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Abstract. The effects of E-64 (Cathespin B and L inhibitor)
and Pepstatin A (Cathepsin D inhibitor) on spontaneous and
experimental metastasis formation were investigated in mice
with MCa mammary carcinoma, M5076 ovarian sarcoma and
L1210 leukemia. Pepstatin induced a marked decrease in the
number of spontaneous metastasis in MCa or M5076 tumor
bearing mice. This phenomenon was also noted with E-64 but
only in M5076 tumor bearing mice. On the other hand, both
these agents were unable to prevent the formation of ex-
perimental metastasis in mice injected i.v. with L1210, MCa or
M5076 tumor cells or with tumor cells in which Cathepsin B, L
and D activities were inhibited by a 24 hour continuous
exposure 10 high non-cytotoxic concentrations of E-64 and | or
Pepstatin. These data suggest that Cathepsin B, L and D seem
to be involved in the early steps of the metastatic process rather
than in the hematogenous spread of wmor cells. However,
other pharmacological activities which may account for the
discrepant effects of E-64 or Pepsatin on experimental and
spontaneous metastasis cannot be ruled ou.

Several experimental and clinical studies suggest that lyso-
somal proteinases Cathepsin B, L and D may be involved in
the malignant progression of some human neoplastic diseases
such as breast and ovarian tumors (1-3). Therefore specific
inhibitors of these enzymes may provide a tool to assess
better their pathophysiological role in tumor progression as
well as their value as potential therapeutic agents. In this
context we have undertaken a number of in vivo and in vitro
investigations to evaluate, in some experimental murine
tumor models, the therapeutic potential of E-64. inhibitor of
cystein proteinases Cathepsin B and L (4), and that of
Pepstatin, specific inhibitor of the aspartic proteinase
Cathepsin D (5). Parallel studies were also carried out with
these inhibitors to investigate the role of Cathepsin B, L and
D in the hematogenous spread of tumor cells.
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Materials and Methods

E-64 (trans - epoxysuccinyl-L-leucylamido (4-guanidino)-butanc, Pepsa-
tin A, cell culture reagents and chemicals were purchased from Sigma, St.
Louis, MO, USA. )

Animals, tumor and tumor cell lines. L1210 leukemia, MCa mammary
carcinoma (MCa) and M5076 ovarian reticulum cell carcinoma (M5) were
mantained in vivo in syngenic DBA, CS7BL6 and CBA female mice
(Charles River, Calco. Italy) (6.7). L1210 lcukemia and MS tumor cells,
obtained from ascitic fluid or by enzymatic disaggregation from primary
tumors were also grown in vitro as described (6). MCa tumor cclls,
obtained by mechanical disaggregation from primary tumors, were grown
in suspension in DMEM culture medium supplemented with 10% heat
inactivated foetal bovin serum, 2 mM glutamine, 1 mM sodium pyruvate
and gentamicin (50 meg/ml). Celis were subcultured 1:1 once a week.

In vitro studies.

Growth inhibitory studies with E-64 and Pepsatin: 1X 10° L1210, MCa or
M5 tumor cells/ml were seeded in 24-well plates (Falcon 3047) on day 0
and further incubated for 24 hours in presence of different concentrations
of E-64 or Pepstatin (110 up to 1x10* M). At the end of the
incubation period cells were harvested and counted with a hemocyto-
meter. Cell viability was checked by Trypan blue dye exclusion. To assess
whether these agents enter tumor cells and affect the intracellular activity
of Cathepsin B.L and D, 2-5%10° tmor cellsml were sceded in 25 em’
culture flasks (Falcon 3013) on day 0 and further exposed for 24 hours in
presence of non-cytotoxic concentrations of E-64 or Pepstatin (1% 107 up
to 1x107 M). At the end of the incubation period tumor cells were
harvested, washed 3 times in cold PBS, and their concentration adjusted
to 1x10° cells/ml with cold redistilicd water containing Triton X-100
(0.2% w/v). Tumor cells were then sonicated at 4° C (Bronson Sonifer
450), at the highest power with two bursts of 30 scconds and an
intercooling period of 1 minute, and centrifuged at 3500 rpm for 15
minutes. The supernatant was assayed for Cathepsin B, L and D activitics
according to Barrett and Kirschke (8) or as described (9). and for protein
content according to Bradford (10).

In vivo studies. The dose and schedule of Pepsatin administration were
chosen on the basis of previous studics which showed that this agent
induces a long-lasting inhibition of Cathepsin D activity in several organ
tissues, including target organs for metastatic cells, in both normal and
tumor bearing mice (9, 11). Furthermore since in vivo studics on the
organ toxicity of E-64 are, to our knowledge, currently lacking, this agent
was administered in a range of doscs usually applicd in other studics for
cxperimental or therapeutic purposes (12-14).

Studies with L1210 leukemia. Groups of 10 DBA mice. 6-8 weeks old,
were inoculated i.p. or i.v. with 1x10° viable L1210 leukemic cells. E-64
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Figure 1. Effects of E-64 or Pepstatin pretreaiment on the intracellular activities
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of Cathepsin B, L and D in L1210, MCa and M5076 tumor cells. 2-5 x 10°

tumor cellsiml were exposed for 24 hours to high non-cytotoxic concentrations (1 x 10° M) of E-64 or Pepstatin. Tumor cells were then harvested,

sonicated and centrifuged at 3500

rpm for 15 minutes. Cathepsin B, L and D activities and protein content were determined in the

3500 supernatant as

described (8-10). Results are expressed as % of the specific enzyme activities in control samples taken as 100 and are the mean of 3 separate
P Iz ) p

determinations. Standard deviation was less than 15%.

and/or Pepstatin (50 mg/kg i.p.) were given on days 0,2,4 (L1210 1.p.)or
0.3,5 (L1210 i.v.). The antitumor activity was cvaluated according to the
National Cancer Institute protocols as described (6,15). In additional
experiments, groups of DBA mice were inoculated i.v. with 1x10° viable
L1210 tumor cells in which Cathepsin activities were markedly inhibited
by 4 24 hour continous exposure to high non-cytotoxic concentrations of
E-64 and Pepstatin. The cffects of this pretreatment on tumor cell
spreading was cvaluated by daily checking of the survival time of mice
(15).

Studies with solid wumors. 5x10° MCa or M5 viable tumor cells were
inoculated i.m. into 6-8 weeks old CBA or CSTBL6 female mice. E-64 or
Pepstatin (35-50 mg/kg i.p.) were given on days 0,2.4 (E-64) or days 0,3
and 5 (Pepstatin). The effects of these inhibitors on primary tumor growth
and spontancous metastasis formation were evaluated as previously
described in detail (6).

Effects of E-64 and Pepstatin on experimental metastasis formation. CBA
or CS7BL6 mice were injected i.v. with 5x10* (MCa) or 2x10* (M5)
tumor cells. E-64 or Pepstatin (25-35mg/kg i.p.) were given every other
day up to day 6 after tumor cell injection. In parallcl running experiments,
groups of CBA or CS7BL6 mice were injected i.v. with $x 10* (MCa) or
2% 10* (MS5) viable tumor cells previously exposed for 24 hours to high
non cytotoxic coneentrations of these agents. Mice were sacrificed on day
19 (MCa) or day 29 (MS) after tumor implant. The number of ex-
perimental liver (MS) and lung (MCa) metastasis was counted with a
disscction microscope (6).

Statistical analysis. Data analysis, where required, was computed by the

Mann-Whitney U test or Student «t» test for unpaired samples assuming
the 0.05 level of probability as significant.
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Data analysis was computed by Student’s «t» test for unpaired samples.

Results

In vitro studies

Preliminary in vitro studies showed no growth inhibitory
effects of E-64 or Pestatin on L1210, MCa and M5 tumor cells
in a range of 1X10° up to 110 M concentrations. Cytotox-
ic effects (20-40% growth inhibition) were noted with both
these agents at concentrations higher than 5x 10 M (Pepsta-
tin), and 10x10* M (E-64). These studies also showed that,
following a 24 hour continous exposure to high non cytotoxic
concentrations of E-64 or Pepstatin, these agents enter tumor
cells and induce a marked decrease in the intracellular
activity of Cathepsin B, D and L (Figure 1). This phe-
nomenon occured to a lesser extent with Pepstatin in M5
tumor cells. Parallel experiments showed that at lower con-
centrations (10% - 107M) E-64 paradoxically induced an
increase of the intracellular activity of Cathepsin B and L as
well that of Cathepsin D. Similar effects also occurred with
lower concentrations of Pepstatin (1x 10™%) but only Cathep-
sin B and L were affected in this case (data not shown).

In vivo studies

Studies with L1210 leukemia. In L1210 leukemia bearing mice
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Table I. Therapeutic evaluation of E-64 andlor Pepstatin in mice transplanted i.p. with L1210 leukemia.

Survival parameters

Days of MST® Mean+S.E. TIC ABWD5
treatment
Control 024 8.5 8.5+0.5 1.00 +8.8
(8-9)
E64 (S0mg/kg i.p.) 024 9 8.6+0.8 1.06 +10.2
(7-10)
Pepstatin A (50 mg/kg i.p.) 024 9 8.7+0.5 1.06 +14.3
(8-9)
E64 (50 mg/kg i.p.) 02,4 9 8.9:£0.6 1.06 +1.3
+ (8-10)
Pepstatin 02,4
(50 mg/kg i.p.)
(a) Group of 10 DBA/2 female mice were transplanted i.p. with 1x10° viable L1210 leukemic cells on day 0.
(b) MST: Median Survival Time.
(¢) T/C: Ratio MST treated mice / MST control mice.
(d) ABWDS: Average body weight variation (%) on day 5 after tumor implant.
Table II. Therapeutic evaluation of E-64 andlor Pepstatin in mice P d i.v. with L1210 leukemia'®.
Survival parameters
Days of MST® Mean+S$.E. TIC® 3 ABWDS'
L treatment
Control 03,5 7 7.0£0.0 1.00 +5.4
(7)
E64 (50mg/kg i.p.) 03,7 7 6.9+0.3 0.98 3.5
(7)
Pepstatin A (50 mg/kg i.p.) 03,5 i 7.5£0.5 1.07 +5.1
(7-8)
E64 (50 mg/kg i.p.) 03,5 7 7.0£0.0 1.00 7.6
+ (7
Pepstatin 0,3.5
(50 mg/kg i.p.)

(a) Group of 10 DBA/2 female mice were transplanted i.p. with 1x10° viable L1210 leukemic cells on day 0.

(b) MST: Median Survival Time.
(c) T/C: Ratio MST treated mice / MST control mice.

(d) ABWDS: Average body weight variation (%) on day 5 after tumor implant.

the administration of E-64 or Pepstatin did not result in any
antitumor effects, as assessed by the daily checking of the
survival time of animals (Table I). Similar results were
obtained in mice injected i.v. with L1210 tumor cells or with
L1210 tumor cells in which the intracellular activity of
Cathepsins were previously inhibited by a 24 hour continuous
exposure to high non-cytotoxic concentrations of these agents
(Figure 1, Table II and III). No drug-related deaths or
evident toxicity, as indicated by body weight variations on
day 5 after tumor implant (15), were noted in any group
(Tables I and II).

Studies with solid tumors. In mice with MCa mammary
tumors the administration of E-64 did not affect either
primary tumor growth (T/C 1.1) or spontaneous metastasis
formation (-8.7%) (Table IV). Pepstatin was also devoid of

Table II. Therapeutic evaluation of E-64 andlor Pepstatin in mice
transplanted i.v. with 1x 10° viable L1210 leukemic cell preincubated for24
h in the presence of these agents.

Survival parameters

MST® Mean+S.E. TIC
(range) .
Control 6 6.8+1.5 1.00
(6-11)
E64 (1 x 10°M) 7 7.0£0.01 1.16
(7)
Pepstatin A (1 x 10°M) 7 7.5£0.3 1.18
(7-8)
E64 (1 x 10°M) 7 6.9+0.7 1.15
(7-8)

+
Pepstatin A (1 x 10°M)

(a) MST: Median Survival Time
(b) T/C: Ratio MST treated mice / MST control mice
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Table IV. Evaluation of antitumor and antimetastatic activity of E-64 and Pepstatin in mice with MCa mammary tumor'®.

Days of Tumor™ TIC® Number of lung metastases®)
STasment vClumes Median % of control Incidence
(grams)
(range)
Control 02,46 1.740.1 1.00 163.5 100 8/8
(80-205)
Pepstatin (35 mg/kg i.p.) 0246 2.0+0.1 1.2 105* 64.4 919
(16-181)
E64 (35 mg/kg ip.) 0246 1.85+0.1 4! 149 91.3 99
(15-182)

(a) CBA female mice were transplanted i.m. with 5 x 10° viable MCa tumor cells on day 0.
(b) Tumor volume = [/6XAXBXC, where A = long axis, B = short axis, C = width. Results refer to the measurement made on day 21 (day of

sacrifice) and are expressed as mean +S.E.

(¢) T/IC = ratio tumor volume treated mice / tumor volume control mice.

(d) Animals were sacrificed on day 21. Metastases were counted in duj

* P<0.05 versus control (Mann - Whitney U test).

plicate by a dissection microscope.

Table V. Evaluation of anti and ic activity of E-64 and Pepstatin in mice with M5076 ovarian reticulum sarcoma'®.
Days of Tumor®™ TICY Number of hepatic nodules'®
SR volum(fs Median % of control Incidence
(grams) (range)
Control 0,7 4.7+£0.4 1.00 91 100 14/14
(3-590)
Pepstatin A (50 mg/kg i.p.) 0.7 4.8+0.7 1.02 378 40.6 13/13
(4-538)
E64 (50 mg/kg i.p.) 03,5 5.1+0.2 1.08 48 52.7 10/10
(8-508)

(a) C5BL/6J female mice were transplanted i.m. with 5 x 10° tumor cells on day 0.
(b) Tumor volume = [/6xAXBXC, where A = long axis, B = short axis, C = width. Results refer to the measurement made on day 33 (day of

sacrifice) and are expressed as mean+S.E.

(¢) T/C = Ratio tumor volume treated mice / tumor volume control mice.
(d) Animals were sacrificed on day 33. Metastases were counted in duplicate by a dissection microscope.

* P<0.05 versus control (Mann-Whitney U test).

antitumor activity (T/C=1.2); however this agent induced a
significant decrease of spontaneous lung metastasis (-35.6%).
Similar results on primary tumor growth were obtained in
mice with M5076 ovarian sarcoma (T/C=1.02 and 1.08)
(Table V). Although in mice with this tumor both these
agents induced a marked decrease in the formation of spon-
taneous liver metastases (-59.4% with Pepstatin and -48.3%
with E64), the inhibiting effects of the E-64 were not statisti-
cally singificant. In mice injected i.v. with MCa or M5076
tumor cells or with MCa or M5 tumor cells preincubated with
high non-cytotoxic concentrations of E-64 and Pepstatin both
of these agents were not able to prevent or decrease the
formation of experimental liver (M5) or lung (MCa) metasta-
sis (Tables VI and VII).

Discussion

The present study shows a different pattern of therapeutic
response of L1210 leukemia, MCa mammary carcinoma and
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M5076 ovarian sarcoma to E-64 and/or Pepstatin. L1210
leukemia as well MCa and M5 tumors were unresponsive to
these agents either in vivo or in vitro; however, in MCa and
MS tumor bearing mice a significant decrease in the number
of spontaneous lung (MCa) and liver (M5) metastases was
induced by Pepstatin. These data further confirm our pre-
vious observations which showed similar effects also in mice
with Lewis Lung Carcinoma (6). The antimetastatic activity
of Pepstatin noted in MCa or M5 tumor bearing mice does
not seem to be related to direct cytotoxic effects on tumor
cells, as in vitro studies showed no growth inhibitory activity
of this agent even at concentrations higher than that achieved
in the blood of mice (1.1x10°°M) following i.p. administra-
tion of 50 mg/kg of Pepstatin (5,6). Thus, conceivably, the
inhibition of Cathepsin D activity induced by Pepstatin at
tumor cell or at host tissue levels may account for the
inhibiting effects on spontaneous metastasis observed in MCa
or M5 tumor bearing mice. On the other hand, Pepstatin
failed to increase the life span in mice injected i.v. with L1210
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Table VI. Evaluation of the effects of E-64 or Pepstatin on expe-

rimental metastases formation in MCa tumor bearing mice'®.

Table VII. Evaluation of the effects of E-64 or Pepstatin on experimental
liver metastasis formation in M5076 tumor bearing mice'™.

Days of Number of lung metastases™
treatment “yy dian % of control Incidence P
(range)
Control 0246 74 100 78
(0->200)
E64 0,2,4,6 87.5 118.2 88 NS
(25 mg/kg i.p.) (1-120)
E64 71.5 96.6 8/8 NS
(2.8x10° M)© (26-106)
E64 68.5 92.6 8 NS
(1x10° M)© (0-118)
Pepstatin 0246 78 105.4 18 NS
(35 mg/kg i.p.) (0->200)
Pepstatin 117 158.1 8/8 NS
(1.1%10° M)© (7-135)

Number of liver metastases™

Median % of control

Incidence P

Control 81 100 10/10
(52-145)

E64 118 145.6 10/10 NS

(25 mg/kg i.p.) (69->200)

E64 71 87.6 910 NS

(2.8%10° M)© (16-106)

E64 68.5 84.6 910 NS

(1x10° M)«© (0-118)

Pepstatin 102 125.9 910 NS

(35 mgkg i.p.) (0->200)

Pepstatin 70 86.4 1010 NS

(1.1x10° M)© (1-142)

(a) CBA female mice were transplanted i.v. with 5 x 10 viable MCa
tumor cells on day 0.

(b) Mice were sacrificed on day 19. Lung metastases were counted by a
dissection microscope.

(¢) Cells were incubated up to 24 hours in the presence of proteinase
inhibitors,

(d) NS = not statistically significant (Mann - Whitney U test).

leukemic cells or to prevent or decrease the formation of
experimental metastases in mice transplanted i.v. with MCa
or M5 tumor cells. Similar results were obtained following
i.v. injection of tumor cells in which the intracellular activity
of Cathepsin D as well that of Cathepsin Band L were
markebly inhibited by a 24 hour continuous exposure to high
non-cytotoxic concentrations of Pepstatin and E-64. These
data suggest that Cathepsin D does not seem to be involved in
the hematogeneous spread of tumor cells. The effects of
Pepstatin on spontaneous metastasis, on the other hand,
indicate that Cathepsin D may rather be involved in an early
step of the metastatic process. This hypothesis is supported
by a number of recent studies which showed that Cathepsin D
may promote tumor progression by activating latent forms of
growth factors or other proteinases involved in the metastatic
cascade (16,17). The results obtained following E-64 adminis-
tration in mice injected i.v. with L1210, MCa or M5 tumor
cells or with tumor cells exposed for 24 hours to high
non-cytotoxic concentrations of this inhibitor were similar to
those obtained with Pepstatin. The lack of inhibiting effects
of cysteine proteinase inhibitors on experimental metastasis
have already been reported in B16 melanoma bearing mice
administered with E-64 analogs or other specific cysteine
proteinase inhibitors such as Leupeptin (18,19). Thus these
data also seem to rule out a direct involvement of Cathepsin
B and L in the hematogeneous spread of tumor cells.

On the other hand, the statistically non-significant effects
on spontaneous metastasis noted with E-64 may be related to
the dose and schedule of administration used in our studies. It
would be likely that, at these dose levels, blood or intracellu-

(a) C57BL6 female mice transplanted i.v. with 2 X 10* viable tumor cells.
(b) Mice were sacrificed on day 29. Liver metastasses were counted by a
dissection microscope.
() M5076 tumor cells were incubated up to 24 hours in presence of
proteinase inhibitors.

(d) NS = not statistically significant (Mann - Whitney U test).

lar concentrations of E-64 which could inhibit tumor cell
invasion and metastasis formation or affect tumor cell cycle
or parasite growth (13, 19-21) are not achieved. Furthermore,
as our in vitro studies showed that at 10*-107 M concentra-
tions E-64 may paradoxically increase the activity of Cathep-
sin B and L and, to a greater extent, that of Cathepsin D
(data not reported), it would be possible that concentrations
of this agent near those inducing this phenomenon might be
achieved in tumors cells or organ tissues following the
administration of the dose level used. These effects already
observed with Leupeptin in vivo in organ tissue of mice as
well as in vitro in B16 melanoma cells (22, 23), might affect
the therapeutic potential of this agent. Thus further investiga-
tions to better assess the therapeutic potential of E-64 are
needed.

These data suggest that proteinase inhibitors may be of
therapeutic value in the adjuvant treatment of solid tumors.
Nevertheless, because other pharmacological efffects induced
by these agents may in addition to the inhibiting proteolytic
activity, affect their therapeutic potential as well their selec-
tivity, their use for experimental and therapeutic purposes in
vivo remains questionable (22-24).
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