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Current research and development of tissue engineered

venous valve**x

Yuan Jian-ming, Dang Rui-shan, Shen Man-ru, Zhang Chuan-sen

Abstract

OBJECTIVE: To review the current research of tissue engineered venous valve at home and abroad, to analyze the developing

trend of tissue engineered venous valve in the clinical application.

METHODS: A computer retrieve was performed among PubMed, ProQuest Health & Medical Complete database, Springer
English Academic Journal Full-text database, Elsevier Full-text database between January 2000 and August 2009, with the key
words of “tissue engineering venous valve”, and the language was limited to English. At the same time, Chongqging VIP database,
Qinghua Academic Journals Database, Chinese Biomedical Literature database were also screened on computer by using the
key words “tissue engineered venous valve”, and the language was limited to Chinese. In addition, the relevant monographs were

manually checked.

RESULTS: The comprehensive analysis shows that an ideal method to construct tissue engineered venous valve is to combine
progenitor cells with multipotent adult progenitor cells for the batched incubation in allogenic acellular vein scaffolds, in vivo
environment can be maximally simulated through constant pressure perfusions on the three-dimensional culture system, thus
seed cells can well grow into functional tissue engineered venous valve on the scaffold materials. This study provides
experimental basis for clinical application of venous valve tissue engineering.

CONCLUSION: At present, tissue engineered venous valve research has made considerable progress and encouraging results,
brings first lights for deep venous insufficiency for patients, and exhibits wide application in the field of deep venous insufficiency

treatment.

BACKGROUND

For the treatment of deep venous insufficiency
caused by primary valve dysfunction, valve damage
after thrombosis and recanalization, as well as
congenital valve insufficiency, venous valve
transplantation is often considered as the last choice.
However, autologous venous valve transplantation is
unsatisfactory due to limited source, few damage,
valve strength is not strong enough and valve vein
diameter is difficult to meet the required standardst.
While the allograft valve and prosthetic valve must be
life-long anticoagulated, which is prone to thrombosis,
embolism, and anticoagulation-related bleeding
complications, thus affecting the patient survival and
quality of life. In recent years, cardiovascular tissue
engineering technology makes it possible to construct
tissue engineered venous valve. Studies have shown
that, no matter how many pairs of deep vein valves,
only a pair of functional valve can significantly
improve the blood reflux?. So constructing tissue
engineered venous valve containing at least a pair of
venous valve may replace a venous valve with
insufficient functions, and becomes a focus of cardiac
and vascular surgery basic and clinical research.
Ideal tissue engineered venous valve should have a
3-layer structure similar with that of the natural valve,
strong mechanical properties, can bear the transmural
pressure and shear stress of blood flow on the valves;
the surface should be completely endothelialized,
better anti-thrombotic formation and anti-platelet
adhesion; no immunogenicity; have the growth and
repair functions.

So far, only Kalka et al®** have reported the
successful construction of tissue engineered venous
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valve and applied it in animal experiments in 2003 and
2009, many researchers are still on the process and
research methods still need further exploration.
Therefore, a practical and efficient exploration on
tissue engineered venous valve construction methods
is particularly important.

OBJECTIVE

Through a review of the literatures on tissue
engineered venous valve published in recent years in
major magazines in China and abroad, this study
was aimed to summarize a practical and effective
methods, and analyze the clinical application
prospect of tissue engineered venous valve. By
comparison on the seed cells, scaffolds and
bioreactor, a suitable, ideal, practical construction
method is summarized.

DATA AND METHODS

Retrieval strategy

The first author performed the data retrieval for this
study.

By use of “tissue engineering, venous valve,
construction” as the English keywords, the related
articles were searched on PubMed, ProQuest Health
& Medical Complete database, Springer English
Journal Full-text database, Elsevier Full-text
database between January 2000 and August 2009.
By use of “tissue engineering, venous valve,
construction” as the Chinese keywords, Chongqing
VIP database, Qinghua Academic Journals Database,
Chinese Biomedical Literature database were also
screened between January 2000 and August 2009.
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Cells, Introduction to Biological Materials, and related bilingual
conference proceedings were manually searched.

All the search time were defined until August 2009.

Literature search has no language restrictions.

Inclusion criteria: @ The source of seed cells for tissue
engineering. @ Types and preparation of tissue engineered
scaffolds. ® Bioreactors applied in tissue engineering. @
tissue engineered venous valve. & The articles recently
published or published in the authorized journal were preferred.
Exclusion criteria: O Repeated study. @ Meta analysis.

Quality assessment

Each literature met the inclusion criteria is evaluated based
on the following aspects: (O Basic research mainly involves
the source of seed cells, scaffold preparation and tissue
engineered venous valve constructed in the bioreactor. @ In
vivo research is mainly related to tissue engineered venous
valve research in animals.

RESULTS

Literature retrieval and quality assessment

A total of 76 relevant documents were retrieved, 35 of them met
the inclusion criteria, while 41 articles were excluded due to the
duplication or Meta analysis. Among 35 included articles, 4 are
domestic and the rest are foreign research reports. There were
11 articles related to seed cells of tissue engineered venous
valve construction™™!, 13 related to biological materials of
tissue engineered venous valve construction®??4, and 12
related to bioreactor of tissue engineered venous valve
construction®>=%,

Comprehensive analysis of literature evidence

The source of seed cells

The choice of seed cells is critical for constructing tissue
engineering, so a suitable seed cell is the most important issue
for tissue engineered venous valve construction™?. Ideal seed
cells should have easy access to obtain and culture, does not
cause immune rejection, amplify productively, adhere strongly
to the scaffolds, similar function with autologous cells of the
valve. Cell elements of natural venous valve consist of
endothelial cells, smooth muscle cells, fibroblasts and
myofibroblasts, etc”. At present, seed cells for tissue
engineered venous valve are mainly endothelial cells,
endothelial progenitor cells®®, myofibroblasts, adult multipotent
progenitor cells and so on. The construction of artery and
venous valve depends on the re-endothelialization of vessel
wall and venous valve wall, endothelium can anti-thrombosis,
prevent platelet adhesion, prevent leukocyte adhesion and
prevent smooth muscle cell proliferation, endothelial
dysfunction or endothelial cells cover loss will lead to vascular
and venous valve calcification, then induce thrombosis and
dysfunction. In order to maintain a long-term function of tissue
engineered venous valve, endothelial cells should be planted in
the stent inner surface and then re-endothelialized. Teebken et
al " have completed re-endothelialization of tissue engineered
venous valve through implanting receptor sheep venous wall
endothelial cells in allogeneic acellular sheep valved venous
stent surface. The constructed tissue engineered venous valve
grafted to the sheep great saphenous veins or external jugular
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vein, the venous valve graft were shown to conduce good
functions six months later. Tang et al®*” have achieved success
on the construction of cardiac and vascular valves using bone
marrow mesenchymal stem cells. However, endothelial cells
and fibroblasts are adult cells, with a short life, slow growth and
easy to fall off, in order to the transplanted cells can grow longer
in the stent, many researchers recommend the use of immature
cells such as endothelial progenitor cells and adult multipotent
progenitor cells. Endothelial progenitor cells are endothelial cell
precursor cells, belonging to multipotent stem cells, exist in the
bone marrow, umbilical cord blood and peripheral blood, they
can differentiate into endothelial cells; multipotent adult
progenitor cells™, under the suitable conditions, can develop
into an intact individual, derived from adult mature organs such
as bone marrow, liver, skin and others. These two kinds of seed
cells can well solve cell aging and easy falling, so endothelial
progenitor cells and multipotent adult progenitor cells may be
ideal for tissue engineering cells.

Scaffold type and preparation

Tissue engineering scaffolds used are equal to the basic
framework for constructing tissues and organs, provides
three-dimensional and metabolic environment for the cell
proliferation, their overall structure and compositions determine
the shape and size of newly formed tissues and organs, so it
plays an important role in the tissue engineering.

Developed in recent years, cardiovascular tissue engineering
research has developed a biodegradable porous scaffold
consisting of collagen fiber and elastic fiber, but it is limited to
construct arterial tissue engineering, there is no report related
to venous valve scaffold. From the current literature, we can
summed up that tissue engineered venous valve scaffold
material includes acellular natural and synthetically synthetized
scaffold™>*¢!,

Acellular natural scaffold is to remove the cells, soluble proteins
and other components from allogeneic veins through
Triton-X100 plus ammonia water method, simple trypsin and
other methods, to keep the collagen, elastin and other important
scaffolds, which can not only eliminate immunogenicity, but also
have three-dimensional structure and mechanical properties,
good biocompatibility with cells, favoring cell adhesion and
embedding growth, increasing cell coverage, good
hemodynamics, can adapt to high pressure and high flow in the
vascular lumen, it is an ideal valve tissue scaffold™*’ %,
Teebken et al®® prepared sheep allograft acellular venous valve
scaffold for tissue engineered venous valve construction, and
obtained short-term initial success; Li et al*? achieved
satisfactory outcomes by applying bovine external jugular vein
to prepare allogenic acellular scaffold, which shows acellular
venous scaffold has a broad application prospect in the field of
tissue engineered venous valve.

In 2002 and 2004, Pavcnik et al™ respectively applied
endovascular stent-supported acellular small intestinal
submucosa as a venous valve graft, which was transferred
percutaneously to sheep jugular vein, one month later receptor
sheep endothelial cells, fibroblasts and other cellular
components were shown to adhere and migrate to the graft
surface and inner, the graft has a similar function with
autologous valve. Pavcnik et al?>? sutured acellular valved

veins on the nickel titanium endovascular stent containing
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memory code, used a guided sheath placed in the iliac vein,
instead of lower limb deep venous valve, to execute function
and also achieved good effect. Although the synthetic polymer
vascular stent is effective on the tissue engineering,
polymolecular polymer materials have some inevitable
drawbacks as following: @ the instability of non-degradable
materials. @ spreading infectious diseases among materials.
® homologous genes rejection between different materials.
Therefore, biodegradable polymer scaffold is a development
direction for tissue engineered scaffolds?224,

Bioreactor applications

Currently, the major problem in the methods of constructing tissue
engineered valve is to determine whether cells can effectively
adhere and grow into the scaffold, according to previous studies,
most of the cells could grow on the internal and external surfaces
of the scaffold. Bioreactors can effectively solve this problem, it
can well simulate in vivo environment, make the seed cells
growing in the scaffold as their growth in vivo, maximize the cell
functions and form good tissues and organs. But there are
different types of bioreactors, with varied parameters, the results
of different laboratories is difficult to compare with each other.
Teebken et al® have placed sheep acellular venous valve
scaffold to the rotating bioreactor, forming 2 spaces in venous
valve stent and between the stent and the reactor, then
periodically injecting a variety of cell suspension to the space, thus
successfully constructing tissue engineered venous valve.

Abilez et al® recently reported a new three-dimensional culture
system to culture mouse embryonic stem cells, which are shown
to grow into the polymer scaffold; Buttafoco et al®® achieved the
best culture results, using dynamic culture reactor, to change the
pulse frequency at different times and accordingly alter shear
force of the medium, the smooth muscle cells also grew into the
polymer scaffold; Gulbins et al’®” placed the saphenous vein
endothelial cells into specially prepared DEVELOPED tube,
connecting rotating incubation device, suspended cells were
incubated and accelerated to adhere to the surface by rotation,
cells can grow into a scaffold. In addition, the bioreactors used for
tissue engineering also includes pulse reactor designed to meet
the particularity of cardiovascular tissues®®??; reactor providing
tension for the tendon tissuest”; anti-membrane bioreactor®,
mechanical agitation bioreactor®, perfusion bioreactor®, air-lift
bioreactor, hollow fiber bioreactor®., As different cells need
different environments and parameters, there is no a bioreactor
yet to fully simulate physiological environment, type of bioreactor
and related parameter may determine the success of tissue
engineered venous valve construction.

CONCLUSION

In summary, we can summarize an ideal method of tissue
engineered valve construction, that is combine endothelial
progenitor cells with multipotent adult progenitor cells for the
batched growth in the acellular allogenic vein stent, give
constantly pressure in the three-dimensional perfusion culture
system, maximally simulate in vivo environment, thus seed cells
can well grow on the scaffold material and serve as a functional
tissue engineered venous valve.

In vivo studies on tissue engineered venous valve, as a major
national research project in the field of venous valve
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insufficiency transplant surgery, has made considerable
progress and encouraging results, so we can see the hope of
clinical application. However, this emerging technology is still in
the exploration and in animal models, there are many technical
issues and clinical practices needed to be overcomed, in
particular, how to further improve the capacities of seed cell
adhesion, proliferation and differentiation, how to maintain
long-term effect of tissue engineered venous valve after
transplantation. However, with the development of tissue
engineering technology and tissue engineering study of venous
valve, these problems will be certainly overcomed, tissue
engineered venous valve is potential to be widely applied,
within the next 5-10 years in clinical, benefiting more and more
deep venous dysfunction patients.

REFERENCES

[1]  Hoffman-Kim D, Maish MS, Krueger PM, et al. Comparison of
three myofibroblast cell sources for the tissue engineering of
cardiac valves. Tissue Eng. 2005;11(1-2):288-301.

[2]  Guillot PV, Cui W, Fisk NM, et al. Stem cell differentiation and
expansion for clinical applications of tissue engineering. J Cell
Mol Med. 2007;11(5):935-944.

[3] Kalka C, Masuda H, Takahashi T, et al. Transplantation of ex
vivo expanded endothelial progenitor cells for therapeutic
neovascularization. Proc NatlAcad Sci U S A. 2000;97:
3422-3427.

[4] Ruckley CV, Evans CJ, Allan PL, et al. Chronic venous
insufficiency: clinical and duplex correlations. The Edinburgh
vein study of venous disorders in the general population. J Vasc
Surg. 2002;36(3):520-525.

[5] Hristov M, Fach C, Becker C, et al. Reduced numbers of
circulating endothelial progenitor cells in patients with coronary
artery disease associated with long-term statin treatment.
Atherosclerosis. 2007;192(2):413-420.

[6] Masuda H, Kalka C, Takahashi T, et al. Estrogen-mediated
endothelial progenitor cell biology and kinetics for physiological
postnatal vasculogenesis.Circ Res. 2007;101(6):598-606.

[7] Teebken OE, Puschmann C, Breitenbach I, et al. Preclinical
development of tissue-engineered vein valves and venous
substitutesusing re-endothelialised human vein matrix. Eur J
Vasc Endovasc Surg. 2009;37(1):92-102.

[8] Teebken OE, Puschmann C, Aper T, et al. Tissue-engineered
bioprosthetic venous valve: a long-term study in sheep. Eur J
Vasc Endovasc Surg. 2003;25(4):305-312.

[9] Tangl, Xie Q, Pan G, et al. Mesenchymal stem cells participate
in angiogenesis and improve heart function in rat model of
myocardial ischemia with reperfusion. Eur J Cardiothorac Surg.
2006;30(2):353-361.

[10] Marion NW, Mao JJ. Mesenchymal stem cells and tissue
engineering. Methods Enzymol. 2006;420:339-361.

[11] Jiang Y, Vaessen B, Lenvik T, et al. Muhipotent progenitor cells
can be isolated from postnatal murine bone marrow, muscle,
and brain. Exp Hematol. 2002;30(8):896-904.

[12] Li W, Liu WY, Yi DH, et al. Histological/biological
characterization of decellularized bovine jugular vein. Asian
Cardiovasc Thorac Ann. 2007;15(2):91-96.

[13] Kim HI, Takai M, Ishihara K. Bioabsorbable material-containing
phosphorylcholine group-rich surfaces for temporary
scaffolding of the vessel wall. Tissue Eng Part C Methods.
2009;15(2):125-133.

[14] Amir G, Miller L, Shachar M, et al. Evaluation of a
peritoneal-generated cardiac patch in a rat model of heterotopic
heart transplantation. Cell Transplant. 2009;18(3):275-282.

[15] Gerontas S, Farid SS, Hoare M. Windows of operation for
bioreactor design for the controlled formation of tissue-
engineered arteries. Biotechnol Prog. 2009;25(3):842- 853.

[16] Sun M, Zhou P, Pan LF, et al. Enhanced cell affinity of the silk
fibroin-modified PHBHHx material. J Mater Sci Mater Med.
2009;20(8):1743-1751.

[17] Liu B, Jiang ZL, Zhang Y, et al. The vessel organ culture system
under stress in vitro: a new model for vascular biomechanical
experiment. Yiyong Shengwu Lixue. 2001;16(4):225-230.

[18] Cebotari S, Mertsching H, Kallenbach K, et al. Construction of
autologous human heart valves based on an aeellular allograft
matrix. Circulation. 2002;106(12 Suppl 1):163-168.

[19] Pavcnik D, Barry T, Hans A, et al. Percutaneous bioprosthetic
venous valve: A long-term study in sheep. J Vase Surg.

3799



?72;,? WWW.CRTER.Org

Yuan JM, et al. Current research and development of tissue engineered venous valve

2002;35(3):598-603.

[20] Pavcnik D, Kaufman J, Uchida B, et al. Second generation
pereutaneous bioprosthetic valve: A short-term study in sheep.
J Vase Surg. 2004;40(6):1223-1227.

[21] de Borst GJ, Teijink JA, Patterson M, et al. A pereutaneous
approach to deep venous valve insufficiency with a new
selfexpanding venous frame valve. J Endovasc Ther.
2003;10(2):341-349.

[22] Sodian R, Hcemtrup SP, Speding JS, et al. Evaluation of
biodegradable, three dimensional matrices for tissue
engineering af heart valve. ASAIO J. 2000;46(3):107-110.

[23] Chenite A, Chaput C, Wang D, et al. Novel injectable neutral
solutions of chitosan from biodegradable gels in situ.
Biomaterials. 2000;21(21):2155-2161.

[24] Hench LL, Polak JM. Third-generation biomedical materials.
Science. 2002:295(5557):10-14.

[25] Abilez O, Benharash P, M ehrotra M, et al. A novel culture
system shows that stem cells can be grown in 3D and under
physiologic pulsatile conditions for tissue engineering of
vascular grafts. J Surg Res. 2006;132(2):170-178.

[26] Buttafoco L, Engbers Buijtenhuijs P, Poot A A, et al. Physical
characterization of vascular grafts cultured in a bioreactor.
Biomaterials. 2006;27(11):2380-2389.

[27] Gulbins HE, Pritisanac A, Uhlig A, et al. Seeding of human
endothelial cells on valve containing aortic miniroots:
development of a seeding device and procedure. Ann Thorac
Surg. 2005;79(6):2119-2126.

[28] Morsi YS, Yang WW, Owida A, et al. Development of a novel
pulsatile bioreactor for tissue culture. J Artif Organs.
2007;10(2):109-114.

[29] Hildebrand DK, Wu ZJ, Mayer JE Jr, et al. Design and
hydrodynamic evaluation of a novel pulsatile bioreactor for
biologitally active heart valves. Ann Biomed Eng.
2004;32(8):1039-1049.

[30] LiH,AnQ, Zhou B, et al. Constructing the automated detection
system for blood vessel bioreactor using the Lab VIEW.
Shengwu Yixue Gongcheng. 2006;27(3):148-150.

[31] Engbers-Buijtenhuijs P, Buttafoco L, Poor AA, et al. Biological
characterisation of vascular grafts cultured in a bioreactor.
Biomaterials. 2006;27(11):2390-2397.

[32] Punchard MA, Stenson-Cox C, O’cearbhaill ED, et al.
Endothelial cell response to biomechanical forces under
simulated vascularloading conditions. J Biomech.
2007;40(14):3146-3154.

[33] Bilodeau K, Couet F, Boccafoschi F, et al. Design of a perfusion

bioreactor specific to the regeneration of vascular tissues under
mechanical stresses. Artif Organs. 2005;29(11):906-912.

Amiel GE, Komura M, Shapira O, et al. Engineering of blood
vessels from acellular collagen matrices coated with human
endothelial cells. Tissue Eng. 2006;12(8):2355-2365.

Xu ZC, Li H, Liu Y, et al. Constructing tissue engineering blood
vessel in a bioreactor. Zhonghua Shiyan Waike Zazhi.
2005;22(7):807-809.

Contributors: Yuan Jian-ming, the first author, conceived
and designed the review, which is modified by professor
Zhang Chuan-sen, amended or revised by professor Dang
Rui-shan. All authors drafted the manuscript together, and
Yuan Jian-ming is responsible for this study.

Conflicts of interest: No related issues.

Ethics approval: No ethical conflict with the content.
What's already known: The source of tissue engineering
seed cells, tissue engineered scaffold preparation, tissue
engineered bioreactor applications, tissue engineered
venous valve in vitro construction.

What's this study added: Introducing the source of ideal
seed cells, scaffold material selection and bioreactor
applications in fields of tissue engineered venous valve
construction in a deepen and detailed manner,
comprehensively and informatively reporting the
development of tissue engineered venous valve in recent
years, presenting and analyzing the clinical application
prospect of tissue engineered venous valve in the field of
deep vein valve function insufficiency surgical treatment.
Clinical application significance: Successful
construction of tissue engineered venous valve will be a
breakthrough in venous valve transplantation surgery,
tissue engineered venous valve is possible to be applied
in clinical practice within the next 5-10 years, and would
benefit more patients with deep venous dysfunction.
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