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Hollow organ tissue engineering: short updating about
current approaches and forecast for major research advances

C. ALBERTI

Overall view

Regenerative medicine technologies are able to offer novel therapeutic modalities for patients
suffering from diseased organs — end-stage organ failure, resected organs because of their either ma-
lignant or severe chronic inflammatory pathology, congenital organ abnormalities — which need or-
gan replacement, though compared with an increasing shortage of donor organs (1-4).

Tissue engineering technologies, through combining biomaterial sciences and biotechnology by
resorting to either therapeutic cloning or induced pluripotent stem cell (iPSC) supply (Table 1),
can today provide the clinicians with intriguing regenerative medicine tools to repair tissues or re-
place organs (2, 3, 5). Bioengineered non-modular organs — such as bladder, skin, airways and ves-
sels — are made of autologous cells seeded onto cither natural or synthetic scaffold, without their
own microvascular network, so getting, when implanted 77 vivo, nutrients and oxygen, by diffu-
sion, from neighboring tissues, whereas bioengincered modular organs, organized in functioning units
(so-called modules) — such as liver, kidney, pancreas, heart, small intestine — need their own vascular
supply, however both construct types representing custom-made tissue engineered organs given the
autologous origin of their cellular component, thus avoiding, for the recipient patients, a lifelong
immunosuppressive treatment (4, 6, 7). Vascularized bioscaffolds of modular organs may be car-
ried-out by decellularization of the donor organ while preserving its extracellular matrix with the
vascular tree (4, 7, 8).

Essential tools to develop tissue engineered organs are specifically designed bioreactors, inside whi-
ch the scaffold and cellular component are conditioned to biochemo-physical and mechanical dy-
namic conditions simulating those proper of organ to be replaced. In the field of the experimental
bioreactor technology, to provide complex 3D-bioartificial tissue models with adequate nutrient sup-
ply, a biological vascularized carrier structure (scaffold) has been developed, by obtaining it from a
decellularized small bowel segment in which the native microvascular network within the collagen
matrix has been preserved (4, 9-11).

Intriguingly, the induction of mature somatic adult cells to de-differentiate into pluripotent stem
cells (iPSC), that, in turn, may be conditioned to produce different specifically differentiated cell
lineages, can allow limitless cell supplies for various tissue engineering applications (2, 3).

Tissue engineered bladder

The traditional intestinal neobladder exposes to the risk of pathomorphosic malignant tran-
sformation of the reservoir, particularly at the uretero-intestinal anastomoses because of preterna-
tural connections between urothelium and intestinal epithelium, and can induce systemic metabolic
imbalances (hyperchloremic acidosis, electrolyte and basic/acid derangements, fat maldigestion, nu-
tritional deficiency) resulting from both the chronic exposure of intestinal mucosa to urinary com-
ponents and the removal of the intestinal segment required for the bladder replacement. Other com-
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TasLe 1 - STEM CELL TYPES.

¢  Totipotent: only peculiar to earliest stages of embryogenesis, are able to generate all three
germ cell layers growing into the embryo together with extra-embryonic
structures such as placenta.

*  Pluripotent: belong to this group both the naturally embryonic stem cells, that are able to
generate all three germ cell layers growing into the embryo but not extra-
embryonic structures, and the induced pluripotent embryonic-like stem cells
(iPSCs) obtained from mature somatic cells*. Nevertheless, the reprogram-
ming process of somatic cells into iPSCg seems to compromise their geno-
mic integrity (occurrence of genetic rearrangements and copy number varia-
tions), which is why their therapeutic use is temporarily unadvisable while
carrying on, instead, with research about them (50).

*  Multipotent: later developed during the ontogenesis, are naturally able to generate only
differentiated cell peculiar to their tissue of origin. Multipotent stem cells
are present in all adult tissues, thus promoting their regeneration. Under
certain conditions, they can produce mature cells not naturally present in
their tissue of origin (transdifferentiation process due to plasticity properties).

*In this regard, even from certain adult mature cells it is now possible to directly induce the conversion ro different mature
cytotypes without the intermediate iPSC (e.g., human dermal fibroblasts, treated with OCT4 master control gene, can
transdifferentiate directly into multilineage blood cell progenitors - ref> 51).

plications include chronic inflammatory response of intestinal prosthesis to urine with increased mu-
cus production, stone formation, incomplete reservoir emptying, reasorption of some drugs (anti-
biotics, antitumoral chemotherapeuticals, etc) and their active metabolites with following increa-
sed related-toxicity towards the excretory target organs such as liver and kidney (12-15).

In order to prevent such complications and considering that the resort to an intestinal segment,
in bladder reconstructive surgery, must be avoided in different conditions — short gut syndrome,
chronic inflammatory disease, outcomes of abdominal irradiation — research has been led, in an-
cient times, to utilizing alloplastic materials (polytetrafluoroethylene, silicon rubber, polyuretane,
polyvinil/polyester sponge) which have been discarted because of material-related absolutely nega-
tive outcomes, and, in the last decade of past century, to pioneeringly engineering an artificial blad-
der tissue able to quite mimic both the barrier/sensory transducer urothelial properties and the dy-
namic smooth muscle aptitudes (1, 3, 16-18).

The autologous urothelial and smooth muscle cell-based tissue engineering technology (Table
2) successfully carried out, at first, in different animal models, has achieved nine years ago, the ex-
pected good clinical validation in patients requiring the augmentation cystoplasty because of end-
stage, myelomeningocele-related, poorly compliant neuropatic bladder; even on the recent follow-
up, such cystoplasty displayed a normally organized graft wall architecture, consisting of urothe-
lial, suburothelial connective and smooth muscle layers, at the same time showing both the urody-
namic and renal function normal parameters and no systemic metabolic complications (19, 20).

Nevertheless, the use of autologous bladder cells, in patients with invasive bladder malignancy,
must be warily approached because the whole vesical wall, though macroscopically normal, could
contain some scattered areas of carcinoma iz situ or urothelial chromosomal aberrations. Moreo-
ver other limitations such as complications potentially associated with invasive tissue biopsies and,
on the other hand, low 7z vitro proliferative ability of adult mature cells, have suggested the resort
to other cell sources, among which, especially, the pluri- and multipotent szem cells, that, besides
their self-renewal, are capable of differentiating, under adequate conditions, in various tissue-spe-
cific cell lineages (Table 1) (21-23). However, in patients with bladder carcinoma, the implant of
an autologous bladder multipotent stem cell-derived tissue engineered reservoir could induce a can-
cer transmission, hence an alternative option may result from the use of every mature tissue-deri-
ved iPSC, so avoiding the ethical limitations associated with the use of therapeutic cloning-deri-
ved embryonic stem cells (Table 1) (22, 24, 25). Moreover, the ability of bone-marrow-derived me-
senchymal stem cells (BMSC,) to simultaneously differentiate into urothelial and smooth muscle cel-
Is may have useful clinical application, in bladder tissue-engineering, for patients with bladder can-
cer or extrophy (22, 26, 27).
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TasLE 2 - DE NOVO RECONSTITUTION OF A FUNCTIONAL HOLLOW ORGAN BY TISSUE ENGINEE-

RING ("BLADDER MODEL").

* Autologous cells of different
cytotypes (in the "bladder model",

urothelial and smooth muscle cells))
harvested from the recipient host

by surgical material or biopsy sample

Separately expansion >
in vitro a biodegradable

3D-scaffold

Cell seedingonto___,

Implantation
of cell-seeded
scaffold into the

of various cell-types
(synthetic such as poly-
glycolic acid or polylactid
acid or co-polymeric,
naturally-derived
such as alginate/collagen,

recipient
(in "cystoplasty model",
the cell-seeded
scaffold
is anastomosed to

composite) the recipient's
bladder)
o
Bioreactor

(see Table 3)

In vitro reprogramming
to achieve
differentiation
in adult urothelial
and smooth-muscle
cell-types

¢ Stem cells

\4

Source from:
= embryo: - embryonic pluripotent stem cells
by therapeutic cloning (ethical issues)
- parthenogenesis-derived, by no-sperm-
induced activation of oocytes

= amniotic fluid, placenta, umbilical cord

= adult: - induced pluripotent embryonic-like
stem cells, from mature somatic cell
by de-differentiating them by retro-
virus-mediated introduction of Oct
3/4, Sox-2, c-Mic, K1F4-genes

- multipotent stem cells from every
adult tissue (particularly, mesenchy-
mal stem cells)

- urine-derived stem cells

(mod. from Alberti C. Eur Rev Med Pharmacol Sci 2007; 11: 257-264).

Nevertheless, the low quantity and poor proliferation of certain populations of stem cells, such
as BMSC, especially in elderly patients, and considering that invasive procedures are often requi-
red to achieve the amount of stem cells for the regenerative medicine, it has been suggested to re-
sort to dedifferentiated fat (DFAT) cells — preadipocyte cells — that may be obtained from mature adi-
pocytes of subcutaneous adipose tissue and can differentiate into smooth muscle phenotype in vi-
tro via activation of TGF-f signaling pathway, it representing an attractive strategy for the bladder
tissue engineering (28, 29).

Even urine-derived stem cells (USC) can originate, under adequate conditions, both urothelial
and smooth muscle cells, so allowing the fabrication of #ssue-engineered conduit, seeding them onto
a bacterial cellulose polymer scaffold (30).

Tissue engineered trachea

Beyond the experimental studies in animal models, the first clinical application of @ bivengineered
airway patch, made from autologous muscle cells and fibroblasts seeded onto collagen-matrix, has
been successfully carried out, seven years ago, to repair an airway defect resulting, at the anastomotic
site, from carinal pneumonectomy (31).

Three years ago, the world’s first clinical successtul replacement of whole tissue engineered airway
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TaBLE 3 - TRANSPLANTATION OF THE BIOENGINEERED DONOR ORGAN ("AIRWAY MODEL").
Human donor organ — Removal of all donor cells —  Colonization of such —» Graft then used

(in "airway model", and MHC-antigens donor scaffold by to replace the
donor tracheal by detergent-enzymatic (DNase) recipient cells recipient's
segment) treatment, (in "airway model, diseased organ
to obtain ciliated respiratory (in this model,
an organ-shaped-connective tissue epithelial cells and left main bronchus)
scaffold mesenchymal
(in "airway model", tracheal stem-cell-derived
extracellular matrix) chondrocytes)
a
Bioreactor

Automatized dynamic cell culture system,
that provides in vitro biochemo-physical
and biomechanical dynamic conditions,
mimicking the in vivo environment, to
allow not only the growth of cells seeded
onto the scaffold with a correct histotecno-
nics, but also the development of native
tissue-like physiological properties

(mod. from Alberti C. G Chir 2009; 30: 514-519)

has been performed in 30-year-old woman with end stage post-tuberculosis malacia-induced left
main bronchus collapse, by implantation of autologous stem cell-based tissue engineered windpi-
pe, its scaffold resulting from a decellularized human donor trachea (Table 3). The dead donor tra-
chea was, indeed, decellularized by a detergent enzymatic technique, to achieve the complete re-
moval of donor MHC antigens without denaturating the underlying collagenous matrix structure
which, then, was seeded in vitro with recipient patient mesenchymal stem cell-derived cartilage-like
cells and autologous respiratory epithelial cells, thus obtaining a living tissue engineered airway seg-
ment to replace the recipient’s diseased bronchus, without the risk of rejection (32).

Nevertheless, a drawback of a lengthy time (almost three months) to produce the graft — obviously
it representing an unfeasible condition for patients in an urgent need of airway transplantation —
drove to speed up the human donor organ decellularization process (about three weeks, more com-
patible with clinical needs) to obtain an acellular human windpipe scaffold, yet it retaining hierar-
chical structures and mechanical properties of the native trachea together with preservation of its
angiogenic factors (33, 34).

The ongoing research in airway alternative regenerative approach is moving towards 7z situ or-
gan regeneration by resorting to a bionic tissue engineered transplantation method (35).

Quite recently (June 9, 2011), an implant of artificial trachea, made up of autologous mesen-
chymal stem cells seeded onto synthetic polymer-nanoparticle scaffold, has been successfully perfor-
med by Macchiarini’s group (Karolinska University Hospital, Stockholm) in 36-year-old trachea can-

cer patient.

Tissue engineered small intestine

The massive resection of small intestine because of either chronic inflammatory or malignant
bowel disease, can induce a severe short-gut syndrome needing the parenteral nutrition providing
patients with an adequate supply of nutrients and calories but exposing them to the risk of central
venous catheter complications and parenteral nutrition-related liver disease.

The development of tissue engineering technologies could lead to their applications in the bowel
replacement surgery.

In animal (rodent) models, the intraomentally implantation of autologous neonatal small inte-
stine organoid units, attached to a biodegradable polymer scaffold and preliminary cultured in func-
tional perfusion bioreactor, induced the production of the rudimentary epithelium-lined cystic struc-
tures, whose patches, after anastomosis to the native intestine, developed into the mature mucosa
with normal crypts and villi. Subsequently, the application of such technology to a short bowel syn-
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drome rodent model induced a successful intestinal segment regeneration with improvement of the
recipient rodent’s health (36, 37). In a recent pig model study — intraperitoneally implantation of
autologous neonatal intestinal organoids units attached onto biodegradable scaffolds —, the archi-
tecture of the tissue engineered small intestine appears to replicate that of native bowel, showing
an intestinal mucosa with differentiated epithelial cell types, together with intestinal stem cells at
the base of the crypts, upon an innervated muscolaris mucosa (38). Most published studies report
a prevailing use of PLA/PGA (polylactic acid/polyglycolic acid) copolimer as a scaffold for autolo-
gous cellular component, while seldom a new nanocomposite of polyhedral oligomeric silse-
squioxane/poly (caprolactone-urea) urethane (POSS/PCL) has been exploited as a material to pro-
duce porous shape structure, in various pore sizes, to allow an appropriate intestinal epithelial cell
proliferation (39).

These successful experimental outcomes are now encouraging the research interests in the the-
rapeutic potential of a human intestine tissue engineering, given that an autologous tissue engineered
small intestine could resolve severe conditions of short-gut syndrome at the same time avoiding the
intestinal homotransplant-related critical problems among which the organ donor availability and
the immunosuppressive treatment-associated complications (36-41).

Unfortunately, some important obstacles seem to stand in the way of the human intestine tissue
engineering such as, firstly, the difficulties to find a source of autologous intestinal epithelial cells
given the obvious unfeasibility, in humans, of the technical procedure followed in animal models
(use, as above-mentioned, of intestinal organoids obtained from neonatal animals because older ani-
mal-derived intestinal organoids fail to produce epithelial cell lined-cystic structures) (36). Hence,
the fulfillment of the human intestine tissue engineering could result from either using autologous
intestinal stem cells, by preliminary identifying their specitic markers, to produce intestinal orga-
noids, or resorting to iPSC.. The differentiation of human iPSC; into intestinal tissue 77 vitro using
a precise sequence of growth factor supplies to mimic the intestinal embryogenesis, has allowed the
formation of 3D-intestinal organoids with a polarized columnar epithelium showing villus-like struc-
tures together with crypt-like proliferative areas provided with intestinal stem cells and containing
differentiated functional enterocytes, goblet-, neuroendocrine-, and Paneth-cells (42)..

Conclusions

The ongoing evolution in biomaterial sciences and, particularly, the breakthroughs of the bioen-
gineering technologies by using autologous cells seeded onto a scaffold obtained from either donor
organ ready made natural matrix structure or de novo biodegradable material-constituted product,
allow today to make available immunologically personalized tissue-engineered prostheses, so avoi-
ding the risk of rejection and, therefore, the resort to long-life immunosuppressive therapy. Synthe-
tic scaffolds have the advantage that the construct may be tailored to a somatic organ features of a
particular subject, moreover without that their availability might be affected by a limited dead do-
nor pool, whereas the decellularized scaffolds, with their own vascular networks, are better fulfilling
both anatomic and functional properties of the organ to be replaced (2, 19, 24, 32, 42-44). With
regard to synthetic scaffold, the development of a bilayered scaffolding method, that allows the en-
dothelial cell adhesion on the lumen (inner layer) and smooth muscle cell infiltration into the ou-
ter layer, may improve the blood vessel tissue engineering (45).

The progress in the understanding of the stem cell isolation, culture and differentiate lineage pro-
gramming enhances the technical chances for organ replacement surgery.

The tissue engineering of hollow organs such as bladder, trachea and small intestine, appears to
be an intriguing model to investigate it-related translational problems — from bench to bedside —
about which gradually discovering both biological and technical suitable solutions. Indeed, on the
basis of these conceptual outlines, also the vaginal reconstruction, in human patients, by “off-the-
shelf” neovagina, made up through tissue engineering technology by resort to either autologous ma-
ture vaginal cells, if it is possible, or autologous iPSC, seems to be getting close (46).

As far as the bladder replacement in surgical oncology is concerned, there would be more advan-
tages to have the availability, after total cystectomy, of a whole bladder prosthesis with a trigone-
shaped base to be anastomosed with the native ureters and urethra (47).

Organ bioengineering technology by the development of a transplantable recellularized organ
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graft, by using, as natural vascularized scaffold, a decellularized dead donor organ matrix, could
usefully applied to generate transplantable whole human solid modular organs-needing vascular network,
such as liver, kidney, heart, small intestine (4, 6-8, 43). In this regard, tissue engineering may also
benefit from directed tissue-assembly, by the 3D-micromasonry of cell-laden microgel subunits with
high resolution through both microscale self-assembly and microfluidics (48, 49).

What's more, different human whole organ engineering models, together with the development

of bioreactor technology, allow to study, on the bench, the drug pharmacokinetics and pharma-
codynamics, as an alternative to the animal experiments (4).
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