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By combining dmleoylphosphandylethanolamne (DOPE) wnh olelc acid (OA), palmitoylhomocysteine (PHC) or

gly (DPSG) we have prep: pH with different acid sensiiivities. DOPE /
OA liposomes are the most acid sensitive, while DOPE / DPSG llposomes are the least acid sensitive. Incubation of
DOPE /OA liposomes with mouse L1929 cells red: the pH itivity of these liposomes by altering the lipid
composition. Using diphtheria toxin f; A as a mark im- lasmic delivery, we find that the delivery kinetics
of pH-sensitive immunol closely it with the modlfled acid sensitivities of the liposomes. Immunolipo-
somes encounter pH 6-6.2 with a ¢, ,, of 515 min after internalization. By contrast, acidification of the endosomes to
PH 5.0 takes longer (f, ,, = 25 min). We also used a whole cell null point technique (Yami: and M (1987) 3.
Cell Biol. 105, 2713-2721) to directly the ge pH by the end i We
find that acidification determined by the null point method proceeds less rapidly than that eshmaled from DTA delivery
data. This is likely due to the fact that the measured DTA delivery is done by those liposomes which first asrive at the
endosomes with sufficient acidity. Our data suggests that DOPE / PHC immunoliposomes deliver at the early endosome

while DOPE /DPSG immunoliposomes deliver at the late endosomes. The DOPE /OA immunoliposomes, with the

altered composition and acid sensitivity, deliver with a ki

N a2 h

Thus, pH-sensitive liposomes represent useful probes for

Introduction

Endocytosis is a major route for cellul ke of

the other two immunoliposomes.

ing the kinetics of end acidification.

as transferrin recycle back to the cell surface [4], while
others are transported to later elements n the pathway

P
extracellular materials. Many types of molecules includ-

ing low density lipoprotein [1], transferrin [2], growth
factors [3] and viruses are taken up by endocytic path-
way. Receptors and their ligands first cluster in clathrin
coated pits [4]. These pits then pinch off from the
plasma membrane to form coated vesicles which, after
loss of their clathrin coat, fuse with the early endo-
somes. From the early endosomes some receptors such

Abbreviations: OA, oleic acid; PS. id; i PC, phosph
idylcholine; DOPE, dioleoylphosphat DBSG, di-
yiglycerol; PHC, palmi ysteine; NBD-PE.

N-(nitrobenz-2-0xa-1,3-diazol-4-y1)-PE; N-Rh PE N-(hssamme rho-
damine B sulfonyl)-PE; FPE, N-fl !

PE; DTA, toxin A PBS, phosph fered
saline; CE. hexadecyl cholestanyl ether.
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luding the lat¢ endosome and the lysosome [4]. Re-
cently, it has been demonstrated that early and late
endosomes are biochemically distinct organell:s which
are kinetically related yet exhibit quite differeat luminal
acidities [S]. Internalized ligands reach the =arly endo-
some with a ¢, , of 2-5 min and are acidified to
approximately pH 6-6.5 [5]. Accumulation of ligands in
the late endosomes proceeds asynchronously with a 7,
of 10-25 min and acidification to pH 5.0-5.5 [5). The
lysosome is reached with a 1,,, of approx. 35 min
exposing the ligand to pH 4-5 [5]. It should be noted
that the precise acidification kinetics is dependent on
the method of detection and, perhaps, also on the type
of cell used. Other investigators have reported similar
but not identical acidification kinetics [6-9].

The primary route of liposome uptake by cultured
cells is the endocytic pathway [10,11]. Liposomes and
immunoliposomes (liposomes bearing covalenty at-
tached antibody) are taken up through endocytosis and
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encounter the progressively more acidic pH values of
the endocytic organelles. Once the lysosome is reached,
the lip (or i liposome) along with its con-
tents, is degraded [11). Recently, we and others have
developed liposomes which can exploit the acidification
properties of the endocytic organelles and release their
contents into the cytoplasm following liposome-endo-
some fusion [12-14]. These liposomes are stable at
neutral pH and become fusion active and leaky at
weakly acidic pH values [15]. Such pH-sensitive lipo-
somes [14] and immunoliposomes have been shown to
mediate the cytoplasmic delivery of a variety of en-
capsulated solutes including fluorescent dyes [12], cyto-
toxic drugs [13], plasmid DNA [16,17] and diphtheria
toxin A fragment (DTA) [18]. The process of delivery
by pH-sensitive immunoliposomes involves antibody-
mediated binding of the immunoliposomes to antigen
expressing cells, uptake of the immunoliposomes into
the endocytic pathway and acid induced fusion of the
liposomes with the cellular endosomes.

Recently, we have characterized the physical behav-
ior of three types of pH-sensitive liposomes. The lipo-
somes share a common design in which diocleoylphos-
phatidylethanoiamine {DOPE) is combined with a pro-
tonatable amphipathic lipid. DOPE alone will not form
bilayers under physiological conditions [19], however,
stable bilayers form when DOPE is combined with

using [*H]N-hydroxysuccinimide ester of palmitic acid
as a starting material [22]. DPSG was synthesized as
described [34). ['*C]DPSG was synthesized using ['*C}-
succinic anhydride as a starting material. Diphtheria
toxin was obtained from Connaught Laboratories
(Ontario, Canada). DTA was purified as described [18].
Calcein was obtained from Sigma Chemical Co. (St.
Louis, MO).

Antibody preparation

Anti-H2K* antibody from mouse hybridoma cell line
11-4.1 was purified, labeled with '2*1 and derivatized
with the N-hydroxysuccinimide ester of palmitic acid,
as described by Huang et al. [21].

Lip and i lip prep.

Liposomes or immunoliposomes were prepared by a
reverse-phase evaporation method with modifications
{12,22]. Briefly, solvent free lipid films at a
DOPE/amphiphile ratio of 4:1 (mol/mol) were sus-
pended in phosphate-buifered saline (PBS) (pH 8.0).
For calcein-containing liposomes the lipid was sus-
pended in PBS (pH 8.0) containing 50 mM calcein. A
trace amount of hexadecyl [*H]chol yl ether
([*HICE) was included in the lipid mixture to facilitate
evaluation of the lipid. The lipid suspension was soni-
cated for 10 min in a bath type sonicator (Laboratory

deprotonated acidic lipids [15]. We have found that
different DOPE /amphiphile combinations yield lipo-
somes with different stabilities and different acid sensi-
tivities. As described above, the endocytosis of pH-sen-
sitive liposomes has been demonstrated and the endo-
cytic pathway has been shown to be composed of
organelies with different luminal acidities which are
encountered sequentially. The goal of the studies pre-

Supplies Co. Inc. Hicksville, NY). The pH was found to
decrease upon sonication and was readjusted to pH = 8.0
by addition of 0.1 M NaOH. The liposomes were then
sonicated for an additional 10 min. If DTA was to be
entrapped DTA (50 pg per 10 pmol lipid) was added.
The sonicated liposomes were then transferred to a
pear-shaped flask and diethyl ether added to a 3:1

(v/v) ratio to the aqueous phase. The mixture was

sented here was to determine if the physical properties
of various pH-sensitive liposomes are reflected in differ-
ent delivery kinetics following endocytosis. Our data
suggests that pH-sensitive liposomes may provide non-
toxic carriers of defined composition and behavior which
may be useful probes for studying the endocytic path-
way.

Experimental procedures

Materials

DOPE, dioleoylphosphatidylcholine (DOPC), bovine
brain phosphatidyiserine (PS), N-(nitrobenz-2-oxa-1,3-
diazol-4-yl)-PE (NBD-PE) and N-(lissamine rhodamine
B sulfonyl)-PE (N-Rh-PE) were purchased from Avanti
Polar Lipids (Birmingham, AL). OA was purchased
from Sigma Chemical Co. (St. Louis, MO). [*CJOA
was purchased from New England Nuclear. N-Fluo-
resceinthiocarbamoyldipalmitoyl-PE (FPE) was pur-
hased from Molecular Probes (Eug; OR). PHC was
synthesized as described [20]. [*H]PHC was prepared by

onicated 20-30 s to form a stable emulsion. The emul-
sion was then rotary evaporated at 30 ° C under vacuum
(water aspiration) using a Buchi Rotvaper-R (Buchi
Laboratoriums Technik AG, Switzerland) until a liqui-
fied gel was formed. The resulting liposomes were di-
luted with PBS to a final lipid concentration of 5 mM.
lip were prepared by adding palmitoyl
antibody, in PBS (pH 8.0) containing 0.15% deoxy-
cholate, to the liquified gel. The lipid to antibody ratio
was 10:1 (w/w). Diethyl ether at 2% (v/v) was added
to facilitate antibody incorporation {22] and this final
mixture was vortexed and dialyzed for 25 h against 12 1
PBS (pH 8.0). The liposomes and immunoliposomes
were then extruded five times through 0.1 gm nuclepore
filters.
Unencapsulated calcein or DTA were separated from
liposomes and immunoliposomes by passage over Bio-
Gel A0.5M column equilibrated with PBS (pH 7.5).

Lipid mixing assay
Liposomes prepared to contain 1 mol% N-NBD-PE
and 0.5 mol% N-Rh-PE (‘labeled vesicles’) were in-



cubated with a 3-fold excess of unlabeled vesicles.
Acid-induced lipid mixing was assayed as described by
Connor et al. [15].

Acid-induced leakage
Liposomes containing czlcein were diluted to a final
lipid concentration of 50 M in PBS (pH 7.5) and

yed for acid-ind ! release as described
[1s].

Immunoliposome delivery kinetics

1929 cells were plated into 96-well plates at 10°
cells/ml and allowed to attach overnight. The cells were
ther washed with ice-cold McCoy’s medium containing
10% calf serum and incubated at 4°C for 30 min. The
cells were then gently washed three times with ice-cold
serum-free McCoy’s di DTA-cc ini im-
munoliposomes 1n serum-free McCoy’s were added to
the cells and incubated for 35 min at 4°C on a shaker
plate. The final DTA concentration was 5 10~* mg,/ml
at a final lipid concentration of 45-50 pg/ml. This
concentration of liposomal DTA was chosen, because
previous experiments showed that the cellular protein
synthesis was inhibited maximally (70-80%) at this
concentration. After 35 min at 4°C, the cells were
gently washed five times with ice-cold serum-free Mc-
Coy’s medium. To allow endocytosis to begin, the cold
serum-fi was replaced with prewarmed
(37°C) McCoy’s medium conlammg 10% calf serum. At
various times (0-60 min) after warmup to 37°C, Mc-
Coy’s medium containing calf serum and 10 mM NH,Cl
was added to the cells to inhibit endosome acidification.
At 17 h after warmup, [*HJleucine (New England
Nuclear) in McCoy’s medium containing 10% calf serum
and 10 mM NH,CIl, was added to the cells (1 pCi/well)
and incubated a further 6 h. The cells were then
harvested onto glass fiber filters using an automated cell
harvester (Cambrige PHD, Cambridge Technologies)
and processed by scintillation counting. Immunolipo-
some-treated cells were compared to controls (un-
treated) at each time point (0% maximal toxicity). Maxi-
mal toxicity (100%) refers to the toxicity obtained in
experiments where no NH_Cl was used.

Lipid exchange

Liposomes were preparzd as described above to con-
tain [*H]JCE as a marker for total lipid. For DOPE,/OA
and DOPE/DPSG the appropriate “C-labeled the
amphiphiles were also included in the liposome mem-
branes. For DOPE/PHC, 1wo separate liposome pre-
parations had to be prepared: one containing [*HICE
(total lipid marker) and one containing [H]JPHC.

Labeled liposomes (45 p.g/ml total lipid) were added
to L929 cells which had been grow: in 6-well plates
(10° cells/ml) and incubated with agitauon at 37°C for
30 min. The cell medium was then harvested and the
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cells were dissolved in 0.2% Triton X-100. Total lipid
recovery and recovery of OA, DPSG or PHC were then
evaluated by scintillation counting.

Cell-induced leakage

Calcein-containing liposomes of the indicated com-
positions (45 pg/ml total lipid) were incubated with
L1929 cells for 30 min at 37°C. The cell medium was
harvested and the liposomes evaluated for calcein
self-quenching using the following equation:

% quenching = (1— F,/Fr)-100

where £, and F; are the ed fluor int

ties of liposomes before and after addition of deoxy-
cholate to 0.2% (v/v).

‘Null point” acidification assay

The pH of immunoliposome containing compart-
ments was measured using a null point method [23).
Immunoliposomes composed of DOPC and PS (4:1.
mol/mol) were made io contain 2 moi% FPE by the
reverse-phase-evaporation method described above.
L1929 cells were grown on glass cover slips (11 X 30 mm)
and washed with Mes-buffered saline (150 mM NadCl,
mM KCIl. 1 mM CaCl,. 10 mM glucose and 20 mM
Mes (pH 7.4)). FPE con i liposomes (S0
pg/ml total lipid) was added to the cells and incubated
at 37°C. A1 various times of incubation the cells were
washed five times with ice cold Mes-buffered saline (pH
7.4) and placed on ice. The cover slips were then placed
in a teflon cover slip adapter which allows fluorescence
measurements to be made on cells attached to the cover
slip. This adapter holds the cover slip at a 60° angle
with respect to the fluorescence cuvette face. The cover
slip was placed in 2.5 ml of Mes-buffered saline (pH
7.4) and initial fluorescence measurement made at 490
nm excitation and 516 nm emission. After the initial
fluo ts were made, the media was
replaced with Mes-buffered salme, pread_]usted to pH
6.8, 6.5, or 6.0. Fluor
were made after this change in extracellular pH (F,). A
mixture of ammonium and methylamine (70
mM each final concentration) was added to equilibrate
the intracellular pH wnh that of the external medium
[23]. Fluor y were made 2
min after addition of ammonium acetate/ r-=thylamine
(F,). Al fluo were made at
25°C. The p hange in fluor i ity
was calculated as described [23] as:

Fin” For
Af == 100%

e

and plotted vs. extracellular pH.
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Results

Acid sensitivity of the liposomes

Fig. 1 shows a comparison of the acid sensitivity of
pH-sensitive liposomes of three different compositions.
We have used the lipid mixing assay described by
Connor and Huang [15] to assay for acid-induced desta-
bilization of pH-sensitive liposomes. The destabilization
of pH-sensitive liposomes involves fusion and collapse
into nonbilayer structures such as hexagonal phase [19].
As shown in Fig. 1, DOPE/oleic acid (DOPE/OA)
liposomes exhibit 50% maximal lipid mixing (pHs,) at
approximately pH 6.9. DOPE/palmitoylhomocysteine
{DOPE/PHC) liposomes exhibit a pHs, at approxi-
mately pH 6.25, while liposomes composed of
DOPE /dipalmitoylsuccinylglycerol (DOPE/DPSG) ex-~
hibit a pH,, of approximately pH 5.0 (Fig. 1). Thus, the
three liposome compositions gave well-defined but dif-
ferent acid sensitivity. Since all the pH-sensitive lipo-
some compositions contain the same amount of DOPE,
the different acid sensitivities reflect structural dif-
ferences in the amphiphilic lipid combined with DOPE.
In particular, the intrinsic pK, values of the acidic
lipids are probably different.

Delivery kinetics of the liposomes

Based on the results of our acid-induced destabili-
zation studies and what is known about the kinetics of
endocytosis, one would predict DOPE/OA liposomes
should deliver earlier in the endocytic pathway than
DOPE/PHC liposomes which should in turn, deliver
earlier than liposomes composed of DOPE/DPSG. In
order to test this hypothesis, we prepared immunolipo-
somes composed of DOPE/OA, DOPE/PHC and
DOPE/DPSG. All preparations contained DTA which
we have previously shown to be effectively delivered by
pH-sensitive liposomes in a process involving immuno-
liposome endocytosis and immunoliposome-endosome
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Fig. 1. Acid-induczd destabiiization of liposomes. Lipid mixing at

different pil values was assayed as described in Methods for:

DOPE/OA (4:1, mol/mol) liposomes (W), DOPE/PHC (4:1,

mol/mol) liposomes (a) and DOPE:DPSG (4:1, mol/mol) lipo-
somes (®).

% Maximal Toxicity

0| 5 +
3] 20 40 60
Time {min.)
Fig. 2. Kinetics of DTA delivery by pH-sensitive immunoliposomes.
% maximal toxicity was assayed as described in Methods and plotted
vs. time of incubation at 37°C prior 10 NH,Cl addition. a,
DOPE/PHC immunoliposomes; B, DOPE/OA immunoliposomes,
and @, DOPE/DSPG immunoliposoraes.

fusion [i8}. In order to evaluate the kinetics of delivery
we first incubated cells at 4°C to inhibit endocytosis.
The different immunoliposome preparations were then
added to the cells and allowed to bind at 4°C. We have
previously shown that immunoliposomes are bound but
not endocytosed at 4°C {7, 8] The cells were then
washed to remove bound and
warmed to 37°C to allow endocytosis and endosome/
iysosome acidification to proceed. Acidification was
stopped after various times at 37°C by addition of
NH,C1 which we have previously shown to be effective
in blocking immunocliposome-endosome fusion [18].
Using this assay we can determine the r,,, (time re-
quired for 50% maximum toxicity) of delivery by the
different immunoliposome compositions.

In support of the hypothesis described above, de-
livery of DTA by DOPE/DPSG immunoliposomes
could be completely blocked by NH,Cl at time points
up to 20 min after warmup to 37°C (Fig. 2). At time
points longer than 20 min, DTA delivery was not
blocked. This indicates that delivery via DOPE/ DPSG
immunoliposomes occurs in an acidified endocytic
organelle which is reached with a ¢, , of approx. 25
min. DOPE/PHC immunoliposome delivery kinetics
also supported our hypothesis. As seen in Fig. 2,
DOPE/PHC liposomes were not blockable by NH,Cl
al time points greater than 2 min. The ¢, ,, for delivery
by DOPE/PHC immunoliposomes was approximately
5 min (Fig. 2). The delivery kmehcs of DOPE/OA

li ly from our hy-

liposomes deviated signifi
pothesis. DOPE/OA immunoliposomes exhibit a ¢, ,,
for delivery of approximately 15 min (Fig. 2) which is
intermediate between DOPE/PHC and DOPE/DPSG.
According to the pH, of the DOPE/OA liposome, one
would expect that the ¢, . for delivery would be less
than 5 min.




Cell-ind )

ions of

In order to determine why DOPE/OA immunolipo-
some delivery kinetics deviated from our original hy-
pothesis, we investigated the possibility that L929 cells
were altering the composition and thus the behavior of
the immunoliposomes. Earlier work in our laboratory
has shown that incubation in serum-free McCoy’s
medium does noi alter the composition or stability
DOPE/OA immunoliposomes (data not shown). How-
ever, it is known that long-chain fatty acids, such as
OA, can desorb very readily from liposomes membranes
and transfer rapidly between lipid membranes [24].
Liposome-cell transfer of OA has also been demon-
strated [25}. To investigate whether OA may be under-
going immunoliposome-to-cell transfer, we examined
the transfer of ['*CJOA from liposomes in the presence
of L1929 cells. In order to reduce the contribution of
endocytosis to ['*CJOA (and total lipid) uptake, we
used liposomes rather than immunoliposomes since the
former are not readily endocytosed [11]. As shown in
Fig. 3, approx. 99% of total lipid was recoverable after
30 min incubation with 1929 cells. By conirast, only
71% of total OA was recovered from the cell media.
While only 1% of total lipid became cell associated, 29%
of total OA was associated with the cells (Fig. 3). PHC
transfers less readily from liposomes to cells (Fig. 3).
After 30 min incubation with cells, 96% of total PHC
could be recovered in the cell media with approx. 4%
being cell associated (Fig. 3). Of the three types of
liposomes, those prepared with DPSG exhibited the
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Fig. 4. Cell induced leakage from piE. ive i i
tive liposomes containing calcein were incubated with L929 cells and
calcein release assayed as described in Methods. DOPE/QA lipo-
somes in (A) absence and (B) presence of L929 cells, DOPE/DPSG
liposomes in (C) absence or (D) presence of L929 cells and
DOPE/PHC tiposomes in (E) absence or (F) presence of L929 cells.

We also investigated tiie possibility that L929 cells
may destabilize pH-sensitive liposemes. For these stud-
ies we encapsulated calcein, a self-quenching fluorescent
dye, in liposomes of various compositions. We then
assayed for calcein release from liposomes incubated at
37°C in the absence or presence of L929 cells. When
calcein is encapsulated in liposomes, its fluorescence is
high quenched due to collisional energy transfer. How-
ever, when the caicein leaks out of the liposomes, fluo-

least lipc 11 fer of iphilic lipid. After
30 min at 37°C in ihe presence of cells, 99% of total
DPSG was recoverable from the cell medium (Fig. 3).
Slightly less than 1% of total DPSG became cell-associ-
ated under these conditions (Fig. 3).

A B CDETF GH
F‘lg 3. Lipid recovery afler cell i ion for pH: itive L
of the i i were i d with L929
cel!s for 30 min at 37°C. Then lipid recovery in celt medium (A-D)
and cell associated lipid (E-H) was assayed using radioactive lipids as
described in Methods. A, E: total lipid recovery; B, F: OA recovery:
C, G: PHC recovery; D, H: DPSG recovery.

increases and quenchmg decreases. When
DOPE/OA lip icein were in-
cubated at 37°C in the absence of L929 cells, the
calcein was 76% quenched (Fig. 4). Incubation of
DOPE/OA liposomes with L929 cells for 30 min at
37°C reduced the calcein quenching to 41% (Fig. 4).
Even after 5 min incubation with cells, DOPE/OA
liposomes exhibited 45% quenching (data not shown).
This indi that cell-induced leakage from
DOPE/OA liposomes occurs rather rapidly.
DPOPE /PHC liposomes exl‘ublled less leakage after cell
incubation. For this compositi 5% hing of
calcein was obtained when liposomes were mcubated in
the absence of cells (Fig. 4). lncubauon of DOPE/ FHC
liposomes with 1929 celis reduced the calcei

ing to 67% (Fig. 4) indicating that some leakage had
taken place. DOPE/PHC liposomes are clearly less
leaky than their DOPE/OA counterparts upon cell
incubation. DOPE/DPSG liposomes were then least
leaky composition we tested. After incubation at 37°C
in the absence of cells, calcein in DOPE/DPSG lipo-
somes was 74% quenched (Fig. 4). After 30 min at 37°C
in the presence of cells, the fluorescence quenching was
only reduced to 72.3% (Fig. 4).

To further investig; the lip —cell i

we examined the acid sensitivity of pH-sensitive lipo-
somes which had been incubated with 1929 cells.
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on acid itivity of lip

TABLE |

Acidification of endocytic comparinients determined by null point method
or DTA delivery in L929 cells

Incubation oH pH

time (min) (nul! point) ? (DTA delivery)
0 147 74°
5 >6.8 6.2°¢

10 6.7+0.1 -

15 6.240.1 60°

20 60101 -

25 - 50°

30 <568 -

60 <60 -

Liposomes which had besn incubated 30 min at 37° C in the absence

(closed symbols) or presence (open symbols) of L929 cells were

harvested and assayed for acid-induced leakage as described in Meth-

ods. @, O: DOPE/OA liposomes: a, a: DOPE/PHC liposomes; and
®, o: DOPE/DPSG liposomes.

Calcein-containing pH-sensitive liposomes composed of
either DOPE /OA, DOPE/PHC or DOPE/DPSG were
incubated 30 min in the presence or absence of cells.
The liposomes were recovered and assayed for acid-in-
duced leakage of calcein. Free calcein was not separated
from the liposomes and did not affect our pH-sensitiv-
ity measurements. As shown in Fig. 5, the acid sensitiv-
ity of DOPE/DPSG and DOPE/PHC liposomes was
unaffected by cell incubation. DOPE/OA liposomes
which had not been incubated with cells exhibited a
pH, for release of approx. pH 6.9 (Fig. 5). By contrast
DOPE/OA liposomes incubated in the presence of cells
had a pHy, for release of approx. pH 6.0 (Fig. 5). This
effect may be due to transfer of lipid from the cell to
the lipecsome [26] in addition to the liposome-to-cell
transfer of OA.

2004

150 = é
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D I =" e
T /.
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—~100
5.75 6.00 6.25 6.50 6.75 7.00
pH
Fig. 6. Time course of 1929 cell end by

null point method. L929 cells were incubated at 37° C in the presence
of DOPC/PS/FPE liposomes for: § min (0), 10 min (®). 15 min {a),
20 mm (A), 30 min (B), or 60 min (Q). A[ is calculated as described in

and hods. Each point rep the mean+8.D. for

three experiments.

* Calculated from Fig. 6 using the pH at which 47 =0 [31].

® Extracellular pH.

© Calculated from the pHy, (Fig. 1 and Fig. 5) and 1,,, for DTA
delivery (Fig. 2).

Acidification kinetics by null point method

‘The whole cell null point method for pH measure-
ment was originally developed by Yamishiro and Max-
field (23] as a way to accurately measure the pH of
intracellular compartments after short periods of endo-
cytosis. The method relies on the pH-dependent fluores-
cence of fluorescein which increases with increasing pH.
pH determination is based on whether the endosome
pH is above or below the extracellular ‘test’ pH [23].
Because the method depends exclusively on the change
in fluorescein fluorescence after addition of ammonium

and methylami this technique comp
for cell surface (non-i lized) fluor The time
course for acidification of i liposome-cc i

1929 cell endosomes is shown in Flg 6. The change in
fl in fluo is p d vs. the ex |
pH. From this graph, the average pH encountered by
the endocytosed i olip can be calculated as
the pH where A/ =0 (Table 1). According to our de-
livery data (Fig. 2 and Table I), immunoliposomes reach
approximately pH 6.2 with a ¢, , of 5 min. By contrast,
pH measurement by the null point method shows that
at 5 minutes the endosomal pH is still > 6.8 (Fig. 6;
Table I). Using the null point method, we find that
acidification to pH 6.2. requires 15 min (Fig. 6, Table I).
DTA delivery kinetics data suggests that immunolipo-
somes reach pH =6.0 with a #,,, of 15 min. Null
point pH measurements show that 20 min are required
1o reach pH 6.0 (Fig. 1). In all cases, the acidification
kinetics are more rapid when estimated from DTA
delivery data than when measured by the whole cell null
point method.

Discussion

Previously we have shown that pH-sensitive lipo-
somes are effective delivery vehicles for introducing



molecules of interest into cultused cells [12,13,16-18].
These immunoliposomes have been shown to deliver
their contents via acid-induced fusion with the endo-
some membrane [16-18]. In the present study we have
prepared three types of pH-: itive 1 oliposome:
with differing acid sensitivities and examined their in-
teractions with cultured cells. We find that the im-
munoliposome compositions which fuse at less acidic
pH values release at early time points after endocytosis,
while liposomes which fuse under more acidic condi-
tions deliver at iater iime points. We suggest that the
intracellular sites of delivery may differ for the different
pH e §

In the present study, we used DTA as a marker for
cytoplasmic delivery. DTA is a potent protein synthesis
inhibitor, however in its free form DTA cannot cross
cell membranes and is non-toxic [18]. We have previ-
ously shown that pH-sensitive immunoliposomes can
effectively deliver DTA via a liposome-endosome fusion
event following the endocytosis of the immunoliposome
[18]). As shown above, DOPE/PHC liposomes have a
pH,, for fusion of pH 6.25 (Fig. 1). DOPE/PHC
immunoliposomes deliver DTA with a ¢, ,, of 5 min
(Fig. 2). By comparison, DOPE/DPSG liposomes ex-
hibit a pH, for fusion of pH 5.3 (Fig. 1). Immunolipo-
somes of this composition require approx. 25 min to
deliver DTA sufficient to produce 50% maximal toxicity
(Fig. 2).

DOPE/OA liposomes exhibited a pH,, of pH 6.9 in
the absence of cells (Fig. 1) but in the presence of cells
the pH,, was altered to pH 6.0 (Fig. 5). The alteration
in pHj, is due to an alteration in the lipid composition
of the immunoliposome (Fig. 3). Rapid loss of lipo-
somal OA occurs due to fatty acid transfer from lipo-
some-to-cell. Partial leakage of liposome contents also
occurs (Fig. 4), probably duc to loss of stabilizing fatty
acid. The alteration of pH; to lower pH values may be
due to cell-to-liposome lipid transfer of cither cholesterol
or phospholipid, or both [26]. In support of this conclu-~
sion, addition of cholesterol or phosphatidylcholine re-
duces the acid sensitivity of pH-sensitive liposomes
[15,27]. The delivery kinetics of DOPE/OA immuno-~
liposomes reflects the altered pHj, value. As shown in
Fig. 5, the pH;; value of DOPE/OA liposomes after
cell incubation is inter between the pH, values
for DOPE/DPSG (pH 5.3) and DOPE/PHC (pH,,
6.25). The delivery kinetics for DOPE/OA immuno-
liposomes is also intermediate between DOFE/PHC (5
min and DOPE/DPSG (= 25 min) immunoliposomes.

The data presented here suggest the following work-
ing model. Immunoliposomes of all three compositicns
first bind to the cell surface. At the cell surface. ex-
change of OA (liposome-to-cell) and reciprocal ex-
change of cell lipid (cell-to-liposome) takes place, alter-
ing the composition of DOPE/OA immunoliposomes.
DOPE/OA immunoliposomes also become leaky at the
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cell surface and may release at least part of their
contents extracellularly. DOPE/PHC and
DOPE/DPSG immunoliposomes underge less alter-
ation of their compositions and do not leak signifi-
cantly. Upon endocytosis. the immunoliposomes are
taken into the cells and within 5 min encounter a
compartment with a luminal pH of approx. 6.2. At this
compartment, DOPE /PHC immunoliposomes fuse and
release DTA into the cytoplasm. After approximately
15 min of internalization, the immunoliposomes en-
counter 2 pH of approx. 6.0, ailowing DOPE/OA im-
muncliposomes to deliver DTA. As endocytosis pro-
ceeds. the pH encountered by the immunoliposomes
progressively decreases. At approx. 25 min after inter-
nalization, the immunoliposomes encounter a pH of
approx. 5.0. This pH induces DOPE/DPSG immuno-
liposome fusion and delivery of DTA to the cell cyto-
plasm.

Our data suggest that DOPE/PHC immunolipo-
somes deliver at the early endosome. By contrast, our
data with DOPE/DPSG immunoliposomes is con-
sistent with delivery at the late endosome. DTA delivery
by DOPE /OA immunoliposomes is complicated by the

1l-induced ch in i liposome composition
and physicai behavior. However, the 1, , of delivery by
DOPE/OA immunoliposomes is intermediate between
the ¢,,, values obtained for DOPE/DPSG and
DOPE/PHC immunoliposomes. This may reflect de-
livery at a compartment of intermediate acidity between
the early and late endosomes and may support a
“‘maturation model’ of endocytosis [28]. However, this
interpretation must be made with caution since there
may be h genous popul of DOPE/OA tm-
munoliposomes which have different acid sensitivities.
In this scenario, the cell-induced alteration of
DOPE/OA immunoliposomes leads to the production
of some *high pH,,’ and some ‘low pH;,” population of
DOPE/OA immunoliposomes. The high pHy, popu-
lation couid deliver at the early endosome while the low
pH,, population couid deliver at the late endosome.
Neither our pH;, measuremenis {Figs. 1 and 5) nor our
delivery work (Fig. 2) can rule out this possibility since
both sets of data reflect averages over the total liposome
population. Another possibility is that the t, , of de-
livery by DOPE/OA immunoliposomes reflects the
maximum time spent in the early endosome (time re-
quired to reach pH=46.0) or the minimum time re-
quired to reach the late endosome. We are currently
investigating these possibilities.

Our results also shed light on the endosome acidifica-
tion kinetics of 1929 ceils. To our knowledge, this has
not been previously studied. Using Semliki Forest Virus
(SFV) and SFV mutants with altered fusion pH
thresholds, Kielian et al. [8,9] probed the endosome
acidification kinetics of BHK-21 cells. In their study,
wild type (wt) SFV (fusion threshold of pH 6.2) and fus
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1 mutant SFV (fusion threshold of pH 5.3) were used to
monitor endosome acidification. They found that the wt
threshold pH was reached with a ¢, ,, of 15 min, while
reaching the fus 1 threshold pH required longer times
(#,, =45 min) after endocytosis. In our system, the
pH,, of DOPE/PHC is very close to that of wt SFV
while the pH,, of DOPE/DPSG is similar to that of fus
1 (Fig. 1 and Kielian <t al. [8,9]). We find that L929 cell
endosomes reach pH 6.2 with a ¢, ,, of 5 min, pH 6.0
with a 1, , of 15 min and reach pH 5.0 with a 1, ,, of 25
min. Therefore, it appears that endosome acidification
in L929 cells proceeds more rapidly than in BHK-21
cells [8,9]. This interpretation must be made with cau-
tion. Since we do not know the exact amount of DTA
delivered to the cells, the cytotoxicity we observe re-
flects fusion by only a small population of liposomes
which have rapidly arrived at a compartment with suffi-
cient acid..y. This leads to an underestimate of the
average time required for endosome acidification in
1.929 cells (Table ).

This conclusion is supported by our data obtained
using the null point method for determining endocytic
pH (Fig. 6; Table I). In all cases, the acidification
estimated from DTA delivery occurs more rapidly than
the acidification kinetics determined using the null point
method. The null point method measures the average
pH encountered by the entire internalized immunolipo-
some population [23]. By contrast, DTA delivery may

be useful for selecting mutants of late endosome acidifi-
cation. Studies using such mutants would allow further
elucidation of the normal roles of carly and late endo-
somes. pH: itive i li have several ad-
vantages over other thod of lecti In
particular, liposomes of well-defined composition and
physncal behavior can be prepared and large amounts of

logically active sol can be lated in a
non-toxic carrier. Immunoliposome uptake is also highly
specific and the delivery process very efficient [12]. We
except that these pH-sensitive liposomes will be quite
useful tools for studying endocytosis and are currently
investigating these possibilities.

Specifically, these immunoliposomes may be ideal
tools to help elucidate the role of endocytosis in antigen
PIC ing and p ion. R ly it has been sug-
gested that anhgemc peptides may bind to the class 11
major histocompatability antigen at an endosomal site
before being presented on the cell surface [33]. The
actual endosome population involved is not known.
One possible strategy to clucidate the site of class II
antigen binding is to use pH-sensitive immunolipo-
somes of defined pHs, to deliver antigenic peptide.
Delivery of peptide by DOPE/PHC im:munoliposomes
(early delivery) and DOPE/DPSG immunoliposomes
(late delivery) may be one way to determine the endo-
somal compartments involved in antigen presentation.

Ack e "

only allow observation of the first i liposomes to
reach a certain pH value or endocytic compartment.
Despne the discrepancies, both sets of data show that
ively more acidic
pH values after internalization. Comparison of the data
also suggests that uptake and delivery by pH-sensitive
immuncliposomes may ke markedly asynchronous.

Many toxins and viruses require endocytosis and
acidification in order to penetrate into the cell cyto-
plasm [8,9,29). By taking advantage of this fact, a num-
ber of mutant cell lines with various defects in endo-
cytosis have been isolated {30,31). In addition, drugs,
such as chloroquine, have been used to select for endo-
some acidification mutants [32]. Certain ligands, such as
transferrin or LDL may also be useful for isolating
mutants of the early [S] or late [4] endosomes, respec-
tively. However, the use of either transferrin or LDL to
select for mutants would require that cytotoxic drugs or
macromolecules be coupled to the ligand. This may
modify their routing and /or uptake.

The liposomes described here may also be usel'ul for
isolating mutant cells with altered endosome fi

ymes PIC
P
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