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1. INTRODUCTION 

In living organisms, enzymes work in complicated networks to perform 
various biological functions. To analyse such functions, specific enzyme 
inhibitors are needed. Such inhibitors would be of great value in elucidating 
disease processes and may have uses in the treatment of disease. 

We compared the activities of various enzymes in serum or organs under 
physiological conditions with those under pathological conditions. We then 
followed the time course of the induced change in activity after a prolonged 
administration of an inhibitor specific for the key enzyme in a network. It 
was our belief that such a strategy would enable us to pinpoint this key 
enzyme and identify enzyme inhibitors of therapeutic value (Umezawa 1972; 
Aoyagi et a11975, 1977, 1990). 

Moreover, we have long been aware of the important roles that cellular 
membranes and especially the enzymes located on these membranes play in 
the processes of cell-cell interactions and consequently in the fundamental 
functions of living organisms. Therefore, we focused on ectoenzymes, 
isolating inhibitors against them and conducting a detailed evaluation of the 
therapeutic value of such inhibitors. The study of ectoenzyme inhibitors 
seems to be a promising new field of medical science. 
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In this section, the properties of aminopeptidases (APs) which have 
attracted attention as cellular surface markers (Aoyagi 1976, 1978) as well as 
the properties of AP inhibitors including bestatin will be described 
(Umezawa et al 1976; Nishizawa et al 1977). It will be explained that 
oscillations in enzymatic activities were observed in organs of experimental 
animals after prolonged administration of the inhibitor. Furthermore, the 
therapeutic prospects of such inhibitors, including preclinical and clinical 
antitumor activity, mainly in myeloid restitution and immunomodulation, 
will be discussed. 

2. PHYSIOLOGICAL FUNCTION OF 
AMINOPEPTIDASES AND THEIR INHIBITORS 

2.1. Aminopeptidases in mammalian serum and organs 

APs of mammalian origin are listed together with their EC number in 
Table I. Many are metalloenzymes coordinated at their active centres. APN 
(AP-M, aryl amidase, acyl-peptide hydrolase) is the enzyme that has been 
studied most intensively and the first AP to be cloned. APN is buried in the 
cellular membrane with its carboxyl terminal segment outside and its amino 
segment inside the cell. The enzyme is abundant on the surface of the distant 
part of renal tubules, epithelial cells, and microvilli in the small intestine. It 
is also expressed on the surface of monocytes and granulocytes and is 
identical to CDI3, a specific marker of these blood cells (Aoyagi et aI1978). 
APN activity was also reported to increase in hepatic diseases induced by 
excessive consumption of alcohol or drugs (Sanderink et al 1988). APs are 
involved in the biosynthesis and degradation of enkephalin (Hersh 1985; 
Bausback et al 1986) and thymopentin (Amoscato et al 1988), thus affecting 
the pharmacological activities of these peptides. 

The search for the physiological function of APN/CD13 is underway. 
The results obtained to date suggest the following. 



4. Physiological roles of aminopeptidases 

Table 1: Mammalian sources of aminopeptidases 

IUBM MEROPS Created Recommended name 

E.C.No· family Year 

EC3.4.Il.l M17 1961 leucyl aminopeptidase 

EC3.4.I1.2 MI 1961 membrane alanyl aminopeptidase/APN/CDI3 

EC3.4.I1.3 MI 1972 cystinyl aminopeptidase/oxytocinase 

EC3.4.11.4 1961 tripeptide aminopeptidase 

EC3.4.11.6 MI 1972 aminopeptidase B/AP-B** 

EC3.4.11.7 MI 1972 glutamyl aminopeptidase/angiotensinase/AP-A 

EC3.4.11.9 M24 1972 X-pro aminopeptidase/AP-P 

EC3.4.11.l4 MI 1978 cytosol alanyl aminopeptidase/PS-AP 

EC3.4.11.l6 1989 X-Trp aminopeptidase/AP-W 

EC3.4.11.l8 M24 1990 methionyl aminopeptidase 

EC3.4.11.20 MI 1995 aminopeptidase Ey 

EC3.4.11.21 MI8 2000 aspartyl aminopeptidase 

* Referred from the IUBM (www.chem.qmv.ac.ukliubmb/enzymeIEC34) 
** Structually relationship to leukotrien-A4 hydrolase (Cade\ et al 1997) 
PS-AP: puromycine sensitive aminopeptidase 
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1) APN degrades immunomodulating peptides and cytokines, involved in 
antigen presentation (Kanayama et a11995; Amoscato et a11988; Dong et 
aI2000). 

2) APN stimulates the proliferation, and inhibits the differentiation of bone 
marrow cells (Wachsmuth, 1975; Rosenzwajg et aI2000). 

3) APN accelerates the invasion and metastasis of tumor cells, and induces 
angiogenesis under hypoxic conditions (Saiki et al 1993; Pasqualini et al 
2000; Bhagwat et aI2001). 

4) APN degrades various biological mediators including vasoactive peptides 
and neuropeptides (Hersh, 1985; Bausback et aI1986). 

5) APN modulates the reproduction system, especially FSH-dependent 
secretion of sexual hormones (Nakamura et aI1996). 

6) APN modifies amino acid consumption, as a membrane transporter in 
intestine and kidney brush border (Nakanishi et al 2000) 

APs play an important role in the biosynthesis and degradation of peptide 
signals as described above. The gene expression of the enzyme might be 
related to the regulation of various proto-oncogenes c-myc, c-myb, c-fos, c
fins, and c-fes, and also the up-regulated expression of APN/CD 13 mRNA 
by cytokines including IL-4 and TGF-~ as described in the other section (van 
Hal et a11994; Hegde et a11999; Kehlen et aI2000). It is notable that the 



98 ABE AND AOYAGI 

c-fes gene has also been mapped to chromosome 15 in close proximity to the 
gene encoding CD 13. 

2.2 Aminopeptidase inhibitors 

We have succeeded in detecting the actiVIties of aminopeptidases, 
carboxypeptidases, alkaline phosphatase, and esterases on the surface of 
lymphocytes, macrophages, normal or virus-transformed cells, and tumor 
cells (Aoyagi et al 1984a, 1984b; Aoyagi, 1996; Umezawa et al 1976b). 
While searching for specific inhibitors of these cell surface enzymes, we 
discovered various novel inhibitors in culture filtrates of microbes. As will 
be described later, inhibitors of cellular surface enzymes enhanced immune 
responses, and this effect stimulated interest in studies on inhibitors of these 
enzymes. The chemical structures and inhibitory specificity for 
corresponding enzymes are shown in Fig. 1 and Table 2. 

Table 2: Kinetic constants of aminopeptidase inhibitors 

Inhibitor Enzyme Substrate Km Ki Type 

Amastatin AP-A Glu-NA 8 2.5 Competitive 

Leu-AP Leu-NA 37 16 Competitive 

Bestatin AP-B Arg-NA 0.6 Competitive 

Leu-AP Leu-NA 5.8 0.2 Competitive 

Arphamenine A AP-B Arg-NA I 0.025 Competitive 

Arphamenine B AP-B Arg-NA 0.008 Competitive 

lie-Arg AP-B Arg-NA 5 Competitive 

Val-Arg AP-B Arg-NA 21 Competitive 

Actinonin APN Leu-NA 0.8 1.7 Competitive 

Probestin APN Leu-NA 0.8 0.19 Competitive 

Leuhistin APN Leu-NA 0.8 2.3 Competitive 

Hydrostatin A Leu-AP Leu-NA 13 4 Competitive 

Hydrostatin B Leu-AP Leu-NA 13 20 Competitive 

AHPA-Val-Phe APN Leu-NA 0.8 0.295 Competitive 

Pyrizinostatin PG-peptidase PyrGlu-NA 0.33 ND Non Competitive 

Benarthin PG-peptidase PyrGlu-NA 0.33 12 Competitive 

FormestinA fMet-AP fMet-NA 2 0.39 Competitive 

Formestin B fMet-AP fMet-NA 2 1.23 Competitive 

Ebelactone A fMet-AP fMet-NA 2 1.73 Non Competitive 

Ebe1actone B fMet-AP fMet-NA 2 0.63 Non Competitive 

Km: 1O-4M, Ki: 1O-7M, AHPA: (2S,3R)-3-amino-2-hydroxy4-phenylbutyryl 
PG-peptidase: pyroglutamyl peptidase, PyrGlu:glutamic acid ~-naphthylamide 
ND: not determined 
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Figure 1: The chemical structure of aminopeptidase inhibitors 

99 



100 ABE AND AOYA GI 

While screening for inhibitors of APN, we discovered probestin, leuhistin, 
actinonin, bestatin and amastatin. Bestatin inhibits AP-B, Leu-AP, and 
tripeptidyl and tetrapeptidyl aminopeptidases in addition to APN. Amastatin 
inhibits AP-A, Leu-AP, and tripeptidyl and tetrapeptidyl aminopeptidases in 
addition to APN. We have further discovered another group of inhibitors 
which we named arphamenines A and B. N-Formyl-methionine aminopepti
dase (fMet-AP) is expressed on the cell surface and has been reported to play 
an important role in chemotaxis in response to Formestins A and B, and 
ebelactones A and B. Ebelactones inhibited esterase and lipase as well as 
fMet-AP. 

In addition to low molecular weight compounds, many CD13 antibodies 
have been reported. Among them, WM 15 has neutralizing activity for 
APN/CD 13 which indicates that the epitope might be involved at the active 
site of the metal chelating domain of the enzyme, while other antibodies may 
recognize the carbohydrate moiety of CD13 side-chains (O'Connell et al 
1991; Helene et al 1991). Thus, the neutralizing antibodies might be 
effective in inhibiting AP activity at the cell surface. 

2.3 Aminopeptidase inhibitors and oscillation of the 
enzyme network 

Bestatin has three asymmetric centres, and its eight stereo isomers have 
been synthesized (Nishizawa et al 1977). The S-configuration of the C2 of 
the (2S,3R) 3-amino-2-hydroxy-4- phenylbutyryl moiety (AHPA) is required 
for activity. All four stereoisomers of bestatin with the 2S-configuration 
display inhibitory activity against AP-B, Leu-AP and APN, whereas the four 
other stereoisomers with the 2R-configuration have no, or only weak activity 
(Aoyagi et a11984a) (Table 3). 

Table 3: Inhibitory activities of bestatin and its stereo isomers 

Asymmetric carbon AP-B Gly-Pro- AP-P 
(l1g/ml) LeuAP (l1g/ml) 

position 2 position 3 (l1g/ml) 

S R (bestatin) 0.05 3 > 200 

S S 4.1 4 > 200 

R S >200 >200 > 200 

R R >200 >200 >200 

Bestatin: (-)-N -[ (2S,3R)-3 -amino-2-hydroxy-4-phenylbutyryl]-L-Ieucine, 
shown in Fig. 1. 
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Bestatin binds to the surface AP of macrophages at a ratio of 109 

molecules per cell (Aoyagi et al 1977; Muller et al 1982). In order to 
understand the effects of an immunomodulator in vivo, we performed a time 
series· analysis on mice given bestatin. Bestatin (2S-form) caused a peculiar 
oscillation of the activities of various hydrolytic enzymes in spleen and other 
organs. Fig. 2 shows the time course of the enzymatic activities in spleen 
following bestatin administration. 
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Figure 2: Time courses of the activities of three representative enzymes. AP-B. Gly-Pro-Leu
AP. and Pro-AP in spleen. Bestatin (200 Ilg) was given ip for 30 d to IeR mice. and the 
enzyme activities measured 3 hours after the administration of the indicated d. AP-B and Gly
Pro-Leu-AP are the enzyme directly inhibited by bestatin in vitro as shown in Table 3. The 
activities were not inhibited by the administration of bestatin in vivo. but rather showed two 
peaks of activity at I week and 3 week. respectively. after the beginning of the study. The 
activity of Pro-AP behaved similarly during the periods of bestatin treatment. although this 
enzyme is not directly inhibited by this inhibitor. 



102 ABE AND AOYAGI 

. ... ~ ............ '" ... '" ............ . • ..: 

f ~ J 

~ •••••••••••• 0', 0 ••• 00 •••••••• O. -; 

t • 

~ T •••••••••••••••••••••••••••••••• . . . ............................ . 
..: 

I j f 'r············ ~ ....... . 
, _IIIIL.~IIII/lnrrw' .... · 
:II T ••..•...••.....•.......•....... 

J'III"It"QIII,,[!I!! 

.. .... ,. ..................... ,. ...... 10 •• " •• 

1- • 

Figure 3: Autocorrelation curves for the three representative enzymes shown in Fig. 2. It is 
clearly seen that the curves for bestatin·treated animals show sine curve-type oscillations in 
comparison with the ones in control animals. The mode of enzymatic oscillations was 
analysed by plotting autocorrelation coefficients calculated from the time course data of 
various enzymes, according to standard statistical methods (Bendat, J.S. et aI1971). Bendat, 
J.S. and Piersol, A.G., 1971, In Random Data: Analysis and Measurement Procedures. 
(Japanese translation), John Wiley & Sons Inc. pp. 11. 

Furthermore, as shown in Fig.3 autocorrelation curves obtained from 
serial data of enzymatic activity revealed that sine curve-type oscillations are 
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brought about in enzyme networks by this inhibitor (Aoyagi et al 1984a, 
1984b). Bestatin probably initiated homeostatic movements directly and 
caused extensive changes in the enzyme networks indirectly in vivo. This 
effect may be useful in altering pathological homeostasis by affecting the 
dynamic equilibrium among the components of the immunological system. 
Oscillation phenomena observed after administration of the inhibitor would 
have a close relationship with these effects at the cellular level. Although the 
precise mechanisms of the oscillative movements induced by bestatin has 
still to be determined, it seems that the phenomenon proposes an important 
clue for understanding the mechanisms of immunomodulation. The 
alteration of the dynamic equilibrium of enzyme networks may talk and 
affect the immunological networks. In fact, bestatin distributed and activated 
macrophages in spleen possibly via AP. 

3. PRECLINICAL STUDY OF APN INHIBITORS 

Inhibitors of APs including bestatin, amastatin, and actinonin have 
become useful tools for the elucidation of the physiological role of APs 
especially in the regulation of the immune system and in the growth of 
malignant cells. Among them, bestatin is the most widely known and 
clinically used inhibitor. The history of the discovery and development of 
bestatin is summarized in Table 4. 

Table 4: History of the discovery and development ofbestatin 

1969 Initiation of the screening for immunomodulator from 
microbial product and discovered coliolin, inhibitor of 
Na-K-ATPase and forphenisin, inhibitor of alkaline 
Phosphatase 

1974 Discovery of be stat in 
1978 Initiation of clinical study Phase I and Phase II 
1980 Initiation of Phase ill study 
1987 Approval for leukemia 
1988 Clinical trial to get new indication 

lung squamous cell carcinoma, inoperable 
stomach carcinoma operable with chemotherapy 

1992 Lung squamous cell carcinoma, operable 
1994 Phase Ib study in US 

Screening for a low molecular weight immunomodulator in microbial 
products begun in 1969 at the Institute of Microbial Chemistry in Japan. 
Bestatin was discovered in 1974, and Phase I and Phase II trials in cancer 
patients were initiated in 1978. A prospective randomized clinical trial of 
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Phase III has been carried out. Thus, the research into this inhibitor has 
progressed from basic to clinical. There are many excellent review papers on 
bestatin (Abe et al 1990b; Talmadge et al 1996; Scornik et al 2001). We 
would like to focus on the discussion about the mechanism by which bestatin 
exerts immunomodulation and antitumor activity. 

3.1 Antitumor activity via immunomodulation 

We have undertaken a variety of systematic analyses to characterize the 
immunomodulatory and therapeutic properties of bestatin, and have 
demonstrated that bestatin has an inhibitory effect on aminopeptidases that 
are located on the surface of mammalian cells and exerts antitumor activity 
through biological response modifiers (Ishizuka et al 1980; Abe et al 1984, 
1985, 1986, 1989a, 1990a; Ebihara et al 1986; Shibuya et al 1987; 
Yamashita et al 1990; Talmadge et al 1991). A preclinical evaluation of 
bestatin conducted under Biological Response Modifier Program, National 
Institute of Cancer, in the US, provides a summary of the preclinical study in 
NCI as shown in Table 5 (Talmadge et a/ 1986; Hadden et al1990). It was 
confinned that bestatin has adjuvant activity, stimulates macrophages and 
increases tumoricidal activity. It also shows therapeutic effects in 
spontaneous and experimental metastases models in B 16-BL6 melanoma. 

The antitumor mechanism might involve the activation of macrophages, 
bone marrow cells, and T cells, the enhanced production of various 
cytokines and modulation of the immune system (Ishizuka et al 1981; 
Schoriemmer et al1983, 1984; Bru1ey-Rosset et al1979; Abe et al1989b). 

Recently, Sasaki et al. (1998) reported that immunization with a 
combination of bestatin and DNA-AIDS vaccine resulted in a consistent 
enhancement of HIV-1-specific immunity. Bestatin not only influenced 
production of IL-2 as described elsewhere, but also had an effect on the 
synthesis of IFN-y, suggesting that bestatin has potential as a vaccine 
adjuvant and is important in eliciting the production of Th1 type cytokines. 
Bestatin mediated the synthesis of IL-2 and IFN-y leading to stimulation of 
the Th1 subset and helped to augment antigen-specific production ofIgG-2a, 
the DTH reaction, and CTL activity. 
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Table 5. Immunomodulatory and antitumor properties of best at in 

BRM programme 

Immunomodulatory 

properties 

In vitro 

T cell function 

Mitogen 

MLR 

NK cell activity 

Macrophage cytotoxicity 

In vivo 

T cell adjuvant 

NK cell activity 

Macrophage cytotoxicity 

Antitumor properties 

Nonspecific prophylaxis 

Specific prophylaxis 

Experimental metastases 

Spontaneous metastases 

Autochthonous tumors 

Bestatin Tuftsin rHuIFNa 

+ + 
+ + 
0 0 + 
+ + + 

+ + + 
O· 0 + 
+ + + 

0 0 + 
+ + + 
+ + + 
+ + + 

NT NT NT 

Symbol used: +, active; -, inhibition; 0, inactive; NT, not tested 

rHuIFNy 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

NT 

MLR: mixed lymphocyte reaction, rHuIFN; recombinant human interferon 
rHuIL-2; recombinant human interleukin 2 
• Restoration of the activity was observed in inununosuppressed mice 
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rHuIL-2 

+ 
+ 
0 

+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

NT 

Koya et al. (1999) reported that bestatin stimulated natural killer T cell 
(NKT) activity (Abo 2001), and that extra-thymic T cells are important 
antitumor effector cells in elderly or tumor-bearing individuals. Abo (2001) 
hypothesized that extrathymic T cells, T cells that differentiate without 
support from the thymus, are intimately associated with inmate immunity 
and the mechanisms underlying autoimmune disease and intracellular 
infection. Extrathymic T cells that are present in intestine, liver, uterus, 
exocrine glands and so on, are activated and proliferate in response to stress, 
in patients with autoimmune diseases and during pregnancy. This suggests 
that in cancer patients, extrathymic T cells operate as part of the immune 
surveillance system instead of regular T cells. 
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3.2 Effect of bestatin on myeloid function 

APN/CD 13 is strongly expressed on monocytes, dendritic cells, 
granulocytes and immature B cells. Anti CD 13 antibody is used as a marker 
for leukemic cell typing. Bestatin has been used in many studies on hemato
myeloid activity as summarized below. 

1) Bestatin increased granulocyte and macrophage colony formation in the 
presence ofG-CSF and GM-CSF and up-regulated the high affinity receptor 
for GM-CSF (Shibuya et a1199l; Tsunogake et aI199l). 

2) Bestatin stimulated the production of various cytokines including G-CSF, 
GM-CSF, IL6, IFN-y, TNF-u, and (IL-l, IL-2, IL-3) by normal human 
peripheral mononuclear cells as well as the production of GM-CSF in the 
human clonal stromal cell-line, KM-102, and enhanced the expression of 
SCF mRNA in KM-102 cells (Noma et al 1984; Okamura et al 1990; 
Tsunogake et al 1994). It therefore appear to exerts its stimulatory effect on 
hematopoiesis through stimulation of the production of various 
hematopoietic growth factors by peripheral blood mononuclear cells, and its 
inhibitory effect on hematopoiesis and tumor growth through stimulation of 
the production ofIFN-y and TNF-u. 

3) Bestatin accelerated stem cell maturation of bone marrow progenitor cells 
in long-term cultures of normal bone marrow cells, especially abnormal 
malignant clones (Blazsek et al 1991; Fujisaki T et al 1995). Recently we 
showed that bestatin at 1 - 10 J.1g/ml selectively inhibited bcr-able chimera 
mRNA-positive long-term culture-initiating cells (LTC-IC), thought to be 
the most immature leukemic stem cells in chronic myelocytic leukemia 
patients. 

3.3 Induction of apoptosis by bestatin 

Bestatin is a biological response modifier that shows antitumor effects 
through augmentation of the host immune system. In addition, bestatin has 
shown direct growth inhibition and induction of differentiation of malignant 
cells including human leukemia cells, ovarian cells, and non-small cell lung 
cancer cells (Murata et a11994; Ino et a11994; Ezawa et aI1996). 

We previously reported that bestatin itself induced apoptosis in 
leukemia cell lines (Sekine et aI1999). However, other AP inhibitors such as 
amastatin A, arphamenin B, and WMl5 antibody had no effect on growth. In 
contrast to its effect in leukemic cell lines, bestatin alone showed neither 
direct growth inhibition nor induction of apoptosis in the solid tumor lines 
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examined. However, in combination with a death ligand such as agonistic 
anti-Fas antibody, TNF-a or IFN-y, bestatin significantly enhanced the 
growth inhibitory effect and induction of apoptosis by the ligand (Sekine et 
al 2001). Other AP inhibitors such as bestatin methyl-ester, actinonin and 
puromycin also augment the inhibition by death ligands of cell growth. No 
clear correlation was observed between the sensitivity to induction of 
apoptosis induction by bestatin and the expression of APN/CD13 on cancer 
cells. Cytosolic neural AP(s) but not surface APN/CD13 might modulate the 
apoptosis signaling induced by death ligands in tumor cells. We previously 
reported the partial purification and characterization of a cytosolic AP-B like 
enzyme (Yamada et aI1994). 

Recently, Constam et al.(1995) examined the cloning and expression of 
a puromycin-sensitive AP which localizes both to the nucleus and to the 
cytoplasm and is associated with the spindle apparatus during mitosis. This 
puromycin-sensitive AP is partially homologous to several known Zn2+_ 

binding APs. Puromycin and bestatin both arrested the cell cycle of 
puromycin-sensitive AP-transfected COS cells and 3T3 fibroblasts, leading 
to an accumulation of cells in G21M phase, and ultimately caused cells to 
undergo apoptosis. Thus, the target enzyme committed to the induction of 
apoptosis might be localized to cytoplasm and not cell a surface ectoenzyme. 

Asada et al. (1992) reported that bestatin directly inhibited the growth of 
hydatidiform molar cells and prevented the onset of invasive moles. Bestatin 
inhibited placental AP activity, as well as the growth of choriocarcinoma cell 
lines in vitro, and moreover enhanced the cytotoxicity of actinomycin D 
which is an anti-cancer agent widely used in the treatment of trophoblast 
disease (Ino et aI1994). 

Terui and Hatake et al. (1998) demonstrated that endothelial interleukin-8 
(EIL-8) induced apoptosis through the N-terminal pentapeptide sequence of 
EIL-8 (AVLPR). This sequence is degraded by APN/CD13. Bestatin 
reverses resistance to EIL-8-induced apoptosis in leukemia (Terui et a/ 
1999). The EIL-8 and APN/CD13 system, as one of the apoptosis-resistance 
mechanisms in leukemia treatment, should be studied further. 

3.4 Other (anti-invasive, antiviral, etc) activities ofbestatin 

Bestatin inhibits invasion, metastasis, and angiogenesis through a direct 
effect on APs. The authors previously reported that bestatin inhibited tumor 
invasion and collagenolysis by type IV collagenase (Saiki et al 1989). 
Furthermore, following transfection with CD13, human melanoma cells 
accelerated the activity to degrade collagen IV and extra cellular matrix in 
vitro and metastasized to lung when transplanted in nude mice (Fujii et al 
1993). It is confirmed that APN/CD13 is a key enzyme regulating the 
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degradation of the extracellular matrix and invasion by tumor cells (Saiki et 
al 1993). Bestatin prevented metastasis and tumor cell invasion via 
inhibition of CD 13 "inhibition. Recently, Pasqualini et al. (2000) identified 
the NGR (Ala-Glu-Arg) peptide as an adhesion molecule and homing 
peptide of tumor cells. NGR is a receptor for APN/CD 13 distributed in 
angiogenic organs that highly express CD 13. Bestatin and anti-CD 13 
antibody inhibit tube formation ofHUVEC in vitro (Bhagwat et a12001) and 
angiogenesis in vivo (For details see chapter 5by Shapiro et al. in this book). 

Bestatin augments host immune functions, not only antitumor immunity 
but also anti-infectious immunity. Bestatin initiated both the phagocytosis of 
macrophages and the generation of super oxides, and provided resistance to 
intracellular infection by Listeria (Harada et al 1883), Salmonella (Dickneite 
et al 1984), and Candida (Aoyagi et al 1992). Furthermore in infections of 
Corona virus (Yeager et al 1992), Cytomegalo virus (Moller 1996), and 
Human Immunodeficiency Virus (HlV) (Mathe, 1996; Bourinbaiar et al 
1994; Pulido-Cejudo et al 1997), APs are used as a receptor or a processing 
enzyme. In clinical studies, bestatin has been used against the hepatitis C 
virus (HCY) and it was found that antigen of HCV disappeared in children 
who were resistant to IFN therapy (Sako et al 1996). Thus, in addition to 
augmenting the activity of antitumor effector cells, bestatin improves bone 
marrow function and resistance to infection. Suggested mechanisms by 
which bestatin exerts antitumor activity was summarized in Fig. 4. 

4. CLINICAL STUDIES OF BESTATIN 

Bestatin has undergone several phase I trials in Japan (Ikeda et al 1981; 
Majima, 1981), and was found to induce minimal toxicity even at a dose as 
high as 800 mg when administered orally every day for 4 weeks (Saito et al 
1981). In those trials, oral administration at 30 - 100 mglbody/day produced 
a significant modification in immune responses such as an increase in T cell 
numbers, enhancement of the proliferative response of lymphocytes to 
mitogens, and augmentation of NK cell activity and skin reactivity to PPD or 
other recall antigens. Further, in randomized clinical trials in patients with 
relatively low tumor burdens of squamous cell carcinoma of head and neck 
(Miyake, H. et al 1984), malignant melanoma (Ikeda et al 1986), superficial 
bladder tumors (Blomgren et al 1990; Kumamoto, 1985), and acute non
lymphocytic leukemia, the use of bestatin has been associated with improved 
survival. 
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4.1 Acute non-lymphocytic leukemia (ANLL) 

A clinical study on ANLL was conducted by Ota et al. (1986, 1991) from 
1980 to 1983 with leukemia patients from over 16 institutions who reached 
complete remission following induction of chemotherapy. Bestatin was 
orally administered at 30 mg in combination with behenol-cytosine 
arabinoside (BHAC)/daunorubicin-mercaptopurine-prednisolone (DMP), 
vincristin-cyclophosphamid-mercaptopurin-prednisolone (VEMP) as maint
enance therapy, and consolidation chemotherapy. Patients survival in the 
control group (53) and in the bestatin group (48) was 25.5 % and 46.6 % at 4 
years, and 50 % survival times were 18.9 and 33.3 months, respectively. 
Interestingly, older patients aged 50 - 65 were more sensitive to bestatin 
and survived or were disease-free longer than younger patients aged 15 - 49 
(Fig. 5). 
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Figure 5: Survival in acute non-lymphocytic leukemia, the bestatin response difference by 
patient's age 

Urabe et al. (1993) attempted to confirm the results of Ota's group in a 
study from 1988 to 1990. The study involved 195 patients, 92 in the bestatin 
group and 103 in the control group. Complete remission in 50 % of patients 
lasted 508 d in the bestatin group and 386 d in the control group when the 
survival analysis was from 3 years and 7 month after registration. The period 
of complete remission was significantly prolonged in the bestatin group. The 
50 % survival time was 1382 d in the bestatin group and 928 d in the control 
group. The difference was not significant survival for the patients overall 
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was 1002 din Urabe's study and 874 din Ota's study, suggesting that the 
difference is due to the therapeutic modality including the anticancer agents 
and supportive therapy. 

In another study, Ohno et al. of the Japan Adult Leukemia Study Group 
conducted a randomized trial of beheny1 cytarabine and cytarabine in 
combination induction and consolidation therapy with or without bestatin 
after maintenance/intensification therapy in adult acute myeloid leukemia. 
And it was found that long-tenn survival did not change with or without 
bestatin administration (Kobayashi et al 1996). In this study, bestatin 
treatment was initiated at the end of maintenance/intensification therapy, 
while in the previous two studies, it was started immediately after complete 
remission and in combination with consolidation and maintenance therapy. 
Thus, bestatin may not have an antitumor effect after the cessation of 
chemotherapy in case of acute myeloid leukemia. 

Biological Response Modifiers might be effective in reducing residual 
disease in cases of acute leukemia. Bestatin might suppress the growth of the 
small number of leukemia cells that remain after complete remission has 
been achieved and subsequent consolidation chemotherapy has been 
perfonned. It is thought that less than 107 leukemia cells remain in a patient 
after complete remission, however until now there was no way to detect 
residual leukemia cells. Inoue et al. (1994) reported WT1, the product of 
Wilmus' tumor gene 1, as a new prognostic factor and marker for detection 
of minimal residual disease in acute leukemia. In order to obtain the direct 
evidence of a cure after bestatin treatment, a study using new surrogate 
markers like WT1 is underway. 

4.2 Lymphoma after bone marrow transplantation 

U zuka et al. (1991) reported that bestatin has therapeutic potential against 
MDS, myelodysp1astic syndrome and chronic myelocytic leukemia. Ueda et 
al. (1994) reported that bestatin improves the symptoms of MDS in 
combination with steroids. In a recent study, acute leukemia and chronic 
myelogenous leukemia patients administered bestatin did not develop graft
versus-host disease (GVHD) within 30 d of bone marrow transplantation 
(Hiraoka et al 1992). Bestatin-treated acute leukemia patients had a 45.8 % 
incidence of chronic low grade GVH compared with 17.4 % in the control 
(p < 0.05). The relapse rate was 34.8 % in the control and only 20.8 % in the 
bestatin group (not significant). 

To examine the immune modulating activity after high-dose treatment 
and bone marrow transplantation, a dose finding phase Ib trial was 
conducted in the US with Hodgkin's disease and non-Hodgkin's lymphoma 
patients who received a placebo (control) of bestatin daily (Ino et al 1996; 
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Biennan et al 2000). Sixty patients (38 male, 22 female, aged 20 to 65 years, 
medium of 42.5 years) were prospectively randomized to a control or 
treatment group. Five patients received autologous bone marrow transplan
tation (BMT) and five patients received peripheral stem cell transplantation 
(PSCT) at each ofthe following doses of best at in: 10 mg daily; 30 mg daily; 
30 mg three times in a day (tid) application (total 90 mg/day); and 60 mg tid 
(total 180 mg/day). Administration was initiated when the absolute 
neutrophil count was greater than 250/mm3 on two consecutive days. These 
studies showed that bestatin significantly increased monocyte/macrophage 
activation. In addition, bestatin increased the PHA and PWM responses in a 
dose-dependent manner. Flow cytometric analysis showed a significant 
increase in NK cells (CD56+), B cells (CD 19+) and the cell ratio of CD4 : 
CD8. No remarkable toxicity was associated with bestatin treatment at any 
dose range from 10 to 180 mg, on daily oral administration. The pharmaco
kinetics following the administration was confinned. The Cmax and AUC 
(area under curve) when bestatin was administered at 30 mg in the Japanese 
study conducted 1978 were about 2.2 ~g/ml and 312660 min. x ng/ml, 
respectively, while those in the present study were about 1.1 ~g/ml and 
207631 (BMT)/I 70 11 9 (PSCT) min. x ng/ml, respectively. The pharmaco
kinetics at 30 mg daily and 30 mg tid (total 90 mg/day) showed the same 
profile following each administration. Interestingly, the Cmax blood 
concentration and AUC were lower in this study than the Japanese trial, 
suggesting that racial or body weight differences may be involved. In the 
present study, bestatin exhibited the immunomodulatory activity in spite of 
lower blood concentration. Thus, the optimal administration schedule might 
be critical and should be clarified by further study. 

4.3 Lung squamous cell carcinoma 

Bestatin appears to be useful for the treatment of squamous cell 
carcinoma in addition to leukemia. Two placebo controlled double-blind 
studies have been conducted. Furuse et al.(1993) of the Bestatin Lung 
Cancer Group perfonned a placebo controlled randomized double-blind, 
multi-centre cooperative study to investigate effects of the combination of 
bestatin, chemotherapy (cisplatin and vindesin), and radiotherapy on 
inoperable advanced squamous cell carcinoma of the lung. Of 365 registered 
cases, there were 258 in the complete radiation group in which treatment as 
specified in the protocol (irradiation at 40 Gy or more to the thorax sub
sequent to chemotherapy) was conducted; the 50 % survival time was 449 d 
and 353 d in the bestatin group and placebo group, respectively Fig. 6.) A 
significant (p = 0.047) prolongation of survival time was noted in the 
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bestatin group, and the response rate (CR + PR) was 60.9 % and 50.0 % (p = 
0.087). 
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Figure 6: Combination of bestatin, chemotherapy, and radiotherapy against inoperable 
advanced squamous cell carcinoma of the lung 

From these results it was confirmed that bestatin, when used in 
combination with chemotherapy and radiotherapy, not only enhances the 
tumor-reducing effect but also prolongs survival. Kato and Ohta et al. (2001) 
of the Bestatin Lung Cancer Surgery Group, conducted a placebo-controlled 
randomized double-blind trial to determine whether postoperative adjuvant 
treatment with bestatin prolongs survival in lung cancer patients with 
completely resected stage I squamous cell carcinoma. After complete con
firmation of resected pathological stage I squamous cell carcinoma, the 
patients were randomly assigned to groups to receive an oral administration 
of either bestatin at 30 mg per day or placebo for 2 years. Four hundred and 
two patients were enrolled between July 1992 and March 1995 in the study, 
but two withdrew their consent. Therefore, in the present study, there were 
202 patients in the bestatin group and 198 patients in the placebo group. The 
median duration of follow-up was 77 months ranging from 61 to 94 months. 
The 5-year survival was 81 % in the bestatin group and 74 % in the placebo 
group (p = 0.03). Severe adverse events were rare in both groups. 

The positive therapeutic effect of bestatin in the treatment of squamous 
cell lung cancer is considered promising and a request has been submitted to 
the Japanese FDA for approval. Recently, in leukemia, high levels of CD13 
in conjunction with low levels of CD33 have been shown to indicate a poor 
prognosis. In addition, lymphoid leukemia expressing CD13 has been shown 
to have a poorer prognosis than lymphoid leukemia not expressing CD13. 
The expression of CD13 in colon cancer and pancreatic cancer is also 
thought to be related to tumor invasion and growth suggesting that 
APN/CD13 is a marker of poor prognosis in cancer (Hashida et 0/2001). In 
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the near future, bestatin will likely be used to treat patients whose cancer cell 
are over-expressing APN/CD 13 following the monitoring of a surrogate
marker of the enzyme. Bestatin has potential as a molecular-targeting drug to 
control minimal residual tumors and metastatic small tumor burden after 
surgery, chemo-radiotherapyand other therapeutic modalities. 

s. CONCLUSIONS 

Enzymes and their inhibitors are deeply involved in a range of biological 
phenomena from ontogeny to aging. It is important to recognize these roles 
in order to deepen our understanding of the various events that disturb 
homeostasis. Disease is induced by a disturbance of the dynamic equilibrium 
maintaining life; conversely, disease upsets this balance. 

APs are a family of enzymes which cleave amino terminal residues from 
short peptides and classified according to substrate specificity. In 1989, 
Look et al. cloned APN and found it to be identical to CD13 (gp130), a 
leukocyte differentiation antigen. CD 13 is expressed on the surface of 
monocytes, dendritic cells, granulocytes and inunature bone marrow cells. 
Since then, bestatin has been used as an inhibitor of the enzyme and our 
understanding of the mechanism of inhibition has improved. Bestatin is a 
synthetic non-specific inununomodulator of microbial origin having AP 
inhibitory activity. Recently, research into the physiological functions of 
APs has progressed. Bestatin is likely to renew interest in AP inhibitors as 
molecular targeting drugs for cancer. The fundamental study of APs at the 
molecular-genetic levels and of the mechanism of action of bestatin has only 
just started and it will take some time to reveal the entire picture. However, 
the data obtained to date suggest that the enzymes are essential to living 
cells. They might participate in the modulation of peptide signaling, control 
of cell-differentiation and proliferation, and tumor cell invasion and 
angiogenesis, and also might act as anti-apoptotic factors, proliferation 
factors, prognostic markers for poor survival and so on (Fig. 7). 

On the cell surface, these enzymes form a network with other 
ectoenzymes such as CD 1 0 (neutral endopeptidase), CD26 (dipeptidyl 
peptidase IV) CD45 (phosphatase), CD55 (decay-accelerating factor), and 
CD73 (ecto-5' -nucleo-tidase). Additionally in cytoplasm, the enzymes may 
compose a ubiquitinl proteasome network involved in the degradation of 
cellular protein. 

In summary, in this section the biological activity of aminopeptidase 
inhibitors, mostly bestatin, was reviewed and the mechanisms of the 
inhibition were discussed. The study of enzyme inhibitors may well afford 
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Figure 7: Suggestive physiological role of aminopeptidases 
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important information on various biological phenomena and diseases, and 
seems to be a promising new field of research applicable to the control of 
disease. 
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