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ABSTRACr

We have recently established that combination therapy with /V,/V'-

bis|3-(ethylamino)propyl]-l,7-heptanediamine (BEPH), a synthetic
polyaminc analogue, and /V,A"-bis-2,3-butadieneyl-putrescine, a polyam-

ine oxidase inhibitor, eradicated LI210 leukemia in mice and induced
resistance to a subsequent I.I 2111 challenge. YYe now demonstrate that
BEPH treatment alone, given on a more frequent schedule (5 mg/kg, day
3, 4, 5) or at a higher dose (10 mg/kg, day 3, 4), cures 100% of L1210
leukemic mice. These treated animals were subsequently immune to a
second challenge with 1.1210 tumor cells. However, mice cured with
BEPH did not reject P388 leukemic cells, although their mean survival
time was slightly prolonged. In an in vivo tumor neutralization assay,
splenocytes from cured mice and LI 210 cells were injected into naive
mice; 80% did not develop LI 210 leukemia. Coculturing lymphocytes
from cured mice with 1,1210 cells in vitro generated a potent tumor-

specific cytolytic response against LI210 target cells, whereas lympho
cytes from naive mice did not generate any significant cytolytic activity.
Both the in vitro and in vivo activities were completely eliminated by
pretreating the splenic lymphocyte population with anti-Thy-1.2 mono
clonal antibodies and complement, indicating T-cells as the effector
population. In T-cell-deflcient nude mice BEPH treatment was not cu
rative, increasing survival time by approximately 2-fold. We conclude
from these studies that T-cell-mediated immunity plays a pivotal role in

the mechanism by which synthetic polyamine analogues, such as BEPH,
prevent neoplastic growth.

INTRODUCTION

There has been increasing evidence, both in animals and in
humans, that host resistance is critical in preventing neoplastic
growth. This resistance has been shown to be mediated by
several distinct tumoricidal effector cell populations, including
natural killer cells, cytolytic T-lymphocytes and macrophages.
Natural killer cells and macrophages are distinguished by their
ability to nonspecifically lyse a variety of different tumor types
without prior sensitization (1, 2). In contrast, CTL2 are distin

guished from other tumoricidal effector populations by their
specific reactivity toward antigenically distinct tumor cells (3).
Once activated, noncytolytic precursors differentiate into po
tent cytolytic cells followed by extensive clonal expansion (4).

The naturally occurring polyamines, putrescine, spermidine,
and spermine, are closely associated with cell differentiation
and division (5-7). Reductions in intracellular polyamine pools
have been well established to reduce normal and tumor cell
growth i/i vitro and in vivo (8-10). We have recently established
that a new polyamine analogue BEPH has significant antitumor
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activity i/i vivo (11). BEPH given in combination with a polya
mine oxidase inhibitor, A/,/V'-bis-2-butadienylputrescine, cured

mice of LI210 leukemia and rendered them resistant to a
subsequent LI210 challenge (11). We now report that we can
cure LI210 leukemic mice with BEPH alone, with a more
frequently scheduled dosage of the compound, and similarly
induce resistance to LI210 tumor cells. Furthermore, our re
sults indicate that this acquired immunity is primarily T-cell
mediated. A portion of this work has been presented in abstract
form (12).

MATERIALS AND METHODS

Materials. BEPH (Fig. 1) was synthesized at the Merrell Dow
Research Institute. Na25'CrO4 (specific activity, 0.25 Ci/mg) was pur

chased from ICN Radiochemicals (Irvine, CA). Low-tox rabbit comple
ment was purchased from Cedarlane Laboratories, Ltd. (Hornby, On
tario, Canada). Anti-Thy-1.2, anti-Lyt-2 (CDS), and anti-L3T4 (CD4)
monoclonal antibodies were purchased from Becton Dickinson (Sun
nyvale, CA).

Animals. Male C57BL x DBA/2 Fl (hereafter called BD2F,) mice
and nude (nu/nu) mice were obtained from Charles River Breeding
Laboratories, Wilmington, MA. Male DBA/2 mice were purchased
from The Jackson Laboratory, Bar Harbor, ME. The animals were
housed in standard steel cages with free access to food and water.

Evaluation of Antitumor Activity in Mice. LI 210 cells were main
tained in the ascitic form by weekly i.p. inoculation of 10' tumor cells

into DBA/2 mice. Leukemic cells were harvested by peritoneal lavage
with saline and enumerated by counting in the Coulter counter. Sub
sequently, groups of BD2F, mice were inoculated i.p. with 10' tumor

cells. The day of inoculum was designated as day 0. Therapeutic activity
of test compounds were evaluated by comparing the mean survival time
of treated groups versus controls. BEPH was administered 5.0 or 10.0
mg/kg i.p. 4 times a day on the indicated days (see "Results") in a

volume of 1.0 ml/kg body weight.
Cell-mediated Cytotoxicity. Splenic cell-mediated tumoricidal activity

was determined as previously described (13). Briefly, spleens were
aseptically removed, teased apart in RPMI 1640, and filtered through
sterile gauze to obtain single cell suspensions. Erythrocytes were lysed
by suspending cells in buffer (0.2 M NH4C1; 0.1 min EDTA; 0.01 M
KHCOj). The spleen cells were washed and viability was determined
by trypan blue exclusion. These splenic effector cells were then directly
assayed for cytotoxicity against 5'Cr-labeled LI 210 and YAC-1 target

cells as described below. In addition, effector cells were isolated from
5-day in vitro cultures containing splenic lymphocytes (2.5 x 106/ml)
and X-irradiated (10,000 R) L1210 tumor cells (2.5 x 10"/ml).

"Cr Release Assay. Target cells (IO6) were labeled with 100 Â¿iCiof
Na25'CrO4 at 37Â°Cfor 1 h. Labeled target cells were then washed (3
times) and added in triplicate (104/well) to 96-well round bottomed

microtiter plates containing different numbers of effector cells to give
various effectortarget cell ratios; each well contained 0.1 ml RPMI
1640/well. These plates were then centrifuged at 50 x g for 3 min and

Fig. 1. Structural formula of BEPH.
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Table 1 Curative effect of BEPH against advanced LI 210 leukemia in vivo"

Group1234Treatment*Control

BEPH, 5.0 mg/kg.
days 3, 4

BEPH. 5.0 mg/kg.
days 3, 4, 5

BEPH, 10.0 mg/kg.
days 3. 4Survival

in days
(mean Â±SE.

n =5)7.5

Â±0.4
16.0Â±4.0'/>45.0

>45.0Cured'0/5

0/55/5

5/5

Â°LI210 tumor cells (10*) were injected i.p. on day 0 in BD2F, mice.
* BEPH was administered 5.0 or 10.0 mg/kg i.p. 4 times a day on the indicated

days.
c Mice surviving beyond day 45 were considered cured.
d P < 0.01 compared to controls.

incubated at 37Â°Cfor 4 h. Following this incubation period, the plates

were centrifugea at 300 x g for 5 min, the supernatant fluids were
harvested with a supernatant collection system (Skatron, Sterling, VA),
and the released 5'Cr was measured in a Beckman Gamma 5500

counter. Supernatant fluids from target cells incubated alone were
assayed for spontaneous release and maximum release was determined
by adding 1% sodium dodecyl sulfate. Cytotoxicity, expressed as the
percentage of specific lysis, was calculated as

cpm experimental - cpm spontaneous
cpm maximum - cpm spontaneous x 100

Antibody and Complement Treatment. Splenic lymphocytes (5 x IO6/
ml) were treated with anti-Thy-1.2 (1:250 dilution) monoclonal anti
bodies for 1 h on ice. These cells were then washed and treated with
complement (1:10 dilution) for l h at 37Â°C.Cell-mediated cytolytic

activity was then assessed as described above. Cytolytic activity of
control cells treated with complement or antibody alone was equivalent
to that observed with medium-treated cells.

Surface Phenotyping. Splenic lymphocytes (107/ml) were incubated
with phycoerythrin-conjugated anti-L3T4 (2 /Â¿g/ml),fluorescein iso-
thiocyanate-conjugated anti-Lyt-2 (10 ^g/ml), or isotype control mono
clonal antibodies for 30 min. These cells were then washed and analyzed
on a Coulter Epics C flow cytometer with an argon laser at 488 nm. A
minimum of 10" cells was analyzed for each sample. Percentage of

positive cells was determined by setting a positive/negative gate based
upon isotypic control binding.

Tumor Neutralization Assay. Splenic lymphocytes (2 x IO6) and
L1210 tumor cells (IO4) were mixed, incubated for 15 min at 37Â°C,and

inoculated i.p. into BD2F, mice. The tumor neutralizing effect of the
immune cells was determined by the increase in survival time.

Statistical Analysis. Statistical significance was determined by 2-
tailed Student's t test.

RESULTS

Antitumor Activity of BEPH against LI 210 Leukemia in Vivo.
BD2F, mice inoculated i.p. with LI210 leukemia cells (IO5)

succumbed to the tumor with a mean survival time of 7.5 days
(Table 1). Administration of 5.0 mg/kg of BEPH i.p., 4 times
a day on days 3 and 4 following tumor cell inoculation, pro
longed survival time by greater than 2-fold. Administration of

the compound for 1 day more, 5 mg/kg on days 3, 4, and 5.
produced a 100% cure rate (>45-day survival). Similarly, in
creasing the dose of the compound to 10.0 mg/kg administered
on days 3 and 4, also resulted in a 100% cure rate.

Development of Acquired Immunity in BEPH-treated LI210
Leukemic Mice. As shown in Table 2, when BEPH-cured mice
(5 mg/kg, days 3, 4, and 5) were rechallenged with LI210
tumor cells on day 47, none of the mice developed LI210
leukemia. BEPH-cured mice were not resistant to a challenge
with P388 leukemic cells, readily succumbing to the tumor. It

should be noted that the BEPH-cured mice did survive 25%
longer than naive control mice given injections of P388 cells.
However, this increase was not statistically significant.

Characterization of Effector Cells Mediating Acquired Immu
nity to LI 210 Tumor Cells in BEPH-cured Mice. The effector
cells responsible for the secondary rejection of LI210 tumor
cells were examined in an in vivo tumor neutralization assay.
Spleen cells isolated from untreated control mice or BEPH-
cured leukemic mice were injected along with LI210 tumor
cells into naive animals. Spleen cells from control mice did not
improve survival compared with mice receiving only LI210
tumor cells (Table 3). In contrast, 80% of the mice given
injections of spleen cells isolated from BEPH-cured mice failed
to develop LI210 leukemia, surviving greater than 75 days.
Eliminating the T-cells from the splenic population, by anti-
Thy-1.2 and complement treatment, completely reversed the
protective effect.

Alteration in T-Cell Subsets in BEPH-treated Mice. Control
or BEPH (5.0 mg/kg)-treated leukemic mice were assessed for
changes in the frequency of T-cell subsets. As shown in Fig. 2,
7 days following tumor cell injection, there is a 69% increase
in the CD4-positive (helper) T-cell pool in BEPH-treated versus
untreated leukemic mice. There was a much smaller increase in
the CDS-positive (cytolytic/suppressor) population (28%) at
day 7. However, 14 days following tumor cell injection, there
was a substantial increase in the CDS-positive population
(135%) compared with normal untreated control mice (Table
4). These overall changes are reflected in the CD4:CD8 ratio,
which initially increases on day 7, followed by a decrease on
day 14 and day 21. These subset changes are consistent with an
ongoing T-cell response in BEPH-treated mice.

Antitumor Activity of BEPH in Athymic Nude Mice. To
further establish the T-cell requirement in the antitumor effect
of BEPH, the therapeutic effect of BEPH against L1210 leu
kemia was evaluated in T-cell-deficient athymic mice. BEPH

Table 2 Rejection of second LI 2IO tumore cell challenge in BEPH-cured LI 210
leukemic mice

TreatmentNonePrimary

inoculationSurvival

Tumor(days)NoneSecondary

inoculationSurvival

(days)
(mean Â±SE.

Tumor" Â«=5)LI210

7.4 Â±0.4
P388 11.2 Â±0.4

BEPH* (5.0 mg/kg) L1210C >45(100%) L12IO >45(IOOÂ°;)

P388 14.0 Â±3.5
'Control or BEPH-cured mice (>45 days) were challenged with L1210 (10s)

or P388 (10s) leukemia cells.
* See Table 1, group 3.
' LI210 tumor cells (10s) were injected i.p. on day 0.

Table 3 Characterization of effector cells mediating acquired immunity to LI 210
tumor cells in BEPH-cured mice

L1210 tumor
Splenic lymphocytes isolated from:cellsNaive

mice +
BEPH (5.0 mg/kg)-cured mice* +
BEPH-cured mice (anti-Thy-1.2 + +

complement)''

BEPH cured mice (complement) +Survival

time
(days)" (mean Â±

SE, n =5)12.0

Â±0.0
10.6 + 0.2

15(l).c>75(4)

10.6Â±0.214(1),

20(1). >75(3)
" Splenic lymphocytes (2 x 10') and LI210 (IO4) tumor cells were injected i.p.

into naive BD2F, mice.
'See Table 1. group 3.
c Numbers in parentheses, number of mice.
J Splenic lymphocytes were treated with anti-Thy-1.2 monoclonal antibodies

and complement or complement alone.

63

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/62/2443193/cr0510010062.pdf by guest on 19 M

ay 2023



CTL INVOLVEMENT IN ANT1TUMOR ACTIVITY OF BEPH

13
CD4 CD8

9 -

6 -

3 -

U
C
OÃ

er
oÃ
L

Oi
U

ft. CONTROL â€¢

H. BEPH

38
8 8 16 21 g 8 16 24

Relative Fluorescent Channel

( Channel Number X 10 )
Fig. 2. Effect of BEPH on splenic CD4- and CDS-positive lymphocyte fre

quencies. LI210 (10') leukemic cells were injected on day 0. BEPH (5 mg/kg)

was administered 4 times a day on days 3, 4. and 5 following tumor cell injection.
On day 7. splenic lymphocytes were labeled with phycoerythrin-conjugated anti-
L3T4 (CD4). fluorescein isothiocyanate-conjugated anti-LyT2 (CDS), or isotypic
control monoclonal antibodies. Cells Â»ereanalyzed by flow cytometry.

Table 4 Effect of BEPH treatment on CD4/CD8 (helper/cytolytic)-positive
lymphocyte frequencies

Antibody binding(Time

(days)7

14
21
2SCD421.9

Â±0.2
20.9 Â±0.2
22.3 + 3.1
18.8 Â±0.4ControlCDS10.0

Â±0.2
10.1 Â±0.1
9.6 Â±0.0
8.5 Â±0.4%

ofpositiveRatio2.2

2.12.3

2.2,

mean Â±SE, n =3)Â°BEPHCD429.9

19.0
16.7
17.9Â±

1.8
Â±1.2
Â±0.2
+ 0.5(5

mg/kg)*'CDS

Ratio10.1

Â±0.923.7
+ 1.0

22.9 Â±1.6
11.4 + 0.22.9

0.8
0.7
1.6

" Splenic lymphocytes were isolated, labeled with fluorescein isothiocyanate
conjugated ami-CD4 or anti-CDS monoclonal antibodies, and analyzed by flow
cytometry.

* L1210 tumor cells were injected i.p. on day 0.
c See Table I, group 3.

Table 5 Antitumor activity of BEPH in T-cell-deficient athymic 1.1210 leukemic
mice

Treatment"Control

BEPH. 5.0 mg/kg,
days 3, 4. 5
BEPH, 10.0 mg/kg,
days 3, 4Survival

time (days)
(mean Â±SE,

n=10)7.3

+ 0.2
15.2 +0.2'14.9

Â±0.4*'See

Table 1.
*/><0.001.

was administered 5.0 mg/kg on days 3, 4, and 5, or 10 mg/kg
on days 3 and 4, which was previously shown to cure LI210
leukemia (Table 1). As shown in Table 5, BEPH treatment
increased survival approximately 2-fold; however, none of the
mice were cured.

Tumor Specificity of Cytolytic Activity of Spleen Cells from
BEPH-cured Leukemic Mice. To further characterize the effec
tor cells contributing to the tumor rejection, in vitro cultures
containing splenic lymphocytes as responders and L1210 tumor
cells as stimulators were established. As shown in Fig. 3, splenic

lymphocytes from BEPH-cured mice generated a potent cyto-
lytic response against LI 210 tumor cells following 5 days of in
vitro culture. Furthermore, the cytolytic activity could be com
pletely eliminated by pretreating the effector population with
anti-Thy-1.2 monoclonal antibodies and complement (Fig. 4).
A much weaker cytolytic response was observed against YAC-
1 and P815 tumor target cells with little, if any, activity against
EL4 tumor cells (Table 6). It should also be noted that using
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Fig. 3. Lymphocytes from BEPH-cured leukemic mice exhibit a strong cyto
lytic response against LI 210 cells follow ing secondary stimulation /'//vitro. Mixed

lymphocyte tumor cell cultures were established in vitro from control or BEPH-
cured leukemic mice (Table I. group 3). Following 5 days of culture, effector
lymphocytes were incubated with "Cr-labeled L1210 target cells for 4 h.
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Fig. 4. Splenic cytolytic activity observed in vitro from BEPH-cured mice was
mediated by Thy-1.2-positive T-cells. Mixed lymphocyte tumor cell cultures were
established in vitro from BEPH-cured leukemic mice. Following 5 days of culture,
effector lymphocytes were incubated with anti-Thy-1.2 monoclonal antibodies
and/or complement, and then incubated with "Cr-labeled L1210 tumor target

cells for 4 h.

Table 6 In vitro tumor specificity of cytolytic effector cells from mice cured of
L12IO leukemia by BEPH

% of specificlysis*Treatment"NoneBEPH

(5.0 mg/kg)Tumor

TargetL1210L1210

EL4
P815
YAC-1E:T

ratio. 3:1
(mean Â±SE,

n =3)1.8

Â±0.173.6

Â±3.7
1.6 Â±0.2

12.0 Â±0.6
13.3 Â±0.7

Â°See Table 1, group 3.
* Cytolytic activity was determined against "Cr-labelcd target cells for a 4-h

period.
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lymphocytes from BEPH-cured mice as responders and P815
or EL4 tumor cells as stimulators failed to elicit any cytolytic
activity against any of the targets tested (data not shown).

DISCUSSION

We have shown herein that treatment with BEPH, a novel
spermine analogue, cured LI210 leukemia in vivo. LI210 leu-
kemic mice cured of their tumor by BEPH also reject a subse
quent challenge with LI210 tumor cells. Our data suggest that
this acquired immunity was due to the induction of a potent
tumor-specific T-cell response. Both in vitro and in vivo, splenic
lymphocytes isolated from BEPH-cured L1210 leukemic mice
demonstrate neutralizing ability against LI210 cells. Eliminat
ing the T-cells from this population completely reversed the
protective effect. In athymic nude mice, although improving
survival time, BEPH treatment was not curative, further sug
gesting a T-cell requirement. The curative effect of BEPH in
vivo apparently requires the induction of cytolytic T-lympho-

cytes.
Most of the commonly used antitumor drugs used in cancer

chemotherapy result in immunosuppression as an unwanted
side effect. BEPH has been shown, herein, not to be immuno-
suppressive regarding the development of an antitumor T-cell
response. We have also observed in vivo potentiation of natural
killer cell activity in BEPH-treated mice.3 We have been unable
to correlate this activity with the BEPH-mediated antitumor
effects.

We have recently shown that BEPH has direct tumoricidal
activity in vitro (11). From the present studies, it is apparent
that, in addition to the direct antitumor activity of BEPH,
development of antitumor immunity in BEPH-treated mice
facilitates the therapeutic effects of the drug. Precisely how
BEPH mediates this antitumor immunity is unclear. BEPH
could be directly potentiating the CTL population or some
accessory' population (e.g., helper T-cells) required for CTL

induction. BEPH could be eliminating suppressor cell activity
which could otherwise interfere with the normal induction of
antitumor immunity. Bleomycin, an antitumor antibiotic, has
been shown to eliminate suppressor cells, which leads to an
improved therapeutic effect of the drug against a rat fibrosar
coma in vivo (14). It is known that depletion of polyamines can
increase helper T-cell activity with an elimination in suppressor
activity (15). BEPH at the doses used in these studies has no
effect on tumor cell or spleen cell polyamine levels in vivo (11).

Another interesting aspect of the BEPH-curative effect is the
development of acquired immunity toward the tumor. There
are relatively few reports regarding the rejection of a second
tumor challenge in mice cured with other antitumor drugs.
Bleomycin (14)-, 1,3-bis(2-chloroethyl)-1 -nitrosourea ( 16)-, and
cyclophosphamide (17)-treated animals have been shown to
exhibit rejection of a secondary tumor challenge. The timing of
administration of these compounds was critical to the devel
opment of antitumor activity and any development of antitumor
immunity. Hengst et al. (17) reported that cyclophosphamide,
given relatively late during the course of tumor development,
was more effective than early treatment because of T-cell-
dependent antitumor immunity which developed in the former
group. LI210 leukemia has been well established as a relatively
immunogenic tumor (18). Nonetheless, inoculation of very few
tumor cells is lethal, demonstrating that this immunogenicity

3T. L. Bowlin. unpublished observation.

does not induce a sufficient antitumor immune response to
eliminate the tumor. Mihich (18) has previously shown that
treatment with 4,4'-diacetyldiphenylurea bis(guanylhydrazone)-

dimethanesulfonate and 1-/i-D-arabinofuranosylcytosine would
cure approximately 60% of LI210 leukemic mice and render
them resistant to further L1210 challenge. More recently, Ume-
zawa et al. (19) has shown that an antitumor antibiotic, sper-
gualin, cures L1210 leukemia (84%) and also renders the mice
resistant to subsequent challenges with LI210. This acquired
resistance was T-cell mediated. However, they also showed that
l-(4-amino-2-methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-
3-nitrosourea and cyclophosphamide cured 97 and 92% of
LI210 leukemic mice, respectively, without developing any
resistance to the tumor (19). Taken together, these findings
indicate that development of antitumor immunity depends on
the drug, the timing of administration, and the tumor.

Our results indicate that in addition to its direct antitumor
properties (11), BEPH treatment either directly or indirectly
leads to the development of a potent T-cell response in the
tumor-bearing host which contributes to the therapeutic effect
of the drug. Experiments are in progress to further delineate
the subpopulation requirements for both the primary and mem
ory response in these mice.
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