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Introduction 
Since it was shown that lysolecithin stimulated macro- 
phage phagocytosis, the hypothesis was put forward that 
lysophospholipids might be physiological mediators of im- 
munological reactions. This assumption was the rationale 
for the chemical synthesis of compounds with a metabo- 
lism different from that of the naturally occurring lyso- 
phospholipids. Because of their slower degradation in the 
circulation they were thought to be potent immunomodula- 
tors. The lead structure of this whole class of compounds 
became 1-octadecyl-2-0-methyl-rac-glycero-3-phospho- 
choline (ET18 OCH3; Fig. 1), which indeed had some 
interesting immunopharmacological properties [ 1]. 

Throughout the investigations into the pharmacology of 
alkyllysophospholipids it turned out that they exerted con- 
centration-dependent cytotoxic effects in various tissue- 
culture systems. Later, Fleer and co-workers [5] demon- 
strated that their cytotoxicity correlated with their substrate 
specificity for phospholipase C and/or D. From these stud- 
ies it was finally concluded that the glycerol structure was 
not an essential structural element for the antitumor activi- 
ty of the molecule [4], and hexadecylphosphocholine 
(INN, miltefosine; Fig. 1) was identified as a prototype of 
the alkylphosphocholines, a new generation of anticancer 
agents. 

In vitro and in vivo activity of miltefosine against 
screening tumors 

The in vitro spectrum of activity of miltefosine was estab- 
lished in a selection of rodent and human cell lines. The test 
assay used was a soft-agar tumor stem-cell assay, with the 
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period of exposure to the compound being between 7 and 
12 days. The concentrations of miltefosine that inhibited 
the colony formation of various cell lines by 90% (ICg0) 
are given in Table 1. The human KB and HL-60 cell lines 
as well as the mouse leukemia L1210 line were, in our 
hands, the lines most sensitive to miltefosine. In contrast, 
NK-mouse lymphoma and normal mouse bone marrow 
were completely resistant to the cytotoxic action of mil- 
tefosine. A rat-hepatoma cell line and a human colon-car- 
cinoma line were moderately sensitive. 

In contrast to the in vitro data summarized above, it 
turned out that none of the conventional rodent tumors 
were sensitive to miltefosine treatment in vivo (Table 2). 
Only marginal activity was observed in intravenously 
transplanted Lewis lung carcinoma and in the solid MOP-C 
plasmocytoma. In view of its good in vitro activity, the lack 
of in vivo effects of miltefosine in L1210 leukemia is 
intriguing. Even sublethal doses of miltefosine were in- 
capable of prolonging the survival of leukemia-bearing 
animals. Pharmacokinetic studies have demonstrated that 
cytotoxic plasma levels following a single oral dose were 
maintained for 3 - 4  days [28]. For the time being, the 
discrepancy between the in vitro and in vivo effects ob- 
served in the L1210 line remains enigmatic. Recently, 
Yanapirut et al. [32] also drew attention to a discrepancy 
between the in vitro and in vivo activity of miltefosine. The 
authors speculated that the compound's mode of action 
might differ, depending on the test system used. 

The correlation between in vitro and in vivo sensitivity 
to miltefosine, however, was excellent in the KB tumor. 
This tumor is an established human squamous-cell carcino- 
ma line that after transplantation of a l-ram3 fragment 
grows as a solid tumor in nude mice. A single oral admin- 
istration of 215 mg/kg miltefosine completely inhibited 
tumor growth. Even large established KB tumors could be 
brought to remission by two treatments with miltefosine 
spaced 7 days apart (Fig. 2). This sensitivity of established 
KB tumors to miltefosine is highly significant since ac- 
cording to our experience this transplantable human tumor 
shows a relatively poor response to conventional cytotoxic 
drugs such as cyclophosphamide and cisplatin. 
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Activity of miltefosine against autochthonous rat 
tumors 

Muschiol and collaborators [19] have shown that mil- 
tefosine and other phospholipid derivatives exhibit signifi- 
cant anticancer activity in animals bearing the autoch- 
thonous methylnitrosourea (MNU)-induced rat mammary 
carcinoma. This suggested to us that there might also be 
activity against the classic hormone-dependent dimethyl- 
benzanthracene (DMBA)-induced rat mammary carcino- 
ma. This tumor is usually induced by gavage of 20 mg 
DMBA into 50-day-old female Sprague-Dawley rats. Var- 
ious miltefosine schedules were capable of completely 
suppressing tumor growth and, similar to the KB tumor, 

large DMBA tumors could also be brought into remission 
by oral miltefosine treatment (Fig. 3). Again, in our hands, 
the DMBA-induced rat mammary carcinoma is rather in- 
sensitive to cytotoxic agents such as cisplatin and cycto- 
phosphamide, and this is particularly true for larger tumors. 

If oral miltefosine treatment was initiated directly after 
the administration of the carcinogen DMBA, the appear- 
ance of tumors could be delayed for as long as the animals 
were treated [13]. However, after the cessation of therapy 
the tumors appeared in treated animals with the same dis- 
tribution and growth kinetics observed in previously un- 
treated controls. This finding suggested that the alkylphos- 
phocholine effectively inhibited cell proliferation and did 
not interfere with the carcinogenic action of DMBA. Ex- 
tensive studies into the schedule dependency of miltefosine 
were canied out in DMBA-tumor-bearing rats. The result 
of these studies was that the antitumor effect appeared to be 
completely independent of the schedule, provided that the 
total dose remained constant over the treatment period. 
This observation led us to conclude that the plasma half- 
life of the compound in rats was rather long. As mentioned 
above, subsequent pharmacokinetic studies have con- 
firmed this assumption [28]. 

Table 2. Summary of the in vivo activity of miltefosine in various 
transplantable tumors 

Table 1. In vitro activity of miltefosine in the clonogenic assay using 
human- and rodent-tumor cell lines 

Tumor Injection Animal Result 
site 

Clonogenic assay IC90 (gg/mi) 

L 1210 mouse leukemia 3.16 
NK-mouse lymphoma > 100 
Ah 13s rat hepatoma 10 
KB human carcinoma 0.7 
HL60 human leukemia 2.8 
CO 115 human colonic carcinoma 10 
Mouse bone marrow > 100 

DS carcinosarcoma s.c. Rat Negative 
Leukemia L5222 i.p. Rat Negative 
Leukemia L 1210 i.p. Mouse Negative 
Leukemia P388 i.p. Mouse Negative 

- 16 melanoma s.c. Mouse Negative 
Lewis lung carcinoma s.c. Mouse Negative 
Lewis lung carcinoma i.v. Mouse Marginal 
MOP-C plasmocytoma s.c. Mouse Marginal 
KB (human) s.c. Nu/nu mouse Active 



92 

25 Control .0 

J "-" 20 

Mtltefosine 

s / r 5 

0 ; ~ I I I 

- 1 "  - 7  0 7 14 21 .28 

t ime (days)  

Fig. 3. Growth curves generated for advanced (ca. 6 g) DMBA tumors in 
rats treated with a single oral dose of  miltefosine 

Activity of protein kinase C and phospholipase C 

In vitro studies conducted by Uberall and co-workers [26] 
using the NIH-3T3 cell system revealed that miltefosine 
inhibited protein kinase C (PKC) activity in cell-free ex- 
tracts as well as in intact cells, and this also seems to be true 
for other cell systems [9]. Miltefosine also antagonizes 
phorbol ester-stimulated proliferation of epithelial cells 
[6]. Apparently the mechanism of inhibition was similar to 
that of other alkyllysophospholipids and consisted of com- 
petition with the biological activator phosphatidylserine. 
An extension of these studies suggested that PKC was not 
the only target of miltefosine. As one would have assumed 
from previous biochemical studies [5], there was some 
indirect evidence that miltefosine also acted as a competi- 
tive inhibitor for phosphoinositidase C [26]. In addition, 
miltefosine suppressed the translocation of phosphocho- 
line cytidylyltransferase from the membrane to the cytosol 
[7]. Therefore, this compound may be considered as a 
multifunctional inhibitor of phosphoinositide metabolism. 
The breakdown of membrane-bound inositol lipids gener- 
ates a variety of second messengers such as diacylglycerol 
and inositol phosphates, which are of great importance for 
cellular functions, cell growth, and cell proliferation. It is 
likely that the inhibition of enzymes within this signal 
cascade ultimately results in a blockade of cell division. 

Induction of differentiation by miltefosine 

Apart from signal transduction, PKC may have other func- 
tions in cellular processes. In two recent publications, Mi- 
nana and co-workers [18] and Parodi and co-workers [21] 
proposed that PKC plays a key role in the control of cellu- 
lar differentiation and that inhibition of this enzyme in- 
duces differentiation in mouse and human neuroblastomas. 
In vitro, miltefosine was shown to be a potent inducer of 
tumor-cell differentiation [11]. In vivo, the miltefosine-in- 
duced remission of DMBA mammary carcinomas went 

along with histological signs of tumor differentiation: 
throughout the therapy the typical structure of an adeno- 
carcinoma gradually adopted the features of normal milk- 
producing breast tissue [13]. Furthermore, the promono- 
cytic leukemia cell line U-937 was inhibited by miltefosine 
and it was shown that the compound induced histone H1 ~ 
a basic chromosomal protein, which is frequently as- 
sociated with cell differentiation. The synthesis of this 
protein preceeds the expression of several parameters of 
monocytic differentiation in the cells [14]. 

Another aspect of the differentiation-inducing capacity 
of miltefosine is the repeatedly observed induction of 
leukocytosis following systemic treatment. During its tox- 
icological evaluation, this compound was found to induce 
an increase in white blood cells associated with a predom- 
inance of mature granulocytes [10]. Later, during initial 
clinical studies this phenomenon was also observed in 
many patients on miltefosine treatment [31]. The signifi- 
cance of this observation is not yet fully understood. Stud- 
ies conducted by Vehmeyer and collaborators [30] indi- 
cated that miltefosine enhanced CSF-dependent progeni- 
tor-cell colony growth. Studies carried out by Nooter et al. 
[20] essentially confirmed this finding and suggested that 
miltefosine was synergistic with hemopoietic growth fac- 
tors. Since some of these growth factors represent T-cell 
products, the question as to whether or not miltefosine 
might directly affect T-cell responses in vitro was also 
investigated. In the presence of interleukin 2 (IL-2), mil- 
tefosine treatment dependently enhanced the production of 
interferon gamma up to 20 times as compared with control 
values. Immunofluorescence studies demonstrated that 
miltefosine also increased IL-2-receptor and HLA-DR-an- 
tigen expression [29]. Pignol and co-workers [22] reported 
that lipopolysaccharide-stimulated human monocytes 
could be further stimulated by alkyllysophospholipids to 
increase their tumor-necrosis-factor (TNF) production. If 
substantiated, the effects of miltefosine on lymphokine 
production may open a new avenue to our understanding of 
the mode of antitumor action of this class of compounds. 

Immunological effects of miltefosine 

Although the immune system was the original target for 
alkyllysophospholipid derivatives, miltefosine does not ap- 
pear to be a major immunomodulator. Its substantial anti- 
tumor activity in human xenotransplants in nude mice indi- 
cates that the presence of T-cells, which are largely absent 
in these animals, is not a prerequisite for the drug's action. 
Studies into the role of natural killer (NK) cells gave nega- 
tive results, and miltefosine was equally incapable of in- 
ducing cytotoxic spleen cells against relevant tumor cells. 
There was no significant effect on antibody production 
following sensitization with sheep red blood cells. Finally, 
the phagocytosis of mouse bone-marrow macrophages was 
not stimulated but rather inhibited by miltefosine. There- 
fore, it was concluded that the antitumor effect of mil- 
tefosine must be largely independent of immunological 
factors [12]. However, this statement is entirely based on 
the results of our screening methods, and weak or more 
sophisticated changes in the immune system may have 
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Fig. 4. Leukocyte count in rats treated intravenously with 50 mg/kg 
cyclophosphan~de with and without concomitant oral miltefosine treat- 
ment (50 mg/kg, days 0-4) O, controls; �9 Cyclophosphamide + mil- 
tefosine; II~ cyclophosphamide alone 

escaped detection. As outlined in the previous paragraph, 
the activation of certain lymphokines could well contribute 
to the mode of action of miltefosine. 

Antiinvasive properties of miltefosine 

Studies into the potential antiinvasive properties of mil- 
tefosine revealed that it inhibited the ,directional migration 
of MO4 cells as well as their invasiveness in vitro. These 
effects were seen at nontoxic miltefosine concentrations 
and were compatible with the postulated action of this 
compound at the level of the cell membrane [23]. Recently, 
it was also shown that miltefosine inhibited the migration 
of granulocytes upon a chemotactic stimulus, and this re- 
sponse was associated with an inhibition of intracellular 
actin formation (Wolff et al., in preparation). Again, it 
is known that actin formation is under the control of 
PKC [17]. 

Combination of miltefosine with conventional 
chemotherapy 

Inhibitors of PKC such as quercetin, tamoxifen, or stauros- 
porine have been shown to enhance the antiproliferative 
effects of cisplatin [15]. In a study of an ether lipid analog 
as an inhibitor of PKC and cisplatin, Hofmann and co- 
workers [16] have reconfirmed previous data. Using an in 
vivo mouse model, SpruB and co-workers [24] were capa- 
ble of showing that there was also considerable therapeutic 
synergy between miltefosine and a new cisplatin deriva- 
tive. This study was particularly interesting because in the 
tumor model chosen, miltefosine had no effect at the doses 
given, whereas in combination with a platinum complex it 
greatly enhanced the antitumor effect. Miltefosine acted 
under these experimental conditions as a pharmacological 
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response modifier for the platinum compound. Studies us- 
ing the DMBA-induced mammary carcinoma of Sprague- 
Dawley rats revealed therapeutic synergy of miltefosine 
with cyclophosphamide as well. 

Furthermore, in rats injected with a single dose of cyclo- 
phosphamide (50 mg/kg) alone or in combination with 
miltefosine, the leukocytes fell progressively in both 
groups for 3 days (Fig. 4). In the miltefosine-treated group, 
recovery occurred considerably earlier. It appears that the 
stimulating effect of miltefosine on hemopoietic cell 
growth can be exploited therapeutically (Stekar and HiP 
gard, in preparation). In an in vitro study on the cross-re- 
sistant pattern of membrane-active lipids, Berdel and co- 
workers [2] demonstrated that miltefosine had substantial 
cytotoxic activity in a Chinese hamster ovarian cell line as 
well as in its multidrug-resistant (MDR) subline, which 
was selected for colchicine resistance. In contrast, two 
other cell lines selected for Adriamycin resistance ex- 
pressed a modest cross-resistance to miltefosine and other 
phospholipid derivatives. 

MDR is characterized by a rapid drug efflux due to the 
activity of an energy-dependent membrane-bound drug 
pump, the mdrI-gene-dependent P-glycoprotein. MDR-re- 
versal agents restore the lowered drug accumulation within 
the cell through effects on the cell membrane. Since the 
membrane is also the obvious target structure of mil- 
tefosine's action, it is justifiable to assume that this com- 
pound exerts certain effects on MDR. MDR-mediated drug 
resistance and PKC activity are correlated with respect to 
P-glycoprotein, which is stimulated by this enzyme. As 
several chemosensitizers, e. g., verapamil, are PKC inhibi- 
tors, it can be expected that inhibitors such as the alkyl- 
phosphocholines are also capable of modulating MDR [8]. 
This potentially interesting pharmacological effect is cur- 
rently under study. Alkyllysophospholipids such as I1- 
mofosine have been shown to reverse MDR in appropriate 
experimental systems [ 16]. 

Topical treatment of human cutaneous breast-cancer 
metastases 

Although topical treatment of cutaneous breast-cancer me- 
tastases has no curative intent, it may be of considerable 
palliative value to the patient. In various clinical trials 
throughout Europe, more than 200 patients were treated 
with a 6% miltefosine solution applied twice daily on cu- 
taneous lesions. The overall cumulative objective-response 
rate obtained in the different studies was around 30%. 
Some prognostic factors such as the depth of the lesion and 
the presence or absence of ulcerations influenced the re- 
sults to a certain degree. The side effects were generally 
tolerable and consisted of occasional reddening, itching, 
and burning at the local site of drug application. Systemic 
absorption of miltefosine through the skin could be ruled 
out, and it is therefore likely that the observed effects were 
indeed related to the topical treatment. To enhance the 
penetration depth of miltefosine into the skin, the drug was 
formulated in a mixture of alkylglycerols [27]. 



94 

Second-generation alkylphospholipids 

Clinical  trials have been  ini t ia ted with oral  mil tefosine;  
however ,  the major  p rob lem was the gastrointest inal  toxic-  
i ty o f  the compound  and, as a result,  the drug could  not  be 
appropr ia te ly  dosed  and the response  rates remained  low. 
Therefore,  it was the a im of  ana logue  research to ident i fy 
new a lky lphosphochol ines  with an improved  therapeut ic  
index.  One o f  the second-genera t ion  compounds  that ful- 
f i l led this requi rement  was an a lky lphosphochol ine  analo-  
gue without  the choline moie ty  (D-20133,  Fig. 1). This 
ana logue  was more  act ive in vi tro and in v ivo  than mil-  
tefosine,  and it also showed lower  gastrointes t inal- t ract  
toxic i ty  in prec l in ica l  studies [25]. A deta i led repor t  about  
this new compound  is in preparat ion.  Another  der ivat ive  
under  deve lopment  is Erucy lphosphochol ine  (Fig. 1), the 
first a lky lphosphochol ine  that could  be  given in- 
t ravenous ly  without  causing in t ravascular  hemolys i s  [3]. 
Fur ther  studies are in progress  to character ize  these sec- 
ond-genera t ion  compounds  so as to in t roduce  them into 
cl inical  phase  I trials. 

Conclusion 

F r o m  the foregoing  it is evident  that the exper imenta l  pro-  
f i le o f  mi l te fos ine  and a lky lphosphochol ines  is different  
f rom that o f  convent iona l  ant icancer  agents.  Much  evi-  
dence indica ted  that the mode  of  act ion of  a lky lphospho-  
chol ines  was re la ted to p l a sma-membrane -a s soc i a t ed  
phosphoinos i t ide  metabol i sm.  Inhibi t ion o f  phosphol i -  
pase  C and/or  P K C  is current ly thought  to be the ma in  
b iochemica l  target  o f  a lky lphosphochol ines .  Cons ider ing  
the great  impor tance  o f  both  phosphoinos i t ide  me tabo l i sm 
and the regula t ion  of  a b road  spec t rum of  cel lular  func- 
tions, inc luding different ia t ion and invasion,  mi l te fos ine  
could  become  an interest ing new drug. In addit ion,  it  may  
be a tool  for further studies into the b iochemica l  pa thway  
of  signal  t ransduct ion in mal ignan t  cells.  
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