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Abstract Tumor endothelial cells (TEC) differ from the

normal counterpart, in both gene expression and func-

tionality. TEC may acquire drug resistance, a characteristic

that is maintained in vitro. There is evidence that TEC are

more resistant to chemotherapeutic drugs, substrates of

ATP-binding cassette (ABC) transporters. TEC express

p-glycoprotein (encoded by ABCB1), while no difference

in other ABC transporters was revealed compared to nor-

mal endothelia. A class of tyrosine kinase inhibitors (TKI),

used as angiostatic compounds, interferes with the ATPase

activity of p-glycoprotein, thus impairing its functionality.

The exposure of ovarian adenocarcinoma TEC to the TKIs

sunitinib or sorafenib was found to abrogate resistance

(proliferation and motility) to doxorubicin and paclitaxel

in vitro, increasing intracellular drug accumulation. A

similar effect has been reported by the p-glycoprotein

inhibitor verapamil. No beneficial effect was observed in

combination with cytotoxic drugs that are not p-glycopro-

tein substrates. The current paper reviews the mechanisms

of TEC chemoresistance and shows the role of p-glyco-

protein in mediating such resistance. Inhibition of p-gly-

coprotein by anti-angiogenic TKI might contribute to the

beneficial effect of these small molecules, when combined

with chemotherapy, in counteracting acquired drug

resistance.
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Introduction

Chemoresistance is the main limitation to cancer treatment.

Almost all the work on this phenomenon has been

restricted to tumor cells. Recent studies have shown the

relevant role of the tumor microenvironment in acquired

drug resistance [1–3]. Proficient delivery of chemothera-

peutic drugs to a solid tumor, and thus eradication of

cancer cells, relies on drug uptake across the tumor vessels.

Tumor vasculature differs from the normal vascular bed; it

comprises irregular, dilated, leaky and dead-end-containing

vessels, which cause high tumor interstitial fluid pressure

and are responsible for a low and heterogeneous blood flow

in tumor tissue [4]. Thus, the vessel structure is the first

barrier to an efficient delivery of drugs to the tumor par-

enchyma [5]. Recent studies demonstrate the acquisition of

drug resistance by the tumor endothelium, which represents

another hurdle to cancer therapy [6].

In this study, we will discuss a mechanism of

chemoresistance in tumor endothelial cells and the poten-

tial role of therapeutic intervention that can be exploited to

ameliorate drug response.

Tumor endothelial cells acquire drug resistance

Endothelial cells from tumor blood vessels (TEC) differ

from endothelial cells in normal tissues. We and others

have shown that TEC display altered phenotypic and

functional features [7–11], which reflect alterations at

transcriptional level [12–15].

Raffaella Giavazzi and Carmen Ghilardi have contributed equally.

& Raffaella Giavazzi

raffaella.giavazzi@marionegri.it

1 Laboratory of Biology and Treatment of Metastasis, IRCCS-

Mario Negri Institute for Pharmacological Research, via G.

La Masa 19, 20156 Milan, Italy

123

Angiogenesis (2017) 20:233–241

DOI 10.1007/s10456-017-9549-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-017-9549-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-017-9549-6&amp;domain=pdf


Among key functional characteristics, TEC show

reduced sensitivity to certain chemotherapeutic drugs

compared to normal endothelia. For example, renal carci-

noma endothelial cells are resistant to vincristine, likewise

breast cancer [16, 17] and hepatocellular carcinoma

endothelium to doxorubicin and 5-fluorouracil [18].

In agreement with those reports, we demonstrate that

endothelial cells from human ovarian carcinoma (HOC–

EC) are less sensitive than normal endothelium (HUVEC)

to paclitaxel (Fig. 1a), doxorubicin (Fig. 1b) and vin-

cristine (not shown), in terms of proliferative and migrative

capabilities, two fundamental functions for the growth and

remodeling of the tumor vasculature.

ABCB1 is overexpressed in TEC and mediates

chemoresistance

Investigating themechanisms of increased resistance, we put

to use our previous results that demonstrated ATP-binding

cassette (ABC) transporters familymembers, responsible for

the removal of drugs from cells, to be among the genes

overexpressed by tumor versus normal endothelium [15].

ABC transporters are energy-dependent plasma membrane

glycoproteins that pump substrates against a chemical gra-

dient, a process that requires ATP hydrolysis as a driving

force. Thus, we measured the uptake of Hoechst 33342,

rodhamine-123 (not shown) and doxorubicin and found

reduced intracellular accumulation inHOC–EC compared to

HUVEC, reflecting increased transporter activity (Fig. 1c).

We thus investigated the expression of those trans-

porters considered responsible for the efflux of

chemotherapeutics and decreased therapeutic efficacy. The

group includes ABCB1 (known as p-glycoprotein) one of

the best-studied ABC transporters, ABCC1 (also known as

MRP1), ABCC2 (or MRP2) and ABCG2 (also called

BCRP). They extrude a wide variety of hydrophobic

compounds including doxorubicin, vinblastine and pacli-

taxel. When highly expressed in the plasma membrane of

tumor cells, they protect cancer cells from the cytotoxic

drugs, resulting in chemotherapy failure [19].

Here we demonstrate that p-glycoprotein, but not

ABCC1, ABCC2 or ABCG2, is expressed at higher levels

in HOC–EC than in HUVEC (Fig. 1d). Protein analysis

confirmed the high levels of p-glycoprotein by HOC–EC,

while no expression was detected in HUVEC (Fig. 1e).

This feature is a novel finding for ovarian adenocarcinoma

and suggests that increased drug extrusion by the intratu-

mor endothelium is mediated by p-glycoprotein. The rel-

evance of the data obtained ex vivo is supported by

immunohistochemistry on human tissue specimens. P-gly-

coprotein has been shown associated with neovasculature

of brain malignancies, nephroblastoma and ependymomas,

where it presented a luminal localization to efficiently

mediate the polarized efflux of drugs to the blood [20–22].

Moreover, p-glycoprotein expression by intratumor

endothelium, but not by cancer cells, correlated with the

unfavorable outcome [20]. Overexpression of p-glycopro-

tein by TEC might depend on the in vivo continuous

stimulation of endothelial cells by the tumor microenvi-

ronment and cancer cells. Indeed, tumor cell-conditioned

medium, containing angiogenic growth factors, up-regu-

lated p-glycoprotein on mouse TEC isolated from a human

melanoma xenograft [23].

P-glycoprotein is physiologically present in endothelium

of the brain, testis and placental vasculature, likely func-

tioning as protection from circulating toxic agents [24]. In

intratumor vessels, it might contribute to create a ‘‘blood-

tumor barrier’’, interfering with the delivery of

chemotherapy to neoplastic cells. It is reasonable to spec-

ulate that this can contribute to the first line of resistance to

treatments, the efficacy of which is then further impaired

by drug resistance of cancer cells.

Inhibition of p-glycoprotein restores

chemosensitivity

To verify whether p-glycoprotein functionally mediates the

chemoresistance of HOC–EC, the drug sensitivity was

investigated in presence of the p-glycoprotein blocker

verapamil [25]. Verapamil enhanced the HOC–EC intra-

cellular accumulation of doxorubicin (as described for

p-glycoprotein proficient cancer cells), while it did not

affect HUVEC (Fig. 2a). Accordingly, treatment of HOC–

EC with verapamil increased doxorubicin (Fig. 3a, left

panel) and vincristine (not shown) cytotoxicity, while no

effect was observed in HUVEC (Fig. 3a right panel). At the

same extent, verapamil improved the activity of paclitaxel

on both proliferation and migration of HOC–EC (Fig. 3b).

cFig. 1 HOC–EC are resistant to chemotherapy by up-regulation of

p-glycoprotein. a, b Responsiveness of tumor and normal endothelial

cells to chemotherapeutics. HOC–EC and HUVEC were exposed to

increasing doses of paclitaxel and doxorubicin for the duration of the

assays (72 h for proliferation and 4 h for migration). Proliferation and

motility are expressed as percentage of control (in the absence of

chemotherapeutic drugs). Data are representative of at least three

independent experiments. c Doxorubicin uptake in tumor and normal

endothelial cells. Intracellular concentration of doxorubicin in HOC–

EC and HUVEC was measured by fluorescence after 3-h exposure.

d Expression of ABC transporters by tumor and normal endothelial

cells. ABCB1 (MDR1), ABCC1 (MRP1), ABCC2 (MRP2) and

ABCG2 (BCRP) expression was assayed by RT-qPCR. The box plots

show the DCt values of HOC–EC (N = 11) and HUVEC (N = 5): the

lower DCt corresponds to the higher expression. e Expression of

p-glycoprotein by tumor and normal endothelial cells. Western blot

detection of p-glycoprotein in HOC–EC and HUVEC lysates. Tubulin

was used as internal control. P\ 0.05 (*), P\ 0.01 (**), P\ 0.001

(***) P\ 0.0001 (****)
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The use of verapamil in clinic is limited by its toxicity.

Effort is being made to identify selective inhibitors for

ABC transporters.

Tyrosine kinase inhibitors as p-glycoprotein

inhibitors

The tyrosine kinase inhibitors (TKI) are small molecules

designed to arrest signaling pathways and block the phos-

phorylation of intracellular targets by competing with ATP

at the active site of several tyrosine kinases. Sorafenib

(NexavarTM), sunitinib (SutentTM), vandetanib (Caprel-

saTM) and cediranib (ZemfirzaTM) that primarily target

VEGF receptors (mainly VEGFR2) at various affinities are

TKI that have shown clinical efficacy as angiogenesis

inhibitors [26].

Interestingly, these TKI have been reported to interfere

with the ATPase activity of p-glycoprotein. By using

cancer cells resistant to chemotherapy (p-glycoprotein

overexpressing cells), sunitinib has been shown to enhance

the cytotoxicity of doxorubicin and vincristine in gastric

cancer cells [27], cediranib to enhance responsiveness of

oral epidermoid carcinoma and breast carcinoma cells to

doxorubicin and/or vincristine [28] and vandetanib to

antagonize doxorubicin and docetaxel in breast [29] and

ovarian cancer cells [30]. None of these TKI was able to

modulate p-glycoprotein transcript and protein expression

in cancer cells. Instead, they were capable of interfering

with the ATPase activity and as a consequence of inhibit-

ing the function of p-glycoprotein, allowing the accumu-

lation of the transporter substrates (like rodhamine-123)

[27–30].

No data are available on the effect of TKI on ‘‘natu-

rally’’ chemoresistant endothelium. Here, we show that

sorafenib and sunitinib increased intracellular accumula-

tion of doxorubicin in p-glycoprotein proficient HOC–EC

in a dose dependent manner, demonstrating a functional

inhibition of the transporter (Fig. 2).

TKI reverse tumor endothelial cell multidrug

resistance

The above observation allowed us to hypothesize that the

anti-angiogenic activity of the TKI might be potentiated by

the inhibition of p-glycoprotein activity that sensitizes TEC

to cytotoxic agents. We tested whether sunitinib and sor-

afenib could ameliorate HOC–EC sensitivity to

chemotherapy. To exclude a direct effect of TKI, the

concentrations that ‘‘per se’’ do not affect endothelial cells

proliferation and migration were used. The addition of

sorafenib or sunitinib (not shown) to doxorubicin signifi-

cantly impaired HOC–EC proliferation, while neither one

affected HUVEC (Fig. 3a) as happened with verapamil.

Similarly, sorafenib and sunitinib potentiated paclitaxel

efficacy on both proliferation and migration of HOC–EC

(Fig. 3b). The addition of TKI did not significantly alter the

efficacy of cisplatin on HOC–EC (Fig. 3c) nor on HUVEC

(not shown). Altogether our results indicate that anti-an-

giogenic TKI directly affect HOC–EC p-glycoprotein

activity, resulting in improved cytotoxicity by chemother-

apy, evident only when substrates of p-glycoprotein were

used.

To translate the in vitro observation to an in vivo pre-

clinical setting, the activity of chemotherapy in combina-

tion with a TKI was tested on A2780-1A9 ovarian cancer

xenograft, which does not express p-glycoprotein on tumor

cells. A2780-1A9 xenograft is equally responsive to a

single bolus of doxorubicin, cisplatin or paclitaxel (T/C 42,

39, 50%, respectively) (Fig. 3d) and, as previously shown

[31] to 5 days treatment with vandetanib (T/C 47%). Co-

administration of vandetanib with doxorubicin or paclitaxel

A

B

C

Fig. 2 TKI increase HOC–EC intracellular doxorubicin concentra-

tion. HOC–EC and HUVEC were incubated with 10 lM doxorubicin

in the absence or presence of verapamil (a), sorafenib (b) or sunitinib
(c). Cells were lysed and fluorescence quantified by a plate reader.

Data are representative of three independent experiments
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significantly inhibited tumor growth (T/C 9 and 7%,

respectively) compared to the single treatments (Fig. 3d).

Conversely, the addition of vandetanib to cisplatin did not

significantly increase antitumor efficacy (T/C 31%), thus

endorsing the in vitro results on the role of p-glycoprotein

in tumor endothelium drug resistance. This result is

A

B

C D

Fig. 3 TKI enhance HOC–EC responsiveness to doxorubicin, pacli-

taxel but not cisplatin. a–c In vitro responsiveness of TEC to

chemotherapeutics. HOC–EC or HUVEC were exposed to increasing

doses of doxorubicin (a), paclitaxel (b) or cisplatin (c) for the duration
of the assays (72 h for proliferation and 4 h for migration).

Verapamil, sorafenib or sunitinib at the indicated concentrations

were added 2 h earlier. Proliferation and motility are expressed as

percentage of control (in the absence of chemotherapeutic drugs).

Data are representative of at least three independent experiments. d In

vivo tumor growth inhibition. A2780-1A9 ovarian cancer cells

(10 9 106) were transplanted subcutaneously in nude mice that were

randomized to treatments at tumor volume of 150 mm3 (eight mice

per group). Vandetanib was administered p.o. at a dose of 50 mg/kg

for 5 days. Doxorubicin (8 mg/kg), paclitaxel (20 mg/kg) or cisplatin

(5 mg/kg) were administered i.v. as a single bolus (arrowhead).

Response is shown as tumor volume over time. P\ 0.05 (*),

P\ 0.01 (**), P\ 0.001 (***)
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corroborated by studies on a melanoma xenograft model,

showing that murine TEC also express high levels of

p-glycoprotein and are resistant to paclitaxel. Verapamil

restored the effect of paclitaxel on TEC proliferation

in vitro [23] and in vivo increased the antitumor effect of

paclitaxel, but not of 5-fluorouracil [32].

Conclusion and future perspective

Increasing evidence suggests that TEC are the first line of

tumor chemoresistance. Up-regulation of p-glycoprotein is

a mechanism that influences drug response. Our data,

together with published reports, suggest that the anti-an-

giogenic TKI, such as sunitinib, sorafenib and vandetanib,

act as p-glycoprotein inhibitors.

We propose that the TKI exert the anti-angiogenic effect on

tumor endothelium by two complementary mechanisms. As

exemplified in Fig. 4, TKI (1) directly inhibit the angiogenic

factors-driven signaling pathways needed for growth and main-

tenance of tumor vessels and (2) sensitize tumor endothelium to

chemotherapeutics, by inhibiting p-glycoprotein. The antitumor

outcome might be amplified by a direct inhibitory effect of TKI

on p-glycoprotein expressing tumor cells.

TEC have been shown to be resistant not only to

p-glycoprotein substrate drugs, but also to other

chemotherapy. Human hepatocellular-derived endothelial

cells have been described resistant to 5-fluorouracil [18]

and we found that HOC–EC are poorly responsive to cis-

platin. All these drugs are not ABC transporter substrates,

suggesting that other mechanisms are involved.

In conclusion, we highlight the contribution of tumor

vasculature to drug resistance and show a distinctive

mechanism helping to explain the beneficial effect of anti-

angiogenic TKI combined with chemotherapy.

Fig. 4 Dual targeting of tumor vasculature by anti-angiogenic TKI.

In a tumor environment, TKI exert a dual effect on TEC: (1) by

inhibiting the signal transduction pathway of its targets, the TKI

reduce the capacity of TEC to react to pro-angiogenic stimuli (direct

anti-angiogenic effect), (2) by inhibiting the activity of the TEC

p-glycoprotein, the TKI enhance the ‘‘toxic’’ effect of chemothera-

peutics that are substrate of the pump (revert TEC drug resistance)

with a net amplified effect on the responsiveness to the combined

treatment
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Materials and methods

Isolation, culture and characterization of endothelial

cells from human tissues

HOC–EC were isolated (as described in [33, 34]) from

neoplastic tissues of patients undergoing therapeutic sur-

gery, with their full informed consent [10]. Primary cul-

tures of human umbilical vein endothelial cells [HUVECs]

were isolated from umbilical cord veins [35] and grown as

described [36]. Cells were used between the third and fifth

passage.

For experimental purposes, endothelial cells were ana-

lyzed in the presence of an ‘‘angiogenic milieu’’ reconsti-

tuted in vitro, mimicking the ‘‘in vivo’’ rich environment,

namely human recombinant vascular endothelial growth

factor (VEGF; 10 ng/ml), fibroblast growth factor-2 (FGF-

2; 2 ng/ml) and epidermal growth factor (EGF; 10 ng/ml)

[10, 15].

Quantitative real-time PCR (RT-qPCR)

One microgram of total RNA was reverse-transcribed using

the High-Capacity cDNA Reverse Transcription Kit and

Random Hexamer primers (Applied Biosystems) according

to the manufacturer’s protocols. RT-qPCR reactions were

done in duplicate on the 7900HT Fast Real-Time PCR

System (Applied Biosystems). Specific TaqMan� Gene

Expression Assays were purchased from Applied Biosys-

tems and Integrated DNA Technologies (IDT). Target

expression was normalized to the human 18s rRNA

for each endothelial cell population (DCt = Ct target gene-

Ct 18s).

Western blot analysis

Proteins were separated by 6% SDS–polyacrylamide gel

electrophoresis, transferred to nitrocellulose membranes

(Millipore) and incubated for 1 h at room temperature in

blocking buffer containing 5% dry fat milk and 0.1% Tween

20 in PBS. The membranes were probed with anti MDR-1

(1:200, Santa Cruz Biotechnology) or antia-tubulin (1:1000,
Sigma-Aldrich) antibody overnight at 4 �C. Antibody

binding was detected with anti-mouse IgG-HRP (1:10,000,

Sigma-Aldrich) for 45 min at room temperature. The signals

were detected with ECL prime (GE-Healthcare).

Proliferation assay

Proliferation was measured using the CellTiter 96� AQu-

eous Non-Radioactive Cell Proliferation Assay (Promega).

Briefly, 2 9 103 HOC–EC or HUVEC were plated into

96-well plates and placed at 37 �C in 5% CO2. After 24 h,

drugs were added to the cells and incubated for 72 h. For

the combination experiments, verapamil, sorafenib or

sunitinib were added 2 h before chemotherapy (doxoru-

bicin, paclitaxel and cisplatin). Doses are given in the

figure legends. At the end of the experiment, MTS solution

was added to each well and incubated for 3 h at 37 �C in

5% CO2. Plates were thoroughly shaken, and the absor-

bance at 490 nm was recorded with the microplate reader

(Infinite� 200, Tecan).

Motility assay

Chemotaxis was assessed using Boyden chambers and

gelatin-coated polycarbonate nucleopore filters (8-lm pore

size) [36]. The supernatant of NIH-3T3 cells was used as

the attractant. Cells were resuspended in Dulbecco’s

modified Eagle’s medium/0.1% BSA and added to the

upper compartment of the chamber (30,000 cells/well).

Paclitaxel, sorafenib, sunitinib and verapamil at the indi-

cated concentration were added to the cells and incubated

throughout the assay (4 h). At the end of incubation, filters

were stained with Diff-Quik (Siemens Healthcare) and the

migrated cells counted in ten high-power fields.

Doxorubicin uptake assay

Cells were seeded in 96-well plates (7000 cells/well) and

let to adhere overnight. Cells were incubated with 10 lM
doxorubicin for 3 h at 37 �C, then washed with PBS (4 �C)
and lysed in 10% Triton X-100. The concentrations of

doxorubicin in each sample were determined by fluores-

cence spectrofluorometry (kem = 590 nm) (Infinite�200,

TECAN). Cells were pre-treated with verapamil, sorafenib

or sunitinib at the indicated concentrations for 1 h and

incubated with 10 lM doxorubicin for 3 h.

In vivo experiment

Six- to 8-week-old female NCr-nu/nu mice were obtained

from Harlan Laboratories. They were maintained under

specific pathogen-free conditions, housed in isolated ven-

ted cages and handled using aseptic procedures. Procedures

involving animals and their care were conducted in con-

formity with institutional guidelines that comply with

national (Legislative Decree 26, March 4, 2014) and

international (EEC Council Directive 2010/63) laws and

policies, in line with guidelines for the welfare and use of

animals in cancer research [37]. A2780-1A9 human ovar-

ian carcinoma cells (10 9 106) were implanted subcuta-

neously [31]. Tumor growth was measured with a caliper

and tumor volume (mm3) calculated as [length

(mm) 9 width2 (mm2)]/2. Mice were randomized (8
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mice/group) at approximately 150 mm3 of tumor volume

to receive treatments. Vandetanib (AstraZeneca) was

administered p.o. at 50 mg/kg for 5 days. Paclitaxel (PTX;

kindly provided by Indena S.p.A., Milan, Italy), doxoru-

bicin (kindly provided by Nerviano Medical Science) or

cisplatin (DDP; Sigma-Aldrich) were administered intra-

venously (i.v.) as a single bolus at a dose of 20, 8 and

5 mg/kg, respectively. Efficacy of the treatment was eval-

uated as the best tumor growth inhibition: %T/C = (me-

dian volume of treated tumors/median volume of control

tumors) 9 100.

Statistical analyses

Statistical analyses were carried out using Prism 7

(GraphPad Software). Differences among three or more

groups were analyzed by the Kruskal–Wallis test followed

by Dunn’s multiple comparison posttest). Two group

comparisons were done by Student’s t test.
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