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TREATED TISSUE FOR IMPLANTATION AND PREPARATION METHODS

BACKGROUND
Surgical heart valve replacement may involve
5 implantation of one of three distinct prosthesis types;
mechanical (synthetic), bioprosthetic (chemically-fixed
porcine valve or bovine pericardium), or human allograft.
These prostheses provide effective hemodynamic
improvement for replacement of native aortic valves that
10 are either congenitally malformed or have been damaged by
degenerative changes or disease resulting in either
aortic insufficiency or acortic stenosis. Of the
approximately 55,000 aortic valve implants annually in
the U.S., 75% are mechanical valves. The remainder of
15 the replacements are of transplanted tissues. Of these,
over 80% are porcine bioprostheses; the relatively small
number of allografts (2,500 per year) is primarily due to
their limited availability.
The criteria for an ideal prosthesis would
20 include natural'hemodynamics, long-term dQurability, low
incidence of thromboembolic complications, freedom from
calcification, proven lack of immunogenicity and no
inappropriate hyperplastic responses focllowing implanta-
tion. Even in autologous transplant situations, the

25 surgical handling of the tissue, such as vein grafts, may
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itself ba a stimulus for tissue hyperplasia and

subsequent failure of the graft.

In accordance with this invention, heart
valves, pulmonary and aortic, may be prepared having
advantagaous properties with respect to wear, tendency to
calcify, stimulation of immune responses, and reduced
difficulty in acquisition. It is also applicable to
other forms of tissues particularly those composed of
structural interstitial collagens.

Various synthetic grafts and mechanical organs
have been developed and are currently in use. However,
these syathetic replacements are known to be subject to
embolic complications or decreases in material strength
over long periods of implantation. Although structural
moedifications in mechanical prostheses such as heart
valves have been improved with respect to their wear
characteristics, they remain liable to valve malfunction,
which may occur suddenly and without warning, resulting
in emergency situations requiring surgical intervention
and replacement of the artificial prosthetic device.
Because of the surface properties of synthetic/mechanical
prostheses used in the vasculature, platelet adhesion
increases the likelihood of thrombus formation and
anticoagulant therapy must be provided for the life of
the implant and makes such implants undesirable for
certain groups of potential recipients (for example,

women of child-bearing years).
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One altermative, bioprosthetic heart valves,
are prepared from valve tissues of porcine or bovine
origin. Because these are species discordant
immmologically from man, they are rapidly rejected by
the implant recipient despite the use of
immunosuppression drug therapy that would otherwise
maintain an allograft. Significantly, these tigsues are
liable to hyperacute rejection by the recipient because
Oof the presence in the recipient of preformed natural
antibodies which recognize antigens on the surface of
Loreign cells, particularly those of the endothelial
lining of heart valves and blood vessels. While bovine
Or porcine valve tissues are structurally and
biocmechanically appropriate for use in humans, the
potential of such foreign tissue to stimulate immune
rejection in the recipient has in the past dictated
Lreatments with chemical cross-linking agents such as
glutaraldehyde. Such treatment of the tissue reduces the
stimuiation of an immnological response by the recipient
Lo the foreign tissue, and also stabilizes the collagen
protein of the resulting non-viable valve tissue making
it more resistent to degradation by proteoclytic enzymes.
However, because these tissue grafts are non-viakle,
there is no biosynthetic mechanism to repair structural
proteins broken down during the operation of the tissue
in the recipient. Such tissue gratts tend to calcify
with time, increasing the risk of structural damage and

congsequential failure. While occurring with less
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freguency relative to mechanical grafts, thromboembolism
is also a patient management issue for recipients of
these grafts.

Similarly, organs such as kidneys have been
transplanted allogeneically from one sibling to another
in an effort to minimize immunologically mediated
reactions in the transplant recipient, which would result
in organ rejection. These patients, as well as patients
receiving transplant organs from donors other than a
sibling, are frequently administered drugs to suppress
their immune system. While the immunological response to
trangplant tissue or organs may be suppressed through the
use of immunosuppressant drugs to minimize rejection,

immnosuppressant therapy is general in nature. Hence,

. immunosuppressant drugs also tend to suppress the immune

response generally, which reduces the transplant
reciplent’s ability to combat infection.

More recently processes have been described for
generating improved bioprosthesis for human or mammalian
implant, by treatment of non-human tissue. See, Orton,
E. Christopher, U.S. 5,192,312. Orton discioses
generation of implant tissue by removing native cells
from tissue of, for example, porcine origin; and then,
repopulating the tissue with new cells in the presence of
growth factor. The repopulating cells are
immunologically compatible with the intended implant

recipient. The biografts produced by this process are
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free from many of the disadvantages of other prior art

bioprosthesis.

SUMMARY OF THIS INVENTION

This invention provides new and advantageous
procesgses for generating implant tissue suitable for
impiant in humans or other mammals. The process of this
invention generally relates to treatment of xenogeneic or
allogeneic tissue to Qenerate a viable bioprothesis which
does not produce an adverse immune response by the
recipient upon implant, and possesses the regenerative
capabilities of allografts, while exhibiting only limited
propensity to calcify and little stimulation of

thromboembol ism.

In accordance with the foregoing, the process
of this invention includes the steps of preparing a
xenogeneic (or allogeneic) tissue matrix for further
processing by removing native cells and other antigens
and cellular debris from the decellularized tissue
matrix, and treating the matrix to inhibit generation of
new immunological sites. This tissue matrix is then
treated with the cellular adhesion factors described
below to emhance attachment of cells to the matrix during
the process of repopulating the tissue matrix with such
new cells.

Depending upon the cells used to repopulate the
natural tissue matrices, differing properties of the

species hybrid bioprosthesis may be obtainable, such as
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the abllity to synthesize proteins ctherwise atypical for
the natural tissue at the site of implantation or unique
to certain age groups. These hybrid grafts would combine
the structural advantages of bioprosthetic grafts with
5 the functional and regenerative capabilities of

allografts as well as display attenuated or no immune
responge, limited propensity to calcify, and little
stimilation of thromboembolism. As with all
bioprosthetic grafts currently in use, these modified

iD tissues would not be supply limited and would afford the
functionality of the graft to more recipients. In
addition, these grafts would not be necessarily
chemically altered to make them stable to the recipient’s
immine system; therefore, such materials would display

15 biomechanical properties more like those of the tissue
they are used to reﬁlace.

The invention described herein is useful for
generating bioprosthetic xenografts suitable for human
implantation. It is particularly well suited for

20 generating xenogeneic grafts in which the major
structural component is connective tigsue matrix, such as
heart valves, particularly heart valves of porcine or
bovine origin. Examples of other tissues suitable for
use in this invention may be, but are not limited to,

25 aortic heart valves, pulmonary heart valves, fascia lata,
dura mater, pericardium, meniscus, skin, ligament,

tendon, and other connective tissue structures.
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Thus 1n one aspect, the present invention provides
a process for generating implant tissue from collagenous
tissue or connective tissue the process comprising: A.
reducing or eliminating native cells from the collagenous
tissue or connective tissue to provide a tissue matrix; B.
treating the tissue matrix with cellular adhesion factor to
promote subsequent attachment of cultured allogeneic or
autologous cells to the surfaces of the tissue matrix; and

C. repopulating the tissue matrix with the cultured

allogeneic or autologous cells.

In another aspect, the present invention provides
a process for treating xenogeneic tissue to produce a
xenogeneic tissue having improved compatibility with the
immune system of an implant recipient of a species different
from the species of the source of the xenogeneic tissue,
comprising the steps of A. applying an amount of cellular
adhesion factors to a decellularized xenogeneic tissue
matrix effective to promote the subsequent attachment of
cultured cells to the xenogeneic tissue matrix, wherein the
cellular adhesion factors comprise one or more extracellular
proteins ordinarlily associated with the xenogeneic tissue in
a liquid vehicle, and B. repopulating the xenogeneic tissue
matrix with autogeneous or allogeneic cells to provide a
substantially non-immunogenic and biomechanically acceptable
implant or graft which is vitalized by the cellular
repopulation and has improved compatibility with the immune
system of the implant recipient, wherein the xenogeneic

tissue 1s generated from collagenous or connective tissue.

In another aspect, the present invention provides
a process for generating a xenogeneic implant or graft from
non-human collagenous tissue or connective tissue, the
process comprising A. treating the collagenous tissue or

connective tissue to decellularize it and remove cellular
6a
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and extracellular antigens to provide a tissue matrix; B.
treating the tissue matrix with adhesion factors comprising
fibronectin and heparin effective to promote attachment
thereto of fibroblast cells immunologically acceptable to
the i1mplant or graft recipient; and C. repopulating the
tissue matrix treated with adhesion factors by incubating
the tissue matrix in the presence of the fibroblast cells
and fibroblast growth factor until such cellular
repopulation provides a vitalized tissue, and wherein the
xenogeneic implant or graft so generated is mechanically,

biochemically and immunologically suitable for implantation.

In another aspect, the present invention provides

a process for generating a substantially non-immunogenic
tissue matrix suitable for subsequent processing into an
implant tissue which comprises the steps of eliminating

native cells comprising treating a tissue with components
selected from the group comprising enzymes and nucleases
effective to inhibit subsequent native cell growth in the
treated tissue and effective to limit generation of new

immunological sites in the tissue.

In another aspect, the present invention provides
a process for generating a Xenogenelic heart valve from
porcine or bovine heart valve tissue which is histologically
and 1mmunologically suitable for implantation in a human or
mammalian recipient comprising: A. decellularizing the
porcine or bovine heart valve tissue to provide a tissue
matrix substantially free of native cellular antigens and
treated to limit generation of new immunological sites; B.
applying cellular adhesion factors to the tissue matrix,
comprised of one or more extracellular proteins ordinarily
assoclated with the natural tissue, effective to promote

attachment of fibroblast cells to the tissue matrix, and.

6b



10

15

20

CA 02185447 2004-09-01

65902-129

repopulating the tissue matrix with allogeneic or autologous
fibroblast cells in the presence of fibroblast growth factor
immunologically acceptable to the implant recipient to

provide a vitalized valve tissue.

In another aspect, the present invention provides
a process for generating a graft or heart valve implant
suitable for use in a human comprising: A. preparing a
porcine heart valve tissue matrix by decellularizing native
porcine heart valve tissue and treating it with enzymes or
nucleases effective to decellularize the native porcine
heart valve tissue and provide a tissue matrix of limited
immunogenicity; B. applying an effective amount of human
plasma fibronectin and heparin to the tissue matrix to
promote cellular attachment of allogeneic or autologous
fibroblast cells; and C. repopulating the tissue matrix with
fibroblast cells by incubating the tissue matrix in a
nutrient media coumprised of cultured human fibroblast cells

and human recombinant fibroblast growth factor.

The invention further provides implant tissues,
tissue matrices, and xXenogeneic valves generated in

accordance with the processes of the i1nvention.

6C
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BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1. Photomicrograph of a fresh acortic

leaflet.
Figure 2a. Photomicrograph showing pulmonary
5 valve conduit after decellularization.

Figure 2b. Photomicrograph showing myocardium

after decellularization.

Figure 3a. Photamicrograph of decellularized

aortic leaflet.

10 Figure 3b. Photomicrograph of repopulated
acrtic leaflet.
Figure 4. Collagen and Non-collagen Protein
Synthesis in Porcine Acortic Heart Valve Leaflets
Figure 5. Reactivity of Rabbit Antisera Raised

15 to Extracts of Cryopreserved or Depopulated Porcine Heart

Valve Leaflets - Antibody Capture.
Figure 6a. Photomicrograph showing the minimal

cellular response triggered by decellularized porcine

heart valve leaflets after implantation.

20 Figure 6b. Photomicrograph showing cellular
response triggered by cryopreserved porcine acrtic valve
leaflet after implantation.

Figure 7a. Photomicrograph of fresh porcine

aortic valve leaflet assaved for pig cell associated

25 antigen.

Figure 7b. Photomicrograph of decellularized
porcine aortic valve leaflet assayed for pig cell

asgocliated antigen.



WO 95/24873 PCT/US95/02350 .

2185447

Figure 8. Stress-Strain Relaticns of Porcine

Aortic Valve Leaflets.

Figure S. Stress Relaxation Curves of Porcine

Aortic Leaflets After Preconditioning.

5 Figure 10. Tensile Failure Data for Porcine
Aortic Valve Leaflets.
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DETALILED DESCRIPTION OF THE INVENTION
Depending on the type of transplant intended,

if the recipient is human, the initial transplant tigsue
or organ may be of non-human origin. These tissues or
organs may be cbtained at approved slaughterhouses fram
animals fit for human consumption or from herds of
domesticated animals maintained for the purpose of
providing these tissues or organs. The tissues or organs
are handled in a sterile manner, and any further
dissection of the tissue or organs is carried out under
aseptic conditions.

Transplant tissue originating £rom a non-human
sources and intended for use in a human recipient may be
processed to generate a hybrid xenograft or xenogeneic
implant tissue, which is formed f£rom a non-human tissue
matrix, free of native cells and other antigenic
components and which is populated with viable human

cells. The steps of the process for generating such

immunologically tolerable implants are described below.

After collection and dissection, the transplant
tissue may be sterilized by incubating it in a sterile
buffered nutrient solution containing antimicrobial
agents, for example an antibacterial, an antifungal, or a
sterilant compatibie with the transplant tissue.

The sterilized transplant tissue may then be
cryopreserved for further processing at a later time or

may immediately be further processed according to the
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next steps of this process including a later
cryopreservation of the tissue matrix or other tissue

products of the process.

L 11ularizati

A preliminary step of this invention calls for
elimination of native viable cells as well as other
cellular and acellular structures or camponents which may
elicit an adverse immune response by the implant
recipient.

Several means of reducing the wviability of
native cells in tissues and organs are known, including
physical, chemical, and biochemical methods. See, e.qg.
U.S. Patent No. 5,182,312.

such methods may be employed 1n accordance

with the process described herein. However, the
decellularization technique employed should not result in
gross disruption of the anatomy of the transplant tissue
or substantially alter the biomechanical properties of
its structural elements. The treatment of the tissue tO
produce a decellularized tissue matrix should also not
leave a cytotoxic environment that mitigates against
subsequent repopulation of the matrix with cells
allogeneic or autologous with respect to the recipient.
Cells and tissues that are allogeneic for the recipient
are those that originate with or are derived from a donor

of the same species as the recipient. Autologous cells

10
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Or tissues are those that originate with or are derived

from the recipient.

Physical forces, for example the formation of
intracellular ice, can be used to decellularize
Crapsplant tissues. For example, vapor phase freezing
(8low rate of temperature decline) of intact heart valves
can reduce the cellularity of the heart valve leaflets as
compared to liquid phase freezing (rapid). However, slow
freezing processes, in the absence of cryoprotectant, may
result in tissue disruption such as the cracking of heart
valve conduits. Colloid-forming materials may be added
during freeze-thaw cycles to alter ice formation patterns
in the tissue. Polyvinylpyrrolidone (10% w/v) and
dialyzed hydroxyethyl starch (10% w/v) may be added to
Standard cryopreservation solutions (DMEM, 10% DMSO, 10%
fetal bovine serum) to reduce extracellular ice formation
while permitting formation of intracellular ice. This
allows a measure of decellularization while affording the
collagenase tissue matrix some protection from ice
damage. Additionally, it is noted, that tissues,
particularly heart valve conduits, will crack if rapidly
Irozen irrespective of the presence of cryoprotectant.

Alternatively, various enzymatic or other
Chemical treatments to eliminate viable native cells from
implant tissues or organs may be used. For instance,
extended exposure of cells to proteases such as CLrypsin

result in cell death. However, because at least a

portion of the type I collagen molecule is sensitive to a

11
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variety of proteases, including trypsin, this may not be
the apprﬁach ocf choice for collagencus grafts intended
for implant in high mechanical stress locations.
Combinations of different classes of
detergents, for example, a nonicnic detergent, Triton X-
100, and an anionic detergent, sodium dodecyl sulfate,
may disrupt cell membranes and aid in the removal of
cellular debris from tissue. However, steps should be
taken to eliminate any residual detergent levels in the
tigsue matrix, so as to aveoid interference with the later

repopulating of the tissue matrix with viable cells.

The decellularization of the transplant tigsue

| .

is preferably accomplished by the administration of a
solution effective to lyse native cells in the transplant
tigsue. Preferably, the sclution may be an aguecus
hypotorniic or low ionic strength solution formulated to
effectively lyse the native tissue cells. Such an
agqueous hypotonic sclution may be de-ionized water or an
aqueous hypotonic buffer. Preferably the aqueous
hypotonic buffer may contain additives that provide sub-
optimal conditions for the activity of selected
proteases, Ior example collagenase, which may be released
as a result of cellular lysis. Additives such as metal
ion chelators, for example 1,10-phenanthroline and
ethylenediaminetetraacetic acid (EDTA), create an
enviromment unfavorable to many proteolytic enzymes.
Providing sub-optimal conditions for proteases such as

collagenase, may assist in protecting the tissue matrix

12
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from degradation during the lysis step. Particularly,
suboptimal conditions for proteases may be achieved by
formulating the hypotonic lysis solution to eliminate or
limit the amount of calcium and zinc ions available in
solution. Many proteases are active in the presence of
calcium and zinc ions and lose much of thelir activity in
calcium and zinc ion free environments.

Preferably, the hypotonic lysis solution will
be prepared selecting conditions of pH, reduced
availability of calcium and zinc ions, presence of metal
ion chelators and the use of proteolytic inhibitors
gpecific for collagenase, such as R;-anticollagenase, such
that the solution will optimally lyse the native cells
while protecting the underlying tissue matrix from
adverse proteclytic degradation. For example a hypotonic
lysis solution may include a buffered solution of water,
pPH 5.5 to 8, preferably pE 7 to 8, free from calcium and
zinc ions and including a metal ion chelator such as
EDTA. Additionally, control of the temperature and time

parameters cduring the treatment ©f the tissue matrix with

the hypotenic lysgsis solution, may also be employed to

limit the activity of proteases.

It is preferred that the decellularization
treatment of the tissue matrix also limits the generation
of new immunclogical sites. While collagen is typically
substantially non immunogenic, partial enzymatic
degradation of collagen may lead to heightened

immunogenicity. Accordingly, a preferable step of this

13
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process includes treatment of the tissue with enzymes,
such as nucleases, effective to inhibit cellular
metabolism, protein production and cell division without
degrading the underiving collagen matrix. Nucleases that
5 can be used for digestion of native cell DNA and RNA
include both exonucleases and endonucleages. A wide
variety of which are suitable for use in this step of the
process and are commercially available. For example,
exonucleases that effectively inhibit cellular activity

10 include DNAase I (SIGMA Chemical Company, St. Louis, MO.)
and RNAase A (SIGMA Chemical Company, St. Louis, MO.) and
endonucleases that effectively inhibit cellular activity
include EcoR I (SIGMA Chemical Company, St. Louis, MO.)
and Hind III (SIGMA Chemical Company, St. Louis, MO.).

15 o It is preferable that the selected nucleases
are applied in a physiological buffer solution which
contains ions which are optimal for the activity of the
nucleage, such ions include magnesium and calcium salts.
It is also preferred that the ionic concentration of the

20 buffered solution, the treatment Cemperature and the
length of treatment are selected to assure the desired
level of effective nuclease activity. The buffer is
preferably hypotonic to promote access of the nucleases
Lo the cell interiors. For treatment of endogenous

25 endothelial cells of non-human heart valve tigsue,
particularly valves of porcine or bovine origin the
tissue is preferably treated with a physiclogically

buffered medium comprised of nucleases DNAase I and

14
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RNAase A. Preferably, the nuclease degradation solution
contains about 0.1 pg/ml to 50 pg/ml, preferably 10
ug/ml, of the nuclease DNAase I, and 0.1 pg/ml to 10
pg/ml, preferably 1.0 pg/ml, of RNAase A. The tissue may
be decellularized by application of the foregoing at a
temperature of about 20°C to 38°C, preferably at about
37°C for about 30 minutes to 6 hours, while at the same
time the generation of new immnological sites as a
result of collagen degradation is limited.

Other enzymatic digestions may be suitable for
use herein, for example, enzymes that will disrupt the
function of native cells in a transplant tissue may be
used. For example, phospholipase, particularly
phospholipases A or C, in a buffered solution, may be
used to inhibit cellular function by disrupting cellular
membranes of endogencus cells. Preferably, the enzyme
employed should not have a detrimental effect on the
tissue matrix protein. The enzymes suitable for use may
alsc be selected with respect to inhibition of cellular
integrity, and also inciude enzymes which may interfere
with cellular protein production. The pH of the vehicle,
as well ag the composition of the vehicle, will also be
adjusted with respect to the pH activity profile of the
enzyme chosen for use. Moreover, the temperature applied
during application of the enzyme to the tigsue should be
adjusted in order to optimize enzymatic actiwvity.

Subsegquent to the chosen decellularization

treatment, the resultant transplant tisgue matrix is

15
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washed to assure removal of cell debris which may include
cellular protein, cellular lipids, and cellular nucleic
acid, as well as any extracellular debris such as
extracellular soluble proteins, lipids and proteogliycans.
Removal of this cellular and extracellular debris reduces
the likelihood of the transplant tissue matrix eliciting
an adverse immne response from the recipient upon
implant. For example, the tissue may be incubated in a
balanced salt solution such as Hanks’ Balanced Salt
Solution (HBSS). The composition of the balanced salt
golution wash, and the conditions under which it isg
applied to the transplant tissue matrix may be selected
to diminish or eliminate the activity of the nuclease or
other enzyme utilized during the decellularization
process. Such a balanced salt wash solution would
preferably not contain magnesium or calcium salts, and
the washing process may inciude incubation at a
temperature of between about 2°C and 42°C, with 4°C most
preferable. The transplant tissue matrix may be
incubated in the balanced salt wash solution for up to 10
to 12 days, with changes in wash solution every second or
third day. Optiocnally, an antibacterial, an antifungal
Or a sterilant or a combination thereof, may be included
in the balanced salt wash solution to protect the
Cransplant tissue matrix from contamination with

environmental pathogens.

Where the tissue being prepared for

transplantation by the process of this invention is skin,

16
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the decellularized tissue matrix may be utilized without
the subsequent steps of in vitro cellular repopulation.
The decellularized and substantially non-immunogenic
tissue matrix, is suitable for implant into a recipient.
The reduced immunogenicity of the skin tissue matrix will
increase the tolerance of the transplanted skin by the
recipient’s immune system. The implant may then be
repopulated in vivo by the implant recipient’s own cells.
Prior to use as a skin graft, the skin matrix may be
CLreated to enhance the ingrowth and attachment of the
recipient’s own skin cells. For instance, the matrix may
be treated with adhesgion factors or growth factors, such
as keratinoctye growth factor, or both, to enhance the
infusion of keratinocytes.

The tissue matrix prepared in accordance with
the above is free of its native cells, and additionally
cellular and extra-cellular antigen components have been
washed out of the tissue matrix. Preferably the tissue
matrix has been treated in a manner which limits the

generation of new immunological sites in the collagen

matrix. The tissue matrix, however, retains the
essential biomechanical strength necessary to provide the
framework for further processing of the matrix.

The tissue matrix processed according to this
invention may be cryopreserved for later use.
Cryopreservation of decellularized transplant tissue
would assure a supply or inventory of substantially non-

immunogenic tissue matrices which, upon thawing, would be
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ready for further treatment according to the subsequent
steps of ‘this invention, or further processed as desired
to provide an implant tissue product. For example,
tissue matrices may be inventoried until such time as the
particular cells to be employed during repopulation are
identified. This may be of particular utility when the
tissue matrix is to be repopulated with cells derived
from the recipient or other cells selected for use based
on their immunological compatibility with a specific
recipient.

It is also envisioned that native transplant
tissue may be cryopreserved prior to undergoing any of
the processes of this invention. Tissues which are not
decellularized retain their native cells in conjunction
with the collagenous tissue matrix. Upon thawing these
tissues may be further processed. Beneficially, the
cryopreservation of intact transplant tissue may also aid
in the depopulation of the tissue as a result of cellular
death brought on by cryopreservation.

Techniques of cryopreservation of tissue are
well known in the art. Brockbank, K.G.M. Baslic
Principles of Viable Tissue Preservation. In:
Transplantation Technigues ang e Ol LYy Opreserverc

[l

- oqrart argdls Valves & d vasular A8 D.R. Clarke

e . M—

(ed.), Adams Publishing Group, Ltd., Boston. pp 9-23,

discusses cryopreservation of tissues and organs.
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The tissue matrix, whether or not having been
Cryopreserved, may be next treated to enhance the
adhesion and inward migration of the allogeneic or

autologous cells, In vitro, which will be used to

5 repopulate the transplant tissue.

Cell Adhesion
While not wishing to be bound by theory, there
are several factors believed to effect the attachment of
cells t£o tissue. For example, the adherence of
10 fibroblasts to tissue surfaces involves interactions
between the cell membrane and extracellular matrix
components of native tissue such as fibrillar and sheet-
forming collagen, proteoglycans, and glycoproteins. In
vitro, dermal fibroblasts cultured without serum attach
15 - rapidly and equally to types I and IV collagen. The
extent of attachment is increased by the addition of
serum {(human or fetal bovine, maximal binding with 1%
serum) and by purified fibronectin to the culture medium.

Each of the two homologous subunits of fibronectin has

20 two cell recognition regions, the most important of which
has the Arg-Gly-Asp (RGD) sequence. A second site,
binding glycosaminoglycans, acts synergistically and
appears to stabilize the fibronectin-cell interactions

mediated by the RGD sequence. Heparin sulfate along with

25 chondroitin sulfate are the two glycosaminoglycans
identified on cell surfaces. Heparin sulfate is linked

Lo core proteins (syndecan or hyaluronectin) which can
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either be integral or membrane spanning. Cellular
binding sites for extracellular matrix glycoproteins are
calléd integrins and these mediate tight binding of cells
to the adhesion factors. Each adhesion factor appears to

5 have a specialized integrin although a single integrin
may bind to several extracellular matrix factors.
Fibroblasts, when adherent to intact fibronectin (cell
and heparin-binding domains) display a contracted
morphology with focal adhesions. Without the heparin

10 binding domain, fibroblasts will spread but fail to
develop focal adhesions.

Thus, a combination of factors may determine

the rate at which cells can bind to a tissue surface.
Many of these are fibroblast products, although some like

15 fibronectin may be derived from serum supplementation as

well. The rate at which these factors are expressed and

secreted by cells will affect the attachﬁent of cells to

surfaces, and cytokines such as fibroblast growth factor

and transforming growth factor-8 are positive regulators
20 of fibroblast collagen and fibronectin production.

It is believed that the effective attachment of
cells to the tissue matrix ig promoted by the interaction
between the cell membrane, and extracellular components
asgoclated with the corresponding implant tissue.

25 Accordingly, for a given cell type, and tissue type
chosen for use, appropriate treatments which promote
cellular attachment to the decellularized tissue matrix

include treatment with extracellular tissue components
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and, particularly, extracellular proteins, such as
glycoproteins and/or proteoglycans or glycosaminoglycans
which are effective to promote attachment of cells to the
decellularized tissue matrix. Accordingly, a preferred

5 technique for repopulating the tissue matrix with cells
ig carried out by first treating the decellularized
tissue matrix with cellular attachment factor effective
LO promote the attachment of the repopulating cells to
the decellularized matrix.

10 For example, the decellularized tissue matrix
may be incubated in nutrient solution containing
extracellular matrix protein such as fibronectin and s
glycosaminoglycan for a period effective for binding of
the fibronectin to surfaces of the transplant tissue

15 matrix to be repopulated. Preferred buffers for use with
fibronectin/glycosaminoglycan inciude sodium

phosphate/glycerin/bovine serum albumin (Fetal Bovine

Serum, BIO-WHITTAKER) and Dulbecco’s Modified Eagle’'s
Medium (DMEM), (GIBCO). ‘These buffers typically are used
20 Lo provide a physioclogical acceptable pH of about 7.0 to
7.6. The presence of the extracellular matrix proteins
establish a surface on the tissue matrix to which the
cells that have been chosen to repopulate the matrix
attach. The stimulus of the extracellular matrix protein
25 promotes cell repopulation in the graft.
The preferred extracellular matrix protein for
use herein is the intact molecular form of fibronectin

(Human Plasma Fibronectin, UPSTATE Biotechnology, Inc.).
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This heterofunctional glycoprotein has affinity for
extracellular matrix proteins, proteogiycans, and certain

cell types. The fibronectin treatment solution
preferably also contains a proteoglycan which may be
which may be one of the glycosaminoglycans heparin,
heparin sulfate, chondroitin, chondroitin sulfate,
dermatin, or dermatin sulfate. It is believed that the
glycosaminoglycan promotes and stabilizes the binding
between fibronectin and the tissue matrix associated
collagen. The matrix advantageously is capable of
interaction with fibronectin because it is not chemically
cross-liinked.

A source of fibromectin is from human blood,
processed to limit contamination with virus. The
preferred glycosaminoglycan is heparin. The
concentration of glycoprotein used as the adhesion factor
to ftreat the tissue matrix may range from about 1 to
about 100 pg/ml, with a fibronectin concentration of 10
pg/ml being preferred. The preferred weight ratioc of
fibronectin to heparin is about 10 parts fibronectin to

about 1 part glycosaminoglycan, e.g. heparin. This 1s

optimal for repopulation of porcine heart valve leaflets,
but may range from about 0.1:1 to about 10:0.1 depending
on the tigsue used.

Preferably the components of the nutrient
solution containing the adhesion factors are selected
gsuch that the solution is compatible with growth factors

which are later added to the nutrient medium that the
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transplant tissue matrix is incubating in. These growth
factors are employed to facilitate cell growth and

repopulation of the tissue matrix.

~e11 F lat
5 An important aspect of this invention is that

the decellularized transplant tigsue matrix may be
repopulated with cells in vitro. The cells employed to
repopulate the decellularized matrix may be allogeneic
cells cultured from the same species as the intended

10 implant recipient, or may be autologous cells cultured
from the implant recipient. In either case, the
autologous or allogeneic cells in the repopulated tissue
matrix, known as a heterograft or chimeric graft, will
elicit less of an adverse immune response than an

15 unprocessed xenogeneic transplant tissue.

It is also envisioned that cells employed to

repopulate the decellularized matrix may be cells that
have been genetically manipulated to enhance the
production of specific proteins. Numerous recombinant

20 DNA technologies are known in the art for altering,
enhancing, and modifying cell metabolism.

Repopulation may be accomplished by incubating

the tissue matrix treated with cell adhesion factors in a
nutrient medium containing the cells and growth factors

25 active to promote cell proliferation and, hence,

repopulation of the tissue matrix. A preferred cell type

for use herein is fibroblast cells.

23



WO 95/24873

10

15

20

PCT/US95/02350

2185447

A variety of substances may be employed to
enhance cell chemotaxis, increasing the rate of
directional movement along a concentration gradient of
the substance in solution. With respect to fibroblast
cells, fibroblast growth factor, platelet-derived growth
factor, transforming growth factor-$, and the substrate-
adhesion moleculesg, fibrillar collagens, collagen
fragments, and fibronectin are chemotactic for
fibroblasts. In contrast to cell adhesion, fibroblast
migration requires de novo protein synthesis; protein
gynthesis in normal fibroblastic cells is stimulated by
adhesicn of cells to fibronectin, 80 the processes of
cell adhesion and cell migration during repopulation are
belileved to be interrelated.

Lellular migration also allows cells to move
through the tissue matrix repopulating interior
interstitial spaces as well as the surfaces of the tissue
transplant matrix. -

The number of cells required to fully
repopulate particular transplant tissue matrices depends
upon the volume of the tissue used and the types of cells
provided. However, concentrations of 20,000 to 125,000
fibroblasts per milliliter may provide suitable coverage

of the heart valve leaflet and aortic conduit tissue.
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“ell Prolif - 5

The steps of cellular repopulation of the
tigsue matrix preferably are conducted in the presence of
growth factors effective to promote proliferation of the
cultured cells employed to repopulate the matrix. For
example, when fibroblast cells are employed, a growth
factor for use herein may be fibroblast growth factor
(FGF) , most preferably basic fibroblast growth factor
(bFGF) (Human Recombinant bFGF, UPSTATE Biotechnology,
Inc.).

The fibroblast growth factors (heparin-binding)
are a family of mitogens active on mesenchymal cells.
FGFg are not detected free in conditioned medium, instead
the FGFs are found in the extracellular matrix in -
asgociation with heparin sulfate, localizing in the
fibronectin-heparin layer prebound to the transplant
tissue matrix. The glycosaminoglycans stabilize FGF
activity and are required for FGF binding to cell surface
receptors where they stimulate autocrine/paracrine

growth.

The matrix and cells are preferably exposed to
bFGF continuously during the repopulation step to provide
for stimulation of cell replication and expression of
collagen protein synthesis, as required for normal valve
function. Culture times of the matrix with growth factor
range from 10 to 21 days. The concentration of growth

factor used to treat the tissue matrix may range from 100
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ng/mi to 10 pg/ml with a growth factor concentration for
bFGF of 2.5 pg/ml being preferred.
When fibroblasts are used as the graft-

repopulating cells the culture medium may include

5 Dulbecco’s Modified Eagle Medium (GIBCO) with 5-15% added
serum. Autologous recipient serum is preferred but
experience with implantation of allograft heart valves
suggests that bovine serum may be utilized in the growth
medium without adverse immunologic consequences to the

16 implant recipient. Continual stimulation of the cells
with serum and medium conditioned by the repopulating
cells may provoke a more rapid cellular repopulation of
the tissue matrix. The matrix, cells and growth factors
may be lncubated in a humidified atmosphere at 37°C

15 provided with a 95% air and 5% CO; mixture throughout the

cultureée period.

The transplant tissue matrix is cultured for a
time sufficient to produce a repopulated graft with
intersrcitial histology similar to that of fresh tissue.

20 Upon conclusion of the cellular repopulation process, the
tissue will also preferably display metabolic parameters

gimilar to those of fresh tissue.

~o11117 Viabilif
An important aspect of this invention is that

25 the repopulated transplant tissues are functioning and

viable prior to implantation in addition to being
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immunologically acceptable to the implant recipient or
substantially non-immnogenic. Various assays exist to
measure cellular activity and application of these assays
to the implant tissues of this process provide a method
of monitoring and quantifying the viability of the cells
which repopulate the implant tissue.

It is preferable that an assay be selected that
measures a cellular activity which bears a relation to
the intended function of the transplant tissue. For
example, the production of collagen is important in
maintaining a functioning heart valve. In heart valve
leaflets 5 to 15% of the total protein produced is
collagen. Of that at least 75% will be type I collagenmn.
Therefore in assaying a repopulated heart valve, 1t 1is
preferable to assay for total collagen produced by the
repopulating cells as an accurate measure of cellular
viability. Assaying for cellular activity by measuring
collagen production are well known in the art\. Examples
of references discussing assays for cellular collagen
production are Buckley, A. et al. 1980 Collagen
Metabolisa., Mg_;h_o_ds_qf_mm, 163:674-6S5, and
Hayashi, T. and Nagai, Y. 1979. Separation of the «a

Chains of Type I and IXII Collagens by SDS-polyacrylamide
Gel Electrophoresis, Journal of Biochemistry. 86:453-459.

Other assays that can measure cell viability
are envisioned for use in this invention. Total proteiln

synthesis as measured by the incorporation of [’H]proline
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is one such assay. Additional assays which may be useful
in measuring cellular viability include assays for the
metabolization of glucose and a variety of assays
directed toward mitochondrial activity. ‘

It is envisioned that any assay that
quantifiably measures a cellular function indicative of

viable cells may be used.

DifE ated Fupcts

Fibroblast cells are responsible for the

- production of most connective tissue components. They

synthesize different collagen types, and the phenotype
appears to be imposed by specific tissue environments;
i.e., cultured fibroblasts synthesize collagen types
according to their site of origin. Fibroblagts also
produce various glycosaminoglycans and fibronectin and
growth factors. Ib is the ability of dermal fibroblasts
to synthesize types I, III, and V collagens in the
proporticn present in the matrix of the heart valve
leafiet which makes them appropriate cells for
repopulating the transplant tissue matrix and forming the
hybrid graft described herein.

The cells which are used to repopulate the
particular graft can be varied within wide limits, and
different types of cells can be used in different
circumstances, depending upon the function of the trans-

plant, the nature of the tissue being replaced or
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augmented, the allergic sensitivity of the recipient in S —
addition to other factors.

A preferred embodiment of the invention uses
autclogous cells in the process described herein. A
tissue sample is taken from the recipient prior to
transplant or implant surgery. The tissue is treated, in
accordance with the methods described herein below, to
produce fibroblasts or other cells which are then used to
repopulate the allogeneic or xonogeneic tissue matrix, in
accordance with this process. By repopulating the
previously prepared decellularized and treated transplant
Cissue matrix with cells derived from the resected tissue
taken from the recipient, the likelihood of an adverse
immune system response and ultimately graft rejection can
be minimized or avoided.

The cell source can be selected to match the
tissue to be transplanted. For example, if a blood
vesgel 1s to be transplanted, cells can be taken from a
recipient’s healthy blood vessel and used as the source
of cells for graft repopulation. In this fashion, the
healthy graft can be very closely matched to the
recipient’s diseased tissue.

This aspect of the invention is particularly
useful when the transplant recipient is highly allergic,

or if the tissue is highly immunogenic, such as with

respect to transplantable blood vessels.

Alternatively, allogeneic cell lines which are

not likely to cause an unacceptable immune response upon
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implant may be used to repopulate the tissue matrix.
Cells with no more than a weak or tolerable allergic
regponse may be used to repopulate the tissue matrix to
provide a substantially non-immunogenic implant. These
cells may be naturally weakly immunogenic or be designed

by virtue of recombinant cell technology to be weakly
immunogenic.

Method for JIsolating Fibroblastg

The tissue used to provide the fibroblast cell
iink, for example skin (buttocks, thigh, or back) or
heart valve leaflets, is recovered sterilely and provided
to a processor in buffered nutrient medium. The tissue

ig cut into 1 mm’ pieces using a sterile dissection

technigque. Groups of 10 pieces are then placed in 35 mm

tigsue culture dishes with a limiting amount of culture

medium (DMEM plus 10% fetal bovine serum) sufficient to
wet the tissue but not float the pieces. Incubate for
one week at 37°C in a humidified culture incubator in a
5% CO, atmosphere in air. After one week of incubation,
each piece of tissue is surrounded by a dense outgrowth
of fibroblasts. Epithelial cells may alsc be present but
are lost during subsequent cell culturing. The
fibroblasts are removed by standard trypsin digestion
after. rinsing the cells with a calcium and magnesium-free
sterile buffered salt solution, and placed in larger cell
culture vessels with fresh culture medium. The cell

cultures can be expanded in this manner. The contents of
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one flask can be divided and placed into three larger
vessels, and this process can be repeated about once a
week. Cells recovered from these flasks are used ag the
gsource of repopulating cells. Cells obtained in this
mamer are preferable to commercially available cell
lines, because most cell lines are phenotypically altered
and are no longer responsive in a normal manner to growth
regulators (such as bFGF). Additionally most
commercially available cell lines do not produce natural

amounts and proportions of important protein products

(such as collagen).

A preferred embodiment of the invention
encompasses a xenograft treated to remove native cells
and soluble proteins, the conditions are chosen to be
nen-toxic to cells used to repopulate the xenograft and
chosen to render the final xenograft tissue matrix
biomechanically sound and intact. The depopulated
xenograft tissue matrix is then treated with extracel-
lular matrix glycoprotein factor and glycosaminoglycan.
The Xenograft is then treated with a growth factor and
glycosaminoglycan and incubated with exogenous cells that
adhere to the graft. These exogenous cell migrate into
the graft, proliferate within the graft, and express

essential proteins and other factors critical to the

function of the graft. The repopulated xenograft is

rendered biologically functional by the repopulating
cells and displays reduced or minimal immunogenicity as

compared to either untreated xenograft or chemically-
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fixed xenograft. The reduced antigenicity is a
consequence of the removal of xencantigens or
alloantigens during the initial depopulation of the
rigsue, and by the presence of repopulating cells which
are not recognized as foreign by the recipient. These
chimeric grafts should alsc display a reduced tendency
for calcification because cell debris, which forms either
ag the result of cell death during procurement of tissue
or during the decellularization of the tissue, is removed
by the washing regimen. Because these chimeric grafts
retain a lining layer of cells as a result of the above
described procedure, the tendency of thrombi and
microemboli to form should also be is reduced as compared
to mechanical structures, structures made of purified
biological molecules, and chemically-fixed bioprosthetic

tigsues.
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ESAMPLES

EXxample 1. Depopulation of porcine aortic valve

leaflets, aortic conduit, and associated myocardium
according to hypotonic lysis/nuclease digestion
5 procedure.

Pig hearts were obtained within two hours of
slaughter, in order to limit the effects of uncontrolled
cellular degradation on tissue structure, and returned to
the processing facility at 4°C in a sterile solution of

10 DMEM. Aortic heart valves were excised under sterile
conditions, incubated in antibiotic mixture for 16 hr at
37°C in nutrient medium in 5% CO; atmosphere, and
Cryopreserved (cooling rate « -1°C/min) in DMEM
containing 10% DMSO and 10% fetal bovine gserum. After

15 8torage at -179°C, the valves were thawed rapidly at
37°C. The leaflets, aortic conduit, and myocardium were
cut from the valve and divided portions of each tissue
Lype were either placed directly into 10% buffered
formalin for later histologic analysis or were processed

20 for depopulation. After washing in lactated Ringers-5%
dextrose solution three times for 15 min each at room
temperature, tissues were incubated in 18 MO water for 2
hr at room temperature followed by digestion in 10 pg/ml
DNAase I and 1 pg/ml RNAase A in 10 Mm Tris-Cl, pH 7.6,

25 containing 3 mM magnesium and 1 mM calcium salts at 37°C

for 120 min.
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After lytic treatments, tissues were incubated
for 8 days in DMEM-5% FBS. At this time, the treated
tissues were fixed in formalin. All fixed tissues were
mounted in paraffin, sectioned, and stained with
hematoxylin and eosin to visualize cells. 2
representative micrograph in Figure. 1 shows the pattern
of cellularity of a fresh aortic leaflet with an
endothelial laver on both the fibrosa and ventricularis
surfaces and fibroblasts throughout the full thickness of
the tissue. TFigures 2a and 2b show micrographs of
pulmonary valve conduit and myocardium, respectively,

after depopulation with essentially acellular appearance.

Exanple 2. ~ Repopulation of depopulated porcine aortic
valve leaflets with bovine dermal fibroblasts.

Porcine aortic leaflets were recovered and
depopulated as defined in EXAMPLE 1. Leaflets were
incubated in 5 ml NaH,PO./glycerin/BSA buffer at 37°C.
Human plasma fibronectin was added to the buffer to a
concentration of 10 pg/ml along with 1 pg/ml heparin fox
16 hr followed with addition of human recombinant bFGF to
a concentration of 2.5 pg/mil along with 0.83 pg/ml
heparin for an additional 6 hr. After this incubation,
bovine dermal fibroblasts, previously isolated by
standard explant culture technigques, were added to the
heart valve leaflets at 2x10° cell/ml. The leaflets and
cells were incubated for 11 days. Following incubation,

valve sections were placed in formal for histologic
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analysis. Figure 3a is a representative micrograph of a
decellularized aortic leaflet. Figure 3b is a
representative micrograph of a decellularized aortic
leaflet treated with both fibronectin and bFGF showing

5 repopulation with exogenous fibroblasts.

Exanple 3, Biochemical activity of fibroblasts in
repopulated as compared to fresh and depopulated tissues.
Porcine aortic heart valve leaflets were

depopulated as in EXAMPLE 1 and repopulated with two

10 different isolates of sheep dermal fibroblasts according
£o the technique in EXAMPLE 2. After 10 days of
repopulation, leaflets were moved to fresh vessels and
incubated for 48 hr in 1.0 pCi/ml [°Hlproline in DMEM
containing gentamycin and 50 pg/ml ascorbic acid, 50

15 . pg/ml R-aminopropionitrile. Total proteins synthesgized
were determined by 10% trichlorocacetic acid precipitated

radicactivity recovered from medium and tissue extracts

made 10 mM in N-ethylmaleimide, 25 mM in EDTA, and 10 mM
in phenylmethylsulfonyl fluoride to prevent proteolysis;

20 precipitated protein was further analyzed by digestion
with Clostridial collagenase free of non-gpecific
protease activity to define the collagen content. As
shown in Figure 4, protein synthetic activity of
depopulated tissue was nil. Following repopulation,

25 significant protein synthesis was detected by [*H]lproline
incorporation which was synthesized at the same rate as

was determined in fresh porcine tissue; collagen
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represented 3.6% of the total protein synthesis, and most

of thig was secreted into the medium. These results

indicaie that porcine leafletg rendered treated by the
depopulation procedures described in the preferred
embodiment of the invention display no protein synthetic
capacity in general and no collagen synthesis 1in
particular. The successful application of repopulation
procedures is indicated by the ability to impart the
cellular function of protein synthesis to the depopulated
leaflet by the provision of exogenous fibroblasts during

the repopulation procedure.

Example 4. Demonstration of reduced humoral immune
response to depopulated porcine leaflet extracts injected
in rabbits.

_Removal of cells and soluble proteins was
achieved by procedures described in EXAMPLE 1. The
immuinological consequences of depopulating leaflets were
investigated by comparison with cryopreserved viable
leaflets. The results of humoral immune response studies
are presented in Figure 5. The humoral immune response
was assessed using an antibody capture technique in which
antigen extracts in 0.1 M NaCl of ummodified
cryopreserved leaflets weaere used to screen sera from
rabbits immunized with NaCl extracts of either modified
cell depopulated leaflets or control leaflets. Emulsions
of such extracts were made in 50% (v/v) Freund’s complete

adjuvant; 0.1 ml portions of these emulsions were placed
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at ten intradermal sites along the backs of separate New
4ealand white male rabbits. After two weeks, the animails
were rechallenged with additional extracts of
cryopreserved or depopulated leaflets emulsified in
Freund’s incomplete adjuvant. After 1.5 months, the

animals were bled. Immune serz were prepared and were

to alkaline phosphatase. In Figure 5, the serum from
depopulated tissue recipients demonstrated ~50% of the
IgG response and <5% of the 1gM responsgse observed in
rabbits immunized with cryopreserved leaflet extracers.
These findings indicate attenuation of the humoral immune

response to tissue depopulated by the techniques

described in the preferred embodiment of the invention.

Examplie 5., Demonstration of reduced cellular immune
and inflammatory responses to depopulated porcine
leaflets implanted in rabbits.

Removal of cells and zoluble proteins was
achieved by procedures described in EXAMPIE 1. Divided
pieces of depopulated (acellular) and cryopreserved
(cellular) porcine aortic valve leaflets were inserted
into pouches formed in the dorsal subcubitae of New
Zealand white male rabbits. The pouches were closed and
after two weeks the implants and surrounding tissues
(8kin to muscle) were recovered surgically and fixed in

formalin for histopathologic analysisg after staining
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paraffin embedded sections with hematoxylin and eosin.
Figure 6 shows that depopulated leaflets engendered
minimal cellular responses compared with cryopreserved
controls. The cryopreserved tissue which contains both
an endothelial cell layer as well as fibroblasts
stimuiated significant immune and inflammatory cell
response with large numbers of heterophils and
lymphocytes and plasma cells in the implant area as well
as within the implants themselves. In depopulated tissue
implants, both inflammatory and immune cells were fewer

in number and more limited in distribution.

Example 6. Demonstration of removal of antigens
responsible for hyperacute rejection of porcine tissues
in a human recipient.

Removal of cells and soluble proteins from
porcine aortic heart valve leaflets and aortic conduit
was achieved by procedures described in EXAMPLE 1.
Divided pieces of these tissues and thelr counterparts
from fresh and cryopreserved porcine aortic heart valves
were fresh-frozen in ligquid nitrogen in cryosection
mounting medium, cut into 8-10 pm sections, mounted on
charge-modified glass slides. After fixation in 4°C
acetone, the tissues were probed with a biotin-conjugated
Bandeiraea simplicifolia lectin-I which binds to specific
galactose-el,3-galactose modified proteins found on the
membranes of porcine cells. These modified proteins are

the sites of binding of preformed natural antiporcine

38




WO 95/24873

10

15

20

25

PCT/US95/02350

2185447

antibodies that initiate hyperacute rejection responses
of porcine tissues in primates (including man). Proteins
binding this lectin were detected by then reacting the
sections with biotin-conjugated horseradish peroxidase-
avidin mixture, hydrogen peroxide, and 3,3’-
diaminobenzidine. Presence of porcine antigens is
detected by color development. In Figure 7a, microscopic
analysis of sections demonstrates cell associated antigen
in cryopreserved aortic leaflet. Figure 7b demonstrates
markedly diminished antigen binding after
decellularization of the aortic leaflet. This study
shows that the depopulation procedure as presented in the
preferred embodiment of the invention reduces critical
antigens likely to cause rejection of a porcine graft by

a human recipient.

Example 7. Biomechanical properties of depopulated
porcine aortic heart valve leaflets - stress-strain
analyses.

Porcine aortic heart valves, freshly obtained,
were sterilized with antibiotic mixture and cryopreserved
under conditions that maintain cellular viability. For
depopulation, aortic valves were thawed rapidly at 37°C,
then treated with low hypotonicity solution, nucleases,
and balanced salt scolution for 10 days. For
biomechanical testing, leaflets were cut into
circumferential or radial strips, mounted onto an Instron

Mcdel 1011 Materials Tester under calibrated clamping
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pressure. Tigsue was bathed in 37°C or 4°C Hanks
balanced salt solution during testing. After
determination of gauge length and 20 preconditioning
cycles (100 g load for circumferential strips and 180 g
for radial strips), each specimen was tested as follows:

1) A single load versus elongation test, results of
which are shown in Figure 8. Radial strips were more
extensible than circumferential under all conditions.
Tissue modulus was unaffected by any treatment, but
depopulated radial Btrips were significantly more
extensible than fresh tissue (113 : 11.8 vs. 85.9 t 8.6
mm/ ) ;

2) A stress relaxation test, results of which are
shown in Figure 9. For circumferential and radial s8trips
approximately 10% of the original stress was dissipated
in the first 10 sec. Overall, the rate of loss of stress
appeared greater in radial strips in general and was
fastest in cryopreserved radial sgtrips. At the
termination of the test, stress remaining in 37°C
depopulated circumferential strips was significantly
greater than in fresh tissue; there were no significant
differences in the radial strips; and

1} A tensile failure test, results of which are
shown in Figqure 10. For each condition, circumferential
strips were stronger, stiffer, and tougher than radial
strips. Cryopreservation and depopulation did not affect
these parameters measured in the circumferential

direction. Radial strips cut from tissue depopulated at
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either temperature did show greater toughness as compared

to fresh.

The description contained herein contains the
preferred embodiments of the invention. However,
numerous alternative embodiments are contemplated as
falling within the scope of the invention. By teaching
and by example, the important features of the invention
are demonstrated: 1) removal of xenogeneic cells and
cell membranes from a tissue potentially useful as an
implantable or transplantable graft in humans (shown by
histologic and biochemical analyses); 2) under the
influence of extracellular matrix glycoprotein,
glycosaminoglycan, and growth factor, the acellular
tissue can be repopulated with exogenous cells,
potentially derived from the recipient of the grafts; 3)
maintenance of biomechanical properties similar to those
of cryopreserved tissues which are themselves utilized as
stable graft matexrxials; and 4) as a result of the
depopulation procedure, the propensity of depopulated
tissue to stimulate an inflammatory and cellular and

humoral immune response in the recipient iz reduced.
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CLAIMS:

1. A process for generating implant tissue from
collagenous tissue or connective tissue, the process

comprising:

A. reducing or eliminating native cells from the
collagenous tissue or connective tissue to provide a tissue

matrix;

B. treating the tissue matrix with cellular
adhesion factor to promote subsequent attachment of cultured
allogeneic or autologous cells to the surfaces of the tissue

matrix; and

C. repopulating the tissue matrix with the

cultured allogeneic or autologous cells.

2. The process of claim 1 wherein the collagenous
tissue or connective tissue is selected from heart valve

tissue or blood vessels.

3. The process of claim 2 wherein the heart valve

tissue 1s pulmonary or aortic heart wvalve tissue.

4 . The process of a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>