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a b s t r a c t 

Biologically compatible vascular grafts are urgently required. The scaffoldless multi-layered vascular wall 

is considered to offer theoretical advantages, such as facilitating cells to form cell-cell and cell-matrix 

junctions and natural extracellular matrix networks. Simple methods are desired for fabricating physi- 

ological scaffoldless tissue-engineered vascular grafts. Here, we showed that periodic hydrostatic pres- 

surization under hypoxia (HP/HYP) facilitated the fabrication of multi-layered tunica media entirely from 

human vascular smooth muscle cells. Compared with normoxic atmospheric pressure, HP/HYP increased 

expression of N-myc downstream-regulated 1 (NDRG1) and the collagen-cross-linking enzyme lysyl ox- 

idase in human umbilical artery smooth muscle cells. HP/HYP increased N-cadherin-mediated cell-cell 

adhesion via NDRG1, cell-matrix interaction (i.e., clustering of integrin α5 β1 and fibronectin), and colla- 

gen fibrils. We then fabricated vascular grafts using HP/HYP during repeated cell seeding and obtained 

10-layered smooth muscle grafts with tensile rupture strength of 0.218–0.396 MPa within 5 weeks. Im- 

planted grafts into the rat aorta were endothelialized after 1 week and patent after 5 months, at which 

time most implanted cells had been replaced by recipient-derived cells. These results suggest that HP/HYP 

enables fabrication of scaffoldless human vascular mimetics that have a spatial arrangement of cells and 

matrices, providing potential clinical applications for cardiovascular diseases. 

Statement of significance 

Tissue-engineered vascular grafts (TEVGs) are theoretically more biocompatible than prosthetic materi- 

als in terms of mechanical properties and recipient cell-mediated tissue reconstruction. Although some 

promising results have been shown, TEVG fabrication processes are complex, and the ideal method is still 

desired. We focused on the environment in which the vessels develop in utero and found that mechani- 

cal loading combined with hypoxia facilitated formation of cell-cell and cell-matrix junctions and natural 

extracellular matrix networks in vitro, which resulted in the fabrication of multi-layered tunica media 

entirely from human umbilical artery smooth muscle cells. These scaffoldless TEVGs, produced using a 

simple process, were implantable and have potential clinical applications for cardiovascular diseases. 

© 2023 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/ ) 
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. Introduction 

Cardiovascular disease is the leading global cause of death in 

dults, and it is expected to account for > 22.2 million deaths 

orldwide by 2030 [1] . More than 60 % of cardiovascular disease 

s attributed to diseased vessels, including the coronary arteries, 

eripheral arteries, and large vessels [1] . Congenital cardiovascular 

isease affects approximately 1 % of living newborns and is a major 

ause of neonatal death [2] . Treatment of congenital cardiovascular 

isease with complex malformations, including absent, hypoplas- 

ic, or atretic portions of vessels, requires multiple surgeries and/or 

nterventions. In adults, diseased vessels are replaced by autolo- 

ous grafts or artificial vessels, and in pediatric patients, prosthetic 

ascular grafts are used to correct abnormal blood flow. However, 

here are limitations to these therapeutic strategies because of the 

imited number of healthy autologous grafts, thrombogenicity, and 

he lack of growth potential in pediatric patients [ 3 , 4 ]. Thus, bio-

ogically compatible tissue-engineered vascular grafts (TEVGs) are 

esired for both adult and pediatric patients. 

The vascular walls have a highly organized layer structure 

hat consists of multiple types of cells and extracellular matrices 

ECMs), and a coordinated balance between cell-cell and cell-ECM 

dhesions is essential for the organization of individual cells into 

hree-dimensional tissues [5] . Cell-cell adhesions are formed by 

he cadherin family of adhesion molecules, and the most common 

ell-ECM adhesions are mediated by integrins, which are linked to 

he internal cell cytoskeleton [5] . In addition, ECMs forming the 

hysiological environment surrounding cells provide tissue-specific 

iomechanical properties and contribute to tissue integrity. Fully 

iological, scaffoldless TEVGs have the potential to provide these 

iomimetic microenvironments, allowing for a high degree of cell- 

ell and cell-matrix communications, both of which would main- 

ain adequate ECM production [ 6 , 7 ]. Although a large body of ev-

dence has recently emerged in support of TEVG technologies [7–

0] , a scaffoldless TEVG consisting of an organized spatial arrange- 

ent of cell-cell, cell-ECM, and ECM fibrils has not been reported. 

During the fetal period, blood vessels, like other organs, develop 

n a hypoxic environment [11] and, especially when the vessels be- 

in to be exposed to mechanical forces, the vascular smooth mus- 

le layer thickens and ECMs are formed to withstand blood pres- 

ure [12] . Tissue engineering utilizing mechanical loading, includ- 

ng a bioreactor with perfusion [13–15] and hydrostatic pressuriza- 

ion [ 16 , 17 ], has been used with success to fabricate implantable

caffoldless TEVGs. However, the production of TEVGs usually in- 

olves a prolonged bioreactor cultivation period to achieve mat- 

ration of ECM and sufficient mechanical strength [18] . Hypoxic 

onditions have recently been introduced to the field of TEVGs 

 19 , 20 ]. The HIF-1 α stabilizer-loaded electrospun polycaprolactone 

rafts enhanced endothelialization and vascular smooth muscle 

ell (VSMC) regeneration in vivo [19] . Culture of the human dermal 

broblast-seeded polycaprolactone scaffold under hypoxia short- 

ned fabrication time to acquire strength for implantation [20] . 

ecause it has been reported that a high amplitude of periodic 

ydrostatic pressure (HP) shortens the fabrication time of scaf- 

oldless VSMC-derived TEVG [17] , we investigated, in the present 

tudy, whether a supraphysiological range of HP combined with 

ypoxic conditions would facilitate the fabrication of TEVGs con- 

aining physiological cell-cell and cell-ECM adhesions and natural 

CM network in vitro . 

. Materials and methods 

.1. Materials 

Fibronectin, YC-1, chetomin, and echinomycin were purchased 

rom Sigma-Aldrich (St. Louis, MO, USA). On-Target plus human 
210 
DRG1 (L-010563-0 0-0 0 05), human CEBPA (L-0 06422-0 0-0 0 05), 

uman HIF1A (L-0 04018-0 0-0 0 05) siRNA-SMARTpool and Non- 

argeting pool (D-001810-10-05) were purchased from Horizon 

iscovery (Cambridge, UK). Antibodies for fibronectin (#ab2413), 

LA class 1 ABC (#ab70328), integrin α5 (#ab150361), integrin 

1 (#ab30394), LOX (#ab31238), N-cadherin (#ab76057), CD45 

#ab10558), and NDRG1 (#ab37897) were purchased from Abcam 

Cambridge UK). Antibodies for β-actin (#4970), C/EBP α (#2295), 

nd Lamin A/C (#2032) were purchased from Cell Signaling Tech- 

ology (Danvers, MA, USA). Antibodies for von Willebrand fac- 

or (#A0082) and calponin (#M3556) were purchased from Dako 

Glostrup, Denmark). An antibody for SM1 (7600) was purchased 

rom YAMASA (Chiba, Japan); an antibody for collagen alpha-1 (I) 

#sc293182) was purchased from Santa Cruz Biotechnology (Dallas, 

X, USA);, and an antibody for F-actin was purchased from Invitro- 

en (Carlsbad, CA, USA). Antibodies for mouse IgG, Alexa Fluor 488 

#A11034) and rabbit IgG, Alexa Fluor 546 (#A10040), and Hoechst 

3258 solution were purchased from Invitrogen. 

.2. Isolation of human umbilical artery smooth muscle cells 

We obtained human umbilical cords from Yokohama City Uni- 

ersity Hospital, Japan. Three human umbilical cords from normal 

erm deliveries were utilized for this study. All pregnant women 

igned written informed consent. All procedures were approved 

y the human subject committees of the Yokohama City Univer- 

ity School of Medicine (Reference number: A170126002, Approval 

ate: 12/27/2019) and Tokyo Medical University (Reference num- 

er: T2019-0218, Approval date: 02/28/2020) and were conducted 

n accordance with the ethical principles of the Declaration of 

elsinki. 

The umbilical arteries were separated from the umbilical cords. 

dventitial tissues were removed with forceps, and the tunica me- 

ia was cut into 1-mm 

2 pieces. The pieces were placed on culture 

ishes, and glass pieces were placed on top to prevent them from 

oating away. The pieces of umbilical arteries were cultured in 

ulbecco’s Modified Eagle Medium (DMEM) containing 10 % fetal 

ovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL strepto- 

ycin for 3 weeks. Isolated human umbilical artery smooth muscle 

ells (hUASMCs) were cultured in a moist tissue culture incubator 

t 37 °C in 5 % CO 2 ambient air. 

.3. Periodic hydrostatic pressure system 

We utilized a culturing system as previously described [17] . 

riefly, this system comprised a pressure chamber, an incubator, 

 compressor, a flow regulator, and an air tank (JH0133, Koganei 

orp., Tokyo, Japan). The compressor inlet is connected to the 

ulti-gas incubator (Astec, Fukuoka, Japan) containing air at 37 °C 

ith 5 % CO 2 , and the outlet is connected to the air tank. Once

he air in the incubator is collected in the air tank, pressurized air 

s supplied to the pressure chamber by regulating the flow from 

he air tank. We applied biphasic pressure to cultured cells, which 

nabled circulation of fresh air with 5 % CO 2 into the pressure 

hamber during hydrostatic pressure (HP) treatment. The pressure 

hamber was placed inside the incubator and kept at 37 °C during 

he experiments. The oxygen concentration in the pressure cham- 

er can be changed by changing the oxygen concentration in the 

ncubator. 

.4. Cell culture and treatment of hUASMCs 

hUASMCs isolated from the umbilical artery were used to fab- 

icate multi-layered cell sheets. For the mono-layered cell assay, 

solated hUASMCs were used for RNA-sequencing, and hUASMCs 
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btained from ScienCell (Carlsbad, CA, USA) were used for quanti- 

ative PCR, western blotting, and immunocytochemistry. We used 

 culturing system in which cells were cultured with periodic 

P under various degrees of partial oxygen pressure. Cells were 

xposed to four different stimulations: (1) AP/NOR: atmospheric 

ressure (101 kPa) under normoxia (PO 2 = 140 mmHg; 5 % CO 2 

nd 95 % humidified air); (2) HP/NOR: hydrostatic pressure (110–

80 kPa, 0.002 Hz) under normoxia (PO 2 = 140 mmHg; 10 % O 2 ,

 % CO 2 , and 85 % N 2 ) (Fig. S1A); (3) AP/HYP: atmospheric pres-

ure (101 kPa) under hypoxia (PO 2 = 70 mmHg; 3 % O 2 , 5 % CO 2 ,

nd 92 % N 2 ); and (4) HP/HYP: hydrostatic pressure (110–180 kPa, 

.002 Hz) under hypoxia (PO 2 = 70 mmHg; 1 % O 2 , 5 % CO 2 , and

4 % N 2 ) (Fig. S1B). YC-1 (30 μM), chetomin (100 nM), and echino-

ycin (30 nM) were administered for 1 h before and during stim- 

lations. 

.5. Immunocytochemistry 

hUASMCs were fixed in 10 % buffered formalin for 5 min and 

ubjected to immunocytochemistry. Immunocytochemical analysis 

as performed as previously described [17] . Briefly, fixed cells 

ere washed twice with PBS and permeabilized in 0.1 % Triton X- 

00 for 10 min. Cells were incubated with 1 % BSA/Tween 20/PBS 

or 20 min and then incubated with primary antibodies at 4 °C for 

8 to 36 h. Cells were then incubated with a secondary antibody 

lexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 546 donkey 

nti-rabbit IgG for 1 h. DNA was stained with Hoechst 33258 so- 

ution. Images were obtained with a confocal microscope (LSM710, 

eiss, Oberkochen, Germany). The fluorescence intensity of three 

epresentative images was assessed and then averaged. 

.6. Bulk RNA-sequencing 

hUASMCs isolated from two umbilical cords were treated for 

4 h. Total RNA was isolated using the RNeasy Mini Kit (Qia- 

en, Venlo, the Netherlands). The concentration and quality of 

NAs were assessed by a Nanodrop ND-20 0 0 Spectrometer (Ther- 

oFisher Scientific, Waltham, MA, USA). Collected RNAs were 

ransferred to Riken Genesis Co. Ltd. (Kawasaki, Japan), where RNA 

ibraries were built using a TruSeq RNA Sample Prep Kit v2 (Illu- 

ina, San Diego, CA, USA) and sequenced in accordance with the 

anufacturer’s protocol. 

Gene-set enrichment analyses (GSEAs) were conducted to in- 

estigate the functions of genes that significantly correlated with 

P/HYP. GSEA ranks the gene list by the correlation between genes 

nd phenotype and calculates an enrichment score to assess the 

ene distribution. Each analysis was performed 10 0 0 times permu- 

ation, using the expression of HP/HYP as a phenotype label. Gene 

ets were considered significantly enriched if the false discovery 

ate (FDR) q value was < 0.25 [21] . 

.7. Quantitative real-time polymerase chain reaction 

RNA isolation, cDNA synthesis, and real-time quantitative PCR 

RT-PCR) were performed using protocols described previously 

17] . The oligonucleotides used for RT-PCR are listed in Table S1. 

he abundance of each gene was calculated relative to the internal 

ontrol of 18S RNA transcripts. 

.8. Western blotting 

Whole-cell lysates were retrieved using a lysis buffer. Nuclear 

ractions of cultured cells were prepared using NE-PER Nuclear and 

ytoplasmic Extraction Reagents in accordance with the manufac- 

urer’s instructions (ThermoFisher Scientific). Proteins were sepa- 

ated by SDS-PAGE and transferred to a polyvinylidene difluoride 
211 
embrane by electroblotting. Membranes were blocked in TBS- 

.1 % 20 containing 5 % skim milk and incubated with primary 

ntibody at 4 °C overnight, and then incubated with peroxidase- 

inked secondary antibodies for 1 h. Specific binding was visualized 

y WSE-6200HL LuminoGraph Ⅱ (ATTO, Tokyo, Japan). 

.9. siRNA transfection 

For transient transfection with small interfering (si)RNA, 40–

0 % confluent hUASMCs were prepared and transfected with 

DRG1 -targeted (8 nM), CEBPA -targeted (25 nM), or HIF1A -targeted 

25 nM) siRNA using Lipofectamine RNA iMAX (Invitrogen) diluted 

n Opti-Mem I Reduced-Serum Medium (Gibco, Carlsbad, CA, USA) 

ccording to the manufacturer’s instructions. The negative control 

as performed using siRNA of non-targeting at the same concen- 

ration of siRNA of the target. 

.10. ELISA 

Cell lysates were retrieved using a lysis buffer, and pro- 

ein expression was determined by Human/Mouse Total HIF-1 al- 

ha/HIF1A DuoSet IC ELISA (R&D System, Minneapolis, MN, USA) 

ccording to the manufacturer’s instructions. 

.11. Quantification of total collagen production 

Cell culture supernatant was concentrated using concentrating 

olution (#90626, Chondrex, Redmond, WA, USA), and the amount 

f total collagen was quantified using Sirius Red Total Collagen 

etection Assay Kit (#9062, Chondrex) according to the manufac- 

urer’s instructions. The absorbance of the extracted solution was 

ead by Powerscan HT (Agilent, Santa Clara, CA, USA). Total colla- 

en contents were calculated based on the standard curve. 

.12. Fabrication of multi-Layered hUASMC sheets by pressurization 

nder hypoxia 

To fabricate the first layer of the multi-layered cell sheets, 

UASMCs were seeded on a fibronectin-coated atelocollagen mem- 

rane (diameter, 26 mm, Koken, Tokyo, Japan) at a density of 

.0 × 10 5 cells per dish (1130 cells/mm 

2 ). Twenty-four hours af- 

er seeding, the cells were exposed to HP/HYP for 24 h. The cells 

or the next layer were then seeded on the first layer. This cell 

eeding and HP/HYP exposure were repeated 10 times to fabri- 

ate a 10-layered sheet. The 10-layered sheet was incubated in cul- 

ure medium with ascorbic acid (AA2G, 50 μg/mL; Tokyo Chemical 

ndustry, Tokyo, Japan) under AP/NOR for 1 week, and then de- 

ached from an atelocollagen membrane using a cell scraper and 

rapped around a glass mandrel (diameter, 1.0 mm). The wrapped 

0-layered sheet was incubated in culture medium with ascorbic 

cid for 1 additional week. After incubation, the glass mandrel was 

emoved. A period of 34 days was required to fabricate arterial 

rafts derived from hUASMCs. 

.13. Characterization of hUASMC sheets 

.13.1. Transmission electron microscopy 

Three-layered hUASMC sheets were fixed in half-strength 

arnovsky’s fixative (2.5 % glutaraldehyde and 2.0 % paraformalde- 

yde in 0.1 M phosphate buffer, pH 7.4) for 2 h at 4 °C. After wash-

ng in 0.1 M phosphate buffer twice, the specimens were fixed in 

 % osmium tetroxide for 2 h at 4 °C. Post-fixation, they were de- 

ydrated using graded ethanol, substituted using n–butyl glycidyl 

ther for 15 min twice, and in a mixture of equal parts of QY-1 and

poxy resin. Next, they were embedded in epoxy resin for 3 h at 

oom temperature. They were placed in an embedding plate filled 
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ith new epoxy resin and polymerized in an incubator at 60 °C 

or 3 days. Ultra-thin sections (90-nm thick) were put on copper 

eseaux after staining with gadolinium acetate for 20 min at room 

emperature and stained with Reynold’s lead citrate for 10 min at 

oom temperature and examined by JEM-1400Flash (Japan Electron 

ptics Laboratory, Tokyo, Japan). 

.13.2. Scanning electron microscopy 

Three-layered hUASMC sheets were fixed in half-strength 

arnovsky’s fixative at 4 °C overnight. The specimens were post- 

xed in 1 % osmium tetroxide and placed in 1 % aqueous solu- 

ion of tannic acid. They were dehydrated with graded concentra- 

ions of ethanol, immersed in tert –butyl alcohol, and then dried by 

he tert –butyl alcohol freeze-drying method. The specimens were 

hen sputter-coated with gold and examined using a Hitachi S- 

300 scanning electron microscope (Tokyo, Japan). 

.13.3. Surface plots analysis 

The 3-dimensional surface plots of multi-layered cell sheets 

ere performed using the “interactive 3D surface plot” plugin 

reloaded in Image J (National Institutes of Health, Bethesda, MD, 

SA). This plugin converted the pixel values into height informa- 

ion. 

.13.4. Mechanical test 

The tensile rupture strength of the tubular hUASMC graft was 

etermined using a DMT560 tissue puller (Danish MyoTechnol- 

gy, Hinnerup, Denmark) as described previously [17] . Two par- 

llel steel hooks were set inside a tubular graft segment (length, 

.5 mm), which was pulled until complete rupture at a speed of 

00 μm/s. The force and displacement were recorded. Tensile rup- 

ure strength is determined by peak force/tissue cross-sectional 

rea. Elastic moduli of the grafts were calculated using each plot’s 

nitial linear region spanning 2.5–4.0 strain, because all stress–

train data plots were linear ( R 2 ≥ 0.90) in the 2.5–4.0 strain re- 

ion (Table S2). 

.14. Tissue staining and immunohistochemistry 

Paraffin-embedded blocks were cut into 4- μm-thick sections 

nd placed on glass slides. Hematoxylin and eosin (HE) staining 

as used to measure the thickness of 5-layered cell sheets. The 

easurement was performed using 3 representative images per 

ample and then averaged. Elastica van Gieson stain and picrosir- 

us red stain were performed with standard protocols, and the 

mounts of elastin and collagen fibers were quantified using Im- 

geJ. Implantation site and native aorta on the same sections were 

easured in each of 4 representative images and averaged. The 

ections stained with picrosirius red stain were imaged under po- 

arized light to evaluate type I and III collagen deposition. 

For immunohistochemistry, the sections were de-paraffinized, 

ehydrated, and incubated with primary antibodies at 4 °C for 

8–36 h. The sections were incubated for 30 min in biotiny- 

ated second antibodies (Vectastain Elite ABC IgG kit, Vector Labs, 

urlingame, CA, USA). The targeted proteins were visualized using 

AB (Dako). The sections were counterstained with Mayer’s hema- 

oxylin. The negative control was confirmed by omission of pri- 

ary antibodies. To evaluate the presence of hUASMCs in the rat 

orta, the expression of HLA class I ABC was quantified using Im- 

geJ. 

For immunofluorescent staining, de-paraffinized sections were 

ncubated with primary antibodies at 4 °C overnight. After 3 

ashes with Tween 20/PBS, the sections were incubated with sec- 

ndary antibodies, Alexa Fluor 488 goat anti-mouse IgG, and Alexa 

luor 546 donkey anti-rabbit IgG for 1 h. After 6 washes with 
212 
ween 20/PBS, DNA was stained with Hoechst 33258 solution. Af- 

er 2 washes with PBS, coverslips were mounted for microscopic 

maging. 

.15. Implantation 

Male nude rats (F344/NJcl–rnu/rnu, 200–250 g body weight) 

ere used for the implantation of hUAMSC grafts. All animal ex- 

eriments were approved by the Institutional Animal Care and Use 

ommittee at Yokohama City University (F-A-16-009) and Tokyo 

edical University (R4-078). Rats were anesthetized in a closed 

hamber with 4 % isoflurane. Anesthesia was maintained with 1.5–

.5 % isoflurane by mask. A graft (1.5 × 1.0 mm or 4.0 × 1.0 mm) 

as sutured at the infrarenal aorta, in which a section (the same 

ize as the graft) of the aortic vessel wall was completely re- 

ected, as previously shown [17] . Immediately after surgery, rats 

ere injected with the antibiotic enrofloxacin (5 mg/kg; Bayer, Lev- 

rkusen, German). One week, 3 weeks, 3 months, and 5 months 

fter surgery, laparotomy was performed for histological evalua- 

ion of the implantation site. As a control, an expanded polyte- 

rafluoroethylene (ePTFE) graft implantation (Gore & Associates GK, 

okyo, Japan) was performed in the same manner as above; 3 

eeks after surgery, the implantation site was analyzed by the his- 

ological method. 

.16. Echocardiography 

Rats were anesthetized in a closed chamber with 4 % isoflurane. 

nesthesia was maintained with 1.5–2.5 % isoflurane by mask, and 

ats underwent ultrasonography (model SSA-700A, Diagnostic Ul- 

rasound System, Toshiba, Tokyo, Japan). Pulsed Doppler blood ve- 

ocity was measured across the junction between the distal end of 

he patch graft and the native aorta. 

.17. Statistical analysis 

Data are presented as medians (interquartile range). Compar- 

sons between 2 groups were made with Mann–Whitney U -tests, 

nd multiple groups were compared by Kruskal–Wallis test fol- 

owed by Fisher least significant difference post hoc test, Mann–

hitney test. A value of P < 0.05 was considered statistically sig- 

ificant. 

. Results 

.1. Periodic hydrostatic pressurization under hypoxia increases 

ell-cell adhesion through NDRG1 

We first examined the effect of HP/HYP (110–180 kPa; 0.002 Hz; 

 time ratio of 1:1 between high and low pressure; 70 mmHg of 

artial oxygen pressure) on cell-cell adhesion by using the pressur- 

zation culture system [ 7 , 16 , 17 ] (Fig. S1) in hUASMCs, and found

hat N-cadherin, which mainly regulates VSMC cell-cell adhesion 

22] , was increased at the junctions of hUASMCs cultured with 

P/HYP compared with AP/NOR ( Fig. 1 A). 

To examine the molecular mechanisms underlying the increase 

n N-cadherin expression on the cell membrane, we performed 

NA-sequencing using hUASMCs cultured under HP/HYP, AP/NOR, 

P/HYP, or HP/NOR conditions for 24 h. The expression of 20 genes 

as increased more than 2-fold by HP/HYP compared with AP/NOR 

Table S3). Among these genes, we focused on N-myc downstream- 

egulated gene-1 ( NDRG1 ), which has been reported to enhance 

embrane expression of the adherence junction components E- 

adherin and β-catenin [23] . In accordance with the previous re- 

orts [24] , hypoxia per se (AP/HYP) induced NDRG1 upregulation, 

nd HP/HYP-induced NDRG1 expression was significantly greater 
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Fig. 1. HP/HYP increased N-cadherin-mediated cell-cell adhesion through the C/EBP α–NDRG1 pathway in hUASMCs. (A) Representative images of immunocytochemistry of 

hUASMCs cultured with AP/NOR or HP/HYP for 24 h. Cells were stained for N-cadherin (green), F-actin (red), and DNA (blue). Scale bars: 50 μm. (B) Expression of NDRG1 

mRNA in hUASMCs cultured with AP/NOR, AP/HYP, HP/NOR, or HP/HYP for 24 h; n = 6–9. (C) Representative blots of NDRG1 and β-actin proteins in hUASMCs cultured 

with AP/NOR or HP/HYP for 24 h. (D) Quantification of (C); n = 6. (E) Representative images of immunocytochemistry of hUASMCs transfected with NDRG1 -targeted siRNA 

or control siRNA cultured with AP/NOR or HP/HYP for 24 h. hUASMCs were stained for N-cadherin (green), F-actin (red), and DNA (blue). Scale bars: 20 μm. (F) HIF-1 α

protein expression was measured by ELISA in hUASMCs cultured with AP/NOR, AP/HYP, HP/NOR, or HP/HYP for 6 h; n = 6–9. (G) Expression of NDRG1 mRNA in hUASMCs 

treated with YC-1 (30 μM), chetomin (100 nM), or echinomycin (30 nM) cultured with AP/NOR, AP/HYP, or HP/HYP for 24 h; n = 5–14. (H) Expression of NDRG1 mRNA 

in hUASMCs transfected with HIF1A -targeted siRNA or control siRNA cultured with AP/NOR or HP/HYP; n = 6–12. (I) Expression of NDRG1 mRNA in hUASMCs transfected 

with CEBPA -targeted siRNA or control siRNA cultured with AP/NOR, AP/HYP, or HP/HYP; n = 5–10. NS, not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Boxes represent 

the medians and interquartile range; whiskers indicate the minimum to maximum values. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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N

han AP/HYP- or HP/NOR-induced NDRG1 expression ( Fig. 1 B). Ad- 

itionally, we examined the effects of amplitude and frequency of 

P and the ratio of time between high and low pressure on NDRG1 

xpression. Hydrostatic pressurization at 110–180 kPa with a cy- 

le of 0.002 Hz and a time ratio of 1:1 between high and low 

ressure was most effective in increasing NDRG1 expression (Fig. 

2A–C). HP/HYP-induced NDRG1 upregulation was also observed at 

he protein level ( Fig. 1 C and D). NDRG1 -targeted siRNA decreased 
213 
DRG1 mRNA by approximately 80 % (Fig. S3A and B) and atten- 

ated HP/HYP-induced N-cadherin membrane localization at cell 

unctions ( Fig. 1 E). 

.2. C/EBP α, not HIF-1 α, is involved in NDRG1 upregulation 

Because hypoxia-inducible factor 1 alpha (HIF-1 α) binds to the 

DRG1 promoter to activate NDRG1 expression [24] , we quan- 



T. Kojima, T. Nakamura, J. Saito et al. Acta Biomaterialia 171 (2023) 209–222 

Fig. 2. HP/HYP increased expression of integrin α5 β1 and fibronectin fibrillogenesis in hUASMCs. (A) Representative images of immunocytochemistry of hUASMCs cultured 

with AP/NOR or HP/HYP for 24 h. hUASMCs were stained for activated integrin β1 (green), integrin α5 (red), and DNA (blue). Scale bars: 50 μm. (B) Semiquantification of 

the intensity of activated integrin β1; n = 6. (C) Representative images of immunocytochemistry of hUASMCs cultured with AP/NOR or HP/HYP for 24 h. hUASMCs were 

stained for activated integrin β1 (green), fibronectin (red), and DNA (blue). Scale bars: 50 μm. (D) Semiquantification of the intensity of fibronectin; n = 6. ∗∗P < 0.01. Boxes 

represent the medians and interquartile range; whiskers indicate the minimum to maximum values. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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ified HIF-1 α protein expression. Both AP/HYP and HP/HYP in- 

reased HIF-1 α protein, and HP/HYP-induced HIF-1 α expression 

as greater than AP/HYP-induced HIF-1 α expression ( Fig. 1 F); 

owever, the HIF-1 α inhibitors YC-1 and chetomin and silencing of 

IF1A did not affect HP/HYP-induced NDRG1 upregulation ( Fig. 1 G 

nd H and Fig. S3C and D). In contrast, the HIF-1 α inhibitor echino- 

ycin, which also inhibits CCAAT enhancer binding protein alpha 

C/EBP α) encoded by CEBPA [25] , significantly inhibited HP/HYP- 

nduced NDRG1 expression. Silencing of CEBPA significantly inhib- 

ted HP/HYP-induced NDRG1 upregulation ( Fig. 1 I and Fig. S3E–G). 

hese data suggest that, at least in part, C/EBP α is involved in 

P/HYP-mediated NDRG1 upregulation. 

.3. Periodic hydrostatic pressure under hypoxia increased cell-matrix 

dhesion 

Cell-matrix adhesion is required for organized tissue structure, 

nd the connection between integrins and fibronectin results in fi- 

ronectin fibrillogenesis, which is the critical step for several scaf- 

old ECMs, including collagen and elastic fibers [26] . We investi- 

ated the effect of HP/HYP on the expression of integrin β1 and 

5, the major integrin subtypes for fibronectin binding. HP/HYP 

ignificantly increased activated integrin β1, which co-localized 

ith integrin α5 ( Fig. 2 A and B). Fibronectin fibrillogenesis was 

romoted in cultured hUASMCs with HP/HYP compared to AP/NOR 

 Fig. 2 C and D). 
214
.4. Periodic HP/HYP has potential for promoting collagen fibril 

ormation via HIF-1 α

To investigate whether HP/HYP has the potential to fabricate 

 spatial ECM network in vitro , we performed Gene Ontology 

nalysis using the previously mentioned RNA-sequencing data. A 

ositive correlation between HP/HYP and the ECM-related gene 

et GOCC_COLLAGEN_TRIMER was detected, and multiple collagen 

ubtypes and lysyl oxidase (LOX), which is an essential enzyme 

or cross-linking of collagens and ordered collagen fibrinogenesis 

 27 , 28 ], were increased in hUASMCs cultured with HP/HYP com- 

ared to AP/NOR ( Fig. 3 A and Table S4). The expression of COL1A1 ,

hich plays a role in imparting strength to the vessel wall [12] , 

as most increased by HP/HYP compared with the other condi- 

ions (AP/HYP and HP/NOR) ( Fig. 3 B). Although the degree of in- 

rease in COL1A1 mRNA was modest, total collagen production was 

arkedly increased by HP/HYP ( Fig. 3 C). 

The expression of LOX was most increased by HP/HYP compared 

ith the other conditions ( Fig. 3 D), and the level of LOX protein

xpression was also increased by HP/HYP ( Fig. 3 E and F). HP/HYP- 

nduced LOX expression was significantly inhibited by the HIF-1 α
nhibitors YC-1, chetomin, and echinomycin, suggesting that this 

OX upregulation is mediated by HIF-1 α ( Fig. 3 G). Among various 

P conditions, 110–180 kPa with a cycle of 0.002 Hz and a time ra- 

io of 1:1 between high and low pressure was most effective in in- 

reasing LOX expression; these conditions were the same as those 

uitable for NDRG1 upregulation (Fig. S2D–F). 
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Fig. 3. HP/HYP promoted collagen secretion and increased LOX expression through HIF-1 α in hUASMCs. (A) GSEAs revealed a positive correlation between hUASMCs cultured 

with HP/HYP for 24 h and collagen-related gene sets (GOCC_COLLAGEN_TRIMER). On the x-axis, the genes in each gene set are ranked from the left side (positively correlated) 

to the right side (negatively correlated). The vertical black lines indicate each gene in the gene set. The green line indicates the enrichment score of each gene. NES and FDR 

indicate normalized enrichment score and false discovery rate, respectively. (B) Expression of COL1A1 mRNA in hUASMCs cultured with AP/NOR, AP/HYP, HP/NOR, or HP/HYP 

for 24 h; n = 6–9. (C) Relative expression of total collagen production in hUASMCs cultured with AP/NOR or HP/HYP for 24 h; n = 5–6. (D) The expression of LOX mRNA in 

hUASMCs cultured with AP/NOR, AP/HYP, HP/NOR, or HP/HYP for 24 h; n = 6–9. (E) Representative blots of LOX and β-actin proteins in hUASMCs cultured with AP/NOR or 

HP/HYP for 24 h. (F) Quantification of (E); n = 5–6. (G) The expression of LOX mRNA in hUASMCs treated with YC-1 (30 μM), chetomin (100 nM), or echinomycin (30 nM) 

cultured with AP/NOR or HP/HYP for 24 h; n = 5–9. NS, not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Boxes represent the medians and interquartile range; whiskers 

indicate the minimum to maximum values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Using other cell types, we assessed whether the HP/HYP- 

nduced upregulation of NDRG1 and LOX were specific for 

UASMCs. HP/HYP significantly increased both NDRG1 and LOX 

RNA expression, to varying degrees, in all cell types tested, such 

s human aortic and pulmonary artery VSMCs, human dermal 

nd lung fibroblasts, and endothelial cells (Fig. S4). Thus, HP/HYP- 

ediated upregulation of NDRG1 and LOX appears to be a general 

ather than cell type–specific mechanism. 

.5. Fabrication of multi-layered human VSMC sheet by HP/HYP 

ulture 

Based on these findings showing the potential of HP/HYP cul- 

ure conditions to fabricate cell-cell and cell-matrix adhesions and 

patial ECM network in vitro without the use of exogenous scaf- 

old materials, we performed repeated cell seeding and HP/HYP 

ulture according to the protocol shown in Fig. S5. Transmission 

lectron microscopic analyses revealed the presence of adherence 

unctions in 3-layered hUASMC sheets cultured with HP/HYP but 

ot with AP/NOR ( Fig. 4 A). Scanning electron microscopy demon- 

trated tightly aligned VSMCs in the 3-layered hUASMC sheets cul- 

ured with HP/HYP, whereas the cell sheets cultured with AP/NOR 

ad gaps between cells ( Fig. 4 B). Although cell-cell adhesions were 

ormed to some extent in the cell sheets fabricated using AP/HYP 
215
nd HP/NOR, the degrees of cell-cell adhesions were less than in 

he cell sheets cultured with HP/HYP ( Fig. 4 A and B). hUASMCs 

ere stably stacked up to 10 layers in HP/HYP culture, but cells ag- 

regated after 4 layers and did not form cell sheets under AP/NOR 

onditions ( Fig. 4 C). hUASMCs treated with echinomycin, which 

as shown to inhibit increases in NDRG1 and LOX expression, did 

ot form cell sheets in HP/HYP ( Fig. 4 D–F). 

The 10-layered VSMC sheets were easily detached from the 

ulture apparatus and wrapped around glass rods ( Fig. 4 G). Im- 

unofluorescence revealed that the multi-layered hUASMC sheets 

ontained collagen type I alpha 1 and fibronectin ( Fig. 4 H). Elastica 

an Gieson stain failed to detect layered elastic lamella in hUASMC 

heets (Fig. S6), whereas mass spectrometry detected desmosine 

nd isodesmosine, which are LOX-mediated cross-linking amino 

cids of elastin [29] , in hUASMC sheets (Table S5). These data sug- 

est activation of LOX in hUASMC sheets. The ringlets of tubular 

UASMC sheets were pulled under tension to rupture ( Fig. 4 I and 

ovie S1). Stress–strain curves from hUASMC sheets are shown 

n Fig. 4 J. The tensile rupture strength of the hUASMC sheets 

as 0.278 (0.247–0.279) MPa, corresponding to 2092 (1855–2095) 

mHg. The elastic moduli of hUASMC sheets were 0.090 (0.084–

.114) MPa (Table S2). Tensile rupture strengths of the hUAMSC 

heets are equivalent to that of human saphenous veins [30] , sug- 

esting that our hUASMC grafts were strong enough to withstand 

rterial blood pressure. 
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Fig. 4. Layered constructs of hUASMCs generated by repeated cell seeding and HP/HYP culture. (A) Representative images of transmission electron microscopy of 3-layered 

hUASMC sheets fabricated with AP/NOR, AP/HYP, HP/NOR, or HP/HYP. Adherence junctions are indicated by arrows. Scale bars: 500 nm. (B) Representative images of scanning 

electron microscopy of 3-layered hUASMC sheets fabricated with AP/NOR, AP/HYP, HP/NOR, or HP/HYP. Upper and lower images are low ( × 500) and high ( × 20 0 0) power 

field, respectively. Scale bars: 20 μm. (C) Representative macroscopic (left) and surface plot images (right) of hUASMC sheets fabricated with AP/NOR or HP/HYP. Scale bars: 

5 mm. (D) Representative macroscopic (left) and surface plot images (right) of 5-layered hUASMC sheets fabricated by HP/HYP treated with or without echinomycin (Echi). 

Scale bars: 5 mm. (E) Representative hematoxylin and eosin stain images of 5-layered hUASMC sheets fabricated by HP/HYP with or without echinomycin. Scale bars: 50 μm. 

(F) Quantification of the thickness of (E); n = 5. ∗∗P < 0.01. Boxes represent the medians and interquartile range; whiskers indicate the minimum to maximum values. 

(G) Representative images of a 10-layered hUASMC sheet by cell seeding and HP/HYP on an atelocollagen membrane (left). The cell sheet after detachment (middle) was 

wrapped around a glass mandrel to fabricate a tubular hUASMC graft (right). Scale bars: 10 mm. (H) Representative images of immunocytochemistry of 10-layered hUASMC 

grafts. Grafts were stained for collagen alpha-1(I) (green) and fibronectin (red). Scale bars: 100 μm. (I) Representative images of mechanical testing of an hUASMC graft. A 

tubular hUASMC graft was placed around two parallel hooks of stainless-steel wire. An hUASMC graft before pulling (Pre) and a maximum stretched hUASMC sheet (Max). 

W0 and L0 indicate the initial sample width and sample length, respectively; L indicates sample length during the pulling. (J) Stress-strain behaviors of each hUASMC graft; 

n = 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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.6. Implantation of human VSMC grafts in the rat aorta and 

emodeling of the implanted site of the vessel 

Patch grafts are used for reconstruction of the pulmonary 

rtery and aorta in pediatric patients with congenital heart dis- 

ase [31] and for endarterectomy repair of the femoral and carotid 
216 
rtery in adult patients [32] . We implanted hUASMC and ePTFE 

rafts in the rat abdominal aorta with the intention of applying 

atch autografts to pediatric and adult patients. An hUASMC or 

PTFE graft trimmed to 1.5 × 1.0 mm as a patch graft was su- 

ured in an adult nude rat abdominal aorta with a 1.5-mm lon- 

itudinal incision ( Fig. 5 A and S7A and B). Doppler echocardiogra- 
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Fig. 5. Implantation of hUASMC grafts in the rat abdominal aorta. (A) Representative macroscopic image of the rat aorta after implantation of an hUASMC graft. Scale bar: 

1 mm. (B) Doppler echocardiography detected a non-stenotic flow pattern below the implantation site 5 months after implantation. (C) Survival rate of rats 1 week ( n = 4), 

3 weeks ( n = 7), 3 months ( n = 6), and 5 months ( n = 4) after implantation. (D) Elastica van Gieson stain images of the rat abdominal aorta implanted with hUASMC grafts 

1 week, 3 weeks, 3 months, and 5 months after implantation. The dotted lines indicate a junction between the hUASMC graft and the native aorta. The yellow dotted lines 

indicate implanted hUASMCs. The arrowheads indicate a suture line. Imp.: implantation site. Scale bars: 500 μm. (E and F) Representative images of immunohistochemistry 

of vWF (von Willebrand factor) (E) and HLA class 1 ABC (F) at the implantation sites. Scale bars: 50 μm. (G) Semiquantitative analysis of (F). n = 4–6. ∗P < 0.05. Boxes 

represent the medians and interquartile range; whiskers indicate the minimum to maximum values. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

p

s

s

M

p

e

u

o

d

t

f

s

a

u

I

i

t

f

p

m

p

C

e

t

t

w

g

p

t

h

t

g

i

t

a

i

a

a

p

m

t

hy detected a non-stenotic flow pattern distal to the implantation 

ite of hUASMC grafts, and a pulsatile implantation site was ob- 

erved macroscopically 5 months after implantation ( Fig. 5 B and 

ovie S2). During the observation until dissection, one rat im- 

lanted with an hUASMC graft and one rat implanted with an 

PTFE graft died several days after implantation due to suture fail- 

re; however, 20 of 21 rats implanted with hUASMC grafts and 5 

f 6 rats implanted with ePTFE grafts remained alive ( Fig. 5 C). 

Histological analysis of implantation sites with hUASMC grafts 

emonstrated the absence of aneurysm formation at the implanta- 

ion site through 5 months after implantation, and von Willebrand 

actor-positive endothelial cells completely covered the luminal 

ide of implanted hUASMC graft 1 week after implantation ( Fig. 5 D 

nd E). HLA class 1 ABC-positive human-derived cells remained 

ntil 3 months after implantation and then gradually decreased. 

mplanted hUASMCs had disappeared completely 5 months after 

mplantation ( Fig. 5 F and G). hUASMC grafts attached firmly to 

he surrounding tissues, whereas ePTFE grafts were easily detached 

rom surrounding tissues during dissection (Fig. S7C), as reported 

reviously [33] . These data suggested that recipient-derived cells 

igrated into the hUASMC graft-derived ECM structure and re- 

laced implanted hUASMCs. In addition, a substantial number of 
217 
D45-positive leukocytes was detected in tissues surrounding the 

PTFE graft, whereas modest leukocyte infiltration was observed at 

he implantation site of the hUASMC graft (Fig. S7D and E). 

We then tried implantation of larger grafts. hUASMC grafts 

rimmed to 4.0 × 1.0 mm were implanted in a rat abdominal aorta 

ith a 4.0-mm longitudinal incision (Fig. S8A). Although hUASMC 

rafts withstood arterial blood pressure immediately after trans- 

lantation ( n = 4), implantation sites exhibited aneurysmal forma- 

ion 1 week after implantation (Fig. S8B), suggesting that larger 

UASMC grafts need to be improved to withstand blood pressure. 

Finally, we investigated elastic fiber formation, collagen produc- 

ion, and SMC phenotypes at the site of implantation of hUASMC 

rafts. Fewer elastic fibers were observed in hUASMC grafts than 

n the native aorta before implantation; however, modest forma- 

ion of elastic fibers was observed at the implantation site 3 weeks 

fter implantation compared to the native rat aorta and gradually 

ncreased over time. Elastic fiber content at the implantation site 

pproached that of the aorta 5 months after implantation ( Fig. 6 A 

nd B). Sirius red stain showed that the implanted sites had a com- 

arable amount of collagen to that of the aorta at least up to 5 

onths after implantation ( Fig. 6 C and D). The ratio of collagen 

ype I and type III and the protein expression levels of the ma- 
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Fig. 6. Extracellular matrix deposition and smooth muscle cell phenotype 3 weeks, 3 months, and 5 months after implantation of hUASMC grafts. (A) Representative images 

of Elastica van Gieson stain at the implantation sites (Imp.) and native rat aortas 3 weeks, 3 months, and 5 months after implantation. Scale bars: 50 μm. (B) Semiquantitative 

analysis of (A). Native: native aorta; Imp: implantation site; n = 4–6. (C) Representative images of picrosirius red stain at the implantation sites and native rat aortas 3 

weeks, 3 months, and 5 months after implantation. Scale bars: 50 μm. (D) Semiquantitative analysis of (C); n = 4–6. (E) Representative images of picrosirius red stain under 

polarized light at the implantation site and native rat aorta 5 months after implantation. Orange and green colors indicate collagen I and III, respectively. Scale bars: 50 μm. 

(F) Representative images of immunohistochemistry of calponin and SM1 at the implantation site and native rat aorta 5 months after implantation. Scale bars: 50 μm. (G) 

Semiquantitative analysis of (F); n = 4. NS, not significant, ∗P < 0.05. Boxes represent the medians and interquartile range; whiskers indicate the minimum to maximum 

values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ure VSMC markers calponin and SM1 were similar between the 

mplantation sites and native aorta 5 months after implantation 

 Fig. 6 E–G). 

. Discussion 

In this study, we showed that hydrostatic pressurization com- 

ined with a hypoxic environment enabled the 3-dimensional 

abrication of multi-layered tunica media derived from human 

SMCs, which contained N-cadherin-mediated cell-cell adhesions, 

ell-ECM junctions via clustering of integrin α5 β1, and fibronectin 

nd collagen fibrillogenesis. The scaffoldless VSMC grafts fabricated 

y repeated cell seeding and HP/HYP culture had high biocompat- 

bility and induced regeneration of the vessels. 

In cancer cells, NDRG1 promotes formation of an E-cadherin/ β- 

atenin complex at the cell membrane and strengthens cell-cell 

dhesions, which acts as a suppressor of metastasis [23] . To the 

est of our knowledge, we first demonstrated that NDRG1 played 

 primary role in N-cadherin-mediated cell-cell adhesion. The 

DRG1 gene contains hypoxia-responsive elements (HRE), and HIF- 

 α plays a role in regulating hypoxia-induced NDRG1 transcrip- 

ion [34] . In addition, various transcription factors for the regula- 

ion of NDRG1 expression have been reported [35] . In the present 

tudy, C/EBP α appeared to be involved in NDRG1 upregulation but 

IF-1 α did not, although HP/HYP did not change the expression 

f C/EBP α in the nuclear fraction compared with AP/HYP (Fig. 

9). Our results showed that HIF-1 α expression was markedly en- 

anced by dual treatments of mechanical loading and hypoxia 

ompared with the individual treatment, which is similar to find- 

ngs in a previous study [36] . It has been reported that the tran-

criptional activity of C/EBP α is enhanced under transfection of 

oth C/EBP α and HIF-1 α compared with that of C/EBP α or HIF- 

 α alone in COS7 and 293T cell lines [37] . The transactivation do- 

ain of C/EBP α directly interacts with the basic helix-loop-helix 

omain of HIF-1 α [38] . In addition, mechanical loading increases 

he DNA-binding activity of C/EBP α in human airway smooth mus- 

le cells [39] . Based on these findings, we speculated that mechani- 

al loading-mediated enhancement of HIF-1 α expression increased 

he transcriptional activity of C/EBP α, resulting in NDRG1 upregu- 

ation. Contrary to this expectation, our results showed that silenc- 

ng of HIF1A did not affect HP/HYP-induced NDRG1 upregulation. 

lthough the mechanism of the complicated interaction between 

IF-1 α and C/EBP α under HP/HYP culture conditions is unknown, 

/EBP α might be important for the regulation of NDRG1 transcrip- 

ion levels in hUASMCs independently from HIF-1 α. 

Integrin receptors play a role in the transmembrane link be- 

ween ECMs and actin cytoskeleton in VSMCs [40] . Integrin α5 β1 

s the major receptor for fibronectin, which is an indispensable 

actor for the initiation of ECM assemblies [41] . Global deletion 

f integrin α5 subunit or fibronectin in mice leads to embry- 

nic lethality, with severe abnormalities of the heart and blood 

essels [ 42 , 43 ]. Hence, the interaction of integrin α5 β1 and fi-

ronectin is necessary for blood vessel development. Fibronectin 

inding further stabilizes and activates integrin clustering [ 44 , 45 ]. 

n the tissue engineering field, Pezzoli et al. reported that cellu- 

arized TEVGs supplemented with human plasma fibronectin en- 

anced mechanical strength [46] . These data suggest that HP/HYP- 

nduced clustering of integrin α5 β1 and fibronectin fibrillogenesis 

ontributed to the high mechanical strength of the grafts derived 

rom hUASMCs. 

LOX is an essential enzyme for initiating cross-link formation 

n collagen fibrils [27] and ordered collagen fibrinogenesis [28] . In- 

ctivation of LOX causes a decline in the tensile strength of the 

rterial walls; thus, LOX is important for the mechanical develop- 

ent of large arterial walls [47] . In addition, LOX-mediated ECM 

ross-linking increases mechanical strength in TEVGs using LOX- 
219 
verexpression VSMCs [48] . These findings indicate that the pro- 

otion of collagen cross-linking by HP/HYP-induced LOX expres- 

ion is advantageous for making high-strength grafts. A recent 

eport showed that EMILIN1 (elastin-microfibril-interface-located- 

rotein-1) is involved in LOX-mediated collagen cross-linking [49] . 

ollagen type V is reportedly essential for the assembly of collagen 

brils [50] . In our RNA-sequencing data, both EMILIN1 and COL5A1 

ere upregulated in HP/HYP culture (Table S4). EMILIN1 and col- 

agen type V, together with LOX, may contribute to collagen fibril 

ormation in our grafts. 

4-Hydroxyproline, which is enzymatically modified by collagen 

rolyl 4-hydroxylases (P4H) from proline within collagen polypep- 

ides sequences, is essential for the thermal stability of collagens 

t body temperature [51] . Gilkes et al. demonstrated that HIF-1 α- 

nduced expression of P4HA1 and P4HA2, the catalytic subunits of 

4H, was required for collagen deposition in fibroblasts [52] . In ad- 

ition, Aro et al. demonstrated that HIF-1 α-induced mRNA expres- 

ion of P4HA1 and P4HA2 led to increasing prolyl hydroxylase ac- 

ivity, which was necessary for collagen synthesis in chondrocytes 

n a hypoxic environment [53] . Hence, HIF-1 α-induced P4HA1 and 

4HA2 expression and subsequent increase in prolyl hydroxylase 

ctivity are required for proper collagen synthesis and assembly. 

n our RNA-sequencing data, expression of P4HA1 and P4HA2 was 

ost increased by HP/HYP compared with the other culture condi- 

ions (Table S6), and these expression patterns were similar to that 

f HIF-1 α. These findings indicated that HP/HYP-induced P4HA1 

nd P4HA2 expression increased the activity of prolyl hydroxylase, 

hich may contribute to collagen synthesis in hUASMC grafts. 

Five months after implantation of our VSMCs grafts, the trans- 

lantation site was composed of recipient-derived VSMCs exhibit- 

ng a contractile phenotype and regenerated elastin laminae. The 

evelopment of TEVGs that promote the regeneration of adequate 

lastin laminae has long been a challenge [ 54 , 55 ]. Recently, Wang

t al. fabricated a biodegradable vascular graft with human re- 

ombinant tropoelastin embedded within a polyglycerol sebacate 

caffold using the electrospinning method [56] . This graft showed 

ong-term patency and promoted the regeneration of multiple elas- 

ic lamellae and internal elastic lamina. However, we were con- 

erned that several properties of elastin fibrils (high thrombogenic- 

ty and inhibiting VSMCs proliferation) might limit the clinical ap- 

lication of the elastic fiber–rich TEVGs [ 56 , 57 ]. Although liquid 

hromatography-tandem mass spectrometry (LC-MS/MS) analyses 

emonstrated the presence of desmosine and isodesmosine, Elas- 

ica van Gieson stain failed to detect elastic lamella structures in 

ur hUASMC grafts at implantation, suggesting that the hUASMC 

rafts included cross-linking elastic fibers but in a small amount. 

n the present study, elastic lamellae were induced after replace- 

ent of the implanted hUASMCs with host-derived cells. The in- 

uction of elastic lamellae after implantation may be a favorable 

trategy to avoid these concerns. 

To prevent graft rejection, autologous cell sources with high 

roliferative capacity and ECM production are needed for the fabri- 

ation of TEVGs. hUASMCs exhibit greater ECM secretion and carry 

o risk of carcinogenesis, and there are no ethical issues with their 

se [58] . Therefore, human umbilical arteries could be an ideal 

ell source for pediatric patients with congenital heart disease. In 

dults, several clinical trials using autologous TEVGs derived from 

he patient’s own fibroblasts for hemodialysis access have been 

onducted [ 15 , 59 ]. Our results showed that HP/HYP treatment up- 

egulated NDRG1 and LOX expression in fibroblasts to the same de- 

ree as that of hUASMCs. These results support the feasibility of 

P/HYP-treated fibroblasts as a cell source for autologous TEVGs. 

urther studies are needed to clarify the availability of HP/HYP- 

nduced fabrication of vascular grafts using fibroblasts. 

In pediatric patients with congenital heart disease, reconstruc- 

ion of large vessels using patch grafts is a common surgical 
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echnique [31] . In adult patients with atherosclerosis, patch grafts 

re commonly used for arteriotomy closure following femoral and 

arotid endarterectomy [32] . In the present study, we aimed to 

nvestigate whether 1.5 × 1.0 mm patch grafts without endothe- 

ial cells were biocompatible and found that the grafts were cov- 

red with the recipient-derived cells and became endothelialized 

 week after implantation. The method proposed in this study has 

he theoretical potential to fabricate vascular grafts containing en- 

othelial cells. However, the graft size (1.5 × 1.0 mm) was smaller 

han that reported by other laboratories [60–63] . We attempted 

mplantation using 4.0 × 1.0 mm patch grafts; implantation was 

uccessful but exhibited aneurysmal dilation 1 week after the im- 

lantation period. Tubular grafts are also widely used in adult pa- 

ients for coronary arterial bypass and hemodialysis access. In our 

revious study, implanted tubular grafts made from multi-layered 

at VSMC constructs were obstructed due to intraluminal throm- 

osis within 2.5 months [17] . For small-caliber tubular grafts, en- 

othelial cells are thought to be required to decrease thrombo- 

enicity [ 15 , 59 ]. Further improvement of the fabrication method 

i.e., endothelial coverage) will be needed to fabricate large patch 

rafts and tubular grafts. 

The 10-layered VSMC grafts fabricated in this study required 

4 days. A long culture period results in high medical costs and 

elayed surgical schedules. Various procedures have recently been 

eveloped for fabricating scaffold-based or scaffoldless TEVGs [64] . 

he Kenzan method of 3-dimensional bioprinting enabled fabrica- 

ion of scaffoldless TEVGs within 1 month [65] . The decellulariza- 

ion method could provide “off-the-shelf” arterial grafts without 

he need for ECM maturation periods [66] . Thus, further improve- 

ent of the protocols to shorten fabrication time will be needed 

or clinical application. 

Ideal animal models for evaluating the performance of TEVGs 

hould have similar cardiovascular anatomy and physiology to hu- 

ans. Rats are the most commonly used animal model due to 

he advantages of low cost and availability of genetically modi- 

ed strains. However, cardiovascular physiology, thrombogenicity, 

nd hemostasis mechanisms in rats are different from those in 

umans [ 67 , 68 ] and large animals such as sheep, pigs, and non-

uman primates. Commercialized scaffoldless TEVGs by Cytograft 

issue Engineering Inc., which have already been used clinically for 

emodialysis access [64] , were used in preclinical trials using non- 

uman primates. This preclinical trial confirmed the absence of 

neurysmal formation, which is a common complication of TEVG 

mplantation [14] . For the challenge of clinical application of our 

caffoldless VSMCs grafts, further in vivo studies using large ani- 

als are needed to confirm the absence of complications such as 

neurysmal formation. 

In conclusion, our results suggest that HP/HYP culture can be 

sed to fabricate high-strength, scaffoldless implant able human 

SMC grafts through increased cell-cell and cell-ECM adhesion; 

oreover, HP/HYP culture has the ability to build robust ECM net- 

orks. 
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