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ABSTRACT

Small unilatnellar liposomes containing methotrexate or methotrexate-
>-aspar inii-were conjugated to StapHylococcus aureus protein A and were
thus able to bind cell-specific immunoglobulins for targeting to malignant
human B- and T-cell lines. We were able to demonstrate enhanced protein
A liposome uptake and growth inhibition by targeting with an anti-major
histocompatibility complex class II antibody recognizing two different B-
cell lines. The enhanced growth inhibition was specific for the targeting
antibody and amounted to a 2- to 3-fold lowering of the concentration of
drug required to inhibit cell growth by 50% as compared to nontargeted
liposomes or liposomes targeted with an antibody not recognizing a cell
surface antigen. A strong association between enhanced growth inhibition
and liposome internalization as assessed by fluorescent-activated cell
sorter analysis of carboxyfluorescein containing protein A liposomes was
seen. By contrast, specific enhancement of growth inhibition was not seen
with several anti-idiotype antibodies or antibodies to T-cell differentiation

antigens. Liposome internalization did not occur with these antibodies.
Failure of growth inhibition and PA liposome internalization could not
be explained by differences in cell binding of the antibody PA liposomes
or the degree of protein A binding of the targeting antibody. Although
the ability of the targeting antibody to bind to the cell and to protein A
are important, these factors alone are not sufficient to guarantee inter-
nalization and growth inhibition. Variations in rates of internalization of
various cell surface antigen-antibody complexes may account for different
protein A liposome mediated cytotoxicities.

INTRODUCTION

Liposomes, containing chemotherapeutic agents, provide the
possibility of selective specific drug delivery and cytotoxicity
(1). Methods of conjugating proteins (2-4) have enabled the
attachment of immunoglobulins or protein A to liposomes for
specific targeting. Protein A has the property of binding pref
erentially certain isotypes of immunoglobulins (IgG2a and
IgG2b) and immunoglobulins of certain species (rabbit and
murine versus goat which binds less well) (5). The conjugation
of cell-specific antibodies to liposomes containing chemother
apeutic agents has been shown to increase cytotoxicity selec
tively in several murine tumor cell lines (6, 7). However, there
are only a few reports in the literature examining the application
of liposome technology to human cell lines (8). Specific en
hanced tumor cytotoxicity could be of clinical relevance, espe
cially in the area of tumor purging of bone marrows for autolo-
gous transplantation. In this report, we evaluate the efficacy of
monoclonal antibody-targeted PA liposomes5 containing meth

otrexate and methotrexate-7-aspartate in human neoplastic

lymphoid cell lines.
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MATERIALS AND METHODS

Liposomes. A 10:5:1 molar mixture of phosphatidylcholine, choles
terol, and .Y-4-(/7-maleimidophrnyl (Imtyryl phosphatidylethanolamine
was suspended in a solution of 50 HIM methotrexate-'v-aspartate as

previously described (9). The suspension was sonicated for l h in a bath
sonicator (Laboratory Supplies, Hicksville, NY). Any remaining large
multilamelar liposomes were removed by centrifugation in an Eppen-

dorf 3200 centrifuge for 30 min, and unencapsulated drug was removed
by gel filtration on Sephadex G-75. The vesicles were then conjugated
for 18 h at 25*C with thiolated Staphylococcus aureus protein A in
isotonic 50 mM 2(Ar-morpholino)ethanesulfonic acid-50 HIM ,\'-2-hy-
droxyethylpiperazine-Ar'-2-ethanesulfonicacid-2 mM EDTA buffer, pH

6.7. The protein and lipid concentrations during conjugation were 0.25
g/liter and 2.6 mM, respectively. The conjugated vesicles were separated
from unbound protein by flotation on a metrizamide gradient as de
scribed (8). Liposomes were sterilized by passing them through a 0.2-
Â¿1111polycarbonate filter, and analyzed for lipid, protein, and drug
content as previously described (10). Methotrexate PA liposomes were
made in a similar fashion but with a 5:5:1 ratio of the three lipids
suspended in a methotrexate concentration of 25 mM.

Carboxyfluorescein PA liposomes were prepared as above but with
the lipids suspended in a solution of 100 mM carboxyfluoroscein instead
of methotrexate-'y-aspartate.

Cell Lines. Cells used included the human T-cell leukemia line CEM/
VLB (obtained from Dr. W. T. Beck, Memphis, TN), the human B-cell

lymphoma lines TAB (obtained from Dr. S. Smith, Stanford, CA) (11),
OCI LY8 (obtained from Dr. H. Messner, Toronto, Ontario, Canada)
(12), and the murine lymphoma line AKR/J SL2 (obtained from Dr. I.
Bernstein, Seattle, WA).

Antibodies. Antibodies for targeting experiments included the ami
CDS antibody Leu-1 (IgG2a), anti-CD? antibodies 4H9 (IgG2a) and
S91 (IgG2a) (obtained from Dr. E. Engelman, Stanford), the anti-Mi K '

class II antibody L243 (IgG2a), and anti-B2 microglobulin antibody
L368 (IgGl). The Thy-1.1 hybridoma was provided by Drs. Nowinsky
and Bernstein (Fred Hutchinson Cancer Center, Seattle). The anti-
idiotype antibodies, anti-TAB (IgGl) and anti-OCI LY8 (IgG2a), were
produced by fusion of the spleen cells of BALB/c mice with P3X6 8653
myeloma cells. The mice were immunized with the secreted idiotype of
the hybridoma between the TAB or OCI LY8 tumor cells and K6HB5
myeloma cells (13). All antibodies were purified by double ammonium
sulfate precipitations and were judged to be greater than 80% pure on
sodium dodecyl sulfate polyacrylamide gel electrophoresis. The control
nonbinding antibody used in the growth inhibition assays was the OCI
LY8 anti-idiotype antibody for experiments using the cell lines CEM/
VLB, TAB, and AKR/J SL2, and the TAB anti-idiotype antibody for

experiments using OCI LY8.
Growth Inhibition. The targeting or control antibody was added at

0.1 Â¿ig/10scells and after 20 min at 4 ( ', excess antibody was removed
by washing with cold RPMI 1640 twice. Aliquota of 1 x 10* cells in 1
ml were added in duplicate to a 24-well plate. Increasing molar concen
trations of PA liposomes or free drug in 10 Â¿ilwere added to the
appropriate wells. The drug or PA liposomes were incubated with the
cells continuously for the entire assay period. The cells were incubated
for 72 h at 37'C, 5% CO2, and then counted on a Coulter Counter. All

assays were performed in RPMI 1640 (Gibco) supplemented with 15%
heat-inactivated fetal calf serum (Flow Laboratories). Results were
expressed either as percentage of control cell number or as the ICM1.

Liposome Binding. Cells (1 x 10e) were incubated 20 min at 4"C with
the specific antibody (100 Â¿ilat 10 Â¿tg/mlper 10" cells). Excess antibody
was removed by washing twice with Dulbecco's PBS with 1% bovine
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LIPOSOME TARGETING

serum albumin. The cells were resuspended in 1 ml PBS and PA
liposomes were added and incubated at 4"( ' for 20 min. Excess PA

liposomes were removed by washing twice and then 100 n\ of the
nonspecific fluorescein-conjugated antibody were added as a counter-
stain, then washed after 20 min at 4Â°C.Cells were resuspended in 1 ml
PBS at 4' ( and analyzed on the Becton Dickinson FACS 440.

Liposome Internalization. PA liposomes containing carboxyfluores-
cein were used to demonstrate liposome internali/ut ion. Cells (1 x IO'1/

tube) were pretreated with appropriate antibodies and washed. The
carboxyfluorescein PA liposomes were added at lipid concentrations
equal to the predetermined ICso and incubated at 4'C or 37'C for

specified times, washed with cold medium, and then analyzed on the
FACS.

Antibody Binding. The degree of antibody binding to the various cell
lines was assessed by indirect immunofluorescence by using an affinity
purified goat anti-mouse fluorescein-conjugated monoclonal antibody.
Samples were analyzed on the FACS 440.

Protein A Binding. The degree of protein A binding was assessed by
an ELISA in which 96-well microtiter plates (Immulon, Dynatech)
were coated with protein A at a concentration of 5 ng/m\ for 18 h. The
plates were blocked with PBS containing 5% Carnation evaporated
milk and then washed. Serial dilutions of the respective antibodies (pH
7.6) were added (1 Â¿ig/ml)and washed after a 1-h incubation. Goat
anti-mouse immunoglobulin horseradish peroxidase was then added
for 1 hour and washed. 2,2'-Azidobis(3-ethylbenzthiazolinesulfonic

acid)-citric acid-H2O2 substrate solution was added, and color was
quantitated on a Dynatech micro-ELISA reader at a wavelength of 405
nm with a reference wavelength of 630 nm.

RESULTS

Growth Inhibition. We assessed the ability of various cell-
specific monoclonal antibodies linked to PA liposomes contain
ing a drug to inhibit the growth of several malignant cell lines.
Two different compounds were assessed. Initially, methotrex-
ate-7-aspartate was chosen for encapsulation. This pteridine
antifolate is not as efficiently transported into cells as metho-
trexate, while it is an equally good inhibitor of dihydrofolate
reducÃase(14). The effect from possible uptake of leaked drug
is therefore insignificant (9, 15). Subsequently, methotrexate
was tested as well.

Growth inhibition of B- and T-cell lines by PA liposomes
with encapsulated methotrexate-7-aspartate bound to a variety
of antibodies is shown in Table 1. The IC50 for free nonencap-
sulated methotrexate-7-aspartate was similar in the different
human lines (8 x 10~7 to 1 x 10~* M), while the murine line
was slightly more sensitive (IC5o of 5 x 10~7). The drug encap

sulated in nontargeted PA liposomes was more effective in
growth inhibition than free drug on all cell lines, with the
greatest reduction of IC50 (7.5-fold) seen in the murine line.

With the targeted PA liposomes, in the murine example as
shown previously (9), there was a marked further reduction in
the IC50of 12.5-fold compared to nonspecific antibody-targeted
PA liposomes. In the human lines, only a modest targeting
effect was seen using the anti-MHC class II monoclonal anti
body, L243 in one B cell lymphoma line with an approximate
2-fold reduction in the IC5ocompared to PA liposomes targeted

with a nonspecific antibody. This reduction in IC50 was seen
reproducibly in three separate experiments. No reduction in
ICso was seen when targeting was performed with an anti-
idiotype antibody against this H cell line or with antibodies
against CDS or CD7 in the T-cell line.

Because of the minimal growth inhibition seen in the human
cell lines with most of the monoclonal antibodies tested, meth
otrexate, a chemotherapeutic agent more potent in free form
than the -/-substituted derivative, was encapsulated into the PA

Table 1 Growth inhibition of leukemia cell lines by protein A liposomes
Cells (1 x IO3) were washed, reacted with designated antibodies (100 Â¡Aof 1

pg/ml), washed again, and exposed to varying molar concentrations of liposomes
or free drug. After 72 h at 37"C, the cell numbers were counted on a Coulter

Counter. Exposures to drug and PA liposomes were continual. No enhanced
targeting effect was seen at shorter drug or liposome exposure times (data not
shown).

CelllineMethotrexate-7-aspartateCEM/VLB(human

T)TAB(human

B)AKR/J

SL2(murine
T)MethotrexateCEM/VLB(human

T)TAB(human

B)OCILY8(human

B)AntibodyControl*Anti-CD?

(4H9)Anti-CD?
(S91)Anti-CD5
(Leu-1)ControlAnti-idiotypeAnti-MHC

classII(t243)ControlThy-

1.1ControlAnti-CDS(Leu-l)\niiH2

micro-globulinControlAnti-idiotypeAnti-MHC

classII(L243)ControlAnti-idiotypeAnti-MHC

classII(L243)1CÂ»

(M)"Free

PA
drugliposome8

x IO'72.5
xIO'72.5
xIO'72.5
xIO-72.0
xIO"71

x IO-68
xIO'79
xIO"75
xIO'75

x IO-77.5
x10-'5x

10-*8x

IO-95
xIO'75
xIO"74
xIO'72

x 10-'6
xIO-76
xIO'73
xIO-74

x 10-'9
xIO"79
xIO"73
x IO"7

" Mean standard deviation between duplicates in all experiments was less than

5%.
* Murine class matched nonbinding antibody.

liposomes. Table 1 also shows the 1C-,,,for human cell lines
when methotrexate instead of methotrexate-7-aspartate was
incorporated in the PA liposomes. The cell lines were clearly
more sensitive to free methotrexate than to methotrexate-y-
aspartate. A targeting effect was again seen with the anti-MHC
class II antibody. In this case there was a 3-fold reduction in
IC50 for OCI LY8 and a 2-fold reduction for TAB. There was
an increase in ICso for encapsulated methotrexate as compared
to free methotrexate which was not seen for encapsulated
methotrexate-7-aspartate as compared to free methotrexate-7-
aspartate. In contrast to methotrexate-7-aspartate, free meth
otrexate is more effective than drug encapsulated into liposomes
because of its higher rate of influx. However, the IC50 of
encapsulated methotrexate is similar to that of encapsulated
methotrexate-7-aspartate, since cell entry of encapsulated drug
depends on the uptake of the liposomes. The antibodies used
for targeting did not alter the cytotoxicity induced by either
free methotrexate or free methotrexate-7-aspartate (data not
shown).

Thus, specific growth inhibition in the human cell lines by
PA liposomes containing methotrexate or methotrexate-7-as-
partate was seen only when an anti-MHC class II antibody was
used for targeting the liposomes. Fig. 1 shows the PA liposome
dose-response effect when the anti-MHC class II antibody was
used for targeting. An antibody dose-response effect was also
seen with this targeting antibody (data not shown). Note that
the ICso for free methotrexate was lower than the IC50for anti-
MHC class II antibody-targeted PA liposomes containing
methotrexate. In this case enhancement of targeting refers to a
reduction in IC50 for specifically targeted as compared to non-
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LIPOSOME TARGETING
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Fig. 1. Specific enhanced growth inhibition effect by class II antibody-targeted

PA liposomes. Growth inhibition was assessed for the OCI LY8 cell line (see
"Materials and Methods") and expressed as percentage of control cell growth.
Specific enhanced growth inhibition was seen with both methotrexate and meth-
otrexate-f-aspartate containing PA liposomes (although results shown are with
methotrexate encapsulated PA liposomes). Shown is a representative experiment
with free methotrexate (Â»),nonspecific amibody-PA liposomes (O), anti-OCI LY
8 idiotype-PA liposomes (â€¢).anti-MHC class 11 l'A liposomes (O), anti-idiotype
and anti-MHC class 11 l'A liposomes (A).

specifically targeted drug containing PA liposomes. For the
other antibodies used on the human cell lines, the curves in Fig.
2 were representative of the absence of targeting effect seen
over a 1000-fold increment in the concentration of the targeting
antibody. Because of this result, several variables were examined
to explain why only the anti-MHC class II antibody was effec
tive in producing enhanced growth inhibition.

Comparison of Antibody Binding. A comparison of the fluo
rescent intensity of monoclonal antibody binding to the various
cell lines was made in order to correlate antibody-directed PA
liposome-mediated growth inhibition and antibody-cell binding.
Table 2 shows the mean fluorescent intensity (using the same
fluorescein-labeled second step antibody) for the various anti
bodies used for targeting on the different cell lines. The anti-
MHC class II antibody bound well to both B-cell lines, although
there were other antibodies that exhibited higher degrees of
binding to these cell lines. No correlation between specific PA
liposome growth inhibition effect and mean fluorescence was
seen.

Comparison of Protein A Binding. To detect any correlation
between specific monoclonal antibody directed PA liposome
mediated growth inhibition and the ability of the monoclonal
antibody to bind protein A, an ELISA binding assay was
performed (Table 2). The antibody Thy-1.1 used on the AKR/
J SL2 cell line eliciting a marked enhanced specific growth-
inhibiting effect binds to protein A most avidly. There were
several other antibodies which bound protein A well, yet only
the anti-MHC class II antibody produced enhanced growth
inhibition compared to nonspecific-ally targeted PA liposomes.
Antibodies which did not bind to protein A, such as anti-B2
microglobulin antibody, regardless of brightness to which they
bound to the target were not able to elicit specific enhanced PA
liposome growth inhibition.

Demonstration of PA Liposome Binding. To demonstrate that
the PA liposomes were binding to the cell via the targeting
antibodies, an indirect assay was used, based on the binding of
a fluoresceinated nonspecific antibody to "unoccupied" protein

A sites on PA liposomes bound to the cell surface, Fig. 3 shows
a shift in the mean fluorescence in both a murine and human
cell line from the addition of a nonspecific fluorescein-conju-
gated IgG2a antibody to the cell-specific antibody-PA liposome
complex. This shift did not occur when this antibody was added
to either a cell-antibody (no PA liposome) complex or to a cell-
PA liposome (no specific antibody) complex. A shift in mean
fluorescence indicating PA liposome binding to the cell via the
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u
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DRUG MOL ARITY

Fig. 2. Effect of targeting antibody concentration on growth inhibition. Cells
(1 x 10') were washed and incubated with the varying antibody amounts at 4'C

for 20 min, washed, and then exposed to varying molar concentrations of PA
liposomes or free drug (methotrexate--r-aspartate). After a 72-h incubation at
37'C, samples were counted on a Coulter Counter. Exposure to drug and PA

liposomes was continual. Data are shown for the CEM cell line but are similar
to data from other lines (see in Table 1) with antibodies that were unable to
produce specific enhanced growth inhibition. In all curves, free methotrexate-7-
aspartate (Â»).nonspecific antibody, 1 pg. PA liposome (A). In a, b, and c, PA
liposomes are targeted with S91, 4H9, and Leu 1. respectively, at l Â«ig(O), 0.1
Mg(â€¢),and 0.01 Mg(D) (per IO9cells).

specific antibody occurred on the TAB cell line for PA lipo
somes targeted by both the anti-idiotype and anti-MHC class
II antibodies. However, from the growth inhibition experiments
discussed above, only the anti-MHC class II antibody resulted
in specific growth inhibition. Thus, cell immunoglobulin-PA
liposome binding can occur without enhancing growth inhibi
tion.

The histograms (shown on a logarithmic scale) in Fig. 3
indicate that the degree of cell binding for PA liposomes tar
geted by the anti-idiotype antibody and the anti-MHC class II
antibody was similar in magnitude to the amount of binding
seen with the anti-Thy-1.1 antibody on the murine cell line.
Thus, degree of PA liposome binding to the cell does not
account for the marked differences in ability of the anti-Thy-
1.1 antibody as compared to the other two antibodies to produce
PA liposome mediated growth inhibition.

Demonstration of PA Liposome Internalization. In order to
explain the discrepancy between binding and growth inhibition,
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LIPOSOME TARGETING

Table 2 Comparison of degree of antibody binding to cells and antibody binding
to proteinACell

lineCEM/VLBTABOCILY8AKR/J

SL2AntibodyAnti-B2M

Anti-CD5 (Leu-1)
Anti-CD? (4H9)
Anti-CD?(S91)Anti-MHC

class II
Anti-TABidiotypeAnti-MHC

class II
Anti-OCI LY8idiotypeAnti-Thy-I.lAntibody-cell

binding
(fluorescence)"133

70105

105108

64102

145Antibody-protein

A binding(A^)*0.08

0.363
0.435
0.4300.273

0.150.273

0.2460.633

:iFIC ANTI-ID

" Mean fluorescent intensity was assessed by FACS after indirect staining with
a goat anti-mouse fluorescein conjugate. Binding is shown as mean fluorescent
units minus control nonbinding antibody.

* Protein A binding was assessed by an ELISA assay, as per "Materials and
Methods." Background absorbance, as detected on the detector antibody (low

protein A binder) was subtracted from sample absorbance. Absorbance values
shown represent a 1:16 dilution for all antibodies.

MEAN FLUORESCENCE

Fig. 3. Demonstration of liposome binding. A nonspecific fluoresceinated
anti-idiotype antibody (IgG2a) was utilized to indicate PA liposome binding to
cell in a successive layering assay. Specific or control antibody (1 Mg/10* cells)
was added to the cells at 4'C. PA liposomes were then added. After washing,

indicator fluoresceinated nonspecific antibody was added and excess was washed
off. , log scale fluorescence seen when all components of the layered complex
were added; , decreased fluorescence seen when one of the components
(spedile targeting antibody or PA liposome) was excluded. PA liposomes targeted
with (.1) the Thy-1.1 antibody on the AKR/J SL2 cell line; (B) the anti-TAB
idiotype antibody on the TAB cell line; ((') the anti-MHC class II antibody on

the TAB cell line.

we determined whether the PA liposomes associated with cells
were internalized. To do this we made use of the self-quenching
effect of carboxyfluorescein when it is encapsulated at high
concentrations within the internal aqueous spaces of liposomes
(16, 17). The release of carboxyfluorescein into the cell, after
successful uptake, results in measurable increased fluorescence,
due to dilution and dequenching. The background immunoflu-
orescence for cells binding carboxyfluorescein PA liposomes
targeted with the antibodies at 4Â°Cis shown in Fig. 4. Since
the process of internalization is inhibited at 4'C. this fluores

cence did not change significantly when assessed at 90 or 1SO
min (data not shown). At 37Â°C,there was an increase in mean

fluorescence for the cells targeted with the anti-MHC class II

TAB

CELLS31

1\ft|\A-~~v40EH37DIk,

OCI LY8 |

CELLS

/v
4 DEGREES C

37 DEGREES C

MEAN FLUORESCENCE

Fig. 4. Demonstration of liposome uptake. PA liposomes containing carboxy-
fluorescein were utilized to assess liposome internalization of two B-cell lines.
The self-quenching effect of carboxyfluorescein at high concentration in the PA
liposome is overcome when carboxyfluorescein is released into the cell. Cells (I
x IO6)were reacted with antibody (100 /il of 10 /Â¿g/ml)for 20 min at 4'C, washed,
and then the PA liposomes were incubated for 20 min at 4'C and washed. One
set of samples was kept at 4 < (to minimize receptor-mediated endocytosis) and
one set was incubated at 37'C, for 30 min. Samples were analyzed on the FACS
440. ANTI-ID, anti-idiotype.

antibody for both the OCI LY8 and the TAB cell lines. This
indicates internalization of the liposome with subsequent re
lease of carboxyfluorescein into the cytoplasm. This increase in
fluorescence was not seen when targeting was performed with
a nonspecific antibody or with anti-idiotype antibodies against
either cell line. Thus, a correlation was seen between monoclo
nal antibody-directed PA liposome internalization and the abil
ity of the antibody to produce specific PA liposome-mediated
growth inhibition. It is noted that the greatest PA liposome
internalization was seen in the OCI LY8 line when both the
ami MI K class II and anti-idiotype antibodies were used to
gether for targeting. The further increase seen in liposome
internalization for the two antibodies together did not result in
further enhancement of growth inhibition compared to anti-
Mi K ' class II targeting alone (Fig. 1).

DISCUSSION

The data in this paper show that drug-containing small
unilamellar liposomes which are conjugated to protein A can
be targeted with a monoclonal antibody to result in specific
growth inhibition of human B-cell lines (Table 1). Although
examples are present in the literature that show enhanced
cytotoxicity with targeted PA liposomes in murine cell lines
(16, 18), to date specific liposome cytotoxicity in human lvm
phoma cell lines has been unsuccessful (8).

We have demonstrated that the enhanced growth inhibition
seen by targeting with the anti-MHC class II monoclonal anti
body correlates with an increase in PA liposome internalization
(Fig. 4). This enhanced growth inhibition and PA liposome
internalization does not occur with antibodies directed against

5957

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

7
/2

2
/5

9
5
4
/2

4
3
0
1
7
1
/c

r0
4
7
0
2
2
5
9
5
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



LIPOSOME TARGETING

other cellular surface antigens such as the immunoglobulin
idiotype. The degree of growth inhibition and PA liposome
internalization seen with anti-idiotype antibodies and antibod
ies to I cell differentiation antigens was equivalent to that seen
with targeting by control nonbinding antibodies. This growth
inhibition and internalization was probably related to nonspe
cific endocytosis of the PA liposomes on their own and not
through an antibody-mediated pathway. This has been previ

ously demonstrated for AKR/J SL2 cells with both direct
uni Â¡bodyliposome conjugates and PA liposomes (8, 9). Similar
growth inhibition was seen when cells were incubated with PA
liposomes without a targeting antibody (data not shown).

When the anti-MHC class II antibody was used for targeting,
a dose-response effect was seen for both the amount of PA
liposomes and the amount of targeting antibody used. In con
trast, with all other antibodies used for targeting, no dose
response could be seen over a 1000-fold range in targeting
antibody concentration. Increasing amounts of antibody were
thus unable to increase the intrinsically minimal antibody-
mediated PA liposome internalization and growth inhibition by
these antibodies. A concentration effect for antibody was thus
seen with the antibody that was internalized well and not with
those that were not internalized well. This is similar to results
reported in a previous publication that used a murine model
(8).

Although the enhancement of growth inhibition seen with
the specific as compared to the nonspecific monoclonal anti
body-targeted PA liposomes (approximately 3-fold) was not as
dramatic as that seen with some monoclonal antibody-toxin
conjugates (19, 20), a reproducible and specific effect was seen.

We have investigated some of the factors regulating the ability
of monoclonal antibody targeted PA liposomes to produce a
cell specific growth inhibitory effect. In order to understand
why the specific growth inhibitory effect was seen with certain
monoclonal antibodies (anti-MHC class II) and not with others
(anti-idiotypes and antibodies to T-cell differentiation anti
gens), we assessed the degree of cell binding and protein A
binding of the targeting antibody. Although the binding of the
anti-MHC class II monoclonal antibody was high on both cell
lines where a specific growth-inhibitory effect was seen (Table
2), the binding of some of the other monoclonal antibodies was
similarly high. Similarly, protein A binding could not distin
guish between antibodies which were able to mediate targeting
and those which were not (Table 2). Clearly, for an antibody to
enhance PA liposome-mediated growth inhibition, both cell
surface binding and protein A binding must be above a critical
level. However, these two factors alone did not assure that
enhanced growth inhibition would result.

Despite the ability of PA liposomes to bind to cells via an
anti-idiotype targeting antibody (Fig. 3), enhanced growth in
hibition did not occur as it did with the anti-MHC class II

antibody. The histograms in Fig. 3 show that the degree of PA
liposome binding to the TAB cell line was comparable for
targeting with either the anti-idiotype or anti-MHC class II

antibodies. Furthermore, the degree of PA liposome binding
through either of these antibodies was approximately as great
as with the antibody which produces the most marked example
of specific enhanced growth inhibition (anti-Thy-1.1 with the

AKR/J SL2 murine cell line). However, increased PA liposome
internalization did not occur with the anti-idiotype antibody as

it did with the class II antibody (Fig. 4). The defect was clearly
in PA liposome internalization for the anti-idiotype antibody

PA liposome complex.
Antibody isotype is not a probable explanation for the differ

ences in antibody-mediated liposome internalization. Although
the TAB anti-idiotype was an IgG 1 and the anti-MHC class II
was an IgG2a, a defect in internalization was also seen with the
OCI LY8 cell line and its IgG2a anti-idiotype (Fig. 4).

No additional effect on growth inhibition was seen when
targeting was performed with both an antibody directed against
a class II MHC determinant (where internalization was dem
onstrated) and an anti-idiotype antibody (where internalization
on its own did not occur). The internalization data (Fig. 4)
suggested that for the OCI LY8 cell line, more PA liposome
internalization occurred when both the anti-idiotype antibody
and the anti-MHC class II antibody were used together for
targeting. The explanation for this discrepancy is unclear; how
ever, the increase in internalization seen with the combination
of antibodies may not be enough to cause augmented growth
inhibition.

It is significant that only the antibody to the class II MHC
determinant resulted in enhanced PA liposome internalization
and growth inhibition in both B-cell lines tested. Other inves
tigators have shown that PA liposomes targeted to class II
determinants on murine B-cell lines result in increased liposome
uptake and cellular cytotoxicity (7, 21). This may suggest a
special role for class II determinants on B-cells for MHC-
associated antigen endocytosis and processing.

An analogy can be drawn between specific growth inhibition
with antibody-directed PA liposomes and antibody-toxin con

jugates. Specific tumor cell lysis has been described with several
different antibody-toxin conjugates, with the most marked ex
amples being with immunotoxins directed against the immu
noglobulin idiotype or isotype of a murine B-cell tumor (22,
23) or against the Thy-1 antigen on T cells and T-cell leukemias
(24-26). As with liposomes, variability in target cell sensitivity

to immunotoxins has been documented (24, 27). Factors re
sponsible for this variability have been described and include
density of cell surface antigen (28), the rate of endocytosis of
the antigen-immunotoxin complex (29), and the isotype of the
targeting antibody (29, 30). Although we have not found the
degree of targeting antibody binding (as measured by mean
fluorescent intensity) and antibody isotype to be significant
factors, our results concur with the importance of antigen-
antibody endocytosis as a major parameter influencing effective
liposome growth inhibition.

The specific growth inhibition seen by using anti-idiotype
antibodies to target PA liposomes was not as marked as was
seen by several authors when anti-idiotypes were used to target
immunotoxins (21,23,31 ). Some immunotoxins are exquisitely
effective in inhibiting cellular protein synthesis and only one
ricin A chain can completely inhibit protein synthesis and kill
the cell (32). Although we have shown that anti-idiotype anti
bodies were not internalized as rapidly as the anti-MHC class
II antibody, some internalization was seen (Fig. 4). Probably,
the difference in growth inhibition seen with anti-idiotype-
targeted PA liposomes and anti-idiotype-targeted immunotox
ins is stoichiometric with sufficient internalization occurring to
deliver lethal amounts of immunotoxin but insufficient amounts
of chemotherapeutic drug to kill the cell.

We have demonstrated that PA liposomes can be targeted
with an anti-MHC class II monoclonal antibody in human B-

cells to result in specific PA liposome internalization and
cellular growth inhibition. A correlation between antibody-
directed PA liposome internalization and enhanced growth
inhibition was obtained. Cell surface and protein A binding of
the targeting antibody are necessary but not sufficient factors
for determining specific growth inhibition. The ability of the
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LIPOSOME TARGETING

targeted antigen to perform receptor-mediated endocytosis

seems to be important and may limit the use of PA liposomes
for cytotoxic purposes to certain targeting antibodies. Further
clarification of these factors are necessary in order to optimize
the utility of liposomes for specific cellular cytotoxicity.

ACKNOWLEDGMENTS

We are grateful to Dr. L. Leserman for his helpful advice and
assistance and to Emily Chatfield, Phyllis Bussey, and Carolyn Wells
for preparation of the manuscript.

REFERENCES

1. Mayhew, E., and Papahadjopoulos, D. Therapeutic applications of lipo
somes. In: M. J. Ostro (ed.) Liposomes, pp. 289-341. New York: Marcel
Dekker, Inc., 1983.

2. Gregoriadis, G. Use of monoclonal antibodies and liposomes to improve
drug delivery. Drugs, 24: 261-266,1982.

3. Weinstein, J. N., and Leserman, L. D. Liposomes as drug carriers in cancer
chemotherapy. Pharmacol. Ther., 24: 207-233, 1984.

4. Hashimoto, Y., Sugawara, M . Masuko, T.. and Hojo, H. Antitumor effect
of actinomycin D entrapped in liposomes bearing subunits of tumor-specific
monoclonal immunoglobulin M antibody. Cancer Res., 43: S328-S334,1983.

5. Kronvall, G., Grey, H. M., and Williams, R. C. Protein A reactivity with
mouse immunoglobulins. J. luminimi.. IOS: 1116-1123, 1970.

6. Martin, F. J., and Papahadjopoulos, D. Irreversible coupling of immuno
globulin fragments to preformed vesicles. J. Biol. Chem. 257:286-288,1982.

7. Machy, P., Barbet, J., and Leserman, L. Endocytosis of T and B lymphocyte
surface molecules evaluated with antibody-bearing fluorescent liposomes
containing methotrexate. Proc. Nati. Acad. Sci. USA 79:4148-4152, 1982.

8. Matthay, K. K., Heath, I. D., Badger, C. C.. Bernstein, I. D.. and Papahad
jopoulos, D. Antibody-directed liposomes: comparison of various ligands for
association, endocytosis, and drug delivery. Cancer Res., 46: 4904-4910,
1986.

9. Matthay, K. K., Heath, T., and Papahadjopoulos, D. Specific enhancement
of drug delivery to AKR lymphoma by antibody-targeted small unilamellar
vesicles. Cancer Res., 44: 1880-1886, 1984.

10. Bartlett, G. R. Phosphorous assay in column chromatography. J. Biol. Chem.,
234:466-468, 1959.

11. Carroll, W. L., Link, M. S., Smith, D., Bologna-Vaughan, S., Carswell, C,
and Levy, R. Anti-idiotype antibodies in childhood B cell leukemia. Clin.
Res., J4.-848A, 1986.

12. Tweedale, M., Lin, B., Jamal, N., Minden, M., and Messner, H. A. Growth
of lymphoma colonies: a predictive parameter for clinical outcome. J. Cell.
Biochem., Ã„4.-117,1985.

13. Brown, S., Dilley, J., and Levy, R. Immunoglobulin secretion by mouse x
human hybridomas. J. Immunol. 725:1037-1043, 1980.

14. Piper, J., and Montgomery, J. Synthesis of alpha- and gamma-substituted
amides, peptides and esters of methotrexate and their evaluation as inhibitors

of folate metabolism. J. Med. Chem., 25: 182-187, 1982.
15. Heath, T. D., Montgomery, J. A., Piper, J. R., and Papahadjopoulos, D.

Antibody-targeted liposomes. Proc. Nati. Acad. Sci. USA, 80: 1377-1381,

1983.
16. Leserman, L. D., Machy, P., and Barbet, J. Cell specific drug transfer for

liposomes bearing monoclonal antibodies. Nature (Lond.), 293: 226-228,

1981.
17. Straubinger, R. M., Hong, K. Friend, D. S., and Papahadjopoulos, D.

Endocytosis of liposomes and intracellular fate of encapsulated molecules.
Cell, 32:1069-1079, 1983.

18. Heath, T. D., Macher, B. A., and Papahadjopoulos, D. Covalent attachment
of immunoglobulins to liposomes via glycosphingolipids. Biochim. Biophys.
Acta, 640:66-81, 1981.

19. Vitetta, E. S., and Uhr, J. W. Immunotoxins. Annu. Rev. Immunol., 3: 197-

212, 1985.
20. Vitetta, E. S., Krohck, K. A., Miyama-Inaba, M., Cushley, W., and Uhr, J.

W. Immunotoxins: a new approach to cancer therapy. Science (Wash. DC),
2/9:644-650, 1983.

21. Aragnol, D., Malissen, B., Schiff, C., PirÃ³n, M. A., and Leserman, L.
Endocytosis of MHC molecules by B cell-B lymphoma and B cell-T lym
phoma hybrids. J. Immunol., 31: 3347-3353, 1986.

22. Krolick, K. A., Villemez, L. Isakson, P., Uhr, J., and Vitella, E. Selective
killing of normal or neoplastic B cells by antibody coupled to the A chain of
ricin. Proc. Nati. Acad. Sci. USA, 77: 5419-5423, 1980.

23. Krolick, K. A., Uhr, J., Slavin, S., and Vitetta, E. In vivo therapy of a murine
B cell tumor (BCL,) using antibody-ricin A chain immunotoxins. J. Exp.
Med., /55: 1797-1809, 1982.

24. Thorpe, P. E., and Ross, W. The preparative and cytotoxic properties of
antibody-toxin conjugates. Immunol. Rev., 62:119-158, 1982.

25. Myers, C., Thorpe, P., Ross, W., Cumber, A., and Katx, F. An immunotoxin
with therapeutic potential in T cell leukemia: WTl-ricin A. Blood, 63:1178-
1185, 1984.

26. Seon, B. K. Specific killing of human T leukemic cells by immunotoxins
prepared with ricin A chain and monoclonal anti-human T-cell leukemia
antibodies. Cancer Res., 44: 259-264, 1984.

27. Vitetta, E. S., and Uhr, J. Immunotoxins: redirecting nature's poisons. Cell,

41:653-654, 1985.
28. Casellas, P., Carriere, D., Gros, O., Laurent, J. C., Poncelet, P., and Jansen,

F. Antibody-ricin A chain conjugates (immunotoxins) in specific cell killing.
In: 3. E. Alout, F. J. Fehrenback, J. H. Freer, and J. Jeljaszewicz (Eds.),
Workshop conference on bacterial protein conjugates, Seillac. France, 1983,
pp. 227-235. London: Academic Press, 1983.

29. Casellas, P., Bourne, B., Gros, P., and Jansen, F. Kinetics of cytotoxicity
induced by immunotoxins: enhancement by lysosomotrophic amines and
carboxylic ionophores. J. Biol. Chem., 259:9359-9364, 1984.

30. Masuho, V. Kishida, K., Saito, M., Umemoto, M., and HarÃ¡,T. Importance
of the antigen-binding valency and the nature of the cross linked bond in
ricin A-chain conjugates with antibody. J. Biochem., 91: 1583-1591,1982.

31. Gregg, E. O., Bridges, S. H., Youle, R. J., Longo, D. L., Houston, L. L.,
Glennie, M. J., Stevenson, F. K., and Green, I. Whole ricin and recombinant
ricin A chain idiotype-specific immunotoxins for therapy of the guinea pig
LjC B cell leukemia. J. Immunol., 138:4502-4508, 1987.

32. Eiklid, K., Olsnes, S., and Pihl, A. Entry of lethal doses of abrin, ricin, and
modeccin into the cytosol of HeLa cells. Exp. Cell. Res., 126: 321-326,
1980.

5959

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

7
/2

2
/5

9
5
4
/2

4
3
0
1
7
1
/c

r0
4
7
0
2
2
5
9
5
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2


