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Purpose. To evaluate benefits in tumor localization, availability, and
noncancerous organ distribution of doxorubicin (DOX) delivered via
small (=120 nm) sterically stabilized immunoliposomes targeted
against a tumor-associated antigen in fibrosarcoma-bearing mice.
Methods. DOX-loaded liposomes were prepared with (i) specific
monoclonal IgG; antibody (32/2, D-SSIL-32/2); (ii) non-specific IgG;
(D-SSIL-IgG); or (iii) no IgG (D-SSL) on their surface. Equal DOX
amounts were injected intravenously via each type of liposome into
BALB/c mice carrying experimental lung metastases of a polyoma
virus-induced fibrosarcoma (A9 ctc 220) expressing a polyoma virus-
induced tumor-associated antigen (PAA) on their surface. Metastases
occurred mainly in lung. Mice were treated at 3 stages of tumor
development (micrometastases, medium-size metastases, and large,
necrotic metastases). Performance evaluation was based on time-depen-
dent quantification of DOX and DOX metabolites (DOX-M) in lung
tumor, noncancerous organs, and plasma.

Results. (i) DOX delivered via both SSIL retained the prolonged circu-
lation time typical of DOX delivered via D-SSL. (ii) DOX accumuiation
in noncancerous organs was similar for all preparations. Low levels
of DOX-M were obtained for all three preparations in all organs except
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ABBREVIATIONS: AUC, area under the curve; D-Lip, doxorubi-
cin-loaded Lip; DOL, doxorubicinol; DOX, doxorubicin; DOX-M,
doxombicin metabolites; D-SSIL, doxorubicin-loaded SSIL; D-SSL,
doxorubicin-loaded SSL; FITC-PE, fluorescein isothiocyanate-phos-
phatidylethanolamine; HPLC, high performance liquid chromatogra-
phy; ID, injected dose; IgG, immunoglobulin G; Lip, nonstabilized
liposomes; MAb, monoclonal antibodies; MRT, mean residence time;
PAA, polyoma virus-induced tumor-associated antigen; PEG, poly-
ethylene glycol; PEG-DSPE, N-carbamyl-poly-(ethylene glycol
methyl ether)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine tri-
ethyl ammonium salt; RES, reticuloendothelial system; SSIL, sterically
stabilized immunoliposomes; SSIL-IgG, normal mouse IgG conjugated
to SSL; SSIL-32/2, 32/2 MAb conjugated to SSL; SSL, sterically
stabilized liposomes; 7d-DOLON, 7-deoxydoxorubicinol-one; 7d-
DOXON, 7-deoxydoxorubicinone; 32/2, NI132/2/4 MAb.
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liver, suggesting a similar processing. (iii) Preparations differed in
behavior in lung tumor depending on tumor size and microanatomy.
Only at the micrometastases stage were the specifically targeted D-
SSIL-32/2 superior to D-SSL and D-SSIL-IgG, delivering 2-4 times
more drug into the tumor. (iv) DOX-M level in all three tumor stages
was in the following order: D-SSIL-32/2 >> D-SSL >> D-SSIL-
IgG, suggesting that DOX delivered as D-SSIL-32/2 is most available
to tumor cells.

Conclusions. The advantage of specific targeting of sterically stabilized
liposomes is expressed mainly in increasing availability of DOX to tumor
cells in a way which is dependent on tumor microanatomy. The impact
of this advantage to therapeutic efficacy remains to be determined.

KEY WORDS: sterically stabilized immunoliposomes; targeting;
doxorubicin; lung metastases; pharmacokinetics; biodistribution.

INTRODUCTION

Doxorubicin (DOX)-loaded sterically stabilized liposomes
(SSL) of ~ 100 nm deliver much higher levels of drug to tumors
in animals (1) and humans (1,2) than are obtained with the free
drug. However, accumulation of DOX-loaded SSL (D-SSL) in
solid tumors is rather slow; for example, DOX peak levels in
human tumors occur 3-6 days after D-SSL administration (2).
D-SSL performance might be improved by active targeting,
using a ligand on its surface which recognizes the tumor cells,
thereby facilitating binding of the liposomes and subsequent
drug uptake by the tumor cells. These liposomes are referred
to as ligandoliposomes, and when the ligands are antibodies, as
immunoliposomes. With systemically administered antibody-
coated conventional liposomes, targeting to most solid tumors
was not feasible, due mainly to the rapid uptake of the liposomes
by the reticuloendothelial system (RES) (3,4). This obstacle to
liposome targeting may be overcome by using small (<120
nm) SSL since their integrity in serum is maintained and RES
uptake is dramatically reduced (1,5).

Sterically stabilized immunoliposomes (SSIL) prepared in
various ways (6~9), retaining both immunospecificity and steric
stabilization, can be targeted to intravascular components (7,8).
Moreover, in at least one tumor model in mice it was demon-
strated that D-SSIL are more efficacious than D-SSL in treating
small metastatic solid tumors (10).

This study is aimed at evaluating three steps in comparative
evaluation of D-SSL and D-SSIL in tumor-bearing mice: (i)
plasma, organ, and tumor pharmacokinetics of encapsulated
DOX; (ii) drug availability to cells as assessed from rate and
extent of DOX metabolism in noncancerous and cancerous
tissues; and (iii) effect of tumor size and microanatomy on (ii).

MATERIALS AND METHODS

Reagents for Liposome Preparation

Sources, preparation and characterization of reagents, includ-
ing lipids and antibodies, were as previously reported (9,11).

Cell Lines

A9 ctc 220 tumor cells (referred to as A9 cells) that were
used as the specific target for binding IgG; mouse MAb NI32/
2/4 (32/2) are similar to those described by Emanuel et al. (9)
except that this tumor subline has a lower metastatic capacity
and a lower density of PAA on its surface.
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Animals

Specific pathogen-free BALB/c female mice, aged 9-12
weeks, were obtained from Harlan Sprague Dawley (Indianapo-
lis, IN). Groups consisted of 4-6 mice for each time point.

Tumor Model

BALB/c mice were inoculated iv with 5 X 103 A9 cells
to obtain experimental metastases. These cells settled and
metastasized only in the lungs. Three different tumor stages as
defined by size of lung metastases were studied: Stage
I—micrometastases (tumor weight = 0.01 g), Stage 11—
medium-size metastases (0.05-0.1 g), Stage [1I—large, necrotic
metastases (= 0.8 g), occurring 14, 20, and 26 days post tumor
inoculation, respectively. Without treatment, most mice died of
lung tumors 35-45 days post inoculation.

Preparation of Sterically Stabilized Liposomes (SSL) and
Immunoliposomes (SSIL)

SSL and SSIL loaded with DOX (D-SSL and D-SSIL,
respectively) or fluorescently labeled with FITC-PE were pre-
pared and characterized as described elsewhere (9,11,12). In
some experiments, conventional liposomes (Lip) were also used.

Pharmacokinetic and Biodistribution Studies in Tumor-
Bearing Mice

The plasma pharmacokinetics included studies of the time-
dependent clearance of: (i) liposomes without DOX, using 0.1
mole % FITC-PE-labeled SSIL, SSL, and Lip; and (ii) DOX
delivered as free drug and as D-SSIL-32/2, D-SSIL-IgG, D-
SSL, and D-Lip. All liposomes and free DOX were diluted in
sterile pyrogen-free 10% sucrose solution and injected (0.2 ml)
into the tail veins of ~20-g mice. For the DOX-containing
liposomes, each mouse received 35 pg DOX and ~0.35
wmoles phospholipids.

At the desired time, blood (0.5 ml) was collected from
the retroorbital sinus after ether anesthesia into test tubes con-
taining K;-EDTA as anticoagulant, and plasma was separated
by centrifugation. A similar hematocrit of ~50% was obtained
for all blood samples. Mice were immediately sacrificed, and
their organs removed, washed in cold phosphate-buffered saline,
dried over filter paper, and weighed. Plasma and organs were
either processed immediately as described below or kept frozen
at —70°C until analysis.

Aliquots of plasma of mice injected with FITC-PE-labeled
liposomes (SSIL-32/2, SSIL-IgG, and SSL) were diluted in
alkaline (borate buffer) isopropanol pH 9.5 to the range in
which fluorescence (excitation 495 nm, emission 525 nm) is
proportional to FITC-PE concentration. A calibration curve
in saline/isopropanol pH 9.5 was used to determine FITC-PE
concentration in plasma.

Extraction of DOX and DOX metabolites (DOX-M) from
plasma and organs was performed as described by Cummings
and McArdle (13). DOX and DOX-M were analyzed by HPLC
(2,9). Daunorubicin (retention time [RT], 8.00 min) was used as
internal standard. Synthetically prepared doxorubicinol (DOL)
(RT, 3.16 min), 7-deoxydoxorubicinol aglycone (7-deoxydox-
orubicinol-one, 7d-DOLON) (RT, 1.95 min), and 7-deoxydox-
orubicinone (7d-DOXON) (RT, 2.83 min) were used as markers.
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RT of DOX was 4.46 min (2). Recoveries were always >80%
and could be corrected by using the internal standard. HPLC
assay sensitivity limit was 0.5 ng per peak (equivalent to 6.25
ng/ml plasma [~0.018% of injected dose]).

The identification of DOX-M was confirmed by TLC anal-
ysis (2). Blood volume for mice was assumed to be 77.8 ml/
kg body weight; tissue DOX and DOX-M concentrations were
corrected for plasma volume (14).

Nonlinear least-squares analysis was performed on phar-
macokinetic and biodistribution data using Rstrip software
(Micromath, Salt Lake City) (2).

Statistical Evaluation

The significance of the data was evaluated using Student’s
t-test (two-tailed). P values < 0.05 were considered significant.

RESULTS

Plasma Pharmacokinetics

The two D-SSIL preparations used in these experiments
behaved similarly in tumor-bearing mice irrespective of anti-
body specificity, but differed from the D-SSL to a larger extent
than in normal mice with respect to DOX plasma pharmacoki-
netics (data for Stage II are shown in Fig. | and Table 1). While
clearance of DOX delivered via D-SSL was nearly monophasic,
it was clearly biphasic for DOX delivered via D-SSIL. Despite
the initial fast clearance, >10% of the drug delivered via D-
SSIL remained in the plasma 24 h post-injection.

Total DOX-M level in plasma was very low for all three
liposome preparations (Fig. 1); however, the lowest level was
obtained with D-SSL, plateauing at 1% of the injected dose
(ID) 6 h post-injection, compared with 2-2.5% for the two D-
SSIL preparations (p < 0.05).

To follow the plasma pharmacokinetics of the carrier itself
without the drug, Lip, SSL, and SSIL were labeled with 0.1
mole % nontransferable liposome marker FITC-PE (9,11). The
pharmacokinetics of FITC-PE-labeled liposomes in normal
mice was found to be almost identical to that of DOX-loaded
liposomes. For example, 24 h post-injection the level of FITC-
D-Lip was reduced to <0.1% of the ID, while levels of FITC-
labeled SSL and SSIL were >10% of the ID (data not shown).

Biodistribution of DOX and Its Metabolites in Tumor-
Free Organs of Tumor-Bearing Mice

Time-dependentbiodistribution of DOX and its total metab-
olites (DOX-M) was determined at 2, 6, and 24 h in the liver,
spleen, kidney, and heart of mice injected iv with 35 pg DOX
as D-SSL, D-SSIL-IgG, or D-SSIL-32/2. Organ distributions in
tumor-bearing mice at tumor Stage I (micrometastases) and Stage
II were almost identical. In all mice tested there was no effect of
treatment on organ weight (see Fig. 2 legend). Only slight differ-
ences were found between the D-SSL, D-SSIL-IgG, and D-SSIL-
32/2 regarding organ DOX levels, as demonstrated in Fig. 2 for
mice with Stage [T tumors. Only in spleen, the level of DOX deliv-
ered via the two D-SSIL preparations was 1.5-2.0 times higher
at all time points than that delivered by D-SSL, but this did not
resultin greater accumulation of DOX-M. For the three liposomal
preparations the ratio of DOX-M to DOX in the liver was 3-5
times higher than in all other organs tested. In heart, for all three
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Fig. 1. Plasma pharmacokinetics of DOX encapsulated in liposomes
and immunoliposomes in tumor-bearing mice. DOX (35 pg/mouse)
was injected iv as D-SSL (@), D-SSIL-IgG (m), or D-SSIL-32/2 (A).
Plasma DOX levels were measured as a function of time in mice
bearing A9 tumor lung metastases, Stage II (see text). Total DOX-M
values (open symbols and dashed lines) were calculated as the sum of
all metabolites. Results are given as wg DOX corrected for total mouse
plasma volume (14). DOX and DOX-M were determined by HPLC
(for more details see Materials and Methods). The values are means
+ S.D. Statistical analysis (p values). For DOX: D-SSL vs. D-SSL-
IgG and vs. D-SSIL-32/2 < 0.02 at all time points; D-SSIL-32/2 vs.
D-SSIL-IgG > 0.05 at 2 h and 24 h, < 0.05 at 6 h. For DOX-M:
D-SSL vs. D-SSL-IgG < 0.05 at 2 h and 6 h, > 0.05 at 24 h;D-SSL
vs. D-SSIL-32/2 < 0.05 at all time points; D-SSIL-32/2 vs. D-SSIL-
IgG > 0.05 at all time points.

Table 1. Plasma Pharmacokinetics of DOX After LV. Injection of
DOX-loaded Liposomes and Immunoliposomes in Normal and
Tumor-bearing Mice“

Clearance MRT  AUC*  Vs¢¢

Mice Liposomes (mL/h) (h)  (pg/ml/h) (ml)
Normal® D-SSL 0.08 8.8 428 0.72
D-SSIL-IgG 0.12 6.6 297 0.78

D-Lip 0.44 1.8 80 0.77

Tumor-bearing® D-SSL 0.09 7.4 369 0.70
D-SSIL-1gG 0.33 2.6 112 0.82

D-SSIL-32/2 0.35 24 101 0.81

235 wg DOX injected with each preparation.
& Normal BALB/c mice (data from ref. 9).

¢ BALB/c mice with Stage Il lung metastases.
4 Volume of distribution.
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preparations, concentrations of DOX and DOX-M were below
detectable levels.

Pharmacokinetics and Accumulation of DOX and Its
Metabolites in Cancerous Lungs

The time-dependent accumulation of DOX (Fig. 3) and
DOX-M (Fig. 4) in the lungs for the three tumor stages was
compared at 2 and 6 h post-injection for D-SSL, D-SSIL-IgG,
and D-SSIL-32/2. For DOX, the three liposomal preparations
have similar pharmacokinetics in mice with Stage II tumor (Fig.
3B). At Stage I (Fig. 3A), the D-SSIL-32/2 has a significantly
faster rate (at 2 h) of delivering drug than the other preparations
(p < 0.01). In mice with large, necrotic tumors (Stage III, Fig.
3C), the two D-SSIL preparations behave similarly irrespective
of the type of IgG attached, with drug reaching concentrations
considerably lower than those reached in lungs with smaller
tumors (Figs. 3A and 3B). The peak drug level in the tumor
is in the order: Stage IT > Stage I >> Stage III.

The superiority of D-SSIL-32/2 over D-SSIL-IgG for all
tumor stages is more evident when DOX-M is measured rather
than DOX itself (Fig. 4). While for the D-SSIL-IgG no metabo-
lites were evident (Fig. 4), a similar concentration of DOX for
both D-SSIL-IgG and D-SSIL-32/2 reached the tumorous lungs
(Fig. 3). The highest ratio of DOX-M to DOX (~0.5) was
achieved for the D-SSIL-32/2 in large tumors.

Figure 5 shows differences in profiles of several metabolites
in the tumor (Stage IT) at 2 and 6 h post-injection for D-SSL
and D-SSIL-32/2. At 2 h, metabolites (mainly 7d-DOXON) were
observed only after injection of D-SSIL-32/2. At 6 h, there was a
higher level of metabolites, especially 7d-DOLON, in mice injected
with D-SSIL-32/2 than in mice injected with D-SSL. There was
no measurable 7d-DOLON in lungs of mice injected with D-SSL.
There were no detectable levels of metabolites in mice given D-
SSIL-IgG. For Stages I and HI of the tumor, only 7d-DOXON
was found for all liposome preparations (data not shown).

Tumor selectivity of the drug delivered via the three lipo-
some preparations is described in Fig. 6, showing the ratio of
the concentration of total drug (DOX + DOX-M) in plasma and
organs of mice with Stage I tumors to that in normal mice. Signi-
ficant selectivity was found only in the cancerous lung. D-SSIL-
IgG had little or no selectivity, while D-SSL and D-SSIL-32/2
showed distinct tumor selectivity, that for D-SSIL-32/2 (ratio =
9.0) being significantly greater than that for D-SSL (ratio = 4.5).

Tumor selectivity of D-SSIL-32/2, relative to other lipo-
some preparations, was confirmed in localization experiments
in which frozen tissue sections were taken from tumorous lungs
at the stage of micrometastases 2 h after iv injection. The
fluorescence of DOX and its metabolites permits their localiza-
tion. Lung sections taken from mice injected with D-SSIL-32/
2 showed many more strongly fluorescent spots (indicating
drug localization in the tumor mass itself) than those from mice
injected with other liposome preparations. In the former, intense
fluorescence was seen in the extravascular space, reaching 2-3
layers of tumor cells beyond the endothelial layer of the blood
vessels (data not shown).

DISCUSSION

The uniqueness of this study is that special emphasis was
placed on (a) analyzing the effect of tumor stage on liposome
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Fig. 2. Organ distribution of DOX and its metabolites in tumor-free organs. Mice with lung
metastases (Stage II) were injected with D-SSL and D-SSIL (35 pg DOX/mouse). DOX (solid
lines and closed symbols) and total DOX-M (dashed lines and open symbols) were measured at
2, 6, and 24 h post iv injection of D-SSL (@,0), D-SSIL-IgG (lR,[]) and D-SSIL-32/2 (A,A).
Results are given as percentage of ID per gram organ, corrected for plasma volume (14). The
following organ weights were measured (in grams, mean * S.D.) of: liver (1.01 * 0.2), spleen
(0.11 = 0.03), both kidneys (0.27 £ 0.03), heart (0.1 = 0.01), and lungs (0.14 * 0.2). Statistical
analysis (p values). For DOX: Liver, D-SSL vs. D-SSIL-IgG and D-SSIL-32/2 < 0.05 at 6 h, >
0.05 at 2 h and 24 h; D-SSIL-32/2 vs. D-SSIL-IgG < 0.05 at 6 h, > 0.05 at 2 h and 24 h. Spleen,
D-SSL vs. D-SSIL-IgG and D-SSIL-32/2 < 0.005 at 2 h and 6 h, > 0.05 at 24 h; D-SSIL-32/2
vs. D-SSIL-IgG 0.02 at 2 h, > 0.05 at 6 h and 24 h. Kidney, D-SSL vs. D-SSIL-IgG and D-SSIL-
32/2 < 0.001 at 2 h and 24 h, > 0.05 at 6 h; D-SSIL-32/2 vs. D-SSIL-IgG < 0.001 at 2 h, >
0.05 at 6 h and 24 h. For DOX-M: Liver, D-SSL vs. D-SSIL-IgG and D-SSIL-32/2 < 0.05 at 6
h, > 0.05 at 2 h and 24 h; D-SSIL-32/2 vs. D-SSIL-IgG > 0.05 at all time points. Spleen, D-
SSL vs. D-SSIL-IgG and D-SSIL-32/2 > 0.05 at all time points. Kidney, D-SSL vs. D-SSIL-IgG
and D-SSIL-32/2 > 0.05 at all time points.
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Fig. 3. DOX levels in cancerous lungs at three stages of tumor development after injection of D-SSL or D-SSIL.
Mice bearing A9 tumor at Stage I (A), Stage II (B), and Stage III (C) were injected iv with D-SSL (e), D-SSIL-
IgG (m), or D-SSIL-32/2 (A) (35 wg DOX/mouse), and DOX concentration was measured after 2 and 6 h. Results
are given as percentage of ID per gram, corrected for plasma content in normal lungs (14). Statistical analysis (p
values). Stage I tumor (A): D-SSL vs. D-SSIL-IgG and D-SSIL-32/2 < 0.002 at 2 h, > 0.05 at 6 h; D-SSIL-32/2
vs. D-SSIL-IgG 0.01 at 2 h, > 0.05 at 6 h. Stage II tumor (B): D-SSL vs. D-SSIL-IgG > 0.05 at 2 h, < 0.05 at
6 h, vs. D-SSIL-32/2 > 0.05 at 2 h and 6 h; D-SSIL-32/2 vs. D-SSIL-IgG > 0.05 at 2 h and 6 h. Stage I tumor
(C): D-SSL vs. D-SSIL-IgG > 0.05 at 2 h, < 0.05 at 6 h, vs. D-SSIL-32/2 < 0.05 at 2 h, > 0.05 at 6 h; D-SSIL-

32/2 vs. D-SSIL-IgG > 0.05at 2 h, < 0.05 at 6 h.

performance, and (b) determining drug (DOX) metabolism in
noncancerous and cancerous tissues of mice injected with the
various liposomal preparations. Most of the drug delivered
‘via D-SSL and D-SSIL was present in the plasma, and as
intraliposomal drug. Plasma to liver total drug ratios were ~6
(at 2 h post-injection) for both SSL and SSIL. Also, recovery
of drug and its metabolites, in plasma plus organs tested, at 6
h post-injection of D-SSL reached 79% of ID (73% for drug
and 6% for metabolites). Since not all tissues were evaluated
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(A)
0.8

0.6

% 1D/g Organ

0.2

0.0
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(e.g., the skin), it seems probable that 6 h post-injection all
DOX injected as SSL can be accounted for in the mouse body.
For DOX delivered via D-SSIL recovery of DOX + DOX-M
in all organs tested was about 50% of that determined for D-
SSL. The fate of the unrecovered drug for the D-SSIL delivery
is not yet clear.

Drug delivered via D-SSIL had a much longer MRT and
slower clearance than D-Lip or free DOX (9, and Table 1),
although a shorter MRT, faster clearance, and smaller AUC

1.2

(B) (©)

1.0

Time (h)

Fig. 4. DOX total metabolite levels in cancerous lungs at different tumor stages in mice injected with D-SSL, D-SSIL-
IgG, or D-SSIL-32/2. No metabolites could be detected in mice given D-SSIL-IgG. For more details see legends to
Figs. 1 and 3. Statistical analysis (p values). D-SSIL-32/2 vs. D-SSL at 6 h: For Stage I tumor (A) < 0.01, for Stage
II tumor (B) < 0.05, for Stage HI tumor (C) < 0.05.
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Fig. 5. Quantitative analysis of DOX metabolites in cancerous lungs of mice bearing A9
tumor (Stage ) injected with D-SSIL-32/2, D-SSIL-IgG, or D-SSL (35 pg DOX/mouse).
DOX-M were measured 2 h (A) and 6 h (B) after injection. Black bars—D-SSIL-32/2,
striped bars—D-SSL. For abbreviations of metabolites, see Materials and Methods.

(Table 1) than DOX delivered via D-SSL. This effect was
independent of antibody specificity. The organ biodistribution
of DOX and DOX-M, the plasma pharmacokinetics, and the
organ biodistribution of D-SSIL and FITC-labeled SSIL,
described here and the in vitro data described before (9), suggest
that the faster clearance of DOX delivered via D-SSIL, as

compared with D-SSL, is due mainly to faster clearance of
intact liposomes.

Analysis of DOX levels in non-cancerous organs reveals
more similarities than differences between the three liposome
preparations in mice carrying tumors of Stage II (Fig. 2) and
Stage I (data not shown). This shows that, except for the spleen,
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Fig. 6. Selectivity of delivering total drug (DOX + its metabolites)
into plasma and organs of tumor-bearing mice. Mice with lung metasta-
ses (Stage II) were injected with various liposomal preparations (see
text). The selectivity was determined as the ratio of total drug level
in tissues of tumor-bearing mice to that in normal mice 24 h after
liposome administration.

antibodies present on the D-SSIL surface do not increase drug
accumulation in liver or kidney and, more importantly, in
heart—the organ most sensitive to DOX toxicity. Therefore,
regarding cardiotoxicity, D-SSIL should be equivalent to D-
SSL.

Analysis of the pattern of DOX-M in tumor-free organs
indicates that there are no qualitative differences and only small
quantitative differences between the three preparations, and
therefore it can be assumed that the metabolic fate of the drug
is similar for all three. The high level of metabolites in the
liver indicates that the drug encapsulated in all three vesicle
preparations became available.

The major advantage of small (diameter < 120 nm) D-
SSL is their ability to extravasate into tumors (1,15). However,
their accumulation in the tumor is slow (1,2). The present
study shows clearly that DOX accumulation from both D-
SSL and D-SSIL is dependent on the tumor stage (Fig. 3).
For micrometastases, the presence of the specific MAb on
the D-SSIL accelerates DOX accumulation at the tumor site.
For specific anti-tumor MAD it is well established that depth
and extent of antibody penetration depend on both its size
and its affinity to the targeted antigen; the smaller the antibody
molecule and the lower the affinity, the deeper and greater
is the penetration (16,17). The above, together with the high
tumor interstitium pressure (18), -is a major obstacle to
successful antibody-based therapy for solid tumors. D-SSIL
are much larger than the antibodies used for the above
comparison (~100 nm vs. 6-12 nm). Moreover, being polyva-
lent (~15 antibody molecules per vesicle (9,11)), D-SSIL
avidity may be higher than the affinity of a single IgG
molecule. This may explain our observation (data not shown)
that the extravasation has a limited depth of about three
layers of tumor cells beyond the endothelium of the tumor
blood vessels. It seems that the first D-SSIL-32/2 which
attach to their target cells block the penetration of additional
D-SSIL-32/2 to deeper layers of the tumor. The fact that in

867

all 3 stages of tumor development tested, accumulation of
DOX delivered via D-SSIL-32/2 was practically stopped 2
h post-injection (Fig. 3), in contrast to D-SSL and D-SSIL-
IgG, supports the assumption of a blocking effect caused by
specific binding to the tumor cells. At the micrometastases
stage the tumor is more exposed to the vasculature and,
therefore, a larger fraction of the tumor cells is accessible
to the immunoliposomes. The D-SSIL-32/2 bind to the target
and therefore the level of drug 2 h post-injection is 24
times higher than drug delivered via D-SSL. This agrees
well with the data of Allen and coworkers, demonstrating
the superior antitumor effect in mice of specific D-SSIL,
compared to D-SSL, 3 days after tumor inoculation (10).
The blocking effect caused by specific interaction with tumor
cells may be of special importance at the middle stage of
tumor development, since the ratio of zones of low pressure
to zones of high pressure is much less favorable than in the
micrometastases stage. At Stage III, the necrosis forms regions
of low pressure inside the tumor which, theoretically, can
allow nonspecific accumulation of all three types of vesicles
used in this study. D-SSIL (either specific or nonspecific),
due to the nonspecific interaction of most antibodies with
various extracellular matrix proteins, including collagen and
fibronectin (19), in the necrotic area create a nonspecific
blocking effect. Alternatively, this nonspecific binding pre-
vents DOX uptake by the tumor cells since either there is
no drug release from the vesicles or the release is too remote
from these cells. This may explain the very low ratio of DOX-
M/DOX in the cancerous lungs for D-SSIL-IgG treatment
described below.

As DOX is metabolized only intracellularly (20), we mea-
sured the level of metabolites in the tumor as an indication of
drug availability to cells in the cancerous tissue. Differences
in DOX-M concentrations between the three liposomal prepara-
tions were the most striking results (Figs. 4-6). Drug delivered
via D-SSIL-IgG metabolized to a very small extent, in agree-
ment with the lower availability to the tumor cells (see above),
while drug delivered by the specific D-SSIL-32/2 gave the
highest level of metabolites. It is not yet clear if this difference
is related to the way the DOX is taken up by the cells.

To sum up, our study demonstrates that the level of DOX
in the tumor, and more so, of its metabolites, is determined by
the combined effects of the presence of the targeting antibodies
and the exact state of the solid tumor. Experiments underway
in our laboratories are aimed at testing the immunogenicity of
SSIL as well as the relationship between the pharmacokinetic
and biodistribution performance and therapeutic efficacy.
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