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Abstract

The treatment response to anti-angiogenic agents varies among cancer patients and predic-

tive biomarkers are needed to identify patients with resistant cancer or guide the choice of

anti-angiogenic treatment. We present “the Cancer Angiogenesis Co-Culture (CACC)

assay”, an in vitro Functional Precision Medicine assay which enables the study of tumour-

oid induced angiogenesis. This assay can quantify the ability of a patient-derived tumouroid

to induce vascularization by measuring the induction of tube formation in a co-culture of vas-

cular cells and tumoroids established from the primary colorectal tumour or a metastasis.

Furthermore, the assay can quantify the sensitivity of patient-derived tumoroids to anti-

angiogenic therapies. We observed that tube formation increased in a dose-dependent

manner upon treatment with the pro-angiogenic factor vascular endothelial growth factor A

(VEGF-A). When investigating the angiogenic potential of tumoroids from 12 patients we

found that 9 tumoroid cultures induced a significant increase in tube formation compared to

controls without tumoroids. In these 9 angiogenic tumoroid cultures the tube formation could

be abolished by treatment with one or more of the investigated anti-angiogenic agents. The

3 non-angiogenic tumoroid cultures secreted VEGF-A but we observed no correlation

between the amount of tube formation and tumoroid-secreted VEGF-A. Our data suggests

that the CACC assay recapitulates the complexity of tumour angiogenesis, and when clini-

cally verified, could prove a valuable tool to quantify sensitivity towards different anti-angio-

genic agents.

Introduction

Impaired control of angiogenesis is involved in numerous pathological conditions and is a

hallmark of cancer progression and metastasis [1–3]. Solid tumours are constantly influenced

by the distance to nearest capillary and growth beyond a diameter of 2 mm requires
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vascularization of the tumour to facilitate continuous diffusion of oxygen and nutrients [4].

This neovascularization occurs by several mechanisms including sprouting angiogenesis and

vascular co-option, where cancer cells grow along existing vessels in the peri-tumoural tissue

and integrate them in the expanding tumour [5]. Histological analyses of premalignant, non-

invasive lesions, showed that angiogenesis is an early event during the development of invasive

cancers [6]. Formation of new vessels includes endothelial cell proliferation and migration fol-

lowed by assembly into a new vascular structure, lumen formation and, finally, maturation of

the newly formed endothelial tube [5]. Neovascularization is initiated by changes in the bal-

ance between pro- and anti-angiogenic molecules in the microenvironment of the tumour [6].

The most potent pro-angiogenic factor under both physiological and pathological conditions

is vascular endothelial growth factor (VEGF)-A [7].

Colorectal cancer is the fourth leading cause of cancer-related deaths worldwide [8]. At

time of diagnosis, approximately 20% of colorectal cancer patients have synchronous metasta-

ses. In total, close to 50% develop metastases at some point during the clinical course of their

disease [9]. Treatment of metastatic colorectal cancer (mCRC) often includes chemotherapeu-

tics and a molecular targeted agent, such as an anti-angiogenic agent [10]. Anti-angiogenic

therapy can normalize the tumour vasculature by interfering with angiogenic ligands, their

receptors or their downstream signalling [11]. Normalization is obtained when the equilib-

rium between pro- and anti-angiogenic factors is restored, typically within 1–2 days after treat-

ment initiation. Effective anti-angiogenic treatment enhances the vascular circulation and

decreases the interstitial pressure of the tumour which improves the delivery of both nutrients

and chemotherapeutics [12].

The first anti-angiogenic agent to be approved by the FDA in malignancies was the ligand

trapping humanized monoclonal antibody bevacizumab [13, 14]. Bevacizumab binds to and

neutralizes all human VEGF-A isoforms and bioactive proteolytic fragments [15, 16]. A pooled

analysis from seven randomized controlled trials in mCRC showed that addition of bevacizu-

mab to a chemotherapeutic backbone increased median overall survival (OS) from 16.1 to 18.7

months (p = 0.0003) and progression free survival from 6.4 to 8.8 months (p<0.0001) [17].

Several anti-angiogenic agents have subsequently been approved for the treatment of various

malignancies, including the first-generation tyrosine kinase inhibitors (TKIs) sorafenib and

sunitinib and the second generation TKI regorafenib. Sorafenib was FDA approved for the

treatment of advanced renal cell carcinoma in 2005 and sunitinib received FDA approval for

the treatment of gastrointestinal stromal tumours and advanced renal cell carcinoma in 2006

[18, 19]. Regorafenib was approved as monotherapy in third-line treatment of mCRC after

studies showed a significant increase in OS from 5.9 months in the placebo group to 6.4

months in the regorafenib group (p = 0.0052) [20, 21]. The TKIs are pan-kinase inhibitors, but

all of them target VEGFR-2, platelet-derived growth factor receptor β (PDGFRβ) and in the

case of regorafenib and sorafenib fibroblast growth factor receptor (FGFR) [22–24].

Numerous studies have focused on Precision Medicine in order to optimize treatment,

improve outcome and avoid undesired adverse effects of ineffective treatments for each patient

[25–31]. Suggested predictive biomarkers for anti-angiogenic treatment include intratumoural

and plasma VEGF-A levels, tumour imaging, histopathological growth patterns, pro-inflam-

matory cytokines, soluble VEGF receptors, gene signatures, and polymorphisms in the

VEGF-A pathway genes. Most of these biomarkers were suggested on the basis of results from

small patient series or retrospective data, and they all lack clinical validation [11, 32, 33].

In the effort of personalizing anti-angiogenic treatment an in vitro sensitivity test could be

an alternative to the aforementioned predictive biomarkers. Accordingly, tumour cells from

the individual patient could be introduced into an in vitro angiogenesis assay and evaluated for

their angiogenic potential and sensitivity to anti-angiogenic agents. Such an assay should be
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able to evaluate the combined contribution of both pro- and anti-angiogenic factors secreted

by the tumour [34, 35].

In this study we present our novel Cancer Angiogenesis Co-Culture (CACC) Assay (Fig 1).

The assay is a modification of the organotypic co-culture assay of angiogenesis developed by

Bishop et al. in which human umbilical vein endothelial cells (HUVECs) are co-cultured with

juvenile foreskin fibroblasts for 14 days, during which time the endothelial cells (ECs) formes

luminal tubules resembling capillaries in vivo [36]. The assay recapitulates the key aspects of

angiogenesis such as extension of sprouts, branching of existing structures, migration by cord

tip cells and tubulogenesis [36–38]. The assay modifications presented in this study have

allowed for co-culture of fibroblasts, vascular cells, and tumoroids established from primary

colorectal tumours or metastases and thereby enabled the study of tumour induced

angiogenesis.

Materials and methods

Culture of cell lines

Primary HUVECs were obtained from Lonza (Basel, Switzerland) and cultured in endothelial

cell growth medium-2 (EGM-2). EGM-2 medium consisted of endothelial basal medium

(EBM) supplemented with EGM-2 SigleQuot (Lonza) or SupplementPack (PromoCell,

Fig 1. Overview of the cancer angiogenesis co-culture (CACC) assay. (DAY 5) HUVECs were seeded on a confluent layer of NHDFs. (DAY 7) Following two

days of HUVEC-NHDF co-culture tumoroids/human recombinant VEGF-A165 (VEGF)/anti-angiogenic treatments were introduced to the assay in a 1:4

dilution of GFR Matrigel. (DAY 11) Samples were fixed and stained with the endothelial marker PECAM-1 to visualize tubes.

https://doi.org/10.1371/journal.pone.0253258.g001
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Heidelberg, Germany) containing 2% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO,

USA), endothelial growth factor (EGF), insulin-like growth factor (IGF), human fibroblast

growth factor 2 (bFGF), heparin, ascorbic acid, hydrocortisone, gentamicin, and amphoteri-

cin-B. EBM was either provided from Lonza, PromoCell or mixed by adding 1% fatty acid free

(FAF) bovine albumin serum (BSA; Sigma-Aldrich) to Dulbecco’s modified eagles medium

(DMEM)/F12 (Thermo Fisher Scientific, Waltham, MA, USA). Prior to HUVEC seeding, the

culture flasks were coated with 10 μg/ml fibronectin (Sigma-Aldrich) in phosphate-buffered

saline (PBS; Sigma-Aldrich) for 1h at room temperature (RT). Primary adult normal human

dermal fibroblasts (NHDFs; Batch A: Lonza, Batch B: PromoCell) and the colon cancer cell

line SW480 were cultured in DMEM (Sigma-Aldrich) with 10% FBS supplemented with 100

U/ml penicillin and 100 μg/ml streptomycin (P/S; Sigma-Aldrich). HUVEC and NHDF were

passaged every 2–3 days with split ratios 1:4–6. For experiments HUVEC cells were used in

passage 6–8 and NHDF in passage 8–10. All cell lines were cultured at 37˚C in a humidified

atmosphere with 5% CO2.

Preparation of a VEGF-expressing SW480 cancer cell line

A VEGF-expressing SW480 cell line was generated by lentiviral transduction. Human

VEGF-A165 (VEGF) was cloned into the lentiviral expression vector pLVX-Puro (Takara Bio,

Gothenburg, Sweden). The expression vector was co-transfected with pMD2.G (AddGene,

Watertown, MA, USA) and psPAX2 (AddGene) into Lenti-X™ 293T packaging cells (Takara

Bio) using PEI (Sigma Aldrich) at a final concentration of 1uM. The produced virus particles

were harvested 48 and 72hrs post transfection and filtered through a 0.4um filter. The SW480

cells were transduced with the produced viruses and a stable population of VEGF expressing

cells was isolated by selection with puromycin (2ug/ml for 48h, Thermo Fisher Scientific).

Secretion of angiogenic factors from cancer cell lines and tumoroids

The concentration of VEGF-A, bFGF and PDGF-BB was directly measured in culture super-

natants using enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer’s

recommendations. For cell line measurements R&D Systems (Minneapolis, MN, USA) and for

tumoroids Thermo Fisher Scientific (VEGF and bFGF) and R&D Systems (PDGF-BB).

Tumoroids were cultured in the CACC assay and supernatants collected on day 11. VEGF-

expressing SW480 cells (SW480-V) and the parental line were cultured to confluence and

allowed to condition the cell media for 48h. VEGF secretion was also examined qualitatively

by immunofluorescence microscopy. Briefly, cells were fixed with 4% paraformaldehyde for 15

min and permeabilized with 0.5% Triton X-100 for 5 min. Cells were incubated with VEGF

antibody (R&D systems) for 1h, followed by secondary Alexa-488 conjugated goat anti-mouse

antibody (Invitrogen Carlsbad, CA, USA) for 45 min. Accordingly, the cells were incubated

with DAPI for 5 min and mounted in Mowiol (Sigma-Aldrich) containing 2.5% 1,4-diazabicy-

clo[2.2.2]octane (DABCO) as an anti-bleaching agent. Images were obtained using a Leica

SP5-AOBS confocal laser scanning microscope attached to a Leica DM I6000 inverted epi-

fluorescence microscope.

Formation of cell line spheroids

SW480 and SW480-V cells (1.5 x 105 cells) were suspended in 3 ml of complete DMEM

medium and mixed with 1.5 ml of a sterile suspension of methylcellulose (2.4% in DMEM).

The suspended cells were dispensed in drops of 30 μl onto the lids of 10 cm culture dishes

which were inverted in a humidified incubator for seven days. Subsequently, spheroids were

harvested by suspension in PBS and gentle centrifugation at 160 x g for 90s. Next, the
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spheroids were resuspended in an ice-cold mixture of 30% Geltrex (Thermo Fisher Scientific)

in complete EGM-2 medium (Lonza), for addition to the CACC assay. To visualize vessel for-

mation the cells were fixed and stained with human anti-PECAM-1 antibody (R&D systems)

in 1% BSA (Sigma-Aldrich) in PBS (1h, 37˚C), followed by Alkaline phosphatase-conjugated

secondary antibody (Novus Biologicals, Littleton, CO, USA) diluted in 1% BSA in PBS (1h,

37˚C) and treated with the substrate SigmaFAST BCIP/NBT (5-bromo-4-chloro-3-indolyl

phosphate/nitro blue tetrazolium; Sigma-Aldrich) for 15–30 min at 37˚C. Tubes were imaged

by widefield light microscopy.

Patient samples

Fresh tumour tissue was obtained from either surgically resected colonic tumours and liver

metastases before routine histological processing of the specimen or by ultrasound-guided

needle biopsies. The study protocols were approved by the Regional Committee on Health

Research Ethics—Capital Region of Denmark (protocol no. H-1-2011-125 and H-16031106)

and informed consent was obtained from all patients. Samples from primary tumours were

collected at Bispebjerg Hospital, Denmark and samples from liver metastases were collected at

Rigshospitalet, Denmark. Tumour tissue was placed in cold PBS supplemented with 2.5 μg/ml

amphotericin B (Sigma-Aldrich) and antibiotics (500 U/ml and 500 μg/ml P/S and 100 μg/ml

gentamicin (Sigma-Aldrich)) and subsequently transported to the laboratory on ice. For each

patient age, gender, and TNM stage were recorded.

Establishment of patients-derived tumoroids

Patient-derived tumoroids were established as described by Jeppesen et al. [39] with minor

modifications. In short, freshly resected tumour samples of 0.01–1 g were divided into 1

mm3 pieces and digested for 20 min at 37˚C with 1 mg/ml collagenase type II (Thermo

Fisher Scientific) diluted in STEM medium. Subsequently, the tissue suspension was

sequentially filtered through a 70 μm cell strainer (VWR, Soeborg, Denmark) and a 30 μm

pre-separation filter (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). Tissue

retained by the 70 μm filter was collected and redigested for 10 min at 37˚C and passed

through the filters again. This step was repeated until all tissue could pass through the

70 μm filter. Retained tumour fragments (30–70 μm) were seeded in STEM cell medium in

petri dishes coated with 1.5% agarose (Sigma-Aldrich) and cultured at 37˚C in a 5% CO2

humidified incubator. After 3–5 days the tissue fractions which had densified into rounded

tumoroids with smooth surfaces could be collected for further culture. Tumoroids estab-

lished from colonic tumours were denoted C after the patient number and tumoroids from

liver metastases were denoted L.

Propagation and culture of patients-derived tumoroids

To increase the size and number of tumoroids per patient, tumoroids sized 30–70 μm were

seeded in drops of 50 μl Matrigel matrix (VWR) diluted 1:2 with STEM cell medium in a

24-well dish. Following solidification (30 min, 37˚C), in a 5% CO2 humidified incubator, 1 ml

STEM cell medium was added to each well. After an average of 2 weeks, with intermediate

medium change, the tumoroids exceeding 200 μm in size could be collected for experiments

with a 200 μm pluristrainer (PluriSelect, Leipzig, Germany). Tumoroids used in this study

were thawed from the 2cureX tumoroid biobank and cultured as described above before

experiments.
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Cancer angiogenesis co-culture assay

In the original co-culture assay of angiogenesis, established by Bishop et al. [36] and later mod-

ified by Mavria and colleagues [40], endothelial cells (HUVECs) are cultured in EGM-2

medium in co-culture with fibroblasts. Under these conditions the HUVECs form tube-like

structures within the layers of fibroblasts and extra cellular matrix [36, 37, 40]. The Cancer

Angiogenesis Co-Culture (CACC) Assay established for our studies follow the same procedure

until day 7 after which the culture condition has been modified, since patient-derived tumor-

oids dissociate when cultured in EGM-2 medium. In short, NHDF were seeded in EGM-2

medium in 24-well plates at a density of 1.5–1.75x104 cells/well (batch and passage dependent

density) and allowed to grow to confluence over five days with intermediate medium change.

On day 5 the HUVEC cells were seeded onto the confluent layer of NHDF in EGM-2 medium

at a density of 1.5x104 cells/well. After two days of HUVEC-NHDF co-culture (day 7) tumor-

oids were introduced to the assay (Fig 1). The tumoroids were isolated from the culture plates

by gentle pipetting with cut-off P-1000 tips followed by filtration through a 400 μm and a

200 μm pluristrainer filter (PluriSelect). The 200–400 μm fraction of tumoroids were sus-

pended in PBS and allowed to sediment without centrifugation. Subsequently, for each well 75

tumoroids were resuspended in 250 μl ice-cold matrix solution: Growth factor reduced (GFR)

Matrigel (VWR) diluted 1:4 with reduced F12 medium (R-F12) consisting of DMEM/F12, 5%

FBS, 0.45% BSA, 0.5% FAF BSA, 0.1 mM 2-mercaptoethanol, 100 U/ml and 100 μg/ml P/S,

50 μg/ml gentamicin, and 2.5 μg/ml amphotericin B. The tumoroid solution was carefully dis-

tributed on top of the HUVEC-NHDF co-culture and incubated at 37˚C for 30 min to ensure

solidification of the matrix solution. Subsequently, 250 μl R-F12 medium ± treatment com-

pounds were gently added on top of the matrix. Medium ± treatment was changed on day 9,

and on day 11 the cells were fixed in 10% neutral buffered formalin containing 4% formalde-

hyde solution (Hounisen, Skanderborg, Denmark) for 2.5h at 4˚C with intermediate change of

formalin after 30 min. To quantify vessel formation the cells were stained with human anti-

PECAM-1 antibody (R&D systems) diluted in 1% BSA in PBS (1h, 37˚C) followed by Alexa

Fluor 488 goat anti-mouse secondary antibody (Invitrogen, 1:500 in 1% BSA in PBS) for 1h at

37˚C and counterstained with Hoechst (Sigma, 5 μM in PBS) for 5 min at RT. Treatment com-

pounds included VEGF-A165, bevacizumab, regorafenib (Selleck Chemicals, Houston, TX,

USA), sorafenib (Selleck Chemicals), and sunitinib (Selleck Chemicals). Each experiment

included positive controls obtained by treatment with 10 ng/ml VEGF-A165. Microscope

images (5x objective) of the wells were obtained with Cellomics Array Scanner VTI and a mini-

mum of 8 representative images per sample were analysed with the proprietary BioSense Solu-

tions and 2cureX tube algorithm.

Detection of cell death in the CACC assay

To investigate the induction of cell death upon treatment with anti-angiogenic compounds the

fixed culture was stained with human/mouse active caspase-3 antibody (R&D systems) together

with human anti-PECAM-1 antibody (R&D systems) diluted with 1% BSA and 1% goat serum in

PBS (1h, 37˚C), followed by the secondary antibodies Alexa Fluor 488 goat anti-mouse (1:500)

and Alexa Flour 546 Goat anti-Rabbit (Invitrogen) for 1h at 37˚C. Subsequently, the samples were

counterstained with Hoechst (5 min, RT, 5 μM in PBS). Positive controls were obtained by treat-

ment with 1 μM staurosporine (Sigma-Aldrich) for 6h prior fixation. Microscope images (10x

objective) were obtained with Cellomics Array Scanner VTI and a minimum of 10 representative

images per sample were quantified with a proprietary 2cureX algorithm. The expression of active

caspase-3 was investigated in areas covered with HUVEC cells (Active casp-3 masked Pecam-1)

and in the entire well, including areas only covered by NHDFs (total casp-3 activation).
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Statistical analysis

Data are presented as mean ± standard deviation (SD) or standard error of the mean (SEM)

and analysed by two-tailed unequal variance t-test using Excel (Microsoft, Seattle, CA, USA).

P-values less than 0.05 were considered statistically significant.

Results

VEGF treatment increased tube formation in the CACC assay

To verify that the HUVECs retained the ability to form tubes and be stimulated by pro-angio-

genic factors in the modified culture conditions, we treated with increasing concentrations of

VEGF-A. In the untreated controls HUVECs grew in short tubes with only few branches and

covered less than 10% of the investigated area (Fig 2A). VEGF-A treatment resulted in a dose-

dependent induction of tube formation. Accordingly, addition of 10 ng/ml VEGF-A induced a

two-fold increase in tube area compared to the untreated control (Fig 2B). Treatment with

VEGF-A also increased branching.

VEGF-induced tube formation was inhibited by anti-angiogenic

compounds

Treatment with known anti-angiogenic inhibitors resulted in a significant inhibition of tube

formation at concentrations from 10 ng/ml bevacizumab (p<0.05), 25 nM regorafenib

(p<0.05), 10 nM sorafenib (p<0.001), and 10 nM sunitinib (p<0.01) when compared with

VEGF-A treated samples (3.75 ng/ml VEGF-A165 without anti-angiogenic compounds) (Fig

3A–3C). 3.75 ng/ml VEGF resembled the level observed in the tumoroid cultures with the

highest amount of VEGF-secretion (patient 11-L and 12-L, Fig 5A). In addition, we found that

concentrations from 50 nM sorafenib (p<0.005) and 25 nM sunitinib (p<0.05) resulted in a

significant inhibition of tube formation when compared with vehicle treated controls (no

VEGF-A).

Tube formation concentrated around VEGF secreting spheroids

To investigate if angiogenic factors secreted from cancer cells grown in co-culture with

HUVEC cells affect tube formation we transduced the colon cancer cell line SW480 with

Human VEGF-A165 (Fig 4). Microscopic imaging of VEGF stained cell monolayers revealed

no detectable VEGF in the non-transduced cells (SW480). In contrast, the VEGF transduced

SW480 cells (SW480-V) contained VEGF-positive vesicles and a diffuse pattern of VEGF

staining beneath the cells was observed (Fig 4A). The SW480-V cells secreted almost 10 times

more VEGF than the parental SW480 as determined by ELISA (Fig 4B). Finally, in the

co-cultures we found that tube formation was directed towards the VEGF secreting spheroids

(Fig 4C).

Sphere size affects the level of accessible oxygen throughout the sphere and thereby also the

level of the vegfa transcription factor hypoxia-inducible factor α (HIF α) [41–43]. We investi-

gated the correlation between tumoroid diameter and VEGF secretion for three tumoroid cul-

tures. The results showed a 35-fold increase in average VEGF secretion between small (70-

100um) and large (200-400um) tumoroids (S1 Fig).

Patient-derived tumoroids induced tube formation

Ten different biobank cultures of large tumoroids (200–400 μm) were assessed for their ability

to induce tube formation (Table 1). We found that 7 tumoroid cultures induced a significant
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(p<0.05) increase of tube formation (Fig 5A) and these were accordingly classified as angio-

genic. Interestingly, the two cultures originating from the same patient (pt8) had similar

increases in the level of tube formation. The highest induction of tubes occurred in patient

10-L showing a 1.43-fold increase compared to the control without tumoroids (p = 0.01).

Tumoroids originating from this patient also induced a high amount of tube branching (Fig

5B) compared to the control. Tumoroids deriving from patient 5-C, 11-L and 12-L did not

result in a statistically significant increased tube formation, and such cultures were therefore

classified as non-angiogenic.

Fig 2. Dose-response curve following treatment with the pro-angiogenic VEGF-A165 (VEGF). HUVECs were seeded

on a confluent layer of NHDF on day 5 and cultured with increasing concentrations of VEGF (0–15 ng/ml) from day 7.

At the end of the experiment (day 11), the co-cultures were fixed and stained for the endothelial marker PECAM-1 to

reveal the tubes. (a-g) Representative fluorescent images (5x) obtained with the Array Scanner VTI with green overlay

from the tube algorithm of PECAM-1 positive cells following treatment with (a) 0 ng/ml VEGF (Control), (b) 2.5 ng/ml

VEGF, (c) 3.75 ng/ml VEGF, (d) 5 ng/m VEGF, (e) 7.5 ng/ml VEGF, (f) 10 ng/ml VEGF or (g) 15 ng/ml VEGF. Bar

200 μm. (h) Quantification of tube area in samples treated with increasing concentrations of VEGF. Tubes were

quantified with the BioSense Solutions and 2cureX tube algorithm. Two independent experiments were performed with

representative results displayed. Data are the average of triplicate samples ± SD.

https://doi.org/10.1371/journal.pone.0253258.g002
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Fig 3. Dose-response curves following treatment with anti-angiogenic compounds. HUVECs were seeded on a confluent layer of

NHDFs on day 5 and cultured with 3.75 ng/ml VEGF-A165 (VEGF) and increasing concentrations of the anti-angiogenic compound

from day 7. At the end of the experiment (day 11), the co-cultures were fixed and stained for the endothelial marker PECAM-1 to reveal

the tubes. Tube formation is expressed relative to a vehicle treated control. Quantification of tube area in samples treated with increasing

concentrations of (a) bevacizumab, (b) regorafenib, (c) sorafenib, and (d) sunitinib. Tubes were quantified with the BioSense Solutions

and 2cureX tube algorithm. Two individual experiments were performed for each treatment with representative results displayed. Data
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Increased tube formation did not correlate with secreted levels of

antiangiogenic factors

All tumoroids secreted a measurable amount of VEGF-A (Fig 5A). The concentrations ranged

from 0.99 ng/ml (patient 9-L) to 3.89 ng/ml (patient 12-L) with a median value of 1.76 ng/ml.

The base level of VEGF-A secreted from NHDF, HUVEC cells, and medium was less than 0.1

ng/ml in all investigated control samples. Interestingly, there was no correlation between a

high level of secreted VEGF-A and induction of tube formation.

The amount of tumoroid-secreted bFGF and PDGF-BB in the angiogenic tumoroid cul-

tures were also investigated by ELISA (S2 Fig). The bFGF concentrations ranged between 59

and 90 pg/ml, with an average of 69 pg/ml. The PDGF-BB concentrations ranged between 189

pg/ml and 302 pg/ml, with an average of 224 pg/ml. These concentrations were similar to the

control samples 80pg/ml and 203pg/ml for bFGF and PDGF-BB respectively (S2 Fig).

are the average of triplicate samples ± SD. � p<0.05 for treated samples vs. control. # p<0.05 for anti-angiogenic treated vs. VEGF

treated samples.

https://doi.org/10.1371/journal.pone.0253258.g003

Fig 4. Vessel growth is directed towards the colon cancer spheroids secreting VEGF- A (VEGF). (a) SW480 and a SW480

cell line expressing VEGF (SW480-V) were fixed and stained for VEGF (green) and nuclei (DAPI; blue) and imaged by

confocal microscopy. Bar 10μm. (b) SW480 and SW480-V cells were grown to confluence and allowed to condition fresh cell

culture medium for 48h. The medium was removed and assayed for VEGF by ELISA. Data are the average of three

independent experiments ± SEM. (c) Spheroids of SW480 and SW480-V cells were introduced into the co-culture assay of

angiogenesis. Vessels were detected by staining for PECAM-1 and imaged by widefield light microscopy. Spheroids (arrows).

Bar 250 μm.

https://doi.org/10.1371/journal.pone.0253258.g004
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Fig 5. Patient-derived tumoroids can induce increased tube formation. Tumoroids were introduced to the CACC assay on day 7. At

the end of the experiment (day 11) the co-cultures were fixed and stained for the endothelial marker PECAM-1 to reveal the tubes.

Tubes were quantified with the BioSense Solutions and 2cureX tube algorithm. (a) Left axis: Relative tube formation (RTF) for 10

patient-derived tumoroid cultures. Tube formation is expressed relative to control sample without tumoroids. Data are the average of

triplicate samples ± SD, � p<0.05 for samples with tumoroids vs. control. Right axis: Tumoroid-secreted VEGF-A (VEGF) measured in

culture medium collected from the CACC assay (day 11) and assayed for VEGF by ELISA. Data are the average of triplicate

samples ± SD. (b) Representative images (5x objective) of tube formation on day 11 following addition of tumoroids from patient 1x0-L

(high induction of tubes), patient 6-C (high to medium induction of tubes) and patient 12-L (no induction of tubes). Images were

obtained with the Array Scanner VTI and are shown with green (tubes) and red (tumoroids) overlay from the analysis algorithm. Left
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Tumoroid-induced tube formation could be inhibited by bevacizumab

After addition of 1 μg/ml bevacizumab, we found that the tumoroid-induced tube formation

in 8 of the 10 cultures was significantly reduced compared with samples containing only

tumoroids (p<0.05) (Fig 5B and 5C). In two of the cultures (4-C and 7-C) 1 μg/ml bevacizu-

mab reduced the tube formation to a level significantly lower than the control (no tumoroids,

no treatment, p<0.05), and addition of 3 μg/ml bevacizumab resulted in tube formation below

the level of the control for 7 out of 10 patients (p<0.05). For patient 11-L and 12-L a significant

reduction in tube formation was not observed after addition of bevacizumab.

Tumoroid-induced tube formation could be inhibited by regorafenib,

sorafenib, and sunitinib

Three of the patient-derived tumoroid cultures were chosen to investigate if other anti-angio-

genic compounds than bevacizumab could reduce tumoroid-induced tube formation (Fig 6).

All of the investigated TKIs induced a significant reduction in tube formation at concentra-

tions of 50 nM and above (p<0.05) when compared with the untreated tumoroid control sam-

ples. The most potent inhibitor was sorafenib, which induced a significant reduction in tube

formation even at 10 nM (p<0.05). Addition of sorafenib also resulted in tube formation

below the level of untreated controls (without tumoroids) at a concentration of 25 nM for cul-

ture 6-C (p<0.01) and 10-L (p<0.005). This was observed in all cultures for sunitinib and

regorafenib at 50 nM and 100 nM, respectively (p<0.05).

In addition to the ten tumoroid cultures from the 2cureX tumoroid biobank, we also estab-

lished two new tumoroid cultures from liver metastases biopsies (13-L and 14-L) and investi-

gated the effect of adding these cultures to the CACC assay. On average, 13-L induced a

1.55-fold increase in tube formation compared with the control without tumoroids (p<0.005),

column: Tumoroids in control medium. Right column: Tumoroids treated with 1μg/ml bevacizumab (Bev) from day 7 of the CACC

assay. Bar 200 μm. (c) Relative tube formation upon addition of patient-derived tumoroids and treatment with 1 or 3 μg/ml bevacizumab

from day 7 to 11 in the CACC assay. Tube formation is expressed relative to samples with tumoroids (no treatment). Pt: Patient � p<0.05

for samples vs. control (no tumoroids, no treatment). # p<0.05 for samples vs. tumoroids (no treatment). Data are the average of

triplicate samples ± SD.

https://doi.org/10.1371/journal.pone.0253258.g005

Table 1. Overview of patients selected for investigations with the cancer angiogenesis co-culture assay.

Patient Sample Gender Age (Year) T N M Histologic subtype

4-C Colon F 83 T2 N0 M0 Glandular

5-C Colon M 76 T3 N2 M0 Glandular

6-C Colon M 76 T3 N1 M1 Glandular

7-C Colon M 83 T3 N0 M0 Glandular

8-C Colon Biopsy F 45 T4 N2 M1 Mucinous

8-L Liver Biopsy F 45 - - - N/A

9-L Liver F 51 - - - Glandular

10-L Liver F 75 - - - Low Differentiated

11-L Liver M 77 - - - Glandular

12-L Liver M 59 - - - Glandular

13-L Liver Biopsy N/A N/A - - - N/A

14-L Liver Biopsy N/A N/A - - - N/A

Colonic tumors were classified according to the tumour (T), node (N), and metastasis (M) system. C: Colon, N/A: Not available. F: Female, L: Liver, M: Male.

https://doi.org/10.1371/journal.pone.0253258.t001
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while 14-L induced a 1.79-fold increase in tube formation (p<0.05) (Fig 7). The amount of

tube formation was investigated after addition of increasing concentrations of bevacizumab

(0.01, 0.1, and 1 μg/ml), regorafenib (10, 50, and 100 nM) and sorafenib (10, 25 and 50 nM).

Interestingly, 13-L tumoroid-induced tube formation was inhibited by less than 20% when

treated with 1 μg/ml bevacizumab while tube formation was reduced by 54% in patient 14-L at

the same drug concentration.

Fig 6. Anti-angiogenic compounds can abolish tumoroid-induced tube formation. Tumoroids were introduced to the

CACC assay on day 7 ± treatment compounds. At the end of the experiment (day 11) the co-cultures were fixed and

stained for the endothelial marker PECAM-1 to reveal tubes. The cultures were treated with increasing concentrations of

regorafenib (Reg; 10, 50 and 100 nM), sorafenib (Sor; 10, 25 and 50 nM), and sunitinib (Sun; 10, 25 and 50 nM). (a) Tube

formation was quantified with the BioSense Solutions and 2cureX tube algorithm and expressed relative to sample with

tumoroids (no treatment). Data are the average of triplicate samples ± SD, � p<0.05 for samples vs. control (no

tumoroids, no treatment). # p<0.05 for samples vs. tumoroids (no treatment). (b) Representative images (5x objective) of

tube formation on day 11 following addition of tumoroids from patient 6-C, 7-C and 10-L. Images were obtained with the

Array Scanner VTI and are shown with green (tubes) and red (tumoroids) overlay from the analysis algorithm. Bar

200 μm.

https://doi.org/10.1371/journal.pone.0253258.g006
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Inhibition of tube formation was not driven by endothelial cell death

None of the angiogenic inhibitors induced a significant increase in HUVEC or NHDF cell

death (active casp-3) at the investigated concentrations (Fig 8). Concurrently, the positive con-

trol which was treated with the known cell death inducer staurosporine induced at more than

two-fold induction of cell death in both NHDFs and HUVEC covered areas.

Fig 7. Tumoroids established from liver metastases express different sensitivities to anti-angiogenic treatments. Tumoroids were introduced to the CACC assay

on day 7 ± treatment compounds. At the end of the experiment (day 11) the co-cultures were fixed and stained for the endothelial marker PECAM-1 to reveal tubes.

The cultures were treated with increasing concentrations of bevacizumab (Bev; 0.01, 0.1 and 1 μg/ml), regorafenib (Reg; 10, 50 and 100 nM), and sorafenib (Sor; 10, 25,

and 50 nM). (a) Tube formation was quantified with the BioSense Solutions and 2cureX tube algorithm and expressed relative to sample with tumoroids (no

treatment). Data are the average of triplicate samples ± SD, � p<0.05 for samples vs. control (no tumoroids, no treatment). # p<0.05 for samples vs. tumoroids (no

treatment). (b) Representative images (5x objective) of tube formation obtained with the Array Scanner VTI shown with green (tubes) and red (tumoroids) overlay. Bar

200 μm.

https://doi.org/10.1371/journal.pone.0253258.g007
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Discussion

In the present paper we determined the angiogenic potential and anti-angiogenic treatment

sensitivity of 12 tumoroid cultures established from primary colorectal tumours or liver metas-

tasis, thus opening the door for personalized therapy. They were all evaluated for their sensitiv-

ity towards bevacizumab and five of the cultures were also evaluated for their sensitivity

towards three different TKIs.

Patient-derived tumoroids and organoids are important 3D model systems since they pres-

ent individual drug response profiles and can predict the response to chemotherapy with high

sensitivity and specificity [39, 44–47]. Such microtumour cultures can be propagated in vitro
and frozen in biobanks [44, 45, 48]. The main target of most anti-angiogenic agents is the

tumour vasculature and accordingly the ECs. These cells have not been incorporated into pre-

vious tumoroid and organoid chemosensitivity assays, and prediction of sensitivity to anti-

angiogenic agents was therefore not feasible.

Fig 8. Anti-angiogenic compounds can abolish tube formation without induction of cell death. HUVECs were seeded on a confluent layer of NHDFs

on day 5 and cultured with 3.75 ng/ml VEGF-A165 (VEGF) from day 7 ± increasing concentrations of the anti-angiogenic compounds bevacizumab (0.01,

1 and 10 μg/ml), regorafenib (10, 50 and 100 nM), sorafenib (10, 25 and 50 nM), and sunitinib (10, 25 and 50 nM). At the end of the experiment (day 11),

the co-cultures were fixed and stained for the endothelial marker PECAM-1 and the apoptotic marker active caspase-3 (Casp-3) to reveal tubes and

apoptotic cells, respectively. Left axis: Relative tube formation. Tube formation is expressed relative to the untreated control. Right axis: Relative active

caps-3. Active casp-3 is expressed relative to the VEGF treated sample. Active casp-3 masked PECAM-1: Active casp-3 in areas covered with HUVEC cells.

The positive control was treated with 1 μM staurosporine for 6h prior fixation. Tubes were quantified with the 2cureX tube and casp-3 algorithm. Two

individual experiments were performed, and representative results are shown. Data are the average of triplicate samples ± SD. �, †, # p<0.05 for anti-

angiogenic treated vs. VEGF treated samples with respect to tube formation, total casp-3 activation in the sample and active casp-3 masked PECAM-1,

respectively.

https://doi.org/10.1371/journal.pone.0253258.g008

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 15 / 22

https://doi.org/10.1371/journal.pone.0253258.g008
https://doi.org/10.1371/journal.pone.0253258


Many 3D in vitro methods for studying tumour angiogenesis use embedding of cancer

cells, cancer cell line spheroids or freshly resected cancer tissue into a matrix gel with or with-

out addition of ECs or stromal cells such as fibroblasts and pericytes [34, 35, 49, 50]. Such

assays are adequate models of in vivo angiogenesis, but their ability to deliver rapid and quanti-

fiable readouts are inferior since the resulting tube formation and infiltration are scattered

throughout the matrix. Our CACC assay is a novel 3D in vitro model of tumour angiogenesis

employing patient-derived tumoroids co-cultured with tube forming HUVECs and fibroblasts.

The confluent layer of fibroblasts is only 3–5 cells in thickness and thereby enables microscopy

in a single plane while concurrently allowing the ECs and tumoroids to be cultured in a micro-

environment that includes stromal cells and extra cellular matrix (ECM) [38].

The Z’ factor is a measure of the quality of a screening assay and ranges from -1 to 1. An

ideal assay would have a Z’-factor of 1, and a screening assay is generally classified as excellent

if 1> Z’� 0.5 [51, 52]. Z’ incorporates the dynamic range (the difference between the means

of the negative and positive control) and the separation band (the difference between the SD of

the negative and positive control). Based on the data from Fig 2, we calculated a Z’ factor of

0.54 for the CACC assay meaning that the assay qualifies as an excellent screening assay. An

important aspect when developing a screening assay to be utilized in a clinical setting is repro-

ducibility, speed, and cost-effectiveness. The CACC assay was developed using HUVECs as

these ECs are widely available and reported to represent a robust source of primary human

ECs in the organotypic co-culture assay of angiogenesis [53, 54]. This is supported by the fact

that different batches of HUVEC cells demonstrated the same angiogenic potential upon treat-

ment with pro-angiogenic factors. The assay also proved highly reproducible when the same

tumoroid cultures were investigated in repeated independent experiments (S3 Fig).

Another important aspect during assay development was to verify that the observed inhibi-

tion of tube formation was not mediated by inducing cell death in the ECs. We therefore inves-

tigated whether treatment with bevacizumab, regorafenib, sorafenib or sunitinib led to

increased apoptosis in both fibroblasts and more importantly the ECs of the CACC assay. The

results (Fig 8) show that none of the anti-angiogenic treatments resulted in significant increase

in apoptosis in neither the fibroblast nor the ECs at the investigated concentrations. This sup-

ports that the treatments reduced tube formation through their anti-angiogenic properties and

not by inducing apoptosis in the ECs.

The majority of our results were obtained using biobanked tumoroid cultures. To investi-

gate whether the CACC assay results were affected by the biobanking procedure, we per-

formed the CACC assay on two fresh tumoroid cultures (pt13-L and pt14-L) (Fig 7). The

results show that the tube formation with fresh tumoroids was morphologically indistinguish-

able from the biobanked tumoroid cultures. The two fresh cultures had the highest observed

RTF but whether this was due to the age of the tumoroid cultures is unknown. These results

emphasize the value of using biobanked tumoroid cultures for assay development. Nine

tumoroid cultures were classified as angiogenic and three as non-angiogenic. Tumoroid cul-

tures presented with individual angiogenic profiles since the induced relative tube formation

values ranged from 0.93 to 1.79 (Figs 5A and 7). Interestingly we observed that tumoroids

deriving from the primary and metastatic lesions from the same patient (pt8) exhibited a simi-

lar angiogenic potential. It is rare to obtain samples from both primary and metastatic lesions;

however, it would be interesting to investigate the angiogenic potential in more of these dual

lesion patients.

The CACC assay only depicts angiogenesis but some tumours use e.g. vessel co-option to

supply vessels. Bevacizumab was designed to inhibit sprouting angiogenesis and not tumour

co-option of mature peritumoral vessels [31]. In mCRC up to 30% of liver metastases predomi-

nantly present with the histopathological growth pattern (HGP) termed replacement-HGP.
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This pattern is characterized by co-opting of the peritumoral vessels and may explain why

treatment with bevacizumab does not prolong the OS of some patients [31, 55, 56]. A retro-

spective explorative study investigating the predictive value of HGP showed that the OS was

significantly shorter for the cohort of bevacizumab treated patients with replacement-HGP

[31]. However, HGP patterns can only be determined on resected liver tumours [56], and is

therefore not a suitable biomarker for the choice of anti-angiogenic agents in patients with

non-resectable tumours. Possibly, the non-angiogenic tumoroid cultures (patient 5-C, 11-L

and 12-L) derive from co-opting tumours and these patients may not benefit from bevacizu-

mab treatment.

The tube formation detected in the CACC assay represents the cumulative effect of both

pro- and anti-angiogenic factors in the sample. We observed no correlation between the

amount of tumoroid-secreted VEGF-A and induction of tubes (Fig 5A) confirming that

VEGF-A is not the only angiogenic factor regulating the process of angiogenesis. These find-

ings are consistent with several clinical studies showing that VEGF-A levels did not correlate

with the functional effect of bevacizumab treatment [27, 57–59]. The ELISA assay measured

the combined amount of the VEGF-A isoforms and differences between isoform levels within

each tumoroid culture are therefore unknown. It would be interesting to investigate how iso-

form patterns differ between patients and whether this has an impact on the tube induction.

Since the non-angiogenic tumoroids (patient 5-C, 11-L, and 12-L) secreted VEGF-A, the

tube formation in these samples are probably inhibited by endogenous anti-angiogenic factors.

The tumoroids from patient 13-L induced the second highest tube formation among the 12

investigated tumoroid cultures. However, the 13-L culture was largely non-sensitive to bevaci-

zumab (Fig 7) suggesting that VEGF-A was probably not a major angiogenic driver for this

tumour. Likewise, it is unlikely that the lack of response to bevacizumab was caused by tumour

co-option but rather the interplay of several pro-angiogenic factors since the TKIs regorafenib

and sorafenib could obliterate tube formation in this culture.

To investigate the potential effect of other angiogenic factors the amount of tumoroid-

secreted bFGF and PDGF-BB were also evaluated by ELISA (S2 Fig). The measured concentra-

tions of both bFGF and PDGF-BB for angiogenic cultures were all similar to that of the con-

trols. These results indicate that neither bFGF nor PDGF-BB are likely to have significantly

contributed to the higher tube formation observed in the angiogenic cultures. For bFGF this

correlates well with published results in a similar tube formation assays where co-cultures of

HUVEC and NHDF were treated with increasing concentrations of bFGF. The EC50 value of

bFGF was found to be 1400 pg/ml [60], which is more than 14 times higher than the highest

bFGF concentration found in our angiogenic cultures. We only measured the soluble forms of

VEGF-A, bFGF and PDGF-BB and it is unknown whether ECM bound forms are sequestered

within the matrix and how they would influence tube formation.

We tested three different TKIs (regorafenib, sorafenib, sunitinib) for their ability to inhibit

tube formation. For all investigated tumoroid cultures we saw a dose dependent inhibition of

tube formation for each of the TKIs (Figs 6 and 7). The three TKIs tested are multi-kinase

inhibitors targeting several of the kinases associated with angiogenesis [22–24]. As discussed

above tumoroids from patient 13-L were largely insensitive to bevacizumab but showed sensi-

tivities towards regorafenib and sorafenib which were equal to that of the other investigated

tumoroid cultures (Fig 7). This once again emphasises that angiogenesis is regulated by multi-

ple pro-angiogenic factors and suggest that treatment with more broad-spectrum kinase inhib-

itors in some cases could improve the overall treatment response compared to treatment with

more targeted drugs such as the monoclonal antibody bevacizumab.

The present study shows that angiogenesis, as measured in our CACC assay, is a complex

interplay between multiple inducers and inhibitors of tube formation and that the assay can
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stratify tumoroid cultures as sensitive or resistant to anti-angiogenic therapy thus potentially

profile the individual patients´ expected drug responses in vitro. The secretion data emphasises

that measurements of single drug targets for either monoclonal antibodies or TKIs (e.g. VEGF,

bFGF or PDGF-BB) cannot account for the cumulative effect of all present pro- and antiangio-

genic factors.

The patients included in this study were all curatively resected, consequently, it was not

possible to correlate our results with patient outcome as the patients were not offered anti-

angiogenic treatments. Validation of the ability of the test to predict resistance or sensitivity

towards a specific anti-angiogenic treatment in the individual patient requires prospective

clinical trials comparing the assay results with patient outcome and such trials will hopefully

be conducted in the near future.

Supporting information

S1 Fig. VEGF secretion from small and large tumoroids. Tumoroids sized 70–100 μm

(n = 40) and 200–400 μm (n = 10) were seeded in a 96-well plate and conditioned media were

collected following 7 days of culture to measure the level of tumoroid-secreted VEGF by

ELISA. Data are the average of triplicate samples ± SD.

(TIF)

S2 Fig. Tumoroid-secreted angiogenic factors. (a) Tumoroid-secreted bFGF measured in

culture medium collected from the CACC assay and assayed for bFGF by ELISA. Data are the

average of triplicate samples ± SD. (b) Tumoroid-secreted PDGF BB measured in culture

medium collected from the CACC assay and assayed for PDGF BB by ELISA. Data are the

average of duplicate samples ± SD.

(TIF)

S3 Fig. The relative tube formation of a tumoroid culture is stable between independent

experiments. Tumoroids were introduced to the CACC assay on day 7. At the end of the

experiment (day 11) the co-cultures were fixed and stained for the endothelial marker

PECAM-1 to reveal the tubes. Tubes were quantified with the BioSense Solutions and 2cureX

tube algorithm. Tube formation is expressed relative to control sample without

tumoroids ± SD. Data are the average of 4 independent experiments for Pt 6-C, Pt 7-C and Pt

10-L, and 3 independent experiments for Pt 13-L and 14-L, with triplicate samples in each

independent experiment.

(TIF)

Acknowledgments

The authors thank Tina Lee Brøndum and Sandie Jönch Møller at Bispebjerg Hospital for help

with inclusion of patients.

Author Contributions

Conceptualization: Sarah Line Bring Truelsen, Klaus Qvortrup, Ole Thastrup, Henrik Har-

ling, Harry Mellor, Jacob Thastrup.

Data curation: Nabi Mousavi, Erik Spillum, Harry Mellor, Jacob Thastrup.

Formal analysis: Sarah Line Bring Truelsen, Nabi Mousavi, Haoche Wei, Lucy Harvey, Erik

Spillum, Harry Mellor, Jacob Thastrup.

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253258.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253258.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253258.s003
https://doi.org/10.1371/journal.pone.0253258


Funding acquisition: Sarah Line Bring Truelsen, Erik Spillum, Grith Hagel, Klaus Qvortrup,

Ole Thastrup, Henrik Harling, Harry Mellor, Jacob Thastrup.

Investigation: Sarah Line Bring Truelsen, Nabi Mousavi, Haoche Wei, Lucy Harvey, Rikke

Stausholm.

Methodology: Sarah Line Bring Truelsen, Haoche Wei, Lucy Harvey, Erik Spillum, Grith

Hagel, Ole Thastrup, Harry Mellor, Jacob Thastrup.

Project administration: Ole Thastrup, Harry Mellor.

Resources: Ole Thastrup, Henrik Harling, Harry Mellor.

Software: Erik Spillum, Jacob Thastrup.

Supervision: Klaus Qvortrup, Henrik Harling, Harry Mellor, Jacob Thastrup.

Validation: Sarah Line Bring Truelsen, Nabi Mousavi, Haoche Wei, Lucy Harvey, Harry Mel-

lor, Jacob Thastrup.

Visualization: Sarah Line Bring Truelsen, Haoche Wei, Lucy Harvey, Harry Mellor, Jacob

Thastrup.

Writing – original draft: Sarah Line Bring Truelsen, Ole Thastrup, Henrik Harling, Jacob

Thastrup.

Writing – review & editing: Sarah Line Bring Truelsen, Nabi Mousavi, Haoche Wei, Lucy

Harvey, Erik Spillum, Grith Hagel, Klaus Qvortrup, Ole Thastrup, Henrik Harling, Harry

Mellor, Jacob Thastrup.

References
1. Martin T, Ye L, Aj S, Lane J, Jiang W. Cancer Invasion and Metastasis: Molecular and Cellular perspec-

tive. Jandial R, editor. Landes Bioscience, Austin (TX), USA.2013.

2. De Falco S. Antiangiogenesis therapy: an update after the first decade. The Korean journal of internal

medicine. 2014; 29(1):1–11. https://doi.org/10.3904/kjim.2014.29.1.1 PMID: 24574826

3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–674.

https://doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230

4. Folkman J. Tumor angiogenesis: therapeutic implications. The New England journal of medicine. 1971;

285(21):1182–1186. https://doi.org/10.1056/NEJM197111182852108 PMID: 4938153

5. Viallard C, Larrivee B. Tumor angiogenesis and vascular normalization: alternative therapeutic targets.

Angiogenesis. 2017; 20(4):409–426. https://doi.org/10.1007/s10456-017-9562-9 PMID: 28660302

6. Hanahan D, Folkman J. Patterns and emerging mechanisms of the angiogenic switch during tumorigen-

esis. Cell. 1996; 86(3):353–364. https://doi.org/10.1016/s0092-8674(00)80108-7 PMID: 8756718

7. Peach CJ, Mignone VW, Arruda MA, Alcobia DC, Hill SJ, Kilpatrick LE, et al. Molecular Pharmacology

of VEGF-A Isoforms: Binding and Signalling at VEGFR2. International journal of molecular sciences.

2018; 19(4):1264. https://doi.org/10.3390/ijms19041264 PMID: 29690653

8. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence and mortal-

ity worldwide: sources, methods and major patterns in GLOBOCAN 2012. International journal of can-

cer Journal international du cancer. 2015; 136(5):E359–386. https://doi.org/10.1002/ijc.29210 PMID:

25220842

9. Pfeiffer P, Qvortrup C, Tabernero J. Systemic Therapy for Patients with Colorectal Cancer: State of the

Art. In: Baatrup G, editor. Multidisciplinary treatment of colorectal cancer—staging, treatment, pathol-

ogy, palliation. 1 ed. Springer International Publishing, Cham; 2015. p. 109–132.

10. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D, et al. ESMO consensus

guidelines for the management of patients with metastatic colorectal cancer. Annals of oncology: official

journal of the European Society for Medical Oncology / ESMO. 2016; 27(8):1386–1422. https://doi.org/

10.1093/annonc/mdw235 PMID: 27380959

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 19 / 22

https://doi.org/10.3904/kjim.2014.29.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24574826
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1056/NEJM197111182852108
http://www.ncbi.nlm.nih.gov/pubmed/4938153
https://doi.org/10.1007/s10456-017-9562-9
http://www.ncbi.nlm.nih.gov/pubmed/28660302
https://doi.org/10.1016/s0092-8674%2800%2980108-7
http://www.ncbi.nlm.nih.gov/pubmed/8756718
https://doi.org/10.3390/ijms19041264
http://www.ncbi.nlm.nih.gov/pubmed/29690653
https://doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1093/annonc/mdw235
http://www.ncbi.nlm.nih.gov/pubmed/27380959
https://doi.org/10.1371/journal.pone.0253258


11. Comunanza V, Bussolino F. Therapy for Cancer: Strategy of Combining Anti-Angiogenic and Target

Therapies. Frontiers in cell and developmental biology. 2017; 5:101. https://doi.org/10.3389/fcell.2017.

00101 PMID: 29270405

12. Goel S, Wong AH, Jain RK. Vascular normalization as a therapeutic strategy for malignant and nonma-

lignant disease. Cold Spring Harbor perspectives in medicine. 2012; 2(3):a006486. https://doi.org/10.

1101/cshperspect.a006486 PMID: 22393532

13. Ferrara N, Hillan KJ, Gerber HP, Novotny W. Discovery and development of bevacizumab, an anti-

VEGF antibody for treating cancer. Nature reviews Drug discovery. 2004; 3(5):391–400. https://doi.org/

10.1038/nrd1381 PMID: 15136787

14. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, et al. Bevacizumab plus

irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. The New England journal of

medicine. 2004; 350(23):2335–2342. https://doi.org/10.1056/NEJMoa032691 PMID: 15175435

15. Kim KJ, Li B, Houck K, Winer J, Ferrara N. The vascular endothelial growth factor proteins: identification

of biologically relevant regions by neutralizing monoclonal antibodies. Growth factors. 1992; 7(1):53–

64. https://doi.org/10.3109/08977199209023937 PMID: 1380254

16. Presta LG, Chen H, O’Connor SJ, Chisholm V, Meng YG, Krummen L, et al. Humanization of an anti-

vascular endothelial growth factor monoclonal antibody for the therapy of solid tumors and other disor-

ders. Cancer research. 1997; 57(20):4593–4599. PMID: 9377574

17. Hurwitz HI, Tebbutt NC, Kabbinavar F, Giantonio BJ, Guan ZZ, Mitchell L, et al. Efficacy and safety of

bevacizumab in metastatic colorectal cancer: pooled analysis from seven randomized controlled trials.

The oncologist. 2013; 18(9):1004–1012. https://doi.org/10.1634/theoncologist.2013-0107 PMID:

23881988

18. Kane RC, Farrell AT, Saber H, Tang S, Williams G, Jee JM, et al. Sorafenib for the treatment of

advanced renal cell carcinoma. Clinical cancer research: an official journal of the American Association

for Cancer Research. 2006; 12(24):7271–7278. https://doi.org/10.1158/1078-0432.CCR-06-1249

PMID: 17189398

19. Rock EP, Goodman V, Jiang JX, Mahjoob K, Verbois SL, Morse D, et al. Food and Drug Administration

drug approval summary: Sunitinib malate for the treatment of gastrointestinal stromal tumor and

advanced renal cell carcinoma. The oncologist. 2007; 12(1):107–113. https://doi.org/10.1634/

theoncologist.12-1-107 PMID: 17227905

20. Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, et al. Regorafenib monotherapy

for previously treated metastatic colorectal cancer (CORRECT): an international, multicentre, rando-

mised, placebo-controlled, phase 3 trial. Lancet. 2013; 381(9863):303–312. https://doi.org/10.1016/

S0140-6736(12)61900-X PMID: 23177514

21. Li J, Qin S, Xu R, Yau TC, Ma B, Pan H, et al. Regorafenib plus best supportive care versus placebo

plus best supportive care in Asian patients with previously treated metastatic colorectal cancer (CON-

CUR): a randomised, double-blind, placebo-controlled, phase 3 trial. The lancet oncology. 2015; 16

(6):619–629. https://doi.org/10.1016/S1470-2045(15)70156-7 PMID: 25981818

22. Wilhelm S, Carter C, Lynch M, Lowinger T, Dumas J, Smith RA, et al. Discovery and development of

sorafenib: a multikinase inhibitor for treating cancer. Nature reviews Drug discovery. 2006; 5(10):835–

844. https://doi.org/10.1038/nrd2130 PMID: 17016424

23. Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA, Schutz G, et al. Regorafenib (BAY 73–4506): a

new oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with

potent preclinical antitumor activity. International journal of cancer Journal international du cancer.

2011; 129(1):245–255. https://doi.org/10.1002/ijc.25864 PMID: 21170960

24. Faivre S, Demetri G, Sargent W, Raymond E. Molecular basis for sunitinib efficacy and future clinical

development. Nature reviews Drug discovery. 2007; 6(9):734–745. https://doi.org/10.1038/nrd2380

PMID: 17690708

25. Kim YE, Joo B, Park MS, Shin SJ, Ahn JB, Kim MJ. Dynamic Contrast-Enhanced Magnetic Resonance

Imaging as a Surrogate Biomarker for Bevacizumab in Colorectal Cancer Liver Metastasis: A Single-

Arm, Exploratory Trial. Cancer research and treatment: official journal of Korean Cancer Association.

2016; 48(4):1210–1221. https://doi.org/10.4143/crt.2015.374 PMID: 26987390

26. Aoyagi Y, Iinuma H, Horiuchi A, Shimada R, Watanabe T. Association of plasma VEGF-A, soluble

VEGFR-1 and VEGFR-2 levels and clinical response and survival in advanced colorectal cancer

patients receiving bevacizumab with modified FOLFOX6. Oncology letters. 2010; 1(2):253–259. https://

doi.org/10.3892/ol_00000045 PMID: 22966290

27. Jubb AM, Hurwitz HI, Bai W, Holmgren EB, Tobin P, Guerrero AS, et al. Impact of vascular endothelial

growth factor-A expression, thrombospondin-2 expression, and microvessel density on the treatment

effect of bevacizumab in metastatic colorectal cancer. Journal of clinical oncology: official journal of the

American Society of Clinical Oncology. 2006; 24(2):217–227.

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 20 / 22

https://doi.org/10.3389/fcell.2017.00101
https://doi.org/10.3389/fcell.2017.00101
http://www.ncbi.nlm.nih.gov/pubmed/29270405
https://doi.org/10.1101/cshperspect.a006486
https://doi.org/10.1101/cshperspect.a006486
http://www.ncbi.nlm.nih.gov/pubmed/22393532
https://doi.org/10.1038/nrd1381
https://doi.org/10.1038/nrd1381
http://www.ncbi.nlm.nih.gov/pubmed/15136787
https://doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
https://doi.org/10.3109/08977199209023937
http://www.ncbi.nlm.nih.gov/pubmed/1380254
http://www.ncbi.nlm.nih.gov/pubmed/9377574
https://doi.org/10.1634/theoncologist.2013-0107
http://www.ncbi.nlm.nih.gov/pubmed/23881988
https://doi.org/10.1158/1078-0432.CCR-06-1249
http://www.ncbi.nlm.nih.gov/pubmed/17189398
https://doi.org/10.1634/theoncologist.12-1-107
https://doi.org/10.1634/theoncologist.12-1-107
http://www.ncbi.nlm.nih.gov/pubmed/17227905
https://doi.org/10.1016/S0140-6736%2812%2961900-X
https://doi.org/10.1016/S0140-6736%2812%2961900-X
http://www.ncbi.nlm.nih.gov/pubmed/23177514
https://doi.org/10.1016/S1470-2045%2815%2970156-7
http://www.ncbi.nlm.nih.gov/pubmed/25981818
https://doi.org/10.1038/nrd2130
http://www.ncbi.nlm.nih.gov/pubmed/17016424
https://doi.org/10.1002/ijc.25864
http://www.ncbi.nlm.nih.gov/pubmed/21170960
https://doi.org/10.1038/nrd2380
http://www.ncbi.nlm.nih.gov/pubmed/17690708
https://doi.org/10.4143/crt.2015.374
http://www.ncbi.nlm.nih.gov/pubmed/26987390
https://doi.org/10.3892/ol%5F00000045
https://doi.org/10.3892/ol%5F00000045
http://www.ncbi.nlm.nih.gov/pubmed/22966290
https://doi.org/10.1371/journal.pone.0253258


28. Ince WL, Jubb AM, Holden SN, Holmgren EB, Tobin P, Sridhar M, et al. Association of k-ras, b-raf, and

p53 status with the treatment effect of bevacizumab. J Natl Cancer Inst. 2005; 97(13):981–989. https://

doi.org/10.1093/jnci/dji174 PMID: 15998951

29. de Haas S, Delmar P, Bansal AT, Moisse M, Miles DW, Leighl N, et al. Genetic variability of VEGF path-

way genes in six randomized phase III trials assessing the addition of bevacizumab to standard therapy.

Angiogenesis. 2014; 17(4):909–920. https://doi.org/10.1007/s10456-014-9438-1 PMID: 25012543

30. Hanrahan EO, Lin HY, Kim ES, Yan S, Du DZ, McKee KS, et al. Distinct patterns of cytokine and angio-

genic factor modulation and markers of benefit for vandetanib and/or chemotherapy in patients with

non-small-cell lung cancer. Journal of clinical oncology: official journal of the American Society of Clini-

cal Oncology. 2010; 28(2):193–201. https://doi.org/10.1200/JCO.2009.22.4279 PMID: 19949019

31. Frentzas S, Simoneau E, Bridgeman VL, Vermeulen PB, Foo S, Kostaras E, et al. Vessel co-option

mediates resistance to anti-angiogenic therapy in liver metastases. Nature medicine. 2016; 22

(11):1294–1302. https://doi.org/10.1038/nm.4197 PMID: 27748747

32. Nowak-Sliwinska P, Alitalo K, Allen E, Anisimov A, Aplin AC, Auerbach R, et al. Consensus guidelines

for the use and interpretation of angiogenesis assays. Angiogenesis. 2018; 21(3):425–532. https://doi.

org/10.1007/s10456-018-9613-x PMID: 29766399

33. Ferrara N, Adamis AP. Ten years of anti-vascular endothelial growth factor therapy. Nature reviews

Drug discovery. 2016; 15(6):385–403. https://doi.org/10.1038/nrd.2015.17 PMID: 26775688

34. Gulec SA, Woltering EA. A new in vitro assay for human tumor angiogenesis: three-dimensional human

tumor angiogenesis assay. Annals of surgical oncology. 2004; 11(1):99–104. https://doi.org/10.1007/

BF02524353 PMID: 14699041

35. Lyons JM 3rd, Anthony CT, Thomson JL, Woltering EA. A novel assay to assess the effectiveness of

antiangiogenic drugs in human breast cancer. Annals of surgical oncology. 2008; 15(12):3407–3414.

https://doi.org/10.1245/s10434-008-0145-2 PMID: 18795370

36. Bishop ET, Bell GT, Bloor S, Broom IJ, Hendry NF, Wheatley DN. An in vitro model of angiogenesis:

basic features. Angiogenesis. 1999; 3(4):335–344. https://doi.org/10.1023/a:1026546219962 PMID:

14517413

37. Sorrell JM, Baber MA, Caplan AI. A self-assembled fibroblast-endothelial cell co-culture system that

supports in vitro vasculogenesis by both human umbilical vein endothelial cells and human dermal

microvascular endothelial cells. Cells, tissues, organs. 2007; 186(3):157–168. https://doi.org/10.1159/

000106670 PMID: 17657137

38. Hetheridge C, Mavria G, Mellor H. Uses of the in vitro endothelial-fibroblast organotypic co-culture

assay in angiogenesis research. Biochemical Society transactions. 2011; 39(6):1597–1600. https://doi.

org/10.1042/BST20110738 PMID: 22103493

39. Jeppesen M, Hagel G, Glenthoj A, Vainer B, Ibsen P, Harling H, et al. Short-term spheroid culture of pri-

mary colorectal cancer cells as an in vitro model for personalizing cancer medicine. PloS one. 2017; 12

(9):e0183074. https://doi.org/10.1371/journal.pone.0183074 PMID: 28877221

40. Mavria G, Vercoulen Y, Yeo M, Paterson H, Karasarides M, Marais R, et al. ERK-MAPK signaling

opposes Rho-kinase to promote endothelial cell survival and sprouting during angiogenesis. Cancer

cell. 2006; 9(1):33–44. https://doi.org/10.1016/j.ccr.2005.12.021 PMID: 16413470

41. Wartenberg M, Donmez F, Ling FC, Acker H, Hescheler J, Sauer H. Tumor-induced angiogenesis stud-

ied in confrontation cultures of multicellular tumor spheroids and embryoid bodies grown from pluripo-

tent embryonic stem cells. FASEB journal: official publication of the Federation of American Societies

for Experimental Biology. 2001; 15(6):995–1005. https://doi.org/10.1096/fj.00-0350com PMID:

11292660

42. Wong BW, Marsch E, Treps L, Baes M, Carmeliet P. Endothelial cell metabolism in health and disease:

impact of hypoxia. The EMBO journal. 2017; 36(15):2187–2203. https://doi.org/10.15252/embj.

201696150 PMID: 28637793

43. Waleh NS, Brody MD, Knapp MA, Mendonca HL, Lord EM, Koch CJ, et al. Mapping of the vascular

endothelial growth factor-producing hypoxic cells in multicellular tumor spheroids using a hypoxia-spe-

cific marker. Cancer research. 1995; 55(24):6222–6226. PMID: 8521417

44. Drost J, Clevers H. Organoids in cancer research. Nature reviews Cancer. 2018; 18(7):407–418.

https://doi.org/10.1038/s41568-018-0007-6 PMID: 29692415

45. Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A Living Biobank of Breast Can-

cer Organoids Captures Disease Heterogeneity. Cell. 2018; 172(1–2):373–386 e310. https://doi.org/10.

1016/j.cell.2017.11.010 PMID: 29224780

46. Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernandez-Mateos J, Khan K, et al. Patient-derived

organoids model treatment response of metastatic gastrointestinal cancers. Science. 2018; 359

(6378):920–926. https://doi.org/10.1126/science.aao2774 PMID: 29472484

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 21 / 22

https://doi.org/10.1093/jnci/dji174
https://doi.org/10.1093/jnci/dji174
http://www.ncbi.nlm.nih.gov/pubmed/15998951
https://doi.org/10.1007/s10456-014-9438-1
http://www.ncbi.nlm.nih.gov/pubmed/25012543
https://doi.org/10.1200/JCO.2009.22.4279
http://www.ncbi.nlm.nih.gov/pubmed/19949019
https://doi.org/10.1038/nm.4197
http://www.ncbi.nlm.nih.gov/pubmed/27748747
https://doi.org/10.1007/s10456-018-9613-x
https://doi.org/10.1007/s10456-018-9613-x
http://www.ncbi.nlm.nih.gov/pubmed/29766399
https://doi.org/10.1038/nrd.2015.17
http://www.ncbi.nlm.nih.gov/pubmed/26775688
https://doi.org/10.1007/BF02524353
https://doi.org/10.1007/BF02524353
http://www.ncbi.nlm.nih.gov/pubmed/14699041
https://doi.org/10.1245/s10434-008-0145-2
http://www.ncbi.nlm.nih.gov/pubmed/18795370
https://doi.org/10.1023/a%3A1026546219962
http://www.ncbi.nlm.nih.gov/pubmed/14517413
https://doi.org/10.1159/000106670
https://doi.org/10.1159/000106670
http://www.ncbi.nlm.nih.gov/pubmed/17657137
https://doi.org/10.1042/BST20110738
https://doi.org/10.1042/BST20110738
http://www.ncbi.nlm.nih.gov/pubmed/22103493
https://doi.org/10.1371/journal.pone.0183074
http://www.ncbi.nlm.nih.gov/pubmed/28877221
https://doi.org/10.1016/j.ccr.2005.12.021
http://www.ncbi.nlm.nih.gov/pubmed/16413470
https://doi.org/10.1096/fj.00-0350com
http://www.ncbi.nlm.nih.gov/pubmed/11292660
https://doi.org/10.15252/embj.201696150
https://doi.org/10.15252/embj.201696150
http://www.ncbi.nlm.nih.gov/pubmed/28637793
http://www.ncbi.nlm.nih.gov/pubmed/8521417
https://doi.org/10.1038/s41568-018-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29692415
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29224780
https://doi.org/10.1126/science.aao2774
http://www.ncbi.nlm.nih.gov/pubmed/29472484
https://doi.org/10.1371/journal.pone.0253258


47. Buzzelli JN, Ouaret D, Brown G, Allen PD, Muschel RJ. Colorectal cancer liver metastases organoids

retain characteristics of original tumor and acquire chemotherapy resistance. Stem cell research. 2018;

27:109–120. https://doi.org/10.1016/j.scr.2018.01.016 PMID: 29414601

48. van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F, Pronk A, et al. Prospective derivation

of a living organoid biobank of colorectal cancer patients. Cell. 2015; 161(4):933–945. https://doi.org/

10.1016/j.cell.2015.03.053 PMID: 25957691

49. Roudsari LC, West JL. Studying the influence of angiogenesis in in vitro cancer model systems.

Advanced drug delivery reviews. 2016; 97:250–259. https://doi.org/10.1016/j.addr.2015.11.004 PMID:

26571106

50. Bray LJ, Binner M, Holzheu A, Friedrichs J, Freudenberg U, Hutmacher DW, et al. Multi-parametric

hydrogels support 3D in vitro bioengineered microenvironment models of tumour angiogenesis. Bioma-

terials. 2015; 53:609–620. https://doi.org/10.1016/j.biomaterials.2015.02.124 PMID: 25890757

51. Iversen PW, Eastwood BJ, Sittampalam GS, Cox KL. A comparison of assay performance measures in

screening assays: signal window, Z’ factor, and assay variability ratio. Journal of biomolecular screen-

ing. 2006; 11(3):247–252. https://doi.org/10.1177/1087057105285610 PMID: 16490779

52. Bray MA, Carpenter A. Advanced Assay Development Guidelines for Image-Based High Content

Screening and Analysis. 2017 Jul 8. In: Sittampalam GS, Coussens NP, Brimacombe K, Grossman A,

Arkin M, Auld D, et al., editors. Assay Guidance Manual. Bethesda (MD): Eli Lilly & Company and the

National Center for Advancing Translational Sciences; 2004-. p. 523–550.

53. Sarkanen JR, Mannerstrom M, Vuorenpaa H, Uotila J, Ylikomi T, Heinonen T. Intra-Laboratory Pre-Val-

idation of a Human Cell Based in vitro Angiogenesis Assay for Testing Angiogenesis Modulators. Fron-

tiers in pharmacology. 2011; 1:147. https://doi.org/10.3389/fphar.2010.00147 PMID: 21779245

54. Donovan D, Brown NJ, Bishop ET, Lewis CE. Comparison of three in vitro human ’angiogenesis’ assays

with capillaries formed in vivo. Angiogenesis. 2001; 4(2):113–121. https://doi.org/10.1023/

a:1012218401036 PMID: 11806243

55. Donnem T, Hu J, Ferguson M, Adighibe O, Snell C, Harris AL, et al. Vessel co-option in primary human

tumors and metastases: an obstacle to effective anti-angiogenic treatment? Cancer medicine. 2013; 2

(4):427–436. https://doi.org/10.1002/cam4.105 PMID: 24156015

56. van Dam PJ, van der Stok EP, Teuwen LA, Van den Eynden GG, Illemann M, Frentzas S, et al. Interna-

tional consensus guidelines for scoring the histopathological growth patterns of liver metastasis. British

journal of cancer. 2017; 117(10):1427–1441. https://doi.org/10.1038/bjc.2017.334 PMID: 28982110

57. Bruhn MA, Townsend AR, Khoon Lee C, Shivasami A, Price TJ, Wrin J, et al. Proangiogenic tumor pro-

teins as potential predictive or prognostic biomarkers for bevacizumab therapy in metastatic colorectal

cancer. International journal of cancer Journal international du cancer. 2014; 135(3):731–741. https://

doi.org/10.1002/ijc.28698 PMID: 24374727

58. Hegde PS, Jubb AM, Chen D, Li NF, Meng YG, Bernaards C, et al. Predictive impact of circulating vas-

cular endothelial growth factor in four phase III trials evaluating bevacizumab. Clinical cancer research:

an official journal of the American Association for Cancer Research. 2013; 19(4):929–937. https://doi.

org/10.1158/1078-0432.CCR-12-2535 PMID: 23169435

59. Miles D, Cameron D, Hilton M, Garcia J, O’Shaughnessy J. Overall survival in MERiDiAN, a double-

blind placebo-controlled randomised phase III trial evaluating first-line bevacizumab plus paclitaxel for

HER2-negative metastatic breast cancer. European journal of cancer. 2018; 90:153–155. https://doi.

org/10.1016/j.ejca.2017.10.018 PMID: 29174181

60. Wolfe A, O’Clair B, Groppi VE, McEwen DP. Pharmacologic characterization of a kinetic in vitro human

co-culture angiogenesis model using clinically relevant compounds. Journal of biomolecular screening.

2013; 18(10):1234–1245. https://doi.org/10.1177/1087057113502085 PMID: 24019254

PLOS ONE The angiogenic potential of tumoroids

PLOS ONE | https://doi.org/10.1371/journal.pone.0253258 July 7, 2021 22 / 22

https://doi.org/10.1016/j.scr.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29414601
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.cell.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/25957691
https://doi.org/10.1016/j.addr.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26571106
https://doi.org/10.1016/j.biomaterials.2015.02.124
http://www.ncbi.nlm.nih.gov/pubmed/25890757
https://doi.org/10.1177/1087057105285610
http://www.ncbi.nlm.nih.gov/pubmed/16490779
https://doi.org/10.3389/fphar.2010.00147
http://www.ncbi.nlm.nih.gov/pubmed/21779245
https://doi.org/10.1023/a%3A1012218401036
https://doi.org/10.1023/a%3A1012218401036
http://www.ncbi.nlm.nih.gov/pubmed/11806243
https://doi.org/10.1002/cam4.105
http://www.ncbi.nlm.nih.gov/pubmed/24156015
https://doi.org/10.1038/bjc.2017.334
http://www.ncbi.nlm.nih.gov/pubmed/28982110
https://doi.org/10.1002/ijc.28698
https://doi.org/10.1002/ijc.28698
http://www.ncbi.nlm.nih.gov/pubmed/24374727
https://doi.org/10.1158/1078-0432.CCR-12-2535
https://doi.org/10.1158/1078-0432.CCR-12-2535
http://www.ncbi.nlm.nih.gov/pubmed/23169435
https://doi.org/10.1016/j.ejca.2017.10.018
https://doi.org/10.1016/j.ejca.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29174181
https://doi.org/10.1177/1087057113502085
http://www.ncbi.nlm.nih.gov/pubmed/24019254
https://doi.org/10.1371/journal.pone.0253258

