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ABSTRACT

Cellular interaction and in vitro antitumor activity of a polymeric
prodnig of militili) rin C (MMC), mitomycin C-dextran conjugate (MMC-
D), were studied in relation to its physicochemical characteristics. MMC-
D with cationic and anionic charges were examined. The cationic MMC-
D was synthesized using a spacer, (-aminocaproic acid and dextrans with
molecular weights of 10,000, 70,000, or 500,000 [MM( <Â«.)I>,.,|. The
anionic MMC-D was synthesized using 6-bromohexanoic acid as a spacer

and dextran with a molecular weight of 70,000 |MMC(C6)Dâ€ž|.
Cellular adsorption was determined by measuring the concentration of

the drug in the medium after incubation with three tumor cell lines.
Ehrlich ascites carcinoma, 1.1210 leukemia, and AH66 ascites hepatoma
cells. MM( (( d)!),,, was adsorbed more readily than MMC or
MMC(C6)Dâ€žon the tumor cell surface by an electrostatic force. The
percentage of adsorption remained almost constant during the course of
incubation and no significant difference was observed between the incu
bation at 4Â°Cand that at 37Â°C.A corresponding increase in the amounts

of MM( (( (>|l),â€žadsorbed on with higher molecular weights was noted,
which conformed to Langmuir's adsorption isotherm.

In vitro antitumor activity was evaluated using LI210 and EAC cell
culture systems and human tumor colony forming assay. MM( 'Â«6)1 >,â€ž

showed growth inhibition essentially equal to that of MMC in continuous
drug exposure experiments. In a l-li drug exposure experiment,

MM( (< 6)I>,â€ž,with a molecular weight of 70,000 or 500,000 was more
active than MMC, and a good correlation was observed between the
effects of MM( Â«<.)!>,., and the extent of cellular interaction.

These results show that cellular interaction played an important role
in the manifestation of the antitumor effect of MMC-D and that these
phenomena are governed by the physicochemical properties of macro-

molecular prodrugs, such as electric charge and molecular weight.

INTRODUCTION

MMC3 is widely used in cancer chemotherapy, but its use is

limited by side effects such as severe bone marrow suppression
and gastrointestinal damage (1). These disadvantages could be
overcome and therapeutic efficacy enhanced if the cytotoxicity
were localized at the tumor site and the burden on other tissues
could be minimized by improving the pharmacokinetic prop
erties and cellular access of MMC (2). One possible approach
to accomplishment of these goals might be conjugation of
MMC to a high molecular weight compound (3, 4). Based on
this consideration, we have developed a macromolecular deriv
ative of MMC (5), MMC-dextran conjugate (Fig. 1/1), and
examined its physicochemical, pharmacodynamic, and phar
macokinetic characteristics. Stability studies demonstrated that
MMC(C6)DC1, is converted to MMC by chemical hydrolysis
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(half-life, about 24 h) and that the conversion is not accelerated
by the tissue homogenate (6). Pharmacokinetic analysis re
vealed that MMC-D acts as a reservoir that behaves as a
macromolecule while supplying active MMC in the body at the
same rate as under in vitro conditions (7, 8). Furthermore, the
sustained retention of MMC(C6)DC., at the injection site and
its enhanced lymphatic transport after local injection has been
shown (9), as well as its improved antitumor activity against
various experimental tumors (5, 10, 11). Based on these find
ings, a clinical study is in progress and MMC(C6)Dc.t has shown
remarkable effects on advanced cancer in several cases ( 12, 13).

Previously, we reported that MMC(C6)Dcal directly interacts
with tumor cells and that this interaction plays an important
role in the manifestation of antitumor activity (11, 14). In the
present study, we investigate the cellular adsorption and //; vitro
antitumor activity of MMC-D in connection with its physico-
chemical characteristics, and we discuss its mode of action from
the viewpoint of cellular interaction.

MATERIALS AND METHODS

Chemicals

MMC was kindly supplied by Kyowa Hakko Kogyo Co., Tokyo,
Japan. Dextran was purchased from Pharmacia, Uppsala, Sweden, and
had average molecular weights of 10,000 (T-10), 70,000 (T-70), and
500,000 (T-500). 7-Amino[t/-14C]butyric acid with a specific radioac

tivity of 2 mCi/mg was purchased from New England Nuclear, Boston,
MA. All other chemicals were of reagent grade and were obtained
commercially. MM( (<'6)1),â€žwas synthesized as reported previously

(5). In brief, dextran was activated with cyanogen bromide at pH 10.7
(15) and (-aminocaproic acid was coupled covalently to a glucose chain
as a spacer. MMC was conjugated to the spacer introduced dextran by
a carbodiimide catalyzed reaction. Radiolabeled MM( (( 6)1>,â€žwas
synthesized by coupling â€¢y-amino[l/-uC]butyricacid to dextran together
with (-aminocaproic acid at a molar ratio of 1:1000. The purified
radiolabeled MMC(C6)Dc,, has a specific activity of 0.05 /iCi/mg.
MMC(C6)Dâ€žwas synthesized using another spacer, 6-bromohexanoic
acid. After 6-bromohexanoic acid was linked to dextran in an alkaline
solution, MMC was conjugated in the same manner as M\1( '(( <>)!),.â€ž.

The products were washed and concentrated by ultrafiltration. All
conjugates were estimated to contain almost equal amounts of MMC,
about 10% (w/w), and the degree of substitution of dextran by MMC
was 1 molecule/14-17 glucose units. The doses reported for MMC-D
refer to the quantity of MMC in the conjugates.

Molecular Charge

The net charge of MMC-D was estimated by the batch method using
the DEAE-Sephadex A-50 aniÃ³n exchanger and CM-Sephadex C-50
cation exchanger, as described previously (16).

Release of MMC from MMC-D in Culture Medium

The release of MMC from MMC-D was determined by the equili
brated dialysis method. A Visking dialysis tube (8/32) containing 5 ml
of RPMI 1640 supplemented with 10% fetal bovine serum (Grand
Island Biological Co., Grand Island, NY) and MMC-D was immersed
in 35 ml of the same medium maintained at 37'C with gentle shaking.
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One ml of sample was withdrawn from the outer medium at fixed times
for analysis. The amount of released MMC was determined by measur
ing antimicrobial activity against Escherichia coli B using the disc plate
method. The release rate and half-life were calculated by the least
squares method.

Tumors and Animals

LI210 mouse leukemia cells, EAC cells, AH66 rat ascites hepatoma
cells, and NIH 3T3 mouse fibroblast cells were maintained by serial
culture transplanted every 3 or 4 days in RPMI 1640 (11210 and EAC
cells) or Eagle's minimum essential medium (AH66 and 3T3 cells)

containing 10% fetal bovine serum. EAC cells were also maintained by
weekly i.p. transplantation to male ddY mice, which were obtained
from Shizuoka Agricultural Co-operative Association for Laboratory
Animals, Shizuoka, Japan. These mice were kept on a diet of NMF
(Oriental Yeast Co., Japan) with water ad libitum in a room maintained
at 23 Â±PC (SD) and a relative humidity of 55 Â±5%. Ascitic fluid was
withdrawn from the peritoneal cavity of the mice 10-14 days after the
EAC cell implantation and washed 3 times with Ar-2-hydroxyethylpi-
perazine-AT'-2-ethanesulfonic acid buffered Hanks' balanced salt solu

tion by centrifugation. The EAC cells obtained were used for the
interaction study.

Cellular Adsorption of MMC-D

Tumor cells (IO7 cells/ml) were incubated in 20 mM yV-2-hydroxy-
ethylpiperazine-A/'-2-ethanesulfonic acid buffered Hanks' balanced salt

solution (pH 7.2) containing MMC or MMC-D (10 fig equivalent
MMC/ml). Cells were separated by centrifugation at 3000 rpm for 5
min. Drug concentration remaining in the supernatant was determined
spectroscopically and the percentage of adsorption was calculated. The
concentration of MMC was confirmed by high performance liquid
chromatography or biological assay using E. coli B. The effects of
incubation temperature, drug concentration, medium pH, and cell
surface pretreatment on the cellular adsorption were examined. Bis(2-
hydroxyethyl)-2,2',2''-nitrilotriethanol (pH 5.5-6.5) and /V-2-hydroxy-
ethylpiperazine-Â¿V'-3-propanesulfonic acid (pH 8.0-8.5) were used at a

concentration of 20 mM.

Neuraminidase Treatment

EAC cells (8 x 10* cells) were incubated with 40 ID neuraminidase
type V (SIGMA Chemical Co., St. Louis, MO) in bis(2-hydroxyethyl>-
2,2',2"-nitrilotriethanol buffered Hanks' solution (pH 5.5, 10 ml) at
37Â°Cfor 30 min. After a washing with Hanks' solution (pH 7.2), drug

adsorption was determined.

Subcellular Distribution of [14qMMC(C6)Dâ€ž,

EAC cells were incubated with ["ClMMCÃ•CoJD.,, at 37Â°Cfor 3 h in
Hanks' solution (pH 7.2) and separated by centrifugation. The super

natant was removed and cell pellet was resuspended in fresh medium.
Then cells were lysed by freezing and thawing ( 17). Aliquots of lysed
cells were removed, 10 ml scintillation medium (Univer-gel; Nakarai
Chemicals, Japan) were added, and radioactivities were determined in
a liquid scintillation system (total radioactivities). After centrifugation
at 2000 rpm for 5 min, radioactivities of the supernatant were deter
mined as lysate fraction radioactivities. The radioactivities associated

CBj

K0Â°

CH2OCONHÂ¡

0013

N-CO-(Ol2>5-0

- OOC- (CHjl 5-0

with the membrane fraction were calculated by subtracting those of the
lysate fraction from total radioactivities.

In Vitro \ntituniiir Activity

Continuous Drug Exposure. LI210 or EAC cells were suspended in
RPMI 1640 supplemented with 10% fetal bovine serum containing
various concentrations of drugs and seeded on a multiwell tissue culture
plate (Kccion-Dick inson Co.) at a density of 10s cells/ml/well. After
incubation in a humidified atmosphere containing 5% COz at 37Â°Cfor

3 days, viable cells were counted with a Burker Turk hemocytometer
by trypan blue exclusion. The growth inhibition was calculated as

Growth inhibition (%) - x 100

Fig. 1. Representative chemical structure of mitomycin C-dextran conjugates.
A, MMC(C6)Dcâ€ž;B, MMC(C6)Dâ€ž.

T and C represent the number of surviving cells in a treated group and
in an untreated group, respectively. Experiments were carried out in
triplicate.

Drug Exposure for 1 h. LI210 or EAC cells were exposed to various
concentrations of drugs in Hanks' solution (pH 7.2) for l h at 37Â°C

and then were washed twice with fresh medium by centrifugation, as
described previously (16). Drug treated cells were resuspended in the
growth medium and incubated for 4 days. Growth inhibition was
determined as above.

Evaluation by Human Tumor Colony Forming Assay. Clonogenic
assay was carried out using the modification of the method of Ham
burger and Salmon (18), as reported previously (19). In brief, tumor
specimens obtained by operation were cut from nontumorous tissues
and minced into pieces less than 2 mm in diameter. After the cell
suspension was prepared by enzymatic digestion and washing, large
nucleated cells were counted to assess viability by trypan blue exclusion.
The washed cells were suspended in Chee's modification of Eagle's

medium containing 0.3% Bacto-agar (Difco Laboratories, Detroit, MI)
supplemented with 15% fetal calf serum (Flow Laboratories, Rockville,
MD), penicillin (100 Mg/ml), and streptomycin (100 units/ml; Grand
Island Biological Co.), to yield a Final concentration of 5 x IO5 large
nucleated viable cells per ml. The cells were plated over a I-ml under-
layer of growth medium containing 0.5% agar. MMC and
MMC(C6)D(T-70)cÂ«were added to the upper layer of the culture system
(final concentration, 3 #ig equivalent MMC/ml). All plating was per
formed in triplicate. The plates were placed in a humidified incubator
at 37'C for 14-21 days and colonies containing 50 or more cells were

counted by inverse microscopy.

StatÃ¬stica!Analysis

Statistical significance was determined by Student's I test.

RESULTS

Molecular Charges of MMC-D. MMQCoJDo,, was adsorbed
on CM-Sephadex but not on DEAE-Sephadex regardless of
molecular weight in the region of pH 5.5-10.0. On the other
hand, MMC(C6)Dâ€ž, interacted with DEAE-Sephadex but not
with CM-Sephadex. These results indicated that the
MMC(C6)Dc., molecule had a cationic charge while the
MMC(C6)Dâ€ž molecule possessed an anionic charge.

Release of MMC from MMC-D in the Culture Medium. Fig.
2 shows a semilogarithmic plot of the MMC remaining in
conjugated form versus time during the release experiment in
culture medium. All MMC-Ds showed monoexponential lib
eration of biologically active MMC. MMC released was con
firmed to be intact by UV spectrum and high performance
liquid chromatography. The half-life of MMCÃ•CÃ³JDc,,was 52
h regardless of molecular weight and that of MMC(C6)Dâ€ž was
153 h. These half-lives were longer than those in phosphate
buffered saline, pH 7.4 [24 h for MMQCoJDc,, and 52 h for
MMC(C6)Dâ€ž]. Tumor cells had no effect on the release rate of
MMC from MMC-D (data not shown).
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Fig. 2. Release of MMC from MMC-D in the culture medium. O,
MMC(C6)D(T-10)c,,; a MMC(C6)D(T-70)â€ž; A, MMC(C6)D(T-500)cÂ»; â€¢
MMC(C6)D(T-70)U. A Visking dialysis tube containing MMC-D solution was
immersed in 35 ml of RPMI 1640 supplemented with 10% fetal bovine serum
and maintained at 37'C with gentle shaking. One ml of sample was withdrawn

from the outer medium at indicated times for analysis. The amount of released
MMC was determined by biological assay using E. coli B.

ious cell lines for 15 min. Adsorption amounts on LI210
leukemia and other cell lines were essentially equal to that on
EAC cells.

Fig. 5A shows the effect of concentration of MMQCoJDcÂ«
on the interaction with EAC cells. The correlation between
molecular weight and cellular adsorption was observed at all
concentrations. At low concentrations, cellular uptake in
creased in proportion to drug concentration, but it was saturated
at higher concentrations. Similar rapid and saturable adsorp
tion was observed for LI210 leukemia cells (data not shown).

Fig. 55 shows a double reciprocal plot of the data shown in
Fig. 5A. The reciprocal of drug amount binding to EAC cells
was linear to that of the drug concentration remaining in the
incubation medium, suggesting that cellular binding of
MMC(C6)Dc,, conformed to Langmuir's adsorption isotherm

(Equations A and B).

10S-=â€¢Cis6si"j|]t

0m.

1086il200=2^0^0fttC(C6>D(T-10)cot2$4=Ã©ys

A
^i_0.5

13 0.51TiHE
(HOURS) TIME(HOURS

BnC(C6)D
(T-500)cot

0.5 1 3
TIME (HOURS)

"j obo-oâ€”6"a
0.5 13 0.5 1 3

TIKE (HOURS) TIK(HOURS)

Fig. 3. Adsorption time courses of MMC and MMC-D on Ehrlich ascites
carcinoma cells at 37'C or 4'C. O, 37*C; Q, 4'C. EAC cells were incubated in
Hanks' balanced salt solution containing MMC or MMC-D at 37*C or 4'C. After

incubation for indicated periods, cells were separated by centrifugation and drug
concentration remaining in the supernatant was determined spectroscopically.
Adsorption amount was calculated and expressed as the mean Â±SD of at least
three experiments.
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Fig. 4. Adsorption of MM< '(( 'Ml X I 70),â€žon various cell lines incubated at
37'C for IS min. Adsorption amount was determined as described in the legend
of Fig. 3. Cell density was ID"cells/ml. Results are expressed as the mean Â±SD.

Cellular Interaction of MMC-D. Fig. 3 shows the cellular
adsorption-time profiles of MMC and MMC-D at 4Â°Cand
37Â°C.The uptake of MMC by EAC cells was slight at both

temperatures. Adsorption of MMC(C6)DMI, especially conju
gates with dextran 170 and I 500. was much higher than that
of MMC. In contrast, \1 \K (( 6>l).,â€ž.having an anionic charge,Â«
did not interact with tumor cells. MM( (( 6)1), â€žwas adsorbed
on EAC cells very rapidly and the adsorption amount was
almost constant during the course of incubation. No significant
difference was observed between incubation at 4Â°Cor 37Â°C.

Higher interaction was observed with an increase of the molec
ular weight of dextran.

Fig. 4 shows the adsorption of MMC(C6)D(T-70)M, on var-

XJ(C
1 + KC

^ ^XJÃ• C+ X,

(A)

(B)

where X represents the adsorbed amount of drug, XÂ«,is the
maximum adsorption amount of drug; A' is a constant, and C

is the drug concentration in medium after incubation. A . and
K were calculated for each MMC(C6)Dcal from the solid lines
in Fig. 5B obtained by the least squares method (Table 1). The

s
210

j'

I

0 10 20 30 10
DRUCCONCENTRATIONlug ea. (IMC/ml)

50 0.2 0.1 0.6 O.E
RECIPROCALof DRUGCONCENTRATION

(mi/ug ea. MHO

Fig. 5. Effects of concentration of MMC(C6)Dâ€ž,on its adsorption on Ehrlich
ascites carcinoma cells in 15 min at 37'C. O, MMQCÃ³JDCT-lO).Â»; D,
MMC(C6)D(T-70)<,<; A, MMC(C6)D(T-500)Â«â€ž.A, adsorption amount deter
mined as described in the legend of Fig. 3. The results are expressed as the mean
Â±SD. The curves were computer generated for each set of data, a, significant (/'
< 0.001) as compared with MMC(C6)D(T-10U; b, significant (P < 0.002) as
compared with \1M< |( Ml >| I I(>>.â€ž:<. significant (P < 0.02) as compared with
MMCÃ•CÃ³JDÃT-lO).Â«;Â«/,significant (P< 0.001) as compared with MMC(C6)D(T-
70U; e, significant (P < 0.002) as compared with MMC(C6)D(T-70)â€ž,. B, double
reciprocal plot of the data shown in Fig. SA). Lines were calculated by the least
squares method. Correlation coefficients were 0.976 (/' < 0.001) for
MMC(C6)D(T-10)c,â€ž,0.986 (P < 0.001) for MMC(C6)D(T-70)â€ž,, and 0.930 (P
< 0.005) for MMC(C6)Dfr-500)â€ž.

Table 1 Parameters of Langmuir's adsorption isotherm for the cellular

interaction ofMMC(C6)Dâ€ž
Parameters were obtained from Fig. 5.~Â¿r if

Gig eq MMC/ (ml/Mgeq lO^xX." 10-'xAf*IO7cells) MMC) (mol/107 cells) (ml/mol)

MMC(C6)D(T-10)Â« 3.05 0.124 29.4 1.3
MMC(C6)D(T-70U 8.62 0.227 10.1 19.4
MMC(C6)D(T-500)C. 17.83 0.247 2.5 175.3

* Calculated maximum adsorption of the drug on EAC cells is represented by

the amount of MMC conjugated (jr.) or mol numbers of MM( i( 6)1).., molecule
<*.).

A and K, constant of Langmuir's adsorption isotherm calculated as MMC

equivalent and mol of MMC(C6)Dâ€žiâ€žrespectively.
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maximum adsorption amount of \1 M( '(( '<â€¢>)!),,â€žexpressed in

MMC equivalent amount increased with increase of molecular
size as well as A values. In contrast, the maximum adsorption
amount expressed as moles of the total conjugate decreased as
the molecular weight of dextran increased.

As shown in Table 2,90% or more of adsorbed MMC(C6)Dca,
was associated with the plasma membrane of EAC cells.

Fig. 6 shows the effect of medium pH on cellular adsorption
of MMC(C6)Dcal. The amount of adsorption decreased with
lower pH levels. Fig. 7 shows the effect of cell surface treatment

Table 2 Subcellular distribution of r'C]MMC(C6)Dâ€ž,

carcinoma cells
in Ehrlich osciles

Ehrlich ascites carcinoma cells were incubated with [uC]MMC(C6)Dcâ€ž and

lysed by freezing and thawing. Crude plasma membrane fraction and lysate
fraction were separated by centrifugation. Radioactivities in each fraction were
determined as described in "Materials and Methods." Results are expressed as

the percentage of total radioactivities associated with cells.

% recovered

Crude membrane
fraction Lysate fraction

MMC(C6)D(T-10).â€ž 87.8 Â±2.87"

90.7 Â±0.76
93.3 Â±5.89

12.2 Â±2.87
9.3 Â±0.76
6.7 Â±5.89

* Means Â±SO.

1.0 r

Â°0.9
t-

iÂ»
;Â°'7
Â§
A 0.6

0.5 L
5.5 6.5

PH

7.2 8,5

Fig. 6. Effect of medium pH on adsorption of MM( (< 6)1), â€žon Ehrlich
ascites carcinoma cells. O, MMCÃ•CÃ³JDfT-lO)Â«;D, MMCfCÃ¶JLHT^O)Â«;A,
\1 M< ((<>>(I >(Mi),â€ž.EAC cells were incubated in Hanks' balanced salt solution
at various pH containing MMC(C6)Dclt for 15 min at 37*C. Adsorption amount

was determined as described in the legend of Fig. 3. Ordinate, relative adsorption
ratio corrected for the adsorbed amount of each MMC(C6)D<Â«at pH 7.2.

<_>aUJiS

0.9OÂ£

gO.8Ã¬

H ntun"
mC(C6)D mC(C6)D mC(C6)D

(T-10)
cat

(T-500)

Fig. 7. Effects of neuraminidase pretreatment on adsorption of M \ K Â«(i11>,.â€ž
on Ehrlich ascites carcinoma cells. EAC cells were treated with 40 II neuramin
idase for 30 min at 37*C. Control cells were incubated in the same medium
without neuraminidase for 30 min at 37*C before experiment. Adsorption on
treated and control cells in 15 min incubation at 37*C were examined as described

in the legend of Fig. 3. Ordinate, relative adsorption ratio calculated by dividing
the adsorbed amount of MMC(C6)Dc., on the pretreated cells by that on the
intact cells. Statistical significance was determined by Student's i test as compared

with adsorbed amount on untreated cells in each compound, a, not significant; b,
significant (P < 0.005);.. significant (/' < 0.05).

with neuraminidase, which removes sialic acid from the extra
cellular matrix, on cellular adsorption of MMC(C6)DcÂ«. After
neuraminidase treatment, adsorption significantly decreased in
the case of MMC(C6)D(T-70)ca, and MMC(C6)D(T-500).â€ž.

In Vitro Antitumor Activity. Fig. 8/4 shows the growth inhib
itory effects of MMC and MMC-D on LI210 leukemia cells
during continuous drug exposure. MMC inhibited growth at
the lowest dose in drugs tested. MMC(C6)Dcal had almost the
same activity as MMC regardless of molecular weight, whereas
MMC(C6)Dan was less active than MMC. Dextran or dextran
spacer did not affect cell growth in culture.

Exposure for l h to a higher molecular weight of
MMC(C6)Dcal increased its growth inhibitory activity, and
MMC(C6)D(T-70)ca, and MMC(C6)D(T-500)cal, which
strongly interacted with tumor cells, had 4 and 9 times higher
activities, respectively, than MMC (Fig. 8Ã„).On the other hand,
1-h exposure to MMC(C6)D,â€ž resulted in much less activity
than that to MMC or MMQCoJDcÂ«. Similar results were
obtained for EAC cells (Fig. 9).

Table 3 summarizes the growth inhibitory activities of MMC
and MMC(C6)D(T-70)cat on human tumor cells as assessed by

clonogenic assay. MMC(C6)Dca, also had essentially the same
activity as MMC against human malignant cells.

100r

Â£80

560
ea

Jl 40
X

I 20

0L _J I 1 1

0.05 0.1 0.5 1
DRUGCONCENTRATION(ug ea. IWC/ml)

0L _i 1 1 , ,
0.1 1 10 100 320

DRUGCONCENTRATION(ug ea. NMC/ml)
Fig. 8. Growth inhibitory effects of MMC and MMC-D on L1210 leukemia

cells. â€¢, MMC; O, MMC(C6)D(T-10)Câ€ž; D, MMC(C6)D(T-70)Â«Â»; A,
MMCfCoJDfT-SOO),Â«;â€¢MMC(C6)D(T-70)â€ž. A, L1210 leukemia cells cultured
for 72 h in RPMI 1640 supplemented with 10% fetal bovine serum under
continuous exposure to various concentrations of MMC and MMC-D. Viable
cells were counted by trypan blue exclusion and growth inhibition percentages
were calculated. B, L1210 leukemia cells exposed to various concentrations of
MMC and MMC-D for l h at 37'C in Hanks' balanced salt solution. After two

washes with the same medium, cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum for 4 days. Percentage of growth inhibition was
determined as above.

loor

*
Â§60

CO

Jw
I

S 20

100

|80

I
5 60
P

CO

1 io
I

a 20

0.01 0.1 1 2
DRUGCONCENTRATION(ug eq. MMC/ml)

0.1 1 10 160
DRUGCONCENTRATION(ug eg. MMC/ml)

Fig. 9. Growth inhibitory effects of MMC and MMC-D on Ehrlich ascites
carcinoma cells. â€¢,MMC; O, MMC(C6)D(T-10)cÂ»; d MMC(C6)D(T-70)Â«Â«;A,
MMC(C6)D(T-500U; â€¢MMC(C6)D(T-70)â€ž. A, growth inhibition determined
as described in the legend of Fig. K I; /(. growth inhibition determined as described
in the legend of Fig. SB.
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Table 3 Growth inhibitory effects ofMMC and MMCtCÃ¨iDfT-JO)^ on human
tumor cells evaluated by clonogenic assay

Human tumor cells were cultured using a modification of the method of
Hamburger and Salmon. Tumor colonies containing more than 50 cells were
counted by inverse microscopy 14-21 days after plating.

No. of colonies

Tumor Control MMCr
MMC(C6)D

(T-70)Â«.'

Gastric cancer
Gastric cancer
Malignant schwannoma
Neuroblastoma
Renal pelviccarcinoma
Grawitz's tumor

749 Â±20* 163Â±6(78)' 239 Â±21(68)*'
48 Â±15 8Â±3(84) 7Â±2 (85/-'

219 Â±18 23 Â±2(89) 35 Â±5 (84)**
13 Â±3 9 Â±4(31) 7 Â±6 (46)Â»-1
41 Â±9 23 Â±3 (44X
13 Â±3 9Â±3 (31)'

" Drug concentration was 3 jig equivalent MMC/ml (continuous exposure).
* Mean Â±SD of three dishes.
' Numbers in parentheses, percentage of growth inhibition.
'' Statistically signincant (/' < 0.001 ) as compared with the control group.
'Statistically significant (P < 0.01) as compared with the group exposed to

MMC.
^Statistically significant (P < 0.05) as compared with the control group.
' Not significant as compared with the group exposed to MMC.
* Statistically significant (/' < 0.05) as compared with the group exposed to

MMC.
1Not significant as compared with the control group.
' Statistically significant (P < 0.1 ) as compared with the control group.

DISCUSSION

In general, it is believed that polymeric antitumor agents
enter tumor cells by endocytosis and are cleaved to free forms
by lysosomal enzymes. Drugs with these characteristics are
called lysosomotropic agents (20, 21). However, in the case of
MMC conjugates, since MMC becomes unstable with enzyme
treatment and at a low pH (22-24), the modification based on
the lysosomotropic agent concept might not be applicable.
MMC-D was designed to liberate MMC by chemical hydrolysis
(6). The cellular interaction and in vitro antitumor activity of
MMC-D were thus investigated in the present study.

Positively charged macromolecules such as protamine (25),
cationized ferritin (26), and polylysine (27, 28) have been re
ported to show high cellular interaction. We have already
demonstrated that the polycationic MMC-polylysine conjugate
is more strongly adsorbed on tumor cells than the MMC-
polyglutamic acid conjugate or the MMC-polyaspartic acid
conjugate which has a negative charge (16). Two types of MMC-
D, MMC(C6)Dcat and MMC(C6)D.n, were tested to elucidate
their cellular interaction characteristics. Three structures can
be considered for the linkage between the spacer and dextran
of MMC(C6)Dca, (29). MMC(C6)Dcal probably has a cationic
charge due to structures such as isourea (Fig. \A) and N-
substituted imidocarbonated, although a carbamate linkage is
also possible. In the case of MMC(C6)Dan (Fig. IB), the spacer,
6-bromohexanoic acid, was introduced to dextran through an
ether linkage with no electric charge, but MMC was not coupled
with all spacer arms; the remaining free carboxyl groups may
give the anionic charge.

As illustrated on Fig. 3, more MMC(C6)Dca, was adsorbed
on EAC cells than MMC or anionic MMC-D, which indicated
that electric charge is an important factor even in the case of
dextran conjugates. No essential relevant difference was ob
served among several cell lines including LI210 and EAC cells
(Fig. 4). We used mainly EAC cells for cellular interaction
studies, because they are easily obtained in a larger number
from ascitic fluid of tumor implanted mice.

Several aspects of the mode of cellular interaction of
MMC(C6)Dca, were investigated. By changing the medium con
centration of MMC(C6)Dcal, the adsorption phenomenon was
shown to conform to Langmuir's adsorption isotherm (Fig. 5).
The findings that cellular uptake of MMC(C6)Do, at 4Â°Cwas

almost the same as at 37Â°C(Fig. 3) and that [14C]MMC(C6)DC1,

was recovered mainly from the plasma membrane (Table 2)
suggested that MMC(C6)Dcal was physically adsorbed on the
surface of tumor cells and that internalization of MMC(C6)Dca,
by endocytosis did not increase its uptake at least during the 3
h of incubation. Lowering of the medium pH and neuramini-
dase pretreatment resulted in a decrease in the cellular adsorp
tion of MMC(C6)Dcat which indicates that an electrostatic force
between anionic charges on the cell surface and cationic charges
of MMC(C6)Dca, plays an important role in the cellular inter
action of MMC(C6)Dca, (Figs. 6 and 7).

The cellular interaction of MMC(C6)Dca, differed with the
molecular weight of dextran (Figs. 3 and 5). The maximum
numbers of MMC(C6)Dcat molecules adsorbed on a EAC cell
was 1.77 x 10" molecules for MMC(C6)D(T-10)c.â€ž 6.08 x IO7
molecules for MMC(C6)D(T-70)cal, and 1.51 x IO7 molecules
for MMC(C6)D(T-500)ca, estimated from Langmuir's adsorp

tion isotherm. These results suggested that the number of
MMC(C6)Dcat molecules that can be adsorbed on a cell surface
was limited by the space occupied by the molecule; a
MMC(C6)Dc,, molecule with a higher molecular weight must
occupy a larger space. The average Stokes radii of
MMC(C6)D(T-10)cal, MMC(C6)D(T-70)cÂ«, and
MMC(C6)D(T-500)ca, obtained by gel permeation chromatog-
raphy were 25, 74, and 91 A, respectively (11). The ratio of the
maximum number of MMC(C6)Dcal molecules adsorbable on a
tumor cell was calculated to be 26:3:2 (T-10:T-70:T-500), based
on the cross-section of MMC(C6)Dcat molecules assumed to be
a sphere with these Stokes radii. This value is in fair agreement
with that calculated from Langmuir's adsorption isotherm

(12:4:1 = T-10:T-70:T-500) although a slight difference, prob
ably caused by the distorted molecular shape of MMC-D, exists.

On the other hand, the maximum amount of MMC adsorbed
in the form of a dextran conjugate was greater as the molecular
weight of dextran increased. Fewer large MMC(C6)DMI mole
cules are adsorbed on the cell, but they each contain many
MMC; i.e., MMC(C6)D(T-10)cal contains about 3 MMC
molecules, MMC(C6)D(T-70)ca, about 21 molecules,
and MMC(C6)D(T-500)cat about 150 molecules since
MMC(C6)DcÂ« contains almost same number of MMC mole
cules per glucose unit. Consequently, a larger MMC(C6)DC1I
could fix a larger amount of MMC on the cell surface and result
in a higher supply to tumor cells. Thus MMC(C6)D(T-500)cal
should be most effective in delivering MMC via chemotherapy
to tumor cells.

Although we have studied cellular interaction mainly using
EAC cells, in vitro antitumor activities were examined chiefly
in the LI210 cell culture system (Fig. 8) for comparison with
in vivo antitumor activities in a syngeneic system (11, 14).
Growth inhibitory effects on EAC cells are also investigated in
this study (Fig. 9).

In continuous drug exposure experiments, the growth inhib
itory activities of all cationic MMC-Ds were essentially equal,
while that of anionic MMC-D was lower (Figs. &A and 9A).
The half-life of MMC(C6)Dca, for MMC release was about 52

h, irrespective of molecular weight, while that of MMC(C6)Dan
was about 153 h (Fig. 2). During a 72-h culture period, 61% of
MMC(C6)Dcat and 28% of MMQCÃ³Ã¬D,,,were calculated to be
converted to free MMC. MMC-D in a Visking tube also exhib
ited comparable activity to that of MMC-D directly added to
culture medium (data not shown). These results suggested that
MMC released from MMC-D was the species responsible for
toxicity and that the release rate of MMC considerably affected
the growth inhibitory activity of MMC-D in this system.
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Exposure to MMC(C6)Dca, for l h resulted in a higher growth
inhibitory activity that increased with increases in molecular
weight and cellular interaction (Figs. SB and 9Ã„).Thus, there
was a close relationship between the growth inhibitory effects
and cellular adsorption of MMC-D in this system. The
MMC(C6)Dscal adsorbed on the tumor cell surface after a 1-h
exposure should remain there at least in part even after washing
and liberate intact MMC in the growth medium during the
successive culture period. Therefore, MMC(C6)Dcat with
greater cellular interaction can supply larger amounts of free
MMC to tumor cells in culture by chemical hydrolysis. MMC
molecules which were released from MMC-D during a 1-h
exposure and the following culture period might be responsible
for cytotoxicity. In this system, cellular interaction, as well as
the release rate of MMC, affected growth inhibition of MMC-

D.
The MMQCoJDca, with a higher molecular weight has a

greater //; vivo antitumor activity against murine tumors im
planted in the peritoneal cavity (11, 14). Remarkable effects
were observed against solid tumors such as B16 melanoma and
Walker 256 carcinosarcoma by intratumoral injection. In clin
ical studies, local administration of \1 \1( (( 6)1), â€žhad an ex
cellent effect on advanced abdominal cancers (12, 13).

In the generation of in vivo antitumor activity, MMC injected
in a free form was rapidly cleared from the injection site and
the body (9); contact with tumor cells occurred for only a short
time. In contrast, after local administration, MMC(C6)Dca, was
demonstrated to be retained at the injection site for more than
48 h with a gradual release of MMC (9). Therefore, tumor cells
thriving in the body space where MMC(C6)Dcat was adminis
tered should be exposed to MMC at a lower concentration for
a much longer period. A given exposure dose of MMC induces
equitoxic effects (30) and MMC is selectively toxic to chroni
cally hypoxic tumor cells at a relatively low concentration (31).
Considering the rapid clearance of MMC, its in vivo condition
seems to be more similar to that of the 1-h exposure experiment,
in which MMC(C6)Dcai was adsorbed on tumor cells and re
leased MMC causing inhibition of cell growth. Therefore, cel
lular interaction of MMC(C6)Dc,,,, as well as its improved
pharmacokinetic behavior, is considered to be a contributing
factor to the manifestation of its therapeutic efficacy.

In conclusion, the physicochemical characteristics of the mac-
romolecule seem to be very important both for the cellular
interaction and the antitumor activity of MMC.
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