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Abstract The proapoptotic death receptor 5 (DR5)

expressed by tumor associated endothelial cells (TECs)

mediates vascular disrupting effects of human CD34? cells

engineered to express membrane-bound tumor necrosis

factor-related apoptosis-inducing ligand (CD34-TRAIL1

cells) in mice. Indeed, lack of DR5 on TECs causes

resistance to CD34-TRAIL1 cells. By xenografting in

nonobese diabetic/severe combined immunodeficient mice

the TRAIL-resistant lymphoma cell line SU-DHL-4V,

which generates tumors lacking endothelial DR5 expres-

sion, here we demonstrate for the first time that the Akt

inhibitor perifosine induces in vivo DR5 expression on

TECs, thereby overcoming tumor resistance to the vascular

disruption activity of CD34-TRAIL1 cells. In fact,

CD34-TRAIL1 cells combined with perifosine, but not

CD34-TRAIL1 cells alone, exerted marked antivascular

effects and caused a threefold increase of hemorrhagic

necrosis in SU-DHL-4V tumors. Consistent with lack of

DR5 expression, CD34-TRAIL1 cells failed to affect the

growth of SU-DHL-4V tumors, but CD34-TRAIL1 cells

plus perifosine reduced tumor volumes by 60 % compared

with controls. In view of future clinical studies using

membrane-bound TRAIL, our results highlight a strategy

to rescue patients with primary or acquired resistance due

to the lack of DR5 expression in tumor vasculature.

Keywords Tumor endothelial cells � Death receptor 5 �
Perifosine � TRAIL-expressing CD34? cells � Vascular

disruption activity

Introduction

PI3K/Akt signaling pathway represents an attractive target

for anticancer therapy [1–5]. Many new agents targeting

this pathway are currently being developed [6]. Perifosine
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is an oral Akt inhibitor that is being tested in phase I/II

clinical trials [7–11]; this drug is a synthetic alkyl-

phospholipid (APL) that targets the pleckstrin homology

domain of Akt, thereby preventing its translocation to the

plasma membrane [12–15]. Recent reports have shown that

the in vitro sensitivity of cancer cell lines to tumor necrosis

factor (TNF)-related apoptosis-inducing ligand (TRAIL)

can be considerably increased by cotreatment with perifo-

sine due to significant upregulation of death receptors 4/5

(DR4/5) expression as well as downregulation of the

antiapoptotic protein cFLIP [16–18].

TRAIL, a proapoptotic member of the TNF superfamily

of death receptor ligands, is an attractive cancer cell-specific

cytotoxic agent that exerts remarkable antitumor activity

in vitro and in vivo in athymic nude mice as well as in

non-obese diabetic/severe combined immunodeficient

(NOD-SCID) mice [19–29]. The therapeutic activity of

recombinant soluble (s)TRAIL and of monoclonal antibod-

ies targeting TRAIL receptors has been extensively explored

in phase I/II clinical trials [30–38]. Despite their low toxicity

profiles, these molecules have so far shown limited, if any,

clinical activity, likely due to the short half-life, the pattern of

receptor expression or tumor cell resistance. We have pre-

viously demonstrated that adenovirus-transduced CD34?

cells expressing full-length membrane-bound (m)TRAIL

(CD34-TRAIL1 cells) efficiently vehiculate TRAIL within

tumors and exhibit tumor-specific targeting, overcoming

limitations inherent to the pharmacokinetic profile of the

soluble molecule [39, 40]. While the intratumor homing of

CD34-TRAIL1 cells involves interactions of SDF-1 and

VCAM-1 expressed by tumor endothelial cells with their

counter receptors (CXCR4 and VLA-4) expressed by

transduced cells, the antitumor activity of mTRAIL requires

DR5 expression by tumor vasculature [40, 41]. Engagement

of DR5 by CD34-TRAIL1 cells seems to be a critical step

that results in potent vascular disruption activity, which is a

distinct property of the membrane-bound TRAIL not shared

by its soluble counterpart [40, 41]. Because vascular tar-

geting appears to be the first step in the complex cascade of

events leading to mTRAIL-mediated tumor cell death, lack

of DR5 expression in tumor vasculature represents a mech-

anism of resistance to CD34-TRAIL1 cells. Thus, modu-

lation of DR5 expression on TECs might not only enhance

the antitumor efficacy of CD34-TRAIL1 cells but also

eventually overcome CD34-TRAIL1 cells resistance

caused by the lack of DR5 expression in tumor vasculature.

Since in vivo modulation of TRAIL receptors on TECs

by perifosine has never been reported, we analyzed endo-

thelial DR5 levels in perifosine-treated tumors and inves-

tigated the antitumor effects of CD34-TRAIL1 cells when

combined with perifosine. At this aim, two human tumor

xenografts growing in NOD/SCID mice were used: the

TRAIL-resistant diffuse large B cell lymphoma cell line

SU-DHL-4V, which generates in vivo nodules lacking DR5

expression on TECs, and the TRAIL-sensitive multiple

myeloma cell line KMS-11, which generates in vivo nod-

ules expressing DR5 on TECs. Here we demonstrate that

perifosine induces expression of DR5 in tumor vasculature

and highlight a strategy for overcoming resistance to

CD34-TRAIL1 cells vascular disruption activity. These

results appear to be relevant in view of future clinical

studies using CD34-TRAIL1 cells as well as other

membrane-bound or cross-linked forms of TRAIL.

Materials and methods

Reagents

Perifosine was purchased from Aeterna Zentaris

(Frankfurt, Germany, EU); sulfosuccinimidyl-6-(biotinamido)

hexanoate (sulfo-NHS-LC-biotin) was purchased from

Thermo Fisher Scientific (Rockford, IL, USA) and the specific

JNK inhibitor SP600125 was purchased from Calbiochem

(Billerica, MA, USA).

Cell lines and CD34? cells

The tumor-derived endothelial cell line 2H-11 was

obtained from the American Type Culture Collection

(ATCC, Teddington, UK, EU). The multiple myeloma cell

line KMS-11 has been previously described [42]; the dif-

fuse large B cell lymphoma cell line SU-DHL-4 were

obtained from the German Collection of Microorganisms

and Cell Cultures (DSMZ, Braunschweig, Germany, EU).

The SU-DHL-4V cell line was generated in our laboratory

after in vivo passaging of the SU-DHL-4 cell line in

NOD/SCID mice. SU-DHL-4V cells are TRAIL-resistant

and generate in vivo nodules in which TECs lack DR5

expression. KMS-11 cells are TRAIL-sensitive and gen-

erate in vivo nodules in which the TECs express DR5.

2H-11 cell line was cultured in DMEM supplemented with

10 % fetal bovine serum (FBS), whereas the SU-DHL-4V

and KMS-11 cell lines were cultured in RPMI-1640 sup-

plemented with 10 % FBS. All cell lines were tested for

mycoplasma contamination. CD34? cells were positively

selected from the peripheral blood of consenting cancer

patients undergoing peripheral blood stem cell mobiliza-

tion using an AutoMACS device (Miltenyi Biotec,

Bergisch-Gladbach, Germany, EU).

Adenoviruses and adenoviral transduction of CD34?

cells

Adenoviral transduction was performed as previously

described [39, 43].
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siRNA gene silencing

2H-11 cells were transfected with 100 nM of either

Silencer� Select DR5 small interference RNA (siRNA) or

Silencer� Select Negative Control siRNA (Ambion,

Carlsbad, CA, USA), according to the instructions of the

manufacturer. 24 h after siRNA transfection, 2H-11 cells

were treated with either CD34-TRAIL1 cells or perifosine

5 lM or CD34-TRAIL1 cells/perifosine in combination.

Gene silencing effects were evaluated by western blot and

viable cell counting 48 h after treatments.

Viable cell counting

Annexin-V-fluorescein isothiocyanate/propidium iodide

(PI) double staining (Immunostep, Salamanca, SP, EU)

was used to detect Annexin-V-/PI- viable cells by flow

cytometry. Absolute cell counts were obtained by the true

volumetric absolute counting function of the CyFlow�

Space flow cytometer (Partec, Münster, Germany, EU).

In vivo experiments in nonobese diabetic/severe

combined immunodeficient (NOD/SCID) mice

Six- to eight-week-old female NOD/SCID mice with body

weights of 20–25 g were purchased from Charles River

(Milano, Italy, EU). The mice were housed under standard

laboratory conditions according to our institutional guide-

lines. Animal experiments were performed according to the

Italian laws (D.L. 116/92 and following additions) that

enforce the EU 86/109 Directive and were approved by the

institutional Ethical Committee for Animal Experimenta-

tion. KMS-11 and SU-DHL-4V cells (5 9 106 cells/

mouse) were inoculated subcutaneously (SC) in the left

flank of each mouse. When tumors were palpable, mice

were randomly assigned to receive either short- or long-

term treatments with either CD34-TRAIL1 cells, perifo-

sine or CD34-TRAIL1 cells plus perifosine. Short-term

treatments consisted of either a single intravenous (IV)

injection of CD34-TRAIL1 cells (3 9 106 cells/mouse,

on day 6 after SU-DHL-4V inoculation and day 12 after

KMS-11 inoculation), one 5-days course of oral (PO)

perifosine (15 mg/Kg/day, days 5–9 for SU-DHL-4V and

days 11–15 for KMS-11), or a combination of both. In vivo

biotinylation of tumor vasculature was performed where

appropriate 72 h after the injection of CD34-TRAIL1

cells and 3 h after the last perifosine administration. Tumor

nodules were then excised and processed for either histo-

logical analysis or ex vivo cytofluorimetric analysis. Long-

term treatments consisted of either four daily injections of

CD34-TRAIL1 cells (1 9 106 cells/mouse/day, days 6–9

for SU-DHL-4V and days 12–15 for KMS-11), or two

5-day courses of perifosine (10 mg/Kg/day, days 5–9 and

11–15 for SU-DHL-4V; 5 mg/Kg/day, days 11–15 and

18–22 for KMS-11), or a combination of both. Control

mice received normal saline. The mice were checked twice

weekly for the appearance of tumors, tumor dimensions,

body weight, and toxicity. The endpoint of the long-term

treatment was tumor weight. Tumor volumes were mea-

sured with calipers, and their weights were calculated using

the formula (a 9 b2)/2, where a and b represented the

longest and shortest diameters, respectively. The mice were

followed for 2 weeks after the end of the treatments. Each

experiment was performed on at least three separate

occasions using 5 mice per treatment group. Doses of

perifosine were determined as reported in Online resource 1,

Fig. S1.

In vivo biotinylation of tumor vasculature

In order to analyze functional tumor vasculature, in vivo

biotinylation was performed as previously described [40].

TECs separation from tumor xenografts

SU-DHL-4V and KMS-11 tumor nodules from mice

receiving the vehicle control or one 5-days course of

perifosine (15 mg/kg/day) were processed for ex vivo cyto-

fluorimetric analysis. Briefly, tumor nodules were excised,

immersed in 5–10 ml of DMEM medium with 10 % FBS

(Fetal Bovine Serum) and fragmented with a GentleMacs

machine (Miltenyi Biotech) to obtain a cell suspension. When

the nodules were completely homogenized, the suspensions

were incubated for 45 min at 37 �C under constant rotation

and in the presence of Collagenase D (at a final concentration

of 2 mg/ml) and DNase (at a final concentration of 25 lg/ml).

The cell suspensions were then washed twice at 300 g for

15 min to inactivate Collagenase D and eliminate platelets

and were finally passed through a 30 lm filter and labeled

with magnetic bead-conjugated anti-mouse CD146 antibody

(Miltenyi Biotech) for endothelial cell immunomagnetic

sorting by an AutoMACS device (Miltenyi Biotech). Labeling

was performed according to the manufacturer’s instructions.

Flow cytometric analysis

2H-11 cells co-cultured or not with tumor cells were har-

vested after 72 h of exposure to perifosine 5 lM and labeled

with PE-conjugated anti-DR5 antibody (Biolegend, San

Diego, CA, USA). For ex vivo flow cytometric analysis,

CD146? subpopulations were collected and labeled with a

FITC-conjugated anti-mouse CD146 antibody (Miltenyi

Biotech), PE-conjugated anti-mouse DR5 antibody (Bio-

legend) and 7-AAD to exclude dead cells. Labeling was

carried out according to the manufacturer’s instructions.
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Samples were analyzed with a FACSCalibur flow cytometry

system (BD Biosciences) equipped with a Macintosh Pow-

erMac G4 personal computer (Apple Computer, Cupertino,

CA, USA) using CellQuest software (BD Biosciences). The

percentages of positive cells were measured according to

gates set on the basis of isotype control staining. The inten-

sity of receptor expression was measured as the mean fluo-

rescence intensity (MFI) ratio, which was calculated as the

MFI of anti- DR5-stained samples divided by the MFI of

isotype control-stained samples.

Western blot analysis

Cell samples were washed in cold PBS (Phosphate Buf-

fered Saline) and homogenized in NP-40 lysis buffer (1 %

NP-40, 20 mM Tris–HCl pH 8, 137 mM NaCl, 10 %

glycerol, 2 mM EDTA, 1 mM sodium orthovanadate,

10 lg/mL aprotinin, 10 lg/mL leupeptin). Protein con-

centrations were determined using the Bradford protein

assay (Bio-Rad Laboratories, Milano, Italy, EU). Blotting

analysis was performed using anti-phospho Akt, anti-total

Akt, anti-phospho JNK, anti-total JNK and anti-phospho

c-Jun antibodies from Cell Signaling (Danvers, MA, USA),

and anti-CD31 and anti-DR5 antibodies from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). To normalize the

amount of loaded protein, all blots were stripped and

reprobed with rabbit polyclonal antibody anti–ß-actin (GE

Healthcare Life Sciences, Milano, Italy, EU).

Reverse transcription-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen,

Carlsbad, CA, USA). Conventional reverse transcription-

PCR and real-time PCR were performed as described

previously [39]. The following primers were used to carry

out real time PCR:

murine DR5: 50-TGCTGCTCAAGTGGCGC-30 and

50-GGCATCCAGCAGATGGTTG-30; murine TBP (inter-

nal control): 50-GGTGTGCACAGGAGCCAAGAGTG-30

and 50-AGCTACTGAACTGCTGGTGGGTC-30

Immunofluorescence and confocal microscopy

Sections (4 lm thick) of frozen tumors and healthy organs

(including lungs, livers and spleens) from in vivo biotin-

ylated mice were fixed with acetone (for 5 min at 4 �C),

rinsed with PBS, and blocked with 2 % BSA (Bovine

Serum Albumine) in PBS. Sections were then incubated

with the appropriate primary antibody (for 1 h at room

temperature), consisting in rabbit anti-human/mouse

phospho-Akt (Cell Signaling), rat anti-mouse CD31 (BD

Pharmingen) or rabbit anti-mouse CD146 (Novus Biolog-

icals, Littleton, CO, USA). After washing with PBS,

sections were incubated with the appropriate Alexa Fluor

488 or 568-conjugated secondary antibody (Invitrogen).

Biotinylated tumor vessels were revealed with Alexa Fluor

488-conjugated streptavidin (Invitrogen). TdT-mediated

dUTP nick end labeling (TUNEL) staining (Roche, Milano,

Italy, EU) was performed according to the manufacturer’s

instructions in sections from biotinylated, formalin-fixed,

paraffin-embedded tumor nodules, and dead cells were

detected in the green channel. TUNEL-stained sections

were washed with PBS containing 0.05 % Tween 20,

blocked with 2 % BSA (for 10 min at room temperature)

and incubated with Alexa Fluor 568-conjugated streptavi-

din (Invitrogen) to detect apoptotic tumor vessels or with a

rat anti-mouse glycophorin A antibody (BD Pharmingen)

followed by the appropriate Alexa Fluor 568-conjugated

secondary antibody (Invitrogen) to detect hemorrhagic

necrosis areas. Double-stained sections were finally incu-

bated with TO-PRO-3 nuclear dye (Invitrogen). After

mounting in a drop of anti-bleaching mounting medium

(Vectashield, Vector Laboratories, Burlingame, CA, USA),

stained sections were examined under an epifluores-

cent microscope equipped with a laser confocal system

(MRC-1024, Bio-Rad Laboratories, Milano, Italy, EU).

Image processing was carried out with LaserSharp com-

puter software (Bio-Rad Laboratories).

Histological analysis and immunohistochemistry

Formalin-fixed, paraffin-embedded tumor nodules and

healthy organs (including lungs, livers, spleens and femurs)

were sectioned at a thickness of 2 lm, dewaxed, hydrated,

and stained with hematoxylin and eosin or processed for

immunohistochemistry. Tumor cell death was detected

using TUNEL staining (Roche) according to the manu-

facturer’s instructions. Cryostat sections (4 lm thick) of

in vivo biotinylated tumor nodules were dried on positively

charged glass slides and incubated for 1 h at room tem-

perature with 1 lg/ml horseradish peroxidase (HRP)-con-

jugated streptavidin diluted in PBS. Biotinylated tumor

endothelia were revealed by 3,30-diaminobenzidine stain-

ing, and tumor sections were then counterstained with

Carazzi’s hematoxylin, rapidly dehydrated using graded

ethanols to xylene and mounted in a drop of fast-drying

mounting medium. Sections were examined under a light

microscope (BX51; Olympus, Tokyo, Japan) and acquired

with an automatic high-resolution scanner (dotSlide Sys-

tem; Olympus). Image processing was carried out using

dotSlide software (Olympus).

Analysis of stained sections

Image analysis was performed using the open source

ImageJ software (http://rsb.info.nih.gov/ij/). Routines for
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image analysis were coded in ImageJ macro language and

executed on RGB images without further treatment. For

each experimental condition, at least three sections from

different tumor nodules were analyzed. Analysis to calcu-

late the endothelial area (i.e., the percentage of the tissue

section occupied by endothelium) and the percent of tumor

necrosis expressed as (necrotic area)/(total tissue

area) 9 100 were performed as previously described [40].

Statistical analyses

Statistical analyses were performed using the statistical

package Prism 5 (GraphPad Software) run on a Macintosh

Pro personal computer (Apple Computers). Student’s t test

for unpaired data (2-tailed) was used to test the probability

of significant differences between untreated and treated

samples. TUNEL staining and tumor vasculature data were

statistically analyzed with a 1-way analysis of variance,

and individual group comparisons were evaluated by the

Bonferroni multiple comparison test. Tumor volume data

were statistically analyzed with a 2-way analysis of vari-

ance, and individual group comparisons were evaluated by

the Bonferroni correction. Differences were considered

significant if P was B0.05.

Results

Perifosine inhibits Akt phosphorylation and increases

DR5 expression in tumor-derived endothelial cells

in vitro

In order to investigate the effects of perifosine on TECs,

we first performed in vitro experiments using the 2H-11

tumor endothelial cell line [44]. 2H-11 cells were exposed

to perifosine 5 lM for 72 h and analyzed for phospho Akt

and DR5 expression. As assessed by immunofluorescence

and western blot analysis, perifosine caused a strong

decrease in Akt phosphorylation levels without affecting

total Akt expression (Fig. 1a, c). Interestingly, reduced

levels of activated Akt were paralleled by a significant

increase in DR5 expression as shown by flow cytometric

(64.8 ± 1.4 vs. 83.0 ± 1.2 %, mean ± SD; *P \ 0.01)

and western blot analysis (Fig. 1b, c). Considering that it

has been reported the c-Jun NH2-terminal kinase-depen-

dent upregulation of DR5 by perifosine in leukemia cells

[17] and head and neck squamous cell carcinomas [18], we

examined the possibility that perifosine upmodulates DR5

levels via JNK also in tumor-derived endothelial cells.

Thus, we investigated by western blot analysis the modu-

lation of JNK and c-Jun activation in 2H-11 cells following

treatment with perifosine. As shown in Fig. 1c, perifosine

increased the phosphorylation levels of both JNK and

c-Jun. Interestingly, inhibition of JNK by the specific

inhibitor SP600125 prevented DR5 perifosine-induced

upregulation (Fig. 1c), supporting the hypothesis that

perifosine upmodulates DR5 levels via JNK activation.

DR5 expression on TEC is needed for CD34-TRAIL1

cells antivascular activity

In order to investigate whether the DR5 expression on tumor

endothelial cells is required for CD34-TRAIL1 cells anti-

vascular activity, we silenced the expression of DR5 in 2H-

11 cells using small interfering RNA (siRNA) and then

examined cell sensitivity to CD34-TRAIL1 cells alone or in

combination with perifosine. As shown in Fig. 1d, 2H-11

cell viability accounted for 59.5 ± 10.2 % (mean ± SD) of

controls following treatment with CD34-TRAIL1 cells and

addition of perifosine caused a 28 % further reduction in cell

viability compared with CD34-TRAIL1 cells alone

(42.8 ± 10.8 vs. 59.5 ± 10.2 %, mean ± SD, P \ 0.05),

whereas perifosine alone was not able to significantly affect

2H-11 cell viability. By western blotting, we detected sub-

stantially reduced levels of DR5 in both perifosine-treated

and perifosine-untreated 2H-11 cells transfected with DR5

siRNA compared with control siRNA-transfected cells

(Fig. 1d). Interestingly, silencing of DR5 expression pre-

vented CD34-TRAIL1 cells-induced 2H-11 cell death. In

fact, a significant increase in cell viability was observed in

DR5 siRNA-transfected cells after treatment with both

CD34-TRAIL1 cells alone and in combination with pe-

rifosine compared to control siRNA-transfected cells

(91.7 ± 8.9 vs. 59.5 ± 10.2 %, mean ± SD, P \ 0.01, and

89.0 ± 11.3 vs. 42.8 ± 10.8 %, mean ± SD, P \ 0.01,

respectively). These findings suggest that DR5 expression is

required for CD34-TRAIL1 cells-induced tumor endothe-

lial cell death and confirm that DR5 up-regulation is

the mechanism involved in perifosine-enhancement of

CD34-TRAIL1 cells antivascular activity.

Perifosine inhibits in vivo Akt phosphorylation both in

tumor cells and tumor vasculature

To determine whether treatment with perifosine modulated

Akt phosphorylation in vivo, tissue sections from control

and perifosine-treated tumors were analyzed by confocal

microscopy. Both SU-DHL-4V and KMS-11 tumor cells

showed high levels of phosphorylated Akt (Fig. 2) and, in

both instances, perifosine markedly decreased Akt phos-

phorylation (Fig. 2). Interestingly, in keeping with in vitro

observations, in vivo biotinylated endothelial cells (see

‘‘Materials and methods’’ section) of both SU-DHL-4V and

KMS-11 tumors also showed intense expression of phos-

phorylated Akt, which was strongly inhibited by perifosine

(Fig. 2, magnified fields). In order to better evaluate in vivo

Angiogenesis (2013) 16:707–722 711
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perifosine effects on TECs, tumor nodules from mice

receiving control vehicle or perifosine were collected and

homogenized to obtain a cell suspension. As CD146 is

widely expressed by murine endothelial cells [45, 46] and

by the endothelium of both SU-DHL-4V and KMS-11

tumor models (Fig. 3a), TECs were efficiently separated

from tumor cells by immunomagnetic sorting using a

magnetic bead-conjugated anti-mouse CD146 antibody

(Fig. 3b). Western blot analysis of CD146? and CD146-

subpopulations from SU-DHL-4V tumors confirmed

in vivo phospho Akt modulation by perifosine in both

tumor cells and TECs (Fig. 3c). To rule out a potential

cause of systemic toxicity, Akt phosphorylation was also

investigated in normal tissues. No activation of Akt was

observed in the lungs or the lung endothelium (Online

resource 1, Fig. S2), whereas the liver parenchyma, but not

liver endothelial cells, showed weak expression of phos-

phorylated Akt, which was not influenced by perifosine

treatment. The spleen endothelium failed to express phos-

pho-Akt, which was however expressed by the paren-

chyma, but also in this case the level of Akt

phosphorylation was not modulated by treatment with

perifosine (Online resource 1, Fig. S2).

Perifosine induces in vivo DR5 expression on TECs

Ex vivo cytofluorimetric analysis of CD146? subpopula-

tions revealed a significant increase of DR5 positive TECs

derived from perifosine-treated tumors. Interestingly, TECs

from control SU-DHL-4V tumors did not express DR5

(4 ± 4 %, mean ± SD), whereas perifosine-treated tumors

showed an average of 42 ± 6 % DR5-positive endothelial

cells (P \ 0.05), with an average 3.6-fold increase of the

mean fluorescence intensity being observed compared to

controls (Fig. 4a), suggesting perifosine was able to induce

de novo expression of DR5 in TECs. Up-regulation of DR5

Fig. 1 Perifosine effects on tumor-derived endothelial cells in vitro.

a–c 2H-11 cells were exposed to perifosine 5 lM for 72 h. a
Immunofluorescence staining for total and phosphorylated Akt (scale
bar 30 lm). b DR5 expression by cytofluorimetric analysis. Repre-

sentative mean fluorescence intensity (MFI) histograms and values for

mean (±SD) percentage of positive cells are shown (*P \ 0.01

compared with control). Percentages of positive cells were measured

according to gates set on the basis of isotype control staining (grey
filled histograms). c Western blot analysis of DR5 expression and

Akt, JNK and c-Jun activation following perifosine treatment. To

investigate the role of JNK in perifosine-induced DR5 expression in

tumor endothelial cells, 2H-11 cells were treated with the specific

JNK inhibitor SP600125 for 1 h before treatment with perifosine. d
2H-11 cells were transfected with 100 nM of either DR5 siRNA

(black bars) or negative control siRNA (white bars). 24 h after siRNA

transfection, 2H-11 cells were treated with either CD34-TRAIL1

cells or perifosine 5 lM or CD34-TRAIL1 cells/perifosine in

combination. Viable cell countings were performed 48 h after

treatments as described in the ‘‘Materials and methods’’ section.

The mean ± SD percentages are shown. *P \ 0.01. Gene silencing

effects on DR5 expression in perifosine-treated and perifosine-

untreated cells transfected with 100 nM of either DR5 siRNA or

negative control siRNA were evaluated by western blot analysis
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on TECs enriched from perifosine-treated SU-DHL-4V

tumors was also observed by RT-PCR (Online resource 1,

Fig. S3), indicating that perifosine modulated DR5 at

mRNA level. Also TECs from perifosine-treated KMS-11

tumors showed a significant increase in the percentages of

DR5-expressing cells (81 ± 8 vs. 42 ± 8 %, P \ 0.05)

and a threefold increase of the mean fluorescence intensity

compared to controls (Fig. 4a). Increased levels of DR5

were confirmed also by western blot analysis performed

with proteins obtained from CD146? subpopulations

(Fig. 4b). To investigate if also in vivo perifosine-induced

DR5 upregulation on TECs was paralleled by JNK pathway

activation, phospho-JNK and phospho-c-Jun levels were

assessed by western blot analysis. Interestingly, as

observed in vitro with 2H-11 cells, in vivo treatment with

perifosine increased the phosphorylation levels of JNK and

c-Jun in the endothelial cells of both tumor models

(Fig. 4b).

Baseline expression of DR5 in the endothelial cells

enriched from SU-DHL-4V and KMS-11 tumors was

substantially different, notwithstanding they derived from

the same host normal endothelium. This suggests TECs

phenotype was tightly dependent on tumor type. In order to

better understand this phenomenon, we co-cultured in vitro

for 72 h 2H-11 cells with either SU-DHL-4V or KMS-11

cells and analyzed DR5 expression on 2H-11 cells by flow

cytometry. Interestingly, KMS-11 cells did not affect DR5

expression on 2H-11 cells, whereas SU-DHL4V cells

Fig. 2 In vivo perifosine-induced inhibition of Akt phosphorylation

in tumor cells and tumor vasculature. NOD/SCID mice bearing

subcutaneous tumor nodules received perifosine at 15 mg/kg (once

daily for 5 days, PO), or the vehicle control. Immediately prior to

sacrifice, NOD/SCID mice were IV injected with 0.2 ml of sulfo-

NHS-LC-biotin (5 mg/ml) to biotinylate the tumor vasculature.

Tumor nodules were then harvested, freshly snap-frozen in isopentane

and analyzed for phospho-Akt expression. Representative confocal

images of tumors from vehicle control-treated and perifosine-treated

mice are shown. Cryosections were processed by triple immunoflu-

orescence staining to detect tumor and endothelial phospho-Akt

expression. Cell nuclei were detected by blue coloration with

TO-PRO-3 staining; biotinylated tumor vasculature were detected

by green staining with Alexa 488-conjugated streptavidin; and

phosphorylated Akt was detected by red coloration incubating

sections with an anti-human/mouse phospho-Akt antibody followed

by the appropriate Alexa Fluor 568-conjugated secondary antibody.

After merging of the single color images, tumor cells expressing

phospho-Akt were red, whereas endothelial cells expressing phospho-

Akt resulted in yellow coloration due to colocalization with sulfo-

biotin staining, as shown in the magnified fields. White squares
indicate the image field magnified. Objective lens, original magni-

fication: 1.0 NA oil objective, 940; scale bar 50 lm. Magnified

fields, objective lens, original magnification: 1.4 NA oil objective,

960; scale bar 10 lm. (Color figure online)
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caused a 29 % reduction of DR5 expressing cells

(64.8 ± 1.4 vs. 46.3 ± 1.6 %) (Online resource 1, Fig.

S4). Surprisingly, addition of perifosine to 2H-11/SU-

DHL-4V co-cultures restored basal DR5 levels in 2H-11

cells (Online resource 1, Fig. S4). Addition of SU-DHL-4V

conditioned medium to 2H-11 cultures did not affect DR5

expression, suggesting cell contact was necessary (data not

shown).

Fig. 3 Efficient separation of

TECs from subcutaneous

tumors. SU-DHL-4V and

KMS-11 tumor nodules from

mice receiving the vehicle

control or perifosine at

15 mg/kg (once daily for

5 days, PO) were collected and

homogenized to obtain a cell

suspension. TECs were

efficiently separated from tumor

cells by immunomagnetic

sorting using a magnetic bead-

conjugated anti-mouse CD146

antibody. a Cryosections from

both tumor models double

stained for CD31 and CD146

antigens demonstrating

expression of CD146 by tumor

associated endothelial cells.

Scale bars 50 lm. b, c Western

blot analysis of CD146? and

CD146- subpopulations from

SU-DHL-4V tumors for CD31

(b) and phospho and total Akt

expression (c)

Fig. 4 In vivo DR5 modulation on TECs by perifosine. CD146?

subpopulations from SU-DHL-4V and KMS-11 tumor nodules from

mice receiving the vehicle control or perifosine at 15 mg/kg (once

daily for 5 days, PO) were processed for a cytofluorimetric analysis to

evaluate DR5 expression and b western blot analysis to evaluate DR5

levels and JNK and c-Jun activation. a Representative mean

fluorescence intensity (MFI) histograms and data regarding the

mean ± SD percentage of positive cells are shown. The percentages

of positive cells were measured according to gates set on the basis of

isotype control staining (grey filled histograms). *P \ 0.05 compared

with controls
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Perifosine triggers the vascular disruption activity of

CD34-TRAIL1 cells in SU-DHL-4V tumors lacking

vascular DR5

Expression of DR5 on TECs is a pre-requisite for the

vascular disruption activity of CD34-TRAIL1 cells

[40, 41]. To investigate the impact of perifosine-induced

DR5 modulation on the vascular disrupting effects of

CD34-TRAIL1 cells, tumor vasculature was extensively

analyzed following in vivo biotinylation for the presence of

apoptotic TECs. Consistent with the lack of vascular DR5

expression, TUNEL staining of SU-DHL-4V tumor sec-

tions failed to detect apoptotic TECs in CD34-TRAIL1

cells-treated tumors, whereas apoptotic TECs could only be

detected in mice receiving the combined CD34-TRAIL1

cells/perifosine therapy (Fig. 5). Analysis of KMS-11

tumors receiving CD34-TRAIL1 cells consistently

showed apoptotic TECs [40], which were markedly

increased by the combined treatment (Fig. 5). As observed

in vitro (Fig. 1d), perifosine as single agent was not able to

induce apoptosis of TECs in both tumor models (Fig. 5).

Both H&E staining and TUNEL/glycophorin A double-

staining revealed large areas of hemorrhagic necrosis in

tumors showing apoptotic endothelial cells (Figs. 5, 6a),

suggesting that apoptosis of TECs is indeed the first event

in a complex cascade that finally leads to tumor destruc-

tion. Similar to TECs apoptosis, hemorrhagic necrosis in

SU-DHL-4V tumors could only be detected after the

combined treatment (Fig. 6a). Analysis of KMS-11 tumors

showed hemorrhagic necrosis after treatment with both

CD34-TRAIL1 cells alone and in combination with

perifosine, with the latter treatment resulting in a signifi-

cant enhancement of tissue damage (Fig. 6a). An accurate

quantification of necrotic areas in whole tumor sections

was achieved via a computer-aided analysis with ImageJ

software. Treatment of mice bearing SU-DHL-4V tumors

with CD34-TRAIL1 cells alone failed to significantly

increase tumor necrosis compared with controls

(26.5 ± 6.7 vs. 16.7 ± 2.6 %, P = ns), whereas treatment

with CD34-TRAIL1 cells plus perifosine induced a sig-

nificant increase in tumor necrosis over controls

(57.5 ± 10.0 vs. 16.7 ± 2.6 %, P \ 0.001) (Fig. 6b, c).

KMS-11 tumors treated with CD34-TRAIL1 cells plus

perifosine showed a twofold increase in tumor necrosis

compared to CD34-TRAIL1 cells alone and a 17-fold

increase compared to controls (31.5 ± 3.3 vs. 16.0 ± 0.8

vs. 1.8 ± 0.6 %, P \ 0.001) (Fig. 6b, c). In keeping with

absence of TECs apoptosis in perifosine-treated tumors,

Fig. 5 Perifosine-induced DR5 expression by tumor vasculature

sensitizes TECs to CD34-TRAIL1 cells-induced apoptosis. NOD/

SCID mice bearing subcutaneous tumor nodules were randomly

assigned to the different treatment groups consisting of the admin-

istration of one injection of CD34-TRAIL1 cells (3 9 106 cells/

mouse, IV); perifosine at 15 mg/kg (once daily for 5 days, PO);

CD34-TRAIL1 cells in combination with perifosine; or vehicle

control. Seventy-two hours after treatment with CD34-TRAIL1 cells

and 3 h after the last perifosine administration, NOD/SCID mice were

IV injected with 0.2 ml of sulfo-NHS-LC-biotin (5 mg/ml) to

biotinylate tumor vasculature. Tumors were then excised, fixed in

formalin and embedded in paraffin. Representative confocal images

of SU-DHL-4V and KMS-11 tumors processed by triple immunoflu-

orescence staining to detect apoptotic tumor endothelial cells are

shown. Cell nuclei were detected by blue coloration with TO-PRO-3

staining; apoptotic cells were detected by green coloration with

TUNEL staining; and biotinylated tumor endothelial cells were

detected by red staining with Alexa 568-conjugated streptavidin.

After merging of single color images, endothelial apoptotic nuclei

colocalized with sulfo-biotin staining, thus resulting in yellow
coloration. Objective lens, original magnification: 1.0 NA oil

objective, 940. Scale bar 50 lm. (Color figure online)
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perifosine alone failed to induce significant tumor necrosis

over controls in either SU-DHL-4V (18.1 ± 2.5 vs.

16.7 ± 2.6, P = ns) or KMS-11 (2.6 ± 0.4 vs. 1.8 ±

0.6 %, P = ns) tumors (Fig. 6b, c).

Apoptosis of TECs resulted also in a marked reduction of

tumor vessel density. The combined treatment strongly

affected the vascular network of SU-DHL-4V nodules,

resulting in a 34 % decrease of vessel density over controls

(6 ± 0.2 vs. 9.1 ± 0.2 %, P \ 0.001) (Fig. 7a, b). This

finding was paralleled by histological observation of severe

disruption of the tumor vasculature, which was deficient in

capillaries and lacked most of its branches and sprouts

(Fig. 7a). In keeping with the lack of apoptosis in TECs,

treatment with CD34-TRAIL1 cells alone failed to affect

SU-DHL-4V tumor vessel density (9.1 ± 0.2 vs.

8.9 ± 0.2 %, P = ns) and vasculature morphology (Fig. 7a,

b). As previously reported [40], CD34-TRAIL1 cells

caused a 34 % decrease of KMS-11 tumors endothelial

Fig. 6 Apoptosis of TECs causes tumor hemorrhagic necrosis. NOD/

SCID mice bearing subcutaneous tumor nodules were randomly

assigned to the different treatment groups consisting of the admin-

istration of one injection of CD34-TRAIL1 cells (3 9 106 cells/

mouse, IV); perifosine at 15 mg/kg (once daily for 5 days, PO);

CD34-TRAIL1 cells in combination with perifosine; or vehicle

control. Seventy-two hours after treatment with CD34-TRAIL1 cells

and 3 h after the last perifosine administration, tumors were excised,

fixed in formalin and embedded in paraffin. a Representative

histological and confocal images of SU-DHL-4V and KMS-11

tumors are shown. Tumor tissue morphology was detected by H&E

staining; objective lens, original magnification: 0.40 NA dry objec-

tive, 910; scale bar 200 lm. Hemorrhagic necrosis was detected by

TUNEL/Glycophorin A double immunofluorescence staining: cell

death was detected in green by TUNEL staining; red blood cells were

detected in red by Glycophorin A staining followed by the

appropriate Alexa 568-conjugated secondary antibody; cell nuclei

were detected in blue by TO-PRO-3 staining. Objective lens, original

magnification: 0.30 NA oil objective, 910; scale bar 200 lm. b
TUNEL stained SU-DHL-4V and KMS-11 whole tumor sections

were digitally acquired and images analyzed using ImageJ for

quantification of the percentage of cell death. At least three tumor

sections from different animals were analyzed per treatment group.

The boxes extend from the 25th to the 75th percentile; the lines
indicate the median values, and the whiskers indicate the range of

values. ***P \ 0.001 compared with controls; #P \ 0.001 compared

with CD34-TRAIL1 cells; §P \ 0.001 compared with perifosine. c
Representative histological images of whole tumor sections from

mice receiving the different treatments are shown. Tumor tissue

morphology was detected by H&E staining; tumor cell death were

detected by TUNEL staining and revealed as brown areas using 3,

30-diaminobenzidine for light microscopy analysis. Objective

lens, original magnification: 0.08 NA dry objective, 92.

(Color figure online)
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density (6.8 ± 0.2 vs. 10.3 ± 0.2 %, P \ 0.001) (Fig. 7a,

c). The combined treatment drastically enhanced the effects

of CD34-TRAIL1 cells on KMS-11 tumor vasculature,

causing an additional 40 % decrease of the endothelial sur-

face, thereby resulting in an overall 60 % reduction of vessel

density over controls (4.1 ± 0.1 vs. 6.8 ± 0.2 vs.

10.3 ± 0.2 %, P \ 0.001) (Fig. 7a, c). In both tumor mod-

els, perifosine alone failed to perturb the vascular network as

well as to decrease vessel density (SU-DHL-4V: 9.1 ± 0.2

vs. 9.5 ± 0.2 %, P = ns; KMS-11: 10.3 ± 0.2 vs.

10.4 ± 0.1 %, P = ns) (Fig. 7).

Despite the marked antitumor activity observed in both

tumor models, the combined CD34-TRAIL1 cells/perifosine

therapy did not induce any vascular damage or hemor-

rhagic necrosis in healthy tissues (including lungs, livers,

spleens, and femurs), suggesting that perifosine-induced

enhancement of the antivascular activity of CD34-

TRAIL1 cells was tumor restricted (Online resource 1, Fig.

S5).

CD34-TRAIL1 cells in combination with perifosine

strongly slow the growth of subcutaneous tumors

In order to evaluate the effects of the combined treatment on

tumor growth, long-term treatment experiments were per-

formed and mice were followed for 2 weeks after the end of

the treatments. CD34-TRAIL1 cells failed to affect the

subcutaneous growth of SU-DHL-4V nodules compared to

vehicle-treated controls (5.7 ± 0.4 vs. 6.2 ± 0.5 g, P = ns)

(Fig. 8). Perifosine used as single agent significantly reduced

SU-DHL-4V tumor growth, resulting in an average 42 %

reduction of tumor volumes over controls (3.6 ± 0.3 vs.

6.2 ± 0.5 g, P \ 0.001). Notwithstanding the lack of

activity of CD34-TRAIL1 cells when used as a single

Fig. 7 Enhanced antivascular activity of CD34-TRAIL1 cells by

perifosine markedly reduces tumor vessel density. Seventy-two hours

after treatment with CD34-TRAIL1 cells and 3 h after the last

perifosine administration, NOD/SCID mice were IV injected with

0.2 ml of sulfo-NHS-LC-biotin (5 mg/ml) to biotinylate the tumor

vasculature. Tumors were then excised, embedded in cryoembedding

compound and freshly snap-frozen in isopentane. a Representative

histological images of tumors from in vivo biotinylated mice

receiving the different treatments are shown. Biotinylated endothelia

were revealed by sequentially incubating frozen sections with HRP-

streptavidin and 3,30-diaminobenzidine for light microscopy analysis.

Objective lens, original magnification: 0.75 NA dry objective, 920;

scale bar 100 lm. b, c HRP-streptavidin stained tumor sections were

analyzed using ImageJ for quantification of the endothelial area which

was calculated in whole tissue sections as (streptavidin-HRP stained

area)/(total tissue area) 9 100. Each dot represents the value obtained

from the analysis of a single tissue field, and the lines indicate the

mean values. ***P \ 0.001 compared with controls; #P \ 0.001

compared with CD34-TRAIL1 cells; §P \ 0.001 compared with

perifosine
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treatment, combined treatment with perifosine reduced the

growth of SU-DHL-4V nodules by 60 % compared with

controls (2.5 ± 0.2 vs. 6.2 ± 0.5 g, P \ 0.001) and by 31 %

over perifosine alone (2.5 ± 0.2 vs. 3.6 ± 0.3 g, P \ 0.05)

(Fig. 8). In agreement with previous data [40], the growth of

TRAIL-sensitive KMS-11 tumor nodules was significantly

inhibited by CD34-TRAIL1 cells compared to controls,

with an average reduction of tumor volumes by 39 % being

observed (P \ 0.001) (Fig. 8). In this tumor model, perifo-

sine reduced tumor volume by 21 % over controls

(P \ 0.01). The combined treatment further reduced tumor

volume by 65 % over controls (2 ± 0.4 vs. 5.7 ± 0.5 g,

P \ 0.001), 43 % over treatment with CD34-TRAIL1 cells

alone (2 ± 0.4 vs. 3.5 ± 0.5 g, P \ 0.001), and 56 % over

perifosine alone (2 ± 0.4 vs. 4.5 ± 0.6 g, P \ 0.001)

(Fig. 8).

Whereas perifosine as a single agent was ineffective to

induce endothelial apoptosis and vascular disruption (see

Figs. 5, 7), it caused a significant growth delay of both

tumor models. Perifosine has been reported to induce

apoptosis in several tumor cell lines, such as human lung

cancer cells [13], human multiple myeloma cells [15, 47],

acute myelogenous leukemia cells [48] and Hodgkin

Lymphoma cells [49]. As regard to tumor cell lines used in

this work, perifosine significantly increased tumor cell

death both in vitro and in vivo (Online resource 1, Fig. S6),

that might explain the tumor growth delay observed in vivo

following perifosine treatment.

Discussion

In agreement with our previous data [40], Wilson et al. [41]

have recently demonstrated that vascular disruption activ-

ity of a cross-linked version of Apo2L/TRAIL, that mimics

the transmembrane ligand, requires DR5 expression on

tumor endothelial cells. Our in vitro studies and the tumor

model SU-DHL-4V used in this work confirm that DR5

expression on TEC is needed for CD34-TRAIL1 cells

performing antivascular activity and that lack of DR5

vascular expression represents a mechanism of resistance

to mTRAIL-expressing CD34? cells.

Thus, modulating DR5 on TECs might not only

enhance CD34-TRAIL1 cells antitumor efficacy but also

eventually restore the antivascular activity of CD34-

TRAIL1 cells as well as other membrane-bound or cross-

linked forms of TRAIL in tumors lacking endothelial

DR5.

Data reported herein clearly demonstrate for the first

time that (1) perifosine induces DR5 expression in tumor

vasculature, and (2) perifosine-mediated modulation of

DR5 expression on TECs can overcome resistance to the

vascular disrupting effects of membrane-bound TRAIL. In

fact, the combined CD34-TRAIL1 cells/perifosine treat-

ment induced a number of objectively quantifiable anti-

vascular and antitumor effects in vascular DR5-lacking

SU-DHL-4V tumors, which were specifically observed

only using the combined treatment.

Fig. 8 Effects of CD34-TRAIL1 cells plus perifosine on tumor

growth. NOD/SCID mice bearing subcutaneous tumor nodules were

randomly assigned to the different treatment groups consisting of four

daily injections of CD34-TRAIL1 cells (green square 1 9 106 cells/

mouse/day, IV, days 6–9 for SU-DHL-4V and days 12–15 for KMS-

11); two 5-day courses of perifosine (blue triangle 10 mg/kg/day, PO,

days 5–9 and 11–15 for SU-DHL-4V; 5 mg/kg per day, PO, days 1

1–15 and 18–22 for KMS-11); treatment with CD34-TRAIL1 cells

in combination with perifosine (red inverted triangle); or treatment

with vehicle control (black circle). Green arrows indicate CD34-

TRAIL1 cells administration; blue arrows indicate perifosine

administration. Mean ± SEM tumor weight data are shown (n = 15

per group). *P \ 0.05 compared with controls, **P \ 0.01 compared

with controls, ***P \ 0.001 compared with controls; #P \ 0.05

compared with CD34-TRAIL1 cells, ##P \ 0.01 compared with

CD34-TRAIL1 cells, ###P \ 0.001 compared with CD34-TRAIL1

cells; §P \ 0.05 compared with perifosine, §§§P \ 0.001 compared

with perifosine. (Color figure online)
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It has been established that the JNK/c-Jun axis could

positively regulate DR5 transcription [50]. A functional

activator protein-1 (AP-1) binding site has been shown in

the promoter region of DR5. JNK, by increasing c-Jun

phosphorylation, leads to an increase in AP-1 activity [51].

Interestingly, Akt appears to negatively regulate JNK sig-

naling by directly interacting with the JNK activators

Mixed Lineage Kinase 3 (MLK3) and Apoptosis Signal-

regulating Kinase 1 (ASK1), thus causing their inhibition

[52, 53]. Several in vitro studies have investigated the

mechanism(s) by which perifosine modulates TRAIL

receptors expression on tumor cells. Tazzari et al. [17]

suggested that perifosine induces JNK-dependent DR5

overexpression in leukemia cells. Fu et al. [18] have

recently reported that perifosine increases the levels of

p-JNK and p–c-Jun in head and neck squamous cell car-

cinomas and that activation of JNK signaling parallels the

upregulation of DR4 and DR5. However studies investi-

gating these effects in tumor endothelial cells are steel

lacking. Here we show that in vivo administration of pe-

rifosine strongly inhibits tumor endothelial Akt phosphor-

ylation and upregulates (see KMS-11 tumor model) or even

induces de novo expression (see SU-DHL-4V tumor

model) of DR5 in TECs in a JNK-dependent manner. In

fact, perifosine increased phosphorylation of JNK and

c-Jun in tumor endothelial cells both in vitro and in vivo

and inhibition of JNK by the specific inhibitor SP600125

prevented DR5 perifosine-induced upregulation, support-

ing the hypothesis perifosine might upmodulate DR5 levels

in TECs via JNK activation.

Interesting is to note as the phenotype of tumor endo-

thelial cells, which derived from the same host normal

endothelium, was tightly dependent on tumor type. Indeed,

TECs from SU-DHL-4V tumors did not express DR5 on

their surface, whereas about 40 % of TECs from KMS-11

tumors expressed the receptor. This evidence suggests that

different tumor cells can even modulate tumor microen-

vironment influencing therapeutic outcome [54]. It will be

interesting to determine what specific features of the tumor

microenvironment drive endothelial DR5 expression.

Akt activation plays an important role in regulating the

survival and proliferation of both tumor cells and TECs.

Although Akt phosphorylation in tumor cells as well as

tumor vasculature was strongly inhibited by perifosine,

analysis of the tumor vasculature of our xenografts clearly

showed that perifosine as a single agent was ineffective to

induce endothelial cell apoptosis and vascular disruption or

to inhibit tumor angiogenesis, whereas it caused tumor cell

apoptosis and a significant growth delay of both tumor

models. In 2008 Zerp et al. [55] studied the antiangiogenic

properties of the alkylphospholopids (APLs) perifosine,

miltefosine and edelfosine in vitro. They demonstrated that

APLs inhibit capillary-like endothelial tube formation and

that the sensitivity of normal vascular endothelial cells (ECs)

to APL-induced apoptosis is dependent on the proliferative

status of these cells: confluent, quiescent ECs were relatively

resistant, whereas proliferating ECs were highly sensitive to

APL-induced apoptosis. In agreement with these data, we

observed in vitro induction of apoptosis in HUVEC prolif-

erating cells treated with 5 lM perifosine (data not shown),

but no apoptosis was observed in perifosine-treated tumor-

derived 2H-11 endothelial cells. It is widely appreciated that

tumor-associated endothelial cells have a unique activated

phenotype and a different structure compared to those in

normal quiescent tissues beacause of the exposure to a dis-

tinct set of stimuli in their local environment [56]. Further-

more, although tumor-associated angiogenesis has

traditionally been defined as the sprouting of new vessels

from preexisting vessels, it is becoming clear that the blood

vessels that support tumor growth can also originate from

cells recruited from the bone marrow or can even differen-

tiate from tumor stem cells (vascular mimicry) [57, 58]. All

toghether these factors can determine different responses in

normal cultured endothelial cells and tumor-associated

endothelial cells exposed to the same drug.

As mentioned above, although perifosine as a single

agent was ineffective to induce endothelial cells apoptosis,

it sensitized TECs to CD34-TRAIL1 cells-induced vas-

cular disruption by upmodulating DR5 expression and

caused tumor cell apoptosis. In addition to targeting Akt

and modulating JNK activation and DR5 expression,

perifosine possesses other biologic activities (reviewed in

[59]) that may contribute to the effects observed in this

work. These include, accumulation into lipid rafts of the

plasma membrane [60] and downregulation of ERK 1/2

phosphorylation [48]. Analysis of tumor xenografts

revealed a strong reduction in ERK phosphorylation levels

following perifosine treatment (data not shown), indicating

that inhibition of MAPK signaling by perifosine toghether

with Akt inhibition might also be involved in inducing

tumor cells apoptosis and tumor growth delay. In 2007 van

der Luit et al. [60] reported perifosine incorporation into

lipid rafts followed by inhibition of phosphatidylcholine

synthesis and induction of apoptosis in lymphoma cells; in

the same year Gajate and Mollinedo [61] demonstrated that

perifosine induces apoptosis in multiple myeloma (MM) by

recruitment of death receptors into lipid rafts and observed

that the concentration of death receptors in lipid rafts fol-

lowing perifosine treatment rendered MM cells more sen-

sitive to the action of death receptor ligands, such as

TRAIL. Considering these previous observations, we can

not exclude that perifosine sensitized TECs to CD34-

TRAIL1 cells-induced apoptosis not only by upregulating

DR5 expression but also by acting on plasma membrane

reorganization and causing DR5 accumulation into lipid

rafts.

Angiogenesis (2013) 16:707–722 719

123



A major concern associated with the use of vascular dis-

rupting agents in the treatment of cancer is the possibility of

undesirable organ toxicities due to damaging healthy tissue

vasculature. We have previously demonstrated that repeated

injections of CD34-TRAIL1 cells used as a single agent fail

to induce normal endothelial cell toxicity [40]. Data reported

herein clearly show that perifosine-mediated enhancement

of the antivascular activity of CD34-TRAIL1 cells is

tumor-restricted not involving normal endothelial cells. In

fact, histological analysis of healthy organs, including lungs,

livers, spleens and femurs, failed to reveal any vascular

damage or necrotic events following treatment with CD34-

TRAIL1 cells plus perifosine. This finding rules out any

concern regarding the systemic toxicity of the combined

CD34-TRAIL1 cells/perifosine treatment in the clinical

setting. Furthermore, confocal microscopy analysis actually

revealed intense tumor-restricted expression of phosphory-

lated Akt in tumor cells as well as tumor vasculature, while

no Akt activation could be observed when parenchyma or

endothelial cells from healthy organs were extensively

analyzed, in agreement with data reported by others [62–64].

To the best of our knowledge, the work reported herein

represents the first demonstration of the capacity of perifo-

sine to upregulate in vivo DR5 expression in tumor vascu-

lature. These findings are relevant in view of future clinical

studies using membrane-bound TRAIL since perifosine

might be used to rescue patients with primary or acquired

resistance due to the lack of DR5 expression in tumor

vasculature.
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