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Introduction Introduction 

Syntheticc alkyl-lysophospholipids (ALPs) represent a group of membrane-permeable compounds 

withh anti-neoplastic properties and a broad range of clinical applications. For example, Et-18-OCH3 (1-0-

Octadecyl-2-0-methyl-rac-glycero-3-phosphocholine;; Edelfosine) has been used as a purging agent in 

autologouss bone marrow transplantation1,2. Topical application of HePC (hexadecylphosphocholine; 

Miltefosine)) was shown to be an effective therapy for skin metastases of breast cancer3 and cutaneous 

lymphomas4.. Oral administration of HePC is successfully used in the treatment of visceral leishmaniasis, 

aa systemic protozoal infection5. A HePC analogue, D-21266 (octadecyl-(1,1-dimethyl-piperidinio-4-yl)-

phosphate;; Perifosine), has recently been evaluated as an oral anticancer drug in clinical phase I 

studies67. . 

ALPss differ from most currently used cytotoxic drugs with respect to their cellular targets. ALPs 

primarilyy act on cell membranes where they accumulate and interfere with the rapid and continuous 

phospholipidd turnover that is essential for cell survival8,9. This interference occurs at different levels: Et-

I8-OCH33 and HePC inhibit phosphoinositide-specific phospholipase C and consequent formation of the 

secondd messengers diacylglycerol and inositol 1,4,5-triphosphate1013. In addition, both EH8-OCH3 and 

HePCC inhibit phosphatidylcholine (PC) turnover at the level of PC degradation as well as PC 

resynthesis8,1415.. The latter inhibition occurs at the level of cytidylyltransferase16,17, the rate-determining 

stepp in PC biosynthesis. Signaling events downstream of these disturbing effects of ALPs on lipid 

metabolismm and signaling, include inhibition of the mitogen-activated protein kinase/extracellular signal-

regulatedd kinase (MAPK/ERK) pathway1819, activation of pro-apoptotic stress-activated protein kinase/c-

Junn N-terminal kinase (SAPK/JNK) signaling20,21 and, as we reported more recently, inhibition of the 

Akt/proteinn kinase B (PKB) survival pathway22. These effects most likely contribute to a change in the 

balancee between pro- and anti-apoptotic signaling. Indeed, ALPs are potent inducers of apoptosis in a 

varietyy of tumor cell lines23"26. In addition, ALPs enhance radiation- and chemotherapy-induced 

cytotoxicityy in a synergistic fashion21,22,27"29. 

Angiogenesiss is the outgrowth of new blood vessels from pre-existing ones and occurs during 

development,, but normally stops at maturity. In the healthy adult it is only found in the endometrium and 
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Abstract Abstract 

Syntheticc alkyl-lysophospholipids (ALPs), such as Et-18-OCH3, HePC and D-21266 constitute a 

neww class of anti-neoplastic compounds. Besides inhibition of mitogenic signaling, ALPs stimulate pro-

apoptoticc pathways and enhance radiation- and chemotherapy-induced cell death. ALPs have been 

shownn to preferentially target malignant cells, leaving normal cells relatively unaffected. Here we have 

evaluatedd the anti-angiogenic potential of ALPs. The sensitivity of three types of vascular endothelial 

cellss (EC) {bovine aortic EC, human umbilical vein EC, human microvascular EC) to ALP-induced 

apoptosiss was dependent on the proliferative status of these cells and correlated with the cellular 

incorporationn of ALP. Whereas confluent, non-dividing endothelial cells failed to undergo ALP-induced 

apoptosis,, proliferating endothelial cells showed significant levels of apoptosis after ALP treatment. 

Thesee findings raised the question whether ALPs interfere with new blood vessel formation. To test the 

anti-angiogenicc properties in vitro, we studied the effect of ALPs on the ability of human microvascular 

endotheliall cells to invade a three-dimensional human fibrin matrix and form capillary-like tubular 

networks.. Using this system, we found that all three ALPs induced apoptosis in tube forming endothelial 

cellss and inhibited both vascular endothelial growth factor/tumor necrosis factor a (VEGF/TNFa-) and 

basicc fibroblast growth factor (bFGF)/TNFct-mediated capillary tube formation in a dose-dependent 

manner.. Inhibition of angiogenesis represents a novel mode of action of ALPs and may significantly 

contributee to the anti-tumor effect of these compounds. 
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ovariess during the menstrual cycle, and in conditions associated with tissue repair and inflammation. 

Angiogenesiss is increased in a number of diseases including rheumatoid arthritis, diabetic retinopathy 

andd cancer. This increase is accompanied by changes in the behavior of endothelial cells, which are 

reflectedd in a large increase in their proliferation rate, increased migration and invasion into the 

extracellularr matrix, and the formation of new tubular structures. The increased vascular bed nourishes 

thee malignant tissue and accelerates the growth of many tumors. In the last two decades not only have 

thee mechanisms and factors that underlie the angiogenic process become known, but insight has also 

grownn into the possibilities that inhibition of the angiogenic process may contribute to the treatment of 

solidd tumors3035. 

InIn the present studies we used three well-characterized ALPs (Edelfosine/Et-18-OCH3, 

Miltefosine/HePCC and Perifosine/D-21266) to evaluate the effect of ALPs on endothelial integrity. We 

foundd that ALP induced apoptosis in endothelial cells from both human and bovine origin depending on 

thee proliferative status of the cells. Confluent, quiescent endothelial cells were relatively resistant, 

whereass proliferating endothelial cells were highly sensitive to ALP-induced apoptosis. In addition, we 

investigatedd whether ALPs were capable to interfere with angiogenesis in vitro. For these studies 

microvascularr endothelial cells were cultured on top of a three-dimensional fibrin matrix and allowed to 

formm a capillary-like tubular network36,37. The ALPs were efficient inhibitors of both vascular endothelial 

growthh factor (VEGF)/tumor necrosis factor a (TNFa)- and basic fibroblast growth factor (bFGF)fi"NFa-

mediatedd capillary-like endothelial tube formation. In this system ALPs induce endothelial apoptosis in 

thee invading, tube forming endothelial cells and not in the endothelial monolayer on top of the fibrin 

matrix.. We conclude that besides the apoptotic effect preferentially on malignant cells, ALP-induced 

inhibitionn of angiogenesis may contribute to the anti-tumor effect of these compounds. 

MaterialsMaterials and Methods 

Reagents Reagents 

HePCC (Miltefosine) was purchased from Sigma Chemical Co. (Zwijndrecht, The Netherlands). Et-

I8-OCH33 (Edelfosine) was from Biomol (Plymouth Meeting, PA) and PAF-18 from ICN Biomedical Inc. 
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(Aurora,, OH). [3H]-Et-18-OCH3 (specific activity 58 mCi/mmol) was synthesized by Moravek 

Biochemicalss (Brea, CA). [14C]-HePC (specific activity 42 mCi/mmol), D-21266 (Perifosine) and [14C]-D-

212666 (specific activity 31 mCi/mmol) were kindly provided by Zentaris AG (Frankfurt, Germany). These 

compoundss were diluted in serum free culture medium. Thrombin was purchased from Leo 

Pharmaceuticc Products (Weesp, The Netherlands) and human fibrinogen from Chromogenix AB 

(Mölndal,, Sweden). Factor XIII was generously provided by Dr. H. Metzner and Dr. G. Seemann (Aventis 

Behring,, Marburg, Germany), bFGF was obtained from PeproTech Inc. (London, UK), human 

recombinantt TNFa from Biogent (Gent, Belgium) and human recombinant VEGF-Ai65 from ReliaTech 

(Braunschweig,, Germany). A crude preparation of endothelial cell growth factor (ECGF) was prepared 

fromm bovine hypothalamus as described38. 

CellCell Culture 

Thee human squamous carcinoma cell lines A431 and HeLa and human fibroblasts were cultured 

inn Dulbecco's modified Eagle's medium (DMEM, GIBCO-BRL, Paisley, Scotland) supplemented with 

10%% heat-inactivated fetal calf serum (FCS), penicillin (50 units/ml), and streptomycin (50 u,g/ml). Human 

monoblasticc leukemia U937 cells and human T lymphoid leukemic Jurkat cells (J16; kindly provided by 

Prof.. J. Borst, The Netherlands Cancer Institute, Amsterdam, The Netherlands) were grown at a density 
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betweenn 0.1x10 and 1x10 cells/ml in Iscove's modified Dulbecco's medium (GIBCO-BRL, Paisley, 

Scotland),, supplemented with 10% heat-inactivated FCS, penicillin (50 U/ml) and streptomycin (50 

ug/ml).. Prior to treatment with alkyl-lysophospholipids cells were resuspended in serum-free medium 

(RPMI-16400 or DMEM) and kept overnight. Endothelial cells from human umbilical veins (HUVEC; kindly 

providedd by Dr. J.A. van Mourik, CLB, Amsterdam, The Netherlands) were cultured in plastic 6-well 

plates,, precoated with human fibronectin (2 mg/ml). The medium consisted of an equal mixture of RPMI-

16400 and M199 (GIBCO-BRL), 20% (v/v) heat-inactivated pooled human serum, 2 mM glutamine 

(Merck,, Darmstadt, Germany), penicillin (100 U/ml), streptomycin (100 U/ml) and fungizone (2.5 ug/ml) 

(GIBCO-BRL).. When human serum had to be omitted from the medium, 0.5% human serum albumin 

(CLB,, Amsterdam, The Netherlands) and human transferrin (20 ug/ml, Sigma) were added. Confluent 
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monolayerss were harvested by trypsinization, resuspended in medium and subcultured. Subcultureel 

cellss from passages 1 and 2 were used. The medium was replaced every 3 days. Endothelial cells from 

bovinee aortic origin (BAEC; kindly provided by Dr. Haimovitz-Friedman, Memorial Sloan-Kettering 

Cancerr Center, New York, USA) were grown to confluence in DMEM low (1 g/l) glucose (GIBCO-BRL), 

supplementedd with 10% bovine calf serum, penicillin (50 U/ml) and streptomycin (50 ug/ml). For serum-

freee conditions medium containing 0.5% bovine calf serum (BCS) was used. Confluent monolayers were 

eitherr used for experiments or further subcultured at a plating density of 0.75x105 cells/cm2. Confluence 

(celll density 6x105/cm2 and >90% of cells in G0-G-i) was reached at 4-5 days after plating. Human 

foreskinn microvascular endothelial cells (HMVEC) were isolated, cultured and characterized as 

previouslyy described39. HMVEC were cultured on gelatin-coated dishes in M199 supplemented with 20 

mmol/ll HEPES (pH 7.3), 10% heat-inactivated pooled human serum, 10% heat-inactivated newborn calf 

serumm (NBCS), 150 ug/ml crude ECGF, 2 mM glutamin, 5 U/ml heparin, 100 U/m! penicillin and 100 U/ml 

streptomycin.. Cells were used after they had reached confluence and had been cultured without growth 

factorr for at least 24 h. In some experiments proliferating endothelial cells were used. For these studies, 

culturess were harvested at 1-2 days after plating, i.e. during the exponential phase of cell growth (cell 

densityy 1.5x105/cm2). 

ApoptosisApoptosis assay 

Apoptosiss was determined by either staining with the DNA-binding fluorochome b/sbenzimide 

(Hoechstt 33258, Sigma)40 to detect morphological nuclear changes or by propidium iodide staining and 

fluorescence-activatedd cell sorting (FACS) analysis41 to determine the percentage of subdiploid apoptotic 

nuclei. . 

Forr the b/sbenzimide staining, cells were washed once with phosphate-buffered saline (PBS) and 

resuspendedd in 3.7% (v/v) paraformaldehyde/PBS solution. After 10 min at room temperature, the 

fixativee was removed and the cells were resuspended in 15 pi of PBS containing 16 ug/ml b/sbenzimide. 

Followingg a 15 min incubation at room temperature, a 10 pi aliquot was placed on a glass slide, and 400 

cellss per slide were scored in duplicate for the incidence of apoptotic nuclear changes under an Olympus 
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AH2-RFLL fluorescence microscope using a BH2-DMU2UV exciter filter. 

5 5 

Forr the propidium iodide staining, cells were seeded at 2x10 cells/ml, 100 ul/well in round-

bottomed,, 96-well microtiter plates in serum-free RPMI-medium. Cells were lysed overnight in 200 pi 

Nicolettii Buffer (0.1% sodium citrate, 0 .1% Triton X-100, and 50 pg/ml propidium iodide) and the 

percentagee apoptotic nuclei, recognized by their subdiploid DNA content, was determined on a FACScan 

(Becktonn Dickinson, San Jose, CA) using Lysys II software. 

IncorporationIncorporation of ALP 

Culturess of confluent or proliferating BAEC were incubated in low serum (0.5%) culture medium 

containingg 0.05 nCi/ml radiolabeled ALP and 15 jaM ALP. At various time intervals up to 2 h the medium 

wass removed and cells were washed three times with ice-cold PBS and subsequently lysed in 0.1 N 

NaOH.. The incorporated radioactivity was quantified by liquid scintillation counting and normalized for 

totall cell number. 

InIn Vitro Angiogenesis Model 

Ann in vitro angiogenesis model to study the formation of tubular structures was used as 

previouslyy described3637. Briefly, human fibrin matrices were prepared by addition of 0.1 U/ml thrombin 

too a mixture of 2.5 U/ml factor XIII (final concentrations), 2 mg/ml fibrinogen, 2 mg/ml sodium citrate, 0.8 

mg/mll NaCI, and 3 (ig/ml plasminogen in M199 without indicator, and 300 JLXI aliquots of this mixture were 

addedd to 48-well plates. After clotting at room temperature, the fibrin matrices were soaked with 0.5 ml 

M1999 supplemented with 10% heat-inactivated pooled human serum and 10% heat-inactivated NBCS 

forr 2 h at 37  C to inactivate the thrombin. Highly confluent HMVEC (0.7 x 105 cells/cm2) were seeded in 

aa 1.25:1 split ratio on the fibrin matrices and cultured for 24 h in M199 without indicator supplemented 

withh 10% heat-inactivated pooled human serum, 10% heat-inactivated NBCS and penicillin/streptomycin. 

Confluentt monolayers of HMVEC were then stimulated with the indicated mediators (2.5 ng/ml TNFa 

andd 10 ng/ml bFGF or 25 ng/ml VEGF) for 8 to 10 days in the absence or presence of ALP. Every 

secondd day the culture medium was removed and fresh medium containing appropriate mediators and 
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testt compounds was added. Invading cells and the formation of capillary-like tubular structures of 

endotheliall cells in the three-dimensional fibrin matrix were analyzed by phase contrast and dark-field 

microscopy.. The total length of capillary-like tubular structures of six randomly chosen microscopic fields 

(7.33 mm2/field) was measured using a Nikon FXA microscope equipped with a monochrome CCD 

cameraa (MX5) connected to a computer with Optimas image analysis software (Tokyo, Japan), and 

expressedd as mm/cm2. 

Too detect ALP-induced endothelial apoptosis during tube formation, confluent monolayers were 

stimulatedd to form tubules during 3-5 days and treated with ALP for another 3-5 days. Matrices were 

thenn isolated and processed routinely. Paraffin-embedded 5 ^m-sections were stained with hematoxylin 

andd eosin (H&E). 

StatisticalStatistical Analyses 

Statisticall analyses of the data were performed by standard procedures, using Student's Mests. 

Differencess were considered significant when p values were smaller than 0.05. 
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Results Results 

ALP-inducedALP-induced Apoptosis in Malignant Versus Normal Cells 

Threee clinically relevant ALPs (Et-18-OCH3/Edelfosine, HePC/Miltefosine and D-

21266/Perifosine)) were assayed for their capacity to induce apoptosis in a panel of malignant cell lines 

andd a variety of normal cell types. As illustrated in Fig. 1, Et-18-OCH3 induced apoptosis in all human 

tumorr cell lines tested, both from solid (A431 and HeLa) and leukemic origin (U937 and Jurkat T). In 

contrast,, normal human fibroblasts and three types of confluent normal vascular endothelial cells (BAEC, 

HUVECC and HMVEC) failed to undergo apoptosis after ALP treatment. This resistance was observed for 

alll three compounds even after doses as high as 30 uM (not shown). Table 1 shows the ED50 values in 

thee different tumor cell lines for the three ALPs used. The most potent ALP was Et-18-OCH3, which is 

consideredd as the prototype of these compounds. 

Fig.. 1 ALP-induced apoptosis in malignant (A431, HeLa, U937, Jurkat T) 

andd normal cell types (human fibroblasts (HF), BAEC, HUVEC, HMVEC). 

Apoptosiss was determined at 16 h after treatment with 10 uM Et-18-OCH3 

byy FACScan analysis after propidium iodide staining. Data are expressed 

ass mean  SD from 3 independent experiments. 

00 20 40 60 80 100 
apoptosi ss  (%) 

Tablee 1. ALP-induced apoptosis in a panel of human carcinoma and leukemic cell lines. 

EDsoEDso (MM) 
CellCell type 

Et-18-OCH33 HePC D-21266 

A4311 15.4 9 17.2  3.0 23.1  2.7 
HeLaa 5.1  1.6 8.1 4 9.2 8 

U9377 6.2 3 7.9 + 2.3 10.3 2 
Jurkatt T 5.0 3 8.0 9 8.2  0.6 

ED500 values were calculated from full dose-response curves at t=16 h. Data are expressed as mean  SD from 3 independent 

experiments. . 

^ ^ ^ ^ ^ - 1 1 A431 A431 

HeLa^ HeLa^ 

U937 U937 

JurkatT JurkatT 

HF HF 

BAEC BAEC 

HUVEC HUVEC 

HMJEC HMJEC 
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ALP-inducedALP-induced Apoptosis in Confluent Versus Proliferating Endothelial Cells 

Wee observed a striking difference in the propensity to undergo ALP-induced apoptosis between 

confluentt and proliferating endothelial cells (Fig. 2). As discussed above and consistent with our 

previouss observations21, ALP did not induce significant levels of apoptosis in confluent cultures of BAEC, 

HUVECC and HMVEC. However, as shown in Fig. 2B, exponentially proliferating endothelial cells showed 

aa dose-dependent increase in apoptosis after Et-18-OCH3 treatment. Fig. 2A illustrates the ALP-induced 

apoptoticc changes in nuclei derived from proliferating BAEC and the absence of this apoptotic 

morphologyy in nuclei derived from confluent BAEC. Similar differences in apoptosis sensitivity between 

confluentt and proliferating cells were observed in HUVEC and HMVEC (Fig. 2C) and after treatment with 

thee two other ALPs (not shown). 

IncorporationIncorporation of ALP in Confluent Versus Proliferating Endothelial Cells 

Becausee it has been shown that the apoptotic effect of ALP correlates with its cellular uptake2442, 

wee measured the incorporation of [3H]-Et-18-OCH3, [14C]-HePC and [14C]-D-21266 in cultures of 

confluentt and proliferating endothelial cells. We found that proliferating BAEC incorporated much larger 

amountss of ALP than confluent BAEC, namely by a factor of approximately 3-4 at 2 h (Fig. 3A). The 

kineticss of ALP uptake was also different with a more rapid and prolonged uptake in proliferating BAEC. 

Figuree 3B shows the uptake of Et-18-OCH3 over a period of 2 hours. Similar kinetics were observed for 

HePCC and D-21266 (not shown). In confluent BAEC the uptake reached its maximum at about 30 min 

afterr addition. It should be noted that the incorporation of ALP in proliferating BAEC preceded the 

appearancee of apoptotic morphology that was detected after 4-6 h (not shown). 
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Fig .. 2 ALPs induce apoptosis in proliferating but not in confluent endothelial cells. (A) Morphological changes in proliferating and 

confluentt BAEC at 24 h after treatment with 10 uM of Et-18-OCH3. After trypsinization cells were fixed and apoptosis was 

visualizedd by Hoechst staining and fluorescence microscopy (magnification: 400x). (B) Dose-effect relation of Et-18-OCH3-

inducedd apoptosis at 24 h in proliferating and confluent BAEC. (C) Et-18-OCH3 (10 uM)-induced apoptosis in proliferating and 

confluentt BAEC and HUVEC at 24 h. For B and C apoptosis was determined by FACScan analysis after propidium iodide 

staining.. Data are expressed as mean  SD from 2 independent experiments. 
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A A 
~JJ Et-18-OCH, 

Confluent t 

Fig.. 3 Incorporation of radiolabeled ALP in proliferating ) and confluent (o) BAEC. At the indicated time points after addition of 

0.055 nCi/ml [3H]-Et-18-OCH3, [
14C]-HePC or [14C]-D21266 (final ALP concentration 15 nM), the incorporation of the compound 

wass measured by liquid scintillation and normalized for total cell number. (A) ALP uptake at 2 h. Data are expressed as mean

SDD from 2 independent experiments. (B) Time course of [3H]-Et-18-OCH3 uptake. Data shown are representative of 3 

experimentss performed. 

EffectEffect of ALP on Endothelial Tube Formation In Vitro 

Becausee endothelial proliferation and apoptosis are both major determining factors in 

angiogenesis,, we reasoned that ALPs might interfere with new vessel formation. To test this hypothesis, 

wee employed an in vitro angiogenesis model as described by Koolwijk ef a/.36,37. In this model HMVEC 

aree seeded on a three-dimensional human fibrin matrix to form a confluent monolayer. In the continuous 

presencee of the combination of an angiogenic factor (VEGF or bFGF) and TNFa, outgrowth of capillary-

likee tubular structures in the fibrin matrix is observed over a period of 8-10 days. The total length of these 

tubularr networks is quantified by computer-assisted image analysis36. Fig. 4 shows a set of phase 

contrastt microscopy images of a representative experiment. In the unstimulated cultures, the confluent 

monolayerr of HMVEC remained on top of the three-dimensional fibrin matrix. Invading endothelial cells 

andd tubular structures could not be observed (Fig. 4A). The addition of bFGF or TNFa alone was not 

sufficientt to induce tube formation (not shown). However, the simultaneous addition of bFGF and TNFa 

resultedd in the outgrowth of tubular structures invading the fibrin matrix and forming a capillary network 

(Fig.. 4B). The number of endothelial cells on top of the fibrin matrix was not significantly changed 

comparedd with unstimulated cultures (95% of control; not shown). In the presence of ALP, a significant 

B B 

timee (min) 
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inhibitionn in the formation of tubular structures was observed. Fig. 4C shows the effect of 100 IJM Et-18-

OCH3.. The morphology of the endothelial monolayer covering the fibrin matrix was slightly altered, but 

noo significant detachment of the endothelial cells was observed. The specificity of ALP-induced 

interferencee with tube formation was demonstrated by the use of platelet-activating factor-18 (PAF-18), a 

structurallyy related, but ineffective counterpart of Et-18-OCH3
24. The addition of PAF-18 up to 100 u.M did 

nott significantly affect the outgrowth of tubular structures (Fig. 4D and 5). 

Fig.. 4 Capillary-like tube formation is inhibited by ALP. HMVEC cultured on top of a three-dimensional fibrin matrix were not 

stimulatedd (A), or stimulated with 10 ng/nl bFGF and 2.5 ng/ml TNFce (B), or with bFGF and TNFa in the presence of 100 nM Et-

18-OCH33 (C), or with bFGF and TNFa in the presence of 100 jaM PAF-18 (D). After 8 days of culture representative phase 

contrastt photographs were taken (bar: 300 |jm). Similar results were obtained in 3 independent experiments. 

Thee inhibitory effect of EM8-OCH3 on bFGF/TNFa-induced tube formation was dose-dependent 

ass shown in Fig. 5. At 25 |JM this inhibition was 54% of controls and reached statistical significance. At 

100100 u.M the inhibition was complete. We note that the final concentration of ALP in the angiogenesis 

studiess was kept somewhat higher than in the apoptosis assays, because the higher serum 

concentrationn in the former type of experiments sequesters ALP and thus diminishes the effective ALP 

concentrationn by a factor of 2-3 (not shown). To assure that the cell membrane integrity was not impaired 

underr these experimental conditions, lactate dehydrogenase (LDH) release and trypan blue exclusion 

weree measured after ALP treatment. No significant changes in both parameters were found in ALP-
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treatedd endothelial cell cultures as compared with controls, confirming the viability of the cells (data not 

shown). . 

A A 

a a z z 

É É 

I I 

Fig.. 5 Dose-dependent inhibition of capillary-like tube formation by 

ALP.. HMVEC seeded on top of a three-dimensional fibrin matrix 

weree not stimulated (control) or stimulated with 10 ng/nl bFGF and 

2.55 ng/ml TNFa in the presence of increasing amounts of Et-18-

OCH3,, or 100 nM PAF-18. After 8 day of culturing total tube 

length/cm22  SD of triplicate wells was measured (*p<0.005 

comparedd with 0 \M EM8-OCH3). Similar results were obtained in 3 

independentt experiments. 

Et-18-OCH,(nM ) ) 

011 o o 

Next,, we introduced another angiogenic factor in this system and investigated the effect of other 

ALPss on tube formation. Like we found for bFGF (Fig. 6A), VEGF added in combination with TNFa to the 

endotheliall monolayers induced the formation of tubular structures (Fig. 6D). Furthermore, like Et-18-

OCH3,, HePC (Fig. 6B,E) and D-21266 (Fig. 6C,F) interfered with the outgrowth of endothelial tubes by 

bothh bFGF/TNFa and VEGF/T 

ALP-inducedALP-induced Apoptosis in Tube Forming Endothelial Cells 

Finally,, we investigated whether endothelial apoptosis could be detected during tube formation in 

thee presence of ALP. Sections of fibrin matrices were stained by H&E and analyzed for the presence of 

endotheliall apoptosis. Fig. 7A, B and C show typical examples of the outgrowth of endothelial tubes after 

88 days of VEGF/TNFa stimulation. Under these control conditions, no apoptosis was detected. 
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Fig .. 6 Different ALPs inhibit bFGF/TNFa- and VEGF/TNFa-mediated tube formation. HMVEC cultured on top of a three-

dimensionall fibrin matrix were stimulated with 10 ng/nl bFGF and 2.5 ng/ml TNFa (A,B,C) or with 25 ng/ml VEGF and 2.5 ng/ml 

TNFaa (D,E,F). No ALP added (A,D); 50 ^M HePC (B,E) and 50 |iM D-21266 (C,F). After 8 days of culture representative phase 

contrastt photographs were taken (bar: 300 |am). Similar results were obtained in 3 independent experiments. 

Att day 4, however, when tube formation was in progress, the addition of Et-18-OCH3 resulted in a 

markedd reduction of the length of invading tubes. Instead of extensive capillary networks, small 

invaginationss NFa. were now observed (Fig. 7D,E). In addition, nuclear morphological features typical of 

apoptosiss were detected at sites of reduced tube formation, while the monolayer of endothelial cells 

remainedd intact (Fig. 7E,F). Similar results were found using the other ALPs (not shown). 
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Discussion Discussion 

Thee present study was undertaken to investigate the effect of three clinically relevant ALPs on 

normall vascular endothelial cells in comparison with a panel of tumor cell lines, and to study the anti-

angiogenicc properties of these compounds. Edelfosine (Et-18-OCH3), Miltefosine (HePC) and Perifosine 

(D-21266)) induced a time- and dose-dependent increase in apoptosis in a variety of human leukemic 

andd solid tumor cell lines. Importantly, the EDso values we found here fall within the same micromolar 

rangee as obtained in plasma from ALP-treated patients6,7. On the other hand, normal human fibroblasts 

andd three types of normal quiescent endothelial cells were insensitive to ALP-induced apoptosis. This 

differentiall cytotoxic effect of ALPs is consistent with data obtained in other cell systems23,24,26,43 and 

offerss a solid basis for further clinical evaluation of these compounds as selective anticancer drugs. 

Anotherr attractive biological property of ALPs is their capacity to strongly enhance radiation-induced 

apoptosiss in tumor cells as we described recently2122. In the present studies we observed a remarkable 

differencee in ALP-induced apoptosis between confluent, resting versus actively proliferating endothelial 

cells.. These findings are consistent with Araki et a/.44, who reported on apoptosis induced by the 

structurallyy related compound EM6-OCH3 in subconfluent cultures of HUVEC. We found that ALP-

inducedd endothelial apoptosis correlated with the cellular uptake of the compound. 
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Fig.. 7 ALP-induced apoptosis and reduced endothelial tube formation. HMVEC cultured on top of a three-dimensional fibrin 

matrixx were stimulated with 25 ng/ml VEGF and 2.5 ng/ml TNFcc. In control experiments no ALP was added (A-C). ALP (50 ^M 

Et-18-OCH3)) was added on day 4 (D-F). After 8 days of culture H&E-stained matrices were analyzed for the appearance of 

apoptosis.. Representative photographs are shown (magnifications: A,B,C,E: 400x; D: 200x; F: 600x; bar: 40 urn; arrows: 

apoptoticc endothelial cells). 

Proliferatingg endothelial cells incorporated large amounts of ALP, resulting in significant levels of 

apoptosis.. In quiescent endothelial cells, on the other hand, the uptake of ALP was only one-third as 
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comparedd with proliferating endothelial cells and did not result in apoptotic cell death. The relationship 

betweenn ALP uptake and apoptosis sensitivity is emerging as a more general phenomenon. Mollinedo et 

al.al.2A2A demonstrated that upon transformation with SV40, 3T3 fibroblasts became sensitive to Et-18-OCH3 

andd incorporated high amounts of the lipid. Similarly, apoptosis sensitivity was restored in human T 

lymphocytess after activation with mitogens42. Thus, the amount of ALP incorporated by the endothelial 

celll apparently dictates the biological effect. Because endothelial apoptosis has been identified as an 

importantt determinant in tumor angiogenesis45"47, these observations prompted us to study anti-

angiogenicc properties of ALPs in vitro. 

Angiogenesiss is a complex and tightly regulated process of new blood vessel formation from pre-

existingg vasculature. Its role in tumor growth and metastases has now clearly been established and 

severall strategies of anti-angiogenic therapy have been developed and tested clinically30,31. During 

angiogenesiss several phases can be distinguished: (a) degradation of the basement membrane, (b) 

endotheliall migration and invasion in the extracellular matrix, (c) endothelial proliferation, and (d) the 

formationn of capillary-like tubes32,33. A large number of angiogenic factors have been identified in recent 

years,, including VEGF and bFGF34,35. The formation of capillary-like structures can be studied in vitro 

usingg different model systems. For our experiments we employed a well-characterized model consisting 

off a three-dimensional human fibrin matrix covered by human microvascular endothelial cells36,37. This 

modell mimics the in vivo situation where fibrin is a common component of the matrix present at sites of 

chronicc inflammation and tumor stroma48. Both an angiogenic factor (bFGF or VEGF) and a factor to 

inducee urokinase-type plasminogen activator (e.g. TNFa) are required in this in vitro model to induce the 

formationn of capillary-like tubular structures30,31. The present studies demonstrate that ALPs are efficient 

inhibitorss of both VEGF/TNFa- and bFGF/TNFa-induced tube formation from pre-existing monolayers of 

confluentt HMVEC. Moreover, the structurally related, but ineffective compound PAF-18 failed to interfere 

withh this process. The anti-angiogenic effect ofALPs could, at least in part, be explained by the induction 

off apoptosis during tube formation. This notion is supported by our observation that only proliferating 

endotheliall cells show significant levels of ALP uptake (Fig. 3) and apoptosis (Fig. 2 and 3). Furthermore, 

inn the in vitro angiogenesis model ALP-induced apoptosis was exclusively identified at sites where 

81 1 



ChapterChapter 5 

inadequatee tube formation occurred, while no significant cell detachment from the monolayer of HMVEC 

wass observed in the presence of ALP (Fig. 7). 

Itt remains to be established which signal transduction pathway(s) are important for the apoptotic 

andd anti-angiogenic effects of ALPs. In this context, we have previously shown that ALPs activate the 

pro-apoptoticc SAPK/JNK pathway. In addition, ALPs efficiently prevent serum- and growth factor-induced 

MAPK/ERKK signaling both in tumor and endothelial cells18,19'21'49. More recently, we found that ALPs also 

inhibitt the Akt/PKB survival pathway22. These signaling systems are not only important for cell death and 

survival,, but have been implicated in angiogenesis as well50"55. In different in vitro and in vivo 

angiogenesiss models it has been shown that blockade of the MAPK/ERK or Akt/PKB pathway by 

pharmacologicall or molecular approaches induces apoptosis and inhibits angiogenesis505156. Our 

currentt line of research is focussed on the identification of additional, critical (intra-)cellular targets of 

ALPs57. . 

Inn conclusion, our data show that not only tumor cells, but also normal endothelial cells can be a 

targett for ALPs. The cytotoxic effect, however, depends on the proliferative status with actively dividing 

cellss incorporating more ALP and thus being apoptosis sensitive. Furthermore, we demonstrated that 

ALPss are effective inhibitors of endothelial capillary-like tube formation in vitro. Taken together, these 

resultss support the concept that ALPs exert their anti-tumor effect both directly through apoptosis and 

indirectly,, through inhibition of angiogenesis. 
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