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Summary

Entrapment of enzyme in liposomes, biodegradable lipid vesicles, offers an
intriguing strategy for the intracellular delivery of these macromolecules to the
lysosomal apparatus for enzyme replacement endeavors in selected lysosomal
storage diseases. Therefore, the in vivo tissue and subcellular fate and effect on
the subcellular distribution of endogenous lysosomal hydrolases was deter-
mined following intravenous administration of -glucuronidase entrapped in
positively and negatively charged liposomes into C3H/Hed §-glucuronidase-defi-
cient mice. Enzyme entrapped in negatively charged liposomes was rapidly
cleared from the circulation (¢, 4 min); maximal tissue recovery, 75% of
dose, was detected in the liver at 1 h, was maintained for 48 h and then gradu-
ally declined to non-detectable levels by 8 days. A similar circulatory clearance
and reciprocal hepatic uptake was observed for positively charged liposomes;
however, the §-glucuronidase was retained in murine liver for 11 days. Signifi-
cant activity, 15% of dose, was found in the kidneys up to 1 and 4 days post-
injection of positively and negatively charged liposomes, respectively. No
activity was recovered in neural or other visceral tissues except in spleen and
lungs (<5% of dose). Exogenous f-glucuronidase activity administered in nega-
tively charged liposomes was primarily localized in the lysosomally-enriched
hepatic subcellular fraction, compared to the predominantly soluble localiza-
tion of exogenous activity entrapped in positively charged liposomes. Admin-
istration of negatively charged liposomes caused no detectable change in the
subcellular localization of several endogenous lysosomal hydrolase activities
compared to their distribution in untreated mice. In contrast, a marked but
temporary translocation of these hydrolase activities into the soluble fraction
was observed following the administration of positively charged liposomes,
identifying possible deleterious effects on cellular physiology.
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Introduction

Recent pilot human trials of enzyme replacement have indicated the feasi-
bility of this therapeutic strategy for selected metabolic disorders, particularly
the lysosomal storage disorders [1—5]. Reviews of these and earlier replace-
ment endeavors have identified the major barriers to effective therapy [6,8].
Among these obstacles are the short circulating and intracellular half-lives of
the exogenous activity, the inadequate delivery to selected target tissue and
subcellular sites of pathology, and the inability to monitor the fate and meta-
bolic effectiveness as well as the potential immunological complications of the
administered activity. Thus, current efforts have been directed toward the
development of techniques to protect the administered enzyme from physio-
logical inactivation and deliver exogenous enzyme to crucial tissue and subcel-
lular sites [9]. In addition, the development of mammalian model systems for
the in vivo evaluation of various strategies of enzyme administration prior to
human trials has been emphasized [7].

With this perspective, we recently developed a mammalian model system in
which the uptake, tissue distribution, and subcellular localization of intrave-
nously administered bovine B-glucuronidase can be directly and sensitively
determined in f-glucuronidase-deficient mice [10]. Analogous to the results of
pilot human trials, the exogenous enzyme was rapidly cleared from the murine
circulation (¢,, = 3 min), and the majority of administered activity (approx.
70% of dose) was recovered in hepatic lysosomes at 30 min followed by a grad-
ual decline to non-detectable levels by 24 h. In addition, no exogenous activity
was detected in all other neural or visceral tissues examined [10]. These find-
ings documented the need to develop protection and delivery techniques
designed to minimize the in vivo inactivation and maximize the tissue distribu-
tion and retention of the administered activity.

The entrapment of enzymes in microspherules [11], erythrocytes [12], and
liposomes [13] has been suggested as a means to protect enzyme from bioinac-
tivation and immunologic surveillance, and/or to enhance enzyme delivery.
Chang and Poznansky [14] demonstrated that catalase entrapped in synthetic
nylon microspherules was retained in the circulation permitting the effective
metabolism of the toxic circulating metabolites in acatalasemic mice. Recently,
studies in this laboratory demonstrated that the intravenous administration of
B-glucuronidase in autologous erythrocytes prolonged both the enzyme’s circu-
lating and lysosomal catalytic half-lives as well as delivered the enzyme to tissues
other than liver [15]. Liposomes have been used as vehicles for enzyme deliv-
ery in vitro in fibroblasts [16], macrophages [16], HeLa cells {17], and phago-
cytes [18], and in vivo in rats [16,19—21] and humans [5]. These preliminary
studies have indicated that liposomes may be suitable carriers of enzymes for
replacement endeavors in selected human diseases. However, the in vivo fates of
a mammalian enzyme entrapped in negatively and positively charged liposomes
administered intravenously into an enzyme-deficient mammalian model have
not been determined. More importantly, the physiological effects of negatively
and positively charged liposomes on lysosomal integrity have not been investi-
gated. Therefore, we report here the comparative uptake, tissue distribution
and retention, intracellular localization, and effects on lysosomal physiology of
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B-glucuronidase entrapped in negatively and positively charged liposomes in (-
glucuronidase deficient mice.

Materials and Methods

Enzyme preparation. Bovine liver $-glucuronidase (EC 3.2.1.31; Type B-1,
Sigma, St. Louis, Mo.) was further purified about 15-fold by chromatography
on Sephadex G-200 (Pharmacia, Piscataway, N.J.) with 0.02 M potassium phos-
phate buffer (pH 6.5), or the activity was purified from fresh bovine liver by
conventional chromatographic techniques [22]. C3H/Hed gus"™ male mice
(10—14 weeks old, 23—28 g) were purchased from Jackson Laboratories (Bar
Harbor, Me.).

Enzyme assays. Exogenous bovine (thermolabile) activity was discriminated
in murine tissue homogenates from the residual murine (thermostable) activity
by the selective thermal inactivation assay of Thorpe et al. [10]. The standard
reaction mixture contained 50 ul of enzyme source and 2.33 mM 4-methyl-
umbelliferyl-8-D-glucuronide (Research Products International, Elk Grove Vil-
lage, I11.) in 0.05 M sodium acetate buffer (pH 4.6) with 0.1% Triton X-100 in a
final volume of 350 ul.

Murine lysosomal hydrolase activities, including total $-hexosaminidase [23]
(EC 3.2.1.30), a-galactosidase [24] (EC 3.2.1.22), §-galactosidase [24] (EC
3.2.1.23), B-glucosidase [25] (EC 3.2.1.21), and a-mannosidase [26] (EC
3.2.1.24) were assayed using the appropriate 4-methylumbelliferyl glycoside.
Murine arylsulfatase [27] (EC 3.2.1.6.1) was assayed using p-nitrocatechol as
substrate. One unit of enzymatic activity equaled 1 nmol of substrate cleaved
per h in the standard reaction mixtures.

Liposome preparation. Negatively charged liposomes were prepared essentially
by the method of Gregoriadis et al. [13], with the following modifications. In
a 500 ml round bottom flask, 147 mg of dipalmitoyl DL-a-phosphatidylcholine,
22 mg of cholesterol and 20 mg of phosphatidic acid (Sigma) in a molar ratio
of 7:2:1 were dissolved in 25 ml of chloroform/methanol (2 : 1, v/v). For
the preparation of positively charged liposomes, an equimolar amount (7.6 mg)
of stearylamine (Eastman Organic Chemicals, Rochester, N.Y.) replaced the
phosphatidic acid.

A thin lipid film was obtained by rotary evaporation at 37°C and was further
dried under a N, stream for 30 min. Approx. 500 000 units of bovine §-glucu-
ronidase in 15 ml of 3.3 mM potassium phosphate buffer (pH 7.2) was added
to the lipid film for entrapment in negatively charged liposomes, whereas
enzyme entrapment in positively charged liposomes was carried out at pH 4.0,
below the pI (5.1) of bovine $-glucuronidase [28]. For radiolabel experiments,
2 uCi of [1,2-*H]cholesterol (spec. act. 7.4 ug/mCi; New England Nuclear, Bos-
ton, Mass.) was added to the lipids and ['*C]lglucose (spec. act. 12.8 ug/uCi,
New England Nuclear) was added to the aqueous phase for entrapment in nega-
tively or positively charged liposomes.

Enzymes and/or markers were entrapped in negatively and positively charged
liposome preparations by the following procedures. The appropriate lipid film
and enzyme solution were dispersed by immersion in a bath sonicator {Ultra-
sonics Inc., Plainview, N.Y.). The resultant milky suspension was kept at room
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temperature for 2 h, and then sonicated at 4°C for 20-s intervals totalling 10
min using a Branson model W185 sonifier equipped with a microprobe (Bran-
son Instruments Co., Stanford, Conn.). The suspension was centrifuged at
100 000 X g for 2.5 h in a Beckman L2-65B ultracentrifuge. The supernatant,
containing the unentrapped enzyme, was removed and stored for reuse in sub-
sequent liposome preparations. The pelleted positively charged liposomes were
then washed extensively by repeated resuspension and centrifugation at
100000 X g for 1 h. The pelleted negatively charged liposomes were resus-
pended in 4 ml of 6.7 mM potassium phosphate buffer (pH 7.2) with 0.15 M
NaCl before passage through a Sepharose 6B column (2.5 X 50 cm, Pharmacia)
equilibrated with the same buffer. The turbid fractions of enzyme-loaded lipo-
somes were pooled and centrifuged for 1 h at 100 000 X g. The final pellet was
resuspended in 4.0 ml of buffer; a 10 ul aliquot was removed, diluted 1 : 100
(to eliminate the inhibitory effect of cholesterol on S-glucuronidase activity
[29]), and then assayed for enzymatic activity. The amount of protein
entrapped in the liposomes was determined by the method of Kruski and
Narayan [30]. A typical liposome preparation contained approx. 6.0 mg pro-
tein and 170 mg of mixed lipids in 4 ml of buffer. Liposomes were safely
stored up to 1 week at 4°C before use; for all experiments, liposomes were
centrifuged to remove any unentrapped enzyme prior to injection. Empty lipo-
somes (negatively and positively charged liposomes) for control experiments
were prepared as described above, except no enzyme was present in the loading
solution.

Studies of liposome entrapment. Following the formation of negatively
charged liposomes, the preparation was centrifuged to remove the majority of
unentrapped markers, and then chromatographed on Sepharose 6B (flow rate,
0.53 ml/min) to further separate unentrapped from entrapped g-glucuronidase
and glucose; [3H]cholesterol incorporation was monitored to determine the
association of the entrapped markers with the liposomes. To demonstrate
latency of the liposome-entrapped markers, the turbid fractions of negatively
charged liposomes were pooled, centrifuged at 100 000 X g for 1 h, resus-
pended in 0.2% (v/v) Triton X-100 in buffer, and incubated at 37°C for 30 min
(to insure disruption of the liposome membrane) before reapplication to the
Sepharose column. Varying molar ratios of charged lipids were used for the
preparation of the lipid film to assess the amount of marker entrapped as a
function of increasing liposomal surface charge.

In vivo studies. Preparations of bovine f-glucuronidase activity (800—3500
units) entrapped in negatively or positively charged liposomes in a volume of
0.15—0.25 ml of 6.7 mM potassium phosphate buffer (pH 7.2) with 0.15 M
NaCl were injected into the tail veins of $-glucuronidase-deficient mice. Mice
were killed at desired intervals and blood and organs were immediately removed
and prepared for enzymatic assay as previously described [10]. The recovered
bovine and endogenous murine $-glucuronidase activities were determined in
blood, homogenized organs, and the hepatic subcellular fractions obtained by
differential centrifugation [10]. The marker lysosomal hydrolases (8-hexosa-
minidase, «-galactosidase, B-galactosidase, fB-glucosidase, a-mannosidase and
arylsulfatase) were assayed in the hepatic subcellular fractions. For tracer
experiments, tissue samples were solubilized in 2% dodecyl sulfate for 10 min
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at room temperature. Both tissue and blood samples were oxidized with 0.1 ml
H,0, before addition of 5 ml scintillation solution (Aquasol, New England
Nuclear). [*H]Cholesterol and ['*C]glucose were counted on a Beckman LS-
100 scintillation counter with appropriate corrections for quenching and chan-
nel overlap.

Results

Enzyme and marker entrapment in liposomes

The following experiments were carried out to demonstrate the incorpora-
tion of B-glucuronidase and [!*C]glucose in negatively and positively charged
liposomes. Fig. 1 shows a typical Sepharose 6B chromatographic profile of a
radiolabelled negatively charged liposome preparation. The radiolabelled cho-
lesterol and entrapped B-glucuronidase activity and glucose simultaneously
eluted in the void volume, whereas unentrapped enzymatic activity and glucose
were eluted in subsequent column fractions. Figs. 2a and 2b illustrate the
latency of the entrapped markers following treatment of the liposomes with
the non-ionic detergent, Triton X-100. When the liposome preparation was
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Fig. 1. Sepharose 6B chromatography of liposome-entrapped and unentrapped markers. Bovine B-glucu-
ronidase and [140] glucose were entrapped in [3H]cholesterol-containing negatively charged liposomes
(phosphatidylcholine /cholesterol/phosphatidic acid, 7 : 2 : 1); the preparation was then chromatographed
and the fractions assayed for enzymatic activity and radioactivity as described in the text.
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Fig. 2. Sepharose 6B chromatography of liposome-entrapped markers (a) before and (b) after treatment
with Triton X-100. Bovine §-glucuronidase (8———=) and [MC] glucose (0———0) were entrapped in
negatively charged liposomes (phosphatidylcholine/cholesterol/phosphatidic acid, 7 : 2 : 1); the loaded
liposomes were exhaustively washed to remove unentrapped markers, and then (a) either applied directly
to the column or (b) disrupted with detergent and the chromatographed. For details, see text.

chromatographed on Sepharose 6B both B-glucuronidase and glucose were
eluted in the void volume (Fig. 2a); in contrast, when the liposomes were
treated with detergent and then chromatographed (Fig. 2b), the majority of the
markers were eluted in positions corresponding to those observed for unen-
trapped B-glucuronidase and glucose, respectively.

Since the percentage of marker entrapped should increase as the lamellar sur-
face charge is increased,[18] to create a greater interlamellar volume for entrap-
ment, negatively charged liposomes were synthesized with various concentra-
tions of phosphatidic acid. Table I shows that increasing the relative concentra-
tion of phosphatidic acid resulted in increased entrapment of $-glucuronidase
and glucose in negatively charged liposomes. Similar results were obtained using
positively charged liposomes in the above experiments. When negatively or pos-
itively charged liposomes were routinely prepared as described, about 5% of the
total B-glucuronidase present in the buffer solution was entrapped; the
remaining enzyme was recovered in the first centrifugation step and reused for
other liposome preparations.
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TABLE I

EFFECT OF INCREASED SURFACE CHARGE ON PERCENT ENTRAPMENT OF [14C]GLUCOSE
AND $-GLUCURONIDASE ACTIVITY

The percent entrapment is expressed as percent cpm of [14C]glucose and nmol/h of f-glucuronidase
activity entrapped of total available counts and activity, respectively; for details, see text.

Liposome composition Phosphatidic acid Entrapped (%)
(mg)
Phosphatidylcholine: [14C]Glucose B-Glucuronidase activity
cholesterol:

phosphatidic acid

(molar ratio)

8:2:0 0 3.5 0.2
7:2:1 20 9.7 4.8
6.5:2:0.5 30 11.0 6.6

Further demonstration of marker entrapment was based on the fact that the
anionic enzyme, {-glucuronidase, was efficiently entrapped in negatively
charged liposomes whereas positively charged liposomes aggregated at pH 7.2,
forming lipid-protein precipitates. Therefore, cationic liposomes were formed
at pH 4.0, a pH unit below the pI of §-glucuronidase.

Blood clearance and tissue distribution of bovine -glucuronidase entrapped in
negatively charged liposomes

Fig. 3a illustrates the time course for the blood clearance and tissue uptake
and distribution of bovine $-glucuronidase entrapped in negatively charged lipo-
somes intravenously administered to -glucuronidase-deficient mice. Approx.
90—100% of administered activity was recovered in murine tissues for up to 48
h post-injection. A rapid clearance of exogenous activity from the circulation
(t1;2 ® 4 min) was observed with a concomitant uptake of activity in several tis-
sues, particularly the liver. The maximal hepatic recovery, approx. 75% of
injected dose, was detected at 1 h, was retained for 48 h, and then gradually
declined to non-detectable levels by 8 days. Approx. 20% of dose was recov-
ered in the kidneys up to 4 days. Less than 5% of administered §-glucuronidase
was found in splenic tissue at early time points and no activity was detected in
the brain, heart, lungs or bone marrow.

The hepatic recoveries of intravenously administered bovine §-glucuronidase
entrapped in negatively charged liposomes, buffer-loaded negatively charged
liposomes and an in vitro mixture of unentrapped enzyme and buffer-loaded
negatively charged liposomes are compared in Fig. 4. In contrast to the pro-
longed hepatic recovery of enzyme entrapped in negatively charged liposomes,
the recovery of the mixture of enzyme plus buffer-loaded liposomes was iden-
tical to the time course of unentrapped enzyme alone. The identical time
cources observed for unentrapped enzyme and the mixture of unentrapped
enzyme and buffer-loaded liposomes further documents that enzyme was
entrapped in negatively charged liposomes and was not administered as
enzyme-lipid aggregates. No exogenous activity was detected in hepatic tissue
following administration of buffer-loaded negatively charged liposomes.
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Fig. 3. Comparison of the fates of bovine f-glucuronidase activity entrapped in (a) negatively charged
liposomes (phosphatidylcholine/cholesterol/phosphatidic acid, 7 : 2 : 1) and (b) positively charged lipo-
somes (phosphatidylcholine/cholesterol/stearylamine, 7 : 2 : 1) and administered intravenously to f$-glu-
curonidase-deficient mice. Bovine f-glucuronidase activities recovered from murine blood and organs were
determined as described in Materials and Methods and expressed as percentage of injected dose. Indicated
values represent the mean and range of 4—10 mice at each time point.

To determine the in vivo fate of the liposome carrier, [*H]cholesterol was
incorporated into negatively and positively charged liposomes and both
enzymatic activity and radioactivity were monitored as shown for negatively
charged liposomes in Fig. 5. The tritiated liposome membrane marker was
detected in the liver by 5 min, was retained 8 h and then decreased linearly to
low levels (5% of injected counts) by 3 days; in contrast, the exogenous activity
was maintained in the liver at 70% of injected dose for 2 days before the levels
decreased. A similar hepatic uptake was observed for the [*H]cholesterol incor-
porated into enzyme-loaded positively charged liposomes; however, the radio-
label was retained at maximal levels for 24 h and then linearly decreased to low
levels by 3 days. When only buffer was entrapped in labelled negatively charged
liposomes, the radioactivity time course was markedly different than that
observed for the enzyme-loaded liposomes. Radiolabelled buffer-loaded lipo-
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Fig. 4. Comparison of the hepatic recoveries of hovine f-glucuronidase activity entrapped in negatively
charged liposomes (8—————=®), unentrapped bovine activity (0————o0), and a mixture of bovine activity
and buffer-loaded negatively charged liposomes (&--- - - - 4). No thermolabile activity was detected after
injection of only buffer-loaded negatively charged liposomes (O- - - - - - 0), Bovine §-glucuronidase activities
recovered from hepatic tissues, as described in Materials and Methods, are expressed as percentage of
injected dose (unentrapped dose = 1200 units; entrapped dose = 1000—1500 units). Negatively charged
liposomes were composed of phosphatidylcholine/cholesterol/phosphatidic acid (7 : 2 :1). Indicated
values represent the mean and range of 3—8 mice at each time point.
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TABLE II

HEPATIC SUBCELLULAR DISTRIBUTION OF RECOVERED BOVINE f-GLUCURONIDASE ACTIV-
ITY ENTRAPPED IN NEGATIVELY CHARGED LIPOSOMES

Liver homogenates were fractionated as described in the text. The in vitro control mixture consisted of
enzyme loaded in negatively charged liposomes and a liver homogenate.

Source Time post-injection (h) In vitro
control mixture
1 4 24 96 144

Total fractionated activity (nmol/h)

Murine 3226 2418 3339 2250 3063 1903

Bovine 515 430 441 395 181 1051
Subcellular fraction (percent of total bovine activity)

Nucleaxr 5 7 8 6 20 2

Mitochondrial-lysosomal 76 70 75 69 66 10

Soluble 19 23 19 25 14 88

somes remained in the circulation longer than enzyme-loaded liposomes; 30%
of injected [*H]cholesterol was still present in the blood at 30 min post-injec-
tion compared to 6% of administered radiolabel in enzyme-loaded negatively or
positively charged liposomes. Moreover, the [*H]cholesterol marker was rapidly
cleared from the liver within 8 h compared to the hepatic retention of the
radiolabel incorporated into enzyme-loaded liposomes (Fig. 5).

Hepatic subcellular distribution of bovine f-glucuronidase activity entrapped in
negatively charged liposomes

Table II shows the distribution of exogenous activity recovered in the
nuclear, mitochondrial-lysosomal, and soluble fractions at various times post-
injection. Total fractionated murine and bovine activities recovered in these
experiments were all within 10% of the respective total activity in the whole
homogenate. Approx. 70% of the total recovered bovine activity was detected
in the lysosomally-enriched fraction at each time point studied. In contrast,
88% of the bovine activity was recovered in the soluble fraction when an in
vitro control mixture of enzyme entrapped in negatively charged liposomes and
a murine liver homogenate was fractionated, demonstrating the marked uptake
of the administered activity in the lysosomally-enriched fraction.

Blood clearance and tissue distribution of bovine p-glucuronidase activity
entrapped in positively charged liposomes

Fig. 3b shows the blood clearance and tissue uptake and distribution of
bovine f-glucuronidase entrapped in positively charged liposomes. Exogenous
activity was rapidly cleared from the circulation (¢,;, 2 min) and concomi-
tantly was taken up by the liver to a maximum level of 75% of dose by 1 h; the
activity was retained at this level for 48 h and then gradually decreased to non-
detectable levels by 11 days, similar to the fate of exogenous enzyme delivered
in negatively charged liposomes. However, in contrast to the prolonged renal
retention of activity entrapped in negatively charged liposomes, 10—15% of
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TABLE II1

HEPATIC SUBCELLULAR DISTRIBUTION OF RECOVERED BOVINE -GLUCURONIDASE ACTIV-
ITY ENTRAPPED IN POSITIVELY CHARGED LIPOSOMES

The in vitro control mixture consisted of enzyme loaded in positively charged liposomes and a murine
liver homogenate. These values are representative of the results obtained at each time point (n = 3—7).
For details, see text.

Source Time post-injection (h) In vitro control
mixture

0.5 1 4 12 24 48 72 120 192

Total fraction-

ated activity (nmol/h)
Murine 4476 3962 4896 7530 4156 3762 5940 6050 4265 2898
Bovine 920 1944 1330 1017 1522 1173 1945 576 910 2652
Subcellular .

fraction (percent of total bovine activity)
Nuclear 12 6 12 2 1 7 8 17 13 28
Mitochondrial-

lysosomal 47 48 32 37 33 23 22 57 60 10
Soluble 41 46 56 61 66 70 70 26 27 62

dose administered in positively charged liposomes was recovered in the kidneys
for only 1 day; in addition, low levels of activity (approx. 5% of dose) were
detected in the spleen and lungs up to 12 h post-injection. No exogenous activi-
ty was detected in brain, heart, or bone marrow.

Hepatic subcellular distribution of bovine f-glucuronidase activity entrapped in
positively charged liposomes

Table III shows the recovery of exogenous activity in hepatic subcellular
fractions following the administration of enzyme entrapped in positively
charged liposomes. In contrast to the consistent and predominant lysosomal
recovery of exogenous activity administered in negatively charged liposomes, a
unique subcellular translocation of activity administered in positively charged
liposomes was observed as a function of time post-injection. At early time
points up to 4 h, the recovered exogenous activity was distributed about
equally between the soluble and lysosomally-enriched fractions; however, from
12 to 72 h the activity was predominantly (70% of that recovered) localized in
the soluble fraction. After 5 days the majority of recovered activity had shifted
to the lysosomally enriched fraction.

The percent recovery of exogenous activity in the soluble fraction at 24 h
increased proportionately with the amount of positively charged liposomes
administered, presumably reflecting the effect of the increased amount of stea-
rylamine administered. For example, when enzyme was administered in pos-
itively charged liposomes containing 0.285 and 0.475 mg of stearylamine, the
soluble fractions contained 45 and 63% of recovered activity, respectively. Sub-
cellular fractionation of an in vitro control mixture of enzyme entrapped in
positively charged liposomes and a murine hepatic homogenate demonstrated



541

only 10% of the bovine activity in the lysosomal fraction, indicating that the in
vivo patterns of subcellular distribution resulted from the unique interaction of
enzyme-loaded positively charged liposomes with hepatic cells.

Effects of negatively and positively charged liposomes on the hepatic subcellu-
lar distribution of endogenous lysosomal hydrolases

The hepatic subcellular distributions of seven murine lysosomal hydrolases
following the administration of exogenous f-glucuronidase entrapped in nega-
tively and positively charged liposomes are compared in Table IV. These values

TABLE 1V

DISTRIBUTION OF ENDOGENQUS LYSOSOMAL HYDROLASES IN THE MITOCHONDRIAL-
LYSOSOMAL FRACTION FOLLOWING ADMINISTRATION OF ENZYME LOADED IN NEGA-
TIVELY AND POSITIVELY CHARGED LIPOSOMES

Values are expressed as (mitochondrial-lysosomal/mitochondrial-lysosomal + soluble) X 100, Total recov-
ered mitochondrial-lysosomal + soluble activities represent 80 * 5% of the activities in the whole homo-
genate. Results are expressed in percent recovered in the mitochondrial-lysosomal fraction.

Lysosomal Untreated Negatively charged Positively charged liposomes
hydrolase control liposomes
Time post-injection (h) Time post-injection (h)
1 48 120 1 48 72 120 272

a-Galactosidase

Mean 75 67 80 80 77 58 48 62 78

Range 71—81 67,67 79,81 77,83 72,84 54—64 45,52 61—63 75,80

n 7 2 2 2 2 3 2 3 2
B-Galactosidase-

Mean 71 69 68 67 72 55 50 65 74

Range 66—76 66—73 65,71 66,69 71,74 54—57 48—52 65—66 74,75

n 7 4 2 2 2 3 4 3 2
B-Glucosidase

Mean 68 83 75 72 80 66 71 80 82

Range 63—175 81,86 74,76 72,73 78,83 60—74 70,72 79—82 81,84

n ki 2 2 2 2 3 2 3 2
B-Glucuronidase

Mean 65 63 61 64 67 39 54 62 77

Range 62—72 61-65 5765 6465 65-69 38—44 51—59 6065 76,78

n 7 10 10 10 7 5 6 3 2
8-Hexosaminidase

Mean 82 79 79 80 77 61 61 68 80

Range 81—84 79—80 76,83 80,81 76,78 56—67 59—63 64—71 77,82

n 7 4 2 2 2 3 4 3 2
a-Mannosidase

Mean 7 82 83 82 83 84 73 85 " 85

Range 72—81 82,82 81,86 80,84 82,84 82—87 170,76 84—87 84,87

n 7 2 2 2 2 3 2 3 2
Arylsulfatase

Mean 60 61 50 64 56 56 64 65 68

Range 56—656 656,66 47,63 61,68 50,62 BI—62 62,67 59—71 67,69

n

7 2 2 2 2 3 2 3 ' 2
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are expressed as the percent endogenous activity recovered in the mitochon-
drial-lysosomal fraction of the sum of recovered activity in the mitochondrial-
lysosomal plus soluble fractions. Following administration of negatively
charged liposomes, the subcellular distribution of all seven endogenous activ-
ities were essentially the same as those for the untreated murine control homo-
genates. However, the administration of enzyme entrapped in positively
charged liposomes resulted in a significant change in the distribution of these
lysosomal markers. Although the distribution of endogenous lysosomal hydro-
lases was similar to those of untreated mice at 1 h, a marked shift from the
predominant lysosomal to a soluble localization was particularly evident at 1—3
days post-injection. For example, the differences in the percent of endogenous
activity recovered in the lysosomally-enriched fraction at 1 and 48 h for 3-glu-
curonidase, a-galactosidase, §-galactosidase and -hexosaminidase were 28, 19,
17 and 16%, respectively, indicating a translocation of these lysosomal hydro-
lases into the cell cytoplasm.

Stearylamine did not inhibit any endogenous hydrolase activities when in
vitro mixtures of a fractionated control liver and varying concentrations of
stearylamine (0.01, 0.1 and 1 mg) were incubated for 30 min at 37°C prior to
assay. Moreover, the possibility that stearylamine was inhibiting hydrolase
activity in vivo was eliminated by checking the specific and total recovered
activities for the hepatic subcellular fractions of all enzymes assayed following
the administration of enzyme entrapped in negatively charged liposomes, which
were all within the control range of untreated mice.

Discussion

The major purpose of this investigation was to compare the in vivo tissue and
subcellular fates of enzyme delivered in negatively and positively charged lipo-
somes as well as to determine the effects of these enzyme-loaded lipid vesicles
on cellular physiology, specifically lysosomal integrity. Enzyme and/or marker
entrapment in both negatively and positively charged liposomes was demon-
strated (Figs. 1, 2a and 2b; Table I) according to the criteria of Weissmann et
al. [18]. The percent of (-glucuronidase entrapped in the routine liposome
preparations was comparable to values previously reported for other macro-
molecules in negatively [18] or positively charged liposomes [31].

The blood clearances and tissue distributions of bovine §-glucuronidase
administered in negatively charged liposomes to -glucuronidase-deficient mice
were similar to those previously reported by Gregoriadis and Ryman [19] for
yeast S-fructofuranosidase administered to rats in negatively charged liposomes.
In both studies the majority of exogenous enzyme was detected in hepatic lyso-
somes. However, when negatively and positively charged liposomes were loaded
with B-glucuronidase, administered to the deficient mice, and their in vivo fates
compared, two important differences were noted. First, in contrast to the mini-
mally detectable recovery of exogenous activity administered in positively
charged liposomes or administered unentrapped [10], enzyme entrapped in
negatively charged liposomes was recovered in renal tissue at about 15—20% of
dose for up to 4 days. These findings suggest that negatively charged liposomes
may be useful for the delivery of macromolecular therapeutic agents for dis-
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orders with renal involvement and indicate the importance of the liposome
composition and surface charge for targeting entrapped molecules to specific
tissue sites. Second, the intracellular retention of exogenous activity in liver,
the major site of tissue uptake, was different. In contrast to the rapid hepatic
clearance of unentrapped activity (undetectable by 1 day), enzyme delivered in
negatively charged liposomes was detected up to 8 days and even more remark-
ably, activity entrapped in positively charged liposomes was detected for up to
11 days. The prolonged hepatic recovery of exogenous enzyme delivered in
positively charged liposomes may reflect the inhibitory effect of stearylamine
on phospholipases which degrade the lecithin in the liposomal membrane. In
fact, phosphatidic acid (used in negatively charged liposomes) has been shown
to stimulate bacterial phospholipase B and plant phospholipase D activities
[32], while stearylamine and other cationic amphipaths are strong inhibitors of
phospholipase activity [33]. Thus, the stearylamine in positively charged lipo-
somes may serve to retard the release and metabolic availability of entrapped
enzyme by phospholipase inhibition, thereby extending the intracellular reten-
tion of administered enzymatic activity.

To investigate the in vivo fate of liposome-entrapped enzyme, and in partic-
ular the kinetics of liposome disruption and enzyme release, radiolabelled cho-
lesterol was incorporated into the liposomal membrane and the hepatic uptake
and clearance of radioactivity and exogenous activity were simultaneously
determined. The concomitant hepatic uptake of enzyme and the liposomal
marker evidence uptake of intact enzyme-loaded liposomes. Exogenous activity
was maintained at maximal hepatic levels as the radiolabel was slowly cleared
over 3 days. These data suggest that the negatively charged liposomes were
taken up intact by hepatic lysosomes and that the multilamellar liposomes were
slowly disrupted, releasing the radiolabel for exchange and clearance and the
enzyme for metabolic availability. Latency of the liposome-entrapped activity
was not detectable since our enzyme assay does not distinguish between
entrapped and released activity.

The more rapid uptake and prolonged retention of radiolabel administered in
enzyme-loaded liposomes compared to those of buffer-loaded liposomes (Fig.
5) indicates that enzyme entrapped in negatively charged liposomes was taken
up and processed by the hepatic lysosomal apparatus differently. These
findings suggest that some of the entrapped proteins were partially exposed on
the liposome surface. The exposed molecules may account for the observed
increased hepatic uptake, similar to that found for unentrapped enzyme. In
addition, and analogous to the glycoprotein recognition signals reviewed by
Ashwell and Morrell [34], the exposed glycoprotein enzyme may signal a spe-
cific hepatic recognition and processing mechanism which might account for
the slower clearance of the enzyme-loaded liposomal membrane label.

Subcellular fractionation of hepatic tissue further characterized the in vivo
fate of enzyme entrapped in negatively or positively charged liposomes. The
activity entrapped in negatively charged liposomes was primarily localized in
the lysosomal fraction throughout the time course, similar to that observed for
unentrapped enzyme; however, more than half of the activity entrapped in pos-
itively charged liposomes was recovered in the soluble fraction during the first
few days following injection. These results suggest that entrapment of enzymes
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in negatively charged liposomes may provide an appropriate vehicle for enzyme
replacement endeavors in selected lysosomal storage diseases, whereas posi-
tively charged liposomes might be useful for the delivery of enzymes or other
therapeutic agents to the cytoplasm. More importantly, and surprisingly, the
hepatic subcellular distribution of enzyme administered in positively charged
liposomes changed during the 11 day time course. At the earliest time point
studied, the lysosomally enriched fraction contained most of the exogenous
B-glucuronidase activity suggesting that positively charged liposomes were initi-
ally taken up by the lysosomal apparatus; during the following 3 days, the ma-
jority of recovered exogenous activity was translocated to the soluble fraction.
The exogenous activity initially detected in the soluble fraction (36% of recov-
ered activity) may have resulted from a proportion of enzyme-loaded positively
charged liposomes which fused with the cell membrane and released their con-
tents into the cytoplasm. This possibility is consistent with the recent report by
Poste and Papahadjopoulos [35] who demonstrated that the mechanisms of
liposome uptake by cultured fibroblasts (endocytosis versus membrane fusion)
was dependent on the liposomal lipid composition. Alternatively, this soluble
activity may have been released from positively charged liposomes which
already had been disrupted by contact with the lysosomal apparatus. There-
fore, it was reasoned that the simultaneous characterization of the subcellular
distribution of the exogenous activity and several endogenous murine lyso-
somal hydrolase activities might provide insight into the mechanism responsible
for the observed subcellular translocation of enzyme administered in positively
charged liposomes.

Indeed, the subcellular distribution of four murine lysosomal hydrolases was
also observed to shift to the soluble fraction with a time course similar to that
of enzyme delivered in positively charged liposomes. In contrast, administra-
tion of enzyme entrapped in negatively charged liposomes did not alter the
lysosomal localization of any of the endogenous hydrolases assayed. These
findings suggest that stearylamine, the positively charged lipid, may have
altered the lysosomal membrane and caused the release of endogenous hydro-
lases. The fact that there was a proportional increase of the endogenous lyso-
somal activities recovered in the soluble fraction when the amount of stearyl-
amine administered was increased was in support of this implication. The fail-
ure to find all of the endogenous activities increased in the soluble fraction may
be in part a function of their association with the lysosomal membrane; in fact,
both B-glucosidase [36] and a-mannosidase [37] are known to have membrane-
bound activities. Another explanation might be that these hydrolases occur pre-
dominantly in parenchymal cell types which reportedly [16] are not involved
in liposome uptake. Thus, it can be deduced from these studies that initially
the positively charged liposomes were in part localized in lysosomes, and that
the subsequent disruption of the liposomal lamellae allowed the positively
charged component, stearylamine, to alter lysosomal integrity and cause the
release of exogenous and endogenous hydrolases into the cytoplasm. The
recent report of toxic effects of bulging and deformation of the cell membrane
observed after treatment of cultured HeLa cells with various doses of stearyl-
amine-containing liposomes [17] provides additional support for the dose-
dependent toxicity of stearylamine on cell membranes. It is not unlikely that
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other positively charged lipids in liposomes may cause similar alterations of lyso-
somal integrity. Although the injected mice did not show any clinically detect-
able manifestations, the potential deleterious effects of hydrolase release on the
cytoplasmic milieu remains unknown and requires further investigation.

These studies emphasize the importance of evaluating the physiological
effects of administered macromolecules in a mammalian model system prior to
human trials. Liposomes have been suggested as carriers for the intracellular
delivery of therapeutic macromolecules [9,16—21]; already preliminary human
trials have focused attention on the potential of these biodegradable vesicles to
target and protect therapeutic agents [5,38]. Our data support the use of lipo-
somes as effective means of both prolonging tissue retention and delivering
enzyme to various tissue sites. However, the possible physiological consequen-
ces of liposome administration have not been previously evaluated. Our studies
demonstrate that the physiologic lipids used to entrap bovine -glucuronidase
in negatively charged liposomes did not alter lysosomal function based on their
effect on the subcellular distribution of endogenous lysosomal markers. In con-
trast, the stearylamine in positively charged liposomes presumably caused a
temporary labilization of the lysosomal membrane. In addition, our data indi-
cating the presence of exposed protein on the liposomal surface suggest that
the immunosurveillance system might recognize the exogenous enzyme as for-
eign thus eliminating an ‘“‘immunoprotective’ attribute of entrapment. Fur-
thermore, other reports identify the possible immunological hazards of
entrapped proteins and glycoproteins partially exposed on liposomal surfaces
[39,40]. Thus, these studies are instructive and indicate the necessity to eval-
uate the potential physiological and immunological complications which may
result from the administration of specific compositions of liposomes before
clinical trials are undertaken.

References

1 Johnson, W.G., Desnick, R.J., Long, D.M., Sharp, H.L., Krivit, W, and Brady, R.D. (1973) Enzyme
Therapy in Genetic Diseases, Birth Defects: Original Article Series (Desnick, R.J., Bernlohr, R.W. and
Krivit, M., eds.), Vol. 9, pp. 120—124, Williams and Wilkins Co., Baltimore

2 Brady, R.O., Tallman, J.F., Johnson, W.G., Gal, A.E., Leahy, W.R., Quirk, J.M. and Dekaban, A.S.
(1973) N. Engl. J. Med. 289, 9—14

3 Brady, R.O., Penchev, P.G., Gal, A.E., Hibbert, S.R. and Dekaban, A.S. (1974) N. Engl. J. Med. 291,
989—993

4 deBarsy, Th., Jacquemin, P., van Hoof, F. and Hers, H.G. (1973) Enzyme Therapy in Genetic Dis-
eases, Birth Defects: Original Article Series (Desnick, R.J., Bernlohr, R.W. and Krivit, M., eds.), Vol.
9, pp. 184—190, Williams and Wilkins Co., Baltimore

5 Tyrrell, D.A., Ryman, B.E., Keeton, B.R. and Dubowitz, V. (1976) Br. Med. J. 2, 88

6 Desnick, R.J., Kriyit, W. and Fiddler, M.B. (1975) The Prevention of Genetic Disease and Mental
Retardation (Milunsky, A., ed.), pp. 317—342, W.B. Saunders, Philadelphia

7 Desnick, R.J., Thorpe, S.R. and Fiddler, M.B. (1976) Physiol. Rev. 56, 57—99

8 Rietra, P.J.G.M., van den Bergh, F.A.J.T.M. and Tager, J.M. (1974) Enzyme Therapy in Lysosomal
Storage Diseases (Tager, J.M., Hooghwinkel, G.J.M. and Daems, W.Th., eds.), pp. 53—79, North Hol-
land Publ. Co., Amsterdam

9 Cohen, C.M., Weissmann, G., Hoffstein, S., Awasthi, Y.C. and Srivastava, S.K. (1976) Biochemistry
15, 452—460

10 Thorpe, S.R., Fiddler, M.B. and Desnick, R.J. (1974) Biochem. Biophys. Res. Commun. 61, 1464—
1470

11 Chang, T.M.S., MacIntosh, F.C. and Mason, S.G. (1966) Can. J. Physiol. Pharmacol. 44, 115—128

12 Thiler, G.M., Glew, R.H. and Schnure, F.W. (1973) Proc. Natl. Acad. Sci. U.S. 70, 2663—2666

13 Gregoriadis, G., Leathwood, R.D. and Ryman, B.E. (1971) FEBS Lett. 14,9599



546

14
15
16

17

18

19
20
21

22
23
24

25

26

27

28
29
30
31
32
33
34
35
36
37
38
39
40

Chang, T.M.S. and Poznansky, M.J. (1968) Nature 218, 243—245

Thorpe, S.R., Fiddler, M.B. and Desnick, R.J. (1975) Pediatr. Res. 9, 918—923

Gregoriadis, G. (1974) Enzyme Therapy in Lysosomal Storage Diseases (Tager, J.M., Hooghwinkel,
G.J.M, and Daems, W.Th., eds.), pp. 131—148, North-Holland Publ. Co., Amsterdam

Magee, W.E., Goff, C.W., Schoknecht, J., Smith, M.D. and Cherian, K. (1974) J. Cell Biol. 63, 492—
504

Weissmann, G., Bloomgarden, D., Kaplan, R., Cohen, C., Hoffstein, 8., Collins, T., Gotlieb, A. and
Nagle, D. (1975) Proc. Natl. Acad. Sci. U.S. 72, 88—92

Gregoriadis, G. and Ryman, B.E, (1972) Biochem. J. 129, 123—133

Gregoriadis, G. and Ryman, B.E. (1972) Eur. J. Biochem, 24, 485491

Ryman, B.E. (1974) Enzyme Therapy in Lysosomal Storage Diseases (Tager, J.M., Hooghwinkel,
G.J.M. and Daems, W.Th., eds.), pp. 149—162, North-Holland Publ. Co., Amsterdam

Fiddler, M.B. and Desnick, R.J. (1976) Arch. Biochem. Biophys., in the press

Ikonne, J.U., Rattazzi, M.C. and Desnick, R.J. (1975) Am. J. Human Genet. 27, 639—650

Desnick, R.J., Allen, K.Y., Desnick, S.J., Raman, M.K., Bernlohr, R.W. and Krivit, W. (1973) J. Lab.
Clin. Med. 81,157—171

Desnick, S.J., Desnick, R.J., Brady, R.O., Pentchev, P.G., Simmons, R L., Najarian, J.S., Swaiman, K.,
Sharp, H.L., and Krivit, W. (1973) Enzyme Therapy in Genetic Diseases, Birth Defects: Original Arti-
cle Series (Desnick, R.J., Bernlohr, R.W, and Krivit, W., eds.), Vol. 9, pp. 109119, Williams and Wil-
kins Co., Baltimore

Desnick, R.J., Walling, L.L., Anderson, P.M., Raman, M.K., Sharp, H.L., lkonne, J.U. (1976) Current
Trends in Sphingolipidoses and Allied Disorders, Advances in Experimental Medicine and Biology
(Volk, B.W. and Schneck, L., eds.), Vol. 68, pp. 277—299, Plenum Press, New York

Murphy, J.V., Wolfe, H.J., Balazs, E.A. and Moser, H.W, (1971) Lipid Storage Diseases; Enzymatic
Defects and Clinical Application (Bernsohn, J. and Grossman, H.J., eds.), pp. 67—110, Academic
Press, New York

Himeno, M., Hashigushi, Y. and Kato, K. (1974) J. Biochem. Tokyo 76, 1243—1252

Tappel, A.L. and Dillard, C.J. (1967) J. Biol. Chem. 242, 24632469

Kruski, A.W, and Narayan, K. (1973) Anal, Biochem. 47, 299—302

Kataoka, T., Williamson, J.R. and Kinsky, S.C. (1973) Biochim. Biophys. Acta 298, 158179
Dawson, R.M.C. and Hemington, N. (1967) Biochem. J. 102, 76—86

Dwason, R.M.C. and Hauser, H. (1967) Biochim. Biophys. Acta 137, 518—524

Ashwell, G. and Morrell, A.G. (1974) Adv. Enzymol. 41, 99128

Poste, G. and Papahadjopoulos, D. (1976) Proc. Natl. Acad. Sci. U.S. 73, 1603—1607

Ho, M.W. (1973) Biochem. J. 136, 721—729

Dewald, B. and Touster, O. (1973) J. Biol. Chem. 248, 72237233

Gregoriadis, G., Swain, C.P., Wills, E.J. and Tavill, A.S. (1974) Lancet i, 1313—-1316

Uemura, K.1., Claflin, J.L., Davie, J.M. and Kinsky, S.C. (1975) J. Immunol. 114, 958—961

Allison, A.C. and Gregoriadis, G. (1974) Nature 252, 252



