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COMPOSITIONS COMPRISING EXTRACELLULAR MATRIX OF PRIMITIVE
ANIMAL SPECIES AND RELATED METHODS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of United States Provisional Patent Application No.
62/328,829, filed April 28, 2016, which isincorporated herein by reference in its entirety.

[0002] Theextracellular matrix (ECM) isthe architectural foundation of tissue morphogenesis,
development, homeostasis, and regeneration across the animal kingdom. Evolutionarily
primitive species generally have higher regenerative capability than mammals; the ECM may
contribute to this difference.
[0003] To date, faithful regeneration of non-regenerative tissues, such as damaged
myocardium, has not been achieved. The general field of regenerative medicine has focused
on use of either generic ECM material, such as decellularized porcine UBM (urinary bladder
matrix) or SIS (small intestine submucosa), or organ-specific ECM, such as using CNS or
nerve-derived ECM for nerve regeneration or cardiac-derived ECM for heart repair. While
some success has been achieved, regeneration and/or faithful regeneration of many tissues has
not been achieved. There remains a great need for acell growth matrix that promotes faithful
tissue growth for repair of damaged or defective tissues.

SUMMARY
[0004] Provided herein are regenerative ECM (rECM) compositions and methods useful for
tissue regeneration that use rECM. ECM materia prepared from regenerating, developing or
rapidly-growing tissue is shown herein to promote regeneration of normal, differentiated tissue
in tissues that have previously been difficult to regenerate.
[0005] According to one aspect, a method of producing regenerative extracellular matrix
(rECM) composition isprovided. The method comprises: freezing and thawing tissue that has
inherent regenerative capability or that is undergoing regeneration, growth, or development, to
kill cells within the tissue; treating the thawed tissue with one or more nucleases to digest
nucleic acids in the tissue to produce rECM; and washing the nuclease-digested tissue in an
aqueous solution, to remove cellular debris. An rECM product, such as an rECM prepared
according to the method, also is provided in one aspect.
[0006] According to another aspect of the invention, a method of treating a patient having a
tissue injury, condition or defect is provided. The method comprises administering to the

patient an amount of an rECM composition to the patient at alocation in the patient of tissue
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injury, condition or defect, in an amount effective to treat the tissue injury, condition or defect
in the patient.
[0007] In a further aspect of the invention, a medica device or apparatus is provided
comprising or coated with an rECM material as described herein.
[0008] In yet another aspect of the invention, a method of preparing an rECM gd material is
provided. The method comprises neutralizing an acid protease-digested material that is
prepared by: a. freezing and thawing tissue that has inherent regenerative capability or that is
undergoing regeneration, growth, or development, tokill cells within the tissue; b. treating the
thawed tissue with one or more nucleases to digest nucleic acids in the tissue to produce rECM;
c. washing the nuclease-digested tissue in an aqueous solution, to remove cellular debris; d.
digesting the nuclease-digested tissue with an acid protease; and e. optionaly freezing or
lyophilizing the acid protease-digested material.
[0009] A kit is provided according to a further aspect of the invention. The kit comprises
rECM or rECM combined with other materials contained in a vessel, wherein the rECM is
optionally prepared according to a method provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figures 1A and IB. Amputated zebrafish hearts and decellularization processes. (Figure
1A) Representative images of zebrafish hearts. (a) hedthy, (b) 1-day, and (c) 3-day post
amputation. Roughly 70% of the ventricular tissue (dotted lines), including the regenerating
area in the amputated heart, is harvested. (Figure 1B) The work flow of production of
decellularized zebrafish heart ECM.
[0011] Figures 2A-2C. Characterization of decellularized zebrafish cardiac ECM (zECM).
(Figure 2A) Scanning electron microscopic images of fresh, decellularized, and ground
decellularized normal and healing (3 dpa) zebrafish ventricular tissues. 1000x images, scale
bar = 10 wun; 5000x images, scale bar = 1 un. (Figure 2B) Particle size analysis of ground
ZECM by dynamic light scattering (N = 3). (Figure 2C) Composition analyses of norma zebra
fish cardiac ECM (nzECM) and adult mouse cardiac ECM (mECM) showing the amount of
collagen, €éastin, and glycosaminoglycans (GAGSs) ineach group respectively (N = 3 per group;
data showing means + SD; *p<0.05, **p<0.01).
[0012] Figures 3A-3G. Bioactivity of zZECM on human cardiac precursor cell proliferation and
migration. (Figures 3A-D) Relative proliferation rates of hCSC and hHP under stressed culture
conditions following different cardiac ECM treatments. Addition of hzECM, nzECM, or
mMECM in the culture media partially rescued the proliferation of (Figure 3A) hCSC and (Figure
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3B) hHP under nutrient-deprived culture conditions. Addition of hzECM or nzECM, but not
MECM, in the culture media partialy rescued the proliferation of (Figure 3C) hCSC and
(Figure 3D) hHP under dual hypoxic (2.5% o2 and nutrient-deprived culture conditions.
(*p<0.05, Tp<0.01, %47<0.005, *p<0.001 compared to nutrient-deprived controls in al graphs)
(Figure 3E-H) Transwell chemotaxis assays with different cardiac ECM showing the migration
of hCSC and hHP under nutrient-deprived culture conditions. hzECM and nzECM, but not
MECM, induced prominent migration of (Figure 3E) hCSC and (Figure 3G) hHP (cells stained
ingreen inoriginal; scale bars = 50 wn). Significantly more (Figure 3F) hCSC and (Figure 3H)
hHP migrated in hzECM- and nzECM-induced groups than in the mECM-induced group and
saline control (N = 4 per group; data normalized to the respective saline control; **p<0.01,
***[92<0.001 compared to MECM and saling; *p<0.05 hzECM vsnzECM). All quantitative data
represent means + SD.

[0013] Figures 4A-4E. Echocardiographic analyses of cardiac function. (Figure 4A) Schematic
representation of the work flow using zECM (0.5 mg suspension) for mammalian heart
regeneration after acute M| (dpa: day post amputation). Cardiac contractile function is
indicated by (Figure 4B) fractional area change and (Figure 4C) egjection fraction; left
ventricular dimension is indicated by (Figure 4D) end-diastolic area and (Figure 4E) end-
systolic area (N=7 per group; data analyzed by two-way repeated ANOVA; *p<0.05, Tp<0.01,
%42<0.005, *p<0.001 compared to saline controls in all graphs).

[oo14] Figures 5A and 5B. Representative left ventricular images of (Figure 5A) M- and (B)
B-mode echocardiography. End-systolic dimension (ESD) and end-diastolic dimension (EDD)
areindicated in (Figure 5A). Dotted circles in (Figure 5B) approximate the left ventricular wall
at the end-diastole.

[oo15] Figures 6A-6D. (Figure 6A) Representative B-mode images showing region-of-interest
(ROI) sdlection at end-diastole and end-systole for myocardial strain analysis. (Figure 6B)
Representative graphs showing radial (upper panels) and circumferential (lower panels) strain
estimation during acardiac cycle: strain of the infarcted area (dark blue in original) iscloser to
the non-infarcted area (yellow, green, red and cyan in original) and normal heart in hzZECM-
treated group than in mECM- or saline-treated groups. Quantification of (Figure 6C) radial and
(Figure 6D) circumferential strain (N=3 per group; p<0.01, #p<0001 hzECM and nzECM
compared to mECM and saline while mECM compared to saline in all graphs).

[oo1e] Figures 7A-7C. Histological analysis of mouse hearts after zZECM treatment. (Figure
7A) Representative H&E staining images of serially sectioned mouse hearts at 6 weeks post-
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MI. 1, 2, and 3 approximate the section level in the model heart (scale bars = 1 mm). (Figure
7B) Analysis of the infarct size with H& E stained sections at level 1 (N =4 per group). (Figure
7C) Analysis of the left ventricular wall thickness with H& E stained sections at level 1 (N =4
per group). **/?<0.01, ***/2<0.001 compared to mECM and saling; #p<0.05 hzECM vs
nzECM). All quantitative data represent means + SD.

[0017] Figures 8A and 8B. Fibrosis and chronic inflammation. (Figure 8A) Myocardial fibrosis
at 6 weeks post-MI isrevealed by Masson's trichrome stain in transverse sections of hearts
injected with saline, mMECM, nzECM, or hzECM (collagen in blue/purple in original, cardiac
muscle in red in original; scale bars = 1 mm). (Figure 8B) Detection of chronic phagocytic cell
infiltration by anti-mouse CD68 immunohistochemistry at 6 weeks post-MI in transverse
sections of hearts injected with saline, mMECM, nzECM, or hzZECM (CD68 in green in original;
scale bars = 50 win).

[0018] Figures 9A and 9B. Analysis of elastin within the infarct zone in zECM-treated hearts.
(Figure 9A) Representative images of anti-elastin immunostaining (elastin in green in original
and DAPI in blue in original). (Figure 9B) Quantification of the eastin content in the infarct
zone. *p<0.05, ***p<0.001 compared to saline and mMECM. All quantitative data represent
means + SD.

[0019] Figures 10A-10H. Proliferation of cardiac precursor cell populations. Dual
immunofluorescent detection and quantification of (Figures10A-C) c-kit+/Ki67+ proliferating
cardiac stem cells, (Figures10D-F) PDGFRP+/Ki67+ proliferating cardiac mesenchymal
stromal cell, and (Figures10G-H) Wtl+/Ki67+ proliferating epicardium-derived progenitor
cells at 6 weeks post-MI at the mid-infarct level of mouse left ventricles. Arrows indicate
doubly positive cells. All image analyses are performed within 20 x 10 micron areasin 5images
of each heart (N = 4 per group). All quantitative data represent means + SD. *p<0.05, **/?<0.01,
**%/2<0.001 compared to saline and MECM; #<0.05, #p<0.01 hzZECM vs nzECM. Scale bars
=50 unt.

[0020] Figures 11A-11F. Cardiomyocyte proliferation and ErbB2 expression. (Figures11A-C)
cTnT+/Ki67+ proliferating cardiomyocytes at 3 days post-MI at the mid-infarct level of mouse
left ventricles. Arrows indicate doubly positive cells. (Figures11D-F) Dual immunofluorescent
detection and quantification of ErbB2+/cTnT+ cardiomyocytes suggest the involvement of
NRG1 signaling in zECM-treated groups. All image analyses were performed using 20 x 10

micron areas in 5images of each heart (N = 4 per group). All quantitative data represent means
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+ SD. ***p<().001 compared to saline and MECM; #<0.05 hzECM vs nzECM. Scale bars =
50 pnt.
[0021] Figures 12A-12C. Cardiomyocyte proliferation at 6 weeks post-MI. (Figure 12A) Dual
immunofluorescent detection of cTnT+/Ki67+ cardiomyocytes at 3 days post-MI at the mid-
infarct level of mouse left ventricles (scale bars = 50 pin). Quantification of cTnT+/Ki67+
cardiomyocytes at the (Figure 12B) infarct and (Figure 12C) peri-infarct border zone. All
p>0.05. All quantitative data represent means + SD.
[0022] Figure s 13A-13D. (Figure 13A) Immunoishochemical detection of NRG1 (arrow
heads) in normal and heding (3 dpa) zebrafish hearts. (Figure 13B) Positive
immunofluorescent detection of NRG1 (green in original) at the ventricular apex of normal
(nzH) and healing (hzH) zebrafish hearts but not in the adult mouse heart (mH). (Figure 13C)
Consistent with the in situ NRG1 staining, Western blotting showed that both normal (nzECM)
and healing (hzECM) zebrafish heart ECM contain NRG1 protein. (Figure 13D) Quantification
data indicate hzECM and nzECM contain approximately 6.5 and 5 times more NRG1 than
norma mouse heart ECM (mECM) respectively. Data represent means + SD. ***p<0.001
compared to mECM. Scale bar = 50 wn.
[0023] Figure 14A-14D. Inhibition of ErbB2 activity with decellularized cardiac ECM
treatment. Cardiac contractile function is indicated by Figure 14A (A) fractional area change
and Figure 14A (B) gjection fraction; left ventricular dimension isindicated by Figure 14A (C)
end-diastolic area and Figure 14A (D) end-systolic area. No significant difference is observed
between al groups at al time points (N=7 per group; all p>0.05; data analyzed by two-way
repeated ANOVA). Dual immunofluorescent detection and quantification of (Figures 14B and
14C) c-kit+/Ki67+ proliferating cardiac stem cells and (Figures 14D and 14E) ErbB2+/cTnT+
cardiomyocytes. No significant difference is observed between all groups (N = 4 per group, all
p>0.05). Scale bar = 50 um. All groups in this figure were incubated with the Erbb2 inhibitor
AG825.

DETAILED DESCRIPTION
[0024] Other than in the operating examples, or where otherwise indicated, the use of
numerical values in the various ranges specified in this application are stated as approximations
as though the minimum and maximum values within the stated ranges are both preceded by the
word "about". Inthis manner, dlight variations above and below the stated ranges can be used
to achieve substantially the same results as values within the ranges. Also, unless indicated
otherwise, the disclosure of ranges is intended as a continuous range including every value

between the minimum and maximum values. Asused herein "a' and "an" refer to one or more.
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[0025] As used herein, the term "comprising” is open-ended and may be synonymous with
"including”, "containing”, or "characterized by". The term "consisting essentially of limits
the scope of aclaim to the specified materials or steps and those that do not materially affect
the basic and novel characteristic(s) of the claimed invention. The term "consisting of
excludes any element, step, or ingredient not specified in the clam. As used herein,
embodiments "comprising” one or more stated elements or steps also include, but are not
limited to embodiments "consisting essentially of and "consisting of these stated elements or
steps. For definitions provided herein, those definitions refer to word forms, cognates and
grammatical variants of those words or phrases.

[0026] As used herein, the term "polymer composition” is a composition comprising one or
more polymers. As a class, "polymers' includes, without limitation, homopolymers,
heteropolymers, co-polymers, block polymers, block co-polymers and can be both natural and
synthetic. Homopolymers contain one type of building block, or monomer, whereas co-
polymers contain more than one type of monomer.

[0027] A polymer "comprises' or is "derived from" a stated monomer if that monomer is
incorporated into the polymer. Thus, the incorporated monomer that the polymer comprises is
not the same as the monomer prior to incorporation into the polymer, in that at the very least,
during incorporation of the monomer, certain groups, e.g. terminal groups, that are modified
during polymerization are changed, removed, and/or relocated, and certain bonds may be
added, removed, and/or modified. An incorporated monomer is referred to as a "residue” of
that monomer. A polymer is said to comprise a specific type of linkage if that linkage i s present
in the polymer. Unless otherwise specified, molecular weight for polymer compositions refers
to weight average molecular weight (Mw). A "moiety” is a portion of a molecule, compound
or composition, and includes aresidue or group of residues within alarger polymer.

[0028] By "biocompatible®, it is meant that a device, scaffold composition, etc., and
degradation products thereof, is essentialy, practically (for its intended use) and/or
substantially non-toxic, non-injurious or non-inhibiting or non-inhibitory to cells, tissues,
organs, and/or organ systems that would come into contact with the device, scaffold,
composition, etc.

[0029] As used herein, the term "comminute" and any other word forms or cognates thereof,
such as, without limitation, "comminution" and "comminuting”, refers to the process of
reducing larger particles into smaller particles, including, without limitation, by grinding,

blending, shredding, dlicing, milling, cutting, crushing, and/or shredding. ECM can be
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comminuted while in any form, including, but not limited to, hydrated forms, frozen, air-dried,
lyophilized, powdered, or sheet-form.

[0030] As used herein, the terms "extracellular matrix" and "ECM" refer to a natural
scaffolding for cell growth that isprepared by decellularization (devitalization) of tissue found
in multicellular organisms, such as mammals and humans. ECM can be further processed by,
for instance sterilization, disinfection, dialysis and/or cross-linking. ECM isacomplex mixture
of structural and non-structural biomolecules, including, but not limited to, collagens, elastins,
laminins, glycosaminoglycans, proteoglycans, antimicrobials, chemoattractants, cytokines,
and/or growth factors. In mammals, ECM often comprises about 90% collagen, in its various
forms. However, ECM does not include as aclass purified preparations of single compositions
found in tissue, such as purified collagen preparations. The composition and structure of ECM
varies depending on the source of the tissue. For example, small intestine submucosa (SIS),
urinary bladder matrix (UBM) and liver stroma ECM each differ in their overall structure and
composition due to the unique cellular niche needed for each tissue.

[0031] As used herein, the term "derive", "derived,” or "derives', refers to a component or
components obtained from any stated source by any useful method. For example and without
limitation, an ECM-derived gel refers to agel comprised of components of ECM obtained from
any tissue by any number of methods known in the art for isolating ECM. In another example,
regenerating tissue-derived rECM refers to ECM comprised of components of regenerating,
developing or growing tissue obtained from any animal, by any useful method.

[0032] Methods of preparing regenerative extracellular matrix (rECM) compositions
comprising extracellular matrix obtained from growing, developing and/or regenerating tissues
are provided herein. Related compositions, devices and methods of use also are provided.
[0033] Regenerative ECM (rECM) material described herein is prepared from tissue
undergoing growth, development, or regeneration. In one aspect, the tissue is regenerative
tissue obtained from an organism that has inherent regenerative capacity, and in certain aspects
from tissue of that organism that has inherent regenerative capacity and that is optionally
undergoing regeneration. As used herein, "regeneration” refers to the ability of a mature
organism to regrow, repair or replace tissue that islost, for example under circumstances where
another organism, such as ahuman, cannot regenerate the same tissue, with examples of such
regenerative tissue being described herein, including zebrafish heart tissue as shown in the
Examples below. 1n one aspect, the rECM is prepared from growing tissue, such as fetal or
neonatal tissue, obtained from an animal, such as an invertebrate, a vertebrate or a mammal.

In another aspect, the rECM is prepared from regenerating tissue, that i stissue that i s obtained
7
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from an animal capable of regeneration and the tissue is actively regenerating. A number of
organisms undergo spontaneous regeneration, e.g., when injured or when growing tissue or
organs that generate one or more times during the natural life progression of the animal. In
many cases, the regeneration islimited to specific organs or limbs, asin the case of lizard tails,
deer antlers, rabbit ears, bat wings, and spiny mouse (Acomys) ears and skin. A number of
invertebrates undergo autotomy as an avoidance or protective behavior, including land slugs
(Prophysaon), sea snails (e.g., Oxynoe panamensis), octopus, crickets, spiders, crabs and
lobsters. Autotomous vertebrates include lizards and amphibians, such as salamanders, newts
and other urodeles, as well as the axolotl (Ambystoma mexicanum), which can regenerate most
of its body parts. As shown herein, the zebrafish can regenerate at least cardiac tissue. Other
animals capable of regeneration, and especially bidirectional regeneration (the ability to
regenerates a complete animal from a part of the animal, as opposed to unidirectional
regeneration which isthe ability of an animal to regenerate one or more specific parts, such as
the lizard's tail, the zebrafish' s heart or the spiny mouse's skin), including hydras, certain
echinoderms such as sea stars, sea urchins and sea cucumbers, and anemones. Planaria show
a dramatic ability to regenerate bidirectionally, in that even small parts of a planarian can
regenerate afull organism.

[0034] In one aspect, the tissue is obtained from a genetically-modified organism that is
modified by man by any useful method, such as by: mutagenesis (e.g., irradiation or
chemically-induced mutation); chimerae; gene transfer, such as transgenic technologies; and
genome editing (e.g. CRISPR/Cas9). This is in contrast to normal, or wild type tissue or
organisms that are found in nature, or are obtained by traditional breeding, selective breeding
,and cross-breeding techniques. In another aspect, the tissue is genetically-modified ex vivo or
invitro. The modification can be modification of any DNA sequence in the tissue or organism.
Tissue may be cultured ex vivo or in vitro to produce suitable rECM structures.

[0035] In one aspect, regenerating tissue is processed to prepare rECM. In one aspect,
regenerating tissue is prepared by damaging tissue that is capable of regeneration, such as the
zebrafish cardiac tissue as shown below, planarian tissue, echinoderm tissue, amphibian, or
lizard tissue by causing trauma to the tissue capable of regeneration. Tissue may be damaged
by any means, such as by physical trauma, chemical damage, heating or cooling (e.g. freezing)
damage, radiation damage, and/or electrical damage. Thetissueisregrown at least long enough
for the tissue to begin regrowth, but not so long as to complete regrowth.

[0036] To produce rECM, the tissue is devitalized. The rECM is preferably minimally
processed to produce intact rECM. In one aspect, no detergents, dialysis and/or crosslinking

8
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are used to prepare the rECM. Asindicated above and in the examples below, the regenerating
tissue is processed, in one aspect by freezing, thawing, and digestion of nucleic acids, for
example by DNAse and RNAse treatment. The rECM can then be stored prior to use as-is, or
can be lyophilized, optionally comminuted, optionally sterilized, and stored prior to use. A gel
composition can be prepared as described above by digestion of the product with an acid
protease, followed by neutralization and raising the temperature of the mixture to physiological
temperature, e.g., 37°C or from 30°C to 40°C.

[0037] In one aspect, planaria or hydra are used as the source of regenerating tissue because
they are common, easy to grow in culture, and large quantities of regenerating tissue can be
produced by damaging the organisms, for example by blending, chopping, radiating, or by
chemical treatment of the organisms, allowing the organisms to recover and begin regeneration
and, prior to complete regeneration of the organisms, harvesting the organisms for processing
to rECM as described herein. Likewise, zebrafish hearts can be damaged in vivo, eg., as
described herein by surgical removal of al or part of the ventricular apex, and subsequently
harvested for processing to rECM.

[0038] In another aspect, the regenerating tissue is prepared in vitro, in an appropriate cell or
organ culture environment to permit growth of regenerating tissue.

[0039] According to one aspect, rECM is prepared from regenerating and growing or
developing tissue, such as fetal or neonatal (within one week of birth) tissue. By "growing or
developing tissue," itismeant tissue that israpidly growing prior to adult maturity, for example
in neonates or fetuses, and does not refer to tissues, such as intestinal mucosa, that normally
propagate in adult mammals. Thus, in one aspect, adult immune tissue and intestinal tissue are
excluded from the category of "growing tissue'. If needed, regenerating, growing or
developing tissue is comminuted prior to processing, however for certain tissues that have
minimal size or thickness, such as zebrafish heart tissue, comminution is not necessary prior to
devitalizing. The tissue is optionally washed prior to further processing, e.g., in an isotonic
solution and/or in an antibiotic-containing solution (e.g. a PISYA/G solution as described
below). By "washed" it is meant an aqueous wash solution is added to the material to be
washed, optionally mixed with the material to be washed, and removed, e.g., by centrifugation
and decanting the wash solution. Red blood cells are optionadly lysed, e.g., using suitable
erythrolysis buffer, which are broadly-known and are commercially available. The tissue is
frozen and thawed to kill live cells, and is then treated with nucleases, e.g. DNase and RNase,
to remove nucleic acids. Washing steps, e.g. with an isotonic solution, such as PBS or isotonic

saline and/or with antibiotics, are performed as needed to remove cellular debris and digested
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nucleic acids. The composition can then be utilized at that stage. The composition is then
frozen or dried, e.g. lyophilized, stored, sterilized (e.g., when in adried state). In use, dried
rECM is re-hydrated in a suitable agueous solution, such as water, PBS, or norma saline,
optionally with one or more antibiotics, and is optionally centrifuged to remove large particles
and/or frozen prior to use. The composition can then be used immediately, e.g. injected into a
patient at atreatment site, or digested with an acid protease as outlined herein, to make agel.
[0040] According to one aspect, a method of preparing an extracellular matrix-derived gel is
provided. In the method, extracellular matrix (ECM) is solubilized by digestion with an acid
protease such astrypsin or pepsin in an acidic solution to produce adigest solution. The digest
solution is then brought to apH between 7.2 and 7.8 to produce a neutralized digest solution,
for example, by mixing the solution with an isotonic buffer or abase, such as, without limitation
NaOH. The solution gels at atemperature greater than 25 °C. The compositions are therefore
"reverse gelling," meaning that the viscosity of the matrix increases when warmed above the
lower critical solution temperature (LCST) of the composition, for example to physiological
temperatures approaching about 37°C. According to one non-limiting aspect, the ECM-
derived composition is an injectable solution at temperatures lower than 37°C, but agel at a
physiological temperature of 37°C. According to certain embodiments, the gel is bioactive
because the entire, intact ECM is solubilized, and is not dialyzed, cross-linked and/or otherwise
treated to remove or otherwise inactivate ECM structural or functional components. ECM-
derived gels can be prepared from a variety of tissues from a variety of sources, including
urinary bladder, spleen, liver, heart, pancreas, ovary, small intestine, large intestine, colon,
central nervous system (CNS), adipose tissue and bone. Non-limiting examples of reverse-
gelling ECM-derived compositions are described in United States Patent No. 8,361,503, and
United States Patent Publication Nos. 2010-0226895, and International Patent Publication Nos.
WO 2011/087743 W O 2013/009595.

[0041] In further detail, in order to prepare solubilized rECM or ECM, tissue, for example
regenerative tissue, e.g. tissue undergoing regeneration or tissue that is developing or otherwise
growing, for example asdescribed herein, isdigested with an acid protease in an acidic solution
to form adigest solution. The tissue, e.g., regenerative tissue, is comminuted if needed and as
needed prior to digestion with an acid protease in order to facilitate complete solubilization.
As used herein, the term "acid protease" refers to an enzyme that cleaves peptide bonds,
wherein the enzyme has increased activity of cleaving peptide bonds in an acidic pH. For

example and without limitation, the acid protease is pepsin.
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[0042] The digest solution of rECM or ECM typically is kept at a constant stir for a certain
amount of time at room temperature. The digest solution can be used immediately or can be
stored at -20°C or frozen at, for example and without limitation, -20°C or -80°C, and optionally
dried and sterilized. Next, the pH of the digest solution israised to apH between 7.2 and 7.8
to produce a neutralized digest solution, which is typically done at a temperature below the
LCST or gelation temperature of the material to prevent gelation from beginning immediately.
The pH can be raised by adding one or more of a base or an isotonic buffered solution, for
example and without limitation, NaOH or PBS a pH 7.4. The method typically does not
include a dialysis step prior to gelation, yielding a more-complete ECM-like matrix that
typically gels at 37°C more slowly than comparable collagen or dialyzed ECM preparations.
The gel is therefore more amenable to injection into a patient, and also retains more of the
qualities of native ECM due to retention of many native soluble factors, such as, without
limitation, cytokines.

[0043] Asused herein, the term "isotonic buffered solution” refers to an isotonic solution that
isbuffered to apH between 7.2 and 7.8 and that has abalanced concentration of saltsto promote
an isotonic environment. Asused herein, the term "base" refers to any compound or a solution
of a compound with apH greater than 7. For example and without limitation, the base is an
alkaline hydroxide or an agueous solution of an alkaline hydroxide. In certain embodiments,
the base is NaOH, or NaOH in PBS.

[0044] The neutralized digest solution can be gelled at that point by incubation at a suitably
warm temperature, for example and without limitation, at about 37°C. Optionaly, the
neutralized digest solution is frozen and stored at, for example and without limitation, -20°C
or -80°C. Asused herein, the term "neutralized digest solution” or "neutralized digest” refers
to adigest or digest solution wherein the pH isincreased, and can be in the form of a solution
or dried/lyophilized composition. For example and without limitation, aneutralized digest has
apH between 7.2 and 7.8.

[0045] The compositions described herein find use as, without limitation, an injectable graft
(eg. , Xenogeneic, allogeneic or autologous) for tissues, for example, bone or soft tissues, in
need of repair or augmentation most typically to correct trauma or disease-induced tissue
defects. A defect can be acquired or congenital. The compositions also may be used as afiller
for implant constructs comprising, for example, amolded construct formed into adesired shape
for use in cosmetic or trauma-treating surgical procedures. In use, rECM is prepared from
regenerating, growing or developing tissue that is the same tissue (or a precursor thereof) as

the tissue being repaired. For example, as indicated below, regenerating heart tissue is used to
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repair ischemic myocardium (an infarct). Regenerating tissue also may be used to treat, a
ischemialreperfusion injury, a congenital myocardial or outflow tract defect, or a condition
involving loss of or reduced amount of myocardia tissue, and the rECM is injected into or
adjacent to the infarction, injury site, or defect location.

[0046] In one aspect, the rECM-containing compositions described herein are implanted into
apatient, e.g., ahuman patient or animal patient, by any of a number of methods. In one non-
limiting aspect, the compositions are injected as a reconstituted powder prepared from dried
rECM, into atreatment site in the patient. In another aspect, the compositions are injected as
aneutralized digest solution, that is, as aliquid, into atreatment site in the patient.

[0047] "ECM" and "rECM" retain the activity of certain structural and non-structural
biomolecules, including, but not limited to, collagens, elastins, laminins, glycosaminoglycans,
proteoglycans, antimicrobials, chemoattractants, cytokines, and/or growth factors, such as,
without limitation comminuted ECM as described herein. The activity of the biomolecules
within the ECM can be removed chemically or mechanically, for example, by cross-linking
and/or by dialyzing the ECM. Therefore, according to one aspect of the invention, ECM or
rECM are ECM that have not been processed by chemical or enzymatic processes other than
with one or more added nucleases (DNase and/or RNase) and by chemical or enzymatic
processes that natively occur by action of chemicals or enzymes within the native tissue during
the course of preparation. In one aspect of the invention, ECM or rECM is not cross-linked
and/or dialyzed, meaning that the ECM has not been subjected to a dialysis and/or a cross-
linking process, or such conditions, that is, ECM or rECM that is not substantially cross-linked
and/or dialyzed in anything but atrivial manner which does not substantially affect the gelation
and functional characteristics of the ECM in its uses described herein. One example of ECM
or rECM s tissue that has been comminuted, frozen, thawed, and treated with DNAse and
RNAse, and is optionally dried and sterilized, but is not dialyzed or cross-linked prior to use,
or where an ECM gel isprepared, itisnot dialyzed or cross-linked prior to gelation.

[0048] In general, the method of preparing an ECM-derived gel requires the isolation of ECM
from an animal of interest and from a tissue or organ of interest. For example and without
limitation, tissue can be derived from aggregates of cells, an organ, portions of an organ, or
combinations of organs. In certain aspects, the ECM isisolated from a vertebrate animal, for
example and without limitation, human, monkey, pig, cattle, and sheep. In certain aspects, the
ECM is isolated from any tissue of an animal, for example and without limitation, urinary
bladder, liver, CNS, adipose tissue, small intestine, large intestine, colon, esophagus, pancress,

dermis, and heart. In one aspect, ECM is derived from a urinary bladder. The ECM may or
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may not include the basement membrane portion of the ECM. In certain aspects, the ECM
includes at least a portion of the basement membrane. The ECM may or may not retain some
of the cellular elements that comprised the original tissue such as capillary endothelial cells or
fibrocytes.

[0049] The compositions described herein can be used in a number of ways or forms. For
example and without limitation, according to afirst aspect, asan ECM gel as described above,
for instance the neutralized digest is placed in a suitable mold to model an organ or a portion
thereof. As a non-limiting example, the composition is molded into a portion of a heart to
facilitate re-growth of heart tissue. In another non-limiting example, the composition ismolded
in the shape of anose, an ear cartilage, liver, pancreas, or virtualy any anatomical structure or
aportion thereof, for replacement of damaged, defective or excised tissue. In yet another non-
limiting example, the composition is molded into the shape of a wound to facilitate non-
scarring healing of that tissue. To prepare the molded gel, the neutralized digest isplaced in a
biocompatible and preferably sterile mold, such as a plastic mold, and is incubated a a
temperature and for a time suitable for gelation of the composition, for example and without
limitation at about 37°C. In one embodiment, the composition and mold is placed in an
incubator at 37°C to gel. Because CO2 has been found to slow gelation, in one non-limiting
embodiment, CO2 is not injected into the incubator, though in yet another embodiment, CO2
and/or temperature may be used to control the gelation process. The molded structure can be
seeded with appropriate cells and/or contacted with an active agent to promote adsorption,
absorption or otherwise adding/mixing, contacting, treating, binding, etc. the cells and/or active
agent(s) with the structure.

[0050] Any useful cytokine, chemoattractant or cells can be mixed into the composition prior
to gelation or diffused, absorbed and/or adsorbed by the gel after itis gelled. For example and
without limitation, useful components include growth factors, interferons, interleukins,
chemokines, monokines, hormones, angiogenic factors, drugs and antibiotics. Cells can be
mixed into the neutralized, solubilized gel or can be placed atop the molded composition once
itis gelled. In either case, when the gel is seeded with cells, the cells can be grown and/or
adapted to the niche created by the molded ECM gel by incubation in a suitable medium in a
bioreactor or incubator for a suitable time period to optimally/favorably prepare the
composition for implantation in apatient. The molded composition can be seeded with cells
to facilitate in-growth, differentiation and/or adaptation of the cells. For example and without
limitation, the cells can be autologous or alogeneic with respect to the patient to receive the

composition/device comprising the gel. The cells can be stem cells or other progenitor cells,
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or differentiated cells. In one example, alayer of dermis obtained from the patient is seeded
on amold, for use in repairing damaged skin and/or underlying tissue.

[0051] Asused herein, the term "mold" refers to acavity or surface used to form the gel into a
three-dimensional shape. For example and without limitation, the mold can be a well plate,
cell culture dish or atube or can be shaped into any useful shape. In acertain embodiment, the
mold can be shaped into a certain organ or part of an organ. The gel can be delivered to the
mold in avariety of methods, including, but not limited to, injection, deposition.

[0052] As used herein, the terms "drug" and "drugs' refer to any compositions having a
preventative or therapeutic effect, including and without limitation, antibiotics, peptides,
hormones, organic molecules, vitamins, supplements, factors, proteins and chemoattractants.
[0053] The composition may be pre-seeded with cells, and then injected using a needle such
as a larger bore needle, e.g. a 16 gauge needle, to prevent shearing of cells. Asused herein,
the term "seed," "seeding," or "seeded" refers to the addition, incorporation, propagation of, or
spreading of a defined volume of a cell suspension or a defined cell number into a specific
composition.  In another aspect, the composition is gelled within a mold, and the gelled,
molded product is then implanted into apatient at a desired site. The gelled, molded product
may be pre-seeded (e.g., laid onto the molded gel or mixed in during gelation) with cells, such
as cells of the patient. In another aspect, the composition is provided as a sheet, for example
coated on absorbed to, admixed with or otherwise combined an ECM and/or polymeric
material, such as abioerodible material, that provides adequate strength to permit suturing or
gluing into place and/or to retain form.

[0054] Asused herein, the terms "cell" and "cells" refer to any types of cells from any animal,
such as, without limitation, rat, mice, monkey, and human. For example and without limitation,
cells can be progenitor cells, such as stem cells, or differentiated cells, such asendothelia cells,
smooth muscle cells. In certain embodiments, cells for medical procedures can be obtained
from the patient for autologous procedures or from other donors for allogeneic procedures.
[0055] One favorable aspect of the use of pre-molded tissue isthat alayered composition can
be produced. For example, acore portion of the composition to be implanted can be prepared
with a first rECM-containing gel, and a surrounding layer can be with a second ECM-
containing gel, obtained from a second source tissue different from the first, or the same source
asthefirst, but containing different constituents, such as active agents such as cytokines and/or
cells.

[0056] In another aspect of the pre-molded composition, the ECM gel is contained within a
laminar sheath of non-comminuted and non-digested ECM tissue, such as SIS or UBM, and/or
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anon-woven, optionally biodegradable composition, to add physical strength tothe gel. Inthis
embodiment, sheets of ECM tissue and/or a biodegradable polymer composition, such as a
nonwoven material, prepared in any manner known in the art, can be placed into the mold prior
to filling the mold with the solubilized ECM tissue for producing the gel. The sheets of ECM
tissue and/or biodegradable polymer may be used as the mold, so long as they are formed and
sewn or cross-linked into adesired shape. In this manner, a solid composition can be produced
that has greater physical strength than is the case of agel, alone.

[0057] In another non-limiting embodiment, the composition isinjected as aneutralized digest
solution into a patient. The composition isinjected at alocus in the patient where the matrix
is needed for cell growth. For example and without limitation, where a patient has had tissue
removed due to atissue defect, trauma, debridement and/or removal of damaged, diseased or
cancerous tissue, the composition can be injected at the site of tissue removal to facilitate in-
growth of tissue. The viscosity of the pre-gel can be controlled by varying the amounts of
water (eg. , by varying the amounts of water, acid, base, buffer (such as PBS) or other diluents)
used to prepare the pre-gel. In applications in which a small gauge needle is used, such asin
endoscopy, aless viscous pre-gel would be needed, which typically results in aless viscous gel
once the pre-gel is gelled. In applications in which alarger gauge needle is available, a more
viscous gel, with higher strength when gelled, can be used. Also, use of alarger gauge needle,
e.g., a 16 gauge needle, irrespective of the viscosity of the pre-gel, favors mixing of live cells
with the pre-gel immediately prior to implantation with lessrisk of shearing the cells.

[0058] In one aspect involving a gel containing the rECM, a neutralized digest solution is
prepared by raising the pH of the acidic digest solution and the composition is directly injected
into apatient prior to significant gelation proceeds. In one embodiment, the composition isin
afrozen state and i sthawed and warmed prior to injection. In another embodiment, the acidic
digest solution iswarmed to physiological temperature and is mixed during injection in astatic
mixer with suitable quantities of a base and/or buffer, such as PBS. Suitable static mixers
include, without limitation, helical or square static mixers, commercially available from
Cammda Corporation of Cobourg, Ontario, Canada or a Mini-Dual Syringe with Micro Static
Mixer commercialy available from Plas-Pak Industries, Inc. of Norwich, Connecticut.

[0059] In one aspect, therECM composition iscombined with other ECM compositions and/or
synthetic polymers, such as biodegradable elastomeric (co)polymers. The rECM can is
combined in any manner. For example the rECM can be mixed with the ECM compositions
and/or synthetic polymers, coated onthe ECM compositions and/or synthetic polymers; formed
or layered with the ECM compositions and/or synthetic polymers, electrodeposited (e.g.,
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electrospun and/or electrosprayed, either as separate streams or asingle stream) with the ECM
compositions and/or synthetic polymers or otherwise combined with the ECM compositions
and/or synthetic polymers. In one example, the rECM is prepared, for example as described
above, by freezing, thawing, incubation with DNAse and RNAse, dried and comminuted or
mixed with intact ECM. The mixture of rECM and ECM isthen digested with an acid protease
and is neutralized and gelled as described above to form a hybrid reverse-gelling ECM
composition. In another embodiment, ECM compositions and/or synthetic polymers are
electrospun and an rECM solution, such as arECM neutralized digest solution alone or mixed
with an ECM neutralized digest solution, as described above, iselectrosprayed onto or with the
ECM compositions and/or synthetic polymers.

[0060] A variety of ECM materials or compositions can be used in combination with the rECM
described herein.  Broadly, ECM is a decellularized, devitalized ECM-derived scaffold
material. An "ECM-derived material,” is a material prepared from an extracellular matrix-
containing tissue. Examples of extracellular matrix scaffold materia areprovided in US Patent
Nos. 4,902,508; 4,956,178; 5,281,422; 5,352,463; 5,372,821, 5,554,389; 5,573,784; 5,645,860;
5,771,969; 5,753,267, 5,762,966; 5,866,414; 6,099,567, 6,485,723; 6,576,265; 6,579,538;
6,696,270; 6,783,776; 6,793,939; 6,849,273; 6,852,339; 6,861,074; 6,887,495; 6,890,562,
6,890,563; 6,890,564; and 6,893,666. In certain aspects, the ECM isisolated from avertebrate
animal, for example and without limitation, from a mammal, including, but not limited to,
human, monkey, pig, cow and sheep. The ECM can be derived from any organ or tissue,
including without limitation, urinary bladder, intestine, liver, esophagus and dermis, or
regenerating, growing or developing tissue as described herein in the context of preparing
rECM. In one embodiment, the ECM is cardiac ECM. As indicated above, regenerative,
growing or developing tissue can be used to prepare rECM, aform of ECM. In one aspect, the
ECM isnot dialyzed or cross-linked prior to use, or where ECM gel is prepared, the material
isnot dialyzed or cross-linked prior to gelation.

[0061] In one aspect, ECM materia is decellularized, sterilized and/or dried by any useful
method. Methods described herein for preparation of rECM may be used to prepare ECM
material. ECM-derived material can then be used in any form in the methods and compositions
described herein. For instance, the compounds described herein can be applied to sheets of
ECM or as comminuted and/or solubilized ECM to prepare a scaffold suitable to apply to the
heart of apatient.

[0062] ECM may be sterilized by any of a number of standard methods. For example, the

material can be sterilized by propylene oxide or ethylene oxide treatment, gamma irradiation
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treatment (.05 to 4 mRad), gas plasma sterilization, peracetic acid sterilization, or electron
beam treatment. ECM may be disinfected by immersion in 0.1% (v/v) peracetic acid (o), 4%
(v/v) ethanol, and 96% (v/v) sterile water for 2h. The ECM materia isthen washed, e.g., twice
for 15 min with PBS (pH = 7.4) and twice for 15 min with deionized water.

[0063] Commercially-available ECM preparations can also be used in certain aspects of the
methods, devices and compositions described herein in combination with the rECM materials
described herein. In one aspect, the ECM is derived from small intestinal submucosa or SIS.
Commercially available preparations include, but are not limited to, Surgisis™, SurgisissES™,
Stratasis™, and StratasissES™ (Cook Urological Inc.; Indianapolis, Indiana) and GraftPatch™
(Organogenesis Inc.; Canton Massachusetts). In another aspect, the ECM is derived from
dermis. Commercially available preparations include, but are not limited to Pelvicol™
(crosslinked porcine dermal collagen, sold as Permacol ™ in Europe; Bard Medical Division,
Covington, GA), Repliform™ (Microvasive; Boston, Massachusetts) and Alloderm™
(LifeCell; Branchburg, New Jersey). In another aspect, the ECM is derived from urinary
bladder. Commercially available preparations include, but are not limited to UBM (Acell
Corporation; Jessup, Maryland).

[0064] A number of biocompatible, biodegradable elastomeric (co)polymers are known and
have been established as useful in preparing cell growth matrices and therefore are useful in
combination with the rECM compositions described herein, including biodegradable poly(ester
urethane) urea (PEUU), poly(ether ester urethane)urea (PEEUU), poly(ester
carbonate)urethane urea (PECUU) and poly(carbonate)urethane urea (PCUU). In generdl,
useful (co)polymers comprise monomers derived from apha-hydroxy acids including
polylactide, poly(lactide-co-glycolide), poly(L-lactide-co-caprolactone), polyglycolic acid,
poly(di-lactide-co-glycolide), poly(l-lactide-co-dl-lactide); monomers derived from esters
including polyhydroxybutyrate, polyhydroxyvalerate, polydioxanone and polyglactin;
monomers derived from lactones including polycaprolactone; monomers derived from
carbonates including polycarbonate,  polyglyconate,  poly(glycolide-co-trimethylene
carbonate), poly(glycolide-co-trimethylene carbonate-co-dioxanone); monomers joined
through urethane linkages, including polyurethane, poly(ester urethane) urea elastomer.
[0065] In one aspect, the synthetic polymer that is combined with the rECM composition
comprises a biodegradable poly(ester urethane) urea elastomer (PEUU). PEUU can be
manufactured by reacting adiol with adiisocyanate to form aprepolymer and then reacting the
prepolymer with adiamine. A non-limiting example of such aPEUU is an elastomeric polymer

made from polycaprolactone diol (Mw 2000) and 1,4-diisocyanatobutane, using a diamine
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chain extender such as putrescine. One non-limiting example or a method for preparing a
PEUU polymer is a two-step polymerization process whereby polycaprolactone diol (Mw
2000), 1,4-diisocyanatobutane, and diamine are combined in a 2:1:1 molar ratio. In the first
step to form the prepolymer, a 15 wt% solution of 1,4-diisocyanatobutane in DMSO (dimethyl
sulfoxide) is stirred continuously with a 25 wt% solution of polycaprolactone diol in DMSO.
Then, stannous octoate is added and the mixture is allowed to react at 75°C for 3 hours. In the
second step, the prepolymer is reacted with a diamine to extend the chain and to form the
polymer. In one embodiment, the diamine is putrescine, which is added drop-wise while
stirring and allowed to react at room temperature for 18 hours. 1n one embodiment, the diamine
islysine ethyl ester, which isdissolved in DMSO with triethylamine, added to the prepolymer
solution, and allowed to react at 75°C for 18 hours. After the two step polymerization process,
the polymer solution is precipitated in distilled water. Then, the wet polymer isimmersed in
isopropanol for three days to remove any unreacted monomers. Finally, the polymer is dried
under vacuum at 50°C for 24 hours.

[0066] In ancther aspect, the synthetic polymer that is combined with the rECM composition
comprises poly(ether ester urethane) urea elastomer (PEEUU). For example and without
limitation, the PEEUU may be made by reacting polycaprolactone-£>-polyethylene glycol-Z?-
polycaprolactone triblock copolymers with 1,4-diisocyanatobutane and putrescine. In one non-
limiting embodiment, PEEUU is obtained by a two-step reaction using a 2:1:1 reactant
stoichiometry of |,4-diisocyanatobutaneitriblock  copolymer:putrescine.  According to one
non-limiting embodiment, the triblock polymer can be prepared by reacting poly(ethylene
glycol) and e-caprolactone with stannous octoate at 120°C for 24 hours under a nitrogen
environment. The triblock copolymer isthen washed with ethyl ether and hexane, then dried
in avacuum oven at 50°C. In the first step to form the prepolymer, a 15 wt% solution of 1,4-
diisocyanatobutane in DMSO is stirred continuously with a 25 wt% solution of triblock
copolymer in DMSO. Then, stannous octoate is added and the mixture is allowed to react at
75°C for 3 hours. In the second step, putrescine is added drop-wise under stirring to the
prepolymer solution and allowed to react at room temperature for 18 hours. The PEEUU
polymer solution is then precipitated with distilled water. The wet polymer isimmersed in
isopropanol for 3 days to remove unreacted monomer and dried under vacuum at 50°C for 24
hours.

[0067] In ancther aspect, the synthetic polymer that is combined with the rECM composition

comprises a poly(ester carbonate)urethane urea (PECUU) or a poly(carbonate)urethane urea
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(PCUU), which are described, for example, in Hong et al. (Tailoring the degradation kinetics
of poly(ester carbonate urethane)urea thermoplastic elastomers for tissue engineering scaffolds
Biomaterials, Biomaterids 31 (2010) 4249-4258). Poly(ester carbonate urethane)urea
(PECUU) is synthesized, for example using ablended soft segment of polycaprolactone (PCL)
and poly(l,6-hexamethylene carbonate) (PHC) and ahard segment of 1,4-diisocyanatobutane
(BDI) with chain extension by putrescine. Different molar ratios of PCL and PHC can be used
to achieve different physical characteristics. Putrescine is used as achain extender by atwo-
step solvent synthesis method. 1n one example, the (PCL + PHC):BDI:putrescine molar ratio
is defined as 1:2:1. Variable molar ratios of PCL and PHC (e.g., PCL/PHC ratios of 100/0
(vielding aPEUU), 75/25, 50/50, 25/75 and 0/100 (yielding aPCUU)) are completely dissolved
in DMSO in a 3-neck flask with argon protection and then BDI is added to the solution,
following 4 drops of Sn(Oct)2. The flask is placed in an oil bath at 70°C. After 3 h, the
prepolymer solution is cooled at room temperature and then a putrescine/DMSO solution is
added dropwise into the agitated solution. The final polymer solution concentration is
controlled to be approximately 4% (w/v). Then the flask is than placed in an oil bath and kept
a 70°C overnight. The polymer is precipitated in an excess volume of cool deionized water
and then dried in avacuum at 60°C for 3 days. The polyurethane ureas synthesized from the
different PCL/PHC molar ratios defined above are referred to as PEUU, PECUU 75/25,
PECUU 50/50, PECUU 25/75 and PCUU, respectively. In practice, the yields of al final
products using this method is approximately 95%.

[0068] Diamines and diols also are useful building blocks for preparing (co)polymer
compositions that, in certain aspects, are combined with the rECM composition. Diamines as
described above have the structure H2N-R-NH2 where "R" is an aliphatic or aromatic
hydrocarbon or a hydrocarbon comprising aromatic and aliphatic regions. The hydrocarbon
may be linear or branched. Examples of useful diamines are putrescine (R=butylene) and
cadaverine (R=pentylene). Useful diols include polycaprolactone (e.g., Mw 1000-5000),
multi-block  copolymers, such as polycaprolactone-PEG  copolymers, including
polycaprol actone-£>-polyethylene glycol-Z?-polycaprolactone triblock copolymers of varying
sizes. Other building blocks for useful diols include, without limitation glycolides (e.g.
polyglycolic acid (PGA)), lactides, dioxanones, and trimethylene carbonates. Diisocyanates
have the general structure OCN-R-NCO, where "R" is an aliphatic or aromatic hydrocarbon or
ahydrocarbon comprising aromatic and aliphatic regions. The hydrocarbon may be linear or
branched.
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[0069] In afurther aspect, a commercia kit is provided comprising a composition described
herein. A kit comprises suitable packaging material and the composition. In one non-limiting
embodiment, the kit comprises in avessel, rECM in any form described herein, for example as
a solid, a powder, liquid, frozen composition, adigest solution for preparation of a gdl, etc.
The vessel may be the packaging material, or is contained within packaging material. If the
packaged composition is adigest solution is neutralized, it may be frozen, cooled; e.g., kept at
near-freezing temperatures, such as, without limitation, below about 4°C or kept at room
temperature, e.g., 20-25°C. In another aspect, the kit comprises afirst vessel containing an
acidic solution comprising apre-neutralization rECM digest as described herein, and a second
vessel comprising aneutralizing solution comprising abase and/or buffer(s) to bring the acidic
solution of the first vessel to physiological ionic strength and pH, to form aneutralized digest
prior to use. In a further embodiment, the first vessel contains an optionally terminally
sterilized, lyophilized, pre-neutralization digest that can be hydrated using water or a suitable
agueous solution that optionally neutralizes the acid. In this embodiment, a second vessdl is
optionally provided comprising a neutralization solution as described above that is capable of
both hydrating the lyophilized product and neutralizing it, or optionally a third vesse
comprising water or any other suitable solution useful in hydrating the lyophilized product
prior to neutralization with the neutralization solution. This kit also optionally comprises a
syringe, amixing needle and/or a cold-pack asisneeded. The vessel may be avia, medica
syringe, tube or any other container suitable for storage and transfer in commercial distribution
routes of the kit.

[0070] In yet another aspect of the kit, a gel composition is molded and pre-gelled prior to
packaging and distribution. 1n one embodiment, the molded gel is packaged in a blister-pack
comprising a plastic container and a paper, plastic and/or foil sealing portion, as are well-
known in the art. The mold and packaging typically is sterilized prior to or after packaging,
for example and without limitation, by gamma or electron beam irradiation or supercritical
CO2. The molded composition may be packaged in any suitable physiological solution, such
as PBS or saline, optionally with one or more antibiotics. If the molded gel contains live cells,
the mold can be transported in a suitable cell-culture medium in a sealed jar or other vessdl.
Of course, the cell-containing molded gel would have to be shipped in an expedited manner to
preserve the célls.

[0071] As used herein, the term "hybrid inorganic/ECM scaffold’ refers to an rECM-
containing material, such asagel that is coated onto abiocompatible inorganic structure, such

as, without limitation, a metal, an inorganic calcium compound such as calcium hydroxide,
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cacium phosphate or calcium carbonate, or a ceramic composition. In one aspect,
ultrasonication is used to aid in coating of the inorganic structure with the rECM-containing
material. Asused herein, theterm "ultrasonication” refers to the process of exposing ultrasonic
waves with a frequency higher than 15 kHz and lower than 400 kHz. In another aspect, a
solution comprising rECM as described herein is coated onto an inorganic structure and is
lyophilized.

[0072] Asused herein, the term "coat”, and related cognates such as "coated" and "coating,”
refers to a process comprising of covering an inorganic structure with an rECM-containing
composition, such as aliquid gel to produce a hybrid inorganic/ECM scaffold. For example
and without limitation, coating of an inorganic structure with ECM-containing composition
can include methods such as pouring, embedding, layering, dipping, spraying.

[0073] In another aspect, the rECM-containing composition is coated onto a biocompatible
structural material, such asametal, an inorganic calcium compound such as calcium hydroxide,
calcium phosphate or calcium carbonate, or aceramic composition. Non-limiting examples of
suitable metals are cobalt-chrome alloys, stainless steel alloys, titanium aloys, tantalum aloys,
titanium-tantalum alloys, which can include both non-metallic and metallic components, such
as molybdenum, tantalum, niobium, zirconium, iron, manganese, chromium, cobalt, nickel
aluminum and lanthanum, including without limitation, CP Ti (commercialy pure titanium) of
various grades or Ti 6A1 4V (90% wt. Ti, 6% wt. Al and 4% wt. V), stainless steel 316, Nitinol
(Nickel-titanium alloy), titanium alloys coated with hydroxyapatite. Metals are useful due to
high strength, flexibility, and biocompatibility. Metals also can beformed into complex shapes
and many can withstand corrosion in the biological environments, reduce wear, and not cause
damage to tissues. In one non-limiting example, the metal isfemoral or acetabular component
used for hip repair. In another example, the metal is afiber or other protuberance used in
permanent attachment of a prosthesis to a patient. Other compositions, including ceramics,
calcium compounds, such as, without limitation, aragonite, may be preferred, for example and
without limitation, in repair of or re-shaping of skeletal or dental structures. Combinations of
metal, ceramics and/or other materials also may prove useful. For instance, a metal femoral
component of ahip replacement may comprise aceramic ball and/or may comprise a plastic
coating on the ball surface, as might an acetabular component.

[0074] Metals, aswell as other materials, asis appropriate, can be useful in its different forms,
including but not limited to wires, foils, beads, rods and powders, including nanocrystalline
powder. The composition and surface of metals or other materials can aso be altered to ensure

biocompatibility, such as surface passivation through silane treatments, coating with
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biocompatible plastics or ceramics, composite metal/ceramic materials. The materials and
methods for their employment are well-known in the field of the present invention.

[0075] A difficulty with using metal inserts to repair a patient' s skeletal structure is that the
inserts must be anchored/attached to existing skeletal parts. Traditional methods employ
cement and/or screws. In the case of prostheses, the prostheses are not connected to apatient's
tissue except, typicaly, by cementing. Therefore, it is desirable to biologically attach a
patient's tissue to a medical device. This may be accomplished by coating surfaces of the
implant with the rECM-containing composition described herein, which will facilitate in-
growth of tissue and thus attachment of the device. A variety of porous structures can be
attached to the implant to create a scaffold into which the rECM-containing composition, and
later cells or other tissue (e.g., bone) can infiltrate. Structures include, without limitation:
woven or non-woven mesh, sponge-like porous materials, fused beads, etc. The porous
scaffold will facilitate formation of a strong bond between living tissue, including bone, and
the device. The "pores’ of the porous scaffold may be of any size that will permit infiltration
of an rECM-containing composition, optionally facilitated by ultrasound or other treatments
that would assist in permeation of the gel, and later cells or other biological materials, such as
bone, cartilage, tendons, ligaments, fascia or other connective tissue, into the scaffolding. In
one aspect, metal fibers are attached to the device, and the metal fibers are coated with an
rECM-containing composition described herein, thereby permitting in-growth of tissue within
the fibers. In another aspect, a matrix of small beads is welded or otherwise attached to a
surface of the device and an rECM-containing composition described herein is coated onto the
bead matrix, facilitating in-growth of tissue among the beads. In one example, a device
contains aprotuberance of fibers, which can beinserted inside abone, permitting fusion of the
metal fibers with the bone. In one aspect, the rECM-containing composition is seeded and
incubated with a suitable cell population, such as autologous osteoblasts, to facilitate bone in-
growth.

[0076] A device (e.g., aprosthesis) as described herein can be coated with neutralized pre-gel
and the temperature of the gel isthen raised to cause the neutralized pre-gel to gel. In another
embodiment, the acidic pre-gel is applied to the device or prostheses. The pre-gel on the device
can then be dried, e.g. lyophilized and the entire device can be terminally sterilized, followed
by packaging and distribution. The lyophilized product on the device can be hydrated by an
end-user, and neutralized by application of water, saline or PBS to the device, and subsequently

or concurrently raising the temperature of the device, e.g., above 37°C.
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[0077] In use, the device which is coated with a suitable scaffolding and rECM-containing
composition as described herein may be contacted with cells, e.g. of a patient or alogeneic
cells, and the cells are allowed to infiltrate the matrix. The in-growth or infiltration of cells
can occur in vivo or ex vivo, depending on optimization of methods. For example and without
limitation, in the case of afemoral implant, the implant can be inserted into the femur and cells
of apatient, and desirable bone tissue, infiltrates the scaffolding to fuse the device to the bone.
In another embodiment, for example in the case of an artificial tendon or ligament, abiopsy of
apatient's tendons or ligaments is incubated with an appropriate scaffold in order to create an
autologous ligament or tendon graft.

In the Examples below, zebrafish cardiac ECM (zECM) enables endogenous
regeneration of xenogeneic murine heart tissue after myocardial infarction (MI). Proliferation
of multiple resident cardiac precursor cell populations and remaining cardiomyocytes
contributes to the regeneration and correlates with approximately 61% recovery of cardiac
gjection fraction (defined as [A (treatment-saline)/A (healthy-saline)|xlO0%). Under identical
conditions, murine cardiac ECM (mECM) yields 17% functional recovery with minimal
proliferation of cardiac precursor cells and cardiomyocytes.

Examples

[0078] Evolutionarily primitive species generally have higher regenerative capability than
mammals. An example is the major difference in the regenerative capacity between adult
zebrafish and mammalian hearts. An adult zebrafish heart can fully regenerate after up to 20%
volumetric loss by ventricular amputation while amammalian counterpart cannot sustain such
an injury. On the other hand, embryonic mammals also possess robust regenerative capability
that is rapidly lost during the postnatal development. For example, a neonatal mouse can
regenerate up to 10% of its heart apex after ventricular resection, an ability that disappears
within one week after birth. More specifically, although mammalian cardiomyocytes
proliferate rapidly during the fetal period, their proliferative capacity quickly ceases after birth,
with the exception of abrief proliferative burst at preadolescence. Despite alow turnover rate
throughout the adulthood, most adult mammalian cardiomyocytes remain mitotically quiescent
and are unable to spontaneously regenerate after severe injuries such as myocardial infarction
(M1). Consequently, how the regenerative capacity lost in evolution can be effectively restored
or reactivated in adult mammalian hearts remains to be explored. The ECM may contribute to
this evolutionary difference in cardiac regeneration. We hypothesize that ECM in the zebrafish
heart contributes to its regenerative capability and may be used to induce mammalian heart

regeneration.
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[0079] Decellularized mammalian ECM has been extensively investigated in tissue
engineering and regenerative medicine. Mammalian cardiac ECM has been reported beneficial
when administered to the ischemic heart. However, instead of regeneration, fibrosis typically
occurs in adult mammalian hearts after severe ischemic insults, which in turn impedes further
structural or functional recovery. We believe that the ECM from aregenerative tissue is more
likely to revitalize mammalian hearts after M1 than that from a fibrosis-prone tissue. Besides,
mammalian organs are relatively thick and thus typically require the involvement of detergents
or other potent chemicals for their decellularization. This may reduce the availability and
activity of trophic molecules in the decellularized ECM and alter their three dimensional
configuration. In sharp comparison, the zebrafish ventricular wall consists of only 4 to 5 layers
of cardiomyocytes in a compact myocardium and is <20 wn thick. This enables a physical
decellularization protocol minimizing chemical perturbations to the native ECM composition
and structure. In addition, a mechanical process may be used to dissociate the decellularized
ECM into fine powders for injection without any chemica or biological reagent to further
preserve the integrity of zebrafish heart ECM. Zebrafish is small, easy to grow, and isroutinely
raised in large populations allowing researchers to pool zebrafish hearts for decellularization.
In the current example, a protocol is established to physically decellularize zebrafish cardiac
ECM (zECM) from normal and healing (3 dpa, 3-day post amputation) zebrafish hearts. ZECM
is characterized, the bioactivity of zECM on human cardiac precursor cell populations is
examined, and the regenerative capability of zECM in vivo was investigated using acutely
infarcted adult mouse heart as a model organ and decellularized adult mouse cardiac ECM
(mECM) as a control. The role of the epiderma growth factor receptor (EGFR)-2 receptor
tyrosine kinase (also known as ErbB2, Neu, HER2) was investigated in zZECM-induced effects
in ischemic hearts. This proof-of-concept study explores the potential of zZECM as a new
biological material for cardiac tissue regeneration, departing from conventional focuses on
mammalian cardiac ECM.

Materials and Methods

[0080] Animals. Adult (6-12 months) wild-type AB* zebrafish (mixed male and female) were
maintained at 28 °C. Approximately 850 zebrafish were used for this study. A total of 115 male
BALB/cJ mice at 9-12 weeks old (Jackson Laboratory, Bar Harbor, ME, USA) were used for
this study.

[0081] Ventricular Amputation and Procurement of Zebrafish Hearts. To obtain healing

zebrafish hearts, ventricular resection surgeries were performed. Briefly, zebrafish were
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anesthetized in Tricaine (ethyl 3-aminobenzoate methanesulfonate, i.e. MS-222, tricaine
methanesulfonate, A-5040; Sigma-Aldrich, St. Louis, MO, USA) and placed dorsaly in a
humid sponge. A small incision (scalpel 0.15mm, Fine Science Tools, Foster City, CA, USA)
was made to expose the ventricle and approximately 20% of the ventricular apex was
microscopically removed using iridectomy scissors (Fine Science Tools). After the surgery,
fish were returned to water and stimulated to breathe with air bubbles. At 3 days post
amputation (3 dpa), methylene blue (an anti-fungal/bacterial agent) was added to the fish tank
1 hr before harvesting. Amputated zebrafish and age-matched uninjured counterparts were
lethally anesthetized with Tricaine. Zebrafish were then dipped 3 times in 70% ethanol
immediately before harvesting. The whole hearts were extracted with sterile tools and placed
on a sterile plate under the dissection microscope. To accentuate the regenerating ventricular
apex, only 2/3 of the ventricle (including apex) was collected for the decellularization. Normal
zebrafish ventricles were collected in the same manner (only apical 2/3). Tools were sterilized
with 70% ethanol between each fish. Collected ventricles were immediately washed 3timesin
4% Penicillin/Streptomycin/ Amphotericin-B with 1% Gentamycin (P/S/A/G) solution and
transported back to the laboratory. Approximately 50-60 ventricles were pooled together per
batch to obtain sufficient materials for decellularization. All ventricles were washed
extensively in 4%, 2%, and 1% gradient P/IS/A/G solutions (two times each) in the biosafety
cabinet before being subjected to the decellularization process.

[0082] Procurement of Adult Mouse Ventricular Tissues. Mice were sacrificed, immersed
in 70% ethanol for 30 seconds, and wiped clean before removing hearts with two sets of sterile
tools (one set for cutting the skin and opening the chest and another set for removing the heart).
Collected hearts were immediately washed 3 times in 4% P/S/A/G solution and transported
back to the laboratory. Left ventricles were then dissected out and finely chopped to <1 mm3
with sterile tools in the biosafety cabinet. All mouse ventricular pieces were washed
extensively in 4%, 2%, and 1% gradient P/ISIA/G solutions (two times each) before being
subjected to the decellularization process.

[0083] Decellularization of Cardiac ECM. Zebrafish ventricles and mouse ventricular pieces
were carefully transferred to individualy weighed, sterile 1.5 ml microcentrifuge tubes
containing 1 ml 1% P/S/A/G solution. Tubes were centrifuged at 6,000 g for 3 minutes with
careful removal of supematants and then individually weighed to obtain the collective wet
weights of samples. Tubes were subsequently replenished with 1 ml 1% P/S/A/G solution,
vortexed to evenly distribute contents, parafilmed to seal caps, and subjected to 3 freeze-thaw

cycles by submerging in liquid nitrogen for 10 minutes and then completely thawing at 37 °C
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in water bath. Alternatively, tubes can be chilled with dry ice for at least 30 minutes or at -80°C
for at least 1hour per cycle before being completely thawed at 37 °C in water bath. Tubes were
centrifuged at 6,000 g for 3 minutes with careful removal of supernatants and replenished with
1ml 1% P/S/A/G solution between each freeze-thaw cycle and then vortexed to ensure even
distribution of contents before starting the next cycle. After 3 cycles, erythrocyte lysis was
performed twice by adding 1 ml erythrolysis buffer (ELB) to resuspend contents, incubating
for 20-30 minutes at room temperature, and centrifuging at 6,000 g for 3 minutes. Samples
were then subjected to 2 more freeze-thaw cycles as described above with 1 ml 1% P/ISIA/G
solution. Samples were subsequently incubated with 250 U/ml deoxyribonuclease | (DNase I,
18047-019) and 25 U/ml ribonuclease A (RNase A, AM2274) at 37 °C for at least 1 hour (both
from Life Technologies, Grand Island, NY, USA). Treatment with DNase | and RNase A was
repeated after centrifugation at 6,000 g for 3 minutes and careful removal of the supernatant.
After 2rounds of DNA/RNA lysis, samples were washed three times with sterile 0.9% normal
saline (Baxter Healthcare, Deerfield, IL, USA) and frozen at -80 °C for 1 hour. Samples were
then washed with 0.9% normal saline, centrifuged at 6,000 g for 3 minutes with complete
removal of supernatants, and subjected to lyophilization for 72 hours in origina tubes in a
sterilized chamber. Immediately after lyophilization, tubes were individually weighed to obtain
the collective dry weights of lyophilized products. Lyophilized samples were finely crushed
and ground for 15-20 minutes into fine powders in original tubes placed in aliquid nitrogen-
cooled mini mortar (H37260-0100; Bel-Art Products, Wayne, NJ, USA). Lyophilized powders
were stored at -80 °C for future use.

[0084] Preparation of Cardiac ECM Suspension and Particle Size M easurement. Prior to
applications, lyophilized cardiac ECM powders were weighed in a sterile container,
resuspended in 0.9% normal saline, and sonicated in cool water for 15 min. Large particles
were then removed by centrifugation at 300 x g. Cardiac ECM suspension was collected for
immediate use or stored on dry ice for later use. Cardiac ECM particle size was measured by
Zetasizer Nano ZS90 (Malvern, Worcestershire, UK) and reported as the mean from 25
measurements. Results were then averaged from measurements of three independent samples.
For in vivo administration, 0.5 mg of lyophilized zECM or mECM powders were resuspended
in 30 i of 0.9% normal saline, sonicated and centrifuged as described above, and transported
on dry ice to the operating room prior to the administration.

[0085] ECM Composition Analysis. The amount of collagen in cardiac ECM was measured
with Sircol collagen assay kit (Biocolor Ltd, Carrickfergus, County Antrim, UK) following the
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manufacturer's manual. Briefly, collagen was extracted by fragmentation reagent provided
with the kit. Samples were incubated at 65 °C for 2 to 3 hrs and precipitated out by adding
Sircol dye reagent. Ice-cold acid-salt wash reagent was gently layered onto the collagen-dye
pellet to remove unbound dye. Samples were centrifuged at 12,000 rpm for 10 min. Precipitates
were further recovered by the addition of alkali reagent. Absorbance was measured at 550 nm
with aSynergyM X plate reader (Biotek, Winooski, VT, USA). The amount of elastin in cardiac
ECM was measured with Fastin elastin assay kit (Biocolor Ltd). Briefly, elastin was extracted
from tissue samples by digesting with oxalic acid at 100 °C and precipitated out using the
supplied elastin-precipitating reagent. Precipitates were then incubated with elastin dye reagent
followed by its dissociation in dye dissociation reagent. Absorbance was measured at 513 nm.
The amount of glycosaminoglycans (GAGs) was measured using Blyscan sulfated
glycosaminoglycan kit (Biocolor Ltd). Briefly, tissue samples were digested with the supplied
papain extraction reagent at 65 °C. Extracted GAGs were incubated with Blyscan dye reagent
to form precipitates of sulfated glycosaminoglycan-dye complex. Precipitates were further
dissociated by the dissociation reagent. Absorbance was measured at 656 nm.

[0086] Myocardial Infarction Model. The induction of myocardial infarction (MI) and
intramyocardial injections were performed. In brief, after the induction of anesthesia with 4%
isoflurane gas, mice were intubated and inhalationally anesthetized with 2% isoflurane gas
throughout the surgery. M1 was microscopically induced by permanent ligation of the left
anterior descending coronary artery (LAD). Mice were then randomly assigned to one of the
four groups: hzECM, nzECM, mECM, and saline control. Five minutes after the induction of
infarction, 30 pi of ZECM or mECM suspension was injected at three sites of the ischemic
myocardium (center and two borders of the infarct; 10 pi for each site). Control mice received
injections of 30 pi normal saline. The investigator inducing M1 and performing injections was
blinded to the content of the injectant. For ErbB2 inhibition in vivo, an ErbB2 inhibitor AG825
(sc-202045A; Santa Cruz Biotechnology, Dallas, TX, USA) was dissolved in dimethyl
sulfoxide (DMSO) and intraperitoneally injected once at 5 mg/kg (20 to 25 pi in volume)
immediately after the cardiac ECM administration.

[0087] Echocardiography. Echocardiographic studies were performed by a blinded
investigator repeatedly before surgery and at 5 days, 2 weeks, and 6 weeks post-surgery to
assess the cardiac function. Briefly, mice were initially anesthetized with 2% isoflurane gas
and subsequently maintained at 1-1.5% isoflurane gas throughout the echocardiographic study.
Mice were then immobilized on aheated stage equipped with electrocardiography. Heart rate
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and respiratory rate were continuously monitored. The body temperature was maintained at
37°C. Echocardiographic parameters were measured using a high-frequency linear probe
(M$400, 30 MHz) connected to a high-resolution ultrasound imaging system (Vevo 2100;
FUJFILM Visua Sonics, Toronto, Ontario, Canada). M - and B-mode frames were acquired at
aframe rate of 235 Hz during each scan. At least three independent M - and B-mode scans (300
frames per scan) were recorded respectively for each animal at each time point. End-systolic
dimension (ESD) and end-diastolic dimensions (EDD) were determined from short axis images
of the LV using M-mode scan. Ten consecutive beats were measured from M-mode frames.
Results were averaged. End-systolic area (ESA) and end-diastolic area (EDA) were measured
from short-axis images of the LV using B-mode scan (minimum and maximum LV chamber
arearespectively). Functional parameters, including the LV fractional shortening (LVFS), LV
fractional area change (LVFAC), and LV egjection fraction (LVEF), were determined as
previously described (Pollick C, et al. Echocardiographic and cardiac doppler assessment of
mice. Journal d the American Society d Echocardiography. 1995;8:602-10 and Wandt B, et
al. Echocardiographic assessment of gection fraction in left ventricular hypertrophy. Heart.
1999;82:192-8). Mice which died, displayed behavioral abnormality, or were sacrificed for
histological analysis prior to 6 weeks post-injection were not included in echocardiographic
studies.

[0088] Ultrasonic Strain Analysis. The ultrasound B-mode frames of LV short-axis view
acquired at 6 weeks post-MI were analyzed using a cardiac strain analysis software package
(VevoStrain, Vevo 2100; FUJIFILM Visua Sonics, Toronto, Ontario, Canada) by a blinded
investigator (N=3 per group)( O'Donnell M, et al. Internal displacement and strain imaging
using ultrasonic speckle tracking. Ultrasonics, Ferroelectrics, and Frequency Control, |IEEE
Transactions on. 1994;41:314-25 and Lubinski MA, et al. Speckle tracking methods for
ultrasonic elasticity imaging using short-time correlation. Ultrasonics, Ferroelectrics, and
Frequency Control, IEEE Transactions on. 1999;46:82-96). Five regions of interest (ROI)
were selected along the LV mid-wall including one ROI in the anterior lateral (infarcted area)
and four ROIs in the anterior medial, posterior lateral, posterior, posterior medial (non-infarct
areas) walls of the LV as shown in Figures 4A-4E. Radia and circumferential intercardiac
strain (i.e. change in strain from end-diastole to end-systole) in al five ROIs were obtained.
The end-diastole and end-systole were determined respectively according to EDA and ESA
described above. The estimated intercardiac strain in the infarcted area was normalized to the

average intercardiac strain of the four ROIs in unaffected LV walls.
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[0089] Primary Human Cell Culture. Primary human adult cardiac stem cells (hCSC) were
purchased from Celprogen Inc. (36099-26; Torrance, CA, USA) and expanded with hCSC
complete media with serum (hCSC-CM, M36099-26S; Celprogen Inc.) and extracellular
matrix pre-coated T75 flasks (E36099-26; Celprogen Inc.), according to the manufacturer's
protocol. Primary human heart perivascular MSC precursors (hHP) were isolated from
ventricular myocardium and purified by flow cytometry (Chen WCW, et al. Human
Myocardial Pericytes: Multipotent Mesodermal Precursors Exhibiting Cardiac Specificity.
STEM CELLS 2015;33:557-73). hHP were expanded in complete growth media (hHP-CM)
containing DMEM high glucose (11965-118, without sodium pyruvate), 20% fetal bovine
serum (FBS), and 1% Penicillin/Streptomycin (P/S) (all from Life Technologies, Grand Island,
NY, USA). hCSC at passage 2-4 and hHP at passage 6-8 were used in subsequent assays.

[0090] Measurement of Cell Proliferation in Vitro. To investigate the effect of ZECM on the
proliferation of hCSC and hHP under stress, we utilized two stressed culture conditions. For
the nutrient-deprivation stress assay, we used 25% complete culture medium for hCSC (25%
hCSC-CM) and DMEM supplemented with 2.5% FBS and 1% P/S for hHP (2.5% FBS-CM).
For the ischemic stress assay, we cultured cells under 2.5% 0O2concentration (with 5% CO2
and 92.5% N,) in addition to the nutrient-deprivation. Briefly, hCSC-CM and hHP-CM were
diluted at 1:3 and 1:7 ratios respectively with DMEM high glucose containing 1% P/S before
supplementing with 25 pg hzECM, nzECM, or mECM per 96 well. Full CM and diluted CM
without ECM served as positive and negative controls respectively. hCSC were first plated in
extracellular matrix pre-coated 96-well plates (E36099-26; Celprogen Inc.) in triplicate (103
cells’well) overnight with 100 pi 25% hCSC-CM. hHP were first plated in regular 96-well
culture plates (Corning, Tewksbury, MA, USA) intriplicate (103 cells/well) overnight with 100
ui hHP-CM. After washing, media were replaced with 200 pi 25% hCSC-CM and 2.5% FBS-
CM, with or without ECM, for hCSC and hHP respectively. Distinct medium dilutions were
applied for different cell types due to their differential cell doubling time and endurance under
stress. All plates were subsequently incubated under ambient or 2.5% O2conditions for 4 days.
At respective time points, after washing, 20 pi CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS) reagent (Promega, Madison, WI, USA) in DMEM was added to all
wells containing 100 i fresh media. The plate was then incubated at 37 °C for 2.5 hrs, at which
point the absorbance at 490 nm (with reference at 650 nm) was read with Infinite 200 PRO
plate reader (Tecan, Mannedorf, Switzerland). All experiments were independently repeated 3

times. Results were individually normalized to each experimental control and then averaged.
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[0091] Measurement of Cell Migration in Vitro. A transwell chemotaxis assay was used to
investigate the effect of zZECM on the migration of hCSC and hHP under nutrient-deprivation
stress (with 25% hCSC-CM for hCSC and 2.5% FBS-CM for hHP as described above). Media
supplemented with 125 ug hzECM, nzECM, mECM, or sadline (negative control) were |oaded
into bottom wells. hCSC and hHP were seeded in transwell inserts with 8-pun pore size
(Millipore, Billerica, MA) at adensity of 10,000 cells’cm2. After incubation at 37 °C for 6 hrs,
non-migrated cells were removed with cotton swabs. Migrated cells were fixed with methanol
for 10 min and stained with Quant-iT PicoGreen dsDNA reagent (P7581; Thermo Fisher
Scientific, Waltham, MA, USA). Fluorescent images were captured by Nikon Eclipse Ti
fluorescence microscope equipped with NIS-Elements AR imaging software (both from Nikon,
Tokyo, Japan). The number of migrated cells was quantified and averaged from 3 independent
images taken in 3 different areas per sample per group (N=4). The cell number of each group
was individually normalized to the average number of cells in the saline control group.

[0092] Histological and Immunohistochemical Analyses. Animals were sacrificed at 3 days
and 6 weeks post-surgery. Hearts were arrested in diastole by intraventricular injection of 1M
potassium chloride (KC1) and processed as previously described (Chen C-W, et al. Human
Pericytes for Ischemic Heart Repair. STEM CELLS 2013;31:305-16). For histology and
immunohistochemistry, harvested hearts were flash frozen in 2-methylbutane (M32631;
Sigma-Aldrich, St. Louis, MO, USA) pre-cooled in liquid nitrogen and serially cryosectioned
at 8 n thickness from the apex to the ligation level (approximately 0.5 mm in length). Each
series contains 18-21 heart sections, which are roughly 200 um apart natively and collected on
one glass dide. Sections were fixed in a pre-cooled (-20 °C) mixture of methanol (322415;
Sigma-Aldrich) and acetone (320110; Sigma-Aldrich) (1:1) for 5 min or in 4%
paraformaldehyde (P6148; Sigma-Aldrich) for 8 min at room temperature (RT) immediately
prior to staining. Hematoxylin and eosin (H&E) staining was performed following the standard
protocol. Masson's trichrome staining kit (IMEB, San Marcos, CA, USA) was used to revea
collagen deposition on heart serial cross-sections, following the manufacturer's instruction.
[0093] For immunochistochemistry, non-specific antibody binding was blocked with 10%
donkey or goat serum for 1-2 hours at room temperature (RT), and, if necessary, with the
Mouse-on-Mouse antibody staining kit (Vector Laboratories, Burlingame, CA, USA). For
evauation of chronic inflammation, sections were incubated overnight at 4°C with rat anti-
mouse CD68 primary antibody (1:200, Ab53444; Abeam, Cambridge, MA, USA), followed
by goat anti-rat-Alexa488 IgG (1:400, A-11006; Life Technologies). To examine murine
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cardiac stem cells (CSC), heart mesenchymal stem/stromal cell (cMSC), and epicardium-
derived progenitor cells (EPDC), sections were first incubated overnight at 4°C with rat anti-
mouse CD117 (1:50, CL8936AP; Cedarlane Laboratories, Burlington, NC, USA), goat anti-
mouse PDGFR-beta (1:100, AF1042; R&D Systems, Minneapolis, MN, USA), or rabbit anti-
Wilm's Tumor (1:100, E3990; Spring Bioscience, Pleasanton, CA, USA) antibody
respectively, followed by donkey anti-rat-Alexa594 1gG (1:400, A-21209; Life Technologies),
donkey anti-goat Alexa594 1gG (1:400, A-11058; Life Technologies), or donkey anti-rabbit-
Cy3 1gG (1:300, 711-165-152; Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
respectively a RT for 1 hour. For the detection of cardiomyocytes, sections were incubated
overnight at 4°C with mouse anti-cardiac troponin T primary antibody (cTnT, 1:200, abl0214;
Abeam), followed by goat anti-mouse-Alexa488 1gG (1:400, A-11001; Life Technologies) at
RT for 1 hour. To detect proliferating cells, after the first staining for one of the cell lineage
markers above, a second overnight incubation was performed a 4°C with rabbit anti-
mammalian Ki67 primary antibody (1:200, abl5580; Abeam), followed by donkey anti-rabbit-
Alexad88 1gG (1:400, A-21206; Life Technologies) at RT for 1hour. For the detection of cells
expressing ErbB2, after the first staining of c¢TnT, a second overnight incubation was
performed a 4°C with chicken anti-ErbB2 primary antibody (1:100, abl4027; Abeam),
followed by goat anti-chicken IgY (H+L)-Alexa594 (1:400, A-11042; Life Technologies) at
RT for 1 hour. To detect elastin, sections were incubated overnight at 4°C with mouse anti-
elastin primary antibody (1:100, sc-374638; Santa Cruz Biotechnology), followed by goat anti-
mouse-Alexad88 IgG a RT for 1 hour. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) (1:1000, D1306, Life Technologies) at RT for 5min. Immunofluorescent
images were taken by Nikon Eclipse Ti fluorescence microscope equipped with NIS-Elements
AR imaging software (both from Nikon).

[0094] For the histological analysis of the zebrafish heart, zebrafish were euthanized using
0.168 g/L Tricaine for 3-5 minutes. Zebrafish hearts were collected in cold PBS and fixed in
4% paraformaldehyde for 2 hours. After two washes in PBS, hearts were cryopreserved
overnight with 30% sucrose in PBS. Samples were embedded in tissue freezing medium
(39475237; Leica Biosystems, Buffalo Grove, IL, USA). Tissue blocks were cryosectioned at
14 pin thickness. Sections were allowed to dry at 37°C for 2 hours before storing them at -
20°C. AFOG staining was performed as previously described (1). To detect neuregulin-1
(NRG1) in situ, sections were incubated with rabbit anti-NRGI antibody (1:100, ab27303;
Abeam) overnight at 4°C, followed by goat anti-rabbit horseradish peroxidase-conjugated 19gG
(1:1000, G-21234; Life Technologies) at RT for 1 hour. Images were captured with Leica MZ
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16 microscope with a Qlmaging Retiga 1300 camera (Leica Biosystems). To fluorescently
detect NRG1, mouse and zebrafish ventricular tissue sections were incubated with (1:100,
ab27303; Abeam) overnight at 4°C, followed by donkey anti-rabbit-Alexa488 1gG (1:400, A-
21206; Life Technologies) at RT for 1hour. Nuclei were stained with DAPI at RT for 5 min.
Immunofluorescent images were taken by Nikon Eclipse Ti fluorescence microscope equipped
with a QImaging Retiga 1300 camera.

[0095] Scanning Electron Microscopy. Fresh and decellularized norma and healing
zebrafish hearts and respective lyophilized powers were processed for scanning electron
microscopy (SEM). Briefly, fresh whole hearts were fixed in 2.5% glutaraldehyde (G5882,
Sigma-Aldrich) in 0.1 M PBS (pH 7.4) for at least 10 minutes. Ventricles were dissected out
under adissection microscope and then continued fixing for not more than 50 minutes. Tissues
were washed thoroughly in 3 changes of 0.1 M PBS for 15 minutes each. Tissues were fixed
in 1% Os04 in 0.1 M PBS for 60 minutes and then washed thoroughly in 3 changes of 0.1 M
PBS for 15 minutes each. Tissues were subsequently dehydrated in graded series of ethanol (in
PBS) for 15 minutes each: 30%, 50%, 70%, 90%, and 3 x 100%. All specimens were then
subjected to critical point dry, mounted on studs, and sputter coated with 3.5 nm of
gold/palladium aloy using a Cressington 108auto sputter coater (Cressington Scientific
Instruments, Watford, England, UK. Samples were then imaged on a JSM-6335F scanning
electron microscope (SEM; JEOL USA, Peabody, MA, USA). Samples can be stored in a
desiccator for future imaging.

[0096] Western Blot. Total proteins were extracted and purified using protein extraction
reagents (Lysis RIPA buffer, 040-483; ProteinSimple, San Jose, CA, USA) for zebrafish and
mouse ventricular tissues (N=4 per group). The equivalent of 50 pg protein from each sample
was separated by 11% gel (for 10 ml gel: 3.85 ml DI water, 3.53 ml 30% acrylamide, 2.6 ml
TrissHCI (pH8.8), 50 pi APS, and 10 pi TEMED; al from Bio-Rad Laboratories, Hercules,
CA, USA) and then transferred onto aPVDF membrane (BioTrace PVDF Transfer Membrane,
66594; Port Washington, NY, USA). After blocking with 5% bovine serum albumin (OmniPur
BSA, Fraction V, 2930-100GM; EMD Millipore, Billerica, MA, USA), membranes were
incubated with the anti-NRGI antibody (1:300, ab27303; Abeam) at 4 °C with shaking at 90
rpm overnight. Membranes were then washed with TBS buffer and treated with a goat-anti-
rabbit secondary antibody (1:1000, SC-2004; Santa Cruz Biotechnology) for 2 h a room
temperature. The signals were visualized with the ChemiDic XRS+ Imaging System (Bio-Rad
Laboratories). The band densities were quantified with Image J (National Institutes of Health).
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[0097] Statistical Analysis. All measured data are presented as mean + standard deviation
(SD). Statistical differences between groups were analyzed by Student's i-test (two groups),
oneway ANOVA (multiple groups), or two-way repeated ANOVA (repeated
echocardiographic measurements) with 95% confidence interval. Statistical significance was
set a p<0.05. Bonferroni multiple comparison test was performed for ANOVA post-hoc
analysis. Statistical analyses were performed with SigmaStat 3.5 (Systat Software, San Jose,
CA, USA), GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA), and SPSS21 (IBM,
Armonk, NY, USA) statistics software.

Results

[0098] Production and characterization of decellularized zebrafish cardiac ECM. A
physical decellularization protocol was developed with mechanical dissociation to minimize
the use of chemical or biological reagents that may disturb the native ECM architecture and
associated trophic factors, taking advantage of the very thin zebrafish ventricular wall. To
compare the difference in the regenerative capacity of cardiac ECM between healthy and
regenerating zebrafish hearts, normal and healing (3 dpa) adult zebrafish ventricles (Figure
1(A)) were harvested and thoroughly washed in antibiotic/antifungal solutions. Typically 50-
60 zebrafish ventricles were collected and pooled per batch. Healthy adult mouse ventricles
were used as atreatment control and minced into very small fragments (<1 mm3) for physical
decellularization. Briefly, al 3 groups were decellularized by repeated freeze-thaw cycles with
removal of red blood cells and DNA/RNA by the erythrolyse buffer and DNase/RNase
respectively (Figure 1(B)). After lyophilization, ECM was mechanically ground into fine
powders in aliquid nitrogen-chilled container and stored at -80°C.

[0099] Scanning electron microscopy (SEM) was used to observe the morphological change
following decellularization. SEM images revealed the differences of fresh and decellularized
zebrafish ventricular tissues and ECM particles (Figure 2A). Dynamic light scattering showed
that the decellularized normal (nzECM) and healing (hzECM) zebrafish cardiac ECM were
micro- to nano-particles with an average radius of approximately 306.3 nm (Figure 2B). The
final yield of lyophilized zZECM powders was approximately 6-8% of the original wet weight
with <0.1% residual nuclecotide compared with native tissues. Anayses of cardiac ECM
composition revealed that nzECM contains approximately 73.2% of collagen (/?<0.01),
137.1% elastin (/?7<0.05), and 142.1% glycosaminoglycans (GAGSs) (p<0.05) when compared
with decellularized adult mouse cardiac ECM (mECM) (Figure 2C).
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[00100] Bioactivity of decellularized zECM in vitro. As afirst step to investigate the
cardiac regenerative potential of zZECM for mammalian hearts, we examined the bioactivity of
decellularized zECM on the proliferation and migration of human cardiac precursor cell
populations in vitro. To simulate the harsh microenvironment in the ischemic myocardium,
stressed growth conditions were applied, including nutrient-deprivation and dual hypozxia/
nutrient-deprivation, to cell cultures. Both hzZECM and nzECM displayed pro-proliferative
effects on human cardiac stem cells (hCSC) and human heart perivascular mesenchymal
stem/stromal cell (MSC)-like precursors (hHP) under each stressed culture condition. When
deprived of nutrition (hCSC: 25% complete culture media; hHP: 2.5% fetal bovine serum) for
4 days, hzECM-treated hCSC and hHP both exhibited significantly higher proliferation rate
when compared with mECM or non-treated controls (hCSC, both p<0.005; hHP, both p<0.05),
whereas nzZECM- and mECM-treated cells showed notably faster growth than control cells (al
p<0.05) (Figure 3A and 3B). However, under dual hypoxic (2.5% oz and nutritional
deprivation, zECM markedly enhanced hCSC and hHP proliferation, particularly hzECM (both
p<0.01), while mECM showed no stimulatory effect (Figure 3C and 3D).

[00101] To smulate cell migration in the ischemic myocardium, nutrient-deprived
culture condition were applied in the transwell chemotaxis assay with induction of different
decellularized cardiac ECM. The results showed that hzECM and nzECM, but not mECM,
induced prominent migration of hCSC (Figure 3E) and hHP (Figure 3G). Quantification data
indicate significantly more hCSC (Figure 3F; both p<0.01) and hHP (Figure 3H; hzECM,
p<0.001; nZECM, p<0.01) migrated under the hzECM and nzECM inductions than under the
MECM induction and saline control. hzECM induced notably higher hHP migration than
nzECM under stress (Figure 3H; p<0.05). Together these data suggest the preservation of
ZECM bioactivity after decellularization and pro-proliferative and chemotactic effects of
ZECM on two human cardiac precursor cell populations under stressed microenvironment.
[00102] Intramyocardial administration of zZECM improves cardiac function. The
efficacy of decellularized zECM on cardiac function was investigated in an adult mouse acute
MI (AMI) model (Figure 4A). All mice that survived the MI induction surgery have lived
through the 6-week experimental duration. Long-term cardiac function was repeatedly assessed
by M- and B-mode echocardiography before (baseline) and after surgery at 5, 14, and 42 days
(Figures 5A and 5B). The results showed that hzZECM exhibited substantially higher overall
treatment efficacy in left ventricular fractional area change (Figure 4B) and gection fraction
(Figure 4C) than dl other groups (all p<0.001) while nzZECM was significantly higher than
MECM and saline control (all p<0.005). mECM was less effective but exhibited notable
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beneficial effects when compared with saline (both p<0.05). These data indicate significant
preservation of left ventricular contractility after AMI, following zECM treatment. Moreover,
both hzECM and nzECM had markedly reduced left ventricular end-diastolic area (Figure 4D)
and end-systolic area (Figure 4E) than mECM and saline (all p<0.005), suggesting amelioration
of progressive left ventricular dilatation with zECM treatment. All echocardiographic
measurements are listed in Table 1.

Table 1. Echocardiographic parameters of infarcted mouse hearts following ECM treatment

Fractionat Area Change

Mean £ S0 %} 8o 56 Y
hzECK 72353 5435 4 83 AT AT £ 474
nEEM &7 43 B0+ 735 45 1325487
57 530 320 I VI E3EN
a7 32 3T 2443
Ejection Fraction
blean B0 (%) G Sh 2 &
hzEUR FR3E 234 G824+ 384 N2 TS 2 562 SRE3+ 458
nzECH 238 £224 A G4 £ R ET S 554 TR £239
mECH 72328 50 .32
Saling FR38+£224 STET 2388 a6
End-Diastsaiic Area
Maan = 30 imm™) an
HrECM REI LT 08
nrECRM 2.8
e {83

Saine 2H3 108

End-Systotic Ares

Mear = 8D {ma) go 5B

hzECH 4242078 841 %030
neECN 324+ 079 548+ 476
MECK 434 748 055
Saiine £24 % 805+ 152

[00103] ZECM amends elasticity of the infarcted myocardium. To understand the

effect of zZECM on the ventricular elasticity in the ischemic heart, myocardial strain analysis
was performed at 6 weeks post-MI. The data revealed that zECM-treated myocardium had
similar intercardiac strain (defined as A(end-diastole & end-systole)xlO0O%) as the non-
infarcted counterparts while mECM- and saline-treated ones were substantially stiffer. The
strain of the infarcted myocardium was estimated by normalizing the spatially averaged axial
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strain in the infarcted area (A) to that of 4 non-infarct areas (B, C, D, and E) in left ventricular
walls during acardiac cycle (Figure 6A), using VevoStrain cardiac strain analysis (Figure 6B).
Both hzECM (al p<0.001) and nzECM (all p<0.001) had substantialy greater normalized
radial (Figure 6C) and circumferential (Figure 6D) strains than mMECM and saline. mECM
showed moderately increased radial and circumferential strains (both p<0.01) than saline. No
significant difference was observed between hzECM and nzECM (both p>0.05). hzECM
exhibited the highest strains in both directions among all groups with no statistical difference
from normal hearts (both p>0.05). These data suggest the effectiveness of zECM, but not
MECM, in preserving or restoring left ventricular myocardial elasticity after M.

[00104] ZECM promotes structural preservation in the infarcted heart. H&E
staining on serialy sectioned mouse hearts revealed that zZECM treatment alters pathological
remodeling post-MI (Figure 7A). Left ventricular chambers in both zZECM-treated groups are
notably smaller with lessinfarct area (Figure 7B) and thicker ventricular walls (Figure 7C) than
those in MECM and saline groups. In zECM-treated groups, Masson's trichrome staining and
anti-mouse CD68 staining at 6 weeks post-MI showed no increase in fibrotic scar (Figure 8A)
and chronic inflammation (Figure 8B) respectively due to species difference. Consistent with
the reduction of the infarct size, elastin is preserved locally at theinfarct areain zZECM-treated
groups (Figure 9A). We detected a significantly higher level of elastin in both zZECM groups,
hzECM in particular, than mECM and saline groups (Figure 9B).

[00105] ZECM increases proliferation of mammalian cardiac precursor cell
populations in vivo. It was investigated whether the differences in functional outcomes of
ZECM and mECM treatment correlate with distinctive regenerative responses in the ischemic
myocardium. Immunohistochemistry at 6 weeks post-MI showed that all zECM-treated hearts
had significantly higher numbers of c-kit+/Ki67+ proliferating murine cardiac stem cells
(mCSC) than mECM- and saline-treated ones at the infarct and peri-infarct areas (c-kit: stem
cell growth factor receptor or CD117; Ki67: a cellular proliferation marker) (Figures 10A-
10C). hzECM-treated hearts exhibited markedly more platelet-derived growth factor receptor
(PDGFR)-B+/Ki67+ proliferating cardiac MSC (cMSC) than mECM- and saline-treated hearts,
nzECM-treated hearts contained more proliferating cM SC than saline-treated ones at the infarct
and peri-infarct areas (Figures 10D-10F). Activation of Wilms tumor protein (Wt)-1+/Ki67+
proliferating epicardium-derived progenitor cells (EPDC) was observed only at the epicardium
of the infarct (Figure 10G). hzECM-treated group had substantially more proliferating EPDC
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than all other groups, nzZECM had notably more proliferating EPDC than mECM and saline
(Figure 10H).

[00106] ZECM augments adult mammalian cardiomyocyte proliferation in the
ischemic myocardium. It was then examined whether the administration of zZECM increases
the host cardiomyocyte proliferation after the ischemic insult. Dual detection of cardiac
troponin T (cTnT) and Ki67 at 3 days post-treatment revealed proliferation of adult mouse
cardiomyocytes in zECM-treated animals (Figure 11A). Image anayses showed that both
ZECM groups have notably higher numbers of cTnT+/Ki67+ proliferating cardiomyocytes than
control groups at the infarct and peri-infarct areas (Figures 11B and 11C). hzECM had the
highest cTnT+/Ki67+ cell number among all groups, especialy at the infarct area (Figures 11B
and 11C). In sharp contrast, cardiomyocyte proliferation is very limited in mMECM and saline
controls (Figures11A-11C). Nevertheless, there are few cTnT+/Ki67+ cardiomyocytes in all
four groups at 6 weeks post-M| (Figure 12A-12C, all p>0.05), suggesting that afinite window
of ZECM treatment. This limited window may reduce the chance of hypertrophy and tumor
development due to prolonged cell proliferation. On the other hand, healthy adult mouse hearts
have little ErbB2 expression, which plays a significant role in mammalian heart regeneration
[34]. However, a 3 days post-treatment, we observed the presence of ErbB2+/cTnT+
cardiomyocytes in both zECM-treated groups (Figure 11D). hzECM and nzECM exhibited
markedly larger presence of ErbB2+/cTnT+ cardiomyocytes than mECM and saline controls
at the infarct and peri-infarct areas (Figures HE and 11F), suggesting that zECM reactivates
ErbB2 expression in adult mammalian cardiomyocytes post-MlI.

[00107] Neuregulin-1, a mitogen of cardiomyocytes, is present in zECM.
Neuregulin-1 (NRGI) is a mitogen capable of stimulating cardiomyocyte proliferation in
regenerating zebrafish myocardium. Immunohistochemical analysis showed that zebrafish
hearts, especialy the actively healing ones, express NRGI (Figures 13A and 13B)), which is
absent in adult mouse heart (Figure 13B). Western blot analysis of NRGI in al three ECM
groups reveded the presence of NRGI protein in both hzZECM and nzECM (Figure 13C).
Quantification of Western blotting showed that hzECM and nzECM contain approximately 6.5
and 5 folds of NRGI protein respectively when compared with mECM (Figure 13D), both
p<0.001).

[00108] Inhibiting ErbB2 signaling obliterates beneficial effects of zECM
treatment. It was hypothesize that activation of ErbB2 signaling pathway by NRGI in zECM
plays a significant role in cardiac repair and regeneration observed in zECM-treated groups.
To evaluate the importance of ErbB2 signaling in zECM-mediated therapeutic effects, zZECM
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was injected intramyocardially after AMI while selectively inhibiting ErbB2 receptor kinase
activity with a tyrphostin AG825 via intraperitoneal administration. Echocardiographic
analyses showed that blocking ErbB2 signaling during zECM treatment renders zECM
ineffective: it abolished the improvement of left ventricular contractility (Figure 14A(A-B),
both p>0.05) and eliminated the prevention of left ventricular dilatation (Figure 14A(C-D),
both p>0.05). All echocardiographic measurements are listed in Table 2. Dual
immunofluorescent detection and quantification of c-kit+/Ki67+ proliferating mCSC at 3 days
post-treatment exhibited no notable difference between all four groups (Figures 14B and 14C,
p>0.05). Similarly, no significant difference in the number of ErbB2+/cTnT+ cardiomyocytes
between all groups was observed following AG825 treatment (Figures 14D and 14E, p>0.05).
These results suggest that ErbB2 mediates major effects of zECM, including zECM-induced
functional recovery, activation of cardiac precursor cell proliferation, and reactivation of ErbB2
expression in adult cardiomyocytes.

Table2. Echocardiographic parameters of infarcted mouse hearts following ECM treatment

and ErbB2 inhibitor administration
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[00109] Although mammalian cardiomyocytes spontaneously proliferate at a very low
rate throughout the adulthood, unlike the evolutionarily primitive zebrafish, adult mammalian
hearts have very limited regenerative capacity after M1 or other injuries involving massive loss
of cardiomyocytes. It was suspected that ECM contribute to this genus difference and
hypothesize that ECM from aregenerable tissue, such as the zebrafish heart, can induce and/or
facilitate adult mammalian heart regeneration after injury. Zebrafish and mice were used as
representative species for lower vertebrates and mammals respectively. It was found that the
composition of nZECM is significantly different from mECM with more elastin and GAGs and
less collagen. Both hzZECM and nzECM had significant pro-proliferative and chemotactic
effects on human cardiac precursor cells, including hCSC and hHP, under stress in vitro while
the efficacy of mECM was rather limited. The differences in the cellular proliferation and
migratory rates suggest differential rescue and/or inductive capacities with each ECM
treatment under deprived growth conditions.

[00110] Intramyocardial administration of decellularized cardiac ECM suspension
showed that a single treatment of zECM, particularly hzECM, enables endogenous
regeneration of murine heart tissue after AMI. Notably increased proliferation of multiple
resident cardiac precursor cell populations was observed, including mCSC, cMSC, and EPDC,
in both zECM groups. Furthermore, a fraction of remaining cardiomyocytes not only re-
expressed ErbB2 but also proliferated after ZECM treatment. These cellular regenerative
responses following zECM induction contribute to the overall architectural preservation and
structural regeneration, which correlates with approximately 61% recovery of cardiac eection
fraction (defined as [A(treatment-saline)/A (healthy-saline)]xlO0%). Under identical
conditions, mECM vyields only 17% functional recovery with limited improvement of
myocardial elasticity and minimal proliferation of cardiac precursor cells and cardiomyocytes,
consistent with literature reports on mammalian ECM in M1 treatment [43, 44]. The data
presented herein indicates a single intervention with zECM is sufficient to lead to significant
improvement in cardiac output and remodeling as well as near-normal left ventricular wall
motion. Altogether these results suggest the efficacy of zECM, especially hzECM, in the
preservation and/or recovery of global cardiac milieu after MI.

[00111] ZECM likely exerts its activities via multiple mechanisms in the ischemic
myocardium, for example, the ateration of local ECM composition with increased elastin
preservation and the release of incorporated inductive factor(s). The higher elastin content is
consistent with greater myocardial strain and may augment cardiac stem/progenitor cell

proliferation. In addition, it is possible that the altered ECM composition in the healing phase
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of amputated zebrafish heart partly contributes the highest regenerative efficacy of hzECM for
ischemic mouse hearts. On the other hand, the presence of NRGI, amitogen of cardiomyocytes
and aligand of ErbB2/ErbB4 complex, was detected in both hzECM and nzECM, but only
minimally in mECM. NRGI induces cardiomyocyte proliferation and myocardial regeneration
in injured mammalian hearts, especialy in neonates, largely via ErbB2/ErbB4 signaling
pathways. The presence of NRGI in zECM and the reactivation of itsreceptor ErbB2 in zECM-
treated hearts are consistent with the observed proliferation of cardiomyocytes and
improvement of cardiac function. Moreover, one intramyocardial zECM treatment yields
significant functional recovery and structural change in infarcted hearts, in contrast to similar
outcome yielded by daily systemic injections of recombinant NRGI protein for 12 weeks.
These results suggest the contribution of NRGI in zECM-induced cardiomyocyte proliferation
post-MI. However, a sufficient amount of NRGI -depleted zECM for testing could not be
obtained due to the lethality of NRGI deficiency in developing zebrafish. Thus, the NRG1-
ErbB2 signaling axis was probed in the context of zZECM administration by inhibiting ErbB2
activity.

[00112] ErbB2 signaling isessential in the survival, repair, growth, and regeneration of
postnatal mammalian cardiomyocytes. Ventricular-restricted ErbB2-deficient mice exhibit
phenotypes of dilated cardiomyopathy in their adulthood, indicated by decreased contractility,
wall thinning, and chamber dilation. ErbB2 activation promotes dedifferentiation,
proliferation, and hypertrophy of cardiomyocytes. To block ErbB2 signal transduction, AG825,
a small molecule tyrphostin which selectively inhibits ErbB2 autophosphorylation nearly 60-
fold more potently than ErbBl (EGFR), was administered immediately following zECM
treatment. Surprisingly, early ErbB2 inhibition not only obliterated the improvement of cardiac
function but also eliminated the reduction of left ventricular dilatation in both hzECM and
nzECM groups post-MI. These results arein agreement with previous findings showing notable
deterioration in cardiac contractility of normal or diabetic murine hearts subjected to ischemia-
reperfusion injury ex vivo after repeated intraperitoneal administration of AG825. Moreover,
early ErbB2 inhibition fully prevented mCSC proliferation and ErbB2 reactivation in
cardiomyocytes after zECM treatment. Together our data indicate the crucial role of ErbB2
signaling, both functionally and structuraly, in likely all zECM-mediated benefits post-MI.
[00113] The substantially more proliferating cardiomyocytes in both zZECM groups at 3
days, but not at 6 weeks, post-MI suggest alimited duration of zZECM activities and possibly a
finite therapeutic window for zECM-based intervention. This may reduce the risk of cardiac

hypertrophy associated with unrestrained activation of NRGI/ErbB2 signaling. Local injection
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of zECM limits potential oncogenic risks associated with systemic growth factor
administrations such as NRGI treatment. The proliferation of multiple cardiac progenitors
further indicates the broader biological activities of zZECM beyond NRGI. Identification of
other bioactive molecules within zECM could reveal additional pathways important to
mammalian cardiac tissue regeneration. Test of zECM in large animal models of MI using a
less invasive delivery method is under investigation. Additionaly, it is possible that
decellularized ECM from other primitive lifeforms can aso promote the regeneration of
mammalian heart and other organs with limited regenerative capability.
[00114] In conclusion, the current study demonstrated that decellularized cardiac ECM
from zebrafish induces the proliferation of murine and human cardiac precursor cell
populations and murine adult cardiomyocytes under stress and significantly augments cardiac
function and myocardial elasticity post-MI. Decellularized adult mouse cardiac ECM only
dlightly promoted cardiac progenitor cell and cardiomyocyte proliferation under stress and
marginally improved functiona recovery and myocardia elasticity, as typicaly seen in
previous approaches using mammalian ECM. Through the selective inhibition of ErbB2
activity, it was found that ErbB2 signaling, likely via NRGI present in zECM, plays an
indispensable role in zECM-mediated anatomical and functional improvement. Overall, these
data demonstrated the potential of zZECM as anew candidate to induce cardiac regeneration.

[00115] The following clauses provide aspects of the invention:

1. A method of producing regenerative extracellular matrix (rECM) composition,
comprising:

a. freezing and thawing tissue that has inherent regenerative capability or that is
undergoing regeneration, growth, or development, to kill cells within the tissue;

b. treating the thawed tissue with one or more nucleases to digest nucleic acids in the
tissue to produce rECM; and

c. washing the nuclease-digested tissue in an agueous solution, to remove cellular
debris.

2. The method of clause 1wherein the rECM has not been subjected to adialysis and/or a
cross-linking process.

3. The method of clause 1, wherein the tissue is regenerating tissue.

4. The method of clause 1, wherein the tissue is obtained from an animal selected from the
group consisting of: afish, alizard, an amphibian, an echinoderm, aplanaria, or ahydra,
and optionally the tissue is obtained from alizard tail, adeer antler, arabbit ear, abat
wing, a spiny mouse (Acomys) ear or skin, aland slug (Prophysaon), a sea snail (e.g.,
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10.

11.

12.

13.

14.

15.

16.

17.

Oxynoe panamensis), an octopus, acricket, aspider, acrab, alobster, a salamander, a

newt, aurodele, an axolotl (Ambystoma mexicanum), a zebrafish, a sea star, a sea urchin,

a sea cucumber, an anemone, aplanaria, or ahydra.

The method of any one of clauses 1-4, wherein the tissue is genetically-modified oris

obtained from a genetically-modified organism.

The method of clause 4, wherein the tissue is aregenerative tissue.

The method of clause 6, wherein the tissue is prepared by damaging the tissue in the

animal, and harvesting the tissue after regeneration begins but before regeneration ends.

The method of any one of clauses 1-7, wherein the rECM isin the form of asolid, agel,

or a solution.

The method of any one of clauses 1-8, wherein the tissue undergoing regeneration,

growth, or development is treated with ared blood cell lysis solution and washed prior to

treating the thawed tissue with one or more nucleases.

The method of any one of clauses 1-9 comprising washing the tissue in an agueous

solution at any point prior to or after any of a. or b.

The method of clause 10, wherein the agueous solution iswater, phosphate-buffered

saline, or isotonic saline, optionally comprising one or more antibiotics.

The method of any one of clauses 1-11 wherein a. or b. isrepeated one or more additional

time, with awashing step in between repeated steps.

The method of any one of clauses 1-12, wherein the tissue or rECM composition is not

dialyzed, digested with aprotease, or cross-linked.

The method of any one of clauses 1-13, wherein the rECM composition isdried, e.g.

lyophilized.

The method of any one of clauses 1-14, further comprising:

c. digesting the nuclease-digested tissue with an acid protease.

The method of any one of clauses 1-15, wherein the regenerating tissue is normal or

genetically-modified zebrafish heart tissue, optionally prepared by damaging the heart

and harvesting the heart after regeneration begins but before regeneration ends.

The method of any one of clauses 1-16 further comprising, combining the rECM material

with another extracellular matrix (ECM) material; apolymeric composition, such as a

biodegradable polymer composition, such as apolyester including apolyglycolic acid

(PGA), apolylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), apolycaprolactine

(PCL), apolyethyleneglycol (PEG)-derived biodegradable polymers, poly (glycerol

sebacate) (PGS), or apolyurethane, apoly(ester urethane) urea (PEUU), poly(ether ester
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18.
19.

20.

21.

22.

23.

24,

25.

26.

27.

urethane)urea (PEEUU), apoly(ester carbonate)urethane urea (PECUU) or a
poly(carbonate)urethane urea (PCUU); and/or amedical device or apparatus, such asa
woven or nonwoven material, afiber, and/or aprosthetic.

The method of any one of clauses 1-17 wherein the rECM is deposited onto a surface.
The method of clause 17, wherein the rECM is combined with apolymer or combination
of polymers.

The method of clause 19, wherein the rECM is sprayed, spun, electrosprayed or
electrospun, and is optionally co-deposited with a polymeric composition such as a
polyglycolic acid (PGA), apolylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), a
polycaprolactine (PCL), apolyethyleneglycol (PEG)-derived biodegradable polymers,
poly (glycerol sebacate) (PGS), apolyester, apoly (ester urethane) urea (PEUU),
poly(ether ester urethane)urea (PEEUU), apoly(ester carbonate)urethane urea (PECUU)
or apoly(carbonate)urethane urea (PCUU).

The method of any one of clauses 1-20, wherein the rECM materia is deposited onto a
surface of abandage.

A method of treating a patient having atissue injury, condition or defect, comprising
administering to the patient an amount of an rECM composition to the patient at a
location in the patient of tissue injury, condition or defect, in an amount effective to treat
the tissue injury, condition or defect in the patient.

The method of clause 22, wherein the rECM composition is prepared according to the
method of any one of clauses 1-20.

The method of clause 22, wherein the tissue injury, condition or defect is tissue trauma,
and the rECM is administered to the patient at or near the tissue trauma.

The method of clause 22, wherein the condition is a myocardia infarction, a
ischemia/reperfusion injury, acongenital myocardia or outflow tract defect, or a
condition involving loss of or reduced amount of myocardia tissue, and the rECM is
injected into or adjacent to the infarction, injury site, or defect location.

The method of clause 22, wherein the rECM is prepared from regenerating normal or
genetically-modified zebrafish heart tissue.

The method of any one of clauses 22-26, wherein the tissue is obtained from alizard tail,
adeer antler, arabbit ear, abat wing, a spiny mouse (Acomys) ear or skin, aland slug
(Prophysaon), a sea snail (e.g., Oxynoe panamensis), an octopus, a cricket, a spider, a

crab, alobster, a salamander, anewt, aurodele, an axolotl (Ambystoma mexicanum), a

43



WO 2017/189986 PCT/US2017/030096

28.

29.

30.

31.
32.

33.

35.
36.

zebrafish, a sea star, a sea urchin, a sea cucumber, an anemone, aplanaria, or ahydra,

and/or agenetically modified organism or tissue.

Regenerative extracellular matrix (rECM), prepared according to the method of any one

of clauses 1-21.

The rECM of clause 28, combined with adifferent ECM material and/or apolymeric

material.

The rECM of clause 29, combined with abiodegradable polymeric material, such as a

polyglycolic acid (PGA), apolylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), a

polycaprolactine (PCL), apolyethyleneglycol (PEG)-derived biodegradable polymers,

poly (glycerol sebacate) (PGS), apolyester, poly(ester urethane) urea (PEUU), poly(ether

ester urethane)urea (PEEUU), apoly(ester carbonate)urethane urea (PECUU) or a

poly(carbonate)urethane urea (PCUU).

The rECM of clause 28, prepared as areverse-gelling composition.

A medical device or apparatus comprising or coated with an rECM material or any one of

clauses 28-31 or prepared according to a method of any one of clauses 1-21.

A method of preparing an rECM gel material comprising neutralizing an acid protease-

digested material that isprepared by:

a. freezing and thawing tissue that has inherent regenerative capability or that is
undergoing regeneration, growth, or development, to kill cells within the tissue;

b. treating the thawed tissue with one or more nucleases to digest nucleic acids in the
tissue to produce rECM;

c. washing the nuclease-digested tissue in an aqueous solution, to remove cellular
debris;

d. digesting the nuclease-digested tissue with an acid protease; and

e. optionaly freezing or lyophilizing the acid protease-digested material.

. The method of clause 33, wherein a., b., and c. are performed according to any one of

clauses 2-20.
A kit comprising rECM or rECM combined with other materials contained in avessdl.
The kit of clause 35, wherein the rECM is prepared according to any one of clauses 1-21

or 33.

[00116] Having described this invention, it will be understood to those of ordinary skill

in the art that the same can be performed within a wide and equivalent range of conditions,

formulations and other parameters without affecting the scope of the invention or any

embodiment thereof.
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What isclaimed is:
1. A method of producing regenerative extracellular matrix (rECM) composition,
comprising:
a. freezing and thawing tissue that has inherent regenerative capability or that is
undergoing regeneration, growth, or development, to kill cells within the tissue;
b. treating the thawed tissue with one or more nucleases to digest nucleic acids in the
tissue to produce rECM; and
c. washing the nuclease-digested tissue in an agueous solution, to remove cellular
debris.
2. The method of claim 1wherein the rECM has not been subjected to adialysis and/or a

cross-linking process.

3. The method of claim 1, wherein the tissue is regenerating tissue.
4. The method of claim 1, wherein the tissue is genetically modified.
5. The method of claim 1, wherein the tissue is obtained from an animal selected from

the group consisting of: afish, alizard, an amphibian, an echinoderm, aplanaria, or ahydra,
and optionally the tissue is obtained from alizard tail, a deer antler, arabbit ear, abat wing, a
spiny mouse (Acomys) ear or skin, aland slug (Prophysaon), a sea snail (e.g., Oxynoe
panamensis), an octopus, acricket, a spider, acrab, alobster, a salamander, anewt, aurodele,
an axolotl (Ambystoma mexicanum), a zebrafish, a sea star, a sea urchin, a sea cucumber, an
anemone, aplanaria, or ahydra.

6. The method of claim 1, wherein the tissue is aregenerative tissue, and optionaly the
tissue is prepared by damaging the tissue in the animal, and harvesting the tissue after

regeneration begins but before regeneration ends.

7. The method of claim 1, wherein the rECM isin the form of asolid, agel, or a
solution.
8. The method of claim 1, wherein the tissue undergoing regeneration, growth, or

development istreated with ared blood cell lysis solution and washed prior to treating the
thawed tissue with one or more nucleases.
9. The method of claim 1, further comprising:

c. digesting the nuclease-digested tissue with an acid protease.
10. The method of claim 1, further comprising, combining the rECM material with
another extracellular matrix (ECM) material; apolymeric composition, such as a
biodegradable polymer composition, such as apolyester including apolyglycolic acid (PGA),
apolylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), apolycaprolactine (PCL), a
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polyethyleneglycol (PEG)-derived biodegradable polymers, poly (glycerol sebacate) (PGS),
or apolyurethane, apoly(ester urethane) urea (PEUU), poly(ether ester urethane)urea
(PEEUU), apoly(ester carbonate)urethane urea (PECUU) or a poly(carbonate)urethane urea
(PCUU); and/or amedical device or apparatus, such as awoven or nonwoven material, a
fiber, and/or aprosthetic.

11. The method of claim 1, wherein the rECM is sprayed, spun, electrosprayed or
electrospun, and is optionally co-deposited with a polymeric composition such as a
polyglycolic acid (PGA), apolylactic acid (PLA), poly(lactic-co-glycalic acid) (PLGA), a
polycaprolactine (PCL), apolyethyleneglycol (PEG)-derived biodegradable polymers, poly
(glycerol sebacate) (PGS), apolyester, apoly(ester urethane) urea (PEUU), poly(ether ester
urethane)urea (PEEUU), apoly(ester carbonate)urethane urea (PECUU) or a
poly(carbonate)urethane urea (PCUU).

12. A method of treating a patient having atissue injury, condition or defect, comprising
administering to the patient an amount of an rECM composition to the patient at alocation in
the patient of tissue injury, condition or defect, in an amount effective to treat the tissue
injury, condition or defect in the patient, wherein the rECM composition isoptionally
prepared according to the method of claim 1.

13. The method of claim 12, wherein the tissue injury, condition or defect istissue
trauma, and the rECM is administered to the patient at or near the tissue trauma, or the tissue
injury, condition or the defect isamyocardia infarction, aischemia/reperfusion injury, a
congenital myocardia or outflow tract defect, or a condition involving loss of or reduced
amount of myocardial tissue, and the rECM isinjected into or adjacent to the infarction,
injury site, or defect location.

14. The method of claim 12, wherein the rECM is prepared from regenerating normal or
genetically-modified zebrafish heart tissue.

15. Regenerative extracellular matrix (rECM), prepared according to the method of
claim 1.

16. TherECM of claim 15, combined with a biodegradable polymeric material, such asa
polyglycolic acid (PGA), apolylactic acid (PLA), poly(lactic-co-glycalic acid) (PLGA), a
polycaprolactine (PCL), apolyethyleneglycol (PEG)-derived biodegradable polymers, poly
(glycerol sebacate) (PGS), apolyester, poly(ester urethane) urea (PEUU), poly(ether ester
urethane)urea (PEEUU), apoly(ester carbonate)urethane urea (PECUU) or a
poly(carbonate)urethane urea (PCUU).

17. The rECM of claim 15, prepared as areverse-gelling composition.
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18. A medical device or apparatus comprising or coated with an rECM material,
optionally prepared according to claim 1.
19. A method of preparing an rECM gel material comprising neutralizing an acid
protease-digested material that is prepared by:
a. freezing and thawing tissue that has inherent regenerative capability or that is
undergoing regeneration, growth, or development, to kill cells within the tissue;
b. treating the thawed tissue with one or more nucleases to digest nucleic acids in the
tissue to produce rECM;
c. washing the nuclease-digested tissue in an agueous solution, to remove cellular
debris;
d. digesting the nuclease-digested tissue with an acid protease; and
e. optionaly freezing or lyophilizing the acid protease-digested material.
20. A kit comprising rECM contained in avessel.

47



WO 2017/189986 PCT/US2017/030096

1728

A B zECM Production

Amputate Ventricle | *

|

Harvest Hearts

l

Sterilize Samples

|

3X Freeze-Thaw Cycles

l

2X Erythrocyte Lysis

|

2X Freeze-Thaw Cycles

l

2X DNA/RNA Digestion

|

Lyophilization

|

Grinding

|

Store at -80C

3D post Amputation Note: * For hzECM only
Fig. 1

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

Amputated Heart

Normal Heart

CM Particls N .

nsk

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986

PCT/US2017/030096

Number (%)

Size (r.nm)
Fig. 2B
ECM Composition mECM nzECM
Collagen (ug/mg) 408.81+25.81 299.11+ 3205
Elastin (ug/mg) 45.71+9.51 62.671+9.07*
GAGs (ug/mg) 2.35+058 3.34+061"
Fig. 2C

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

4/28

-
S
R

on

--
2
]

hCSC 21%0,

g
o1

wrs
I3

&
%

hCSC Relative Proliferation
3 o
2 £
[ )
hHP Relative Proliferati
>
®
T 1.
' N

50% 1

2%

O Y e & & &
ol S Y
& & & & F £ & & &g
Fig. 3A Fig. 3B

-
»n
o
R

hCSC Relative Proliferation
en 3 >
2 £ $
[ ]
3%
3t
[
e _
hHP Relative Proliferation
R 2 3
P 2 b
[
@
—]

hHP t 2.5%0,

1
| 1

75% A

»
[
z

N 2 o @ &S S &
N&,\& (\'&0 o‘&o 6‘@0 :\‘,5\9 .\9”\3 v& o& & ":3\'
Fig. 3C Fig. 3D
Saline mECM hzECM nzECM

hCSC

Fig. 3E

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

5/28

1]
L4
4-
2 - ) ' 2
m Lm_

Saline mECM  hzECM  nzECM Salino mECM  hzECM MECM
Fig. 3F Fig. 3H

Normalized hCSC Number

Normalized hHP Number
P <Y

Saline mECM hzECM nzECM

hHP

Adult Zebrafish JECM Mi Echocardiography
muﬂon Induction |
[~ " g
j % Decellulaﬂze l l l l
o)  Zebrafish T Y .
X

Cardiac ECM (') :'3 5 14 A'ZDay
Norm 33ba ZECM Histology Histology
M) Induction Injection Elasticity Estimation

Fig. 4A

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986

Fractional Area Change (%)

Ejection Fraction (%)

6/28

65

—o— hzECM —s— nzECM I

-=C--mECM ----A-- Saline
15 — v T

oD 5D 2w 6w
Fig. 4B

35 -

—o— hzECM —a—nzECM
-=C--mECM ---n---Saline

25 Ll ¥ T
0D 5D 2w 6w

Fig. 4C

SUBSTITUTE SHEET (RULE 26)

PCT/US2017/030096



PCT/US2017/030096

WO 2017/189986
7/28

25
t
E 20
«
e
g
2 15
0
@
8
it
b 10 1
w —eo—hzECM —s—nzECM

--c--mECM ----A---- Saline
5 L ' '
oD 5D 2W 6w
Fig. 4D

20
w
o
<
2 10 1
2
q
s 91
c
W

—t—hzECM —=— nzECM

--O--mECM ---a---- Sallne
0o 5D 2w 6w
Fig. 4E

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

9/28

‘A:am.lat.wall-hfamtam

'} B: post. lat. wall

-} /| Cz post. wall Non-infarct
| D: septal wall areas
7B | E: ant. med wall

Fig. 6A
1.2 - 12
onomal
= ’ c ‘
g 08 ® 08 -
3 &
g s
2 0.4 A E 04
2 2
o YIRS °. b AR
Radial strain Circumferential strain
Fig. 6C Fig. 6D

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/030096

WO 2017/189986

UIRNS [ENUIIWNIID

g9 bi4
uiesns jepuasauinaa)

uiens {eguasdjwndsig

uens |eRuAIHWNNY

fw) sy ,4
144 S8 £t 0 |
. T L e 7

I AN

¢
[ ]
.
¥
]
]

o w e of

fsw) awip

!
L

fGwjawy
24 $8 134 0

(sw)awy
744 s8 £ 0

-4 ¥ 'y
oﬁo 010154 PU3  OIOISLIP PUI ojoishs pu3  ofoiseip pu3
S
~ uies}s |eipey uiens |ewpey uless jeipey
__ sui)
) w ®: s o ks oz
st S8 & (
. ‘ ! o 0
| £ 7" ¢ g
; o2 “ %
X -y & L — ——
91018AS pu3  d0)SEIP PUI ojoisAs pu3  oj0ISTIP PuUI 910JSAS pu3  oj0ISE|p PUT
autjes wWo3w WNO3Zy

ojo18As pU3  0jOISCIP PUI

uiens jepey

($w) dune

opoisAs pu3 ojoiscip pu3

jewoN

SUBSTITUTE SHEET (RULE 26)



Infarct Size (%)

WO 2017/189986 PCT/US2017/030096

Fig. 7A

8y E 50
2

o § £00-
] | =

el 4 :§ m_
404 i <

e el

m.‘ . § ’m-
®

0- E B

Saline mwmECM h2ECM  n2ECM Satine mMECM h2ECM  n2ECM
Fig. 7B Fig. 7C

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

12/28

nzECM

hzECM

Fig. 8A
Fig. 8B

mECM

Saline

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

13/28

Elastin
hzECM

J

-
id

[ ]
i

Elastin content in infarct zone (%)
3
(-}

Fig. 9B

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/030096

WO 2017/189986

14/28

Wo3w

{494, 3D

194,33
aules

ey

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

nzECM

hzECM

Fig. 10D

mECM

Saline

-—
~
et
x
o8]
r
[
[ &)
(@]
a

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096
16/28
. ] infarct -
E % Border
s £
s 3
:
3 €
£ i
3 8
“Safne mECH IECM  mECW b e mECM  WECH  mEch
| Fig. 10B Fig. 10C
'g 3 'nfarct .é %, Borde’
s E . b
§ 2 "-; ol
2 I 0 s M
2 s
E - ¥ 4o
S 101 k3 .
3
: £
- tmAR

o Saline mMECN mECW mecuﬁ
Fig. 10E

Saline mECM hzECHM n2ECM

Fig. 10F

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

17/28

Sakine __ mECM  heECM nzECH

¥ §

Wt14/KI67+ colis/imm?
$

4

Saline  WECH  WECH  n2ECHM

Fig. 10H

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

nzECM

hzECM

Fig. 11A

mECM

Saline

~ ~
© o
¥ "4
S S—
= =
c c
[ -
(&) (&)

Infarct
Border

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

19/28
60
7 Infarct e
~
£
E |
2 40<
—0 1
(3]
R 2
f 2
e
X 204 |
"_
= .
P { _
- m B
o"‘ - ] - ] * -
Satine mECM hzECM n2ECM
Fig. 11B
&0
. | Border ase
g A
g w
S |
+ I
~ |
o i
x I
z
S
O il

Soline  MECM  h2ECM  nzECM
" Fig. 11C

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

2028

Fig. 11D

ErbB2/cTnT/
ErbB2/eTnT/

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

21/28
40-
~ Infarct
g
% 30+
s
(1)
= 20-
=
-
o
&
m 10_
)
w
0_
Saline mECM hzeCM nzECM
Fig. 11E
60
. 1 Border
E .
E
2 Rk
o 490- ke
(3]
+*
[
o
s
ry 20 -
™~
(01]
o)
™
17 -
oI

Saline mMECM hzECM  nzECM
Fig. 11F

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

22/28

nzECM

hzECM

Fig. 12A

mECM

~ ~
© ©
¥ ¥
~ =
= c
= —_
(3] (S

Infarct

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

cTnT+/Ki67+ colls/mm?

-
e

infarct

23/28

[ ]
1

Border

»
—
__‘

_..{
.{
cTnT+/Ki67+ cells/mm?
° N :
=
—

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

Fig. 13B

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

25/28

mECM nzECM hzECM
b SRR

wie - i
NRG1 e i

GAPDH | D QD ey

" Fig. 13C

._-II

mECM nzECM hzECM
Fig. 13D

& 1. J J

g

Rolative NRG1 level (% mECM)

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986

Fractional Area Change (%) }»

o

End-diastolic Area (mm?2)

[¢2]
(5]

15

25

20

15

10

26/28
B 75
g 65
<
3]
o 55
o
u
S 4s
8
o3
- hzECM -=-nzECM
- mECM -a- Saline
- T T 25
0D 5D 2W 6w
D 20
E
E
1]
Q
>
Q
S
[7)
@

Y s
—— hzECM —= - nzECM L
~o--mECM -+- Saline

T T ¥ 0
0D 5D 2w 6w
Fig. 14A

PCT/US2017/030096

—- hzECM - - nZECM

-o--mECM -« Saline

oD

T T

50 2w 6w

—— hzECM —a-nzECM
-o--mMECM -« Saline

oD

SUBSTITUTE SHEET (RULE 26)

T T

5D w 6w




PCT/US2017/030096

WO 2017/189986

27/28

ari ‘614

aujes

£
/auLd/7g<.3

291L 11

Riejul

ey

SUBSTITUTE SHEET (RULE 26)



WO 2017/189986 PCT/US2017/030096

28/28

g

S

-
it

| cTnT+/Ki67+ cellsimm 2

o
¢

Saline  mECM hzECM nzECM
Fig. 14C

3

151

10-

cTnT+/ErbB2+ cells/mm 2
(4]

o
I

Saline mECM hzECM nzECM
Fig. 14E

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORTY International app}\jcaﬁgn No.

PCT/US2017/030096

A. CLASSIFICATION OF SUBJECT MATTER
IPC (2017.01) A61K 35/616, A61K 35/618, A61K 35/583, A61K 35/12, A61K 47/56, A61L 27/36, A61L 27/44, A61P 9/10

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification Symbols)
IPC (2017.01) A61K, AB1L

Documentation searched other than minimum documentation 1O the extent that such documents are included in the fields searched

Electronic data base consulted during the international - search (name of data base and, Where practicable, search terms used)
See extra sheet.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category * Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2014046752 Al CORMATRIX CARDIOVASCULAR INC [US| MATHENY ROBERT |12,13
G [US]

27 Mar 2014 (2014/03/27)

paragraphs 00017-00020,00042- 00044, 00079, 0001 12

Y paragraph 00017-00020, 0004- 00044, 00066,00079, 0001 12 7,14
X WO 2005009497 Al SCIMED LIFE SYSTEMS INC [US]; FREYMAN TOBY [US]; 1-4,8-11,15,16,18,
NAIMARK WENDY [US]; PALASIS MARIA [US] 20

03 Feb 2005 (2005/02/03)

page 1lines 13-16, page 3 lines 20-25, page 4 lines 4-6, page 5 lines 28-33, page 11lines
10-12, page 12 lines 27-30, page 14 line 28-page 20 line 2, page 25 lines 31-33, page 26 lines
18-28, page 28 lines 4-15, page 29 lines 3-17, page 34, lines 6-24, page 35 lines 29-30, page
37 lines 9-13, page 38 lines 9-19, clams 1, 2, 15, 25

Y page 11lines 10-12,page 25 lines 31-33, page 26 lines 18-28, page 29 lines 3-14, claim 1 717,19

Further documents are listed in the continuation of Box C. See patent family annex.

* Specia categories of cited documents: “T”  later document published after the international filing date or priority

"A" document defining the general state of the art which.isnot considered date and not in conflict with the application but cited to understand
tobe of particular relevance the principle or theory underlying the invention

“E"  earlier application or patent but published on or after the “X" document of particular relevance; the claimed invention cannot be
international filing date o considered novel or cannot be considered to involve an inventive

“L”  document which may throw doubts on priority claim(s) or which is step when the document istaken aone
cited to establish the publication date of another citation or other ysm ; . ! : :

; 6 Y" document of particular relevance; the claimed invention cannot be

special remon'(as specified) ) o considered to involve an inventive step when the document is

" 0" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combinati-on
means being obvious to aperson skilled in the art

“P" document published pri.or to the international - filing date but later

than the priority date claimed &" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report
25 Jul 2017 26 Jul 2017

Name and mailing address of the ISA: Authorized officer

Israel Patent Office RON-COHEN Yael

Technology Park, Bldg.5, Malcha, Jerusalem, 9695101, Israel

Facsimile No. 972-2-5651616 Telephone No. 972-2-5651737

Form PCT/I SA/210 (second sheet) (January 2015)




PCT/US2017/030096

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

WO 2011042794 A2 KERECIS EHF [IS] SIGURJONSSON GUDMUNDUR FERTRAM
[1S]; GISLADOTTIR DORA HLIN [IS]; GUDMUNDSSON GUDMUNDUR PHD [IS]

14 Apr 201 1 (201 1/04/14)

page 2 first paragraph,page 3 second paragraph, page 4 last paragraph, p,page 5first and last
paragraphs,age 8 third paragraph

page 2 first paragraph,page 3 second paragraph, page 4 last paragraph, p,page 5first and last
paragraphs,age 8 third paragraph

1,2,5,15,20

717,19

WANG, Jinhu, et a. Fibronectin isdeposited by injury-activated epicardial cellsandis
necessary for zebrafish heart regeneration. Developmental biology, 2013, 382.2: 427-435.
26 Aug 2013 (2013/08/26)

page 427, right column first paragraph, page 433 right column second paragraph, FIGs. 1-6,
page 434, left column first paragraph

14

WO 2013009595 A2 UNIV PITTSBURGH [US]; BADYLAK STEPHEN F [US]; BROWN
BRYAN N [US]; CRAPO PETER M [US]; JOHNSON SCOTT A [US]; MEDBERRY
CHRISTOPHER J [US] 2013-01-17. Cited in the document.

17 Jan 2013 (2013/01/17)

paragraph 005, 0029-0030,0032-0033, 0036, 0037,0042 0046, 0048, 0050, 0064, , example 1,

clam 4

17,19

P.X

CHEN, William CW, et d. Decellularized zebrafish cardiac extracellular matrix induces
mammalian heart regeneration. Science Advances, 2016, 2.11: €1600844. [onling] [retrieved
on 2017-07-016]. Retrieved from the Internet: <URL: http://advances.sciencemag.org/
content/2/1 1/el600844.full> <DOI: 10. 1126/sciadv.1600844>

18 Nov 2016 (2016/1 1/18)

The whole document

1-20

Form PCT/ISA/210 (continuation of second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2017/030096

B.FIELDS SEARCHED:

* Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Databases consulted: Esp@cenet, Google Patents, CAPLUS, BIOSIS, MEDLINE, PubMed, Google Scholar, DWPI

Search terms used: regenerative extracellular matrix, ECM, tissue, freeze and thaw, nucleases, DNase, RNase, washing, decellularization, acellular,
erythrolysis, red blood cell lysis, fish, lizard , amphibian, echinoderm , planaria , hydra, polymer, tissue injury, tissue trauma, heart , cardiac,
myocardia, ischemia, reperfusion, inject, zebrafish heart, medical device, reverse gelling, applicant

Form PCT/1SA/210 (extra sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/US2017/030096
Petent d““’:;’;tnc“ed search Publication date Patent family member(s) Publication Date
WO 2014046752 Al 27 Mar 2014 WO 2014046752 Al 27 Mar 2014
AT 413653 T 15 Nov 2008
AT 516656 T 15 3l 2011
AU 2013318551 Al 02 Apr 2015
AU 2013318552 Al 19 Mar 2015
AU 2013318632 Al 15 Jan 2015
CA 2875302 Al 27 Mar 2014
CA 2833885 Al 27 Mar 2014
CA 2834959 Al 27 Mar 2014
CN 1870642 A 29 Nov 2006
CN 1870642 B 18 Apr 2012
CN 1870643 A 29 Nov 2006
CN 1870643 B 19 Dec 2012
CN 102304872 A 28 Mar 2012
CN 102304872 B 02 Sep 2015
CN 102032457 A 13 Feb 2013
CN 102932457 B 06 Jan 2016
CN 104703614 A 10 Jun 2015
DE 602005010837 DI 18 Dec 2008
EP 1727055 Al 29 Nov 2006
EP 1727055 BI 07 Sep 2016
EP 1727056 A2 29 Nov 2006
EP 1727056 A3 21Feb 2007
EP 1727056 BI 05 Nov 2008
EP 1950033 Al 30 Jul 2008
EP 1950033 BI 13 Jul 2011
EP 2259548 A2 08 Dec 2010
EP 2250548 A3 09 Feb 201 1
EP 2250548 BI 07 Sep 2016
EP 2317732 Al 04 May 2011
EP 2317732 BI 16 Jul 2014

Form PCT/ISA/210 (patent family annex) (January 2015)



INTERNATIONAL SEARCH REPORT
[nformation on patent family members

International application No.

PCT/US2017/030096

Patent document cited search
report

Publication date

Patent family member(s)

Publication Date

EP

EP

EP

EP

EP

EP

EP

ES

ES

HK

HK

HK

HK

HK

9 9 9 9 9 9 Y 9 =

~
Py

~
Py

KR

KR

KR

KR

2887948 Al
2887948 A4
2897623 A2
2897623 A4
2897624 Al
2897624 A4
3098732 Al
2604777 T3
2604972 T3
1099586 Al
1121886 Al
1157959 Al
1166901 Al
1180855 Al
236021 DO
237568 DO

1780DEN2015 A

2006333434 A

3967758 B2

2007049755 A

4938418 B2

2006333433 A

201553 1664 A

2015532922 A

2015532923 A

20060121648 A

100794432 Bl

20060121647 A

100860152 Bl

20070095845 A

101036751 Bl

01 Jul 2015
13 Apr 2016
29 Jul 2015
06 Jul 2016
29 Jul 2015
18 May 2016
30 Nov 2016
09 Mar 2017
10 Mar 2017
26 Jun 2009
18 May 2012
20 Mar 2015
24 Mar 2016
19 Aug 2016
29 Jan 2015
30 Apr 2015
29 May 2015
07 Dec 2006
29 Aug 2007
22 Feb 2007
23 May 2012
07 Dec 2006
05 Nov 2015
16 Nov 2015
16 Nov 2015
29 Nov 2006
16 Jan 2008
29 Nov 2006
24 Sep 2008
01 Oct 2007

24 May 2011

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/US2017/030096
Petent docufgotr tCi ted search Publication date Patent family member(s) Publication Date

SG  11201408808W A 29 Jan 2015

SG 112015016497 A 29 Apr 2015
US 2006271692 Al 30 Nov 2006
US 8316129 B2 20 Nov 2012
US 2006271697 Al 30 Nov 2006
US 833252 B2 11Dec 2012
US 2007014773 Al 18 Jan 2007

US 8568761 B2 29 Oct 2013

US 2013123348 Al 16 May 2013
US 8642084 B2 04 Feb 2014
US 2013129833 Al 23 May 2013
Us 8734841 B2 27 May 2014
US 2013129834 Al 23 May 2013
US 8734842 B2 27 May 2014
Us 8735155 BI 27 May 2014
US 2014161900 Al 12 Jun 2014
Us 8753385 BI 17 Jun 2014
Us 8753886 BI 17 Jun 2014
US 2013116198 Al 09 May 2013
us 8771737 B2 08 Jul 2014

US 2013129831 Al 23 May 2013
Us 8784891 B2 22 3ul 2014

us 8785197 BI 22 3ul 2014

US 8785198 BI 22 3ul 2014

US 2013123176 Al 16 May 2013
us 8795728 B2 05 Aug 2014
US 2013097211 Al 18 Apr 2013
US 8825885 B2 02 Sep 2014
US 2013091199 Al 11 Apr 2013
US 8850025 B2 30 Sep 2014
us 8871511 BI 28 Oct 2014

Form PCT/ISA/210 (patent family annex) (January 2015)



INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/US2017/030096
Petent docu?;ggtrtdted search Publication date Patent family member(s) Publication Date

US 2014370116 Al 18 Dec 2014
US 8962324 B2 24 Feb 2015
US 2014242065 Al 28 Aug 2014
US 9034647 B2 19 May 2015
US 2015026248 Al 22 Jan 2015

us 9071661 B2 30 Jun 2015
US 2013058904 Al 07 Mar 2013
US 9072816 B2 07 2l 2015

US 2014088339 Al 27 Mar 2014
US 9119899 B2 01 Sep 2015
US 2013266548 Al 10 Oct 2013

US 9125972 B2 08 Sep 2015
US 2014205565 Al 24 Jul 2014

Us 9132172 B2 15 Sep 2015
US 2015017254 Al 15 Jan 2015

US 9161952 B2 20 Oct 2015
US 2015246159 Al 03 Sep 2015
US 9199001 B2 01Dec 2015
US 2015238535 Al 27 Aug 2015
US 9265798 B2 23 Feb 2016
US 2015238536 Al 27 Aug 2015
US 9265799 B2 23 Feb 2016
US 2015246160 Al 03 Sep 2015
US 9289532 B2 22 Mar 2016
US 2015246161 Al 03 Sep 2015
US 9295758 B2 29 Mar 2016
US 2015238537 Al 27 Aug 2015
US 9327000 B2 03 May 2016
US 2015202347 Al 23 Jul 2015

US 9327055 B2 03 May 2016
US 2015281404 Al 010ct 2015

Form PCT/ISA/210 (patent family annex) (January 2015)



INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/US2017/030096
Petent doc“?;z';trtdted search Publication date Patent family member(s) Publication Date
US 9332089 B2 03 May 2016
US 2013304932 Al 14 Nov 2013
US 943869 B2 06 Sep 2016
US 2007014868 Al 18 Jan 2007
US 2007014869 Al 18 Jan 2007
US 2007014870 Al 18 Jan 2007
US 2007014871 Al 18 Jan 2007
US 2007014872 Al 18 Jan 2007
US 2007014873 Al 18 Jan 2007
US 2007014874 Al 18 Jan 2007
US 2008279939 Al 13 Nov 2008
US 2000142409 Al 04 Jun 2009
US 2012034191 Al 09 Feb 2012
US 2013101563 Al 25 Apr 2013
US 2013122108 Al 16 May 2013
US 2013129690 Al 23 May 2013
US 2013266546 Al 10 Oct 2013
US 2013266547 Al 10 Oct 2013
US 2014087000 Al 27 Mar 2014
US 2014179603 Al 26 Jun 2014
US 2014242183 Al 28 Aug 2014
US 2014242184 Al 28 Aug 2014
US 2014336124 Al 13 Nov 2014
US 2015093353 Al 02 Apr 2015
US 2015099007 Al 09 Apr 2015
US 2015157765 Al 11.Jun 2015
US 2015182662 Al 02 Jul 2015
US 2015352145 Al 10 Dec 2015
US 2016038644 Al 11Feb 2016
US 2016082153 Al 24 Mar 2016
US 2016082154 Al 24 Mar 2016

Form PCT/ISA/210 (patent family annex) (January 2015)



INTERNATIONAL SEARCH REPORT
[nformation on patent family members

International application No.

PCT/US2017/030096

Patent document cited search
report

Publication date

Patent family member(s)

Publication Date

WO 200701 1644 A2 25 Jan 2007
WO 200701 1644 A3 02 Aug 2007
WO 2014046744 Al 27 Mar 2014
WO 2014046753 A2 27 Mar 2014
WO 2014046753 A3 25 Jun 2015
WO 2016093863 Al 16 Jun 2016
WO 2005009497 Al 03 Feb 2005 WO 2005009497 Al 03 Feb 2005
EP 1648533 Al 26 Apr 2006
UsS 2005013870 Al 20 Jan 2005
uUS 2005181016 Al 18 Aug 2005
us 2009138074 Al 28 May 2009
WO 2011042794 A2 14 Apr 2011 WO 2011042794 A2 14 Apr 2011
WO 2011042794 A3 09Jun 2011
AU 2010304827 Al 10 May 2012
AU 2010304827 B2 12 Feb 2015
CA 2778090 Al 14 Apr 2011
CN 102781485 A 14 Nov 2012
EP 2485779 A2 15 Aug 2012
218945 DO 31Jul 2012
218945 A 31May 2015

JP 2013507164 A 04 Mar 2013
JP 5893563 B2 23 Mar 2016
KR 20120134096 A 11Dec 2012
MX 2012004037 A 15 Oct 2012
NZ 599399 A 30 May 2014
PE 17982012 Al 02 Jan 2013
RU 20121 18397 A 20 Nov 2013
RU 2568595 Cc2 20 Nov 2015
US 2011244054 Al 06 Oct 2011

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/US2017/030096

Patent docurgggtrtc'ted search Publication date Patent family member(s) Publication Date
US 8613957 B2 24 Dec 2013
ZA 201203175 B 30 Jan 2013
WO 2013009505 A2 17 Jan 2013 WO 2013000595 A2 17 Jan 2013
WO 2013009595 A3 18 Apr 2013
WO 2013009595 A9 113l 2013
US 2014356331 Al 04 Dec 2014

Form PCT/ISA/210 (patent family annex) (January 2015)



	abstract
	description
	claims
	drawings
	wo-search-report

