE
SEM
SOD
SPDP
SUV
TCEP
TEER
TEM
TFA
Tg

Tg'
TGF-B
Tm
TNF-a
TSA

Zavg

Phosphatidylinositol

Ionization constant

Plain liposomes

Phosphatidylserine
Penicillin-Streptomycin-Gentamycin
Arginine-alanine-D-aspartic acid

Reticular endothelial system
Arginine-Glycine-D-Aspartic acid

Ribo nucleic acid

Reactive oxygen species

Royal park memorial institute

Relative standard deviation

Reverse transcriptase polymerase chain reaction
Signal to noise ratio
Succinimidyl-S-acetylthioacetate

Standard deviation

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Standard error of mean

Superoxide dismutase
N-hydroxysuccinimide 3-(2-pyridyldithio)propionate
Small unilamellar vesicles
Tris(2-carboxyethyl)-phosphine HCI
Transendothelial resistance

Transmission electron microscopy

Trifluoro acetic acid

Glass transition temperature

Glass transition temperature of frozen matrix
Transforming growth factor-beta

Phase transition temperature

Tumor necrosis factor-alpha

Total surface area

Zeta potential

Mean diameter

xvi



CHAPTER 1. INTRODUCTION TO TARGETED LIPOSOMES

1.1 Statement of Problem

In 1967, at the Colorado General Hospital, Ashbaugh and colleagues were the first to
describe patients with a variety of underlying illnesses characterized by tachypnea,
hypoxemia resistant to oxygenation by regular ventilator support, decreased lung
compliance, diffuse bilateral infiltrates on chest radiographs and surfactant abnormalities.
Together, the above characteristics are defined as acute respiratory distress syndrome
(ARDS)." Another term, acute lung injury was used in synonymous with ARDS in most
cases, but could only be applied to a broad range of pathological abnormalities in the lung
where as ARDS should be reserved for the most severe cases of lung injury.”

ALI is a major cause of acute respiratory failure with high morbidity and mortality in
critically ill patients.® Recent epidemiologic data indicate that the incidence of ALI
defined by consensus physiologic criteria may account for 36,000 deaths per year in
U.S.A.* Although, there is evidence that mortality in patients with ALI may have declined
over the last 10 to 15 years, it remains high (30-40%) and is an important cause of
pulmonary and non-pulmonary morbidity in ICU patients.” ALI develops in patients of all
ages from a variety of clinical disorders. These conditions can be divided into two
categories based on whether the insult was direct (pulmonary) or indirect (extra-
pulmonary). Direct injury can be described as a condition in which the lung epithelium is
directly injured. Causes of such lung injury include pneumonia, aspiration of gastric
contents, inhalation of toxic substances and pulmonary contusion.® Direct causes of lung
injury lead to a syndrome with more predictability and to a short latent period than do
indirect causes.’ Indirect lung injuries are conditions that activate a systemic
inflammatory response. Multiple trauma, burns, sepsis, fat emboli and hemorrhagic shock
are all associated with a high risk of developing ALI. So far, mechanical ventilation is the
lone supportive therapy for the alleviation of symptoms associated with ALI.

1.2 Overview of Acute Lung Injury

The most important pathological finding in the lung during the early stages of ALI is
severe pulmonary edema, due to increased permeability of the alveolar endothelial and
epithelial barriers. As illustrated in Figure 1.1, the morphological picture has often been
labeled as diffuse alveolar damage and includes cellular necrosis, inflammation and
fibrosis. Although, pathogenesis of ALI remains unclear, indirect evidence suggests that
pulmonary edema occurs after a direct activation due to acute lung inflammation, or as
the pulmonary manifestation of a systemic inflammatory response.® The inflammatory
response in both cases involves alveolar migration of leukocytes, (e.g. macrophages,
monocytes and neutrophils) which are activated by pro-inflammatory cytokines and
chemokines.’
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Figure 1.1  Schematic representation of the normal alveolus and the injured alveolus
in the acute phase of ALI/ARDS.

In the acute phase of the syndrome (injured alveolus), sloughing of alveolar epithelial
cells, with the formation of protein rich hyaline membranes on the denuded basement
membrane is seen Neutrophils adhere to the injured capillary endothelium and
extravasate into alveoli, which is filled with protein rich edema fluid. In the alveoli,
alveolar macrophages secrete cytokines, which further stimulate chemotaxis and activate
neutrophils. Neutrophils release oxidants, proteases, leukotrienes, and other pro-
inflammatory mediators, such as platelet activating factor. The influx of protein rich
edematous fluid into the alveolus leads to the inactivation of surfactant.

Reproduced with permission. Ware, L.B. & Matthay, M.A. The acute respiratory distress
syndrome. N Engl J Med 342, 1334-1349 (2000)."



1.2.1 Pulmonary Cytokines and Inflammation in ALI

A complex network of cytokines and other pro-inflammatory compounds initiate and
amplify the inflammatory response in ALI. Different cell types, such as endothelial,
epithelial and leukocytes produce cytokines and chemokines. Excessive or unregulated
release of cytokines and chemokines might result in unwanted systemic and/or local
effects that may cause ALI. The inflammatory process is regulated by the early response
cytokines (e.g. tumor necrosis factor-oo (TNF-a), IL-1p and IL-6), which are suggested as
key mediators in the pathogenesis of ALL'® These early response cytokines induce an
intricate cascade of events, which include the production and release of chemokines (e.g.
IL-8, monocyte chemoattractant protein-1 (MCP-1), macrophage inhibitory protein-1
(MIP-1) and cytokine induced neutrophil chemoattractant-1 (CINC-1)) from endothelial
cells, epithelial cells or leukocytes.*'' " In addition, cytokines and chemokines cause
sequestration of leukocytes by inducing adhesion molecules (e.g. integrins, selectins and
members of immunoglobulin superfamily) expression on epithelial and endothelial cells,
and further activate the leukocytes, which trigger an extensive inflammation process.'*"’

1.2.2  Pulmonary Edema

In the normal lung, fluid moves continuously outward from vessels to the interstitial
space according to the permeability of the capillary membrane as well as the net
difference between hydrostatic and protein osmotic pressures. Non-cardiogenic
pulmonary edema occurs when the permeability of the alveolar epithelial/endothelial
membrane increases because of direct or indirect lung injury resulting in a marked
increase in the amount of fluid and protein leaving the vascular space. As illustrated in
Figure 1.2, nature of the inflammatory stimulus/injury determines the mechanistic
pathway for an increase in permeability across alveolar epithelium or endothelium, thus
contributing to pulmonary edema.

1.2.2.1 Alveolar Epithelial Integrin Receptors: Pulmonary Edema

Pittet et al. showed that lipopolysaccharide (LPS) and IL-13 cause an increase in lung
vascular permeability. Both the stimuli exert this effect through activation of
transforming growth factor-beta (TGF-f3) via avp6 integrin dependent mechanism in
alveolar epithelium. Under normal conditions, TGF-p is latent and is non-covalently
associated with latency associated peptide (LAP) and latent TGF-B-binding protein-1
(LTBP-1). Activation of TGF-3 by integrin receptors is critical in the propagation of lung
edema in ALL"*?° The avf6 integrin binds to RGD domain of the LAP of TGF-f
complex and activates latent TGE-p."” Although, the exact mechanism of avp6 integrin
mediated TGF-f activation is still not clear, it is likely that the activation process
involves multiple coordinated mechanisms.

Pittet et al. demonstrated that avB6 integrin mediated TGF-f activation is dependent on
cytoskeletal integrity. Inhibition of actin assembly by cytochalasin D and f6 subunit
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Figure 1.2 Schematic illustration of the effect of interleukin-1f on the alveolar
capillary barrier.

The model demonstrates IL-1f signaling pathway that leads to an increase in lung
epithelial and endothelial permeability. IL-1P causes an increase in RhoA activity leading
to TGF-f activation via avp6 integrins. TGF-f activation induces an increase in
permeability and an inhibition of the Na" driven fluid transport in alveolar epithelial cells.
In endothelial cells, IL-1f activates RhoA and increases lung endothelial permeability via
the phosphorylation and endocytosis of B-catenin and avB5 integrin dependent stress
fiber formation in lung endothelial cells.

Reproduced with permission. Ganter, M.T. et al. Interleukin-1 {beta} causes acute lung
injury via {alpha}v{beta}5 and {alpha}v{beta}6 integrin-dependent mechanisms. Circ
Res 102, 804-812 (2008).”'



cytoplasmic truncation mutants prevent integrin interaction with actin cytoskeleton,

each abolishes TGF-B activation by avp6." Jenkins et al. demonstrated that upon external
stimulus, PAR1 receptor signals to the avf6 integrins via RhoA and Rho kinase.*’
Because of the well-known effects of RhoA in re-organizing actin, these findings are
consistent with the observation that avpf6 mediated TGF-p activity is completely inhibited
by an inhibitor of actin polymerization, cytochalasin D. In fact, blockade of any
component in the sequence of events in actin polymerization leads to inhibition of TGF-3
activity. A complete blockade of TGF-f activity was observed using avB6 antibodies.
Recently, Ganter et al. demonstrated a complete inhibition of pulmonary edema using
anti-ovp6 integrin and anti-TGF-B antibodies in IL-1p instilled ALI model.*’

1.2.2.2 Alveolar Endothelial Integrin Receptors: Pulmonary Edema

Physical passage of solutes through the endothelial barrier is thought to occur via
paracellular pathways or through receptor activated transcytosis.*” Direct modification of
actin cytoskeleton in endothelial cells is important for increasing paracellular
permeability. One frequently cited model describes paracellular gap formation as a
consequence of imbalanced competition between cytoskeletal, adhesive cell-cell and
cell-matrix forces.”** Actomyosin mediated generation of tension leads to alteration of
cell shape and formation of paracellular gaps. Stress fibers have been shown to form in
endothelial cells, stimulated by several vasoactive mediators.*'***® In TGF-B stimulated
model, TGF- activates RhoA signaling cascade in endothelial cells. The TGF-f induced
activation of the RhoA/Rho-kinase signaling cascade in endothelial cells increases F-
actin content, which contributes to an increase in stress fiber formation, interendothelial
gap formation and subsequent decrease in endothelial monolayer resistance.”’ Ganter et
al. demonstrated that IL-1p activates RhoA, and increases lung endothelial permeability
via aevP5 integrin dependent stress fiber formation in lung endothelial cells. Furthermore,
stress fiber formation induced by the agonists was attenuated by blockade of avp5
integrin, suggesting a mechanism for avp5 integrins to regulate paracellular endothelial
permeability in the lung. A complete inhibition of transendothelial permeability was
observed using anti-avp5 integrin antibodies.?’

In summary, avp5/avp6 integrins play a critical role in mediating the development of
pulmonary edema in LPS or IL-1 or TGF-3 stimulated ALI models. Taken together,
transient blockade of both integrins by antibodies or small RGD peptides may provide
new causal therapies for pulmonary edema.

1.2.3 Leukocyte Migration in Pulmonary Vasculature

Circulating leukocytes infiltrate from blood circulation into tissues under both normal
and pathologic circumstances. As illustrated in Figure 1.3, leukocyte migration from the
vasculature occurs by a multi-step process, dictated by the sequential activation of
adhesion molecules and their ligands on both leukocytes and ECs.***’ Leukocytes



Migration

Rolling Activation Adhesion Diapedesis through ECM
23 :
g 5 I?.'?E-'jeqtm Chemokines  B2B1Integrins Mac-1
_§§ {_E‘-'— Cytokines p1
@ g g Endotoxins
_—
&

5 :
=0
54
53 r
]
§§ sle Chemokines  |CAM-1 ICAM-1
26 P-selectin Cytokines ICA!#T:E
e E-selectin Endotoxins YEa-

Ablveolus

Figure 1.3  Schematic diagram of neutrophil and endothelial cell interactions in the
pulmonary vasculature.

E-selectin upregulation induces rolling of neutrophils, which adhere to endothelial cells
activated by ICAM-1. Followed by transendothelial migration, neutrophils infiltrate into
alveoli. Schematic diagram also shows various receptors and ligands involved in the
neutrophil migration process.



infiltrate by these sequence dependent mechanisms but differ in their responses to
chemotactic (e.g. MCP-1) and cytokine signals (e.g. TNF-a or IL-1), particularly in
their qualitative and quantitative expression of adhesion molecules (e.g. selectins,
integrins and members of immunoglobulin superfamily).’*** Leukocyte trafficking in
pulmonary circulation differs from systemic vasculature with respect to: I) the marginated
pool of leukocytes, II) the site of transendothelial migration and III) requirements of
adhesion molecules for leukocyte migration. Leukocyte migration begins with the
“capture” by the vessel wall of leukocytes from flowing blood and is followed by their
“rolling” to a small extent along the vessel wall. About 97% of pulmonary vascular
leukocytes (7-8 um) are found in the capillary network where vessels are too small to
allow rolling (5-6 um).> Despite the lack of rolling in pulmonary capillaries, selectins
may be involved in the leukocyte-endothelial cell interactions.**>® Only after appropriate
stimuli from alveolar capillary ECs, leukocytes become firmly adhered to ECs and are
positioned for migration from blood vessels into lung parenchyma.

The initiating signal for the next step of migration is firm adhesion, which is postulated to
be either a receptor mediated event in response to pro-inflammatory
cytokines/chemokines or an event propagated from signals from activated selectins.
Cytokines/chemokines on inflamed endothelium interact with their receptors on
leukocytes. These interactions result in the activation of leukocyte integrins. Activated
integrins interact with members of the immunoglobulin superfamily (e.g. ICAM-1)
displayed on the inflamed endothelium, and these interactions cause the rolling cells to
arrest on endothelium. Transmigration of arrested leukocytes across the endothelium is
not as well understood. However, it is generally accepted that leukocytes migrate across
the endothelium by penetrating junctions that lie within the intercellular cleft. Leukocytes
move across blood vessel walls by passing between ECs (diapedesis).” After
transmigration, leukocytes move into the interstitium along a gradient of chemoattractant
toward the source of the chemoattractant. In lungs, leukocytes then migrate across the
epithelium to reach the apical side. Molecular requirements of transepithelial migration
are not well understood but most likely involve a multi-step process that requires
sequential interactions of leukocyte adhesion molecules with their ligands on the
epithelial cells.***!

36-38

Leukocyte migration depends on: I) nature of inflammatory stimuli and II) route of
exposure of stimuli to the alveolar capillary bed. Doerschuk et al. demonstrated that
neutrophil migration occurs through at least two distinct pathways. One pathway requires
B2-integrins, whereas the other does not, and the distinction depends on the stimulus.**
Gram negative bacteria (e.g. E.coli) or LPS elicit neutrophil migration via pathways
predominately mediated by p2 integrins.** Alveolar endothelial ICAM-1, which serves as
a ligand for neutrophil B2 integrins is upregulated in response to LPS stimulus. In
contrast, gram-positive bacteria (e.g. S.pneumoniae) elicit pulmonary neutrophil
migration independent of P2 integrins.* In a situation where neutrophil migration is p2
integrin independent, antibody inhibition of B1 integrin or specific o.-subunits (a2, o4,
a5 and a.6) blocks neutrophil migration into alveoli.** Moreover, gram-negative stimuli
appear to elicit greater TNF-o production than do gram-positive stimuli. Taken together,
integrin antibody studies and disparate cytokine production elicited by various stimuli



suggest that the adhesion molecule requirements for migration might depend on the type
and quantity of cytokines and chemokines produced in response to inflammatory
stimulus.

Shang and Issekutz identified a role for B2 integrins, as well as a4, a5 and a6p1
integrins.45 With a cocktail of blocking antibodies to these integrins, neutrophil migration
was inhibited by 60%.* Recently, a few studies indicated exceptions to the B2 integrin
dependent neutrophil migration in LPS stimulated models. These studies reported the
significance of 04 and/ or a5 integrins along with B2 integrins.*”*® Intratracheal (i.t.)
instillation of LPS (E.coli) results in B2 integrin dependent migration, while intravenous
administration results in sequestration that is p2-integrin independent.*** Airway
instillation of stimuli via trachea would presumably induce inflammation along airway
walls containing vessels of the bronchial circulation as well as pulmonary capillary beds.
Conversely, models that use intralobular instillation may deliver inflammatory stimuli
anatomically closer to alveolar regions, and may therefore induce relatively more
neutrophil migration from the pulmonary vasculature.

Clinical and experimental studies have provided circumstantial evidence of the
occurrence of neutrophil mediated injury in ALI. Broncho-alveolar lavage fluid (BALF)
in normal subjects yields normally only a few neutrophils.”® However, a subpopulation of
circulating neutrophils is always present within the pulmonary microvasculature.
Evidence shows that percentage of BALF neutrophils is markedly increased in ALI
affected patients.”’ The migrated neutrophils release myeloperoxidase (MPO) and
reactive oxygen species (ROS) in alveoli, which can be potentially harmful to alveolar
epithelium.” When produced in excessive amounts or when anti-oxidant defense is
insufficient, free radicals can damage DNA, lipids, proteins and carbohydrates.”
Alongside neutrophils, monocytes play a critical role in the propagation of inflammatory
response.”*>> From blood circulation, they migrate into lungs and differentiate into
alveolar macrophages, which amplify the inflammatory response through the production
and secretion of chemokines and other pro-inflammatory mediators.

1.2.4 Relevance of ALI Models in Therapeutic Intervention

Different animal models of ALI are in use to investigate pathological mechanisms of lung
injury.”® However, none of the ALI models adequately reproduces the full characteristics
of human ALI, and therefore, the choice of a particular model is made after considering
the specific features of each model. Most ALI models target the primary tissues, alveolar
epithelium or endothelium or both. Modeling strategies are an attempt to target specific
tissue. From a practical standpoint, there are three general types of model systems: I)
models in which the lung is injured directly by a noxious stimulus. These include
intratracheal or intranasal administration of bacteria or bacterial products, such as LPS or
pro-inflammatory cytokines, IL-1f; administration of an acid, such as HCI to reproduce
aspiration;’"”* administration of high inspired fractions of oxygen;’’ depletion of
surfactant by serial lavage with 0.9% NaCl®® or exposure to mechanical stretch using
mechanical ventilation with high tidal volumes,®' IT) models in which the lung is injured



indirectly. This category includes models based on reproducing sepsis, such as cecal
ligation and puncture (CLP);** systemic administration of LPS or bacterial infusion® and
IIT) combination models. Most commonly used model includes saline lavage followed by
mechanical ventilation, or CLP followed by hemorrhage.

Exposure to moderate doses of LPS is widely used as a prototypic ALI model,** while
administration of high doses of LPS is considered as a relevant model of ARDS.® Early
phase (4-6 h) of LPS instillation (i.t.) is characterized by an increase in BALF leukocytes,
albumin and pro-inflammatory cytokines/chemokines, and late phase (2448 h) is
characterized by normalization of BALF cytokines and increase in BALF leukocyte
counts.®® Systemic administration of LPS in animals induces a septic shock resulting in
injury to various organs, including the liver®’ and the lung.*® Following the systemic
administration of LPS, the capillary endothelium is the initial site of injury, which results
in apoptosis of endothelial cells.®® Neutrophil migration occurs before epithelial
permeability changes or alveolar barrier disruption.”’ Other hallmark features include
elevated concentrations of cytokines/chemokines in blood circulation and coagulation
abnormalities.”' Altogether, these animal models clearly demonstrate that direct
(pulmonary) or indirect (systemic) challenges by endotoxins may cause lung tissue
damage that are severe enough to qualify as ALI/ARDS. In addition, animal models
provide a critical method for testing potential new therapies in a proof-of-principle
fashion.

1.2.5 Pharmacological Interventions of ALI in Preclinical and Clinical Trials

The pathophysiology of ALI is increasingly well understood; however, very little success
was achieved with regard to new treatment modalities. The spate of trial failures may
relate to participant heterogeneity or to intervention strategy. Important considerations for
trial failures are the timing of intervention (pre-ALI, the early exudative phase, the
intermediate fibro-proliferative phase or later), mechanism of drug delivery (intravenous,
enteral, inhaled or intrapulmonary instillation). As new information regarding the
pathogenesis of ALI evolves, more specific therapies are being studied, including
separate considerations for direct or indirect forms of ALI. Table 1.1 is a summary of the
therapies under preclinical and various phases of clinical development.

1.2.5.1 Anti-inflammatory Strategies: Corticosteroids

Transcription factor, NF-kB is associated with the regulation of a battery of genes that
encode for cytokines, chemokines and adhesion molecules.’*”® NF-kB is a heterodimeric
protein composed of the DNA binding proteins, p65 and p50 constitutively present in the
cytoplasm in an inactive form stabilized by the binding to the inhibitory protein, IxkBa. ™
Cellular activation by adverse stimuli leads to phosphorylation and degradation of
IkBa.” The liberated NF-kB then translocates into the nucleus and binds to promoter
regions of target genes to initiate the synthesis of the pro-inflammatory cytokines,
chemokines and adhesion molecules.



Table 1.1 Pharmacological agents in preclinical and clinical phases of drug

development.

Stage of study Pharmacological intervention

Preclinical

Phase I

Phase 11

Phase 111

Cyclooxygenase inhibitors: Eltenac
Keratinocyte growth factor (KGF)

Neutrophil elastase inhibitors: EPI-HNE-4
Anti-oxidant: OxSODrol

Cytoprotective therapies: CPC-111

Soluble complement receptors: TP-20
Anti-coagulants: NAPc2

Anti-inflammatory: PAF-AH/Pafase™

Inhaled nitric oxide

B2-agonists

Soluble complement receptors: TP-10

Liquid ventilation: LiquiVent™

Albumin and furosemide

Nutrition

Surfactants: Venticute™, HL-10, lucinactant
Prostaglandins: Prostacyclin/PGI2, PGE1/TLC C-53
Growth Factors: GM-CSF/leukine
Anti-coagulants: rhAPC/drotrecogin alfa, TFPI
Corticosteroids

G-CSF: Granulocyte colony-stimulating factor; GM-CSF: Granulocyte macrophage
colony-stimulating factor; hLS: Human lung surfactant; HNE: Human neutrophil
elastase; KGF: Keratinocyte growth factor; NAC: N-acetylcysteine; NAP: Anti-
coagulation protein; rhAPC: Recombinant human activated protein C; PAF-AH: Platelet
activating factor acetylhydroxylase; TFPI: Tissue factor pathway inhibitor.
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Glucocorticoids mediate NF-kB transcription interference by one of the following
mechanisms:” I) physically interacting with the p65 subunit and formation of an inactive
(GR-NF-kB) complex,’® IT) inducing the transcription of the inhibitory protein, IxBa,’*”®
IIT) impairing TNF-a induced degradation of IkBo” and (IV) competing for limited
amounts of GRa co-activators, such as steroid receptor co-activator-1.* Through one of
the above mechanisms, GCs suppress the production of cytokines by target cells (e.g.,
endothelial, epithelial and leukocytes) in response to inflammatory stimuli. Furthermore,
they downregulate the expression of chemokines and adhesion molecules on these
cells.”**"™* Studies in vitro demonstrate a direct effect of GCs on cultured ECs and
isolated neutrophils to inhibit expression of adhesion molecules.***® Several case series
reports®** suggested that glucocorticoids could lower mortality in some patients with
severe ALI when administered several days after ALI onset. In a small, randomized,
placebo-controlled trial important clinical outcomes were better in patients randomized to
receive methylprednisolone in the late phase of ALL®

1.2.5.2 Prostaglandin Agonists/Inhibitors

Prostaglandin E1 is a vasodilator that blocks platelet aggregation and decreases
neutrophil activation. This agent showed promise in experimental and preliminary
clinical studies of lung injury.”’ However, a multi-center study’' reported no evidence of
reduced mortality in those treated with prostaglandin E1. Liposomal delivery of
prostaglandin E1 was also not beneficial in a phase 11 study.92 Ketoconazole, a potent
inhibitor of thromboxane and leukotriene synthesis was reported to prevent the
development of ALI in high risk surgical patients. However, an NIH-sponsored multi-
center phase III trial”® showed no decrease in mortality for ketoconazole treatment (35%)
vs. the placebo group (34%).

1.2.5.3 Phosphodiesterase Inhibitors

Pentoxifylline is a phosphodiesterase inhibitor that inhibits neutrophil chemotaxis and
activation.”® In animal studies, lisofylline inhibited release of TNF-a, IL-1f and IL-6, and
attenuated shock induced lung injury in mice.”” However, phase III trial’® by the NTH-
ARDS Network in ALI patients showed no beneficial effects of lisofylline.

1.2.5.4 Anti-oxidants

Evidence suggests that ROS plays a major role in mediating injury to the endothelial
barrier of the lung in ALL®’ In normal individuals, oxidant productions are normally
balanced by a number of anti-oxidants, including water soluble molecules, such as
glutathione and lipid soluble molecules, such as Vitamin E (a-tocopherol).”*’ N-
acetylcysteine (NAC), a synthetic anti-oxidant mediates its effect as a precursor for
gluthatione.”® NAC was shown to protect lung tissue against oxidative damage in
preclinical models.'” However, clinical studies failed to improve survival in ALI
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patients.'”! Vitamin E, considered as the principal anti-oxidant improved immune
. . . . . . 102
responsiveness, and reduced the incidence and severity of infectious diseases.

1.2.5.5 Anti-IL-8 Therapy

One approach is to reduce the number of neutrophils that migrate into the extravascular
space of the lung by interfering with neutrophil adhesion to the lung endothelium or by
reducing the release of chemotactic factors in the extravascular space. Monoclonal
antibodies that neutralize IL-8 reduced acid-induced lung injury in rabbits.'” Clinical
trials of anti-IL-8 therapy for prevention in high risk patients or in early ALI may soon be
warranted.

1.2.5.6 Surfactants

Surfactant is a lipoprotein complex produced by alveolar type II cells. Alveolar surfactant
secretion reduces surface tension, and prevents alveoli from collapsing.104 Whether
reduced in amount or dysfunctional in condition, surfactant abnormalities may lead to
problems, such as ventilation-perfusion mismatch, hypoxemia and reduced lung
compliance.'” Surfactant replacement therapy in animal models of ALI improved
oxygenation, lung mechanics and survival.'**'%

1.2.5.7 Miscellaneous Therapies

Many other therapeutic interventions are under preclinical and clinical investigations.
Partial liquid ventilation uses perfluorocarbons to maintain open lung units and improve
oxygenation.'”’ The use of activated protein C'*®® and GM-CSF'?” are all moving forward
in large scale clinical trials. p2 agonists''® and fluid balance manipulation''" appear
promising despite varied conclusions from previous trials. Various ligand based
pharmaceuticals (e.g. inhibitors of the upregulated receptors on alveolar epithelium or
endothelium or leukocytes) are in different stages of drug development.

Citing the multiple pathways involved in ALI pathogenesis, an ‘all-out’ therapy that
contributes to the resolution of edema, and inhibition of leukocyte migration and pro-
inflammatory mediators’ production is most desirable rather than just limiting one or the
other.

1.2.6 Significance of Drug Delivery in ALI Pathogenesis
Numerous clinical trials involving pharmacological therapies aimed at different
pathological targets turned unsuccessful. One of the attributed drawbacks is the under-

appreciation of drug delivery systems in the management of ALI. Very few investigations
were directed at drug delivery perspective in the treatment of ALI. However, the results
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are promising both in the alleviation of the syndrome and improving the survival of
patients. As described previously, the alveolar epithelium and endothelium play an
important role in the vicious circle of production of pro-inflammatory mediators and
leukocyte recruitment. An attractive therapeutic approach is to selectively target anti-
inflammatory drugs to activated epithelium/endothelium, thereby increasing the
effectiveness of the targeted drug and simultaneously diminishing systemic side effects.
To selectively deliver drugs into activated alveolar epithelial/endothelial cells, integrins
and ICAM-1 receptors are suitable targets because of spatial and temporal expression in
response to inflammatory stimulus. Furthermore, both integrin and ICAM-1 receptors are
internalizing molecules, which results in the intracellular degradation of the drug-
targeting systems and drug release, thereby leading to local anti-inflammatory activity.
Thus, targeting to integrin/I[CAM-1 receptors facilitates multi-purpose: I) specific
delivery of drugs for inhibition of pro-inflammatory mediators’ production and II)
blockade of receptors for inhibition of pulmonary edema/leukocyte migration.

Optimal targeted drug delivery systems incorporate the ability to preferentially recognize
and localize to sites of injury, while simultaneously avoiding uptake into normal tissue
beds.'"? Therefore, active targeted drug delivery systems are investigated to improve
therapeutic efficiency and reduce side effects associated with systemic administration.
Liposomes are studied extensively as potential vehicles for selective drug targeting,
achieved by modulation of specific and non-specific cellular and molecular interactions.
Liposomal drug delivery systems have received considerable attention due to their
specific advantages: I) encapsulation of small and large molecules with a wide range of
hydrophobicity levels and pKa values, II) prolong and target therapeutic agents by
modification of liposome surface and III) minimize clinical drug dose and reduce toxicity
effects. The surface chemistry of liposomes can be controlled by the selection of
particular phospholipid moieties to incorporate several different molecules in well
defined molar ratios. As a result, liposomes can be engineered to provide great diversity
of structures with exceptional design control. Liposomes also have a relatively high
encapsulation volume available for carrying therapeutic agents compared with other drug
carrying nano sized vehicles.'"” Therefore, liposomes are considered as potential targeted
drug delivery systems.

In the current investigation, we will apply the liposome drug delivery perspective to the
pathological mechanisms, and improve therapeutic benefits in the treatment of ALIL It is
perhaps this requirement that is most tenuous, but the one with the great potential.

1.3 Overview of Liposome Literature

Most of the medical applications of liposomes are in cancer and inflammation areas.
Ligand targeted liposomes perform best against targets in the vasculature or readily
accessible from the vasculature, e.g. as an adjuvant therapy in the treatment of residual
and micro-metastatic disease following primary therapy of solid tumors by surgery or
radiation.''* Over the next decade, the number of liposome based pharmaceutical
products will continue to expand, justifying the investment in research and development
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over the previous years. Table 1.2 illustrates the liposome products in preclinical and
clinical phases of development.

1.3.1 Basic Liposome Composition

Liposomes are spherical self-closed vesicular structures. The size of a liposome ranges
from 20 nm to 1-5 um, and they may be composed of one or several concentric
membranes, each with a thickness of about 4 nm. Liposomes possess unique properties
owing to the amphipathic character of the lipids, which make them suitable for drug
delivery. Liposomes, prepared using a lipid or combination of lipids carry water soluble
drugs in their aqueous compartments and lipid soluble drugs in their lipid bilayers. The
amphipathic phospholipid molecules, with distinct hydrophobic and hydrophilic domains,
spontaneously form bilayers in aqueous media as a consequence of the interaction
between the polar head group of the phospholipid and water. The charge, phase transition,
hydrogen-bonding capacity, membrane rigidifying potential and functional groups of
phospholipids all affect the retention of the encapsulated drug.

The inclusion of cholesterol (CHOL) stabilizes liposomal phospholipid membranes
against disruption by plasma proteins''>''® and results in decreased binding of plasma
opsonins responsible for rapid clearance of liposomes from circulation.'"” Cullis and
coworkers''® showed that CHOL-free liposomes bound 3-4 times more protein than
CHOL containing liposomes. This increase in CHOL caused a substantial increase in
clearance from the blood of mice. CHOL-free liposomes were shown to aggregate rapidly
in the absence of steric stabilization, and further leads to increased clearance.'” The
fluidity of the membrane also affects the rate of clearance, with non-pegylated liposomes
composed of unsaturated phospholipids and CHOL display rapid clearance rates than
those containing saturated phospholipids.'**'** In the absence of CHOL, neutral
phosphatidylcholine liposomes composed of saturated lipids were cleared more
rapidly.''® However, high CHOL concentrations (30 mole%) resulted in the formation of
a highly ordered crystalline state, which decreased protein binding and dramatically
increased circulation life times.''® The rate of liposome clearance varied positively with
the phase transition temperature of the phosphatidylcholine.''® This is likely due to
increased protein binding to exposed hydrophobic domains originating from packing
defects in gel phase membranes. Substitution of sphingomyelin for the high phase
transition distearoyl phosphatidylcholine (DSPC) increased circulation life times in
CHOL containing liposomes.'> This is likely due to the highly cohesive membranes'**
formed as a result of intermolecular hydrogen bonds between sphingomyelin and
neighboring CHOL'**'*>!2® or even other sphingomyelin'?’ molecules. Liposomes
composed of hydrogenated sphingomyelin and CHOL were shown to improve circulation
life times of vincristine encapsulated liposomes.'*®

Charged lipids affect liposome clearance, although the relationship is often very
complex.'*? In general, low concentration of charged lipids provide sufficient
electrostatic repulsion to prevent liposome aggregation upon addition of hydrophobic
drugs to the membrane.'*” However, the inclusion of high concentration of either anionic
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Preclinical studies
Drug delivery
Adriamycin
Doxorubicin
Vincristine
Prednisolon
Clodronate
Glucocorticoids
Glucocorticoids
Budesonide
Tacrolimus
Interleukin-2

DNA delivery
Bcl-2 antisense ODNs
Interferon-b DNA

Sarcoma
Neuroblastoma
B-cell lymphoma
Autoimmunity
Autoimmunity
Arthritis

ALI

Asthma

Skin disorders
Immunotherapy

Cancer
Glioma

Table 1.2 Liposome products in clinical and preclinical studies.
Product Application Company; trial phase
Clinical studies
Drug delivery
Caelyx Bladder cancer Schering Plough; EU
Doxil Ovarian cancer Ortho Biotech
Doxil+VAD Myeloma Millennium
Doxil+VAD Multiple myeloma Millennium; IIT; J&J; 111
Doxil+Yondelis Ovarian cancer J&J; 111
Myocet Breast cancer Sopherion Therapeutics; 111
Liposomal cisplatin Recurrent ovarian cancer Sequus; 11
Aroplatin™ B-cell lymphoma Antigenics; 1
Annamycin Leukemia Aronex Pharm; II
Paclitaxel Head and neck cancer Neopharm; II and 111
Vincristine Lung cancer Inex Pharm; II
Topoisomerase inhibitor Lung and ovarian cancer OSI Pharm; 1T
Mitoxanthrone Other cancers Neopharm; II
Nystatin Leukemia Pfizer; 111
DNA delivery
Interleukin-2 plasmid DNA Kidney and prostate cancer Vical; 11
Antigen delivery
MUC-1 peptide; BLP25 Lung cancer Merck; IIT

VAD denotes vincristine, adriamycin and doxorubicin (DXR) combination
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or cationic lipids into liposomal membrane increases clearance of liposomes from the
circulation. High concentration of anionic lipids increases accumulation in liver and
spleen.'?*"*" In addition to liver and spleen, cationic lipids enhance uptake by vascular
endothelial cells of lung,"' tumor vasculature'** and blood brain barrier.'* In anionic
liposomes, net negative charge of liposomes is dependent on the specific anionic lipid
utilized in the formulation, with low concentrations of anionic gangliosides,
phosphatidylglycerol (PG), phosphatidylinositol (PI) and PEGylated
phosphatidylethanolamine (PEG-PE) result in substantial reduction in
clearance.'**'?>13%13* The presence of anionic lipids, such as phosphatidic acid (PA),
phosphatidylserine (PS) and cardiolipin (CL) caused an increase in the rate of clearance
from the blood.'**"**!** This discrepancy is in part due to the differences in
protein/opsonins binding to membranes containing different anionic lipids. Liposomes
comprised of the anionic lipids exhibited high plasma protein binding, while liposomes
composed of PG, PI and PEG-PE show less protein binding.130 The presence of PS on
liposomal surface resulted in receptor-mediated clearance.'*® Therefore, caution should
be exercised in the selection of charged lipid components in liposomal therapeutics.

The phase transition temperature (Tm) of the phospholipid component influences drug
retention. The phospholipid undergoes a shift from a well ordered gel phase to a fluid and
disordered liquid crystalline state at its phase transition temperature. In general, liposome
membranes are more permeable above the Tm of the particular phospholipid. For
unsaturated phospholipids, physiological temperature is above the phase transition, and
therefore, the drug retention is compromised. On the other hand, saturated phospholipids,
such as DSPC or hydrogenated soy phosphatidylcholine (HSPC) have a phase transition
temperature (50-58°C) above the physiological temperature, and therefore, the liposome
formulations are stable. The clearance rates of doxorubicin loaded pegylated liposomes
were correlated with the Tm of the phosphatidylcholine (EggPC>DPPC>HSPC),
reflecting the increased membrane permeability, and thus leakage of doxorubicin for the
EggPC and dipalmitoyl phosphatidylcholine (DPPC) formulations."’

Sphingomyelin stabilizes membranes in the presence of CHOL. It imparts compact
packing of membrane lipids'*® with a decrease in permeability to water and other
solutes.*” The high cohesiveness and reduced permeability of the membrane could be
due in part to the strong hydrogen bonds between the amide nitrogen of sphingomyelin
and the hydroxyl group of CHOL."*® In addition, due to the amide linkage in its
backbone, sphingomyelin is also less sensitive to pH-dependent hydrolysis.'*
Substitution of dihydrosphingomyelin for sphingomyelin was shown to improve the
stability of vincristine encapsulation. Thus, the ability of sphingomyelin and
dihydrosphingomyelin to reduce the membrane permeability of certain drugs can play an
important role in regulating the rate of drug release for certain small molecule drugs.

1.3.2  Physico-chemical Properties of Drugs: Liposome Encapsulation

The physico-chemical properties of the drug to be incorporated into liposomes play an
important role in determining its rate of release. Encapsulated drugs are classified as: (I)
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water insoluble hydrophobic drugs, (II) amphipathic weak bases, (III) amphipathic weak
acids, (IV) highly water and membrane impermeable small molecular weight drugs and
(V) polyions, such as nucleic acids. The most commonly studied drugs are the
amphipathic weak bases (e.g. camptothecins, anthracyclines). Typically, weak bases are
loaded into liposomes using ammonium sulfate gradient method, which even
significantly improved the pharmacokinetics of the encapsulated drug. However, within a
given class of drugs, the drug release rates can vary dramatically. Doxorubicin has an
improved toxicity and anti-tumor efficacy profiles. However, another member of the
same class, mitoxantrone is released more slowly compared to doxorubicin, its activity is
compromised and requires a modified lipid composition to promote release of the drug
and improve efficacy.'*! Weakly acidic drugs can be loaded using reverse pH gradients
(i.e., pH lower on liposome exterior), including acetate gradient method.'** Drugs that
contain both weakly basic and weakly acidic groups pose a challenge, but are often
overcome depending on the pKa and number of the various ionizable groups. A drug that
contains both a weakly basic amine and a phenolic hydroxyl group, with its relatively
high pKa, is still viable for gradient method. The presence of low pKa acids, make it
difficult to find a pH where both the acid and the amine would be neutralized, enabling
the drug to readily penetrate the liposomal membrane and accumulate in the liposome
interior. Hydrophobic drugs represent a third class of drugs that are formulated in
liposomes. Lipophilic drugs rapidly transfer between liposomal membranes and various
biological interfaces, including cellular membranes and plasma proteins.'*> Therefore,
these liposomes often demonstrate some improvement in pharmacokinetic parameters.
Highly water soluble molecules include both small molecules and polyionic compounds,
such as nucleic acid based therapeutics. Encapsulation of highly water soluble agents
may not be amenable to gradient-based drug loading methods due to their minimal
membrane permeability. However, nucleic acids, although highly water soluble can be
efficiently complexed with cationic lipids to form highly condensed lipidic
nanoparticles.144 These examples illustrate the barriers and opportunities for delivery of
various classes of drugs.

1.3.3 PEGylation of Liposomes

Conventional liposomes formed by natural phospholipids and CHOL are generally
recognized by the body’s immune system as foreign bodies and are often destroyed
before significant amounts of drug reach the intended disease site. Liposomes are
engulfed by phagocytic cells of the reticular endothelial system (RES), and therefore,
drugs accumulate in the liver, spleen or bone marrow. Attachment of ligands, such as
polyethylene glycol (PEG) to a liposome surface results in the formation of sterically
stabilized liposomes, which prolong drug residence time in blood circulation.'*'*® This
is the patented delivery form, termed stealth® liposomes (ALZA). As shown in Figure
1.4, targeted liposomes usually involve coating with functionalized ligands that bind
specifically with receptors on cell surface. The stealth® liposomes maintain chemical
stability of the drug in the body and lengthen drug circulation half-life."*”'* Therefore,
incorporation of steric stabilizing surface functional moiety became an essential
component of liposome formulation development. Among the various ligands
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Figure 1.4  Schematic representation of various classes of liposomes.

Conventional liposomes are PEGylated to obtain long circulating liposomes.
Conventional liposomes or PEGylated liposomes are surface modified with proteins (e.g.
antibodies) to obtain targeted liposomes. Cationic liposomes are obtained by
incorporation of cationic lipids (e.g. lipofectamine).
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investigated for improving the blood circulation half-life of liposomes, PEG is the most
widely used stabilizer in pharmaceutical applications because of its advantages, including
non-biodegradability, high solubility in aqueous solution, ability to bind to a large
number of water molecules, high flexibility of its polymer chain, and non-immunogenic
and limited accumulation in RES system.'?' In addition, PEG prevents the adsorption of
proteins (opsonins) responsible for phagocytic removal, and thus provides the ability to
adjust the liposome physico-chemical (such as drug loading and leakage) and biological
properties (e.g. blood circulation and tissue distribution).'*"'>°

1.3.4 Liposome Targeting

1.3.4.1 Passive Targeting

Targeting of drugs to specific cells and substrates is a critical objective of drug delivery.
The size control of liposomes and nature of liposome surface (e.g. surface/steric effect)
may be used to optimize passive targeting.'** The enhanced accumulation of liposomes at
inflammation and tumor sites is due to the leaky vasculature system,'*""'>* which is
unable to prevent small species (<100 nm) crossing the capillary membrane. Even
though, only a small fraction of liposomes eventually accumulate at target sites,
prolonged circulation indirectly enhances accumulation of liposome associated drugs in
the targeted tissues.

1.3.4.2 Active Targeting

Active targeting of liposomes to specific cell receptor sites involves modifying the
liposome surface with the incorporation of specific ligands, e.g. peptides, antibodies,
immunoglobulins, lectins and other proteins.'>* A number of key issues must be
addressed before active targeting of liposomes using ligand-receptor interactions in
vivo."”* Targeted liposomes must circulate in blood long enough to perfuse into the target
organ and eventually interact with cells. Otherwise, liposomes will be cleared without
making contact with the cell targets.'> Targeted cell receptor expression should be high
compared to non-targeted cells, and receptors must provide sufficient specificity and
affinity. Therefore, knowledge of the density of the receptors in target tissue compared
with non-targeted sites and the degree of blood perfusion are useful to design targeted
liposomes.'** In addition, targeting moieties coupled to the surface of liposomes must be
sufficiently stable in vivo. In some cases, PEG incorporated into liposomes affects the
targeting action and interferes with target (e.g. receptor) recognition. To overcome the
barrier of PEG, attachment of targeting ligand to the distal end of a PEG molecule
precludes steric hindrance and improves targeting properties of liposomes.156’157 For
example, attachment of a targeting ligand to the maleimide residue of DSPE-PEG-
maleimide.''*""*® The PEG-PE liposomes with targeting moieties retain long survival
times in blood circulation and demonstrate target recognition in vivo."’ In addition,
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reports suggested that PEG chain length and charge density are crucial for targeted
liposomes.'"’

1.3.5 Methods for Attaching Targeting Ligands to Liposomes

Over the years, different strategies evolved to impart active targeting to liposomes. All
these strategies are based on two chemical methods for attaching ligands to the liposomal
surface: covalent and non-covalent coupling. Figure 1.5 describes various covalent
reactions used for coupling targeting ligands to liposome surface. Generally, ligands are
bound to the surface of liposomes through hydrophobic anchors with functional groups.
Long-chain fatty acids, such as palmitic acid'® and phospholipids, such as PE'®"'%? are
generally used as anchors. These anchors are incorporated into liposomal bilayers during
the formation of liposomes. There are two approaches to covalently attach the ligand to
the anchor. The first consists of carrying out the reaction between the ligand and the
anchor, and mixing the resulting ligand with other constituents of the liposome.'® In the
second case, the anchor is already included in the liposome bilayer, and the coupling
reaction occurs on the surface of preformed liposomes.'®*

1.3.5.1 Coupling of Ligands to the Surface of Liposomes Using thio-ether Bonds

The reaction between thiol and maleimide groups is an efficient reaction that gives a
stable thio-ether bond. Native thiol groups are present in some proteins, but in many
others, thiol functions are either absent or present in insufficient amounts. Thiol groups
are added either via hetero-bi-functional cross-linking agents'*>' or by reducing
disulfide bonds. N-hydroxysuccinimide 3-(2-pyridyldithio)propionate (SPDP) and
succinimidyl-S-acetylthioacetate (SATA)' " are commonly used as crosslinkers. Both
offer one primary reactive amine residue for coupling with the ligand. In both cases, thiol
functions are not directly available, and a deprotection of these functions under mild
conditions is necessary before the reaction with liposomes. In the case of SPDP,
dithiothreitol (DTT) or an alternative reducing reagent is used to reduce the disulfide
bond to thiol function. SATA offers one protected thiol function, which is deacetylated
with hydroxylamine. N-(4-(p-Maleimidophenyl)butyryl)phosphatidylethanolamine
(MPB-PE) is another commonly used functionalized anchor.'®® The extended spacer arm
between the phospholipid head group and the maleimide moiety reduces the possibility of
a steric hindrance at the bilayer interface, and thereby ensures favorable thiol reactivity.
Once the liposomes with maleimide groups are formed, the ligands with thiol functions
are coupled to the liposomes by simple addition reaction.'®*'®® Now, there is commercial
abundance of functionalized lipids with terminal maleimide groups for ease of
conjugation with thiol groups of antibodies.

Immunoliposome technology can be combined with sterically stabilized liposomes to
give long circulating vesicles capable of delivering antibodies/immunoglobulins to target
cells. There are two ways of obtaining immunoliposomes: (I) antibodies are bound to the
surface of liposome in parallel with PEG'® and (II) antibodies are linked to the distal end
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Figure 1.5  Schematic representations of different coupling methods used for surface
modification of liposomes.

Reaction between maleimide and thiol functions (A), formation of a disulfide bond (B),
reaction between carboxylic acid and primary amine group (C), reaction between
hydrazide and aldehyde functions (D), cross-linking between two primary amine
functions (E).
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of PEG chains.'® For both approaches, PEG is incorporated into the bilayer via an
anchor, such as distearoyl phosphatidylethanolamine (DSPE).'*®!”® When antibodies are
coupled to the termini of PEG, (maleimidomethyl)cyclohexanecarboxylate-PEG-DSPE
(MCC-PEG-DSPE) or maleimido-phenylpropionate-PEG-DSPE (MP-PEG-DSPE) are
used.'”"'" Thiol groups of the Fab’ fragments'’' or monoclonal antibodies (entire IgG)
are then attached to the distal end of PEG chains via the maleimide groups. It is also
possible to link maleimido antibodies to liposomes offering thiol functions.'’*'”?
Antibodies can also be attached either directly to the surface of the vesicles via PDP-
dioleoyl phosphoethanolamine (PDP-DOPE)170 or to the PEG terminus via PDP-PEG-
DSPE'" or PDP-PEG-PE.'® Maleimido antibodies are obtained using a hetero-bi-
functional cross-linker, succinimidyl 4-[p-maleimidophenyl]butyrate (SMPB)'®-!7%:173
that is reactive with amino and sulfthydryl groups of antibodies. High coupling efficiency
is possible when ligands are coupled to the distal ends of PEG chains.'”

1.3.5.2 Attachment of Ligands to Liposomes via a Disulfide Linkage

One of the most rapid and easy coupling chemistries involves the conjugation of two thiol
functions to form a disulfide bond. However, disulfide bonds are relatively unstable
under the reductive conditions in serum.'”* For this reason, the disulfide linkage is
progressively replaced by other more stable ones. As seen before, thiolated ligands are
generated either by reduction of disulfide bonds'” or using SATA or SPDPlinkers.'”” The
thiolated ligands are then made to react with the pyridyldithio moiety of the anchor (PE-
PDP) to form a disulfide linkage. Several studies demonstrated that the coupling method
is efficient in attaching antibody to the liposomes without denaturation of the ligand.'”

1.3.5.3 Cross-linking between Carboxylic Acid Functions and Primary Amines of the
Ligand

Ligands are attached to the surface of liposomes by an amide bond using an anchor
functionalized with carboxylic acid end groups. Distearoyl-N-(3-carboxypropionoyl
poly(ethylene glycol)succinyl)phosphatidylethanolamine (DSPE-PEG-COOH) offers
carboxylic acid groups at the distant end of PEG chains."*®'’® The coupling reaction is
carried out in the presence of N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-
dimethylamino-propyl)carbodiimide (EDC) to form an acyl amino ester, which will
subsequently react with the primary amine of the ligand, yielding an amide bond.'’®'”
The advantage of this method is that no prior ligand modification is required, thus
reducing the risk of denaturation and loss of specific activity.

1.3.5.4 Binding of Ligands to Liposomes via Hydrazone Bond
Antibodies are covalently bound through their carbohydrate moieties to hydrazide groups

grafted onto the liposomal surface to form a hydrazide bond. A mild oxidation of the
carbohydrate groups on the constant region of the heavy chain of the immunoglobulin is
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required to produce aldehyde groups. These react with hydrazide groups of the anchor.'”®
The carbohydrate groups are oxidized either by galactose oxidase or by sodium
periodate.'”® Once the oxidized antibodies are formed, they are either directly coupled to
the lipid bilayer containing a hydrazide-hydrophobic anchor, such as lauric acid
hydrazide'™ or to the distal end of the PEG chains of sterically stabilized liposomes.
In the latter case, a functionalized PEG-lipid hydrazide, Hz-PEG-DSPE'® is used. This
coupling method is not very efficient because only a small percentage of antibodies
(17%) were attached to the liposomal membranes.'”

170,179

1.3.5.5 Cross-linking between Primary Amines on Liposomes and Primary Amines of the
Ligand

In this method, direct amine-amine cross-linking is performed. Two homo bi-functional
cross-linkers are used: glutaraldehyde and suberimidate.'®' The advantage of this
coupling approach is that no prior modification is required to add functional groups to the
ligand. The coupling method consists of first activating the primary amine of PE on the
liposome surface via the cross-linker and subsequently coupling the ligand. High
coupling efficiency (60 mole%) of antibodies to liposomes was reported.'® Despite the
fact that the coupling reaction is efficient, the use of homo bi-functional cross-linkers is
rarely exploited owing to the uncontrollable homo-polymerization of ligand during the
cross-linking reaction.

1.3.5.6 Multi-step Attachment Using the Avidin-Biotin Interaction

The avidin-biotin strategy is a popular and versatile tool for active targeting.'>”-'*!8
Anita et al demonstrated the use of a biotinylated PEG-DSPE linker to form a non-
covalent bond between streptavidin-conjugated monoclonal antibody (mAb) (e.g. 0X26
mADb raised against the rat transferrin receptor) and liposomes.'®* Furthermore,
biotinylated antibodies are easily obtained.'*>'*® Huwyler et al demonstrated specific
targeting of daunomycin to the rat brain using OX26 antibody conjugated liposomes.">’

1.3.5.7 Non-covalent Methods

An alternative means to conjugate ligands to liposomes is the use of non-covalent
methods. The advantage of these methods is easy to be carried out without the need of
aggressive reagents. A simple method is to merely add the ligand to the mixture of
phospholipids during the preparation of the liposomes. However, the percentage of ligand
attached to the carrier is relatively low (4-40%) and aggregation of the liposomes is
frequently observed. Furthermore, the amount of ligand linked to the liposome is not
easily controllable and the correct orientation of the antibodies is not ensured. Finally,
detachment of the antibody in vivo might occur.
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1.3.6 Preparation of Liposomes

1.3.6.1 Passive Loading

Over the last 60 years, numerous methods are reported for the preparation of liposomes.
On a small scale, Bangham method is the commonly employed method. In this method
the lipid film is hydrated with drug solution/suspension to encapsulate or incorporate
drug moieties.'>* Usually, hydrophilic drugs should have a large encapsulated volume. On
the other hand, the encapsulation efficiency of hydrophobic drugs depends on the
quantity and quality of lipids."®"'*® In an appropriate preparation method, concentration
of lipids and drugs, drug/lipid ratio, presence of functionalized lipids, pH, buffer and
process parameters play a critical role in the encapsulation efficiency of drugs.'?

1.3.6.2 Active Loading: Gradient Loading Strategies

The drug encapsulation method is important in determining the in vivo stability of
liposomes. Hydrophobic drugs are usually encapsulated passively by hydration of the
lipid film with drug solution."®"** Some therapeutic agents, including small molecules
and proteins can be complexed with charged lipid components.'**'*' However, one of the
most widely used encapsulation methods employs transmembrane gradients to efficiently
load and subsequently stabilize weakly basic amphipathic drugs inside the core of
liposomes. These include: (I) simple pH gradients using citric acid solutions,”*!”* (II)
ammonium ion gradients employing citrate'** or sulfate,'* (III) alkyl,'*® (di-alkyl) or tri-
alkyl ammonium salts,'’ (IV) transition metal concentration gradients (Cu®", Mn™",
Zn""and Mg®")"**?% and (V) transmembrane gradients of drug solubility.’' The cation
entrapped in the liposome interior plays a role either in establishing a pH gradient across
the membrane that drives the accumulation of weakly basic drugs into the liposome
interior, or directly exchanging with the drug molecule. The counter ion plays an
important role in stabilizing the formulation to premature leakage of encapsulated drugs.
Figure 1.6 depicts an example of active loading and subsequent stabilization process of
doxorubicin using ammonium sulfate gradient method.”?

Liposomal formulation of the camptothecin prodrug, irinotecan, displayed a different
pharmacokinetic behavior in lieu of the encapsulation method.**® Using manganese
sulfate gradient method, Bally et al.**® prepared irinotecan liposome formulation, whose
drug release half-life improved from 8.3 h to 56.8 h."”” The intraliposomal drug
concentration also affects the stability of liposomal drugs prepared using gradient loading
methods. At low drug/lipid ratio, doxorubicin was retained in the liposomes due to the
strength of the residual gradient in the carrier.*”® A high drug/lipid ratio resulted in the
exhaustion of pH-gradient across the membrane leading to an increased leakage of the
drug. Similarly, studies with high ionic concentration gradient using ammonium sulfate
improved doxorubicin formulation stability.*** Insoluble drug precipitates formed due to
the complexation of drug and intraliposomal ions may acquire desirable zero-order
release rates. This could be due to the fact that the dissolved drug maintains constant
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Figure 1.6  Schematic representation of the liposomal loading of weak bases (A) and
weak acids (B).

In the former case, liposomal aqueous core is acidic, which causes the formation of a gel-

like precipitate of DXR. In the latter case, unionized MPS diffuses across the lipid
bilayers and forms an insoluble calcium-MPS complex inside the liposome core.
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equilibrium with the precipitated drug fraction of the liposomes.204 In addition, the

potency of the drug determines the selection of drug/lipid ratios for the preparation of
liposomes. Many liposome formulations display dose-dependent pharmacokinetics;
therefore, a high drug/lipid ratio will result in low lipid doses, and thus may contribute to
rapid clearance of liposomes. Even pegylated liposomes are vulnerable for fast clearance
from the body. Therefore, high drug/lipid ratios may be viable for low to moderate
potency drugs, such as the prodrugs,'’ but not for potent drugs.

Low concentration of anionic lipids was shown to enhance the stability of encapsulated
drugs using transmembrane electrochemical gradient.*”>*° Fluoxuridine retention
increased upon inclusion of only 20 mole% of distearoyl phosphatidylglycerol (DSPG) in
DSPC liposomes, and in a separate study, the inclusion of 15-55 mole% of DSPG in
liposomes improved the retention of vincristine using a methyl ammonium gradient.*% It
was hypothesized that the inclusion of negatively charged lipids increased the membrane
partition coefficient of weakly basic drugs and improved their retention in liposomes
maintaining a transmembrane pH-gradient. However, the presence of a negative charge at
the membrane interface in other formulations caused leakage of encapsulated drug.>"’
Therefore, physico-chemical properties of drugs and phospholipids play a critical role in
the selection of active loading strategy for encapsulation of drugs.

1.3.7 Liposome In Vivo Kinetics: Systemic Administration and Aerosolization

The rate of in vivo drug release is an extremely important parameter since it influences
the rate of clearance of the drug from the general circulation, bioavailability, and activity
of the drug at its site of action and targeting ability of the drug.'** In vivo encapsulated
drug concentration can be determined either directly by measuring purified liposomal
drug in plasma'®’**® or indirectly by assuming that the clearance rate of the
unencapsulated drug is sufficiently faster than the clearance rate of the liposomes (by
simply following changes in the plasma drug-to-lipid ratios). '*” However, challenges
pose for hydrophobic drugs that demonstrate significant protein binding. For some drugs,
the rate of in vivo drug release can be controlled by manipulation of physico-chemical
properties of the liposomes.

Different applications may require distinct release kinetics and different particles sizes.””
Following an intravenous injection, the first capillaries to be encountered by a delivery
vehicle are in the lung tissue, which tends to mechanically entrap large particles, such as
multilamellar vesicles (MLVs). The lung thus represents a unique site for drug delivery if
large liposomes are employed, but care has to be taken to avoid pulmonary emboli.
Administration of liposomal formulations to the epithelial cells in the lower airways of
the lung by nebulization requires smaller particles (~300 nm) that are in the respirable
range.”'’ To deliver imaging agents, a rapid burst will achieve maximum contrast
between the circulation system and the target tissues.

The “first pass” organ to be encountered after systemic administration is the liver, which
can thus be targeted with fast-release liposomes. Large vesicles are generally more
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rapidly eliminated from the bloodstream, whereas small ones circulate for longer,
especially those with neutral or positively charged, rigid bilayers. Liver, lung and spleen
may be circumvented using stealth liposomes. Usually, liposomes do not pass through the
endothelial barrier of the vascular system; however, under pathological conditions, small
particles (<100 nm) are able to extravasate through the poorly formed neovasculature of
some solid tumors.?!" Regardless of the circulation time of an intravenously injected
liposomal dose, the majority will eventually be taken up by the mononuclear phagocyte
system. Using alternate parenteral routes, such as intraperitoneal, subcutaneous or
intramuscular, large liposomes generally tend to be retained longer at the site of injection,
while small ones are mainly taken up by the draining lymph system.

Aerosolized liposomal preparations became a feasible route for delivering drugs to the
lung. A combined aerosol of liposomal paclitaxel and cyclosporin A achieved better
results in the treatment of pulmonary metastases of renal-cell carcinoma.?'> Spray-dried
liposome powder formulations were used as carriers for superoxide dismutase (SOD).*"?
Improved delivery of rifampicin by aerosolized liposomes to alveolar macrophages might
become significant in the treatment of tuberculosis.”'* Aerosolized liposomal budesonide
is effective against experimental asthma in mice.?"” Aerosol formulations of liposomal 9-
nitrocamptothecin are non-toxic, and efficiently treated melanoma and lung metastases in
mice.?'® Liposomal paclitaxel in aerosol effectively treated pulmonary metastases in a
murine renal carcinoma model.”'” Nebulization was recently proposed as a means to
deliver liposomal aerosols.?'®

1.3.8 Liposomes: Clinical and Diagnostic Applications

Recent advances in liposome technology have led to the development of “‘stealth
liposomes” whose prolonged circulation lifetime improved the therapeutic benefits. For
cancer and inflammation diseases, therapeutic potential could be improved by receptor
specific targeting and cell specific delivery of therapeutic moieties. Despite some
progress, one of the current challenges is the targeting specificity and affinity of the
binding motif to the disease sites. In an ideal targeted delivery system, high binding
specificity avoids adverse effects to the surrounding tissues within the vessel and/or
downstream of the injury site, while high binding affinity enables competition with
natural ligands. As targeted liposomal drug delivery systems are now becoming feasible,
it offers significant potential for local delivery of anti-cancer, anti-inflammatory, anti-
coagulants.

In addition to clinical applications, liposome formulations are used for as contrast agents
for experimental diagnostic imaging of liver, spleen, brain, cardio-vascular system,
tumours, inflammation and infections. Gamma-scintigraphy, near infrared fluorescence
imaging (NIRF) and magnetic resonance imaging (MRI) require a sufficient quantity of
radionuclide or fluorescent dye or paramagnetic metal to be associated with the liposome.
There are two possible routes to improve the efficacy of liposomes as contrast mediums
for gamma-scintigraphy or MRI or NIRF: I) increasing the quantity of carrier-associated
marker and II) enhancing the signal intensity. To increase the load of liposomes with
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reporter metals, amphiphilic chelating polymers, such as N,a-(DTPA-polylysyl)glutaryl
phosphatidyl ethanolamine were introduced. These polymers easily incorporate into the
liposomal membrane and markedly increase the number of chelated Gd or In atoms
attached to a single lipid anchor. In the case of NIRF, fluorescent dyes are incorporated
into the lipid bilayers of liposomes. Imaging approach using contrast liposomes allows
the visualization of pathological areas. Liposomes loaded with imaging agents are also
used for the in vivo monitoring of tissue pharmacokinetics of liposomal drugs.

1.3.9 Stability of Liposomes

The shelf-life of liposomes is determined by physical and chemical aspects of
liposomes.'?? Physical processes, such as aggregation and fusion result in loss of
liposome encapsulated drug and changes in size. In principle, this process is reversible;
however, fusion of liposomes further triggers coalescence of liposomes. As coalescence is
an irreversible process, liposomes cannot be retrieved.

1.3.9.1 Physical Stability

Stable liposome suspensions require a repulsive interaction that is at least comparable to
the magnitude and range of vander Waals forces.”'***° Repulsive interactions at the
surface of liposomes are a function of: I) electric potential (zeta potential,l) at the plane
of shear and II) surface charge density (o). The zeta potential is calculated from
electrophoretic mobility by Equation 1.1'°%*!

C=n/eo&; Equation 1.1

The surface charge density calculation is based on Gouy-Chapman double layer
theory.”**** The theory is applicable to unabsorbed particle surfaces. However, ions
adsorb on the surface of liposomes giving rise to a Stern layer so that the double layers
must be described by the Gouy-Chapman-Stern theory (Figure 1.7).*° Later on, the
problems associated with the distortion of the electrical double layers due to the motion
of the charged liposomes (e.g. PE/PEG-PE liposomes) and the influence of surface
conductivity on electrophoretic mobility superceded the Gouy-Chapman-Stern theory
with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.

Jones™ stated that the classic DLVO model is applicable for determining the stability of
liposomes, considering that many of the physico-chemical properties of liposomes
resemble that of conventional colloidal particles. The total interaction potential is a
function of the repulsive and the attractive components. The short range attractive forces
between liposomes are of van der Waals forces, while the long range repulsive forces are
electrostatic repulsive forces. These forces are calculated using the Poisson-Boltzmann
equation. The repulsive force arising from the overlap of the electrical double layers
surrounding charged liposomes is the main reason for the stability of liposome
dispersion.”*® The electrical forces increase exponentially as liposomes approach one
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