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The bone marrow toxicity of KW-2149, a newly synthe-
sized mitomycin C (MMC) derivative, was compared with
MMC in different aged ddY mice. Both MMC and KW-2149
exhibited a similar type of leukopenia in young adult
mice. However, in mature adult mice, the recovery from
leukopenia was rapid in KW-2149-treated mice, whereas
in the MMC-treated mice, it was delayed. The difference
between KW-2149 and MMC was more significant in
thrombocytopenia in mature mice, and that induced by
KW-2149 was mild, whereas that by MMC was severe and
delayed. This reduced bone marrow toxicity of KW-2149
in mature mice was confirmed by the assay of colony-
forming units in culture, progenitors of granulocytes or
macrophages, and megakaryocytic colony-forming units,
progenitors of platelets, in the bone marrow cells. The
bone marrow toxicity and lethal toxicity of MMC was
augmented by weekly intermittent treatment; in contrast,
that of KW-2149 was not, suggesting that bone marrow
toxicity may have a critical role in the lethal toxicity of
MMC. The non-cumulative bone marrow toxicity of KW-
2149 enabled the weekly intermittent treatment of human
lung adenocarcinoma L-27 inoculated into nude mice.
Thus its antitumor activity was greater than with single
treatment.
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toxicity.

Introduction

Mitomycin C (MMC) shows a significant antitumor
activity with a broad spectrum against experimental
tumors and human neoplastic disease.’ * However,
its clinical usefulness has been limited primarily by
myelosuppression, manifested as leukopenia or
thrombocvtopenia.* © Therefore new MMC analogs
have been extensively investigated to develop a
compound with a broader antitumor spectrum
and less myvelosuppressive activity. One of these
analogs 15 T-N-[2-[[2-(7-L-glutamvlamino)ethvl}-
dithio]ethyl]mitomyvein C (K\\"—2149),—
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KW-2149 possesses a broad antitumor activity
equal or superior to MMC in many experimental
tumor systems.® > KW-2149 was effective against
MMC-resistant murine leukemia'"*? and was
suggested to be the best analog for use in a clinical
trial against lung cancer."” The antitumor activity
of KW-2149 was more significant by intermittent
treatment in nude mice-inoculated tumor sys-
tems.”'" On the other hand, the bone marrow
toxicity, especially thrombocytopenia, of KW-2149
given as a single injection was mild as compared
with that of MMC in young adult male mice.'?

The hematological parameters of mice were
reported to vary with their age."” The sensitivity of
murine bone marrow cells to radiation or MMC also
varied with their age, i.e. aged mice were more
susceptible to the damage induced by radiation or
MMC.'"*"> The present study compared the bone
marrow toxicity of KW-2149 and MMC when given
as a single or intermittent injection in different aged
mice.

Materials and methods
Drugs

MMC and KW'-2149 were produced by Kyvowa
Hakko Kogvo (Tokvo, Japan) and dissolved in
sterile 0.9% NaCl solution. Lethal doses (LD,,,) of
MMC and KW-2149 given as an intravenous
injection were 4.2 and 16.6 mg kg, respectively, in
voung adult male ddY mice.'

Animals
Young adult male ddY mice (4 weeks old) weighing

19-21 g and mature adult female ddY mice (20-26
weeks old) weighing 40-50 g were obtained from
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Japan SL.C (Shizuoka, Japan). Young adult male
BALB/c-nuinn mice (5 weeks old) weighing 20-25 ¢
were obtained from Clea Japan (Tokvo, Japan). All
animal experiments were conducted with five mice
in a group.

Hematological toxicity

The peripheral blood was collected from the
retroorbital sinus of ddY mice. The number of red
blood cells, white blood cells (WBC) or platelets,
hematocrit values and hemoglobin concentration
were measured bv a Toa micro-cell counter

CC-180A (Toa Medical Electronics, Hyogo, Japan).

Spleen weight and number of bone
marrow cells

Spleens were removed from ddY mice and their wet
weight was measured by an electronic balance
ER-182A (A & D, Tokyo, Japan). Femurs were
collected from ddY mice and bone marrow cells
were flushed from the femurs with a 23-gauge
needle connected to a 1 ml syringe which was filled
with 1 ml of x-MEM (Flow Laboratories, McLean,
VA) containing 10% fetal bovine serum (Gibco,
Grand Island, NY). The cell suspensions were
passed through a mesh (pore size 100) to remove
bone fragments and the cell number was counted
by a Toa micro-cell counter CC-180A.

Colony forming units in culture (CFU-C)
and megakaryocytic colony forming units
(CFU-Meg)

The bone marrow cells prepared as described above
were suspended in x-MEM containing 10% fetal
bovine serum, 10% culture supernatant of poke-
weed mitogen-stimulated spleen cells (BALB/c
mice) and 0.3% agar (Difco, Detroit, MI) at a
concentration of 1 or 5 x 10% cells/0.5 ml/well, and
seeded on 24-well multidishes (Nunc, Roskilde,
Denmark). The cells were incubated at 37°C for 7
days in a humidified atmosphere containing 5% CO,
in air. Then whole cells were transferred on the
glass slides, dried, fixed by 5% glutaraldehyde and
stained with acetylcholine esterase for CFU-Meg or
Wright-Giemsa for CFU-C.
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Antitumor activity

Human lung adenocarcinoma 1.-27 (8 mm’ frag-
ment), kindly supplied bv Dr Y. Ohnishi, Central
Institute of Experimental Animals, Kanagawa,
Japan, was inoculated subcutaneously into the flank
of nude mice. When the tumor volume was between
100 and 300 mm*, KW'-2149 or MMC was injected
intravenously once or intermittently. The length
and width of tumors were measured twice a week,
and tumor volume was calculated by using the
following formula according to the method of the
National Cancer Institute:'®

tumor volume (mm”)
_length (mm) x [width (mm)]*
2

Tumor growth rate was expressed as the mean
1717, value, where [ 7 is the tumor volume on the
day of evaluation and [, is that of the treatment-
starting day.

Statistical analysis

The expetimental results were analyzed for
statistical significance by Mann—Whitney’s U-test.

Results

Hematological toxicity of KW-2149 or
MMC

The hematological toxicity of KW-2149 or MMC
was compared between voung adult male mice and
matute adult female mice (Figure 1). The female
breeder mice were used as mature adult mice
because thev were easily obtained as aged mice.
Both KW-2149 and MMC given as a single
intravenous injection of LD,, decreased the WBC
in peripheral blood in young mice (Figure 1A) and
mature mice (Figure 1B), and their nadir was on
day 4. The degree of leukopenia induced by
KW-2149 was almost equivalent to that induced by
MMC in young mice, although a slight statistical
significance was observed due to small individual
variations. However, in mature mice, the leukope-
nia induced by KW-2149 was mild and reversible
as compared with that induced by MMC.

A more significant difference between KW-2149
and MMC was noted in their thrombocytopenic
effect (Figure 2). The number of platelets in young
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Figure 1. Effect of KW-2149 (@) or MMC ((O) on WBC
number. KW-2149 (16.6 mg/kg) or MMC (4.2 mg/kg) was
injected intravenously once on day 0 in young mice (A)
or mature mice (B). p < 0.05 versus control group () or
between KW-2149-treated group and MMC-treated group
(**).

mice given MMC as a single injection decreased
with a nadir on day 7, and thereafter it recovered
gradually (Figure 2A). On the other hand, the
decrease of platelet number in mice given KW-2149
was mild. This difference between KW'-2149 and
MMC was more significant in mature mice (Figure
2B), i.e. the decrease of platelet number by MMC
was severe and lasted longer, whereas that of
KW-2149 was statistically insignificant.

To examine the reason why hematological
toxicity of MMC appeared more severe in mature
mice than in voung mice, the hematological
parameters were compared between voung and
mature mice (Table 1). Significant differences were
not detected in the WBC or platelet counts. The
value of hematocrit and hemoglobin was slightly
lower in voung mice.

Bone marrow toxicity of KW-2149
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Figure 2. Effect of KW-2149 (@) or MMC (Q) on platelet
number. KW-2149 (16.6 mg/kg) or MMC (4.2 mg/kg) was
injected intravenously once on day 0 in young mice (A)
or mature mice (B). p < 0.05 versus control group () or
between KW-2149-treated group and MMC-treated group
(*%).

The hematological toxicity of KW-2149 and
MMC was further compared in mature mice by the
intermittent treatment at LD, and two thirds of
LD, (Figures 3 and 4). The nadir of WBC was
detected after 3 or 4 days from the dayv of each
administration (Figure 3). At two thirds of LDy,

Table 1. Hematological parameters of ddY mice

ltems Units Young mice Mature mice
White blood cells  10/mm? 62 + 12 67 + 23
Platelets 104mm? 96 + 14 114 + 16
Red blood cells 10*mm® 637 + 28 970 + 43
Hematocrit % 52 + 3 66 + 4
Hemoglobin g/d} 12 + 1 16 + 1
Mean + SD.
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Figure 3. Effect of KW-2149 (@) or MMC (O) on WBC
number. KW-2149 [11.1 mg/kg (A) or 16.6 mg/kg (B)] or
MMC [2.8 mg/kg (A) or 4.2 mg/kg (B)] was injected in-
travenously intermittently on days 0, 7, 14 and 21 in
mature mice. p < 0.05 versus control group (*) or be-
tween KW-2149-treated group and MMC-treated group
(*x).

the difference of leukopenic activity between
KW-2149 and MMC was insignificant (Figure 3A).
However, at LD,,, WBC in mice given KW-2149
recovered almost completely after 1 week (Figure
3B), whereas the cumulative effect of MMC induced
leukopenia which did not recover completely.
These differences between KW-2149 and MMC
were more clearly demonstrated in the peripheral
blood platelet counts (Figure 4). At two thirds of
LD,,, KW-2149 did not cause thrombocytopenia,
whereas the gradual and statistically significant
decrease of platelet count was detected in
MMC-treated mice (Figure 4A). This cumulative
effect of MMC was more significant at LD,, (Figure
4B).
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Figure 4. Effect of KW-2149 (@) or MMC () on platelet
number. KW-2149 [11.1 mg/kg (A) or 16.6 mg/kg (B)] or
MMC [2.8 mg/kg (A) or 4.2 mg/kg (B)] was injected in-
travenously intermittently on days 0, 7, 14 and 21 in
mature mice. p < 0.05 versus control group (x) or be-
tween KW-2149-treated group and MMC-treated group
(*%).

Effect of KW-2149 or MMC on the
hematopoietic stem cells

To clarify the difference of hematological toxicity
between KW-2149 and MMC, the effect of both
drugs on the hematopoietic progenitor cells was
examined (Figure 5). After the administration of
KW-2149 and MMC, the weight of spleens
decreased to 73 and 57% that of untreated mice,
respectively, at nadir on day 4 (Figure 5A),
suggesting its association with their hematological
toxicity. This decrease of spleen weight by
KW-2149 was less than that by MMC. The decrease
in the number of bone marrow cells by KW-2149
and MMC was detected earlier (Figure 5B). The
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Figure 5. Effect of KW-2149 (solid bar) or MMC (hatched bar) on spleen
weight (A), bone marrow cell number (B), CFU-C number (C) and CFU-Meg
number (D). KW-2149 (16.6 mg/kg) or MMC (4.2 mg/kg) was injected
intravenously once on day 0 in mature mice. Mean + SD. p < 0.05 versus
control group (*) or between KW-2149-treated group and MMC-treated

group (*x).

nadir was on day 2, and the percentages of bone
marrow cells in KW-2149- and MMC-treated mice
were 19 and 20% of that of the untreated mice,
respectively. Thereafter their number recovered
rapidly to the normal level on day 7. As seen by
the result on day 4, KW-2149-treated mice

Table 2. Lethal toxicity of KW-2149 or MMC by single or
intermittent treatment in young and mature ddY mice

Drugs Schedule Dose Mortality
(mg/kg/day)
young mature
mice mice
KW-2149 day 0 11.1 0/5 0/5
16.6 0/5 0/5
MMC day 0 28 0/5 0/5
42 1/5 0/5
KW-2149 days 0,7, 14 7.4 0/5 NT
and 21 111 0/5 0/5
16.6 1/5 2/5
MMC days 0, 7. 14 1.9 0/5 NT
and 21 28 1/5 0/5
42 5/5 5/5

KW-2149 or MMC was injected intravenously on day 0 or days
0. 7. 14 and 21. Survival days were observed for 30 days after
final administration. NT = not tested.

recovered more rapidly than MMC-treated mice.
The reduced toxicity of KW-2149 was supported
by the results of its effect on CFU-C, progenitors
of granulocytes or macrophages, and CFU-Meg,
megakaryocvtic progenitors (Figure 5C and D).
Both CFU-C and CFU-Meg were decreased by the
treatment of KW-2149 or MMC with a nadir on
day 2, and then recovered, suggesting that the
change of CFU-C or CFU-Meg number was linked
to that of bone marrow cell number. The decrease
of CFU-C in KW'-2149-treated mice was milder than
that in MMC-treated mice on day 2, and the
recovery was more rapid on days 4 and 7. The
recovery of CFU-Meg in KW'-2149-treated mice
was also more rapid than that in MMC-treated mice
on day 4. These results indicate that the reduced
hematological toxicity of KW-2149, as shown in
Figures 1-4, was explicable by the less toxicity of
KW'-2149 against bone marrow hematopoietic
progenitor cells.

Lethal toxicity of KW-2149 and MMC
From the results of Figures 3 and 4, the leukopenia

and thrombocvtopenia induced by MMC were
known to be cumulative, whereas those of
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Figure 6. Growth pattern of human lung adenocarcinoma
L-27 inoculated into nude mice. KW-2149 (@, 16.6 mg/kg)
or MMC (O, 4.2 mg/kg) was injected intravenously on day
0 (A) or days 0, 7, 14 and 21 (B). Control (x). p < 0.05
versus control group (*).

KW-2149 were transient. To examine whether these
differences of hematological toxicity between both
drugs affect their lethal toxicity, the survival days
of KW-2149- or MMC-treated mice were observed
(Table 2). The intermittent treatment with MMC at
LDy, on days 0, 7, 14 and 21 augmented its lethal
toxicity significantly, suggesting that the accumula-
tion of the hematological toxicity of MMC might
be linked to its lethal toxicity. On the other hand,
the accumulation of lethal toxicity was not
significant in KW-2149-treated mice even after the
repeated injections at LD, suggesting that
KW-2149 might be applicable in intensive inter-
mittent treatment.

Antitumor activity of KW-2149 and MMC

From the results in Table 2, the weekly treatment
with KW-2149 at LD, was known to be applicable.
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To examine whether this toxicological characteristic
of KW-2149 would result in therapeutic benefits,
its antitumor activity was examined against solid
tumor of human origin inoculated into nude mice
(Figure 6). Human lung adenocarcinoma 1.-27 was
chosen for this purpose, since the antitumor effect
of KW'-2149 or MMC given as a single injection
was moderate against this tumor, as shown in
Figure 6(A). As expected, the antitumor activity of
both drugs was augmented by the weekly treatment
(Figure 6B). The treated versus control values of
tumor growth rates on dayv 28 are 0.96, 0.52, 0.42
and 0.21 in the groups treated with single MMC,
intermittent MMC, single KW-2149 and inter-
mittent  KW-2149, respectively. The maximum
activity of KW-2149 was statistically significant
when compared with that of MMC. Considering the
results of Figure 6 and Table 2 together, KW-2149
may be expected to show greater antitumor activity
by the intermittent treatment regimen.

Discussion

The bone marrow toxicity of MMC was reported
to be greater when it was administered by chronic
intermittent treatment both experimentally'” and
clinically.>® A large infrequent dose was re-
commended as an optimal regimen for MMC
treatment.'® Animal models for precise evaluation
of bone marrow toxicity of MMC analogs were
described,' and the mouse CFU-C assay and ferret
hematology models were recommended to predict
the leukopenia induced by them. Our results
indicate that mature female mice are a sensitive
model for the evaluation of not only leukopenia but
also thrombocytopenia induced by MMC (Figures
1-4).

The difference of hematological toxicity between
MMC and KW-2149 was more significant in mature
adult female mice than young adult male mice
(Figures 1-4). Female breeder mice were used as
mature adult mice in these experiments, since they
were easily obtained as aged mice. Among two
factors, age and sex, the former may be mote
important, since differences between the sexes were
reported to be insignificant in terms of hematologi-
cal parameters in mice.”” On the other hand, the
age-related changes of bone marrow cells in mice
were reported in terms of radiation sensitivity'* and
MMC-induced sister chromatid exchange.'® In both
papers, these changes were explained by a deficiency
of bone marrow cells to repair the damage induced
by radiation or MMC. The greater bone marrow



toxicity of MMC in mature female mice as shown
in Figures 1-4 may be explained by their inability
to repair the MMC-induced damage. The results of
CFU-C and CFU-Meg assays using MMC-treated
bone marrow cells may indicate such damage
(Figure 5). The number of CFU-C was already
reported to be a useful parameters for the evaluation
of hematological toxicity of MMC analogs.” Our
results on KW-2149 support the usefulness of this
assay of CFU-C in predicting the leukopenia
induced by MMC analogs. The results of the
CFU-Meg assay also indicate its usefulness in
predicting the thrombocyvtopenic activity of MMC
analogs as shown in Figures 2 and 4. The slower
recovery of CFU-Meg number in MMC-treated
mice is indicated to be linked to its cumulative effect
on thrombocytopenic activity detected in inter-
mittent treatment (Figure 4). The possible mechan-
ism of reduced bone marrow toxicity of KW-2149
may be explained by its reduced distribution to
bone marrow. The hydrophilic property of
KW-2149 may affect its tissue distribution. We are
now examining this.

The hematological toxicity of MMC was
cumulative when given intermittently in mature
mice (Figures 3 and 4). This cumulative toxicity of
MMC augmented its lethal toxicity (Table 2). On
the other hand, the hematological toxicity of
KW-2149 was mild as a single dose and did not
have the cumulative effect during intermittent
treatment (Figures 1-4). Therefore, the lethal
toxicity of KW-2149 did not demonstrate the
cumulative effect (Table 2); thus, the intensive
intermittent treatment of human lung adenocarci-
noma L-27 became possible (Figure 6). This
permitted an increased total dose, augmenting its
antitumor activity. KW-2149 may offer a new
regimen of cancer chemotherapy, an intensive
intermittent treatment, with less hematological
toxicity.

Conclusion

The mature adult female mice were a sensitive and
useful model to evaluate the bone marrow toxicity
of MMC analogs. In this system, the bone marrow
toxicity  of KW-2149 was mild and intensive
intermittent treatment using KW-2149 became
possible
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