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1
BIOACTIVE SCAFFOLDS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part of PCT Appli-
cation No. PCT/US2007/01°7242, filed Aug. 1, 2007, which

claims the benefit of U.S. Provisional Application No.
60/834,682, filed Aug. 1, 2006, the contents of both of which

are hereby incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION

(1) Field of the invention

The present invention generally relates to tissue engineer-
ing. More specifically, the invention 1s directed to improved
tissue scalflolds that comprise transgenic bioactive mol-
ecules.

(2) Description of the Related Art

Tissue engineering using scatiolds seeded with vertebrate
cells are widely used to produce varied tissues that are
utilized 1 vivo. Scaflolds can be used to make numerous
tissue types imcluding vascular tissue (US Patent Application
Publication 2003/0068817), cardiac or skeletal muscle, ner-
vous tissue (US Patent Application Publication 2004/
0078090), skin (W0O99/43787), and others (See, e.g., US
Patent Application Publications 2004/0173366, 2004/
0078090 and US 2003/0068817, and PCT Publications
W099/43787, WO03/041568, W0O03/044164, and WOO03/
082145). Scatlolds for various connective tissues (e.g.,
bone, cartilage, tendon, meniscus, fibrocartilage and liga-
ment) are particularly well developed (Sharma and Elisseell,
2004 Frenkel and DiCesare, 2004; Almarza and Athanasiou,
2004; U.S. Pat. Nos. 6,737,053; 6,214,369; 6,398,816;
5,906,934, 5,700,289; 4,846,835, PCT Publication WOO03/
043486).

Further development of tissue engineering methods 1s
particularly needed for rotator cuil tears. Rotator cull tears
are a very common cause of pain and disability. The tendon
stabilizes the shoulder by holding the head of the humerus
in the glenoid cavity of the scapula (Dahlgren et al., 2001).
Occupational shoulder injuries are one of the most frequent
patient complaints, second only to back pain (Soslowsky et
al., 1997). Among the tendons of the rotator cufl of the
shoulder, the supraspinatus tendon i1s the one often most
aflected (Thomopoulos et al., 2002). Even though the 1nci-
dence of rotator cufl tear and shoulder injury 1s high, the
pathophysiology of rotator cull 1njury and healing 1s poorly
understood.

Tendon architecture consists of collagen fibrils embedded
in a matrix ol proteoglycan (Wada et al., 2001). Fibroblasts
are the predominant cell type within tendons, and they are
arranged 1n spaces between the parallel collagen bundles
(Soslowsky et al., 1997; Abboud and Soslowsky, 2002). The
major constituent of tendon 1s type 1 collagen (Wada et al.,
2001). During the first week of tendon healing, proliferating
tissue from the paratenon penetrates the gap between the
tendon stumps and fills 1t with undifferentiated and disor-
ganized fibroblasts. Capillary buds invade the area and
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together with the fibroblasts compose the granulation tissue
between the tendon ends. Collagen synthesis can be detected
by the third day. After about two weeks, the tendon stumps
appear to be fused by a fibrous bridge. Dramatic fibroblast
proliferation and collagen production 1n the granulation
tissue continue. Between the third and fourth weeks, fibro-
blasts and collagen fibers near the tendon begin to orient
themselves along the long axis Of the tendon as a result of
stress. Only collagen near the tendon reorganizes, the more
distant scar-like tissue remains unorganized (Wada et al.,
2001).

To date, there 1s no 1deal treatment method for rotator cuft
healing. The endogenous healing 1s poor or insuilicient in
most rotator cuil tears and especially 1n large massive tears

(Carpenter et al., 1998; Skutek et al., 2001). The current

technique of suturing the parts of the tendon together does
not give the desired improvement in outcome (Skutek et al.,
2001). Ideally the best strategy would be one that potentiates
endogenous healing processes. Recently, there have been
many studies dealing with the properties of the rotator cuil
tendon and its intrinsic healing properties (Kobayashi et al.,
2001; Thomopoulos et al., 2002; Cho1 et al., 2002; Premdas
et al., 2001; Desmouliere et al., 1993; Nakase et al., 2002;
Aspenburg and Forslund, 1999). Kobayashi et al. showed
that in the healing of full-thickness tears of avian supraco-
racoid tendon, the expression of al(Ill) lasted longer than
a.1(I) procollagen mRNA (Kobayashi et al., 2001). Addi-
tionally, the healing process progresses from the bursal side
to the joint side (Kobayashi et al., 2001; Premdas et al.,
2001). This was shown 1n an experimentally created tull
thickness tear of rotator cuil tendon (Kobayashi et al., 2001).
In a rat model study, 1t was noted that type XII collagen,
aggrecan and biglycan was also increased in the healing
tissue (Thomopoulos et al., 2002). Type XII collagen 1s
fibril-associated collagen that binds to type I collagen and
projects mto ground matrix (Thomopoulos et al., 2002). In
an acute supraspinatus tendon model tear in rabbits, it was
shown that matrix metalloprotinease (MMP-2), a collagen
degrading enzyme, may inhibit the healing process (Choi et
al., 2002). Tissue inhibitor matrix metalloprotinease 1

(TIMP-I), the inhibitor of the MMP family, seems to

enhance healing suggesting that inadequate TIMP-I 1is
responsible for poor healing (Chor et al., 2002). However,
the most 1nteresting finding was that a large percentage of
fibroblasts in the torn human rotator cull contain smooth
muscle actin (SMA) (Premdas et al., 2001). TGF-p1
increases the level of SMA, and thereby fibroblasts, in these
tissues. Myofibroblasts have been proposed to play a role in
wound contracture and retractile phenomenon observed dur-
ing the fibrotic process (Desmouliere et al., 1993; Abboud
and Soslowsky, 2002). Cartilage-derived morphogenic pro-
ten 1 (CDMP 1), a member of the bone morphogenic
protein (BMP) superfamily has been identified as having
chondrogenic activity (Nakase et al., 2002; Aspenburg and
Forslund, 1999). In addition, GDF-3, the mouse homologue
of CDMP-I reportedly induces the development of tendon
tissue 1 vivo when implanted ectopically and enhances
tendon healing in rats (Nakase et al., 2002; Aspenburg and
Forslund, 1999). The pattern of localization of GDF-5 was
found to be similar to that of collagen 1 (Col 1) messenger
RNA (mRNA) Nakase et al., 2002; Aspenburg and Forslund,
1999). In light of these studies, 1t 1s possible that the
combination of GDF-5 and TGF-p may play a crucial role
in the healing process. Theoretically, GDF-5 will induce the
development of tendon tissue by specifically directing the
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synthesis of collagen. TGF-[3, meanwhile, will induce con-
tractile activity and thereby, proliferate the reparative pro-

CEeSS.

Surgically demonstrable full thickness tears are present 1in
about Vsth of all elderly patients. The etiology of the tear
includes impingement syndrome, instability, trauma, etc.
(Malickey et al., 2002; Lewis et al., 2001). Impingement
syndrome, which constitutes 75% of rotator cull etiology,
describes pain in the subacromial space when the humerus
1s elevated or internally rotated (Malickey et al., 2002;
Rickert et al., 2001). During humeral flexion, the supraspi-
natus tendon and bursa become entrapped between the
antero inferior corner of the acromion (and coraco-acromial
ligament) and the greater tuberosity (Carpenter et al., 1998).
This syndrome 1s thought to precipitate attritional changes 1n
the rotator cufl, leading to rotator cufl tear (Carpenter et al,
1998; Bey et al., 2002). Once the supraspinatus (and
iniraspinatus) tendon 1s disrupted there will often be further
impingement and irritation, which can lead to biceps ten-
domitis and subsequent rupture (Carpenter et al., 1998).
Shoulder instability could be anterior or multidirectional
(Carpenter et al., 1998). In either case, 1t happens to young
active athletes that are involved overhead throwing sports.
Non-operative treatment for minor rotator cufl tears includes
rest and gentle stretch and strengthening (Jann et al., 1999).
The current gold standard for rotator cufl tear, however, 1s
surgical repair of tendon (Carpenter et al., 1998). Animal
models have been developed for both tendon and ligament
tissue engineering (Carpenter et al., 1999).

Cells seeded onto scaflolds generally do not produce
suflicient cytokines to provide for optimum growth and
colomization of the scatiold, improved colonization of the
scaflold can be achieved by utilizing cells that are geneti-
cally engineered to produce increased cytokine levels. See,
e.g., U.S. Pat. No. 6,398,816. However, transplantation of
scallolds comprising viable transgenic cells can lead to
problems such as excessive production of the transgenic
cytokines and/or spread and growth of the transgenic cells
away from the transplanted area.

Thus, there 1s a need for improved methods for utilizing
transgenic cells on scaflolds for tissue engineering. The
present mvention addresses that need.

SUMMARY OF THE INVENTION

Accordingly, the inventors have discovered that scaffolds
comprising cells expressing a transgenic bioactive molecule
are advantageously treated such that the cells are rendered
unable to undergo mitosis.

Thus, 1n some embodiments, the invention 1s directed to
tissue scallolds colonized by vertebrate cells expressing a
first transgenic bioactive molecule, where the vertebrate
cells are unable to undergo maitosis.

In other embodiments, the invention 1s directed to meth-
ods of growing tissue in a mammal. The methods comprise
implanting the above-described tissue scafiold into the
mamimal.

Additionally, the invention 1s directed to methods of
delivering a first transgenic bioactive molecule to a tissue of
a mammal. The methods comprise implanting the above-
described tissue scaflold into the mammal 1n or adjacent to
the tissue.

In further embodiments, the invention 1s directed to
methods of making the above-described tissue scatiold. The
methods comprise seeding a scatlold with vertebrate cells
comprising a transgene encoding bioactive molecule, 1ncu-
bating the scaflold under conditions and for a time suflicient
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4

for the cells to colonize the scaflold and express the trans-
genic bioactive molecule, then treating the cells colonizing
the scatlold such that the cells are unable to undergo mitosis.

The invention 1s also directed to the use of any of the
above 1nvention tissue scaflolds for controlling tissue
growth 1n a mammal.

Further, the mnvention 1s directed to the use of any of the
above invention the tissue scaflolds for delivering the first
transgenic bioactive molecule to a mammal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1illustration of an in vitro model of an
embodiment of the invention.

FIG. 2 1s a graph showing measurements of collagen (as
*H-proline) and DNA (as “H-thymidine) synthesis in naive
tendon cells seeded and grown for three days on a scatlold
containing killed tendon cells that were transduced with an
IGF-1 gene (“I1GF”), or a PDGF gene (“PDGE”) or no gene
(“CONTROL”) and grown on the scaflold or three weeks.

FIG. 3 1s a graph showing measurements of collagen (as
*H-proline) and DNA (as “H-thymidine) synthesis in naive
tendon cells seeded and grown for three days on a scaflold

containing killed tendon cells that were transduced with an
IGF-1 gene (“I1GF”), or a PDGF gene (“PDGE”) or no gene

(“CONTROL”) and grown on the scaflold for six weeks.
FIG. 4 1s a graph showing measurements of collagen (as
*H-proline) and DNA (as “H-thymidine) synthesis in naive
tendon cells seeded and grown for three days on a scaflold
containing killed tendon cells that were transduced with an

IGF-1 gene (“I1GF”), or a PDGF gene (“PDGE”) or no gene
(“CONTROL”) and grown on the scaflold for nine weeks.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The mmventors have discovered that scaflolds comprising
cells expressing a transgenic bioactive molecule are advan-
tageously treated such that the cells are rendered unable to
undergo mitosis. The nondividing cells are unable to further
colonize the scatfiold, or multiply at a site away from the
scaflold. In some embodiments, the cells of the scaflold are
killed, wherein the cells then become a slow release source
of the transgenic bioactive molecule.

As used herein, “allogenic tissue” or “allogeneic cell”
refers to a tissue or cell that 1s 1solated from an 1ndividual
and used 1n another individual of the same species. The term
“xenogeneic tissue” or “xenogeneic cell” refers to a tissue or
cell that 1s 1solated from art individual of one species and
placed 1n an individual of another species. The term “auto-
genelc tissue” or “autogenic cell” refers to a tissue or cell
that 1s 1solated from an individual and grafted back into that
same 1ndividual.

As used herein, “transgenic” refers to art organism 1in
which DNA has been artificially introduced, or a compound
that 1s produced 1n the organism encoded by the DNA that
has been artificially introduced. The transgenic compound
can be the DNA 1itselt, RNA transcribed from the DNA, a
protein that has been translated from the DNA, or combi-
nations thereof.

As used herein, a cytokine 1s a protein that is secreted by
various vertebrate cells and that can affect growth or matu-
ration of cells (e.g., a growth factor), or mnfluence ntlam-
matory responses.

In some embodiments, the invention 1s directed to tissue
scallolds colomized by vertebrate cells expressing a first
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transgenic bioactive molecule. In these embodiments, the
vertebrate cells are unable to undergo mitosis.

The vertebrate cells can be rendered unable to undergo
mitosis by any means known in the art, e.g., sublethal
chemical or radiation treatment. Preferably, the vertebrate
cells are dead. In those embodiments, the cells can be killed
by any means, including, treatment with a cytotoxin, a lethal
radiation treatment, or, preferably freezing then preferably
thawing.

In some preferred embodiments, the vertebrate cells are
killed, then the scaflold 1s preserved for later implantation,
¢.g., by freezing, or, preferably, lyophilizing. The cells can
also be killed by lyophilization.

The 1nvention 1s not narrowly limited to any particular
class of transgenic bioactive molecule. The molecule can be
a protein or peptide (e.g., an enzyme, a cytokine, a structural
protein such as collagen, an antibody or other protein
comprising an antibody binding site, a hormone, a detectable
protein such as green fluorescent protein, a chimeric or
fusion protein, a protein having a general systemic meta-
bolic function, such as factor VIII, a virus such as a vector,
etc.), a nucleic acid (e.g., a nbozyme, an antisense molecule,
an aptamer, an siRNA, etc.) or a combination (e.g., a virus).
Bioactive fragments of these molecules are also included.
The bioactive molecule will typically be not normally
expressed 1n the cells, although they can also be molecules
that are expressed but 1n diflerent quantities, with different
activities, or under the control of diflerent mechanisms
controlling expression. The vertebrate cells can also express
a second, third, fourth, etc. transgenic bioactive molecule.

In preferred embodiments, the transgenic bioactive mol-
ecule 1s a protein that enhances the temporal sequence of
wound repatir, alters the rate of proliferation, increases the
metabolic synthesis of extracellular matrix proteins, or
directs phenotypic expression in endogenous cell popula-
tions. Examples include cytokines and structural proteins. In
various preferred embodiments, the bioactive molecule 1s a
bone growth factor, a nerve growth factor, a cartilage growth
tactor, a fibroblast growth factor, a skeletal growth factor, an
osteoblast-derived growth factor, a growth factor affecting
wound healing, or a growth factor aflecting tissue repair.
Specific examples of bioactive molecules include pleiotro-
phin, endothelin, tenascin, fibronectin, fibrinogen, vitronec-
tin, V-CAM, I-CAM, N-CAM, selectin, cadherin, integrin,
larninin, actin, myosin, collagen, microfilament, intermedi-
ate filament, elastin, fibrillin, platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGE), epi-
dermal growth factor (EGF), basic fibroblast growth factor
(FGF), msulin-like growth factor (IGF), endothelial derived
growth supplement (EDGS), cartilage-derived morphogenic
protein, hepatocyte growth factor, keratinocyte growth fac-
tor (KCF), osteogenin, skeletal growth factor (SGF), bone-
derived growth factors (BDGFs), retinoids, growth hormone
(GH), bone morphogenic proteins (BMPs) including BMP2
to BMP 15, a transcription factor, a member of the hedgehog,
family, and transferrin. In some more preferred embodi-
ments, the bioactive molecule 1s a bone morphogenic protein
(BMP), TGFp, or an insulin-like growth factor (IGF). In
other more preferred embodiments, the first bioactive mol-
ecule 1s PDGF-p or IGF-1.

One or more than one bioactive molecule can also be
incorporated into the scaffold extracellularly either before,
during or after colonization of the scaflold by the vertebrate
cells. These extracellular bioactive molecules can be any of
the above-described bioactive molecules, or any other usetul
bioactive molecule, e.g., compounds that cannot be encoded
genetically, such as compounds or agents that prevent infec-
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tion (e.g., antimicrobial agents and antibiotics), compounds
or agents that reduce inflammation (e.g., anti-inflammatory
agents), compounds that prevent or minimize adhesion
formation, such as oxidized regenerated cellulose (e.g.,
INTERCEED and SURGICEL, available from Ethicon,
Inc.), glycoproteins, glycosaminoglycans (e.g., heparin sul-
fate, heparin, chondroitin sulfate, dermatan sulfate, keratan
sulfate, hyaluronic acid), analgesics, and compounds or
agents that suppress the immune system (e.g., immunosup-
pressants). Cells that are unable to colonize the scaflold,
such as platelets, can also be incorporated 1nto the scatlold.

Vertebrate cells from any species can be used 1n these
scaflolds. It 1s preferred that the vertebrate cells are from the
same species as the intended recipient of the scaflold (allo-
genic or autogenic), although xenogeneic transplants are
also envisioned as within the scope of the invention. More
preferably, the cells are from the mtended recipient (auto-
genic), although this may be impractical for many applica-
tions, since the cells must be taken from the recipient,
transiected with the gene for the transgenic bioactive mol-
ecule, cultured on the scatfold for days or weeks, and then
rendered unable to undergo mitosis before implantation of
the scaflold into the recipient. For most purposes, the
vertebrate cells are preferably mammalian cells, and most
preferably human cells.

The invention 1s not narrowly limited to the use of any
particular cell type. The skilled artisan can select an appro-
priate cell type for any particular application without undue
experimentation. Cell type will typically be selected based
on the tissue to be repaired or formed. For example, chon-
drocytes or fibroblasts can be selected to form cartilage;
muscle cells to form muscle. Undiflerentiated, or less dit-
terentiated, cells may be preferred in some situations. Rep-
resentative of these cell types include stem cells and mes-
enchymal cells. Reprogrammed cells may also be used (see,
e.g., L1 et al., 2005). In a preferred embodiment, mesenchy-
mal cells are obtained from periosteum, then genetically
engineered.

Specific examples of cells that can be used to aid healing,
repair or formation of bone include osteocytes/osteoblasts
and periosteal cells, particularly in combination with the use
of the bioactive molecule BMP-2-15 and/or IGF, made by
the cells transgenically, or added extracellularly to the
scaflold. Specific examples of cells that can aid healing,
repair or formation of cartilage include chondrocytes and
periosteal cells, particularly in combination with CGF and/
or TGF. Specific examples of cells that can aid healing,
repair or formation of skin include dermal and epidermal
cells, particularly 1n combination with PDGFE, VEGF, IGF,
and/or GH. Specific examples of cells that can aid healing,
repair or formation of nervous tissue include nerve cells and
support cells, particularly in combination with NGF. In some
cases, cells will be obtained from a tissue biopsy, which 1s
digested with collagenase or trypsin to dissociate the cells.
Alternatively, cells can be obtained from established cell
lines or from embryonic cell sources. In preferred embodi-
ments for most applications, the cells are nerve cells, epi-
dermal cells, dermal cells, periosteal cells, epithelial cells,
endothelial cells, tendon cells, embryonic stem cells, adult
stem cells, myoblasts, osteoblasts, chondrocytes, or fibro-
blasts.

The scaflolds used 1n the tissue scaflolds of the present
invention can be made from any material known for that
purpose, which can be derived from a vertebrate or be
artificially synthesized.

The materials for use in the scaflold must meet the
mechanical and biochemical parameters necessary to pro-
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vide adequate support for the cells with subsequent growth
and proliferation. The maternials can be characterized with
respect to mechanical properties such as tensile strength
using, €.g., an Instron tester, for polymer molecular weight
by, e.g., gel permeation chromatography (GPC), glass tran-
sition temperature by, e.g., differential scanning calorimetry
(DSC) and bond structure by, e.g., infrared (IR) spectros-
copy. Toxicology can also be tested by 1nitial screening tests
involving Ames assays and in vitro teratogenicity assays,
and 1mplantation studies in animals for immunogenicity,
inflammation, release and degradation studies, as are known
in the art.

In some embodiments, the scaflold can be formed using
tissue graits, such as may be obtained from autogeneic
tissue, allogeneic tissue and xenogeneic tissue. By way of
non-limiting example, tissues such as skin, cartilage, liga-
ment, tendon, periosteum, perichondrium, synovium, fascia,
mesenter and sinew can be used as tissue grafts to form the
biocompatible scaflold. In some embodiments where an
allogeneic tissue 1s used, tissue from ad-fetus or newborns
can be used to avoid the immunogenicity associated with
some adult tissues.

In other embodiments, the scafiolds can be formed from
a biocompatible polymer, including bioresorbable or bioab-
sorbable matenials, reinforcing materials (e.g., woven, knit-
ted, warped knitted, non-woven, or braided structures),
natural polymers (e.g., fibrin-based materials, collagen-
based matenials, hyaluronic acid-based materials, glycopro-
tein-based materials, cellulose-based matenials, silks and
combinations thereof), biocompatible ceramic material,
polymeric foam, and non-bioabsorbable materials (e.g., bio-
compatible metals such as stainless steel, cobalt chrome,
titanium and titamum alloys, bioinert ceramic particles and
bioinert polymers). All of the above materials are known in
the art as usetul scaffolding matenals. See, e.g., US Patent
Application Publication 2004/0078090 and U.S. Pat. No.
6,398,816. Scatlolds that are a combination of a tissue graift
and a biocompatible polymer are also within the scope of the
invention.

In preferred embodiments, the scaffold comprises colla-
gen, alginate, chitosan, poly(paradioxanone), poly(lactic
acid) (PLA) also known as poly(L-lactic acid) (PLLA)),
poly(glycolic acid) (PGA), and/or a copolymer of poly
(lactic acid) and poly(glycolic acid) (PLA/PGA).

The vertebrate cells can be transfected using any appro-
priate means, including viral or plasmid vectors, using
chemical transiectants, or physico-mechanical methods such

as electroporation and direct diffusion of DNA. See, e.g.,
U.S. Pat. No. 6,398,816 and references cited therein.

The mvention tissue scatlolds can be further seeded with
living cells, for use after rendering the vertebrate cells
unable to undergo mitosis. In some embodiments, these
living cells are capable of mitosis, so they can colonize the
arca where the scaflold 1s implanted. Optionally, the living
cells can then be allowed to colonize the scatlold 1n vitro. In
preferred embodiments, these additional vertebrate cells are
stimulated to grow by the transgenic bioactive molecule, for
example to facilitate tissue engineering applications, includ-
Ing tissue repair or regeneration.

These living cells can optionally also express an addi-
tional transgenic bioactive molecule. The additional trans-
genic bioactive molecule can be any of those previously
described (e.g., a protein, nucleic acid, or combination). In
some embodiments where the additional transgenic bioac-
tive molecule 1s a protein, 1t 1s preferably an enzyme, a
cytokine, a marker protein or an antibody. In other embodi-
ments where the additional transgenic bioactive molecule 1s
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a nucleic acid, it 1s preferably an RNAi1 molecule, a
ribozyme, an antisense molecule, or an aptamer. A virus 1s
also envisioned as an additional transgenic bioactive mol-
ecule. The additional transgenic bioactive molecule 1n these
embodiments can be constitutively expressed or operably
linked to an inducible promoter, where i1t can be expressed
only under specified conditions. Numerous examples of
inducible promoters are known 1n the art.

The present invention 1s also directed to methods of
controlling tissue growth 1n a mammal. The methods com-
prise implanting any of the above-described tissue scatlolds
into the mammal. When implanted into the mammal, the
transgenic bioactive molecule becomes available to the
surrounding tissue. In some preferred embodiments, this
results 1n more rapid and/or better-structured scatfold colo-
nization from the surrounding tissue, e.g., when the trans-
genic bioactive molecule 1s a cytokine or a vector encoding
a cytokine. As used herein, “controlling tissue growth”
includes promoting growth or controlling the type of tissue
formed during growth.

In other preferred embodiments, the transgenic bioactive
molecule 1s a nucleic acid or viral vector that 1s taken up by
the surrounding cells, transfecting those cells. These
embodiments can be utilized to, e.g., supply a protein or
nucleic acid to the mammal that 1s inadequate or missing in
the mammal, such as a missing enzyme 1n a genetic disease.
These embodiments can also be utilized to synthesize an
antibody or aptamer with a particular specificity, or a
ribozyme antisense or RN A1 molecule that reduces or elimi-
nates expression ol a protein.

The vertebrate cells on the scafiold can come from a
different or, preferably, the same species as the mammal. In
the most preferred embodiments, to avoid unwanted

immune responses to the scaflold, the vertebrate cells are
cells dertved from the mammal itself.

-

I'he mammal can be of any species, including humans.
The invention 1s not limited to the growth of any particu-
lar tissue, and could be utilized for any tissue to which

scaflolds can be made. See, e.g., U.S. Patent Publications
2004/0078090, 2003/0211130, and 2003/0068817; PCT Pat-

ent Publications W099/43787, and W0O03/041568; and U.S.
Pat. No 6,737,053, all incorporated by reference. Non-
limiting examples include cartilage tissue, meniscal tissue,
ligament tissue, tendon tissue, skin tissue, bone tissue,
muscle tissue, periosteal tissue, pericardial tissue, synovial
tissue, nerve tissue, fat tissue, kidney tissue, bone marrow,
liver tissue, bladder tissue, pancreas tissue, spleen tissue,
intervertebral disc tissue, embryonic tissue, periodontal tis-
sue, vascular tissue, blood and combinations thereof.

These methods are particularly suited for growing con-
nective tissue in the mammal. Preferred examples of con-
nective tissues suitable for growth using these methods are
bone, cartilage, tendon, meniscus, fibrocartilage and liga-
ment.

In particularly preferred embodiments, the connective
tissue 1s tendon. In these embodiments, preferred first trans-
genic bioactive molecules are PDGFE-p or IGF-1, since those
molecules support improved scaflold colonization. See
Example.

In other embodiments, the invention 1s directed to meth-
ods of delivering a first transgenic bioactive molecule to a
tissue of a mammal. The methods comprise implanting the
above-described tissue scaflold into the mammal 1n or
adjacent to the tissue. In these embodiments, the scatiold
allows the slow-release of the transgenic bioactive molecule,
assuring exposure of the tissue to the transgenic bioactive
molecule continuously for an extended time period.
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These embodiments are not limited to utilizing any par-
ticular transgenic bioactive molecule. Where the purpose of
the transgenic bioactive molecule 1s to stimulate growth,
remodeling, or repair of the tissue, the first transgenic
bioactive molecule 1s preferably a bone growth factor, a
nerve growth factor, a cartilage growth factor, a growth
factor aflecting wound healing, or a growth factor aflecting
tissue repait.

In some preferred embodiments, the tissue 1s a connective
tissue, €.g., bone, cartilage, tendon or ligament. Where the
connective tissue 1s tendon, the first transgenic bioactive
molecule 1s preferably PDGF-p or IGF-1.

In other embodiments, the scaflold further comprises
living cells seeded onto the scaflold after the death of the
vertebrate cells. These living cells may or may not them-
selves express an additional transgenic bioactive molecule,
such as a protein or a nucleic acid. Where the additional
transgenic bioactive molecule 1s a protein, 1t can be, for
example, an enzyme, a cytokine, a marker protein or an
antibody. Where the additional transgenic bioactive mol-
ecule 1s a nucleic acid, 1t can be, for example, an RNAi
molecule, a rbozyme, an anftisense molecule, and an
aptamer. Further, the additional transgenic bioactive mol-
ecule can be constitutively expressed or operably linked to
an 1nducible promoter, and the living cells can be capable or
mitosis or not.

The 1mnvention 1s also directed to methods of making the
above-described tissue scaflold. The methods comprise
seeding a scaflold with vertebrate cells comprising a trans-
gene encoding bioactive molecule, incubating the scatiold
under conditions and for a time suflicient for the cells to
colomize the scaflold and express the transgenic bioactive
molecule, then treating the cells colonizing the scafiold such
that the cells are unable to undergo mitosis. In some pre-
terred embodiments the treatment kills the cells, for example
with 1freezing and thawing, preferably followed by
lyophilization of the scaflold.

These methods can also comprise subsequent seeding
with additional vertebrate cells that are alive. As described
above 1n the context of the tissue scaflold compositions,
these additional vertebrate cells preferably advantageously

utilize the transgenic bioactive molecule available from the
vertebrate cells.

Preferably, either the vertebrate cells or the additional
vertebrate cells, or both, are mammalian cells, most prefer-
ably human cells.

The mvention 1s also directed to the use of any of the
above 1nvention tissue scaflolds for controlling tissue
growth 1n a mammal. The scope of the uses encompassed 1n
these embodiments 1s no narrower than the methods of
controlling tissue growth in a mammal described above.

Further, the invention 1s directed to the use of any of the
above 1nvention the tissue scaflolds for delivering the first
transgenic bioactive molecule to a mammal. The scope of
the uses encompassed 1n these embodiments 1s no narrower
than the methods of delivering the first transgenic bioactive
molecule to a mammal described above.

Preferred embodiments of the invention are described in
the following examples. Other embodiments within the
scope of the claims herein will be apparent to one skilled 1n
the art from consideration of the spemﬁcatlon or practice of
the invention as disclosed herein. It 1s intended that the
specification, together with the example, be considered
exemplary only, with the scope and spirit of the mmvention
being indicated by the claims which follow the examples.
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Example 1

Told

Tendon Cell-Conditioned Tissue Sca

The aim of this study was to assess the metabolic response
of freshly seeded tendon cells ito a cell-free scafiold
conditioned by IGF-1 or PDGF transduced cells.

The growth factors and their genes used 1n this example
are extrapolated from previous 1n vitro studies that suggest
a potential role for use 1n gene delivery strategies and tendon
repair. PDGF- has been shown to stimulate DNA and
matrix synthesis (Kobayashi et al., 2001) especially in
stretched tendon cells (Yoshikawa and Abrahamson, 2001).
PDGEFp also resulted 1n a 2-3-fold increase in expression of
cell surface integrins (Dahlgren et al., 2002). Integrins such
as fibronectin are important mediators of cell attachment and
angilogenesis, which would be critical to augmenting, repair.

IGF-1 administered by direct imjection was shown to
reduce swelling and lesion size and increase cell prolifera-
tion, collagen content and stiflness 1n a model of collage-
nase-induced flexor tendonitis (Hardwood et al., 1999).
Other studies have shown IGF-1 increases collagen and
glycosaminoglycan (GAG) synthesis, as well as DNA con-
tent suggesting a potent anabolic response (Dahlgren et al.,
2001). Further, there 1s speculation that IGF-1 could enhance
tendon repair 11 delivered locally (Jann et al., 1999).

An 1n vitro method for testing embodiments of the present
invention was developed. Transduced tendon cells express-
ing PDGF IGF-1 were seeded into polymer scaflolds as
illustrated 1 FIG. 1, and allowed to grow for 3, 6, or 9
weeks. After the SpE:Clﬁed culture period cells were kllled by
freezing and lyophlhzatlon The bioactive scaflolds were
then seeded with naive non-transduced tendon cells and
measured for rate of collagen synthesis and DNA synthesis.
Controls included tendon cells alone for preconditioning
minus the engineered gene.

Results are summarized 1n FIGS. 2-4. Marked stimulation
of collagen synthesis 1n bioactive scaflolds prepared for the
s1Xx week time perlod and 1ncreasing with the scaflolds
examined at the nmine week time point (FIGS. 3 and 4).

Example 2

Histological Evaluation of Rat Achilles Tendon
Repair Using a Bioactive Scatlold: 2 and 4 Weeks
Post-op.

Introduction

Tendon 1injuries are encountered routinely 1n orthopaedic
practice and cause significant disability in our society.
PDGF-p and IGF-1 are potent mitogens that have been
shown to augment tendon healing. This two-part study
examined the effect of poly(L-lactic acid) (PLLA) scatiolds
preconditioned with either wild-type rat tendon fibroblasts
(RTF) or growth factor-transduced RTFs on 1n vitro fibro-
blast function and 1n vivo rat Achilles tendon repatr.
Study Goals

The ultimate aim of this study was to determine the etfect
of a novel bioactive scaflold 1n a rat model of Achilles
tendon repair. The goal was to note any increased rates of
repair and also to detect any inflammatory response as a
result of implantation. This was a two-part study with an in
vitro component followed by an 1n vivo one.
Methods

Both 1nvestigations utilized preconditioned scaflolds.
RTFs that were either wild-type or transduced with the gene

for PDGEF-P or IGF-1 were seeded onto PLLLLA scaffolds and
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incubated for 3, 6, or 9 weeks. Scaflolds were then frozen at
-80° C., lyophilized, and stored to create a umque, “ofl-
the-shelf” bioactive scaflold. In the 1n vitro study, wild-type
RTFs were seeded onto experimental and control scafiolds,
cultured for 3 or 7 days, and labeled with markers for
collagen and DNA synthesis. In the in vivo study, 24 rats
underwent surgical transection of their Achilles tendon and
primary repair by either suture alone, suture plus control
scaflold, or suture plus preconditioned scaffold. Rats were
sacrificed at 2 or 4 weeks, and studied for histological

quality of repair.

All surgical procedures were conducted i the laboratory
of Dr. Daniel Grande at The Feinstein Institute for Medical
Research according to the requirements and approval of the
IACUC. All animal procedures were performed according to
the PHS guide for the ethical treatment of animal subjects.
After sacrificing, rat hind limbs were dissected caretully,
leaving the Achilles tendon intact, and connected to both calf
muscle and hind claw. The dissected rat hind limbs were
then fixed 1n formalin and preserved until evaluated later.
The samples were then stained using hematoxylin and eosin,
Mallory’s trichrome, and picosirius red.

The following experimental and control groups were
utilized 1n the 1 vivo portion of this study:

Group Time Followed Post-op
Suture repair alone 2, 4 weeks
Suture + PLLA scaffold 2, 4 weeks

Suture + PLLA bioactive scaflfold With PDGFEF 2, 4 weeks

Histology Grading. The specimens were graded histologi-
cally using a modified Soslowsky score evaluating collagen
grade (measuring degree of organization), and degree of
angiogenesis. The scoring system utilized the following 0-3
score.

Score Histological Observation
0 normal collagen oriented tangentially
1 mild changes with collagen fibers <25% disorganized
2 moderate changes with collagen fibers <50% disorganized
3 marked changes in collagen >50% disorganized.

Thus, the lower the score the better the outcome.
Results

In vitro study. In the in vitro study, scaflolds precondi-
tioned with either wild-type RTFs or RTFs expressing
transgenic growth factor promoted RTF proliferation and
collagen synthesis over controls.

In vivo study. In the 1n vivo study, repairs that included
the scaflolds preconditioned with growth factor demon-
strated the best overall histological repair. Histologic grad-
ing at 2 weeks demonstrated lower scores (indicating better
healing) for tendons repaired with sutures augmented with a
PLLA bioactive scaflold (prepared with cells expressing
PDGF) as compared to controls. The suture alone controls
and suture plus PLLA resulted in poorly organized repair
tissue. This similar trend continued for the four-week time
point also (Table 1).
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TABLE 1

Collagen grades of rat Achilles tendon as a
function of treatment group and time post-op.

Group Time Post-op Collagen Grade
Suture Alone 2 weeks 3.5

4 weeks 4.0
Suture + PLLA 2 weeks 3.0

4 weeks 3.3
Suture + PLLA + PDGF 2 weeks 1.5

4 weeks 1.5

The collagen grades were confirmed by further observa-
tion and grading of the repair sites under polarized light after
picosirius red staining.

Conclusions. This two-part study demonstrates that scai-
tolds preconditioned with either wild-type RTFs or growth
factor can promote tendon fibroblast function 1n both an 1n
vitro and m vivo model systems. The ability of these
scaflolds to improve tendon repair atter being frozen at —80°
C., lyophilized, and stored provides “off-the-shelf” conve-
nience 1n a bioactive scatfold system. There was no immune
response noted 1n the repair tissue surrounding and within
the scaflold. The cells migrated throughout the scatlold and
appeared to synthesize new matrix rapidly.

Example 3

Detection of Preconditioned Scaflolds in Articular
Detfects Using Ultrasound Technology

Introduction

The goal of this study was to evaluate ultrasound as a safe,
novel 1imaging modality for the non-invasive monitoring of
the healing response of an osteochondral defect that was
treated with implantation of a preconditioned bioactive
scaflold, and to correlate the ultrasound 1maging with his-
tological observation.
Methods and Matenals

Bilateral osteochondral defects were surgically created 1n
the trochlear groove of the knee 1n fifteen adult male New
Zealand white rabbits, under IACUC approval. Twenty-four
defects were filled with PLLA scafliolds preconditioned with
cither IGF-1 or BMP-7 (using the transduced cell technol-
ogy described above), and eight were left as unfilled con-
trols. The knees were then harvested at 3, 6, and 12 weeks
post-surgery, and evaluated with histological evaluation, as
compared to ultrasound, using FlexScan image processing
soltware.
Results

Osteochondral defects were clearly identified 1n each
ultrasound performed. Imaging of knees containing an
unfilled osteochondral defect demonstrated an empty gap in
the trochlear groove, whereas those with a scatfold implant
exhibited filling of the defect. Ultrasound 1mages correlate
with histologic evaluation 1n demonstrating a progressive
increase 1n the healing response around osteochondral
defects filled with preconditioned bioactive scatiolds for the
three, six and twelve week samples.
Conclusions

Ultrasound was able to distinguish the site and borders of
both the osteochondral defect and the implanted scatlold,
and was accurate in measuring the dimensions of the osteo-
chondral defect and the scaflold within 1t. Progressive
changes in these measurements allow monitoring of the
repair tissue 1n a temporal fashion. Lateral edge integration
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in the osteochondral defect was also observed with ultra-
sonography, correlating with histological results.
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In view of the above, 1t will be seen that the several
advantages of the invention are achieved and other advan-
tages attained.

As various changes could be made 1n the above methods
and compositions without departing from the scope of the
invention, 1t 1s intended that all matter contained in the
above description and shown 1n the accompanying drawings
shall be interpreted as 1llustrative and not in a limiting sense.

All references cited 1n this specification are hereby incor-
porated by reference. The discussion of the references herein
1s intended merely to summarize the assertions made by the
authors and no admission 1s made that any reference con-
stitutes prior art. Applicants reserve the right to challenge the
accuracy and pertinence of the cited references.
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What 1s claimed 1s:
1. A tissue scatlold comprising mammalian cells which
have colonized the scail

old, wherein the mammalian cells
are transgenic cells 1n that they comprise a first transgenic
bioactive molecule, and wherein the transgenic cells are
treated, after colonization of the scafiold, so that they are
unable to undergo mitosis.

2. The tissue scaflold of claim 1, wherein the transgenic
cells are killed by freezmg then thawing the transgenic cells.

3. The tissue scaffold of claam 1, wherein the tissue
scaffold 1s lyophﬂlzec,

4. The tissue scaffold of claim 2, wherein the tissue
scallold 1s lyophilized after the transgenic cells have been
killed by freezing then thawing.

5. The tissue scaflold of claim 1, wherein the first trans-
genic bioactive molecule 1s a bone growth factor, a nerve
growth factor, a cartilage growth factor, a growth factor
afl ectmg wound healing, or a growth factor aflecting tissue
repair.

6. The tissue scaflold of claim 5, wherein the first trans-
genic bioactive molecule 1s a platelet-derived growth factor
(PDGF), a vascular endothelial growth factor (VEGEF), an
epidermal growth factor (EGF), a basic fibroblast growth
tactor (FGF), an 1insulin-like growth {factor (IGF), an
endothelial derived growth supplement (EDGS), a keratino-
cyte growth factor (KCF), an osteogenin, a skeletal growth
tactor (SGF), a bone-derived growth factor (BDGFs), a
retinoid, a growth hormone (GH), a bone morphogenic
protein (BMP), a transcription factor, a member of the
hedgehog family, or a transferrin.

7. The tissue scaflold of claim 5, wherein the first trans-
genic bioactive molecule 1s a bone morphogenic protein
(BMP), a TGF-§3, or an insulin-like growth factor (IGF).

8. The tissue scaflold of claim 35, wherein the {first trans-
genic bioactive molecule 1s a PDGF or an IGF-1.

9. The tissue scaflold of claim 1, wherein the mammalian
cells further comprise a second transgenic bioactive mol-
ecule.

10. The tissue scaflold of claim 1, wherein the mammalian
cells are human cells.

11. The tissue scaflold of claim 1, wherein the cells are
nerve cells, epidermal cells, dermal cells, periosteal cells,
epithelial cells, endothelial cells, tendon cells, embryonic
stem cells, adult stem cells, osteoblasts, myoblasts, chon-
drocytes, or fibroblasts.

12. The tissue scaffold of claim 1, wherein the scaffold 1s
derived from a vertebrate.

13. The tissue scaffold of claim 1, wherein the scaffold 1s
artificial.

14. The tissue scaflold of claim 13, wherein the scaftold
comprises at least one of collagen, alginate, chitosan, poly
(paradioxanone), poly(lactic acid), poly(glycolic acid), or a
copolymer of poly(lactic acid) and poly(glycolic acid).

15. The tissue scaffold of claim 1, wherein the scaffold
turther comprises additional vertebrate cells seeded onto the
scaflold, wherein the additional vertebrate cells are alive.
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16. The tissue scaflold of claim 15, wherein the additional
vertebrate cells do not express a transgenic bioactive mol-
ecule.
17. The tissue scaflold of claim 15, wherein the additional
vertebrate cells express an additional transgenic bioactive
molecule.
18. The tissue scaflold of claim 17, wherein the additional
transgenic bioactive molecule 1s a protein or a nucleic acid.
19. The tissue scaflold of claim 17, wherein the additional
transgenic bioactive molecule 1s a protein.
20. The tissue scaffold of claim 19, wherein the additional
transgenic bioactive molecule 1s an enzyme, a cytokine, a
marker protein or an antibody.
21. The tissue scaffold of claim 17, wherein the additional
transgenic bioactive molecule 1s a nucleic acid.
22. The tissue scaflold of claim 21, wherein the nucleic
acid 1s an RNA1 molecule, a nbozyme, as antisense mol-
ecule, or an aptamer.
23. The tissue scaffold of claim 17, wherein the additional
transgenic bioactive molecule 1s constitutively expressed.
24. The tissue scaflold of claim 17, wherein the additional
transgenic bioactive molecule 1s operably linked to an
inducible promoter.
25. The tissue scaflold of claim 15, wherein the additional
vertebrate cells are capable of mitosis.
26. A method of tissue repair in a mammal, the method
comprising implanting the tissue scaflold of claim 1 1nto the
tissue 1n the mammal, wherein the tissue 1s bone, cartilage,
nerve or tendon tissue.
27. A method of delivering a first transgenic bioactive
molecule to a tissue of a mammal, the method comprising
implanting the tissue scaflold of claim 1 into the mammal 1n
or adjacent to the tissue.
28. A method of making the tissue scatlold of claim 1, the
method comprising
seeding a scatlold with mammalian vertebrate cells com-
prising a transgene encoding a first bioactive molecule,

incubating the scaflold under conditions and for a time
suflicient for the mammalian cells to colomize the
scallold and express the first transgenic bioactive mol-
ecule, and

treating the mammalian cells colonizing the scatiold such

that the cells are unable to undergo mitosis.

29. the method of claim 28, wherein the mammalian
vertebrate cells colonizing the scaflold are treated by ireez-
ing and thawing.

30. The method of claim 29, wherein the scaffold 1s
lyophilized after the step of freezing and thawing the cells.

31. The method of claim 28, wherein the scaffold 1s
subsequently seeded with additional vertebrate cells,
wherein the additional vertebrate cells are alive.

32. The method of claim 28, wherein the vertebrate cells
are human cells.

33. The method of claim 31, wherein the additional
vertebrate cells are human cells.
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