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Description

Field of the Invention

[0001] The present invention relates to a fusogenic liposome compasition for delivery of an agent to the cytoplasmic
comparnment of a celf, and to methods related thereto.
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Background of the [nvention

[0003] The therapeutic benefit of many compounds is limited by low uptake of the compound by the target cells or
by intracellular breakdown of the compound after uptake. Generally, for maximum therapeutic benefit, delivery of the
compound to the cytoplasmic compartment of the cell, where translation of mANA and protein synthesis take place
and where there is a direct link to the nucleus, is desired. For many srmall, uncharged compounds, permeation across
the cell membrane may allow relatively efficient uptake by the ceil. However, for a variety of (arger andfer charged
compounds, such as proteins, nucleic acids, and highly water soluble charged arganic compounds, passive uptake by
permeatian across the cell membrane is more limited.

[0c04] Several methods for improving uptake of such compounds into cells have bheen proposed. For example, a
drug can be administered in modified or prodrug form for transport into cells and then undergo enzymatic conversion
to an active form within the cells.

[0005] Alternatively, the cellular processes cof phagocytosis or endocytosis may be used, where drug-containing par-
ticles are engulfed by the cells. Howaver, this approach is limited to certain cell types, for example, phagocytesis is
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limited to cells of monocyte lineage and te certain other myeloid cells, such as neutrophils, and endocytosis is limited
to mesenchymal cells, such as vascular endothelial calls and fibroblasts. Another fimitation of this approach is that in
the norrnal course of intracellular processing, particles are exposad to the acidic endesome/lysosome compartments
and a host of degradative enzymes, inciuding proteases, lipases and nucleases, resulting in degradation of the ther-
apeutic compound, unless an escape from such processing is engineered into the system.

[0006] Still anather approach to enhancing drug uptake by cells involves the use of fusogenic particles designed to
fuse with the surface membrane of a target cell, releasing the particle contents into the cytopiasmic compartment of
the cell. Inactivated and reconstituted virus particles have been preposed for this purpase, particularly in gene therapy
where large nucleic acid strands are introduced into ceils. Virus-like particies composed of fusion-promating viral pro-
teins embedded in artificial lipid bilayer membranes are another example, However, safety concerns and the expense
associated with growing, isolating, and deactivating viral components limit these approaches. Still another approach
is the use of liposomes, EP 0 354 855 discloses liposomes having hydrophilic polymers attached to their surface by
covalent bonds. Adsorptien of plasma proteins on the liposomes is inhibited due 1o the hydrophilic polymers exposed
an the liposome surface with the result that agglutination of the liposomes In plasma is prevented.

Summary of the Invention

[0007] The invention includes, in one aspect, a liposome composition for fusion with a target membrane of a cell,
liposome, or the like. The compasition includes a suspension of liposomes designed for targeting to the target mem-
brane. Each liposome contains a therapeutic agent entrapped in the lipescrnes, an outer liposome surface having a
coating of chemically releasable hydrophific polymer chains, and hydrophabic polymers on the liposome outer surface,
The palymers are Initially shielded by the hydroghilic polymer ceating, then exposed for fusion with the target membrane
when the hydrophilic pelymer coating is chemically released.

[0008] The hydrophilic polymer and hydrophobic pofymer preferably form a diblock copalymer in which the two pol-
ymer components are joined by a chemically releasable bond, such as & disulfide bond, pH sensitive bend, enzymat-
ically cleavable bond, or photochemically cleavable bond.

[0009] Wheretheliposomes are designed to have an extended blood clreulation time, the hydrophilic polymer coating
is preferably composed of polymer chains of polyethyleneglycol, polyvinylpyrrelidone, pelyvinyimethylether, polymeth-
yloxazoiine, pelyethyloxazoline, polyhydroxypropyloxazoline, polyhydroxypropylmethacrylamide, polymethacryla-
mide, polydimethyfacrylamide, polyhydraxypropylmethacrylate, polyhydroxyethylacrytate, hydroxymethylcellulose, hy-
droxyethylcellulose, polyethyleneglycol, or polyaspartamide, The polymer chains have a preferred molecular weight
of between about 500-10,000 daltons.

[0010] The hydrophobic polymer is preferably a chain of polypropylene oxide, polyethylene, polypropylene, polycar-
bonate, pelystyrene, polysulfone, pelyphenylene oxide or polytetramethylene ether. The polymer chains have a pre-
ferred molecular weight of between 500-3,000 daltons.

[0011] More generally, the hydrophobic polymer is preferably a linear polymer effective te cause hemolysis of red
blood cells when a water-soluble triblock copolymer containing the hydrophebic polymer and hydrophilic polymer chains
Joined to opposite ends of the hydrophobic polymer chains by disuffide bonds is incubated with the cells, and the
incubate is treated with a reducing agent.

[0012] The composition may further include an unshielded ligand attached to the hydrophilic polymer coating, effec-
tive for ligand-specific binding to a receptor molecule on a target cell surtace prior to chemical release of the hydrephilic
polymer coating. As exampies, the unshielded ligand may be () folate, where the composition is intended for treating
tumar cells having cell-surface folate receptors, (i) pyridoxyl, where the compesition is intended for treating virus-
infected CD4+ [ymphocytes, or {iii} sialyl-Lewis®, where the composition is intended for treating a region of inflammation.
[0013] Altematively, or in addition, the composition may further include a shielded ligand attached to the liposome,
effective to bind to target cell surface receptor molecules only after chemical release of the hydrophilic pelymer coating.
[0014] !narelated embodiment, the liposomes contain a shielded catienic lipid effective to impart a positive liposcme-
surface charge, te enhance binding of liposomes to target cells only after chemical release of the hydrophilic polymer
coating.

[0015] The agent to be delivered may be a polynucleotide capable of expressing a selected protein, when taken up
by a target cell, art oligonucleotide or oligonuclestide analog designed for binding to a specific-sequence nucleic acid
in the target ceils, or any other therapeutic pelymer or small-melecule therapeutic or diagnostic agent.

[0016] In another aspect, the invention includes a method of delivering a compound to target cells in a subject, by
parenterally administering the above lipescme composition to a subject, then contacting the liposomes at the target
cells with a cleaving agent effective to release the hydrophilic pelymer chains forming the surface coating, to expose
hydrophobic polymers on the liposome outer surface for interaction with outer cell membranes of the target cells and
thereby promote fusion of the liposomes with the target cells.

[0017] In one generai embodiment, the hydrophilic polymer chains are releasably attached to the liposome via a
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reducible chemical linkage, and the contacting step includes administering a reducing agent, such as cysteine, glu-
tathione or ascarbate, to the subject.

[0018] in another general embodiment, the hydrophilic poiymer chains are releasably attached 1o the liposornes via
a pH sensitive chemical linkage, and the contacting step includes targeting the liposames to & site, such as a solid-
tumor site, having a pH effective to release the chains. For tumor targeting, the lipcsomes preferably have sizes in the
0.03-0.40 um for extravasation into a soiid tumor region,

[0019] Alsodisclosed is a method for screening a hydrophobic polymer for fusogenic activity with a target membrane,
i.e., a hydrophobic polymer suitable for use in the compasition of the invention. The method includes adding to a
suspension of target ¢cells, a triblock copolymer composed of a segment of the hydrophobic polymer to be tested, and
attached to each end of the polymer segment, through a chemically releasable bend, a hydrophiliic pelyrmer segment
effective to solubilize the hydrophobic polymer segment In the suspension. The suspensian is then treated to release
the hydrophilic polymers, to expose said hydrophobic segments to said target cells. The suspension of cells, e.g., red
blood cells, is then analyzed for lysis, e.g., hemolysis.

[0020] These and cther objects endfeatures of the invention will be more fully appreciated when the following detailed
description of the invention is read in conjunction with the accompanying drawings.

Brief Description of the Drawings

[0021]

Fig. 1 is a schematic lustration of a liposome prepared In accordance with one embodiment of the invention;
Figs. 2A-2B are schematic Hlustrations of dibleck copolymer fipid conjugates useful in the present invention;

Fig. 3 is a schematic illustration of a vesicle-forming lipid with an attached ligand;

Fig. 4 shows a reaction scheme for preparation of a PEG-PPO-PEG triblock copolymer;

Fig. 5 is a plot showing absorbance at 480 nm of red blood cells exposed to {8) mMPEG-PPO-mPEG triblock co-
polymer with releasable disulfide bonds and the reducing agent dithiothreitol (DTT), (b} mMPEG-PPO-mPEG tri-
block copolymer alone, and (¢) DTT alone;

Figs. 6A-6C are photomicrographs of preparations (a), {b) and {c) in Fig. 5 viewed under phase contrast optics at
a magnification of 630X, where Fig. 6A corresponds ta the mPEG-PPO-mPEG triblock copolymer and the DTT
preparation (a), Fig. 68 corresponds to the mPEG-PPO-mPEG tri-block copalymer alone preparation {b) and Fig.
6C correspends to the preparation {c) of DTT alone;

Fig. 7 illustrates several -S-3- iinkages and their relative susceptibility to cleavage by a nucleophile;

Fig. 8 iliustrates a reaction scheme for preparation of a diblock copolymer lipid conjugate of methoxyPEG and
PPO covalently linked through a disulfide linkage and attached to a distearoy! lipid anchaor;,

Fig. 9 illustrates a reactien scheme for preparation of a diblock copolymer lipid conjugate of methoxypolyethylena
glycol (mPEG) and polyprepylene oxide {PPO) covalently linked through a disulfide linkage and attached to the
vesicle-forming lipid distearyl phosphatidylethanclamine,

Figs. 10A-10B show another reaction scheme for preparation of a diblock polymer of mPEG and PPQ covalently
linked through a disuffide linkage and attached to a diacyl lipid;

Fig. 11 shows an exemplary labile disulfide bond linking mPEG and PPO polymer segments;

Figs. 12A-12B show reaction schemes for attachment of folic acid (Fig. 12A) and pyridoxal (Fig. 12B) to end
functionalized polyethylene glycol attached to distearyl phosphatidylethanolamine;

Fig. 13 is a photomicregraph showing fusegenic activity of liposumes prepared in accordance with the invention
and containing flugrescein with erythrocyte cells; and

Figs. 14A-14B are plots of relative luciferase units (RLU) per mg protein in the lung (Fig. 14A) and the liver (Fig.
14B) after in vivo administration to mice of liposome/plasmid complexes, where the liposomes had an cuter surface
ceating of polyethyleneglycol by including in the liposame 2.5 mole percent of PEG covalently attached to DSPE
(PEG), 1 mole percent of PEG covalently attached to DSPE and 1 mole percent of PEG attached to DSPE by a
reloasable bond (PEG+R-PEG) or 2.5 mole percent of PEG attached to DSPE by a releasable bond (R-PEG).

Detailed Description of the Invention

I. Lipcsome Composition

[0022] The present invention includes a fusogenic lipesome composition for fusion with a target membrane. Target
membrane, as used herein, refers to a lipid bilayer membrane, for example, a bilayer membrane of a biclogical cell, a
liposome or an artificial pianar rmembrane. In a preferred embodiment, the fusocgenic liposome cormnposition of the
invention is for use in delivery of a liposome-entrapped compound to the cytoplasmic compartment of a target biclogical
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cell.

{0023] The composition includes liposomes, typically in suspension form, of the type described now with respect to
Fig. 1, which shows a representative liposome 10. The liposome is composed of vesicle-forming lipids, such as lipids
12, which each include head groups, such as groups 12a and typically two diacy! hydrephobic lipid chains, such as
indicated at 12b. Exernplary lipesome-forrning lipids are given befow.

[0024] The liposome has an outer surface coating 14 of hydrophilic polymer chains, such as chains 16, 18, which
are preferably densely packed to form a brushlike coating effective to shield liposome surface compaonents, as described
beiow. According to an important feature of the invention, the hydrophilic polymer chains are connected to the fiposome
lipids, or to hydrophobic chains connectad to iiposome lipids, by chemically releasable bonds -- that is, covalent chem-
ical bonds that can be released by a suitable cleaving agent, such as a reducing agent, a reduced or elevated pH, a
hydrolytic enzyme, or a photolylic stimulus, as described further below.

[0025] As shown in Fig. 1 and in detail in Fig. 2A, hydrophilic polymer chain 16 forms the distal end of a diblock
copolymer lipid conjugate 20 having a vesicle-forming lipid moiety 20a and a diblock copelymer maiety 20b. Diblock
copolyrer moiety 20b, in turn, consists of & hydrophobic chain 22 which is covalently beund at its proximal end to the
polar head greup of lipid moiety 20a. Hydrophabic chain 22 7s bound at its distal end to hydrophilic peiymer chain 16
through a chemicalty releasable bond 24.

[0026] Hydrophilic chain 18, by contrast, is directly linked to the polar head group of a vesicle-forming fipid 26 through
a chemically releasably bond 28.

[0027] As indicated above, hydrophilic polymer chains, such as segment 16 in conjugate 20, are included in liposome
10 as part of the diblock pelyrer moiety of vesicle-forming fipids on the outer surface of the liposome. It will be appre-
ciated that the hydrophilic polymer segment in a diblock conjugate functions to enhance the water solubility of the
associated hydrophebic chain, to prevent destabilization of the lipesorme membrane by partitioning of the hydrophobic
chains into the liposemne bilayer reglon. As will be discussed below, such destabilization is advantageous in promaoting
liposome/cell membrane fusion, but is undesirable priorto the fusion event, f.e., during liposome sterage, administration
and biodistribution to a target site. The types and molecular weights of the nydrophilic and hydrophebic segments
suitable for achieving these effects are discussed below.

[0028] inaddition to their role in “solubiiizing” the hydrophobic chains, and shielding them from interactions with other
bilayer membranes, the hydrephilic chains also preferably have a surface density sufficient to create a molecular barrier
effective to substantially prevent interaction of serum proteins with the liposome surface. As such, the hydrophilic chain
coating is effective to extend the circulation time of liposomes in the bloodstream for periods up to several hours to
several days. In the latter embodiment, the hydrophilic chains are preferably present in the outer lipid layer of the
[iposomes in an amount corresponding to between about 1-20 mele percent of the liposome surface lipids, with lower
molecular weight polymers, e.g., 500 daltons, being present at a higher density, £.g., 20 mole percent, and higher
molecular weight polymer chains, e.g., 10,000 dalton chains, being present at a lower density, £.g., 1-§ mole percent.
[0029] ‘The percent of hydrophobic chains, /.e., the percentage of diblock lipid conjugates in the liposomes, typically
ranges between about 5-100% of the totai surface lipids containing conjugated hydrophilic polymers. Thus, for example,
in a liposome formulation eontaining 8 mole percent hydrophilic polymer liposome-surface lipids, and 50% dibiock lipid
conjugates, the hydrophaobic polymer would constitute 50% x 8%, or 2.5 mole percent, of the surface lipids.

[0030] Liposome 1C may further include unshielded surface ligands, such as ligand 30, for targeting the liposomes
to a specific target membrane -- for example to a specific tissue region or cell type or Lo & liposome or planar membrane
bearing appropriate surtace receptor molecules. As seen best in Fig. 2B, ligand molecuie 30 is carried af the distal
end of a hydrophilic palymer chain 32, such as the chain in a diblock copolymer lipid conjugate 34 of the type described
in Fig. 1. Means for conjugating the ligand to the dista! end of a hydrophilic polymer chain are well known. Tne placement
of the ligand at or near the distal ends of the polymerchains, i.e., unshielded by the hydrophilic polymer coating, aliows
the ligand to interact with a target celf containing a ligand-specific surface receptor, prior to removal of the hydrophilic
chains from the lipasomes.

[0031] In addition to the lipasome components just described, the liposomes may further include one or mare lipo-
some-surface components which are shieglded from interaction with target cells until after the removal of the hydrophilic
polymers. In one general embodiment, and with reference to Figs. 1 and 3, the shielded compeonent is a ligand, such
as ligand 38, coupled to the polar head group 38 of a vesicle-farming lipid 40. The purpose of the ligand is to bind
specifically with a cell raceptor after removal of the hydrophilic polymer coating, to force the liposome into proximity
with the cell membrane, to enhance the interaction of hydrophobic polymer chains on the liposomes with the target-
cell lipid bilayer.

[0032] Alternatively, orin addition, the shielded surface component may include vesicle-forming lipids with positively
charged polar groups, such as indicated at 42 in Fig. 1. The positive surface charge on the surface of the liposomes
is shielded by the hydrophilic coating, during fiposome biodistribution te the target site, After removal of the hydrophilic
coating, electrostatic interaction between the positive liposome surface charge and the negatively charged target cell
acts to draw the liposome into more intimate contact with the cell, ta promote fusion mediate by the hydrophobic polymer



10

15

20

25

30

35

40

45

50

55

EP 1214 935 A2

chains.

{0033] Finaily, the tiposome is prepared to contain one or more therapeutic or diagnostics agents which are to be
delivered to the target cell site. As used herein, therapeutic or diagnastic agent, compound and drug are used Inter-
changeably. The agent may be entrapped in the inner aqueous compartment of the liposome or in the lipid bilayer,
depending on the nature of the agent, Exemplary therapeutic agents are described below.

A. Vesicle-Forming Lipid Component

{0034] The lipasome composition of the present invention is composed primarily of vesicle-forming lipids. Such a
vesicle-forming fipid is one which (a) can form spontaneously into bilayer vesicles in water, as exemplified by the
phospholipids, or {b) is stably incorporated inte lipid bilayers, with its hydrophobic moiety in contact with the interior,
hydrophobic region of the bilayer membrane, and its head group moiety oriented toward the exterior, polar surface of
the membrane.

[0035] The vesicle-forming lipids of this type are preferably ones having two hydrocarbon chains, typicaily acyl chains,
and a head group, either polar or nonpolar. There are a variety of synthetic vesicle-forming lipids and naturally-eccurring
vesicle-forming lipids, including the phosphelipids, such as phosphatidylcholing, phosphatidylethanolamine, phospha-
tidic acid, phosphatidylinositol, and sphingomyelin, where the two hydrocarbon chains are typically between about
14-22 carbon atoms in length, and have varying degrees of unsaturation. The above-described lipids ard phospholipids
whose acyl chains have varying degrees of saturation can be obtained commercially or prepared according to published
methods. Cther suitable lipids include glycolipids and sterols such as cholesterol.

[0036] Preferred diacyl-chain lipids for use in the present invention inciude diacyi glycerol, phosphatidyi ethanolamine
(PE), diacylaminopropanedicls, such as disteroylaminopropanediol (DS), and phosphatidylglyceral (PG). These lipids
are preferred for use as the vesicie-forming lipid, the major liposome component, and for use in the pelymer-fipid diblock
conjugates and lipids with directly linked hydrophilic polymer chains, which together are preferably included in the
liposome ouler layer at & male ratio between about 1-20 mole percent.

[0037] Additionally, the vesicle-forming lipid is selected to achieve a specified degree of fluidity or rigidity, to control
the stability of the liposome in serum and to contro! the rate of reiease of the entrapped agent in the liposome. The
rigidity of the liposorne, as determined by the vesicle-forming liptd, may also play a rele in fusion of the lipcsome to a
target cell, as will be described.

[C038] Liposomes having a more rigid lipid bilayer, or a liguid crystailine bilayer, are achieved by incorporation of a
relatively rigid lipid, e.g., a lipid having a relatively high phase transition temperature, e.g., up to 60°C, Rigid, i.e.,
saturated, lipids centribute to greater membrane rigidity in the lipid bilayer, Other lipid companents, such as chalesteral,
are also known to contribute to membrane rigidity in lipid bilayer structures.

[0039] ©Cn the other hand, lipid fluidity is achieved by incorporation of a relatively fluid lipid, typically one having a
lipid phase with a relatively low liquid to liquid-crystalline phase transition temperature, e.g., at or below room temper-
ature.

[0040] In one embodiment of the invention, the liposomes are prepared with a relatively rigid lipid to impart rigidity
to the lipid kilayer. In this embediment, the lipids forming the liposomes have a phase transition temperature of between
about 37-70°C. In a preferred embadiment, the vesicle forming lipid is distearyl phosphatidylcholine (DSPC), which
has a phase transition temperature of 62°C.

[0041] in another embodiment of the invention, the lipids forming the bilayer vesicle, i.e., liposome, are effective to
impart a positive liposome-surface charge. Such lipids include those typically referred te as cationic lipids, which have
a lipophilic moiety, such as a sterol, an acyl or diacyl chain, and where the lipid has an overall net pesitive charge.
Preferably, the head group of the lipid carries the positive charge. Exemplary ¢ationic lipids include 1,2-dioleyloxy-
3-(trimethylamino} propane (DOTAP); N{1-(2,3,-ditetradecyloxy)propyl]-N,N-dimethy|-N-hydroxyethylammonium bro-
mide {DMRIE); N-{1-{2,3,-dioleyloxy)propyl]-N N-dimethyl-N-hydroxy ethylammonium bromide (DORIE); N-[1-{2,3-dio-
leyloxy) propyl]-N,N,N-trimethylammonium chioride (DOTMA); 3[N-(N',N'-dimethylamiroethane) carbamoyl] choles-
terol (DC-Chol), and dimethyldioctadecylammenium (DDAB).

[0042] The cationic vesicle-forming lipid may also be a neutral lipid, such as diclecylphosphatidyl ethanolamine
(DOPE) or an amphipathic lipid, such as a phosphelipid, derivatized with a cationic lipid, such as polylysine or ather
polyamine lipids, For example, the neutral lipid (DOPE) can be derivatized with polylysine to form a cationic lipid.

B. Releasable Polymer Coating

[0043] As described above, the hydrophilic polymer coating is formed by inciuding, at least In the outer lipid layer of
the liposomes, vesicle-forming lipid conjugates containing a diblack copolymer conjugate of the type shown in Fig. 2A,
and opticnally, hydrophilic polymers directly linked to the head group of a vesicle-forming lipid, as shown in Fig. 3.

[0044] Suitable hydrophilic polymers for use in the conjugates, where the pelymers are also intended to extend
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liposome-circulation time, inciude polyvinylpyrrolidone, polyvinytmethylether, polymethyloxazoline, polyethyloxazoline,
polyhydroxypropyloxazoline, polyhydrexypropylmethacrylamide, polymethacrylamide, polydimethylacrylamide, polyhy-
droxypropylmethacrylate, pelyhydroxyethylacrylate, hydroxymethylcellulose, hydroxyethylcellulose, peiyethylenegly-
col, and polyaspartamide,

[0045] In a preferred embodiment, the hydrophilic polymer is polyethyleneglycel, preferably as a PEG chain having
a molecular weight between 500-10,000 daltons, typically between 1,000-5,000 daltons.

{0046] The surface coating on the liposeme provided by the hydrophilic polymer chains provides colloidal stability
and, at a sufficient polyrmer surface density, serves to protect the liposemes from uptake by the reticuloendothelial
systern, providing an extended blood circulation iifetime for the liposomes to reach the target cells. The extent of en-
hancement of bload circulation time Is preferably severalfold over that achieved in the absence of the polymer coating,
as described in co-owned U.S. Patent No, 5,013,556. Methods for preparing diblock and directly linked lipid-hydrophilic
polymer conjugates are discussad below.

C. Hydrophobic Polymer

[0047] As described above, the fusogenic liposomes include a hydrophobic polymer for prormoting fusion between
the liposome and the target cellmembrane, The hydrephebic poltymer is included in the liposomes as part of the diblock
copolymer linid canjugate, and is directly attached to the head graup of & vesicle-forming lipid, such as a diacyl-chain
lipid, as will be described below with respect to Figs, 8-10 (Examples 2-4).

[0048] Exemplary hydrophobic polymers suitable for use in the block copolymer of the dibleck copolymer-lipid con-
jugate include polypropylene oxide, polyethylene, polyprepylene, polycarbonate, polystyrene, polysuifone, polyphe-
nylene oxide and polytetramethylene ether. Preferably, the hydrophobic polymer has a molecular weight of between
100-5,000 daitons, more preferably between 500-3,000 daltons.

[0049] In one preferred embodiment, the hydrophabic palymer is polypropylene oxide (PPC) having a molecular
weight between 500-3,000 daitons.

[0050] A method for determining hydrophobie polymers and melecular weights suitable for use in the fusogenic
liposomes described herein is included in another aspect of the invention. In this method, the fusogenic activity of a
selected hydrophobic polymer with a target membrane is determined by attaching a hydrophilic polymer segment to
at least one end, and preferably to each end of the hydrephobic polymer. The hydrophilic polymer segments are at-
tached to the hydrophobic segment ends by a releasable linkage, as described below. The tri-block copalymer is added
o a suspension of target cells, for example, a suspension of erythrocytes. The hydrophlilc polymer segments are
released from the hydrophobic segment, by cleavage of the releasabie linkage, exposing the hydrophobic segments
to the outer membrane of the target cells. The target cells are then analyzed for lysis, a.g., hemolysis of erythrocytes.
[0051] Example 1 describes preparation of a tri-block copolymer for determining the fusegenic activity of a hydro-
phobic polymer. As outlined in Example 1 and shown in Fig. 4, a tri-block copolymer composed of PPO and PEG is
prepared by first forming an intermediate mPEG-DTP-0Su (compound |l by reacting methoxypoly(ethylene glycol)
amire {compound ) with an excess of dithiobis(succinimidyl propionate) (CTSP, compound 1) dissolved in dimethyl
formamide (DMF). PFO-diamine (compound IV) is reacted with a slight excess of mPEG-DTP-CSu {coempeund 1Il) to
form a di-PEGylated PPC product (compound V), e.g., mPEG-PPO-mPEG, where the polymer blocks are joined by
cleavable disulfide linkages.

[0052] This tri-block copolymer was tested for fusion promoting activity, as described in Example 1C, by solubilizing
the tri-block copelymer in saline and adding it to a suspension of red blood cells. In a partion of the preparations,
dithicthreitol {DTT) was added to reduce the disulfide bonds, releasing the hydrophilic polymer segments and exposing
the hydrophobic polymer to the red blood cells, As controls, DTT was not added to some of the preparations and in
another preparation, the tri-block copelymer was not added to the cells, however the cells were exposed to DTT, All
of the samples were incubated and the hemolytic activity of the PPO was determined by analyzing the supematant for
absorbance at 480 nm and by examining the ¢ells micrascapically under phase cantrast optics.

[6053] The absorbance values at 480 nm for the preparations containing & tri-block copolymer of 0.78 mg/mL and
for the control preparation were measured and are shown in Fig. 5, where bar (a) shows absorbance for the samples
containing the iri-block copelymer plus DTT, bar (b) shows absorbancs for the samples containing the tri-block copol-
ymer alone and bar {c) shows abserbance for the control preparation (celis plus DTT). Photomicregraphs for the three
preparations are shown in Figs. 6A-6C, where Fig. 6A corresponds to bar (a) of Fig. 5, and Figs. 68 and 6C correspond
to bars {b) and {c).

[0054] The absorbance data and the photomicrographs indicate the cell lysis is evident only in the preparation con-
taining the tri-block copolymer exposed to DTT, where greater than 80% of the celis lysed, as evidenced by the dark,
transparent bodies in the photomicrograph (intact cells are seen as bright bodies in the photomicrographs, see control
Fig. 8C). Fig. 6B corresponds to the preparation containing red bicod cells incubatad with the tri-block copolymer alone
without DTT and shows no evidence of cell lysis. Fig. 6C, the preparation of red blood cells in the presence of DTT
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alone, shows no cell lysis, as evidenced by no effective absorbance and by visually intact cells.

[0055] These resuits indicate that the addition of DT T to the tri-block copolymer cleaved the disulfide bonds between
the PEG and PPQ liberating free PPO. The free PPQ attacked the nearby red cell membranes and led to hermnalysis.
DTT alone had no effect on tha cells and did notinduce celi lysis. These resuits further indicate that PPO g, is effective
as a hydrephobic polymer to promote fusicn between the liposemes and a cell, and is suitable for use in the diblock
copolymer-lipid conjugate of the present invention.

[0056] It will be appreciated that the target celis can be biclogical cells, such as erythrocytes, liposemes or planar
artificial membranes. The lipesomes can have an encapsulated fluerophore or other material suitable for analysis
following lysis of the liposome,

[0057] Thereleasable linkage in the screening method can be achermically releasable linkage, a pH sensitive linkage,
a light sensitive linkage or a heat sensitive linkage. The linkage is ¢cleaved by exposure to the appropriate stimulus,
such as a chemical reducing agent, heat, change in pH or light.

[0058] It will be appreciated that any hydrophobic polymer, such as those listed above, can be releasably attached
to a hydrophilic polymer by suitable end group chemistry. In preferred embodiments, the hydrophobic polymer is a
linear pclymer segment of polypropylene oxide and the hydrophmc palymer is polyethylene glycol having a molecular
welght between 1,000-5,000 daltons.

[0059] The activity of hydrophobic polymers and the effect of molecular weight are readily screened by this method.
Hydrophobic polymers having high hemolytic activity promote fusion and are suitable for use in the diblock copolymer-
lipid conjugate of the invention.

D. Releasable Chemical Linkage

[0060] As described above, the liposomes of the present invention include an outer surface coating of releasable
hydrophilic pelymer chains. That is, the hydrophilic polymer chains are releasably attached to the liposome via a cleav-
able chemical linkage.

foe1] Such chemical linkages include those which can be cleaved under selective physiological conditions, such
as in the presence of enzymes or reducing agents. For example, ester or peptide linkages are cleaved by hydrolytic
enzymes, such as esterases or peptidases, and disulfide linkages are cleaved by reducing agents such as glutathicne,
cysteine, or ascorbate normally present in plasma and intracellularly, or these same agents introduced into plasma by,
for example, injection. Other releasable linkages include pH sensitive bonds and bands which are cleaved upon ex-
posure to light or heat.

[0062] In cne preferrad embodiment, the hydrophilic polymer chains are attached to the liposormne by a pH sensitive
bond, and the liposomes are targeted to a site having a pH effective to cleave the band and release the hydrophilic
chains, such as & tumor region.

{0063] In another preferred embodiment, the cleavable bond is a disulfide bond, broadly intended herein to refer to
sulfur-containing bonds, such as these shown in Fig. 7. The sulfur-containing bonds are synthesized to achieve a
selected degree of lability, as indicated in the figure, and include a disuifide bond, a mixed sulfide-suifone bond and a
suffide-sulfoxide bond. Of the three bonds, the disuifide bond is least susceptible to thiolysis and the sulfide-sulfone
(thiosulfonate linkage) bond most susceptible.

[0064] Such bonds are useful to tailor the rate of release of the hydrophilic polymer segment from the liposome
surface. For example, a vety labile disulfide bond is preferred for liposome targeting to blood cells or endothelial cells,
since these cells are readily accessible and a shorter lipesome blood circulation lifetime is needed. Atthe other exireme,
a long-lasting or hearty disulfide bond is preferred when the liposomal target Is tumor tissue, sites of inflamrnation or
infection, skin or other organs, and peripheral lymphatic tissues. In these cases, a longer liposome blood circulation
lifetime Is generally needed for the iiposomes to reach the desired target.

[0065] The cleavable bond attaching the hydrophilic polymer chains to the liposome is cleaved in vive typically as a
result of change in enviranment, such as when the lipasomes reach a specific site with a slightly lower pH, such as a
region of tumar tissue, or a site with reducing conditions, such as a hypoxic tummor. Reducing conditions in viveo can
also be effected by administraticn of a reducing agent, such as ascorbate, cysteine or glutathione. The cleavable bond
may also be broken in respense to an external stimuli, such ag light or heat.

[00E6] In studies performed in support of the present invention, described below, lipcsomes having a releasable
surface coating of polyethylene glycol were prepared, where the polyethylene glycel chains were attached to the lipo-
some by a labile, disulfide bond. The liposemes were administered to mice along with a reducing agent to effectrelease
of the polymer chains.. Tissue analysis of the mice lung and fiver indicates that the hydrophilic polymer coating is
released to achieve retention of the liposomes in these organs.
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[0067] As noted above, the lipesomes of the invention may include an unshielded (surface-exposed) ligand effective
to bind to specific cell surface receptors on the target cell membrane. The ligand melecules are carried on hydrophilic
palymer chains which are anchared to the liposome by covalent attachment to a diacy! lipid. The hydrophilic polymer
chains may be covalently attached to a liposome-bound lipid through a conventional bond, e.g. irreversibly attached,
or through a chemically releasable bond, such as those described abave,

[0068] Examples of ligands suitable for use in targeting the lipesomes of the present invention to specific cell types
are listed in Table 1.
Table 1
Ligand-Receptor Pairs and Associated Target Cell
LIGAND RECEPTOR CELL TYPE

folate

folate receptor

epithelial carcinormnas, bone marrow
stem cells

water soluble vitamins

vitamin receptor

varicus cells

pyridoxyl phasphate

CcD4

CD4+ lymphocytes

apolipoproteins

LDL

liver hepatocytes, vascular
endotheliai cells

insulin insulin receptar

transferrin transferrin receptor endaothelial cells (brain)
galactose asialoglycoprotein receptor liver hepatocytes
sialyl-Lewis* E, P selectin activated endothelial cells
Mac-1 L selectin neutrophils, leukocytes
VEGF Fik-1,2 tumor epithelial cells
basic FGF FGF receptor tumor epithelial celis
EGF EGF receptor epithellal cells

VCAM-1 a,B, integrin vascular endothelial cells
ICAM-1 o Bo Integrin vascular endothelial cells
PECAM-1/CD31 o, B, integrin vascular endatheiial cells
fioronectin 0,3, integrin activated platelets
osteopontin o, B4 and o, Bs integrins endothelial cells and smooth muscle

celis in atherosclerotic plagues

isclates) or SDF-1 chemokines

RGD sequences of matrix proteins | « B integrin tumor endothelial cells, vascular
smooth muscle cells

HIV GP 120/41 orGP120 C4 domain | CD4 CD4+lymphocytes

peptomers

HIV/GP 120/41 (T ceil tropic fusin CD4+lymphocytes

HIV GP120/41 (Macrophage tropic
isclates)

Chemokine receptor CC-CRK-5

macroghages, dendritic cells

Anti-cell surface receptor antibodies
(or fragments thereof)

cell surface receptors

erythracytes, platelets

Anti-cell surface receptor antibodies
{or fragments thereof)

cell surface receptors such as CD-34

bone marrow stem cells

[0069]

In one embodiment of the invention, a folate ligand is aftached to the distal end of a PEG-derivatized vesicle-
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forming lipid, e.g., DSPE. The folate ligand is effective to bind to folate receptors on epithelial cells for administration
of an entrapped therapeutic agent to the target cell, for example, administration of a necplastic agent for treatment of
epithelial carcinomas.

[0070) In another embediment, sialy!-Lewis* is attached to PEG-DSPE and included in the liposome composition to
target the lipecsomes to sites of inflammation, more specifically to cells expressing ELAM-1. Preparation of sialyl-
Lewis*-PEG-DSPE conjugate has been described (DeFrees, 1596).

[@071] In another embodiment of the invention, a pyridoxyl ligand, including pyridoxal, pyridoxine, pyridexarnine,
pyridoxal 5'-phosphate and N-{4'-pyridoxyljamines, is attached to a PEG-DSPE conjugate for targeting the liposomes
to CD4 receptors, Synthetic reaction schemes for preparing these ligand conjugates are described below.

{0072] In another embodiment, the target membrane is a liposome, and various receptors may be incorperated into
the target liposome for fusion with the liposomes of the current invention.

I). Lipesome Preparation

A. Preparation of Releasable Polymer Coating

[0073] As described above, liposomes in the composition of the present invention include a chemically releasable
coating of hydrophilic polymer chains, where the polymet chaing raking up the coating are attached by a releasable
bond in a diblock copelymer conjugate, and optionally, by a releasable bond formed at the polar end of a vesicle-
forming lipid.

[0074] (n studies performed In support of the Invention, diblock copolymer-lipid conjugates were prepared, where
the ditlock pelymer was composed of polypropylene oxide (PPO) and methoxy(polyethylene glycol) (MPEG), linked
by an aliphatic disulfide bond, and attached through the PPQ block to distearoyl or to distearyl phosphatidyleth-
anolamine (DSPE). Preparatlen of these conjugates Is described in Examples 2 and 3, respectively.

[0075] As set forth in Example 2 and illustrated in Fig. 8, cystamine dihydrochloride (Compeund Vi), dissolved in
potassium tetrabarate tetrahydrate, was mixed with a-{imidazol-1-yl)carbonyl-w-methoxy-poly(ethylane oxide) (Com-
pound V!, prepared as described in Beauchamp, et a/, 1983) and the resulting solution was stirred at room temperature
for four hours. At this time, the solution was adjusted to pH 1 with & N HCI and then sodium chloride was added to the
saturation limit. The agueous solution was extracted with chioroform, the organic extracts were combined, dried over
magnesium sulfate, and filtered. The selvent was evaporated in vacuo and the resultant colorless gel was dissolved
in ethyl acetate. Slow addition of diethyl ether yielded a white precipitate, a-[2-aminoethyldithio- N-ethylcarbamoyi-w-
methoxypoly(ethylene oxide) hydrochleride {Compound VI,

[0076] With continuing reference to Fig. 8, a,w-bis(4-nitrophenoyl carbonate)-poly{propylene oxide) (Compound 1X)
was prepared as described in Example 2C, and reacted with Compound VIl in the presence ¢f TEA, as described in
Example 2D. After a 60 minute reaction time, TLC analysis indicated complete consumption of Compound VIl and,
therefore, formation of mMPEG-8-S-PPO-nitrophenylcarbonate (Compound X} as a major product and
mPEG-5-5-PPO-5-5-mPEG as a minor product. The mixture was treated with aminopropane dicl. After{urther reaction
time under nitrogen, the sclvent was evaperated and the yellow residue subjected to column chromatography to elute
mPEG-8-8-PPC-amincpropane diel {Compeund XI).

[0077] A solution of compound X| was reacted with stearic acid and 4-(dimethylamino)pyridinium tosylate in dichlo-
romethane inthe presence of 1,3-dicyclohexycarbodiimide (DCC). After reaction, filtration and column chromatography,
a floceulent white scfid, identified as mPEG-S-5-PPO-DS (Compound XI!) was obtained. This conjugate is suitable for
use in preparing liposomes, as described below, in accordance with the invention.

[0078] Example 3 describes preparation of a similar dibleck-copolymer lipid conjugate, except where the lipid was
a vesicle-forming lipid, distearyl phosphatidyiethanclamine (DSPE). As illustrated in Fig. 9, DSPE (Compound XIII)
was reacted with bis-nitrophenyl carbonate polypropylene oxide (Compound X, prepared as described in Example
2C) in CHCI,. N-hydroxy-s-norbornene-2,3-dicarboxylic acid imide (HONB) and triethylamine (TEA) were added ta the
reaction mixture and after further reaction and treatment (detailed in Example 3A) Compound XIV (DSPE-PPO-p-
nitrophenyl carbarnate) was obtained. Compound VIl {prepared as described in Example 2B) was reacted with Com-
pound XIV in GHCly to form the desired mPEG-S-8-PPO-DSPE conjugate, compound XV (Example 3B).

[0078] Ancther reaction scheme for preparation of a mPEG-S-5-PPO-DSPE conjugate is described in Example 4
and lllustrated in Figs. 10A-10B. Here, distearyl phosphatidylglycerol {DSPG, compound XV is oxidized with sodium
pericdate (NalQ,) and then reductively aminated with polypropylene oxide diamine {compound XVI!) 1o form ami-
no-PFC-DSPE (compound XIX), mPEG-DTP-CSu (compound I1l), prepared as described in Example 14, is coupled
to amino-PPO-DSPE (compound XIX) to form a dibleck copolymer-lipld conjugate, mPEG-DTP-amido-PPO-DSPE
{compound XX). Compound XX has a hydrophific terminal block palymer of PEG and an internal cleavable disulfide
linkage to & hydrophobic polypropylene oxide block attached to a terminal lipid, DSPE.

[0080] Inthe axamples given abeve {Examples 2-4), the cleavable bend s a disulfide linkage; however, other linkages
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are suitable, such as peptide or ester, which can be cleaved under selective physiological conditions, such as in the
presence of peptidase or esterase enzymes.

[0081] As discussed above, disulfide linkages can be synthesized to vary in susceptibility to reduction, for purposes
of tailoring the rate of release of the hydrophilic polymer coating. A reacticn scheme for synthesis of a polymer lipid
surfactant molecule where the diblock polymer segments (PEG and PPO) are joined by a disuifide bond having in-
creased lability is shown in Fig. 11. mPEG-5H (compound XXI) and EAman’s Reagent (compound XXII} are reacted,
as described in Example 5, to form mPEG-3-carboxy-4-nitrophenol disulfide (compound XX!1). This compound is re-
acted with amino-PPO-DSPE {compound XiX), prepared as described in Example 4A, and with dicyctohexylcarbodi-
imide (compound XXIV). The diblock copolymer lipid conjugate (cormpound XXV} has a terminal mPEG segment linked
to a PPO segment by a cleavable sulfur-containing linkage which has increased susceptibility 1o thiclysis. This conju-
gate (Compound XXV) was used for preparation and /n vivo testing of lipesomes, as will be described in Example 9.

B. Attachment of a Ligand to Hydrophilic Palymer

[0082] As described above, in ane embediment of the inventien, the liposormes in the fusogenic cormposition Include
a ligand for targeting the liposomes to a selected cell type or another liposome containing the proper receptor. The
ligand is bound to the liposome by covalent attachment to the free distal end of a lipid-anchored hydrophilic poiymer
chain.

[0083] Inone embodiment of the invention, the hydrephitic polymer chain is PEG, and several methods for attachment
of ligands to the distal ends of PEG chains have been described (Alien, Zalipsky (1993), Zalipsky (1994), Zalipsky
(1995a), Zalipsky (1995b)}. In these methods, the inert terminal methoxy group of MPEG is replaced with a reactive
functionality suitable for conjugation reactions, such as an amino or hydrazide group. The end functionalized PEG is
attached to a lipid, typically DSPE. The functionalized PEG-DSPE derivatives are employed in liposorne formation and
the desired ligand is attached to the reactive end of the PEG chain beifore or after liposome formation,

[0084] Tabie 1 (discussed above) lists exemplary ligands for use in the liposome composition. By way of example,
reaction schemes for attachment of folic acid and pyridoxy! to the distal end of PEG-derivatized DSPE are shown in
Figs. 12A-12B, respectively.

[0085] Folic acid (compound XXVI) is a hematopoietic vitamin with a molecular weight of 441 daltons. Folic acid
binds to the folate receptor, also known as the membrane folate binding protein, which is & membrane protein having
some features of a receptor involved in receptor-mediated endocytosis. The receptor is maximally expressed on the
surface of folate-depleted tissue culture ceils and is responsible for the high affinity accumulation of 5-methyltetrahy-
drofolic acid in the cytoplasm of these cells {Rothberg). It has aiso been reported that high affinity receptors for folic
acid are greatly enriched on certain cancer cells (Lee). A folic acid ligand incorporated into a liposome by attachmant
te the distal end of lipid-anchered hydrophilic polymer chains, would target the liposomnes to such cancerous cells,
[0086] Attachment of folic acid to a DSPE-PEG conjugate is described in Example 6 and illustrated in Fig. 12A. Folic
acid is mixed with amino-PEG-DSPE (compound XXVil, prepared as described by Zalipsky (1994)) and reacted in the
presence ofN-hydroxy-s-nomornens-2,3-dicarboxylic acid imide (HONB) and dicyciohexyl-¢arbodiimide (DCC) to form
a folic acid-PEG-DSPE conjugate (compound XXVIi1). This conjugate is included it the lipid mixture during liposome
preparation to form liposomes including a folic acid targeting ligand.

[0087] Fig. 12B illustrates attachment of pyridoxal to hydrazide-activated PEG-DSPE. Pyridoxal and related ana-
Iegues have been studied for use In fagilitated transport of biologically active compounds (Zhang) and for use in AiDS
therapy (Salhany}. In AIDS therapy, pyridoxal §'-phosphate binds to the CD4 protein, the receptor for HiV-1 on T-helper
cells. Pyridoxal 5'-phosphate binds tightly to seiuble CD4 protein with a stoichiometry of about 1 rmo! of pyridoxal &'
phosphate/mol protein. This affinity and targeting to the CD4 protein is useful for targeting liposomes to T cells for
AlDS therapy. Attachment of pyridoxal (compound XXIX) ta hydrazide activated PEG-DSPE {(compaund XXX} is de-
scribed in Example 7 and shown in Fig. 12B8.

[0088] As ancther example, the ligand sialyl-Lewis* is attached to PEG-DSFPE and included in the fusogenic liposome
composition. Inflammation causes the expression of a polypeptide, endothelial lsukocyte adhesion molecule-1 (ELAM-
1 or E-selectin), on the surface of endothelial cells of blood vessels, adjacent to sites of inflammation. ELAM-1, in turn,
recegnizes and binds the polysaccharide moiety sialyl-Lewis* an surfaces of neutrophils, and recruits neutrophils to
sites of inflammation. Sialyl-Lewis” can be used to target liposomes to cells expressing ELAM-1 for delivery of a thar-
apeutic agent. Preparation of a sialyl-Lewis*-PEG-DSPE derivative has been described (Defrees).

[0089] As described above with respect to Fig. 1 and Fig. 3, the lippsemes optionaily contain a ligand bound to the
surface of the {ipid by attachment to surface lipid components. Such a ligand is initially shieided by the hydrophilic
surface coating from interaction with target cells until after the remaval of the hydrephilic polymers, Generally, such a
ligand is coupled to the poiar head group of a vesicle-forming lipid and various methods have been described for
attachment of ligands to lipids.

[0a80] In cne preferred method, the affinity moiety is coupled to the tipid, by a coupling reaction descrived balow, to
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form an affinity moiety-lipid conjugate. This conjugate is added to a solution of lipids for formation of liposomes, as will
be described. In ancther rmethod, & vesicle-forming lipid activated for covaient attachment of an affinity moiety is in-
corporated into liposomes, The formed iiposomes are exposed to the affinity molety to achieve attachrment of the affinity
moiety 1o the activated lipids.

[00s1] A variety of methods are available for preparing a conjugate composed of an affinity meiety and a vesicle-
forming lipid. For example, water-soluble, amine-containing affinity meieties can be covalently attached to lipids, such
as phosphatidylethanolamine, by reacting the amine-containing moiety with a lipid which has been derivatized to con-
tain an activated ester of N-hydroxysuccinirice.

[0092] As another exampie, biomolecules, and in particular large biomolecules such as proteins, can be coupled to
lipids according to reported methods, One method involves Schiff-base formation between an aldehyde group on a
lipid, typically a phosphoiipid, and a primary amino acid on the affinity moiety. The aldenyde group is preferably formed
by periodate oxication of the lipid. The coupling reaction, after rernoval of the axidant, is carried out in the presence of
a reducing agent, such as dithiothreitol, as described by Heath, (1981). Typical aldehyde-lipid precursors suitable in
the method include lactosylceramide, trihexosylceramine, galacto cerebroside, phosphatidyiglycerol, phosphatidyli-
nositol and gangliosides.

[0093] A second general coupling method is applicable to thiol-containing affinity moieties, and involves formation
of a disuifide or thioether bond between a iipid and the affinity moiety. In the disulfide reaction, a lipid amine, such as
phosphatidyl-ethanolamine, is medified to contain a pyridylditho derivative which can react with an exposed thiol group
in the affinity molety. Reaction conditions for such a method can be found in Martin (1881). The thioether coupling
method, described by Martin {(1882), is carried out by forming a sulfhydryl-reactive phospholipid, such as N-{(4)P-rnale-
imido-phenyl{butyryl)phosphatidylethanclamine, and reacting the lipid with the thiol-centaining affinity moiety.

[0094] Another methad for reacting an affinity molety with a lipid involves reacting the affinity moiety with a lipid which
has been derivatized to contain an activated ester of N-hydroxysuccinimide. The reaction is typically carried out in the
presence of a mild detergent, such as decxycholate, Like the reactions described above, this coupling reaction is
preferably performed prior to incorporating the lipid into the lipasome.

[0095] Theabove-described couplingtechniques are exemplary and it will be appreciated that other suitable methods
are known in the art and have been described, for example in U.8. Patent Nos. 8,605,630, 4,731,324, 4,425,008,
4,622,294 and 4,483,929,

C. Liposome Preparation

[0096] The liposomes may be prepared by a variety of techniques, such as those detailed in Szoka, et al,, 1980,
Multharmsliar vasicles (MLVs) can be formed by simpie lipid-film hydration techniques. In this procedure, a mixture of
liposome-forming lipids of the type detailed above dissolved in a suitable arganic solvent is evaporated in a vessel to
farm a thin film, which is then covered by an agueous medium. The {ipid film hydrates to form MLVs, typically with sizes
between about 0.1 to 10 microns.

[0097] The lipid components used in forming the fusegenic liposomes of the present invention are preferably present
in a malar ratio of about 70-9Q percent vesicle-forming lipids, 1-20 percent diblock copolymer lipid conjugate and 0.1-5
percent of a lipid having an attached fligand molecule. As noted above, the hydrophilic polymer added may consist
entirely of diblock copolymer lipid conjugate or a combination of dibleck copelymer fipid conjugate and polymer directly
linked to a lipid. ideaily, the percentage of diblock lipid conjugate in this mixture is the maximum percentage that ls
consistent with liposome stability. Thus, to optimize the formulation for a particular diblock lipid composition, one would
select variaus ratios of the two types of hydrophilic pelymer lipids, and use the highest ratio that gave good liposome
stabllity, as evidenced, for example, by a low rate of ieakage of a fluorescant reporter from the liposomes. Preferably,
the ameount of diblock copolymer lipid conjugate is between 5-100% of the total hydrophilic pelymer lipid included in
the lipid preparation.

[0098] One exemplary formulation includes 80-80 mole percent phosphatidylcholine, 1-20 mole percent of polymer-
lipid conjugates, and 0.1-6 mole percent ligand-PEG-DSPE, with the diblock polymer lipid conjugate making up 20-100
percent of the total hydrophitic poiymer liptd conjugates. Cholesterol may be included in the formulation at between
abeut 1-50 mole percent. Preparation of an exemplary lipesome formulation is described in Example 10.

[0099] Another procedure suitable for preparation of the fusogenic fiposomes of the present invention involves dif-
fusion of polymer-lipid conjugates into preformed lipesomes. In this method, liposomes with an entrapped therapeutic
agent are prepared from vesicle-forming lipids, The preformed liposomes are added to a solution containing a concen-
trated dispersion of micelles of pelymer-lipid diblock conjugates and optionally, igand-PEG-DSPE, and the mixture is
Incubated under conditfons effective to achieve insertion of the micellar lipids into the preformed liposomes. An advan-
tage of this method is that the hydrophobic polymer maiety In the diblock lipid is confined to the outer (ipid layer of the
liposames, and is therefare potentlally less destahilizing than when the diblock component is incorporated inte all of
the lipid layers formning the liposomes.
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[o10a]  Alternatively, the tiposomes may be preformed with the directly linked hydraphilic polymer lipid, and incubated
under lipid exchange conditions with the diblock polymer conjugate, to exchange the diblock lipid into the outer liposome
iayer.

[0101] Thetherapeutic ordiagnostic agentto be administered to cells, via cell fusion, in accordance with the invention,
may be incorporated into poscmes by standard methods, including (i) passive entrapment of a water-soluble com-
pound by hydrating a fipid film with an agueous solution of the agent, (ii) passive entraprment of a lipephilic compound
by hydrating a lipid fiim containing the agent, and (i) leading an ienizable drug against an inside/outside liposome pH
gradient. Other methods, such as reverse evaporation phase liposome preparation, are alse available.

[0102] The fusogenic lipusomes of the invention are preferably prepared to have substantially hemogeneous sizes
in a selected size range, typically between about 0.01 to 0.5 micrens, more preferably between 0.03-0.40 microns.
One effective sizing method for REVs and MLVs involves extruding an aqueous suspension of the liposornes through
a series of polycarbonate membranes having a selected uniform pere size in the range of 0.03 to C.2 micron, typically
0.05, 0.08, 0.1, or 0.2 microns. The pore size of the membrane corresponds roughly to the largest sizes of lipasomes
produced by extrusicin through thatmembrane, particularly where the preparation is extruded two or more times through
the same membrane. Homogenization methods are also useful for down-sizing lipesames to sizes of 100 nm or less
(Martin).

1. Preparation and /n vitro Fusion of Exemplaty Lipesomes to Red Bloed Cells

[0103] A study was performed in support of the invention to demanstrate that liposemes prepared in accordance
with the invention exhibit fusogenic activity following release of the hydrophilic pertion of the copolymer-lipid conjugate
and exposure of the hydrophebic polymer block. As described in Example 8, liposomes containing entrapped carbox-
yfluorescein were prepared from the vesicle-forming lipids 1,2-dioleyloxy-3-(trimethylamino) propane (DOTAP), lyso-
phosphatidylcholine and partialiy hydrogenated soy phosphatidy! chaoline. The liposcmes also included cholesterol and
5 mole percent of the dibiock copolymer-lipid conjugate mPEG-5-8-PPO-DS, prepared as described in Example 2
{Compound X, Fig. 8).

[0104] The fluorescein-containing liposomes were incubated with resealed humman erythrocyte ghosts, prepared as
described in Example BA. The liposomes and ghost cells were centrifuged te ensure contact and then the reieasing
agent dithiothreito) (DTT) was added to cleave the mPEG block from the mPEG-5-S-PPO-DS conjugate included in
the liposormes (Example 8C). After incubation, the cells were resuspended and examined under flucrescence optics,
and a phoetomicrograph is shown in Fig. 13. The erythrocyte ghosts seen in the micrograph exhibit internal fluorescence,
indicating that the fluorescein-containing liposomes fused with the cells. Erythrocyte ghast cells which did not fuse with
a liposome are also seen in the photomicrograph as darker, transparent cells. Small, fluorescein-containing liposaemes
are also evident. A control preparation containing erythrocyte ghosts and the same liposome preparation, but which
was not exposed to the releasing agent DTT, showed no evidence of liposome-cell fusion, as evidenced by none of
the cell ghaosts in the optical field under fluorescence optics exhibiting internal fluorescence. in the photomicrograph
of Fig. 13, approximately greater than 30% of the erythrocyte ghost cells have internal florescence, indicating fusicn
with the fusogenic liposomes.

2. Preparation and /n vivo Testing of Exemplary Liposomes

[0105] Studies were petformed in supportof the invention using liposames having a releasable coating of PEG chains
by inclusion of compound XXV (Fig. 11) in the liposomes. These liposomes were tested in vivo for release of the PEG
chains. As described in Example 9, complexes containing cationic liposomes with the releasable ceating of PEG chains
and a luciferase-bearing plasmid were prepared. The complexes were prepared by forming a cationic liposome-can-
densed plasmid complex and incubating the complex with micelles of PEG-OTP-DSPE {compound XXV, Fig. 11) or
with micelles of PEG-DSPE (e.g., PEG attached to DSPE by a conventional, nan-cleavable bond (Zalipsky 1892a)).
The micelles of PEG-DSPE and PEG-DTP-DSPE insert into the cationic liposomes with incubation at room temperature
and gentle vortexing for 5 minutes.

[0106] Three liposome formulations were prepered, as described in Example 9. In the first formulation, the PEG
coating was not releasable, that is, the PEG was included in the liposomes as PEG irraversibly attached to DSPE. In
the second formulation, the liposomes had a PEG surface coating where half of the PEG chains were releasably
attached to the lipesome surface, and the other half were not releasably attached. In the third formulation, the PEG
surface coating on the iipcsomes was releasable. These formulations are indicated in Figs. 14A-148 as "PEG", "PEG
+ R-PEG" and "R-PEG", respectively.

[0107] The lipesome complexes were administered intravenously to mice. Five minutes after administration, the
reducing agent cysteine was added to reduce the disulfide bonds, thereby releasing the releasable PEG from the
liposomas. 24 hours after injection, the lung and the liver were analyzed for luciferase activity. The results, shown in
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Figs. 14A-14B, show that luciferase activity is higher, e.g., more [iposomes are retained in the tissue, for liposomes
which have releasable PEG chains. Impertantly, the data demonstrates in vivo release of PEG chains by reduction of
a releasable linkage, Release of the PEG chains exposes the positive liposome surface charges of the cationic lipo-
somes, enhancing binding to the negative cell membranes and improving retention of the liposomes in the tissues, as
avidenced by the higher luciferase activity for the releasable-PEG liposomal formulations.

(1. Utility of Fusogenic Lipeseme Composition

{0108] The fusogenic liposome composition described is useful in delivering diagnostic or biclegically active thera-
peutic agents such as drugs, proteins, genetic material or other agents, or receptor molecules, either into a celi mem-
brane, & receptor liposome or the cytoplasm of a cell in vivo or in vitro.

10109] Inaccordance with the invention, the liposome entrapped agent is delivered directly to the cytosol of the target
cell by lipesome fusion with the cells, rather than via an endocytotic or phagocytic mechanisms. The liposomes are
thus particularly advantageous for delivering therapeutic agents, such as gene canstructs, oligonuciectides ar olige-
nucleotide analogs, peptides, proteins, and other bigiogical macromoiecules, that do net readily penetrate a cell mem-
brane by passive or active transport.

[a118] The fusogenic liposame composition can be administared in vivo by a variety of routes including subcutane-
ous, intramuscular, interlesional (to tumaors), intertracheal by inhalation, tepical, internasal, intraocuiar, via direct injec-
tion into organs and intravenous.

A. Administration of Liposome Composition

[0111] The fusegenic liposome composition is designed for use in delivering an agent or compound to a target cel,
either at an in vivo site or to cultures of cells in vitro. Delivery of the agent is accomplished by fusion of the vesicles
with the plasma membrane of the target cells, releasing the agent into the cytoplasmic compartment of the cell. Several
applications are discussed below.

1. Delivery of a Therapeutic Agent. A variety of therapeutic compounds, including general pharmacoiogic drugs,
peptides and nucleic acids, may have limited therapeutic applications because of the problem of low uptake inta
target cells. Using the liposome composition of the present invention, entrapped therapeutic cormnpound can be
delivered to target cells with high uptake via vesicle-cell fusion,

In this general application, fusogenic liposomes containing encapsuiated drug are administered, e.g., intrave-
nously. The fusagenic liposomes, as described abave, may include a specific ligand for targeting to cells in need
of the entrapped drug. For example, liposomes carrying an anti-tumor drug, such as doxorubicin, can be targeted
to the vascular endothelial cells of tumors by including a VEGF ligand in the liposome, for selective attachment to
Fik-1,2 receptors expressed on the proliferating tumor endothelial cells. The hydrophilic coating on the liposomes
protects the liposomas from uptake by the reticuloendetheliai system, providing a long blood circulation lifetime
for more effective targeting. Atthe same time, the ligand, attached to the distal ends of lipid-anchored hydrephilic
polymer chains, are exposed for purposes of receptor binding and targeting.

Alternatively, targeting to selected target cells or tissue may be passive, i.e, through the nermal biodistribution
of liposomes after administration, without the requirement for unshielded ligands. For example, lang-circulating
liposomes having sizes of preferably less than about 0.2 um can accumulate, after IV administraticn, at solid tumor
region sites, or sites of inflammation, via extravasation through compromised vasculature.

When the liposomes have reached a selected target site, e.g., by ligand-specific binding of the fiposomes to
target cells, or accumulation of |iposomes in the vicinity of target cells by biodistribution of the injected liposomes,
the liposomes are contacted at the target celis with a chemical agent effective to release said chains forming said
surface coating. This release exposes the hydrophobic polymers on the liposeme surface to the target cells, pro-
moting fusion of the liposomes with the targat cell surface as described below,

In one general embediment, the hydrophilic pelymer chains are linked to the hydrophobic chains {or directly
to the liposome lipids) via disulfide linkages. In this embodiment, the subject is treated, e.g., by IV administration,
of a reducing agent, such as ascorbate, cysteing, or glutathione.

In another embadiment, the chemically releasable linkage may be a pH sensitive bond, where the liposomes
are targeted to a region, such as a solid-tumor region, where a typically lewer pH can promete hydrophilic palymer
fall-off.

Removal of the hydrophilic polymer chains, in whole or in part, expoeses the hydrophabic polymer on the lipo-
some surface to the target cell membrane surface. The hydrophobic segment, now in an aqueous environmeant,
will seek a mare favarable, e.g., hydrophabic, environment, both in the lipesome bilayer and in the edjacent target
cell membrane. The partitioning of the hydrophebic chains into target cells will act both to increase the proximity
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of the liposome to the target cell membrane, and to destabilize the target cell bilayer, making it more susceptible
to fusion with the lipcsome bilayer.

A number of strategies can be used to optimize or enhance the efficiency of the fusion event.

First, it is desirable ta increase the tendency of the exposed hydrophebic chain to partitioning into the target
cell bitayer rather than the liposome bilayer. This can be dene, in part, by increasing the concentration of high
phase transition lipids in the liposomes.

Second, it is desirable to bring the liposomes into close proximity with the target membrane. This may be done,
as discussed above, by providing a shielded iigand or positively ¢harged lipid component capable of interacting
with the target membrane, after release of the hydrophobic polymers, thus forcing the two bilayers closer together.

Finally, the type and size of the hydrophobic polymer chains can be eptimized to enhance fusion efficiency.

The method discussed above for examining the ability of hydrophobic polymer chains to lyse erythrocytes can be
used to identify optimal polymer size and type.
2. Gene Therapy. Fusogenic lipesomes containing an entrapped gene (cDNA plasmid) are deliveredto target cells,
for ex vivo or in vivo gene therapy. In the !atter case, a gene is directly introduced {intravenously, intraperitoneally,
aarosol, etc.) into a subject. In ex vivo (or in vitra) gene transfer, the gene is introduced into cells after removal of
the celis from specific tissue of an individual. The transfected cells are then introduced back into the subject.

{0112] Avariety of genes for treatment of various cenditions have been described, and ceding sequences for specific
genes of interest can be retrieved from DNA sequence databanks, such as GenBank or EMBL. The selected coding
sequences may enceode any of a variety of different types of proteins or polypeptides, depending on the particular
application. For example, the fusogenic lipesome may be used to infroduce sequences encoding enzymes into, e.g.,
stemn cells or lymphocytes of individuals suffering from an enzyme deficiency. For instance, in the case of individuals
with adenosine deaminase (ADA) deficiency, sequences encoding ADA may be transfected into stemn cells or lym-
phacytes of such individuals.

[0113] In related applications, the liposomes may contain genes encading any of a variety of circulating proteins,
such as ay-antitrypsin, clotting factors (e.g., Factor VIil, Factor 1X} and globins (e.g., B-globin, hemoglobin), for the
treatmert of hemogphilia, sickle-cell anemia and other biood-related diseases. Other examples of gene coding sequenc-
es suitable for use with the present invention include sequences encoding structural proteins; receptors, such as low
density lipoprotein receptor (LDL-R) for transfection of hepatocytes 1o treat LDL-deficient patients, human CD4 and
soluble fonms thereof, and the iike; transmembrane proteins such as cystic fibrosis transmembrane conductance reg-
ulator (CFTR]) for treatment of cystic fibrosis patients; signalling molecules; cytekines, such as various growth factors
(e.g., TGF-o, TGF-B, EGF, FGF, IGF, NGF, PDGF, CGF, CSF, SCF), interleukins, interferons, erythropoietin, and the
like, as well as receptors for such cytokines; antibodies, including chimeric antibodies; genes useful in targeting ma-
lignant tumors (e.g., malignant melanoma by transformation of, e.g., tumor-infiltrating lymphocyies, TIL), tumer sup-
pressor genes such as p53 or AB genes that regulate apoptosis such as Be1-2 gene for thymidine kinase followed by
ganciciovir gene for cytosine deaminase fallowed by 5-fluoracytosine gene for over expression of MDR-1 gene product
to protect nomal cells from cytotoxic chemotherapy, with genes deleterious to turmors, such as tumer necrosis factor,
leukemia Inhibitory factor, or various other toxic genes; hormones, such as insufin and growth hormene; transcriptional
and translational regulatory elements; and the like, The liposomes may also encode enzymes to convert a non-cytotoxic
prodrug into a cytotoxic drug in turnor cells or tumer-adjacent endothelial cells.

[0114] In one embodiment of the invention, the liposomes contain a polynucleotide designed to be incorporated into
the genorne of the target cell or designed for autologous replication within the cell. In another embodiment, the com-
pound entrapped in the lipid vesicles is an cligonucieotide segment designed for sequence-specific binding to celiular
RNA or DNA.

[0115] Polynucleotides, oligonucleotides, other nucleic acids, such as a DNA plasmid, can be entrapped in the lipo-
some by condensing the nucleic acid in single-molecule form. The nucleic acid is suspended in an agueous medium
containing spermine, spermidine, histone, lysine, mixtures thereof, ar other suitable polycatienic condensing agent,
under conditions effective to condense the nucleic acid into small particles, as described in Example 11, The solution
of condensed nucleic acid malecules Is used to rehydrate a dried lipid film to form liposomes with the condensed nucleic
acld in entrapped farm.

B, Use in /n Vitro Assays

[0116] The fusogenic lipesome compesition may be targeted to a cell or a target liposome in vitro for use in a ho-
mogencus immunoassay format,

[0117] Inthis application, the fusion event introduces an effector molecule carried in the fusogenric liposome into the
target cell, e.g., into a biclegical cell or another liposome. The effector molecule interacts with a compound contained
in the target cell to produce a measurable signal.
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V. EXAMPLES

[0118] The foilowing examples illusirate methods of preparing, characterizing, and using the fusogenic fiposomes
of the present invention, The examples are in no way intended to limit the scope of the invention.

Example 1

Preparation of Di-PEG-PPO Copolymer for Fusion Activily Screening

A. Preparation of N-succinimidyl-(2-(m methoxypoly-(oxyethylene)-a-aminocarkony!)ethyl-diothiopropicnate
Intermediate, (MPEG-DTP-OSu)

[06119] This synthetic scheme is illustrated in Fig. 4. N-succinimidyl-(2-(w-methoxypoly(oxyethylene)-o-aminocarb-
onylethyl-diothiopropionate {compound 1Y), is prepared according to the method of Kirpotin, 1996.

[0120] A solution of dithichis(suceinimidy! propionate} (873 mg, 2mmol) (DTSP, compound II), prepared from dithi-
odipropicnic acid (Aldrich, Milwaukee, W1}, is dissolved in dimethylformamide (10 ml) and treated with methoxypaly
{ethylene glycollamine (2g, Tmmol), mPEG-NH, {compound I}, prepared according to the mathod of Zalipsky (Zalipsky,
1983), and triethylamine (140 mi). The resulting N-succinimidyl ester polymer intermediate, N-succinimidyl-(2-(w-meth-
oxypoly{oxyethylene)-a-aminccarbonytjethyl-dicthiopropionate (mPEG-DTP-OSu, compeund 11} is then purified by
recrystallization twice from isopropanol, followed by drying in vacuo ever phospharus pentoxide, to remove residual
water. The intermediate is characterized by *H NMR, using deuterated methanoi as scivent, *‘H-NMR {CD;0OD): § 2.8
(m, SCHyCH,CON), 2,85 (s, Su, 4H), 3.0 (overlapping m, SCH,CH,CC,-Su and SCH,CHZCON), 3.38 (s, CHy, #h),
3.64 {s, PEG, = 180H). The composition of the product mixture, ie., the relative amount of meno-PEG-ylated
{mPEG-DTP-0SU) to di-PEG-ylaled dithledipropionate product (mPEG),DTP, is determined by comparing the relative
integrations of peaks at 2.6 ppm and 2.85 ppm downfield from TMS, assigned to the desired succinate, versus a
resonance at 3.0 ppm, assigned to (MPEG),DTP.

B. TRIBLOCK COPCLYMER PREPARATION

[0121] PPO-diamine, containing two terminal primary amine groups {compountd I¥), is stirred in methylene chloride
until dissolved. To this solution is added a slight excess (1.2 equivalents) of mPEG-DTP-OSuU (compound ). The
reaction mixture is then stirred for several hours at room temperature. Reaction progress is monitored by TLC; com-
pletion is indicated by the disappearance of a spot corresponding to PPQ-diamine. The di-PEGylated PPO product, di
{MPEG-amido-DTP-amido}PPO (compound V), is putified by column chromatography on silica gel, followed by char-
acterization by 'H NMR spectroscopy {CDCl;) te confirm the absence of any remaining mono-PEGylated PPG product.

C. Method of Screaning for Fusion Prometing Activity of Hydrephobie Polymers

[0122] A tri-block copolymer of PEGagag and PPOsgp0 (Compound V) was prepared by a procedure in accordance
with that described above. 50 mg of the tri-block copolymer was dissolved in 1.2 mL phosphate buffered saline (PBS).
0.5 mL was placed in the first two tubes of two rows of 10 tubes each containing 0.5mL of PBS. Ten serial 2-fold
dilutions of the copolymer were made in both rows of tubes. To each of the 20 tubes was added 0.5mL of a 10% voluma/
volume suspension of fresh hurman graup O red blood cells (that had been drawn into heparin and washed three times
with PBS). A cell controi was also prepared by combining 0.5mbL PBS and 0.5 mL of the red cell suspension to a single
tube. All the tubes were placed in a refrigerator for 10 minutes after which tirne 0.1mL of 0.5M dithiothreitel (DTT) was
added to one set of dilutions while 0.1 mL PBS was added to the other set of dilutions. 0.1 mL of DTT was added to
the tube containing the ceil contrel. The tubes were placed in the refrigeratar for 2 hours. Afier the incubation, the tubes
were placed in a centrifuge and spun at 2000 x G for 10 minutes to pellet the cells,

[0123] The supernatants were carefully removed and placed in separate tubes. The zbsorbance values at 480 nm
for the supernatants of the 5! dilution (i.e., the tubes containing a concentration of the tri-block copolymer of 0.78 mg/
mL) and for the control preparation were measured and are shown in Fig. 5, where bar (a) shows absorbance for the
samples containing the tri-block copolymer plus DTT, bar {b) shows absaorbance for the samples containing the tri-
block copolymer alone and bar (c) shows absorbance tor the control preparation {cells plus DT 7).

[0124] The cells were also examined microscopically under phase contrast optics at a magnification of x630, and
photomicrographs shown in Figs. BA-6C. Fig. 6A shows the cell preparation exposed to the tri-block copolymer and
to DTT, Fig. 68 corresponds to the cells exposed oniy to the tri-block copalymer, and Fig. 6C shows the cells exposed
ta only DTT. As seen, cell lysis is evident only in the preparation containing the tri-block capolymer exposed to DTT,
where greater than 80% of the cells lysed, as evident by the dark, transparent bodies in the photomicrograph (intact
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celis are seen as bright bodies in the phetomicrographs).
Exampile 2

Preparation of a Diblock Copolymer-Lipid Conjugats: mPEG-8-8-PPO-DS (Compaund XII)

A. Materials and Methods

{01258] Materials: Unless otherwise noted, materials were obtained from commercial suppliers and were used as
provided. o-(imidazcl-1-yl)carbonyl-w-methoxy-poly{ethylene oxide) was synthesized by known methods {Beauchamp,
et al., 1983).

[0126] Methods: The phrase "evaporated in vacuo" means the use of a rotary evaporator with a bath temperature
not exceeding 40°C using a water aspirator. Thin-layer chromatography (TLC) was carried out on Analtech 60F-254
silica gel plates, and detection of components an TLC was made by staining with iodine vapor, staining with the Dra-
gendorf reagent (for pelyether detection), or by treatrment with a cupric sulfate/sulfuric acid solution followed by heating.
Soivent sysiems are expressed as a percertage of the more polar component with respact to total volume {vih).
Merck grade 9385 silica gel 230-400 mesh (60 A) was used for chromatography (Merck Sharpe & Dohme, Philadelphia,
PA), which was carried using the guidelines outlined by Still, ef a/. (1878). The 'H NMR spectra were acquired on 360
MMz GE instrument at Acorn NMR Inc. (Fremont, CA) and the chemical shift values are expressed in A-values (parts
per million) relative to tetramethylsilane as an internal standard. Matrix-assisted laser desorption ionization time of
flight mass spectroscopy {MALDI-TOFMS) was obtained with PH-EVANS MALDI triple electrostatic anaiyzer time-of-
flight mass spectrometer at Charles Evans & Associates (Redwood City, CA).

B. Preparation of g-[2-Aminoethyldithio-N-ethylcarbamoyl-w-methoxy-poly{ethylene oxide} Hydrechloride {Compound
Vi

[0127] The following reaction is shown in Fig. 8. A 250 mL round-bottom flask was charged with cystamineg dihydro-
chloride (Compound Vi, 4.5 g, 20 mmol) dissolved in 50 mL of a 0.01 M potassium tetraborate tetrahydrate. Ta this
stirring solution was added, in one portion, a-(Imidazol-1-yl)carbonyl-w-methoxy-poly{ethylene oxide) (Compound VI,
n=45) prepared as described in Beauchamp, et al., 1883, and the resultant clear selution was stirred at room temper-
ature for four hours. At this time, the solution was adjusted to pH 1 with 6 N HCI and sodium chleride was added to
the saturation limit. The agueous solution was extracted with chloroform (2 X 75 mb), the organic extracts were com-
bined, dried over magnesium sulfate, and filtered. The solvent was evaporated in vactio and the resultant coloriess
gel was dissolved in approximately 70 mL of ethyl acetate. To this clear soluticn was slowly added 120 m!, of diethyl
ether to give 1.97 g (B8%; of a white precipitate, o-[2-Aminoethyldithic-N-ethylcarbamoyl-w-methoxy-poly(ethylene
oxide) hydrachloride (Compound Vill), that was sufficiently pure for the next reaction. R,=10.49 (2:18:90 water/methanol/
chloroform). TH NMR (360 MHz, DMSO-dg) A 7.74 (bs, 8), 7.38 (1, 1, J= 5.1 Hz), 4.05 (pt, 2, /= 4.5 Hz), 3.69 (pt, 1,
J=47Hz), 3.50 (bm, ~ 180), 3.4t (m, 2), 3.23 (s, 3), 3.08 (pt, 2, J=46.7 Hz, 7.1 Hz), 2.90 (pt, 2 /= 7.6 Hz), 2.79 {pt,
2, J=6.9Hz, 6.6 Hz).

C. Preparation of bis p-Nitrophenyl Carbonate Polypropylens {Compound X}

{0128] Polypropylene oxide (PPO, 1 g, 0.5 mmol) was dried azeotropically with benzene. p-Nitrophenyl chlaroformate
(604 mg, 3 mmol, 6 eq) and triethanclaming (TEA, 418 ml, 3 mmol, 6 eq) were added ta PPO in CH,Cl, {3 mi). After
30 minutes TLC showed that the reaction was complete. The soluticn was flitered and evaporated to dryness, The
crude product was dissclved in DHCI;:CH,COCH, {80:10), loaded onto the silica column {the slurry was made with
the same solvent), and eluted with the following solvents, CHCly:CH,COCH; = 90:10 {p-nitrephenyl group eluted),
CHCI5:CHZCOCH, = 50:50 {product efuted). Appropriate factors were combined, evaporatec, and dried in vacue over
P, Cs to give pure product as clear oil. Yield: 1 g (86%). TH NMR (d6-DMS30): & 1.05 (d, CH; CHCH,, 106H); 1.15 {3,
CH, CHCHy, end 6H); 3.30 (m, CHyCHCH,, 35H); 3.45 {m, CHCHCH,, 70H); 4.9C (m, terminal CHyCHCH,, 2H);
7.80 {d, NO,CgH, PPC, 4H), 8.30 (d, NO;CgH, PPO, 4H),

D. Preparation of MPEG-5-8-PPO-DS (Compound X1}

[0129] Anoven-dried 25 mLround-bottam flask was charged, under nitrogen, with ¢, w-bis{4-nitrophenoyl carbonate)-
poly(propylene oxide) (Compound X, m=35, 611 mg, 236 wmol) (prepared as described In Example 2C above, ac-
cording to the meihods of Veronese, et al., 1985) and Compound Vil (512 mg, 230 pmol) in 4.0 mL of dry dimethy!-
farmamide. Triethylamine (98 pl, 700 prnol) was then added to this light yallow solution to give a cloudy, bright yeflow
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mixture that was stirred at room temperature under nitrogen for 60 minutes. At thistime TLC analysis indicated complete
consumption of Compound Vit (and farmation of mPEG-5-8-PPO-nitrophenylcarbonate [Compound X, major product]
and mPEG-5-5-PPQ-5-8-mPEG [minor product]). The reaction was allowed to stir at rocm temperature under nitrogen
far 21 hours. The solvent was then evaporated and the yeflow residue subjected to column chromatography (Si02, 25
*% 150 mm, {1) 10% acetone/chioroform to elute p-nitrophenal then, {2) 5% methanol/chloroferm to elute the first mix-
ture, (3) 8% methanel/chioroform) to eluie the second mixture containing mP EG-5-5-PPC-aminopropanediol {Com-
pound X1}, Solvent evaporation of the appropriate fractions gave 260 mg of an oil that, by TLC analysis, contained two
materials of A, = 0.58 and A, = 0.57 {10% methanol/chloroform) that were positive to iodine staining and poiyether-
specific Dragendorf staining. This material was used without any further purification. An oven-dried 5 mL flask was
charged, under nitrogen, with stearic acid {52 mg, 182 umol), 4-(dimethylamina)pyridinium tosylate (Moore and Stupp,
1990} (9 mg, 3¢ pme!}, and a solution of Compound X| {260 mg mixture) in 2.0 mL dry dichloromethane. To this clear
solution was added 1,3-dicyclohexycarbodiimide (5 mg, 25 umol) and the reaction was allowed to stir at room temper-
ature under nitrogen. After 30 minutes, a precipitate (1.3-dicyclohexylurea) began to form and TLC analysis showed
the farmation of a new praduct spot at B;= 0.57 (3% methanal/chloroform, starting matetial R, = 0.49). The reaction
was stirred overnight at room temperature under nitrogen. The mixture was filtered threugh Celite with dichloromethane
washes, the solvent was evaporated, and the residue was subjected to column chrematography (SiO5, 25 x 100 mm,
[a] 10-50% gradient of 2-propanol/chleroform, [b] 2:48:50 methanol/2-prepanol/chloroform, Ie] 5:45:50 methanal/2-pro-
panolchloroform, [d] 5% methanolchioroform, (e} 7.5% methanclchleroferm; 100 mi tetal solvent) to give, following
solvent evaporation and lyophilization from 2-methy!-2-propancl/water, 58 mg (10%) of a flocculent white salid, iden-
tified as MPEG-S-8-PPO-DS (Gompound XII). TH NMR {360 MHz, CDCl4) 8 5.32 (bs, 1), 6.20 (bs, 1), 5.08 (m, 1), 4.91
{bm, 3), 4.28 (dd, 1, J=4.0H2z,122 MHz), 4.22 (pt, 2, J= 4.7 HZ), 412 (dd, 1, J= 5.6 Hz, 11.8 Hz), 3.83 (m, 1), 3.64
(m, ~180), 3.58-3.51 (bm, ~70}, 3.39 (bm, ~35). 3.37 (=, 3), 2.80 (pt, 4, J= B.8Hz 5.9 Hz), 2.30 {pt, 4, J=7.4 Hz, 7.5
Hz}, 1.61 (bm, 4), 1,32-1.22 (bm, ~62), 1,13 (d, -99, J = 6.8 Hz), 0.88 (t, 6, J = 6.6 H2). MALDI-TOF mass spectrum
(DHB, 2,5-dihydroxhenzoate used as matrix material) showed the molecular ion of the conjugate represented by a
distribution of lines centered at 4800. The spectrum also showed two distributions representing the fragments of the
conjugate generated by cleavage of the disulfide linkage, 2100 and 2700 m/z. The first one composed of spectral lines
equally spaced 44 m/z units apart {oxyethylene repeat unit) and the second distribution centaining lines equally spaced
at 58 units apart (oxypropylene repeat unit).

Example 3

Preparation of a Diblock Copolymer-Lipid Conjugate mPEG-8-8-PPO-DSPE (Compound XV)

A. Preparation of DSPE-PPO-g-nitropheny! carbamate {Compound XiVy

[0130] The following reaction is ilfustrated in Fig. 9. DSPE (Compound X!, 220 mg. 0.294 mmol) was added to bis-
nitropheny! carbenate poiypropylene oxide (Compeound IX, 1 g, 0.482 mmol, 3 eq) in CHCly (5 ml}. N-hydroxy-s-nor-
bornene-2,3-dicarboxylic acid imide (HONB, 78 mg, 0.441 mmo!, 1.5 eq) and TEA {304 ml, 2.18 mmol, 7.44 eq) were
added to the reaction mixture. The reaction mixture became a ye'low cloudy solution. After 4 hours at 42°C the reaction
mixture became clear (yellow), TLC (CHCIy: MeCH: H,QO = 90: 18: 2) showed that the reaction went to completion.
The product mixture was swirled with Amberlist 15 ion exchange resin (acidic, 1.5 g, 4.8 meq/q) and Amberlist 21 ion
exchange (basic, 1.5 g, 4.8 meg/g). Then the product mixture was dissolved in MeOH (3 m!}, silica (3 g, Aldrich Chemical
Co., Milwaukee, W!, Silica 60 A, 230-400 mesh) was added, and was evaporated. The product was eluted by the
following solvents, CHCl3:CH3COCH; = 90:10 (100 ml), CHCly:iPrOH = 98:2 (100 ml), CHCI5:iPrOH = 96:4 (100 mi),
CHCly:iPrCH = 84:6 (100 m), CHCI4:IPrOH = 92:8 (100 ml), CHCI5:iPrOH = 92:8 {100 mi), CHCl4:iPrOH = 80:10 (200
mi}. Fractions cantaining pure product were combined and evaporated. +BuQH (5 mi) wes added to the product. The
product (Compound XiV) was dried in vacuo over P,Og and obtained as white soiid (350 mg, 41%). 1H NMR (CDCly):
80.88 (m, 6H), 1.15 (s, PPC (CH3CHCH,), ~105 H), 1.26 (s, CH,, 86 H), 1.58 {br m, CH,CH,C=0, 4H) 2.31 (2 x t,
CHyG=0, 4H), 3.38 {m, PPO (CH3CHCH,), ~35 H}, 3.54 (m, PPO (CHaCHCH,), ~70 1), 5.20 {m, PO,CH,CH, 1H),
7.38 {d, NO,CgH, PPO, 4H), 8.38 {d, NO,CgH, PPQ, 4H).

B. Preparation of mPEG-S-§-PPCQ-DSPE (Compound XV)

[0131] With continuing reference to Fig. 9 Compound VI (Example 2B; mMPEG-0{C=0}
NHCH,CH;S-8CH,CHy-NH2; 58 mg, 0.027 mmol, 1.4 eq), hydroxybenzotriazole (HOBt, 15.2 mg, 0.113 mmal, 8 eq),
molecular sieves (50 mg) and TEA (20 mi, 0.143 mmol, 7.7 eq) were added to Compound XV (DSPE-PPO-p-nitraph-
enyl carbamate) (55 mg, 0.019 mmol, 1 eq}, in CHCl; (600 ml). After 3 hours TLC {CHCly: MeOH: iPA = 50: 1: 49)
showed the formation of product, but the product spot was very light. Then OMF (0.2 ml} was added to the reaction
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mixture and stirred at room temperatura. After 24 hours the product spot appeared to be darker than the previous day.
The product mixture was filtered, lyophilized and then purified by silica gel column chromatography. The product mixture
was dissolved in CHaCOCHZ:CHCl4 (90:10} and loaded onta the column. The calumn was eluted with the following
solvents: CHCly:CH,COCH, = 90:10 (5¢ ml), CHCl5iiPrOH = 80:20 (20 ml), CHCI:iPrOH = 60:4¢ (2¢ ml), CHCI3;
iPrOH: MeCH = 50:49:1 (20 ml), CHCiy:iPrOH-:MeQH = 50:48:2 (20 ml), CHCI4:iPrCH = 92:8 (100 ml, CHCI,:iPrOH
=92:8 (100 ml), CHCI;:iPrOH = 90:10 (200 mi). Fractions containing pure products were combined and evaporated.
+-BuOH {5 ml) was added to the product, The preduct, Compound XV, was dried i vacuo over P,0g and cbtained as
white solid (350 mg, 41%). TH NMR {CDCl3): & 0.88 (m, 6H), 1.15 (s, CH3CHCH,, ~105 H) 1.26 (s, CHj, 56 H}, 1.58
brm, CHCHy), ~35 H}, 3.54 (m, PPO CH3CHCH,, ~7C H), 3.64 (s, PEG, 180 H}); §.20 (m, PC4CH,GH, 1 H).

{0132] MALDI-TOF mass spectra {DHB matrix) showed the molecuiar ion of the conjugate represented by a distri-
bution of lines centered at 5000 mv/z. The spectrum alse showed twe distributions representing the fragments of the
conjugate generated by cieavage of the disulfide linkage, 2100 and 3000 m/z. The first one composed of spectral lines
equally spaced 44 mv/z units apart {PEG repeating unit) and the second distribution containing lines equally spaced at
58 units apart {(PPO repeating unit).

Exampie 4

Preparation of a Diblock Copolymer-Lipid Conjugate mPEG-DTP-amido-PPC-DSPE (Compound XX)

A. Preparation of a Lipidized Hydrophobic Polymer |ntermediate, amine-PPO-DSPE (Compound XIX)

[0133] Distearylphosphatidylglyceral (DSPG, compound XVi Fig. 10A) is treated with sodium periodate {NalQ,) as
described by Torchilin. The resulting oxidized product, oxidized-DSPE {compound XVI1}, is then reductively aminated
with gn excess of pelypropylene oxide diamine (diamino-PPQ, compound XVIII, n=10-20) (e.g., Jeffamine®, Texaco,
Houston, TX) in the presence of NaCNBHg, to form the desired amino-linked lipid-functioralized hydrophobic polymer,
amina-PPQ-DSPE (compound XIX, Fig. 10A).

B, PREPARATION OF A DIBLOCK COFOLYMER-LIPID CONJUGATE, MPEG-DIP-AMIDQ-PPO-DEPE
{COMPOUND XX)

{0134] The desired conjugate, mPEG-DTP-amido-PPO-DSPE {compound XX), having a hydrophilic terminal block
polymer, PEG, an internal cleavable disulfide bond, and a hydrophobic polypropyiene oxide block attached to aterminal
lipid, is prepared by coupling the intermediates prepared as described in Examples 1A and 4A above, PEG-DTP-OSu
{compound [II) and amino-PPC-DSPE (compound XIX) to form the desired copolymer lipid conjugate product,
mPEG-DTP-amido-PPO-DSPE (compound XX},

[0135] mPEG-DTP-QSu (compound !ll) is prepared as described above in Example 1A and dissoived in CHCI,. An
equimolar amount of amino-PPO-DSPE (compound XIX) is added to the CHCI, sclution of mMPEG-DTP-OSu and in-
cubated, in the presence of tricthylamine, at 45°C until clarified. The preduct (compound XX) is purified as described
by Zaiipsky, 1993 and the purified product is then characterized by 'H NMR. The absence of protons assignable to the
reactive succinate group indicate coupling of the twe polyrmer portions to form the desired product. This reaction scheme
is summarized in Figs, 10A-108.

Example 5

Preparation of Copolymer-Lipid Conjugate Linked by a Disulfide Bond Having [ncreased Lahility

[0136] The preparation of a disulfide interlinked mPEG-PPO-DSPE conjugate containing a modified disulfide linkage
having increased susceptibility to cleavage (e.g., thiolysis and/or hydrolysis) Is carried out as described beiow and
iltustrated in Fig. 11.

[0137] Methoxypoly{ethylene glycol)thiol, mPEG-SH (compound XXI), is prepared according to the method of Zal-
ipsky (1987). To a solution of mMPEG-SH (compound XX1) in water or dimethylformamide is added an excess of 5'5'-
dithicbis(2-nitrobenzoic acid), "Ellman's reagent" (carmpound XXI() and the resulting reaction mixture is allowed to stir
at room temperature (20-25°C). The reaction is menitored by TLC for disappearance of mPEG-thiol starting material,
or alternatively, may be followed by IR analysis {S-H stretch) of aliquots of the reaction mixture. The resulting mixed
disulfide product, mPEG-3-carboxy-4-nitrophenyl disulfide (compound XXIII}, is then recovered by silica gel column
chromategraphy and purified. The resulting disulfide is characterized by 'H NMR speciroscopy, and the relative inte-
grations {peak areas) of upfield resonances assignable to the PEG portion of the molecule, and those of peaks corre-
sponding to aromatic protons on the substituted phenyl ring, are compared to determine the extent of di-PEGylated
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disulfide side product, di(mPEG)disuifide, formed.

[0138] The mixed disulfide, MPEG-3-carboxy-4-nitrophenyl disulfide {compound XX1I1), is completely dissolved in
methylene chloride. To this resuiting solution is added amino-PPQO-DSPE (compound XIX), prepared as described in
Example 4A above, and the coupling agent dicyclo-hexylcarbodiimide (DCC, cernpound XXIV). The resulting reaction
mixture is stirred overnight at room temperature until complete disappearance of HyH-PPO-DSPE is observed, as
determined by TLC. The resulting copolymer-lipid surfactant product, mPEG-(3-amido-PPO-DSPE)-(4-nitrophenyl)
disulfide (compound XXV) is purified by silica gel column chromatography and characterized by NMR. The madified
disulfide product possesses enhanced susceptibility to cleavage of the disulfide linkage, e.g., attack by an incoming
thiel such as cystelne, or glutathicne,

Example 6

Preparation of Folic Acid-PEG-DSPE

[0139] Because foiic acid is light sensitive, this procedure was performed under light protected conditions. As illus-
trated in Fig. 124, folic acid (cempound XXV, 26 mg 5.6 x 1073, 1.8 equiv.), amine-PEG-DSPE (compound XXV, 97
mg, 3.4 X 10-%, 1 aquiv., prepared as described in Zalipsky (1894} and N-hydroxy-s-norbormene-2,3-dicarboxylic acid
imide (HONB, 10 mg, 5.5 x 10-5, 1.8 equiv.) were dissolved into DMSO (1.0 ml) and pytidine (0.5 mi).

[0140] The mixture was stirred until completely dissolved. Dicyclohexyl-carbodiimide (DCC, 32 mg, 1.6 X 104, 4.4
equiv.) was added to inltiate the reaction. The mixture was stitred at room temperature for four hours and comgletion
of reaction to form folic acid-PEG-DSPE (compound XXVIIH) was confimed by TLC {amino-PEG-DSPE should be
absent). Pyridine was then evaporated from the reacted midure.

[0141] For the TLC, the samples were dissolved in 50ul DMSO and diluted with 1.0 ml chloroform. The reaction
mixtures were diluted with chioroform in order to dissolve folic acid. Matrix matching with DMSO maintains the RF
value between samples. The TLC running solvents were:

(1) isopropy! alcohol/fammonia/water 10:1:2 (requires 40 minutes), and
(2) chleroform/methanol/water 75:30:5 (requires 14 minutes).

Visualization technigues are U.V. and Dragendorif spray. The RF values and visualization techniques in TLC sclvents
were;

RF Value U.V. 1 Dragendorff
solvent system (1) | solvent system (2)
Folic acid 0.21 0.0 + -
NH,PEG-DSPE 0.38 0.84 - +
falic acid-PEG-DSPE 0.52 0.59 + +

Example 7

Preparagtion of Pyridoxal-PEG-DSPE

[0142] Pyridoxal {cempound XXIX) and hydrazide-derivatized PEG attached to DSPE (compound XXX, prepared as
described in Zalipsky (1993)) are mixed at room temperature (20-25°C}) in DMF to form the pyridoxal-PEG-DSPE
conjugate {(cormnpound XXXI) shown in Fig. 12B.

Example 8

In vitro Lipcseme Fusian with Resealed Erythrocyte Ghosts

A. Preparation of resealed human erythrocyte ghosts

[0143] Human group QO whole blood was drawn into a heparin-containing tube and the cells were washed three times
with a 5x volumes of cold phosphate buffered saline (PBS). After the third wash the cells were resuspended to 2 50%
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volume/volumea suspension in cold PBS. The cells were lysed by slowly introducing ene mb of the 50% call suspension
into 100mL ice cold distilled watar containing 5mM Mg SO, with constant stirring. After 10 minutes, 848 mg of solid
NaCl was added o the suspension to restore isotonicity. The ghosts were resealed by incubating the suspension at
37°C for one hour. The suspension was fransferred to centrifuge tubes and spun at 10,000 rpm for 30 minutes at 4°C,
The pelleted "pink" erythrocyte ghosts were resuspended (5% volume/velume) in 5% glucose.

B. Preparation of Liposomes

[0144] A total of 20 mg of the lipids indicated in the table was dissolved in 1mL diethy! ether in 2 10mL screw cap
culture tube,

Amount (mole %) | Lipid Component
5 1,2-dicleyloxy-3-(trimethylamino) prepane (DOTAP)
10 lyso phosphatidylcholine
5 mPEG-8-8-PPO-08 (Compound X, Fig. 8)
40 cholesterol
40 partially hydrogenated soy phosphatidylcholine (IV 40-45)

[0145] The mixture was heated slightly to dissolve the lipids and 0.3 mL of & 100mM solution of 6-carbaxyfluorescein
(8-CF) in distilled water {300mOsm) was added. The two phases were emulsified by sonication in a bath-type sonicator
for 10 minutes at room temperature. The tube was placed in a evaporation sleeve and affixed to a rotary evaporator.
A sufficient vacoum was applied to slowly evaporate the ether over a peried of about 10 minutes. The sleeve was
immersed in a water bath at 37°C and the vacuum slowly increased. As the ether evaporated a gel formed which
eventually collapsed. An additional 0.05mL of the 8-CF solution was added and the suspension vortexed. The remaining
residual ether was removed by placing the tube under high vacuum for 10 minutes. The liposomes suspensian thus
farmed was passed over a Sephadex G-75 column (10mm x 25 em) pre-equilibrated with solution of 5% glucose. The
liposemes which eluted with the void volume ol the column were collected and used without further dilution.

C. Liposome-erythrocyte ghost fusion experiment

[0146] 0.5 mL of the ice cold suspension of resealed erythrocyte ghosts was placed in two centrifuge tubes and 10
microliters of the liposome suspension was added to each. The lipesomes bound quickly to the ghosts as evidenced
by extension immediate agglutination of the ghosts. Both tubes were allowed to incubate in an ice hath for 1 haur to
allow the liposomes to bind the ghests more completely. To ensure close contact between the liposome and ghost
membranes, the mixture was centrifuged af 10,000 x G for 10 minutes at 4°C. Following the centrifugation step, 10
microliters of 0. 1M solution of dithiothreitol (OTT) in 5% glucose was added to one tube and 10 microliters of 5% glucose
to the other, as a contral. The tubes were ailowed to incubate for 2 hours in the refrigerator. The tubes were vortexed
to resuspend the ghost cells and a 10 microliter sample of each was removed and ptaced on a glass microscope slide.
A cover slip was over-laid on the suspension and the slides were examined under both phase contrast and fiuorescence
optics at a magnification of x630. A photomicrograph of the sample exposed to DTT and observed under fluorescence
optics is shown in Fig. 13. The control containing ghests that were bound to liposomes that had not been exposed to
DTT showed no evidence of liposome-celi fusion, i.e., none of the ghosts in the optical field under florescence optics
exhibited Iinternal fluorescence. In contrast, greater than about 30% of the total ghost cells that had bound liposomes
and that were exposed to DTT exhibited intense internal florescence indicating the 8-CF containing liposomes had
fused with the ghost membranes.

Example 9

In vive Administration of Releasable PEG Liposomes

A. Liposome Fermulations

[0147] Catienic liposomes having a surface coating of PEG anrd complexed to a luciferase-bearing plasmid were
prepared as follows.
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B. Preparation of Cationic Liposome/Plasmid Complex

[0148] Cationic liposomes composed of the lipids dimethyldioctadecylammonium and choiesterol {DDAB:CHOL)
were prepared according to standard procedures by disselving 10 gmole DDAB and 10 pmele CHOL in an organic
solvent containing primarily CHCI,. The lipid solution was dried as a thin filrn by rotation under reduced pressure, The
lipid film was hydrated by the addition of the desired aquecus phase, e.g., water, saline or buffer, to form lipesomes
(at a total lipid cencentration of 20 umole/ml) which were sized by sonication or by sequential extrusion through Nu-
cleopore polycarbonate membranes with pore sizes of 0.4 pm, 0.2 pm, 0.1 pm and 0.05 um to obtain liposomes of
100-150 nm in size.

{0149] A luciferase plasmid was used as a report gene. The plasmid was condensed for complexing with the cationic
lipesomes by adding 100 pl of & solution containing 1 mg/mi total histone in an aquecus medium te 400 ul of selukilized
plasmid (1 mg plasmid/ml}. The condensed plasmid had an average diameter of approximately 180 nm, as measured
by dynamic light scattering.

[¢150] Cationic lipesome/condensed ptasmid complexes were prepared by adding 280 ul of the catienic liposome
suspension (20 pmole/ml) to 500 pl of the histone-condensed plasmid particles. The liposome-plasmid complexaes had
an average diameter of about 200 nm, as measured by dynamic light scattering.

C. Insertion of PEG

[0151] Distearyl phosphatidylethanolamine (DSPE) was derivatized with PEG, as described by Zalipsky, 1892a.
PEG-DSPE micelles were prepared from PEG-DSPE by dissclving 1 mM in water and sonicating.

[0152] Micelles of PEG-DTP-DSPE, that is, PEG attached to DSPE by a cleavable disulfide linkage (compound XXV,
prepared as described above in Example 5), were prepared by dissolving 1 mM PEG-DTP-DSPE in water and soni-
cating.

[@153] Liposomes containing 2.5 moie percent of PEG-DSPE were prepared by adding 140 ul of the PEG-DSPE
micelle suspensfon (1 umole lipid/ml) to 5.6 pmoles lipid of the cationic lipid-plasmid complexes. The micelle-complex
suspension was incubated for 5§ minutes at room temperature with gentle vortexing to achieve insertion of the
PEG-DSPE into the cationic lipesomes (Uster). This liposome formulation is indicted in Figs, 14A-14B as "PEG".
[0154] Liposomes containing 1 mole percent of PEG-DSPE and 1 mole percent of PEG-DTP-DSPE were prepared
as described above for the 2.5% PEG-DSPE liposemal composition, except the catienic liposome-plasmid complex
was incubated with micelles of PEG-DSPE and PEG-DTP-DSPE to form iiposemes having a surface coating of PEG
chains, where half of the PEG chains were releasably attached to the liposome surface. This liposome formuiation is
inglicted in Figs. 14A-14B as "PEG + R-PEG".

[0155] Liposomes containing 2.5 mole percent of PEG-DTP-DSPE were prepared as desgribed above, excent the
totalamount of PEG included was PEG-DTP-DSPE. This lipesome formulation is indicted in Figs. 14A-14B as "R-PEG",

D. In vive Adminisiration

[0156] The PEG-coated caticnic liposome-plasmid complexes were administered to BALB/c mice obtained from
Simonsen Laboratories (Gilroy, CA) by injection of about 100 nmeles lipid in 0.2-0.25 mi {(approximately 100 g plasmid)
into the tail veins of 3 mice, 5 minutes after administration of the liposomes, 250 ul of 100 mM cysteine was injectad
via taii vein into each mouse. 24 hours after injection, the mice were sacrificed and tissues (lung, liver} were collected
following perfusion with heparinized PBS {4°C) under anesthesia.

[0167] At a temperature of between 0.4°C, 0.75 ml cell lysis reagent (Promega, Madison, Wi) was added to each
tissue, and the tissue was homogenized by {1 minute at 20,000 rpm. The supernatant was removed to a microcentrifuge
tube and spun at 10,000 g for & minutes. The supematant was collected for luciferase and protein assays. 20 ul of
each sample was measured immediately by a luminometer (100 wi of luciferin and ATP containing assay buffer, 10
second measurement}. The relative light unit was normalized by the amount of protein in the extracts.

[0158] The results are shown in Figs. 14A-14B,

Exampie 10

Liposome Preparation

[0159] Fusogenicliposomes are prepared according to standard procedures by dissolving in chloroform the following
lipids: 85 mole percent distearyl phosphatidylglycero! (DSPG), 10 mole percent of the copolymer-lipid conjugate pre-
pared as described in Examples 2, 3 or 4, 1 mole percent of ligand-PEG-DSPE, prepared as described in Examples
& or 7, and 4 mole percent chalesterol. The lipids are dried as a thin fim by rotation under reduced pressure. The lipid
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film is hydrated by addition of an aqueous phase to form liposomes which are sized by sonication or by sequentia!
extrusion through Nucleopore pelycarbonate membranes with pore sizes of 0.4 pm, 0.2 pm, 0.1 um and 0.5 um to
obtain liposemes of 100-150 nm in size.

Example 11

Liposomes with Entrapped DNA Plasmid

10160] DNA plasmid pGL3 (Promega Corporation, Madisen, W) is condensed with spermidine (free base, Sigma
Chemical Co (St Leuis, MO)} and then entrapped in fusegenic lipesomes as follows.

[0161] A 10 mM Tris buffer solution, pH 7.5, containing 0.4 mi spermidine is prepared. 7o 1 mi of the buffer salution
(14.62 ug spermidine), 30 pg of the plasmid is added from an aqueous solution containing 0.8 ug pGL3/AI. The plasmid-
spermidine solution, containing about 2 ug plasmid/ug spemnidine, is mixed 1o form condensed, single molecules of
pGL3.

[0162] A dried lipid film is prepared as descripad in Example 10, and then rehydrated with 1he plasmid-spermidine
solution to form fusogenic liposomes having entrapped, condensed pGL3 plasmid molecules.

Preferred features:
[0163]

1. A liposome composition for fusien with a target membrane of a cell, liposome, or the like, comprising

a suspension of liposomes designed for targeting to the target memiprane, where each lipesome contains (i)
a therapeutic agent entrapped in the liposomes, (i) an outer iiposome surface having a coating of chemically
releasable hydrophilic polymer chains, and {ji) hydrophobic polymers on the liposome outer surface, said polymers
being shielded by the hydrophilic polymer coating and exposed for fusien with said target membrane when the
hydrophific polyrner coating is chemicaliy released.

2. The composition of feature §, wherein said nydrophilic polymer and saig hydrophobic polymer form a diblock
copolymer in which said hydrophilic pelymer and said hydraphobic pelymer are joined by a chemically releasable
bond.

3. The compeosition of feature 2, wherein said releasable bond is a disulfide bond or a pi sensitive chemica linkage.

4. The composition of feature 1, wherein said hydrophilic polymer coating is composed of a hydrophilic polymer
selected from the group consisting of polyvinylpyrrolidone, polyvinylmethylether, polymethytoxazoline, polyethyl-
oxazoline, polyhydroxypropyloxazaline, polyhydroxypropyimethacrylamide, polymethacrylamide, pelydimethyl-
acrylamide, polyhydroxypropylmethacrylate, polyhydroxyethylacrylate, hydroxymethylceilulose, hydroxyethylcel-
lulose, polyethyleneglycol, and pelyaspartamide.

5. The cormposition of fealure 4, wherein said hydrophilic polymer coating is composed of polyethylene glycol
chains having a molecular weight of between 500-10,000 daltons.

6. The compaosition of feature 1, wherein said hydrophobic polymer is selected from the group consisting of poly-

propylene oxide, polyethylenre, polypropylene, polycarbonate, polystyrene, polysulfone, polyphenylene oxide and
paolytetramethylene ether.

7. The composition of feature 6, wherein said hydrophobic palymer is polypropylene oxide having a molecuiar
weight of between 500-3,000 daltons.

8. The composition of feature 1, wherein said hydrophobic palymer is a linear polymer effective to cause hemolysis
aof red blfood cells when a water-soluble triblock copolymer containing the hydrophobic polymer and hydrophilic
polymer chains joined to opposite ends of the hydrophobic poiymer chains by disulfide bonds is incubated with
such cells, and the incubate is treated with a reducing agent.

9. The composition of feature 1, wherein said fliposomes further contain an unshielded ligand attached to the
hydraphilic polymer coating effective for ligand-specific binding 1o a receptor molecule on atarget cell surface prior
to chemical release of the hydrophilic polymer coating.
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10. The composition of feature 9, wherein said ligand is s@lected from the group consisting of (i) folate, where the
composition is intended for treating tumor cells having cell-surface folate receptars, {ii) pyridoxyl, where the com-
position is intended for freating virus-infected CD4+ lymphocyles, and {iit) sialyl-Lewis*, where the composition is
intended for treating a regicn of inflammation.

11. The compaosition of feature 1, wherein the liposomes further include a shielded ligand attached to the liposome
effective to bind to a target cell surface receptor molecules after, but not before, chemical release of the hydrophilic
polyrner coating.

12. The composition of feature 1, wherein said liposomes further centain a shielded catienic lipid effective to impart
a positive liposome-surface charge, to enhance binding of liposomes to target cells after, but not befare, chemical
release of the hydrophilic polymer coating.

13. The compesition of feature 1, wherein the agent entrapped in the lipid vesicies is a polynuclectide capable of
expressing a selected protein, when taken up by a target cell.

14, The compositien of feature 1, wherein the agent entrapped in the liposomes is an oligonuclectide or oligonu-
clectide analag effective for sequence-specific binding to cellular RNA or DNA.

15. A method of delivering a compound to target cells in a subject, comprising

parenterally administering to the subject, liposomes designed for reaching the target cells via the blood-
stream, each liposome containing said compound in entrapped form and having an outer surface coating of chem-
ically releasable hydrophilic polymer chains, and

contacting the liposomes at the target cells with a chemical agent effective to release said chains forming
said surface coating, thereby to expose hydrophobic polymaers on the lipesotne outer surface for interaction with
outer ceil membranes of the target cells and premote fusion of the lipesomne with the target cells.

16. The method of feature 15, wherein said hydrophilic pelymer chains are releasably attached to the liposome
via a reducibie chemical linkage, and said contacting includes administering to the subject a reducing agent ef-
fective to release said chains.

17. The method of feature 16, wherein said chemical linkage is a disulfide linkage and said reducing agent is
selected from the group consisting of cysteine, glutathione and ascorbate.

18. The method of feature 15, wherein each of said hydrophilic polymer chains is releasably attached to the lipo-
some via a pH sensitive chemical linkage, and said contacting includes targeting the liposomes to a site having a
pH effective to release said chains.

19. The methed of feature 18, wherein said liposomes have sizes between 0.03-0.40 um for extravasation Into a
solid turmor.

20, The method of feature 15, wherein sald liposomes further contain an unshielded ligand attached to the hy-
drophilic polymer coating effective for ligand-specific binding to a receptor molecule on a target cell surface before
chemical release of the hydrophilic polymer coating.

21. The methed of feature 20, wherein said ligand is selected from the group consisting of (i) folate, where the
compesiticn is intended for treating tumor cells having cell-surface folate receptors, (i) pyridoxy!, where the com-
position is intended for treating virus-infected CD4+ lymphocytes, and (iii) sialyl-Lewis*, where the compaosition is
intended for treating a region of inflammation,

22. The method of feature 1§, wherein the liposemes further include a shielded ligand attached to the iposome
effective to bind to atarget cell surface receptor molecules after, but not before, chemical release of the hydrophilic
polymer coaiing.

23. The method of feature 15, wherein said liposomes further contain a shielded eationic fipid effective to impart

a positive liposome-surface charge, to enhance binding of liposomes to target cells after, but not befare, chemical
release of the hydrophific polymer coating.
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24. A method for screening a hydrophobic polymer for fusogenic activity with a target membrane, compyising
adding to a suspension of target cells, a tribleck copolymer composed of a segment of the hydrophobic
polymer to be tested, and attached to each end of the polymer segment, through a chemically releasabie bond, a
hydrophilic pelymer segment effective to solubilize the hydrophobic polymer segment in the suspension,
5 releasing said hydrophilic pelymers to expose said hydrophobic segments to said target ceils; and
analyzing said suspension for hernolysis of said target cells.

25. The method of feature 24, wherein said target cells are erythrocytes.

10 26. The method of feature 24, wherein said releasable linkage is a disulfide linkage, and said releasing includes
adding a reducing agent to the suspension.

27. The method of feature 24, wherein said hydraphilic polymer is polyethylene glycol having a melecular weight
between 1,000-5,000 daltons.
15
28. A polymer-lipid conjugate for use in promoting fusion between target membranes, comprising
a first segment composed of a hydrophilic polymer,
a second segment composed of a hydrophobic polymer, said secand segment jeined to said first segment
by a chemically releasable bend; and
20 aftached to sald second segment, a vesicle-forming lipid member.

Claims
25 1, A methed for preparing a therapeutic liposome composition, comprising:

praviding a suspension of pre-formed liposorres that include an entrapped therapeutic compound;

providing a suspension of conjugates, each conjugate comprising (i) a lipid having a polar head group and a

hydrephobic tail, (i) a hydrephilic polymer having a preximal end and a distal end wherein the polymer is
ao attached at its proximal end to the head group of the lipid, and {ili) a targeting ligand attached to the distal end

of the polymer; and

incubating the pre-formed liposomes with the suspension of conjugates under conditions effective to achieve

insertion of at least a portien of the conjugates into the pre-formed liposomes.,

35 2. The methed according to claim 1, wherein the targeting ligand is an antibedy or an antibody fragment.

3. The method accerding to claim 1, wherein the targeting ligand binds to an extracellular domain of a growth factor
receptor.

42 4. The method according to claim 3, wherein the receptors are selected from epidermal growth factor receptor, basic
fibroblast growth factor receptor, and vascular endothelial growth factor receptor.

§. The method according io claim 1, wherein the targeting ligand binds a receptor selected from E-selectin recepter,
L-selectin receptor, P-selectin receptor, folate receptar, CD4 receptor, af integrin receptors, and chemokline re-
45 ceptors.

6. The mathod accerding to claim 1, wherein the targeting ligand is selected from the group consisting of folic acid,
pyridoxal phosphate, sialyl LewisX, transfetrin, epidermal growth factor, basic fibrobiast growth factor, vascular
endotheliai growth factor, VCAM-1, ICAM-1, PECAM-1, and RGD peptides.

50
7. The method accordingto claim 1, wherein the targeting ligand is selected from the group consisting of water soluble
vitamins, apolipoproteins, insulin, galactose, Mac-1, FECAM-1/CD31, fibronectin, osteopontin, RGD sequences
of matrix proteins, HIV GP 120/41 domain peptomers, GP120 C4 domain peptomers, T cell tropic isolates, SDF-
1 chemokines, Macrophage tropic isolates, and anti-cell surface receptor antibodies or fragments therecf.
55

8. The methed according to any one of the preceding ciaims, wherein the hydrophilic polymer is selected from paol-
yvinylpyrrolidene, palyvinylmethylether, polymethylexazaline, polyethyloxazoline, polyhydroxypropyloxazoline,
polyhydroxypropylmethacrylamide, polymethacrylamide, polydimethylacrylamide, polyhydroxypropylmethacr-

25
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ylate, polyhydroxyethylacrylate, hydroxymethylceflulose, hydroxyethylcellulose, polyethyleneglycel, and pol-
yaspartamide.

The method according te claim 8, wherein the hydrophilic polyrmer is polyethylene glycol.

The method according to claim 8, wherein the polyethylene glycol has a molecular weight between 500-1¢,000
daltons.

The method according to any one of the preceding ¢laims, wherein the liposomes further contain a cationic lipid.

The method acceording to any one of the preceding claims, wherein the entrapped therapeutic agent is ap anti-
tumor agent.

The methed according to claim 12, wherein the anti-tumor agent is doxerubicin.

The method according to ¢claim 1, wherein the agent entrapped in the lipid vesicles is a pelynuclectide capable of
expressing a selected protein, when taken up by a target cell,

The methed accordirg to claim 1, wherein the agent entrapped in the liposomes is an cligonuclectide effective for
sequence-specific binding to ceflular RNA or DNA.

The method accerding to claim 1, wherein said lipesomes have sizes between 0.03-0.40 um for extravasation into
a solid tumor.

The method according to ¢laim 1, wherein about 1-20 moale percent of the lipcsome surface lipids are derivatized
with said hydrophilic polymer chains.

A suspension of conjugates for use in the method according to any one of the preceding claims, wherain the
suspension comprises micelles containing conjugates comprising (i) a lipid having a pelar head group and & hy-
drophebic tail, {ii) a hydrophilic paiymer having a proximal end and a distal end wherein the hydrophilic polymer
is attached at its proximal end to the head group of the iipid, and (i) a targeting ligand attached to the distal end
of the polymer,

26
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