
Cancer Immunol Immunother (1989) 29:231-236  ancer 
J Immunolggy 
 Ummunotherapy 
© Springer-Verlag 1989 

Chemoimmunotherapy with cyclophosphamide and bestatin 
in experimental metastasis in mice* 
Fuminori Abe t, Mark Schneider 2, Paul L. Black 3, and James E. Talmadge 2 

~ Nippon Kayaku Co. Ltd, 3-31 Shimo Kita-ku, Tokyo 115, Japan 
2 Smith Kline and French Laboratories, Immunology, L-101 P. O. Box 1539, King of Prussia, PA 19406, USA 
3 c/o Southern Research Institute-Frederick Research Center, US Army Medical Research Institute of Infectious Diseases, 
Fort Detrick, Frederick, MD 21701, USA 

Summary. Bestatin has significant therapeutic activity 
(even following oral administration) for the treatment of 
metastatic disease, an activity which is limited by tumor 
burden. Therefore, the therapeutic potential of bestatin 
was examined in combination with chemotherapy to deter- 
mine if there is additive activity for heavy tumor burdens. 
Bestatin significantly increased therapeutic activity and 
decreased the myelotoxicity of cyclophosphamide follow- 
ing a single injection of cyclophosphamide or split daily 
doses. In immune function studies, in tumor-bearing ani- 
mals, bestatin increased the number of colony-forming 
units (granulocyte-macrophage) (CFU) and alveolar mac- 
rophage tumoricidal activity. However, when bestatin was 
combined with cyclophosphamide, which depressed bone 
marrow and macrophage activity, it did not show apparent 
augmentation of macrophage and N K  cell activity, but did 
significantly increase bone marrow CFU activity. Thus, in 
combined chemoimmunotherapy, bestatin appears to en- 
hance therapeutic activity by accelerating the recovery of 
hematopoiesis. We suggest, therefore, that a combination 
chemotherapy protocol, with oral bestatin, may facilitate 
myelorestoration following aggressive chemotherapy. The 
majority of biological response modifiers require parental 
administration; thus, the identification of an orally active, 
synthetic immunoaugmenting agent with a defined recep- 
tor is of particular interest. 

Introduction 

Bestatin is a low-molecular-mass dipeptide obtained from 
Streptomyces olivoretieuli [30, 35]. This metabolite is a po- 
tent inhibitor of leucine aminopeptidase and aminopepti- 
dase B of mammalian cells [18, 29, 30] and immune cells 
both in vitro [17, 19, 22, 36] and in vivo [15]. Aminopepti- 
dase activity has been associated with macrophage activa- 
tion and differentiation [21, 37], the inflammatory process 
[20, 23, 28] and was shown in a cell-free system to correlate 
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with enhancing effects in delayed-type hypersensitivity in 
vivo [36]. We, as well as others, have undertaken a variety 
of immunomodulatory and immunotherapeutic studies 
with bestatin including therapeutic studies for metastases, 
solid tumors and autochthonous tumors [1, 3-5,  10, 13, 27, 
31, 32, 33, 34]. In addition bestatin has shown therapeutic 
activity for acute nonlymphocytic leukemia as determined 
by a significant prolongation of survival [16, 25] and for 
transitional cell carcinoma of the bladder on the basis of 
disease-free survival but not prolongation of survival [7]. 
However, additional studies on the optimal dose are 
needed for clarification of the therapeutic profile of bes- 
tatin in the clinic. As reported previously, bestatin is a 
macrophage-augmenting agent; it has adjuvant activity for 
suboptimal tumor vaccines and no apparent activity for 
natural killer (NK) cell augmentation or interferon induc- 
tion, but does appear to increase interleukin-1 and -2 (IL-1 
and IL-2) activity [2]. However, the therapeutic activity of 
bestatin is limited by its pharmacokinetics and the tumor 
burden. Therefore, we have examined the therapeutic ac- 
tivity of bestatin in combination with chemotherapy and 
investigated the immune function of the treated mice. 

Materials and methods 

Animals. Specific pathogen-free female C57BL/6 mice 
(H-2b), 8 weeks of age, were obtained from the Animal 
Production Area of the National Cancer Institute-Frede- 
rick Cancer Research Facility. 

Tumors. These studies used the Moloney-virus-induced 
lymphoma YAC-1 of A /SN (H-2 a) origin and mastocy- 
toma P815 of DBA/2 (H-2 d) origin. Adherent cell lines in- 
cluded the metastatic variant B16-BL6 [11] from the B16 
melanoma, which arose spontaneously in a C57BL/6N 
(H-2 b) mouse, and the spontaneous lung carcinoma 3LL, 
which is syngeneic to the C57BL/6 mice. All adherent cell 
lines were maintained as monolayers in Eagle's minimum 
essential medium (MEM) supplemented with 5% fetal bo- 
vine serum (Gibco, Grand Island, NY); twofold-concen- 
trated vitamin solution, glutamine, sodium pyruvate, and 
nonessential amino acids. The YAC-1 and P815 tumor cell 
lines were grown in Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 10% fetal bovine 
serum and the same medium supplements used with 
MEM. All cell lines were free of mycoplasma and patho- 
genic murine viruses. 
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Agents. Bestatin [24], N-[(2S, 3R)-3-amino-2-hydroxy- 
4-phenylbutyrl]-L-leucine was obtained from Nippon 
Kayaku Co. Ltd, Chiyoda-ku, Tokyo, Japan. Cyclophos- 
phamide (cytoxan) was obtained from Dr. Ven Narayanan, 
NCI, Bethesda, Md. Bestatin and cyclophosphamide were 
dissolved in Hanks'  balanced salt solution (HBSS) without 
magnesium and calcium, and sterilized by passing the so- 
lutions through a Millipore filter (0.22 ~m pore size). All 
media, salt solutions, and agents were endotoxin-negative, 
as determined by the Limulus lysate assay (~< 0.125 EU/ml). 

Assay of macrophage-mediated cytotoxicity. We performed 
the macrophage cytotoxicity assay as previously described 
[32]. Briefly, 100000 macrophages were plated into each 
well of a 96-well microtiter plate, nonadherent cells were 
removed by washing 2 h after incubation. [125I]Iodode- 
oxyuridine-radiolabeled B16-B20 target cells (10000) were 
then added to each well. In some wells lipopolysaccharide, 
5 ng/ml, a dose which had no effect on tumoricidal activi- 
ty alone, was added with the tumor cells as a second sig- 
nal. The cytotoxicity assays were terminated 72 h after the 
addition of target cells by washing the monolayers to re- 
move the radiolabel released from dead cells, lysing the re- 
maining viable adherent cells, and monitoring radioactivi- 
ty with a gamma counter. Under these conditions of assay, 
untreated macrophages are not cytotoxic to neoplastic 
cells. The cytotoxic activity of the macrophages was calcu- 
lated according to the formula: cytotoxicity (%) = 100 x 
(A-B)/A,  where A equals 125I (cpm) in target cells cul- 
tured with normal macrophages and B equals 125I (cpm) in 
target cells cultured with test macrophages. 

Cell suspension. Mice were sacrificed at different times in 
the course of therapy, as indicated; and femurs, spleens, 
and lungs were removed. Alveolar macrophages were col- 
lected by broncho-alveolar lavage before removal of the 
lungs. Single-cell suspensions from femoral bone marrow 
and spleen were prepared as described previously [9] in 
RPMI 1640 supplemented with 0.5% fetal bovine serum 
and gentamicin, and incubated for 2 h at 37 ° C to remove 
adherent cells. After the incubation, the number of viable, 
nucleated cells per femur was counted in white blood cell 
counting solution using a hemocytometer. The alveolar 
macrophages were purified by adherence as previously de- 
scribed [32]. 

Augmentation of NK cell activity. N K  cell activity was as- 
sessed in a 4-h 5~Cr-release assay using YAC target cells, as 
previously described [32]. In this assay, spleen cells are ad- 
mixed in U-bottom 96-well plates with YAC tumor cells 
prelabeled with 51Cr. The tumor cell cytotoxicity was de- 
termined from cultures with an effector-to-target cell ratio 
of 50: 1, 25: 1, 12: 1, and 6: 1. Spontaneous release of radio- 
label did not exceed 8% of the total radioactivity. Specific 
release (percentage cytotoxicity) was calculated as 100x 
(5~Cr released from the target cells admixed with effector 
cells -51Cr released spontaneously/total 51Cr released by 
Triton X), where 51Cr release was measured as cpm. 

Assay of granulocyte-maerophage colony-forming unit fre- 
quency. The number of granulocyte-macrophage colony- 
forming units (CFU) was determined as described previ- 
ously [9]. Briefly, fractionated bone marrow cells (10000, 
5000, 1000, and 100/well) were suspended with CMRL- 

1066 medium supplemented with sodium pyruvate, equine 
serum (5%), fetal bovine serum (10%), and tryptic soy 
broth (0.3%). For colony growth, medium was also sup- 
plemented with 0.33% bacto agar. Each dilution of the cell 
suspensions was plated in 24 wells of 96-well microtest 
plates. The cultures were incubated at 37 ° C in a fully hu- 
midified atmosphere at 5% COz in air. The wells with co- 
lonies (more than 40 cells each) were scored 10 days after 
the incubation by using a dissecting microscope at 
100 ×/magnification. Morphological examination of colo- 
ny-forming cells was done on Wright-Giemsa-stained 
preparations. 

Calculation of frequency of granulocyte-macrophage colony- 
forming units. The frequency of CFU was calculated from 
the limiting dilution data using a probability distribution, 
which was estimated with a multiple linear regression equa- 
tion, the calculation being performed with the BMDP-1R 
program on an IBM-AT computer. 

Therapy of established metastases. Experimental lung me- 
tastases were established in 8-week-old C57BL/6 mice by 
i.v. injection of 40000 in-vitro-propagated B16-BL6 mela- 
noma cells in 0.2 ml HBSS lacking Ca 2+, Mg 2+. The sched- 
ule for therapy of metastases by biological response 
modifiers varied in each experiment and is described 
within the text. Determinations of therapeutic efficacy 
were based on the prolongation of survival. 

Statistical analyses. The NK and macrophage assays used 
three samples per group. The paired Student's t-test was 
used to determine the significance of any differences from 
the appropriate control groups. The difference between the 
extent of metastasis of the control (saline-treated animals) 
and experimental groups was determined using the non- 
parametric Mann-Whitney U-test, and ten animals were 
included in each group. Correlations of therapeutic activi- 
ty and effector cell function or hematological parameters 
were determined using the Pearsons correlation coefficient. 

Results 

Chemoimmunotherapy in the early stage 
of experimental metastasis 

We examined the therapeutic effect on experimental me- 
tastases of bestatin in combination with cyclophospha- 
mide when cyclophosphamide was administered 4 days 
after i.v. tumor cell inoculation. Bestatin was administered 
by i.v. daily injection for 4 weeks starting 24 h after cyclo- 
phosphamide injection. As shown in Table 1, cyclophos- 
phamide exhibited therapeutic activity in a dose-depen- 
dent manner against pulmonary metastases when used for 
the treatment of comparatively minor tumor burden, and 
the dose of 200 mg/kg cured a large number of the ani- 
mals. Note, however, as is the case with most biological re- 
sponse modifiers, that bestatin had only minor therapeutic 
activity for other than the most minimal metastatic disease. 
The combination of cyclophosphamide at 50 mg/kg and 
bestatin showed significant therapeutic activity compared 
to cyclophosphamide alone. However, the combination of 
cyclophosphamide at 200 mg/kg and either dose of bes- 
tatin cured all of the pulmonary metastases in all mice. 
While curing all the animals of their neoplastic disease is 
impressive, one must consider that this was a relatively 
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Table 1. Combination therapy of experimental metastases ~ 

CTX h Bestatin h Metastasis Pversus c 
(mg/kg) (mg/kg) 

Median Range HBSS CTX 

- - >300  (81-300)  - 
50 - 67 (19-217)  0.04 

2 0 0  - 0 ( 0 - 2 )  0.00 
- 15 261 (3-300)  0.755 
- 50 289 (0-300)  0.725 

50 15 3 ( 0 -  300) 0.0008 
50 50 5 ( 0 -  172) 0.001 

200 15 0 (0 - O) 0.0000 
200 50 0 ( 0 - 0 )  0.0000 

0.08 
0.01 
0.06 
0.06 

~ B16-BL6 melanoma cells (40 000) were injected i.v. into 8-week- 
old C57BL/6 female mice on day 0 

Cyclophosphamide (CTX) was injected on day 4, i.p., and besta- 
tin was administered daily by i.v. injection beginning on day 5, for 
4 weeks 
c Probability of no difference between groups, as determined by 
Mann-Whitney U-test. HBSS, Hanks '  balanced salts solution 
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Fig. I. Mice ( ten/group) received i.v. injections of 40 000 B16-BL6 
tumor cells. Fifteen days later, cyclophosphamide (cytoxan) was 
injected once i.p. at 300 mg/kg.  Bestatin treatment was initiated 
48 h following cyclophosphamide injection and was given i.v. 
each day at 50 mg/kg, n ,  Hanks '  balanced salts solution (HBSS); 
©, cyclophosphamide 300 mg/kg  on day 15; II,  bestatin 50 mg /  
kg, i.v. each day starting on day 17; /x, cyclophosphamide and 
bestatin for 4 wks; A, bestatin for 2 wks starting on day 17 
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Fig. 2. Mice ( ten/group) received i.v. injections of 40 000 B 16-BL6 
tumor cells. After 15 days, cyclophosphamide was injected once 
i.p. at 300 mg/kg. Bestatin treatment was initiated 3 days follow- 
ing cyclophosphamide injection and was given orally twice daily 
at a dose of 50 mg/kg  until death. II, HBSS; n ,  cyclophospha- 
mide at 300 mg/kg on day 15; ©, bestatin at 50 mg/kg  per os, 
twice daily beginning on day 18; A, cyclophosphamide and be- 
statin combined protocols 

minor tumor burden and certainly does not accurately re- 
present the current clinical challenge of patients with more 
advanced disease. 

Chemoimmunotherapy in the advanced stage 
of experimental metastasis 

The therapeutic effect of bestatin in combination with cy- 
clophosphamide at 300 mg/kg, injected 15 days after the 
i.v. tumor cell inoculation, was examined since it repre- 
sented a greater tumor burden. Metastatic colonies in lung 
are grossly visible 15 days after i.v. tumor injection, and 
thus represent a heavy tumor burden. Bestatin at a dose of 
50 mg/kg i.v., when administered daily for 4 weeks, signif- 
icantly prolonged survival compared to HBSS (P = 0.007). 
Cyclophosphamide also significantly prolonged survival 
compared to HBSS (P~<0.001) and bestatin alone 
(P ~<0.001). However, multiple injections of bestatin ad- 
ministered for 4 weeks, beginning 48 h following cyclo- 
phosphamide injection, significantly prolonged the host 
survival compared with cyclophosphamide (P = 0.027) or 
bestatin alone (P = 0.041). In contrast, the combination of 
cyclophosphamide and bestatin did not significantly pro- 
long host survival (P = 0.689) if bestatin was administered 
for only 2 weeks (Fig. 1). As shown in Fig. 2, a similar ther- 
apeutic effect was observed following oral administration 
of bestatin twice a day. In this study, both bestatin (admin- 
istered per os twice a day) and cyclophosphamide at 
300 mg/kg significantly prolonged survival compared to 
the HBSS control (P = 0.0025 and 0.0009, respectively). 
However, the combination of bestatin and cyclophospha- 
mide together significantly prolonged survival compared 
to either one alone (P = 0.0081 and 0.0105, respectively). 
We also assessed the immune function of the treated mice 
5 days after cyclophosphamide injection (day 20). The 
numbers of CFU in the femur and alveolar macrophage 
tumoricidal activity were significantly increased in the 
group treated with bestatin alone (Table 2). Note that bes- 
tatin augments macrophage tumoricidal activity [32] and 
CFU (results not shown) in normal mice. The CFU num- 
ber in the femur in the group treated with cyclophospha- 
mide and bestatin combined were also increased com- 
pared to the group treated with cyclophosphamide alone. 
However, alveolar macrophage activity, which was 
augmented in tumor-bearing animals treated with bestatin 
alone, was depressed to background levels 5 days follow- 
ing cyclophosphamide administration. When the effector 
cell function and myelopoietic analyses (Table 2) were 
correlated with median survival time (Fig. 2), there was a 
significant correlation between therapeutic efficacy, as 
measured by !ncreased median survival, and total/number 
of CFU (P = 0.016) and their frequency (P = 0.0442). In 
agreement with the suggestion that the myelodepressive/ 
cellular toxicity activity of cyclophosphamide was respon- 
sible for the loss of macrophage function, there was also a 
significant correlation between bone marrow cellularity 
and macrophage activity in the absence of lipopolysac- 
charide (P = 0.0002) and macrophage activity in its pres- 
ence (P = 0.0504). As one would expect, there was also a 
correlation between the total number and frequency of 
CFU (P = 0.0074) and macrophage activity in the pres- 
ence or absence of lipopolysaccharide (P = 0.0451). Note 
that there was no correlation between NK cell activity and 
survival, this may have been associated with the sensitivity 
of the assay since very low levels of NK cell activity were 
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T a b l e  2. Immune function &tumor-bearing mice following bestatin and cyclophosphamide therapy 

Treatment a Bone marrow Alveolar macrophage 
tumoricidal activity (%) 

Tumor CTX Bestatin Cells × 1026 Freq. × 10 -6 CFU b femur - LPS + LPS 

- - - 7.4 157 1162 0 0 

+ - - 6.9 312 2153 18.1 8.1 
+ - + 9.9 352 3485 31.2 27.9 
+ + - 2.5 3520 8800 0 0 
+ + + 2.4 4660 11184 0 0 

Cyclophosphamide (CTX ; 300 mg/kg) was injected (i.p.) 15 days following i.v. inoculation of 40 000 B 16-BL6 cells. Bestatin was initiat- 
ed (p.o., twice daily at 50 mg/kg, 3 days after CTX injection. Immune function was assessed 20 days after B16-BL6 inoculation 
b C F U ,  colony-forming unit (culture) 

observed. Bestatin has not been shown to augment  N K  ac- 
tivity in normal  mice [31, 32] and we suggest that bestatin,  
via its leukorestorat ive propert ies,  may accelerate the lym- 
phocyt ic  reconsti tution including N K  cells resulting in in- 
creased numbers of  N K  cells as opposed  to N K  cell 
augmentat ion.  The statistical analyses strongly support  the 
suggestion that, at 5 days following cyc lophosphamide  ad- 
ministrat ion,  the therapeut ic  activity of  bestatin was due to 
its abili ty to increase the frequency of  bone marrow stem 
cells and thereby to increase both the frequency and the 
total  number  of  CFU. 

Bestatin therapy following short-term concentrated chemo- 
therapy. Cyclophosphamide ,  at a total dose of  450 mg/kg ,  
was injected in d ivided doses on 1 (day 15), 2 (days 15 
and 16), or 3 consecutive days (days 15, 16, and 17) after 
tumor  injection. Bestatin at a dose of  50 m g / k g  was ad- 
ministered orally twice daily,  beginning on day 18, until 
death. A single injection of  cyc lophosphamide  at 450 rag /  
kg was toxic, and this dose seemed to be greater than the 
maximum tolerated dose (Table 3) for animals bearing 
bulky tumor  burdens.  Four  out of  ten mice that were in- 
jected with a single dose of  cyc lophosphamide  at 450 m g /  
kg died as a result of  pneumonia  secondary to myelotox- 
icity. However,  the mice receiving a single dose of  cyclo- 
phosphamide  (450 mg/kg)  in combinat ion  with bestatin 
had a significantly pro longed  survival in the absence of  
t reatment-related mortali ty.  A similar increased therapeu- 
tic effect was observed with two divided cyclophospha-  
mide doses combined with bestatin. Three divided cyclo- 

phosphamide  treatments significantly pro longed survival 
compared  to HBSS alone (P  ~<0.001) but the addi t ion of  
bestatin to the t reatment  protocol  did not significantly 
prolong survival compared  to three split doses of  cyclo- 
phosphamide.  

D i s c u s s i o n  

In the present report,  we examined the combinat ion- thera-  
peutic activity of  cyc lophosphamide  and bestatin. As re- 
por ted  here, bestatin has addit ive therapeut ic  propert ies  
when used in combinat ion  with chemotherapy.  This com- 
binat ion was most effective with moderate  tumor  burden,  
in which case aggressive chemotherapy combined with im- 
munotherapy  total ly el iminated pu lmonary  metastases and 
cured all animals.  Perhaps more significant for clinical 
uti l ization was the increased therapeut ic  activity for large 
tumor  burdens  when bestatin was adminis tered after a 
single injection or divided consecutive injections of  cyclo- 
phosphamide.  

Bestatin was found to restore the lowered immune re- 
sponses of  tumor-bear ing mice [6, 8, 12, 26, 38] undergoing 
chemotherapy.  Bestatin also increased C F U  activity in 
bone marrow stem cells in tumor-bear ing and cyclophos- 
phamide  treated mice and augmented the tumoric idal  ac- 
tivity of  alveolar  macrophages  in tumor-bear ing animals. 
Thus, the combinat ion- therapeut ic  effect is associated with 
the reduction in tumor  burden and correlates with the abil- 
ity of  bestatin to increase stem cell activity and to augment  
macrophage  activity fol lowing cyc lophosphamide  injec- 

Table 3. Chemoimmunotherapy of experimental metastasis with injection of cyclophosphamide (CTX) and bestatin" 

CTX Bestatin a Toxicity Survival time (days) 

Dose (mg/kg) Schedule Range Median 

- - - 0/10 23-32 26 
450 day 15 - 4/10 16-41 35 
225 day 15,16 - 0/10 33-44 36 
150 day 15, 16,17 - 0/10 35-50 38 
- - + 0/10 25-31 26 
450 day 15 + 0/10 35-40 37 b 
225 day 15,16 + 0/10 38-42 39 b 
150 day 15,16,17 + 0/10 35-42 39 

,' Bestatin, 50 mg/kg, was administered per os twice daily beginning on day 18. CTX was injected in split doses for a total of 450 mg/kg 
on days 15, 15 and 16, or 15, 16 and 17 following the i.v. injection of 40 000 B 16-BL6 tumor cells 
b p = 0.05 as compared to the appropriate CTX-injected animals using the Mann-Whitney U-test 
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Treatment ~' Bone marrow 

Tumor CTX Bestatin Cells/femur (x 10 6) CFU/femur 

Alveolar 
macrophage 
activity (%) 

NK b 
activity 
(LU) 

MST c 
(days) 

- - - 22.1 1808 0 0.2 
+ - - 22.3 3875 0 0.1 26 
+ - + 21.0 6846 2.4 0.2 26 
+ 450 - 16.3 145 16.6 0.2 35 
+ 225 x 2 - 14.7 131 10.2 0.4 36 
+ 150 x 3 - 10.0 279 7.2 0.3 38 
+ 450 ÷ 14.8 413 4.4 0.3 38 
+ 225 x 2 + 12.8 357 10.5 0.4 39 
+ 150 x 3 + 13.8 123 16.2 0.3 39 

~, CTX was injected as split doses (i.p.) 15, 16, or 17 days after tumor inoculation. Bestatin was 
day 16. Immune functions were measured 27 days after tumor inoculation 
b One lytic unit (LU) is defined as the 30% point for 106 effector cells. NK, natural killer 
c MST, mean survival time 

administered p.o., twice daily beginning on 

tion. We suggest that the optimal clinical utilization of  be- 
statin will depend on a logical protocol,  address ing con- 
cerns of  schedule of  administration, scheduling of  cycles 
of  chemo- immunotherapy  and duration of  administration. 
The greatest therapeutic benefit  of  bestatin will be derived 
from combinat ion protocols with aggressive chemothera- 
py. One would expect that chemotherapy could potentially 
reduce the tumor  burden to a level where the immunother-  
apeutic properties of  bestatin might be expected to be ac- 
tive. In addition, bestatin may reduce the life-threatening 
neutropenia  associated with aggressive chemotherapy by 
limiting secondary infections and the associative iat- 
rogenic mortality. On the basis of  these and other studies 
from our laboratories we believe that moderate  to high 
doses of  bestatin, administered orally following a short 
course of  aggressive chemotherapy,  might be expected to 
provide clinical benefits. 
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