Short Communications

was important. The distance from the site of metabolism
to the site of action has been claimed to be critical for the
genetic activity of chloroform [11], and it is possible that
such a factor might have influenced our results as well.

An inhibition of y-glutamyl-cysteine synthetase fully
explains the previously described inhibition of GSH syn-
thesis [2,3]. The possible in vivo significance of these
findings was indicated by the loss of activity prior to mor-
phological cell damage. Leakage of enzymes from the liver
might have influenced the results, but the activity of lactate
dehydrogenase in peripheral plasma is not markedly
increased 4 hr after chloroform treatment [12]. Further-
more, the observation that GSH synthesis was equally
affected at 4 and 6 hr indicates that leakage was of minor
importance. .

We conclude that chloroform metabolism may lead to
y-glutamyl-cysteine synthetase inhibition, while GSH syn-
thetase activity is unaffected. This inhibition might be of
importance for chloroform-induced liver necrosis.
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Differential toxicity of carrier-bound methotrexate against tumor/bone marrow
cells in vivo

(Received 11 January 1982; accepted 26 April 1982)

Chemotherapeutic agents attached to carrier molecules
have been shown recently to be effective in overcoming
drug resistance in vivo [1, 2] and in enhancing toxicity to
specific tumor cells. Drugs linked either to antibodies
against specific tumor cell-associated antigens [3, 4] or to
polypeptide hormones with affinities for tumor cell recep-
tors [5] were shown to be more toxic to these specific cells
than the parent compound.

In a previous paper [6], we have shown that methotrexate
(MTX)*, when covalently linked to a non-specific molecule,
poly-I-lysine mol. wt 3,000 or 40,000-60,000 (MTX-PLL
3K or 40-60K), was more toxic in vitro to cells derived
from human solid tumors than to human lymphocytes or
bone marrow cells. Under the same conditions, free MTX
or MTX linked to human serum albumin (MTX-HSA)
showed no differential toxicity between the two cell types.
The MTX-PLL derivatives were more readily taken up by
tumor cells than by lymphocytes/bone marrow cells, and
inhibition of both cell growth and [*H]deoxyuridine (dUrd)

* Abbreviations: MTX, methotrexate; MTX-HSA,
MTX-human serum albumin; MTX-PLL 3K and 40-60K,
MTX-poly-I-lysine mol. wt 3,000 and 40,000-60,000;
[H]dUrd, [*H]deoxyuridine; and PBS, phosphate-buffered
saline.

+ All concentrations reported for MTX-HSA and
MTX-PLL refer to concentrations of bound MTX.

incorporation into DNA by the MTX-PLL derivatives in
tumor cells, but not lymphocytes, could be reversed by
inhibitors of lysosomal proteases. This indicated that break-
down of the MTX-PLL derivatives by lysosomal proteases
occurred more readily in the tumor cells, and that enhanced
metabolism may be responsible for their increased toxicity
to tumor cells.

In the studies reported below, we have determined
whether the differential toxicity of MTX-PLL toward tumor
cells in vitro could also be observed in vivo. We have
studied the disposition of MTX-HSA and the MTX-PLL
derivatives into tissues when injected in vivo, their thera-
peutic effects on human tumor cells transplanted in nude
athymic mice, and their relative toxicities to tumors versus
bone marrow cells in vivo.

Materials and methods

The following were obtained from commercial sources:
MTX, sodium salt, Lederle Laboratories, Pearl River, NY;
human serum albumin and poly-I-lysine, Sigma Chemical
Co., St. Louis, MO; [3',5',7-*HJMTX (20 Ci/mmole),
Amersham Radiochemicals, Chicago, IL; and [6->H]dUrd
(24.2 Ci/fmmole), New England Nuclear Corp., Boston,
MA. MTX-HSA and MTX-PLL derivatives (75~105 mg
MTX/g) and the *H-derivatives (4-14 mCi/mmole) were
synthesized as previously described [6].+ The T24A astro-
cytoma and T17 ovarian carcinoma tumors carried in nude
mice and non-tumor bearing mice were obtained from the
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Fig. 1. Growth inhibition of human T24A astrocytoma when MTX, MTX-HSA, MTX-PLL 3K and
MTX-PLL 40-60K were administered at maximally tolerated single i.p. doses (95 mgkg MTX,
35 mg/kg MTX-HSA, 10 mg/kg MTX-PLL 3K, and 3.5 mg/kg MTX-PLL 40-60K) (A) or 72-hr constant
infusion (1 mg/kg MTX, 5 mg/kg MTX-HSA, 7.5 mg/kg MTX-PLL 3K, or 13 mg/kg MTX-PLL 40~60K)
(B). Nude athymic (BALB/c) mice were transplanted s.c. with 15 mg tumor cell suspensions and the
drugs were administered when tumor volume had reached 0.2 to 0.5 cm® (approximately 7 days after
tumor transplant). Tumor measurements were made daily with calipers. Each point represents an
average of at least three experiments (five mice each experiment). Standard deviations ranged between
40 and 60% of indicated points. Values for MTX, MTX-HSA and MTX-PLL 3K were statistically

significant, P < 0.005 to 0.05, Student’s ¢-test; P = 0.1 for MTX-PLL 40-60K.

Nude Mouse Research Center at the University of Cali-
fornia, La Jolla, CA. Both tumors were originally estab-
lished from primary human tumor biopsies.

Drugs were injected in 0.1 to 0.2 ml phosphate-buffered
saline (pH 7.4) (PBS) or infused subcutaneously via a Har-
vard infusion pump in 5 mi PBS over 24 or 72 hr at 3.4 or
0.6 ul/min respectively. MTX serum concentrations were
measured by infusing the *H-compounds and removing
blood samples from the retro-orbital sinus during the infu-
sion. The cells were then centrifuged, and 10-25 ul plasma
samples were mixed with 10 ml Aquasol (New England
Nuclear) and counted in a Beckman LS-100C counter. The
MTX concentrations were calculated on the assumption
that the radioactivity in the serum existed as undegraded
MTX and, therefore, may not be an accurate measure of
the real MTX concentration [7].- Tumor measurements
were made with calipers daily, using the formula abm/8,
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where @ and b = larger and smaller tumor diameters,
respectively, to calculate tumor volume. Radioactivity in
tissues was measured by combustion of 200 mg tissue
samples in a Packard 360 Oxidizer. Toxicity to bone marrow
cells was determined by decrease in bone marrow cellularity
of drug-treated animals compared to untreated control
animals. Marrow cells were quantitatively removed from
both femurs by aspiration of cells with 3 ml PBS, and the
number of cells in each femur was counted with a Coulter
Counter model ZBI. For studies determining inhibition of
[*H]dUrd incorporation into DNA, mice were infused in
vivo with predetermined drug doses for 24 hr. They were
then killed; marrow cells were removed from femurs, and
single suspensions of tumor cells were obtained by mincing
and slicing of tumor tissues. Cells were then centrifuged,
resuspended in 1 ml of Autopow media (Flow Laboratories,
Inglewood, CA) at 10° cells/ml, and incubated with
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Fig. 2. Growth inhibition of human T17 ovarian carcinoma when MTX, MTX-HSA and MTX-PLL 3K
were administered at maximally tolerated single i.p. doses (95 mg/kg MTX, 35 mg/kg MTX-HSA, and
10 mg/kg MTX-PLL 3K) (A) or 72 hr constant infusion (1 mg/kg MTX, 5 mg/kg, MTX-HSA, and
7.5mg/kg MTX-PLL 3K) (B). Nude athymic mice were transplanted s.c. with 15mg tumor cell
suspensions, and the drugs were administered when tumor volume had reached 0.24 to 0.5 cm® (approx-
imately 14 days after tumor transplant). Tumor measurements were made daily with calipers. Each
point represents an average of three experiments (five mice each experiment). Standard deviations
ranged between 40 and 70% of each point. Values for MTX-PLL 3K and MTX-HSA were statistically
significant, P < 0.05 for points after 4 days.
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Fig. 3. Decrease in bone marrow cellularity when MTX,
MTX-HSA, MTX-PLL 3K and MTX-PLL 40-60K were
infused at maximum tolerated doses over 72 hr (1 mg/kg
MTX, 5 mg/kg MTX-HSA, 7.5 mg/kg MTX-PLL 3K, and
13 mg/kg MTX-PLL 40-60K) (A) or over 24 hr (5 mg/kg
MTX, 12 mg/kg MTX-PLL 3K, and 19 mg/kg MTX-PLL
40-60K) (B). On subsequent days after infusion, animals
were Kkilled, and cells were removed from both femurs of
each animal and counted. Femurs from control untreated
animals contained an average of 9 X 10° cells/femur. Each
point represents cell counts from an average of at least
three animals per day for each drug used.

2 uCi/ml [*H]dUrd at 37° for 15 min. The cells were then
washed and the DNA was precipitated as previously
described [8]. Maximum tolerated doses of MTX and the
MTX derivatives were determined by treating groups of
eight to ten mice with increasing drug doses. The dose just
below the LD;; was designated the maximum tolerated dose.

Results and discussion

Figure 1 shows the growth inhibition of the T24A astro-
cytoma when MTX and the MTX~carrier complexes were
administered at a maximally tolerated dose either as a
single i.p. injection (95 mg/kg MTX, 35 mg/kg MTX-HSA,
10 mg/kg MTX-PLL 3K, and 3.5 mg/kg MTX-PLL 60K)
or as a 72-hr s.c. constant infusion (1 mg/kg MTX, 5 mg/kg
MTX-HSA, 7.5mgkg MTX-PLL 3K, and 13mgkg
MTX-PLL 40-60K). Figure 2 shows the same experiment
with the more slowly growing T17 ovarian carcinoma. The
results indicate (1) that free MTX was effective against the
rapidly growing astrocytoma, delaying the time needed to
increase tumor volume to three times initial volume from
4 to 7 days; MTX was not effective against the slowly
growing ovarian carcinoma; (2) that MTX-HSA and
MTX-PLL 3K were as effective as MTX in delaying growth
of the astrocytoma and more effective than MTX against
the ovarian carcinoma; and (3) that MTX-PLL 40-60K,
previously found to have the greatest selective toxicity
against the astrocytoma cells in vitro [6], was the least
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effective against the same tumor ir vivo. The ineffective-
ness of MTX-PLL 40-60K, when given as a single dose,
could be attributed to the small amount of drug that could
be tolerated (3.5 mg/kg) due to the toxicity of PLL 40-
60K. However, although considerably larger doses could
be tolerated when infused slowly over 72 hr (13 mg/kg),
this derivative was still not cytotoxic to tumor cells.

Figure 3A shows the simultaneous effects on bone mar-
row cellularity when the drugs were infused at the same
doses over 72 hr, resulting in steady-state serum concen-
trations of 5-6 x 107® M MTX, 3-5 x 1077 M MTX-PLL
3K or 40-60K and 1-2 x 10~ M MTX-HSA. No significant
toxicity to bone marrow cells was observed with MTX and
the MTX-PLL derivatives on this dose schedule, but con-
siderable toxicity was incurred with MTX-HSA. Thus, on
a maximally tolerated long infusion schedule, both MTX
and MTX-PLL 3K were more toxic to tumor than bone
marrow cells (Fig. 1B). If a larger dose of MTX (5 mg/kg)
was infused over a shorter period (24 hr), resulting in
5 x 10~7 M serum concentrations over 24 hr, then consider-
able bone marrow toxicity did occur, but no significant
bone marrow depression was incurred when a maximum
tolerated MTX-PLL 3K dose was infused over 24 hr, and
the bone marrow damage incurred with a near toxic infusion
of MTX-PLL 40-60K over 24 hr was due to the damaging
effects of the carrier. These experiments thus confirm in
vitro experiments which indicate that bone marrow cells
are relatively resistant to the MTX-PLL derivatives.

The amounts of [PHJMTX (ng) reaching tumor, bone
marrow, liver, spleen, kidney and intestine after maximum
tolerated single doses of MTX and the MTX—carrier com-
plexes, calculated as ng MTX equivalents per 100 mg tissue,
are shown in Table 1. These results indicate that MTX-
HSA levels in tumor 24 hr after injection (240 ng/100 mg
tumor) were considerably higher than free MTX levels
(62 ng/100 mg tumor tissue) or MTX-PLL 3K (16 ng/100 mg
tissue) and MTX-PLL 40-60K (6.5 ng/100 mg tissue). How-
ever, considerable drug also accumulated in bone marrow,
and the great majority of MTX-HSA was taken up in the
liver. Drug uptake of MTX-PLL 3K by tumor and bone
marrow cells was not significantly different and, although
very little uptake of MTX-PLL 40-60K by bone marrow
cells was seen, the MTX concentrations in tumor was also
considerably lower than the other derivatives, thus account-
ing for its poor therapeutic effects. Uptake of the MTX-
PLL derivatives occurred primarily in kidney, liver and
spleen.

Previous in vitro experiments had indicated that the
MTX-PLL derivatives were able to inhibit [?H]dUrd incor-
poration into DNA of T24A astrocytoma cells at lower
concentrations than those needed to inhibit dUrd incor-
poration in bone marrow cells. Figure 4 shows the effects
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Fig. 4. Inhibition of [*H]dUrd incorporation into DNA of T24A astrocytoma tumor and bone marrow
cells by MTX, MTX-HSA, MTX-PLL 3K and MTX-PLL 40-60K. Mice bearing astrocytoma tumors
(0.07 to 0.15 cm®) were infused with PBS or the drugs at the doses indicated for 24 hr. Animals were
then killed. Bone marrow and tumor cells were isolated and incubated at 37° for 15 min with 2 uCi/ml
[*H]dUrd. Cells were then washed free of radioactivity and the DNA was precipitated with 10%
trichloroacetic acid. Control cells incorporated an average of 20,000 cpm/10° marrow cells or
12,000 cpm/10° tumor cells. Each point represents an average of at least three animals.
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of infusing increasing doses of MTX, MTX-HSA, MTX-
PLL 3K and MTX-PLL 40-60K over 24 hr on dUrd incor-
poration into DNA of bone marrow and tumor cells.

These results indicate that after 24 hr of exposure to
increasing concentrations of MTX or MTX-HSA, the con-
centrations of the drugs needed to inhibit dUrd incorpor-
ation into DNA of bone marrow or tumor cells were similar.
For MTX-PLL 40-60K, little inhibition of dUrd incorpor-
ation was seen in bone marrow or tumor cells at the max-
imally tolerated dose, indicating that the limiting toxicity
for this agent was another unknown tissue. Only MTX-
PLL 3K inhibited [*H]dUrd incorporation in the T24A
astrocytoma cells at lower doses than bone marrow cells.
Bone marrow cells, after infusion with MTX and the MTX
derivatives at the maximum dose indicated in Fig. 4, had
recovered from [*H]dUrd incorporation inhibition 48 hr
after the start of drug infusion, whereas [*H]dUrd incor-
poration into DNA of tumor cells remained inhibited at
this time, and recovery was observed 4 days after the start
of infusion (data not shown).

We conclude from these results, first, that there was
evidence of different toxicities to astrocytoma tumor and
bone marrow cells in vivo when MTX-PLL 3K was injected
or infused into mice bearing the astrocytoma tumor. The
above data indicate tumor growth inhibition with eventual
recovery to control growth rates, compared with low
depression of marrow cellularity over the same time inter-
val. This confirms the in vitro evidence indicating its pref-
erential toxicity to astrocytoma cells versus bone marrow
cells [6]. However, MTX-PLL 40-60K did not demonstrate
the same differential toxicity toward tumor cells in vivo as
it had in vitro, since it was not cytotoxic for either bone
marrow or tumor cells in vivo. Its ineffectiveness against
tumor cells in vivo may have been due to its poor pen-
etration between cells into the interior of the tumor mass.
Second, the limiting factor in the use of either MTX-PLL
3K or 40-60K given as a single dose was the toxicity of the
carrier PLL, which is believed to cause leakage of ions
from the cells and perturbation of cell surfaces [9]. The
derivative was considerably less toxic when given as a
constant infusion, but was taken up primarily by kidney,
liver and spleen cells. Third, MTX-HSA was taken up by
the astrocytoma tumor in vivo better than MTX or the
MTX-PLL derivatives; this contrasts with the poor uptake
of this derivative by the same tumor cells in vitro [6]. The
high drug levels at the tumor site may also account for the

* Author to whom correspondence should be directed.
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ability of MTX-HSA to inhibit growth of the T17 ovarian
carcinoma whereas the parent free drug was ineffective.
However, MTX-HSA also had high affinity for bone mar-
row cells in vivo, indicating a lack of selectivity of this
agent. Fourth, MTX-HSA and MTX-PLL 3K, but not the
parent compound MTX, inhibited growth of the T17 ovar-
ian carcinoma; doxorubicin was shown previously to be
ineffective against this tumor [10]. Fifth, although the tox-
icity of the PLL molecule limits its usefuiness as a carrier
for chemotherapeutic agents, the demonstration that a
carrier molecule can reduce the toxicity of a chemothera-
peutic agent to bone marrow cells while not affecting its
cytotoxicity to tumor cells, both in vitro and in vivo,
indicates the potential of using carrier molecules to induce
differential toxicity to various cell types and to increase
overall therapeutic effectiveness.
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