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MATERIALS PRESENTING NOTCH SIGNALING MOLECULES TO CONTROL

CELL BEHAVIOR

RELATED APPLICATIONS

This application claims the benefit of priority under 35 U.S.C. § 119(e) to U.S.

Provisional Application No: 61/411,129, filed on November 8, 2010, which is incorporated

herein by reference in its entirety.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

This invention was made with Government support under NIH DE013349 awarded by

the National Institutes of Health. The Government has certain rights in the invention.

FIELD OF THE INVENTION

The invention relates to compositions and methods for delivering cell signaling

molecules.

BACKGROUND OF THE INVENTION

A wide variety of mammalian cells use the Notch signaling for embryonic

development and maintenance of homeostasis. Notch signaling pathway influences cell fate

decisions, such as cell differentiation, survival/apoptosis, and cell cycle in both physiologic

and pathologic contexts, particularly in conjunction with stem cell behavior.

SUMMARY OF THE INVENTION

The invention provides a solution to the problem of delivering molecules in a

physiologically relevant manner to direct cell fate. For example, a Notch ligand molecule is

presented in a microenvironment that mimics the environment encountered in vivo.

Accordingly, the invention features a cell delivery vehicle comprising a biocompatible

hydrogel or polymer and a composition that binds to a Notch receptor and methods of

directing cell fate, e.g., stem cell differentiation, using such compositions. In one example,

the composition is covalently linked (e.g., chemically linked) to hydrogel or polymer. A

covalent bond is a form of chemical bonding that is characterized by the sharing of pairs of

electrons between atoms. Covalent bonds include σ-bonds, π-bonds, metal-to-metal bonds,



agostic interactions, and three-center two-electron bonds. Notch receptors include Notch- 1,

Notch-2, Notch-3, or Notch-4, and compositions that bind to Notch receptors include Delta-

likel, Delta-like3, Delta-like4, Jaggedl, or Jagged2 or fragments thereof.

Purified populations of cells, e.g., terminally differentiated cells or stem/progenitor

cells, are seeded into the cell delivery devices/vehicles and encounter the Notch ligand while

the cells are in residence in the vehicle. The stem cells are initially (prior to administration to

a subject) located, e.g., encapsulated, inside the vehicle. Following administration to a

subject such as a human patient, and residence in the vehicle, the cells migrate out of the

vehicle to another site in the body. Exposure to the ligand molecules initiate Notch signaling,

which in turn leads to cell proliferation, migration, and/or differentiation of the cells that

subsequently leave the delivery vehicle and migrate out to tissues in the body outside of the

delivery device/vehicle. The cells comprise stem cells. For example, sources of stem cells

include embryonic stem cells, stem cells derived from fetal organ/tissue (e.g., umbilical cord,

umbilical cord blood, amniotic fluid), or stem cells derived from adult organ/tissue (e.g.,

mesenchymal stem cell derived from bone marrow, adipose tissue, blood vessels and etc).

Thus, a method of modulating behavior of a target cell is carried out by transiently

contacting the target cell with the vehicle described above. For example, a method of

inducing differentiation of a mesenchymal stem cell is carried out by transiently contacting

the mesenchymal stem cell with a cell delivery vehicle comprising a biocompatible hydrogel

or polymer and a composition that binds to a Notch receptor, wherein the composition

comprises human Jagged- 1 or a fragment thereof. The cell delivery vehicle promotes

differentiation of mesenchymal stem cells into cartilage, bone, or adipose tissues.

The vehicles and methods are useful for regenerative medicine and tissue engineering

such as bone regeneration in vivo and ex vivo. To promote differentiation of a cell, e.g., a

mesenchymal stem cell, for purposes of bone generation or regeneration, the cell is seeded

into or encapsulated into a hydrogel/polymer matrix to which a Notch ligand, an extracellular

matrix composition has been conjugated or associated, and exposed to an osteogenic factor

such as a bone morphogenic protein. Thus, a method for promoting tissue repair or

regeneration is carried out by introducing into a mammal the cell delivery vehicle described

above. The vehicle comprises a biocompatible hydrogel or polymer to which a composition

that binds to a Notch receptor is linked and a stem cell therein.



The cell delivery vehicle comprises a cell-compatible (physiologically-acceptable)

composition such as a gel or polymeric composition. Exemplary compositions include

alginates and alginate derivatives, polylactic acid, polyglycolic acid, polylactide-co-glycolide

polymers, gelatin, collagen, fibrin, hyaluronic acid, laminin rich gels, agarose, natural and

synthetic polysaccharides, polyamino acids, polypeptides, polyesters, polyanhydrides,

polyphosphazines, poly(vinyl alcohols), poly(alkylene oxides), poly(allylamines)(PAM),

poly(acrylates), modified styrene polymers, pluronic polyols, polyoxamers, poly(uronic

acids), poly(vinylpyrrolidone) and copolymers or graft copolymers of any of the above. One

preferred scaffold composition includes an RGD-modified alginate.

The Notch ligands or fragments thereof are purified. All proteins or polypeptides to

be used in the methods described herein are purified, e.g., isolated from natural sources or

chemically synthesized. For example, the Notch ligand is a recombinant gene product such

as a soluble fragment of the full-length naturally-occurring sequence. A purified preparation

comprises at least 75%, 80%, 90% or 99%-100% proteins or polypeptide by weight (w/w).

Stem cells, e.g., bone-marrow derived mesenchymal stem cells, used in the methods are

purified or isolated. With regard to cells, the term "isolated" means that the cell is

substantially free of other cell types or cellular material with which it naturally occurs. In

some cases, a cell population is enriched for a desired cell type such as a stem cell. For

example, a sample of cells of a particular tissue type or phenotype is enriched when it is at

least 60% of the cell population is of the desired cell/tissue type or phenotype. Preferably,

the preparation is at least 75%, more preferably at least 90%, and most preferably at least

99% or 100%, of the cell population. Purity is measured by any appropriate standard method,

for example, by fluorescence-activated cell sorting (FACS).

Other features and advantages of the invention will be apparent from the following

description of the preferred embodiments thereof, and from the claims. References cited,

including the contents of GENBANK Accession Numbers are hereby incorporated by

reference.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a bar graph showing stem cell differentiation in response to residence of

the cells in biomaterials to which peptide molecules are coupled.



DETAILED DESCRIPTION OF THE INVENTION

The notch signaling pathway is a highly conserved cell signaling system present in

most multicellular organisms. Mammals possess four different notch receptors, referred to as

Notchl, Notch2, Notch3, and Notch4. The notch receptor is a single-pass transmembrane

receptor protein. It is a hetero-oligomer composed of a large extracellular portion, which

associates in a calcium-dependent, non-covalent interaction with a smaller piece of the notch

protein composed of a short extracellular region, a single transmembrane-pass, and a small

intracellular region.

Four Notch receptors (Notchl -No tch4) and five structurally similar Notch ligands

(Delta-likel, Delta-like3, Delta-like4, Jaggedl, and Jagged2) have been identified in

mammals. Because theses ligand proteins are cell membrane bound, direct cell-cell contact is

required for the signaling. Thus by providing a synthetic or natural material that can present

these Notch ligand protein molecules, or the peptide sequence of the proteins, one can mimic

or modulate the signaling, and affect cell fate.

Human Jaggedl is described in U.S. Patent 7,304,138 (e.g., full length protein, SEQ

ID NO:l; isolated soluble Jaggedl fragment, SEQ ID NO:18; nucleic acid sequence encoding

Jaggedl, SEQ ID NO: 17, of USPN 7,304,138), the disclosure and sequences of which are

hereby incorporated by reference). The amino acid sequences and nucleic acid sequences

encoding Notch receptors and Notch ligands are available on GENBANKTM using the

following accession numbers: human Notchl protein: CAG33502 (GL48146559),

incorporated herein by reference; human Notch2 protein: AAB 19224 (GI: 1679774),

incorporated herein by reference; human Notch3 protein: AAB91371 (GL2668592),

incorporated herein by reference; human Notch4 protein: AAC63097 (GI: 1841543),

incorporated herein by reference; human Notchl mRNA: NM_017617 (GI: 148833507),

incorporated herein by reference; human Notch2 mRNA: NM_024408 (GI:317008612),

incorporated herein by reference; human Notch3 mRNA: NM_000435 (GI: 134244284),

incorporated herein by reference; human Notch 4 mRNA: NM_004557 (GL55770875),

incorporated herein by reference; Human delta-like 1 protein: EAW47425 (GL119567810),

incorporated herein by reference; Human delta-like 3 protein: AAH00218 (GI: 12652923),

incorporated herein by reference; Human delta-like 4 protein: EAW92466 (GI: 119612872),



incorporated herein by reference; Human delta-like 1 mRNA: NM_005618 (GI: 110735442),

incorporated herein by reference; Human delta-like 3 mRNA: BC000218 (GL34783039),

incorporated herein by reference; Human delta-like 4 mRNA: NM_019074 (GL301601642),

incorporated herein by reference; Human Jaggedl protein: AAC51731 (GL2228793),

incorporated herein by reference; Human Jagged2 protein: AAD15562 (GI:4314285),

incorporated herein by reference; Human Jaggedl mRNA: NM_000214 (GI: 168480146),

incorporated herein by reference; and Human Jagged2 mRNA: NM_145159 (GL21704278),

incorporated herein by reference (the contents of each accession number listed above is

hereby incorporated by reference).

Cell signaling molecules have been coupled onto synthetic or natural materials. For

example, protein or peptide molecules specific for cell adhesion receptors, such as Arginine-

Glycine-Aspartic Acid (commonly referred as RGD) have been coupled to a variety of

materials to enhance their cell adhesion capability, and control cell behavior. These materials

recapitulate some key aspects of the cell-ECM interaction by presenting an ECM analog by

coupling molecules containing the RGD sequence. Unlike previous methods, the

compositions described herein utilize engineered biomaterials, e.g., hydrogels or polymeric

compositions, to which Notch ligand molecules are linked. These compositions have been

used to successfully modulate cell behavior due to the mimicry effect of cell-cell signaling.

Compositions for local presentation of Notch ligand molecules in a cell carrier

Composition to control the local presentations of these Notch ligand molecules are

made by coupling these protein molecules on 3-D polymeric material systems. The spatial

and temporal presentation of these molecules are controlled accurately by fine-tuning the

chemical reactions used to couple these protein molecules, as well as the physical and

chemical properties of the polymer material.

The compositions and methods are especially useful for developing cell delivery

vehicles for transplanting terminally differentiated cells or stem/progenitor cells, because the

signals resulted from Notch signaling molecules coupled to the polymer system as the cell

carrier are accurately controlled to achieve desired cell proliferation, migration, and

differentiation.

The cell carrier compositions utilize an injectable or implantable biocompatible

polymer material system to which Notch ligand protein or peptide molecules, together with



molecules that mediate cell adhesion, are coupled to control differentiated, stem and

progenitor cell behavior. Hydrogel and/or polymeric compositions include those described in

PCT/US 97/16890 filed Sep. 19, 1997, or U.S. Patent 6,748,954, both of which are hereby

incorporated by reference.

Protocol of Coupling Notch Ligand to Alginate

Step 1: Coupling Ν-β-Maleimidopropionic acid) Hydrazide to Alginate (1.6%)

EDC Sulfo-NHSSodium alginate BMPH
Λ β-maleimidopropionic acid) hydrazide Sigma Sigma

(Pronova LF2040) trifluoroacetic acid salt FW = 191.7 FW = 217.13MW = 250 kDa Pierce (50 mg = $94) 322 mgFW (uronate) = 198 182 mg
FW = 297.19

2 g, 10.1 mmol uronate 1.68 mmol 0.84 mmol50 mg, 0.168 mmol

Protocol A (1.6% theoretical coupling ~ P S10 for HMW alginate ~ P S10 for LMW

alginate) :

1. Prepare 0.1 M MES buffer (dissolve 9.76 g MES in 500 mL double distilled water)

and adjust the pH to 6.5 (with concentrated aqueous NaOH solution)

2 . Prepare 1% w/w alginate by dissolving 2 g of alginate in 200 mL MES buffer and

stirring overnight at room temperature

3 . Add 182 mg of NHS followed by 1.68 mg EPC followed by 50 mg of BMPH

4 . Allow to stir at room temperature overnight



Quench the reaction by the addition of 115 mg hydroxylamine and stir for 30 min

Transfer the reaction mixture to dialysis membranes (MWCO 3500, approximately 25

cm per 100 ml of solution)

Transfer dialysis membranes to 4 L buckets with dd H20 . Dialyze with decreasing salt

concentrations (NaCl per 4 L dd H20 : 30g - 25g - 20g- 15g - lOg - 5g- Og - Og - Og -

0g - 0g)

Add a stir bar and change water 3 times per day

Transfer the alginate solutions and sterile filter into a sterile autoclaved glass bottle

(0.22 µ) and dilute to a final volume of 400 mL (==> final concentration of 0.5

mg/mL).

. Freeze and lyophilize

Step 2 : Conjugating Notch Ligand Peptide to BMPH-Alginate

H - Cys - Asp - Asp - Tyr - Tyr - Tyr - Gly - Phe - Gly - Cys - Asn - Lys - Phe - Cys - Arg - Pro - Arg - OH

CDDYYYGFGCNKFCRPR
MW = 2107.4

2 mg
0.949 micromol

Tris[2-carboxyethyl] phosphine (TCEP)
0.5 M, 0.05 mL, 25 equiv, 0.025 mmol
stir for 5 min at room temp

H - Cys - Asp - Asp - Tyr - Tyr - Tyr - Gly - Phe - Gly - Cys - Asn - Lys - Phe - Cys - Arg - Pro - Arg - OH



■ Bondbreaker TCEP solution (5 niL, 0.5 M, Thermo, product#77720)

■ Slide-A-Lyzer Dialysis Cassette (Pierce Biotech) (MWCO 5000) for dialysis.

Protocol:

1. Dissolve 2 mg Notch ligand peptide (AnaSpec Fremont, CA) (0.949 µ οΐ ) in 2 mL

dd H20

2 . Add 50 µ ΐ of 0.5 M aqueous TCEP ( 25 µ οΐ ) to 2 mg peptide solution and incubate

for 5 minutes at room temperature

3 . Mix the activated peptide solution with 10 mL aqueous alginate-BMPH solution

(from step 9 of the previous protocol) and stir the mixture overnight at room

temperature.

4 . Dialyze the resulting mixture against dd water (MWCO 6-8000) against dd water

5 . Sterile filter (0.2 micron), freeze and lyophilize

Example 1: Notch Ligand peptide coupled to engineered biomaterials affects stem cell

differentiation

Studies were carried out to test the effect of a polymeric alginate biomaterial coupled

with peptide molecules (a) derived from one type of Notch ligand molecule, Jagged- 1, and

(2) peptide molecules containing Arginine-Glycine-Aspartic Acid sequences, on

mesenchymal stem cell differentiation in vitro.

A cloned mouse mesenchymal stem cell line was used in the study. Cells

encapsulated in the 3-D alginate hydrogels covalently coupled with either only RGD peptide

(100% RGD), or with covalently coupled Notch ligand peptide molecules (50% RGD-50%

NotchL), or mixed with unmodified alginate materials (50% RGD-50% unmodified) were

exposed to osteogenic differentiation media or normal media. Osteogenic differentiation

media: DMEM (Invitrogen), 10% fetal bovine serum (ATCC, Manassus, VA), 100

units/ml penicillin and streptomycin, 50microgram/mL ascorbic acid, lOmM beta-

glycerophosphate, and O.lmicroM dexamethasone. Other examples of osteogenic

differentiation media are know in the art, e.g., Nuttelman et al., 2004, Journal of Biomedical

Materials Research, 68a (no. 4):773-782; Jaiswal et al., 1997, J . Cell Biochem. 64:295-312,



both of which are hereby incorporated by reference). Differentiation media optionally

contains a bone morphogenetic protein (BMP), (e.g., BMP-4, Genbank Accession Number:

(aa) NP_570912.2 (GI: 157276597), (na) NM_001202.3 (GI: 157276592), incorporated herein

by reference) for osteogenesis. For adipogenic differentiation of mesenchymal stem cells, the

media optionally contains angiotensin (GenBank Accession Number 670366A (GL229232),

incorporated herein by reference) or insulin-like growth factor-I (GenBank Accession

Number AAA52789 (GI: 184834), incorporated herein by reference).

The extent of cell differentiation towards osteogenic lineage was assessed by

measuring the enzyme production, alkaline phosphatase (ALP). The results indicated that the

presence of Notch ligand peptide coupled in alginate polymers promoted stem cell

differentiation.

While this invention has been particularly shown and described with references to

preferred embodiments thereof, it will be understood by those skilled in the art that various

changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.



What is claimed is:

1. A cell delivery vehicle comprising a biocompatible hydrogel or polymer and a

composition that binds to a Notch receptor.

2 . The vehicle of claim 1, wherein said composition is covalently linked to said

hydrogel or polymer.

3 . The vehicle of claim 1, wherein said Notch receptor comprises Notch- 1,

Notch-2, Notch-3, or Notch-4.

4 . The vehicle of claim 1, wherein said composition comprises Delta-likel, Delta-

like3, Delta-like4, Jaggedl, or Jagged2.

5 . A method of modulating behavior of a target cell, comprising transiently

contacting said target cell with the vehicle of claim 1.

6 . A method of inducing differentiation of a mesenchymal stem cell comprising

transiently contacting said mesenchymal stem cell with a cell delivery vehicle comprising a

biocompatible hydrogel or polymer and a composition that binds to a Notch receptor, wherein

said composition comprises human Jagged- 1 or a fragment thereof.

7 . The method of claim 6, further comprising contacting said mesenchymal stem

cell with an osteogenic induction factor, wherein said mesenchymal stem cell differentiates

into a cell of osteogenic lineage.

8. The method of claim 6, further comprising contacting said mesenchymal stem

cell with angiotensin or insulin like growth factor - 1, wherein said mesenchymal stem cell

differentiates into a cell of adipogenic lineage.

9 . A method for promoting tissue repair or regeneration comprising introducing

into a mammal a cell delivery vehicle, said vehicle comprising a biocompatible hydrogel or

polymer to which a composition that binds to a Notch receptor is linked and a stem cell

therein.

10. The method of claim 9, wherein said tissue comprises bone, cartilage, or

adipose tissue.
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