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GENETICALLY MODIFIED MESENCHYMAL STEM CELLS FOR USE IN
CARDIOVASCULAR PROSTHETICS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of United States Provisional Patent
Application No. 62/572,709, filed October 16, 2017, which is incorporated herein by

reference in its entirety.

[0002] A cardiovascular graft is provided. Methods of making and using the
cardiovascular graft also is provided.
[0003] Calcification of the aortic valve, broadly called calcific aortic valve disease
(CAVD), is common in the aging population, with close to 30% of individuals over 60 years
old presenting with CAVD. The term CAVD describes a spectrum from aortic sclerosis,
the thickening and stiffening of the valve leaflets, to aortic stenosis, where blood flow to
the aorta is obstructed and can lead to heart failure. CAVD causes serious medical and
financial burden with current annual costs estimated to be $31 billion. In addition to age-
related development of CAVD, roughly 1-2% of the population harbors congenital
malformations of bicuspid or unicuspid aortic valves; these malformed valves are prone
to calcify and many of these individuals develop CAVD. Currently there is no treatment
that halts or reverses pathologic calcification, and the mortality rate of untreated severe
aortic stenosis reaches 50% within 2-3 years.
[0004] Current options for valve replacements are mechanical valves or valves created
from fixed biologically-derived soft tissues, called bioprosthetic heart valves (BHVs).
Mechanical valves are durable but are prone to infection and alter blood-flow patterns,
which greatly increases the risk of thrombogenic events, thus patients require life-long
anticoagulation therapy which has its own associated risks. BHVs are decellularized
valves obtained from bovine or porcine sources that are then combined with the
endogenous valves of the patient or pericardium tissue. BHVs provide greater
functionality and are much less thrombogenic, however these valves will develop
calcification and eventually fail. It is therefore desirable to have a method and tissue
engineered heart valve prosthetics that are not prone to calcification.
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SUMMARY
[0005] In one aspect, a method of preparing a cardiovascular graft is provided. The
method comprises seeding a bioerodible cell growth scaffold with mesenchymal stem
cells (MSCs), such as human MSCs, that are modified to reduce or eliminate expression
or activity of telomerase reverse transcriptase (TERT).
[0006] In another aspect, a cardiovascular graft is provided. The cardiovascular graft
comprises mesenchymal stem cells (MSCs), such as human MSCs, modified to reduce
or eliminate expression or activity of telomerase reverse transcriptase (TERT) or cells
differentiated from the modified MSCs modified to reduce or eliminate expression or
activity of TERT.
[0007] In another aspect, a method of treating a cardiovascular defect or injury in a
patient is provided. The method comprises implanting or depositing at a site of a defect
or injury in a patient, a cardiovascular graft comprising mesenchymal stem cells (MSCs),
such as human MSCs, modified to reduce or eliminate expression or activity of
telomerase reverse transcriptase (TERT) or cells differentiated from the modified MSCs
modified to reduce or eliminate expression or activity of TERT.
BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1 (extending continuously from Fig. 1-1 to Fig. 1-3) provides non-limiting
examples of TERT mRNA and protein sequences, including: telomerase reverse
transcriptase isoform 2: NM_001193376.1 (SEQ ID NO: 1), and telomerase reverse
transcriptase isoform 1: NM_198253.2 (SEQ ID NO: 2) and NP_937983.2 (SEQ ID
NO: 3).
[0009] Figure 2 depicts schematically aspects of a prosthetic tricuspid valve.
[0010] Figures 3A-3E depict schematically aspects of a prosthetic bicuspid valve.
[0011] Figure 4 depicts schematically a prosthetic blood vessel.
[0012] Figure 5 provides photographs of representative heart valves from a healthy
control patient (left), and a patient with severe CAVD and aortic stenosis (right).
[0013] Figure 6 provides photomicrographs (originals in color) showing that after 14
days in osteogenic medium, hMSCs have begun to differentiate down the osteoblast
lineage as detected by Alizarin red stain (left panels). At this time, they also exhibit a
significant increase in TERT protein (middle panel, red in original) in both the cytoplasm
2



WO 2019/079195 PCT/US2018/055908

and nucleus of cells near calcified nodules (stained with Osteolmage™ green). Scale
bar, 50 pm.
[0014] Figure 7 provides photomicrographs showing that TERT is upregulated in CAVD
valve tissues. Scale bar, 50 um.
[0015] Figures 8A-8C provide photomicrographs, a photograph, and a graph,
respectively, showing that calcifying VICs exhibit increased TERT protein levels. Scale
bar, 50um.
[0016] Figure 9 provides a graph showing no changes in proliferation rates between
healthy and CAVDs VICs.
[0017] Figure 10 provides graphs showing that telomere length is not different between
healthy and CAVD VICs, and that the ages of the patient cohort is similar.
[0018] Figure 11 provides graphs showing upregulation of osteogenic genes, but not
senescence-associated genes, in CAVD VICs at baseline.
[0019] Figure 12 provides photomicrographs showing that inhibition of TERT'’s
telomere-extending enzymatic activity does not affect calcification. Scale bar, 10 um.
[0020] Figure 13 provides photomicrographs and a graph, respectively, indicating that
genetic deletion of TERT prevents calcification. Scale bar, 50 um.
[0021] Figure 14A is a photomicrograph (Scale bar, 50 um), and Figure 14B is a
photograph of a western blot, showing that inflammatory stress induces TERT expression
and premature calcification.
[0022] Figure 15A provides sequences of STATS binding sites in Runx2 (SEQ ID NOS:
4 and 5) and SMA-a (ACTA2 (SEQ ID NOS: 6 and 7)). Figure 15B is a photograph of a
western blot showing that reducing expression of TERT reduces the expression of the
osteogenic protein Runx2.
[0023] Figure 16 provides photomicrographs showing that genetic deletion of TERT
reduces valve calcification in vivo. Scale bar, 100um.

DETAILED DESCRIPTION
[0024] The use of numerical values in the various ranges specified in this application,
unless expressly indicated otherwise, are stated as approximations as though the
minimum and maximum values within the stated ranges are both preceded by the word
“about”. In this manner, slight variations above and below the stated ranges can be used
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to achieve substantially the same results as values within the ranges. Also, unless
indicated otherwise, the disclosure of these ranges is intended as a continuous range
including every value between the minimum and maximum values.

[0025] As used herein, the terms “right”, “left”, “top”, “bottom”, and derivatives thereof
shall relate to the invention as it is oriented in the drawing Figures. However, it is to be
understood that the invention can assume various alternative orientations and,
accordingly, such terms are not to be considered as limiting. Also, it is to be understood
that the invention can assume various alternative variations and stage sequences, except
where expressly specified to the contrary. It is also to be understood that the specific
devices and processes illustrated in the attached drawings, and described in the following
specification, are examples. Hence, specific dimensions and other physical
characteristics related to the embodiments disclosed herein are not to be considered as
limiting.

n i

[0026] As used herein, the terms “comprising,” “comprise” or “comprised,” and
variations thereof, are meant to be open ended. The terms “a” and “an” are intended to
refer to one or more.

[0027] In one aspect, a heart valve prosthetic and related methods are described
herein, whereby a bioerodible (bioabsorbable) scaffold is seeded with autologous cells
that have been isolated from the patient and cultured in vitro. Mesenchymal stem cells
are multipotent progenitor cells that can be obtained readily from the bone marrow or
adipose tissues and have been successfully used to seed a bioabsorbable scaffold that
was implanted into an ovine model which survived for 4 months. As described herein,
the protein telomerase reverse transcriptase (TERT) is highly expressed in human
mesenchymal stem cells that are calcifying, in CAVD valve tissues, and in valve interstitial
cells isolated from patient CAVD valves. By knocking down TERT expression, levels of
the transcription factor RUNX2, a master regulator of osteogenesis, are reduced. Genetic
deletion of TERT in a vascular smooth muscle cell prevents calcification in vitro. Based
on this, a superior tissue-engineered valve is described whereby autologous
mesenchymal stem cells are isolated from patients, genetically modified ex vivo to knock
out or knock down TERT, seeded on a bioerodible scaffold that is optionally cultured in
vitro, and then implanted into a patient. This is expected to produce a tissue-engineered
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heart valve that is more resistant to calcification than current heart valve replacements,
such as BHV replacements. Effective seeding of prosthetic heart valves is described in
the literature (see, e.g., VeDepo, MC, et al. “Recellularization of decellularized heart
valves: Progress toward the tissue-engineered heart valve” (2017) J. Tissue Eng. 8:1-21;
Jana, S., et al. “Cells for tissue engineering of cardiac valves” J Tissue Eng Regen Med.
(2016) 10(10):804-824; and U.S. Patent No. 6,387,369).
[0028] As used herein, the “treatment” or “treating” of a condition, wound, or defect
means administration to a patient by any suitable dosage regimen, procedure and/or
administration route of a composition, device or structure with the object of achieving a
desirable clinical/medical end-point, including repair and/or replacement of a damaged,
defective, or malformed tricuspid or mitral (bicuspid) valve.
[0029] The term “patient” or “subject” refers to members of the animal kingdom
including but not limited to human beings and “mammal” refers to all mammals, including,
but not limited to human beings.
[0030] A polymer composition is “biocompatible” in that the polymer and, where
applicable, degradation products thereof, are substantially non-toxic to cells or organisms
within acceptable tolerances, including substantially non-carcinogenic and substantially
non-immunogenic, and are cleared or otherwise degraded in a biological system, such as
an organism (patient) without substantial toxic effect. Non-limiting examples of
degradation mechanisms within a biological system include chemical reactions,
hydrolysis reactions, and enzymatic cleavage.
[0031] 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/or synthetic. Homopolymers contain one type of building block, or monomer,
whereas copolymers contain more than one type of monomer. The term “(co)polymer”
and like terms refer to either homopolymers or copolymers.
[0032] A polymer “comprises” or is “derived from” a stated monomer if that monomer
is incorporated into the polymer. Thus, the incorporated monomer (monomer residue) that
the polymer comprises is not the same as the monomer prior to incorporation into a
polymer, in that at the very least, certain groups are missing and/or modified when
5
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incorporated into the polymer backbone. A polymer is said to comprise a specific type of
linkage if that linkage is present in the polymer as a consequence of its normal or intended
polymerization and/or cross-linking processes.

[0033] As described herein, a “fiber” is an elongated, slender, thread-like and/or
filamentous structure. A “matrix” is any two- or three-dimensional arrangement of
elements (e.g., fibers), either ordered (e.g., in a woven or non-woven mesh) or randomly-
arranged (as is typical with a mat of fibers typically produced by electrospinning) and can
be isotropic or anisotropic.

[0034] By “biodegradable or “bioerodible”, it is meant that a material, such as a
polymer, once implanted and placed in contact with bodily fluids and tissues, will degrade
either partially or completely through chemical reactions with the bodily fluids and/or
tissues, typically and often preferably over a time period of hours, days, weeks or months.
Non-limiting examples of such chemical reactions include acid/base reactions, hydrolysis
reactions, and enzymatic cleavage. The biodegradation rate of the polymer matrix may
be manipulated, optimized or otherwise adjusted so that the matrix degrades over a useful
time period. Bioerodible polymers degrade in vivo over a time period. “Non-bioerodible”
polymers (e.g., durable polymers) do not degrade to any significant extent in vivo over a
time period of at least two years, for instance, they do not degrade substantially in vivo in
five or ten years, and include polyethylene terephthalate (PET, including DACRON®) and
PTFE (polytetrafluoroethylene, including expanded PTFE (ePTFE, W.L. Gore), and
TEFLON®), which are often used in implantable medical devices. Other non-limiting
examples of non-bioerodible polymers include: poly(ethylene-co-vinyl acetate), poly(n-
butylmethacrylate), and poly(styrene-b-isobutylene-b-styrene).

[0035] A “cell growth scaffold”, “cell growth matrix”, or the like, is a porous matrix of
one or more compositions suitable as a substrate for cell growth, and typically allow for
cell population expansion, cell differentiation, and/or cell infiltration into the matrix. The
matrix of the scaffold is prepared from natural and/or synthetic polymeric materials, for
example the ECM materials and/or the synthetic polymers described below, and may be
bioerodible or non-bioerodible. Cell growth scaffolds can be prepared by any suitable

method for production of porous compositions, such as, without limitation, by molding with
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a dissolvable porogen or electrodeposition, and methods for preparing cell growth
scaffolds are broadly-known to those of ordinary skill.

[0036] As used herein, “reagent” when used in the context of an antisense, RNAI, short
hairpin RNA (shRNA), or ribozyme, or other single-stranded or double-stranded RNA
interfering nucleic acids, refers not only to RNA structures, but effective nucleic acid
analog structures. In antisense and RNAi technologies, use of RNA poses significant
delivery issues due to the lability of RNA molecules. As such, RNA is commonly
chemically-modified to produce nucleic acid analogs, not only to enhance stability of the
nucleic acid molecules, but often resulting in increased binding affinity, and with reduced
toxicity. Such modifications are broadly-known to those of ordinary skill in the art, and
are available commercially (see, e.g., Corey, D.R., Chemical modification: the key to
clinical application of RNA interference? (2007) J Clin Invest.117(12):3615-3622, also
describing RNAI, and United States Patent Publication No. 20170081667). Non-limiting
examples of modifications to the nucleic acid structure in nucleic acid analogs include:
modifications to the phosphate linkage, such as phosphoramidates or phosphorothioates;
sugar modification, such as 2'-O, 4'-C methylene bridged, locked nucleic acid (LNA), 2’-
methoxy, 2'-O-methoxyethyl (MOE), 2'-fluoro, S-constrained-ethyl (cEt), and tricyclo-DNA
(tc-DNA); and non-ribose structures, such as phosphorodiamidate morpholino (PMO),
and peptide-nucleic acids (PNA).

[0037] A “binding reagent” is a reagent, compound or composition, e.g., a ligand, able
to specifically bind a target compound, such as TERT or a member of the TERT
interactome. A binding reagent can interfere with TERT activity, for example as an
antagonist or decoy within the pathway of TERT’s osteogenic activity. An “interactome”
is the set of molecular interactions in a cell, such as in an MSC, and includes, for example
and without limitation, protein-protein interactions and protein-nucleic acid interactions,
e.g., within the pathway directing TERT’s osteogenic activity. Binding reagents include,
without limitation, antibodies (polyclonal, monoclonal, humanized, etc.), antibody
fragments (e.g., a recombinant scFv), antibody mimetics such as affibodies, affilins,
affimers, affitins, alphabodies, anticalins, avimers, DARPins, fynomers, monobodies,
nucleic acid ligands (e.g., aptamers), engineered proteins, antigens, epitopes, haptens,
or any target-specific binding reagent. In aspects, binding reagents includes as a class:
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monoclonal antibodies, or derivatives or analogs thereof, including without limitation: Fv
fragments, single chain Fv (scFv) fragments, Fab' fragments, F(ab'). fragments, single
domain antibodies, camelized antibodies and antibody fragments, humanized antibodies
and antibody fragments, multivalent versions of the foregoing, and any paratope-
containing compound or composition; multivalent activators including without limitation:
monospecific or bispecific antibodies, such as disulfide stabilized Fv fragments, scFv
tandems ((scFv)2 fragments), diabodies, tribodies or tetrabodies, which typically are
covalently linked or otherwise stabilized (i.e., leucine zipper or helix stabilized) scFv
fragments; nucleic acids and analogs thereof that bind a target compound; or receptor
molecules which naturally interact with a desired target molecule.
[0038] By “target-specific” or reference to the ability of one compound to bind another
target compound specifically, it is meant that the compound binds to the target compound
to the exclusion of others in a given reaction system, e.g., in vitro, or in vivo, to acceptable
tolerances, permitting a sufficiently specific diagnostic or therapeutic effect according to
the standards of a person of skill in the art, a medical community, and/or a regulatory
authority, such as the U.S. Food and Drug Agency (FDA). In aspects, in the context of
targeting TERT, and down-regulating TERT activity, the therapeutic effect may be binding
TERT, or a member of the TERT interactome, to safely and effectively reduce heart valve
calcification in cells derived from MSCs as described herein.
[0039] Cells may be differentiated and/or progenitor cells. Cells progress (differentiate)
through lineage beginning from progenitor cells, such as stem cells, including pluripotent
cells, and along a lineage of multipotent progenitor cells, oligopotent progenitor cells, to
a unipotent cells, or terminally differentiated cells. Mesenchymal stem cells (MSCs) are
multipotent progenitor cells found in adult tissue, including, without limitation, bone
marrow, umbilical cord blood, muscle, and adipose tissue. Adipose tissue is a generous
source of MSCs, and can be readily obtained from a patient by lipoaspiration (e.g.,
liposuction).
[0040] Inone aspect, and without limitation, MSCs can be obtained from adipose tissue
according to the following: lipoaspirated adipose tissue is collected and washed, e.g., in
saline. The tissue is then centrifuged or settled to separate the tissue from free lipids and
from aqueous wash. The adipose tissue is then treated with a proteinase, such as
8
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collagenase, to dissolve the extracellular matrix (ECM), and to release individual cells.
Alternatively, and avoiding enzymatic digestion, the fat tissue can be vibrated (e.g., 6000
vibrations per minute) to release cells from the tissue. The digest or shaken tissue
optionally can be filtered. The tissue is then centrifuged to separate the stromal vascular
fraction (SVF), comprising adipose-derived stem cells, from adipocytes (see, e.g.,
Rasposio, E, et al. “Adipose-derived stem cells: Comparison between two methods of
isolation for clinical applications” Ann Med Surg (Lond) 2017 Aug; 20: 87-91).

[0041] The SVF can be used directly as an enriched source of MSCs, or can be
cultured and optionally stored. MSCs are among cells in the SVF that adhere to plastic,
such as a typical tissue culture dish or flask. As such, the cells may be cultured for a
suitable time in suitable medium to support growth of the MSCs (available, e.g.,
commercially, e.g., MESENCULT™ products, from Stem Cell Technologies, Inc. of
Cambridge, Massachusetts), and the enriched MSC population is cultured under non-
differentiation conditions. MSCs can be removed from the culture vessel by typical tissue
culture methods, and can be seeded on a suitable growth scaffold, such as a heart valve
prosthesis or a blood vessel prosthesis, made from synthetic and/or natural polymeric
material, that can be bioerodible, and cultured under conditions supporting in-growth of
the cells and differentiation of the cells to, e.g., valve interstitial cells, and endothelial cells,
such as valve endothelial cells or vascular endothelial cells, in differentiation medium,
such as: for endothelial cells, Endothelial Cell Growth Medium MV2 from PromoCell
GmbH of Heidelberg, Germany (cat# C-22022), or, for fibroblasts or interstitial cells,
Fibroblast Growth Medium 3 from PromoCell (cat# C-23025).

[0042] A “gene” is a sequence of DNA or RNA which codes for a molecule, such as a
protein or a functional RNA that has a function. Nucleic acids are biopolymers, or small
biomolecules, essential to all known forms of life. They are composed of nucleotides,
which are monomers made of three components: a 5-carbon sugar, a phosphate group
and a nitrogenous base. If the sugar is a simple ribose, the polymer is RNA,; if the sugar
is derived from ribose as deoxyribose, the polymer is DNA. DNA uses the nitrogenous
bases guanine, thymine, adenine, and cytosine. RNA uses the nitrogenous bases

guanine, uracil, adenine, and cytosine.
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[0043] “Complementary” refers to the ability of polynucleotides (nucleic acids) to
hybridize to one another, forming inter-strand base pairs. Base pairs are formed by
hydrogen bonding between nucleotide units in antiparallel polynucleotide strands.
Complementary polynucleotide strands can base-pair (hybridize) in the Watson-Crick
manner (e.g., Ato T, A to U, C to G), or in any other manner that allows for the formation
of duplexes. When using RNA as opposed to DNA, uracil, rather than thymine, is the base
that is considered to be complementary to adenosine. Two sequences comprising
complementary sequences can hybridize if they form duplexes under specified
conditions, such as in water, saline (e.g., normal saline, or 0.9% w/v saline) or phosphate-
buffered saline), or under other stringency conditions, such as, for example and without
limitation, 0.1X SSC (saline sodium citrate) to 10X SSC, where 1X SSC is 0.15M NaCl
and 0.015M sodium citrate in water. Hybridization of complementary sequences is
dictated, e.g., by salt concentration and temperature, with the melting temperature (Tm)
lowering with increased mismatches and increased stringency. Perfectly matched
sequences are said to be fully complementary, or have 100% sequence identity (gaps
are not counted and the measurement is in relation to the shorter of the two sequences).
In one aspect, a sequence that “specifically hybridizes” to another sequence, does so in
a hybridization solution containing 0.5M sodium phosphate buffer, pH 7.2, containing
7% SDS, 1 mM EDTA, and 100 mg/ml of salmon sperm DNA at 65° C for 16 hours, and
washing twice at 65° C for twenty minutes in a washing solution containing 0.5xSSC and
0.1% SDS, or does so under conditions more stringent than 2X SSC at 65°C, for example,
in 0.2X SSC at 55°C. A sequence that specifically hybridizes to another typically has at
least 80%, 85%, 90%, 95%, OR 99% sequence identity with the other sequence. As used
herein, “sequence identity” refers to the extent to which two (nucleotide or amino acid)
sequences have the same residues at the same positions in an alignment, often
expressed as a percentage. Gaps are not counted and the measurement is related to the
shorter of the two sequences.

[0044] Gene expression is the process by which information from a gene is used in the
synthesis of a functional gene product, e.g., a protein or functional RNA. Gene expression
involves various steps, including transcription, translation, and post-translational
modification of a protein.

10
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[0045] Transcription is the process by which the DNA gene sequence is transcribed
into pre-mRNA (messenger RNA). The steps include: RNA polymerase, together with
one or more general transcription factors, binds to promoter DNA. Transcription factors
(TFs) are proteins that control the rate of transcription of genetic information from DNA to
messenger RNA, by binding to a specific DNA sequence (i.e., the promoter region). The
function of TFs is to regulate genes in order to make sure that they are expressed in the
right cell at the right time, and in the right amount, throughout the life of the cell and the
organism. The promoter region of a gene is a region of DNA that initiates transcription of
that particular gene. Promoters are located near the transcription start sites of genes, on
the same strand, and often, but not exclusively, are upstream (towards the 5' region of
the sense strand) on the DNA. Promoters can be about 100-1000 base pairs long.
Additional sequences and non-coding elements can affect transcription rates. If the cell
has a nucleus (eukaryotes), the RNA is further processed. This includes polyadenylation,
capping, and splicing. Polyadenylation is the addition of a poly(A) tail to a messenger
RNA. The poly(A) tail consists of multiple adenosine monophosphates. In eukaryotes,
polyadenylation is part of the process that produces mature messenger RNA (mRNA) for
translation. Capping refers to the process wherein the 5" end of the pre-mRNA has a
specially altered nucleotide. In eukaryotes, the 5’ cap (cap-0), found on the 5’ end of an
mRNA molecule consists of a guanine nucleotide connected to mRNA via an unusual &’
to 5’ triphosphate linkage. During RNA splicing, pre-mRNA is edited. Specifically, during
this process introns are removed and exons are joined together. The resultant product is
known as mature mRNA. The RNA may remain in the nucleus or exit to the cytoplasm
through the nuclear pore complex.

[0046] RNA levels in a cell, e.g., mRNA levels, can be controlled post-transcriptionally.
Native mechanisms, including: endogenous gene silencing mechanisms, interference
with translational mechanisms, interference with RNA splicing mechanisms, and
destruction of duplexed RNA by RNAse H, or RNAse H-like, activity. As is broadly-
recognized by those of ordinary skill in the art, these endogenous mechanisms can be
exploited to decrease or silence mRNA activity in a cell or organism in a sequence-
specific, targeted manner. Antisense technology typically involves administration of a
single-stranded antisense oligonucleotide (ASO) that is chemically-modified, e.g., as
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described herein, for bio-stability, and is administered in sufficient amounts to effectively
penetrate the cell and bind in sufficient quantities to target mRNAs in cells. RNA
interference (RNAI) harnesses an endogenous and catalytic gene silencing mechanism,
which means that once, e.g., a microRNA, or double-stranded siRNA (small interfering
RNA) has been delivered, for example, by endogenous production via a gene for
expressing the silencing RNA, they are efficiently recognized and stably incorporated into
the RNA-induced silencing complex (RISC) to achieve prolonged gene silencing. Both
antisense technologies and RNAi have their strengths and weaknesses, either may be
used effectively to knock-down, decrease, or silence expression of a gene, such as TERT
(see, e.g., Watts, J.K., et al. Gene silencing by siRNAs and antisense oligonucleotides in
the laboratory and the clinic (2012) 226(2):365-379).

[0047] During translation, mRNA is decoded in a ribosome, outside the nucleus, to
produce a specific amino acid chain, or polypeptide. A codon refers to a sequence of
three nucleotides. The information for protein synthesis is the form of these three-
nucleotide codons, which each specify one amino acid. The protein coding regions of
each mRNA is composed of a contiguous, non-overlapping string of codons called an
open-reading frame (ORF). Each ORF specifies a single protein and starts and ends at
internal sites within the mRNA. Translation starts at the 5’ end of the ORF and proceeds
one codon at a time to the 3’ end. The first and last codons of an ORF are known as the
“start” and “stop” codons. Polycistronic mMRNAs are mRNAs containing multiple ORFs,
and those mRNAs encoding a single ORF are known as monocistronic mRNAs.

[0048] Translation proceeds in three phases: initiation, elongation and termination.
For translation to occur, the ribosome must be recruited to the mRNA. To facilitate binding
by a ribosome, many prokaryotic ORFs contain a short sequence upstream of the start
codon called the ribosome binding site (RBS), also known as the Shine-Dalgarno
sequence. This area of the mRNA that is upstream of the start codon is known as the &'
untranslated region (UTR), and is also known as a leader sequence or leader RNA. In
eukaryotes, the 5 cap assists in ribosome binding during translation, among other roles.
Additionally, the presence of a Kozak sequence (a purine three bases upstream of the
start codon and a guanine immediately downstream) helps increase the efficiency of
translation.  During elongation, the ribosome catalyzes sequential additions of
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aminoacyl-tRNA corresponding to codons of the ORF of the mRNA, and transfers amino
acids to the nascent polypeptide, based on the sequence of codons. The ribosome then
moves to the next mRNA codon to continue the process, creating an amino acid chain.
In termination of translation, a stop codon is reached, at which point, translation ceases.
The nascent polypeptide can then be post-translationally modified, wherein chemical
modifications are added, e.g., to the C- or N- termini of the polypeptide.

[0049] In aspects, by “decreasing TERT activity”, “Knocking down TERT activity”,
“Knocking out TERT activity”, or “downregulating TERT activity”, it is meant any action or
modification that results in lower activity of TERT in a cell or patient — typically by use of
a therapeutic agent, by transient gene introduction into the cell, e.g., via episomal DNA,
or by genetic modification of genomic DNA, for example and without limitation, by
incorporating a gene for expressing an interfering RNA into a genome of a cell, e.g., an
MSC, or by editing the TERT gene so that expression thereof is lowered or stopped, for
example, by adding a stop codon into the ORF of the TERT gene. Useful therapeutic
agents include, without limitation, antisense, ribozyme of RNA interference (RNAI)
compositions; binding reagents, such as antibodies (including antibody fragments or
antibody-based polypeptide ligands), and aptamers; antagonists; decoys; and peptide-
based therapies. As would be recognized by one of ordinary skill, there are a multitude
of systems either available commercially or described in publications, useful for gene
transfer, gene editing, or otherwise knocking down, knocking out, reducing, or silencing
expression or activity of TERT.

[0050] In one aspect, the decreasing of TERT activity is non-transient, meaning that
the cell, e.g., a MSC, is modified, e.g., genetically-modified, either to knock out the TERT
gene, or to knock down expression from the TERT gene at the transcriptional, post-
transcriptional, or translational level, such as by introducing a stop codon into the ORF of
one or both alleles of the TERT gene by CRISPR/CAS9 technology, or other gene editing
technologies. In another aspect, the cell, e.g., MSC, is genetically-modified to produce a
reagent that knocks down expression of TERT, for instance, by production of an siRNA,
an antisense reagent, a ribozyme, or a binding reagent, such as an antibody or scFv, that
otherwise binds TERT or a member of the TERT interactome, or otherwise interferes with
TERT function, e.g., TERT’s osteogenic function. In one aspect, TERT is silenced by
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RNA interference (RNAi), which utilizes endogenous RNA interference pathway to
process shRNA (short hairpin RNA) using Dicer, for generation of siRNA or miRNA for
activation of the RNA-induced silencing complex (RISC), as is broadly-known. Typically
small interfering RNAs (siRNAs) are used for RNA interference, e.g., as generated by
those commercially-available shRNA constructs identified below. Identifying useful
sequences for production of siRNAs is within the skill of an ordinary artisan, e.g., through
use of design rules, e.g., algorithms for implementation on a computer, for designing
siRNAs for use in gene silencing (see, e.g., Birmingham, A., et. al., “A protocol for
designing siRNAs with high functionality and specificity,” Nature Methods, Aug 2007; 9:
2068-2078). In one example, an shRNA for knocking down expression of TERT has the
sequence: TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8). This is merely one example of
the many identified or readily-identifiable siRNA sequences for human TERT. For
example, in reference to GenBank Accession No. NM_001193376.1 (SEQ ID NO: 1),
ThermoFisher Scientific identifies siRNA targets at locations 1757, 1731, 1049, 1538,
285, 1532, 1739, 1781, 2055, 2101, 2830, 2813, 2294, 1585, and 1760. Commercially-
available RNAI products that target various sequences within the TERT sequence (e.g.,
NM_001193376.1 (SEQ ID NO: 1)), including siRNA and shRNA-expressing vectors, are
available from a number of other companies. For example, Dharmacon of Lafayette
Colorado offers a large number of siRNA reagents and sRNA-producing inducible vectors
directed to human TERT.
[0051] Genes (transgenes) can be introduced into, and incorporated into the genome
of cells, such as MSCs, by a variety of mechanisms, including by direct DNA transfer,
genome editing, or viral vector-directed integration.
[0052] In the case of viruses for transgene expression, various vector systems have
been developed with cloning vectors being available either commercially or from the
research community, and which are broadly disclosed in publications and patent
documents over the last few decades, with adenovirus (Ad), adeno-associated virus
(AAV), lentivirus, and vy-retrovirus vectors being exemplary and common. In use,
recombinant viral genomes including the gene to be transferred are packaged into
recombinant viral transducing particle, which are then used to modify a cell, such as an
MSC.
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[0053] Adenoviruses are a class of medium-sized, non-enveloped, double-stranded
DNA viruses known to cause mild to severe respiratory disease in humans. Advantages
of adenoviruses in research include their large packaging capacity (>8 kb), high titers,
and high levels of transgene expression. Additionally, these viruses are able to target a
broad range of dividing and non-dividing cell types with almost 100% efficiency. Unlike
lentiviruses or other retroviruses, adenoviruses do not integrate into the host genome.
Disadvantages of adenoviruses include transient transgene expression, as well as the
substantial immune response induced by the viral capsid. Adenoviruses can be produced
by several methods, the most common of which involves homologous recombination of
adenovirus plasmids in either mammalian cells or microorganisms, including bacteria and
yeast. Two plasmids, termed a shuttle plasmid and an adenoviral (also called backbone)
plasmid, are recombined into a DNA molecule that incorporates sequences from both
plasmids. This DNA molecule can then be transfected into mammalian packaging cell
lines to generate adenovirus particles.

[0054] Lentiviruses, a subset of retroviruses, are some of the most common and useful
types of viruses used in research. Lentivirus can transduce both dividing and non-dividing
cells without a significant immune response. These viruses also integrate stably into the
host genome, enabling long term transgene expression. There are some safety
considerations to evaluate when working with lentivirus: these viruses are based on HIV-
1, which may require additional lab biosafety procedures. Additionally, because this virus
integrates randomly into the host genome, it has the potential for insertional mutagenesis.
[0055] Adeno-associated viruses (AAV) are small viruses originally discovered as
contaminants of adenovirus stocks. One major advantage of using AAV for research is
that it is replication-limited and typically not known to cause disease in humans. For these
reasons, AAVs are generally contained at lower biosafety levels and elicit relatively low
immunological effects in vivo. AAV can transduce both dividing and non-dividing cells
with a low immune response and low toxicity. Although recombinant AAV does not readily
integrate into the host genome, transgene expression can be long-lived. The utility of AAV
is currently limited by its small packaging capacity (~4.5 kb including ITRs), though there
is a great deal of interest and effort directed toward expanding this capacity. Traditionally,
AAV requires the presence of another "helper" virus, such as adenovirus or herpes virus,
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in order to propagate. This is due to the reliance of the AAV on certain exogenous gene
products that mediate AAV replication. This requirement has been circumvented with
“helper-virus free systems,” which enable the production of infectious AAV particles
without the use of a helper virus. Instead, specific gene products can be provided by
helper plasmids (e.g., pHelper) and specific packaging cell lines (e.g., HEK293 cells)
during AAV production. See, e.g., Kotterman, M. A. et al. “Engineering adeno-associated
viruses for clinical gene therapy” (2014) Nat Rev Genet 15, 445-451.

[0056] v-Retrovirus (gamma-retrovirus) is an RNA virus comprised of its genome and
several structural and enzymatic proteins, including reverse transcriptase and integrase.
Once in a target cell, the virus uses the reverse transcriptase in tow to generate a DNA
provirus. This provirus then gets integrated into the host's genome by the accompanying
integrase protein. y-Retroviruses can package relatively high amounts of DNA (up to ~8
kb), and infection results in long-term transgene expression. Some disadvantages of y-
retroviruses are that they can only transduce dividing cells (this is because they are only
able to enter the nucleus during mitotic breakdown of the nuclear envelope). Additionally,
y-retroviruses integrate randomly into the host's genome, which can lead to oncogenesis
(termed insertional mutagenesis).

[0057] Genome editing is another method by which expression of a gene can be
reduced or otherwise knocked down. Genes can be effectively edited using any of a
variety of gene editing methods such as CRISPR/CAS9, zinc finger nuclease, or TALENs
systems, and later-generation methods based on these technologies. Stop codons can
be introduced into the ORF of the gene, or transcription response elements or promoters
can be modified to attenuate transcription of the gene of interest. Genes, such as genes
for expressing shRNA siRNA precursors can be “knocked-in” by gne editing methods.
Thus expression of TERT can be attenuated, knocked down, or knocked out by genome
editing methods. Although a number of methods exist for editing genomes, such as
TALENSs (transcription activator-like effector nucleases, see, e.g., Joung, JK, et al.
“TALENSs: a widely applicable technology for targeted genome editing” Nat Rev Mol Cell
Biol. 2013 14(1): 49-55), the CRISPR/CAS9 system is currently at the forefront of gene
editing methods. The clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9) system is a bacterial defense
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mechanism against phage infection and plasmid transfer that has been repurposed as a
potent RNA-guided DNA targeting platform for genome editing (see, e.g., Jiang, F., et al.,
“CRISPR-Cas9 Structures and Mechanisms” Annu. Rev. Biophys. 2017 46:505-29 for a
detailed review of CRISPR/CAS9 function and methods, and Gundry, M. C. et al. Highly
Efficient Genome Editing of Murine and Human Hematopoietic Progenitor Cells by
CRISPR/Cas9. (2016) Cell Rep 17, 1453-1461).

[0058] Although genome modification by insertion of genes of interest and other
genetic elements into chromosomes has significant potential, the transfer of the genetic
material into a chromosome depends on the reliable and predictable function of the
transgene without perturbing any endogenous gene and/or other regulation element. As
such, random integration of a transgene presents a threat of unpredicted insertion or
mutagenesis. The integration of the transgene into an acceptable site in the genome is
preferable. One such site has been identified in connection with AAV viral integration.
This site is known as AAVS1 (also known as the PPP1R2C locus) on human chromosome
19, which is a well-validated “safe harbor” to host a DNA fragment with expected function
(see, e.g., Sadelain et al. “Safe Harbours for the Integration of New DNA in the Human
Genome” Nat Rev Cancer. 2011 Dec 1;12(1):51-8). It has an open chromatin structure
and is transcription-competent. Most importantly, there is no known adverse effect on the
cell resulting from the inserted DNA fragment of interest. AAV vectors. A number of
systems have been developed, including commercial systems, for “knocking in” genes
into safe harbor sites, such as the CRISPR/CAS9 AAVS1 Safe Harbor Targeting Kit
commercially available from System Bioscience, LLC, of Palo Alto, California, and the
Human AAVS1 safe harbor gene knock-in kits and clones, commercially available from
GeneCopoeia, Inc. of Rockville, Maryland.

[0059] Telomerase reverse transcriptase (TERT) is a ribonucleoprotein polymerase
that maintains telomere ends by addition of the telomere repeat TTAGGG. Human TERT
has two isoforms (see, e.g., Gene ID: 7015, Ensembl: ENSG00000164362, Uniprot:
014746, GenBank reference sequences include, for example: telomerase reverse
transcriptase isoform 2: NM_001193376.1 (Figure 1A) and NP_001180305.1, and
telomerase reverse transcriptase isoform 1: NM_198253.2 (Figure 1B) and NP_937983.2
(Figure 1C)). Commercial human TERT-targeting siRNA reagents are available, for
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example, via ThermoFisher Scientific, targeting locations 1757, 1731, 1049, 1538, 285,
1532, 1739, 1781, among others, of NM _001193376.1, and viral vectors, such as
lentiviral and AAV vectors, for expressing TERT siRNA, for example and without
limitation, TERT AAV siRNA Pooled Vector, commercially available from Applied
Biological Materials, of Richmond, BC, Canada. Further, the use of viral vectors, such as
AAV vectors, is common, and one of ordinary skill can readily assemble siRNA-producing
viral particles knowing the sequence of hTERT mRNA, and based on knowledge in the
art.

[0060] In aspects, a device is provided comprising MSCs modified to decrease TERT
expression or activity, as described herein, seeded onto a suitable cell growth scaffold
that, in one aspect, is bioerodible, that is, it erodes in vivo over a time period ranging from
weeks to about two years, at which time tissue is formed from the modified MSCs as
described herein that replaces the scaffold as it degrades. The scaffold is a manufactured
structure prepared from natural or synthetic polymer compositions and/or decellularized
tissue (ECM). The scaffold may be in the form of a heart valve, a heart valve leaflet, a
blood vessel, or any suitable shape. In one aspect, the scaffold comprises a
biodegradable, polymeric heart valve tissue scaffold that generally comprises two
portions, an annular portion and leaflet portions. The annular portion (forming a ring, but
not necessarily defining any particular geometric shape such as a perfect circle or
cylinder), is provided as a point of attachment of a polymeric heart valve scaffold when
implanted in a patient, to tissue surrounding the device, such as the annulus of a heart
valve (e.g., mitral, tricuspid, aortic, and pulmonary valves). For instance, when the device
is placed in a heart, the annular portion is configured to abut against native heart valve
tissue and/or surrounding tissue when implanted, and optionally provides a suturing and
anchoring structure for attachment to the native tissue, as well as providing an aperture
for blood flow through the valve structure. The second portion comprises two or more
flexible, coaptating leaflets that are movable relative to the first, annular portion between
an open configuration in which the leaflet permits blood flow through the aperture in a first
direction, and a closed configuration in which the leaflet restricts blood flow through the
aperture in a second direction, opposite the first direction. The leaflets may be joined with
adjacent leaflets at a portion of their edges immediately adjacent to the support portion to
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form a commissure, and are not joined at a portion distal to the support portion, to permit
blood to flow through the valve when it is open. When the valve is closed, the leaflets are
concave, meaning that the concavity extends generally towards a central axis of the
aperture of the annular portion, and the leaflets contact or coaptate with adjacent leaflets
to form a seal. Unless indicated otherwise, in reference to the heart-valve structures
described herein, concave means curved or extending towards the rotational,
longitudinal, or central axis, and convex, means curved or extending outwards away from
the rotational, longitudinal, or central axis. The terms coaptating, commissure, valve, and
leaflet are in reference to, and generally may be configured to mimic similar structures in
native heart valves, though the shapes, orientations, and sizes are adapted to provide a
scaffolding for generation of nascent heart valve tissue from cells that infiltrate, and, over
time, replace the biodegradable matrix of the valve structure. Chordae tendineae also can
be considered to be part of the tricuspid valve and/or the mitral valve.

[0061] In another aspect, the scaffold comprises a biodegradable, polymeric heart
valve tissue scaffold that generally comprises a heart valve leaflet to replace a damaged
or otherwise insufficient heart valve leaflet.

[0062] A number of biocompatible, biodegradable elastomeric (co)polymers are known
and have been established as useful in preparing cell growth scaffolds, for example, for
use in preparation of the polymeric heart valve described below. Non-limiting examples
of a synthetic bioerodible polymer useful in the devices described herein, include: a
polyester, a polyester-containing copolymer, a polyanhydride, a polyanhydride-containing
copolymer, a polyorthoester, and a polyorthoester-containing copolymer. In one aspect,
the polyester or polyester-containing copolymer is a poly(lactic-co-glycolic) acid (PLGA)
copolymer. In other aspects, the bioerodible polymer is selected from the group consisting
of poly(lactic acid) (PLA); poly(trimethylene carbonate) (PTMC); poly(caprolactone)
(PCL); poly(glycolic acid) (PGA); poly(glycolide-co-trimethylenecarbonate) (PGTMC);
poly(L-lactide-co-glycolide) (PLGA); polyethylene-glycol (PEG-) containing block
copolymers; and polyphosphazenes. Additional bioerodible, biocompatible polymers
include: a poly(ester urethane) urea (PEUU); poly(ether ester urethane)urea (PEEUU);
poly(ester carbonate)urethane urea (PECUU); poly(carbonate)urethane urea (PCUU); a
polyurethane; a polyester; a polymer comprising monomers derived from alpha-hydroxy
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acids such as: polylactide, poly(lactide-co-glycolide), poly(L-lactide-co-caprolactone),
polyglycolic acid, poly(dl-lactide-co-glycolide), and/or poly(l-lactide-co-dl-lactide); a
polymer comprising monomers derived from esters including polyhydroxybutyrate,
polyhydroxyvalerate, polydioxanone, and/or polyglactin; a polymer comprising monomers
derived from lactones including polycaprolactone; or a polymer comprising monomers
derived from carbonates including polycarbonate, polyglyconate, poly(glycolide-co-
trimethylene carbonate), or poly(glycolide-co-trimethylene carbonate-co-dioxanone).

[0063] In aspects, diamines and diols are useful building blocks for preparing the
(co)polymer compositions described herein. 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 polycaprolactone-b-polyethylene
glycol-b-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 a hydrocarbon
comprising aromatic and aliphatic regions. The hydrocarbon may be linear or branched.
[0064] In aone aspect, the polymer composition comprises a biodegradable poly(ester
urethane) urea (PEUU), poly(ether ester urethane)urea (PEEUU), poly(ester
carbonate)urethane urea (PECUU), or poly(carbonate)urethane urea (PCUU). In some
examples, the composition comprises poly(ester-urethane)urea (PEUU). PEUU can be
synthesized using putrescine as a chain extender and a two-step solvent synthesis
method. For example, a poly(ester urethane) urea elastomer (PEUU) may be made from
polycaprolactonediol (MW 2,000) and 1,4-diisocyanatobutane, with a diamine, such as
putrescine as the chain extender. A suitable PEUU polymer may be made by a two-step
polymerization process whereby polycaprolactone diol (Mw 2,000), 1,4-
diisocyanatobutane, and putrescine are combined in a 1:2:1 molar ratio though virually
any molar feed ratio may suffice so long as the molar ratio of each monomer component
is > 0. In one aspect, the molar feed ratio of polycaprolactone diol plus putrescine is equal
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to that of diisocyanatobutane. A poly(ether ester urethane) urea elastomer (PEEUU) may
be made by reacting polycaprolactone-b-polyethylene glycol-b-polycaprolactone triblock
copolymers with 1,4-diisocyanatobutane and putrescine. In one aspect, PEEUU is
obtained by a two-step reaction using a 2:1:1 reactant stoichiometry of 1,4-
diisocyanatobutane:triblock copolymer:putrescine.

[0065] In another aspect, the composition comprises a poly(ester carbonate
urethane)urea (PECUU) or a poly(carbonate)urethane urea (PCUU) material. PECUU
and PCUU 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, doi:10.1016/j.biomaterials.2010.02.005). PECUU is synthesized,
for example, using a blended soft segment of polycaprolactone (PCL) and poly(1,6-
hexamethylene carbonate) (PHC) and a hard 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 a chain extender by a
two-step solvent synthesis method. In one example, the (PCL + PHC):BDI:putrescine
molar ratio is defined as 1:2:1.

[0066] The cell growth scaffold also may comprise natural polymers, such as proteins,
polysaccharides, glycosaminoglycans, etc., such as gellan gum, alginate, Kappa
carrageenan, hyaluronic acid, or chondroitin sulfate. The natural polymer may be a
single, isolated and purified ECM component, such as a purified collagen preparation, as
are commercially available. An “ECM material,” is a decellularized and/or devitalized
material comprising or that is prepared from an extracellular matrix-containing tissue, and
does not solely consist of a single, isolated and purified ECM component, such as a
purified collagen preparation, as are commercially available. Any type of tissue-derived
material can be used to produce the ECM materials in the methods, compositions and
devices as described herein (see generally, United States 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;
5,711,969; 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). The ECM material may be
protease-solubilized, or otherwise-solubilized ECM material, such as ECM material that
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is acid-protease solubilized in acidic conditions — producing a reverse-gelling
composition. In certain aspects, the ECM material is isolated from a vertebrate animal,
for example and without limitation, from a mammal, including, but not limited to, human,
monkey, pig, cow, and sheep. The ECM material can be prepared from any organ or
tissue, including, without limitation, heart, urinary bladder, intestine, liver, esophagus,
blood vessel, liver, nerve or brain, or dermis.
[0067] In various aspects, ECM material is decellularized, sterilized, and/or dried by
any useful method. ECM-derived material can then be used in any form in the methods
and compositions described herein. In certain aspects, in the context of depositing the
ECM material to prepare the polymeric heart valve described herein, the ECM material is
either finely comminuted, e.g., into micro-scale-sized (from 1-999 microns) or nano-scale-
sized (from 1-999 nanometers) particles, or is solubilized, for example, in the form of
solution, a pre-gel or gel, as described below.
[0068] The ECM material can be sterilized by any of a number of methods without loss
of its ability to induce endogenous tissue growth. For example, the material can be
sterilized by propylene oxide or ethylene oxide treatment, gamma irradiation treatment
(.05 to 4 mRad), gas plasma sterilization, peracetic acid sterilization, or electron beam
treatment. Traditionally, ECM material is disinfected by immersion in 0.1% (v/v) peracetic
acid (o), 4% (v/v) ethanol, and 96% (v/v) sterile water for 2 h. The ECM material is then
washed twice for 15 min with PBS (pH = 7.4) and twice for 15 min with deionized water.
International Patent Application Publication No. WO 2015/143310, the disclosure of which
is incorporated herein by reference, describes further methods for sterilization of ECM
materials.
[0069] Commercially-available ECM preparations can also be used in various aspects
of the methods, devices and compositions 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™, Surgisis-ES™, Stratasis™, and Stratasis-ES™
(Cook Urological Inc.; Indianapolis, Indiana) and GraftPatch™ (Organogenesis Inc.;
Canton Massachusetts). In another embodiment, 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
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Division, Covington, GA), Repliform™ (Microvasive; Boston, Massachusetts), and
Alloderm™ (LifeCell; Branchburg, New Jersey). In another embodiment, the ECM is
derived from urinary bladder. Commercially available preparations include, but are not
limited to, UBM (Acell Corporation; Jessup, Maryland).

[0070] A polymeric heart valve matrix described herein optionally comprises, in one
aspect an extracellular matrix-derived gel (see, e.g., United States Patent Nos. 8,361,503,
and 8,691,276). In its broadest sense, ECM-derived scaffold materials are comminuted
and solubilized to form a hydrogel. The solubilized hydrogel may or may not be dialyzed
at any stage prior to solubilization, and in one aspect is not dialyzed prior to or after
solubilization. Solubilization may be achieved by digestion with a suitable acid protease,
such as chymotrypsin, pepsin, papain or elastase, under acidic conditions, such as
between pH 1-4, or pH 1.5-2.5, e.g. pH 2.0, or in 0.01N HCI. In examples, the method
for making such a gel comprises: (i) comminuting devitalized and/or decellularized tissue,
(ii) solubilizing non-dialyzed or non-cross-linked devitalized and/or decellularized tissue
by digestion with an acid protease in an acidic solution to produce a digest solution, (iii)
raising the pH of the digest solution to a pH between 7.2 and 7.8 to produce a neutralized
digest solution, and (iv) gelling the solution at a temperature greater than the gelation
temperature (e.g., LCST) of the neutralized digest solution, typically greater than 25°C or
room temperature, thereby producing an ECM gel. In the context of the present invention,
the neutralized digest solution (pre-gel, that is optionally lyophilized) is mixed with, co-
deposited with, or deposited onto the polymer used to make the polymeric heart valve.
[0071] In one aspect of the solubilization of devitalized and/or decellularized tissue, the
devitalized and/or decellularized tissue is solubilized with an acid protease. The acid
protease may be, without limitation, pepsin. The material typically is solubilized at an acid
pH suitable or optimal for the protease, such as greater than about pH 2, or between pH
1 and 4, or pH 1.5-2.5, for example, in a 0.01N HCI solution. The material typically is
solubilized for 12-48 hours, depending upon the tissue type (e.g., see examples below),
with mixing (stirring, agitation, admixing, blending, rotating, tilting, etc.) often on ice, at
4°C or at room temperature (e.g., 20°C to 23°C). Once the material is solubilized, the pH
is raised to between 7.2 and 7.8, and according to one embodiment, to pH 7.4. Bases,
such as bases containing hydroxyl ions, including NaOH, can be used to raise the pH of
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the solution. Likewise buffers, such as an isotonic buffer, including, without limitation,
Phosphate Buffered Saline (PBS), can be used to bring the solution to a target pH, or to
aid in maintaining the pH and ionic strength of the gel to target levels, such as
physiological pH and ionic conditions. The neutralized digest solution can be gelled at
temperatures approaching 37°C, typically at any temperature over 25°C, though gelation
proceeds much more rapidly at temperatures over 30°C, and as the temperature
approaches physiological temperature. The method, according to one aspect, 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.

[0072] In certain aspects, the polymeric matrix of the heart valve comprises one or
more therapeutic agents. For example, at least one therapeutic agent is added to the
polymer composition described herein before it is implanted in the patient or otherwise
administered to the patient. Generally, the therapeutic agents include any substance that
can be coated on, embedded into, absorbed into, adsorbed to, or otherwise attached to
or incorporated onto or into the polymeric heart valve described herein. Non-limiting
examples of such therapeutic agents include: growth factors, chemoattractants,
cytokines, antimicrobial agents, emollients, retinoids, and steroids. Each therapeutic
agent may be used alone or in combination with other therapeutic agents.

[0073] In some examples, the polymer composition further comprises, for example and
without limitation, a biomacromolecular component derived from ECM. In one example,
the polymer composition comprises the biomacromolecule collagen so that collagenase,
which is present in situ, can degrade the collagen. As an example, the polymer
composition may comprise one or both of a collagen and an elastin. Collagen is a
common ECM component, and typically is degraded in vivo at a rate faster than many
synthetic bioerodible polymers. Therefore, manipulation of collagen content in the
polymer composition may be used as a method of modifying bioerosion rates in vivo.
Collagen may be present in the polymer composition in any useful range, including,
without limitation, from about 2% wt. to about 95% wt., from about 25% wt. to about 75%
wt., inclusive of all ranges and points therebetween, including from about 40% wt. to about
75% wt., including about 75% wt. and about 42.3% wt. Elastin may be incorporated into
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the polymer composition in order to provide increased elasticity. Elastin may be present
in the polymer composition in any useful range, including without limitation, from about
2% wt. to about 50% wt., inclusive of all ranges and points therebetween, including from
about 40% wt. and about 42.3% wt., inclusive of all integers and all points therebetween
and equivalents thereof. In one non-limiting example, collagen and elastin are present in
approximately equal amounts in the polymer composition. In another embodiment, the
sum of the collagen and elastin content in the polymer composition is in any useful range,
including, without limitation, from about 2% wt. to about 95% wt., and preferably in the
range of from about 25% wt. to about 75% wt., inclusive of all ranges and points
therebetween, including from about 40% wt. to about 75% wt., including about 75% wt.
and about 42.3% wt.

[0074] Cell growth matrices can be formed by any useful method, for example, by
solvent casting in a mold, for example, with particulate leaching to produce a porous
structure, by 3D printing, dry spinning methods, or by electrodeposition. In one aspect,
the structure is cut from a polymeric mesh comprising synthetic and/or natural (e.g., ECM)
polymer compositions. In one aspect, for illustrative purposes, a polymeric mesh is
electrodeposited, e.g., electrospun onto a target, such as a mandrel, and the resultant
structure is shaped, e.g., by cutting, into shapes such as heart valve leaflet shapes or
annular shaped (see, for example, United States Patent Nos. 8,535,719 B2 and
9,237,945 B2, and United States Patent Application Publication No. 2014/0377213 A1,
each of which is incorporated herein by reference in its entirety for their disclosure of
electrospinning methods, and variations on electrospun matrices, including synthetic and
natural components). While the polymeric mesh may be isotropic, the nature of heart
valve leaflet and annulus ECM often is, in part, anisotropic, and as such, the polymeric
matrix that is used to prepare the heart valve may be deposited in an oriented manner,
and is therefore anisotropic. Electrospinning and electrodeposition methods are broadly-
known, and in electrodeposition, relative movement of the nozzles/spinnerets and target
surface, e.g., by deposition onto a rotating mandrel, during electrodeposition can be used
to produce an oriented pattern of fibers. As is further broadly-known, more than one
polymer composition can be electrodeposited concurrently, or in a desired order, to create
a layered structure. Further, solutions comprising other polymers, ECM materials (e.qg.,

25



WO 2019/079195 PCT/US2018/055908

ECM gel, or solubilized ECM), cell-culture medium, cells, such as stem cells including the
modified MSCs or ASCs described herein, blood products, therapeutic agents, and the
PCL ECM soluble fraction as described herein, can be electrosprayed onto, or into the
formed fiber structure, with variable deposition timing to create optimal layering.

[0075] The properties of electrospun elastomeric matrices can be tailored by varying
the electrospinning conditions. For example, when the biased target is relatively close to
the orifice, the resulting electrospun mesh tends to contain unevenly thick fibers, such
that some areas of the fiber have a “bead-like” appearance. However, as the biased target
is moved further away from the orifice, the fibers of the non-woven mesh tend to be more
uniform in thickness. Moreover, the biased target can be moved relative to the orifice. In
certain embodiments, the biased target is moved back and forth in a regular, periodic
fashion, such that fibers of the non-woven mesh are substantially parallel to each other.
When this is the case, the resulting non-woven mesh may have a higher resistance to
strain in the direction parallel to the fibers, compared to the direction perpendicular to the
fibers. In other embodiments, the biased target is moved randomly relative to the orifice,
so that the resistance to strain in the plane of the non-woven mesh is isotropic. The target
can also be a rotating mandrel. In this case, the properties of the non-woven mesh may
be changed by varying the speed of rotation. The properties of the electrospun
elastomeric scaffold may also be varied by changing the magnitude of the voltages
applied to the electrospinning system.

[0076] Electrospinning may be performed using two or more nozzles, wherein each
nozzle is a source of a different polymer solution. The nozzles may be biased with
different biases or the same bias in order to tailor the physical and chemical properties of
the resulting non-woven polymeric mesh. Additionally, many different targets may be
used. In addition to a flat, plate-like target, a mandrel may be used as a target. When the
electrospinning is to be performed using a polymer suspension, the concentration of the
polymeric component in the suspension can also be varied to modify the physical
properties of the elastomeric scaffold. For example, when the polymeric component is
present at relatively low concentration, the resulting fibers of the electrospun non-woven
mesh have a smaller diameter than when the polymeric component is present at relatively
high concentration. One skilled in the art can adjust polymer concentrations to obtain

26



WO 2019/079195 PCT/US2018/055908

fibers of desired characteristics. Useful ranges of concentrations for the polymer
component include from about 1% wt. to about 15% wt., from about 4% wt. to about 10%
wt., and from about 6% wt. to about 8% wt.

[0077] In electrospinning, polymer fibers are often deposited about the circumference
of a mandrel and to generate a planar or substantially planar structure, the
electrodeposited mat/matrix is cut substantially in the direction of the rotational axis of the
mandrel, or in any manner to generate a useful topology, such as the shape of a heart
valve, a heart valve leaflet, or portion thereof. In use, more than one electrospun
mats/matrices can be attached by any useful means, such as by “sewing” using sutures,
heat annealing, chemical annealing/cross-linking, etc., though it should be recognized
that the method of attaching the two or more mats/matrices would have to be strong
enough for the end use, e.g., to resist breakage, rupture, or herniation.

[0078] Although any form of spraying is expected to be effective, liquid, e.g., cell growth
media, ECM pre-gel, cells, a blood product, such as serum, plasma, or platelet-rich
plasma, or a therapeutic composition may be electrosprayed. Electrospraying can be
done before, after, or concurrently (intermittently or continuously) with the
electrodeposition of polymer fibers, and is conducted in an essentially identical manner.

[0079] The composition and structures according to any aspect described herein can
also include an active agent, such as, without limitation, one or more of an antiseptic, an
antibiotic, an analgesic, an anesthetic, a chemotherapeutic agent, an anti-inflammatory
agent, a metabolite, a cytokine, a chemoattractant, a hormone, a steroid, a protein, or a
nucleic acid, e.g., as are broadly-known.

[0080] Cells, e.g., a patient's (autologous) cells or allogeneic cells, may be pre-
deposited onto the matrix, and cultured ex vivo in a suitable bioreactor or culture vessel,
as are known in the cell and tissue culture fields. A patient’'s stem cells (e.g., modified
MSCs, as described herein), progenitor cells, blood, or blood cells may be deposited
(seeded) onto the matrix. Alternatively, or in conjunction with the ex vivo culturing, the
device is implanted, and by virtue of contact with circulating blood cells and adjacent
tissue, such as valve annulus tissue, the polymeric heart valve is infiltrated with and
populated by the patient’s cells. Heart valve leaflets have been generated in vivo in
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animals using single polymeric (PEUU, PCUU or PECUU) heart valve leaflet matrices
sewn into heart valves.

[0081] According to one aspect of the invention, a method of preparing a
cardiovascular graft is provided. The method comprises seeding a bioerodible cell growth
scaffold with mesenchymal stem cells (MSCs) that are modified to reduce or eliminate
expression or activity of telomerase reverse transcriptase (TERT). As used herein, a cell
may be “modified” in any fashion to reduce or eliminate TERT expression or activity, such
as TERT osteogenic-inducing activity. In one aspect, the cell is genetically-modified to
express a gene that expresses a functional RNA, such as, without limitation, a shRNA for
production of an interfering RNA, or a ribozyme, or expresses a protein that interferes
with non-canonical TERT activity (transcript regulatory activity, and not telomere-
extending activity), such as, without limitation: a binding reagent that binds TERT, such
as an scFv fragment; a decoy for TERT; or an antagonist that interferes with activity of
TERT, such as the osteogenic-inducing activity of TERT. In another sense, the cells may
be modified, e.g., by gene editing, to reduce expression of TERT, either as a knockout,
by shutting off expression of TERT at any level, for example, at the transcription level by
modifying the promoter region of the TERT gene, or at the translation level, for example,
by introducing a stop codon into the TERT ORF. Transient expression systems, such as
a recombinant AAV genome expressing a shRNA for TERT silencing by RNAi, may be
used to some effect, but would need multiple treatments. Antisense RNA or other
antisense reagents, or other transiently-effective therapeutics having the ability to
decrease expression or activity of TERT, may be used during seeding and can be
continued afterwards, but are not necessarily an ideal, permanent treatment modality,
unless gene transfer or editing is prohibited. In aspects, the MSCs, e.g., human or
autologous MSCs or ADSCs, are genetically-modified, for example and without limitation,
by inserting a gene for expressing a shRNA that is processed to produce siRNA for
silencing or knocking down TERT expression. The gene is optionally delivered to a safe-
harbor site in the genome of the MSCs, such as the AAVS1 site, using gene editing
methods, e.g., as described herein.

[0082] In the method, the modified MSCs are seeded onto a suitable cell growth
scaffold, such as a bioerodible scaffold comprising a polyester, polyurethane,
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polycarbonate, polyether, PEUU, PEEUU, PECUU, or PCUU polymer composition. The
cell growth scaffold may be formed into the shape and size of a heart valve, a heart valve
annulus, a heart valve leaflet, or a blood vessel. The modified MSCs can then be cultured
in vitro (ex vivo) to permit infiltration of the cells onto and/or into the matrix of the cell
growth scaffold, and optionally for a length of time to allow for expansion of the population
of the MSCs and cells differentiated therefrom, including valve interstitial cells (valvular
interstitial cells, or VICs), and endothelial cells (ECs), such as valve endothelial cells
(valvular endothelial cells) or vascular endothelial cells, and lineage intermediates
between the MSCs and the VICs or ECs. The seeded scaffold can be cultured in any
suitable tissue culture vessel, in any suitable medium for propagation of MSCs or ECs,
including differentiation media, as is necessary to drive the MSCs to the appropriate
lineage. Culture media for such purposes are broadly-known, and are commercially
available, as suitable tissue culture vessels, such as plates, flasks, and bioreactors.
[0083] Once the MSCs are permitted to infiltrate the cell growth scaffold, and optionally
to propagate and/or differentiate on and in the scaffold for an appropriate length of time,
the resulting tissue construct can be implanted into a patient at an appropriate site for
integration with the patient’s tissue. The tissue construct can be sutured, stapled, or
glued, for example and without limitation, using fibrin or cyanoacrylate glue, into place as
is well understood in the field of the invention.

[0084] Thus, in another aspect, a method of treating a cardiovascular defect or injury
in a patient is provided. The method comprises implanting or depositing at a site of a
defect or injury in a patient, a cell growth scaffold or matrix with mesenchymal stem cells
(MSCs) that are modified to reduce or eliminate expression or activity of telomerase
reverse transcriptase (TERT). The defect or injury can be a congenital defect or
malformation, such as a valve defect or stenosis, or a damaged valve as a result of
disease, traumatic injury, age (e.g., calcification), or any other etiology. Likewise, a
damaged, stenotic, or otherwise defective blood vessel may be repaired or replaced using
a tubular, modified MSC-seeded cell growth scaffold, as described herein. A defective or
damaged blood vessel can be excised, and a seeded scaffold anastamosed in-line with

native vasculature.
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According to a further aspect of the invention, a prosthetic cardiovascular graft is
provided. By “prosthetic, it is meant a man-made replacement for an original anatomical
feature, such as a heart valve or a heart valve leaflet. The graft comprises mesenchymal
stem cells (MSCs) that are modified to reduce or eliminate expression or activity of
telomerase reverse transcriptase (TERT) or cells differentiated from the modified MSCs,
such as VICs or ECs. The cardiovascular graft may be formed into any useful shape,
such as, without limitation, prosthetic heart valves and prosthetic heart valve leaflets (see,
Figures 2 and 3A-3E) prosthetic blood vessels (see, Figure 4),. The cells are optionally
integrated into a cell growth scaffold, such as a bioerodible cell growth scaffold, which
means that the MSCs that are modified to reduce or eliminate expression or activity of
telomerase reverse transcriptase (TERT) or cells differentiated from the modified MSCs,
such as VICs or ECs, are attached to a surface of the scaffold, or dispersed uniformly or
non-uniformly, into the scaffold, e.g., mixed with the composition used to form the
scaffold, or deposited or migrated into interstices or pores within the scaffold that are
present either upon formation of the scaffold, or as a result of incomplete bioerosion of
the scaffold. Depending on culture conditions, culture media, and the length of time the
structure is cultured ex vivo, the scaffold might comprise predominantly modified MSCs,
or may comprise cell populations differentiated from the modified MSCs, such as VICs or
ECs.

[0085] International Patent Publication No. WO 2016/138416, incorporated herein by
reference, depicts exemplary heart valve cell growth scaffolds and an exemplary method
of making prosthetic heart valve prosthetics by electrospinning. An exemplary prosthetic
tricuspid valve device 210 is shown in Figure 2. The valve 210 comprises a support
portion 220 defining a longitudinal axis 222 and an aperture 225 passing through the
valve 210; and three concave leaflets 230 extending longitudinally from a distal end 234
of the support portion 220, wherein each leaflet 230 comprises a concave belly or central
region 235 and a commissure 236 joining adjacent leaflets 230. The fiber matrix at the
central region 235 and commissures 236 is anisotropic, with different fiber orientations at
the central region 235 and commissures 236, with the fiber orientation at the central

region 235 being more circumferential than at the commissures 236.
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[0086] An exemplary prosthetic bicuspid valve device 340 is shown in Figures 3A-3E.
The valve 340 is formed from a matrix of fibers and comprises a support portion 341
defining a longitudinal axis 342 and an aperture; and two concave leaflets 343 extending
longitudinally from the support portion 341, wherein each leaflet portion comprises a
central region 335 and commissures 346, joining the leaflets. Figures 3B and 3D provide
a top view of the bicuspid valve 340 along the longitudinal axis in a closed and open
position, respectively. Figures 3C and 3E depict the valve 340 along X in corresponding
Figures 3B and 3D. Figures 3B and 3C depict the valve 340 in a closed configuration,
and Figures 3D and 3E depict the valve in an open configuration where blood flows in the
direction of the arrow. Note that the bicuspid valve leaflets have a radially-curved profile,
with one leaflet larger than the other.

[0087] In any aspect of the valve structures described herein, the identification of a
cylindrical portion is merely illustrative and exemplary of one possible geometry of
potential support structures (e.g., support portions) for the leaflets. In practice, and in
alternate embodiments, the support structure can take on any useful shape, so long as it
can support the leaflet function, and anchor the valve in place, for example, by serving at
least in part as a sewing ring, or providing an attached sewing ring, for suturing the
structure in place during implantation, and/or for attachment to additional support or
placement structures. Cylindrical shape may be considered the simplest, and most
appropriate geometry for purposes herein. The leaflet portions of the valves depicted in
Figures 2 and 3A-3E are flexible and concave, and, when in a closed configuration or
position, are in contact with (coaptate) adjacent leaflets distal to the cylindrical or support
portion of the prosthetic valve to prevent blood backflow. When in an open configuration,
the leaflets extend the aperture of the (e.g., cylindrical) support structure, permitting blood
flow through the device. Of note is that for any valve structure, the leaflets do not have
to be symmetrical in size, as with native mitral and tricuspid valves. In any instance, the
shape of the leaflet can be referred to as a “leaflet shape,” such as a mitral, tricuspid,
aortic, or pulmonary valve leaflet-shape, or a pathological mitral, tricuspid, aortic, or
pulmonary valve leaflet-shape, referring to native or damaged/pathological shapes of

leaflets or cusps of valves of an organism, such as a human, or a mammal.
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[0088] Figure 4 depicts schematically a tube-shaped, prosthetic blood vessel device
400 having a wall 410 of a suitable bioerodible cell growth scaffold material, seeded with
modified MSCs according to any aspect described herein, and/or cells derived therefrom,
such as vascular endothelial cells, and the wall defining a lumen 420.

[0089] Inuse, the bioerodible cell growth scaffold material in the shape of a heart valve,
a heart valve leaflet, a blood vessel, or any suitable shape, is seeded with the modified
MSCs and is typically placed in culture long enough for the MSCs to attach to a surface
of the device, and/or to infiltrate into pores or interstices of the wall. The device can then
be implanted into a patient’'s heart or vasculature immediately, or after culturing for a
length of time suitable to establish cell propagation and optionally differentiation on and/or
within the scaffold.

Example 1

[0090] Calcific aortic valve disease (CAVD) is present in ~2% of individuals over 60
years of age. Senescence is a proliferative control mechanism usually associated with
aging whereby different factors such as telomere shortening, DNA damage, and
chromatin acetylation or methylation, limit cellular proliferation. The objective of this study
is to evaluate the different roles of TERT in CAVD.

[0091] Figure 5 shows representative heart valves from a healthy patient, and a patient
with severe CAVD and aortic stenosis. As can be seen in Figure 5, the calcified valve
leaflets cannot properly close. Different staining techniques were used to categorize
human valves into calcified and healthy. Immunofluorescent staining was used to identify
the presence and localization of TERT the tissues. Valve interstitial cells (VICs) from the
same donors and MSC were cultured under osteogenic conditions and the calcification
and the expression of TERT were assessed. RNA expression of TERT and other gene of
interest were studied by qPCR. TERT activity was inhibited by BIBR1532,
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in MSC and these cells exposed to osteogenic media, assessing calcification.
Calcification was also studied in VSMC from Wild Type and TERT-KO mice aorta
exposed to ostegenic media.

[0092] TERT, Runx2, OSTERIX and alpha-actin appeared increased and Notch1 and
BAF57 reduced in calcified valves compared to control. Similar results were obtained
using VICs and MSC exposed to osteogenic media. The calcium staining and posterior
quantification showed a higher predisposition of cells from CAVD valves to calcify
compared to those from healthy controls. Blocking TERT activity reduced calcification in
MSC. Knocking down TERT expression reduced expression of osteogenic genes.
VSMCs from KO-TERT mice did not calcify whilst the Wild Type VSMC did. These results
indicate that TERT is positively associated with the calcification process.

[0093] To establish that endogenous TERT was expressed during osteogenesis, we
cultured hMSCs under osteogenic conditions (a defined medium supplemented with [3-
glycerolphosphate, ascorbate, and dexamethasone; henceforth called osteogenic
conditions, osteogenic media, or osteogenic assay). In the osteogenic assay, cells are
grown until confluence, and then osteogenic media is added, thus cells have low levels
of proliferation for the duration of the osteogenic assay. hMSCs were treated under
osteogenic conditions for 14 days, a point at which hMSCs are beginning to lay down
calcified matrix, and we found increased levels of TERT protein in calcifying cells (Figure
6), indicating a role for endogenous TERT in osteogenesis. Staining shows increased
levels of TERT in both cytoplasmic and nuclear locations, suggestive of non-canonical,
non-telomere extending activities of TERT.

[0094] To establish if TERT protein is present in valve calcification, we performed
immunohistological analysis on valve tissues isolated from non-CAVD controls
(henceforth the terms non-CAVD controls and healthy controls are used interchangeably)
or patients with CAVD and found very little to no TERT-positive staining in healthy valve
tissues, while CAVD valves stained positive for TERT near areas of calcification (Figure
7). Von Kossa stain was used to detect the presence of calcification (dark precipitation),
and on adjacent slides immunohistochemistry was performed to detect for the presence
of TERT protein. TERT was significantly upregulated in both the cytoplasm and nuclei in
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valves from patients with CAVD, and low to undetectable in controls. Representative
images, n=5 tissues each group.
[0095] Calcification is often localized to the collagen-rich fibrosa layer, which is heavily
populated with valve interstitial cells (VICs). We currently have isolated 29 primary VIC
cell lines, including 22 non-CAVD control and 7 from CAVD valves in our valve tissue
biorepository. Under basal conditions CAVD VICs spontaneously calcify, and similar to in
vivo tissue staining, VICs from non-CAVD control valves show no TERT staining, while
VICs from CAVD valves exhibit TERT-positive cells near calcified nodules (Figure 8A, left
panels). After 14 days of treatment with osteogenic differentiation medium, non-CAVD
control VICs develop calcification and increase the amount of TERT protein (Figure 8A,
right panels). Western blot analysis confirms the upregulation of TERT protein in CAVD
VICs compared to healthy VICs (Figure 8B). These data suggest TERT is upregulated
during the phenotypic switch from a non-calcifying to a calcifying VIC.
[0096] TERT is best known for its telomere-extending functions, thus with higher levels
of TERT protein it was important to assess proliferation rates and telomere length in our
VIC lines. There is no change in the proliferation rate of healthy or CAVD VIC lines
throughout the 21-day osteogenic assay (Figure 9). VICs were isolated from healthy and
CAVD valves by, in short, collagenase Il digestion. The VICs were plated at 0.12 x 10°
cells per well and cell number was quantified every three days for 3 weeks. n=3 biological
replicates from cell lines isolated from 3 individuals for each group; each cell line was run
in quintuple. No statistical difference was observed in the proliferation rate of healthy or
CAVD VICs (Figure 9).
[0097] Genomic (g) DNA was isolated from healthy and CAVD VICs. Primary VICs
were isolated from tissues and expanded for two passages and then frozen. Frozen vials
of cells were used to isolate gDNA. Telomere length was normalized to the 36B4 house
keeping gene. n= 8 Control, 4 CAVD biological replicates, each run in triplicate. Telomere
length was analyzed by real-time quantitative (q) PCR analysis. The mean age of healthy
and CAVD patients in our biorepository is 59 and 67 years old, respectively. No significant
difference in telomere length (Figure 10 (A)), or age (Figure 10 (B)), was observed
between healthy and CAVD VICs. n=6 biological replicates each group, run in triplicate.
Statistical analysis was performed using unpaired two-tailed student’s t-test and showed
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not significant differences. Gene expression analysis of cells at basal conditions showed
that senescence-associated p-galactosidase (SA-f—gal) did not differ between healthy
and CAVD groups (Figure 11). Together, these data indicate that the upregulation of
TERT does not generate differences in telomere length between healthy and CAVD VICs.
[0098] Figure 11 shows upregulation of osteogenic genes (Runx2 and tissue non-
specific alkaline phosphatase (ALPL)), but not senescence-associated genes (SA-B-gal,
in CAVD VICs at baseline). RT-qPCR analysis was used to quantify expression. Cells
were cultured under normal growth conditions and mRNA was isolated when cells
reached confluence. Data shows expression is shown relative to 18s RNA. n=6 biological
replicates each group, run in triplicate. Statistical analysis was performed using unpaired
two-tailed student’s t-test and showed not significant differences. **p<0.01 ***p<0.001
two-tailed student’s t-test.
[0099] Human mesenchymal stem cells were cultured in osteogenic media with vehicle
(DMSO) or the TERT inhibitor BIBR 1532. Cells were treated every other day for 14 days.
At day 14 cells were fixed in 4% paraformaldehyde, washed with water, then stained with
40 mM Alizarin Red S, pH 4.1 — 4.3 for 20 minutes with shaking. Cells are then washed
with water and imaged. This data (Figure 12) suggests that TERT participates in the
calcification process, but not in a canonical way.
[00100] To establish a role for TERT in the phenotypic switch from a healthy to a
calcified cell, we utilized VSMCs isolated from wildtype (WT) and TERT knockout
(TERTko) mice. While WT VSMCs exhibited robust calcification after 21 to 28 days of
osteogenic treatment, TERTko VSMCs did not calcify (Figure 13). Aortic vascular smooth
muscle cells (VSMCs) were obtained from wild type (WT) mice and from TERT knockout
(TERTko) mice. Cells were incubated for 21-28 days in osteogenic media. Alizarin red
staining was used to show that while VSMCs isolated from WT mice were seen to calcify,
VSMCs from TERTko mice did not calcify (Figure 13, left). The graph provided in Figure
13, right, quantifies the data shown in the photomicrographs, showing Alizarin red
absorbance at 405 nm. ****p<0.0001 two-way ANOVA, n=3 each group.
[00101] Together, these data demonstrate that TERT is necessary for the osteogenic
switch in these cells, and these effects are not due to TERT’s telomere-extending activity,
suggesting a non-canonical role in the calcification process.
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[00102] Inflammatory stress induces TERT expression and premature calcification.
hMSCs were cultured under normal growth (NT) or osteogenic (OST) conditions for 11
days with 5ug/mL exogenous LPS to mimic an inflammatory environment. In Figure 14A,
immunocytochemistry shows OST or LPS alone increases TERT expression. In
combination, OST+LPS increases induced premature calcification as compared to OST
treatment alone. Figure 14B shows protein quantification by western blot, which further
confirms increased levels of TERT protein in cells treated with OST and LPS alone, and
shows a further increase when OST and LPS treatment is combined. Representative
images shown of n=3 experiments. Of note, we were not able to detect calcification with
OST-alone treatment at this early time-point, indicating that the upregulation of TERT
precedes mineralization. This suggests inflammatory pathways as a potential mechanism
for the upregulation of TERT in calcified valves, which precedes osteogenesis.

[00103] TERT can interact with transcription factors to upregulate gene transcription.
Signal transducers and activators of transcription (STAT) proteins mediate inflammatory,
proliferative, and apoptotic programs. They function as transcription factors and also
recruit histone acetyltransferases (HATs) to upregulate gene transcription. STAT5A and
STATSB (collectively, STAT5) are encoded by two different genes, but 96% of their amino
acid sequence is shared. STATS was shown to promote the osteogenic differentiation of
murine MSCs. Studies in cancer cells identified that STAT proteins, including STATS,
induce TERT gene expression. SMA-a. and RUNX2 are markers of the transition of a
quiescent VIC to an activated VIC, and these two markers are significantly upregulated
in CAVD valve tissues. Next, we tested whether factors known to promote CAVD
pathogenesis also increase TERT, and whether knocking down TERT affects expression
of genes involved in osteogenesis. Inflammatory stress induces TERT expression and
premature calcification. hMSCs were cultured under osteogenic conditions for 11 days
with exogenous LPS to mimic an inflammatory environment. STATS5 and TERT were
evaluated in osteogenic reprogramming. hMSCs were cultured under normal growth (NT)
or osteogenic (OST) conditions for 11 days with 5ug/mL exogenous LPS to mimic an
inflammatory environment. Immunocytochemistry showed that OST or LPS alone
increases TERT expression. In combination, OST+LPS increases induced premature
calcification as compared to OST treatment alone. Protein quantification by western blot
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further confirmed increased levels of TERT protein in cells treated with OST and LPS
alone, and showed a further increase when OST and LPS treatment is combined. In
further work, RUNX2 and SMA-a (ACTAZ2) are significantly increased in CAVD valve
tissue compared to healthy valve tissue. The algorithmic tool LASAGNA was used to
identify 27 shared transcription factor binding sites in the 1kb region upstream of the
transcriptional start sites in the human SMA-o. and RUNX2 gene promoters. Of the 27
shared transcription factor binding sites in the RUNX2 and SMA-a gene promoters,
STATS binding sites are the highest scored and most prevalent (Figure 15A). hMSCs
undergoing osteogenic differentiation show increased levels of STAT5 protein. CAVD
VICs expressed higher levels of STAT5A and STAT5B mRNA compared to healthy VICs.
Regarding Figure 15A, hMSCs were transiently transduced with scrambled (shCT) or
TERT-specific (shTERT) short-hairpin RNA, expressed from a SMARTvector Human
TERT Lentiviral shRNA vector, commercially available from Dharmacon of Lafayette
Colorado). The TERT shRNA had the sequence: TGCTCAGGTCTTTCTTTTA (SEQ ID
NO: 8), which was, used to transiently knockdown TERT expression in hMSCs.
Knockdown of TERT was confirmed in these cells and knocking down TERT reduces
RUNX2 protein levels (Figure 15B), suggesting that TERT is necessary for the
upregulation of RUNX2 in these cells. Protein lysate was collected 7 days post-
transduction and TERT and RUNX2 protein levels quantified. In Figure 15B, TERT and
Runx2 are seen to be decreased in the presence of the shTERT reagent. In further work,
co-localization of TERT and STATS5 is seen in the nucleus of CAVD VICs after 28 days of
osteogenic stimulation and in valves from CAVD patients. Inflammatory signaling induces
TERT expression and accelerates calcification. The transcription factor STATS and
Runx2 seem to be related to the expression of TERT and calcification.

[00104] Genetic deletion of TERT reduces valve calcification in vivo. LDLR knockout
and LDLR/TERT double knock out mice were given a high-fat diet for 12 weeks. As
shown in Figure 16, Von Kossa staining on valves from LDLR/TERT double knock out
mice after 12 weeks of high fat diet show significantly less calcification than valves from

the LDLR knockout mice. Deletion of TERT results in less calgcification in the valve.
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CONCLUSIONS
[00105] - TERT is highly expressed in CAVD valves compared to healthy valves. TERT
is present in CAVD VICs, and importantly, healthy VICs upregulate TERT during their
switch into a calcifying cell.
[00106] - Genetic deletion of TERT inhibits calcification in VSMCs. Though the
mechanism is still not clear, our data suggest it is not related to proliferation, senescence,
or telomere elongation.
[00107] - Inflammatory signaling upregulates TERT in VICs. Also, TERT is related to the
activation of osteogenic differentiation through interaction with transcription factors such
as STAT5 and RUNX2.
[00108] - Preliminary data shows a possible role of TERT in chromatin remodeling
during calcification, ligated to the BRG complex.
Example 2 — Gene Editing for introduction of construct for expressing TERT
interfering RNA.
[00109] To engineer MSCs such that they will have reduced TERT gene expression, a
short-hairpin RNA construct that specifically targets TERT mRNA for degradation (similar
to those above from Dharmacon) is introduced into human AAVS1 locus using a kit similar
to the AAVS1 Safe Harbor Targeting System from SBI or the Safe Harbor Gene Knock-
in Kits from Genecopoeia. The shRNA sequence that targets TERT is cloned into the
Multiple Cloning Site of a AAVS1 targeting vector downstream of a constitutively active
promoter. Using either CRISPR or TALEN gene editing technology, this construct is
packaged into a lentiviral vector to deliver the construct to the cells where it will integrate
into the AAVS1 locus. The AAVS1 locus is a well-validated “safe harbor” in the human
genome, that was first described in 2011 by Sadelain et al. (Nat Rev Cancer. 2011 Dec
1;12(1):51-8), thus insertion of an shRNA construct at that site should not cause off-target
damage.
[00110] Non-imiting aspects or embodiments of the present invention will now be
described in the following numbered clauses:

Clause 1. A method of preparing a cardiovascular graft, comprising seeding a
bioerodible cell growth scaffold with mesenchymal stem cells (MSCs) that are modified
to reduce or eliminate expression or activity of telomerase reverse transcriptase (TERT).
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Clause 2. The method of clause 1, further comprising culturing the MSCs on
the graft ex vivo.

Clause 3.  The method of clause 1 or 2, wherein the mesenchymal stem cells
(MSCs) are modified to reduce or eliminate TERT expression.

Clause 4. The method of any one of clauses 1-3, wherein the MSCs are
genetically modified, either transiently or permanently, to knock out or to knock down
expression of TERT.

Clause 5. The method of any one of clauses 1-4, wherein the MSCs comprise
an interfering RNA targeting TERT.

Clause 6. The method of any one of clauses 1-5, wherein the MSCs are
genetically modified to express a transgene expressing an interfering RNA, such as a
transgene for expressing an shRNA that is processed by Dicer to produce siRNA
targeting TERT RNA.

Clause 7.  The method of clause 6, wherein the transgene is delivered to the
cell in a viral vector.

Clause 8.  The method of clause 7, wherein the viral vector is a lentivirus or a
gamma-retrovirus vector.

Clause 9. The method of clause 7, wherein the viral vector is an Adeno-
Associated Virus vector.

Clause 10. The method of clause 6, wherein the transgene is delivered to the
cell by gene editing.

Clause 11. The method of clause 8, wherein the transgene is incorporated into
a safe harbor site in the genome of the MSCs.

Clause 12. The method of clause 9, wherein the transgene is incorporated into
the AAVS1 site in the genome of the MSCs.

Clause 13. The method of any one of clauses 6-12, wherein the transgene
produces an shRNA comprising, or consisting of, the nucleotide sequence
TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8), a sequence having at least 80% or 90%
sequence identity to TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8), or a sequence able to
specifically hybridize to the sequence TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8).

Clause 14. The method of clause 1, wherein the MSCs are human MSCs.
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Clause 156. The method of clause 4, wherein TERT is knocked out by gene
editing.

Clause 16. The method of clause 4, wherein TERT is knocked out by
introduction of a stop codon into its open reading frame.

Clause 17. The method of clause 1, wherein the bioerodible cell growth scaffold
or matrix is configured or adapted to replace at least a portion of a heart valve, such as a
heart valve, annulus and/or chordae tendineae.

Clause 18. A cardiovascular graft comprising mesenchymal stem cells (MSCs)
modified to reduce or eliminate expression or activity of telomerase reverse transcriptase
(TERT) or cells differentiated from the modified MSCs modified to reduce or eliminate
expression or activity of TERT.

Clause 19. The cardiovascular graft of clause 18, configured as a heart valve, or
a portion thereof, such as a heart valve, annulus and/or chordae tendineae.

Clause 20. The cardiovascular graft of clause 18, configured as a prosthetic
blood vessel.

Clause 21. The cardiovascular graft of any one of clauses 18-20, comprising a
bioerodible cell growth scaffold comprising the modified MSCs.

Clause 22. The cardiovascular graft of any one of clauses 18-21, wherein the
MSCs are treated with a TERT interfering RNA, such as a shRNA, to reduce or eliminate
expression of TERT in the MSCs.

Clause 23. The cardiovascular graft of any one of clauses 18-22, wherein the
MSCs are genetically modified to down-regulate or to delete TERT.

Clause 24. The cardiovascular graft of any one of clauses 18-23, wherein the
MSCs are genetically modified to knock out or to knock down expression of TERT.

Clause 25. The cardiovascular graft of any one of clauses 18-24, wherein the
MSCs comprise an interfering RNA targeting TERT.

Clause 26. The cardiovascular graft of any one of clauses 18-25, wherein the
MSCs are modified to express a transgene expressing an shRNA that is processed by
Dicer to produce siRNA targeting TERT RNA.

Clause 27. The cardiovascular graft of clause 26, wherein the transgene is
delivered to the cell in a viral vector.
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Clause 28. The cardiovascular graft of clause 27, wherein the viral vector is a
lentivirus or a gamma-retrovirus vector.

Clause 29. The cardiovascular graft of clause 27, wherein the viral vector is an
Adeno-Associated Virus vector.

Clause 30. The cardiovascular graft of clause 26, wherein the transgene is
delivered to the cell by gene editing.

Clause 31. The cardiovascular graft of clause 30, wherein the transgene is
incorporated into a safe harbor site in the genome of the MSCs.

Clause 32. The cardiovascular graft of clause 31, wherein the transgene is
incorporated into the AAVS1 site in the genome of the MSCs.

Clause 33. The cardiovascular graft of clause 24, wherein TERT is knocked out
by gene editing.

Clause 34. The cardiovascular graft of clause 24, wherein TERT is knocked out
by introduction of a stop codon into its open reading frame.

Clause 35. The cardiovascular graft of any one of clauses 18-34, wherein the
MSCs are human MSCs.

Clause 36. A method of treating a cardiovascular defect or injury in a patient,
comprising implanting or depositing at a site of a defect or injury in a patient, a
cardiovascular graft according to any one of clauses 18-35.

Clause 37. The method of clause 36, wherein the MSCs are autologous to the
patient.

Clause 38. The method of clause 36 or 37, wherein the MSCs comprise a TERT
interfering RNA to knock down expression of TERT in the MSCs.

Clause 39. The method of any one of clauses 36-38, wherein the MSCs are
genetically modified to down-regulate or to delete TERT.

Clause 40. The method of any one of clauses 36-39, wherein the MSCs are
human MSCs.

Clause 41. The method of any one of clauses 26-40, wherein the cardiovascular
graft is configured as a heart valve, or a portion thereof, such as a heart valve, annulus
and/or chordae tendineae.
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Clause 42. The method of any one of clauses 36-40, wherein the cardiovascular
graft is configured as a prosthetic blood vessel.

[00111] The embodiments have been described with reference to various examples.
Modifications and alterations will occur to others upon reading and understanding the
foregoing examples. Accordingly, the foregoing examples are not to be construed as

limiting the disclosure.
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What is claimed is:

1. A method of preparing a cardiovascular graft, comprising seeding a
bioerodible cell growth scaffold with mesenchymal stem cells (MSCs), such as human
MSCs, that are modified to reduce or eliminate expression or activity of telomerase

reverse transcriptase (TERT).

2. The method of claim 1, further comprising culturing the MSCs on the

graft ex vivo.

3. The method of claim 1, wherein the mesenchymal stem cells (MSCs)
are genetically modified, either transiently or permanently, to knock out or to knock down

expression of TERT.

4. The method of claim 1, wherein the MSCs comprise an interfering
RNA targeting TERT.

5. The method of claim 1, wherein the MSCs are genetically modified
to express a transgene for expressing an interfering RNA, such as an shRNA that is

processed by Dicer to produce siRNA targeting TERT RNA.

6. The method of claim 5, wherein the transgene is delivered to the cell
by gene editing, and optionally into a safe harbor site in the genome of the MSCs, such
as the AAVS1 site in the genome of the MSCs.

7. The method of claim 5, wherein the transgene produces an shRNA
comprising, or consisting of, the nucleotide sequence TGCTCAGGTCTTTCTTTTA (SEQ
ID NO: 8), a sequence having at least 80% or 90% sequence identity to
TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8), or a sequence able to specifically hybridize
to the sequence TGCTCAGGTCTTTCTTTTA (SEQ ID NO: 8).
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8. The method of claim 3, wherein TERT is knocked out by gene
editing, such as by introduction of a stop codon into its open reading frame.

9. The method of claim 1, wherein the bioerodible cell growth scaffold
or matrix is configured or adapted to replace at least a portion of a heart valve, such as a
heart valve, annulus and/or chordae tendineae.

10. A cardiovascular graft comprising mesenchymal stem cells (MSCs),
such as human MSCs, modified to reduce or eliminate expression or activity of
telomerase reverse transcriptase (TERT) or cells differentiated from the modified MSCs

modified to reduce or eliminate expression or activity of TERT.

11.  The cardiovascular graft of claim 10, configured as a heart valve, or
a portion thereof, such as a heart valve, annulus and/or chordae tendineae, or as a

prosthetic blood vessel.

12.  The cardiovascular graft of claim 10, comprising a bioerodible cell
growth scaffold comprising the modified MSCs.

13.  The cardiovascular graft of claim 10, wherein the MSCs are treated
with a TERT interfering RNA, such as a shRNA, to reduce or eliminate expression of
TERT in the MSCs.

14. The cardiovascular graft of claim 10, wherein the MSCs are
genetically modified to knock out or to knock down expression of TERT.

15.  The cardiovascular graft of claim 14, wherein the MSCs are modified

to express a transgene expressing an interfering RNA, such as an shRNA that is
processed by Dicer to produce siRNA targeting TERT RNA.
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16. The cardiovascular graft of claim 15, wherein the transgene is
delivered to the cell by gene editing, optionally into a safe harbor site in the genome of
the MSCs, such as the AAVS1 site in the genome of the MSCs.

17.  The cardiovascular graft of claim 14, wherein TERT is knocked out
by gene editing, such as by introduction of a stop codon into its open reading frame.

18. A method of treating a cardiovascular defect or injury in a patient,
comprising implanting or depositing at a site of a defect or injury in a patient, a
cardiovascular graft according to any one of claims 10-17.

19. The method of claim 18, wherein the MSCs are autologous to the

patient.

20. The method of claim 18, wherein the MSCs comprise a TERT
interfering RNA to knock down expression of TERT in the MSCs.

21.  The method of claim 18, wherein the MSCs are genetically modified

to down-regulate or to delete TERT.
22. The method of claim 18, wherein the cardiovascular graft is

configured as a heart valve, or a portion thereof, such as a heart valve, annulus and/or

chordae tendineae, or as a prosthetic blood vessel.
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>NM 001193376.1 Home sapiens telomerase reverse transcriptase (TERT),
transcript variant 2, mRNA (SEQ ID NO: 1)
CAGGCAGCGCTGCGTCCTGCTGCGCACGTGGGAAGCCCTGGCCCCGGCCACCCCCGLCGATGCCGLGLGLT
CCCCGCTGCCGAGCCGTGCGCTCCCTGCTGCGCAGCCACTACCGCGAGGTGCTGCCGCTGGCCALCGTTCG
TGCGGCGCCTGGGGCCCCAGGGCTGGECGGCTGGETGCAGCGCGGGGACCCGGLGGCTTTCCGCGECGELCTGGET
GGCCCAGTGCCTGGTGTGCGTGCCCTGGGACGCACGGCCGCCCCCCGCCGCCCCCTCCTTCCGCCAGGTG
TCCTGCCTGAAGGAGCTGGTGGCCCGAGTGCTGCAGAGGCTGTGCGAGCGCGGCGCGAAGAACGTGCTGG
CCTTCGGCTTCGCGCTGCTGGACGGGGCCCGCGEGEGGGCCCCCCCGAGGCCTTCACCACCAGCGTGLCGCAG
CTACCTGCCCAACACGGTGACCGACGCACTGCGGGGGAGCGGEGEGCGETGEEGEGECTGCTGCTGCGCCGCGETG
GGCGACGACGTGCTGGTTCACCTGCTGGCACGCTGCGCGCTCTTTGTGCTGGTGGCTCCCAGCTGCGCCT
ACCAGGTGTGCGGGCCGCCGCTGTACCAGCTCGGCGCTGCCACTCAGGCCCGGCCCCCGCCACACGCTAG
TGGACCCCGAAGGCGTCTGGGATGCGAACGGGCCTGGAACCATAGCGTCAGGGAGGCCGGGGETCCCCCTG
GGCCTGCCAGCCCCGGGETGCGAGGAGGCGCGGGEGGCAGTGCCAGCCGAAGTCTGCCGTTGCCCAAGAGGC
CCAGGCGTGGCGCTGCCCCTGAGCCGGAGCGGACGCCCGETTGGGCAGGGGTCCTGGGCCCACCCGGGCAG
GACGCGTGGACCGAGTGACCGTGGTTTCTGTGTGGTGTCACCTGCCAGACCCGCCGAAGAAGCCALCCTCT
TTGGAGGGTGCGCTCTCTGGCACGCGCCACTCCCACCCATCCGTGGGCCGCCAGCACCACGLCGGGELCCCeC
CATCCACATCGCGGCCACCACGTCCCTGGGACACGCCTTGTCCCCCGGTGTACGCCGAGACCAAGCACTT
CCTCTACTCCTCAGGCGACAAGGAGCAGCTGCGGCCCTCCTTCCTACTCAGCTCTCTGAGGCCCAGCCTG
ACTGGCGCTCGGAGGCTCGTGGAGACCATCTTTCTGGGTTCCAGGCCCTGGATGCCAGGGACTCCCCGCA
GGTTGCCCCGCCTGCCCCAGCGCTACTGGCAAATGCGGCCCCTGTTTCTGGAGCTGCTTGGGAACCACGC
GCAGTGCCCCTACGGGGTGCTCCTCAAGACGCACTGCCCGCTGCGAGCTGCGGTCACCCCAGCAGLCCGGET
GTCTGTGCCCGGGAGAAGCCCCAGGGCTCTGTGGCGGCCCCCGAGGAGGAGGACACAGACCCCCET G
TGGTGCAGCTGCTCCGCCAGCACAGCAGCCCCTGGCAGGTGTACGGCTTCGTGCGGGCCTGCCTGLCGCCG
GCTGGTGCCCCCAGGCCTCTGGGGCTCCAGGCACAACGAACGCCGCTTCCTCAGGAACACCAAGAAGTTC
ATCTCCCTGGGGAAGCATGCCAAGCTCTCGCTGCAGGAGCTGACGTGGAAGATGAGCGTGCGGGACTGCG
CTTGGCTGCGCAGGAGCCCAGGGGTTGGCTGTGTTCCGGCCGCAGAGCACCGTCTGCGTGAGGAGATCCT
GGCCAAGTTCCTGCACTGGCTGATGAGTGTGTACGTCGTCGAGCTGCTCAGGTCTTTCTTTTATGTCACG
GAGACCACGTTTCAAAAGAACAGGCTCTTTTTCTACCGGAAGAGTGTCTGGAGCAAGTTGCAAAGCATTG
GAATCAGACAGCACTTGAAGAGGGTGCAGCTGCGGGAGCTGTCGGAAGCAGAGGTCAGGCAGCATCGGGA
AGCCAGGCCCGCCCTGCTGACGTCCAGACTCCGCTTCATCCCCAAGCCTGACGGGLCTGCGGCCGATTGTG
AACATGGACTACGTCGTGGGAGCCAGAACGTTCCGCAGAGAAAAGAGGGCCGAGCGTCTCACCTCGAGGG
TGAAGGCACTGTTCAGCGTGCTCAACTACGAGCGGGCGCGGLCGCCCCGEGELCTCCTGGEGCGCCTCTGTGCT
GGGCCTGGACGATATCCACAGGGCCTGGCGCACCTTCGTGCTGCGTGTGCGGGCCCAGGACCCGLCGLCT
GAGCTGTACTTTGTCAAGGTGGATGTGACGGGCGCGTACGACACCATCCCCCAGGACAGGCTCACGGAGG
TCATCGCCAGCATCATCAAACCCCAGAACACGTACTGCGTGCGTCGGTATGCCGTGGTCCAGAAGGCCGC
CCATGGGCACGTCCGCAAGGCCTTCAAGAGCCACGTCTCTACCTTGACAGACCTCCAGCCGTACATGCGA
CAGTTCGTGGCTCACCTGCAGGAGACCAGCCCGCTGAGGGATGCCGTCGTCATCGAGCAGAGCT CCTCCC
TGAATGAGGCCAGCAGTGGCCTCTTCGACGTCTTCCTACGCTTCATGTGCCACCACGCCGTGCGCATCAG
GGGCAAGTCCTACGTCCAGTGCCAGGGGATCCCGCAGGGCTCCATCCTCTCCACGCTGCTCTGCAGCCTG
TGCTACGGCGACATGGAGAACAAGCTGTTTGCGGGGATTCGGCGGGACGGGCTGCTCCTGCGTTTGGTGG
ATGATTTCTTGTTGGTGACACCTCACCTCACCCACGCGAAAACCTTCCTCAGCTATGCCCGGACCTCCAT
CAGAGCCAGTCTCACCTTCAACCGCGGCTTCAAGGCTGGGAGGAACATGCGTCGCAAACTCTTTGGGGTC
TTGCGGCTGAAGTGTCACAGCCTGTTTCTGGATTTGCAGGTGAACAGCCTCCAGACGGTGTGCACCAACA
TCTACAAGATCCTCCTGCTGCAGGCGTACAGGTTTCACGCATGTGTGCTGCAGCTCCCATTTCATCAGCA
AGTTTGGAAGAACCCCACATTTTTCCTGCGCGTCATCTCTGACACGGCCTCCCTCTGCTACTCCATCCTG
AAAGCCAAGAACGCAGGGATGTCGCTGGGGGCCAAGGGCGCCGCCGGLCCCTCTGCCCTCCGAGGCCGTGL
AGTGGCTGTGCCACCAAGCATTCCTGCTCAAGCTGACTCGACACCGTGTCACCTACGTGCCACTCCTGGG
GTCACTCAGGACAGCCCAGACGCAGCTGAGTCGGAAGCTCCCGGGGACGACGCTGACTGCCCTGGAGGCC
GCAGCCAACCCGGCACTGCCCTCAGACTTCAAGACCATCCTGGACTGATGGCCACCCGCCCACAGCCAGG

FIG. 11
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CCGAGAGCAGACACCAGCAGCCCTGTCACGCCGGGCTCTACGTCCCAGGGAGGGAGGGGCGGCCCACACC
CAGGCCCGCACCGCTGGGAGTCTGAGGCCTGAGTGAGTGTTTGGCCGAGGCCTGCATGTCCGGCTGAAGG
CTGAGTGTCCGGCTGAGGCCTGAGCGAGTGTCCAGCCAAGGGCTGAGTGTCCAGCACACCTGCCGTCTTC
ACTTCCCCACAGGCTGGCGCTCGGCTCCACCCCAGGGCCAGCTTTTCCTCACCAGGAGCCCGGCTTCCAC
TCCCCACATAGGAATAGTCCATCCCCAGATTCGCCATTGTTCACCCCTCGCCCTGCCCTCCTTTGCCTTC
CACCCCCACCATCCAGGTGGAGACCCTGAGAAGGACCCTGGGAGCTCTGGGAATTTGGAGTGACCAAAGG
TGTGCCCTGTACACAGGCGAGGACCCTGCACCTGGATGGGGGTCCCTGTGGGTCAAATTGGGGGGAGGTG
CTGTGGGAGTAAAATACTGAATATATGAGTTTTTCAGTTTTGAAAAAAA

>NM 188253.2 Homo sapiens telomerase reverse transcriptase (TERT),
transcript variant 1, mRNA (SEQ ID NO: 2)
CAGGCAGCGCTGCGTCCTGCTGCGCACGTGGGAAGCCCTGGCCCCGGCCACCCCCGLCGATGCCGLGLGLT
CCCCGCTGCCGAGCCGTGCGCTCCCTGCTGCGCAGCCACTACCGCGAGGTGCTGCCGCTGGCCALCGTTCG
TGCGGCGCCTGGGGCCCCAGGGCTGGECGGCTGGETGCAGCGCGGGGACCCGGLGGCTTTCCGCGECGELCTGGET
GGCCCAGTGCCTGGTGTGCGTGCCCTGGGACGCACGGCCGCCCCCCGCCGCCCCCTCCTTCCGCCAGGTG
TCCTGCCTGAAGGAGCTGGTGGCCCGAGTGCTGCAGAGGCTGTGCGAGCGCGGCGCGAAGAACGTGCTGG
CCTTCGGCTTCGCGCTGCTGGACGGGGCCCGCGEGEEGGCCCCCCCGAGGCCTTCACCACCAGCGTGLCGCAG
CTACCTGCCCAACACGGTGACCGACGCACTGCGGGGGAGCGGEGEGCGETGEEGEGECTGCTGCTGCGCCGCGETG
GGCGACGACGTGCTGGTTCACCTGCTGGCACGCTGCGCGCTCTTTGTGCTGGTGGCTCCCAGCTGCGCCT
ACCAGGTGTGCGGGCCGCCGCTGTACCAGCTCGGCGCTGCCACTCAGGCCCGGCCCCCGCCACACGCTAG
TGGACCCCGAAGGCGTCTGGGATGCGAACGGGCCTGGAACCATAGCGTCAGGGAGGCCGGGGETCCCCCTG
GGCCTGCCAGCCCCGGGETGCGAGGAGGCGCGGGEGGCAGTGCCAGCCGAAGTCTGCCGTTGCCCAAGAGGC
CCAGGCGTGGCGCTGCCCCTGAGCCGGAGCGGACGCCCGETTGGGCAGGGGTCCTGGGCCCACCCGGGCAG
GACGCGTGGACCGAGTGACCGTGGTTTCTGTGTGGTGTCACCTGCCAGACCCGCCGAAGAAGCCALCCTCT
TTGGAGGGTGCGCTCTCTGGCACGCGCCACTCCCACCCATCCGTGGGCCGCCAGCACCACGLCGGGELCCCeC
CATCCACATCGCGGCCACCACGTCCCTGGGACACGCCTTGTCCCCCGGTGTACGCCGAGACCAAGCACTT
CCTCTACTCCTCAGGCGACAAGGAGCAGCTGCGGCCCTCCTTCCTACTCAGCTCTCTGAGGCCCAGCCTG
ACTGGCGCTCGGAGGCTCGTGGAGACCATCTTTCTGGGTTCCAGGCCCTGGATGCCAGGGACTCCCCGCA
GGTTGCCCCGCCTGCCCCAGCGCTACTGGCAAATGCGGCCCCTGTTTCTGGAGCTGCTTGGGAACCACGC
GCAGTGCCCCTACGGGGTGCTCCTCAAGACGCACTGCCCGCTGCGAGCTGCGGTCACCCCAGCAGLCCGGET
GTCTGTGCCCGGGAGAAGCCCCAGGGCTCTGTGGCGGCCCCCGAGGAGGAGGACACAGACCCCCET G
TGGTGCAGCTGCTCCGCCAGCACAGCAGCCCCTGGCAGGTGTACGGCTTCGTGCGGGCCTGCCTGLCGCCG
GCTGGTGCCCCCAGGCCTCTGGGGCTCCAGGCACAACGAACGCCGCTTCCTCAGGAACACCAAGAAGTTC
ATCTCCCTGGGGAAGCATGCCAAGCTCTCGCTGCAGGAGCTGACGTGGAAGATGAGCGTGCGGGACTGCG
CTTGGCTGCGCAGGAGCCCAGGGGTTGGCTGTGTTCCGGCCGCAGAGCACCGTCTGCGTGAGGAGATCCT
GGCCAAGTTCCTGCACTGGCTGATGAGTGTGTACGTCGTCGAGCTGCTCAGGTCTTTCTTTTATGTCACG
GAGACCACGTTTCAAAAGAACAGGCTCTTTTTCTACCGGAAGAGTGTCTGGAGCAAGTTGCAAAGCATTG
GAATCAGACAGCACTTGAAGAGGGTGCAGCTGCGGGAGCTGTCGGAAGCAGAGGTCAGGCAGCATCGGGA
AGCCAGGCCCGCCCTGCTGACGTCCAGACTCCGCTTCATCCCCAAGCCTGACGGGLCTGCGGCCGATTGTG
AACATGGACTACGTCGTGGGAGCCAGAACGTTCCGCAGAGAAAAGAGGGCCGAGCGTCTCACCTCGAGGG
TGAAGGCACTGTTCAGCGTGCTCAACTACGAGCGGGCGCGGLCGCCCCGEGELCTCCTGGEGCGCCTCTGTGCT
GGGCCTGGACGATATCCACAGGGCCTGGCGCACCTTCGTGCTGCGTGTGCGGGCCCAGGACCCGLCGLCT
GAGCTGTACTTTGTCAAGGTGGATGTGACGGGCGCGTACGACACCATCCCCCAGGACAGGCTCACGGAGG
TCATCGCCAGCATCATCAAACCCCAGAACACGTACTGCGTGCGTCGGTATGCCGTGGTCCAGAAGGCCGC
CCATGGGCACGTCCGCAAGGCCTTCAAGAGCCACGTCTCTACCTTGACAGACCTCCAGCCGTACATGCGA
CAGTTCGTGGCTCACCTGCAGGAGACCAGCCCGCTGAGGGATGCCGTCGTCATCGAGCAGAGCT CCTCCC
TGAATGAGGCCAGCAGTGGCCTCTTCGACGTCTTCCTACGCTTCATGTGCCACCACGCCGTGCGCATCAG
GGGCAAGTCCTACGTCCAGTGCCAGGGGATCCCGCAGGGCTCCATCCTCTCCACGCTGCTCTGCAGCCTG

FIG. 1-2
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TGCTACGGCGACATGGAGAACAAGCTGTTTGCGGGGATTCGGCGGGACGGGCTGCTCCTGCGTTTGGTGG
ATGATTTCTTGTTGGTGACACCTCACCTCACCCACGCGAAAACCTTCCTCAGGACCCTGGTCCGAGGTGT
CCCTGAGTATGGCTGCGTGGTGAACTTGCGGAAGACAGTGGTGAACTTCCCTGTAGAAGACGAGGCCCTG
GGTGGCACGGCTTTTGTTCAGATGCCGGCCCACGGCCTATTCCCCTGGTGCGGCCTGCTGCTGGATACCC
GGACCCTGGAGGTGCAGAGCGACTACTCCAGCTATGCCCGGACCTCCATCAGAGCCAGTCTCACCTTCAA
CCGCGGCTTCAAGGCTGGGAGGAACATGCGTCGCAAACTCTTTGGGGTCTTGCGGCTGAAGTGTCACAGC
CTGTTTCTGGATTTGCAGGTGAACAGCCTCCAGACGGTGTGCACCAACATCTACAAGATCCTCCTGCTGC
AGGCGTACAGGTTTCACGCATGTGTGCTGCAGCTCCCATTTCATCAGCAAGTTTGGAAGAACCCCACATT
TTTCCTGCGCGTCATCTCTGACACGGCCTCCCTCTGCTACTCCATCCTGAAAGCCAAGAACGCAGGGATG
TCGCTGGGGGCCAAGGGCGCCGCCGGCCCTCTGCCCTCCGAGGCCGTGCAGTGGCTGTGCCACCAAGCAT
TCCTGCTCAAGCTGACTCGACACCGTGTCACCTACGTGCCACTCCTGGGGTCACTCAGGACAGCCCAGAC
GCAGCTGAGTCGGAAGCTCCCGGGGACGACGCTGACTGCCCTGGAGGCCGCAGCCAACCCGGCACTGCCC
TCAGACTTCAAGACCATCCTGGACTGATGGCCACCCGCCCACAGCCAGGCCGAGAGCAGACACCAGCAGC
CCTGTCACGCCGGGCTCTACGTCCCAGGGAGGGAGGGGCGGCCCACACCCAGGCCCGCACCGCTGGGAGT
CTGAGGCCTGAGTGAGTGTTTGGCCGAGGCCTGCATGTCCGGCTGAAGGCTGAGTGTCCGGCTGAGGCCT
GAGCGAGTGTCCAGCCAAGGGCTGAGTGTCCAGCACACCTGCCGTCTTCACTTCCCCACAGGCTGGCGCT
CGGCTCCACCCCAGGGCCAGCTTTTCCTCACCAGGAGCCCGGCTTCCACTCCCCACATAGGAATAGTCCA
TCCCCAGATTCGCCATTGTTCACCCCTCGCCCTGCCCTCCTTTGCCTTCCACCCCCACCATCCAGGTGGA
GACCCTGAGAAGGACCCTGGGAGCTCTGGGAATTTGGAGTGACCAAAGGTGTGCCCTGTACACAGGCGAG
GACCCTGCACCTGGATGGGGGTCCCTGTGGGTCAAATTGGGGGGAGGTGCTGTGGGAGTAAAATACTGAA
TATATGAGTTTTTCAGTTTTGAAAAAAA

>NP 937983.2 telomerase reverse transcriptase isoform 1 [Homo sapiens]
(SEQ ID NO: 3)
MPRAPRCRAVRSLLRSHYREVLPLATFVRRLGPOQGWRLVQRGDPAAFRALVAQCLVCVPWDARPPPAAPS
FROQVSCLKELVARVLOQRLCERGAKNVLAFGFALLDGARGGPPEAFTTSVRSYLPNTVTDALRGSGAWGLL
LRRVGDDVLVHLLARCALFVLVAPSCAYQVCGPPLYQLGAATQARPPPHASGPRRRLGCERAWNHSVREA
GVPLGLPAPGARRRGGSASRSLPLPKRPRRGAAPEPERTPVGQGSWAHPGRTRGPSDRGFCVVSPARPAE
EATSLEGALSGTRHSHPSVGRQHHAGPPSTSRPPRPWDTPCPPVYAETKHEFLYSSGDKEQLRPSEFLLSSL
RPSLTGARRLVETIFLGSRPWMPGTPRRLPRLPQRYWOMRPLFLELLGNHAQCPYGVLLKTHCPLRAAVT
PAAGVCAREKPQGSVAAPEEEDTDPRRLVQLLRQHSSPWQVYGEVRACLRRLVPPGLWGSRHNERREFLRN
TKKFISLGKHAKLSLQELTWKMSVRDCAWLRRSPGVGCVPAAEHRLREEI LAKFLHWLMSVYVVELLRSF
FYVTETTFOQKNRLFEFYRKSVWSKLOSIGIRQHLKRVQLRELSEAEVRQHREARPALLTSRLREFIPKPDGL
RPIVNMDYVVGARTFRREKRAERLTSRVKALFSVLNYERARRPGLLGASVLGLDDIHRAWRTFVLRVRAQ
DPPPELYFVKVDVTGAYDTIPQDRLTEVIASIIKPONTYCVRRYAVVQKAAHGHVRKAFKSHVSTLTDLQ
PYMRQFVAHLQETSPLRDAVVIEQSSSLNEASSGLEDVFLRFMCHHAVRIRGKSYVQCQGIPQGSILSTL
LCSLCYGDMENKLFAGIRRDGLLLRLVDDFLLVTPHLTHAKTFLRTLVRGVPEYGCVVNLRKTVVNFPVE
DEALGGTAFVQOMPAHGLEFPWCGLLLDTRTLEVQSDYSSYARTSIRASLTEFNRGFKAGRNMRRKLFGVLRL
KCHSLEFLDLQVNSLOTVCTNIYKILLLQAYRFHACVLQLPFHQQVWKNPTFFLRVISDTASLCYSILKAK
NAGMSLGAKGAAGPLPSEAVQWLCHQAFLLKLTRHRVTYVPLLGSLRTAQTQLSRKLPGTTLTALEAAAN
PALPSDFKTILD
FIG. 1-3
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