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Summary

Cardiovascular diseases are the most important cause of morbidity
and mortality in the civilized world. Stenosis or occlusion of blood
vessels leads not only to events that are directly life-threatening,
such as myocardial infarction or stroke, but also to a significant
reduction in quality of life, for example in lower limb ischemia as a
consequence of metabolic diseases. The first synthetic polymeric
vascular replacements were used clinically in the early 1950s.
However, they proved to be suitable only for larger-diameter
vessels, where the blood flow prevents the attachment of platelets,
pro-inflammatory cells and smooth muscle cells on their inner
surface, whereas in smaller-diameter grafts (6 mm or less), these
phenomena lead to stenosis and failure of the graft. Moreover,
these polymeric vascular replacements, like biological grafts
(decellularized or devitalized), are cell-free, i.e. there are no
reconstructed physiological layers of the blood vessel wall, i.e. an
inner layer of endothelial cells to prevent thrombosis, a middle
layer of smooth muscle cells to perform the contractile function,
and an outer layer to provide innervation and vascularization of
the vessel wall. Vascular substitutes with these cellular
components can be constructed by tissue engineering methods.
However, it has to be admitted that even about 70 years after the
first polymeric vascular prostheses were implanted into human
patients, there are still no functional small-diameter vascular grafts
on the market. The damage to small-diameter blood vessels has
to be addressed by endovascular approaches or by autologous
vascular substitutes, which leads to some skepticism about the
potential of tissue engineering. However, new possibilities of this
approach lie in the use of modern technologies such as 3D
bioprinting and/or electrospinning in combination with stem cells

and pre-vascularization of tissue-engineered vascular grafts. In
this endeavor, sex-related differences in the removal of degradable
biomaterials by the cells and in the behavior of stem cells and pre-
differentiated vascular cells need to be taken into account.
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Introduction

Cardiovascular diseases are the leading cause of
illness and death in the civilized world [1]. According to
the World Health Organization (WHO), more than 30 %
of deaths worldwide are caused by these diseases [2]. This
is also true for the Czech Republic, where circulatory
diseases accounted for over 40 % of all deaths in 2019,
while cancer accounted for 25 % [3].

Ischemia of tissues supplied by damaged blood
vessels, i.e. vessels with a significantly narrowed or closed
lumen, manifests itself not only in serious life-threatening
disorders such as heart attack or stroke, but also in a
significant reduction in quality of life, e.g. the relatively
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frequent necrosis of lower limb tissues in diabetes. In the
Czech Republic, there are more than 10 000 sudden deaths
due to heart attacks every year, and already in 2010 the
number of patients with diabetes was around 600 000 -
with at least 5 000 of them developing the 'diabetic foot'
syndrome, leading to amputation of a limb - and these
figures are rising.

An interesting observation from clinical practice
is that men are more susceptible to cardiovascular diseases
than women, or at least more susceptible than women of
childbearing age - after menopause, the susceptibility of
women is equal to the susceptibility of men (for a review,
see [4]). One of the reasons for the increased propensity of
men to cardiovascular diseases is the increased readiness
of vascular smooth muscle cells (VSMCs) to migrate and
proliferate. In our earlier studies, VSMCs in cultures from
male rats migrated and proliferated faster than VSMCs
from female rats, even without the current presence of sex
hormones in the culture medium (e.g. in a serum-free
medium), or even in the case of VSMCs isolated from
newborn rats. This difference also increased with the time
of cell cultivation, i.e. with the number of passages in the
culture (for a review, see [5]). However, some studies
suggest that this VSMC behavior is androgen-dependent
after all - i.e. it is established prenatally by the action of
these hormones, which apparently induce irreversible
changes in the expression of some genes. For example, it
has been described that in spontaneously hypertensive rats
(SHR), the blood pressure reaches significantly higher
values in males than in females [6] and depends on
prenatal androgen synthesis due to gene expression in the
SRY locus on the Y chromosome [7]. Androgens, among
other things, increase the sensitivity of VSMCs to
adrenergic hormones, and this persists throughout the
whole life of the animals, even without the current
presence of physiological levels of androgens, e.g. after
castration of rats [8]. In addition, VSMCs from the aorta
of spontaneously hypertensive male rats were significantly
more sensitive to proliferation stimulation by angiotensin
II in vitro than female VSMCs [6]. In contrast, estrogens
have a rather antiproliferative effect on VSMCs [9-11].

In healthy blood vessels under physiological
circumstances, vascular smooth muscle cells (VSMCs) are
in a quiescent, non-proliferative, differentiated contractile
state. An important factor that keeps them in this state is
the endothelial barrier. However, this barrier can be
damaged — both mechanically, e.g. by hypertension, and
also biochemically — e.g. due to metabolic disorders such
as elevated levels of glucose, cholesterol or homocysteine,

the presence of oxygen radicals, nicotine, etc. Substances
that are not present in the vascular wall under
physiological conditions then reach the VSMCs, such as
growth factors from the blood, especially platelet-derived
growth factor (PDGF), and also vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF),
fibroblast growth factor (FGF), nerve growth factor
(NGF), and insulin-like growth factor-1 (IGF-1) (for a
review, see [1,5]). The blood vessel is further infiltrated by
other proteins from the blood, such as albumin,
immunoglobulins, and lipidic substances, and also by pro-
inflammatory cells such as leukocytes, lymphocytes,
monocytes, macrophages and mast cells. These cells
synthesize chemokines and cytokines, e.g. interleukins
(e.g. interleukin-1), tumor necrosis factors (TNFs, e.g.
TNF-a) and monocyte chemoattractant protein-1 (MCP-
1), as well as metalloproteases (MMPs, e.g. MMP-2,
MMP-9 and MMP-13), degrading the extracellular matrix
(ECM) of the vascular wall. All these factors then
stimulate the so-called phenotypic modulation of VSMCs,
manifested by the transition from the contractile
phenotype to the synthetic phenotype and by activation of
the migratory and proliferative activity of VSMCs (for a
review, see [1,5]).

The migratory and proliferative activity of
VSMCs can be so massive that, together with the synthesis
of ECM molecules, their calcification and the deposition
of lipidic substances (mainly cholesterol), it leads not only
to narrowing of the lumen of the damaged vessel, but also
to its complete closure. It is not without interest that for
this reason some researchers, especially in the 1970s,
equated VSMC proliferation with tumor cell growth and
viewed atherosclerotic lesions as "benign VSMC tumors"
[12,13]. The finding of a connection between viral
infection (which is the cause of some tumors) and the
subsequent proliferation of VSMCs contributed to this
view [14]. Even one of our own earlier studies [15]
indicated a connection between the increased proliferative
activity of VSMCs and the presence of pathogens in the
organism. VSMCs in cultures derived from the aorta of
specific pathogen-free (SPF) rats migrated later from
explants of the tunica media and intima complex and
proliferated more slowly than VSMCs from rats reared
under standard conditions in the presence of
microorganisms in the surrounding environment and in the
rat organism. Nevertheless, the increased growth activity
of VSMC:s, rather than tumor growth, is a manifestation of
high regenerative capacity of these cells, which exceeds

the current need to repair the damaged vessel and becomes
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counterproductive, i.e. leading to irreversible damage and
obstruction of the vessel and the need for its replacement.
Furthermore, VSMCs are not the only proliferating cell
type in the vessel wall — macrophages also proliferate
there. Their proliferation is induced by the macrophage
colony-stimulating factor (M-CSF), and some authors
have attributed even greater importance to it in the
pathology of the wvascular wall (especially for the
than to the
proliferation of VSMCs themselves [16,17]; for a review,

formation of atherosclerotic lesions)
see [5].There are also sex-related differences not only in
the propensity to cardiovascular diseases but also in the
manner of their manifestation. For example, an increase in
vascular stiffness, which is associated with a higher risk of
cardiovascular morbidity and mortality, is likely sex-
specific. In Dahl salt-sensitive rats, the ultrastructure of
mesenteric arteries showed significant increases in
collagen and smooth muscle cell areas, which altered the
mechanics and hemodynamics of these arteries and led to
higher blood pressure in male rats than in female rats [18].
In coronary artery disease, men are more prone to lipid-
rich and inflammatory plaques, while women are more
likely to develop fibrous plaques, based on endothelial
dysfunction and phenotypic modulation of VSMC [19]. It
is widely accepted that during coronary artery disease
(CAD), men develop less stable atherosclerosis plaques
than women. In CAD, recent studies have revealed that
genes more active in men were associated with the immune
system, while genes more active in women were associated
with mesenchymal cells and endothelial cells [20].
However, in mice with metabolic syndrome, VSMCs from
male donors were more prone to dedifferentiation, i.e. loss
of contractile markers (leiomodin 1 and calponin) than the
cells from female donors. This loss was induced by
thrombospondin-1, the expression of which depended on
the level of testosterone [1]. In aortic valve stenosis, which
is driven by fibrosis and calcification of the aortic valve
leaflets, annexin A2 and cystatin C increased the
osteoblast-like differentiation of valve interstitial cells
(VICs) from male pigs, while in female VICs, these
inflammatory  proteins  promoted  activation to
myofibroblasts, manifested by increased expression of
genes for a-actin and type 1 collagen [21].

This review summarizes the possibilities of
surgical treatment of blood vessel obstruction, especially
of small and medium-diameter vessels, mainly by
replacing them or bypassing them with synthetic and
biological vascular substitutes. The review takes into
account the experience of our group in this field, in the

context of the worldwide trends in the design of vascular
substitutes,
including different approaches to patients according to

especially in recent years (2022-2023),
their sex.

Surgical treatment of blood vessel obstruction
and vascular substitutes

Vessels affected by stenosis and obliteration can
be treated with endovascular (catheterization) approaches,
such as balloon angioplasty and stenting, or with surgical
approaches such as endarterectomy of short arterial
segments. However, if these approaches fail, it is necessary
to replace the damaged vessel - either directly, i.e. by
resection and interposition grafting with end-to-end
anastomoses, or by bridging the damaged section of the
with
another patent vascular structure.

vessel by a so-called by-pass end-to-side
anastomoses, 1.e.
Important vascular replacements often used in current
clinical practice are based on synthetic polymers - mainly
on expanded polytetrafluoroethylene (ePTFE) and
terephthalate) (PET), or

polyurethane (PU), used mainly for the production of

poly(ethylene segmented
hemodialysis access grafts (for a review, see [22-24]).
Synthetic polymeric vascular replacements have been used
since 1954 when they were prepared from Vinyon N cloth;
chemically poly(vinyl chloride). Vinyon N tubes were first
tested on dogs in the form of tubular constructs bridging
defects of the abdominal aorta [25], and then they were
also used in human patients for replacements of resected
aneurysms of the abdominal aorta [26].

However, it should be noted that past and present
synthetic vascular replacements have been commonly
clinically applied in a cell-free form, i.e. without
reconstructed physiological layers of the blood vessel wall.
These layers include the funica intima, i.e. the inner layer
containing endothelial cells; the tunica media, i.e. the
middle layer formed by smooth muscle cells, and the
tunica adventitia, i.e. the outer layer containing
fibroblasts, adjacent nerve fibers, and also smaller vessels
and capillaries, referred to as vasa vasorum. Synthetic
polymeric vascular grafts therefore behave more or less
passively — at least they lack an endothelial layer, which in
its mature confluent state is considered the best way to
prevent graft thrombosis, and they also lack a layer of
smooth muscle cells, ensuring the contractile and relaxing
function of the vessels.

Expanded PTFE, PET and PU, used for the
manufacture

of currently clinically used vascular
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prostheses, are highly hydrophobic polymers, and are
therefore primarily unsuitable for the adhesion and growth
of cells that require moderately hydrophilic surfaces.
However, the blood proteins mediating cell adhesion (e.g.
fibronectin, vitronectin) are adsorbed on the inner surface
of the prostheses, which is followed by the adhesion of
platelets, inflammatory cells and VSMCs. VSMCs reach
the vascular substitute from the margins of its anastomosis
with the original vessel, from the tunica adventitia, and
also arise from VSMC precursors present in the blood (for
a review, see [24]). In larger-diameter replacements, the
adhesion of platelets, immune cells and VSMCs is made
difficult or impossible by the fast and strong blood flow,
and such replacements may therefore remain patent for a
long time. However, in small-diameter vascular grafts,
usually 6 mm or less, these processes result in thrombosis,
inflammation, and excessive proliferation of VSMCs in an
attempt to regenerate the damage, and finally stenosis and
failure of the vascular replacement.

Clinically-used small-diameter vascular
replacements mostly include an aortocoronary bypass
[27,28], then bypasses of the lower limb, especially below-
knee bypasses [29], as well as extracranial-intracranial
bypasses, e.g. between the middle cerebral artery and the
superficial temporal artery or the vertebral artery [30].
Small-diameter vascular replacements are burdened with
the highest incidence of complications, leading to stenosis
or complete closure of the replacement. In principle, it can
be said that there are currently practically no long-term
functional replacements for vessels of small diameter (6
mm and less) on the market. Thus, even approximately 70
years since the first vascular replacements were implanted
(1952-1954), the design of functional small-diameter
vascular replacements remains literally a “search for the
Holy Grail” in the field of vascular tissue engineering
[31,32].

The “dead end” of tissue engineering

Some renowned authors believe that vascular
tissue engineering has now come to a "dead end" or needs
to cross a “death valley” [24]. This is explained by the fact
that the leading force in this field is no longer exerted by
vascular surgeons. Leading roles have been taken over by
basic research scientists who are detached from clinical
practice, and have been unaware that the construction
small-diameter vascular replacements is no longer the
"Holy Grail" of vascular tissue engineering! Endovascular
treatments, such as percutaneous transluminal angioplasty

and the introduction of an endovascular graft (i.e. a special
fabric tube device framed with stainless steel self-
expanding stents), are now considered to be sufficient,
together with the replacement of damaged blood vessels
by autologous arteries, which the patient's organism is
considered able to provide in sufficient quantities. There
may also be some frustration and disappointment, due to
the inability, even after 70 years of designing vascular
replacements, to construct functional and durable small-
diameter vascular grafts. But should we not still try to
construct these replacements - at least to have some backup
in cases where endovascular treatment fails (e.g. due to
fibrosis and calcifications), or where autologous vessels
are not available (in elderly patients with comorbidities),
or even just to avoid burdening the patient with additional
surgery? Moreover, as Zilla et al. (2020) [24] point out,
there is also a need for medium-diameter vascular grafts
for dialysis patients, who are rapidly increasing in numbers
with the development of medicine in modern times — and
constructing these grafts would be another important task
for vascular tissue engineering. In addition, vascular
replacements are needed not only for the arterial system
but also for the venous system — for example, lower limb
vein diseases alone are very common, affecting approx.
25 % of adults in westernized societies (for a review, see
[33]). Venous grafts are also needed to reconstruct the
missing portal system in pediatric patients. For this
purpose,
recellularized using autologous blood have been used [33].

human decellularized allogeneous veins

Autologous vascular replacements

What options do we have for the design of small-
or medium-diameter vascular replacements? Autologous
vessels are considered the gold standard in this respect.
These replacements contain physiological layers of the
vessel wall - primarily a continuous layer of mature
endothelial cells, which is considered the best way to
prevent thrombosis, immune cell activation, and excessive
VSMC migration and proliferation. Autologous vessels
also contain VSMCs of mature contractile phenotype,
providing the contractile and relaxing function of the
vascular  replacement.  Furthermore,  autologous
replacements are not burdened by the risk of immune
reaction and subsequent graft rejection, nor by the risk of
pathogen transmission, especially viruses and prions, as is
the case with allogeneic or even xenogeneic replacements
(for a review, see [22,23,34]). On the other hand,

autologous transplanted tissue generally has some serious
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disadvantages. Firstly, it is usually only available in
limited quantities, and secondly, obtaining it places an
additional burden on the patient due to the additional
surgery and damage to another site in the body. Moreover,
certain tissues, when transferred to a new site in the body,
have mechanical, biochemical and other properties that do
not fully meet the requirements for their new function. A
typical example is when venous grafts are used as arterial
replacements, e.g. saphenous veins in aortocoronary
bypass surgery [28]. These grafts are suddenly exposed to
much higher blood pressures than they have been
permanently adapted to, leading to endothelial damage,
vascular distension, mechanical and biochemical damage
to VSMCs and their subsequent efforts to regenerate,
manifested by excessive migration, proliferation and
proteosynthesis in these cells. All this is accompanied by
cells. The
consequence is obvious - again the risk of graft stenosis.

thrombosis and adhesion of immune
Although stenosis is treated in clinical practice by the
insertion of a stent inside the vessel, this stent, usually
metallic, further aggravates the mechanical damage to the
endothelium, and there is also a risk of loosening and
migration of the stent through the vessel. If the stent
releases a drug that inhibits the unwanted proliferation of
VSMCs, such as sirolimus (rapamycin), the endothelium,
where proliferation and rapid regeneration of the damage
would be desirable, is the first to be affected [35]. More
recent approaches, in which our group has also
participated, have attempted to replace intravascular stents
with
simultaneously "wrap"

perivascular  drug-eluting systems that
the venous graft, giving it
mechanical support and limiting its undesirable initial
distension. In our earlier studies, we constructed a
synthetic polymer-based outer vessel coating that released
This limited the

proliferation of VSMCs even without the presence of

sirolimus. system  significantly
sirolimus - only on the basis of mechanical support - while
preserving the viability of VSMCs and not damaging the
endothelial layer [36—38]. Nevertheless, even this situation
is not ideal, and calls for a search for other new options to

replace irreversibly damaged vessels.

History and present of tissue-engineered
vascular replacements

New options for replacing irreversibly damaged
vessels consist in the creation of small- or medium-
diameter vascular grafts by tissue engineering methods,
which will reconstruct at least the tunica intima and tunica

media of the vascular wall (and optimally also the tunica
adventitia). Standard tissue engineering methods include
(1) the preparation of a suitable cell carrier or scaffold to
act as an ECM analogue to anchor the cells, (2) the cellular
component of the newly constructed tissue, and (3)
appropriate signals (biochemical and mechanical) to
induce the desired cell behavior. Researchers have been
attempting to create vascular replacements using tissue
engineering methods since the 1980s. The work of
Weinberg and Bell (1986) [39], who created an in vitro
model of a blood vessel using a tubular matrix of bovine
collagen, reinforced with a Dacron (PET) mesh, and
populated with bovine adventitial fibroblasts, smooth
muscle cells, and endothelial cells, may be considered the
most prominent in this regard. To date, however, these
efforts have not been crowned with success in achieving
routine clinical application of constructs of this type, i.e.
with all three layers of the physiological vascular wall
reconstructed. Usually, only one layer has been
reconstructed on these substitutes - initially, most often the
endothelial layer, although attempts have also been made
to reconstruct other layers, namely using autologous stem
cells and skin fibroblasts.

The first clinical use of tissue-engineered
vascular grafts was reported by Herring et al. in 1984 [40].
They implanted synthetic vascular prostheses that were in
vitro endothelialized in the lumen. The first human
implantation of a totally engineered blood vessel (TEBV)
without any permanent synthetic support was carried out
by Shin’oka et al. (2001) [41] as a pediatric pulmonary
artery replacement, i.e., in low-pressure circulation. The
first human use of TEBYV in high-pressure circulation was
performed by L’Heureux et al. (2007) [42] as an arterio-
venous (AV) hemodialysis access graft (Lifeline©,
Cytograft, Inc.), and Wystrychowski et al. (2014) [43]
reported the first implantation of an allogeneic nonliving
AV graft within the Lifeline© study. Kato et al. (2016)
[44] reported the first clinical application of an in vivo
tissue-engineered graft composed of autologous
subcutaneous encapsulation tissue (Biotube) used for
patch repair of the pulmonary artery in a child. Gutowski
et al. (2020; a group of Laura Niklason) [45] first
conducted a human trial for peripheral arterial occlusive
disease (PAD) with totally bioengineered human acellular
vessels (HAV; Humacyte©). As of 2023, HAV is being
evaluated in seven trials to treat PAD and vascular trauma,
[46]. The

implantation site for clinical evaluation of TEBVs has

and as a hemodialysis access conduit

changed over the years from lower extremity bypass
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procedures to AV access grafts, for safety reasons and
better surveillance opportunities. In the past, only a few
trials were conducted on coronary artery bypass grafting
[47,48]. Major clinical achievements in tissue engineering

of vascular grafts together with landmark publications are

available.

summarized in Table 1 and are depicted in Fig. 1. It should
be noted that these relatively successful implants have
been used within limited clinical trials and are not widely

Table 1. Clinical achievements and landmark publications regarding tissue-engineered vascular grafts. Abbreviations: arterio-venous
(AV), bone marrow (BM), endothelial cells (EC), expanded polytetrafluoroethylene (ePTFE), months (M), not applicable (N/A), number of
implants (No, n), polycaprolactone (PCL), poly(glycolic acid) (PGA), poly(lactic acid) (PLA), reference(s) (ref.), and vascular smooth muscle

cells (VSMC).
Author, year Clinical use Scaffold Cell type No Country Outcome Ref.
Herring et al. 1984 Lower extremity Dacron Autologous vein  n=18 USA Improved patency in [40]
bypass EC, one-stage non-smokers
seeding
Deutsch et al. 1990 Lower extremity ePTFE Autologous vein  n =341 Austria Improved patency, [49-52]
Zilla et al 1994 bypass EC, two-stage closing the gap
Meinhart et al. 1997 seeding, fibrin- between prosthetic
Deutsch et al. 2009 glue and vein grafts
Laube et al. 2000 Coronary bypass ePTFE Autologous EC n=14 Germany Improved patency [47]
Lamm et al. 2001 Coronary bypass Allogeneic Autologous EC n=15 Germany  Patency 80 % at 3M [48]
saphenous vein
Shin’oka et al. 2001, Cavo-pulmonary Bioabsorbable Initially n=25 Japan Patent grafts, no [41,53-55]
2005 conduits in congenital synthetic autologous EC; grafts aneurysm, rupture,
Hibino et al. 2010 heart disease polymer: PCL- then: BM cells; n=19 infection, or
Sugiura et al. 2018 PLA, PGA two-stage patches calcification,
seeding reconstituted by host
cells, some growth,
7/25 (28 %) stenosis
treated with
angioplasty
Bockeria el al. 2017, Cavo-pulmonary Bioabsorbable N/A n=>5 Russia No graft-related [56,57]
2020 conduits, in congenital synthetic adverse events,
heart disease (Xeltis© polymer: PCL-2- endogenous tissue
Switzerland) U-4[1H]- restoration
pyrimidinone
Teebken ez al. 2009 Replacement of iliac Allogeneic Autologous EC n=1 Germany Thrombosis at 4M [58]
vein affected by a decellularized due to recurrent
tumor vena cava disease and
discontinuation of
anticoagulation
Olausson et al. 2012,  Pediatric portal vein Allogeneic Autologous BM n=3 Sweden Patent; second graft [33,59]
2014 Meso-Rex bypass decellularized or blood cells, needed twice
iliac vein two-stage
seeding
L’Heureux et al. AV access for N/A Autologous skin  n=9 Argentina, Primary patency [42,60,61]
2007 hemodialysis, fibroblasts, cell Poland 78 % at 1M, 60 % at
McAllister et al. Lifeline©, Cytograft, sheets, seeded 6M, 108 patient-
2009 USA with vein EC months of use
Peck et al. 2011
Wystrychowski et al. AV access for N/A Allogeneic n=3 Poland Primary patency 5M, [43]
2014 hemodialysis, fibroblasts, cell 7 days (unrelated
Lifeline©, Cytograft, sheets, death), and 3M
USA devitalized
Lawson et al. 2016 AV access for PGA Allogeneic n =60 USA, Secondary patency [62—-64]
Kirkton et al. 2019 hemodialysis, human VSMC, Poland 89 % at 12M and
Jakimowicz et al. acellular vessel, HAV, decellularized 58 % at 60M, no

2022

Humacyte© USA

infection or aneurysm
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Gutowski et al. 2020, Lower extremity PGA Allogeneic n=20 Poland Secondary patency [45,46]
2023 bypass, HAV, VSMC, 74 % at 48M and
Humacyte© USA decellularized 60 % at 72M, no
infection or aneurysm
Kato et al. 2016 Pulmonary artery Autologous N/A n=1 Japan Patent graft at 7M [44]
patch encapsulation
tissue, Biotube
Nakayama et al. AV access for Subcutaneous N/A n=2 Japan Stenosis at 24M and [65,66]
2018, 2020 hemodialysis mandrel implant, 7M, both treated with
extension, Biotube Co,  in-body tissue angioplasty
Ltd architecture
Higashita ez al. 2022 Lower extremity Subcutaneous N/A n=1 Japan Patent at 12M [67]

bypass extension,
Biotube Co, Ltd

mandrel implant,
in-body tissue
architecture

Clinical Achievements in Tissue-Engineered Vascular Grafts

Coronary artery bypass graft (CABG)
(rarely tissue-engineered)
« Laube et al 2000 [47]
« Lamm et al 2001 [48]

Cavo-pulmonary conduit
or patch for children
(low-pressure, large diameter)
s Shin"oka et a/. 2001 [41]
Sugiura et af. 2018 [55]
« Kato et al. 2016 [44]

Arterio-venous graft (AVG)
for hemodialysis access
s Lifeline® Cytograft, Inc.
L"Heureux et al. 2007 [42]
Wystrychowski et al. 2014 [43]
* Humacyte®, Inc.
Lawson et al. 2016 [62]
« Biotube®, Ltd.
Nakayama et al, 2018 [65]

\ \ | v\Perlpheral artery bypass graft (PABG)
\ » Herring et al. 1984 [40]
» Deutsch et al 1990 [49], Zilla et
al 1994 [50], Deutsch et al.
2009 [52]
« Humacyte®, Inc.,
Gutowski et a/. 2020 [45]
\ * Biotube®, Ltd.
) Higashita et al. 2022 [67]

Created with BioRender.com

Fig. 1. Clinical achievements in tissue engineering of vascular
grafts. Created with BioRender.com

However, commonly clinically used constructs
that are declared on the market as "tissue-engineered
vascular grafts" (TEVG) and that have been approved for
current clinical practice include virtually only cell-free
products based on decellularized allogeneic (i.e. human)
matrices, such as Synergraft® or Cryovein® (CryoLife,
Inc, Kennesaw, GA, USA) or on xenogeneic matrices,
such as bovine Artegraft® or Procol® (both LeMaitre
Vascular, Inc., Burlington, MA, USA; for a review, see
[68]).
stabilized and/or

decellularized matrices are also used to produce vascular

Several chemically

patches, i.e., needed to repair vascular defects caused by

surgical  procedures such as  endarterectomy,
thrombectomy or embolectomy, after vascular injuries or
even after damage to blood vessels due to trauma or
cancer. Currently, chemically stabilized matrices derived
(XenoSure®),

pericardium (Biolntegral® NoReact®), or decellularized

from bovine pericardium porcine
porcine small intestinal submucosa (SIS, CorMatrix®,
Aziyo®) are used for vascular patches, and also synthetic
matrices, namely ePTFE (Propaten® Gore®) and PET
(Vascutek®),

similar to those used for blood vessel replacement.

and matrices from autologous vessels,

However, synthetic and biological matrices are used in a
cell-free form, i.e. in a form that does not fully correspond
to the physiological tissue. In addition, biological matrices
are often stabilized with glutaraldehyde, making them
potentially cytotoxic (for a review, see [23,34]).

Newly-developed vascular grafts based on
decellularized matrices

The idea of using decellularized matrices in an
acellular form continues to be developed even today. There
are at least two important reasons for this. First, the use of
decellularized matrices is a kind of "renaissance" of the
older idea of using allogeneic or even xenogeneic
transplantation of blood vessels and other organs in
general. Unlike synthetic substitutes,
substitutes
architecture and biochemical composition. However, the

these biological

have similar mechanical properties,
main immunogenic factor is the presence of a cellular
component. It has been found that by removing this
cellular component, i.e. by decellularization, the tissue
then loses a substantial part of its immunogenicity - up to

90 % has been reported in the literature [69]. Second,
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acellular matrices are more easily approved for clinical use
than cell-seeded matrices. Seeding matrices with cells
usually requires processing the patient tissue outside the
operating room, which is tightened prohibitively by new
regulations [24]. EU legislation has become so strict that it
is virtually impossible to implant constructs colonized
with cells, not only allogeneic but also autologous cells
from the patient. This is because it is usually necessary to
remove the patient's cells from the operating room in order
to seed, expand and differentiate them on the tissue-
engineered constructs in vitro. Another problem is the
cultivation and cryopreservation of cells in media
containing components of xenogenic or allogenic origin
(e.g. fetal bovine serum, human platelet lysate). EU
legislation includes the following standards and
regulations: ASTM F3225-17, ISO 10993-1:2018, ISO
7198:2016, EU 2017/745, EU 1394/2007 [70]. Therefore,
in clinical practice, cell-free constructs are preferred,
which could be colonized by cells only after their
implantation into the patient's body. However, we believe
that this situation is only temporary and that in the future,
after the development of new technologies for the
cultivation, preservation and further manipulation of cells,
these rules will be adjusted to a more favorable form, tissue
engineering will again find a place and all the efforts made
for several decades will not be lost and will be crowned
with success.

In recent years, decellularized tubular matrices
have been prepared e.g. from rat aorta [71], porcine
thoracic aorta [72], porcine carotid arteries [73], bovine
internal mammary arteries [74], human umbilical artery
[75,76], human saphenous vein [77], submillimeter vessels
of the human placenta [78], or from rolled human amniotic
membrane [79]. Decellularized plant leaves, namely of
Viburnum rhytidophyllum, combined with gelatin were
also an interesting non-traditional material [80]. The
mechanical properties of decellularized matrices have
been further improved by crosslinking with genipin, which
proved to be better than the traditionally used
glutaraldehyde in terms of matrix biocompatibility [81]. In
our earlier study, we also achieved similar results with
genipin-crosslinked pericardium, which proved to be more
advantageous not only in comparison with glutaraldehyde
but also in comparison with tannic acid and
[82].
significantly reduces the residual immunogenicity of the

nordihydroguaiaretic acid Crosslinking  also
decellularized matrices (for a review, see [24]). To
strengthen the mechanical properties of decellularized

matrices, they have been used in combination with

synthetic polymers, especially degradable polymers such
as polycaprolactone (PCL) [71] or poly(L-lactide-co-¢-
caprolactone) (PLCL) [72].
made to construct small-diameter blood vessels from

Attempts have even been

synthetic polymers (e.g., PCL) seeded with cells (e.g.,
dermal fibroblasts) and secondarily decellularized, after
the cells have deposited natural ECM proteins onto these
polymers [83].

Decellularized matrices are important not only for
the construction of small-diameter vascular grafts, but also
in the context of Ross surgery. This is a cardiac surgical
procedure in which the diseased aortic valve is replaced
with the patient's own pulmonary valve, followed by the
replacement of the pulmonary valve with a pulmonary
homograft (i.e., allograft in more recent terminology). The
valved homograft conduit was developed in the late 1960s,
but its widespread use was limited by the lack of effective
sterilization and preservation methods [84]. Modern
cryopreservation methods have extended the shelf life of
this conduit, but it is still at risk for degeneration and
calcification, which is considered to be a result of immune
rejection of this allogeneic implant [85]. In addition,
conventional pulmonary homografts lack the additional
growth capacity needed in pediatric patients. Therefore, a
new and promising alternative approach has been to
decellularize these homografts, which was expected to
significantly reduce their immunogenicity and provide the
possibility for spontaneous recellularization of these grafts
with autologous host cells and their further growth [84,85].

In our studies, we also considered direct
reconstruction of the aortic valve using decellularized

[82] or
However,

autologous pericardium from the patients
[86].
pericardium proved to have poor mechanical properties for

xenogenic  (porcine) pericardium
these purposes - rather it could be used for vascular
patches. However, some promising results were obtained
in experiments in which autologous pericardium was
"trained" in a dynamic bioreactor that stimulated the
proliferation of its cellular component as well as the
production and maturation of its ECM [87,88].

The biological
scaffolds,

polymers, has been further improved by endowing them

activity of decellularized

including those combined with synthetic

with various biomolecules, such as heparin [77] or
salidroside [72] to increase their antithrombogenic
activity, and hepatocyte growth factor [73] or VEGF [74]
to increase their spontaneous endothelialization after
implantation in experimental animals in vivo, such as rats
[71,72,78,79] or rabbits [73]. In such improved vascular
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replacements, not only spontaneous endothelialization but
also regeneration of the smooth muscle layer has often
occurred [72,77,83]. However, it is important to note that
although these beneficial effects occur in animal models,
including large animal models (pigs), they usually do not
occur in human patients - especially when the vast majority
of patients requiring vascular replacement are already
elderly and also suffer from a number of concurrent
diseases. In other words, spontaneous endothelialization of
vascular replacements cannot be relied upon in human
patients, especially in terms of trans-anastomotic
endothelial outgrowth or retention of the endothelial cell
precursors from the blood. Some hope is placed in the
endothelialization of vascular substitutes by a transmural
ingrowth of capillaries from the outside into the vascular
facilitated by its

degradability. However, it should be taken into account

substitute, porous structure or
that there will not always be enough of these capillaries or
small vessels around the implant [24]. In addition, in the
case of VSMCs, problems such as their hyperplasia,
leading to stenosis of the vascular graft, must be
anticipated. This problem has often been addressed by the
release of agents inhibiting migration and proliferation of
VSMCs, e.g. rapamycin [71], but it would be more
physiological to bring the VSMC behavior under control
by the presence of a confluent endothelial cell layer and
appropriate biochemical and mechanical signals. In other
words, to create tissue-engineered vascular grafts for
human patients, it is necessary to incorporate the cellular
component into the scaffold before it is implanted, i.e. not
to wait for secondary spontancous cell colonization after

implantation into the organism.

Recellularization of decellularized matrices,
reconstruction of the funica media

In our studies, we have therefore tried to further
develop the idea of using decellularized xenogeneic and
allogeneic matrices for creating small-diameter vascular
replacements and vascular patches after their preliminary
in vitro recellularization. The decellularized tissue can be
recellularized with the patient's own cells - especially stem
cells. We have investigated the recellularization of
decellularized tissues mainly with mesenchymal stem cells
(MSCs). These cells can be obtained from patients from
their subcutaneous adipose tissue in autologous form, in
reasonable quantities and by a relatively minimally
invasive method, namely liposuction (for a review, see
[89]). This method is less demanding and less painful than,

for example, bone marrow aspiration, by which MSCs can
also be obtained - many patients undergo liposuction quite
voluntarily for aesthetic reasons. The use of adipose tissue-
derived stem cells (ADSCs) is generally preferable to the
use of already differentiated VSMCs, which may have a
lower proliferative capacity, may undergo senescence
earlier, and, in particular, would require subcutaneous
veins or other vessels to be harvested, which would burden
the patient with another demanding surgical procedure.
Another source of MSCs for our studies was Wharton's
jelly of the umbilical cord. Wharton's jelly stem cells
(WIJSCs) are usually used in allogeneic form, but they can
be obtained in relatively large quantities without any
surgery on the patient, and de facto from “biological
waste”. Moreover, WJSCs are considered less mature than
adult MSCs, i.e. standing on the borderline between
pluripotency and multipotency. At least some markers of
pluripotency have been detected in them (for a review, see
[90]), which offers the possibility to differentiate them into
all cell types present in the vascular wall, including
endothelial cells. Last but not least, MSCs are generally

=

Fig. 2. Immunohistological staining of von Willebrand factor
(A, C) and calponin (B, D) of endothelialized porcine carotid artery
that had been decellularized and seeded with human adipose
tissue-derived stem cells (A, B) or human bone marrow-derived
stem cells (C, D) for 14 days and human umbilical vein endothelial
cells for two days of in vitro culture. Hematoxylin-eosin staining of
control native (E) and decellularized arteries, tile scan (F).
A-E: Olympus IX 71 epifluorescence microscope, DP80 digital
camera; A-D: obj.x4, scale bar = 500 ym; E: obj.x10, scale bar
= 200 pm; F: ZEISS Axio Scan.Z1 Slide Scanner, obj.x20.
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to be
immunomodulatory (for a review, [89]). In our recent

considered poorly immunogenic or even
study, where decellularized allogeneic or xenogeneic
pericardium was recellularized with allogeneic WJSCs and
was implanted as vascular patches in laboratory pigs, these
WIJSCs reduced neo-adventitial inflammatory reaction,
patch resorption, as well as neo-intimal hyperplasia on
xenografts, suggesting immunomodulatory properties of
WISCs [23].

In our studies, we have used small-diameter
porcine arteries for decellularization to create vascular
substitutes (Fig. 2) and porcine pericardium to create
vascular patches [23,86,91]. The attractiveness of these
matrices for stem cell adhesion and growth was enhanced
by modifying the matrices with fibrin, further endowed
with heparin and VEGF. Differentiation of stem cells
VSMCs was

composition of the culture medium, in particular by the

towards induced by the appropriate
presence of transforming growth factor-p1 (TGF-B1) and
bone morphogenetic protein (BMP-4), and was further
enhanced by mechanical stimulation in a lab-made

dynamic bioreactor providing pulsatile pressure stress.
The degree of stem cell differentiation towards VSMCs
was assessed by the expression of a-actin, calponin-1 and
myosin heavy chain at both mRNA and protein levels
[23,86,91,92].

Differentiation of stem cells towards VSMCs can
be induced not only by the composition of the culture
medium and mechanical stimulation in a dynamic
bioreactor, but also by the composition of the cultivation
substrate. An interesting finding of our earlier experiments
was that coating standard tissue culture polystyrene (PS)
with collagen and fibronectin significantly increased the
expression of calponin-1 and smoothelin, i.e. an
intermediate and a late marker of VSMC differentiation,
respectively, in ADSCs in comparison with the pure PS.
The differentiation of ADSCs towards VSMCs was
induced by a medium with TGF-B1 and BMP-4 (both in a
concentration of 2.5 ng/mL). However, the expression of
both markers showed a tendency to decrease with culture
time (from 3 to 10 days), probably due to negative
feedback from the synthesized protein (Fig. 3).
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Fig. 3. The influence of the cultivation substrate on the differentiation of ADSCs towards VSMCs. The correlation of relative mRNA
expression of genes for calponin 1 (CNN1) and smoothelin (SMTN) in human adipose-derived stem cells cultivated in differentiation
medium on standard tissue culture polystyrene (PS), PS coated with type 1 collagen (PS + Col) or with fibronectin (PS + FN). Measured
by real-time PCR. Arithmetic mean + SD from 2-3 samples for each experimental group and time interval. ANOVA, Student-Newman-
Keuls method. Statistical significance: * p<0.05 in comparison with corresponding control PS samples.

New options for endothelialization of vascular
replacements

Pre-seeding decellularized matrices with stem

cells facilitated proper endothelialization of these
matrices. For this endothelialization under experimental
conditions, we used already differentiated endothelial cells
such as human umbilical vein endothelial cells (HUVECS).
However, for clinical practice, it would be preferable to

avoid the direct collection of differentiated endothelial

cells from patients, which would again involve surgical
removal of a blood vessel, e.g. a subcutaneous vein,
followed by relatively demanding isolation of cells,
lengthy propagation of the cells, and purification from
other cell types. Even after the successful isolation and
purification of endothelial cells, the proliferation of these
cells takes a relatively long time, especially in elderly
patients who are usually burdened by a number of
comorbidities. When the endothelial cells are finally
sufficiently proliferated, a special dynamic culture system
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is required to seed them onto the vascular prosthesis, often
tens of centimetres long, where they are then cultured until
they reach a confluent layer. Indeed, immature, non-
confluent and proliferating endothelium can be
thrombogenic and immunogenic. The whole process is
quite time consuming and, as with any in vitro culture,
there is a risk of microbial contamination or pathogen
transmission due to the xenogenic components of
conventional culture media. For these reasons, this
technology referred to as two-stage endothelialization of
vascular grafts is not routinely used in clinical practice,
although it was developed years ago (for a review, see
[22]), and even though Austria was able to comply with
the existing strict European regulations and implement the
two-stage endothelialization method of a vascular
replacement at the Floridsdorf Clinic (see the newspaper
article published on October 25, 2020; [93]). Previously,
two-stage endothelialization of synthetic vascular
prostheses has been clinically tested in infrainguinal
prostheses in Vienna, Austria (Hospital Hietzing, [52]),
but also at the Université Victor Segalen, Bordeaux,
France [94], in Berlin (Charité Hospital, Provitro GmbH,;
[95D).

In the new era, however, as in the case of VSMCs,
we have the opportunity to differentiate endothelial cells
from MSCs, which can be isolated from the patient using
less invasive methods (e.g., liposuction of subcutaneous
fat, from blood or urine, or from the umbilical cord).
However, such differentiation is difficult, incomplete or
even impossible in the case of MSCs. MSCs are
multipotent cells, i.e. (unlike totipotent and pluripotent
cells), they are capable of differentiating into only a
They differentiate

cells, as

limited spectrum of cell types.
endothelial
physiological biochemical and mechanical signals in vitro

reluctantly towards common
are usually not sufficient to induce polarization, i.e.

functional specialization of the cytoplasmic cell
membrane, typical for endothelial and epithelial cells (for
a review, see [89]).

Direct differentiation of MSCs into endothelial
cells by physiological biochemical and mechanical signals
could perhaps be possible in WJSCs. Although these cells
are counted among the multipotent MSCs, due to their
origin from (extra)fetal tissue they are phenotypically
more immature and express some markers of pluripotency,
such as OCT4, SOX2, NANOG and SSEA4 (for a review,
see [90]). Appropriate composition of the culture medium,
e.g., the presence of VEGF, EGF, IGF-1, FGF-2,

hydrocortisone, heparin and vitamin C, combined with

laminar shear stress in a bioreactor, could induce
differentiation of WJSCs to endothelial cells. The potential
of WISCs to differentiate into endothelial cells was
already shown in a study by Alaminos et al. [96]. Also, in
our recent study [23], after implantation of decellularized
matrices seeded with WJISCs into a laboratory pig, cells
positive for CD31, one of the markers of endothelial cells,
were found on these matrices. However, it cannot be
excluded that CD31-positive cells migrated to the matrices
secondarily from the pig organism, e.g. from the adjacent
vascular wall, or were captured from the blood.

For the purposes of vascular tissue engineering,
endothelial cells can of course be generated from induced
pluripotent stem cells (iPSCs) [97,98]. The iPSCs were
first generated in 2006 from mouse embryonic or adult
fibroblasts by introducing the genes for OCT4, SOX2,
KLF4 and cMyc into these cells using a retroviral system
[99]. Later, human dermal fibroblast-derived iPSCs were
also generated in this way [100]. In 2007, human iPSCs
were also generated from human fibroblasts by
introducing genes for OCT4, SOX2, NANOG and LIN28
using a lentiviral system [101]. However, iPSCs generated
in this way are burdened with many disadvantages such as
low efficiency of the conversion to iPSCs (0.01-0.1 %),
incomplete reprogramming, genomic insertion associated
with a risk of mutations, tumorigenicity and also
immunogenicity of iPSCs, which also hinder their
potential introduction into clinical practice. For this
reason, modern iPSCs of a new type are currently entering
the scene. They are created not by DNA manipulation but
by novel RNA technologies - specifically by inserting
mRNA encoding transcription factors of pluripotent cells,
such as OCT4, KLF4, c-Myc and SOX2, into cells.
Moreover, this mRNA can be in the synthetic and self-
replicating form (sr-RNA), which eliminates the need for
repeated transfection of cells. The sr-RNA encoding
transcription factors OCT4, KLF4, SOX2, and cMyc,
together with internal ribosome entry site (IRES) and the
reporter green fluorescent protein (GFP), were used to
iPSC-derived
cardiomyocytes [102,103] or vascular endothelial cells

generate so-called footprint-free
from renal epithelial cells [104]. These cells can be
isolated from patients' urine, and thus in an autologous
form and by a completely non-invasive method. It could
even be assumed that endothelial cells might be generated
directly from WIJSCs

pluripotency markers by introducing sr-RNA encoding

expressing at least some
directly endothelial markers such as CD31, VEGF receptor

2 (KDR), VE-cadherin or von Willebrand factor. Recently,
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mRNAs encoding VEGF or runt-related transcription
factor 2 (RUNX2), prepared via in vitro transcription, were
administered into primary osteoblast-like cells in vitro,
derived from cranial bones of neonatal mice, or into rat
mandible defects in vivo in order to promote osteogenic
cell differentiation, vascularization and healing of the bone
defect [105].

Creating vasa vasorum, and spontaneous
endothelialization of vascular grafts through
these structures

From the preceding text, it follows that from
relatively readily available MSCs, such as ADSCs,
WISCs, and also bone marrow MSCs, VSMCs can be
directly differentiated by biochemical stimulation with
growth factors and other biomolecules and mechanical
stimulation in a dynamic bioreactor. In addition, from

these MSCs, endothelial cells could be differentiated
indirectly, i.e. using sr-RNA or mRNA for endothelial
markers. Moreover, we can take advantage of another
phenomenon that we have observed in MSCs (specifically
ADSCs) and endothelial cells in a three-dimensional
collagen hydrogel, namely that these two cell types self-
assembled into tubular capillary-like structures in which
endothelial cells form an inner layer, and ADSCs attach
(Fig. 4A).
Interestingly, even the ADSCs themselves were able to

externally in a pericyte-like manner
form elongated capillary-like structures in the collagen
hydrogel environment (Fig. 4B, D). As soon as the
capillary-like structures in our experiments reached the
surface of the construct, they emerged on it, i.e. they
created openings, from which endothelial cells
subsequently grew (spread) over the entire surface of the

construct and formed a continuous layer on it (Fig. 4C, E).

Fig. 4. A: Capillary-like network formation in a collagen hydrogel with embedded HUVECs and ADSCs immigrating from an underlying
fibrin-modified electrospun nanofibrous polylactide membrane after 14 days in culture. B: Immunofluorescence staining of B-actin (red)
and calponin (green) in human ADSCs in collagen gels on day 14 of culture in EGM-2 medium. C: A monolayer of HUVECs originating
from the openings (arrows) of capillary-like structures on the surface of the collagen hydrogel. A, C: Both cell types were stained with
phalloidin for cytoskeletal F-actin (conjugated with Atto 488; all images; red), and with DAPI for cell nuclei (all images; blue). The CD31
membrane marker of HUVECs was visualized by immunofluorescence (Alexa 633; turquoise). D, E: bottom and side view of the construct,
where the collagen hydrogel was enriched with fibronectin (10 pg/ml). Both HUVECs and ADSCs were stained with phalloidin for the
cytoskeletal F-actin (red), and with DAPI for the cell nuclei (blue). Von Willebrand factor, a marker of HUVECs, was visualized by
immunofluorescence (green). Scale bar 50 um. A, C, D, E: Dragonfly 503 spinning disk confocal microscope, obj. x20 (A, D, E), obj. x40
(C). B: Zeiss Z.1 light-sheet microscope, obj. x10 for excitation, obj. x20 for detection, zoom x0.4 tile scans.
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In other words, it would be possible in this way to achieve
not only an endothelialized, but also a pre-vascularized
blood vessel replacement or patch, i.e., with a pre-formed
"vasa vasorum". Thus, we do not have to rely only on
transmural vascularization and endothelialization of the
vascular substitute after it has been implanted in vivo from
its surroundings. Instead, we can move towards these
phenomena by pre-vascularization of the construct in vitro.
Moreover, spontaneous outflow of newly-formed
capillaries can be expected not only on the luminal surface
of the vascular substitute or vascular patch, but also on the
lateral and external sides. A phenomenon called
inosculation, i.e. spontaneous connection of pre-capillaries
to capillaries of adjacent tissues and thus to the systemic
blood circulation, can then be expected at the sites of pre-
capillary outflow [106,107]; for a review, see [24]. If
ADSCs are in excess over endothelial cells in the matrix,
only a fraction of them will be used for pericyte function,
and the remaining fraction may be differentiated towards
VSMCs - indeed, pericytes and VSMCs are similar
incertain features, e.g. they express a-actin (for a review,
see [89,92]). Similar phenomena were observed already in
1962 in the form of the penetration of the full wall
thickness of knitted Dacron tubes, implanted into the
abdominal aorta of baboons, by sprouting adventitial
capillaries, which coalesced with the graft lumen and gave
rise to expanding endothelial islands [108]. In another
study, endothelial tubes formed in an agarose assay system
were followed by multipotent murine embryonic cells,
which then differentiated into VSMCs [109]; for a review,

see [24].

The perspective of hydrogels for creating
small-diameter vascular grafts

From the point of view of both pre-
vascularization and transmural ingrowth of capillaries,
hydrogels appear to be promising for the design of vascular
replacements. However, they have rather weak mechanical
properties, and are also prone to shrinkage by cells
growing inside them. They therefore need to be
strengthened and reinforced in some way - for example,
with nanoparticles prepared by lyophilization and
homogenization of collagen nanofibers created by
electrospinning, as we have shown in our recent study
[110]. In this study, we also took into account the
appropriate composition of the media that would promote
the endothelialization and also the differentiation of

ADSCs towards VSMCs. In this respect, the so-called

external drug delivery system, based on electrospun
poly(vinyl alcohol) (PVA) nanofibers,
releasing the platelet lysate continuously and for a long

nanofibrous

period of time, was the best option. Although the
differentiation of ADSCs toward VSMCs was slower than
in the “classical” differentiation medium for VSMCs
containing TGF-B1 and BMP-4, the endothelialization of
the construct was more homogeneous and continuous,
which was accompanied by a minimum amount of gel
shrinkage [110].

Synthetic hydrogels are also promising for the
design of small-diameter vascular prostheses. In particular,
vascular substitutes made of synthetic hydrogels, such as
poly(N-acryloyl glycinamide) with an inner layer of
[111],
poly(2-hydroxyethyl methacrylate) [112], and crosslinked

zwitterionic fluorinated hydrogel degradable
PVA [113,114] have recently been experimentally tested.
However, these substitutes were often acellular and
bioinert in order to prevent the adhesion of platelets, pro-
inflammatory cells and bacteria [111,112], or even to limit
VSMC hyperplasia [113]. For incorporating a cellular
component into these substitutes, such as endothelial cells
[113] or VSMCs [115], a synthetic polymer was combined
with a natural polymer, such as fucoidan, i.e. a sulfated
polysaccharide with a similar structure to that of heparin
[114], gelatin, e.g. in a gelatin-methacryloyl hydrogel
(GelMa) [115], or a hydrogel prepared from vascular ECM
and deposited on PCL scaffolds [116]. The mechanical
properties of the hydrogels were further improved with
various additives, e.g. graphene [112]. Hydrogel vascular
substitutes have also been prepared by a modern method
of 3D bioprinting the matrix together with cells [115].

Modern technology I — 3D (bio)printing in
creating small-diameter vascular grafts

The modern technology of 3D bioprinting, i.e.
simultaneous printing of a matrix, i.e. bioink, together with
cells, is currently very popular for the construction of
small-diameter vascular grafts, and provides hope for the
commercialization of these products. For example,
collagen, gelatin, hyaluronic acid, alginate, chitosan,
GelMa, and poly(ethylene glycol) diacrylate (PEGDA),
have been used as bioinks. Usually, only VSMCs have
been printed together with the bioink, whereas endothelial
cells have been seeded into the Iumen of the tubular
structure only secondarily. However, techniques capable
of printing endothelial cells into the vascular substitute
have already been developed (for a review, see [117]). In
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a recent study by some members of our group, a porcine
collagen hydrogel was printed together with ADSCs [118].
Such constructs could then be used as vascular patches for
pre-clinical studies on large animals (pigs), because, as
known from other studies by our group, these cells can be
differentiated VSMCs
composition of the culture medium and mechanical

towards by an appropriate
training in a bioreactor [23,91].

Even the technology of simple 3D printing of
various synthetic and nature-derived polymers is currently
used to create small-diameter vascular replacements. For
example, these replacements have been created from
negatively charged PVA and alginate interpenetrating
networks, immersed in a positively-charged chitosan
also had
antibacterial and angiogenic effects [119]. Antibacterial

solution. Moreover, these replacements
and angiogenic activity and endothelial regeneration were
also promoted in 3D-printed vascular substitutes made of
PCL, poly(glycerol sebacate) (PGS) with the addition of
bioactive glass [120]. 3D printing technology has often
been combined with another advanced technology, namely
electrospinning, in the design of vascular prostheses
[121,122], including prostheses triple-layered with inner,
intermediate and outer layers, simulating the tunica intima,
media and adventitia [123]. However, the resulting
constructs of both technologies are usually cell-free, and
are populated with cells only after they have been
implanted into the body of experimental animals, such as
sheep [121], dogs [122], or subcutaneously into mice
[120], or seeded with HUVECS in vitro [123]. 3D prints of
organs and their vasculature are also performed to assist
surgeons in imaging and in decision-making in the
preparation of live donor organ transplantation [34].

Modern technology II — electrospinning in
creating small-diameter vascular grafts

Electrospinning itself is also a very widespread
and promising technique for the preparation of small-
diameter vascular substitutes. Similarly as for 3D printing,
various synthetic and nature-derived polymers and
combinations of polymers have been employed for this
technology. The synthetic polymers included e.g. PCL
[124,125], polylactide [111], poly(1,4-butylene succinate)
(PBS) [126], PLCL [127], poly(lactide-co-glycolide)
(PLGA) [128],  poly-e-caprolactone/polydioxanone
(PCL/PDO) [129], poly(dimethylsiloxane) (PDMS) [130]
and PU [131], including thermoplastic polyurethane
(TPU) and a new

self-reinforcing thermoplastic

poly(urethane-urea) (TPUU) [132]. The main nature-
derived polymers include collagen [133], gelatin [134],
tropoelastin [135], PGS [136], chitosan [137] and silk
fibroin [138]. The combinations include e.g. PCL with PU
[139], PDMS with poly(methyl methacrylate) and TPU
[130], PLCL with recombinant humanized collagen [81],
and tropoelastin with PGS [135]. Bi-layered scaffolds with
an inner electrospun PCL layer promoting the axial
alignment of endothelial cells, and a GelMA cast outer
layer promoting the circumferential alignment of VSMCs
have also been constructed [140]. Another hybrid bi-
layered vascular graft comprised the inner PCL/poly
(ethylene glycol) methyl ether loaded with VEGEF,
promoting the adhesion and growth of endothelial cells,
and the outer PCL/chitosan layer loaded with PDGF,
promoting the differentiation of bone marrow MSCs
towards VSMCs [137]. A tri-layered electrospun PCL-
collagen/PCL/PCL-gelatin graft imitated the tri-layered
architecture of the natural vascular wall and promoted the
adhesion of endothelial cells on its inner surface [134].
The endothelialization of electrospun vascular
grafts has been further improved by various physical and
biochemical modifications. The physical factors include
[134],
architecture [131] or microgroove patterning [127] of the

e.g. appropriate hydrophilicity nanofibrous
luminal surface. Biochemical modifications include e.g.
the presence of platelet-rich plasma [141], heparin,
REDV-containing peptides and VEGF [142], endothelial
progenitor cell-binding TPSLEQRTVYAK peptide [125],
polydopamine-copper ion complexes, polylysine and Cys-
Ala-Gly peptides [127], an adenosine monophosphate-
activated protein kinase (AMPK) activator, i.e. 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR)
[143], and epsin-mimetic endothelium-targeting chimeric
(UPI) peptide [144]. Vascular scaffolds based on collagen
nanofibers modified with hyaluronic acid oligosaccharides
and loaded with apyrase and 5'-nucleotidase enzymes were
successfully tested for antithrombosis and in situ
endothelialization, although only in a rabbit model [133].
The adhesion, migration and growth of endothelial cells
are also improved by loading vascular grafts with nitric
oxide, which also prevents the overgrowth of VSMCs and
bacterial infection [145]. Electrospun vascular scaffolds
can also be loaded with antimicrobial substances, such as
cobalt [124] or antibiotics, e.g. tobramycin [128], or anti-
inflammatory substances, e.g. those modulating the
phenotype of macrophages from pro-inflammatory to anti-
inflammatory, such as AICAR mentioned above [143] or
MCP-1 [146].
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The experimental small-diameter vascular
substitutes prepared by electrospinning in the above
studies were usually prepared by directly depositing
nanofibers around a rotating mandrel, usually metallic, e.g.
stainless steel. However, it should be noted that the
incorporation of cellular components into tubular
structures is relatively difficult and usually requires a
dynamic culture system, e.g., a flow-through bioreactor
[83]. Therefore, small-diameter vascular substitutes can
also be prepared by rolling planar sheets of nanofibers (e.g.
PCL) [147] or even other materials (e.g. polymer films
fabricated by dropping a polymer solution, such as PU, on
water surface [148], after colonizing them with cells. Other
important techniques include the self-assembly of elastin-
like polypeptides into nanofibrous structures [149]) and
so-called scaffold-free tissue engineering, based on cell-
sheet technology, i.e. layer-by-layer assembly of
continuous cell sheets, containing cells and their ECM,

into tubular structures [61,150].

Even classical materials are not completely
lost for creating small-diameter vascular
grafts

Finally, it is even worth considering materials
such as ePTFE and PET for the design of small-diameter
vascular replacements. Although these materials are
unsuitable for this purpose in their pristine unmodified
state, they have long been established for the design of
and further
modification may have a beneficial effect on their

vascular  substitutes, innovation and
endothelialization and on the reconstruction of the
contractile VSMC layer. Recently, the inner surface of
small-diameter ePTFE grafts with an inner diameter of
1 mm was modified with heparin and epigallocatechin
gallate, while the outer surface was modified with
polyethyleneimine and rapamycin. The inner surface then
promoted the adhesion and growth of HUVECsS, while the
outer surface inhibited the proliferation of VSMCs [151].
In another study, the endothelialization of ePTFE vascular
prostheses (either in vitro by pre-seeding with endothelial
cells or in vivo by capture of endothelial progenitor cells
from the blood) was improved by immobilization of
antibodies against CD34 on the inner surface of these
grafts [152].

In PET
immobilization of Cu**, carboxybetaine and argatroban

grafts,  tannic  acid-assisted
improved the blood compatibility, endothelialization and

also antimicrobial activity, while the migration and

proliferation of VSMCs were attenuated [153]. In this
context, it is also necessary to mention the pioneering work
of Czech authors (namely Assoc. Prof. Milan Kraji¢ek and
his co-workers and followers), who also tried to innovate
a material based on polyester (e.g. PET) so that it could be
used for the construction of vascular substitutes of small
diameter up to 6 mm. When designing small-diameter
vascular grafts, these authors tried to mimic the
physiological structure of the saphenous vein, which is
often used for these grafts. These authors chose a knitted
tubular scaffold made of non-resorbable polyester as the
basis, which actually represented the tunica media. This
scaffold was further enriched with a biologically
resorbable component, namely with an inner and outer
layer of collagen, which reconstituted the tunica intima
and tunica adventitia, respectively. The resulting low-
then
successfully tested in a large animal model, i.e. a sheep

flow, small-diameter vascular grafts were
model [154]. These vascular grafts were developed not
only on the basis of the commonly used bovine collagen
[155], but also on the basis of fish collagen, specifically
purified (delipidated) collagen from Czech carp, which
was characterized by lower immunogenicity compared to
[156]

endothelialization of the graft after its implantation in

bovine collagen and promoted spontaneous

sheep [157]. These novel low-flow, small-diameter
composite vascular grafts have also been patented [158].

However, it would also be advisable to introduce
physiological cellular components of the vessel wall into
these types of vascular substitutes. This task was at least
partially undertaken in our work. In our experiments, the
inner surface of PET prostheses (VUP Joint-Stock Co.,
Brno, Czech Republic) was modified with fibrin and
fibronectin [159] and was seeded with autologous porcine
endothelial cells isolated from the jugular vein, which were
expanded in vitro and purified from other cell types.
Endothelialization of the grafts was performed in a tubular
chamber of a commercially available dynamic culture
system (Provitro GmbH, Berlin, Germany), and the grafts
were implanted into pigs as iliac-femoral bypasses. On day
22 after implantation, the endothelialized graft was patent,
while the unmodified graft was occluded with thrombosis.
Immunofluorescence of the grafts after explantation
revealed some ‘“contamination” of the endothelial cell
layer with VSMCs (Fig. 5). However, the presence of
VSMCs gives hope that a neoarterial structure with
mature, contractile VSMCs underneath the endothelium
will be developed (for a review, see [24]).

Last but not least, even ePTFE and PET (Dacron)
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are promising for spontaneous endothelialization through

vasa  vasorum, including capillaries ingrowing
transmurally into the vascular replacement from its
surroundings after its implantation in vivo. A pre-requisite
is that these implants must be thin-walled and of porous
structure, with pores of an internal diameter of 60-90 um,
optimally as large as 5000-6000 um? (for a review, see

[24].

20 um

Taking into consideration sex-related
differences in vascular tissue engineering

Not only when investigating the causes, the
course and the clinical picture of cardiovascular diseases,
but also when designing vascular replacements, it is

Fig. 5. Performance of a PET vascular prosthesis modified with fibrin and fibronectin, seeded with autologous endothelial cells and
implanted into pigs. A: the inner surface pre-seeded with endothelial cells in vitro prior to the implantation; B: the gross morphology of
explanted prostheses on day 22 after implantation: left — non-modified, right — pre-endothelialized; C, D, E: proximal, middle and distal
parts of the prosthesis, respectively; F: control co-culture of endothelial cells and VSMCs on a glass coverslip. Immunofluorescence stain
of von Willebrand factor, a marker of endothelial cells (red) and a-actin, a marker of VSMCs (green). The cell nuclei are counterstained

with Hoechst 33342 (blue). Confocal microscope Leica SP2.

necessary to take into account possible sex-related
differences in the response of the organism to the
implanted biomaterial and in the behavior of the cellular
component of the vascular replacement. For example, in a
study performed on PLGA vascular grafts with PLA and
PCL
macrophages of male and female recipients responded

sealant, implanted in mice, monocytes and
differently to the biomaterial. This has to be important for
further evaluating various biomaterials as well as their
translation to the clinic. Males, despite having similar
levels of macrophages to females, degrade the implanted
biomaterial much more rapidly, while females create more
foreign body giant cells and produce more collagen [160].

Also, human pluripotent stem cells (hPSCs), whether

embryonic stem cells or induced pluripotent stem cells
(iPSCs), behaved differently when derived from male or
female donors. Although hPSCs have a similar ability to
differentiate towards VSMCs in males and in females,
estrogens increase this ability only in females, not in
males. Estrogens also promote the synthesis of ECM
(collagen type 1 and 3) by hPSCs, and prevent its
degradation [161].

Regarding the differentiation of hPSCs towards
endothelial cells, male hPSCs efficiently differentiate into
CD34" CD31" endothelial progenitors using the standard
glycogen synthase kinase 3 (GSK3) inhibition protocol,
while female hPSCs need the addition of VEGF to this
protocol [162]. Another positive effect on endothelial cells
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is due to estrogens. These hormones mobilize endothelial
progenitor cells from the bone marrow, which then have
the opportunity to colonize the lumen of blood vessels and
differentiate into endothelial cells (for a review, see [163].
Estrogens also stimulate the migration and proliferation of
endothelial cells and have numerous other protective
effects on these cells and on blood vessels in general, such
as activating the synthesis of vasodilators (nitric oxide,
sulfide,
inflammatory and antithrombotic effects, and reducing the

hydrogen prostacyclin), antioxidant, anti-
transport of low-density lipoproteins through endothelial
cells (for a review, see [4]). However, it should be taken
into account that while estrogen can accelerate the
endothelialization of denudated arteries or tissue-
engineered vascular grafts, tamoxifen does not have this

effect [160].
Conclusion and further perspectives

According to some authors, especially clinicians,

tissue  engineering of  small-diameter  vascular
replacements has reached some kind of "dead end",
because even 70 years since the first vascular prostheses
were implanted in human patients, there are still no
functional small-diameter vascular prostheses on the
market. Stenosis and occlusion of small-diameter vessels
have to be addressed by endovascular therapies or by the
use of autologous vascular grafts. Moreover, neither
polymeric nor  biological  vascular  substitutes
devitalized)

component, especially the inner layer of endothelial cells.

(decellularized or contain a cellular
Unlike animal models, cell-free vascular substitutes do not
spontaneously endothelialize in human patients. Some
hope for their endothelialization is seen in the transmural
vascularization of porous vascular substitutes by the
from the

environment. We believe that this vascularization could be

ingrowth of blood vessels surrounding
aided by pre-vascularization of tissue-engineered vascular
constructs already under in vitro conditions by mixing
mesenchymal stem cells (MSCs), e.g. derived from
adipose tissue, and endothelial cells that are able to self-
assemble into pre-capillaries in a 3D environment.
Moreover, MSCs are able to differentiate into smooth
muscle cells relatively easily by physiological biochemical
and mechanical stimulation, and it would be also possible
to generate endothelial cells from MSCs using so-called
footprint-free iPSCs, obtained by introducing synthetic
self-replicating RNA into these cells. Small-diameter
vascular replacements could therefore be created by

combining new modern tissue engineering techniques such
as 3D bioprinting, electrospinning, differentiation of
readily available stem cell types and RNA technologies, as
well as through personalized medicine that would take into
account potential sex and other differences in behavior and
in the acceptance of vascular constructs. Even if tissue-
engineered blood vessel constructs are not ultimately used
as implants in the human body, they can serve as in vitro
tissue models for a variety of developmental,
physiological, pathophysiological, and pharmacological
studies to replace the expensive and less ethical use of
laboratory animals in modern 21%-century science

according to the 3R principle.
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