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SUMMARY

RaMONAs, L. M., L. C. EricksoN, W. KLEssg, K. W. KoHN, AND D. S. ZAHARKO.
Differential cytotoxicity and DNA cross-linking produced by polymeric and mono-
meric activated analogues of cyclophosphamide in mouse L1210 leukemia cells. Mol.

Pharmacol. 19:331-336 (1981).

4-S-(hexane-6-ol)-sulfidocyclophosphamide (monomer) and a compound composed of this
derivative covalently bound to divinylether-maleic acid copolymer (DIVEMA) sponta-
neously hydrolyze in vitro with half-lives of hydrolysis of 9 and 48 min respectively, to
form 4-hydroxycyclophosphamide. In turn, 4-hydroxycyclophosphamide further degrades
to phosphoramide mustard with a half-life of 312 min. Sulfido-CP (cyclophosphamide)
monomer, DIVEMA-sulfido-CP polymer, and phosphoramide mustard are qualitatively
similar in producing DNA interstrand cross-links, as measured by alkaline elution, when
incubated with mouse L1210 leukemia cells for 20 min. DNA interstrand cross-linking in
L1210 cells increases for up to 6 hr following drug treatment and then decreases until it
is completely removed within 18 hr for all three drugs. However, quantitatively more
phosphoramide mustard (150 uM) is required than monomer (30 uM) to produce compa-
rable amounts of cross-hnkmg An equivalent amount of monomer hydrolytically released
by the polymer within 20 min is one-half as potent as monomer alone in producing cross-
links. Similar concentration relatlonshlps are observed in cytotoxicity assays (L1210 soft
agar colony formation). These in vitro data suggest that (a) the activated monomer or
some degradation product prior to phosphoramide mustard is taken up by L1210 cells;
(b) the polymer hydrolyzes extracellularly to a monomeric species before cellular uptake;
and (c) tumor endocytotic uptake of polymer appears negligible in L1210 cells. In vivo
antitumor studies with ascites L1210 in B6D2F,; mice indicate that the monomer (200
mg/kg, LDo) is cytotoxic to tumor cells (5 log tumor cell kill). However, the polymer at
a dose equitoxic to the mice (100 mg/kg, LD,o) is less cytotoxic than monomer to tumor
cells (1 log tumor cell kill).

INTRODUCTION

The binding of low molecular weight antitumor agents
to polymers to enhance their anticancer action is a rela-
tively novel approach in drug design that has recently
met with some success (1-3). Ideally, the binding of a
drug to a polymeric carrier may improve the therapeutic
effect of the drug by (a) altering its pharmacological
distribution (4); (b) providing sustained plasma levels of
drug as a result of its slow release from the polymer (4);
and (c) capitalizing upon selective endocytotic uptake of
carrier-bound drug by tumor cells (5). Although biologi-

This work was presented in part at the 71st Annual Meeting of the
American Association for Cancer Research, May 27-31, San Diego,
Calif.

331

cal macromolecules such as DNA and proteins may serve
as drug carriers (6-8), synthetic copolymers such as di-
vinylether-maleic acid offer the advantages of incorpo-
rating immunostimulating (9 10) and antitumor proper-
ties (11, 12) into the carrier itself. The synthesis of a
DIVEMA'-methotrexate drug has been reported (13)
but, until recently, polymers consisting of an alkylating
agent covalently linked to DIVEMA were unavailable.
Cyclophosphamide, a widely used drug in experimental
and clinical cancer chemotherapy (14), has an undesir-

! The abbreviations used are: DIVEMA, divinylether-maleic acid
copolymer; monomer, 4-S-(hexane-6-ol)-sulfidocyclophosphamide; CP,
cyclophosphamide; polymer, DIVEMA-4-S-(hexane-6-ol)-sulfidocyclo-
phosphamide; DMSO, dimethylsulfoxide.

0026-895X/81/020331-06$02.00/0
Copyright © 1981 by The American Society for Pharmacology

and Experimental Therapeutics.
All rights of reproduction in any form reserved.

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

332 RAMONAS ET AL.

able side effect of being severely immunosuppressive.
Because DIVEMA possesses immunostimulating as well
as antitumor properties, it was reasoned that the covalent
attachment of cyclophosphamide to DIVEMA might
serve to minimize the immunosuppressiveness of the
alkylating agent. However, cyclophosphamide requires
metabolic activation to 4-hydroxycyclophosphamide by
the liver before demonstrating antitumor activity (15).
Since the 4-hydroxycyclophosphamide metabolite is a
very unstable molecule, more stable 4-alkyl-sulfido-cyclo-
phosphamide derivatives, which hydrolyze to 4-hy-
droxycyclophosphamide under physiological conditions,
were used (16-18). These crystalline mercaptan deriva-
tives lend themselves to covalent fixation to DIVEMA
(19).

Although the mercaptan derivatives are potent anti-
tumor agents (20), the enhanced toxicity in vivo (21) of
these mercaptan derivatives linked to DIVEMA stimu-
lated us to examine the hypothesis of tumor endocytotic
polymer uptake. Therefore we have investigated the
mechanism of action of 4-S-(hexane-6-ol)-sulfidocyclo-
phosphamide (monomer) and DIVEMA-4-S-(hexane-6-
ol)-sulfidocyclophosphamide (polymer) in vitro at the
cellular level on tumor cells. Both monomer and polymer
spontaneously hydrolyze directly to 4-hydroxycyclophos-
phamide and subsequently to phosphoramide mustard;
therefore they are expected to alkylate DNA in vitro
without requiring metabolic activation. In these studies
we examine the cytotoxicity and kinetics of DNA damage
produced by the DIVEMA-sulfido-CP polymer, the sul-
fido-CP monomer, and phosphoramide mustard on
mouse L1210 leukemia cells in vitro. The antitumor
activity of these agents on ascites L1210 in vivo is also
presented for comparative purposes.

MATERIALS AND METHODS

Cell culture and radioactive labeling. L1210 mouse
leukemia cells were grown in spinner culture in Rosewell
Park Memorial Institute 1630 medium supplemented
with 20% heat-inactivated (56°, 30 min) fetal calf serum
(Flow Laboratories, Rockville, Md.), 1 mm L-glutamine,
penicillin, and streptomycin. Cultures utilized in drug
experiments were maintained in an exponential growth
phase at a density of 0.3-1.8 x 10° cells/ml. DNA was
labeled by a 20-hr incubation at 37° of L1210 cells with
either 0.02 uCi/ml of [*C]thymidine (>56 m Ci/mmole,
New England Nuclear Corporation, Boston, Mass.) or
0.05 uCi/ml of [*H]thymidine (20 Ci/mmole, New Eng-
land Nuclear Corporation), diluted with 10~ M unlabeled
thymidine. Fresh medium was added 0.5 to 1 hr prior to
drug treatment by centrifuging the cells at 900 rpm at
37° and resuspending at a density of 1 X 10° cells/ml.

Drug treatments in vitro. Phosphoramide mustard
(NSC-69945) was supplied by the Drug Synthesis and
Chemistry Branch, Division of Cancer Treatment, Na-
tional Cancer Institute. The drug was dissolved in sterile
water immediately prior to treatment of cell cultures.

The activated CP analogs (Fig. 1) used in L1210 ex-
periments, 4-S-(hexane-6-ol)-sulfidocyclophosphamide,
and the compound composed of this derivative covalently
bound to divinylether-maleic acid copolymer, have half-
lives of hydrolysis to 4-hydroxycyclophosphamide of 9
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and 48 min, respectively. The drugs were kindly supplied
by Drs. H. Ringsdorf and T. Hirano of the Institute of
Organic Chemistry, Mainz University, Federal Republic
of Germany. The DIVEMA-sulfido-CP polymer con-
tained 10% by weight of sulfido-CP monomer. The DI-
VEMA (NSC-46015) used in the synthesis of the polymer
was obtained from Dr. D. Breslow, Hercules Inc., Wil-
mington, Del,, and had an average molecular weight of
2.3 % 10*. Both monomer and polymer were first dissolved
in sterile DMSO and then diluted 1:10 with sterile 0.1 M
sodium phosphate buffer (pH 7.9) immediately prior to
treatment of cell cultures. All drug treatments were car-
ried out for 20 min at 37°. After treatment the drug was
removed by washing the cells three times by centrifuga-
tion, and the cells were resuspended in fresh medium.
Aliquots of cells were either placed in ice immediately
and subsequently assayed by alkaline elution or kept in
a dark incubator at 37° until aliquots were removed for
assays.

Alkaline elution assays. The specific experimental
procedures for the alkaline elution assay used in these
experiments and the factors influencing DNA alkaline
elution kinetics in general have been described in detail
(22). The L1210 cells in this study were analyzed by a
proteinase modification which minimizes the effect of
DNA-protein cross-linking on the elution of DNA (23).
A brief description of the alkaline elution method follows.
Approximately 5 X 10° drug treated “C-labeled cells were
mixed with a similar number of *H-labeled control cells
and diluted with ice-cold 1630 medium. Prior to analysis,
the cells on ice were irradiated with 300 R by two
vertically opposed Philips RT-250 X-ray tubes, operating
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at 250 Kev, to introduce a known frequency of DNA
single-strand breaks. The cells were then diluted with 20
ml of ice-cold phosphate-buffered saline (0.15 M Nacl/
0.014 m KH,PO,/0.086 K-HPO,), pH 7.4, and layered
onto a polyvinyl chloride filter (pore size, 2 um; diameter,
25 mm) (Millipore Corporation, Bedford, Mass.) using
mild suction. Cells were immediately lysed with 5 ml of
a solution containing 2% sodium lauryl sulfate, 0.1 M
glycine, and 0.02 M EDTA, pH 10.0. The lysis solution
was allowed to flow through by gravity, and, to increase
deproteinization, 2 ml of lysis solution with proteinase K
(0.5 mg/ml) were carefully layered on the filter with the
flow stopped. Thereafter, 40 ml of tetrapropyl-ammo-
nium hydroxide-0.02 M EDTA, pH 12.1, containing 0.1%
sodium lauryl sulfate, were added and pumped through
the filter, in the dark, at 0.035 ml/min. Eluted fractions
were collected at 3-hr intervals and mixed with 10 ml of
Aquasure (New England Nuclear Corporation) for scin-
tillation counting. Filters were processed as previously
described (22).

In these elution assays, “C-labeled cells receive 300 R
X-ray immediately prior to elution to introduce a con-
trolled number of random single-strand breaks. Other
cells receive no X-rays and act as controls. As a result of
interstrand cross-linking produced by drug treatment,
there is an increased retention of labeled DNA on the
filter of drug-treated cells resulting in an apparent reduc-
tion in the effect of the X-ray-induced breaks. °H-Labeled
untreated cells are mixed with *C-labeled cells prior to
X-ray. These tritiated cells act as an internal standard
for the retention of DNA fragments on the filter and
reduce quantitative variability due to differences be-
tween individual filters. In Fig. 2 the retention of
[*C]DNA on the filter is plotted against the retention of
[*H]DNA. The steepness of the negative slope indicates
the severity of strand breaks. Therefore, the greater the
number of interstrand drug-induced cross-links, the less
steep is the slope.

Apparent DNA interstrand cross-link frequencies in
rad equivalents induced by drugs were determined from
the formula (24);

[V = ro/(1 — r) — 1] X 300 rads = cross-link frequency

where r is the fraction of [*C]DNA retained on the filter
relative to a constant fraction of [PlHJDNA retained for
drug-treated cells and ro is this fraction for non-drug-
treated cells.

Survival curves. Cells treated with polymer, monomer,
or phosphoramide mustard for 20 min at 37° were washed
three times in fresh medium and assayed for colony
survival in soft agar by the method of Chu and Fisher
(25). Colonies were counted after 10-14 days of incuba-
tion at 37°. Colony formation of control cells was >75%.

Drug treatments in vivo. Phosphoramide mustard
(N'SC-69945) and CP (NSC-26271), supplied by the Drug
Synthesis and Chemistry Branch, Division of Cancer
Treatment, National Cancer Institute, were dissolved in
0.85% sodium chloride and immediately injected i.p. into
mice. The polymer and DIVEMA were dissolved in 2%
NaHCO; (pH 8.2) and administered i.p. to mice. The
4-S-(hexane-6-ol)-sulfidocyclophosphamide =monomer
(sparingly water-soluble) was first dissolved in DMSO
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Fi1G. 2. Alkaline elution profiles of L1210 cells 6 hr after 20-min
treatment with 30 uM monomer, polymer (in hydrolytically released
monomer equivalents), or 150 uM phosphoramide mustard

All cells received 300 R of X-ray prior to alkaline elution except for
control cells which received neither drug nor irradiation.
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(Fischer Scientific Co., Fairlawn, N. J.), diluted with an
equal amount of the polyoxyethylated vegetable oil
Emulphor (GAF Corporation, New York, N. Y.), and
made up to volume with 0.1 M sodium phosphate buffer
(PO,, pH 7.9) (1:1:4.7, DMSO:Emulphor:PO,). Such a
vehicle proved nontoxic to mice when given i.p. and
allowed the sulfido-CP-monomer to be administered i.p.
at high concentrations as a true solution rather than as
an emulsion.

Animals and tumors. Mice were obtained from the
Mammalian Genetics and Animal Production Section,
National Cancer Institute. They were housed in plastic
cages in groups of 5-10, and given pelleted food and water
ad libitum. Male B6D2F,;, mice, weighing 20-25 g, were
used in toxicity and tumor experiments. L1210 leukemia
was maintained by i.p. passage in male CD2F, mice and
transplanted into the B6D2F, strain by i.p. injection of
0.1 ml of ascites fluid diluted with Hank’s solution to
contain 10° viable cells as determined by trypan blue dye
exclusion.

Treatment always began 24 hr following tumor inoc-
ulation. Antitumor activity on L1210 was determined by
comparing the median survival time of treated groups
(T) with that of a control group (C) and expressed as a
percentage of increase in median life-span (ILS).

%ILS = (T/C — 1) x 100

ILS calculations considered dying animals only. Thirty-
day long-term survivors of L1210 were considered cured
mice and were noted separately (26).
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RESULTS

DNA interstrand cross-linking in vitro. An alkaline
elution profile of L1210 cells exposed to polymer, mon-
omer, or phosphoramide mustard for 20 min and incu-
bated with drug free medium for 6 hr is shown in Fig. 2.
Since previous work with L1210 cells exposed to
monomer for 2 hr indicated that DNA interstrand cross-
linking was maximal 6 hr after drug removal (27), we
chose this time point for initial experiments involving the
20-min drug exposure. When cells receive only a 20-min
exposure to monomer (30 pM), monomer (30 um) plus
DIVEMA, polymer (in monomer equivalents hydrolyti-
cally released from the polymer within 20 min), or phos-
phoramide mustard (150 uM), measurable amounts of
DNA interstrand cross-links are observed 6 hr after drug
removal. These drug concentrations were used in time
course elution studies. Monomer alone or monomer plus
DIVEMA give identical results. However, phosphoram-
ide mustard (at 5 times the monomer concentration) or
monomer plus DIVEMA produce approximately twice as
many interstrand cross-links as the polymer. Separate
experiments indicated that 120 uM polymer hydrolyzes to
30 uM monomer by a first-order kinetic rate within 20
min (21).

The formation and removal of DNA interstrand cross-
links as a function of time following 20-min treatment
and subsequent removal of extracellular monomer, pol-
ymer, or phosphoramide mustard is shown in Fig. 3.
Apparent DNA interstrand cross-linking is maximal be-
tween 4 and 6 hr and completely removed by 18 hr.
Although the kinetics of cross-link formation and re-
moval are similar for the three drugs, the polymer, at all
times investigated, produces approximately one-half the
level of cross-links as the monomer. Phosphoramide mus-
tard, at 5 times the monomer concentration, results in
cross-linking frequencies and kinetics similar to those of
the monomer.

Cytotoxicity in vitro. The survival of L1210 cells follow-
ing a 20-min treatment with various doses of polymer,
monomer, or phosphoramide mustard, as determined by
colony formation in soft agar, is presented in Fig. 4. The
D, values (dose increments that reduce survival by a
factor of 1/e in the exponential phase of the curves) are
60 uM for polymer, 30 um for monomer, and 150 um for
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F16. 3. Apparent DNA interstrand cross-linking in L1210 cells
exposed to 30 uM monomer, polymer (in hydrolytically released
monomer equivalents), or 150 uM phosphoramide mustard following
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F1G. 4. Survival of L1210 cells following 20-min treatment with
monomer, polymer (in hydrolytically released monomer equivalents),
or phosphoramide mustard (5% concentration indicated on abscissa)

Arrow indicates drug dose used in alkaline elution assays.

phosphoramide mustard. These doses indicate that the
monomer is 5 times more cytotoxic than phosphoramide
mustard and the monomer is twice as cytotoxic as the
polymer. These cytotoxicity results correspond exactly
with the cross-linking results. The drug concentrations
used in cross-linking assays produce less than 1 log cell
kill of L1210 cells and allow for 89%, 46%, and 42%
survival of L1210 cells treated with polymer, monomer,
or phosphoramide mustard. Cells treated with DIVEMA
alone produce colonies similar to controls. DIVEMA
added to the monomer does not influence the monomer’s
cytotoxicity.

Antitumor activity in vivo. Table 1 summarizes data
from experiments comparing the antitumor activity of
polymer, monomer, CP, and phosphoramide mustard
administered i.p. CP, monomer, and phosphoramide
mustard give a 5 log tumor cell kill and many long-term
survivors. However, at an equitoxic dose (LD,o), the
polymer gives a 1 log tumor cell kill and no long-term

TaBLE 1
Antitumor activity of CP, phosphoramide mustard, monomer, or
polymer in mice
L1210 cells (1 x 10°) were inoculated intraperitoneally; drug treat-
ment was given intraperitoneally 24 hr later.

Drug Dose® %ILS® Cures” Tumor cells
surviving
treatment

mg/kg
(0) 4 250 160 6/10 <1
Monomer 200 — 5/5 <1
Phosphoramide mustard 250 167 6/10 <1
Polymer 100 35 0/10 ~1x10*
DIVEMA 90 23 0/10 ~5 X 10*
Monomer + DIVEMA 10, 90 35 0/10 ~1x10*

2 LDyo except for DIVEMA and Monomer + DIVEMA. The doses
for monomer + DIVEMA are equivalent to the content of monomer
and DIVEMA in the polymer. This additive combination is less than
an LDj,.

b ILS, Increase in median life-span.

¢ Thirty-day survivors of L1210.
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survivors. Equivalent amounts of the monomer, when
bound covalently to DIVEMA, are much more toxic to
mice than is free monomer. A 100-mg/kg dose of polymer,
containing only 10 mg/kg of bound monomer and 90 mg/
kg of DIVEMA, is equitoxic (LD,o) to a 200-mg/kg dose
of monomer. A single dose of DIVEMA (90 mg/kg) is
nontoxic to mice, as is a single dose of monomer (10 mg/
kg) or the combination.

DISCUSSION

Although the DIVEMA-sulfido-CP polymer was syn-
thesized with tumor endocytotic uptake in mind, other
behaviors are possible with respect to the interaction of
the polymer with L1210 tumor cells. One possibility is
that only the monomer freed by hydrolysis and not the
monomer covalently bound to the polymer is taken up
by L1210 cells. With a drug treatment time of 20 min the
effective exposure (concentration X time) of L1210 cells
to hydrolytically released equivalents of monomer, when
cells are treated with polymer, would be one-half that of
drug treatment with molar equivalents of monomer, be-
cause of the rate at which the monomer is hydrolyzed
from the polymer. In agreement with this effective ex-
posure concept, our data indicate both a cross-linking
effect and a cytotoxic effect for monomer treatment
which is twice as great as that for treatment with
polymer (in hydrolytically released monomer equiva-
lents). Since separate experiments indicated that DNA
interstrand cross-linking is proportional to the (C X T)
exposure of the monomer, these data suggest that extra-
cellular hydrolytically freed monomer is responsible for
the polymer’s effect in vitro. These data do not support
the concept that endocytosis or membrane binding of
polymer is taking place in a significant manner.

DNA interstrand cross-linking for monomer and
polymer correlates quantitatively with monomer and
polymer cytotoxicity. This relationship suggests that
DNA interstrand cross-linking in L1210 cells treated with
monomer or polymer may be a lethal lesion resulting in
cell death (27).

Phosphoramide mustard, the ultimate alkylating spe-
cies derived from CP (28), is cytotoxic to L1210 cells and
demonstrates cross-linking kinetics similar to those of
the monomer and polymer. However, phosphoramide
mustard requires concentrations 5 times those of the
monomer to produce interstrand cross-links and cytotox-
icity comparable to that of the monomer. Since the half-
life of 4-hydroxycyclophosphamide degradation to phos-
phoramide mustard is 312 min (29), a drug treatment
period of 20 min should allow only approximately 3% of
the monomer to degrade to phosphoramide mustard.
Since the monomer is 5 times as potent as the mustard,
these data imply that the monomer, or some degradation
product prior to phosphoramide mustard, is taken up by
L1210 cells.

In vitro experiments consistently indicate that the
polymer delivers only one-half the dose of alkylating
activity to L1210 tumor cells as compared with the dose
delivered by hydrolytic equivalents of monomer. If this
finding is generalized to other cell types and tissues in
the mouse, we might expect the polymer also to exhibit
less toxicity than the monomer in vivo. However, this is

not the case, since the polymer enhances toxicity in vivo.
This observation is strong evidence that the covalent
attachment of a low molecular weight drug to a nega-
tively charged macromolecule can selectively alter the
interaction of the drug with normal and tumor cells in
vivo. DIVEMA, a polyanionic compound under physio-
logical conditions (30), may create an unfavorable inter-
action with the L1210 tumor cells (31) but a favorable
interaction with susceptible normal cells in vivo. This
finding suggests an exploitable difference between nor-
mal cell membranes and L1210 tumor cell membranes.
Future investigations will explore the effects of synthetic
polymers with a variety of charge densities in similar
biological systems.
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