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Liposome- Cell Interaction: Mechanism of Liposome

Internalization and Intracellular Fate of Liposome Contents

Robert McKenna Straub inger

Abstract

The utility of liposomes (phospholipid vesicles) as

carriers of macromolecules in vitro and in vivo depends on

an under standing of the mechanisms by which liposomes

inter act with and transfer their contents to the cells.

We have investigated liposome- cell interaction using

fluorescence and electron microscopy (EM) and nucleic acid

expression.

Purified Simian Virus 40 (SV40) DNA was encapsulated

in phosphatidylser ine: cholesterol liposomes and delivery

was detected as the appearance of progeny virus or nuclear

T-antigen in African Green Monkey Kidney cells. DNA

infectivity was reduced 90% by azide/2-deoxyglucose

(AZ/DG), and was increased 2-5-fold by chloroquine (CLQ),

which raises the pH of acidic intracellular compartments.

We conclude that SV40 DNA delivery is an energy- requiring

process that exposes some encapsulated mater ial to

lysosomal degradation.

To determine the role of endocytosis in delivery, we

encapsulated carboxyfluoresce in (CF), calce in (CAL), and

fluoresce inated dext ran (FTC-D ; 20 k or 40 k dalton) . CF

was delivered readily to the cytoplasm, as evidenced by



bright, diffuse intracellular fluorescence. CAL and FTC-D

were delivered poorly; cells showed only punctate

fluorescence, suggesting the fluors were trapped with in

the endocytic pathway. AZ/DG or CLQ treatment inhibited

CF diffuse fluorescence. Dialysis of CAL and CF liposomes

against buffers of various pH showed that CF becomes

membrane- per meant at pH & 6.5; CAL, a structurally

related molecule, remains imper meant at low pH. EM

studies revealed liposomes in plasma membrane coated pits,

and liposomes appeared to progress through coated and

uncoated vesicles to endosomes and dense bodies or

lysosomes. By fluorescence and EM, much liposome-delivered

mater ial remained with in the endocytic compartment.

There fore, cytoplasmic delivery involves endocytosis and

exposure to an acidic compartment, from which acidic

molecules can escape by diffusion; large or charged

molecules escape at low frequency.

To enhance cytoplasmic delivery, we designed pH

sensitive liposomes. Oleic acid : phosphatidylethanolamine

(3 : 7 mole ratio) liposomes became fusogenic and leaky to

CAL at pH > 6.5 and delivered CAL or FTC-D to the

cytoplasm. Delivery was inhibited completely by AZ/DG and

partially by CLQ, suggesting that endocytosis and the pH

sensitivity of these liposomes is required for delivery of

large or imper meant molecules to the cytoplasm.



Chapter l

Introduction

l. Objectives

Liposomes have been studied extensively both as model

membranes and as carriers of various materials in vivo and

in vitro. To realize the potential benefits of liposome

encapsulation for intracellular delivery of membrane

imper meant compounds, or for alteration of the

pharmacokinetics of entrapped chemotherapeutic agents, it

is necessary to under stand the mechanisms by which

liposomes interact with and deliver their contents to

cells. The mechanisms supported by various types of data

include liposome fusion with the plasma membrane,

endocytosis or phagocytosis, and appositional transfer,

whereby liposome contents enter cells after local release

from liposomes bound to the cell membrane (cf. Chapter 4,

Introduction).

The goal of this dissertation is to delineate the

cellular processes involved in the uptake and utilization

of biologically active compounds encapsulated in

liposomes. Insight gained from such studies should allow

the design of liposomes with specific properties that

promote in tracellular delivery, as well as suggest the

types of chemotherapeutic agents that might be most able

to take advantage of the unique properties of liposomes.



2. General Background

Liposomes (phospholipid vesicles) are spheroidal

particles, usually cell- sized or smaller, that form

spontaneously when a variety of dried phospholipids are

suspended in aqueous media (Bangham and Horne, l964).

Early experiments on ion permeability (Bangham, et. al.,

l965) suggested that these particles actually consist of

sealed membranes, with a measurable resistance to the

passage of aqueous solutes, and thus resemble the

naturally- occur ring membranes of cells. Since their

initial description (reviewed in Bangham, l983), liposomes

have been the subject of intense study, first as models

with which to study the myriad functions of biological

membranes, and later as carriers of molecules of

biological interest in vivo and in vitro. Investigators

have produced many methods for creating liposomes with

specific characteristics, such as surface charge,

permeability, size, shape, and proteins incorporated in

the membrane (Deamer and Uster , 1980; Szoka and

Papahadjopoulos, 1980). Some of the liposome types and

methods of production will be discussed in more detail in

the section General Methods.

One major area in which the carrier function of

liposomes may be important in vivo is that of chemotherapy

of tumors or of infection; liposomes can protect

encapsulated mater ial from degradation, provide for



sustained release of their contents, alter the anatomic

distribution of encapsulated agents (Kimelberg and Mayhew,

1978), and possibly allow targeting of specific cells by

means of ligands bound to the liposome surface (Heath et.

al., 1980; Leser man et. al., 1980; Martin et. al., 198 l;

Matthay et. al., 1984). Another use of the carrier

properties of liposomes, mostly pursued in vitro, is for

the direct intracellular delivery of molecules. Many

large or imper meant molecules can be captured at high

concentration, and some fraction of the mater ial can be

delivered to the interior of cells and exert a biological

effect. Several types of molecules, such as nucleic acids.

proteins, or drugs have been encapsulated in liposomes for

delivery to cells (Papahad jopoulos et. al., 1981; cf.

Chapter 2, Introduction). Although there have been many

studies showing intracellular delivery of liposome

entrapped mater ial, it has not been possible to understand

in detail the processes involved in delivery, as well as

the amount of mater ial actually decanted intracellulary

(Tyrrell et. al., 1976; Finkelstein and Weismann, 1978;

Pagano and Weinstein, l978; Poste, 1980).

3. Experimental Background

A valuable approach to the problem of quantifying

intracellular delivery was that of Wilson et. al. (1979),

employing purified RNA from infectious poliovirus to

establish the frequency with which large molecules gain



access to the intracellular biosynthetic machinery.

Delivery was monitored by the production of progeny virus

resulting from expression of viral RNA that reached the

cytoplasm. Major advantages of such an assay system

include: l) great sensitivity – a single delivery event to

one cell in 106–107 can be detected; 2) stringency of the

6
assay – the probe molecule is 3 x 10° dalton and is

unlikely to cross membranes by diffusion.

The observed frequency of RNA delivery (Wilson et.

al., 1979) was considerably lower than would be expected

if liposomes fused with high frequency with the cellular

plasma membrane, a mechanism often proposed from studies

of liposome- cell interaction that monitored delivery with

molecules other than nucleic acids. Other mechanisms for

intracellular delivery also had been proposed, the

principal one being phagocytosis or endocytosis (cf.

Chapter 4, Introduction and Discussion). Since endocytic

processes generally were believed to carry engulfed

mater ial directly to the degradative machinery of cells,

it was unclear how a large and labile RNA molecule could

escape intact to the cytoplasm.

Although liposome-mediated delivery was infrequent ,

the encapsulated poliovirus RNA was as infectious, on a

per - particle basis, as a high- titer poliovirus stock. In

the case of virus or liposome, the calculated

particle: infectious particle ratio can be as low as lo 0: 1.



Wilson et. al. (1979) showed that this efficiency of

delivery is determined to a great extent by cell— induced

leakage of liposome contents. Up to 90% of the

encapsulated RNA was released during a 30 min incubation

with cells. The cellular events inducing loss of liposome

Contents were unknown.

To under stand the effect on intracellular delivery of

some of the many controllable liposome parameters, such as

liposome charge and permeability, Fraley et. al. (1980,

l981), modified the strategy of Wilson et. al. (1979),

monitor ing the functional intracellular delivery of

purified viral DNA from Simian Virus 40 (SV40). A number

of important features of delivery were elucidated,

including the superior it y of negatively- charged liposomes

compared to positive or neutral liposomes, as well as the

major role of cholesterol in reducing loss of liposome

contents and thereby increasing the level of intracellular

delivery. The studies also showed that liposome binding

to cells was rapid and saturable, and it seemed likely

that a specific uptake process might mediate the

intracellular delivery of liposome- entrapped molecules.

4. Working Hypotheses and Experimental Approaches

Given the features of liposome uptake outlined by the

studies mentioned above, namely the efficiency of delivery

dependent on liposome charge and the satur ability of

liposome- mediated delivery, our working hypothesis was



that liposome uptake is a specific process, and that

agents that alter various aspects of cellular function

could implicate the processes involved in delivery of

liposome contents to the cell interior. The first

experimental approach, described in Chapter 3, was to

attempt to alter the efficiency of DNA delivery using

agents that inhibit the production of metabolic energy and

the function of various components of the endocytic

pathway. We concentrated our efforts on negatively

charged liposomes of phosphatidylser ine: cholesterol (l: l

mole ratio). Those experiments showed that under certain

experimental conditions, liposome- mediated delivery of

DNA required energy- dependent events, as well as the

activity of an acidic intracellular compartment. The

hypothesis that emerged from those experiments was that

the energy- dependent step was endocytosis, and that the

pH- dependent step was lysosomal degradation of some

liposome- delivered SV40 DNA. Subsequent experiments,

described in Chapter 4, were designed to test the

hypothesis that endocytosis is the major pathway by which

liposomes and their contents enter cells. The approach

shifted to the use of a family of fluorescent probes

having specific properties. It was found that liposomes

enter cells by the pathway previously described for

molecules taken up by receptor – mediated endocytosis

(Goldstein et. al. , 1979; Helenius et ... al., 1980; Pastan

et. al., 1981; cf. Chapter 4, Discussion). In addition,



it was observed that liposome- entrapped molecules that

become membrane- per meant at low pH can escape to the

cytoplasm by diffusion from the acidic environment of the

endocytic pathway. Finally, as described in Chapter 5,

experiments were performed to test the hypothesis that

liposomes could be designed to become unstable and

fusogenic at acidic pH, thus allowing large or charged

molecules to escape sequestration in vesicles of the

endocytic pathway and to be delivered to the cytoplasm.
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Chapter 2

l. Introduction

A wide variety of molecules can be encapsulated

with in the aqueous interior of liposomes and can be

delivered to cells in a biologically active form.

Advantages of liposomes as carriers for introducing RNA

and DNA molecules into cells are simplicity of liposome

preparation and long-term stability, low toxicity, and

ability to protect encapsulated nucleic acids from

degradation. As the pathway for DNA uptake may be

mechanistically distinct from methods of gene transduction

such as needle micro injection (Capecchi, l980; Ander son

et. al., 1980), calcium phosphate precipitation (Graham

and Van der Eb, 1973; Wigler et. al., 1977; Loyter et. al.,

1982), and others (McCutchen and Pagano, 1968; Milman and

Herzberg, l'98 l; Sompay rac and Danna, l981; Hinnen et. al.,

1978; Stow and Wilkie, 1976; McBride and Athwall l977),

liposomes may maximize expression in existing

transformation and transfection systems and extend the

ability for genetic manipulation to cell types that do not

respond to other methods for introducing nucleic acids

into cells. Since some methods of liposome preparation

allow efficient capture of solutes of very high molecular
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weight, purified genes and conceivably chromosomes can be

encapsulated and introduced into cells. The ability to

alter such parameters as liposome size, surface charge,

bilayer fluidity, and stability affords the opportunity to

adapt the carrier to a wide range of experimental

conditions. Specific target cells may be recognized by

liposomes bearing covalently-bound antibodies (Heath et.

al., 1980 a , 1980b, 1981; Huang et. al., 1980; Leserman et.

al., 1980; Martin et. al., 1981), and glycolipids (Jonah

et. al., 1978; Mauk et. al., 1980), or lectins (Szoka et.

al., 1981) may be used to improve over all magnitude of

liposome binding to cells. Finally, liposomes may be

useful for in vivo gene transfer , should there be an

advantage to such a course of therapy for inherited

diseases.

Although liposomes can be made by many procedures and

composed of a variety of amphipathic molecules (Deamer and

Uster, l980; Szoka and Papahad jopoulos, l080) the goal of

encapsulation and delivery to cells (Fraley and

Papahad jopoulos, l982) of DNA, RNA, and large

macromolecular assemblies imposes certain constraints on

the choice of method and mater ials. Thus, the present

chapter will be restricted in its review of current

methods for preparation of DNA-containing liposomes and

their separation from unencapsulated mater ial, and will

focus on the conditions that favor cellular uptake and

expression of entrapped nucleic acids (Fraley et. al.,
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l980, l981, 1982).

2. Methods Used for Encapsulation of Nucleic Acids

2. l. Multilamellar Vesicles (MLV)

These vesicles are perhaps the simplest to prepare: a

thin film of phospholipid is deposited on the walls of a

glass tube and then hydrated with a solution of the

mater ial to be encapsulated. Vigorous agitation usually

is necessary to resuspend most of the lipid. The

heterogeneous population of particles produced (l.0–5.0 pum

diameter) are composed of multiple, concentric lamellae

separated by aqueous layers (Bangham et. al., 1964). As a

result, the ratio of entrapped volume to lipid is

comparatively low (3-7 pul/pumole; Papahadjopoulos and Vail,

l978), as is the efficiency of entrapping gene-sized

macromolecules. Further more, the fact that MLV formation

may damage nucleic acids, and that nucleases may digest

some MLV-associated mater ial (Hoffman et. al., 1978;

Lur quin, l079), suggests that the DNA is not completely

encapsulated by this method and that formation of MLV

involves significant inter action of lipids and nucleic

acids.

2-2. Small Unilamellar Vesicles (SUV)

Extended sonication of multilamellar vesicles

produces a relatively homogeneous population of small

(0.025 plm diameter), unilamellar (Papahad jopoulos and



– 14 –

Miller , l967; Papa had jopoulos and Watkins, 1967)

liposomes. The mater ial to be entrapped may be added to a

suspension of preformed MLV. As sonication disrupts the

large vesicles, external solute is entrapped and smaller

vesicles form. While this phenomenon has been exploited

to load SUV with small DNA fragments (Wong et. al., 1980),

the rigors of sonication make it unlikely that nucleic

acids are encapsulated intact. Moreover , the small

internal aqueous volume of SUV (0.2-0.5 kul/pumole; Huang,

l969) make them unsuitable for efficient encapsulation of

high-molecular weight nucleic acids.

2. 3. Large Unilamellar vesicles (LUV)

A number of methods produce unilamellar vesicles that

capture a comparatively large aqueous volume (up to lº

pul/pumole; Szoka and Papahadjopoulos, 1980). Most commonly

used for nucleic acid encapsulation are: ca”-EDTA

chelation (Papa had jopoulos et. al., 1975; Wilson et. al.,

1979), ether injection (Deamer and Bangham, l976; Ostro

et. al., 1977; Fraley et. al., 1979), deter gent dialysis

(Enoch and Strittmatter , l979), and reverse-phase

evaporation (REV) (Szoka and Papahad jopoulos, l978; Fraley

et. al., 1980; Schaefer-Ridder et. al., 1982). Of these

methods, the REV procedure is best suited to encapsulating

nucleic acids and will be described below in detail. The

liposomes produced are relatively homogeneous in size (0.4

pum diameter; Olson et. al., 1979), capture 30% to 50% of a



highly-concentrated DNA solution without appreciable

degradation (Fraley et. al., 1980), and can be made from a

wide variety of lipid mixtures. Further, the preparation

can be scaled to virtually any volume, so that high ratios

of DNA to lipid may be achieved with microgram quantities

of DNA. Since the efficiency of encapsulation is

independent of solute molecular weight, there are few

restrictions on the size of macromolecules that may be

entrapped; the Ti plasmid of Agrobacterium tumefaciens;

(approximately 108 daltons) has been encapsulated in a

biologically-active form (S. Dellaporta, R. Fraley, K.

Giles, D. Papa had jopoulos, A. Powell, M. Thomashow, E.

Nester , and M. Gordon, unpublished observations, 1981).

3. Liposome Constituents

3-l. Lipids

Lipids of high purity can be obtained from a number

of commercial suppliers, but purity should be checked by

thin layer chromatography in several solvent systems

(Kates, l972). Common contaminants such as lyso

Compounds, fatty acids, and metal ions may allow formation

of liposomes, although the vesicles produced may be

unstable, cytotoxic, or of a different electrostatic

charge than expected for the pure lipid. For example,

products of cholesterol oxidation are toxic to some cells

(Chen et. al., 1974) and per oxidation of polyunsaturated

fatty acids yields products that may damage DNA
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(Pietronigro et. al., 1977). It is recommended that all

lipid products be stored under argon or nitrogen and at

low temperature (–70° C), conditions especially important

for the many naturally-occur ring lipids that contain

readily-peroxidized polyunsaturated fatty acids.

Acidic lipids such as phosphatidylglycerol and

phosphatidylser ine have been used for encapsulation and

intracellular delivery of nucleic acids (Wilson et. al.,

l979; Fraley et. al., 1980, l98l, l982; Dahl et. al.,

l98 l; Schaefer-Ridder et. al., 1982) and a common source

of difficulty encountered with these lipids arises from

the fact that they sometimes are supplied as the acid,

rather than as the sodium salt. In addition, these lipids

also may contain significant quantities of divalent

cations. Since low pH and divalent cations alter

significantly the physical properties of the acidic lipids

(Papa had jopoulos et. al., 1976), it is important to ensure

that they have been washed with EDTA

(ethylened iamine tetraacetate) and NaCl (Papahadjopoulos

et. al., 1973; Papa had jopoulos and Kimelberg, 1973).

The concentration of lipids is especially important

in the REV procedure, and the method of Bartlett (1959) is

convenient for lipid phosphorus determination.

Color imetric, enzymatic, and a variety of other methods

can be used for quantitation of cholesterol and other

lipids (Kates, 1972).



4. Encapsulation of DNA (REV Method)

The reverse-phase evaporation method (Szoka and

Papa had jopoulos, l978) derives its name from the fact that

a stable water-in-oil emulsion is produced first by brief

sonication of phospholipid plus an aqueous buffer in a

larger volume of organic solvent, and the phases are

reversed subsequently by evaporation of the organic

solvent, leaving a stable oil-in-water emulsion

(liposomes). The success of the method depends on a

number of parameters, including the type of organic

solvent, the type of phospholipid and its solubility in

the organic solvent, and on a critical ratio of aqueous

phase to lipid phase (in excess organic solvent). The

original procedure described (Szoka and Papahad jopoulos,

l978) used l. 5 ml aqueous phase and 50 or lo 0 }lmoles

phospholipid in 5 ml ether. However, since restricting

the volume of the aqueous phase and increasing the

concentration of DNA both reduces the amount of mater ial

required and enhances the probability that each vesicle

produced will contain DNA, we routinely scale down the

preparation to use 0.175 ml aqueous phase with 5 pumoles

lipid and 0.6 ml ether. The quantities can be reduced

further to as little as 0.035 ml aqueous and l. 0 pumole

lipid. In adapting the procedure to volumes other than

those given here, the aqueous volume determines the amount

of lipid and ether added to maintain the

aqueous: lipid: solvent ratio given below.



4. l. Reagents

- Lipid, 5–50 pumoles (stored in organic solvent)

- Diethyl or Isopropyl Ether, l-l9 ml (freshly

dist illed or H2O-washed)

– DNA in ca”- and Mg”- free, isotonic buffer

(pH 7–7.5)

4.2. Equipment

- Rotary Evaporator (preferably with the bleed valve

attached to a supply of inert gas)

- Bath-type Sonicator (e.g. Lab. Supply Co.,

Hicksville, N.Y., Model TS-80–80–IRS;

4-3. Procedure

Five pumoles of lipid (usually phosphatidylser ine :

cholesterol in a l; l mole ratio) is transferred to a lo x

l00 mm screw cap glass tube with a teflon-lined cap.

While the larger , standard rotary evaporator glassware can

be used , the small tube reduces the amount of mater ial

lost during such small-scale preparations. The dimensions

of the screw cap tube are chosen so that it can be

inserted into the much larger evaporation tube commonly

used on rotary evaporators. A small amount of glycerol or

H2O is added to the larger tube to ensure thermal contact

between the sample tube and the evaporator bath, since

solvent evaporation can cause a significant drop in sample

temperature.
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A thin film of lipid is deposited on the walls of the

tube as the original solvent is removed by rotary
evaporation. Once the lipid has dried, 0.6 ml of diethyl

or isopropyl ether is added to resuspend the lipid. It is

essential to ensure that the ether is per oxide-free,

especially in the case of isopropyl ether. Redistillation

or extraction with aqueous bisulfite are two ways to

eliminate per oxide from the ether. A benefit of the

aqueous extraction method is that the ether remains

hydrated, thus aiding resuspension of well-dried lipids.

Often, the choice of ether is arbitrary. However, since

the phospholipid must be in the liquid-crystalline state

for vesicle formation, lipids with a high transition

temperature may require warming above the boiling point of

diethyl ether. Thus, the higher boiling point of isopropyl

ether makes it the solvent of choice for such cases.

DNA is added to the ether : lipid mixture in 0.175 ml

aqueous buffer. NaCl 150 mM.; Tris 10 mM.; EDTA 0.1 mM ; pH

7.4 is a commonly- used buffer; only the solubility of

high molecular weight DNA (approximately 4.0-l9.0 mg/ml)

limits the concentration at which it can be encapsulated.

The buffer should have a pH in the range of 7 to 8; Tris

(tris (hydroxymethyl)aminomethane), Tes (N-

tris (hydroxymethyl) methyl-2-aminomethane sulfonic acid),

Hepes (N-2-(hydroxyethyl) piperazine-N'-2-ethane sulfonic

acid), or phosphate buffers are acceptable. If the acidic

phospholipids are used in the preparation, the buffer must
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not contain divalent cations at millimolar concentrations,

since these phospholipids will precipitate. EDTA (pH 7 to

8) may be included, and may add to the long-term stability

of the preparation. Since unilamellar vesicles are

osmotically sensitive, the buffer must also be isotonic

with respect to the final buffer in which the incubation

with cells will take place. If high osmolality is

required, such as in plant protoplast culture, it is

recommended that sucrose (Fraley et. al., 1980, l982),

mannitol (e.g. Mannitol 400 mM.; NaCl 50 mM.; Tris 5 mM, EDTA

0.1 mM ; pH 7.4), or other sugars be used instead of NaCl

or KCl for raising the tonicity. Negatively-charged

liposomes aggregate in high concentrations of Na" or K*.

Finally, since the captured volume is a useful indicator

of the the efficiency of encapsulation, a small amount of

a radioactive tracer such as sucrose, inulin, or

polyadenylic acid, is included in the buffer. After

separation of the liposomes from unen trapped material, the

per cent of Original radioactivity remaining with the

liposomes corresponds to the percent of the DNA captured.

Brief sonication of the two-phase system generates a

stable emulsion that would not coalesce if allowed to

stand for 20–30 minutes. A bath-type sonicator allows the

sonication to be done in a closed tube purged with inert

gas. Thus the preparation remains ster ile, the aerosols

generated are contained, and lipid per oxidation is

avoided. Although the original method calls for 2-5



minutes of sonication, the small volumes used in DNA

encapsulation can be emulsified in as little as five to

seven seconds of sonication. Low-power or poorly-tuned

bath sonicators may necessitate much longer irradiation

and may cause nicking or shearing of large DNA molecules.

The bulk ether is removed by rotary evaporation under

low vacuum (300–400 mm Hg); if a vacuum gauge is not

available, the pressure is held at the point at which the

sample bubbles in a controlled way. When a viscous gel

has formed, the sample tube is removed from the

evaporator, vortexed briefly, and then returned to a

higher vacuum (500–600 mm Hg). The purpose of vortexing

is to promote breakdown of the gel without resorting to

high vacuum (>650 mm Hg. ), since stable gels may break

down suddenly at low pressure and eject the sample from

the tube. The mixture may froth and bubble until the gel

breaks and the slightly turbid vesicle suspension is

formed. During the frothing, the vacuum is regulated so

that mater ial is not lost from the sample tube. Most

residual ether can be removed in several minutes at high

vacuum (700–750 mm Hg), although care must be taken to

ensure that small-volume preparations do not evaporate. An

additional volume of buffer may be added to the sample

after the gel breaks (e.g. 0.3 ml) and is recommended to

prevent dehydration. At this point, encapsulation of the

mater ial is complete, and the preparation may be stable

for months under an inert atmosphere at 4°C.



5. Separation of Liposomes from Free Material

Although some applications may not require that free

and entrapped mater ial be separated, there are a number of

reasons for doing so. Separation allows one to determine

the efficiency of encapsulation and is necessary when one

is interested in maximizing delivery of the encapsulated

mater ial under specific conditions. In addition, some

methods of separation allow reclamation of the 50-65% of

the mater ial that is not encapsulated. Gel chromatography

is a common method for resolution of free and entrapped

material since large liposomes are excluded by most gels.

Sepharose (2-B or 4–B) or BioGel (Al. 5M) exclude LUV,

although prior nuclease digestion is required to separate

liposomes from nucleic acids of 200,000 daltons or more.

Undesirable aspects of column chromatography are

degradation of unencapsulated mater ial, sample dilution,

difficulty in maintaining ster ility, and lipid adsorption

to polyacrylamide (F. J. Martin, unpublished observation,

l979) or agarose gels (Huang, l969).

Since a large proportion of LUV will pellet if

centrifuged at 120,000 x g for 30', differential

centrifugation is a method of ster ile separation that

allows reclamation (Wilson et. al., 1977; Schaefer-Ridder

et. al., 1982) of unent rapped nucleic acid. However, good

separation requires several washes, and 20-40% of the

phospholipid may be lost in the supernatant.



The most common method used in this laboratory is

flotation of the vesicles on discontinuous gradients

(Fraley et . al., 1980; Heath et. al., 1981). A variety of

media are acceptable, including Metrizamide, Ficoll, and

dextran. The latter two are useful for negatively-charged

liposomes but will cause neutral vesicles to flocculate.

In addition, Ficoll and dextran precipitate in ethanol and

are retained by most dialysis tubing, thus requiring

dilution and centrifugation for reclamation of unent rapped

DNA. Metrizamide is useful with liposomes of most

compositions and is dialyzable, although it will penetrate

vesicles in the presence of an osmotic gradient and

prevent flotation. Ficoll and dextran are less likely to

penetrate than is Metrizamide.

With the method described below, resolution of

entrapped from free DNA is complete and rapid. The

technique is adaptable to multiple samples, amenable to

the maintenance of ster ility, and does not dilute the

sample. For encapsulations using large quantities of DNA

in which some lipid loss is acceptable, both pelleting and

flotation can be used. The sample first is diluted in the

or iginal encapsulation buffer and centrifuged once (20 min

at l?0,000 x g, SW 50. l Beckman rotor). The supernatant

can be ethanol-precipitated directly, and the pellet is

resuspended in a small volume and floated on a gradient.



5. l. Reagents

In the following procedures, all percentages are

given as weight/volume, and the volumes given assume the

centrifuge tube to be that of the SW 50. l rotor , with

capacity of 5.5 ml.

- Metrizamide, l0 $ and 5%

or Dextran, 20% and lo $ (average molecular

weight 40,000 daltons)

or Ficoll, 25% and 10%

- Original encapsulation buffer

5.2. Procedure

The gradient solutions usually are made in the

original encapsulation buffer; with Metrizamide it is

especially important to verify that the solutions are

isotonic with respect to the internal space of the

liposomes. Since Metrizamide undergoes rever sible,

concentration-dependent dimer ization, it is important to

verify that the lC § solution becomes isotonic upon

dilution with the volume of buffer in which the vesicles

will be added.

The liposome solution is diluted with the original

encapsulation buffer to a volume of 0.5 ml and mixed with

l.0 ml of the more concentrated gradient solution. Three

ml of the less concentrated solution are over laid, and 0.5

ml of encapsulation buffer forms the top gradient step.
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The gradient is centrifuged at 35,000 rpm for 30 minutes,

20°C. If Metrizamide is used, the speed is increased to

45,000 rpm, with no brake and minimal acceleration. The

liposomes can be pipetted from the buffer : polymer

inter face in a volume of 0.5 to l. 0 ml. While a small

quantity of gradient mater ial may be included when the

vesicle band is pipetted, those mentioned here generally

are regarded as nontoxic.

6. Liposome-Cell Interaction

6. l. General Principles

The interest in liposomes as carriers of

macromolecules is based on their perceived potential to

enclose and protect diverse materials of biological

interest and to deliver them, functionally intact and in

significant quantities, to the interior of large numbers

of various cell types. While the continuous progress in

liposome technology has achieved many of the prerequisite

goals, the prospect of realizing the full potential of

liposomes depends on under standing and exploiting the

mechanisms in nature by which they and a variety of

molecules and macromolecular structures gain entry to

cells. Two common mechanisms, endocytosis and membrane

membrane fusion, should be efficient pathways for the

uptake of liposome contents, especially consider ing the

freedom one has in choosing liposome constituents and

the reby choosing the physicochemical properties of the
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carrier created.

To summarize a great deal of work on liposome-cell

inter action, it appears that the best vesicle lipid

composition includes high mole percents of negatively

charged phospholipid (customarily phosphatidylser ine) and

cholesterol. Such vesicles bind avidly to cells, although

some may leak their contents or exchange lipids with the

plasma membrane. While the cellular binding site is

unknown , 103 to 104 liposomes bound saturate the capacity

of cells to internalize liposome contents. Thus, non

loaded vesicles compete with DNA delivery by loaded

vesicles. Although delivery can be relatively efficient,

it is statistically infrequent. As a result, it has been

difficult to determine the mechanism by which very large,

liposome-entrapped molecules gain access to the cell

inter ior. A growing body of evidence (Szoka et. al., 1979;

Struck et. al., 1981) suggests that in most cases,

liposomes do not fuse with the plasma membrane without

some sort of per turbation such as polyethylene glycol

treatment (Szoka et. al., 1981) or perhaps the inclusion

of certain viral proteins thought to promote membrane

fusion (Uchida et ... al., 1979; Helenius et . al. , 1980).

Recent studies (Straubinger et. al., 1983) show that

negatively- charged liposomes are endocytosed in coated

pits and proceed intracellularly through the well- defined

coated vesicle endocytic pathway (Goldstein et. al.,

1979). It may be that liposomes subvert existing pathways



by which cells process endocytosed macromolecules, and

the reby deliver their contents.

6. 2. Lipid Composition and DNA Delivery

It has been found empirically (Fraley et. al., 1980,

l981) that negatively-charged vesicles generally are

superior to positively-charged or neutral vesicles in

functional delivery of DNA, either by plaque assay on

permissive cells (CV-l, an established line of African

Green Monkey Kidney cells) or by SV40 T-antigen expression

in semipermissive cells, (e.g. L., HeLa , 3T6; R. Fraley and

R. Straubinger, unpublished observations, l980). SV40 DNA

in phosphatidylser ine liposomes is at least 3-fold more

infectious than positively-charged stery lamine vesicles

and Over lo-fold more infectious than DNA in vesicles of

the neutral phospholipid phosphatidylcholine.

Manipulations in incubation conditions, which are

discussed below, make DNA in negatively-charged vesicles

103 times more infectious than DNA in neutral vesicles.

Where the comparison has been made, this generalization on

the lipid dependence of delivery has been found to hold

for a variety of animal cells and also for plant

protoplasts (Fraley et. al., 1982).

The variation in DNA delivery among liposomes of

different electrostatic charge corresponds to the

variation seen in the amount of cell-associated vesicle

lipid. Thus, a greater number of negatively-charged
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liposomes adhere to cells than do vesicles of other

charge , and infectivity of encapsulated DNA can be

explained on the basis of the capacity to bind to cells.

While the difference in cell-associated lipid between

phosphatidylser ine and phosphatidylcholine is only twofold

at lipid : cell ratios above the point at which the cellular

capacity for functional delivery saturates (Wilson et.

al., 1979; Fraley et. al., 1981; Schaefer-Ridder et. al.,

l982), the superior ity of phosphatidylser ine is

comparatively greater (10-fold) in the range of lipid: cell

ratios that are relevant to DNA delivery (100 nmoles/10°

cells).

There is considerable variability in DNA delivery

among specific negatively-charged lipids (Fraley et. al.,

l981), and the differences can be related to differences

in retention of aqueous contents upon inter action with

cells (Wilson et. al., 1979; Szoka et. al., 1979; Fraley

et. al., 1981). Phosphatidylser ine is the best single

lipid for DNA infectivity; phosphatidylglycerol vesicles

bind to cells as well as those of phosphatidylser ine but

can lose 95% of their contents on exposure to cells.

In addition to an imal (Van Renswoude and Hoekstra,

l981) and plant (Lurquin, 1981; Fraley et. al., 1982)

cells, serum components (Gregor iad is and Davis, l979;

Scher phof et. al., 1978; Allen and Cleland, l980), and a

variety of soluble proteins promote the leakage of vesicle
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contents. Cholesterol has been shown to reduce the rate

of efflux (Papahad jopoulos et. al., 1972; Mayhew et. al.,

1979; Gregor iad is and Davis, 1979). The effect of

cholesterol on vesicle leakage is relevant to DNA

delivery, for the addition of cholesterol to

phosphatidylglycerol vesicles causes a 9-fold decrease in

loss of aqueous contents and a lo-fold increase in the

infectivity of DNA (Fraley et. al., 1981). The effect of

cholesterol addition is not nearly as dramatic in the case

of phosphatidylser ine liposomes, owing to the fact that

phosphatidylser ine forms relatively nonleaky vesicles.

There have been a number of efforts to correlate

functional delivery of nucleic acids with cell-association

of vesicle lipid and contents. From them, it was possible

to estimate the comparative significance (Papahadjopoulos

et. al., 1980) of several of the processes mentioned

earlier. Using *H-labeled phospholipid as a marker for

vesicle lipid, 32p poliovirus RNA as a marker for vesicle

contents, and the appearance of progeny poliovirus as a

marker for intracellular delivery (Wilson et. al., 1979),

it was found that approximately 104 vesicles per cell must

be added in order to insure expression of the encapsulated

RNA by every cell (roughly 100 nmole phospholipid per 10°

cells, assuming a mean vesicle diameter of 400 nm, a

bilayer thickness of 3.5 nm, and an area of 7 nm.” per

phospholipid molecule). Approximately 10% of the vesicle

lipid became cell-associated while only one percent of the
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RNA was cell-bound. Thus, each cell bound or internalized

about 10° vesicles when a saturating concentration of

vesicles was applied, and only 100 of those vesicles

retained their contents. From the infectivity of the RNA,

it was apparent that the vesicles that retained their

contents were sufficient to ensure infection of virtually

all the cells in a vesicle-exposed population, whether of

primate (HeLa ) or of rodent (L, CHO) or ig in , and that

infectivity of the entrapped RNA was comparable to that of

a high titer stock of whole poliovirus (one plaque per 100

particles).

6-3. Enhancing Delivery

Dimethylsulfoxide (DMSO), glycerol, and polyethylene

glycol (PEG) enhance effective delivery of liposome

entrapped DNA (Fraley et. al., 1981). PEG (4.4% w/v for 90

sec.) and DMSO (25% w/v for 4 min.) increase the

infectivity of entrapped SV40 DNA by a factor of lo.

Glycerol has been the most effective agent for increasing

DNA delivery, especially for negatively-charged liposomes

(l()0- 200- fold enhancement). The effect is dose- and

time- dependent, and useful with a variety of cell types

(L, 3T6, HeLa ). In addition, glycerol enhances both the

transient (R. Straubinger and P. Luciw, unpublished

observations, l08 l) and stable (R. Fraley and L. Rall,

unpublished observations, 1980; Schaefer-Ridder et. al.,

1982) expression of the Herpes thymidine kinase gene, so
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the effect is not limited to SV40 DNA. However, viability

after glycerol treatment varies with cell type and should

be checked.

The effect of similar treatments to increase the

delivery and expression of encapsulated nucleic acids also

is observed with plant protoplasts. Although glycerol is

toxic to Nicotiana protoplasts, treatment with PEG or

polyvinyl alcohol increases the functional delivery of

liposome-encapsulated Tobacco Mosaic Virus RNA by 200-fold

or more (Fraley et. al., 1982). Qualitatively similar

results were obtained for delivery of the Ti plasmid of

Agrobacterium tumefaciens, using transformation to

phytohormone independence and octopine-positive phenotype

as indications of plasmid expression. Preliminary

experiments indicate that the plasmid is indeed integrated

in some of the transformed colonies (S. Dellaporta, R.

Fraley, K. Giles, D. Papahadjopoulos, A. Powell, M.

Thomas how, E. Nester, and M. Gordon, unpublished

observations, l08 l).

6-4. Mechanism of Delivery

While many studies show that liposome delivery of

large molecules occurs without exposure of the contents to

the external medium, such observations offer no definitive

evidence for the mechanism of the delivery event. Although

it is not inconsistent with the hypothesis of liposome

fusion with the plasma membrane, the same result could be
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explained by endocytosis of liposomes and intracellular

processing of the contents through a pathway that allows

one per cent of the internalized mater ial to escape

lysosomal degradation.

Agents that inhibit a variety of cellular functions

offer an indication of one mechanism by which liposomes

may deliver DNA (Fraley et. al., 1981; R. Straubinger,

unpublished observations, l981). Short incubations of

cytochalas in B, colchicine, chloroquine, or azide and 2

deoxyglucose do not alter the basal level or polyethylene

glycol enhancement of SV40 DNA delivery, although electron

microscopic examination shows liposomes bound to coated

pits and in intracellular vesicles (Straubinger et. al.,

l983). It may be that passage of DNA- bearing liposomes

through the drug- inhibited steps may proceed when the

relatively short inhibitor treatments are terminated.

However, the effect of glycerol is quite sensitive to

azide and deoxyglucose and partially to cytochalas in B.

This and several other lines of evidence suggest that

glycerol increases liposome uptake by promoting a process

that resembles macrop inocytosis. Chloroquine, ammonium

chlor ide, and several other agents (Miller and Lenard,

l981) with lysosomotropic activity (de Duve et. al., 1974)

enhance the glycerol effect, so lysosomal degradation may

be the ultimate fate of at least some liposome-delivered

DNA. The lysosomotropic amines may exert their effect

during the initial period of liposome internalization, by



inhibiting phagolysosome function, thus increasing the

probability that intact DNA may escape to the cytoplasm.

Alternatively, they may inhibit autophagic (Stacey and

All frey, l977; Marzella et. al., 1982) processing of

in tracellular DNA and increase the probability of nuclear

a CC e SS .

7. Liposome-Cell Incubation

The following is a general summary of the protocol

for the incubation of liposomes with cells. It is used for

both monolayer and suspension cultures; the only

difference in dealing with suspension cells is that washes

usually are per formed with low speed centrifugation. It is

assumed that the composition of the liposomes includes

acidic phospholipids.

7-l. Buffers

- Phosphate Buffered Saline (PBS), ca” and Mg”-free:

137 mM NaCl ; 3 mM KCl ; 17 mM Nao HPO2H P94 :

1 mM KH2PO4; pH 7.4

or Tris Buffered Saline (TBS) :

l37 mm NaCl ; 5 mM KCl ; 1 mM Na2HPoa;

Tr is 25 mM ; pH 7.4

+
-

ca” and Mg" Supplement (100x) :

4 mg/ml CaCl2, 4 mg/ml MgCl2



7.2. Procedure

Cells in growth medium are washed twice before

liposome addition in order to remove serum and, if

necessary, to assure that divalent cations are reduced to

submillimolar concentrations. Calcium- and magnesium- free

Tris- or phosphate- buffered saline commonly are used,

with just enough divalent cations added to keep adherent

cells attached to the substrate. Serum-free medium may be

substituted for the buffers mentioned and may improve

vesicle delivery by improving the metabolic state of the

cells. If necessary, EDTA should be added to reduce the

divalent cation concentration. If chloroquine is to be

used, it is added to the cells 30–60 minutes before adding

vesicles and is maintained in all buffers until the final

post-liposome washes. Usually it is most convenient to

add the drug to the original growth medium as a

concentrated solution at physiological pH. Although

chloroquine is more toxic to some cells than to others,

most can tolerate a final concentration of lo 0 pum.

Liposomes are added to cells in a small volume in

order to maximize cell-vesicle interaction; 200 kul may be

6 cells. For most cells studied, thesufficient for 5 x 10

capacity for liposome uptake saturates at about lo 0 to 200

nmoles (negatively charged) phospholipid per l x 106

cells, and there is likely to be little advantage to

adding more mater ial. In addition, high concentrations of
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liposomes (> 500 kumoles/ml), particularly those made with

charged lipids, can be toxic to both animal and plant

cells.

For negatively charged liposomes, the inter action

relevant to nucleic acid delivery takes place in the first

30 minutes of incubation (Wilson et. al., 1979; Fraley et.

al. , 1982). Longer incubations may be undesirable because

of effects on cellular metabolism. At the end of the

incubation, cells are washed twice with drug-free medium

or buffer and replated in the usual growth medium.

If polyethylene glycol or glycerol is to be used, it

is added just before the post-incubation washes. The usual

range of PEG concentrations that cells will tolerate is 25

to 50% (w/v) for 60 to 90 seconds, although toxicity is a

dose- and time- dependent effect. There is no known

advantage to PEG of any particular molecular weight or

supplier , although PEG of 6000 daltons or greater is

difficult to wash away and may be toxic for that reason.

For glycerol, the useful range of concentrations is 15 to

35% (v/v , buffer or medium) for 4 minutes or more. The

effectiveness and the toxicity of glycerol both increase

with the concentration and the length of exposure. At the

end of the period of exposure, the glycerol (or

polyethylene glycol) is diluted slowly, and cells are

washed three times with medium or buffer before return to

the normal growth medium.



8. Present and Future Prospects

While specific successes with liposome-encapsulated

nucleic acids demonstrate the value of this approach, the

method is still evolving. Specific efforts are directed

toward increasing the amount of mater ial delivered

in tracellularly and extending the ability for genetic

manipulation to a variety of cell lines for which no

method of gene transduction has been very successful. One

exciting development in liposome technology is the ability

to couple to liposomes ligands that recognize specific

cell-surface components. With the proper monoclonal

antibody or peptide ligand, it may be possible to direct

liposomes and their contents to specific cellular targets

with great efficiency. In addition, insight into the ways

in which cells process liposomes and their contents

suggests that several aspects of cellular metabolism may

be exploited to increase the efficiency of cellular

delivery. For example, as coated pit endocytosis probably

is the predominant mechanism by by which cells take up

liposomes, pH-dependent fusion of acidic liposomes with

endosomal membranes is a mechanism by which liposome

Contents could gain access to the cytoplasm. Thus the

liposome would provide a route by which endocytosed

mater ial could escape the endocytic vacuole, similar to

that suggested for Semlik i Forest Virus (Helenius et. al.,

l980) and Vesicular Stomat it is Virus (Miller and Lenard,

l980). It is expected that these and other such
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developments will provide a realistic basis for important

applications of liposome-mediated transfer of nucleic

acids.
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Chapter 3

The Role of Endocytosis in the Functional Delivery of SV40

DNA to AGMK Cells.

l - Summary

Delivery of Simian Virus 40 (SV40) DNA to African

Green Monkey Kidney cells has been used as a probe to

study liposome- cell inter action and to investigate the

mechanism by which liposome contents gain access to the

cytoplasm. It was found previously (Fraley et. al.,

in an ionic liposomes can be enhanced greatly by brief

exposure of cells to glycerol solutions. Morphological

studies showed that glycerol treatment stimulates membrane

ruffling and vacuolization.

In the present study, we show that concentrations of

metabolic inhibitors that reduce fluid- phase endocytosis

by 95% also reduce SV40 DNA infectivity by 31% and 89%, in

the absence or presence of glycerol, respectively.

Pretreatment of cells with chloroquine, a drug that alters

lysosome function principally by raising intralysosomal

pH, enhances DNA infectivity in glycerol- treated cells by

4- fold or more. These observations are consistent with

the interpretation that liposome endocytosis, particularly
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in the case of glycerol treatment, is a major mechanism by

which liposome contents gain access to the cell interior.

Further more, they suggest the involvement of a lysosomal

processing step at some point in the expression of

liposome- encapsulated DNA.



2. Introduction

In spite of extensive work on the mechanism of

liposome- cell inter action, it has been difficult to

define unambiguously the conditions that promote

intracellular uptake of liposome contents. In particular,

the selection of encapsulated markers for monitor ing

delivery has met with difficulty. Radioactive compounds

encapsulated in liposomes do not permit distinction

between intracellular delivery of liposome contents and

the adsorption of intact liposomes to the cell surface

(Pagano and Weinstein, l978; Poste, l980). A significant

fraction of cell- associated liposomes remains adsorbed to

cells during the first few hours of incubation (Huang et.

al., 1977; Szoka et. al., 1980) and may eventually leak

their contents into the external medium. Consequently,

fluorescent dyes and other molecules originally

encapsulated may be delivered intracellularly after

leakage from cell- bound liposomes and subsequent uptake

by cellular transport systems, transmembrane diffusion, or

pinocytosis.

Proteins (Gad et. al., 1979; Eytan and Eytan, 1980)

or lipid derivatives (Martin and MacDonald, 1976; Struck

and Pagano, l980) incorporated into the liposome membrane

can be transferred to the cell in functional form.

However, their use as an assay system for liposome

mediated delivery suffers from the fact that cellular
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incorporation of lipoid moieties in the liposome membrane

can occur under conditions where there is not concomitant

uptake of liposome aqueous contents (cf. Struck and

Pagano, 1980).

Previously it was shown that poliovirus RNA (Wilson

et. al., 1979; Papahadjopoulos et. al., 1980a) and Simian

Virus 40 (SV40) DNA (Fraley et. al., 1980; Papahadjopoulos

et. al., 1980b, Fraley et. al., 1981) can be encapsulated

in large unilamellar phospholipid vesicles in a

biologically active form. The viral nucleic acids are

expressed when delivered intracellularly and sensitive

plaque assays can be used to quantify the frequency of the

delivery event.

It was shown that the efficiency of SV40 DNA delivery

depends both on liposome charge and stability, with

an ionic liposomes containing cholesterol superior to

positive or neutral liposomes (Fraley et. al., 1981).

Liposome association with cells was found to be rapid,

reaching a plateau with in l9–30 min. Association was also

saturable and inhibitable by liposomes of similar charge.

In addition, infectivity of SV40 DNA was enhanced greatly

by brief exposure of cells to glycerol solutions. The

enhancement was greatest for an ionic liposomes, and was

observed only when liposomes had an opportunity to bind to

cells before glycerol treatment. Preliminary

morphological studies showed that glycerol treatment



stimulates membrane ruffling and vacuolization, and

suggested that the enhanced liposome uptake occurs by an

endocytosis- like process.

In the present study, we under took to examine the

role of endocytosis in the functional delivery of liposome

contents to cells. Our approach was to inhibit several

cellular processes associated with the function of the

endocytic pathway, and to observe the effect on the

infectivity of SV40 DNA entrapped in

phosphatidylser ine: cholesterol (l: l mole ratio) liposomes.
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3. Methods

SV40 DNA was extracted from infected AGMK cells,

purified, encapsulated, and assayed for infectivity

exactly as described in Fraley et. al. (1981). The

encapsulation procedure is detailed in Chapter 2, General

Methods. Typically, DNA was suspended at 10 pg/.350 pil

Tris- buffered saline (TBS) and 0. l k1C i of [*H]-

polydeoxyadenylate (Poly (A) ; Amer sham) was included in

order to quantify capture. Control experiments described

in Fraley et. al. (1981) showed that the efficiency of

Poly(A) capture was identical to that of SV40 DNA.

Liposomes of phosphatidylser ine: cholesterol (PS: CHOL; l; l

mole ratio) were produced by the Reverse- Phase

Evaporation method (Szoka and Papahadjopoulos, l978).

To assay the infectivity of free or encapsulated SV40

DNA, plates of AGMK cells were washed twice in TBS, and

exposed for 30 min (37°C) to specific concentrations of

DNA in 200 pil TBS. 500 pig/ml diethylaminoethane (DEAE)-

dext ran was added to the TBS when assaying the infectivity

of free DNA. Cells were washed three times in TBS after

exposure to free DNA or liposomes and covered with growth

medium containing 0.9% agarose. If cells were treated

with glycerol, l ml of 25% glycerol (v/v TBS) was added to

the cells before washing. The glycerol was washed away

after 4 min. Viral plaques were visualized by staining

the plates after 8–9 days with the vital dye neutral red.



For experiments in which various drugs were used to

inhibit particular cellular functions, the compounds were

added to cells 30 min to 2 h prior to the initial washes,

and were maintained in all buffers until the final washes.

The details of concentrations and times used are given in

the Results section.

The pinocytic rate of AGMK cells was determined under

conditions similar to those used to assay SV40 DNA

infectivity. TBS containing lB0 puCi/ml (**c) sucrose

(Amer sham) and 4 mM unlabeled sucrose was added to cells

instead of DNA- containing TBS. At lº , 30, and 45 min,

cells were washed as above with TBS supplemented with 80

mM unlabeled sucrose, removed from the culture dishes by

trypsinization, and transferred to scintillation vials for

determination of radioactivity. Cellular uptake of

radioactivity was linear over 45 min.

As a measure of the general metabolic health of

cells, the rate of RNA synthesis was determined for cells

treated as described here. [*Hyuridine incorporation into

Cl3CCOOH- precipitable mater ial was not depressed in drug

treated cells at 24 or 36 hours after exposure to

liposomes. Those time points were chosen because they

represent the period of maximal biosynthetic activity

relevant to SV40 virus production in infected cells.
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4. Results and Discussion

4.1. Effect of Metabolic Inhibitors on Pinocytic Rate and

DNA Infectivity

Table 3–l compares the rate of (**c, sucrose uptake

for control and drug- treated cells. A number of studies

(reviewed in Silver ste in et. al., 1977) have shown that

sucrose uptake is a reasonable measure of fluid- phase

pinocytosis. The rate of pinocytosis obtained for AGMK

- 1
cells in this study was la 900 (**c, sucrose counts min (5

x 10° cells) ~ * l l h-l.(0.5 h)" or 0.36 ul (10° cells)"

That value is with in the range reported for a variety of

mammalian cell types (Silver ste in et. al., 1977).

In agreement with a number of recent investigations

(Silver ste in et. al., 1977, 1978), the rate of endocytosis

decreased approximately 90% in cells pretreated for 30 min

with combined 5 mM Na azide and 50 mM 2-deoxyglucose.

Neither agent alone was as effective in inhibiting

(**c, sucrose uptake (data not shown). Those agents

inhibit, respectively, ATP generation by oxidative

phosphorylation and glycolysis.

Table 3–l also shows the infectivity of SV40 DNA

encapsulated in PS.: CHOL liposomes. In the control cells,

liposome- encapsulated SV40 DNA had an infectivity of 2 x

10° pfu (plaque-forming units) (pug DNA) Tº

of glycerol treatment and 2.6 x 10° pfu (ug DNA) T

in the absence

l with
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Table 3-l.

Effect of various inhibitors on fluid- phase endocytosis
and liposome- mediated SV40 DNA delivery in AGMK cells.

SV40 DNA infectivity
[14c) SUl C r OS 62 ($ control)

uptake
Incubation Conditions ($ control) -glycerol +glycerol

Control (no inhibitors) (l()0) (100) (l()0)
Na Azide/2-deoxyglucose 5 69 ll
Cytochalas in B 46 66 125
Colchic ine 8 l 145 lll

chloroquinea 87b 89 36 7
Chloroquine (ND''') (ND) 762

l4
The values shown for [**C) sucrose uptake are the average
of three experiments with duplicate points for each
experiment; the variability of the data was lº $ or less.
The values shown for SV40 DNA infectivity are the average
of three to five experiments, with duplicate points for
each experiment.

*Liposomes were added to cells in serum- free growth
medium and the glycerol treatment was extended to 30 min.

*ND; NOt DOne.

glycerol treatment. The effect of Na azide/2-deoxyglucose

on DNA infectivity was relatively small (approximately

30%) in cells not post- treated with glycerol. However,

DNA infectivity was reduced by nearly 90% in glycerol

treated cells. The inhibition of infectivity was not

primarily the result of toxicity, since RNA synthesis

(measured by [*Hjuridine incorporation into acid

insoluble mater ial) was not depressed relative to control
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cells when measured at 24 or 36 h after liposome treatment

(data not shown). Further more, the infectivity of free

SV40 DNA by the DEAE-dextran method was not reduced under

these cond it ions (data not shown).

While it seems safe to infer the role of energy

requiring steps in liposome uptake by glycerol- treated

cells, the argument is less compelling when cells were not

treated with glycerol. One possibility currently under

investigation is that glycerol promotes a rapid,

synchronous internalization of plasma membrane- bound

liposomes. The effect of metabolic energy depletion would

be expected to be considerable. In cells not treated with

glycerol, membrane- bound liposomes could provide a

reservoir from which infectious particles would be

internalized over a longer period of time. Since the

metabolic inhibitors were removed shortly after washing

away free liposomes and before the return to growth

medium, liposome internalization could be expected to

resume as the cells recover from intoxication.

4.2. Effect of Microtubule- and Microfilament- Inhibitors

on Pinocytic Rate and DNA Infectivity

Table 3–l shows the effect of other agents on

(**c, sucrose pinocytosis and liposome- entrapped DNA

infectivity. Cells were pretreated for l h with 20 pug

m1 + cytochalas in B, an inhibitor of microfilament

function. A role for microfilaments of act in or actin



like proteins has been proposed in pinocytosis and

phagocytosis (reviewed in Silver ste in et. al., 1977).

Cytochalas in B had a modest effect on pinocytosis

(approximately 50% inhibition) but a smaller effect on

SV40 DNA infectivity. With glycerol treatment, there was

no inhibition of infectivity. From these experiments, it

is unclear as to the role of cytoplasmic microfilaments in

the delivery of liposome contents to cells.

Cells were also pretreated with 100 pum colchicine for

l h. Colch icine treatment results in the depolymer ization

of cytoplasmic microtubules. Colchicine had virtually no

effect On (**c) sucrose uptake or DNA infectivity, leaving

unclear the role of functional microtubules in liposome

mediated delivery.

4.3. Effect of Lysosomotropic Agents on Pinocytic Rate

and DNA Infectivity

The effects of the various agents on SV40 DNA

infectivity paralleled the effects on fluid- phase

pinocytosis in all cases but one: chloroquine treatment

(100 puM with a pretreatment of lh) enhanced DNA

infectivity roughly four – fold in glycerol- treated cells.

There was little effect of chloroquine in cells not

treated with glycerol. Chloroquine, NH4C1, and a variety

of weakly- basic compounds (Miller and Lenard, 1981)

diffuse into acid ic intracellular compartments and raise

the pH (Ohkuma and Poole, 1978), as the compounds become
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protonated. Such lysosomotropic compounds (De Duve et.

al., 1974) have been shown to inhibit a variety of

cellular functions that proceed in acidic intracellular

compartments, including the degradative activity of

lysosomal hydrolases.

The lack of a chloroquine— dependent enhancement of

liposome- entrapped DNA infectivity in the absence of

glycerol could be rationalized as discussed above for

azide/2-deoxyglucose effects. If delivery of DNA to the

lysosomal compartment was relatively rapid and synchronous

in glycerol- treated cells, inhibition of DNA degradation

might result in significant enhancement of effective DNA

delivery to the cellular biosynthetic machinery. In

contrast, internalization of liposomes and delivery of DNA

to the lysosomal compartment might continue over a longer

period of time in cells not treated with glycerol. As a

result, the removal of chloroquine at the end of the

incubation period with liposomes may allow cells to

recover their usual capacity for liposome processing

before an appreciable amount of DNA had escaped the

endocytic pathway.

4. 4. Optimization of SV40 DNA Delivery

The results shown in Table 3-l suggest that the

glycerol- mediated enhancement of SV40 DNA infectivity is

an energy- dependent process that exposes at least some

liposome contents to lysosomal degradation. To determine
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the Optimal delivery of liposome- mediated DNA delivery,

chloroquine- treated cells were exposed to liposomes in

serum- free growth medium instead of in buffer, and the

glycerol treatment was extended for 30 min. Extension of

the length of glycerol treatment was shown previously to

increase liposome- entrapped DNA infectivity (Fraley et.

al., 1980) and the substitution of growth medium for

buffer enhanced DNA infectivity 2-4- fold (data not

shown). Table 3-l shows that the above treatment resulted

in a roughly eightfold increase in liposome- entrapped DNA

infectivity, corresponding to an infectivity of 2 x 106
lpfu (19 DNA) T *. The improvement in infectivity represents

a lo 00- fold increase over simply incubating AGMK cells

with DNA- containing liposomes, and compares favorably

6 lwith the calcium phosphate (0.1 x 10° pfu (19 DNA) T * and
6 lDEAE-dextran 5 x 10° pfu (ug DNA) Tº methods for

introducing SV40 DNA into AGMK cells (data not shown).
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5. Conclusions

We have presented experimental evidence that the

infectivity of liposome- entrapped SV40 DNA is sensitive

to inhibition by agents that block cellular generation of

metabolic energy. The inhibition is not a general effect

on the metabolic or biosynthetic activity of cells, since

similarly- treated cells continue to synthesize RNA and

can produce infectious progeny virus if transfected with

free SV40 DNA by the DEAE-dextran method. We have shown

also that liposome- encapsulated DNA infectivity is

increased by agents that are known to inhibit the general

degradative activities of intracellular organelles such as

lysosomes. We conclude that the energy- dependent steps

mediating SV40 DNA infectivity are the steps involved in

endocytosis, and that inhibition of lysosome function

results in the survival of a greater amount of infectious

DNA. The post- lysosomal events resulting in the release

of DNA to the cellular biosynthetic compartment currently

is unknown. Also unresolved is the role in liposome

mediated DNA delivery of other cellular components

traditionally associated with phagocytosis or pinocytosis,

such as microfilaments or microtubules.

We were able to demonstrate clear effects of various

agents only in cells that were exposed briefly to glycerol

solutions after binding liposomes. We interpret such

results as suggesting that glycerol treatment promotes
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rapid internalization of cell- bound liposomes, so that

the effects of lysosomotropic agents or metabolic

inhibitors are exerted during the period of maximal

endocytic activity. In the case of cells not post- treated

with glycerol, liposomes bound to the cell surface may

provide a reservoir of infectious DNA that is endocytosed

Over a longer period of time. Because of certain features

of the assay system, it is necessary to remove the various

inhibitory agents after a relatively short incubation.

Other assay systems will be required in order to examine

the role of endocytosis in cells not treated with

glycerol.
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Chapter 4

Endocytosis of Liposomes and Intracellular Fate of

Encapsulated Molecules: Encounter with a Low pH

Compartment after Internalization in Coated Vesicles.

l. Summary

We have compared the intracellular fate of several

fluorescent probes and colloidal gold entrapped in

negatively-charged liposomes. Weakly acidic molecules

(carboxyfluoresce in) appear in the cytoplasm of CV-l cells

in 30 minutes; agents that raise lysosomal pH block this

process. Highly charged molecules (calce in) and large

molecules (FITC-dextran: 18k dalton) remain confined to

extra- or intracellular vesicles. Thin-section electron

micrographs show gold-containing liposomes bound to coated

pits, in intracellular coated and uncoated vesicles, and

in secondary lysosomes, including dense bodies. Free gold

was not observed in the cytoplasm. We conclude that

negatively- charged liposomes are endocytosed and

processed intracellularly by the coated-vesicle pathway,

and acid if ication of the endocytic vesicle, rather than

liposome fusion, permits escape of certain molecules to

the cytoplasm.
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2. Introduction

The interest in liposomes as carriers of

macromolecules is based on their potential to enclose and

protect diverse materials of biological interest and to

deliver them, functionally intact and in significant

quantities, to the inter ior of many cell types. With

continuous progress in liposome technology, many

prerequisite goals have been achieved; it is possible to

alter such parameters as liposome size, surface charge,

bilayer fluidity, and stability to adapt the carrier to a

wide range of experimental conditions. Moreover ,

antibodies covalently attached to the liposome surface

allow recognition of specific target cells (Heath et. al.,

l980; Leserman et. al., 1980)

The prospect of realizing the full potential of

liposomes requires more definitive information on the

mechanisms by which liposome contents enter cells. Early

studies implicated liposome-plasma membrane fusion

(Weinstein et. al., 1977; Poste and Papahadjopoulos, 1978;

Pagano et. al., 1978; reviewed in Kimelberg and Mayhew,

l978; Pagano and Weinstein, l978; Poste, l980), but recent

evidence (Szoka et. al., 1979, 1980 a ; Struck et. al.,

1981) suggests that liposomes do not fuse with the plasma

membrane without per turbations such as polyethylene glycol

treatment (Szoka et. al., 1981) or the inclusion of viral

proteins thought to promote membrane fusion (Uchida et.
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al., l'979; Volsky et. al., 1979; Huang, et. al., 1980;

Vainstein et. al., 1981). Endocytosis also has been

advocated as the dominant mechanism of delivery (reviews,

above; Finkelstein and Weissmann, l978) but has not been

regarded as a useful route by which liposomes could enter

non-phagocytic cells or by which large or labile molecules

could gain access to the cytoplasm.

Here we examine the mechanism by which large,

negatively-charged liposomes interact with cells in

culture. The conditions used for liposome- cell

inter action were the same as those in previous studies

(Fraley et. al., 1980, l981) which quantified liposome

cell association, cell-mediated leakage, and other

parameters which alter the efficiency of delivery of a

biologically functional macromolecule. Our rationale in

defining the scope of the experiments was based on

observations that the encapsulation technique used (Szoka

and Papahad jopoulos, 1978) produces large uni- and

Oligolamellar liposomes which trap large molecules with

great efficiency, and that negatively-charged liposomes

generally are superior to positively-charged or neutral

liposomes in functional delivery of cytotoxic drugs (T.

Heath, unpublished data) and macromolecules such as DNA

and RNA to a variety of animal (Fraley et. al., 1981;

Schaefer-Ridder et. al., 1982) and plant cells (Fraley et.

al. , 1982).
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Since assays that depend on functional delivery of

DNA (Fraley et. al., l'980) may under estimate cellular

internalization of liposomes, we examined the fate of

fluorescent and electron-dense probes encapsulated within

the liposome aqueous space. Two of the fluorescent

compounds are related structurally (Inset, Figure 4–1).

The first, 5 (6) -carboxyfluoresce in (CF), is a trivalent

an ion at neutral pH which becomes electrically neutral at

acidic pH (pK at 6.7, 4.4 (Heiple and Taylor, l982), and

approx. 3. 5). The second compound, calce in (CAL; bis

[N,N'-di- (carboxymethyl) aminomethyl] fluoresce in; Wallach

and Steck, l063) is more strongly charged than CF as a

result of two methylimino diacetic acid residues (carboxyl

pK & 4 ; methylimino pK lo-l2; Wallach et. al., 1959).

Hence CAL contains multiple charged groups in the pH range

encountered intracellularly (pH > 4; deduve et. al., 1974;

Ohkuma and Poole, 1978). CAL has been used previously to

quantify serum-mediated liposome leakage (Allen and

Cleland, l080). The third compound, fluoresce in

isothiocyanate dextran (FTC-D) has an average molecular

weight of 20 K dalton and was selected because it is a

large , membrane-imper meant macromolecule which cells do

not degrade readily. For ultrastructural studies, we have

loaded liposomes with colloidal gold (Hong et. al., 1983)

to over come the problem of resolving intracellular

liposomes from other vesicular structures.
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3. Experimental Procedures

Carboxyfluoresce in (CF; Eastman Kodak) was purified

as described (Blumenthal, et. al. , 1977). To eliminate

hydrophobic contaminants (Ralston et. al., 1981), the

procedure included column chromatography of the Na" salt

at neutral pH on the hydrophobic gel Sephadex LH 20

(Pharmacia). For encapsulation, the CF solution was

adjusted to pH 7.6 and to 296 mosm/kg (as determined by

vapor phase osmometry; Wescor Instruments), and had a

concentration of 92 mM as determined from the absorption

at 490 nm.

Calce in (CAL) was obtained from the Alfa Division of

Ventron Corp. (Danvers, MA). As this mater ial is a mixture

of several components (Wallach et. al., 1959; this

laboratory, unpublished), some of them hydrophobic, the

mater ial was repur ified by column chromatography on LH 20

(Na" salt, neutral pH). In addition to the contaminants

which remained bound to the hydrophobic gel, four broad

bands were resolved. The major band was collected and

chromatographed on silica gel G.; it migrated with an Re of

0.4, with a minor hydrophilic band (Rf 0. l) in

methanol:NH4OH (28%) 9 : 1. 5. Several other minor ,

hydrophilic components could be detected with high

loading. The dye was adjusted to pH 7.6 and 300 mOsm/kg,

and had a final concentration of 63 mM, assuming a

millimo lar extinction coefficient of 72 at 490 nm.
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3. l. Preparation of Fluorescein Thiocyanyl (FTC) Dextran

Dext ran was aminated by a modification of the

procedure of Semenza (1960). Briefly, l8 g of 2–

aminoethyl hydrogen sulfate (Aldrich) and 30 g NaOH were

dissolved in 26.5 ml distilled water. Ten g dextran T20

(Sigma; average MW l8000) were added slowly with stir ring,

and the mixture was autoclaved at 121°C for 1 hr. After

cooling to room temperature, the mixture was neutralized

slowly with HCl, placed in dialysis tubing, and dialyzed

for 2–3 days at room temperature against (sequentially):

distilled water , 0. l N HCl, 0.1 N NaOH, Dulbecco's

phosphate- buffered saline (PBS) containing 50 mM EDTA

(ethylened iamine tetraacetate), and then distilled water.

Amino dextran was fluoresce inated by standard methods

(Goldman, l968; Goding, 1976), purified by exhaustive

dialysis at 4°C against PBS and then glass-distilled

water, and dried under reduced pressure. The FTC-D used

for encapsulation in liposomes was resuspended in 100 mM

NaCl, 20 mM Tris (tris (hydroxymethyl)aminomethane) (pH 8),

and 0.1 mM EDTA. The solution was ster ilized by

filtration through a 0.2 pufilter (Millipore).

3-2. Liposome Preparation

Liposomes were prepared by the reverse- phase

evaporation (REV) procedure (Szoka and Papa had jopoulos,

l978) with the modifications for small-scale preparation



- 68 —

detailed in Fraley et. al., (1980) and Straubinger et.

al., (1982). After formation, liposomes were extruded

through polycarbonate filters (pore diameter 0.2 ku) to

limit the maximum diameter of the liposome population

produced (Szoka et. al., 1980). Liposomes were separated

from free CF or CAL on a l x 17 cm Sephadex G75 column

equilibrated with a 295 mosm/kg buffer consisting of la 5

mM NaCl, 5 mM Tris pH 7.6, and 0.1 mM EDTA. Free FTC-D

was removed on a l.2 x 30 cm Sephadex GlS0 column

equilibrated with the same buffer.

Liposomes were loaded with gold particles of defined

size by generating the colloid with in preformed liposomes

which had encapsulated soluble gold chloride (Hong et.

al., l'983). Briefly, a solution of gold chloride (3.18 mM

HAuCl 2.5 mM K2, CO l(). 2 mM trisodium citrate , 55 mM4 ' 2- -3 .

NaCl, pH 6. 2) was encapsulated as described above for the

fluorescent molecules. Incubation of the liposome

preparation at 37° for 1 h resulted in colloid formation.

Gold-containing liposomes were separated from free gold by

column chromatography of liposomes on DEAE- cellulose to

remove free gold or liposomes bearing gold granules on the

external surface. Electron microscopic examination of

negative-stained liposome samples showed that 80% of the

liposomes contained single gold granules of approximately

16 nm diameter (Hong et. al., 1983).

After liposome preparation and separation,
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phospholipid concentration was determined by the method of

Bartlett (1959). To quantify encapsulation of aqueous

mater ial, a liposome sample was sonicated to release the

entrapped mater ial and then the absorption at 490 nm was

determined. CAL and CF were trapped at 20 to 25%

efficiency.

3. 3. pH-Dependent Efflux of Liposome Contents

Liposomes containing either carboxyfluoresce in or

calce in were diluted in 145 mM NaCl, 5 mM Tes (N-

tr is (hydroxymethyl) methyl-2-aminoethane sulfonic acid; pH

7.6), 0.1 mM EDTA (295 mos■ m/kg) to a concentration of l.0

puole phospholipid per ml. Aliquots of 0.5 ml were dialyzed

in cellulose bags at 20°C against 4.5 ml isotonic (295 + 5

mCsm/kg) saline buffered over the pH range from 4.0 to 7.5

with lo mM citrate and lo m■■ phosphate. At intervals, bags

were r insed and placed in fresh aliquots of the same

buffer. To quantify the amount of dye which leaked from

liposomes, the dialysate was brought to ll O mM phosphate

by addition of 0.5 ml of lm phosphate buffer (pH 8),

adjusted to pH 8.0. , and the absorption was measured at

490 nm.

3. 4. Cell Culture

CV-1, an established line of African Green Monkey

Kidney cells, was obtained from the laboratory of Dr. P.

Berg (Stanford Univ.); cells were cultured in Dulbecco's
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Modified Eagle Medium supplemented with 3 g/l d-glucose

(DMEM), 5% bovine newborn serum and periodically with

penic ill in (lo 0 units/ml) and streptomycin (lo 0 Y/ml).

RAW 264.7, a murine macrophage tumor, was obtained from

Dr. M. Cohn (Salk Inst.) and cultured in DMEM supplemented

with lo $ bovine fetal serum (BFS). L929, a mur ine

fibroblast, was obtained from Dr. L. Epstein (UC San

Francisco) and cultured in DMEM supplemented with 5% BFS.

S49, a murine T lymphoma, was obtained from Dr. D. Martin

(UC San Francisco) and cultured in suspension in Swim's

S77 with lo $ horse serum. Three days before experiments

with liposomes, monolayer cells were suspended with 0.05%

trypsin and l. 0 mM EDTA and plated in 66 mm culture dishes
5

(Falcon # 3002) at a density of l-5 x 10 ” cells per dish.

3.5. Liposome-Cell Incubation

Cells in growth medium were washed twice with

phosphate buffered saline (PBS) supplemented with 0.36 mM

calcium and 0.42 mM magnesium (PBS-CM). For experiments in

which chloroquine (CLQ) (Sigma Chemical Co., St. Louis,

MO.) or ammonium chloride was used, the appropriate volume

from a lo 0-fold concentrated stock solution was added to

the original growth medium 30 to 60 minutes prior to the

buffer wash. The compounds were present in all buffers

the reafter. Although the length of pretreatment with

lysosomotropic agents was not critical (unpublished

experiments), the pre incubation with CLQ or NH4Cl served
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to establish reproducible intracellular levels of these

compounds. Since liposomes were added to cells in a small

volume (see below), cellular uptake could alter the final

intra- and extracellular drug concentration in in these

small volumes if the pre incubation was omitted.

Liposomes were diluted in PBS-CM to 500 nmoles per ml

and a volume of 0.2 ml was added to each dish of 106

cells. After 30 m in in a humidified incubator at 37°c,

some cell monolayers were exposed to 21% (v/v PBS-CM)

glycerol (Aldrich; spectrophotometric grade) for 5 min at

37°C. Cells were washed twice with buffer , returned to

37°C for 15 min, washed twice more, and viewed with a

Leitz Orthoplan fluorescence microscope equipped with

epifluorescence, water immersion objective lenses, and a

camera. In some cases, cells were washed after viewing ,

replated in growth medium with or without CLQ or NH, Cl,4

and returned to the incubator to follow the fate of

internalized liposomes. For fluorescence microscopy, cells

were always washed twice and viewed in PBS-CM.

Suspension cells were treated with liposomes in a

similar manner, except that cells were washed by low

speed centrifugation and were viewed on glass slides with

cover slips.

Cell monolayers for electron microscopy were prepared

and treated with liposomes as in the fluorescence

experiments. After washing away unbound liposomes
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(above) , cells were fixed for 2 hr with 3 ml 0. l M

cacodylate buffer containing 2.5% glutar aldehyde and l

drop of acrole in. Cells were then washed in the same

buffer , post fixed (sequentially) for l h with l? osmium

tetroxide in 5% sucrose, 0.1 mM veronal acetate (pH 7.4)

and then with lº tannic acid in 0.05 mM sodium cacodylate

(pH 7.0). Samples were thin-sectioned after staining with

0.5% uranyl acetate in 0.1 mM veronal acetate (pH 6.0)

(Hong et. al., 1983). For studies at 4°C, cells were

exposed to gold-loaded liposomes for 2.5 hr. on ice, and

unbound liposomes were removed by washing three times with

cold PBS-CM. Cells were fixed in the cold for lo min in

the fixative described above. The plates were allowed to

warm to room temperature and continue fixing for an

additional 2 hr., washed, and processed for electron

microscopy.

3 - 6 - Photomicrographs

Photographs of fluorescence and phase contrast fields

were made on Kodak Ektachrome film push-processed at ASA

800 or on Kodak Tri-X push-processed at ASA 1200 to reduce

photobleaching of the fluorescent probes and to prevent

intracellular release of vesicle- entrapped calce in by

pro longed exposure to the intense excitation beam. The

proper length of exposure was automatically determined by

a field- averaging meter. As a result, the comparative

intensity of various fields cannot be determined from the



4. . Results

4-l. Effect of pH on the Efflux of Fluorescent Aqueous

Space Markers

The molecular structures of CF and CAL suggest that

the two compounds have quite different membrane

permeability properties in the intracellular pH range. To

estimate the magnitude of the difference, we compared the

efflux of CF and CAL from phosphatidylser ine: cholesterol

(PS: Chol) liposomes (2: l mole ratio) by dialyzing parallel

preparations against isotonic buffers over a pH range of 4

to 7.5. Figure 4-l shows comparable CF and CAL leakage

near neutral pH, where both molecules bear multiple

negative charges. Below pH 5.5, the pH- dependence of CF

leakage increased drastically, and at pH 4.5, the

Cumulative leakage was l'7 times greater than that at

neutrality. Over the same range, CAL leakage changed less

than a factor of two. As a result, the difference between

CF and CAL leakage was approximately tenfold at pH 4.6,

the estimated lysosomal pH (Ohkuma and Poole, 1978).

The Observed rate of efflux contrasts with the much

higher rates reported previously by Szoka et. al. (1979).

The disparity is attributable to the greater stability and

lower ion permeability (Szoka and Papa had jopoulos, 1980)

of the large, cholesterol- containing liposomes used in

the present study. In addition, we observed that CF

efflux was enhanced considerably by modification of the



igure 4-l.

pH Dependence of CF and CAL E f flux

PS: Chol liposomes (2:1) containing

dialyzed against isotonic cit rate

from Liposomes

either CF or CAL were

phosphate buffer at the

indicated pH. The data are presented as the cumulative

efflux over 8 h (CF:O) (CAL :[]) and 22 h (CF: O) (CAL: ) .

(INSET) Molecular Structures of CF and CAL.

1 OO H. Carboxyfluorescein

8OH \
- O
r / O

e COOH

6OH
Calcein

Oi
e .* SO

CX

ºp OH

HO ~2 S-OH

S. 22

40 H.

CH3COOH
2O H. e R CHAN

N CH.COOH
\

-
*~

----->n=A=3|Eºs =*
Ob 1 l l l l l l l

4.0 4.5 5.0 5.5 6.O 6.5 7.0 7.5

pH



— 76 —

incubation medium; buffers which supply a membrane

per meant counter ion to protons, such as acetate, increased

the rate of CF efflux if substituted for the relatively

imper meant citrate-phosphate buffer used here (data not

shown).

4.2. Differential Intracellular Distribution of

Fluorescent Liposome Markers

When CV-1 cells were exposed for 30 min to PS.: Chol

liposomes containing CF, we observed both confined,

vesicular (punctate) fluorescence and diffuse cell

associated fluorescence. Diffuse fluorescence corresponds

to CF free in the cytoplasm (Weinstein et. al., 1977),

while the vesicular fluorescence represents dye in

surface-bound and intracellular liposomes. Figure 4–2a

shows the typical fluorescent image, with the

corresponding phase contrast field presented in Figure 4–

2b. Previously we were unable to demonstrate appreciable

diffuse fluorescence under these conditions (Fraley et.

al., 1981). However, the use of a fluorescence microscope

with superior Optics has made it possible to detect

diffuse fluorescence without glycerol treatment of the

Cells (see below).

In contrast to the appearance of cells treated with

liposomes containing CF, cells exposed to liposomes

containing CAL (Figure 4–2c) or FTC-D (not shown)

displayed only vesicular fluorescence, suggesting that



Figure 4-2.

Intracellular Localization of Fluorescent Liposome

Markers.

Cells were incubated for 30 m in with CF- or CAL

containing liposomes, washed in buffer to remove free

liposomes, and examined in buffer using a water-immersion

objective (25x). The proper photographic exposure length

was determined automatically using a field-averaging

meter. As a result, relative differences in fluorescent

intensity cannot be judged from the micrographs presented

here. (A) Diffuse (cytoplasmic) and vesicular

fluorescence from CF– containing liposomes. (B) Phase

contrast image of the field shown in (A). (C) Vesicular

fluorescence from CAL- containing liposomes. (D) Cells

treated with CF- containing liposomes as in (A) but

pretreated for 30 min with 100 ku!M chloroquine.
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highly-charged or large molecules gain access to the

cytoplasm less readily than the weakly acidic CF. It is

unlikely that the difference between CF and CAL or FTC-D

distribution can be explained by differential liposome

cell binding and internalization, since liposomes should

associate with cells to the same degree regardless of the

identity of encapsulated water-soluble molecules (Fraley

et. al., l'981).

4-3. Effect of Lysosomotropic Agents on Cell-Associated

Fluorescence

The development of diffuse, cytoplasmic CF

fluorescence was inhibited in cells treated with lo 0 }IM

chloroquine (CLQ) (Figure 4–2d). CLQ failed to quench

cytoplasmic CF directly, since it had no effect if added

to cells after diffuse fluorescence developed (not shown).

Ammonium chloride (10 mM) also inhibited the emergence of

diffuse CF fluorescence, suggesting that inhibition of CF

transfer to the cytoplasm was dependent on low endosomal

pH rather than on some nonspecific effect of CLQ.

We observed that cells treated with lysosomotropic

agents accumulated large, phase-lucent vacuoles (not

shown). Comparison of phase-contrast and fluorescence

fields revealed that some of the vacuoles corresponded to

the large fluorescent vesicles apparent in Figures 4–2d

and 4-3e. Since the liposomes were extruded through

polycarbonate filters to restrict the maximal diameter to
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approximately 0.2 pm, and the large cellular vesicles were

approximately l plm in diameter, the latter may have

represented either clusters of surface-bound or

endocytosed liposomes, or they may have been endosomes

filled with dye that had leaked from one or more

endocytosed liposomes. Since the internal pH of endocytic

vesicles could be greater than 6.0 in cells treated with

chloroquine or ammonium chloride (Ohkuma and Poole, 1978),

the pH dependence of CF passage across a model membrane

(shown in Figure 4-l) suggests that in the presence of the

lysosomotropic amines, CF leaking from endocytosed

liposomes would be delayed in its efflux to the cytoplasm

and would accumulate in endosomes having an internal pH

greater than 6. 0.

CLQ and NH4Cl had a limited effect on the

distribution of fluorescence in cells treated with CAL

containing liposomes. Large, phase-lucent vacuoles (not

shown), as well as large fluorescent vesicles (cf. Figure

4-2d and Figure 4-3e) were apparent under these

cond it ions. Over all, the distribution of cell-associated

fluorescence was the same as in cells treated with CLQ and

CF-containing liposomes.

4. 4. Effect of Glycerol Treatment in the Absence and

Presence of Lysosomotropic Agents

As we reported previously (Fraley et. al., 1981),

brief glycerol treatment results in a substantial increase
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both in the infectivity of liposome-encapsulated SV40 DNA

and in the cytoplasmic delivery of liposome-encapsulated

CF. Figure 4-3a shows a representative field of CV-l

cells following interaction with CF- containing liposomes

and a succeeding 5 min treatment with 2l % (v/v) glycerol.

Visual comparison of Figures 4-3a and 4-2a does not

indicate the observed difference in fluorescence

intensity, since compensation of the photographic exposure

length has produced micrographs which appear to be of

comparable brightness. Uncompensated micrographs, in

which equal photographic exposures were used for glycerol

and non-glycerol- treated cells, were presented previously

(Fraley et. al., 1981) and show the relative difference in

fluorescence intensity.

In the present study, we found that treatment of the

cells with CLQ (Figure 4–3b) or NH, Cl (not shown)4

inhibited the emergence of diffuse CF fluorescence in

glycerol-treated cells. As in the case of CLQ treatment

without glycerol (Figure 4–2d), only small and large

fluorescent vesicles were apparent. Neither CAL- (Figure

4–3.c) nor FTC–D– loaded liposomes (not shown) gave rise to

diffuse fluorescence following glycerol treatment. Since

CAL or FTC-D probably would cross membranes damaged by

Osmotic shock (Okada and Rechsteiner, l982), and since

lysosomotropic agents prevented the efflux of CF to the

cytoplasm, it is improbable that major disruption of

cellular membranes is the mechanism by which glycerol
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Figure 4-3.

Intracellular Localization of Fluorescent Liposome

Markers: Effect of Glycerol and Metabolic Inhibitors.

(A) Cells treated with CF liposomes as in (4-2A) but

post-treated with 21% (v/v) glycerol for 5 min; the

fluorescence intensity was greater than in (4-2A). (B)

Cells treated with CF liposomes and glycerol as in (A) but

pretreated with lo 0 ºum chloroquine. (C) Cells treated

with CAL liposomes as in (4-2C) but post-treated with 2l?

(v/v) glycerol for 5 min. (D) Cells treated with CF

containing liposomes as in (4-2A) but pretreated for 30

min with 50 mM 2-d-deoxyglucose and 5 mM azide. (E) Cells

treated with CF– containing liposomes and chloroquine as

in (4-2D) and post treated with chloroquine for an

additional lº h. (F) Cells treated with CAL- containing

liposomes as in (4-2C), washed, and cultured for an

additional la h.
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enhances intracellular delivery of liposome contents.

4.5. Effect of Metabolic Inhibitors

The production of diffuse, cytoplasmic CF

fluorescence was sensitive to metabolic poisons.

Pretreatment of cells with 5 mM sodium azide and 50 mM 2

deoxyglucose prevented diffuse CF fluorescence, either

with or without exposure to glycerol. Both CF- and CAL

containing liposomes appeared as dimly- fluorescent

vesicles which covered cells uniformly (not shown). Some

cells also displayed large fluorescent aggregates,

especially at the cell periphery (Figure 4-3d). It

appeared that some of these aggregates were being shed

from the cell surface. Although it is quite difficult to

differ entiate between surface-bound and intracellular

vesicular fluorescence, the fluorescence associated with

azide/2-deoxyglucose- treated cells probably represented

exclusively surface-bound liposomes, since the drug

concentrations used here effectively inhibit endocytosis

14
Of C sucrose in CV-l cells (Fraley et. al., 1981).

4-6. Intracellular Fate of Liposome Contents

We examined the fate of cell-associated fluorescence

by returning cells to growth medium for continued

cultivation. After l2 to 24 hours, most vesicular and

diffuse CF fluorescence had disappeared. However, the

large vesicles per sisted, especially in the per inuclear
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region, with continued exposure of cells to CLQ or NH4C1,

(Figure 4-3e).

In contrast to the depletion of cell— associated CF,

cell- associated CAL fluorescence remained quite intense

Over l2 to 30 hours. Figure 4-3 f shows cells after 14

hours of continued incubation, with obvious per inuclear

fluorescence in some cells. Dim, diffuse, intracellular

fluorescence was observed at low frequency. Liposome

delivered FTC-D also accumulated in the per inuclear

region, and vesicular fluorescence could be observed over

three days of continued culture. Diffuse, cytoplasmic

fluorescence was not observed with FTC-D, suggesting that

large macromolecules escape the endocytic pathway with low

frequency.

4.7. Fluorescence Observations With Other Cell Types

To assess the relevance of our observations to

liposome internalization by other cell types, we compared

the up take of CAL and CF liposomes by L929 fibroblasts,

the murine T lymphoma S49, and the murine macrophage

tumor RAW 264. 7. The observations presented above held

true for L929 and RAW 264.7, except that the intensity of

cell-associated fluorescence was low with L929. RAW 264.7

was quite similar to CV-1 with respect to the magnitude

and d is tribution of vesicular (CAL) and diffuse (CF)

fluorescence (not shown). Under most circumstances, the T

lymphoma S49 showed little cell-associated fluorescence.



Thus different cell types may vary in their uptake of

large, negatively-charged liposomes, just as they vary in

endocytic index and rate of plasma membrane turnover and

recycling (Silver ste in et. al., 1977; Pratten et. al.,

1980).

4-8. Ultrastructural Evidence for Liposome Endocytosis

and Intracellular Processing

To resolve the pathway of internalization, cells were

fixed after incubation with liposomes at 4°C or at 37°C.

Under conditions in which endocytosis is inhibited,

liposomes bound to the plasma membrane but were not

internalized. Figure 4- 4a shows uni- and oligolamellar

liposomes on the surface of a CV-l cell after incubation

for 3 hours at 4°C. At 37°C, individual liposomes were

visible in coated pits (Figure 4-4b and 4-4c) as well as

in coated vesicles (Figure 4–4 d). Neither liposomes nor

free gold particles were observed in other endocytic

transport vesicles, such as the coatless microendocytic

vesicles implicated in pinocytosis. Nor were free gold

particles observed on the cell surface or in coated

vesicles, suggesting that the liposomes remained intact

during interaction with cells (Fraley et. al., 1981).

Single gold-containing liposomes appeared to progress

through small, smooth (uncoated) in tracellular vesicles

(Figure 4-4e), and multiple liposomes were identified in

larger endosomes (Figure 4–4 f) and lysosomes. Notably,



Figure 4-4.

Ultrastructural Localization of Gold- Containing Liposomes

Cells were treated with gold- containing liposomes for 2h

at 4° C (A) or 30 m in at 370 (B-G) and fixed immediately

(A–F) or after 14 h at 37° (G). While 80-90% of the

liposomes contained gold, a thin section includes only a

fraction of the liposome volume; as a result, gold

granules do not appear in every liposome in the section.

(A) Surface- bound liposomes (x45,000). (B, C) Liposomes

in coated pits (B: x69,000; C : x62,500); liposome

entrapped gold granule is apparent in (C). (D) Liposome

in coated vesicle (x60,000). (E) Liposomes in smooth

(coatless) vesicles; gold is visible in one liposome

(x50,000). (F) Several intact, gold- containing liposomes

in a large endocytic vacuole (endosome) (x71,000). (G)

After lº! h, many gold granules are visible in lysosomes

but no intact liposomes can be identified (x50,000).
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the diameter of surface-bound liposomes ranged from 0.08

to 0.25 pum, while intracellular liposomes were of a

smaller size distribution, generally 0. l pum or less in

diameter.

After 14 hours at 37°c, the plasma membrane was clear

of bound liposomes. While liposomes and gold were

identified in vesicles in the Golgi region (not shown), we

also observed dense bodies (secondary lysosomes) that had

accumulated many gold granules without distinguishable

liposomes (Figure 4–4 g). Apparently many of the

endocytosed liposomes had been metabolized during the lº

hour post incubation.
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5. Discussion

Using a variety of liposome markers, we have examined

the intracellular fate of large, negatively-charged

liposomes. We have concentrated on PS: Chol, a composition

useful for intracellular delivery of a wide variety of

molecules. The negative charge of PS promotes avid binding

to cells, while the high mole percent of cholesterol

reduces cell-mediated leakage of liposome contents (Fraley

et. al., l'98 l). The liposomes were extruded through

controlled-pore polycarbonate membranes (0.2 kum diameter)

to assure a more homogeneous size distribution (Szoka et.

al. 1980 b) .

The fluorescent molecules we have encapsulated were

chosen for their particular physical properties: (1) CF is

a small (376 dalton), acidic molecule with a carboxyl

group that is partially protonated to neutrality at pH 4

to 5; (2) CAL is a molecule similar to CF but with

additional imido and carboxyl groups that remain charged

in this pH range; (3) FTC–D is a large, non-metabolized

molecule (average MW 18,000 dalton) which should not cross

in tact membranes. For electron microscopy, we employed a

new technique (Hong et. al., 1983) to load liposomes with

colloidal gold particles. The advantage of this procedure

is that 80–90% of the liposomes contain single particles

of uniform size and shape, high electron density, and

Stability, thus providing an unambiguous liposome marker



suitable for intracellular localization at the

ultrastructural level.

Previously we demonstrated that association of

negatively-charged liposomes with cells is rapid and

Saturates at approximately 104 liposomes per cell (Wilson

et. al., 1979; Fraley et. al., 1981). Here we present

evidence that such liposomes are endocytosed by coated

pits in a manner similar to that of a number of

macromolecules with specific surface-bound receptors, such

as low density lipoprotein (LDL), transferrin, C(-2

macroglobulin, and others (Goldstein et. al., 1979; Pastan

and Willingham, l981). Fine structural analysis suggests

that liposomes share an intracellular fate common to many

macromolecules internalized by the same mechanism: they

progress from coated pits to coated vesicles, to uncoated

vesicles, and to large vesicles that correspond to

endosomes and lysosomes. Eventually, most liposome

delivered mater ial which remains in the cell can be found

in the trans-Golgi region, either in dense bodies

(Secondary lysosomes), or in other vesicles.

We have demonstrated that two aqueous fluorescent

probes, CAL and CF, differ markedly in membrane

permeability at low pH. Above pH 5.5, both molecules

remain trapped with in liposomes. At lower pH, the weak

acid CF is increasingly per meant, while the more charged

CAL remains relatively imper meant. Comparison of the
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intracellular behavior of these liposome markers indicates

that liposomes encounter an acidic environment after

endocytosis, causing weakly acidic liposome contents to

leak into the cytoplasm. More strongly charged molecules

are delayed in their efflux to the cytoplasm and

accumulate in per inuclear vacuoles. Large molecules such

as FTC-D (MW l8,000) escape to the cytoplasm at a

frequency which is below the sensitivity of conventional

fluorescence microscopy. As a result, we are unable to

define the specific mechanism by which liposome-delivered

RNA or DNA escapes to the cytoplasm.

While dye efflux in the model system (Figure 4–1) was

relatively slow (over 8 to 22 hours), and diffuse,

cytoplasmic CF fluorescence (Figures 4-2a and 4-3a) was

visible with in an hour , it is probable that the pH

dependence of CF and CAL diffusion across a model membrane

(Figure 4-l) explains the differential distribution of the

two compounds with in living cells (cf. Figures 4-2a and

4-2c). A single liposome of the size used in the present

experiments contains sufficient CF (Papa had jopoulos et.

al., 1981) to give a cytoplasmic dye concentration of l. 4

pum in a cell having a volume of 2 x 10-7 }ll (Weinstein et.

al., 1977). Consequently, even slow efflux from a small

number of endocytosed liposomes could result in observable

cytoplasmic fluorescence. Moreover , a possible disparity

in the kinetics of CF efflux from liposomes and from the

intracellular vacuoles of living cells could be attributed
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to several factors. Temperature (Szoka et. al., 1979), a

variety of proteins (Papahadjopoulos et. al., 1973;

Scher phof et. al., 1978; Gregor iad is and Davis, l079;

Allen and Cleland, 1980) , and intact cells (Wilson et.

al., 1979; Szoka et. al., 1979; Fraley et. al., 1981; Van

Renswoude and Hoekstra, 1981) drastically increase the

rate of efflux of liposome contents. Thus, dialysis in a

simple buffer at 1996 gives a rate of dye efflux much

lower than would be expected at 37°C in the presence of

cells. Control experiments (K. Hong , unpublished) show

that a number of proteins which enhance liposome

permeability to both CAL and CF do not obscure the

relative difference in efflux between the two fluorescent

molecules at low pH.

Earlier we reported that brief glycerol treatment

enhances the intracellular delivery of both DNA and CF.

Evidence presented here suggests that the principal effect

is not the result of osmotic lysis of pinosomes (Okada and

Rechsteiner, l982) which form during incubation of cells

in the hyper tonic glycerol solution. First, neither CAL,

a small water-soluble molecule, nor FTC-D exhibit diffuse,

cytoplasmic fluorescence after glycerol treatment. Second,

the glycerol- dependent enhancement of CF delivery to the

cytoplasm depends on acid ification of the liposome

contents, since it is inhibited by agents (CLQ and NH4Cl)

that elevate the pH of acidic intracellular compartments.

Third, electron microscopic examination did not reveal
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colloidal gold in the cytoplasm (data not shown).

Glycerol treatment may enhance intracellular delivery by

alter ing one or more of the steps involved in liposome

endocytos is and intracellular processing. For example,

glycerol is known to cause nonspecific internalization of

plasma membrane (Norberg, l970) similar to

macrop inocytosis, which may result in increased delivery

of liposomes (Fraley et. al., 1981) to the endocytic

pathway.

Chloroquine and NH ACl inhibit the entry of CF into4

the cytoplasm, but our previous results show that these

lysosomotropic amines enhance the effective delivery of

SV40 DNA (Fraley et. al., 1981). It is possible that the

elevation of endosomal pH by lysosomotropic amines, which

blocks CF efflux, may also inhibit lysosomal nucleases

(deduve et. al., 1962; Arsen is et. al., 1970). Such

inhibition may prolong the functional life of DNA

delivered to secondary lysosomes and the reby increase the

chance of escape of an intact SV40 genome.

Our Observations necessitate reinterpretation of the

many studies which have used liposome-entrapped CF as an

indicator of liposome-cell fusion. We have provided

direct evidence which confirms speculations (Szoka et.

al., 1979) that CF could escape from endocytosed liposomes

exposed to an acidic compartment, and the reby supports the

contention (Szoka et. al., 1979; Poste, l980) that
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cytoplasmic delivery of liposome-encapsulated CF does not

provide proof for liposome- cell fusion. However, we

propose that CAL may fulfill the original role envisioned

for encapsulated CF in the search for conditions which do

promote liposome fusion or the transfer of large molecules

to the cytoplasm. As a result of its intracellular

per sistence, CAL also may be a convenient marker for

liposome- mediated delivery in vivo.

Insight into the mechanism responsible for the

different intracellular fates of encapsulated CAL and CF

may assist in the selection of cytotoxic agents

appropriate for encapsulation in liposomes. Weakly acidic

molecules would be expected to behave as CF. That is, the

drug would gain ready access to the cytoplasm as

liposome-containing endosomes are acidified (Tycko and

Maxfield, 1980) and would be cleared from the cytoplasm at

a rate dependent on the drug's pK, intracellular binding,

and specific export mechanisms. Like CAL or FTC–D,

charged molecules having no means of escaping the

endocytic pathway would be expected to remain trapped in

intracellular vacuoles until degraded, with comparatively

little of the liposome-delivered drug escaping to the

Cytoplasm. Thus, cytotoxic agents suitable for

encapsulation in liposomes would include weakly-acidic

molecules which cells do not export efficiently; stability

against lysosomal degradation may not be important if pH

dependent efflux is sufficiently rapid.
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Our Observation that endocytosed liposomes were

smaller in diameter than those bound to the plasma

membrane suggests that optimal intracellular delivery may

depend on producing liposomes of the appropriate size.

Designing the liposome most efficient for intracellular

delivery may require a compromise between the high

captured volume afforded by a large diameter and the high

frequency uptake of the size optimal for coated pits.

Our observations on the cell-type dependence of

liposome uptake and on the differential fate of

encapsulated compounds provide insight with which to

rationalize several clear failures of liposome-entrapped

chemotherapeutic agents. For example, Rustum et. al.

(l'981) demonstrated that the toxicity of liposome

entrapped arabinofuranosylcytosine nucleotides to Ll210

cells could be attributed to drug which had leaked from

liposomes, rather than to drug which remained entrapped.

Allen et. al. (l'98 l) reached the same conclusion in

experiments studying the toxicity of liposome-entrapped

methotrexate to S49 cells or encapsulated tuberc id in 5'

monophosphate to S49 and several other cell lines. Our

interpretation of the results is that Ll210 and S49 do not

endocytose liposomes as efficiently as do other cell

types, so a major advantage of liposome encapsulation was

lost. Further more, arabinofuranosylcytosine nucleotides

and tuberc id in 5' monophosphate are highly- charged

molecules which should be relatively inefficient at



gaining access to the cytoplasm from endocytosed

liposomes, even in cell types which internalize liposomes

efficiently. Other strategies must be devised to deliver

highly charged molecules to cells which have a low

frequency of endocytosis.

As it is clear now that liposome-plasma membrane

fusion is a rare event, and that only certain types of

liposome-encapsulated materials can escape sequestration

in intracellular vacuoles, the next logical step in

improving liposome-mediated delivery is to promote the

escape of encapsulated molecules from the endocytic

pathway. One of the most obvious strategies is to design

liposomes which use acidification as a signal to undergo a

structural change; in nature, several paradigms exist.

Vir uses from a number of families, including Semliki

Forest, Vesicular Stomat it is, and Influenza viruses,

appear to carry glycoproteins which allow endocytosed

vir ions to fuse with cellular membranes at low pH

(Helenius et. al., 1980; Miller and Lenard, l980; White,

et. al., l'981). Since it is somewhat cumber some to

isolate and reconstitute the specific viral proteins in

liposomes, it would be advantageous to improve on existing

methods for producing pH-sensitive liposomes (Yatv in et.

al., 1980) to promote cytoplasmic delivery of

macromolecules. Presently we are studying the properties

of liposomes composed of lipids which may be internalized

by coated pits and respond to subsequent acid ification



either by fusing with or destabilizing endosomes.

Several interesting features of liposome-cell

inter action remain unresolved. One is the nature of the

liposome binding site and the mechanism by which liposomes

become localized in coated pits. It is unclear whether

negatively-charged liposomes bind for tuitously to a

specific plasma membrane receptor, whether liposomes bind

nonspecifically to coated pits, or whether liposome

binding constitutes a signal for coated pit formation and

internalization.



– 99 —

6. References

Allen, T. M. and Cleland, L. G. (l'980) Serum-induced leakage

of liposome contents. Bioch im. Biophys. Acta 597, 418–26.

Allen, T. M. , McAllister, L. , Mausolf, S. and Gyor ffy, E.

(1981) Liposome- cell inter actions. A study of the

inter actions of liposomes containing entrapped anti-cancer

drugs with the EMT6, S49 and AE1 (transport- deficient)

cell lines. Bioch im. Biophys. Acta 643, 346-62.

Arsen is, C., Gordon, J. and Touster, O. (1970) Degradation

of nucleic acids by lysosomal extracts of r at liver and

Ehrlich ascites tumor cells. J. Biol. Chem. 245, 205-ll.

Bartlett, G. R. (1959). Phosphorus assay in column

chromatography. J. Biol. Chem. 234, 466-8.

Blumenthal, R. , Weinstein, J. N. , Sharrow, S.O. and

Henkar t , P. (1977) Liposome-lymphocyte interaction:

saturable sites for transfer and intracellular release of

liposome contents. Proc. Nat. Acad. Sci. (USA) 75, 5603–

7.

deduve, C. , Wattiaux, R. and Baudhu in, P. (1962)

Distribution of enzymes between subcellular fractions in

animal tissues. Adv. Enzymol. 24, 29 l-358.

deduve, C. , deBar sy, T., Poole, B., Trouet, A. , Tulkens,

P. and van Hoof, F. (lº 74) Lysosomotropic agents.

Biochem. Pharmacol. 23, 2495-53 l.



- 100 –

Finkelstein, M. and Weissmann, G. (1978) The introduction

of enzymes into cells by means of liposomes. J. Lipid

Res. 18, 28.9—3.03.

Fraley, R. , Delaporta, S. and Papahadjopoulos, D. (1982)

Liposome-mediated delivery of TMV RNA into tobacco

protoplasts: a sensitive assay for monitor ing - liposome

protoplast interactions. Proc. Nat. Acad. Sci. (USA) 79,

l859–63.

Fraley, R. , Straubinger, R. , Rule, G., Springer, L. and

Papahad jopoulos, D. (1981) Liposome-mediated delivery of

DNA to cells: enhanced efficiency of delivery by changes

in lipid composition and incubation conditions.

Biochemistry 20, 6978–87.

Fraley, R., Subramani, S., Berg, P. and Papahadjopoulos,

D. (1980) Introduction of liposome-encapsulated SV40 DNA

into cells. J. Biol. Chem. 255, l0431–5.

God ing, J. W. (1976) Conjugation of antibodies with

fluorochromes: modifications to the standard methods. J.

Immunol. Meth. l.2 , 215-26.

Goldman, M. (1968) Fluorescent Antibody Methods, (New

York: Academic Press), pp. 97–ll0.

Gold ste in , J . , Ander son, R. G. W. and Brown, S. (lº 79)

Coated pits, coated vesicles and receptor-mediated

endocytosis. Nature 279, 679–85.



- 10 l –

Gregor iad is, G. and Davis, C. (lº 79) Stability of

liposomes in vivo and in vitro is promoted by their

cholesterol content and the presence of blood cells.

Biochem. Biophys. Res. Commun. 89, l.287–92.

Heath, T., Fraley, R. and Papahad jopoulos, D. (1980)

Antibody targeting of liposomes: cell specificity obtained

by conjugation of F (ab')? to the vesicle surface. Science

210, 539–4 l.

He iple, J. M. and Taylor, D. L. (1982) An optical technique

for measurement of intracellular pH in single living

cells. In Intracellular pH: Its Measurement, Regulation,

and Utilization in Cellular Functions, Nucci telli, R. and

Deamer , D. W. , eds. (New York: A. R. Liss), pp. 21-54.

Helenius, A., Kar tenbeck, J. , Simons, K. and Fries, E.

(1980) On the entry of Semliki Forest virus into BHK-21

cells. J. Cell Biol. 84, 404-20.

Hong , K. , Friend, D. S. , Glabe, C. G. and Papahadjopoulos,

D. (l983) Liposomes containing colloidal gold are a

useful probe of liposome- cell interaction. Bioch im.

Biophys. Acta 732, 320–3.

Huang, R.T.C. , Wahn, K., Klenk, H. —D. and Rott, R. (1980)

Fusion between cell membranes and liposomes containing the

glycoproteins of influenza virus. Virology l()4, 294-302.

Kimelberg, H. K. and Mayhew, E. G. (1978) Properties and



- 102 -

biological effects of liposomes and their uses in

Pharmacology and Toxicology. CRC Crit. Rev. Toxicol. 6,

25-79.

Leser man, L., Barbet, J., Kourilsky, R, and Weinstein, J.

(l'980) Targeting to cells of fluorescent liposomes

covalently coupled with monoclonal antibody or prote in A.

Nature 288, 602-4.

Miller , D. and Lenard, J. (1980) Inhibition of vesicular

stomat it is virus infection by spike glycoprotein. J. Cell

Biol. 84, 430-7.

Norberg, B. (1970) Amoeboid movements and cytoplasmic

fragmentation of glycerinated leucocytes induced by ATP.

Exp. Cell Res. 59, ll-2 l.

Ohkuma, S. and Poole, B. (1978) Fluorescence probe

measurement of the intralysosomal pH in living cells and

the per turbation by various agents. Proc. Natl. Acad.

Sci. USA 75, 3327–3 l.

Okada, C. Y. and Rechsteiner, M. (1982) Introduction of

macromolecules into cultured mammalian cells by osmotic

lysis of pinocytic vesicles. Cell 29, 33-41.

Pagano, R. E. , Sandra, A. and Take ichi, M. (1978)

Inter actions of phospholipid vesicles with mammalian

cells. In Liposomes and Their Uses in Biology and

Medicine, Papahad jopoulos, D. ed., (New York: New York



– 103 –

Academy of Sciences), pp. 185-225.

Pagano, R. E. and Weinstein, J. N. (1978) Inter action of

liposomes with mammalian cells. Ann. Rev. Biophys.

Bioeng. 7, 435–68.

Papahad jopoulos, D., Cowden, M. and Kimelberg, H. (1973)

Role of cholesterol in membranes: effects on phospholipid

prote in inter actions, membrane permeability and enzymatic

activity. Biochim. Biophys. Acta 330, 8–26.

Papa had jopoulos, D., Fraley, R. , Heath, T. and

Straub inger, R. M. (1981) Liposomes: recent advances in

methodology for introducing macromolecules into eukaryotic

cells. In Techniques in Cellular Physiology, Baker, P. F.

ed., (New York: Elsevier North-Holland), pp. l-l8.

Pastan, I. H. and Willingham, M.C. (1981) Receptor-mediated

endocytosis of hormones in cultured cells. Ann. Rev.

Physiol. 43, 239–50.

Poste, G. (1980) The interaction of lipid vesicles

(liposomes) with cultured cells and their use as carriers

for drugs and macromolecules. In Liposomes in Biological

Systems, Gregor iad is, G. and Allison, A.C. , eds. (New

York: Wiley & Sons), pp. 10 l-5l.

Poste, G. and Papahad jopoulos, D. (1978) The influence of

vesicle membrane properties on the inter action of lipid

vesicles with cultured cells. In Liposomes and The ir Uses



- 104 —

in Biology and Medicine, Papahadjopoulos, D. ed., (New

York: New York Academy of Sciences), pp. 164–84.

Pratten, M. K. , Duncan, R. and Lloyd, J. B. (1980)

Adsorptive and passive pinocytic uptake. In Coated

Vesicles, Ockleford, C. D. and Whyte, A. eds. , (New York:

Cambridge University Press), pp. 179–218.

Ralston, E. , Hjelmeland, L. M. , Klausner, R. D., Weinstein,

J.N. and Blumenthal, R. (1981) Carboxyfluoresce in as a

probe for liposome-cell inter actions: Effect of

impurities and purification of the dye. Biochim. Biophys.

Acta 649, l 33–7.

Rustum, Y. M. , Mayhew, E. , Szoka, F. and Campbell, J.

(1981) Inability of liposome encapsulated l-B-D-

arabinofuranosylcytosine nucleotides to over come drug

resistance in Ll210 cells. Eur. J. Ca. Clin. Oncol. 17,

809 – 17 .

Schaefer-Ridder , M. , Yang, Y. and Hoffschneider, P. H.

(l982) Liposomes as gene carriers: efficient

transformation of mouse L cells by thymidine kinase gene.

Science 215, 166–8.

Scher phof, G. , Roerd ink, F. , Waite, M. and Parks, J.

(l'978) Disintegration of phosphatidylcholine liposomes in

plasma as the result of inter action with high-density

lipoproteins. Bioch im. Biophys. Acta 296, 296–307.



– 105 —

Semenza, G. (1960) Chromatographie von polyelektrolyten V.

Aminoathyl-cellulose und guanidinoathyl-cellulose. Helv.

Chim. Acta 43, 1057–68.

Silver ste in , S.C. , Steinman, R. M. and Cohn, Z. A. (1977)

Endocytosis. Ann. Rev. Biochem. 46, 669–722.

Straubinger, R.M. and Papahadjopoulos, D. P. (1983)

Liposomes as carriers for intracellular delivery of

nucleic acids. Meth. Enzymol. 10 l, 512-27

Struck, D. K. , Hoekstra, D. and Pagano, R. E. (1981) Use of

resonance energy transfer to monitor membrane fusion.

Biochemistry 20, 4093–9.

Szoka, F.C., Jacobson, K. and Papahadjopoulos, D. (1979)

The use of aqueous space markers to determine the

mechanism of inter action between phospholipid vesicles and

cells. Bioch im. Biophys. Acta 55l., 295-303.

Szoka, F.C., Jacobson, K. , Der zko, Z. and Papa had jopoulos,

D. (1980 a y Fluorescence studies on the mechanism of

liposome-cell inter actions in vitro. Biochim. Biophys.

Acta 600, l-l8.

Szoka, F. , Magnusson, K-E . , Wojcieszyn, J., Hou, Y. ,

Der zko, Z. and Jacobson, K. (1981) Use of lectins and

polyethylene glycol for fusion of glycolipid-containing

liposomes with eukaryotic cells. Proc. Natl. Acad. Sci.

USA 78, le 8.5–9.



- 106 —

Szoka, F. , Olson, F. , Heath, T., Vail, W. , Mayhew, E. and

Papahad jopoulos, D. (1980b) Preparation of unilamellar

liposomes of inter mediate size by a combination of reverse

phase evaporation and extrusion through polycarbonate

membranes. Bioch im. Biophys. Acta 60 l , 559-7 l.

Szoka, F. and Papa had jopoulos, D. (1978) Procedure for

preparing liposomes with large internal aqueous space and

high capture by reverse-phase evaporation. Proc. Nat.

Acad. Sci. (USA) 75, l'A 5–9.

Szoka, F. and Papahad jopoulos, D. (1980) Comparative

properties and methods of preparation of lipid vesicles

(liposomes), Ann. Rev. Biophys. Bioeng. 9, 467-508.

Tycko, B. and Maxfield, F. R. (1980) Rapid acidification of

endocytic vesicles containing c{2 macroglobulin. Cell 28,

643–52.

Uchida, T., Kim, J., Yamaizumi, M., Miyake, Y. and Okada,

Y. (lº 79) Reconstitution of lipid vesicles associated with

HJV (Sendai virus) spikes. J. Cell Biol. 80, l0-20.

Vainstein, A., Atidia, J. and Loyter, A. (1981)

Reconstituted Sendai virus envelopes as a biological

car rier for micro injection of proteins and DNA molecules

into an imal cells. In Liposomes, Drugs and

Immunocompetent Cell Functions, Nicolau, C. and Paraf, A.

eds. , (New York: Academic Press), pp. 95-108.



- 107 -

Van Renswoude, J. and Hoekstra, D. (1981) Cell-induced

leakage of liposome contents. Biochemistry 20, 540–6.

Volsky, D. J. , Cabantchik, M., Beigel, M., and Loyter, A.

(1979) Implantation of the isolated human erythrocyte

an ion channel into plasma membranes of Friend

erythroleukemic cells by use of Sendai virus envelopes.

Proc. Nat. Acad. Sci. (USA) 76, 54 40-4.

Wallach , D. F. H. and Steck, T. L. (1963) Fluorescence

techniques in the microdetermination of metals in

biological mater ials. Anal. Chem. 35, l035-44.

Wallach, D. F. H. , Surgenor, D. M. , Soderberg, J. and

Delano, E. (1959) Preparation and properties of 3, 6–

dihydroxy- 2, 4-bis- [N,N'-di- (carboxymethyl) -aminomethyl]

fluor an: Utilization for the ultramic rode termination of

calcium. Anal. Chem. 31, 456–60.

Weinstein, J. N. , Yoshikami, S. , Henkar t , P., Bumenthal, R.

and Hagins, W. A. (1977) Liposome- cell interaction:

transfer and intracellular release of a trapped

fluorescent marker. Science 195, 489-92.

White, J., Matlin, K. and Helenius, A. (1981) Cell fusion

by Semliki Forest, Influenza, and Vesicular Stomat it is

Vir uses. J. Cell Biol. 89, 674-9.

Wilson, T., Papa had jopoulos, D. and Taber, R. (1979) The

introduction of poliovirus RNA into cells via lipid



- 108 -

vesicles (liposomes). Cell 17, 77–84

Yatv in , M. B. , Kreutz, W., Horwitz, B.A. and Shinitzky, M.

(l980) pH-sensitive liposomes: possible clinical

implications. Science 210, l.253-5.



- 109 —

pH - Sensitive Liposomes Mediate Cytoplasmic Delivery of

Encapsulated Macromolecules.

l. Summary

Negatively charged liposomes are endocytosed by the

coated vesicle system and accumulate in acidic

intracellular vesicles. We have designed liposomes that

become unstable at acidic pH to improve cytoplasmic

delivery of membrane- imper meant macromolecules. Oleic

acid (OA) : phosphatidylethanolamine (PE) (3 : 7 mole ratio)

together are required for liposomes that become permeable

to an aqueous fluorescent probe (calce in: CAL) at pH &

7.0. Control liposomes of phosphatidylser ine (PS) : PE or

OA: phosphatidylcholine (PC) (3 : 7 mole ratio) are stable at

pH 4-8. OA : PE liposomes promote cytoplasmic delivery of

encapsulated CAL to CV-1 cells, as evidenced by the

emergence of diffuse, cytoplasmic fluorescence. Delivery

requires metabolic energy, as it is inhibited by azide/2-

deoxyglucose. With OA: PC or PS.: PE liposomes, cells show

only confined, vesicular fluorescence from CAL sequester ed

in intra- or extracellular vesicles. Glycerol treatment

(5 min; 21% v/v) greatly enhances cytoplasmic de livery of

CAL by OA: PE liposomes, and promotes delivery of large

molecules such as FITC dext ran (18 k or 40 k daltons).
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2. Introduction

Liposomes have raised considerable interest as

carriers for the cytoplasmic delivery of biologically

active molecules. Nucleic acids, cytotoxic agents, and a

variety of macromolecules have been encapsulated in

liposomes and have been delivered to cells in a functional

form (see reviews by Kimelberg and Mayhew, l978; Pagano

and Weinstein, l978; Fraley and Papahad jopoulos, l982).

Although many details of the mechanism of delivery are

unknown, a large body of evidence suggests that liposome

fusion with the plasma membrane is not a major pathway by

which liposome contents enter cells (Szoka et. al., 1979,

l980; Struck et. al., 1981; Straubinger et. al., 1983).

Previously we demonstrated that negatively charged

liposomes are endocytosed by the coated vesicle pathway

and that encapsulated molecules with a propensity to

become membrane-per meant at low pH can gain access to the

Cytoplasm. Large or highly charged molecules that are

unable to exploit the low- pH environment of the endocytic

pathway remain sequestered in intracellular vacuoles such

as secondary lysosomes (Straubinger et. al., 1983). Thus

lysosomal accumulation and subsequent degradation may be

the fate of a significant fraction of liposome

encapsulated, biologically active molecules delivered to

cells.

A number of lipid- enveloped viruses, including
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Semliki forest, fowl plague, and vesicular stomat it is

virus, are endocytosed by the coated vesicle system. The

nucleocapsid subsequently may be liberated into the

cytoplasm through fusion of the viral envelope with the

vacuole membrane upon acid if ication of the endocytic

vesicle lumen (Helenius et ... al. , 1980; Miller and Lenard,

l980; White et. al., 1981; reviewed in White et. al.,

l983). Consider ing such viruses a paradigm for pH

dependent cytoplasmic delivery, our aim was to design and

characterize the properties of liposomes that become

unstable and/or fusion- prone at mildly acidic pH

(D■ zgüne■ et. al., 1983a; N. D■ zgüne■ , R. Straubinger,

D. S. Friend, and D. Papahad jopoulos, Submitted

Manuscript), and to examine the ability of such liposomes

to deliver charged or large molecules to the cytoplasm of

cultured cells. Although reconstitution methods allow the

insertion into bilayer vesicle membranes of specific viral

proteins implicated in membrane-virion fusion (Uchida et.

al., 1979; Volsky et. al., 1979; Huang et. al., 1980;

Vainstein et. al., 1981; Marsh et. al., 1983), we chose to

examine pH- dependent fusion in pure lipid systems. Our

simpler model avoids a variety of problems that are

potential limitations of current reconstitution methods,

such as solute dilution or poor capture, as well as the

presence of residual deter gent.
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3. Experimental Procedures

3. l. Lipids

Egg phosphatidylcholine (PC) was purified as

described by Papahad jopoulos and Miller (1967). Oleic

acid (OA) and cholesterol (CHOL) were obtained from Sigma

Chemical Co. (St. Louis, MO) ; cholesterol was

recrystalized twice from methanol before use.

Phosphatidylser ine (PS; from bovine brain) and

phosphatidylethanolamine (PE; transester ified from egg

yolk PC) were obtained from Avanti Polar Lipids

(Birmingham, AL). All lipids were stored in chloroform

under argon at –40°C.

3-2. Other Reagents

Carboxyfluoresce in (CF; Eastman Kodak) was purified

as described (Blumenthal, et. al., 1977; Ralston et. al.,

1981). The CF solution was adjusted to pH 7.6 and to 296

mosm/kg (as determined by vapor phase osmometry; Wescor

Instruments), and had a concentration of 92 mM as

determined from the absorbance at 490 nm.

Calce in (CAL; Alfa Division of Ventron Corp.,

Danvers, MA) was purified as described in Straubinger et.

al., 1983). The dye was adjusted to pH 7.6 and 300

mosm/kg, and had a final concentration of 60 mM, assuming

a millimolar extinction coefficient of 72 at 490 nm.
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Dext ran T-20 (avg. 18k daltons; Sigma) was aminated

and fluoresce inated as described in Straubinger et. al.,

1983). Fluoresce inated dext ran (FTC-D) of 40 k daltons was

purchased from Sigma. The FTC-D used for encapsulation in

liposomes was resuspended in 100 mM NaCl, 20 mM TRIS (N-

tr is (hydroxymethyl) 2-aminomethane sulfonic acid; pH 8),

and 0.1 mM EDTA (ethylened iamine tetraacetate). The

solution was ster ilized by filtration through a 0.2 plm

filter (Bio Rad Laborator ies, Richmond CA).

Radiolabeled uridine triphosphate (c((3°p] UTP) with an

original specific activity of 760 Ci/mmol was obtained

from New England Nuclear (Boston, MA) and used with in a

week of purchase. The material was diluted to 0.5 mCi/ml

in phosphate buffered saline (PBS) for capture in

liposomes. PBS was used as the encapsulation buffer in

order to provide a large molar excess of unlabeled

phosphate in the liposomes.

3. 3. Liposome Preparation

A thin film of lipid was deposited on to the wall of a

glass screw-cap tube by rotary evaporation of a chloroform

solution at 30°C. Ten umoles total lipid was used in a

typical preparation. One-half ml of the aqueous solution

to be encapsulated was added to the lipid at 30°C and the

lipid was allowed to hydrate under argon for 20 min and

then vortexed vigorously for 20 min. The multilamellar

liposomes thus formed were incubated at 30°C for an



– l l 4 –

additional 30 min, extruded through polycarbonate

membranes (pore diameter 0.2 pum), and vortexed briefly.

Extrusion limits the maximum diameter of the liposome

population produced and tends to produce uni- and

oligolamellar liposomes (Olson et. al., 1979; D■ zgüne■ et.

al., 1983b). Liposomes were separated from free CF or CAL

on a l x 17 cm Sephadex G-75 column equilibrated with a

295 mosm/kg buffer consisting of lb 0 mM NaCl, l0 mM TES

(N-tris (hydroxymethyl) methyl-2-aminoethane sulfonic acid;

pH 7.4), and 0. l mM EDTA. Free a [**P] UTP was removed in a

similar manner, except PBS was the buffer used. Free

FTC-D was removed on a l. 2 x 30 cm Sephadex G-150 column

equilibrated with NaCl/TES/EDTA buffer, or by centrifuging

twice (30 min at l25000 x g; SW 50. l rotor) after diluting

with 5 ml buffer. After liposome preparation and

separation, phospholipid concentration was determined by

the method of Bartlett (1959).

3. 4. pH-Dependent Efflux of Liposome Contents

Efflux of calce in from liposomes was observed as the

increase in fluorescence as self-quenched dye was released

and diluted in the external medium. Fluorescence was

monitored with an SLM fluorometer (Urbana, IL) having a

ther most atted cuvette holder, using an excitation

wave length of 430 nm ; the 90° fluorescent emission was

monitored with a Corning 3–68 cutoff filter (pass > 530

nm) positioned before the photodetector. Light scatter ing
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at 90° was monitored simultaneously at 430 nm with a

second photodetector.

Fifty nmol of liposomes containing calce in were

suspended in l ml of 150 mM NaCl, l0 mM TES, pH 7.4, 0.1

mM EDTA at 20°C in a quartz fluorometer cell, and were

stir red constantly by means of a magnetic stirrer. The pH

of the liposome suspension was lowered accurately and

reproducibly by injecting lo pul of l M 2 (N-morpholino)

ethane Sulfonic acid (MES; Sigma Chemical Co.), or citrate

buffers that had been adjusted to different pH. The final

pH of the solution was measured by a Corning pH-electrode.

Maximum fluorescence (lo 0% release) was determined by

lysing the vesicles with 0.1% Triton X-l90 at the pH used

in the experiment. All measurements were repeated at

least 3 times.

3.5 - Cell Culture and Liposome-Cell Incubation

CV-l, an established line of African Green Monkey

Kidney cells, was maintained in monolayer culture as

described previously (Fraley et. al., 1980; Straubinger

et. al., 1983). For experiments, 0.5–4.0 x 10° cells

subcultured previously in 66 mm plastic dishes (Falcon

# 3002) were washed twice with PBS supplemented with 0.36

mM calcium and 0.42 mM magnesium (PBS-CM). In certain

experiments, l00 pum chloroquine (CLQ; Sigma) or lo mM

ammonium chloride was added from a lo 0-fold concentrated

stock solution to the original cell growth medium 30 to 60
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minutes prior to the buffer wash. When azide and 2

deoxyglucose were used, cells were washed once with PBS-CM

and were pre incubated for 30 m in at 37°C with 5 mM azide

and 50 mM 2-deoxyglucose in PBS-CM. When used, the various

compounds were present in all buffers thereafter.

Liposomes were diluted in PBS-CM to 500 puM and a

volume of 0.2 ml was added to each dish of cells. Cells

were allowed to adsorb liposomes at room temperature for

10 min and then at 37°C in a humidified incubator for an

additional 20 min. Some cell monolayers were exposed

after ward to prewarmed 21% (v/v PBS-CM) glycerol (Aldrich;

spectrophotometric grade) for 5 min at 37°C. Cells were

washed twice with buffer , returned to 37°C for 15 min,

washed twice more, and viewed with a Leitz Orthoplan

fluorescence microscope equipped with epifluorescence,

water immersion objective lenses, and a Nikon camera.

6 cells wereIn experiments using a [**P] UTP, 2 x 10

incubated with liposomes as described above. For all

liposome preparations, cells were given equal amounts of

phospholipid (125 nmole) and a [**P] UTP (approx 5.5 x 10°

cpm), since a [**p, UTP was captured with the same

efficiency by liposomes of OA : PE or PS.: PE. As a control

for cellular uptake of a [**P] UTP that leaked from

liposomes into the external medium, some cell monolayers

were exposed to an equivalent quantity of free a [**P) UTP.

After exposure to liposomes or free a [**P] UTP, cells were
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washed and incubated at 37°C in the presence or absence of

actinomycin D (4 pug/ml) for 4 hours in serum- free medium

and for an additional l’s hours in medium containing serum.

At 4 or l7 hours, cells were washed and suspended in 2 ml

with trypsin. Aliquots of 20 pul were removed to determine

total cell- associated material, and the remainder was

analyzed for acid— insoluble (in cold 5% trichloroacetic

acid) radioactivity. Duplicate determinations were made

for each experimental condition.

3. 6. Photomicrographs

Photographs of fluorescence and phase contrast fields

were made on Kodak Ektachrome film, push-processed at ASA

800, or on Kodak Tri-X, push-processed at ASA l?00. The

proper length of exposure was determined by a field

averaging meter ; as a result, the comparative intensity of

various fields is not reproduced in the photomicrographs.
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4. Results

4. l. Liposome Stability as a Function of pH

We evaluated the pH- sensitivity of liposomes by

monitor ing the efflux of the an ionic fluorescent dye

calce in (CAL). The fluorescence of CAL captured in

liposomes at 60 mM is self- quenched; release of the dye

and dilution into the external medium relieves quench ing

and results in an increase in dye fluorescence.

Previously we showed that CAL is an imper meant aqueous

space marker for phosphatidylser ine: cholesterol (PS: Chol;

2: l mol ratio) liposomes over a pH range of 4.0 to 7.5

(Straubinger et. al., 1983). In the present study, we

found that liposomes of a similar composition,

PS: phosphatidylethanolamine (PS: PE; 3: 7 mole ratio) also

were stable over the range of pH 4.0–7.5. CAL release was

not observed at pH 5. 3 (dashed line, Figure 5-l), but was

detected at pH 2.9 (about lo $ of the total encapsulated

mater ial over 4 min; see legend to Figure 5-l).

Proton- induced leakage of CAL was only slightly

greater for liposomes in which oleic acid (OA; cis 18: 1)

was substituted for the negatively— charged PS and

phosphatidylcholine (PC) for the neutral phospholipid PE.

Figure 5–1 shows the time course of CAL efflux from OA: PC

(3 : 7 mole ratio) liposomes from pH 4.2–6. l. At pH 4.2,

approximately l() # of the encapsulated CAL was released

Over 3 min.
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Figure 5-l.

pH Dependence of Liposome Stability: CAL release from

OA: PC and PS : PE liposomes.

50 nmol of liposomes containing self— quenched CAL (60 mM.;

pH 7.4) were suspended in isotonic buffer (pH 7.4) in a

fluorometer cell at 20°C. At time 0, 10 kul of citrate or

MES buffer adjusted to specific pH was injected to lower

the pH of the suspension to the values indicated in the

figure. The fluorescence emission was monitored at > 530

nm and is scaled in the figure so that lo 0% is the maximum

fluorescence upon liposomes lysis with 0.1% Triton X-l90.

Solid lines: CAL release from OA: PC liposomes (3 : 7 mole

ratio) at the pH indicated; dashed line: CAL release from

PS : PE liposomes (3 : 7 mole ratio) at at pH 5. 3. The trace

for PS.: PE liposomes at pH 2.9 has been omitted, as it was

nearly identical to the curve shown for OA: PC at pH 5.3.

Ef flux for PS.: PE at pH 2.9 was about lo $ of total over 4

min.

4 OHi

i O |-
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In contrast to the stability of PS: PE or OA: PC

liposomes, proton- induced destabilization and loss of

contents was observed at mildly acidic pH with liposomes

composed of OA : PE. Figure 5–2 shows substantial CAL

efflux from OA : PE liposomes (3 : 7 mole ratio) for pH > 6.6;

at pH 6.1, over 80% of the internal contents had leaked in

3 min, roughly eightfold more than observed for OA: PE

liposomes at the same pH (Figure 5-2). In contrast to

proton- destabilized liposomes described previously

(Yatv in et. al. , l980) , release of contents from OA : PE

liposomes could be observed at temperatures outside the

range for bilayer gel/liquid-crystalline transition (Te;

unpublished observations). With an apparent threshold for

efflux around pH 6.6 (Figure 5-2), it is clear that

endocytosed OA : PE liposomes would be destabilized soon

after endocytosis, as the pH of the early endocytic

compartments is believed to reach pH 5.0 with in minutes of

vacuole formation (Tycko and Maxfield, l980).

4.2. Intracellular Delivery of Liposome- Entrapped

Molecules

Previously we demonstrated the utility of CAL as an

imper meant, pH-insensitive aqueous space marker for the

study of liposome- cell interaction (Straubinger et. al.,

l983). We found that cells endocytosed PS: Chol liposomes,

and that encapsulated CAL remained confined to intra- or

extracellular vesicles. In the present study, we obtained
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Figure 5-2.

pH Dependence of Liposome Stability: CAL release from

OA : PE and OA: PC liposomes.

CAL release from OA: PE (3 : 7 mole ratio) liposomes was

determined as in Figure 5–l and Experimental Procedures.

The inset shows the initial rate of release from OA : PE and

OA: PC liposomes as a function of pH, given as the percent

of maximum fluorescence per minute.
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similar results with CAL-containing liposomes of PS: PE.

That is, cells showed only vesicular (punctate)

fluorescence (Figure 5-3a) that corresponds to CAL in

surface- bound liposomes or intracellular pinocytic

vesicles. Figure 5-3b is a phase contrast micrograph of

the field shown in Figure 5–3a. The apparent diffuse

fluorescence occasionally seen in photomicrographs (cf.

Figure 5-3a) particularly in the region of the nucleus,

arises from fluorescent vesicles outside the focal plane.

Vesicular fluorescence can be resolved by changing the

focal plane, indicating that little CAL gained access to

the cytoplasm.

By substituting the weakly acidic dye

carboxyfluoresce in (CF) for CAL (Straubinger et. al.,

l983), we verified that PS: PE liposomes are indeed

endocytosed and exposed to an acid pH. As anticipated, CF

in PS: PE liposomes gave rise to intense diffuse

intracellular fluorescence (not shown) that represents dye

free in the cytoplasm (Weinstein et. al., 1977). The

emergence of cytoplasmic CF fluorescence was inhibited

both by chloroquine and by azide/2-deoxyglucose. Thus

PS : PE liposomes, were endocytosed and it is the physical

proper ties of CAL, rather than a block of liposome

endocytosis, that prevented CAL from gaining access to the

Cytoplasm.

OA: PE (3: 7) liposomes gave rise to considerable
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Figure 5–3.

Cellular Localization of Liposome- Entrapped CAL

Cells were incubated for 30 min in PBS-CM with CAL

containing liposomes, washed to remove free liposomes, and

examined in the same buffer using a water – immersion

objective (25x). The exposure length for the micrographs

was determined by a field– averaging meter, so that

relative differences in fluorescence intensity cannot be

judged from the photographs presented here. (a) Vesicular

CAL fluorescence resulting from incubation with PS.: PE

liposomes. (b) Phase- contrast image of the field shown

in (a). (c) Diffuse (cytoplasmic) and vesicular CAL

fluorescence resulting from incubation with OA: PE

liposomes. (d) Phase- contrast image of the field shown

in (c). (e) Intense diffuse CAL fluorescence from cells

treated with OA: PE liposomes as in (c) and post- treated

with 2lå (v/v) glycerol for 5 min. (f) Vesicular CAL

fluorescence from cells treated with PS: PE liposomes as in

(a) and post- treated with 21% (v/v) glycerol for 5 min.

The apparent dim diffuse fluorescence in the region of the

nucleus arises from vesicular fluorescence out of the

focal plane of the microscope objective.



124

º

--

º



– l 25 —

diffuse intracellular CAL fluorescence (Figure 5-3c) in

contrast to the exclusively- vesicular CAL fluorescence

resulting from incubation of cells with PS.: PE liposomes.

Figure 5–3c shows an even, diffuse fluorescence in many

cells in the field, indicating CAL delivery to the

cytoplasm. Figure 5–3d is a phase contrast micrograph of

the field shown in Figure 5-3c. Figure 5-3c also shows

many fluorescent vesicles, some quite large and bright,

associated with the cells. These vesicles correspond

either to endocytic vesicles into which dye has leaked

from endocytosed liposomes, or to surface- bound liposomes

that have leaked some of their CAL, resulting in a

reduction of intraliposomal CAL self-quenching. The

intensity of diffuse fluorescence, as well as the

proportion of cells displaying such fluorescence, was

observed to vary with the confluence of CV-1 monolayers.

At low cell density, cytoplasmic fluorescence generally

was approximately 0. l-lº of the cells. In confluent

monolayers (Figure 5–3c), a high proportion of cells (35

70% , depending on the field) showed unambiguous diffuse

fluorescence. The source of variation with monolayer

confluence is unknown at present, although variation in

endocytic index with cell density (Silver ste in et. al.,

1977) is a plausible explanation currently under

investigation.

Up to 30 mole? cholesterol as a liposome constituent

(OA: PE: Chol; 3: 7: 3 mole ratio) did not inhibit cytoplasmic
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delivery by OA: PE liposomes. The diffuse intracellular

fluorescence resulting from incubation with OA : PE: Chol

liposomes was slightly more intense than with with OA : PE

(data not shown). Increased retention of encapsulated

contents by cholesterol- rich liposomes (Papahadjopoulos

et. al., 1973; Fraley et. al., 1981) is a likely

explanation for enhanced cytoplasmic delivery of CAL by

OA: PE: Chol liposomes, and such a possibility will be

examined in future, more quantitative experiments.

Replacement of PE by the phospholipid PC abolished

the cytoplasmic delivery of CAL. OA: PC liposomes (3: 7

mole ratio) promoted only vesicular cell- associated

fluorescence (similar to Figure 5–3a, data not shown),

suggesting the importance of the physicochemical

properties of the neutral phospholipid used. Overall, the

intensity of cell- associated fluorescence was

considerably less than that arising from PS.: PE liposomes.

4-3. Effect of Glycerol Treatment on Intracellular

Delivery

Previously we demonstrated that brief treatment of
CV-1 cells with glycerol solutions enhances the

cytoplasmic delivery of a number of molecules encapsulated

in PS.: Chol liposomes (Fraley et. al., 1981; Straub inger

et. al., l'983). The enhancement is mediated by an

energy-dependent, chloroquine-sensitive mechanism

(Straub inger et. al., 1983) involving extensive ruffling

==

º,

*
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of the plasma membrane (Norberg, l970) and perhaps

macrop inocytosis of surface-bound liposomes (Fraley et.

al., 1981). Previous experiments showed that glycerol

does not promote the emergence of diffuse cytoplasmic CAL

fluorescence by PS: Chol liposomes (Straubinger et. al.,

1983), suggesting that the principal effect of glycerol is

to promote liposome internalization, rather than membrane

permeabilization by osmotic shock.

In the present study, glycerol treatment did not

result in detectable cytoplasmic CAL delivery when cells

were incubated with PS.: PE (Figure 5–3 f) or OA: PC liposomes

(not shown). As in Figure 5–3a, the apparent weak diffuse

fluorescence in Figure 5–3 f, particularly over the

nucleus, a rises from defocused vesicular fluorescence

Outside the focal plane of the microscope objective. In

contrast, glycerol treatment enhanced considerably the

intensity of diffuse cytoplasmic CAL fluorescence in cells

treated with OA : PE (Figure 5–3e) or OA : PE: Chol (not shown)

liposomes.

4. 4. Effect of Lysosomotropic Agents and Metabolic

Inhibitors on Diffuse Intracellular Fluorescence

The weakly basic amines chloroquine and ammonium

chloride, as well as the proton- carrying ionophore

monensin, reduced considerably the production of

cytoplasmic CAL fluorescence from OA: PE or OA: PE: Chol

liposomes, in the presence or absence of glycerol. Thus

sº
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an acid ic intracellular compartment is implicated in the

pathway by which OA : PE liposomes deliver CAL to the

Cytoplasm.

The failure of lysosomotropic amines to inhibit

completely the emergence of diffuse fluorescence suggests

that intracellular delivery may not require an endosomal

pH very much below approximately 6. 2, the maximum pH that

lysosomes are believed to reach in the presence of

chloroquine (Ohkuma and Poole, l978). As can be seen from

Figure 5-2 (inset), pH 6. 2 is well with in the range of pH

that promotes significant destabilization of OA : PE

liposomes.

The emergence of cytoplasmic CAL fluorescence from

OA : PE liposomes involves energy- requiring processes.

Treatment of cells with 5 mM azide and 50 mM 2–

deoxyglucose inhibited cytoplasmic CAL fluorescence with

Or without glycerol treatment, and reduced the over all

level of cell- associated (vesicular) fluorescence (not

shown).

4-5. Cytoplasmic Delivery of High- Molecular - Weight

Molecules

Fluoresce inated dextran (FTC-D; avg. 18k or 40k

daltons) was encapsulated in order to determine whether

liposomes composed of OA and PE also deliver large water

Soluble molecules to cells. In general, cells showed
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vesicular fluorescence with all lipid compositions

examined (not shown). It was difficult to identify

unambiguous diffuse cytoplasmic fluorescence because of

the high fluorescent from surface- bound and intracellular

liposomes. In addition, FTC-D was encapsulated at a low,

fully— unquenched concentration, which contributed to the

difficulty in discriminating between de focused vesicular

fluorescence and dim diffuse (cytoplasmic) fluorescence.

Following brief treatment with glycerol, bright,

diffuse FTC-D fluorescence was observed in cells treated

with OA : PE and OA : PE: Chol liposomes, but was not observed

in cells treated with PS.: PE or OA: PC liposomes (not

shown). As observed with cytoplasmic CAL delivery by

OA: PE liposomes, the proportion of cells with diffuse

FTC-D fluorescence varied with cell confluence. The

frequency was l? or less in sparsely- seeded monolayers,

but reached 30% to 50% in highly– confluent monolayers.

Cytoplasmic dext ran fluorescence was stable, and could be

observed in apparently viable cells 24 hours or more after

OA: PE liposome presentation to cells (Figure 5-4b). Over

the same time period, diffuse fluorescence did not appear

in cells treated with PS.: PE liposomes (Figure 5–4a). The

production of FTC-D diffuse fluorescence was energy

dependent, as it was inhibited by treatment of cells with

azide and 2-deoxyglucose.
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Figure 5–4.

Cellular Localization of Liposome- Entrapped

Fluoresce inated Dext ran

Cells were treated with liposomes as in Figure 5–3 except

that FTC-D (avg. 20k daltons) was substituted for CAL.

Cells were post- treated for 5 min with 21% (v/v) glycerol

for 5 min, washed, and incubated for 24 hours in growth

medium before viewing on the fluorescence microscope. (a)

Vesicular fluorescence resulting from incubation with

PS: PE liposomes. The large fluorescent spot is debris

clinging to the monolayer. (b) Diffuse fluorescence from

FTC-D delivered to the cytoplasm via OA: PE liposomes.
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4-6. Delivery of Biologically Active Molecules

One difficulty in quantifying intracellular delivery

of fluorescent compounds is that surface- bound and

intracellular liposomes contribute significantly to the

total cell- associated fluorescence. In order to estimate

the relative differences in cytoplasmic delivery between

pH- sensitive and - insensitive liposomes, we encapsulated

a [**p, UTP in liposomes and monitored its incorporation

into high- molecular weight material. The rationale was

that the free triphosphorylated compound would be taken up

poorly by cells, so that background incorporation of

material leaked from liposomes would be low. In addition,

inhibition of 32p incorporation by actinomycin D would

give an estimate of the amount of a [**P] UTP delivered to

the cell interior and incorporated into RNA. Cells were

exposed to liposomes for 30' (as with fluorescent probes,

above), washed free of liposomes, and incubated in growth

medium for 4 or 17 hours. Table l shows that 4 or 17

hours after exposure of CV-1 cells to either OA: PE or

PS: PE liposomes, equal amounts of 32p were associated with

the cells. Approximately 4-4.5% of the radioactivity added

a S a [**P] UTP was stably associated, and the amount was

nearly unchanged with continued incubation. By comparison,

Only 0. l–0.3% of an equal quantity of free a [**P) UTP Wa S

as SOC iated with cells, suggesting there was little

cellular uptake of the free triphosphorylated compound or
32

liberated P from the external medium.
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Table 5-l.

Association of Liposome Contents with Cells and º
Incorporation into Acid-Precipitable Material.

Composition Cell:Assgciated Acid-Insgluble
(cpm/2xl.0° cells) (cpm/2xl.0° cells)

4 h 17 h 4 h 17 h

OA: PE (3: 7) 25 250 22 750 l Ol O 5990
OA : PE + Act. D (ND°) (ND) 300 620

PS : PE $3: 7) 26,250 259 50 580 3 680
Free [* “P) UTP 600 1650 l 20 200

Cells (2x10°) wº;3 exposed to liposomes as in Figure 5–3, .*.
except that C([**P) UTP in PBS was substituted for the . "

fluorescent probe. Cells swere gigºn 125 nmole lipid
-

containing approx. 3.25:10 cpm C([* “P) UTP; control cells
were given free d([**PJ UTP alone. After exposure to
liposomes, cells were washed and incubated in medium in
the presence or absence of actinomycin D (4 pug/ml) as
described in Experimental Procedures. At 4 or l7 hours,
cells were were analyzed for total and acid- precipitable
radioactivity. The data shown are from duplicate
determinations, and the variability of replicates was less
than 12% , except for the experiments in which actinomycin
D was used (approx. 20% variation).

*ND: Not Done. *

Table l also shows that at 4 hours, incorporation of

32p into acid- precipitable mater ial was nearly twofold

greater for OA: PE than for PS.: PE. Approximately 4% of the

label in OA: PE liposomes that was associated with cells

was incorporated into high- molecular weight mater ial,

corresponding to approximately 0.2% of the total

radioactivity initially added to cells. Approximately 70%
32

Of the P delivered by OA : PE liposomes was incorporated
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into RNA, as shown by the effect of actinomycin D.

Incorporation increased with time, and at l7 hours,

approximately 26% of the label stably associated with

cells was acid- precipitable, corresponding to

approximately lº of the total radioactivity initially

added to cells in OA : PE liposomes. At 17 hours, 90% of

the incorporation into acid- insoluble material was

sensitive to inhibition by actinomycin D.

By comparison, when PS: PE liposomes were used, l.2% of

the cell- associated a [**P] UTP (corresponding to 0.6% of

the total initially added to cells) was acid- insoluble at

l7 hours. Because the amount of radioactivity associated

with cells was the same for both OA : PE and PS.: PE

liposomes, the greater amount of acid- precipitable

mater ial resulting from OA : PE liposome exposure reflects

differences in the rate of intracellular liposome

breakdown and cytoplasmic delivery, rather than simply a

difference in liposome binding or liposome stability in

the external medium. Further experiments will be required

to determine what fraction of the radiolabeled mater ial

was de livered intact to the cytoplasm and what fraction

was incorporated after generation of free 32p by

in tra lysosomal hydrolases.
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5. Discussion

We demonstrated previously that negatively charged

liposomes are endocytosed by the coated vesicle system,

and that differences in the physical properties of

encapsulated molecules determine their intracellular

distribution (Straub inger et. al., 1983). We showed that

weakly acidic molecules such as CF escape from acidic

intracellular vesicles and are distributed throughout the

cytoplasm, while highly charged molecules, such as CAL,

remain trapped in endocytic vesicles. In addition, we

showed that large molecules such as FTC-D (18k daltons)

also remain confined to intracellular vesicles.

In the present work, we have attempted to exploit

character istics of the endocytic pathway to enhance

cytoplasmic delivery of liposome- encapsulated molecules

that are otherwise unable to escape from intracellular

vesicles. We have used CAL and FTC-D as model compounds

for highly charged and large molecules, and have designed

liposomes that promote delivery of these compounds to the

cytoplasm. We chose lipid constituents that form

liposomes that become unstable at mildly acidic pH. Our

strategy was to use the zwitter ionic phospholipid

phosphatidylethanolamine (PE) as the principal liposome

constituent. The protonated species of PE (pK 2 pH 8;

Papahad jopoulos, l968) is unable to form bilayer vesicles

near neutral pH (Papahadjopoulos and Watkins, l967),
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although vesicles can be formed above pH 9 (Kolber and

Haynes, l979). Moreover, the presence of PE in liposome

membranes facilitates membrane fusion induced by divalent

cations (Dúzgüne■ et. al., 1981). To enable formation of

stable PE— rich liposomes near neutral pH, we chose oleic

acid (OA; cis l8: 1) as it is a negatively charged

amphiphile with a pK close to neutral when incorporated

into phospholipid membranes (von Tscharner and Radda,

l981). Protonation of OA at a pH with in the range

expected for the endocytic pathway (6.5 > pH > 4.5; DeDuve

et. al., 1974; Ohkuma and Poole, 1978) should result in

destabilization of a bilayer rich in PE, leading to

liposome collapse and/or membrane- membrane fusion. Also,

OA has been shown to be a fusogen of erythrocyte membranes

(Ahkong et. al., 1973). An additional benefit of OA is

that it imparts a net negative charge on the liposomes at

pH 7.4. Considerable evidence suggests that negatively

charged liposomes are superior to neutral and positively

charged liposomes in functional delivery of a variety of

mater ials to cells (Fraley et. al., 198 l; Fraley et. al.,

l982; Schaefer – Ridder et. al. , 1982; T. Heath,

unpublished data).

In the present study, we found that liposomes

composed of OA : PE delivered detectable amounts of CAL to

the cytoplasm of CV-1 cells. The efficiency of delivery

varied with the density of the cell monolayer , but under

optimal conditions, 35%–70% of the cells contained



– 136 — *

unambiguous cytoplasmic CAL fluorescence. The addition of

cholesterol to OA : PE liposomes did not inter fere with the

pH- sensitivity of the liposomes but did result in an

increase in cell- associated fluorescence. Such a result

is anticipated from the well– documented effect of

cholesterol to reduce liposome permeability in the

presence or absence of cells (Papahadjopoulos et. al.,

l973; Gregor iad is and Davis, l979; Mayhew et. al., 1979;

Fraley et. al., 198 l; Van Renswoude and Hoekstra, l08 l;

Allen et. al. , 1981).

Brief glycerol treatment, which is thought to promote

non-specific plasma membrane internalization (Norberg,

l970; Fraley et. al., 1981), increased drastically the

intensity of diffuse, cytoplasmic CAL fluorescence from

OA: PE liposomes. Glycerol did not promote diffuse

fluorescence in the case of PS: PE or OA: PC liposomes,

suggesting that glycerol does not cause osmotic lysis of

liposome- containing pinosomes. In the case of OA : PE

liposomes, it is possible that the process of pH

dependent membrane destabilization that results in

cytoplasmic delivery of CAL or FTC-D also results in

increased osmotic fragility of pinocytic vesicles.

Our experimental results on intracellular delivery

and on the pH dependence of liposome stability indicate

the requirement for both OA and PE as liposome

constituents. PE liposomes that contained PS were quite

º

--"



– l 37 –

stable over the pH range of 4 to 8 and did not mediate

detectable cytoplasmic de livery of the liposome markers

used. Similarly, liposomes containing oleic acid that

were made with the zwitter ionic phospholipid PC instead of

PE also did not deliver their contents to the cytoplasm.

In order to gain a more quantitative estimate of the

mater ial made available to intracellular metabolic

processes by pH- sensitive and – insensitive liposomes, we

compared the delivery of c{[**p, UTP by OA: PE and PS: PE

liposomes. With equal amounts of 32p associated with

cells in both cases, OA: PE liposomes resulted in 81-87%

greater incorporation into high- molecular weight material

than did PS: PE liposomes. Since the total cell

associated radioactivity was the same for liposomes of

either composition, the differences in acid- precipitable

32p incorporation reflect accelerated intracellular OA: PE

liposome breakdown and greater efficiency of delivery by

pH- sensitive liposomes, rather than simply a difference

in the efficiency of liposome binding to cells.

Incorporation of 32 P may occur by several mechanisms,

including cellular utilization of the intact

phosphorylated nucleotide or incorporation subsequent to

dephosphorylation of a [**P] UTP in the cytoplasm or

32p from liposomelysosomes. To reduce scavenging of free

Contents that leaked in to the extracellular medium, all

liposome- cell incubations were carried out in phosphate

buffered saline (PBS). Given the vast excess of free Pi
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32
in the external medium, we believe that P incorporated

a S P; must be generated intracellularly, possibly in

lysosomes. To reduce the cellular utilization of 32p

liberated in tracellularly, a [**P] UTP was diluted in PBS

for liposome encapsulation, providing a 4.5 x 104- fold

excess of unlabeled phosphate in the liposomes. To

f 32p, we also comparedestimate non- RNA incorporation o

acid- precipitable radioactivity in the presence and

absence of actinomycin D, an inhibitor of DNA- dependent

RNA synthesis.

Our results show that with OA : PE liposomes, up to 25%

of the label associated with cells became incorporated

into acid- insoluble material. The majority of 32p

incorporation was probably into RNA, since it was

inhibited by actinomycin D. only 10%-30% of **P

incorporation was resistant to actinomycin D inhibition,

suggesting that limited dephosphorylation of a [**P] UTP and

32
reutilization of P occurred. Therefore, the significant

32p incorporation between OA: PE and PS: PEdifference in

liposomes illustrates more efficient cytoplasmic delivery

of encapsulated molecules by pH- sensitive liposomes.

One problem that complicates any method for

quantification of total intracellular delivery is

illustrated by our Observations with encapsulated

fluorescent probes. That is, pH- sensitive liposomes seem

to enhance cytoplasmic delivery to a subpopulation of

A.

* * -
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cells. While that group may include 50% of the cells,

those cells that show little apparent cytoplasmic delivery

may contribute significantly to the background resulting

from liposome endocytosis, namely intense vesicular

fluorescence in the case of CAL delivery and actinomycin D

32p incorporation in the case of a [**P] UTP– resistant

delivery. As a result, potentially large OA: PE- mediated

increases in intracellular delivery to a subpopulation of

cells may appear more modest when considered against the

high background contributed by parallel processes in the

whole population.

In spite of the difficulties in quantifying

cytoplasmic delivery, the results presented here show that

pH- sensitive liposomes can deliver membrane- imper meant

molecules to the cytoplasm, and suggest the utility of

such liposomes for micro injection of macromolecules into

cells. The number of cells that can be exposed to

liposomes is virtually unlimited; with a l? to 50%

frequency of injection, as suggested by the fluorescence

results, we would expect cytoplasmic delivery to 104 to

6 cells Out of the 2–4 x 106 cells per dish used in the10

experiments presented here. Such frequencies of injection

would not be achieved easily with other methods, such as

needle micro injection, and the number of cells exposed to

liposomes could be increased lo- to 100- fold over the

number used here. We are currently extending this work by

examining functional delivery of another macromolecule,

º

A.
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SV40 DNA. Preliminary results have verified the relative

differences reported here for pH- sensitive and

- insensitive liposomes, and suggest that OA : PE liposomes

are more efficient for functional DNA delivery than any

liposome composition previously examined (Fraley et. al.,

l980; Fraley et. al., 1981).

More detailed studies on the biophysical properties

of OA : PE liposomes (Dúzgüne■ et. al., 1983a; N. Dúzgüne■ ,

R. Straubinger, D. S. Friend, and D. Papahadjopoulos,

Submitted Manuscript) show that mildly acidic pH leads to

ir rever sible vesicle aggregation, observed as changes in

light scatter ing and turbidity. In addition, OA: PE

liposomes grow in size and membrane components intermix,

as detected by freeze- fracture electron microscopy and by

assays of resonant fluorescence energy transfer between

phospholipid probes (Struck et. al., 1981). Such lines of

evidence support the conclusion that OA: PE liposomes, but

not OA: PC or PS.: PE liposomes, undergo proton- induced

membrane fusion. By the above criter ia, the threshold for

fusion is pH & 6, somewhat lower than the threshold

reported here for pH- induced loss of liposome contents.

Never the less, both loss of contents and membrane fusion

occur with in the pH range reported for the endocytic

pathway (De■ Duve et. al., 1974; Ohkuma and Poole, 1978;

Tycko and Maxfield, 1980).

Presently only limited evidence suggests that the pH

º

*

**
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sensitivity of OA : PE liposomes is relevant to their

ability to deliver CAL and FTC-D to the cytoplasm. Only

pH- sensitive liposomes were able to deliver their

contents to the cytoplasm; pH- insensitive liposomes

closely related in composition did not. In all cases,

cytoplasmic CAL or FTC-D delivery was sensitive to azide

and 2-deoxyglucose, thus implicating energy-dependent

steps in the process by which OA : PE liposomes mediate

cytoplasmic delivery. However, chloroquine and ammonium

chloride did not inhibit completely the cytoplasmic

delivery of CAL or FTC-D by OA: PE liposomes. These

compounds are lysosomotropic agents that raise the pH of

intracellular compartments (De■ Duve et. al., 1974; Ohkuma

and Poole, 1978) and inhibit the infectivity of certain

viruses, presumably by preventing pH- dependent virion

endosome fusion (Helenius et. al., 1980; White et. al.,

1983). That CLQ or NH4Cl Only partially inhibited

cytoplasmic delivery may be rationalized by the pH

dependence of OA: PE destabilization (cf. Figure 5-2); at

pH 6. l , the rate of CAL efflux was quite large (approx

60%/min). Because chloroquine is believed to raise

lysosomal pH only to 6. 2 (Ohkuma and Poole, 1978), it is

possible that weakly basic lysosomotropic agents do not

raise the endosomal pH to sufficiently high levels to

prevent collapse and/or fusion of OA : PE liposomes.

Other strategies for producing liposomes with pH

dependent permeability have been described previously
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(Yatv in et. al. , 1980; Ellens et . al. , 1984; Connor et.

al., 1984), some showing that other negatively- charged

amphiphiles such as cholesterol hemisuccinate or

palmitoylhomocystein can be substituted for oleic acid in

making PE— rich liposomes that lose their contents at

mildly acidic pH. However, the potential of such

liposomes to deliver macromolecules to the interior of

cells has not been studied. The work presented here

suggests that pH- sensitive liposomes are useful for

cytoplasmic delivery of large, membrane- imper meant

macromolecules, and that a better under standing of the

mechanism of delivery by these liposomes may yield greater

insight into pH- dependent membrane fusion.
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