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a b s t r a c t 

The development of high-throughput anticancer drug screening methods using patient-derived cancer cell 

(PDC) lines that maintain their original characteristics in an in vitro three-dimensional (3D) culture sys- 

tem poses a significant challenge to achieving personalized cancer medicine. Because stromal tissue plays 

a critical role in the composition and maintenance of the cancer microenvironment, in vitro 3D-culture 

using reconstructed stromal tissues has attracted considerable attention. Here, a simple and unique in 

vitro 3D-culture method using heparin and collagen together with fibroblasts and endothelial cells to 

fabricate vascularized 3D-stromal tissues for in vitro culture of PDCs is reported. Whereas co-treatment 

with bevacizumab, a monoclonal antibody against vascular endothelial growth factor, and 5-fluorouracil 

significantly reduced the survival rate of 3D-cultured PDCs to 30%, separate addition of each drug did 

not induce comparable strong cytotoxicity, suggesting the possibility of evaluating the combined effect of 

anticancer drugs and angiogenesis inhibitors. Surprisingly, drug evaluation using eight PDC lines with the 
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. Introduction 

Previously, the drug research and development process con- 

isted of creating a drug compound, conducting preclinical and 

linical studies, and obtaining approval to market the drug after 

egulatory reviews. This process is typically associated with an ex- 

remely low success rate—approximately 1 in 20,0 0 0 to 30,0 0 0 

 1 ]—especially for anticancer drugs, which have the lowest suc- 

ess rate among all pharmaceutical compounds, at 3 % [ 2 ]. One 

f the reasons for this low success rate is that xenografts, which 

re frequently used in preclinical studies, have a low correlation 

ith clinical results [ 3 , 4 ]. In recent years, the use of patient de-

ived xenografts (PDXs), in which patient cancer tissue that does 

ot include a cancer cell line is implanted into experimental an- 

mal models, has increased, and the results reportedly correlate 

ell with clinical findings [ 5 ]. However, in drug development, PDXs 

re not yet widely used to assess drug efficacy or for pharmacolog- 

cal evaluation procedures due to marked variations in successful 

mplantation rates (25–75 %), extremely high cost, low throughput, 

nd difficulty in evaluating immunological agents due to species 

ifferences [ 6 ]. 

Kurzrock et al . demonstrated that treatment with molecularly 

argeted drugs that match a patient’s genetic mutation profile is 

ssociated with improved therapeutic outcomes [ 7 ]. However, even 

hen active mutations are identified in comprehensive genomic 

rofiling studies, only approximately 10 % of patients are subse- 

uently treated. This is because the types and populations of active 

ene mutations vary markedly among patients and because the 

valuation of appropriate therapeutic drug combinations for these 

atients is very time consuming. For example, the number of com- 

inations of two drugs from 20 candidate compounds is 190, and 

he number of combinations of three drugs is extremely large, at 

140. 

Recent studies have highlighted the importance of consider- 

ng the cancer microenvironment in drug development [ 8–12 ]. 

n particular, co-culture of cancer cells with stromal tissues and 

onstruction of cancer microenvironments consisting of complex 

tructures and functions are necessary to assess factors such as 

ancer cell proliferation, differentiation, migration, metastasis, and 

cquisition of drug resistance, because stromal tissues contribute 

ignificantly to these characteristics [ 13–18 ]. Stromal cells in- 

lude cancer-associated endothelial cells, cancer-associated fibrob- 

asts, cancer-associated macrophages, and immune cells, among 

thers. The complexity of interactions between each stromal 

ell and cancer cell type can induce the formation of cancer 

icroenvironment–specific characteristics, such as abnormal vas- 

ular network structures and hypoxia. In order to establish a suit- 
r

112
 drug efficacy concordance rate of 75% with clinical outcomes. The model

 in vitro throughput drug screening for the development of personalized

vironment, we constructed a cancer-stromal tissue model in which cancer

de stromal tissue with vascular network structures derived from vascular

ssue using CAViTs method. Using this method, we were able to reproduce

cesses of cancer cells observed in vivo . Using patient-derived cancer cells,

valuating the combined effect with an angiogenesis inhibitor. 

s also grew on the stromal tissues with the normal medium. These data

 useful for new in vitro drug screening and personalized cancer medicine.

4 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

ble cancer microenvironment, it is desirable to use a co-culture 

ystem in which the position, morphology, and number of each 

raction can be controlled within the tissue. 

Three-dimensional (3D) cell culture techniques, such as the use 

f spheroids or organoids, are reportedly superior methods for 

valuating anticancer drugs [ 19 , 20 ]. However, because spheroids 

an spontaneously form cell clusters, it is difficult to control the 

osition of cancer cells and stromal cells, such as fibroblasts, in the 

ame tissue during co-culture. Organoid technology is predicted to 

ecome an important tool for embryological research [ 21–24 ] and 

ancer precision medicine [ 25 ], but according to a meta-analysis 

f observational studies, the clinical utility of organoid-based drug 

creening has not been sufficiently proven [ 26 ]. Only 30 % of stud- 

es in the meta-analysis showed statistically significant correlations 

etween screening results and clinical response [ 26 ]. Furthermore, 

rowth factors and other supplements in culture media could po- 

entially affect drug efficacy [ 27 , 28 ]. Although cell sheets can be 

tacked one atop another to create 3D tissue layers, the method- 

logy is complex [ 29 ]. A global challenge in co-culture systems 

s that no established methods are available that enable selective 

valuation of only the cancer cell fraction in tissues composed of 

ultiple cell types [ 30 ]. 

We previously described a cancer model using the layer-by- 

ayer (LbL) method, in which alternate layers of fibronectin and 

elatin are used to coat the fibroblast surface [ 31–34 ]. The LbL 

ethod is characterized by the assembly of cells and tissues 

hrough interactions involving the functional properties of the cell 

embrane with natural polysaccharides and the extracellular ma- 

rix (ECM) [ 35 ]. Cell signaling events in the tissue microenviron- 

ents of living organisms are mediated by proteins, glycosamino- 

lycans, and glycoproteins on the cell membrane [ 36–40 ], all of 

hich play important roles in cell adhesion, proliferation, differ- 

ntiation, and other functions. Thus, the LbL method is a poten- 

ially useful 3D cell culture technique that can potentially mimic 

he cancer microenvironment. However, due to the many centrifu- 

ation steps (20 times for 20 layers) required to alternately coat 

ells with different proteins, the application of the method is asso- 

iated with considerable cell damage and cell volume loss ( > 70 %) 

 41 ]. 

To overcome the limitations of the LbL method, we recently 

eveloped a simple and unique tissue engineering technique that 

e refer to as the cell assembled viscous tissue by sedimentation 

CAViTs) method, which can be used to assess toxicity affecting the 

ascular structure of the liver [ 42 ]. This innovative approach en- 

bles the rapid organization of cells using collagen, the primary 

CM component involved in cell adhesion, and heparin, which in- 

eracts with many growth factors on cell surfaces. The LbL method 

equires 20 centrifugation steps and a processing time of > 20 min, 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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esulting in a final cell yield of approximately ≤30 %. By contrast, 

he CAViTs method requires only one centrifugation step, which 

inimizes the processing time to only a few minutes, and cell 

ield rates of > 90 % can be obtained [ 42 ]. 

In this study, we applied the CAViTs technology to cancer mi- 

roenvironment models and evaluated the feasibility of the models 

s drug screening tools. First, we improved the original CAViTs pro- 

ocol to mimic cancer cell morphology by selecting the best ECM 

omponent to construct stromal tissues. Second, the combined ef- 

ects of anticancer drugs and angiogenesis inhibitors, which typ- 

cally cannot be evaluated using in vitro drug screening models 

ue to the lack of a vascular network, were evaluated using ac- 

ual patient-derived cancer cells (PDCs). Furthermore, the clinical 

xtrapolation results were evaluated using our vascularized cancer 

tromal tissue models because their higher biomimetic properties 

ight allow for more accurate assessments of drug efficacy. Third, 

he feasibility of co-culturing cancer stromal tissue models with 

rimary cancer cells without external growth factors was evalu- 

ted, as primary cancer cells should grow well due to the paracrine 

ffect of growth factors released from the stromal tissues. 

. Materials and methods 

.1. Polyelectrolytes, the ECMs, and solvent 

The polyelectrolytes used in the study included dextran sul- 

ate (D8906, Merck Millipore Corp.), polystyrene sulfonic acid (516- 

5751, Fujifilm Corp.), and polyacrylic acid (165-18571, Fujifilm 

orp.). Heparin (H3149, Merck Millipore Corp.), chondroitin sul- 

ate A (C6737, Merck Millipore Corp.), chondroitin sulfate C (034- 

8801, Fujifilm Corp.), dermatan sulfate (1171455, Fujifilm Corp.), 

nd hyaluronic acid (087-04511, Fujifilm Corp.) were used as the 

lycosaminoglycan ECM components. The cell adhesive ECM com- 

onents used in the study included collagen I (ASC-1-100-100, Fu- 

ifilm Corp.), laminin (120-05751, Fujifilm Corp.), and fibronectin 

F1141, Merck Millipore Corp.). Tris–HCl buffer (pH 7.4) (Tris) 

T7693, Merck Millipore Corp.) was used as a solvent. 

.2. Reagents and antibodies 

The anticancer agents used in the study included 5-fluorouracil 

5-FU) (064–01403, Fujifilm Corp.), oxaliplatin (L-OHP) (Nippon 

ayaku Corp., Tokyo, Japan), cetuximab (Cmab) (Merck Biopharma 

orp.), irinotecan (091–0 6 651, Fujifilm Corp.), SN-38 (S589950, 

ujifilm Corp.), and bevacizumab (Bmab) (Chugai Pharmaceuti- 

al Corp.). Antibodies included anti–vascular endothelial growth 

actor (VEGF) monoclonal antibody (MAB293, R&D Systems), Ep- 

AM monoclonal antibody (#2929S, Cell Signaling Technology 

orp.), cytokeratin 7 monoclonal antibody (ab181598, Abcam 

LC.), Pan Cytokeratin Monoclonal Antibody (MA5-13156, Invit- 

ogen.), carcinoembryonic antigen (CEA)/CD66e monoclonal anti- 

ody (#2383, Cell Signaling Technology Corp.), Non-phospho (Ac- 

ive) β-Catenin(#8814, Cell Signaling Technology Corp.), CK8/18 

onoclonal antibody (M3652, Agilent Corp.), platelet endothelial 

ell adhesion molecule (CD31) monoclonal antibody (M0823, Ag- 

lent Corp.), and anti–hepatocyte growth factor (HGF) antibody 

MAB294, R&D Systems Corp.). Secondary antibodies included goat 

nti-mouse IgG (H + L) highly cross-adsorbed secondary antibody, 

lexa Fluor 488 (A11001, Thermo Fisher Scientific Corp.), goat 

nti-mouse IgG (H + L) highly cross-adsorbed secondary antibody, 

lexa Fluor 594 (A11032, Thermo Fisher Scientific Corp.), and goat 

nti-mouse IgG (H + L) highly cross-adsorbed secondary antibody, 

lexa Fluor 647 (A21236, Thermo Fisher Scientific Corp.). Trypsin- 

DTA (0.25 %), TrypLE Express (12605036, Thermo Fisher Scien- 

ific Corp.), and Tumor Dissociation kit (#130-095-929, Miltenyi 
113
iotec B.V. & Corp. KG) were used as cell dispersion reagents. Flu- 

rescent labeling reagents included PKH26 Red Fluorescent Cell 

inker kit (PKH26GL, Merck Millipore Corp.), PKH67 Green Fluores- 

ent Cell Linker kit (PKH67GL, Merck Millipore Corp.), Cell Tracker 

reen (C7025, Thermo Fisher Scientific Corp.), and Cell Tracker Red 

C34552, Thermo Fisher Scientific Corp.). 

.3. Cell lines and cell cultures 

Cells comprising the human 3D stromal tissue model included 

ormal human dermal fibroblasts (NHDFs) (CC-2509, Lonza Group 

td.), human umbilical vein endothelial cells (HUVECs) (CC-2517A, 

onza Group Ltd.), green fluorescent protein (GFP)-transduced HU- 

ECs (GFP-HUVECs) (cAP-0 0 01GFP, Angio-Proteomie Corp.), or red 

uorescent protein (RFP)-transduced HUVECs (RFP-HUVECs) (cAP- 

 0 01RFP, Angio-Proteomie Corp.), NHDFs were pre-cultured in 

ulbecco’s Modified Eagle’s Medium (DMEM) (043-30085, Fuji- 

lm Corp.) containing 10 % fetal bovine serum (FBS) (10437028, 

hermo Fisher Scientific Corp.) and 1 % penicillin/streptomycin 

P/S) at 37 °C in a 5 % CO2 incubator. HUVECs, GFP-HUVECs, and 

FP-HUVECs were pre-cultured using EGMTM -2 MV Bullet kitTM 

CC3202, Lonza Group Ltd.) medium in a CO2 incubator (37 °C, 

 %). 

The human-derived cancer cells used in the experiments con- 

isted of colorectal adenocarcinoma cell lines HT29 (HTB-38TM , 

merican Type Culture Collection [ATCC]), HCT116 (CCL-247, ATCC) 

T115 (85061104, European Collection of Authenticated Cell Cul- 

ures), gastric cancer cell line NCI-N87 (CRL-5822, ATCC), and non- 

mall cell lung cancer cell line NCI-H1975 (CRL-5908, ATCC). HT29 

nd HCT116 cells were pre-cultured in McCoy’s 5A medium (12- 

68F, Lonza Group Ltd.) containing 10 % FBS and 1 % P/S in a CO2 

ncubator (37 °C, 5 %). HT115 cells were pre-cultured in DMEM 

ontaining 15 % FBS and 1 % P/S in a CO2 incubator (37 °C, 

 %). NCI-N87 and NCI-H1975 cells were pre-cultured in RPMI-1640 

edium (A104910, Thermo Fisher Scientific Corp.) containing 10 % 

BS and 1 % P/S in a CO2 incubator (37 °C, 5 %). 

.4. Patient selection and establishment of PDCs 

Colorectal cancer surgical specimens were collected from pa- 

ients who underwent surgery for primary and metastatic col- 

rectal tumors. The patients submitted written informed consent 

or genetic and biological analyses, which were performed in ac- 

ordance with the protocols approved by the Institutional Re- 

iew Board of the Japanese Foundation for Cancer Research (JFCR) 

#2013-1093). 

Several pieces of the surgically resected tumors were immedi- 

tely transferred into ice-cold culture medium and enzymatically 

rocessed to establish PDC lines, as previously reported [ 43 ]. PDCs 

stablished at the JFCR from surgically resected colorectal can- 

ers were designated JC-XXX-(nth time)-(tumor site). For exam- 

le, JC-119-1-TR and JC-119-2-Liv indicate PDCs from patient #119 

nd first-time tumor from the rectum (TR) and second-time tumor 

rom the liver as a metastatic site. 

JC-039-2-Liv, JC-054-3-Liv, JC-063-1-TS, JC-072-2-Liv, JC-075-1- 

S, JC-075-2-Liv, JC-119-1-TR, JC-119-2-Liv, JC-143-1, JC-004, JC- 

47, JC-278 and JC-406 cells were pre-cultured in 50 % Stem- 

ro hESC SFM (A10 0 0701, Thermo Fisher Scientific Corp.), that is, 

MEM/F-12 containing GlutaMAX (10565018, Thermo Fisher Sci- 

ntific Corp.) supplemented with 0.5 % StemPro hESC supplement, 

.3 % bovine serum albumin (A10 0 08-011, Thermo Fisher Scien- 

ific Corp.), 6.4 ng/mL fibroblast growth factor–basic (100-18B, Pe- 

rotech Corp.), 0.08 mM 2-mercaptoethanol (21985-023, Thermo 

isher Scientific Corp.), 8 μM Y-27632 (Y-5301, LC Laboratories 

orp.), and 1 % antibiotic-antimycotic solution (15240062, Thermo 

isher Scientific Corp.) in a CO incubator (37 °C, 5 %). 
2 
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.5. Observation of viscous bodies obtained by CAViTs 

First, 1.0 × 107 NHDFs were suspended in a mixture of 1 mg/mL 

ITC-modified heparin/50 mM Tris–HCl (pH 7.4) solution and 

 mg/mL collagen/acetic acid (pH 3.7) solution, added to a Petri 

ish, and centrifuged at 10 0 0 × g for 5 min. Any remaining vis- 

ous material was observed by fluorescence and polarized light mi- 

roscopy. 

.6. Evaluation of cohesion effects by CAViTs 

First, 1.0 × 106 NHDFs were incubated in a mixture of 

.05 mg/mL heparin/50 mM Tris–HCl (pH 7.4) solution and 

.05 mg/mL collagen/acetic acid (pH 3.7) solution, 0.05 mg/mL 

eparin/50 mM Tris–HCl (pH 7.4) solution only, 0.05 mg/mL col- 

agen/acetic acid (pH 3.7) solution only, or 50 mM Tris–HCl (pH 

.4) solution only and then centrifuged at 700 × g for 5 min. 

he produced viscous material was resuspended in 1.5 mL of 10 % 

BS– and 1 % P/S–containing DMEM (culture medium), and an 

liquot was placed on a Petri dish and observed under an inverted 

hase-contrast microscope (BZ-X710, KEYENCE Corp). The number 

f clusters and cell viability were measured using a cell counter 

Vi-CELL BL, Beckman Coulter Inc.). 

.7. Construction of 3D stromal tissue model using CAViTs 

.7.1. NHDF single culture 

First, 3.5 × 106 NHDFs were suspended in a mixture of 250 μL 

f 0.2 mg/mL or 0.1 mg/mL polyelectrolyte/50 mM Tris–HCl (pH 

.4) solution and 250 μL of 0.1 mg/mL or 0.05 mg/mL ECM/acetic 

cid (pH 3.7) solution at room temperature (RT) and centrifuged at 

00 × g for 1 min to obtain viscous material. After suspending the 

btained viscous material in culture medium, the suspension was 

eeded in a 24-well cell culture insert (#3470, Corning Inc.) and 

entrifuged at 400 × g for 1 min at RT. Culture medium was then 

dded to the 24-well cell culture inserts and incubated in a CO2 

ncubator (37 °C, 5 %) for 24 h. 

.7.2. NHDF and HUVEC co-culture 

Viscous material was obtained by centrifuging 2.0 × 106 NHDFs 

nd 3.0 × 104 HUVECs in a mixture of 300 μL of heparin/50 mM 

ris–HCl (pH 7.4) solution and 0.05 mg/mL collagen/acetic acid (pH 

.7) solution at 400 × g for 1 min at RT. After suspending the 

btained viscous material in culture medium, the suspension was 

eeded in 24-well cell culture inserts and centrifuged at 400 × g 

or 1 min at RT. Culture medium was then added to the 24-well 

ell culture inserts and incubated in a CO2 incubator (37 °C, 5 %) 

or 96 h. 

.7.3. Five-layer culture 

NHDFs (0.6 × 106 cells) pre-fluorescently stained with Cell 

racker Green were suspended in 150 μL of 0.2 mg/mL hep- 

rin/50 mM Tris–HCl buffer (pH 7.4) and 150 μL of 0.2 mg/mL col- 

agen/acetic acid solution (pH 3.7). The resulting suspension was 

hen seeded in a 24-well cell culture insert and centrifuged at 

00 × g for 1 min at RT to form the first cell layer. Using the same

echnique, a second cell layer was formed on top of the first cell 

ayer using NHDFs (0.6 × 106 cells) pre-fluorescently stained with 

ell Tracker Red. A third cell layer was then formed on top of the 

econd cell layer using NHDFs (0.6 × 106 cells) pre-stained with 

ell Tracker Green using the same method. A fourth cell layer was 

ormed on top of the third cell layer using NHDFs (0.6 × 106 cells) 

re-stained with Cell Tracker Red. A fifth cell layer was formed 

n top of the fourth cell layer using NHDFs (0.6 × 106 cells) 

re-fluorescently stained with Cell Tracker Green. Finally, culture 

edium was added to the cell culture inserts and incubated in a 

O incubator (37 °C, 5 % CO ) for 24 h. 
2 2 

114
.7.4. Cancer formation on top of stromal tissue 

First, 2.0 × 106 NHDFs and 3.0 × 104 HUVECs co-cultured with 

D stromal tissues were prepared as described in Section 2.7.2 (re- 

erred to as the CAViTs method) in 24- or 96-well cell culture in- 

erts (#3470 or #7369, Corning Inc.) and cultured for 24 h. Next, 

.0 × 104 cancer cells were suspended in culture medium, and the 

uspensions were seeded in the 24-well cell culture inserts and in- 

ubated in a CO2 incubator (37 °C, 5 %) for 96 h. 

.7.5. Cancer in stromal tissue (sandwich) 

First, 1.0 × 106 NHDFs and 1.5 × 104 HUVECs co-cultured with 

D stromal tissues were prepared using the CAViTs method in 24- 

ell cell culture inserts and cultured for 24 h. Next, 2.0 × 104 can- 

er cells were suspended in culture medium and then seeded in 

he 24-well cell culture inserts and incubated in a CO2 incubator 

37 °C, 5 %) for 1 h. Finally, 1.0 × 106 NHDFs and 1.5 × 104 HU- 

ECs co-cultured with 3D stromal tissues were prepared using the 

AViTs method in 24-well cell culture inserts and cultured for 96 h. 

.8. Cell counting and cell layer density evaluation 

NHDF single cultures were prepared using the CAViTs method, 

xed in 10 % formalin (060-03845, Fujifilm Corp.), immersed in 

0 % ethanol (059-07895, Fujifilm Corp.), and paraffin-embedded 

ections were prepared using established methods. The sections 

ere then stained with hematoxylin and eosin (HE). The maxi- 

um number of cell layers and the thickness (μm) of the area with 

he maximum number of cell layers were then measured for each 

ection. From the maximum cell layer count and thickness mea- 

urements, the number of cell layers per 10-μm thickness (i.e., cell 

ayer density) was calculated. 

.9. Evaluation of self-assembled vascular network formation and 

nhibition 

To evaluate self-assembled vascular network formation, NHDFs 

nd HUVECs co-cultured with 3D stromal tissues were prepared 

sing the CAViTs method in 24-well cell culture inserts and cul- 

ured for 1, 4, and 8 days. 

To evaluate self-assembled vascular network inhibition, NHDFs 

nd HUVECs co-cultured with 3D stromal tissues were prepared 

sing the CAViTs method in 24-well cell culture inserts and cul- 

ured for 24 h. Anti-HGF (10 μg/mL) and anti-VEGF bevacizumab 

10 μg/mL) were added and incubated in a CO2 incubator (37 °C, 

 %) for 72 h. 

After culture, the cells in each evaluation were washed twice 

ith PBS and fixed with 10 % formalin, and the vascular network 

tructure was observed using anti-CD31 primary antibody and sec- 

ndary antibody on a high-content confocal microscope analysis 

ystem. Paraffin-embedded sections were prepared according to 

stablished methods. Immunohistochemistry (IHC) analysis of the 

ections was performed using the anti-CD31 antibody. 

.10. Evaluation of 3D stromal tissue model viability 

Three-dimensional stromal tissues prepared using the CAViTs 

ethod with either NHDFs alone or NHDFs and HUVECs were 

ultured for 8 days before being dispersed with cell dispersion 

eagent and subjected to viability assessment using an automated 

ell counter (Countess® II FL, Thermo Fisher Scientific Corp.). 

.11. Drug efficiency evaluation 

.11.1. Two-dimensional cultures 

First, 2.0 × 104 cancer cells were suspended in the medium 

sed for pre-culture. The resulting suspensions were seeded in 24- 
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ell cell culture inserts or black 96-well plates with clear bot- 

oms (Greiner Bio-one GmbH, 655090) and incubated in a CO2 

ncubator (37 °C, 5 %) for 24 h. Anticancer drugs or antibod- 

es were then added, and the cells were cultured in a CO2 in- 

ubator (37 °C, 5 %) for at least 72 h. The effect of the drugs

as then evaluated by counting the cancer cells. The number 

f cancer cells was measured using an automated cell counter 

r MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]- 

-[4-sulfophenyl]-2H-tetrazolium) or ATP (adenosine triphosphate) 

ssay kits (G5430 or G9242, Promega Corp.). 

.11.2. Spheroid cultures 

First, 2.0 × 104 cancer cells were suspended in DMEM contain- 

ng 10 % FBS and 1 % P/S. The resulting suspensions were seeded in

erfecta3D® Hanging Drop Plates (NT-HDP1096, 3D Biomatrix Inc.) 

nd incubated in a CO2 incubator (37 °C, 5 %) for 96 h. Anticancer 

rugs or antibodies were then added, and the cells were cultured 

n a CO2 incubator (37 °C, 5 %) for at least 72 h. The effect of the

rugs was evaluated by counting the cancer cells using an auto- 

ated cell counter after the addition of cell dispersion reagent. 

.11.3. CAViTs 

Cancer co-culture models were prepared using 24-well or 96- 

ell cell culture inserts. Anticancer drugs or antibodies were added 

o cells cultured in a CO2 incubator (37 °C, 5 %) for at least 72 h.

he effect of the drugs was then evaluated by counting the can- 

er cells. To count cancer cells, 3D tissues prepared using the CAV- 

Ts method were first dispersed with a cell dispersion reagent, and 

hen the number of cancer cells, which had been fluorescently la- 

eled at the time of CAViTs 3D tissue preparation, was determined 

sing an automated cell counter. Alternatively, the efficacy of the 

rugs was evaluated by calculating the confluence of cultured can- 

er cells. The area occupied by cancer cells was measured using a 

igh-content confocal microscope analysis system after fluorescent 

mmunostaining of either EpCAM or CK8/18 expressed on the cell 

urface. 

.12. Evaluation and validation of drug efficacy in PDCs from eight 

atients 

After the cancer co-culture model was prepared in 24-well cell 

ulture inserts using PDCs from eight patients, anticancer drugs 

ere added, and the cells were cultured in a CO2 incubator (37 °C, 

 %) for at least 72 h. The effect of each drug was then evaluated

y counting the cancer cells or calculating the area occupied by 

ancer cells after staining for EpCAM or CK8/18. 

Drug efficacy against PDCs was evaluated using the same drugs 

nd regimens originally used in treatment of the patients. JC-039- 

-Liv received 5-FU + L-OHP; JC-054-3-Liv received 5-FU + L-OHP + B- 

ab; JC-063-1-TS, JC-072-2-Liv, JC-075-1-TS, and JC-075-2-Liv re- 

eived 5-FU + L-OHP + Cmab; and JC-119-1-TR and JC-119-2-Liv re- 

eived 5-FU + L-OHP + SN-38 + Bmab. 

Drug concentration ratios were kept constant and based on 

FOLFOX6 and FOLFOXIRI regimens. Rapid and continuous intra- 

enous infusions were not distinguished but added together. Be- 

ause some doses were expressed in mg/m2 and others in mg/kg, 

he ratios were determined using 165 cm/60 kg. The maximum 

oncentrations of the anticancer drugs were set at 10 0 0 μM for 

-FU, 10 μM for L-OHP and SN-38, 8.3 μg/mL for Bmab, and 

8.5 μg/mL for Cmab. 

Drug efficacy was judged based on the percentage of cancer 

ells remaining relative to control samples at the specific con- 

entration tested. A 5-FU concentration of 250 μM was deter- 

ined as the criterion concentration, and 80 % was selected as the 

ensitive/non-sensitive threshold; that is, the PDCs were judged as 

on-sensitive to the tested set of drugs when the residuals were 
115
 80 % at that concentration or below. In contrast, in the case of 

esidual values of ≤80 %, the PDCs were judged as sensitive. 

.13. Primary cancer cell culture in 3D stromal tissue generated using 

AViTs 

.13.1. Preparation of primary cancer cells 

Primary cancer cells were obtained from surgically removed tu- 

or tissue that had been cut into small pieces, treated with col- 

agenase/dispase (10269638001, F. Hoffmann-La Roche Ltd.), and 

ractionated using a filter with a pore size of 100 μm. 

.13.2. Effect of culture method 

Primary cancer cells that had been fluorescently labeled with 

KH26 Red Fluorescent Cell Linker kit or PKH67 Green Fluorescent 

ell Linker kit were 2D cultured or cultured with/without capillary 

orphogenesis vessels in 3D culture using a stromal tissue model 

enerated using the CAViTs method. Alternatively, primary cancer 

ells were cultured on a HUVEC feeder. On days 5 and 13, cancer 

ells were observed under a microscope (BZ-X700, KEYENCE Corp.), 

nd the area occupied by cancer cells was calculated. 

.13.3. Effect of the number of stromal cell layers 

Primary cancer cells were cultured on 3D stromal tissue mod- 

ls comprising 1, 5, 10, or 20 stromal cell layers (1.0 × 105 

ells/layer) prepared using the CAViTs method. After 14 days of cul- 

ure, the cells were dispersed, washed twice with PBS, and fixed 

ith 10 % formalin. After staining with fluorescence-labeled anti- 

pCAM antibody, the cells were counted using an automated cell 

ounter, and the proliferation rate (measured value/number of cells 

eeded × 100) was calculated. 

.13.4. Effect of HUVEC content 

Primary cancer cells were cultured on 3D stromal tissue mod- 

ls with a HUVEC content of 0, 0.5, 1.5, or 5.0 % prepared using 

he CAViTs method. After 14 days of culture, the cells were dis- 

ersed, washed twice with PBS, and fixed with 10 % formalin. After 

taining with fluorescently labeled anti-EpCAM antibody, the cells 

ere counted using an automated cell counter, and the growth rate 

measured value/number of cells seeded × 100) was calculated. 

.14. IHC analysis 

.14.1. HE staining 

For HE staining, cultured tissue was washed twice with PBS and 

xed with 10 % formalin overnight at 4 °C. Tissue sections were 

eparaffinized with xylene, rehydrated through an ethanol series, 

nd rinsed in running tap water for 5 min. The sections were then 

reated with hematoxylin (H3136, Merck Millipore Corp.), rinsed 

n running tap water, and treated with eosin alcohol (HT110116, 

erck Millipore Corp.). The sections were then dehydrated through 

n ethanol series and xylene and mounted with malinol (10781, 

uto Pure Chemicals Corp.). 

.14.2. Cytokeratin 7 

For IHC, cultured tissue was washed twice with PBS and then 

xed with 10 % formalin overnight at 4 °C. Tissue sections were 

eparaffinized with xylene and rehydrated through an ethanol 

eries and TBS (935B, Merck Millipore Corp.). Antigen retrieval 

as performed by microwave treatment with EDTA buffer at pH 

.0. Endogenous peroxidase activity was blocked by treatment 

ith 0.3 % H2 O2 in methanol for 30 min, followed by incubation 

ith Protein Block (GB-01, GenoStaff1 Corp.) and an avidin/biotin 

locking kit (SP-2001, Vector Laboratories Inc.). The sections were 

hen incubated with anti–cytokeratin 7 rabbit monoclonal anti- 

ody (Ab181598, Abcam PLC.) at 4 °C overnight. Next, the sec- 

ions were incubated with biotin-conjugated goat anti-rabbit Ig 
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E0432, Agilent Corp.) for 30 min at RT, followed by the addition 

f peroxidase-conjugated streptavidin (525-33251, Fujifilm Corp.) 

nd incubation for 5 min. Peroxidase activity was visualized us- 

ng diaminobenzidine (D12384, Merck Millipore Corp.). The sec- 

ions were counterstained with Mayer’s hematoxylin (30 0 02, Muto 

ure Chemicals Corp.), dehydrated, and then mounted with mali- 

ol. 

.14.3. CEA & CD31 

For the first IHC staining procedure, cultured tissue was washed 

wice with PBS and then fixed with 10 % formalin overnight at 

 °C. Tissue sections were deparaffinized with xylene and re- 

ydrated through an ethanol series and TBS. Antigen retrieval 

as performed by microwave treatment in citrate buffer at pH 

.0. Endogenous peroxidase activity was blocked by treatment 

ith 0.3 % H2 O2 in methanol for 30 min, followed by incuba- 

ion with Protein Block and an avidin/biotin blocking kit. The 

ections were incubated with anti-CD31 mouse monoclonal an- 

ibody at 4 °C overnight, followed by incubation with biotin- 

onjugated rabbit anti-mouse IgG for 30 min at RT and the addi- 

ion of alkaline phosphatase–conjugated streptavidin and incuba- 

ion for 10 min. Alkaline phosphatase activity was visualized using 

BT/BCIP (11681451001, Merck Millipore Corp.), followed by wash- 

ng with PBS. 

For the second IHC staining procedure, antibody dissociation 

as performed by heat treatment with citrate buffer at pH 6.0. 

he sections were then incubated with Protein Block and an 

vidin/biotin blocking kit and incubated with anti-CEA mouse 

onoclonal antibody (#2383, Cell Signaling Technology Corp.) at 

 °C overnight. The sections were then incubated with biotin- 

onjugated rabbit anti-mouse IgG for 30 min at RT, followed by the 

ddition of peroxidase-conjugated streptavidin and incubation for 

 min. Peroxidase activity was visualized using diaminobenzidine, 

nd the sections were mounted with CC/Mount (K002, Diagnostic 

ioSystems Inc.). 

.15. Microarray analysis 

.15.1. Sample preparation 

Three-dimensional tissues were prepared in 24-well cell culture 

nserts with vascular-free NHDFs only. The tissues were dissolved 

n QIAzol Lysis Reagent (79306, QIAGEN N.V.) and stored at −80 °C. 

he steps from RNA extraction to microarray analysis described be- 

ow were outsourced to the Chemicals Evaluation and Research In- 

titute. 

.15.2. Total RNA extraction 

A total of 100 μL of cell disruption fluid was added to QIA- 

ol Lysis Reagent to reach 700 μL, and the cells were further dis- 

upted by centrifugation on a QIAshredder column (79656, Qiagen 

.V.). Thereafter, 20 % (vol) of the filtrate was added to chloroform, 

ixed thoroughly, and centrifuged. After the supernatant was re- 

oved, a 1.5-fold volume of 100 % ethanol was added to precip- 

tate total RNA, which was purified using a miRNeasy Micro kit 

217084, Qiagen N.V.). Finally, 20 μL of nuclease-free water was 

dded to elute the total RNA. The total RNA extracted using the 

iRNeasy Micro kit was stored at −80 °C. 

.15.3. Measurement of total RNA concentration and RNA quality 

esting (Bioanalyzer analysis) 

To calculate RNA concentration and purity, the absorbance of 

he total RNA solution was measured using an Ultra-trace spec- 

rophotometer (NanoDropTM One, Thermo Fisher Scientific Corp.) 

t 230, 260, and 280 nm (A260/280 and A260/230). The con- 

entration required for microarray analysis was ≥4 ng/μL, and 

ood purity was defined as A260/280 ≥1.8 and A260/230 ≥1.5. 
116
hen the concentration of total RNA solution (stock solution) was 

100 ng/μL, a portion of the total RNA solution (stock solution) 

as aliquoted and then diluted to 100 ng/μL for subsequent analy- 

is. 

For bioanalysis, 1 μL of total RNA solution was aliquoted and 

iluted 2-fold by adding nuclease-free water. The sample was then 

laced on a microchip prepared using an RNA60 0 0 Nano kit (Ag- 

lent Corp.), and electrophoresis was performed by setting the 

icrochip on a 2100 Bioanalyzer (Agilent Corp.). From the elec- 

rophoresis results, the RNA Integrity Number (RIN) and rRNA ra- 

io (28S/18S), which are indicators of RNA degradation, were calcu- 

ated. rRNA quality was considered good when the RIN was ≥7.0. 

.15.4. Microarray 

An Agilent SurePrint G3 Human GE v3 8 ×60 K Microarray 

design ID: 072363, Agilent Technologies Inc.,) was used for this 

nalysis, and the microarray chips were scanned using an Agilent 

NA microarray scanner (Agilent Technologies Inc.). Intensity val- 

es for each scanned feature were quantified using Agilent Fea- 

ure Extraction software, version 10.7.1.1. Normalization was per- 

ormed with Agilent GeneSpring, version 14.5 (per chip: normal- 

zation to 75th percentile shift). Altered transcripts were quanti- 

ed using the comparative method. Raw and normalized microar- 

ay data are available in the Gene Expression Omnibus database 

accession number GSE248026). 

.16. ELISA 

Quantitation of secreted VEGFA and HGF in a layered 3D tissue 

edium was performed using a Quantikine human VEGF ELISA kit 

DVE00, R&D Systems Corp.) and a Quantikine human HGF ELISA 

it (DHG00B, R&D Systems Corp.), according to the manufacturer’s 

nstructions. 

A total of 1.3 mL of medium was harvested from the 3D tis- 

ue or 2D cell culture in 24-well inserts and then incubated for 

 days, filtered, and analyzed in duplicate. Absorbance was deter- 

ined using a microplate reader (MultiskanTM FC, Thermo Fisher 

cientific Corp.) set to 450 nm, with the wavelength correction set 

o 540 nm. 

.17. Statistical analyses 

Data are expressed as mean ± SD of triplicate samples. Dif- 

erences between groups were analyzed using the Student’s t - 

est. A P -value < 0.05 was considered statistically significant. Dose- 

esponce curves were fitted and IC50 values were calculated using 

he biostatistical analysis software GraphPad Prism (GraphPad Soft- 

are Inc.). 

. Results 

.1. CAViTs method 

The CAViTs method is a simple 3D tissue preparation method 

hat takes advantage of the heparin-cell aggregation effect and col- 

agen type I cell adhesiveness that we reported previously [ 42 ]. 

ig. 1a shows a schematic illustration of the tissue preparation pro- 

edure. Cells, heparin (a natural polysaccharide), and collagen type 

 were mixed in a Tris–HCl buffer, and the cells were induced to 

gglutinate by applying an external force, such as centrifugal force, 

o form a viscous body ( Fig. 1b ). The resulting viscous material was

esuspended in culture medium and then dispensed into transwell 

ermeable supports and cultured to easily obtain 3D tissues within 

 min. The presence of viscous material was confirmed under a mi- 

roscope using a polarizer with orthogonal polarization and bire- 

ringence (liquid crystallinity; i.e., light passing through the viscous 

aterial that appears white; Fig. 1c ). 
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Fig. 1. Overview of the CAViTs method. 

Schematic illustration of the CAViTs procedure (a). Photograph of the viscous body prepared by the CAViTs method (b). Polarized image of the resuspended viscous body in 

culture medium (c). Fluorescent image of the resuspended viscous body in culture medium (green: heparin, blue: DAPI) (d). Phase-contrast image of the viscous body 

prepared using the CAViTs method to confirm CAViTs-induced aggregation (e). Phase-contrast image using Tris–HCl buffer as a control (f). Number of cell clusters/field of 

view (g) and viability (%) (h) per condition. Lateral substantive image (i) and top-view image (j) of 3D tissues prepared by the CAViTs method. Cross-sectional fluorescent 

image (green: cell tracker green–stained NHDFs [CTG-NHDFs]), red: cell tracker red–stained NHDFs [CTR-NHDFs]) of five-layer laminated culture prepared on culture inserts 

using the CAViTs method (k). HE-stained images of 3D tissue prepared by each condition (l: heparin, m: collagen type I, n: CAViTs). ∗∗P < 0.05. 

117
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Table 1 

Validation of the CAViTs method (comparative evaluation with materials other than heparin and collagen type 1). 

ECM (Adhesion factors) 

None Collagen type I Laminin Fibronectin 

Thickness 

(μm) 

Cell density 

(cells/ 5 ×103 

μm2 ) 

Thickness 

(μm) 

Cell density 

(cells/ 5 ×103 

μm2 ) 

Thickness 

(μm) 

Cell density 

(cells/ 5 ×103 

μm2 ) 

Thickness 

(μm) 

Cell density 

(cells/ 5 ×103 

μm2 ) 

ECM 

(Glycosaminoglycans) 

None 163 ± 0.92 69.5 ± 7.05 191 ± 13 83.6 ± 1.99 155 ± 4.2 72.7 ± 9.82 170 ± 3.5 84.2 ± 4.86 

Heparin 280 ± 3.4 54.9 ± 1.84 286 ± 9.7 62.1 ± 0.348 149 ± 2.4 69.6 ± 17.7 165 ± 8.2 64.8 ± 9.53 

Chondroitin sulfate A 113 ± 4.7 62.9 ± 3.98 465 ± 29 40.4 ± 4.33 196 ± 4.3 65.3 ± 5.00 105 ± 1.6 70.4 ± 5.66 

Chondroitin sulfate C 220 ± 15 56.9 ± 6.88 259 ± 6.7 94.8 ± 6.52 188 ± 4.7 61.6 ± 5.97 101 ± 2.7 67.7 ± 16.9 

Dermatan sulfate 235 ± 4.7 50.3 ± 5.92 433 ± 4.8 48.0 ± 1.61 176 ± 2.7 70.0 ± 2.39 242 ± 19 81.1 ± 3.85 

Hyaluronic acid 196 ± 3.3 49.0 ± 10.6 287 ± 3.3 72.8 ± 6.70 185 ± 7.9 73.4 ± 9.44 143 ± 1.1 65.1 ± 8.45 

Polyelectrolytes Dextran sulfate 121 ± 2.2 67.0 ± 3.55 316 ± 5.2 76.7 ± 4.11 197 ± 9.4 72.5 ± 1.39 194 ± 5.0 83.1 ± 2.15 

Polystyrene sulfonic 

acid 

213 ± 8.1 52.6 ± 4.46 401 ± 10 49.3 ± 3.50 90.7 ± 3.1 61.0 ± 3.41 158 ± 5.8 77.5 ± 6.08 

Polyacrylic acid 232 ± 0.61 55.7 ± 0.824 201 ± 7.2 64.0 ± 5.67 172 ± 0.95 57.5 ± 3.33 161 ± 9.0 68.1 ± 5.30 

Results are shown for evaluation sections of tissue constructed from cell suspensions with final concentrations of glycosaminoglycan ECM or polyelectrolytes components 

(listed in the first and second column of the table) and adhesion factor ECM (listed in the first and second rows of the table) of 0.1 mg/mL each. The numbers in the 

thickness and cell density column indicate the mean ± SD of three different points of measurement of each HE-stained section. Number of cells was measured by visually 

counting cell nuclei. “None” in the polyelectrolyte component condition list (first column of the table) means no polyelectrolyte. “None” in the ECM components condition 

list (listed in the first row of the table) means no ECM. 
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After resuspending the viscous material in culture medium, we 

onfirmed that heparin was retained between the cells ( Fig. 1d ) 

nd that the cells aggregated within 1 min after the CAViTs proce- 

ure was implemented ( Fig. 1e ). In contrast, in the control, which 

ontained Tris–HCl buffer, f ew cells aggregated and remained uni- 

ormly dispersed in the Petri dish after 20 min ( Fig. 1f ). The num-

er of clusters in which one or more cells aggregated in one field 

f view was 3.2 for the CAViTs method (i.e., heparin and colla- 

en type I together), 0 for heparin only, 0.4 for collagen type I 

nly, and 0 for samples lacking both heparin and collagen type 

 ( Fig. 1g ), thus confirming the roles of heparin and collagen in

his aggregation effect. Cell viability after undergoing the CAViTs 

ethod was 97.2 % ( ±0.7), indicating that the treatment had a 

trong aggregation-inducing effect but did not reduce the viability 

f the cells ( Fig. 1h ). 

Fig. 1k shows the evaluation of sections after 1 day of culture, 

n which fibroblasts stained with two types of fluorescence were 

tacked five times in alternating layers of 10 layers each using 

he CAViTs method. The results confirmed that the CAViTs method 

an be used to construct a 3D cellular tissue structure consisting 

f multiple cell layers. The average thickness of the tissue was 

17 μm, which could be seen with the naked eye ( Fig. 1i and j ,

ig. S1). Although tissue prepared with heparin alone was thicker, 

t contained numerous voids and was considered to be immature 

s tissue ( Fig. 1l ). In the case of collagen alone, the tissue was thin-

er than in the case of heparin alone, and no voids were observed 

n the tissue ( Fig. 1m ). CAViTs performed using a combination of 

oth heparin and collagen produced the thickest and most void- 

ree tissue ( Fig. 1n ). 

The CAViTs method was also performed using a variety of hep- 

rin and collagen combinations, as well as other material com- 

inations, and the results are shown in Table 1 . We expected 

hat the combination of cell adhesion ECM and the counterpart 

iomolecules possessing interaction with the ECM. Thus, common 

ell adhesive ECMs such as collagen type I, laminin, and fibronectin 

ere selected and then counterpart glycosaminoglycan ECM com- 

onents such as heparin, chondroitin sulfate A, chondroitin sulfate 

, dermatan sulfate and hyaluronic acid were chosen. A polyelec- 

rolyte such as dextran sulfate, polystyrene sulfonic acid and poly- 

crylic acid were selected as a control polymer of the glycosamino- 

lycans because of the same negative charges. The thickness of tis- 

ue sections and the cell density in the tissues on day 1 of cultures 

repared for each combination are shown in Table 1 . The solvent 

f the glycosaminoglycan or polyelectrolyte and extracellular adhe- 
118
ion factor, Tris–HCl buffer exhibited relatively higher tissue thick- 

ess (163 μm) and density (69.5 cells/5 ×103 μm2 ). Compared with 

ontreatment (i.e., using Tris–HCl buffer alone), the thickness of 

he glycosaminoglycan- or polyelectrolyte-only tissue was approx- 

mately 1.7-fold greater for heparin, 1.4-fold greater for dermatan 

ulfate and polyacrylic acid, 1.3-fold greater for chondroitin sulfate 

 and polystyrene sulfonic acid, and 1.2-fold greater for hyaluronic 

cid. However, the thickness of tissues observed using dextran sul- 

ate and chondroitin sulfate A were approximately 0.7-fold thinner 

han that obtained with nontreatment. For all glycosaminoglycans 

nd polyelectrolytes, multiple voids were observed in the tissue 

Fig. S2), and cell density decreased by 0.72- to 0.96-fold, indicat- 

ng a trend toward a decrease in cell density in the tissue (i.e., an 

ncrease in tissue thickness). 

In contrast, the thickness of tissue prepared with adhesion fac- 

or alone was 1.17-fold greater than that prepared with colla- 

en type I alone, and tissue prepared with laminin or fibronectin 

as almost as thick as nontreatment. In general, tissues prepared 

ith adhesion factor alone had a higher cell density than those 

repared with glycosaminoglycan or polyelectrolyte alone, and no 

oids were generated in the tissues (Fig. S2). 

When tissues were prepared using a combination of gly- 

osaminoglycans or polyelectrolytes and adhesion factors, all tis- 

ues were thicker when collagen type I was used. Chondroitin sul- 

ate A in combination with collagen type I resulted in a 2.8-fold 

hickening of tissue compared with nontreatment, and dermatan 

ulfate resulted in a 2.6-fold tissue thickening. Furthermore, no 

oids were formed in the tissues prepared with all combinations 

Fig. S2). In addition, the combination of heparin and collagen ex- 

ibited the best viscous body formation (data not shown). 

When cells were stacked in culture medium without treatment 

ith collagen, ECM, or Tris–HCl buffer as a solvent, the thickness 

as 80 μm (i.e., it was the thinnest), and the cell density was 83.3 

ells/5 ×103 μm2 . During the culture medium change, cells did not 

dhere to each other, resulting in the peeling off of cells; thus, the 

ulture could not be maintained (data not shown). 

By a trial-and-error approach, we finally found that combina- 

ion of heparin and collagen is the suitable for tissue formation. 

.2. Self-assembly of the vascular network in CAViTs 

When fibroblasts and vascular endothelial cells were mixed and 

reated using the CAViTs method as shown in Fig. 2a , HUVECs self- 

ssembled into a capillary morphogenesis network, which devel- 
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Fig. 2. Self-assembly of vascular network by CAViTs. 

Flow diagram of 3D stromal tissue formation with capillary morphogenesis network structure from NHDFs and HUVECs in a mixed viscous body produced using the CAViTs 

method (a). Immunofluorescence images of changes in the capillary morphogenesis network structure over time (magenta: CD31) on days 1, 5, and 8 of culture (b). IHC 

image of HUVECs lumen structure on day 8 of culture (brown: CD31, arrows: luminal structures) (c). Overall tissue viability (%) (gray: with capillary morphogenesis vessel 

[CV], black: without CV) (d). Comparison of angiogenic factor marker expression in 2D versus CAViTs culture methods (CAViTs) determined using microarray gene 

expression analysis (gray: CAViTs, black: 2D) (e). Comparison of 2D and CAViTs culture methods in terms of HGF (f) and VEGF (g) expression levels by ELISA (gray: 2D, 

black: CAViTs). Immunofluorescence images of each condition on day4 in the verification of inhibition of vascular network formation using anti-HGF and -VEGF antibodies 

(magenta: CD31, left: control, left center: anti-VEGFA treated, right center: anti-HGF treated, right: both anti-VEGFA and anti-HGF treated) (h). Relative occupancy of 

vascular network ( %) (measured values for each condition/CD31-derived fluorescence occupancy of control × 100) (i). ∗∗P < 0.05; n.s.: not significant. 
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ped over time ( Fig. 2b ). The network was formed when HUVECs 

ere present at > 0.25 % relative to NHDFs at day 5 of culture, 

nd the degree of development was HUVEC concentration depen- 

ent (Fig. S3). In addition, cross-sectional observation suggested 

he formation of vessels with open lumens ( Fig. 2c ). However, as 

he number of vessels in tumor tissue is reportedly in the range 

f dozens per field of view, we decided upon a concentration of 

UVECs of 1.5 % of total stromal cells in consideration of repro- 

ucibility [ 44 ]. 

The overall cell viability was 92.5 % in the tissue composed of 

nly NHDFs and 94.7 % in the tissue composed of self-assembled 

UVECs in NHDFs at day 8 of culture, with no significant differ- 

nce observed depending on the presence or absence of capillary 

orphogenesis vessels ( Fig. 2d ). Moreover, the development of the 

apillary-like structures in stromal tissues exhibited high repro- 

ucibility (Fig. S4). 

Next, 20 cell layers of stromal tissue composed of NHDFs and 

UVECs prepared by the CAViTs method were subjected to DNA 

icroarray analysis to extract a group of genes related to angio- 

enesis and compared with 2D culture ( Fig. 2e ). At day 4 of cul-

ure and after stromal tissue preparation, expression of the HGF 

nd VEGFA genes was upregulated 37-fold and 9-fold, respectively, 

ompared to 2D cultures. Based on these results, ELISA quantifica- 

ion of HGF and VEGF proteins in stromal tissues prepared by the 

AViTs method at day 4 post-culture showed that secretion of HGF 

nd VEGF had increased by 274- and 88-fold, respectively, com- 

ared to 2D cultures ( Fig. 2f , g ). 

Next, we evaluated whether formation of the vascular network 

n the stromal tissue could be inhibited by anti-HGF and anti-VEGF 

ntibodies ( Fig. 2h , i ). Treatment with either antibody alone inhib- 

ted vascular network formation by ∼20 %, and the simultaneous 

ddition of both antibodies inhibited the formation of vascular net- 

orks by 57.4 % compared with no addition of antibodies. These 

esults showed that vascular networks self-assembled in stromal 

issues composed of NHDFs and HUVECs prepared using the CAV- 

Ts method, primarily via the HGF and VEGF pathways. In contrast, 

n tissues prepared using conventional 3D cell culture techniques, 

he spheroids failed to form a vascular network, and no lumens 

ould be identified (Fig. S5). 

.3. Evaluation of morphology in cancer cell line models generated 

sing CAViTs 

Fig. 3 shows a cancer-stromal model with NCI-H1975 lung can- 

er cells generated using the CAViTs method. The figure shows a 

odel with cancer cells seeded in the upper part of the stroma 

 Fig. 3a , b ) and another model with cancer cells sandwiched be-

ween the stromal tissues ( Fig. 3c , d ). In both cases, the cancer cells

ere maintained for 7 days with controlled cancer cell positioning. 

n IHC image of colon cancer HT29 cells seeded on the upper sur- 

ace of the stromal tissue is shown in Fig. 3e , and NCI-N87 gastric

ancer cells sandwiched in the stromal tissue are shown in Fig. 3f . 

hen the gastric cancer cells were sandwiched between the stro- 

al tissues, the glandular duct structure that is typically observed 

n highly differentiated carcinomas was reconstructed. Some PDCs 

riginating from the colorectal cancer also formed duct structures 

hen they were sandwiched in stromal tissue (Fig. S6). Further- 

ore, in this model, some colon cancer cells co-localized with 

he capillary morphogenesis vessels formed in the stromal tissue 

 Fig. 3g , Fig. S7). 

.4. Evaluation of drug efficacy against cancer cell line models 

Fig. 4a shows the anticancer drug evaluation scheme using the 

ancer-stromal model with cell lines prepared using the CAViTs 
120
ethod. After stromal cells were precipitated in a container us- 

ng the CAViTs method, cancer cells pre-stained with PKH were 

eeded on the following day, and the anticancer drug was added 

n day 5. On day 8, the tissue was digested with trypsin, and 

he number of residual cancer cells was determined. The percent- 

ge of residual HT29 cells in 10 μg/mL and 100 μg/mL of L-OHP 

lone was 39.4 % and 16.0 % for 2D cultures, 48.2 % and 22.3 % for

pheroids, and 62.6 % and 33.8 % for CAViTs, respectively, show- 

ng a concentration-dependent trend ( Fig. 4b ). The effect of L-OHP 

as the lowest when assayed using the CAViTs method model. Fur- 

hermore, when L-OHP was used simultaneously with an angio- 

enesis inhibitor (anti-VEGF antibody), the combined effect of the 

nti-VEGF antibody was confirmed at each L-OHP concentration, 

ut only in tissues prepared using the CAViTs method. Note that 

he anti-VEGF antibody alone had no cytocidal effect in this sys- 

em (data not shown). 

In the cancer-stromal model generated using the CAViTs 

ethod with HCT116 cells, a combined effect with angiogenesis 

nhibitors was observed when HUVECs were present. Compared to 

he non-vascularized model, the vascularized cancer stromal model 

as more resistant (by 17.7 %) to 5-FU at 10 0 0 μM. The non-

ascularized model did not show any combined effect with the 

nti-VEGF antibody ( Fig. 4c ). Furthermore, when the percentage 

f HUVECs relative to NHDFs was increased in the same system, 

he combined effect of the anti-VEGF antibody and 5-FU was con- 

rmed with ≥0.5 % HUVECs with good vascular network formation 

 Fig. 4d ). 

Next, we examined whether immunostaining could also be used 

o detect cancer cells co-cultured with stromal tissue. In a prelim- 

nary study, a correlation was observed between the areas of de- 

ection when PDCs were assessed with the expressed mKate pro- 

ein and when stained with the cancer cell–specific antibody Ep- 

AM (Fig. S8). We then evaluated the efficacy of four anticancer 

rugs in the cancer-stromal model by immunostaining and imag- 

ng analysis using HT115 colorectal cancer cells in 96-well plates, 

nd compared the efficacy with that in 2D culture ( Fig. 5a ). The re-

roducibility of this model obtained from three independent trials 

as the same as that of 2D cultures ( Fig. 5b –e ). Co-cultures with

tromal tissue were found to be more resistant to all four drugs 

han was observed in 2D cultures. Specifically, compared to the 2D 

ultures, the co-cultures were approximately 10-fold more resis- 

ant to oxaliplatin, 5-FU, and SN-38, and 10 0 0-fold more resistant 

o the molecular-targeted drug cetuximab ( Fig. 5f , g , Fig. S9). 

In addition, three trials of three drugs (afatinib [Afb], osimer- 

inib [OSIM], and cisplatin [CDDP]) were performed against NCI- 

1975 lung cancer cells. As with colon cancer cells, the model with 

CI-H1975 cells showed high reproducibility, and co-cultures with 

tromal tissue exhibited greater drug resistance than 2D cultures 

Fig. S10). 

.5. PDC-stromal model generated using the CAViTs method and 

valuation of anticancer drugs 

The results of IHC evaluation of the colon PDC-stromal model 

repared using the CAViTs method on day 7 of culture are shown 

n Fig. 6a . Cancer cells were observed inside the duct structures 

onsisting of HUVECs in multiple sites, suggesting infiltration into 

essels ( Fig. 6b ). In another case of PDCs, on the second day of

ulture, some of the cancer cells formed glandular duct structures 

arrowheads in Fig. 6c ). The entire area was raised, and the nu- 

lei of the cancer cells could be clearly seen on the stromal side 

dashed circle in Fig. 6d ). 

Next, drug sensitivity was evaluated using the colon PDC- 

tromal model. The results shown in Fig. 6e confirmed the com- 

ined effect of 5-FU and anti-VEGF antibody against PDCs as well 

s in the cell line, with a concentration-dependent increase ob- 
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Fig. 3. Morphological evaluation of cancer cell line models generated using CAViTs. 

IHC images of NCI-H1975 lung cancer cells on stromal tissue with CV (a: culture day 4, b: culture day 7). IHC images of NCI-H1975 lung cancer cells in the stromal tissue 

with CV (c: culture day 4, d: culture day 7). IHC image of tissue with HT29 colon cancer cells on top of the stromal tissue after 7 days of culture (brown: CEA, gray: CD31) 

(e). IHC image of NCI-N87 gastric cancer cells in the stromal tissue after 7days of culture (brown: CK7, white inset: glandular duct structure) and enlarged part of the white 

inset (f). Observation of cancer cell invasion into CV (green: cancer cells expressing GFP, red: RFP-HUVECs, from left to right, images magnified ×1, ×2.5, ×5, arrow: cancer 

invasion area) (g). 

s

t

V

a

v

o

a

c

l

l

n

s

u

erved in the effect of 5-FU as a single agent. However, the anti- 

umor effect of 5-FU was enhanced when combined with the anti- 

EGF antibody. We confirmed that the addition of bevacizumab, 

n angiogenesis inhibitor, resulted in development of a less-sparse 

ascular network in the stromal tissue compared to no addition 

f bevacizumab, but a dense vascular network was maintained 

round the cancer cells ( Fig. 6f , g , Fig. S11). 
121
Next, we evaluated drug efficacy in the cancer-stromal co- 

ulture model generated using the CAViTs method with PDCs 

inked to clinical information. Drug treatment of each PDC line uti- 

ized the same combination of drugs used in the patients’ origi- 

al treatment, as described in the experimental section. Table 2 

hows the results of comparisons between the efficacy of the eval- 

ated drugs in the CAViTs co-culture model and the predicted ef- 
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Fig. 4. Evaluation of drug efficacy using cancer cell line models generated by the CAViTs method. 

Flow diagram of the procedure of anticancer drug evaluation using the cancer-stromal model (a).Comparison of drug efficacy evaluation results between culture methods 

(black: L-OHP only, gray: L-OHP + VEGF monoclonal antibody [mAb], HT29) (b). Comparison of drug efficacy evaluation results between with and without CV (black: 5-FU 

only, gray: 5-FU + VEGF mAb, HCT116) (c). Comparison of efficacy evaluation results for HUVEC content (black: L-OHP only, gray: L-OHP + VEGF mAb, HCT116) (d). ∗∗P < 0.05, 

n.s.: not significant. 
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cacy from clinical outcomes. For the recurrence of liver metasta- 

is (JC-039-2-Liv and JC-054-3-Liv), the PDCs were predicted to be 

nsensitive to the drugs, because they had been established from 

ecurring tumors during treatment. As expected, the drugs were 

ot effective against these PDCs in the model generated using the 

AViTs method. Treatment of the metastatic tumor after resection 

f the primary tumor enabled control of the disease, such that the 

DCs established from primary tumors (JC-063-1-TS, JC-075-1-TS, 

nd JC-119-1-TR) were predicted to be sensitive to the drugs. In 

ontrast, the PDCs from the remaining tumors (JC-072-2-Liv, JC- 
122
75-2-Liv, and JC-119-2-Liv) were predicted to be insensitive to the 

rugs because these cell lines originated from tumors that survived 

reatment and were considered resistant to the drugs. In two of the 

hree PDCs from primary tumors, the drug treatments were effec- 

ive, as expected from clinical outcomes; however, the result for 

he other PDC line was not concordant with this expectation. Sim- 

larly, as expected, the evaluation showed that the drug treatments 

ere not effective against two of the three PDCs derived from pa- 

ients in which liver metastasis remained; however, for the other 

DC, the result did not match the prediction. The concordance 
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Fig. 5. Reproducibility of drug efficacy evaluations for cancer cell line models generated using the CAViTs method. 

Flow diagram of the procedure of anticancer drug evaluation (above: cancer-stromal model, bottom: 2D culture) (a). Comparison of reproducibility of drug efficacy 

evaluations in three independent trials (1st to 3rd) of the CAViTs method and the 2D culture method (HT115 cells) in 96-well plates(b: 5-FU, c: SN-38, d: L-OHP, e: Cmab , 

black: CAViTs, gray: 2D). IC50 values of 5-FU and SN-38 (f), Cmab and L-OHP (g). ∗∗P < 0.05. 
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Fig. 6. Construction of PDC-stromal models using the CAViTs method and evaluation of drug efficacy. 

IHC images of colorectal JC-143-1-stromal models generated using the CAViTs method (brown: CEA, gray: CD31, white inset: cancer invasion into luminal structure formed 

with HUVECs) (a) and enlarged image of the cancer invasion area (b). IHC images of colorectal JC-143-1–stromal models (brown: CEA, arrow: glandular duct structure) (c). 

HE image (dashed white area: nucleus of cancer cells on the stromal side) (d). Results of drug efficacy evaluation using colorectal JC-143-1-stromal models (black: 5-FU 

only, gray: 5-FU + VEGF antibody) (e). Immunofluorescence images of colorectal JC-143-1–stromal models with and without Bmab (green: EpCAM, red: CD31) (f, g). 

Comparison of the results of efficacy evaluations of a two-drug combination (5-FU + L-OHP) between the CAViTs method and 2D culture method (black: CAViTs, gray: 2D) 

(h). Comparison of the results of efficacy evaluation of a three-drug combination (5-FU + L-OHP + Cmab) (black: CAViTs, gray: 2D) (i). ∗:0.05 < P < 0.1. 
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Table 2 

Evaluation of drug efficacy in eight PDC cases. 

PDCs ID Clinical information Predicted 

efficacy ∗∗
Evaluated efficacy 

(CAViTs) 

Concordance 

Organ site Combination of drugs in 

chemotherapy 

Outcomes ∗/timing of 

surgery 

JC-039-2-Liv Recurrent liver metastasis mFOLFOX6 PD/post-treatment Not effective Not effective Match 

JC-054-3-Liv Recurrent liver metastasis mFOLFOX6 + Bmab PD/post-treatment Not effective Not effective Match 

JC-063-1-TS Sigmoid colon (Primary) mFOLFOX6 + Cmab SD/pre-treatment Effective Effective Match 

JC-072-2-Liv Residual liver metastases mFOLFOX6 + Cmab PR/post-treatment Not effective Not effective Match 

JC-075-1-TS Sigmoid colon (Primary) mFOLFOX6 + Cmab PR/pre-treatment Effective Not effective Mismatch 

JC-075-2-Liv Residual liver metastases mFOLFOX6 + Cmab PR/post-treatment Not effective Not effective Match 

JC-119-1-TR Rectum (Primary) FOLFOXIRI + Bmab PR/pre-treatment Effective Effective Match 

JC-119-2-Liv Residual liver metastases FOLFOXIRI + Bmab PR/post-treatment Not effective Effective Mismatch 

Evaluated as mean ± SE of 3 or 4 independent trials. PD: progression of disease, SD: stable disease, PR: partial response. Bmab: bevacizumab, Cmab: cetuximab. 

In the case of JC-075-1-TS and JC-075-2-Liv, and JC-119-1-TR and JC-119-2-Liv, tumor tissue specimens were obtained from the same patients. 
∗ Clinical outcomes according to RECIST guideline were determined in terms of tumor volume of metastatic lesions. 
∗∗ Drug treatment of PDCs established from pre-treatment primary tumors was predicted to be effective. For the other PDCs (from post-treatment metastatic 

tumors), treatment was predicted to be ineffective. 
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ates in the cases of recurrence during treatment, primary tumor 

efore treatment, and metastatic tumor remaining after treatment 

ere 100 % (2/2), 67 % (2/3), and 67 % (2/3), respectively, with an

verall concordance rate of 75 % (6/8). The high concordance rate 

ith clinical outcomes indicates that using the co-culture model 

enerated according to the CAViTs method could be useful for pre- 

icting the treatment response of patient tumors. 

.6. Primary cancer cultures of stromal tissues generated using the 

AViTs method 

This study investigated the feasibility of culturing specimens 

xcised from colorectal cancer patients on 3D stromal tissue in pri- 

ary culture. Specimens excised from the patient’s tumor, fluores- 

ently labeled with PKH before culture, showed increased initial 

rowth on HUVEC feeder conditions without the CAViTs method, 

ndicating the influence of scaffold. However, it showed limited 

rowth over time as well as in both 2D culture. In contrast, cancer 

ells cultured on 3D stromal tissue demonstrated substantial pro- 

iferation. Interestingly, cancer cells displayed increased prolifera- 

ion in vascularized stromal tissue compared to non-vascularized 

issue ( Fig. 7a , b ). To verify that PKH-labeled cells were indeed can-

er cells, specific markers for cancer cells were assessed. Primary 

ells from JC-278, cultured on 3D stromal tissue, exhibited strong 

taining for CEA and EpCAM, confirming the presence and prolifer- 

tion of cancer cells ( Fig. 7c ). Additionally, we observed that can- 

er cells from case JC-247 proliferated in a stromal tissue fibrob- 

ast layer in a number-dependent manner ( Fig. 7d ). In the case 

f JC-406, cancer cells demonstrated more efficient proliferation 

n an HUVEC-percentage or vascular network-dependent manner 

 Fig. 7e ). 

. Discussion 

In this study, we developed the CAViTs method, which is a sim- 

ler and more rapid method for producing thicker tissues than the 

reviously reported LbL method [ 39 ]. The CAViTs method requires 

nly two centrifugation steps compared to the LbL method, re- 

ulting in much less damage to cells and a higher cell yield. We 

reviously reported that heparin added to cells in culture forms a 

iscous medium in a cationic environment [ 42 ], but in this study, 

e found that the agglutination effect of heparin disappears when 

he viscous medium is resuspended in normal culture medium. 

he combination of ECM components such as collagen type I is 

mportant for maintaining the agglutination effect, even after re- 

uspension of the viscous material in the culture medium, and we 

howed a relationship between the agglutination effect and stable 

roduction of thick tissues. The selected ECM components such as 
125
ollagen, fibronectin and laminin have well known cell adhesion 

roperties by the interaction with specific integrins. For example, 

bronectin generally has an interaction with α5 β1 integrin which 

ypically expresses on mesenchymal cell surfaces, and laminin gen- 

rally has an interaction with α1 β1 integrin which is typically ex- 

resses on epithelial and endothelial cell surfaces. Accordingly, de- 

ending on the target cells for tissue construction, we can choose 

avorable ECM components. However, it does not mean a limitation 

f the CAViTs technology. 

Additionally, our stromal model consists of NHDFs and HUVECs 

ecause they are accessible and reproducible, and the method has 

een used in previous studies involving the LbL method [ 39 ]. To 

imic the complex cancer microenvironment, both NHDFs and 

ancer-associated fibroblasts (CAFs) should be used. Some reports 

ndicate that CAFs exhibit heterogeneity in many cancer types have 

ed to the definition of numerous CAF subtypes. Further stud- 

es are thus needed to accurately mimic the cancer microenvi- 

onment, taking into account CAF heterogeneity in each cancer 

ype [ 45 , 46 ]. 

Similar to the LbL method, stromal tissues generated using the 

AViTs method were able to self-assemble a vascular network, and 

omprehensive gene expression analysis of stromal tissues gener- 

ted using the CAViTs method showed that MMP1 expression was 

ine-fold higher when vessels were present than when they were 

bsent, indicating that the stroma was easily digestible (data not 

hown). The results of this analysis showed that the interstitium 

s more easily digested. As the migration of stroma and HUVECs 

as been reported [ 47 ], it is thought that the environment in this 

odel is also conducive to the migration of HUVECs. 

Capillary morphogenesis vessels play an important role in tu- 

or progression, angiogenesis, and metastasis in the cancer mi- 

roenvironment [ 48–53 ]. In the present study, vascular invasion 

f cancer cells was observed when cells were cultured in CAViTs- 

enerated tissue, and expression of the TGF- β gene in CAViTs- 

enerated stromal tissue was three- to five-fold higher compared 

o the absence of stromal tissue. We also identified HGF and 

EGF as the primary pathways for angiogenesis in this model; 

GF- β and HGF reportedly induce epithelial-mesenchymal transi- 

ion (EMT) in cancer cells [ 54 , 55 ]. Therefore, in our cancer-stromal

odel, cancer cells likely migrate and induce vascular and tissue 

nvasion. 

Cancer-stromal models generated using the CAViTs method 

ended to be more resistant to anticancer drugs than 2D cultures. 

ne possible reason for this observation is the HGF-dependent 

rug resistance of cancer cells. HGF-dependent regulatory mech- 

nisms have been reported in cancers of the lung and other tis- 

ues [ 56 , 57 ], and they are considered to functionally mimic those 

f living organisms. In addition, mouse HGF cannot bind to the hu- 
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Fig. 7. Primary cancer cell culture of 3D stromal tissue using the CAViTs method. 

Fluorescence images of primary cancer cells (JC-115) fluorescently labeled with a PKH26 Red Fluorescent Cell Linker kit with and without CV in 2D culture, in 3D culture 

using a stromal tissue model generated using the CAViTs method, and cells cultured on a HUVEC feeder and observed over time under each condition (red: PKH) (a). 

Quantification of PKH-labeled primary cancer cell positive area (gray: Day 5, black: Day 13) (b). Immunofluorescence image of 3D stromal tissue model cultured with 

JC-278 (magenta: active- β-catenin, CEA, Pan Cytokeratin and EpCAM) (c). Comparison of proliferation rate of JC-247 cells under various numbers of cell layers (1, 5, 10, or 

20 layers) (d). Comparison of proliferation rate of JC-406 cells with varying HUVEC content (0, 0.5, 1.5, or 5 %) in the 3D stromal tissue model (e). ∗∗: P < 0.05, ∗:0.05 < P < 0.1, 

n.s.: not significant. 
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an HGF receptor, MET, making the CAViTs method ideal for as- 

essing the critical and precise function of HGF in the cancer mi- 

roenvironment. Furthermore, it was previously reported that can- 

er cells undergoing EMT due to TGF- β expression may exhibit re- 

uced proliferation rates and reduced responsiveness to anticancer 

rugs [ 58,59 ]. 

An important aspect of drug screening is the reproducibility of 

esults. Evaluations of anticancer drug efficacy using the CAViTs 
126
ystem should be considered robust because there were no sig- 

ificant differences among the three trials, as shown in Fig. 5b - e 

nd Supplementary Fig. 10. The lack of standard evaluation meth- 

ds for co-culture systems, such as ATP and MTS assays, is a ma- 

or challenge, but this study demonstrated that high content anal- 

ses using fluorescent immunostaining can reproducibly evaluate 

o-culture systems in 96-well plates. This system is therefore con- 

idered applicable to high-throughput drug discovery studies. In 



Y. Takahashi, R. Morimura, K. Tsukamoto et al. Acta Biomaterialia 183 (2024) 111–129

t

a

t

o

s

t

5

c

m

t

w

m

c

a

t

d

H

n

t

s  

V

b

a

v

r

v

t

t

a

d

e

t

l

i

c

p

c

f  

fi

n

a

v

e

t

i

f

i

c

p

i

h

i

d

a

i

a

[

c

c

i

i

b

f

5

c

w

l

o

a

t  

r

t

f

t

i

I

t

P

d

w

m

m

a

D

f

D

r

t

p

g

r

A

a

C

y

i

C

M

W

D

t

c

D

t

D

g

C

W

v

i

F

s

t

v

a

S

he future, automation and adaptation to 384-well plates will en- 

ble assays of even greater throughput. 

Spheroids also exhibit high morphological reproducibility in 

erms of control of the diameter of cell clusters, but in the case 

f co-culture, the positional relationship between cancer cells and 

tromal tissue is not reproducible due to difficulties in controlling 

he spatial position of cell clusters, as shown in Supplementary Fig. 

. However, using the CAViTs method, which is a stacking method, 

ancer cells can be placed in contact with the stromal tissue and 

aintained in culture for at least 2 weeks. Thus, this method has 

he potential to generate an orderly in vivo microenvironment in 

hich many cells can coexist. 

An interesting result of this study was that the cancer stromal 

odel generated using the CAViTs method showed increased effi- 

acy when an angiogenesis inhibitor was combined with cytotoxic 

gents. One of the reasons for the observed combination effect is 

hat the presence of HUVECs reduces the efficacy of the anticancer 

rugs. Looking at the phenomenon alone, it appears that as more 

UVECs are attacked by the angiogenesis inhibitor, the effective- 

ess of the anticancer drug increases. Hida et al . reported that ex- 

racellular vesicles secreted by metastatic tumors induce drug re- 

istance in tumor endothelial cells [ 60 ], and it is possible that HU-

ECs and cancer cells interact in some way. Generally, the com- 

ined effect of an angiogenesis inhibitor such as bevacizumab and 

n anticancer drug is to inhibit angiogenesis and normalize the 

ascular status of the tumor, which allows the anticancer drug to 

each and respond to the tumor. As the capillary morphogenesis 

essels near the tumor are rendered abnormal, the pressure in the 

umor increases and makes it more difficult for the drug to reach 

he tumor [ 61–63 ]. However, in the cancer stromal model gener- 

ted using the CAViTs method, functional drugs are delivered via 

iffusion rather than the vasculature. Therefore, the combination 

ffect observed in this model may be due to a different drug resis- 

ance mechanism. If this mechanism can be elucidated, then it may 

ead to the identification of new molecular targets for angiogenesis 

nhibitors, which is currently under study. 

Stratified medicine, in which two or three drugs are used in 

ombination to treat cancer instead of a single drug, has been pro- 

osed as a means of matching the mutational signature of each 

ancer patient; however, only ∼10 % of patients are able to benefit 

rom this approach [ 64,65 ]. The reason for this low rate of bene-

t is that even when active mutations are found, there are often 

o adaptable molecular-targeted drugs. When considering person- 

lized medicine for such patients, it is useful to construct an ex 

ivo model, or patient avatar, from patient biopsy specimens and 

valuate combinations of existing drugs directly on the avatar. In 

his study, we showed that stromal tissue produced using the CAV- 

Ts method can be used for the primary culture of cancer cells 

rom patients with colorectal cancer in normal medium, as shown 

n Fig. 7 . As a high-throughput assay, the CAViTs method model can 

orrectly evaluate anticancer agents in as little as one week, and 

atient samples can be cultured at low cost with high probabil- 

ty of success without using expensive culture media. On the other 

and, the evaluation results of some samples in Table 2 revealed 

nconsistencies with clinical outcomes. One of the reasons for this 

iscrepancy is the limitation of tissue fabrication via bottom-up 

pproaches, which cannot fully mimic the in vivo environment. For 

nstance, the absence of other cells such as immune cells and vari- 

tions in tissue stiffness may potentially influence drug efficacy 

 66,67 ]. Therefore, further research is needed to better mimic the 

ancer microenvironment in patients and enhance the clinical con- 

ordance rate. Regardless, the model generated using this method 

s also expected to become the ultimate personalized medicine tool 

n screening for drugs that are effective as single agents or in com- 

ination or as a repositioning tool for drug rescue (elucidating new 

unctions) after a failed clinical trial. 
127
. Conclusion 

We constructed a cancer-stromal tissue model in which cancer 

ells are placed above and inside stromal tissue with vascular net- 

ork structures derived from vascular endothelial cells in fibrob- 

ast tissue using CAViTs, a proprietary tissue engineering technol- 

gy. Using this method, we were able to reproduce the invasion 

nd metastatic processes of cancer cells observed in vivo . Moreover, 

he addition of 2 μg of Bmab to 100 μM 5-FU in PDCs was found to

educe the survival rate of residual cancer cells by 30 % compared 

o the single agent, indicating the possibility of evaluating the ef- 

ect of combination treatment with an angiogenesis inhibitor in 

issues with capillary morphogenesis vessels. Importantly, no sim- 

lar combination effect was observed in 2D cultures or spheroids. 

n addition, by co-culturing PDCs on stromal tissue, we were able 

o facilitate the growth of PDCs using normal medium. In eight 

DC samples, the effect matched the clinical response to the same 

rug, and surprisingly, the agreement among the eight samples 

as 75 %. Furthermore, primary cancer cells also grew on the stro- 

al tissues with the normal medium. These data suggest that the 

odel may be useful for in vitro new drug screening and person- 

lized cancer medicine. 
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