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TISSUE ENGINEERING CONSTRUCT COMPRISING FIBRIN

FIELD OF THE INVENTION
The present invention is in the field of tissue engineering and, in particular, it
relates to tissue engineering constructs comprising fibrin, capable of generating functional

vascular network, and methods of making same.

BACKGROUND OF THE INVENTION

Promotion of vascularization, the process in Which new blood vessels assemble, is
critical for a number of pathological conditions and surgical interventions as well as for the
construction of viable tissue-engineered constructs. Wound healing, myocardial ischemia,
peripheral vascular disease, islet cell transplantation, and plastic reconstruction surgery are
a few of many pathological situations that would be improved due to enhanced
vascularization. For tissue engineering, vascularization could maintain cell viability during
in vitro construct growth, induce tissue organization and differentiation, and promote graft
survival upon implantation.

Tissue engineering holds an enormous potential for replacing or restoring the
function -of damaged tissues. However, the most successful applications have been limited
to thin avascular tissues such as skin and cartilage in which delivery of nutrients and
oxygen relies on passive diffusion through the construct. After transplantation, the
engineered tissue is prone to ischemia and host blood supply is not adequate to allow graft
viability,: mainly in the first days after transplantation. Therefore, a functional vascular
network must be generated to deliver blood quickly upon implantation.

In engineering tissue-constructs for regenerative medicine, self-assembly of vessel
networks can be induced within 3D scaffolds in vitro by means of multicellular culturing
of endothelial cells (ECs), vascular mural cells and cells specific to the tissue of interest.
The vascular mural cells are smooth muscle cells or-pericytes, which provide physical
support to ECs, generate extra-cellular proteins (like collagen, laminin, fibronectin) and
release pro-angiogenic growth factors (such as VEGF, FGF, TGF, Angiopoietin) which
induce vascularization. Embryonic fibroblasts and mesenchymal precursor cells are
extensively used in tissue multicellular protocols due to their high differentiation capacity

toward development into mural cells. The multicellular approach both support formation of
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endothelial Vessels and promotes EC and tissue-specific cell interactions, suggested té play
a‘key réie in further tissue-construct development and differentiation. Such endothelial
vessels"consisting of tube-like openings may form the basis for improved media
penetration to the inner regions of thick three-dimensional (3D) constructs, enhancing
cohstruéf ysurvival and enabling’ effective engineering of large complex tissues in the lab.
Upon iniplantation, the pre—eXistéd blood vessels can integrate with host vasculature,
enhancing graft perfusion and accelerating host neovascularization via paracrine signaling
pathways.

| In our previous studies (see US 2005/0031598; US 2006/0198827; US
2009/0169521; Levenberg et al., 2005; Caspi et al., 2007; Lesman et al., 2010), we have
demonstrated that a vascularized skeletal and cardiac muscle tissue can be generated by
seeding a heterogeneous population of cells on a three-dimensional scaffold.
Prevascularization of the engineered skeletal and cardiac muscle tissue resulted in
¢nhanced  tissue functionality in vitro and promoted perfusion of the graft after
transplantation.

One key aspect in tissue engineering is the choice of scaffold biomaterial into
which cells are seeded, grow and proliferate establishing the new tissue substitute.
Biomaterial properties have been shown to directly effect cell organization and
differentiation. Thus, modification of biomaterial composition of scaffolds may provide é
powerfu! approach to explore and optimize vascularization in vitro and in vivo. Choice of
scaffold ‘biomaterial must consider both requisites for structural support of cells (typically
provided by synthetic scaffolds) and for. biological ,interacﬁons (usually provided by
naturally harvested materials) allowing for cell adhesion, migration, and differentiation
into functional tissue.

Attempts at preparing prevascularized matrices have been disclosed by Montano et
al. (2010).and Chen et al. (2009). Vailhe et al. (1997) report capillary formation in matrices
comprising fibrin gel. ‘WO .2008/008229 discloses a tissue - module for ‘generating
vascularized tissue, particularly bone tissue, comprising a biocompatible matrix, tissue
progenitor cells, and vascular progenitor cells.. '

There is still a need in the art to provide 3D tissue constructs that enhance

vascularization in various tissue engineering applications.
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SUMMARY OF THE INVENTION

The present invention relates to fibrin-based 3D engineered tissue constructs, to
methods:for their preparation and to pharmaceutical compositions comprising them..-

In some embodiments, the invention relates to a three-dimensional fibrin
engineered tissue construct selected from:

(1) a fibrin gel matrix comprising a combination of tissue-specific cells
and at least one type of vascular cells; and
(i) - a hybrid scaffold of fibrin gel and a polymeric synthetic scaffold
corhprising at least one type of vascular cells or a combination of
tissue-specific cells and at least one type of vascular cells.

The fibrin gel alone or in combination with a polymeric synthetic scaffold such as
(poly-l-lactic acid/polylactic-co-glycolic acid) PLLA/PLGA sponge can serve as a
supporting 3D matrix for the formation of various engineered tissues in vitro as well as for
the integration of vascular network within the engineered tissue of choice. In some
embodiments, the construct comprises at least one type of vascular cells, preferably a co-
culture of two types. or-more of vascular:cells for generating a tissue with only blood-
vessels. In some other embodiments, the construct comprises a combination of one, two or
more types of vascular cells and tissue specific cells for the formation of a three-
dimensional engineered tissue comprising internal blood vessel architecture. The cell
culture comprising one type of cells or a combination of cell types is also termed
hereinafter “cellular preparation”.

The invention also relates to a method for the preparation of said three-dimensional
fibrin engineered tissue construct, comprising the steps:

(i) mixing at least one type of vascular cells or a combination of at least one type
of vascular cells and tissue specific cells with a thrombin solution and
transferring the thrombin-cell suspension to a silicone tube mold that may

.. contain a polymeric synthetic scaffold at the bottom;

(ii) adding a solution of fibrinogen to the silicone tube mold and mixing for a

.. short period;

(iii) incubating the silicone tube mold to allow polymerization of the fibrinogen;

© and

(iv) removing the silicone tubes and adding a cell medium, thus obtaining the

desired three-dimensional fibrin engineered tissue construct.
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The invention further relates to pharmaceutical compositions comprising the three-

dimensional fibrin engineered tissue construct of the invention.

BRIEF bESCRIPTION OF THE FIGURES

Fig. 1 shows a schematic representation of the components used for the preparation
of 3D ﬁbrin-based constructs according to the invention: (1) fibroblasts; (2) human
endothelial cells; (3) myoblasts; (4) fibrin; (5) synthetic scaffold (PLLA/PLGA sponge or
Vicryl mesh; and (6) tissue substitutes with internal blood network.

Figs. 2A-2C show the different scaffolds used as support for the cellular
preparations. (2A) Fibrin construct; (2B) PLLA/PLGA construct and (2C) Fibrin+
PLLA/PLGA construct.

Figs. 3A-31 show confocal imaging of co-culture of endothelial and fibroblast cells
within various concentrations of fibrinogen and thrombin plated on top of tissue-culture
dishes, in a low magnification of x40 (3A-3C) and in a higher magnification of x100 (3D-
31). Fibrinogen concentrations tested were: 1, 7 and 15 mg/ml (3A, 3B and 3C; 3D, 3E and
3F; 3G, 3H and 31, respectively), thrombin concentrations tested were: 1, 50, 100, 300
U/ml, the concentrations shown are 1 U/ml (3A, 3B, 3C, 3D, 3E and 3F) and 100 U/ml
(3G, 3H and 3I). Intense vessel network with many interconnected sprouts was formed in
all cases (CD31 staining). The thickness, length and area covered by endothelial cells
differ for various fibrin concentrations, with a clear tendency toward thinner and elongated
sprouts in higher fibrinogen concentrations. It can be observed that thrombin
concentrations had almost no effect on the vascularization process.

Figs. 4A-4C show quantification of the vascularization process for various fibrin
concentrations of fibrinogen (1, 7, 15 mg/ml) and thrombin (1, 100, 300 U/ml). (4A) %
endothelial area, (4B) blood vessel length and (4C) blood vessel thickness. For higher
fibrinogen concentrations, endothelial cells coverage was higher (4A) and the endothelial
sprouts became thinner (4C) and elongated (4B). This tendency was similar in all thrombin
concentrations tested. Quantification was performed using endothelial antibody CD31.

Figs. 5A-5F show histological hematoxylin and eosin (H&E) sections of 3D fibrin-
PLLA/PLGA constructs. Fibrinogen conéentrations tested were: 1, 15 and 50 mg/ml for
5A, 5B and 5C; and 5D, 5E and 5F, respectively (thrombin concentration was constant, 50
U/ml). Lower magnification images (x4, 5A, 5B and 5C), and higher magnification images
(x10, 5D, SE and 5F), are shown. PLLA/PLGA scaffold substances and traces of fibrin
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matrix are observable as indicated by the arrows (SE). It can be clearly seen that for higher
fibrinogen concentrations, the degradation of the fibrin was slower and higher amount of
fibrin matrix was present throughout the PLLA/PLGA scaffold (5C and 5F). When the
concentration of fibrinogen was 1mg/ml, fibrin could not been observed (full degradation
5A and 5D). |

Figs. 6A-6E show images of a 3D fibrin-VICRYL™ construct embedded with a
co-culture of endothelial and fibroblast cells. (6A) VICRYL™ mesh is observed with its
blue autofluorescence intensity. Endothelial cells formed a confluent layer as indicated by
staining with VWF antibody (green, 6B and 6C) and by Dil reagent (red, 6D and 6E).

Figs. 7A-7TH show images of fibrin constructs (Smg/ml fibrinogen, 7A-7D) and
fibrin+PLLA/PLGA constructs (15mg/ml fibrinogen, 7E-7H) embedded with co-culture
preparations following 1, 3, 5 and 7 days from cell seeding (7A, 7B, 7C, 7D and 7E, 7F,
7G, 7TH, respectively). HUVECs were labeled with GFP (green).

-~ Figs. 8A-8H show images of HUVEC-GFP. labeled cells (8A-8D) and schematic
presentations (8E-8H) showing four network patterns: individual cells (8A and 8E), groups
of cells which are not connected (8B and 8F), a partially connected network (8C and 8G),
and a fully connected network (8D and 8H).

Figs. 9A-9B show quantification of vessel network levels at 3, 5 and 7 days from
cell seeding for fibrin constructs (5, 15 and 50 mg/ml fibrinogen) and fibrin+tPLLA/PLGA
constructs (5, 15 and 50 mg/ml fibrinogen and fibrin quantity of 60ul or 20ul) embedded
with either a co-culture of endothelial and fibroblasts cells (9A) or a tri-culture containing
endothelial, myoblasts and fibroblast cells (9B).

Figs. 10A-10D show quantification of vessel length (10A and 10C) and vessel
thickness (10B and 10D) in vitro, for fibrin or fibrin+PLLA/PLGA constructs embedded
with either a co-culture of endothelial and fibroblasts cells (10A-10B) or a tri-culture
containing endothelial, myoblasts and fibroblast cells (10C-10D).

Figs. 11A-11G show confocal image projections of whole fibrin or
fibrin+PLLA/PLGA constructs embedded with a co-culture of endothelial and fibroblasts
cells, wherein HUVEC cells were labeled with GFP (11A and 11C, green signal) and the
constructs were immunofluorescently stained after 7 days with oSMA antibody
demonstrating the presence of smooth muscle-like cells (11B and 11D, red signal). Double

staining for VWF (endothelial maker) and ®SMA on cross-sections revealed the presence



10

15

20

25

30

WO 2012/111000 PCT/IL2012/000074

of smooth muscle cells and their localization around endothelial lumen vessels (11E-11G,
higher magnification).

Figs. 12A-12D show confocal image projections of whole fibrin or
fibrin+PLLA/PLGA constructs embedded with a tri-culture of endothelial, myoblast and
ﬁErobldét ‘cells, wherein HUVEC cells were labeled with GFP (12A and 12C) and the
constructs wére immunofluorescently stained with desmin antibody indicating that the
myoblast cells continue to form elongated myotubes (12B and 12D).

Figs. 13A-13C show images of constructs of acellular fibrin (13A) or acellular
fibrin+PLLA/PLGA (13B and 13C) implanted into the linea-alba of nude mice. Injection
of FITC-Dextran to the blood circulation revealed intense host-derived vessels penetrating
and perfusing the engrafted area (13A, green signal). Bright field images clearly highlight
the graft area, the host neovessels penetrating to the graft area, and the existence of pore
structure belonging to the implanted PLLA/PLGA (13C).

Figs. 14A-14L show images of constructs of acellular fibrin (14A, 14B and 14C),
fibrin embedded with co-culture of HUVEC and fibroblast cells (14D, 14E and 14F),
acellular” fibrin+PLLA/PLGA (14G, 14H and 14I), and fibrintPLLA/PLGA embedded
with co-culture preparation (14J, 14K and 14L) which were implanted into the linea-alba
of nude mice. Injection of FITC-Dextran to the blood circulation revealed intense host-
derived vessels penetrating and perfusing the engrafted area (14A, 14D, 14G and 147,
green signal). Histological examination (H&E staining) demonstrated that blood vessels
occupied with red blood cells were evident in the graft area (14B, 14C, 14E, 14F, 14H, 141,
14K and 14L).

Figs. 15A-15B show quantification of the area of FITC-Dextran+ blood vessels
penetrating the graft (15A) as well as calculation of the graft area size (15B). The results
indicate that implantation of fibrin+PLLA/PLGA constructs provided significantly higher
area of penetrating FITC-Dextran+ blood vessels (15A) and significantly higher graft size
(15B) when compared to fibrin constructs. No significant difference was found between
cellular and acellular constructs.

Figs. 16A-16F show images of constructs of fibrin, fibrin+PLLA/PLGA and
PLLA/PLGA embedded with HUVEC cells expressing red fluorescence protein (RFP, red
signal) which were implanted into the linea-alba of nude mice. 'Injkection of FITC-Dextran
to the blood circulation revealed intense host-derived vessels penetrating and perfusing the

engrafted area (green signal). HUVEC-RFP cells implanted within the fibrin+PLLA/PLGA
6
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constructs formed 3D inter-connected array of vessel network in vivo (16C). The vessels
had large vacuoles in the tubes (16C, arrows) which resembled those of native blood
vessels. Careful examination of the implant-host integration area demonstrated close
interactions between tubes formed by implanted endothelial cells and host neovessels
penetrating the graft area, as well as the presence of mosaic implant/host vessels (16D-
16F).

; Figs. 17A-17F show images of constructs of fibrin, fibrin+PLLA/PLGA and
PLLA/PLGA embedded with HUVEC-RFP labeled cells (17A, 17B and 17C, respectively)
and image computer analysis of these images (17D-17F) determining total network length
and area in vivo.

Figs. 18A-18B show quantitative analysis of total vessel network length (18A) and
area (18B) in vivo. The network architectures and density differed in the three constructs.
The total area and length density was augmented in the fibrin and fibrin+PLLA/PLGA
constructs when compared to PLLA/PLGA construct without fibrin (18A-18B). No
statistical difference: was observed between fibrin and fibrintPLLA/PLGA constructs
(18A-18B).

Figs, 19A-19G show images of constructs of fibrin+PLLA/PLGA embedded with
HUVEC cells expressing red fluorescence protein (RFP, red signal) which were implanted
into the linea-alba of nude mice: 19A and 19D bright field images, 19B and 19E
fluorescence image of FITC-Dextran injected to the blood circulation, 19C and 19F
fluorescerice image of HUVEC-RFP cells and 19G is a combination of FITC-Dextran and
HUVEC-RFP. Bright field images clearly captured HUVEC-RFP vessels located in the
graft area, which contained red blood cells ‘supporting their functional perfusion

capabilities.

DETAILED DESCRIPTION OF THE INVENTION

Most cell therapy procedures available today focus on direct cell injection to the
site of tissue injury or to the blood stream, without any additional biomaterials. However,
in'such 'procedures, more than 70% of the injected cells die or are washed away within the
first dayvs of injection, posing a critical obstacle to direct injection of cells. Combination of
célls with scaffolds designed to generate engineered patches can reduce cell loss and
preserve cells in the desired engraftment position in vivo. Even when three-dimensional

engineered tissues are constructed based on biomaterials, they usually do not incorporate
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an integfated blood vessel network. Consequently, the transplanted cells are not able to
receive -nutrients and oxygen in vivo and the construct cannot survive. Thus, the
development of a functional blood vessel network within the engineered tissues is of high
importarice for both initial survival of the transplanted tissue, as well as for appropriate
development of the tissue in vitro.

Fibrin is a natural polymer and can thus provide a good support to the cells. In
addition, fibrin is a known blood vessel inducer (angiogenic), as shown by numerous
research studies (e.g. Victor et al., 2001).

To date, fibrin matrix has been widely studied in tissue engineering of soft tissues
such as cartilage and skin, or used as an injectable carrier material for cell therapy
procedures. Also, investigation of angiogenesis/vasculogenesis in systems involving fibrin
matrix or synthetic scaffolds have been described, but has never been applied in complex
constructs involving fibrin together with synthetic scaffold for culturing multicellular
preparations. In such complex cellular preparations, the delicate needs of the different cell
types must be considered, especially with regard to their migration, organization and
differentiation capabilities.

In one aspect, the present invention relates to a three-dimensional fibrin engineered
tissue construct selected from: -

(i) a fibrin gel matrix comprising a combination of tissue-specific

cells and at least one type of vascular cells; and

(i1) a hybrid scaffold of fibrin gel and a polymeric synthetic scaffold

~ comprising at least one type of vascular cells or a combination of
tissue-specific cells and at least one type of vascular cells..

In certain embodiments, the fibrin gel is obtained from a mixture of fibrinogen and
thrombin. One example of fibrinogen is biological active component 2 or BAC2, which is
a sterile solution, pH 6.7-7.2, consisting mainly of a concentrate of human fibrinogen, and
further comprises: fibronectin, albumin, plasminogen, Factor XIII, Factor VIII, and von
Willebrand factor. Those skilled in the art will recognize that Factor XIII (FXIII) is a fibrin
stabilizing factor, Factor VIII (FVIII) is an essential blood clotting factor, and von
Willebrand factor is a blood glycoprotein involved in hemostasis.

Fibrin gel as a cell encapsulating material allows for the formation of a three-
dimensional vascularized tissue. In accordance with the present invention, we found that

the concentration of fibrin affects cell growth and organization. Fibrin is a net of fibers
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(diameter in the order of nanometers). Higher concentrations of fibrin have been shown to
generate a denser fibrin mesh which can interfere with cells’ ingrowth inside the matrix.
Thus, a -more flexible matrix is advantageous for cells’ growth. In addition, if the
concentration of fibrin is too high, the fibrin solidifies too fast and the cells cannot be
introduced into it. On the other hand, a fibrin structure which is too soft appears to lose its
structural stability and does not provide a proper support for cells’ growth. Thus, fibrin
concentration appears to be an important factor affecting both the extent of cell growth and
the extent of cell organization toward successful vascularization.

In the present invention, various concentrations of fibrinogen and thrombin were
applied to provide the optimum conditions for the formation of blood vessel network in
vitro and in vivo. A mixture of ﬁbﬁnogen and thrombin in various concentrations allows
controlling the biological and mechanical environment to which cells are exposed. For
example, higher concentrations of fibrinogen create a more solid gel (macro-environment
parameter), and variation in fibrinogen concentration affects fibers mesh thickness and
density (micro environment parameter). Such variations in the three-dimensional
environment affect tissue development and vascular network formation.

In certain embodiments, the fibrin gel is obtained from a mixture of fibrinogen at a
concentration from about 1 to about 50 mg/ml and thrombin at a concentration from about
1 to about 300 U/ml. In certain embodiments, the fibrinogen concentration is selected from
1, 5, 15, or 50 mg/ml and the thrombin concentration is selected from 1, 50, 100 or 300
U/ml ;

From the in vitro experiments we learned that in constructs with higher
concentrations of fibrin, the degradation of fibrin was slower (as shown in Figs. 5A-5F).
Thus, if we want to keep fibrin in vivo for a longer time we have to use higher
concentrations of fibrin. On the other hand, too high concentration of fibrin can be
problematic since: (i) it will solidify too fast in vitro and will not provide sufficient time to
encapsulate cells, and (if) high concentration can interfere with cell growth and
organization toward 3D vessel network.

In addition, the amount of total fibrin also has an effect on the vascularization
process (with constant cell number). In the experiments, éonstructs with total fibrin in the
amount of 60ul (for fibrin alone) and 20ul or 60ul (for fibrin-PLLA/PLGA scaffolds) were
examined. Our results show that the amount of 60ul fibrin is preferable for cell growth and

vascularization.
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Suitable polymeric synthetic scaffolds for use in the present invention may be
formed from biodegradable polymers including poly(lactic acid) (PLA), poly(glycolic
acid) (PGA) and PLA-PGA co-polymers (PLGA). Additional biodegradable materials for
use in the present invention include poly(anhydrides), poly(hydroxy acids), poly(ortho
esters), poly(propylfumerates), poly(caprolactones), polyamides, polyamino acids,
polyacetals, poly(glycerol sebacate) (PGS), biodegradable polycyanoacrylates,
biodegradable polyurethanes and polysaccharides. The polymeric synthetic scaffold may
also be made from non-biodegradable polymers including polypyrrole, polyanilines,
polythiophene, polystyrene, polyesters, non-biodegradable polyurethanes, polyureas,
poly(ethylene  vinyl acetate), polypropylene, polymethacrylate, polyethylene,
polycarbonates, and poly(ethylene oxide). Those skilled in the art will recognize that this is
an exemplary, not a comprehensive, list of polymers appropriate for tissue engineering
applications.

In certain embodiments, the polymeric synthetic scaffold is made of PLLA/PLGA
(poly-l-lactic  acid/polylactic-co-glycolic acid) .or. polyglycolic acid. In certain
embodiments, the polymeric synthetic scaffold is-a sponge comprising'a 50:50. mixture of
PLLA/PLGA or a mesh comprising polyglycolic acid.

~ As fibrin matrix has poor mechanical strength, a quality that has already been
suggested . to be critical for tissue formation and vascularization, combination with
PLLA/PLGA scaffold presents an attractive scaffold candidate for vascular formation in
vitro and for promotion of neovascularization in vivo. PLLA/PLGA scaffold has previously
proven appropriate for cell growth with excellent and tunable mechanical properties and
supportive of construct vascularization. We describe here the use of fibrin matrix alone on
in- combination - with polymeric synthetic scaffold to support multicellular construct
vascularization in vitro and to promote neovascularization and perfusion of the implant
upon implantation.

PLA and PLA/PGA copolymers are particularly useful for forming the
biodegradable synthetic scaffolds. The erosion of the polyester scaffold is related to the
molecular weight and crystallinity of the polymer. The higher molecular weight polymers,
e.g., weight average molecular weights of 90,000 or higher, result in polymer scaffolds
which retain their structural integrity for longer periods of time; while lower molecular
weight polymers, €.g., weight average molecular weights of 30,000 or less, result in shorter

scaffold. life. The molecular weight and crystallinity also influence the stiffness of the
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polymer scaffold. The tacticity of the polymer also influences the modulus. Poly(L-lactic
acid)(PLLA) is isotactic, increasing the crystallinity of the polymer and the modulus of
mixtures containing it. One skilled in the art will recognize that the molecular weight and
crystallinity of any of the polymers discussed above may be optimized to control the
stiffnessiof the scaffold. Likewise, the proportion of polymers in a co-polymer or mixture
may be adjusted to achieve a desired stiffness.

The molecular weight, tacticity, and cross-link density of the scaffold may also be
regulated to control both the mechanical properties of the scaffold and the degradation rate
(for degradable scaffolds). The mechanical properties may also be optimized to mimic
those of the tissue at the implant site. The shape and size of the final implant should be
adapted for the implant site and tissue type. The scaffold may serve simply as a delivery
vehicle for the cells or may provide a structural or mechanical function. The scaffold may
be formed in any shape, for example, as particles, a sponge, a tube, a sphere; a strand, a
coiled strand, a capillary network, a film, a fiber, a mesh, or a sheet.

The porosity of the scaffold may be controlled by a variety of techniques known to
those skilled in the art. The minimum pore size and degree of porosity is dictated by the
need to provide enough room for the cells and for nutrients to filter through the scaffold to
thie cells. The maximum pore size and porosity is limited by the ability of the scaffold to
maintain: its ‘miechanical ‘stability after seeding. As the porosity is increased, use of
polymers having a higher modulus, addition of stiffer polymers as a co-polymer or
mixture, or an increase in the cross-link density of the polymer may all be used to increase
the stability of the scaffold with respect to cellular contraction.

The scaffolds may be made by any of a variety of techniques known to those
skilled in the art. Salt-leaching, porogens, solid-liquid phase separation (sometimes termed
freeze-drying), and phase inversion fabrication may all be used to produce porous
scaffolds. Fiber pulling and weaving (see, e.g. Vacanti, et al., (1988) Journal of Pediatric
Surgery, 23: 3-9) may be used to produce scaffolds having more aligned polymer threads.
Those skilled in the art will recognize that standard polymer processing techniques may be
exploited to create polymer scaffolds having a variety of porosities and microstructures.

The polymeric synthetic scaffold provides mechanical support for the cells,
biocompatibility and controllable degradation. The fibrin gel as a cell supporting matrix for
cells” seeding within PLLA/PLGA ‘sponge allows for minimizing cells loss during the
seeding procedure and provides biological cross-talk with cells and stimulation of
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angiogenesis in vitro and in vivo. The importance of the scaffold is to keep a constant size
and to prov1de mechanlcal support (stability). If we use fibrin alone it shrinks due to forces
1nﬂected by cells. On the other hand, fibrin is a natural material and thus provides adhesion
sites for cells.

The conventional method today for culturing cells within polymeric sponges is
through Matrigel™, a material which becomes a gel at 37°C and provides reasonable
results but adds undesired animal contaminations and it is not approved by the FDA for
clinical appllcatlons Fibrin matrlx based on fibrinogen and thrombin components which is
derived from a human source, prov1des a productive environment for tissue formation and
for vascularization.

The fibrin gel alone or in combination with PLLA/PLGA sponge can serve as a
supporﬁng three-dimentional matrix for the formation of various engineered tissues in vitro
as well as for the integration of vascular network within the engineered tissue of choice.
After formation in vitro, the three-dimentional construct is aimed to be transplanted in the
damaged area in vivo to induce functional benefit on the host tissue. For example, this
unique matrix can be utilized for the formation of engineered pancreatic tissue (for diabetic
patients) or heart muscle tissue (for infarcted heart patients).

As used herein, the term "at least one type of vascular cells" refers to a cellular
preparation of one type, two types, three types or more vascular cells. In certain
embodiments, the at least one type of vascular cells is a co-culture comprising two types of
vascular.cells. In certain embodiments, the vascular cells are selected from endothelial
cells ‘and fibroblast -cells.. In certain .embodiments, ‘the ‘endothelial cells are adult vein
endothelial cells, adult artery endothelial cells, embryonic stem cell-derived endothelial
cells, iPS-derived endothelial cells, umbilical vein endothelial cells, umbilical artery
endothelial cells, endothelial progenitors. cells derived from bone marrow, endothelial
progenitors cells derived from cord blood, endothelial progenitors cells derived from
peripheral blood, endothelial progenitors cells derived from adipose tissues. In certain
embodiments, the umbilical vein endothelial cells are human umbilical vein endothelial
cells (HUVEC). In certain embodiments, the fibroblasts are human foreskin fibroblasts,
humanembryonic fibroblasts, mouse embryonic. fibroblasts, skin fibroblasts cells, vascular
fibroblast cells, myofibroblasts, smooth muscle cells, or mesenchymal stem cells (MSCs)-

derived fibroblast cells.
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The tissue specific cells may be muscle cells, pancreatic beta cells, osteoblasts,
chondrocytes, myoblasts, adipocytes, neuronal cells, glial cells, cardiomyoéytes, liver cells,
urethral c_ells, kidney cells, periosteal cells, bladder cells, odontoblasts, dental pulp cells,
périodoﬁfa] cells, tenocytes, lung cells, cardiac cells, skeletal cells, stem cell or iPS-cell
derlved tlssue specific cells, and a combination thereof. In certain embodiments the tissue
spemﬁc cells are muscle cells, pancreatlc beta-islet cells cardiomyocytes, llver cells, lung
cells, neural cells, bone or kidney cells. By muscle cells is meant cardiomyocytes (human
embryonic stem cells derived cardiomyocytes, iPS-derived cardiomyocytes or cardiac stem
cells), smooth-muscle cells, myoblasts, skeletal muscle cells, and skeletal stem cells
(satellite cells).

In certain embodiments, the three-dimensional fibrin engineered tissue construct
comprises a combination of a co-culture of HUVEC and human foreskin fibroblast cells
and myoblasts, wherein the cells are encapsulated within a three-dimensional fibrin gel and
said fibrin gel is based on a mixture of fibrinogen and thrombin at a concentration enabling
formation of blood vessel network in vitro and in vivo.

In certain embodiments, the three-dimensional fibrin engineered tissue construct
cdmpriseé a co-culture of HUVEC and human foreskin fibroblast vascular cells or a
combination of said co-culture and myoblasts, encapsulated within a hybrid scaffold of
fibrin gel and a polymeric synthetic scaffold selected from a PLLA/PLGA sponge or a
polyglycolic acid mesh.

In accordance with the present invention, it was found that three-dimensional (3D)
constructs based on fibrin, or a hybrid scaffold of fibrin and a synthetic scaffold, embedded
with various cellular populations (also termed herein “cellular preparations”), can promote
tissue vascularization in vitro and in vivo.

In the present invention, two types of cellular preparations were examined for the
production of three-dimensional ﬁbrin-basqd constructs: (i) a co-culture of endothelial and
fibroblast cells aimed at generating 3D eﬁdothelial vessel network, and (ii) a tri-culture
preparation of endothelial, fibroblasts and myoblast cells for generating 3D vascularized
skeletal muscle construct, Different concentrations of cells (endothelial cells, fibroblasts
and myoblasts) in various combinations were used to obtain optimal vascularization.

These cellular preparations were embedded within a 3D fibrin construct alone or in
combination with a synthetic scaffold. Synthetic scaffolds of PLLA/PLGA  sponge or

VICRYL™ mesh were used in this study as they are well characterized scaffolds in tissue
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engineering providing the adequate mechanical support, biodegradability and
biocompatibility for the cellular culture. However, other synthetic scaffolds can be used
and are encompassed by the present invention. Our results demonstrate that fibrin matrix
alone Or‘ in combination with synthetic scaffold seeded with various cell types is a powerful
strategy for induction of well-formed, intense vessel-like network. Transplantation studies
show that this vascular network was successfully established in vivo and it promoted host
blood vessels perfusion to the transplanted graft.

The two multicellular systems involving co-culture of endothelial cells and
fibroblasts and tri-culture of myoblasts, endothelial cells and fibroblasts, were tested with
respect to the following issues for their influence on vascularization process: (1) the effect
of various thrombin and fibrinogen concentrations and quantities; (2) the effect of
combining a synthetic PLLA/PLGA porous scaffold, (3) differentiation potential of
fibroblasts and myoblasts, and (4) neovascularization and perfusion of the graft in vivo.
These aspects will be discussed below in details. Several important notes should be
delineated beforehand. First, the ratios between various cell types was determined upon our
previous " calibration experiments using the PLLA/PLGA scaffold (data not shown) in
which ratios between 1:2 and 1:10 (1:5 was used in this study) of endothelial cells and HFF
cells and a ratio of 1:1 between endothelial cells and myoblasts cells was found proper for
vascularization and tissue formation. Second, the amount of cells that was used
(0.3/0.06%10° for EC/fibroblasts and 0.3/0.3/0.06*10° for myoblasts/endothelial
cells/fibroblasts) is in accordance with our previous cell density optimization experiments
using PLLA/PLGA scaffolds. These cell densities are much higher than those usually
described in the literature, but were shown to provide excellent results with other systems
and are certainty more clinically appealing. Lastly, in this study we analyzed two different
cellular assays (endothelial cells/HFF and C2/endothelial cells/HFF), in each we used the
same amount of endothelial cells and HFF, so total cell density was much higher in the tri-
cultures ‘due to adding myoblast cells. As such, it is believed that direct comparisons
between these two systems are inappropriate, and each cellular system should be separately
analyzed and discussed (the alternative could have been to reduce the amount of
endothelial cells and HFF so the total cell amount will be constant). -

Effect of thrombin and fibrinogen concentrations in vitro: In depth analysis of
vessel network formation during in vitro cultivation was executed using advanced confocal

large field analysis in which 3D vessel network organization could be easily detected.
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Vessel network was quantitatively evaluated in two aspects: (1) network maturity levels (as
determined by the four patterns and colors, Figs 8E-8H), and (2) vascular morphology
assessment (vessel length and thickness, Figs 10A-10D). In this regard, full connectivity of
a network is desired since potentially a single anastomosis between implanted and host
vessels upon implantation could provide perfusion to the entire graft.

Early experiments determined that thrombin concentrations had no effect on the
vascularization process Figs 4A-4C, but only on polymerization kinetics. On the contrary,
vessel network formation in 3D fibrin constructs showed tight dependence on fibrinogen
concentrations (Figs 4A-4C). Network levels analysis revealed that the process of network
organization is highly regulated by fibrinogen concentrations. For the co-cultures, although
they shrank dramatically, fibrin constructs reached high level of network connectivity after
7 days in culture (Fig. 9A); and the kinetics of this process was augmented for lower
fibrinogen concentrations. For the tri-cultures, low degree of network organization was
observed for all fibrinogen concentrations tested, and the highest levels were detected for
the 15mg/ml fibrinogen concentration providing partially connected vessel network (Fig.
9B). It is possible that the high cell densities in the tri-cultures constructs impeded
vascular formation by the endothelial cells.

Network morphology assessment of fibrin constructs after 7 days in culture
revealed interesting dependence on fibrinogen concentrations. For the co-culture, clear
tendency toward thinner and elongated vessels was observed for elevated fibrinogen
concentrations. For the tri-cultures, a pick value at fibrinogen concentration of 15mg/ml
was detected in which long and thick vessels were formed.

Effect of adding PLLA/PLGA scaffold to fibrin matrix in vitro: In vitro network
formation within the combined fibrintPLLA/PLGA constructs was examined under
various fibrinogen concentrations (5, 15 and 50mg/ml as before), and using two fibrin
quantities (total volume of 20 and 60pl fibrin). In the volume of 60ul, the PLLA/PLGA
scaffold was completely embedded within a fibrin gel (Fig. 2C). When a volume of 20ul
was used, fibrin only filtrated into scaffold pores (image is not shown). The results clearly
indicate that a volume of 60ul is preferable for co- and tri-cultures vascularization
processes, as can be easily seen by the decrease in network levels (reduction in color
intensities, Figs. 9A and 9B). Hence, discussion will address only on the 60ul-containing
constructs. Fibrinogen concentrations influenced both network levels and morphology. The

highest Jevel of network connectivity was observed in the fibrin+tPLLA/PLGA scaffolds
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picked at fibrinogen concentration of 15mg/ml (for the co- and tri-culture conditions, Figs.
9A and 9B). After 1 week in culture, for the co-cultures, thicker and longer vessels
appeared to form when elevated fibrinogen concentration were used. In the tri-cultures,
again at a pick value of 15mg/ml fibrinogen concentration was detected in which long and
thick vessels were formed.

Overall, combining PLLA/PLGA with fibrin matrix malntalned constant construct
size for the entire culture time, resulting in spreadable and openly distributed vessels
networks (Figs. 7E-7H). At an optimal fibrinogen concentration of 15mg/m! full-connected
vessel network was generated.

Differentiation of fibroblast and myoblasts: 1t has been demonstrated that fibroblast
cells promote vascularization through secretion of angiogenic growth factor, or through
differentiation into mural cells which afford direct physical contact to endothelial cells.
The data presented supports the concept that fibroblasts can differentiate into smooth
muscle-like cells within 3D fibrin rich environment providing physical support while
recruiting and covering the endothelial vessels in vitro (Figs. 11E-11G).

In addition, in the tri-culture preparations, the myoblast cells were shown to form
partially aligned long myotubes (Figs. 11C and 11D), a desired phenomenon for
construction of skeletal tissue construct. Differentiation dependence on fibrinogen
concentrations and/or the presence of PLLA/PLGA scaffold wasn't protruded in our
experiments.

- In vivo transplantation studies: To primarily determine the impact of PLLA/PLGA
scaffold when added to fibrin matrix on neovascularization and perfusion of the graft, we
implanted four groups of constructs: fibrin, and fibrin+PLLA/PLGA acellular constructs or
co-delivered with HUVEC and HFF cells. One of the major challenges in such procedures
is to quantitatively evaluate graft perfusion and neovascularization outcomes. We show
here that our novel in vivo model provides a suitable assay to calculate the area of
functional blood vessels penetrating the graft. Also, it enabled to easily detect graft size.
Graft size that maintains mechanical stability and adequate size in vivo is advantageous as
in many therapies, such as heart regeneration, the implanted construct should resist to
external forces and provide mechanical support to the injured tissue. The data presented
show that addition of PLLA/PLGA scaffolds to fibrin matrix increase graft area, and plays
a significant role in promoting neovascularization and perfusion of the implant in vivo. A

significant enlarged area of FITC-Dextran’ vessels entering the implant was observed in
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constructs containing PLLA/PLGA. Surprisingly, in contrast to our previous studies and of
others, we did not note any significant difference between cellular and acellular constructs.
It might be possible that the impact of cells did exist but was not visible under the
considéféble effect contributed by addition of PLLA/PLGA scaffold. R o

» RFP-expressing endothelial cells provided for in vivo traci‘ng of implanted cells,
while vascular perfusion of FITC-dextran aided in identification of functional mouse- and
human-derived blood vessels in the graft area. To date, most of previous studies dealing
with vascularization in vivo analyzed only histological cross sections of the implanted
cells, which were shown to form CD31+ lumens in the graft area (CD31 is a specific
marker for human endothelial cells). However, an interesting and important aspect is to
resolve the spatial 3D organization of the network in vivo. In our systems, we observed 3D
inter-connected vessel network lined by HUVEC-RFP cells. This remarkable organization
was profoundly detected in the fibrin and fibrin+PLLA/PLGA constructs when compared
to PLLA/PLGA constructs. Also, the total human cellular DNA was augmented in these
two fibrin-based constructs (fibrin and fibrin+PLLA/PLGA) when compared to implanting
only PLLA/PLGA scaffold without fibrin. That result provides evidence for the necessity
of fibrin matrix for cell retention in vivo.l

Careful examination of the implant-host integration area demonstrated close
interactions between vessels formed by implanted endothelial cells and host neovessels
invading the implant arca, as well as the presence of mosaic implant/host vessels.
However, the exact mechanism of inosculation and the interaction of implanted and host
neovessels, still remains to be worked on in more details. Importantly, although FITC-
Dextran was not evident within the implanted HUVEC vessels, bright field images of the
implanted-cellular constructs (fibrin, fibrin+PLLA/PLGA, and PLLA/PLGA) revealed that
blood circulation did flow through them in some point of engraftment.

In another aspect, the present invention relates to a method for the preparation of
the three-dimensional fibrin engineered tissue construct of the invention, comprising the
steps:

(i) mixing vascular cells or a combination of said vascular cells and tissue specific
cells with a thrombin solution and transferring the thrombin-cell suspension to a
silicone tube mold that may contain a polymeric synthetic scaffold at the

bottom;
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(i)

(iii)
(iv)

adding a solution of fibrinogen to the silicone tube mold and mixing for a short
period;

incubating the silicone tube mold to allow polymerization of the fibrinogen; and
removing the silicone tubes and adding a cell medium, thus obtaining the

desired fibrin construct.

For the preparation of a fibrin gel matrix embedded with a combination of at least

one type of vascular cells and tissue-specific cells, the method comprises the steps:

(1)

(i)

(iii)
(iv)

mixing a combination of at least one type of vascular cells and tissue specific
cells with a thrombin solution and transferring the thrombin-cell suspension to a
silicone tube mold;

adding a solution of fibrinogen to the silicone tube mold and mixing for a short
period;

incubating the silicone tube mold to allow polymerization of the fibrinogen; and
removing the silicone tubes and adding a cell medium, thus obtaining the

desired fibrin construct.

For the preparation of a hybrid scaffold of fibrin gel and a polymeric synthetic

scaffold comprising at least one type of vascular cells or a combination of at least one type

of vascular cells, and tissue-specific cells, the method comprises the steps:

(1)

(i)
(i)

(iv)

mixing at least one type of vascular cells or a combination of at least one type of
vascular cells, and tissue specific cells with a thrombin solution and transferring
the thrombin-cell suspension to a silicone tube mold that contains a polymeric
synthetic scaffold at the bottom;

adding a solution of fibrinogen to the silicone tube mold and mixing for a short
period,;

incubating the silicone tube mold to allow polymerization of the fibrinogen;
and

removing the silicone tubes and adding a cell medium, thus obtaining the
desired construct based on a hybrid scaffold of fibrin gel and a polymeric
synthetic scaffold.

The term “short period” with respect to the “mixing” refers to a period of several

seconds, preferably 2-5 seconds, more preferably 3-4 seconds. The duration of incubation

for the polymerization of the fibrinogen and formation of the construct may range from 30

min-90 min and is preferably 30 min or 60 min.
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The three-dimensional fibrin engineered tissue construct can be implanted into any
tissue in need of therapy, including connective, muscle, nerve, and organ tissues either
directly/immediately after the removal of the silicon tube, or after further incubation in
vitro. In vitro incubation periods can include a range between few hours (1-24 hr) to
several days (1-7 days). Following incubation, a tissue with only blood-vessels is formed
from the construct comprising only vascular cells and a three-dimensional engineered
tissue comprising internal blood vessel network/architecture is formed from the construct
comprising a combination of vascular cells and tissue specific cells.

The three-dimensional fibrin engineered tissue construct of the present invention
may be applied to the area in need of treatment using any suitable route including, but not
limited to, transplantation as exemplified herein in Example 7.

The scaffold supported cells of the present invention may be transplanted per se to
a human subject, or in a pharmaceutical composition where it is mixed with suitable
carriers or excipients.

In yet another aspect, the present invention relates to a pharmaceutical composition
¢omprising the three-dimensional fibrin engineered tissue construct of the invention,
composed of fibroblasts and endothelial cells, for use in treating ischemic tissues and for
promoting vascularization.

In still another aspect, the present invention relates to a pharmaceutical composition
comprising the three-dimensional fibrin engineered tissue construct of the invention
composed of two types of vascular cells in combination with tissue specific cells, for
generation of three-dimensional vascularized tissue construct for transplantation.

In certain embodiments, the vascular cells are endothelial cells and fibroblasts and
said tissue specific cells are muscle cells, e.g., ‘myoblasts or myocytes, for generation of
three-dimensional vascularized muscle construct for transplantation.

The pharmaceutical compositions of the present invention may be manufactured by
processes well known in the art, e.g., by means of conventional mixing, dissolving,
granulating, dragee-making, levigating, emulsifying, encapsulating, entrapping or
lyophilizing processes.

 The pharmaceutical compositions for use in accordance with the present invention
may thus be formulated in conventional manner using one or more physiologically

acceptable carriers comprising excipients and auxiliaries, which facilitate processing of the
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active ihgredients into preparations which, can be used pharmaceutically. Proper
fonnulation is dependent upon the route of administration chosen. '

The three-dimensional vascularized tissue construct may be used for example in
filling a deficient tissue, treating injured or damaged tissue and for treating ischemic
tissues. _More specifically, the vascularized tissue construct can be used in treatment of
diseases 'and disorders selecfed from: brain diseases (e.g. Parkinson’s disease), cornea
diseases, liver disorders (e.g. metabolic disorders, liver cirrhosis, liver cancer), pancreas
di‘sorde‘:rs (diabetes),’ muscle disorders (muscle injury, cardiac disease, muscular
dystrophy), kidney diseases, vascular diseases (by replacement of large and small blood
vessels), ligament and tendon diseases, bone disorders (in joint replacement, bone graft
etc), cartilage disorders (e.g. meniscal tears, patella resurfacing, chondromalacia patellae,
arthritis etc), burns and wounds, and for repair of damaged nerve (e.g. following spinal
cord injury), trachea, esophagus, intestine, and urethra (Langer et al, 1993).

The vascularized tissue construct can also be used as a unique in vitro 3D model for
several pathophysiological and pharmacological studies.

The three-dimensional vascularized muscle construct may be used for example in
filling a deficient muscular tissue, treating injured or damaged muscle tissue, and coverage
of exposed bones.

A culture of multiple cell types, i.e. vascular cells (endothelial and fibroblast cells)
and tissue specific cells (muscle cells, pancreatic beta cells etc) encapsulated in the three-
dimensional fibrin matrix, or in a combination of fibrin with a polymeric scaffold (e.g.
PLLA/PLGA) allows to mimic¢ the native cellular environment, provide the adequate
interactions between cells (growth factors and cytokine secretion), and result in increased
maturation, differentiation and vascularization of the construct (as previously reported in
Levenberg et al., 2005, Caspi et al., 2007, Lesman et al., 2010).

The present invention will now be described in more detail in the following non-

limiting Examples and the accompanying figures.

EXAMPLES
Materials and Methods
(i) Cell culture:
1. Human Umbilical Vein Endothelial Cells (HUVECs): HUVECs (passage 3-0,

Clonetics™, from Lonza Cologne GmbH) were grown on tissue culture plates in EGM-2
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medium supplemented with 2% FBS and endothelial cell growth medium BulletKit®-2
(EGM-2® BulletKit®). To closely monitor the temporal development of vascularization in
vitro and in vivo, HUVECs expressing fluorescent markers (labeled HUVEC-GFP and
HUVEC-RFP, Angio-Proteomie, USA) were used.

2. Human Foreskin fibroblast cells (HFF): Primary culture of HFF cells were
prepared in our laboratory from newborn's foreskin and used until passage 20. HFF cells
were cultured in medium consisting of DMEM supplemented with 10% FBS, 1% NEAA
(Non-Essential Amino Acids), and 0.2% 8 —mercapthoethanol .

3. C2 cell line: C2 myoblast cells were maintained in DMEM (high glucose, with
glutamine) supplemented with 20% FBS (v/v), 2.5% HEPES (v/v) and 1% Pen strep (v/v).

(ii) Multicellular preparations: Two multicellular preparations were examined: (i)
co-culture preparation of endothelial (HUVECs, 0.3*%10° cells) and fibroblasts cells (HFF
cells, 0.06*10%) aimed at generating 3D vascular network, and (ii) a tri-culture preparation
of endothelial (HUVECs, 0.3*%10° cells), myoblast cells (C2, 0.3*%10° cells), and fibroblasts
(HFF, 0.06*10% aimed at generating 3D vessel network embedding within skeletal muscle
construct. '

(iii) Preparation of fibrin gel: fibrin gel (Fig. 2A) was prepared from a
combination of fibrinogen (Biological Active Components 2 (BAC2) containing: 70mg/ml
fibrinogen, 10mg/ml fibronectin, 15mg/ml IgG, Smg/ml albumin, 10micg/ml plasminogen,
7micg/ml FXIII, 1micg/ml FVII], 7micg/ml von Willebrand (the rest of the proteins are in
the concentration of the plasma proteins); EVICEL Fibrin Sealant (Human), Johnson &
Johnson-Wound Management, Somerville, New Jersey) and thrombin (1 000U/ml purified-
plasma thrombin). '

(iv) Preparation of PLLA/PLGA scaffold: Porous sponges composed of 50% poly-
l-lactic acid (PLLA) and 50% polylactic-co-glycolic acid (PLGA) were fabricated utilizing
a particulate leaching technique to achieve pore sizes of 212—-600 mm and 93% porosity
(as described in Mooney et al., 1997). Briefly, PLLA (Polysciences) and PLGA
(Bochringer Ingelheim) 1:1 were dissolved in chloroform to yield a solution of 5% (wt/vol)
polymer; 0.24ml of this solution was loaded into molds packed with 0.4gr of sodium
chloride particles. The solvent was allowed to evaporate, and the sponges were
subsequently immersed for 8hr in distilled water (changed every hour) to leach the salt and

create an interconnected pore structure. The PLLA/PLGA 50/50 sponges, which had an
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average pore diameter of 250um, were designed to be circular with diameter of 6mm and
thickness of lmm (obtained by cutting with a puncher, Fig. 2B). Before transplantation,
sponges were soaked in 70% (vol/vol) ethyl alcohol overnight and washed three times with
PBS. Previous work demonstrated the biocompatibility of PLLA/PLGA porous scaffold
and estimated that its degradation time is about 6 months (Holder et al., 1998).
Combination of fibrin matrix and PLLA/PLGA synthetic sponge in all fibrin
concentrations tested, resulted in homolgeneously spread fibrin gel throughout the
PLLA/PLGA pores (Fig. 2C).

(v) Preparation of VICRYL™ mesh: Vicryl™ (polyglactin 910) is an absorbable,
synthetic, braided suture, manufactured by Ethicon Inc., a subsidiary of Johnson and
Johnson. VICRYL™ is completely absorbed by hydrolysis within 70 days (Fig.0A).

(vi) Immunofluorescent staining:

1. Staining of Paraffin sections: In vitro tissue-constructs were fixed in 10%
formalin for 6 hrs before tissue processing (at our lab). 5um thick transverse sections were
cut and placed on slides for immunofluorescence staining or hematoxyline and eosin
(H&E) staining. For immunofluorescence staining, primary and secondary antibodies plus
DAPI were prepared using the dilutions as follows. For epitope recovery, prior heat
treatment at 60°C for 30min followed by treatment at 95°C for 20min in Reveal buffer
(Biocare Medical, Concord, CA) within a pressure cooker was performed. For
immunofluorescence staining, primary and secondary antibodies plus DAPI were prepared
using the following dilutions. Primary antibodies: monoclonal anti human CD31 (1:80,
Cell Maque), polyclonal anti-vWF (1:200); monoclonal anti a-smooth muscle actin (1:50),
and monoclonal anti-Desmin (1:150) (all from Dako). Secondary antibodies: Cy3-
conjugated anti-mouse IgG (1:100) (Jackson Immunoresearch Laboratory, PA); and
AlexaFluor 488 conjugated anti mouse IgG (1:100) (Molecular Probes). Nuclei were
counterstained using DAPI (Sigma). For mounting, Fluromount-G and cover slips were
used to protect the sections.

2. Staining of whole construct: Entire constructs were immunofluorescently
stained. The scaffolds were fixated using 4% paraformaldehyde for 10min and
subsequently washed in PBS. The cells underwent permeabilization using 0.3% Triton X-
100 for ten minutes in room temperature. The scaffolds were then washed in PBS, and
immersed in blocking serum (10% FBS, 0.1% Triton X-100, 1% glycine) overnight at 4°C.

Primary antibodies were then added (as detailed above, immersed in the blocking serum)
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and the scaffolds were incubated overnight at 4°C. Following several washes in PBS, the
secondary antibodies were applied for three hours. After final washes in PBS, the scaffolds
were kept in 24-wells plate in PBS at 4°C until examined under the confocal microscope.

(vii) Transplantation of the fibrin-based tissue constructs:  All surgical
procedures were conducted according to protocols approved by the Institutional Animal
Care and Use Committee. For the implantation procedure, fibrin-based constructs were
prepared with co-cultures of HUVEC-expressing RFP (0.3*¥10° cells) and HFF (0.06%10°%
cells, incubated for 1 hour in vitro and then implanted as follows. 8 weeks old male nude
mice (Harlan Laboratories, Rehovot, Israel) were anesthetized using a ketamine/xylazine
cocktail at a dose of 35ul/20g delivered with 25-gauge needle. A small incision was made
allowing access to the linea-alba and surrounding tissue, where a 3X2mm full defect
segment was removed. Fibrin-based constructs were sutured in place using four 8-0 silk
sutures. All mice were monitored closely for 1-2 hours to ensure full recovery from the
anesthesia. 1 week, 10 days or two weeks later, mice were anesthetized again and 10mg/ml
FITC or Rhodamine-Dextran (Sigma, Rehovot, Israel) was perfused through the tail vein
for 10-20 sec before euthanization. The graft area was dissected and fixated with formalin
10%. Immediately afterwards, the implanted area was imaged using the confocal
microscope, paraffin embedded or proceeded to DNA extraction.

(viii) Confocal imaging: For construct cross-sections imaging, the Inverted Zeiss
Microscope (Zeiss MTB2004, Carl Zeiss, Germany) was used, with pictures taken in two
CCD cameras (AxioCam MRm and AxioCam MRc5). Lenses in use were: X4, X10, X20,
X40 (oil).

For whole construct in vitro and implanted tissue from in vivo studies, the Leica™
TCS LSI macro confocal was used. This microscope provides 3D navigation through the
specimen in high resolution and with a large field of view.

(ix) Quantification of vessel networks:

L. In vitro network maturity levels: we identified four different patterns of vessel
networks and quantified the resulting 3D confocal projection images according to them.
These patterns include: individual cells, multi-cellular groups of cells (not connected),
partially connected vessel network, and fully connected vessel network (Figs. 8E, 8F, 8G
and 8H). We consider these patterns to be part of vascular development in its simplest
manner: capillary formation, branching, and sprouting. Each specific pattern obtained a

color, so there is a direct correlation between the network organization state and color
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intensity- the greater the intensity of the color, the vessel network is more developed. Four
independent constructs were analyzed at total magnification for each condition (n=4).

2. In vitro network morphology (vessel length and thickness): 3D confocal
pi'ojecti'dn images followed a series of image analysis using NIH Imagel program to
manually determine vessel length and thickness. Vessel length was calculated between
proximity branches. Vessel thickness was calculated in the middle of each sprout, usually
highlighted by a narrower region. Four independent constructs were analyzed at total
magnification for each condition (n=4).

3. In vivo network quantification: To quantify total network length and area
density of implanted HUVEC-RFP+ vessels, advanced automated computer program was
used (in collaboration with Professor Z. Kam, Weizman Institute of Science, Israel), which
allowed to locate vessel tubes using unique algorithm and determine their length and area
density (6-9 confocal projection images at total magnification were analyzed for each
condition).

(x) Statistical analysis: All results are reported as mean =+ standard derivation.
Statistical comparison between two groups was done by Student's t-test. Results were

considered significant for p<0.05.

Example 1. Preparation of 3D fibrin constructs.

Preparation of fibrin-based tissue constructs: To prepare the fibrin-based
constructs, the multicellular preparations consisting of co-culture/tri-culture cellular
preparations (0.3*10° HUVECs and 0.06*10° HFF cells, or in combination with 0.3%10°
C2 myoblast cells as detailed in Materials and Methods, section (ii) above) were first
mixed with thrombin (purified from human plasma, stoke concentration of 1000U/ml,
Omrix Biopharmaceuticals, Ltd, Israel) inside a silicon mold positioned. on top of a glass
slide. Then, the fibrinogen solution (Biological Active Components 2, human source, stoke
concentration of 70mg/ml, Omrix Biopharmaceuticals, Ltd, Isracl) was added to the mold
by employing pipette mixing. The constructs were allowed to polymerize for 30 min inside
the incubator (37°C, 5% CO,, high humidity) and then the silicone mold was gently
removed. The construct was placed in a 6-well non-tissue culture plate and 4 ml of medium
consisting of 50% HUVEC medium and 50% C2 medium was added to each well. Medium
was changed every other day. For control assay, the multicellular preparations were

embedded in Matrigel™ (BD Biosciences) and followed the same construct procedure.
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Various biomaterial parameters were tested for their influence on the
vascularization process including:

(i) Fibrin concentration: fibrinogen precursor solutions of: 1, 5, 15, 50mg/ml
concentrations, and thrombin precursor solutions of: 1, 50,100,300 Units concentrations
were examined.

(i) Fibrin quantity: 20pl (10p! thrombin+10ul fibrinogen) and 60ul  (30ul
thrombifl+30u1 fibrinogen) providing cell concentrations of 18*10%ml and 6*10%ml for
the co-cultures or 33*10%ml and 11*10%ml for the tri-cultures respectively.

(iii) Addition of a synthetic PLLA/PLGA scaffold to the fibrin matrix.

The fibrin based constructs were grown for 1 week in vitro and then proceeded to
histological paraffin sectioning or whole scaffold imaging. For in vivo transplantation
studies, the fibrin constructs were grown for 1 hour in vitro, and then proceeded to

transplantation.

Example 2. Preparation of 3D fibrin-PLLA/PLGA or fibrin-VICRYL™ construct.

The PLLA/PLGA 50/50 sponges or VICRYL mesh were designed to be circular
with diameter of 6mm and thickness of about 1mm (obtained by cutting with a puncher).
For sterilization, PLLA/PLGA scaffolds were incubated overnight in 70% ethanol.
VICRYL™ mesh was obtained sterile.

"To make the fibrin-PLLA/PLGA or fibrin-VICRYL™ constructs, -the desired
concentrations of fibrinogen and thrombin were prepared. The PLLA/PLGA or VICRYL™
scaffold was placed in the bottom of each sterilized silicon mold (tubes with open ends, 6
mm in diameter). Cells’ pellets, each consisting of 0.3*10° HUVEC's and 0.06%10° HFF
cells (co-culture preparation), or additionally containing 0.3*10° C2 cells (tri-culture
preparation), were mixed with 30ul of thrombin solution inside an Eppendorf™ tube.
Then, the thrombin-cell mixture was carefully pipetted up and down a few times on the
PLLA/PLGA or VICRYL™ scaffold, so that the mixture pushed through the scaffold
pours. Air bubbles were avoided. Fibrinogen (30ul) was then added to each scaffold and
carefully ‘pipetted up and down a few seconds. The mold .containing PLEA/PLGA or
VICRYL™ scaffold and fibrin with cells was placed in the incubator for 30min to let the
fibrinogen polymerize, after which the silicon tubes were gently removed and medium
(50% C2 medium and 50% HUVEC medium) was added to each construct. Fibrin-
PLLA/PLGA or fibrin-VICRYL™ constructs were grown for 1 week in vitro and then
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proceeded to histological paraffin sectioning or whole scaffold imaging. For in vivo
transplantation studies, the fibrin-PLLA/PLGA constructs were grown for 1 hour in vitro,

and then proceeded to transplantation.

Example 3. Effect of various concentrations of fibrinogen and thrombin on
vascularization in fibrin constructs.

_ Fibrin constructs comprising co-culture of endothelial and fibroblast cells
according to Example 1 were prepared with various fibrinogen and thrombin
concentrations. Fibrinogen concentrations tested were: 1, 7 and 15 mg/ml. Thrombin
concentrations tested were: 1, 50, 100, 300 U/ml. The vascularization process in constructs
containing fibrinogen concentrations of 1, 7 and 15 mg/ml, and thrombin concentrations of
1 and 100 is shown in Figs. 3A-3B.

As can be seen in Figs. 3A and 3B, intense vessel network with many
interconnected sprouts was formed in all tested concentrations of fibrinogen and thrombin.
The thickness and length of the sprouts and the area covered by the endothelial cells differ
for the various fibrin concentrations. Our results show a clear tendency toward thinner and
elongated sprouts for higher fibrinogen concentrations (Figs. 4B-4C), however, thrombin
concentrations had almost no effect on the vascularization process as detected by the
positive area, thickness and length of CD31+ vessels (Figs. 4A-4C). Thus, thrombin
precursor solution of 50mg/ml was selected in all subsequent in vitro and in vivo

experiments.

Example 4. 3D fibrin-PLLA/PLGA and fibrin-VICRYL™ constructs

Fibrin-PLLA/PLGA and fibrin-VICRYL™ constructs were prepared as described
in Example 2 above. Histological hematoxylin and eosin (H&E) sections show
PLLA/PLGA scaffold substances and traces of fibrin matrix (Fig. 5B, pink layer indicated
by arrows). Our results show that for higher fibrinogen concentrations the degradation of
the fibrin was slower, and higher amounts of fibrin matrix were present throughout the
PLLA/PLGA scaffold (Figs. 5A-5B). For fibrinogen concentration =1mg/ml, fibrin could
not be observed (full degradation). As the fibrinogen concentration was elevated, fibrin
was evident to higher extent.

When fibrin was seeded with the co/tri culture cellular preparations and the

construct was allowed to float in the medium, its size shrank over time due to forces
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generated by cells. The percent of shrinkage of fibrin gels was dependent upon fibrinogen
concentration used with values of 96+0.7%, 93£0.01%, and 81+3% (co-cultures) and
95i0.5%, 93+0.5%, and 90+1% (tri-cultures) for the 5, 15, and 50mg/ml fibrinogen
concentration, respectively. For instance, in the Smg/ml fibrinogen concentration the
largest change in construct size was observed (from initial diameter of 6mm to around
1mm after 7 days in culture). Importantly, when the PLLA/PLGA synthetic scaffold was
added to fibrin gels, construct size remain constant for the entire culture time for all
fibrinogen concentrations tested.

Images of 3D fibrin-VICRYL™ construct embedded with co-culture of endothelial
and fibroblast cells show that the endothelial cells formed a confluent layer (Figs. 6D and
6E).

Example 5. Vessel network formation within 3D fibrin-based constructs

In order to ‘obtain insights on vessel network formation during culture time,
confocal microscopy allowing capturing large field of view (about 90% of construct area
was imaged) was used to follow HUVEC-expressing GFP cells. Fibrin (60ul) and
fibrin(20/60ul)+PLLA/PLGA constructs embedded with co- or tri-culture preparations
(also termed herein after co- or tri-cultures) were monitored following 1, 3, 5,7 days from
cell seeding. After 1 day in culture, the HUVEC-GFP cells were mostly rounded or part of
them started to develop elongated morphology, but after 3 days, cellular organization was
initiated (Figs. 7A-7H). Quantification results of vessel network levels during culture time
revealed that fibrinogen concentrations and quantities highly influenced the process of
network formation (Figs. 9A-9B). Figs. 8E-8H show a schematic presentation of the four
pattern levels that were classified to semi-quantified network formation. Real images of
HUVEC-GFP cells demonstrating the four network patterens are shown in Figs. 8A-8D.
Each network level is represented by blue color nuance, and the greater the intensity of the
color, the vessel network is more developed (Figs. 9A-9B).

For the co-culture preparations (Fig. 9A), fibrin constructs although shrank
dramatically during time, showed gradually increasing level of vessel organization toward
connected vessel network at day 7. FibrintPLLA/PLGA constructs maintained constant
size for the entire culture time allowing gradually increasing levels of openly distributed
vessel networks when compared to fibrin constructs (Figs. 7A-7H). For the

fibrintPLLA/PLGA constructs, the amount of 60ul fibrin was preferable for vessel
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network formation for all fibrinogen concentrations tested (Figs. 9A-9B). After 7 days in
culture, for both fibrin and fibrin+tPLLA/PLGA (60pl) constructs, a tendency toward
longer and thinner vessels for elevated fibrinogen concentrations was detected (Figs. 10A-
10B). -

For the tri-culture preparations, vessel network levels were lower when compared
to the co-culture preparations (note the decrease in intensity on the rigﬁt side of (Fig. 9B).
Still, fibrin and fibrin+PLLA/PLGA (60pl) constructs showed gradually increasing level of
vessel organization during time in culture. In the fibrin+PLLA/PLGA constructs, the
amount of 60pl fibrin was superior for vessel network formation. After 7 days in culture,
an optimal fibrinogen concentration of 15mg/ml was detected resulting in long and thick
vessels (Figs. 10C-10D).

Importantly, the highest level of vessel network levels, for the co- and tri-culture
preparations, was found in the fibrintPLLA/PLGA constructs picked at 15mg/ml
fibrinogen concentration. Furthermore, vascularization levels were found to be augmented
when compared to PLLA/PLGA scaffold embedded with Matrigel (a common matrix used
in 3D culture assays) for the co- and tri-cultures. Based on these results, precursor

fibrinogen concentration of 15mg/ml was selected for the in vivo implantation studies.

Example 6. Differentiation of fibroblasts and myoblasts in vitro

A critical step toward formation of stabilized and mature vessel network is the
incorporation of mural cells (smooth muscle/pericytes cells) into the primitive endothelial
vessels. To analyze whether the fibroblast cells differentiated into smooth muscle-like cells
within the fibrin-based constructs (fibrin and fibrin+PLLA/PLGA constructs), whole
constructs or cross-sections were immunofluorescently stained with antibodies against
alpha smooth muscle actin (¢SMA). Figs. 11A-11D show confocal image projections of
whole constructs embedded with HUVEC-GFP and fibroblast cells and
immunofluorescently stained following 7 days with aSMA antibody demonstrating the
presence of smooth muscle-like cells. Double staining for VWF (endothelial maker) and
oSMA on cross-sections revealed the presence of smooth muscle cells and their
localization around endothelial lumen vessels (Figs. 11E-11G, in various magnifications).

In the tri-culture preparations, the myoblast cells continue to form elongated

myotubes as indicated by immunostaining with Desmin antibody (Figs. 12B and 12D). We
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did not note any specific impact of fibrinogen concentration on the degree of

differentiation toward skeletal myotubes.

Example 7. In vivo implantation studies

Successful implantation of tissue-engineered construct is largely dependent on host
neovascularlzatlon and anastomosis of implant with host vasculature. To evaluate the
ability of fibrin and fibrintPLLA/PLGA constructs to promote graft neovascularization
and perfusion in vivo, four types of constructs were implanted into the linea-alba of nude
mice including: acellular fibrin, fibrin embedded with co-culture preparation, acellular
fibrin+PLLA/PLGA, and fibrin+PLLA/PLGA embedded with co-culture preparation (Figs.
13A-13C and 14A-14L). Based on our in vitro results, we chose to focus on fibrin
concentration of 15mg/ml in the quantity of 60ul for all implanted constructs. Bright field
images clearly highlight the graft area, the host neovessels penetrating to the graft area, and
the existence of pore structure belonging to the implanted PLLA/PLGA (Fig. 13C).
Injection of FITC-Dextran to the blood circulation revealed intense host-derived vessels
penetrating and perfusing the engrafted area (Figs. 13A, 14A, 14D, 14G and 14J, green
signal). Histological examination (H&E staining, Figs. 14B, 14C, 14E, 14F, 14H, 141, 14K
and 14L).demonstrated that blood vessels occupied with red blood cells were evident in the
graft area. Our unique in vivo model enabled calculation of the area of FITC-Dextran+
blood vessels penetrating the graft (Fig. 15A) as well as calculation of the graft area size
(Fig. 15B). Results of these measurements revealed that implantation of
fibrint PLLA/PLGA constructs provided significantly higher area of penetrating FITC-
Dextran+ blood vessels and significantly higher graft size when compared to fibrin
constructs (Figs. 15A-15B). No significant difference was found between cellular and

acellular constructs.

Example 8. Formation of 3D human vessel network in vivo

An important aspect of the present experiments was to explore the fate of the
implanted human endothelial cells, and to determine whether they managed to.organize
into 3D inter-connected vessel network in vivo as was observed in vitro. Also, the query of
host and implanted-HUVEC vessels integration was investigated. For that reason,
HUVEC-expressing RFP (red signal) were used in all implantation experiments allowing

to identify them in vivo and at the same time visualizing FITC-Dextran functional vessels
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(green signal) (Figs. 16A-16B). Using our unique in vivo model along with advanced
confocal high field imaging, we successfully captured construct vascular trees in vivo and
followed the fate of implanted HUVEC-RFP cells in three different implanted constructs:
fibrin, fibrintPLLA/PLGA, and PLLA/PLGA. The PLLA/PLGA scaffold was now added
in order to analyze the impact of fibrin on cell retention in vivo. Our results indicate that
HUVEC-RFP cells implanted within the fibrin and fibrintPLLA/PLGA constructs formed
3D inter-connected array of vessel network in vivo (Fig. 16C). The vessels had large
vacuoles in the tubes (Fig. 16C, arrows) which resembled those of native blood vessels.
Careful examination of the implant-host integration area demonstrated close interactions
between tubes formed by implanted endothelial cells and host neovessels penetrating the
graft area, as well as the presence of mosaic implant/host vessels (Figs. 16D-16F).
Quantitative analysis of HUVEC-RFP cells was performed using automated image analysis
algorithms determining total network length and area in vivo (Figs. 17D-17F). The network
architectures and density differed in the three constructs as highlighted in Figs. 17D-17F.
The total area (Fig. 18B) and length (Fig. 18A) was augmented in the fibrin and
fibrin+PLLA/PLGA constructs when compared to PLLA/PLGA construct without fibrin.
No statistical difference was observed between fibrin and fibrin+PLLA/PLGA constructs
(Figs. 18A-18B). Although host and implanted vessels were shown to be in close
proximity, and to form mosaic implant/host vessels, FITC-Dextran was not evident within
HUVEC-RFP lined vessels. Nevertheless, bright field images clearly captured HUVEC-
REP vessels located in the graft area which contained red blood cells supporting their
functional perfusion capabilities (Fig. 19A and 19D).

Additionally, the total amount of human cellular DNA extracted from the implanted
constructs was evaluated using real-time PCR analysis employing the human specific
RNAse P gene. The single copy human RNAse P gene was previously reported to be
suitable for human celis quantification. Hence, the total human cellular DNA was found to
be similar in the fibrin and ﬁbrin+PbLLA/PLGA constructs providing PCR cycle averages
(absolute analysis) of 32.2+1 and 32.8+2 respectively when compared to 36.5+1 for the
PLLA/PLGA construct.
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CLAIMS

1. A three-dimensional fibrin engineered tissue construct selected from:
(1) a fibrin gel matrix comprising a combination of tissue-specific
cells and at least one type of vascular cells; and
(i)  ahybrid scaffold of fibrin gel and a polymeric synthetic scaffold
comprising at least one type of vascular cells or a combination of

tissue-specific cells and at least one type of vascular cells..

2. The three-dimensional fibrin engineered tissue construct according to claim 1, wherein

the fibrin gel is obtained from a mixture of fibrinogen and thrombin.

3. The three-dimensional fibrin engineered tissue construct according to claim 2, wherein
the fibrin gel is obtained from a mixture of fibrinogen at a concentration from about 1 to

about 50 mg/ml and thrombin at a concentration from about 1 to about 300 U/ml.

4. The three-dimensional fibrin engineered tissue construct according to claim 3, wherein
the fibrinogen concentration is selected from 1, 5, 15, or 50 mg/ml and the thrombin

concentration is selected from 1, 50,100, or 300 U/ml.

5 The three-dimensional fibrin engineered tissue construct according to claim 1, wherein
said polymeric synthetic scaffold of said hybrid scaffold (ii) is made of PLLA/PLGA
(poly-l-lactic acid/polylactic-co-glycolic acid), polyglycolic acid (PGA), polylactic acid
(PLA), - PLA-PGA  co-polymer, poly(glycerol sebacate) - (PGS), poly(anhydride),
poly(hydroxy acid), poly(ortho ester), poly(propylfumerate), poly(caprolactone),
polyamide, polyamino acid, polyacetal, biodegradable polycyanoacrylate, biodegradable
polyurethane and polysaccharide, polypyrrole, polyaniline, polythiophene, polystyrene,
polyester, non-biodegradable polyurethane, polyurea, poly(ethylene vinyl acetate),
polypropylene, polymethacrylate, polyethylene, polycarbonate or poly(ethylene oxide).

6. The three-dimensional fibrin engineered tissue construct according to claim 5, wherein
said polymeric synthetic scaffold is a sponge comprising 50:50 mixture of PLLA/PLGA or

a mesh comprising polyglycolic acid.
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7. The three-dimensional fibrin engineered tissue construct according to claim 1, wherein
said at least one type of vascular cells is a co-culture comprising two or more than two

types of vascular cells.

8. The three-dimensional fibrin engineered tissue construct according to claim 1, wherein

the vascular cells are endothelial cells, fibroblast cells, or both.

9. The three-dimensional fibrin engineered tissue construct according to claim é, wherein
the endothelial cells are adult vein endothelial cells, adult artery endothelial cells,
embryonic stem cell-derived endothelial cells, iPS-derived endothelial cells, umbilical vein
endothelial cells, umbilical artery endothelial cells, endothelial progenitor cells derived
from bone marrow, endothelial progenitor cells derived from cord blood, endothelial
progenitor cells derived from peripheral blood, or endothelial progenitor cells derived from

adipose tissues.

10. The three-dimensional fibrin engineered tissue construct according to claim 9, wherein

the umbilical vein endothelial cells are human umbilical vein endothelial cells (HUVEC).

11. The three-dimensional fibrin engineered tissue construct according to claim 8, wherein
the fibroblast cells are human foreskin fibroblasts, human embryonic fibroblasts, mouse
embryonic fibroblasts, skin fibroblast cells, vascular fibroblast cells, myofibroblasts,

smooth muscle cells, or mesenchymal stem cells (MSCs)-derived fibroblast cells.

12. The three-dimensional fibrin engineered tissue construct according to claim 1, wherein
the tissue-specific cells are muscle cells, pancreatic beta cells, osteoblasts, chondrocytes,
myoblasts, adipocytes, neuronal cells, glial cells, cardiomyocytes, liver cells, urethral cells,
kidney cells, periosteal cells, bladder cells, odontoblasts, dental pulp cells, periodontal
cells, tenocytes, lung cells, cardiac cells, skeletal cells, stem cell, iPS cell derived tissue

specific cells, or a combination thereof.
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13. The three-dimensional fibrin engineered tissue construct according to claim 12,
wherein the tissue specific cells are myoblasts, pancreatic beta-islet cells, cardiomyocytes,

liver cells, lung cells, neural cells, bone or kidney cells.

14. The three-dimensional fibrin engineered tissue construct according to claim 1(i),
comprising a combination of a co-culture of HUVEC and human foreskin fibroblast cells
and myoblasts, wherein the cells are encapsulated within a three-dimensional fibrin gel and
said fibrin gel is based on a mixture of fibrinogen and thrombin at a concentration enabling

formation of blood vessel network in vitro and in vivo.

15. The three-dimensional fibrin engineered tissue construct according to claim 1(ii),
comprising a co-culture of HUVEC and human foreskin fibroblast cells or a combination
of said co-culture and myoblasts, encapsulated within a hybrid scaffold of fibrin gel and a
polymeric synthetic scaffold selected from a PLLA/PLGA sponge or a polyglycolic acid

mesh.

16. A method for the preparation of a three-dimensional fibrin engineered tissue construct
of claim 1, comprising the steps:

(i) mixing at least one type of vascular cells or a combination of ‘at
least one type of vascular cells and tissue specific cells with a
thrombin solution and transferring the thrombin-cell suspension to
a silicone tube mold that may contain a polymeric synthetic
scaffold at the bottom;

(i)  adding a solution of fibrinogen to the silicone tube mold and

© mixing for a short period;

(iii)  incubating the silicone tube mold to allow polymerization of the
fibrinogen; and

(iv)  removing the silicone tubes and adding a cell medium, thus

obtaining the desired fibrin engineered tissue construct.

17. A pharmaceutical composition comprising a three-dimensional fibrin engineered tissue

construct according to any one of claims 1to 15, and a physiologically acceptable carrier.
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18. The pharmaceutical composition according to claim 17, wherein the three-dimensional
fibrin engineered tissue construct comprises fibroblasts and endothelial cells, for use in

areas of ischemia and for promoting vascularization.

19. The pharmaceutical composition according to claim 17, wherein the three-dimensional
fibrin engineered tissue construct comprises two types of vascular cells in combination
with tissue specific cells, for use in generation of three-dimensional vascularized tissue

construct for transplantation.

20. The pharmaceutical composition according to claim 19, wherein said vascular cells are
endothelial cells and fibroblasts and said tissue specific cells are muscle cells, e.g,
myoblasts or myocytes, for use in generation of three-dimensional vascularized muscle

construct for transplantation.
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