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PEGYLATED FIBRINOGEN-BASED 
BOMATRIX 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation and claims prior 
ity under 35 U.S.C. S 120 of U.S. application Ser. No. 10/874, 
449 filed Jun. 23, 2004, which is a continuation-in-part and 
claims priority of PCT Application No. PCT/US03/13697, 
filed May 1, 2003, which claims the benefit of priority of U.S. 
Provisional Application Nos. 60/377,148, filed May 2, 2002 
and 60/382,985, filed May 24, 2002. 

TECHNICAL FIELD 

0002. The invention involves methods and materials 
related to fibrin-based biomatrices. 

BACKGROUND 

0003 Heart failure is an increasingly common clinical 
problem that affects 8 of every 100 individuals past the age of 
70 years. Mechanical overload resulting from regional loss of 
functioning myocardium secondary to infarct can result in 
asymptomatic left ventricular dysfunction of long duration. 
During this time myocyte hypertrophy is commonly seen, but 
contractile function of isolated myocytes may remain normal 
despite abnormal chamber function. Prolonged overload, 
however, often leads to the development of overt congestive 
heart failure and the appearance of contractile dysfunction of 
isolated myocytes. Evidence for apoptosis in these failing 
hearts has been reported. In a general sense, the molecular and 
cellular basis for the syndrome of progressive heart failure 
results from the inability of damaged and apoptotic myocytes 
to be replaced, since cardiac myocytes are generally thought 
to be terminally differentiated. 
0004 Stem cells are cells that have extensive proliferation 
potential that differentiate into several cell lineages, and that 
can repopulate tissues upon transplantation. The quintessen 
tial stem cell is the embryonal stem (ES) cell, as it has unlim 
ited self-renewal and multipotent differentiation potential. ES 
cells are derived from the inner cell mass of the blastocyst, or 
can be derived from primordial germ cells from a post-im 
plantation embryo (embryonal germ cells or EG cells). ES 
and EG cells have been derived from mouse, and more 
recently from non-human primates and humans. When intro 
duced into a blastocyst of an animal, ES cells can contribute 
to all tissues of that animal. 

SUMMARY 

0005. The invention is based on the discovery that stem 
cells or progenitor cells can be delivered to a diseased heart 
using a fibrin-based biomatrix to assist or restore heart func 
tion. Fibrin-based biomatrices retain the advantages of tissue 
equivalent fabrication normally associated with collagen 
based biomatrices, yet exhibit the added advantage of not 
suppressing ECM synthesis. Fibrin forms a fibrillar network 
that can be compacted and potentially aligned by entrapped 
tissue cells, such as stem or progenitor cells, forming a tissue 
equivalent similar to the fibrillar collagens. 
0006. In one aspect, the invention provides a method for 
repairing damaged tissue in a mammal by introducing, on or 
into a tissue in need of repair, a fibrinogen Solution having 
stem or progenitor cells under conditions such that a fibrin 
biomatrix including the cells forms at or near the site of 
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introduction. In one embodiment, the fibrinogen solution is 
PEGylated. Representative tissues include skin and cardiac 
tissue. The stem or progenitor cells can be bone marrow cells, 
and can be autologous to the mammal being treated. The 
conditions for forming the fibrin biomatrix can include intro 
ducing a solution having a fibrinogen-converting agent (e.g., 
a serine protease Such as thrombin) to the fibrinogen solution. 
Either or both the fibrinogen and the thrombin in the respec 
tive Solutions can be autologous to the mammal. 
0007. In another aspect, the invention provides a method 
of assisting tissue function in a mammal in need thereof 
including introducing, on or into a tissue, a fibrinogen solu 
tion having stem or progenitor cells under conditions such 
that a fibrin biomatrix including the cells forms at or near the 
site of introduction, and wherein the cells assist the tissue 
function of the mammal. Conditions for forming a biomatrix 
can include introducing a fibrinogen-converting agent (e.g., 
thrombin) to the fibrinogen solution and cells, either before of 
after the fibrinogen solution and cells have been introduced 
into the mammal. In one embodiment, the fibrinogen Solution 
is PEGylated. 
0008. The invention also provides a method of delivering 
stem or progenitor cells to a tissue of a mammal by injecting, 
onto or in the vicinity of a surface of the tissue of the mammal, 
a fibrinogen solution including the cells. A fibrinogen-con 
Verting agent (e.g., thrombin) can be added to the fibrinogen 
solution with cells before or after the fibrinogen solution and 
cells are injected into the mammal. In one embodiment, the 
fibrinogen solution is PEGylated. 
0009. In yet another aspect, the invention provides a 
method for inducing stem or progenitor cells to differentiate 
including (1) providing the cells in a fibrinogen solution, and 
(2) introducing the fibrinogen solution onto a tissue of a 
mammal under conditions such that a fibrin biomatrix includ 
ing the cells forms at or near the site of introduction and the 
cells differentiate. Conditions for forming a biomatrix can 
include introducing a fibrinogen-converting agent (e.g., 
thrombin) to the fibrinogen solution and cells before or after 
the fibrinogen Solution and cells are introduced onto a tissue 
of the mammal. In one embodiment, the fibrinogen Solution is 
PEGylated. 
0010. In another aspect, the invention provides a method 
for repairing damaged tissue in a mammal by introducing, on 
or into a tissue in need of repair, a thrombin Solution having 
stem or progenitor cells under conditions such that a bioma 
trix including the cells forms at or near the site of introduc 
tion. Representative tissues include skin and cardiac tissue. 
The stem or progenitor cells can be bone marrow cells, and 
can be autologous to the mammal being treated. The condi 
tions for forming the biomatrix can include introducing a 
fibrinogen solution to the thrombin solution before or after 
the thrombin solution and cells have been introduced into the 
mammal. Either or both the fibrinogen and the thrombin in the 
respective Solutions can be autologous to the mammal. In one 
embodiment, the fibrinogen solution is PEGylated. 
0011. In another aspect, the invention provides a method 
of assisting tissue function in a mammal in need thereof 
including introducing, on or into a tissue, a thrombin Solution 
having stem or progenitor cells under conditions such that a 
biomatrix including the cells forms at or near the site of 
introduction, and wherein the cells assist the tissue function 
of the mammal. Conditions for forming a biomatrix can 
include introducing a fibrinogen solution to the thrombin 
solution and cells, either before of after the thrombin solution 



US 2009/O 142305 A1 

and cells have been introduced into the mammal. In one 
embodiment, the fibrinogen solution is PEGylated. 
0012. The invention also provides a method of delivering 
stem or progenitor cells to a tissue of a mammal by injecting, 
onto or in the vicinity of a surface of the tissue of the mammal, 
a thrombin Solution including the cells. A fibrinogen Solution 
can be added to the thrombin solution with cells before or 
after the thrombin solution and cells are injected into the 
mammal. In one embodiment, the fibrinogen solution is 
PEGylated. 
0013. In yet another aspect, the invention provides a 
method for inducing stem or progenitor cells to differentiate 
including (1) providing the cells in a thrombin Solution, and 
(2) introducing the thrombin Solution onto a tissue of a mam 
mal under conditions such that a biomatrix including the cells 
forms at or near the site of introduction and the cells differ 
entiate. Conditions for forming a biomatrix can include intro 
ducing a fibrinogen Solution to the thrombin Solution and 
cells before or after the thrombin solution and cells are intro 
duced onto a tissue of the mammal. In one embodiment, the 
fibrinogen solution is PEGylated. 
0014. In addition to or in place of the stem or progenitor 

cells, a therapeutic compound (e.g., a drug) can be used in the 
biomatrix. 
0015. In another aspect, the invention provides an article 
of manufacture, comprising a fibrinogen solution; a thrombin 
Solution; and instructions for forming a fibrin biomatrix. An 
article of manufacture can further comprise instructions for 
collecting stem or progenitor cells from a mammal, and/or a 
therapeutic compound Such as a drug. In one embodiment, the 
fibrinogen solution is PEGylated. 
0016. Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although methods and materials similar or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention, Suitable methods and 
materials are described below. In addition, the materials, 
methods, and examples are illustrative only and not intended 
to be limiting. All publications, patent applications, patents, 
and other references mentioned herein are incorporated by 
reference in their entirety. In case of conflict, the present 
specification, including definitions, will control. 
0017. The details of one or more embodiments of the 
invention are set forth in the accompanying drawings and the 
description below. Other features, objects, and advantages of 
the invention will be apparent from the drawings and detailed 
description, and from the claims. 

DESCRIPTION OF DRAWINGS 

0018 FIG. 1 shows the presence or absence of surface 
antigens on SMSC based on flow cytometry (thick line). The 
thin line profiles represent mIgG-staining isotype as a control. 
0019 FIG. 2 shows the differentiation of sMSCs. FIG. 2A 
shows the differentiation of MSCs into chondroblasts based 
ontoluidine blue and type II collagen staining. FIG.2B shows 
the detection of alkaline phosphatase following osteogenic 
differentiation from sMSCs, while FIG. 2C shows the detec 
tion of calcium following osteogenic differentiation from 
SMSCs. 

0020 FIG. 3 shows transduction of sMSC by the recom 
binant adenovirus AdRSVlacZ. FIG.3A shows the maximum 
expression of B-galactosidase was achieved at 1500 to 2000 
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MOI, while FIG. 3B shows transduced SMSC stained with 
B-gal to determine the transduction efficiency. 
0021 FIG. 4 shows a high power microphotograph of 
sMSC emigrating from a fibrin matrix after 2 days in culture. 
(0022 FIG.5 shows the in vivo use of ansMSC patch. FIG. 
5A shows a patch applied to the LV anterior wall of the 
proximal segment of the first diagonal branch of the left 
anterior descending coronary artery (LAD). FIG. 5B shows 
MRI multislice cine images of a heart with SMSC transplan 
tation; arrows point to the fibrin-MSC patch. FIG. 5C shows 
that in sMSC-transplanted LV, X-Gal staining was observed 
in the infarct area. FIG.5D shows the migration of transduced 
sMSCs (“blue cells) in culture from specimens taken from the 
peri-scar area. FIG.5E shows the continued division of trans 
duced sMSC cells maintained in stem cell culture medium. 
FIGS. SF, 5G, and SH show that the transduced SMSC cells 
were Surviving and differentiating in the myocardial infarct 
region based on light microscopy. FIG.5I shows a pathologic 
section of the specimen that includes the interface between 
the fibrin patch (shown in pale white) and the injured myo 
cardium (shown in red). FIG.5J shows a new vessel growing 
into the patch. FIG. 5K shows the immunohistochemistry 
staining of the interface between the patch and periscar, and 
shows a rich neovascularization in the scaffold of patch area. 
FIG. 5L shows the PCR amplification products from trans 
duced sMSC cells, which demonstrates that Ad5RSVLac7. 
nucleic acid is present in the “blue cells.” 
0023. Like reference symbols in the various drawings 
indicate like elements. 

DETAILED DESCRIPTION 

0024. The invention provides methods and materials 
related to the administration of stem or progenitor cells to a 
mammal having damaged tissue, (e.g., congestive heart fail 
ure, left ventricular dysfunction, myocardial infarction, cir 
rhosis, bone fracture, or dermal abrasions). Administering 
stem or progenitor cells to such a mammal using the bioma 
trices described herein provides assistance to and improve 
ment in tissue function in that mammal. The biomatrices of 
the invention can deliver a high concentration of stem or 
progenitor cells onto a tissue. In addition to the stem or 
progenitor cells, or alternatively to the stem or progenitor 
cells, the biomatrices of the invention can deliver a therapeu 
tic compound Such as a drug. In some cases, a high concen 
tration of autologous bone marrow mononuclear cells can be 
administered to a mammal within 30 minutes following 
arrival at a patient care facility, greatly improving that mam 
mal's chance of Survival and response to therapy. In addition, 
the biomatrices described herein allow cells to leave the 
biomatrix and home to damaged tissue and facilitate repairs. 
Further, in vitro formation of a biomatrix of the invention 
allows the included cells to partially differentiate and develop 
function before implantation. 

Biomatrices 

0025. The invention provides a biomatrix capable of pro 
viding Support to biomatrix components, such as cells. Typi 
cally, a biomatrix can be formed from a fibrinogen Solution 
(i.e., a solution containing fibrinogen polypeptides) by com 
bining the fibrinogen solution with a solution containing a 
fibrinogen-converting agent. Such agents include without 
limitation, proteases such as serine proteases (e.g., thrombin). 
Other fibrinogen-converting agents suitable for converting 
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fibrinogen to fibrin include, without limitation, mutant forms 
of thrombin exhibiting increased or decreased enzymatic 
activity. Without being bound by a particular mechanism, 
fibrinogen in the fibrinogen solution is converted to fibrin 
through a proteolytic reaction catalyzed by a serine protease 
in the serine protease solution. Fibrin monomers then aggre 
gate to form a flexible biomatrix. 
0026. Fibrin biomatrices can be made such that an addi 
tional component is incorporated into the forming biomatrix. 
For example, mesenchymal stem cells (MSCs) can be added 
to the biomatrix, either to a fibrinogen solution or to a throm 
bin solution Such that, upon addition of a thrombin solution to 
the fibrinogen Solution or addition of a fibrinogen solution to 
a thrombin solution, the biomatrix that is formed includes the 
MSCs. In addition to stem or progenitor cells, a therapeutic 
compound can be incorporated. As used herein, a therapeutic 
compound includes without limitation a sense oran antisense 
oligonucleotide; a polypeptide or protein such as an antigen, 
a cytokine, or a fragment thereof; a carbohydrate; a chemical 
or a mixture of chemicals; an extract isolated from bacterial, 
plant, fungal or animal matter; an antibody; or a drug Such as 
an antibiotic. 
0027 Fibrinogen solutions that contain about 50 mg/mL 

to about 400 mg/mL fibrinogen and thrombin solutions con 
taining about 250 IU/mL to about 2000 IU/mL thrombin are 
Suitable for making biomatrices. Typically, a fibrinogen solu 
tion containing about 120 mg/mL fibrinogen and a thrombin 
solution containing about 500 IU/mL thrombin are used to 
make a fibrin-based biomatrix compatible with cell survival 
and function. Flexibility can be altered by adding fibrinolytic 
inhibitors (e.g., tranexamic acid at 9.2% w/v., or aprotinin at 
3000 KIU/ml, where KIU is kallikrein IU) or anticoagulants 
(e.g., trisodium citrate at 3-10 mg/ml, or glycine at 10-40 
mg/ml) to either or both the solutions. In addition, such com 
ponents can be used to alter the polymerization time associ 
ated with biomatrix formation. Typically, a biomatrix of the 
invention reaches a gel-like State within a few seconds of 
Solution mixing, and stabilizes into a flexible semi-solid state 
within 1 minute. These times can be altered using the com 
ponents listed above, or additionally by varying the concen 
tration of fibrinogen, fibrinogen-converting agent, or cofac 
tors that assist in fibrinogen conversion (e.g., CaCl). 
0028 Biomatrix components, such as fibrinogen and 
thrombin, can be obtained commercially from, for example, 
Sigma (St. Louis, Mo.). Alternatively, autologous fibrinogen 
or thrombin can be isolated from a mammal and used for 
biomatrix formation. 

0029. Other materials suitable for making a biomatrix 
include, without limitation, purified type I, II, or IV col 
lagens; cell-contracted collagen including other components 
of the extracellular matrix Such as proteoglycans or gly 
cosaminoglycans, glycoproteins (e.g., fibronectin and lami 
nin), elastin and/or bioactive peptide growth factors or cytok 
ines; synthetic biodegradable fibers made from polymers 
Such as polylactic or polyglycolic acids, polycaprolactones, 
or polyamino acids, or their copolymers; and composite 
structures Such as collagen/polylactic acid structures. 
0030 PEG is a nontoxic and amphophilic compound, i.e. 
soluble both in water and in most organic solvents. Protein 
PEGylation is generally achieved via stable covalent bonds 
between an amino or Sulfhydryl group on a protein and a 
chemically reactive group (carbonate, ester, aldehyde, or 
tresylate) on the PEG. The resulting structures can be linear or 
branched. The reaction can be controlled via factors such as 
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protein type and concentration, reaction time, temperature, 
and pH value. Environmental factors such as these likewise 
influence electrostatic binding properties and protein charge, 
form, and size. 
0031 PEGylation generally improves molecular proper 

ties. PEGylation typically improves the stability, biological 
half-life, water Solubility, and/or immunologic characteristics 
of a protein. As a protein is more or less Surrounded by the 
attached PEGs, PEGylated proteins are less rapidly broken 
down in the body than are unmodified proteins. PEGylation 
also reduces the rapidity and intensity of an immune system 
reaction against the protein. See, for example, U.S. Pat. Nos. 
6,420,339 and 6,552,170. 

Cell Types 

0032 Various types of cells can be included in a biomatrix. 
Cells having an established function can be included in a 
biomatrix to facilitate repairs or improve the function of a 
particular tissue (e.g., heart, lung, skin, bone, liver, kidney, 
pancreas, testis, and ovary). For example, a fibrin-based 
biomatrix for improving pancreas function in a mammal can 
include pancreatic beta cells. Other cell types suitable for 
particular tissue types and applications include, without limi 
tation, islet cells, epithelial cells, endothelial cells, hepato 
cytes, nephrocytes, glomerulocytes, osteocytes (e.g., osteo 
blasts and osteoclasts), lymphocytes (e.g., T cells, B cells, and 
NK cells), granulocytes (e.g., neutrophils, basophils, eosino 
phils, and mast cells), and fibroblasts. In addition, cell types 
that have been engineered to perform a particular function, 
Such as genetically altered cells, also can be included in a 
biomatrix. For example, a fibrin-based biomatrix can include 
cells that have been transfected with a transgene. 
0033 Cells having the ability to differentiate into various 
cell types also can be included in a biomatrix. Such cells 
include, without limitation, stem cells and progenitor cells. 
Stem cells are cells with extensive proliferation potential that 
can differentiate into several cell lineages. For example, 
embryonal stem (ES) cells have unlimited self-renewal and 
multipotent differentiation potential. Stem cells have been 
identified in many tissues. Typical stem cells include, without 
limitation, hematopoietic, neural, gastrointestinal, epider 
mal, hepatic, mesenchymal stem cells (MSCs), stem cells 
from exfoliated deciduous teeth, and autologous bone mar 
row stem cells (ABMSCs). Progenitor cells have multipotent 
differentiation and extensive proliferation potential. Progeni 
tor cells can differentiate in vitro into most mesodermal cell 
types including cells with characteristics of skeletal and car 
diac myoblasts, as well as cells with endothelial and smooth 
muscle features. Any combination of cells can be included in 
a biomatrix of the invention. 
0034 Stem or progenitor cells can be obtained from vari 
ous species including, without limitation, mouse, rat, dog, 
pig, cow, goat, horse, non-human primates, and humans. 
Although allogeneic and Xenogeneic cells are within the 
Scope of the invention, autologous stem or progenitor cells are 
typically used. Stem or progenitor cells can be isolated from 
various tissues including, without limitation, brain, spinal 
cord, lung, skin, liver, blood, and bone marrow. The use of 
autologous bone marrow mononuclear cells allows a mam 
mal in need of cell therapy to receive those cells within a short 
time (e.g., 30 minutes). For example, stem cells can be iso 
lated from bone marrow aspirated from a mammal. Briefly, a 
needle is used to penetrate the outer core of a bone (e.g., the 
iliac crest) in an anesthetized mammal. When using a syringe, 
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negative pressure is applied by forcefully withdrawing the 
Syringe plunger, allowing the marrow to be collected in the 
Syringe barrel. The marrow is then layered onto a gradient 
substrate (e.g., Ficoll) in a conical tube. The marrow is then 
centrifuged to collect autologous bone marrow mononuclear 
cells at a known interface. After Subsequent culture selection, 
the ABMSCs can be manipulated (e.g., transfected with a 
plasmidor transduced with a virus) prior to use. Alternatively, 
techniques such as those disclosed in U.S. Pat. Nos. 5,486, 
359 and 6,261,549 also can be used for isolating, purifying, 
and characterizing stem and progenitor cells Suitable for the 
invention. 

Administering Cells to a Mammal 

0035 Cells, such as those described herein, can be admin 
istered to a mammal in various ways. Although cells can be 
administered to a mammal as a cell Suspension without any 
additional components, the methods of the invention typi 
cally involve administering cells in a biocompatible medium, 
which is, or becomes in situ at a desired site, a semi-solid or 
solid biomatrix. For example, a fibrin-based biomatrix can be 
formed in vitro in the presence of ABMSCs to yield a flexible, 
solid biomatrix including the ABMSCs. As described above, 
methods for forming Such a biomatrix involve including cells 
in either a fibrinogen Solution or a fibrinogen-converting 
agent Solution so that, upon mixing the two solutions under 
conditions that promote matrix formation, the cells are dis 
tributed throughout the forming biomatrix. Once the bioma 
trix is formed, it can be transplanted into a mammal in need 
thereofusing any technique Suitable to the particular circum 
stance. Alternatively, biomatrix components can be delivered 
to a site such that a biomatrix including cells is formed at the 
site in vivo. Such sites can be external or internal to a mam 
mal. For example, a fibrinogen solution containing ABMSCs 
and a thrombin Solution can be introduced topically to a 
dermal abrasion, whereupon a fibrin-based biomatrix includ 
ing the ABMSCs forms on the surface of the abrasion. In 
another example, a fibrinogen Solution containing ABMSCs 
and a thrombin solution can be introduced onto the surface of 
the myocardium, whereupon a fibrin-based biomatrix includ 
ing the ABMSCs forms. 
0.036 Various methods can be used to deliver biomatrix 
components to a site Such that a biomatrix including cells is 
formed at the site in vivo, provided that the components and 
cells can perform their intended functions. Such methods 
include, without limitation, aerosol- or spray-based deposi 
tion, expandable biocompatible foam-based deposition, and 
injection. In one embodiment, a fibrinogen solution contain 
ing ABMSCs is loaded into a first syringe, and a thrombin 
Solution is loaded into a second syringe. The loaded syringes 
are connected (e.g., using a Y-shaped connector) Such that the 
two solutions, when expelled from the Syringes, mix prior to 
their deposition on a myocardium. The deposited mixed solu 
tions form, on the myocardium, a flexible, solid biomatrix 
containing ABMSCs. The presence of the biomatrix enhances 
the opportunity for the administered ABMSCs to proliferate, 
differentiate, and functionally integrate into the myocardium. 

Articles of Manufacture 

0037. The invention further provides for articles of manu 
facture to generate a biomatrix of the invention. An article of 
manufacture according to the present invention can include a 
fibrinogen Solution and a thrombin Solution, together with 
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Suitable packaging materials. Suitable fibrinogen and throm 
bin Solutions, as well as appropriate concentrations offibrino 
gen and thrombin within each solution, are described above. 
0038 Articles of manufacture of the invention also can 
contain a package insert or package label having instructions 
thereon for using the solutions to form a biomatrix. Articles of 
manufacture may additionally include a package insert or 
package label having instructions thereon for collecting stem 
or progenitor cells from a mammal. Articles of manufacture 
of the invention can further include a therapeutic compound 
Such as a drug, and can additionally include reagents for 
forming a biomatrix and/or for carrying out the methods 
disclosed herein. 
0039. The invention will be further described in the fol 
lowing examples, which do not limit the scope of the inven 
tion described in the claims. 

EXAMPLES 

Example 1 

General Methods and Materials 

0040 Animals: Pigs (e.g., 30-40) can be used for testing 
various biomatrix compositions. Surgical procedures are per 
formed using appropriate anesthetic agents. No muscle relax 
ants are used. Analgesia is maintained with butorphanol, 0.2- 
0.4 mg/kg Subcutaneously 4h during the first 24 hours after 
the instrumentation Surgery and then as needed for relief of 
discomfort. Intake of food is monitored and intravenous flu 
ids are administrated in animals that fail to drink adequately 
or have evidence of dehydration as demonstrated by 
decreased turgor. Euthanasia is performed by intravenous 
administration of an euthanasia Solution (e.g., an overdose of 
Sodium pentobarbital 200 mg/kg iv and 25 mg/kg Sodium 
phenytoin iv) to induce cardiac arrest. This method is consis 
tent with the recommendations of the Panel of Euthanasia of 
the American Veterinary Medical Association. 
0041 Experimental groups: The number of animals for 
each group was calculated according to Rosner's equation 
(see, Rosner, B., Fundamentals of Biostatistics, chapter 10, p. 
322-323, 1986) using values for power-0.80 and significance 
level=0.05. The left ventricle (LV) ejection fraction or myo 
cardial CP/ATP ratios from previous studies of this animal 
model were used for this calculation. See, Zhang, J., et al., 
Circulation, 94:1089-1 100, 1996; Murakami, Y. etal, Circu 
lation, 99:942-948, 1999; Murakami, Y., et al., Am. J. 
Physiol., 276:H892-H900, 1999. According to this calcula 
tion, 6 pigs in sham-operation group, and 16 pigs in each of 
patch transplantation group can be used to examine each 
hypothesis. The three groups are as follows: Group 1, sham 
operated normals; Group 2, left anterior descending coronary 
artery (LAD) ligation with placebo biomatrix (i.e., no cells) 
transplantation; Group 3, fibrin biomatrix with stem cells 
transplantation. The 3 groups undergo the identical protocols 
to examine the respective hypothesis. Each protocol uses 38 
animals, for a total of 114 animals. In considering the acute 
(24-36 hour) postinfarction death rate (~15%), a total of 134 
animals are needed. Statistical analyses are performed as 
studies are carried out, so that protocols can be terminated as 
Soon as a statistically significant result has been achieved. 
I0042. Non-invasive P-MRS imaging with external coil: 
MRI studies were conducted on a 4.7 Tesla/40 cm SISCO 
system using 'P-MRS with an external coil to examine myo 
cardial phosphates non-invasively. In these noninvasive stud 
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ies, the transmural distribution of 'P metabolites from cylin 
drical regions across the LV wall of a closed-chest model was 
measured. 
0043 Spatially localized 'P NMR spectroscopy in open 
chest animals: Spatially localized 'P NMR spectroscopy is 
performed in open chest animals using the RAPP-ISIS 
method. CP, ATP, and Pilevels corresponding to the integrals 
of each resonance peak are serially monitored throughout the 
study. The chemical shift of Pirelative to that of CP is used to 
calculate cytosolic pH. 
0044) Image analysis of the MRI cine studies: Imaging 
data are evaluated using an automatic segmentation program. 
Ventricular volumes, ejection-fraction, LV diastolic and sys 
tolic Volumes, absolute myocardial mass from multi-slice, 
multi-phase MR cine images are automatically calculated. 
The left ventricular end-diastolic volume (Vd) and end-sys 
tolic volume (Vs) of each slice is represented by the area 
enclosed by the endocardium. 
0045 Tissue Preparation: At the end of the study, imme 
diately after the last spectrum is acquired, biopsies are 
obtained. These biopsies are stored at -80°C. for subsequent 
biochemical measurement of concentrations of ATP and total 
creatine. 
0046. Immunohistochemistry: Immunohistochemistry is 
utilized for detection of mesenchymal stem cells transplanted 
into the pig myocardium. 5-8 mm thick frozen sections 
mounted on positively-charged slides are dried and fixed with 
4% acetone for 10 minutes and air dried for 60 minutes. 
Endogenous peroxidase activity is removed by incubation 
with 3% HO and methanol for 10 minutes. After blocking 
non-specific protein binding with 5% normal goat serum, 
slides are incubated overnight at 4°C. with polyclonal goat 
IgG against Troponin I, Serving as primary antibody, diluted 
in PBS/Tween20+1% NGS. Pig ABMSCs are transduced 
with a retrovirus So that they express B-galactosidase, so that 
after transplantation they can be detected by staining for 
B-galactosidase activity. 
0047. Detection of ABMSC differentiation into vessels: 
Whether transplanted ABMSCs differentiate into vessels 
containing endothelial cells and Smooth muscle cells can be 
examined. The engrafted area is examined using high power 
magnification with H&E staining to look for vessels. The 
appearance of GFP or B-galactosidase in the cells forming the 
new vessels indicates that the vessels were formed from the 
grafted stem cells. The differentiation of stem cells into 
endothelial cells in the vessels is monitored by immunohis 
tochemistry or immunofluorescence using antibodies against 
von Willebrand factor, Flt1, Tie, Tek, PECAM, and P and 
E-selectins. Antibodies against Smooth muscle myosin heavy 
chain, Smooth muscle O-actin, and desmin are used to moni 
tor differentiation to Smooth muscle. Immunostaining using 
an antibody against connexin 43 (the connexin most highly 
expressed in endothelial cells, and also expressed in Smooth 
muscle cells) is used to monitor contact sites between endot 
helial cells and other cells, including Smooth muscle. Imaging 
is performed using confocal microscopy. 
0048 Electron Microscopy: Electron microscopy is 
employed to examine the ultrastructural properties of the 
grafted stem cells and their interaction with host cells. Prepa 
ration of the tissue for transmission electron microscopy is 
performed as described by Watanabe et al. (Cell Transplan 
tation, 7:239-246, 1998). Briefly, tissue blocks are fixed in 
glutaraldehyde in Sodium cacodylate buffer and postfixed in 
1% osmium tetroxide in Sodium cacodylate. Tissue is then 
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stained in 0.5% uranyl acetate, dehydrated through a graded 
alcohol series and embedded in Polybed 812 (Polysciences 
Inc., Warrington Pa.). Grafts are located by staining 1 mm 
sections with toluidine blue. The block is thin-sectioned and 
poststained with lead citrate. Specimens are examined in a 
transmission electron microscope. 
0049 Experimental preparation for final open chest MRS 
study: Animals are anesthetized with C-chloralose (100 
mg/kg and 20 mg/kg/hr iv) following sedation with ketamine 
(20 mg/kg im). 
0050. Measurements for open-chest MRS studies: The 
following measurements can be obtained during each experi 
mental condition unless otherwise stated: transmural differ 
entiated P-MRS determination of HEP and Pi levels: sys 
tolic thickening fraction of areas with cell transplantation and 
remote region; myocardial blood flow; aortic and left ven 
tricular pressures; MVO. 
0051 Experimental interventions for Open-chest MRS 
studies: After all the baseline data are obtained, pigs receive 
adenosine (1 mg/kg/min iv) to achieve maximum coronary 
vasodilation and all measurements are repeated. This inter 
vention is to examine myocardial blood flow reserve. The 
adenosine infusion is then discontinued and recontrol data are 
obtained in the following 10 minutes. To examine the con 
tractile reserve, dobutamine stimulation (20 ug/kg/min iv) is 
then started. After waiting for ~10 minutes to allow the sys 
temic hemodynamics to become stable, all measurements are 
repeated. 

Example 2 

A Fibrin-Based Biomatrix for Delivering Stem Cells 
to Ischemic Myocardium 

0052. In response to myocardial ischemic signals, it is 
hypothesized that the stem cells leave the fibrin patch and 
home to ischemic myocardium to repair the infarct region. A 
fibrin biomatrix delivers a relatively high number of stem 
cells onto the surface of the myocardial infarct, thereby pro 
viding optimal conditions for the cells to respond to the 
ischemic stimuli and to home into the damaged region and to 
differentiate. Such a biomatrix can be delivered by a mini 
mally invasive method. 
0053 Methods for fibrinpatch entrapping ABMSCs: Lyo 
philized human fibrinogen is reconstituted by adding 5 ml of 
buffer solution (150 mM of sodium chloride, 0.02% of 
polysorbate 80, and 0.003% trypsin inhibitor and 2% glycine, 
pH 6.9-7.4). Likewise, lyophilized thrombin is reconstituted 
by adding 5 ml of 200 umole of CaCl to a vial containing 
2500 IU of thrombin, resulting in an activity of 500 IU/ml of 
thrombin solution. Stem cell Suspensions are then prepared. 
Cells transfected with a recombinant Lacz gene are harvested 
from cultures using 0.05% trypsin/0.6 mM-EDTA (Gibco) 
and washed with PBS and saline in succession. 5x10° cells 
are resuspended in 5 ml of reconstituted thrombin solution 
before the application. Equal volumes (5 ml) of the reconsti 
tuted fibrinogen solution and thrombin solution containing 
5x10 ABMSCs are drawn into separate5ml syringes respec 
tively, which are then attached to a Y-shaped plastic connec 
tor. A single 24 gauge intravenous needle is attached to the 
Y-connector, in which good mixing of constituents from the 
two syringes occurs and is used to apply the mixture by 
pushing the two Syringe plungers simultaneously. 
0054 Yorkshire swine (45 days of age; ~10 kg) are anes 
thetized with intravenous sodium pentobarbital (20 mg/kg, 
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iv). A left thoracotomy is performed. Approximately 0.5 cm 
of the LAD distal to the first diagonal vessel is dissected free. 
The LAD is occluded by a ligature for 120 minutes. The 
ligature is then removed. Following LAD reperfusion, the 
animals are observed in the open chest state for 30 minutes. If 
ventricular fibrillation occurs, immediate electrical defibril 
lation is usually Successful. To apply the fibrin biomatrix, a 
slight Scratching on the epicardial Surface of the anterior wall 
is produced with a scalpel blade, which is necessary to allow 
bonding of the biological adhesives of the fibringel. Once the 
scratching is completed, 5-10 ml offibrinogen Solution mixed 
with 5 mL of thrombin solution containing ABMSCs or pla 
cebo (i.e., no cells) is applied to the scratched area. The chest 
is then closed in layers. If the heart is dilated as a result of the 
infarct, the pericardium is left open. Animals are examined 
using MRI/MRS once every two weeks, and undergo a final 
study 6 weeks after infarct. Six weeks after the operation, the 
animals are anesthetized, and the incision reopened. The 
patch-applied area is examined for adhesion, fibrosis and 
remnants of the fibrin matrix. The heart is excised and the 
integrated specimens including fibrin patches and myocar 
dium are resected and frozen in liquid nitrogen or fixed in 4% 
paraformaldehyde for blot, PCR, histological and immuno 
histochemical analyses. 
0055. These studies can clarify: 1) whether the trans 
planted ABMSCs delivered by a fibrin patch proliferate and 
differentiate in the infarct region, and 2) whether ABMSCs 
form contacts with host myocytes. The transplanted cells are 
characterized using X-gal staining. It is hypothesized that 
following the patch transplantation, the ABMSCs migrate 
into the ischemic region and divide and differentiate to form 
a new contractile mass. LV function and myocardial energet 
ics are examined by MRI/MR spectroscopy (MRS) after 2 
weeks. Final open chest MRS studies are performed 6 weeks 
after cell transplantation. Morphologic studies examine 
whether the cardiac gap junction protein, connexin 43, is 
present at the interface between transplanted “blue” cells and 
host myocytes. 

Example 3 

A Fibrin-Based Biomatrix for Delivering ABMSCs 
to Infarcted Myocardium 

0056. It is hypothesized that ABMSCs embedded within a 
fibrin biomatrix gradually leave the biomatrix and migrate to 
the infarctarea where they continue to divide and differentiate 
into myocytes, Smooth muscle cells, and endothelial cells, 
and replace the infarcted myocardium. 
0057 This protocol is based on the concept that, in nature, 
myocardial ischemia may be able to cause ABMSC selection, 
expansion, and differentiation. Bone marrow stem cells can 
be transfected with the reporter gene B-galactosidase. The 
application is completed by a minimal invasive method with 
out open chest Surgery. 
0058 Sixteen normal juvenile pigs (45 days of age, ~10 
kg) in each of the 3 groups (Group 1, sham-operated controls; 
Group 2. LAD ligation with placebo (i.e., no cells) transplan 
tation; Group 3, bone marrow stem cell patch transplanta 
tion), undergo the identical protocol as follows: 
0059 Bone marrow stem cell collection (Iliac Crest Aspi 
ration): General anesthetic is given (pentobarbital 30 mg/kg/ 
iv with Supplemental doses as required for comfort and 
immobilization). The animal is restrained in an appropriate 
position to access the site of aspiration. An aspiration needle 
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is used to penetrate the outer cortex of bone. After bone 
penetration, the stylet is removed. A 20 ml syringe is then 
attached to the aspiration needle and negative pressure is 
applied by forcefully withdrawing the Syringe plunger. Bone 
marrow (dark red, more viscous than blood, and containing 
fat particles) is drawn up into the Syringe in response to the 
applied negative pressure. The collected marrow sample is 
layered onto Ficoll-Paque-1077 (Sigma) in a 50 ml conical 
tube. The sample is then centrifuged at 400xg for 30 minutes 
at room temperature. The mononuclear cells are collected 
from upper layer and interface, diluted with 2-3 volumes of 
Dubecco's PBS and collected by centrifugation at 1000 rpm. 
The collected cells are resuspended and seeded at a density of 
200,000 cells/cm in T-75 flask coated with 10 ng/ml 
fibronectin (FN). The seeded cells are cultured in medium 
consisting of 60% low-glucose DMEM (Gibco BRL), 40% 
MCDB-201 (Sigma), 1X insulin transferrin selenium, 1X 
linoleic acid bovine serum albumin (LA-BSA), 0.05 nM dex 
amethasone (Sigma), 0.1 mMascorbic acid 2-phosphate, 2% 
FCS, penicillin and streptomycin (100 U/ml). After 3 days, 
non-adherent cells are removed by replacing the medium. The 
attached cells develop colonies and continue dividing. About 
5-7 days, the primary cultures of ABMSCs reach nearly 90% 
confluency. ABMSCs are subcultured by incubation with 
trypsin. The first passage cells are plated at 4000-5000 cells/ 
cm and are further cultured two days prior to transduction 
with AdRSVLacz. After overnight incubation with recombi 
nant viruses in serum-free DMEM, the ABMSCs are washed 
with medium and collected, then washed several times with 
saline. The washed ABMSCs are resuspended in 0.5 ml of 
saline prior to transplantation. 
0060 Transplantation of the fibrin-based biomatrix con 
taining ABMSCs: Yorkshire swine (45 days of age; ~10 kg) 
are anesthetized with intravenous sodium pentobarbital (20 
mg/kg, iv). A left thoracotomy is performed. Approximately 
0.5 cm of the LAD distal to the first diagonal vessel is dis 
sected free. The LAD is occluded with a ligature for 120 
minutes. The ligature is then removed. Following LAD rep 
erfusion, the animals are observed in the open chest state for 
30 minutes. If ventricular fibrillation occurs, immediate elec 
trical defibrillation is usually successful. The fibrin-based 
biomatrix containing the bone marrow stem cells is then 
applied as described in Example 2. The chest is then closed in 
layers. If the heart is dilated as a result of the infarct, the 
pericardium is left open. Animals are examined using MRI/ 
MRS once every two weeks, and undergo a final study 6 
weeks after infarct. For the final open chest study, instrumen 
tation is performed for systemic homodynamic and LV wall 
thickening measurements as described in the methods sec 
tion. 

0061 Data Interpretation: Since adult cardiomyocytes are 
terminally differentiated, they cannot regenerate so that large 
acute myocardial infarction in Swine leads to aneurysm for 
mation, often with congestive heart failure. Adult stem cells 
are transplanted using a fibrin-based biomatrix patch to 
attempt to prevent this progression onto LV infarct. MRI/ 
MRS is used to monitor cardiac function and myocardial 
energy metabolism in vivo for eight weeks. Should islands of 
blue cells (X-gal) exhibit the characteristics of cardiac myo 
cytes, and on double staining show Troponin I positivity in 
ABMSC transplanted areas, it will indicate not only that the 
transplanted cells survive, but also differentiate into myo 
cytes, Supporting the concept that stimuli exist in the dam 
aged organ that will promote the ABMSCs to differentiate 
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into the locally appropriate cell lineages. In pigs in which 
cells are transplanted, if systolic wall thickening is improved 
and the cardiac gap junction protein, connexin 43 is identified 
at the interface between implanted cells and host cardiomyo 
cytes, demonstrate that ABMSCs may regenerate into func 
tioning muscle that assists LV contractile performance. If new 
vessels are formed from ABMSCs, it will further support that 
ABMSC transplantation is a useful therapeutic modality for 
myocardial infarct or postinfarction LV remodeling. 
0062 Contractile Performance: The main aim of this 
experiment is to examine whether ABMSC transplantation 
will improve the myocardial contractile performance. It is 
known that swine hearts without cell transplantation develop 
LV aneurysm in ~4 weeks following the LV infarction. If the 
ABMSC transfer prevents the LV aneurysm and improves the 
LV contractile performance, this beneficial effect can be iden 
tified by the MRI follow-up data, namely an increased LV 
ejection fraction and less thinning in the infarctareas. The LV 
thickening fraction data measured by epicardial crystal trans 
ducers placed on the infarction area in comparison to the 
remote area demonstrates whether the evolving ABMSC tis 
sue can contract synchronously with the LV. The contractile 
reserve of the ABMSC engraft by measuring the percent 
increase of the thickening fraction in response to dobutamine 
stimulation will be examined, as well as the increase in LV 
dP/dt in comparison to hearts without cell transplantation. In 
order for the engraft to assist LV contraction at increasing 
cardiac workstates, vessels must grow into the graft. Micro 
sphere data at baseline and during hyperaemia or catechola 
mine stimulation, will provide regional blood reserve evalu 
ations. 

0063 Formation of new vessels from the transplanted 
ABMSCs: In order to maintain transplanted ABMSC viabil 
ity, there must be new vessel growth into the grafted areas. 
The grafted area can be examined using high power magni 
fication with H&E staining to look for new vessels. The 
appearance of GFP or B-galactosidase in the cells forming the 
new vessels indicates that the vessels are derived from the 
ABMSCS. 

0064 Electromechanical coupling of implanted cells: 
Cardiac cells are electrically coupled to adjacent cells via 
specialized gap junctions, composed of hexamers of the pro 
tein connexin, which allow the exchange of ions and Small 
molecules between adjacent cells. If gap junctions with con 
nexin 43 are found at the interfaces between transplanted 
'green” cells and host myocytes it Supports the concept that 
mechanical and electrical coupling between transplanted 
cells and host myocytes can occur in hearts with cell trans 
plantation. Electron microscopy is used to demonstrate the 
ultrastructural properties of the grafted ABMSC and their 
interaction with host cells. If gap junctions and adherin-type 
junctions are formed between the grafted and host cells, it 
Supports the concept of electromechanical coupling between 
the grafted cells and host cells. If the connexins are found only 
in the in vivo experiment but not in the in vitro co-culture of 
ABMSCs and adult myocytes it supports the concept that the 
strongest stimuli for survival of the transplanted cells to form 
contacts, to differentiate to the different lineages, and to con 
tract synchronously is provided by cues generated locally in 
the beating heart. 
0065. Myocardial energy metabolism: It is known that the 
myocardial energy charge is decreased in failing and hyper 
trophied hearts. This abnormality is directly related to the 
severity of the hypertrophy and is most severe in hearts with 
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CHF. The hypothesis that these myocardial energetic changes 
contribute to the transition to heart failure is controversial. 
The data from the proposed studies may provide insight into 
understanding the relationships between the decreased myo 
cardial energetic State and the transition to heart failure in 
hearts with postinfarction LV remodeling. If in response to 
cell transplantation, the LV function improves with accom 
panying improvement of myocardial energetics, it supports 
the concept that a decreased myocardial energetic state con 
tributes to the decreased LV contractile function. If the LV 
function improves with no improvement of myocardial ener 
getics, the data indicate that the abnormal myocardial ener 
getics is not the cause of the LV dysfunction. It is known that 
the CP/ATP ratio is higher in fast twitch skeletal muscle than 
in fatigue resistant cardiac muscle. Spatially localized MRS is 
used to examine whether HEP metabolism changes to more 
closely resemble fatigue resistance cardiac muscle over the 
time when ABMSCs are differentiating into cardiomyocytes 
in the beating heart. 

Example 4 

A Tissue Equivalent Biomatrix Populated With Myo 
cyte-Like Cells 

006.6 Bioartificial myocardium is generated by entrap 
ping ABMSC-derived cardiomyocytes into a dilute fibrin 
biomatrix. Culture conditions are used such that the cells 
contract and align the fibrin network, and replace it with 
cell-derived extracellular matrix (ECM) that adopts the align 
ment of the degrading fibrin. Cell alignment is used to maxi 
mize cell-cell junctions and coordinated contraction. 
Samples fabricated under culture conditions that also match 
myocardial compliance and possess Sufficient tensile strength 
are implanted onto the infarct region to reestablish LV con 
tractile function. The cells are in a tissue-like environment 
before implantation, allowing direct application of chemical, 
electrical, and mechanical cues in vitro to guide cell differ 
entiation and tissue remodeling. The resulting compacted 
network of fibrin matrix provides structural and mechanical 
Support for the implanted cells, possibly promoting healing of 
the infarct. The studies can clarify: 1) whether the ABMSC 
derived cardiomyocytes entrapped in reconstituted fibringel 
forma ABMSC-myocardial patch that has cellular, mechani 
cal, and electromechanical characteristics comparable to 
native tissue, and 2) whether a ABMSC-myocardial fibrin 
patch implanted into an LV infarct shows greater benefits than 
stem cell patch transplantation. 
0067 Fabrication: Tubular forms of the ABMSC-myocar 
dial fibrin patch are fabricated allowing uniaxial (circumfer 
ential) alignment of the cells and cell-produced ECM that is 
desired to facilitate coordinated contraction. The concentra 
tion of fibrinolysis inhibitor (ACA) needed is determined as 
well as the optimal concentrations of TGF-B and insulin in 
terms of ultimate mechanical and electromechanical proper 
ties. It is expected that the initial cell concentration can be 
optimized as well. Isotropic tubes are fabricated using adhe 
sive mandrels (no agarose coating) to assess the benefits of 
alignment. 
006.8 Biological Characterization: Cell viability and 
number is determined in situ. Viability is measured using a 
Molecular Probes Live/Dead Reduced Cytotoxicity kit 
(L-7013). Numbers are assessed by collagenase digestion of 
the gel followed by a Pico Green assay (Molecular Probes) to 
quantify DNA and estimate total cell number. Immunostain 
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ing using an antibody against connexin 43, the protein asso 
ciated with gap junctions implicating contractile connectivity 
of the cardiomyocytes, with confocal imaging is performed to 
assess cell connectivity. Following incubation, cell and ECM 
alignment is characterized. Frozen sections are stained with a 
Hoechst assay and cell alignment determined from morphol 
ogy. The collagen content is quantified by hydroxyproline 
assay, the proteoglycan content by an alcian blue stain assay, 
and the elastin content by hot alkaline extraction. Sections are 
also stained with Masson's trichrome stain and examined for 
spatial variations in collagen content, and similarly for pro 
teoglycan content using Safrainin-o and for elastin content 
using indirect immunofluoresence. Other replicates are used 
to characterize the global structure and biomechanical prop 
erties. Global tissue structures are characterized using quan 
titative polarized light microscopy to generate an alignment 
map following fixation and longitudinal cutting to prepare a 
flat sample. 
0069 Mechanical Characterization: It is hypothesized 
that the ABMSC-myocardial fibrin patch provides a positive 
mechanical environment for the ABMSC-derived cardi 
omyocytes. To test this hypothesis, the mechanical properties 
of the ABMSC-gel composite is characterized and compared 
with the properties of myocardial tissue. The simplest test to 
perform is the uniaxial extension test, in which a sample is 
clamped on two sides and stretched. The force-displacement 
relationship provides a direct measure of the mechanical 
properties of the sample. 
0070 Electromechanical Characterization: The electro 
mechanical response of the ABMSC-myocardial fibrin patch 
is also characterized in vitro. 

Example 5 

Functional Consequences of Biomatrices on LV Inf 
arctS 

0071 Artificial tissue generated from ABMSCs is applied 
to a LV infarct after LAD occlusion using a biomatrix, and 
studies are carried out during the Subsequent 4 and 8 weeks. 
It is expected that over 4 weeks the biomatrix is incorporated 
into the LV surface. Subgroups of animals are monitored for 
4 and 8 weeks to examine if time-dependent improvement in 
function occurs. The functional consequences of autologous 
myocardial patching over the LV infarcts are examined by 
thickening fraction, dP/dt, tau, and the responsiveness to cat 
echolamine stimulation. The ABMSC differentiation poten 
tial is examined by immunofluorescent staining as described 
in Examples 2-4. This study examines whether the myocar 
dial patch using the artificial tissue from ABMSCs improves 
LV contractile performance and prevent the transition to heart 
failure. 
0072 Data interpretation: The main aim of this experi 
ment is to examine whether the ABMSC-myocardial patch 
using ABMSCs develops contraction synchronous with the 
LV. It is known that hearts without myocardial patches 
develop LV aneurysm in 4 weeks following the LV infarction. 
If the myocardial patch prevents the LV aneurysm and 
improves the LV contractile performance, this beneficial 
effect is identified by the MRI follow-up data, namely the 
increased LV ejection fraction and less thinning in the infarct 
areas. The LV thickening fraction data measured by epicar 
dial crystal transducers placed on the ABMSC-myocardial 
patch during the final open chest experiment demonstrates 
whether the artificial tissue generated from ABMSC contracts 
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synchronously with the LV. The immunofluorescent double 
staining data are used to examine whether there are new 
vessels forming from the ABMSCs, or whether the new ves 
sels are from angiogenesis from host cardiac cells. The con 
tractile reserve of the ABMSC-myocardial patch is examined 
by measuring the percent increase of the thickening fraction 
in the patch area in response to dobutamine stimulation, as 
well as the increase in LV dP/dt in comparison to hearts 
without a myocardial patch. It is known that the CP/ATP ratio 
is higher in fast twitch skeletal muscle than fatigue resistant 
cardiac muscle. Spatially localized MRS is used to examine 
whether HEP metabolism changes to more closely resemble 
fatigue resistance cardiac muscle. 

Example 6 

Specific Materials and Methods 

0073 Studies were performed in accordance with the 
“Position of the American Heart Association on Research 
Animal Use', adopted Nov. 11, 1984, and protocols were 
approved by the Animal Care Committee of the University of 
Minnesota. 
0074 Adenovirus Vectors: Replication-deficient recombi 
nant adenoviruses carrying the B-galactosidase reporter gene 
Lac Z under the control of Rous sarcoma virus long terminal 
repeat (RSV-LTR) promoters were purchased from the Uni 
versity of Iowa Gene Vector Core (Dr. Richard Anderson). To 
test the vectors, Swine mesenchymal stem cell (sMSC) were 
plated at a density of 5000 cells/cm in 6 wells plates. Incre 
mental concentrations of virus over the range of 100 to 15000 
multiplicity of infection (MOI) were applied overnight in 
serum-free modified DMEM to determine the optimal trans 
duction efficiency. The next day, the virus containing Super 
natant was removed, and the cells were washed several times 
with PBS and incubated in modified DMEM containing 2% 
FBS. Two days later, the cells were fixed in 1X fixation 
solution (2% formaldehyde and 2% glutaraldehyde in 1X 
PBS) for 10 minutes, and X-gal staining was performed 
(B-Gal Staining kit, Invitrogen). The B-galactosidase-positive 
(B-gal) blue cells were counted in 5 microscopic fields (20X) 
and expressed as a percent of the total number of cells in those 
fields. 
0075 Isolation of swine mesenchymal stem cells: sMSCs 
from bone marrow were isolated by gradient density centrifu 
gation according to previous reports (Gronthos et al., 1994, 
Blood84:4164-4173; Pittengeret al., 1999, Science 284:143 
147). Briefly, bone marrow was aspirated from the sternum of 
healthy Yorkshire pigs into a syringe containing 6000 U hep 
arin, and diluted with Dulbecco's PBS in a ratio of one to one. 
The marrow sample was carefully layered onto the Ficoll 
Paque-1077 (Sigma) in a 50 ml conical tube and centrifuged 
at 400xg for 30 min at room temperature. The mononuclear 
cells were collected from the interface, washed with 2-3 vol 
umes of Dulbecco's PBS and collected by centrifugation at 
1000 rpm. The cells were resuspended and seeded at a density 
of 200,000 cells/cm in T-75 flask coated with 10 ng/ml 
fibronectin (FN) and cultured in medium consisting of 60% 
low-glucose DMEM (Gibco BRL), 40% MCDB-201 
(Sigma), 1X insulin transferin selenium, 1X linoleic acid 
bovine serum albumin (LA-BSA), 0.05 uM dexamethasone 
(Sigma), 0.1 mMascorbic acid 2-phosphate, 2% FCS, 10 
ng/ml PDGF, 10 ng/ml EGF, 100 U/ml penicillin and 100 
U/ml streptomycin. After 3 days, nonadherent cells were 
removed by replacing the medium. The attached cells grew 
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and developed colonies in 5-7 days. After approximately 10 
days, the primary cultures of MSCs reached nearly 90% of 
confluence; cells were subcultured by incubation with 
trypsin. The first passage cells were plated at 4000-5000 
cells/cm and further cultured two days for transduction with 
AdRSVLac7. 
0076 Cell Preparation for Transplantation: First passage 
sMSCs were plated at 5000/cm in modified DMEM with 2% 
FBS. One day later, the cells were washed with serum-free 
modified DMEM and infected overnight with AdRSVlacZat 
1500 MOI. The supernatant was then removed, the cells 
washed with PBS, and then cultured with modified DMEM 
containing 2% FCS. The medium was repeatedly changed 
over 2 days (26 changes) to ensure complete removal of viral 
particles and to allow for the internalization of any particles 
remaining on the Surface. On the day of surgery, the cells were 
harvested with 0.25% trypsin-EDTA (Invitrogen), washed 
with PBS, and resuspended in 0.5 ml saline. 
0077 Animal model: A Swine model of postinfarction LV 
remodeling (Zhang et al., 1996, Circulation 94: 1089-1099: 
Murakami et al., 1999, Circulation 99:942-948) was used to 
examine the behavior of autologous sMSCs homing to the 
heart. Briefly, young pigs (45 days) were anesthetized and a 
left thoracotomy was performed. The proximal segment of 
the first diagonal branch of left anterior descending coronary 
artery (LAD) was dissected free and occluded with a ligature. 
Defibrillation was applied when LV fibrillation occurred. 
After systemic hemodynamics had stabilized, the fibrin 
sMSC patch was applied to the LV anterior wall. To apply the 
fibrin matrix, the epicardial surface of the anterior wall per 
fused by (LAD) was gently scarified with a scalpel blade, 
which is necessary to induce bonding of biological adhesives 
of the fibringel. After the surface was prepared, 5-10 ml of 
fibringel mixed with MSCs was applied to the scratched area. 
The thoracotomy was then repaired and the animal was 
allowed to recover. Sixteen days after Surgery, the animals 
were returned to the laboratory for MRI and terminal studies. 
0078 Magnetic Resonance Imaging (MRI): All MRI stud 
ies were performed on a standard Siemens Medical System 
VISIONR) operating at 1.5 Tesla as previously described 
(Zhang et al., 1996, Circulation, 94:1089-1099). 
0079 Tissue Preparation: After the MRI experiments 
were completed, animals were anesthetized and the thorac 
otomy incision was reopened. The area of the patch was 
examined for adhesion, fibrosis and residual remnants of the 
fibrin matrix. The heart was excised and integrated specimens 
including the fibrin patch and the underlying myocardium 
were collected and either frozen in liquid nitrogen for blot 
ting, PCR, and X-Gal staining, or fixed in 4% formaldehyde 
for histological and imunohistochemical analyses. The tis 
sues were washed with cold PBS and then fixed with 2% 
formaldehyde and 0.2% glutaraldehyde in PBS for 1 to 2 
hours (depending on the size of the tissue). The tissue was 
then washed in PBS for 5-10 min twice and incubated with 
X-gal staining Solution (B-Gal Staining kit, Invitrogen) in a 
CO incubator. The tissues were checked every half hour for 
blue staining. After 2.5 hours, the tissues were washed with 
PBS and immersed in 4% formaldehyde overnight. The tis 
Sues were dehydrated with increasing concentrations of etha 
nol and then embedded in paraffin. Sections 5-10 um in thick 
ness were cut and stained with Hematoxin & Eosin. 
0080 Histology and Microscopy to Evaluate Myocytes 
Differentiation: For immunohistochemistry staining to evalu 
ate myocyte differentiation, the tissue sections were fixed for 
10 minutes at room temperature with 4% paraformaldehyde 
solution and then washed with PBS twice. The sections were 
blocked with 5% BSA/0.3% triton-100 for 30 minutes and 
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then incubated for 30 minutes with monoclonal primary anti 
body (Troponin T. Cardiac Isoform Ab-1, NeoMarkers), fol 
lowed by Link solution incubation for 15 minutes and 
Streptavidin peroxidase incubation for 30 minutes, respec 
tively (DAKO LSAB+Kit, peroxidase, DAKO Corporation). 
After thorough washing, chromogen Substrate solution was 
applied for 5 minutes, and then the sections were counter 
stained with hematoxylin and finally mounted. 
I0081 Analysis of 3-galactosidase reporter gene in the 
patch and in the peri-scar region by PCR: 2x10 of mesen 
chymal stem cells at 95% transduction efficiency with the 
Ad5RSVLacZ vector (Gene Transfer Vector Core, University 
of Iowa) were suspended in a reconstituted solution of throm 
bin and fibrinogen to form the patch. The patch containing 
sMSCs that express the Lacz reporter gene was applied to the 
epicardial Surface of the expected infarct area by means of a 
biological adhesive. At about 21 days post-transplantation, 
the patch and the peri-scar region of the left ventricle were 
resected for PCR analysis. DNA used as the template was 
extracted with a High Purity PCR Template Preparation Kit 
(Roche Molecular Biochemicals), Advan Taq plus DNA 
polymerase and 10X Advan Taq plus PCR buffer (Clontech) 
were used in the reaction system: PCR nucleotide mix (10 
mM) was purchased from USB. The forward primer (5'-CAT 
GCC-GATTGG-TGG-AAG-TAA-3' (SEQ ID NO: 1)) was 
complementary to sequences of the RSV-LTR and was used 
to detect the RSV promoter in replication-deficient recombi 
nant adenoviruses (Ad5RSVLacz); the reverse primer (5'- 
AAA-GCG-CCA-TTC-GCC-ATT-3' (SEQ ID NO:2)) 
amplified a 150 nt Lacz gene fragment from Ad5RSVLacz. 
The size of the PCR product from the RSVLTRLacz ampli 
fication is about 0.56 Kb. The PCR reaction in 50 ul of volume 
was as follows: 100 ng DNA template, 5ul 10X buffer, dNTP 
(2.5 mM each) 1 ul, Advan Taq plus 1 ul, forward primer 1 ul 
10 uM, 1 Jul 10 uM reverse primer, supplement HO to 50 ul 
and set at 95°C. for 10 min for one cycle, and then 99° C. for 
15 sec and 60° C. for 1 min for 35 cycles. 

Example 7 

Phenotype of sMSCs 

I0082. The surface antigens CD44, CD45, HLA-Class I, 
and HLA-Class II were examined by flow cytometry using 
about 1.5x10 cells per 100 ul. Cells were labeled with pri 
mary monoclonal antibodies (mAbs, 2 ug each) directed 
against pig CD44, CD45, HLA-Class I and HLA-Class II 
antigens. Cells were incubated at 4°C. for 30 minutes and 
washed; the second polyclonal antibody-FITC conjugated 
against mouse IgG (1 lug/tube) was added and incubated at 4° 
C. for an additional 30 minutes. The mouse isotype IgG (21g) 
was added to 1.5x10 cells instead of primary mAbs for a 
negative control. The phenotype profiles of sMSCs were 
shown to be negative for CD45 and HLA-Class II, and posi 
tive for CD44 and HLA-Class I (FIG.1). The thin line profiles 
represent mIgG-staining isotype as a control. 

Example 8 
Chondroblast and Osteoblast Differentiation from 

SMSCS 

I0083) To demonstrate the pluripotency of MSCs, cells 
were cultured in conditions that have previously been 
reported to cause transformation of stem cells into chondro 
blasts or osteoblasts. SMSCs were trypsinized and aliquots of 
25x10" cells in 0.5 ml chemically defined medium with por 
cine TGF-B (10 ng/ml) and dexamethasone 107 M were 
centrifuged in 15 ml conical tubes at 500xg. The pelleted cells 
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were left at the bottom of the tubes and incubated in a CO 
incubator. Within 24 hrs after incubation, the sedimented 
cells formed a spherical mass (an aggregate) at the bottom of 
the tube. The aggregate did not adhere to the tube wall. Dif 
ferentiation to chondroblasts was shown by toluidine blue 
staining and type II collagen staining (FIG. 2A). When cell 
aggregates were cultured in chemically defined medium con 
taining 0.05uM dexamethasone but withoutTGF-B, toluidine 
blue staining revealed no evidence of cartilaginous matrix 
production. 
0084. Osteoblast differentiation: Trypsinized cells were 
plated onto 6-well plates at 3x10 cells/cm in 10% serum 
DMEM medium. On the following day, the medium was 
replaced with fresh medium containing 100 uM dexametha 
Sone (Sigma), 10 mM 3-glycerophosphate (Sigma) and 50 
uMascorbic acid-2-phosphate (Sigma), with media changes 
every 3 to 4 days. On days 4, 8, 12, 16 and 20 of culture, 
samples were assayed for alkaline phosphatase activity (FIG. 
2B) and mineral deposition (FIG.2C) by histochemical stain 
ing with Sigma Kit 85 and the Von Kossa method, respec 
tively (Pittenger et al., 1999, Science 284:143-147). After 
8-14 days in osteogenic culture medium, over 80% of cells 
were alkaline phosphatase (Apase) positive. Calcium accu 
mulation was shown after one week and increased over time 
(FIGS. 2B and 2C). 
0085. This chondroblast and osteoblast differentiation 
potential was maintained after sMSCs were transduced with 
the Lacz reporter gene. 

Example 9 
sMSC Transduction 

I0086. The labeling experiments revealed that sMSCs 
could be efficiently labeled by use of the recombinant aden 
oviruses Ad5RSVlacz at high MOI. The maximum number 
of cells expressing B-galactosidase was achieved at 1500 to 
2000 MOI (FIG. 3). Consequently, this concentration was 
used for labeling cells for patch transplantation experiments. 
Samples of transduced pMSCs were plated in T25 flasks and 
stained with B-gal to determine transduction efficiency (FIG. 
3B). Some of the transduced sMSCs were maintained in 
culture to examine how long the cells continue to express 
B-galactosidase. Results indicated that 3-galactosidase is 
expressed for one to two months. 

Example 10 
MSC Patch 

0087. In vitro MSC Patch: To examine cell behavior and 
proliferation potential within the fibrin matrix, equal volumes 
(5 ml) of the reconstituted fibrinogen and thrombin solution 
containing 2x10 cells were mixed and pooled into a 25mm 
Falcon culture dish using the double Syringe applicator 
described above. The mixture of cells was gelled for a few 
seconds and then overlaid with 3 ml of the stem cell medium; 
cultures were incubated at 37°C. in 5% CO/95% air and the 
medium was changed every two days. Using an inverted 
contrast microscope, it was possible to see cells entrapped in 
the fibringel and determine whether the cells had spread. A 
high power microphotograph of SMSCs emigrating from the 
fibrin matrix after 2 days in culture is illustrated in FIG. 4. 
I0088. In vivo SMSC Patch: In vivo studies were performed 
in 3 groups of animals: Transplantation group (Tx, N=8), 
patch without stem cell group (P. N=6), and 1 diagonal 
coronary artery ligation group (L, N-6). Studies were carried 
out to test whether the sMSCs delivered by a fibrin-patch 

Jun. 4, 2009 

would respond to the ischemic stimuli to migrate and home to 
the infarcted myocardium. Typical results from one study are 
illustrated in FIGS. SA-I. FIG. 5A illustrates a fibrin MSC 
patch that was applied on the Surface of the myocardial inf 
arction produced by ligation of the 1 diagonal coronary 
artery. FIG. 5B illustrates magnetic resonance images used to 
assess LV function. The MRI data indicated an increased LV 
wall thickness in the infarct Zone of hearts with stem cell 
transplantation (Tx) (FIG. 5B) as compared to groups treated 
with the patch without cells (P) or coronary ligation (L) 
litermates. In hearts with postinfarction LV remodeling, the 
LV systolic thickening fraction was significantly improved in 
hearts with fibrin-stem cell patch transplantation (Table 1). 
I0089 FIG. 5C illustrates X-Gal staining of a specimen 
with myocardial infarct and periscar area. SMSCs that express 
the B-galactosidase reporter gene are seen homing into the 
anterior LV wall (FIG.5C). In stem cell culture medium, the 
“blue” cells migrated out of the specimens taken from the 
peri-scar area and continued to divide (FIGS. 5D and 5E). 
These data indicate that the blue X-Gal color originated from 
live SMSCs. 

Example 11 
PCR, Tissue Staining and Microscopic Evaluations 

0090. Using the porcine model of postinfarction LV 
remodeling and immunohistochemical methods described 
herein, autologous sMSCs were found to home into the 
necrotic myocardium and differentiate into myocytes as evi 
denced by cardiac-specific troponin T staining (FIGS.5G and 
5H). Light microscope (LM) evaluation indicated that the 
transplanted autologous “blue” cells had survived and differ 
entiated into new myocytes in the peri-scar region (FIGS.5F, 
5G, and 5H). FIG. 5I illustrates a pathologic specimen that 
includes the interface between the fibrin patch (shown in pale 
white) and the injured myocardium (shown in red). A new 
vessel growing into the patch is readily seen in FIG.5J. FIG. 
5K shows immunohistochemical staining of the interface 
between the patch and the peri-Scar region. Rich neovascu 
larization in the scaffold of the patch area clearly is seen (FIG. 
5K). These data indicate that this biodegradable stem cell 
patch stimulates neovascularization. 
0091 PCR amplification of specimens taken from the 
“blue' area indicated the presence of Ad5RSVLacz, nucleic 
acid (FIG. 5L). This was not seen in hearts of patients 
assigned to the Por L. groups. 

Example 12 
Calculated Efficiency of Stem Cells Homing into the 

Ischemic Myocardium 
0092. Twelve biopsy specimens (1 mm each) from 
necrotic and border Zones were taken from each LV, and 
placed into T25 flasks for culture using stem cell culture 
medium. Twenty-four hours later, X-Gal staining was per 
formed and “blue cells' were counted. The total number of 
stem cells that migrated out of the ischemic myocardium was 
obtained relative to the volume of the biopsy specimen 
(weightx1.06 as the density of myocardium); data represent 
the mean of 8 counts of specimens from each heart. The 
identical specimen collection and culture procedure was also 
performed in areas remote from the infarct in hearts in Pand 
L groups. No blue cells were found from the cultured speci 
mens of the Por L hearts. The homing efficiency was calcu 
lated as follows: efficiency (%)=100xtotal number of cells 
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migrated into the LV/number of stem cells transplanted. 
Counting the “blue” cells in the infarcted area (including the 
peri-scar Zone) indicated that about 10% of the transplanted 
cells migrated to the myocardial infarct. However, only a 
small portion of sMSCs that reached the peri-scar myocar 
dium differentiated to myocyte-like cells (FIGS. 5F, 5G, and 
5H). MRI was used to evaluate LV contractile performance, 
and a significant improvement of LV contractile function was 
observed in hearts that received MSC transplantation. 

Example 13 

PEGylated Fibrin Patch 

0093. A PEGylated fibrin patch for MSCs transplantation 
was developed by modifying fibrinogen with the benzotriaz 

SEQUENCE LISTING 

<16 Oc NUMBER OF SEO ID NOS: 2 

<210 SEQ ID NO 1 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Oligonucleotide 

<4 OO SEQUENCE: 1 

catgc.cgatt ggtggaagta a 

<210 SEQ ID NO 2 
<211 LENGTH: 18 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Oligonucleotide 

<4 OO SEQUENCE: 2 

aaag.cgc.cat tcgc.catt 

ole carbonate derivative of PEG (BTC-PEG-BTC). BTC 
PEG-BTC has electrophilic groups at both ends that can react 
with protein amino groups, producing stable urethane (car 
bamate) linkage. Utilizing reactive PEG, the number of 
crosslinks between adjacent fibrin monomer molecules can 
be increased and/or growth factors can be covalently attached 
to the fibrin. 

0094. The chemical PEGylation offibrinogen was verified 
by both amine group quantification and SDS-PAGE using a 
double staining technique with Coomassie Brilliant Blue 
R-250 and iodine. 

0095. The physical properties and clotting characteristics 
of the fibrin patch and the PEGylated fibrin patch were com 
pared using various molar ratio combinations of PEG to 
fibrinogen (PEG:fibrinogen). After seeding with porcine 
MSCs, the cell viability in the different patches was exam 
ined. The data indicate that the degree of modification can be 
controlled by varying the molar ratio of PEG to fibrinogen. 
The clotting time increased significantly in proportion to the 
molar ratio up to 5:1. At the molar ratio of 10:1, although the 
gelation time of PEGylated fibrin patch increased approxi 

Jun. 4, 2009 

mately 10% (18+0.3 min versus 15+0.6 min) compared to the 
fibrinpatch, the MSCs viability 2 days after loading increased 
significantly. 
(0096. These results indicate that although the PEGylated 
fibrin patch may take slightly longer to gel, the PEGylated 
fibrin provides a healthy and stable environment for MSCs. 

OTHER EMBODIMENTS 

0097. It is to be understood that while the invention has 
been described in conjunction with the detailed description 
thereof, the foregoing description is intended to illustrate and 
not limit the scope of the invention, which is defined by the 
Scope of the appended claims. Other aspects, advantages, and 
modifications are within the scope of the following claims 

21 

18 

What is claimed is: 
1. A method for repairing damaged tissue in a mammal, 

said method comprising introducing, on or into a tissue in 
need of repair, a PEGylated fibrinogen Solution comprising 
stem or progenitor cells under conditions wherein a fibrin 
biomatrix comprising said cells forms at or near the site of 
introduction. 

2. The method of claim 1, wherein said tissue is skin. 
3. The method of claim 1, wherein said tissue is cardiac 

tissue. 
4. The method of claim 1, wherein said stem or progenitor 

cells are bone marrow cells. 
5. The method of claim 4, wherein said bone marrow cells 

are autologous to said mammal. 
6. The method of claim 1, wherein fibrinogen in said 

PEGylated fibrinogen solution is autologous to said mammal. 
7. The method of claim 1, wherein said conditions com 

prise introducing a solution comprising a fibrinogen-convert 
ing agent to said PEGylated fibrinogen solution. 

8. The method of claim 7, wherein said fibrinogen-convert 
ing agent is a serine protease. 
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9. The method of claim 8, wherein said serine protease is 
thrombin. 

10. The method of claim 9, wherein said thrombin is 
autologous to said mammal. 

11. The method of claim 7, wherein said fibrinogen-con 
verting agent is added to said PEGylated fibrinogen solution 
before said introduction. 

12. The method of claim 7, wherein said fibrinogen-con 
verting agent is added to said PEGylated fibrinogen solution 
after said introduction. 

13. A method of assisting tissue function in a mammal in 
need thereof comprising introducing, on or into a tissue, a 
PEGylated fibrinogen Solution comprising stem or progenitor 
cells under conditions wherein a fibrin biomatrix comprising 
said cells forms at or near the site of introduction, and wherein 
said cells assist said tissue function of said mammal. 

14. A method of delivering stem or progenitor cells to a 
tissue of a mammal comprising injecting, onto or in the vicin 
ity of a surface of said tissue of said mammal, a PEGylated 
fibrinogen solution comprising said cells. 
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15. A method for inducing stem or progenitor cells to 
differentiate comprising: 

a) providing said cells in a fibrinogen solution; and 
b) introducing said PEGylated fibrinogen solution onto a 

tissue of a mammal under conditions wherein a fibrin 
biomatrix comprising said cells forms at or near the site 
of introduction and said cells differentiate. 

16. An article of manufacture, comprising 
a PEGylated fibrinogen solution; 
a thrombin Solution; and 
instructions for forming a fibrin biomatrix. 
17. The article of manufacture of claim 16, further com 

prising: 
instructions for collecting stem or progenitor cells from a 
mammal. 

18. The article of manufacture of claim 16, further com 
prising: 

a therapeutic compound. 
19. The article of manufacture of claim 18, wherein said 

therapeutic compound is a drug. 
c c c c c 


