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(57) ABSTRACT

The invention provides a self-assembling peptide comprising
(a) a first amino acid domain that mediates self-assembly,
wherein the domain comprises alternating hydrophobic and
hydrophilic amino acids that are complementary and struc-
turally compatible and self-assemble into a macroscopic
structure when present in unmodified form; and (b) a second
amino acid domain that does not self-assemble in isolated
form. In certain embodiments of the invention the second
amino acid domain comprises a biologically active peptide
motif, e.g., a peptide motif found in a naturally occurring
protein, or a target site for an interaction with a biomolecule.
In certain embodiments of the invention the naturally occur-
ring protein is a component of the extracellular matrix, e.g., a
component of the basement membrane. The invention further
provides scaffolds comprising the self-assembling peptides
and methods of using the scaffolds including for cell culture,
tissue engineering, and tissue repair.
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SELF-ASSEMBLING PEPTIDES
INCORPORATING MODIFICATIONS AND
METHODS OF USE THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation-in-part of an
application entitled “Self-Assembling Peptides Incorporat-
ing Modifications and Methods of Use Thereof”, filed Jun.
24,2004, listing Elsa Genove, Carlos Semino, and Shuguang
Zhang as inventors, (Express Mail Label No.
EV416226294US, Attorney Docket Number 0492611-0574-
MIT10154, U.S. Ser. No. to be assigned), which is herein
incorporated by reference. This application claims priority to
U.S. Provisional Patent Application Ser. No. 60/482,261,
filed Jun. 25, 2003, which is incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] The United States Government has provided grant
support utilized in the development of the present invention.
In particular, Engineering Research Centers Programs of the
National Science Foundation under NSF Award Number
9843342 has supported development of this invention. The
United States Government may have certain rights in the
invention.

BACKGROUND OF THE INVENTION

[0003] The extracellular matrix (ECM) is composed of a
diverse set of macromolecules, including both proteins and
polysaccharides, which form the three-dimensional environ-
ment within which cells exist in the body and constitute the
space-filling material between cells. The ECM can also be
organized into a sheetlike layer known as the basal lamina or
basement membrane. In many regions of the body, the base-
ment membrane lies beneath layers or tubes of epithelial cells
(e.g., endothelial cells lining blood vessels) or surrounds indi-
vidual cells of various types such as muscle cells, often serv-
ing to separate cell layers from one another or from adjacent
connective tissue.

[0004] The ECM consists primarily of molecules that are
secreted locally and assemble into a scaffold that stabilizes
and supports the physical structure of cell layers and tissues.
However, rather than being merely an inert substrate for cell
attachment, the ECM constitutes an environment that is rich
in biological information. It is recognized that the ECM, and
various biomolecules associated with it (e.g., secreted locally
or transported to a particular site from elsewhere), exert a
significant influence on many aspects of cell behavior and
phenotype, regulating processes such as migration and pro-
liferation, influencing cell development and differentiation,
and affecting cell shape and function. The structure of the
ECM is, in turn, influenced by the cells within it. Not only do
these cells secrete many ECM constituents, but they also help
to pattern the matrix. Thus it is evident that cell-ECM inter-
actions are of vital importance.

[0005] While a vast amount of useful biological informa-
tion has been gathered from experiments performed on cells
grown on traditional tissue culture substrates such as glass or
plastic, there has been increasing interest in developing cul-
ture systems and materials that would more accurately reflect
the native cellular environment. Such materials would have
use not only for cell culture but also for tissue repair and tissue
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engineering, e.g., for growing cells, tissues, and/or artificial
organs or for use in cell-based bioreactors for production of
biomolecules.

[0006] Many previous efforts to develop such systems have
involved the use of materials such as proteins and peptides
obtained from animal sources. However, these materials have
anumber of disadvantages as compared with synthetic mate-
rials. For example, they present an increased risk for the
transmission of disease. Even when harvested under suppos-
edly sterile conditions, there is a significant risk of contami-
nation. If animal sources are used, there is concern about
immunogenicity if the materials are subsequently introduced
into the human body, e.g., for tissue repair or as components
in artificial organs. In addition, it can be difficult to ensure that
different preparations of material have a consistent, reproduc-
ible composition. Even when it is possible to achieve consis-
tency with respect to the known components of a material
isolated from a natural source, it is hard or impossible to
ensure that unknown, perhaps as-yet unidentified compo-
nents that may affect cell properties, are excluded. Further-
more, in the course of harvesting, processing, and/or recon-
stituting these natural products they may become damaged or
degraded, thus potentially reducing the fidelity with which
they replicate the native cellular environment.

[0007] Another approach to the development of materials
that would mimic the environment provided by the ECM is to
produce various ECM constituents by recombinant DNA
techniques. For example, expression constructs encoding
ECM proteins can be introduced into prokaryotic or eukary-
otic cells, and the protein of interest can be purified from the
cells or from the medium in the case of secreted proteins.
Proteins can be combined in vitro in desired ratios. While
likely reducing the likelihood of disease transmission, this
approach also suffers from several disadvantages. For
example, whenever proteins are manufactured through a bio-
logical rather than purely synthetic process, there remains the
possibility that undefined components from the culture sys-
tem will be present even in highly purified preparations. In
addition, purification can be time-consuming and costly and
can result in protein degradation or denaturation.

[0008] Although native ECM consists largely of proteins
and proteoglycans, significant efforts have been directed to
development of cell culture and tissue engineering materials
based on a variety of synthetic, non-amino acid based poly-
mers. For example, aliphatic hydroesters have been widely
used for various tissue engineering applications. Among the
commonly used fully synthetic materials are polyglycolic
acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly(eth-
ylene glycol) (PEG), poly(propylene glycol), and various
copolymers of these and other compounds. However, these
materials also suffer from a number of disadvantages. For
example, they form fibers with diameters on the order of tens
of microns, which is significantly larger than the diameter of
fibers found in native ECM. Furthermore, the methods
required to introduce cells into matrices formed from such
materials may not be readily compatible with physiological
requirements for cell viability.

[0009] Thus there remains a need for synthetic composi-
tions and materials for cell culture and tissue engineering
purposes that would allow the creation of a cellular environ-
ment that mimics important aspects of the native cellular
environment without the disadvantages associated with prod-
ucts derived from natural sources. For example, it would be
desirable to develop a material that could provide biologically
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relevant stimuli to cells akin to those provided by native ECM
components. For applications involving implantation into the
body, there remains a particular need for such compositions
and materials that elicit no or minimal immune or inflamma-
tory response and for compositions and materials that are
degradable within the body. In addition, there remains a need
in the art for compositions and materials that would influence
cell properties and functions in desirable ways.

SUMMARY OF THE INVENTION

[0010] The presentinvention addresses these needs, among
others. The invention encompasses the discovery that it is
possible to modity self-assembling peptides by incorporating
an additional domain that does not self-assemble, while still
permitting assembly of the self-assembling portion. The addi-
tional domain can confer a variety of properties on the result-
ing peptide. Preferably the resulting peptide self-assembles to
form nanofibers and, preferably, forms a macroscopic struc-
ture. Materials formed by self-assembly of the peptides have
a wide variety of uses, particularly in the areas of cell culture,
tissue engineering, and tissue repair.

[0011] In one aspect, the invention provides a self-assem-
bling peptide comprising (a) a first amino acid domain that
mediates self-assembly, wherein the domain comprises alter-
nating hydrophobic and hydrophilic amino acids that are
complementary and structurally compatible and self-as-
semble into a macroscopic structure when present in unmodi-
fied form; and (b) a second amino acid domain that does not
self-assemble in isolated form. In certain embodiments of the
invention the second amino acid domain comprises a biologi-
cally active peptide motif, e.g., a peptide motif found in a
naturally occurring protein, or a target site for an interaction
with a biomolecule. In certain embodiments of the invention
the naturally occurring protein is a component of the extra-
cellular matrix, e.g., a component of the basement membrane.
[0012] The invention further provides scaffolds comprising
the self-assembling peptides, methods of using the scaffolds
including for cell culture, tissue engineering, and tissue
repair, and methods for selecting amino acid domains.
[0013] This application refers to various patents and publi-
cations. The contents of all of these are incorporated by ref-
erence. In addition, the following publications are incorpo-
rated herein by reference: Current Protocols in Molecular
Biology, Current Protocols in Immunology, Current Proto-
cols in Protein Science, and Current Protocols in Cell Biol-
ogy, all John Wiley & Sons, N.Y., edition as of July 2002;
Sambrook, Russell, and Sambrook, Molecular Cloning: A
Laboratory Manual, 37 ed., Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, 2001; Freshney, R. 1., Culture of
Animal Cells: A Manual of Basic Technique, 4th ed., John
Wiley & Sons, New York, 2000; Harlow, E., Lane, E., and
Harlow, E., (eds.) Using Antibodies: A Laboratory Manual,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
1998; The Extracellular Matrix Factsbook, by Shirley Ayad,
Ray Boot-Handford Academic Press; 2nd edition, 1998;
Guidebook to the Extracellular Matri Anchor, and Adhesion
Proteins (The Guidebook Series), by Thomas Kreis, Ronald
Vale Sambrook and Tooze Publication at Oxford Univ; 2nd
edition, 1999; The Cytokine Handbook, 4” ed., A. Thomson,
Michael T. Lotze, Angus W. Thomson, Lotze M. Academic
Press, 2003, Goodman and Gilman’s The Pharmacological
Basis of Therapeutics, 10" Ed. McGraw Hill, 2001; Katzung,
B. (ed.) Basic and Clinical Pharmacology, McGraw-Hill/
Appleton & Lange; 8th edition (Sep. 21, 2000); and Kandel,
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E., Schwartz, J. H., Jessell, T. M., (eds), Principles of Neural
Science, 47 ed., McGraw Hill, 2000. If there is a conflict
between any of the incorporated references and the instant
specification, the specification shall control.

BRIEF DESCRIPTION OF THE DRAWING

[0014] FIGS. 1A-1F show scanning electron microscope
(SEM) images of an RADI16-II peptide hydrogel. At low
magnifications the scaffold resembles felt (A-C). At high
magnifications, the interwoven nanofibers in the structure can
be seen (D-F).

[0015] FIG. 2 shows the proposed molecular model of the
self-assembly of unmodified self-assembling peptides (in this
case an RADA (SEQ ID NO: 4) peptide, RAD16-1I). The
alanines form an overlapping hydrophobic interaction on one
side ofthe peptide. The arginines and aspartates form comple-
mentary ionic bonds on the other side. These ionic self-
complementary peptides can undergo molecular self-assem-
bly.

[0016] FIG. 3A shows molecular models representing pep-
tide RAD16-I (top) and peptide RAD16-I modified to include
a YIGSR (SEQ ID NO: 33) peptide motif at its N terminus
(bottom). Molecular models were built with CHARMM
(Brooks, etal., 1983) and visualized using VMD (Humpbhrey,
et at, 1996).

[0017] FIG. 3B shows a molecular model representing a
double p-sheet tape of a self-assembled peptide nanofiber
obtained from a mix composed of peptide RAD16-1 and
peptide YIGSR (SEQ ID NO:33) in a 9:1 v/v ratio. Note the
sequences YIGSR (SEQ ID NO:33) extending out from the
nanofiber tape.

[0018] FIG. 3C shows a schematic representation of a
generic peptide hydrogel network (black lines) in which some
of the peptides are modified to include bioactive peptide
motifs (red lines) extending from the amino termini of the
base peptide. Close up: stacked self-assembling peptide
nanofiber (black lines) and the extended sequence of the
bioactive peptide motif at the amino termini of one of the
sequences (red line).

[0019] FIG. 3D shows a variety of possible configurations
for modified self-assembling peptides. Domain A represents
a self-assembling peptide domain. Domain B represents a
modifying peptide domain. As indicated in the figure, a modi-
fying domain may be present at the N and/or C terminus of the
self-assembling domain, or may be present between two self-
assembling domains. (Not to scale.)

[0020] FIG. 4 illustrates physicochemical characterization
of peptides RAD16-1, AAS, YIG, PDS, RYV, KAF, and TAG
by circular dichroism (CD). The graph presents CD spectra of
25 mM peptide solutions in water in the absence of added
ions.

[0021] FIGS. 5A-5G show physicochemical characteriza-
tion of peptides RAD16-1, AAS, YIG, PDS, RYV, KAF, and
TAG by Atomic Force Microscopy and demonstrates the for-
mation of nanofibers by all peptides except KAF.

[0022] FIGS. 6A-6G show physicochemical characteriza-
tion of peptides RAD16-1, YIG, RYV and TAG by rheology.
The plots show a dynamic frequency sweep test for peptide
scaffolds at a fixed strain of 0.01. G' (storage modulus) rep-
resents the elastic character of the material, and G" (loss
modulus) represents its viscous character.

[0023] FIGS. 7A-7G show additional physicochemical
characterization of peptides RAD16-1, YIG, RYV and TAG
by rheology. The plots show a dynamic time sweep test for
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peptide scaffolds at a fixed frequency of 10 rad/s. G' (storage
modulus) represents the elastic character of the material, and
G" (loss modulus) represents its viscous character.

[0024] FIG. 8 shows a simplified schematic diagram of the
structure of a blood vessel.

[0025] FIGS. 9A-9G show phase contrast microscopy
images of human aortic endothelial cells (HAEC) on (A)
RADI16-I; (B) AAS; (C) YIG; (D) PDS; (E) RYV; (F) KAF;
(G) TAG. All peptides are at 100% (no blending).

[0026] FIGS. 10A-10D show phase contrast microscopy
images of HAEC monolayer formation on (A) RAD16-1; and
blending 9:1 of (B) YIG; (C) RYV; (D) TAG.

[0027] FIGS. 11A-11H show phase contrast microscopy
images of HAEC seeded on peptide scaffolds (A) RAD16-1;
(B) YIG; (C) RYV; (D) TAG, and fluorescent staining with
Di-Ac-LDL (red, indicative of LDL uptake) and DAPI
nuclear staining (blue) for (E) RAD16-I; (F) YIG; (G) RYV;
(H) TAG. Each image in the lower panel represents the same
field of cells as the corresponding image directly above.
RAD16-1 was present at 100%; the other peptide scaffolds
were formed from a 9:1 blend of RAD16-I:modified peptide.

[0028] FIG. 12 shows data from a competition assay in
which cell proliferation on an RAD16-1 peptide scaffold or on
peptide scaftolds formed from a 9:1 (v/v) blend of RAD16-1
and each of various modified peptides was measured in the
absence or presence of the corresponding soluble peptide
(S.P.) motif. YIGSR (SEQ ID NO:33) was used as the soluble
peptide for addition to cell cultures growing on pure RAD16-1
scaffold. A comparison with cells grown on a conventional
tissue culture plate is shown. RAD16-1, control peptide scaf-
fold; RAD16-1+S.P, control peptide scaffold with soluble
peptide YIGSR (SEQ ID NO:33) (400 uM); YIG, peptide
scaffold YIG; YIG+S.P., peptide scaffold YIG with soluble
peptide YIGSR (SEQ ID NO:33) (400 uM); RY'V, peptide
scaffold RYV; RYV+S.P., RYV peptide scaffold with soluble
peptide RYVVLPR (SEQ ID NO: 35) (400 uM); TAG, pep-
tide scaffold TAG; TAG+S.P.,, peptide scaffold TAG with
soluble peptide TAGSCLRKFSTM (SEQ ID NO:37) (400
uM). Plate, conventional tissue culture plate with no soluble
peptide.

[0029] FIG. 13 shows cell viability of HAEC seeded on
different peptide scaffolds in the absence or presence of
soluble peptide (S.P.). RAD16-1 was present at 100%; the
other peptide scaffolds were formed from a 9:1 blend of
RAD16-I:modified peptide. RAD16-1, control peptide scaf-
fold; RAD16-1+S.P, control peptide scaffold with soluble
peptide YIGSR (400 uM); YIG, peptide scaftold YIG; YIG+
S.P,, peptide scaftfold YIG with soluble peptide YIGSR (SEQ
1D NO:33) (400 uM); RYV, peptide scaffold RYV; RYV+S.
P., RYV peptide scatfold with soluble peptide RYVVLPR
(SEQ ID NO:35) (400 uM); TAG, peptide scaffold TAG;
TAG+S.P., peptide scaftold TAG with soluble peptide TAG-
SCLRKFSTM (SEQ ID NO:37) (400 uM).

[0030] FIGS. 14A-14B show Western blot analysis of (A)
Laminin-1 y chain and (B) collagen IV production by HAEC
cultured on different peptide scaffolds in the absence (-) and
presence (+) of soluble peptide corresponding to the modifi-
cation in the peptide or on a control plate. RAD16-1 was
present at 100%; the other peptide scaffolds were formed
from a 9:1 blend of RAD16-I:modified peptide.

[0031] FIG. 15 shows nitric oxide (NO) production of
HAEC cultured on different peptide scaffolds and control
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plate. RAD16-1 was present at 100%; the other peptide scaf-
folds were formed from a 9:1 blend of RAD16-I:modified
peptide.

[0032] FIGS. 16A-16L shows a comparison of monolayer
formation of Human Aortic Endothelial Cells (HAEC) cul-
tured on different gel systems. Phase contrast microscopy
images of HAEC seeded on Collagen 1 gel (A), Matrigel (C),
100%/peptide scaffold RAD16-I (E), blending 90% RAD16-
1/10% (v/v) YIG (G), blending of 90% RAD16-1/10% (v/v)
TAG (I), and blending of 90% RAD16-1/10% (v/v)RYV (J).
Fluorescent staining with TRITC Phalloidin and DAPI to
detect Actin fibers (yellow) and nucleus (blue), respectively,
for A (B), C (D), E (F), G (H), I (J), K (L). Phase contrast
images depict a typical cobblestone monolayer also observed
with the actin/DAPI staining.

[0033] FIG. 17 presents bar graphs showing results of com-
petition assays measuring HAEC growth on various peptide
scaffolds with soluble peptide (S.P.) motifs. Cells were cul-
tured for three days on different peptide scaffold composi-
tions in presence or absence of soluble peptide (S.P.) motifs:
RAD16-1, 100% of control peptide scaffold; RAD16-1+S.P.
YIG, control peptide scaffold with soluble peptide motif
YIGSR (SEQIDNO:33) (400 uM); RAD16-1+S.PRYV, con-
trol peptide scaffold with soluble peptide motif RYVVLPR
(SEQID NO:35) (400 uM); RAD16-1+S.P.TAG, control pep-
tide scaffold with soluble peptide motif TAGSCLRKFSTM
(SEQ ID NO:37) (400 uM); YIG, blending of 90% of
RAD16-1/10% YIG peptide (v/v); YIG+S.P.YIG, YIG pep-
tide scaffold with soluble peptide motif YIGSR (SEQ ID
NO:33) (400 uM); YIG+S.PRYV, YIG peptide scaffold with
soluble peptide motif RYVVLPR (SEQ ID NO.35) (400 uM);
YIG+S.P.TAG, YIG peptide scaffold with soluble peptide
motif TAGSCLRKFSTM (SEQ ID NO:37) (400 uM); RYV,
blending 0f 90% of RAD16-1/10% RY'V peptide (v/v); RYV+
S.P.YIG, RYV peptide scaffold with soluble peptide motif
YIGSR (SEQ ID NO:33) (400 uM); RYV+S.PRYV, RYV
peptide scatfold with soluble peptide motif RYVVLPR (SEQ
1D NO:35) (400 uM); RYV+S.P.TAG, YIG peptide scaffold
with soluble peptide motif TAGSCLRKFSTM (SEQ ID
NO:37) (400 uM); TAG, blending of 90% of RAD16-1/10%
TAG peptide (v/v); TAG+S.P.YIG, TAG peptide scatfold with
soluble peptide motif YIGSR (SEQ ID NO:33) (400 uM);
TAG+S.PRYV, TAG peptide scaffold with soluble peptide
motif RYVVLPR (SEQ ID NO:35) (400 uM); TAG+S.P.
TAG, TAG peptide scaffold with soluble peptide motif TAG-
SCLRKFSTM (SEQ ID NO:37) (400 uM).

[0034] FIG. 18 shows a dynamic strain sweep performed on
RAD16-1 to establish a linear range.

[0035] FIG. 19 shows a comparison of dynamic frequency
sweep tests for RAD16-1 before (A) and after (B) addition of
PBS.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS OF THE INVENTION

1. Definitions

[0036] The following definitions are of use in understand-
ing the invention.

[0037] Amino acid domain By “amino acid domain” is
meant a contiguous polymer of at least 2 amino acids joined
by peptide bond(s). The domain may be joined to another
amino acid or amino acid domain by one or more peptide
bonds. An amino acid domain can constitute at least two
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amino acids at the N-terminus or C-terminus of a peptide or
can constitute at least two amino acids in the middle of a
peptide.

[0038] Antibody: In general, the term “antibody” refers to
an immunoglobulin, which may be natural or wholly or par-
tially synthetically produced in various embodiments of the
invention. An antibody may be derived from natural sources
(e.g., purified from a rodent, rabbit, chicken (or egg) from an
animal that has been immunized with an antigen or a con-
struct that encodes the antigen) partly or wholly synthetically
produced. An antibody may be a member of any immunoglo-
bulin class, including any of the human classes: IgG, IgM,
IgA, IgD, and IgE. The antibody may be a fragment of an
antibody such as an Fab', F(ab'),, scFv (single-chain variable)
or other fragment that retains an antigen binding site, or a
recombinantly produced scFv fragment, including recombi-
nantly produced fragments. See, e.g., Allen, T., Nature
Reviews Cancer, Vol. 2, 750-765, 2002, and references
therein. Preferred antibodies, antibody fragments, and/or pro-
tein domains comprising an antigen binding site may be gen-
erated and/or selected in vitro, e.g., using techniques such as
phage display (Winter, G. et al. 1994. Annu. Rev. Immunol.
12:433-455, 1994), ribosome display (Hanes, J., and Pluck-
thun, A. Proc. Natl. Acad. Sci. USA. 94:4937-4942, 1997),
etc. In various embodiments of the invention the antibody is a
“humanized” antibody in which for example, a variable
domain of rodent origin is fused to a constant domain of
human origin, thus retaining the specificity of the rodent
antibody. It is noted that the domain of human origin need not
originate directly from a human in the sense that it is first
synthesized in a human being. Instead, “human” domains
may be generated in rodents whose genome incorporates
human immunoglobulin genes. See, e.g., Vaughan, et al.,
Nature Biotechnology, 16: 535-539, 1998. An antibody may
be polyclonal or monoclonal.

[0039] Approximately: As used herein, the term “approxi-
mately” means that the measurement or number may deviate
by up to 10% of the numeral given, in either direction.
[0040] Biologically active peptide motif: A “biologically
active peptide motif” is a peptide that induces a phenotypic
response or change in an appropriate cell type when the cell is
contacted with the peptide. The peptide may be present either
in isolated form or as part of a larger polypeptide or other
molecule. The ability of the peptide to elicit the response may
be determined, for example, by comparing the relevant
parameter in the absence of the peptide (e.g., by mutating or
removing the peptide when normally present within a larger
polypeptide). In various embodiments of the invention pre-
ferred phenotypic responses or changes include, but are not
limited to: enhancement of cell spreading, attachment, adhe-
sion, proliferation, secretion of an ECM molecule, or expres-
sion of a phenotype characteristic of a particular differenti-
ated cell type.

[0041] Biomolecule: As used herein, a “biomolecule”
refers to a molecule such as a protein, peptide, proteoglycan,
lipid, carbohydrate, or nucleic acid having characteristics
typical of molecules found in living organisms. A biomol-
ecule may be naturally occurring or may be artificial (not
found in nature and not identical to a molecule found in
nature). For example, a protein having a sequence or modifi-
cation resulting from the mental process of man, and not
occurring in nature, is considered an artificial biomolecule.
[0042] Chemotactic substance, as used herein, refers to a
substance having the ability to recruit cells to a site at which
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the substance is present. Such cells may, for example, have
the potential to contribute to the formation or repair of a tissue
(e.g., by providing growth factors) or to contribute to an
immune response. Certain chemotactic substances may also
function as proliferation agents.

[0043] Complementary: By “complementary” is meant
having the capability of forming ionic or hydrogen bonding
interactions between hydrophilic residues from adjacent pep-
tides in a fiber of macroscopic scaffold. Each hydrophilic
residue in a peptide either hydrogen bonds or ionically pairs
with a hydrophilic residue on an adjacent peptide, or is
exposed to solvent. Pairing may also involve van der Waals
forces.

[0044] Endothelial cell: The term “endothelial cell” is to be
given its meaning as generally accepted in the art, i.e., the
innermost layer of cells that line the cavities of the heart,
blood vessels (including capillaries), and lymph vessels. The
terms “endothelium” and “vascular endothelium” are used
interchangeably herein.

[0045] Isolated: As used herein, “isolated” means 1) sepa-
rated from at least some of the components with which it is
usually associated in nature; 2) prepared or purified by a
process that involves the hand of man; and/or 3) not occurring
in nature.

[0046] Iso-osmotic solute: By “iso-osmotic solute” is
meant a non-ionizing compound dissolved in an aqueous
solution such that the resulting solution (an iso-osmotic solu-
tion) has an osmotic pressure or osmolality compatible with
cell viability over periods of time greater than 1 minute,
preferably greater than 5 minutes, yet more preferably greater
than 10 minutes, yet more preferably at least 1 hour. In gen-
eral, a preferred iso-osmotic solution has an osmotic pressure
that approximates the osmotic pressure of the extracellular or
intracellular environment of cells (e.g., in tissue culture
medium, within a subject, etc.). For example, an iso-osmotic
solution may have an osmotic pressure that is within 290+10
mosn/kg H,O. Preferred iso-osmotic solutes include carbo-
hydrates, such as monosaccharides or disaccharides.
Examples of preferred carbohydrates include sucrose, glu-
cose, galactose, fructose, ribose, mannose, arabinose, and
xylose. Still another preferred iso-osmotic solute is glycerol,
such an aqueous solution of glycerol that is between 5 to 20%
(v/v) glycerol.

[0047] Macroscopic: By “macroscopic” is meant having
dimensions large enough to be visible under magnification of
10-fold or less. In preferred embodiments of the invention a
macroscopic structure is visible to the naked eye. A macro-
scopic structure may be transparent and may be two-dimen-
sional, or three-dimensional. If two-dimensional, in certain
embodiments of the invention it comprises more than a single
layer of molecules, e.g., 2, 3, or more layers of molecules.
Typically each dimension is at least 10 pum, in size. In certain
embodiments at least two dimensions are at least 100 um, or
at least 1000 um in size. Frequently at least two dimensions
are at least 1-10 mm in size, 10-100 mm in size, or more. The
relevant dimensions may be, e.g., length, width, depth,
breadth, height, radius, diameter, circumference, or an
approximation of any of the foregoing in the case of structures
that do not have a regular two or three-dimensional shape
such as a sphere, cylinder, cube, etc. Other relevant dimen-
sions may also be used.

[0048] Marker: A “marker” may be any gene or gene prod-
uct (e.g., protein, peptide, mRNA) that indicates or identifies
a particular cell type, tissue type, embryological origin, dif-
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ferentiation state, or physiological or metabolic state, or that
indicates or identifies a particular diseased or physiological
state (e.g., carcinoma, normal, dysplasia). The expression
level, or lack of expression, of a marker gene may indicate
that the cell or tissue under examination is of a particular cell
type or tissue type, or has a particular embryological origin,
differentiation state, physiological state, or metabolic state.
The expression level, or lack of expression, of a marker gene
may indicate a particular physiological or diseased state of a
patient, organ, tissue, or cell. Preferably, the expression or
lack of expression may be determined using standard tech-
niques such as Northern blotting, in situ hybridization, RT-
PCR, sequencing, immunochemistry, immunoblotting, oli-
gonucleotide or ¢cDNA microarray or membrane array,
protein microarray analysis, mass spectrometry, etc. In cer-
tain embodiments of the invention, the level of expression of
a marker gene is quantifiable. The expression of various
markers can also be determined by functional assays. For
example, expression a cytochrome P450 genes (e.g., in hepa-
tocytes) can be assessed by measuring the ability of a cell or
cell lysate to perform a reaction characteristic of the presence
of'the P450 protein (e.g., to metabolize a particular substrate).
[0049] Other markers that indicate or identify a particular
cell type can also be used. For example, production of or
uptake of a particular compound may be used as a marker. For
example, uptake of LDL or production of nitric oxide are
useful markers for endothelial cells. Markers are further dis-
cussed below.

[0050] Microfiber: As used herein, the term “microfiber”
refers to a fiber having a diameter of microscale dimensions.
Typically a microscale fiber has a diameter of 1000 um or less,
500 pm or less, 100 um or less, 50 um or less, 20 um or less,
between 10 and 20 pum, between 5 and 10 pm (inclusive).
[0051] Microscale: As used herein, “microscale” generally
refers to structures having dimensions that may most conve-
niently be expressed in terms of micrometers. For example,
the term “microscale structure” may refer to a structure hav-
ing dimensions of approximately 500 um or less, approxi-
mately 100 pum or less, approximately 50 pm or less, approxi-
mately 20-50 pm, approximately 10-20 pm, approximately
5-10 pum, or 1-5 um. One of ordinary skill in the art will
recognize that the length of such structures may run into the
millimeters, but that most dimensions are in the micrometer
range.

[0052] Nanoscale: As used herein, the term “nanoscale”
generally refers to materials of structures having dimensions
that may most conveniently be expressed in terms of nanom-
eters. For example, the term “nanoscale structure” or “nanos-
cale scaffold” may refer to a structure having dimensions of
less than 1 um, e.g., approximately 500 nm or less, approxi-
mately 100 nm or less, approximately 50 nm or less, approxi-
mately 20-50 nm (inclusive), approximately 10-20 nm,
approximately 5-10 nm, approximately 1-5 nm, approxi-
mately 1 nm, or between 0.1 and 1 nm. The ranges listed are
assumed to include both endpoints. The relevant dimensions
may be, e.g., length, width, depth, breadth, height, radius,
diameter, circumference, or an approximation of any of the
foregoing in the case of structures that do not have a regular
two or three-dimensional shape such as a sphere, cylinder,
cube, etc. Any other relevant dimensions may also be used to
determine whether a structure is a nanoscale structure,
depending on the shape of the structure. One of ordinary skill
in the art will recognize that one or more dimensions of a
nanoscale structure need not be in the nanometer range. For
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example, the length of such structures may run into the
micron range or longer. However, generally most dimensions
are in the nanometer range.

[0053] Nanofiber: As used herein, the term “nanofiber”
refers to a fiber having a diameter of nanoscale dimensions.
Typically a nanoscale fiber has a diameter of 500 nm or less.
According to certain embodiments of the invention a nanofi-
ber has a diameter of 100 nm or less. According to certain
other embodiments of the invention a nanofiber has a diam-
eter of 50 nm or less. According to certain other embodiments
of the invention a nanofiber has a diameter of 20 nm or less.
According to certain other embodiments of the invention a
nanofiber has a diameter of between 10 and 20 nm. According
to certain other embodiments of the invention a nanofiber has
adiameter of between 5 and 10 nm. According to certain other
embodiments of the invention a nanofiber has a diameter of
less than 5 nm. The ranges listed are assumed to include both
endpoints.

[0054] Nanoscale environment scaffold: The term “nanos-
cale environment scaftfold” refers to a scaffold comprising
nanofibers. According to certain embodiments of the inven-
tion at least 50% of the fibers comprising the scaffold are
nanofibers. According to certain embodiments of the inven-
tion at least 75% of the fibers comprising the scaffold are
nanofibers. According to certain embodiments of the inven-
tion at least 90% of the fibers comprising the scaffold are
nanofibers. According to certain embodiments of the inven-
tion at least 95% of the fibers comprising the scaffold are
nanofibers. According to certain embodiments of the inven-
tion at least 99% of the fibers comprising the scaffold are
nanofibers. Of course the scaffold may also comprise non-
fiber constituents, e.g., water, ions, growth and/or differentia-
tion-inducing agents such as growth factors, therapeutic
agents, or other compounds, which may be in solution in the
scaffold and/or bound to the scaffold.

[0055] Naturally occurring: As used herein, “naturally
occurring” means found in nature. A naturally occurring bio-
molecule is, in general, synthesized by an organism that is
found in nature and is unmodified by the hand of man, oris a
degradation product of such a molecule. A molecule that is
synthesized by a process that involves the hand of man (e.g.,
through chemical synthesis not involving a living organism or
through a process that involves a living organism that has
been manipulated by the hand of man or is descended from
such an organism) but that is identical to a molecule that is
synthesized by an organism that is found in nature and is
unmodified by the hand of man is also considered a naturally
occurring molecule.

[0056] Peptide, polypeptide, or protein: According to the
present invention, a “peptide”, “polypeptide”, or “protein”
comprises a string of at least two amino acids linked together
by peptide bonds. A peptide generally represents a string of
between approximately 2 and 200 amino acids, more typi-
cally between approximately 6 and 64 amino acids. Typically,
the self-assembling portion of a self-assembling peptide is
about 8-24, frequently about 12-20, or 16-20 amino acids.
Peptide may refer to an individual peptide or a collection of
peptides. Inventive peptides typically contain only natural
amino acids, although non-natural amino acids (i.e., com-
pounds that do not occur in nature but that can be incorporated
into a polypeptide chain; see, for example, the Web site hav-
ing URL www.cco.caltech.eda/~dadgrp/Unnatstruct.gif
which displays structures of non-natural amino acids that
have been-successfully incorporated into functional ion
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channels) and/or amino acid analogs as are known in the art
may alternatively be employed. In particular, D amino acids
may be used. Also, in various embodiments of the invention
one or more of the amino acids in an inventive peptide may be
altered or derivatized, for example, by the addition of a
chemical entity such as an acyl group, a carbohydrate group,
a carbohydrate chain, a phosphate group, a farnesyl group, an
isofanesyl group, a fatty acid group, a linker for conjugation
or functionalization, etc. In certain embodiments of the inven-
tion a peptide is branched, in which case it contains at least
two amino acid polymers, each of which consists of at least 3
amino acids joined by peptide bonds, but the two amino acid
polymers themselves are not linked by a peptide bond.

[0057] Proliferation agent and mitogenic agent are used
herein interchangeably to refer to the ability of a substance to
enhance the proliferation of cells.

[0058] Proteases, as used herein, are protein-cleaving
enzymes that cleave peptide bonds that link amino acids in
protein molecules so as to generate peptides and protein frag-
ments. A large collection of proteases and protease families
has been identified, and specific sites at which these proteases
cleave target proteins are known in the art. Some exemplary
proteases include serine proteases, aspartyl proteases, acid
proteases, alkaline proteases, metalloproteases (e.g. matrix
metalloproteases), carboxypeptidase, aminopeptidase, cys-
teine protease, etc.

[0059] Regeneration: In general, in various embodiments
of'the invention regeneration of tissue may include any aspect
of'anatomical or functional restoration of the condition of the
tissue prior to an injury or a degenerative or degradative
process, which involves production of new tissue (by which is
meant either cells or portions of cells). In certain embodi-
ments of the invention production of new tissue includes
growth of existing cells. For example, in the case of endothe-
lial cells, regeneration may comprise formation of new blood
vessels or extension or growth of existing vessels. In the case
of neurons regeneration may thus include growth of axons or
other neuron processes. Such processes may arise directly
from the cell body or may be extensions of processes that
were severed or damaged due to injury. The new tissue may
replace tissue that was previously present. In certain embodi-
ments of the invention production of new tissue includes
division of existing cells.

[0060] Repair: In general, in various embodiments of the
invention repair of tissue may include any aspect of anatomi-
cal or functional restoration of the condition of the tissue prior
to damage or degeneration. For example, it may include res-
toration of physical continuity between portions of tissue that
were separated by an injury. Preferably such restoration of
physical continuity includes reapposition or reconnection of
the portions of'tissue without appreciable separation by tissue
of a type that was not present prior to the injury, such as scar
tissue. Repair may thus include filling of a tissue defect, e.g.,
by reapposition of portions of tissue separated by the defect
and/or by growth of new tissue of the type that was subject to
damage or degradation, rather than by development of scar
tissue. Repair may, but need not, include growth or develop-
ment of new tissue. Thus regeneration may be considered one
aspect of repair, but repair can occur without evidence of new
tissue growth.

[0061] Solution that is substantially free of ions: By “solu-
tion that is substantially free of ions” is meant a solution to
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which no ions (or salts thereof) have been added or in which
the concentration of ions (or salts thereof) is less than 0.01 or
0.001 mM.

[0062] Small molecule: As used herein, the term “small
molecule” refers to organic compounds, whether naturally-
occurring or artificially created (e.g., via chemical synthesis)
that have relatively low molecular weight and that are not
proteins, polypeptides, or nucleic acids. Typically, small mol-
ecules have a molecular weight of less than about 1500 g/mol.
Also, small molecules typically have multiple carbon-carbon
bonds.

[0063] Specific binding: As used herein, the term “specific
binding” refers to a physical association between two mol-
ecules, which may be referred to as a target molecule (e.g., a
target peptide) and a binding molecule. The interaction is
typically dependent upon the presence of a particular struc-
tural feature of the target molecule such as a target domain
that is recognized by the binding molecule. The target mol-
ecule may consist entirely a target domain that is recognized
by the binding molecule. For example, if a binding molecule
is specific for a target molecule that contains target domain A,
the presence of a polypeptide comprising target domain A, or
the presence of free unlabeled target domain A in a reaction
containing both free labeled A and the binding molecule
specific thereto, will reduce the amount of labeled A that
binds to the binding molecule. It is to be understood that
specificity need not be absolute but generally refers to the
context in which the binding is performed. Target domains
and binding molecules having a sufficient degree of specific-
ity to perform appropriately in any given application can be
selected by one of ordinary skill in the art. It is also to be
understood that specificity may be evaluated in the context of
additional factors such as the affinity of the binding molecule
for the target molecule versus the affinity of the binding
molecule for other targets, e.g., competitors. Once the speci-
ficity of a binding molecule is established in one or more
contexts, it may be employed in other, preferably similar,
contexts without necessarily re-evaluating its specificity.

[0064] Preferred binding molecules in the context of the
present invention include proteins that are present on the cell
surface, proteins that are present within the body in the extra-
cellular environment (e.g., extracellular matrix proteins,
secreted or cell surface proteins including proteases, growth
factors, and proteins that circulate in the blood). In certain
embodiments of the invention the binding molecule is an
antibody. In the context of an interaction between a self-
assembling peptide and a binding molecule, according to
certain embodiments of the invention, a binding molecule
exhibits specific binding if it binds to the target molecule at
least 2 times as strongly as to other peptides or polypeptides
present in the body within the extracellular environment.
According to certain embodiments of the invention, a binding
molecule exhibits specific binding if it binds to the target
molecule at least 5 times as strongly as to other peptides or
polypeptides present in the body within the extracellular envi-
ronment. According to certain embodiments of the invention,
a binding molecule exhibits specific binding if it binds to the
target molecule at least 10 times as strongly as to other pep-
tides or polypeptides present in the body within the extracel-
Iular environment. According to certain embodiments of the
invention, a binding molecule exhibits specific binding if it
binds to the target molecule at least 50 times as strongly as to
other peptides or polypeptides present in the body within the
extracellular environment. According to certain embodi-
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ments of the invention, a binding molecule exhibits specific
binding if it binds to the target molecule at least 100 times as
strongly as to other peptides or polypeptides present in the
body within the extracellular environment. It is recognized
that since binding is a process that involves an interaction
between two molecules in which characteristics such as the
strength of binding and the degree of specificity are depen-
dent on features of both molecules, either molecule may be
designated as the target molecule or as the binding molecule.
[0065] Structurally compatible: By “structurally compat-
ible” is meant capable of maintaining a sufficiently constant
intrapeptide distance to allow structure formation. In certain
embodiments of the invention the variation in the intrapeptide
distance is less than 4, 3, 2, or 1 angstroms. It is also contem-
plated that larger variations in the intrapeptide distance may
not prevent structure formation if sufficient stabilizing forces
are present. This distance may be calculated based on
molecular modeling or based on a simplified procedure that
has been previously reported (U.S. Pat. No. 5,670,483). In
this method, the intrapeptide distance is calculated by taking
the sum of the number of unbranched atoms on the side-
chains of each amino acid in a pair. For example, the intrapep-
tide distance for a lysine-glutamic acid ionic pair is 5+4=9
atoms, and the distance for a glutamine-glutamine hydrogen
bonding pair is 4+4=8 atoms. Using a conversion factor of 3
angstroms per atom, the variation in the intrapeptide distance
of peptides having lysine-glutamic acid pairs and glutamine-
glutamine pairs (e.g., 9 versus 8 atoms) is 3 angstroms.
[0066] Subject: The term subject, as used herein, refers to
an individual to whom an agent is to be delivered, e.g., for
experimental, diagnostic, and/or therapeutic purposes. Pre-
ferred subjects are mammals, particularly domesticated
mammals (e.g., dogs, cats, etc.), primates, or humans.
[0067] Substantially uniformly distributed: In general, in
the case of a peptide scaffold encapsulating cells, the phrase
“substantially uniformly distributed” is intended to convey
that the majority of cells are approximately equidistant from
one another. For example, cells are considered substantially
uniformly distributed if at any particular time (e.g., immedi-
ately after scaffold formation) the center of mass of at least
50, 60, 70, 80, 90, or 100% of the cells encapsulated by the
scaffold is separated from the center of mass of the closest cell
(i.e., the cell with the closest center of mass) by a distance that
varies by less than 500, 100, 50, 20, 10, or 1 pM. Alternatively,
cells are considered substantially uniformly distributed if at
any particular time, when the scatfold is divided into contigu-
ous portions (e.g., cubes) having equivalent volumes, the
number of cells whose center of mass is contained within a
given volume of scaffold differs from the average number of
cells whose center of mass is contained within such a volume
by less than 50%; less than 40%, less than 30%, less than
20%, or less than 10% of the average number of cells, for at
least 50%, at least 60%, at least 70%, at least 80%, or at least
90% ofthe portions. Scaffolds in which cells are substantially
uniformly distributed may retain this property over time, or
cells may eventually become substantially uniformly distrib-
uted in a scaffold in which cells are not initially substantially
uniformly distributed.

[0068] Therapeutic molecule, compound or agent: A
“therapeutic molecule, compound, or agent™ is a molecule or
combination of molecules of any type that, when adminis-
tered to a subject in need thereof, alleviates one or more
symptoms of a disease or undesired clinical condition,
reduces the severity of a disease or clinical condition, pre-
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vents or lessens the likelihood of development of a disease or
undesired clinical condition, or facilitates repair or regenera-
tion of tissue in a manner other than simply providing general
nutritional support to the subject. It is to be understood that a
therapeutic molecule is generally to be administered in an
effective amount, i.e., an amount sufficient to achieve a clini-
cally significant result. A therapeutic molecule can be a small
molecule, a biomolecule, etc. See Goodman and Gilman’s
The Pharmacological Basis of Therapeutics, 10° Ed., and
Katzung, Basic and Clinical Pharmacology, for examples.
[0069] Three-dimensional arrangement: By “three-dimen-
sional arrangement” is meant existing in three dimensions.
Cells having a three-dimensional arrangement are not all part
of'the same monolayer. As used herein, a monolayer is a cross
section through the peptide scaffold that has a thickness equal
to the average diameter of the encapsulated cells and that
includes at least one encapsulated cell. The average diameter
of a cell may be determined by measuring the average diam-
eter of the cell body. An encapsulated cell is considered part
of the monolayer if at least 51% of the volume of the cell is
contained in the monolayer. Preferably, immediately after
scaffold formation, at least one monolayer contains less than
75, 50,25, 20, 15, 10, 5, or 1% (in order of preference) of the
encapsulated cells. More preferably, immediately after scaf-
fold formation, less than 75, 50, 25, 20, 15, 10, 5, or 1% (in
order of preference) of the encapsulated cells are part of the
same monolayer.

I1. Overview

[0070] The development of new biological materials, par-
ticularly biologically compatible materials that serve as per-
missive substrates for cell growth, differentiation, and bio-
logical function has broad implications for advancing
medical technology and for understanding basic biological
characteristics of cells. The present invention encompasses
the recognition that it is possible to produce compositions that
possess the advantages typically associated with a fully syn-
thetic material and yet possess certain desirable features of
materials derived from natural sources. The compositions can
be used either in vitro or in vivo for purposes including, but
not limited to, cell culture or tissue engineering, tissue regen-
eration and/or repair, and/or as delivery agents for biologi-
cally active molecules such as therapeutic agents.

[0071] A class of biologically inspired materials that are
made through self-assembly of ionic or polar self-comple-
mentary peptides has previously been described (see, e.g.,
Zhang, S., et at, Proc. Natl. Acad. Sci. USA, 90, 3334-3338,
1993; Zhang, S., et al., Biomaerials, 16, 1385-1393, 1995,
U.S. Pat. Nos. 5,955,343 and 5,670,483). The peptides are
complementary and structurally compatible. They are com-
posed of repeating units of alternating hydrophilic and hydro-
phobic amino acids, in which the charged residues can
include alternating positive and negative charges. In general,
these peptides self-assemble into various macroscopic struc-
tures upon exposure to a sufficient concentration of ions (e.g.,
monovalent cations) to form a stable macroscopic porous
matrix. The matrix can assume various physical forms such as
ribbons, tape-like structures, two or three-dimensional scaf-
folds, etc. Preferred matrices are composed of orderly inter-
woven filaments typically approximately 10-20 nm or 10-30
nm in diameter, with a pore size on the order of 50-100 nm in
diameter (or other relevant dimension). The materials are
hydrogels, which typically contain approximately 99% or
greater water content. Certain of the peptides undergo self-
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assembly to form nanofibers that are very highly hydrated
(eg., up to 99.5-99.9%% (1-5 mg/ml) water). Because the
hydrogel has such an extremely high water content, cells can
freely migrate and form intercellular contacts when cultured
on or within the matrix. Such an environment also permits
diffusion of small molecules including proteins and signaling
molecules. In addition, certain of the hydrogels have a low
elastic modulus. While not wishing to be bound by any theory,
it has been suggested that the low elastic modulus may facili-
tate cell-cell communication. The properties of the hydrogels
contrast with those of many synthetic materials that are being
explored for cell culture and/or tissue engineering or repair.
For example, many of these materials comprise microfibers
and have much larger pore sizes, presenting an environment
that is likely not on the appropriate scale by comparison with
cells and their natural environment. In addition, the hydrogels
can be formed so as to encapsulate cells during the gel for-
mation process, rather than preformed structures in which
cells and seeded and/or embedded.

[0072] Animportant characteristic ofthese materials is that
their properties and mechanical strength can be controlled
through manipulation of various peptide parameters (Caplan
et al. 2000; Caplan et al. 2000a, Caplan et al. 2002b). For
example, it has been shown that the stiffness of the gel
increases strongly with peptide concentration. The
sequences, characteristics, and properties of the peptides and
the structures formed by themnupon self-assembly are further
discussed in the next section.

[0073] The inventors and others have shown that structures
made by self-assembly of these peptides are able to support
coll attachment, viability, and growth when cells are cultured
on the surface of the structure. In addition, a peptide structure
formed by self-assembly of RADI16-1 (AcN-RADARA-
DARADARADA-CONH,) (SEQ ID NO: 46) was able to
serve as a substrate for neurite outgrowth and formation of
functionally active synapses when neurons were grown on
their surface (Holmes, et alL, 2000). It has also been demon-
strated that the peptide gels support endothelial cell attach-
ment, migration, proliferation and capillary-like structure
formation and survival for a period of at least 3 weeks (see
W02003096972). In contrast to other three-dimensional sub-
strates that have been used for studies of angiogenesis in vitro,
including collagen or fibrin gels or Matrigel, this angiogenic
response was observed in the absence of externally supplied
angiogenic factors, and with no significant signs of apoptosis
or proteolytic gel degradation.

[0074] In addition, it has been shown that cells can be
encapsulated within the peptide hydrogels, thus placing the
cells in a three-dimensional arrangement within a peptide
scaffold, and that the cells maintain viability and function
when so encapsulated (see pending U.S. patent application
Ser. No. 09/778,200, filed Feb. 6, 2001, Entitled “Peptide
Scaffold Encapsulation Of Tissue Cells And Uses Thereof™,
U.S. Ser. No. 10/196,942, entitled “Liver Cellular Repro-
gramming in Peptide Hydrogel and Uses Thereof”. Further-
more, chondrocytes encapsulated within a hydrogel structure
formed by self-assembly of KLLD12 (AcN-KLDLKLD-
LKLDL-CONH,) (SEQ ID NO:47) retained their morphol-
ogy and developed a cartilage-like, mechanically functional
ECM rich in proteoglycans and type-II collagen, indicative of
a stable chondrocyte phenotype (Kisiday, et al., 2002). Liver
progenitor cells encapsulated within a peptide scaffold made
by self-assembly of RAD16-I expressed markers indicative
of'hepatocyte phenotype (Semino et. al., 2003). Results such

Jul. 2, 2015

as these indicate that the nanoscale environment provided by
the self-assembling peptide gels can enhance functional
activity of a diverse set of cell types and is permissive for
cellular instruction and expression of differentiated cell phe-
notypes.

[0075] Unlike many natural or artificial materials that have
been used heretofore in an effort to provide a suitable envi-
ronment for cell culture, tissue engineering, etc., the materials
of the present invention interact with cells on a nanoscale
rather than a microscale. The materials are made of nanofi-
bers rather than the microfibers typical of various other mate-
rials. While not wishing to be bound by any theory, it is
believed that the small size of the fibers and/or the open weave
structure of the materials promote extension of cell processes
and allow diffusion of nutrients, waste products, etc., in a
manner that provides unique advantages for cell growth. The
nanofibers that comprise the material may be ordered during
self assembly in a complementary fashion due to weak inter-
active molecular forces. However, they may also be randomly
ordered, which may be preferred for certain applications. In
other words, while the fibers may have an orderly internal
structure, they may lack directionality or alignment with
respect to one another. For example, the fibers may not be
substantially parallel to one another.

[0076] As described further below, the inventors have now
unexpectedly discovered that it is possible to extensively
modify the previously described self-assembling peptides by
incorporating additional amino acid domains (which may
also referred to herein as peptide domains if at least 3 amino
acids in length) that do not necessarily conform to the struc-
tural requirements for self-assembly, without eliminating the
ability of the modified peptides to self-assemble to form a
macroscopic structure. For example, the self-assembling pep-
tides can be modified to incorporate a non self-assembling
amino acid domain which can be, for example, a biologically
active peptide motif or a target site for an interaction with a
biomolecule. The resulting peptides comprise a self-assem-
bling peptide domain and a non self-assembling amino acid
domain. By non self-assembling amino acid domain is meant
an amino acid domain that does not self-assemble when
present as an isolated peptide (i.e., when not joined to an
unmodified self-assembling peptide) under conditions (e.g.,
ionic concentration, peptide concentration, pH, temperature)
that would result in self-assembly of an unmodified self-
assembling peptide designed in accordance with the prin-
ciples described in section III below. By “does not self-as-
semble”, is meant that the amino acid domain or peptide does
not form nanofilaments or nanofibers, does not form a mac-
roscopic structure, or typically, does not form either  sheets,
nanofibers, or a macroscopic structure.

[0077] The following section describes the self-assembling
peptides that can be modified in accordance with the present
invention and methods by which the process of self-assembly
and/or the features of the assembled structure may be con-
trolled. Subsequent sections describe the methods and com-
positions of the invention, methods for characterizing struc-
tures formed from the inventive modified self-assembling
peptides, methods for evaluating cell phenotype and for
selecting amino acid domains that are used for modification,
etc., in further detail.

II1. Self-Assembling Peptides, Structures Made
Therefrom, and Methods of Use
[0078] A. Peptide Sequences and Macroscopic Structures
[0079] The previously described unmodified self-assem-
bling peptides comprise a family of complementary and
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structurally compatible molecules. The peptides and their
properties are described in U.S. Pat. Nos. 5,955,343 and
5,670,483, in co-pending U.S. patent application Ser. No.
09/778,200, filed Feb. 6, 2001, entitled “Peptide Scaffold
Encapsulation Of Tissue Cells And Uses Thereof”, and else-
where. These materials are composed of repeating units of
hydrophilic and hydrophobic amino acids, in various alter-
nating patterns.

[0080] The first molecule of this class, EAK16-11 (AEA-
BAKAKAEAFAKAK, A, alanine, E, glutamine, and K,
lysine; SEQ ID NO:18), a 16 amino acid peptide, was iden-
tified as a segment in a yeast protein, zuotin which was origi-
nally characterized by binding to left-handed Z-DNA (Zhang
et. al., 1992). Based on this peptide, a large number of self-
assembling ionic self-complementary peptides have been
systematically designed by changing the amino acid
sequence and following a periodic pattern. Preferred peptides
assume regular secondary structures, e.g., §-sheet structures,
in solution (e.g., aqueous solution). This is believed to occur
because the peptides contain two distinct surfaces, one hydro-
philic and the other hydrophilic and form complementary
ionic bonds with regular repeats on the hydrophilic surface
(Zhang, etal., 1999). The side-chains of the peptides partition
into two faces, a polar face with charged ionic side chains and
a nonpolar face, e.g., with alanines or other hydrophobic
groups. These-ionic side chains are self-complementary to
one another in that the positively charged and negatively
charged amino acid residues can form complementary ionic
pairs. These peptides are therefore called ionic, self-comple-
mentary peptides.

[0081] The complementary ionic sides have been classified
into several moduli, i.e., modulus I, 11, III, 1V, etc., and mixed
moduli (Zhang, et al., 1999). If the ionic residues alternate
with one positively and one negatively charged residue
(=+—+—+—+), the peptides are described as “modulus I;” if the
ionic residues alternate with two positively and two nega-
tively charged residues (——++-—-++), the peptides are
described as “modulus I1.”; if the ionic residues alternate with
four positively and two negatively charged residues
(=———++++), the peptides are described as “modulus IV.”
Peptides meeting the afore-mentioned criteria may be
referred to herein as unmodified self-assembling peptides to
distinguish them from the self-assembling peptides of the
instant invention, which include a peptide domain that does
not meet the foregoing criteria and does not self-assemble.

[0082] Many modulus I and II self-complementary pep-
tides such as EAKA16-1 (SEQ ID NO:6), RADA16-1 (SEQ
IDNO:1),RAEA16-1 (SEQID NO:8), and KADA16-1 (SEQ
ID NO:10) have been analyzed previously (Table 1). These
peptides are also referred to as RAD16-1, RAE16-1, KAD16-
1, etc. (i.e., the last amino acid in the four amino acid module
may be omitted in the abbreviation). Modulus IV ionic self-
complementary peptides containing 16 amino acids; such as
EAK16-1V, KAE16-1V, DAR16-IV and RADI16-1V; have
also been studied. If the charged residues in these self-assem-
bling peptides are appropriately substituted without changing
the overall pattern described above (e.g., the positive charged
lysines are replaced by positively charged arginines and the
negatively charged glutamates are replaced by negatively
charged aspartates), there are essentially no significant effects
on the self-assembly process. However, if the positively
charged residues, lysine and arginine are replaced by nega-
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tively charged residues, such as aspartate and glutamate, the
peptides can no longer undergo self-assembly to form mac-
roscopic structures; however, they can still form a beta-sheet
structure in the presence of salt.

[0083] Other hydrophilic residues, such as asparagine and
glutamine, that form hydrogen bonds may be incorporated
into the peptides instead of or in addition to charged residues.
If the alanines in the peptides are changed to more hydropho-
bic residues, such as leucine, isoleucine, phenylalanine or
tyrosine, these peptides have a greater tendency to self-as-
semble and form peptide matrices with enhanced strength.
Some peptides that have similar compositions and lengths as
these aforementioned peptides form alpha-helices and ran-
dom-coils rather than beta-sheets. Such peptides typically do
not form macroscopic structures although structure formation
is not absolutely precluded. Thus, in addition to self-comple-
mentarity, other factors are likely to be important for the
formation of macroscopic structures, such as the peptide
length, the degree of intermolecular interaction, and the abil-
ity to form staggered arrays.

[0084] Itis noted that in certain embodiments of the inven-
tion a group or radical such as an acyl group (RCO—, where
R is an organic group), e.g., an acetyl group (CH;CO—) is
present at the N terminus of the peptides in order to neutralize
an extra charge positive that may otherwise be present (e.g., a
charge not resulting from the side chain of the N-terminal
amino acid). Similarly, a group such as an amine group (NH,)
may be used to neutralize an extra negative charge that may
otherwise be present at the C terminus (e.g., a charge not
resulting from the side chain of C-terminal amino acid), thus
converting the C terminus into an amide (—CONH,). While
not wishing to be bound by any theory, the neutralization of
charges on the terminal N and C molecules may facilitate
self-assembly. One of ordinary skill in the art will be able to
select other suitable groups.

[0085] The peptides self-assemble to form macroscopic
structures under a variety of conditions, e.g., upon the addi-
tion of monovalent cations to an aqueous peptide solution or
upon the introduction of a peptide solution to a solution
containing monovalent cations. Prior to self-assembly the
peptides may be dissolved in a solution that is substantially
free of monovalent ions (e.g., cations) or contains only a low
concentration of such ions, e.g., less than 10, 5, 1, 0.5, or 0.1
mM. Self-assembly may be initiated or substantially acceler-
ated by the addition of an ionic solute to a peptide solution or
by a change in pH. For example, NaCl at a concentration of
between 5 mM and 5 M induces the assembly of the peptides
to form macroscopic structures within a few minutes. Lower
concentrations of NaCl may also induce assembly but at a
slower rate. Certain of the peptides can also self-assemble in
the absence of significant concentrations of ions, in a process
that may be dependent on pH. For example, certain of the
peptides may remain in solution at a pH of approximately 3.0
but may self-assemble when the pH is raised.

[0086] Alternately, self-assembly may be initiated by intro-
ducing the peptides into a solution comprising ions, e.g.,
standard phosphate buffered saline (PBS), tissue culture
medium, or a physiological fluid such as blood, cerebrospinal
fluid (CSF), etc. The peptides can thus self-assemble at a
location in vivo. Preferred ions include monovalent cations
suchasLi*,Na*, K* and Cs*. Preferably, the concentration of
the ion is at least 5, 10, 20, or 50 mM in order to induce or
substantially accelerate self-assembly. One of ordinary skill
inthe art will be able to select preferred concentrations ofions
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based on the particular peptide sequence and/or concentration
and desired speed of assembly. In general, the strength of the
resulting structure is increased in the presence of ions relative
to the strength in the absence of ions, or at a lower ionic
concentration (although it is noted that a plateau may be
reached at which an increase in ion concentration does not
result in increased strength).

[0087] As mentioned above, preferred peptides self-as-
semble to form a network of nanofibers, resulting in hydro-
gels of water content higher than 99%, when dissolved water
in a range of 1-10 mg/ml (Zhang et. al., 1993, Zhang et. al.,
1995, Leon et. al., 1998, Holmes et. al., 2000, Caplan et. al.,
2000, Caplanet. al., 2002, Kisiday et. al., 2002). FIG. 1 shows
the structure of a representative peptide, RADI16-II
(RARADADARARADADA, R, arginine, A, alanine, D,
aspartic acid) (SEQ ID NO: 4) hydrogel as determined by
scanning electron microscopy (SEM). As can be seen, the
material is self-assembled into interwoven fibers of ~10-20
nm diameter forming enclosures of ~50-100 nm diameter.
The nanofiber network can give rise to hydrogel formation,
creating a macroscopic structure preferably of a size that can
be observed with the naked eye and can be three-dimensional.

[0088] The peptides forming the macroscopic structure
contain between 8 and 200 amino acids, 8 to 64 amino acids,
810 36 amino acids, or 8 to 16 amino acids, inclusive. Lengths
of'12-16 amino acids are typically used. The concentration of
the peptides prior to self-assembly can range, for example,
between 0.01% (0.1 mg/ml) and 99.99% (999.9 mg/ml),
inclusive. More preferably the concentration of the peptides
prior to self-assembly is between 0.1% (1 mg/ml) and 10%
(100 mg/ml), inclusive, particularly for cell culture and/or
therapeutic applications. In certain embodiments of the
invention the concentration of the peptides prior to self-as-
sembly is between 0.1% (1 mg/ml) and 5% (50 mg/ml),
inclusive, or between 0.5% (5 mg/ml) and 5% (50 mg/ml),
inclusive. In certain embodiments of the invention the con-
centration of the peptides prior to self-assembly is approxi-
mately 5 mg/ml, approximately 10 mg/ml, approximately 15
mg/ml, or approximately 20 mg/ml.

[0089] If desired, peptide scaffolds may be formed with a
predetermined shape or volume. To form a scaffold with a
desired geometry or dimension, an aqueous peptide solution
may be placed in a pre-shaped casting mold, and the peptides
induced to self-assemble into a scaffold by the addition of an
ion, as described herein. Alternately, the ion may be added to
the peptide solution shortly before placing the solution into
the mold, provided that care is taken to place the solution into
the mold before substantial assembly occurs. The resulting
material characteristics, time required for assembly, and
geometry and dimensions of the macroscopic peptide scaf-
fold are governed by parameters including the concentration
and amount of peptide solution that is applied, the concentra-
tion ofion used to induce assembly ofthe scaffold, the pH, the
particular self-assembling peptide sequence, and the dimen-
sions of the casting apparatus. Where the peptide structure or
scaffold is to be implanted into the body, the shape may be
selected based upon the intended implantation site. The scaf-
fold can exist as a thin layer, e.g., coating the bottom of a
conventional tissue culture or floating in a solution, according
to various embodiments of the invention. The layer can be
several microns thick, e.g., 10 microns, 10-50 microns,
50-100 microns, 100-200 microns, etc. The layer may com-
prise multiple [} sheets layers.
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[0090] Self-assembled nanoscale scaffolds can be formed
with varying degrees of stiffness or elasticity. The peptide
scaffolds typically have a low elastic modulus, e.g., in the
range of 1-10 kPa as measured in a standard cone-plate rhe-
ometer. Such low values permit scaffold deformation as a
result of cell contraction, and this deformation may provide a
means for cell-cell communication. Scaffold stiffness can be
controlled by a variety of techniques including changes in
peptide sequence, changes in peptide concentration, and
changes in peptide length. Other methods for increasing stift-
ness can also be used, such as by attaching a biotin molecule
to the amino- or carboxy-terminus of the peptides or between
the amino- and carboxy-termini, which may then be cross-
linked.

TABLE 1

Representative
Self-Agssembling Peptides

Sequence

Name (n-->c) Modulus

RADA16-I n-RADARADARA I (SEQ ID NO: 1)
DARADA-c

RGDA16-1 n-RADARGDARA I (SEQ ID NO: 2)
DARGDA-c¢

RADAS-I n-RADARADA-C I (SEQ ID NO: 3)

RAD16-I1 n-RARADADARA II (SEQ ID NO: 4)
RADADA-c

RADS-II n-RARADADA-C II (SEQ ID NO: 5)

EAKAl6-I n-AEAKAEAKAE I (SEQ ID NO: 6)
AKAEAK-cC

EAKA8-I n-AEAKAEAK-cC I (SEQ ID NO: 7)

RAEAL16-I n-RAEARAEARA I (SEQ ID NO: 8)
EARAEA-C

RAEA8-I n-RAEARAEA-C I (SEQ ID NO: 9)

KADAl6-1I n-KADAKADAKA I (SEQ ID NO: 10)
DAKADA-c

KADAS-I n-KADAKADA-cC I (SEQ ID NO: 11)

EAH16-11I n-AEAEAHAHAE II (SEQ ID NO: 12)
AEAHAH-C

EAH8-II n-AEAEAHAH-c II (SEQ ID NO: 13)

EFK16-1I n-FEFEFKFKFE II (SEQ ID NO: 14)
FEFKFK-c¢

EFK8-I1I n-FEFKFEFK-c¢ I (SEQ ID NO: 15)

ELK16-1I n-LELELKLKLE II (SEQ ID NO: 16)
LELKLK-¢

ELK8-II n-LELELKLK-C II (SEQ ID NO: 17)

EAK16-1I n-AEAEAKAKAE II (SEQ ID NO: 18)
AEAKAK-cC

EAK12 n-AEAEAEAEAK IV/1I (SEQ ID NO: 19)
AK-c

EAK8-II n-AEAEAKAK-cC II (SEQ ID NO: 20)
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TABLE 1-continued

Representative
Self-Agssembling Peptides

Sequence

Name (n-->c) Modulus

KAE16-1IV n-KAKAKAKAEA v (SEQ ID NO: 21)
EAEAEA-c

EAK16-1IV n-AEAEAEAEAK v (SEQ ID NO: 22)
AKAKAK-cC

RAD16-1IV n-RARARARADA v (SEQ ID NO: 23)
DADADA-c

DAR16-1IV n-ADADADADAR v (SEQ ID NO: 24)
ARARAR-C

DAR16-IV* n-DADADADARA v (SEQ ID NO: 25)
RARARA-c

DAR32-1IV n- (ADADADADA v (SEQ ID NO: 26)
RARARAR) -¢

EHK16 n-HEHEHKHKHE N/A (SEQ ID NO: 27)
HEHKHK-c¢

EHK8-I n-HEHEHKHK- ¢ N/A (SEQ ID NO: 28)

VE20%* n-VEVEVEVEVE N/A (SEQ ID NO: 29)
VEVEVEVEVE-c¢

REF20%* n-RFRFRFRFRF N/A (SEQ ID NO: 30)

RFRFRFRFRF-C

N/A denotes not applicable

*These peptides form a P-sheet when incubated in a solution
containing NaCl, however they have not been observed to
self-assemble to form macroscopic structures.

[0091] The peptides may include L-amino acids, D-amino
acids, natural amino acids, non-natural amino acids, or a
combination thereof. If [.-amino acids are present in the scaf-
fold, degradation produces amino acids that may be reused,
e.g., by cells in culture or by cells in a host tissue. The fact that
the basic monomeric subunit of the peptides in certain
embodiments of the invention are L.-amino acids, which occur
naturally within the body, distinguishes this class of com-
pounds from numerous other biocompatible substances and
may offer unique advantages. The peptides may be chemi-
cally synthesized or purified from natural or recombinant
sources, and the amino- and carboxy-termini of the peptides
may be protected or not protected. The peptide scaffold may
be formed from one or more distinct molecular species of
peptides which are complementary and structurally compat-
ible with each other. Peptides containing mismatched pairs,
such as the repulsive pairing of two similarly charged residues
from adjacent peptides, may also form structures if the dis-
ruptive force is dominated by stabilizing interactions between
the peptides. Peptide scaffolds may also be referred to herein
as peptide hydrogels or peptide hydrogel scatfolds.

[0092] Peptides, including peptides capable of being cross-
linked, and modified self-assembling peptides of the inven-
tion may be synthesized using standard f-moc chemistry and
purified using high pressure liquid chromatography. The for-
mation of a peptide scaffold may be initiated by the addition
of ions or salts thereof as described herein. Hydrophobic
residues with aromatic side chains may be cross-linked by
exposure to UV irradiation. The extent of the cross-linking
may be precisely controlled by the predetermined length of
exposure to UV light and the predetermined peptide concen-
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tration. The extent of cross-linking may be determined by
light scattering, gel filtration, or scanning electron micros-
copy using standard methods. Furthermore, the extent of
cross-linking may also be examined by HPLC or mass spec-
trometry analysis of the structure after digestion with a pro-
tease. Material strength may be determined before and after
cross-linking.

[0093] B. Cell Culture and Encapsulation

[0094] Peptide hydrogels formed either from unmodified
self-assembling peptides or the modified self-assembling
peptides of the instant invention may be used in a variety of
ways for culturing cells and tissues. Cells and tissues can be
cultured on the surface of a hydrogel structure. While not
wishing to be bound by any theory, inventors suggest that
such an environment more closely mimics the natural cellular
environment than culture on a rigid substrate such as a con-
ventional plastic tissue culture dish. If the hydrogel forms a
three-dimensional structure, cells can extend processes into
the structure or migrate into it.

[0095] Cells can also be encapsulated within the hydrogel.
To encapsulate cells within a peptide structure, peptides and
living cells may be incubated in an aqueous solution having
an iso-osmotic solute at an appropriate concentration to sup-
port cell viability, under conditions that in which the peptides
are not substantially self-assembled. In certain embodiments
of the invention the solution contains a monovalent cation
concentration of less than 10, 5, 1, or 0.1 mM or is substan-
tially free of monovalent cations. The solution may also con-
tain less than less than 10, 5, 1, or 0.1 mM or be substantially
free of other ionic species, e.g., other cations or anions. Suf-
ficient ion (e.g., monovalent cation) is added to the solution to
initiate self-assembly of the peptides into a macroscopic
structure, preferably a f-sheet macroscopic structure,
whereby the cells are encapsulated by the formation of the
macroscopic structure. The encapsulated cells are preferably
present in the macroscopic structure in a three-dimensional
arrangement. The solution may be contained in a pre-shaped
mold dimensioned to establish a desired volume or shape of
the microscopic structure.

[0096] Incertain embodiments of the invention the concen-
tration of the added ion is at least 5, 10, 20, or 50 mM. Suitable
ions include, but are not limited to, Li*, Na*, K*, and Cs*. In
some embodiments, the concentration of the iso-osmotic sol-
ute is at least 50, 150, or 300 mM. In other embodiments, the
concentration of the iso-osmotic solute is contained in one of
the following ranges 200 to 250 mM, 250 to 270 mM, 270 to
300 mM, 300 to 400 mM, 400 to 500 mM, 500 to 600 mM,
600 to 700 mM, 700 to 800 mM, or 800 to 900 mM, inclusive.
Suitable iso-osmotic solutes include, but are not limited to,
carbohydrates, such as sucrose, mannitol, etc. Other iso-os-
motic solutes. preferably non-toxic to cells at the concentra-
tion used, may be employed. Self-assembly can also be
effected by a change in pH (e.g., a rise from a low pH to a
higher pH).

[0097] Cells and agents such as bioactive molecules (e.g.,
differentiation-inducing agents, proliferation agents), thera-
peutic compounds, may be introduced into the peptide solu-
tion prior to self-assembly. The self-assembly process then
forms a structure that encapsulates the cells or molecules. To
achieve even distribution of the cells or molecules within the
structure it may be desirable to thoroughly mix the solution
prior to initiation of self-assembly. It may be desirable to
maintain the cells or agents in a solution that contains sub-
stantially no ions or only low concentration of ions in order to
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avoid initiation or acceleration of self-assembly immediately
upon combining the cells or agents with the peptide solution.
In this case the cells are preferably maintained in an iso-
osmotic solute such as sucrose prior to combination with the
peptide solution. The peptides themselves may be dissolved
in an iso-osmotic solution to which cells (e.g., a cell pellet) or
agents are added. The resulting composition may be mixed to
achieve a more uniform distribution of cells and/or agents,
following which the composition is exposed to ions (e.g., ions
are added to the composition, or the composition is mixed
with a solution containing ions).

[0098] Cells may be cultured on the surface of a peptide
hydrogel structure in a similar manner to that in which they
are cultured on a conventional substrate such as a tissue
culture dish or slide, or a tissue culture dish or slide that is
coated with a biologically derived material such as collagen,
Matrigel, etc. In general, cells can be cultured at any desired
degree of confluence. If encapsulated, the cells are preferably
present in the macroscopic structure in a three-dimensional
arrangement. The density of the cells may be, for example,
between 5x10°/ml and 5x10%ml, between 5x10%ml and
5x10/ml, between 5x10°/ml and 5x106/ml, or between
5x10%ml and 5x107/nl, with endpoints included. Other
ranges may also be used. Conditions for culturing should
preferably be close to physiological conditions. For example,
the pH of the culture medium should preferably be close to
physiological pH, preferably between pH 6-8, for example
about pH 7 to 7.8, in particular pH 7.4. Physiological tem-
peratures range between about 30° C. to 40° C. Mammalian
cells are preferably cultured at temperatures between about
32°C.toabout38°C.,e.g., between about 35° C. to about 37°
C

[0099] Cells may be cultured on or within the peptide struc-
ture for any appropriate time, depending upon the cell number
and density desired, the proliferation rate of the cells, and the
time required for the desired cellular reprogramming to occur.
These parameters will vary depending upon the particular
cells and purposes for which the invention is to be used. One
of'ordinary skill in the art will be able to vary these parameters
and to observe the effects of doing so, in order to determine
the optimal time for maintaining cells in culture on or within
the structure. In certain embodiments of the invention the cell
are cultured for approximately 3 days, 7 days, 14 days, 21
days, 28 days, 56 days, or 90 days. In certain embodiments of
the invention the cells are cultured for between 1 and 3 days
inclusive, between 4 and 7 days inclusive, between 8 and 14
days inclusive, between 15 and 21 days inclusive, between 22
and 28 days inclusive, between 29 and 56 days inclusive, or
between 57 and 90 days inclusive. Longer or shorter culture
periods may also be used.

[0100] Preferably, at least 40, 50, 60, 70, 80, 90, or 95% of
the cells (either cultured on a surface or encapsulated) are
viable 1, 2, 4, 6, or more weeks after formation of the mac-
roscopic scaffold. In another preferred embodiment, at least
500/%, at least 60%, at least 70%, at least 80% or 90% of the
cells are viable one day or one week after formation of the
macroscopic scatfold.

[0101] In general, any cell type can be cultured and/or
encapsulated in accordance with the present invention includ-
ing, but not limited to, vascular endothelial cells and precur-
sors thereof; bone marrow cells, periosteal cells, perichon-
drial cells, fibroblasts, skeletal myoblasts or myocytes,
neuronal cells, hippocampal cells, epidermal cells, non-vas-
cular endothelial cells or smooth muscle cells, keratinocytes,
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basal cells, spinous cells, granular cells, embryonic stem
cells, lung cells, immune system cells, ovarian cells, pancre-
atic cells, cervical cells, liver cells, or foreskin cells. The cells
may comprise embryonic, fetal, or adult stem cells, e.g., stem
cells that are able to or can be induced to differentiate into any
of'the preceding cell types.

[0102] Sources of the cells may also include fetal or adult
organisms, particularly mammals or established cell lines.
Numerous established cell lines are known in the art, many of
which are available through the American Type Culture Col-
lection (see web site having URL www.atcc.org, which also
provides references describing these cell lines). In discussing
cells and cell lines, the phrase “derived from” indicates that a
cell is obtained from a particular source, or that the cell is a
descendant of a cell obtained from that source. For example,
a liver-derived cell is a cell that is obtained from the liver or
the progeny or descendant of such a cell. When the term
“progeny” is used herein, it refers not only to the immediate
products of cell division but also to the products of subse-
quent cell divisions, i.e., to cells that are descendants of a
particular cell. A cell that is derived from a cell line is a
member of that cell line or is the progeny or descendant of a
cell that is a member of that cell line. A cell derived from an
organ, tissue, individual, cell line, etc., may be modified in
vitro after it is obtained. Such a cell is still considered to be
derived from the original source.

[0103] Methods for isolating cells are known in the art.
Cells harvested from an individual may be used either with or
without a period of expansion in culture. Alternately, cells
that have been propagated in culture as a stable cell line may
be used. In certain embodiments of the invention, e.g., in
certain therapeutic applications (see below) the cells are
autologous while in other embodiments of the invention the
cells are allogeneic or xenogeneic. When non-autologous
cells are used, the cells may be treated in various ways prior
to introduction into the body in order to reduce the likelihood
or reduce the extent of an immune system response by the
subject. Such treatments can include modifying, masking, or
eliminating an antigen on the surface of a cell as described, for
example, in PCT/US00/20129.

[0104] In certain embodiments of the invention cells are
harvested from a subject, e.g., a patient, and a clonal cell line
is derived from one or more of these cells. Clonal lines may be
obtained by limiting dilution plating or single cell sorting.
Methods for deriving clonal cell lines are well known in the
art and are described for example in Puck, T. T. and Marcus,
P. 1., I. (1956) Experimental Medicine 103, 653; Nias, A. H.
W. and Lajtha, L. G. (1965) “Clone size distribution in the
study of inhomogeneity of growth rates in tissue culture” in
Cell Culture, C. V. Ramakrishnan, ed. (Dr. W. Junk Publish-
ers, Netherlands), and Leong, P.-M., Thilly, W. G., and Mor-
genthaler, S. (1985) “Variance estimation in single-cell muta-
tion assays: comparison to experimental observations in
human lymphoblasts at 4 gene loci”, Mutat Res., June-July;
150(1-2):403-10. Cells from the cell line are used in the
practice of the invention. When intended for treatment of a
particular patient, cells from a matched donor may be advan-
tageously used. Cells isolated from an individual or main-
tained as a cell line may be cultured according to any appro-
priate technique including standard cell culture techniques
prior to their use in the practice of the present invention.
[0105] Itmay be desirable to genetically alter the cells prior
to their use in the invention. Numerous methods for introduc-
ing exogenous genetic material into cells are well known in
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the art (See, e.g., PCT/US00/20129). Such methods typically
include introducing genetic material such as a nucleic acid
molecule (e.g., DNA) into the cell, wherein the nucleic acid
molecule encodes a product to be expressed by the cell. The
product can be, for example, a reprogramming agent such as
a growth factor, a transcription factor which will in turn
induce expression of other gene products, etc. In certain
embodiments of the invention it may be desirable to introduce
a selectable marker into the cells. In certain embodiments of
the invention it may be desirable to introduce a gene that
encodes a selectable marker (e.g., a gene encoding a protein
that confers drug resistance) or a detectable marker (e.g.,
GFP) under the control of a tissue-specific promoter. Expres-
sion of the detectable marker may then be used as a means to
determine whether the cell or its progeny has differentiated,
dedifferentiated, or transdifferentiated along a particular cell
lineage pathway characteristic of that tissue. The marker may
also be used as a means of isolating cells that have differen-
tiated, dedifferentiated, or transdifferentiated along a particu-
lar pathway, e.g., by using immunological methods, FACS,
etc., or such other methods as are well known in the art.
Numerous selectable and detectable markers are known in the
art. In addition, tissue-specific, organ-specific, and lineage-
specific promoters are well known. Genes may be introduced
under the control of either a constitutive or an inducible
promoter of which many are known in the art.

[0106] Scaffolds on which cells are cultured or in which
cells are encapsulated may be subjected to various environ-
mental conditions that may affect cell phenotype. For
example, scaffolds may be subjected to various defined or
predetermined mechanical stresses, e.g., shear stress, com-
pression schemes, etc., that may result in altered synthesis of
ECM components. It is well known, for example, that flow,
e.g., pulsatile flow, can alter the secretion of proteins by cells
cultured in vitro. Cells in native articular cartilage and in
tissue-engineered constructs respond to mechanical stimuli
through multiple regulatory pathways. Such stimuli result in
altered intra- and intercellular signalling, alterations in tran-
scription level, protein translation, post-translational modifi-
cations, and synthesis of intracellular and extracellular mac-
romolecules (Lee, et al., 2003).

IV. Modified Self-assembling Peptides and
Structures Formed by Self-Assembly Thereof

[0107] A. Modification of Self-assembling Peptides by
Addition of Amino Acid Domain

[0108] The previously identified self-assembling peptides
conform to particular structural requirements that allow them
to self-assemble, as described above. These requirements
accord with both theoretical studies of peptide self-assembly
and experimental observations of the self-assembly behavior,
or lack thereof of a number of different peptides. However,
the possibility that the peptides may be significantly modified
by addition of amino acid domains that do not conform to the
above-described structural requirements, without eliminating
the ability of a peptide containing the modification to self-
assemble, has not previously been explored.

[0109] The inventors have discovered an unanticipated
flexibility in that the self-assembling peptides can be modi-
fied by the addition of amino acid domains that would not
self-assemble if present in isolated form under conditions
(e.g., ionic strength, peptide concentration, pH, temperature)
in which the previously described peptides (modulus I, 11, 111,
1V, etc.) would self-assemble. Furthermore, in preferred
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embodiments of the invention the addition of the non self-
assembling amino acid domain does not prevent the modified
peptide from self-assembling, e.g., to form nanofibers, a mac-
roscopic structure, or both. Preferably the modified peptide
self-assembles to form a macroscopic structure composed of
nanofibers. Although the resulting structure may be less
strong and/or stable than a structure resulting from self-as-
sembly of the unmodified peptide, visual observation and/or
rheological studies, as described in the examples, confirm
that gel formation occurs. The modified peptides may thus be
used for the various purposes described herein. For purposes
of the present invention, a self-assembling peptide that pos-
sesses the structural features described in the previous section
and does not include a portion lacking those characteristics
will be referred to as an unmodified self-assembling peptide.
(It is to be understood that an unmodified self-assembling
peptide may be altered in any of a number of ways described
above that do not include addition of amino acids to the
peptide. Such altered self-assembling peptides are not
referred to as “modified” within the meaning of the term as
used herein but rather as “altered” or “derivatized”.) The
modified self-assembling peptides of the invention are dis-
tinct from naturally occurring molecules, i.e., they are not
found in naturally occurring molecules, although one or more
of'the amino acid domains in an inventive peptide may occur
in a naturally occurring molecule. They can therefore be
considered “isolated” or “synthetic”, meaning that the total
sequence of the peptide does not occur in nature without the
intervention of man.

[0110] A peptide that includes an amino acid domain com-
prising an unmodified self-assembling peptide and a second
amino acid domain that lacks one or more of the structural
features of an unmodified self-assembling peptide, and thus
does not self-assemble to form nanofibers or to form a mac-
roscopic structure under conditions that would result in self-
assembly of an unmodified self-assembling peptide, is
referred to as a “modified self-assembling peptide” if it is
capable of self-assembly (e.g., to form nanofibers, a macro-
scopic structure, or preferably, both) under conditions that
would result in self-assembly of an unmodified self-assem-
bling peptide. It will be appreciated that, in general, a modi-
fied self-assembling peptide will correspond to a particular
unmodified self-assembling peptide that does not include the
second amino acid domain but that has the same self-assem-
bling portion. In certain embodiments of the invention the
conditions under which self-assembly of the modified self-
assembling peptide occurs are the same as the conditions
under which the corresponding unmodified self-assembling
peptide assembles. In other embodiments of the invention, the
conditions under which self-assembly of the modified self-
assembling peptide occurs are different from the conditions
under which the corresponding unmodified self-assembling
peptide assembles. In this case the conditions for self-assem-
bly of the modified self-assembling peptide are the same as
the conditions under which a different (non-corresponding)
unmodified self-assembling peptide self-assembles.

[0111] The inventive modified self-assembling peptides
thus comprise (a) a first amino acid domain that mediates
self-assembly, wherein the domain comprises alternating
hydrophobic and hydrophilic amino acids that are comple-
mentary and structurally compatible and self-assemble into a
macroscopic structure; and (b) a second amino acid domain
that does not self-assemble in isolated form (i.e., when
present as the only peptide in a solution under conditions that
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would result in assembly of an unmodified self-assembling
peptide as described above). Preferably the second amino
acid domain permits assembly of the first amino acid domain
so that the peptide assembles to form nanofibers, and/or a
macroscopic structure. In preferred embodiments of the
invention the peptide forms f3 sheets.

[0112] In certain embodiments of the invention an amino
acid domain is at least 3 amino acids, at least 4 amino acids,
at least 5 amino acids, at least 6 amino acids, at least 7 amino
acids, at least 8 amino acids, at least 9 amino acids, at least 10
amino acids, or more, e.g., 15 or 16 amino acids, 20 amino
acids, etc. However, it will generally be desirable to limit the
length of the second amino acid domain so as not to interfere
too greatly with self-assembly. For example it may be pref-
erable to limit the length of the second amino acid domain to
20 amino acids or less, 16 amino acids or less, 12 amino acids
or less, 10 amino acids or less, 8 amino acids or less, etc. It
may be desirable to maintain a certain ratio of amino acids in
the self-assembling and non self-assembling portions of the
peptide. For example, in certain embodiments of the inven-
tion it may be desirable for the non self-assembling domain to
constitute 50% of less of the total number of amino acids in
the peptide.

[0113] It may be desirable for the self-assembling portion
to be 12 amino acids or greater in length, e.g., 16 amino acids
or longer. In particular, if a non self-assembling domain is
present between two self-assembling domains, it may be
desirable for each of the self-assembling domains flanking
the non self-assembling domain to be greater than 8 amino
acids in length, e.g., 12 amino acids, 16 amino acids, etc.
While not wishing to be bound by any theory, it is possible
that including a non self-assembling domain between self-
assembling portions rather than at an N or C terminus will be
more likely to disrupt self-assembly, since the non self-as-
sembling portion cannot freely extend from a self-assembled
structure in such a case. Furthermore, if contained between
two self-assembling portions, there is likely to be less oppor-
tunity for the motif to interact freely with cells and/or mol-
ecules such as proteins present in the culture environment.
Thus for various reasons it may be preferable to add the non
self-assembling portion to the N or C terminus rather than to
insert it between two self-assembling portions.

[0114] FIG. 3A shows molecular models representing a
representative self-assembling peptide RAD16-1 (top) and
peptide RAD16-1 modified to include a non self-assembling
amino acid domain (YIGSR; SEQ ID NO:33) at its N termi-
nus (bottom). FIG. 3D shows a variety of possible configu-
rations for modified self-assembling peptides in accordance
with the invention. Domain A represents a self-assembling
amino acid domain. Domain B represents a non self-assem-
bling amino acid domain (modifying domain). As indicated in
the figure, a modifying domain may be present at the N and/or
C terminus of the self-assembling domain, or may be present
between two self-assembling domains.

[0115] The amino acid domains may be joined via a linker
or bridge, which may be one or more amino acids or a differ-
ent molecular entity. The linker may allow a non self-assem-
bling domain (e.g, a biologically active peptide motif as
described below) to extend from an edge or surface of the
macroscopic structure. While not wishing to be bound by any
theory, this may facilitate interactions of such an active motif
with cells cultured on or in a peptide structure. A linker
domain consisting of one or more glycine (G) residues, e.g.,
1, 2, 3, 4, 5, etc. glycines, may be used. Glycine may be
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preferred because it is small and has a nonpolar side chain,
thus minimizing the likelihood of substantial interference
with self-assembly. Alanine or other amino acids having non-
polar side chains could also be used.

[0116] While the modified peptides described in the
examples were made by solid phase synthesis of the extended
peptide, resulting in a linear chain, variations in which the
modifying motif is conjugated or cross-linked to a side chain
are also encompassed within the present invention. Methods
for achieving such conjugation or cross-linking are well
known in the art. For example, a peptide containing a cysteine
residue (or any amino acid modified to include a sulfur atom)
can be coupled to a second peptide containing a sulfur atom
by formation of disulfide bonds. Thus, in general, the modi-
fied self-assembling peptide may be a single linear polymer
of'amino acids joined by peptide bonds (a structure that may
be preferred), or may have a branched structure in which two
polymers of amino acids (each being a polymer of amino
acids joined by peptide bonds) are attached to one another
either covalently or non-covalently (e.g., via a biotin-avidin
interaction).

[0117] Examples of cross-linking methods include, but are
not limited to, the glutaraldehyde method which couples pri-
marily through the a-amino group and e-amino group, male-
imide-sulthydryl coupling chemistries (e.g., the maleimido-
benzoyl-N-hydroxysuccinimide ester (MBS) method), and
periodate oxidation methods. In addition, numerous cross-
linking agents are known. Exemplary cross-linking agents
include, e.g., carboiimides, N-Hydroxysuccinimidyl-4-azi-
dosalicylic acid (NHS-ASA), dimethyl pimelimidate dihy-
drochloride (DMP), dimethylsuberimidate (DMS), 3,3'-
dithiobispropionimidate (DTBP), etc. For additional
information on conjugation methods and crosslinkers see
generally the journal Bioconjugate Chemistry, published by
the American Chemical Society, Columbus Ohio, PO Box
3337, Columbus, Ohio, 43210. See also “Cross-Linking”,
Pierce Chemical Technical Library, available at the Web site
having URL www.piercenet.com and originally published in
the 1994-95 Pierce Catalog and references cited therein and
Wong S S, Chemistry of Protein Conjugation and Crosslink-
ing, CRC Press Publishers, Boca Raton, 1991. Bifunctional
crosslinking reagents contain two reactive groups, thereby
providing a means of covalently linking two target groups.
The reactive groups in a chemical crosslinking reagent typi-
cally belong to the classes of functional groups including
succinimidyl esters, maleimides, and iodoacetamides. A
number of common schemes for forming a heteroconjugate
involve the indirect coupling of an amine group on one bio-
molecule to athiol group on a second biomolecule, usually by
a two- or three-step reaction sequence. The high reactivity of
thiols and their relative rarity in most biomolecules make
thiol groups good targets for controlled chemical crosslink-
ing. If neither molecule contains a thiol group, then one or
more can be introduced using one of several thiolation meth-
ods. The thiol-containing biomolecule may then be reacted
with an amine-containing biomolecule using a heterobifunc-
tional crosslinking reagent, e.g., a reagent containing both a
succinimidyl ester and either a maleimide or an iodoaceta-
mide. Amine-carboxylic acid and thiol-carboxylic acid
crosslinking may also be used. For example, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC) can react with
biomolecules to form “zero-length” crosslinks, usually
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within a molecule or between subunits of a protein complex.
In this chemistry, the crosslinking reagent is not incorporated
into the final product.

[0118] Several methods are available for introducing thiols
into biomolecules, including the reduction of intrinsic disul-
fides, as well as the conversion of amine, aldehyde or car-
boxylic acid groups to thiol groups. Disulfide crosslinks of
cystines in proteins can be reduced to cysteine residues by
dithiothreitol (DTT),  tris-(2-carboxyethyl)phosphine
(TCEP), or tris-(2-cyanoethyl)phosphine. Amines can be
indirectly thiolated by reaction with succinimidyl 3-(2-py-
ridyldithio)propionate (SPDP) followed by reduction of the
3-(2-pyridyldithio)propionyl conjugate with DTT or TCEP.
Amines can be indirectly thiolated by reaction with succin-
imidyl acetylthioacetate followed by removal of the acetyl
group with 50 mM hydroxylamine or hydrazine at near-neu-
tral pH. Tryptophan residues in thiol-free proteins can be
oxidized to mercaptotryptophan residues, which can then be
modified by iodoacetamides or maleimides.

[0119] B. Peptide Mixtures

[0120] The invention encompasses the recognition that it is
possible to mix one or more unmodified self-assembling pep-
tides together with one or more modified self-assembling
peptides of the present invention in various ratios and that
macroscopic structures comprising both unmodified and
modified self-assembling peptides can be formed from such
mixtures. The resulting structures can have certain advanta-
geous features relative to structures formed by self-assembly
of' a homogeneous self-assembling peptide (i.e., 100% of a
single peptide). For example, as mentioned above, the modi-
fied self-assembling peptides may result in macroscopic
structures that are weaker than structures formed from the
corresponding unmodified peptide, e.g., they may have less
gel-like character. However, the modified peptides may
induce desirable cell phenotypes, may desirably alter cell
behavior, may desirable alter the binding of ECM molecules,
etc. A macroscopic structure formed from a composite (also
referred to as a blend) of unmodified and modified self-as-
sembling peptide(s) may have mechanical properties resem-
bling those of macroscopic structures formed by self-assem-
bly of the unmodified peptide while possessing the ability to
influence cell behavior, phenotype, etc., in desirable ways. It
is also recognized that a peptide scaffold composed of only a
modified self-assembling peptide may be less than optimal
from the point of view of effects on cells. For example, if
every peptide in the gel is modified, the resulting concentra-
tion of a biologically active peptide motif may be greater than
is desirable and may actually inhibit cell attachment, prolif-
eration, etc., or be toxic to cells.

[0121] In general, a wide variety of ratios of unmodified to
modified peptide can be used, depending on the desired prop-
erties of the macroscopic scaffold to be formed. For example,
the ratio of unmodified to modified can be 100:1, 50:1, 25:1,
10:1,5:1,2:1,1:1,1:2,1:5,1:10, 1:25, 1:50, 1:100, etc. These
ratios are listed for exemplary purposes and are not intended
to be limiting. As described in the Examples, a ratio of 9:1 has
been tested with a number of peptides. The peptides can be
mixed on a molar basis or based on weight, volume of peptide
solution, etc. The peptides can be mixed in dry form, follow-
ing which a mixed peptide solution is formed. Alternately,
each peptide may be dissolved, and the resulting solutions
mixed together. The invention also encompasses mixing mul-
tiple modified self-assembling peptides with or without the
addition of an unmodified self-assembling peptide so as to
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generate a macroscopic structure that combines desired fea-
tures of the different modified self-assembling peptides. The
various modified self-assembling peptides may contain dif-
ferent amino acid domains, either from the same naturally
occurring protein or from different proteins, or entirely arti-
ficial amino acid domains, etc.

[0122] In certain embodiments of the invention a modified
self-assembling peptide does not self-assemble when present
as the only peptide in a solution under conditions that would
result in assembly of the corresponding unmodified peptide,
but does self-assemble together with unmodified self-assem-
bling peptides when present in combination with such pep-
tides. Self-assembly may result in a composition composed of
nanofibers, preferably forming a macroscopic structure, that
contain a mixture of both unmodified peptides and modified
peptides, e.g., primarily unmodified peptides. Alternately, the
composition may contain some nanofibers that do not contain
any modified peptides while other nanofibers do contain such
peptides. While not wishing to be bound by any theory, the
inventors suggest that in general, the lower the concentration
of'modified peptide, the more likely the resulting mixture is to
form nanofibers and/or a macroscopic structure, and the
stronger the resulting structure will be, relative to the situation
in which only modified peptides are provided.

[0123] FIG. 3B shows a molecular model representing a
double p-sheet tape of a self-assembled peptide nanofiber
formed by self-assembly of a mix composed of peptide
RAD16-1 and a modified RAD16-I peptide extended at its N
terminus with the amino acid domain YIGSR (SEQ ID
NO:33) in a 9:1 blend (based on volume ratio of peptides
dissolved at equal concentrations on a w/w basis). Note the
sequences YIGSR (SEQ ID NO:33) extending out from the
nanofiber tape. In general, the modifying amino acid domain
may extend from a lateral edge of an assembly of peptides
(e.g., ananofiber or macroscopic structure) or from a surface.
Other arrangements are also possible.

[0124] FIG. 3C shows a schematic representation of a
generic peptide hydrogel network (black lines) in which some
of the peptides are modified to include bioactive peptide
motifs (red lines) extending from the amino termini of the
base peptide. Close up: stacked self-assembling peptide
nanofiber (black lines) and the extended sequence of the
bioactive peptide motif at the amino termini of one of the
sequences (red line).

V. Amino Acid Domains For Use in Modified
Self-Assembling Peptides

[0125] In general, any of a wide variety of different amino
acid domains may be added to the unmodified self-assem-
bling peptides, provided that the presence of the additional
domain does not prevent self-assembly (to form nanofibers, a
macroscopic structure, or, preferably, both). The additional
domains may confer any of a number of desirable properties
on the resulting peptides. For example, the additional domain
may mediate a biological activity, e.g., may affect the behav-
ior of cells contacted with a scaffold made by self-assembly
of the peptides. The additional domain may bind to either a
naturally occurring or artificial biomolecule, such as an ECM
protein, cell-surface molecule, antibody, etc. The additional
domain may bind to an inorganic substance such as a metal,
ion, etc.

[0126] The presence of the additional domain may alter the
material properties (e.g., strength, elasticity, etc.) of a mac-
roscopic structure created by self-assembly of the peptide,
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relative to the properties of a macroscopic structure created
by self-assembly of the unmodified peptide. Thus by modi-
fying a self-assembling peptide to include a non self-assem-
bling domain, the material properties of a macroscopic struc-
ture can be tuned according to the needs of the user. For
example, for implantation into the body it may be desirable to
employ materials with different material properties, depend-
ing on the site of implantation and/or the tissue that the
implant is to replace (e.g., bone, connective tissue, soft tissue
such as muscle, ocular tissue, solid organ tissue, etc.). The
following sections provide a non-limiting description of
exemplary amino acid domains that can be added to an
unmodified self-assembling peptide and methods for their
selection.

[0127] A. Biologically Active Peptide Motifs

[0128] Efforts to modify the previously identified self-as-
sembling peptides were inspired in part by a desire to create a
fully synthetic material that would recreate important fea-
tures of the microenvironment provided by the cellular base-
ment membrane. The cellular basement membrane is a three-
dimensional network mainly composed primarily of
laminins, collagens and proteoglycans. Basement mem-
branes underlie sheets and tubes of epithelial cells and also
surround individual cells of various types such as muscle
cells, fat cells, and Schwann cells. In certain locations (e.g.,
lung, kidney glomerulus) the basement membrane separates
sheets of cells and serves as a filter. Under electon micro-
scopic visualization, basement membranes can be seen to
include two distinct layers: an electron-lucent layer adjacent
to the basal plasma membrane of cells resting on the basement
membrane and an electron-dense layer below. Basement
membranes may also include a third layer that connects the
lower layer to underlying connective tissue (Alberts, et al.,
referenced above).

[0129] In addition to its importance as a structural compo-
nent, supporting cell attachment and acting as a barrier that
separates various cells, tissues, and organs, it also provides
cells with an instructive microenvironment that interacts with
them and modulates their function. Cell polarity, metabolism,
differentiation, and migration are among the aspects of cell
function modulated by the basement membrane. In addition,
molecules in the basement membrane can contribute to the
structural organization of plasma membrane and intracellular
molecules. Basement membrane molecules also interact with
one another.

[0130] The role of the ECM in modulating cell function is
of particular interest in the context of the vascular system, in
which vessels and heart chambers contain an inner endothe-
lial cell monolayer resting atop a basement membrane that
separates the endothelial cells from muscular layers below.
The basement membrane is believed to play an important role
in processes such as vascularization, and its integrity is
important in maintaining proper vascular function. Damage
or alterations in the endothelial cell layer and/or underlying
basement membrane are likely to play a key role in various
disease processes such as atherosclerosis.

[0131] Short peptide sequences present in proteins of the
basement membrane have been identified as participating in a
variety of important biological functions including cell
attachment, proliferation, differentiation and migration (Iwa-
moto et. al., 1987, Kleinman et. al., 1989, Koliakos et. al.,
1989, Skubitz et. al. 1990, Tsilibary et. al., 1990, Sakamoto
et. al, 1991). Peptide sequences that mediate binding
between different ECM molecules or binding between ECM
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molecules and non-ECM molecules in the body have also
been identified. The following sections describe features of
various basement membrane molecules that may contain and/
or interact with such peptide motifs and provide further
details regarding relevant aspects of the vascular system,
endothelial cells, and the endothelial basement membrane.
[0132] Laminin-1. Laminins represent a protein family of
heterotrimers containing o,  and y chains. Laminins are
primarily located in basement membranes but also in mesen-
chymal compartments. Laminins create physical boundaries
between stromal matrix and epithelial, endothelial, muscle,
and nerve cells. So far at least 11 laminin isoforms (contain-
ing various combinations of a, B and y chains have been
identified. Common to all of them is a coiled-coil domain
which plays a key role in heterotrimer assembly. Laminin-1 is
the earliest laminin produced during mouse development
prior to the blastocyst stage, contributing to epithelial tissues
during organogenesis (Dziadek & Timpl, 1985; Klein et al.,
1990). Laminin-1 (M,=900,000) is formed from a1, 1 and
v1 subunits, which assemble into a cross-like structure (Engel
et al., 1981). It forms a complex with nidogen, resulting in
networks with a quasi-hexagonal pattern and three-dimen-
sional structures. Formation of the complex occurs in a cal-
cium, temperature, and concentration manner (Yurchenco &
Cheng, 1993).

[0133] Laminin-1 is involved in a number of important
interactions including both homotypic interactions or
between different isoforms. It also interacts with other pro-
teins of the extracellular matrix forming bridges between the
protein complex and cell membranes through cell-membrane
receptors, or directly interacting with cells through several
integrin and non-integrin receptors (Kreis & Vale, 1999).
Major biological functions attributed to laminin-1 include
promoting cell adhesion, cell migration, cell differentiation
and proliferation, enhancing neurite outgrowth, regulation of
cell shape, and establishment of cell polarity of a variety of
cell types (Martin & Timpl, 1987, Timpl, 1980, Beck et. al.,
1990; Engel, 1992).

[0134] The different biological activities of laminin-1 have
been characterized using proteolytic fragments, recombinant
fragments or subunits, and short synthetic peptides (Yamada
& Kleinman, 1992, Yamada, 1991, Table 2). For instance, the
sequence AASIKVAVSADR (SEQ ID NO: 31) derived from
the laminin a chain promoted activity of neurite extension by
PC12 cells (Yasumitsu et. al., 2002). In addition, the peptide
CSRARKQAASIKVAVSADR (SEQ ID NO:32), which
includes this sequence (underlined) induced degradation of
Matrigel matrix by human umbilical vein endothelial cells
(HUVEC) and zymogram analysis demonstrated collagenase
1V activity, a key enzyme in basement membrane remodeling
and/or degradation (Grant et. al., 1992).

[0135] The sequences YIGSR (SEQ ID NO:33), PDSGR
(SEQ ID NO: 34), RYVVLPR (SEQ ID NO:35) located on
the 1 chain promoted cell adhesion and, in addition, YIGSR
(SEQ ID NO:33) promoted cell migration and human umbili-
cal vein endothelial cell (HUVEC) tube formation (Iwamoto
et al., 1987, Sakamoto et. al., 1991, Kleinman et. al., 1989;
Skubitz et al., 1990, Grant et al., 1989). The sequence KAF-
DITYVRXKF (SEQ ID NO:36) from the laminin y1 chain
also promoted HUVEC adhesion and tube formation, as well
as neuronal cell adhesion and neurite outgrowth, suggesting
that laminin-1 may interact specifically with various cellular
receptors through different domains (Nomizu et al., 1997,
Ponce et. al., 1999).
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[0136] Collagen IV. Collagenous proteins constitute a
superfamily of extracellular matrix proteins with a structural
role as their primary function. All collagens have domains
with a triple helical conformation. Such domains are formed
by three subunits (o chains), each containing a (Gly-X-Y),,
repetitive sequence motif.

[0137] Collagen IV is the major collagenous component of
the basement membrane, forming a network structure that
involve the interaction with other basement membrane com-
ponents including laminin, nidogen, and heparan sulfate pro-
teoglycan (Kreis & Vale, 1999). Collagen molecules are com-
posed of two a1 (IV) chains and one a.2(IV) chain. Collagen
1V is believed to interact with cells indirectly through laminin
via direct low affinity interactions (Yurchenco & O’Rear,
1994, Charonis et. al., 1985) or by strong binding mediated by
nidogen, a glycoprotein of about 150 Kda, which binds
tightly to laminin (Paulsson et. al., 1987, Poschl et. al., 1996)
and has binding sites also for collagen IV (Timpl, 1996). Type
IV collagen also binds to heparin and heparan sulfate pro-
teoglycan (Yurchenco & O’Rear, 1994, Tsilibary et. al., 1988,
Koliakos et al., 1989, Fujiwata et. al., 1984).

[0138] Many cell types adhere to type IV collagen, and
peptide sequences within it have specific biological activities.
Forinstance the peptide TAGSCLRKFSTM (SEQ ID NO:37)
was found to specifically bind to heparin and intact type IV
collagen in a dose dependent manner (Koliakos et. al., 1989,
Tsilibary et. al., 1990) and, in addition, the same peptide also
was able to promote the adhesion and spreading of bovine
aortic endothelial cells (Tsilibary et. al., 1990). The peptide
sequence also inhibited collagen IV matrix assembly when
both were incubated together in solution. Thus, the role of this
type IV collagen derived peptide sequence is diverse, influ-
encing matrix assembly, heparin binding and cell adhesion
(Tsihlibary et. al., 1990).

[0139] Nidogen. Nidogen (previously referred to in the lit-
erature as entactin) consists of a single polypeptide chain that
binds to the laminin-1 y chain by a single module (LE) of 56
residues (Poschl et. al., 1996). Nidogen also interacts with
collagen type [V via a separate epitope and it is considered to
act as a linker molecule between laminin-1 and collagen [V in
basement membranes. In addition, nidogen contains RGD
sequences which may serve as cell attachment sites via inte-
grin molecules (Timpl, 1989).

[0140] Proteoglycans. Proteoglycans are a set of proteins
found in a variety of locations including cell surfaces, within
intracellular vesicles, and incorporated into extracellular
matrices. They are defined and classified by the presence of a
common post-translational modification, a special type of
polysaccharides, the family of glycosaminoglycans.

[0141] Proteoglycans are a diverse set of macromolecules
composed of a core protein which can consist of a small or
large polypeptide chain (10-400 kDa) carrying from one to
hundreds of glycosaminoglycan chains. There are many
known activities of proteoglycans. Among those, they are
known to regulate cell-cell and cell-matrix interactions by
binding with other extracellular matrix proteins. They regu-
late extracellular matrix assembly and structure and they
immobilize diffusible molecules within the extracellular
matrix as storing and releasing compartments (Kreis & Vale,
1999).

[0142] Additional basement membrane components. In
addition to the proteins described above, a number of other
proteins are present in the basement membrane and play
significant roles. Among them are perlecan, agrin, BM-40/
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SPARC, fibulin-1, fibulin-2 (Timpl 1996, and references
therein). A number of proteins related to these have also been
discovered.

[0143] Vascular system and the ECM. Vascular endothelial
cells provide an interface between the systemic circulation
and soft tissues and participate in critical processes including
inflammation, coagulation and hemostasis. Vascular endot-
helium also plays a role in a diverse set of pathological con-
ditions ranging from atherosclerosis to diabetic nephropathy.
Extension of pre-existing blood vessels and/or generation of
new blood vessels from existing vasculature (angiogenesis)
plays an essential role in tissue repair and regeneration as well
as in embryonic development. In general, these processes
involve the formation of a three-dimensional vascular net-
work that provides nutrients and oxygen and removes waste
products from the cells. Angiogenesis has been the subject of
intensive research efforts during the past two decades (Car-
meliet, 2000, Han & Liu, 1999).

[0144] The generation of vascularised three-dimensional
structures is today one of the major challenges in tissue engi-
neering (Biselt et. al., 1998). Cells can stay alive by diffusion
of nutrients only when they are located within ~100-200 um
of a blood supply (Colton, 1995). It would be desirable to
develop methods of creating artificial vascular networks for
use in tissue engineering applications that go beyond thin
structures such as skin in which nutrients and oxygen can be
delivered by diffusion (Cassell et. al., 2002), or avascular
tissues such as cartilage.

[0145] The general structure of a blood vessel comprises an
inner lining of flattened endothelial cells with a cobblestone
morphology forming a cell monolayer that is separated from
the underlying smooth muscle cells by a thin extracellular
matrix, the basement membrane (FIG. 8). Endothelial cells
possess a negative outer charge that repels platelet adherence,
produce glycosaminoglycans that bind antithrombin III, as
well as tissue plasminogen activator, which facilitate the anti-
coagulant and fibrinolytic activities of endothelial cells. In
common with most other basement membranes, the basement
membrane of blood vessels is mainly composed of laminin-1,
collagen IV, nidogen, and proteoglycans. Itis well established
that the behavior of endothelial cells is influenced by interac-
tion with the basement membrane (Tsilibary et. al., 1988,
Tashiro et. al., 1989, Grant et. al., 1989, Skubitz et. al., 1990,
Sakamoto et. al., 1991, Kanemoto et. al., 1990, Grant et. al.,
1990, Nomizu, et. al., 1997, Ponce et. al., 1999, Malinda et.
al., 1999).

[0146] Endothelial cell function. The endothelial mono-
layer has multiple functions including facilitating blood flow
by providing a nonthrombogenic surface, being a permeable
barrier and transport interface for metabolites, modulating the
inflammatory response, modulating the contractility of the
vascular smooth muscle and the myocardium, and regulating
vascular tone and homeostasis, among others (Boeynaems &
Pirroton, 1994, Cines et. al., 1998).

[0147] Endothelial cells continuously produce, secrete, and
remodel their own basement membrane and also synthesize
vasoactive autacoids (from Greek autos-self and akos-rem-
edy), that contribute to regulate vascular tone and homeosta-
sis (Busse & Fleming, 2003). Nitric oxide (NO) is one of the
best known vasodilators. In biological systems, NO is syn-
thesized from L-arginine by the action of nitric oxide syn-
thase being the other reaction product L-citrulline. Another
potent vasodilator and inhibitor of platelet aggregation is
prostacyclin (or also called prostaglandin 1,, PGIL,). PGI,
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belongs to the family of eicosanoids, and it is formed from
arachidonic acid via prostaglandin H, (PGH,) by prostacy-
clin synthetase. A 21 aminoacid peptide, endothelin-1 (ET-1)
has been shown to promote vasoconstriction. These three
substances (and likely others as well) act together as regula-
tors of vessel tone.

[0148] It is known that the lack of a healthy endothelium
can contribute to major vascular pathologies such as throm-
bosis. For example, disruption of the smooth endothelial
monolayer may occur due to the deposition of lipids and other
materials found in atherosclerotic plaques and/or may con-
tribute to the development of atherosclerotic lesions (Cines, et
al., 1998). The presence of a confluent monolayer of endot-
helial cells could improve thromboresistance. It may also
prevent or ameliorate other diseases such as pseudointimal
hyperplasia, e.g., by preventing the adhesion of platelets,
which release bioactive factors that can contribute to smooth
muscle recruitment and/or proliferation. In addition, the abil-
ity to generate a smooth endothelial monolayer would be
useful to restore the integrity of the endothelium following
invasive procedures such as angioplasty, catheterization, etc.
Therefore, considerable efforts are currently directed to the
study of endothelization, both in vitro and in vivo.

[0149] A number of researchers have studied the role of
extracellular matrix in vascularization. Many such studies
involved observation of EC behavior on extracellular matrix
derived materials such as Matrigel, a basement membrane
derived material obtained from the Engelbreth-Holm-Swarm
mouse tumor, or collagen (Grant at al., 1989, Davis et. al.,
2000, Bell et. al., 2001, Davis et. al., 2002). Angiogenic
processes such as tube formation have been studied in both
2D and 3D systems (Davis et. al., 2000, Bell et. al., 2001,
Davis et. al., 2002). The interaction of EC with several syn-
thetic peptides (Grant et. al., 1989, Grant et. al., 1992, Ponce
et. al, 1999, Nomizu et. al, 2001) has been explored.

[0150] It has been previously shown that seeding EC cells
in environments that mimic physiological conditions existing
in vive can stimulate the production of various vasodilator
and vasoconstrictor substances such as those described above
(Gloe et al., 1999, Busse & Fleming. 2003) and/or enhance
various angiogenic processes such as tube formation, e.g.,
relative to the situation when EC cells are seeded on conven-
tional substrates. As mentioned above, scaffolds formed by
self-assembly of unmodified peptides provide an environ-
ment that replicates an in vive environment in a number of
respects. The inventors hypothesized that modification of the
self-assembling peptides to incorporate biologically active
peptide motifs may enhance their ability to act as basement
membrane analogs, which mimic the extracellular microen-
vironment of EC.

[0151] As described in the examples, the inventors created
a variety of modified peptides and tested their ability to
assemble into macroscopic structures that could be used for
purposes such as cell culture, tissue engineering, or therapeu-
tic applications either with or without cells. Surprisingly, it
was found that extensive modifications may be made without
preventing scaffold formation. The inventors tested the capa-
bility of these new biomimetic materials to support mono-
layer formation, growth, and function of human aortic endot-
helial cells (HAEC). The addition of a number of the peptide
motifs conferred new biological activities on the peptides as
evidenced by alteration in HAEC behavior when cultured in
the presence of scaffolds made from the modified peptides
(Example 2). It was discovered that altering the effective
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concentration of peptide motifs presented to cells by the
scaffolds alters the effects on cells. For the peptides tested,
composite scaffolds in which only a portion of the self-as-
sembling peptides incorporate the biologically active peptide
motif appears to be preferable in terms of enhancing func-
tional activity of the cells.

[0152] The inventors discovered that scaffolds comprising
the modified self-assembling peptides YIG, RYV, or TAG
(blended with unmodified peptide RAD16-1 as described in
Example 2) supported increased monolayer formation rela-
tive to monolayer formation on scaffolds made of unmodified
peptides, while also supporting NO release and synthesis of
basement membrane components (laminin 1 and collagenIV)
to a greater extent than occurs when HAEC are cultured on
conventional plastic substrates. Cell growth and morphology
on unmodified or modified peptide scaffolds was also com-
pared with cell growth and morphology when cells were
cultured on materials obtained from natural extracellular
matrix materials, i.e., Matrigel (Matrigel™; Becton Dickin-
son) or collagen I-coated surfaces (Example 2). Qualitatively,
monolayer formation, morphology, and cell number appeared
similar on the modified peptide scaffolds to the appearance on
Matrigel or collagen-1. HAEC attained confluence and exhib-
ited a typical cobblestone morphology (FIG. 16). In contrast,
HAEC grown on a scaffold made of unmodified peptide
(RAD16-1) did not attain confluence, exhibiting large gaps in
the monolayer (FIG. 16).

[0153] Furthermore, it was discovered that competition
with soluble peptide motif reduced the proliferation rate to
similar levels to those observed on the scaffold made from
unmodified RAD16-1 peptide, suggesting that the presenta-
tion of the peptide motif by the culture substrate is significant.
As shown in the bar graphs in FIG. 17 (see Example 2), in the
absence of added soluble biologically active peptide, HAEC
proliferation on peptide scaffolds made from 100% RAD16-1
peptide is significantly lower, by about 2-2.5 fold, than pro-
liferation on scaffolds made from peptide blends. Adding a
soluble biologically active peptide to cultures grown on a
scatfold containing that peptide reduces HAEC proliferation
to approximately the same level as on unmodified RAD16-1
scaffolds. Importantly, the data also indicates that when
HAEC are cultured on a scaffold containing peptides with a
specific biologically active amino acid domain, the competi-
tion only reduces cell proliferation when the same amino acid
domain is provided in soluble form, in other words, by com-
peting with the same sequence tag on the nanofibers compris-
ing the scaffold.

[0154] Table 2 presents a non-limiting list of various pep-
tide motifs that have been shown to have biological activities
in various systems, together with the protein in which the
motif naturally occurs, and the biological activity observed.
Any of'these peptide motifs can be used as the second amino
acid domain for modification of a self-assembling peptide.
Certain of these peptide motifs contain subsequences that are
believed to be the active domain (e.g., IKVAV (SEQ ID
NO:48) is contained in the first two peptides listed), which
may be used. It is to be understood that any of these motifs, or
others, should be tested by actually synthesizing the modified
peptide and testing its ability to self-assemble, e.g., to form 3
sheets, nanofibers, and/or a macroscopic structure, preferably
a gel, under conditions that would result in self-assembly of
anunmodified peptide. Methods for performing such tests are
described below, and the tests themselves require no more
than routine experimentation. Thus the teachings provided
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herein, showing that a diverse set of amino acid domains can
be added to the previously described self-assembling pep-
tides without preventing self-assembly, supports the identifi-
cation of numerous other suitable amino acid domains. The
invention thus provides a method of selecting a self-assem-
bling peptide comprising (a) modifying a self-assembling
peptide comprising a first amino acid domain that mediates
self-assembly, wherein the domain comprises alternating
hydrophobic and hydrophilic amino acids that are comple-
mentary and structurally compatible and self-assemble into a
macroscopic structure when present in unmodified form by
adding a second amino acid domain that does not self-as-
semble in isolated form; and (b) testing the resulting peptide
to determine whether it self-assembles. Testing can be carried
out under conditions suitable for self-assembly of unmodified
self-assembling peptides. Preferably modified peptides that
self-assemble into §§ sheets, nanofibers, and/or macroscopic
structures are selected.

TABLE 2
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chains, for example RQVFQVAYIIIKA (SEQ ID NO: 54),
FQIAYVIVKA (SEQ ID NO:55), GQLFHVAYIIIKA (SEQ
ID NO:56), FHVAYVLIKA (SEQ ID NO:57), and LEN-
GENVSLVNGR (SEQ ID NO:58) (Nomizu, et al, 2001).

[0157] HAV is derived from the cell adhesion protein
N-cadherin and has been shown to mediate interaction
between axons and associated glial cells (Schense, J C and
Hubbell T A (1999), Bioconjugate Chemistry, 10:75-81).
REBDV (SEQ ID NO:59) is an adhesion ligand from
fibronectin that is believed to be specific for the endothelial
cell integrin receptor a4 1, which is present on endothelial
cells but not on platelets (Hubbell, J A., Massia, S. P., Desai,
N P, Drumheller P D (1991) Biotechnology 9:568-72)).
LGTIPG (SEQ ID NO:60) and DGEA (SEQ ID NO:61)
represent additional sequences known to mediate cell adhe-
sion (Yamada 1991). GVGVP (SEQ ID NO:62 is a domain
that is found in repeated form in elastin and may mediate cell
adhesion. GVGVAP (SEQ ID NO:63) is a chemoattractant

Peptide sequences from basement membrane
proteins and their biological activities.

Peptide sequence Protein Biological activity

AASIKVAVSADR Laminin-1 Neurite extension in PC12

(SEQID NO: 31) cells

CSRARKQAASIKVAVSADR Laminin-1 Degradation of Matrigel matrix,

(SEQID NO: 32) endothelial mobilization, capillary
branching, vessel formation (in vivo)

YIGSR (SEQ ID NO: 33) Laminin-1 Cell adhesion, cell migration,
endothelial tubular formation

PDGSR (SEQ ID NO: 34) Laminin-1 Cell adhesion

RYVVPR (SEQ ID NO: 35) Laminin-1 Cell adhesion

KAFDITYVRLKF Laminin-1 Endothelial cell adhesion and tubular

(SEQ ID NO: 36) formation, neurite outgrowth

TAGSCLRKFSTM Collagen-IV  Binds to heparin and heparan

(SEQ ID NO: 37)

sulphate, promotes adhesion and

spreading of bovine aortic endothelial

cells

[0155] Any of a wide variety of additional peptide motifs in
addition to those listed in Table 2 can be used as biologically
active peptide motifs to modify the unmodified self-assem-
bling peptides. The motifs may be derived from any of a
diverse range of naturally occurring proteins and peptides
including ECM components, cell adhesion molecules, cell
surface receptors, growth factors, cytokines, chemokines, etc.
The RGD sequence is a prototypic cell recognition sequence
found in fibronectin and well known to be recognized by
integrins and to mediate cell attachment. LDV is another such
motif.

[0156] A large number of additional biologically active
peptides have been identified as described in the various
references cited herein. For example, RNIAEIIKDI (SEQ ID
NO:49) is an active peptide also derived from laminin-1 (y
chain) (Liesi, P., Narvanen, A., Soos, J., Sariola, H and
Snounou, G., (1989) FEBS Letters, 244:141-148). Biologi-
cally active peptide motifs that mediate cell binding, includ-
ing peptides comprising the sequences YVRL (SEQ ID
NO:50), IRVTLN (SEQ ID NO: 51), TTVKYIFR (SEQ ID
NO:52), and SIKIRGTY (SEQ ID NO: 53) have been iden-
tified by systematic screening of synthetic peptides derived
from the sequence of the mouse laminin y1 chain (Nomizu
1997). A number of biologically active peptide domains have
been identified in the N-terminal domain of various laminin o

that attracts monocytes. It is noted that biologically active
peptide domains may be identified in the version of a protein
foundin a particular species, e.g., human, mouse, rat, but may
display biological activity with respect to cells of other spe-
cies as well and can be tested using cells of various cell types
and species. A large number of peptides derived from laminin
al, B1, or y1 chains that were active in assays of HUVEC
attachment and/or tube formation have been identified (Mal-
inda 1999; Ponce 1999).

[0158] Candidate peptides for use as biologically active
peptide motifs may be tested for their ability to affect any of
anumber of cellular processes when incorporated into a pep-
tide scaffold of the present invention. Certain useful tests are
described below. Altered versions of the candidate peptides
can also be used to modify the unmodified self-assembling
peptides, and scaffolds comprising these altered candidate
peptides can be used as a control. A range of different peptide
concentrations can be tested, and various combinations can
be used.

[0159] A peptide can be identified as a biologically active
peptide motif according to a number of criteria including, but
not limited to, those described by Yamada (1991). While
Yamada describes tests for biological relevance for the case of
adhesive recognition sequences, the criteria he gives may be
applied more widely. A putative active peptide motif may be
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identified as biologically relevant is a synthetic peptide con-
taining the sequence displays activity after conjugation to a
carrier (e.g., 1gG, albumin, beads), even if inactive when
adsorbed directly on a substrate such as glass, plastic, etc.,
though they may also display activity when conjugated to a
substrate. A soluble form of a biologically active peptide
motif may competitively inhibit the function of an intact
protein in which the motif'is naturally found. Alteration of the
peptide sequence may eliminate the function of the peptide.
For example, site-directed mutagenesis of a protein in which
the peptide is naturally found, or amino acid substitution in a
synthetic peptide may cause loss of biological activity. Anti-
peptide antibodies may eliminate function of the protein in
which the motif is naturally found. A biologically active
peptide may bind to the same cellular receptor or naturally
occurring biomolecule as a naturally occurring protein con-
taining the peptide.

[0160] Inaddition to amino acid domains whose sequence
is derived from naturally occurring proteins such as those
mentioned above, amino acid domains from growth factors,
cytokines, chemokines, peptide hormones, peptide neu-
rotransmitters, other biologically active peptides found in the
body, etc., can also be used. See Goodman and Gilman 2001,
referenced above, and Kandel 2000, referenced above, for
examples.

[0161] B. Tests for Biological Activity

[0162] This section describes a variety of tests that can be
used to determine whether a candidate peptide comprises or
consists of a biologically active peptide motif. The tests
described below are provided for exemplary purposes only,
and one of ordinary skill in the art will be able to select and
employ a variety of additional tests and variations of the tests
described herein, depending on the cell type and cell behavior
ofiinterest. In any of these tests, soluble peptide can be used as
a control. A range of peptide concentrations (both substrate-
bound, present as part of a modified self-assembling peptide,
or in soluble form) may be used.

[0163] Also, it may be desirable to assess and/or monitor
any of a variety of indicators of cell phenotype, cell viability
or proliferation, cell phenotype, and/or the functional state of
the cells or various cellular behaviors. As is well known in the
art, there are a number of methods for assessing cell viability,
proliferation, and for assessing various aspects of cell behav-
ior and phenotype. In general, any appropriate method may be
employed to investigate and assess the effects of culturing
cells under the conditions described herein. In addition, the
effects of the cells on the overall composition and properties
of'a cell/hydrogel assembly may be monitored. Such features
as protein content, strength, etc., can be examined.

[0164] Cell viability and proliferation. Cell viability may
be assessed by examining vital dye exclusion (e.g., trypan
blue exclusion). Cell division may be observed by light
microscopy and is indicated by the presence of mitotic fig-
ures. An increase in cell number accompanying division may
also be observed, e.g., by counting with a hemacytometer.
Morphological changes such as cell rounding may also
accompany division. DNA synthesis may be monitored by
detecting and/or measuring incorporation of various sub-
stances such as radiolabeled nucleotides (e.g., >[H]thymi-
dine), bromodeoxyuridine (BrdU), etc., into DNA. Numerous
other assays are also available. For example, according to the
MTS assay, when the MTS reagent (a tetrazolium salt) is
applied to living cells, it is converted to a color compound
(formazan) with the emission of light at 490 nm. Kits such as
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the LIVE/DEAD™ Viability/Cytotoxicity Assay Kit (Mo-
lecular Probes, catalog #1.-3224) are widely available. Immu-
nostaining using antibodies that bind to proteins indicative of
cell proliferation such as proliferating cell nuclear antigen
(PCNA) can also be used. Methods for assessing apoptosis
are well known in the art and include visual examination,
TUNEL, and determination of the level of mRNA or proteins
associated with apoptosis, e.g., caspases.

[0165] Cell attachment. A convenient method to measure
cell attachment promoting activity ofa peptide is to conjugate
the peptide to beads (e.g., sepharose beads) and incubate cells
in the presence of the functionalized beads with or without
added soluble peptide. Nonfunctionalized beads can be used
as a control. Following incubation, cells can be detached
using various methods such as treatment with an EDTA-
containing solution, stained, and analyzed by microscopy,
FACS, etc. (See Nomizu 2001 for further details). Similar
methods can be used to test cell attachment to scaffolds com-
prising modified and/or unmodified self-assembling peptides
(see Example 2).

[0166] Cell morphology and spreading. Cell spreading
involves a number of morphological features that may differ
depending on the cell type. For example, human foreskin
fibroblasts typically assume an elongated polygonal cell
shape (Hem and Hubbell, 1998) when spread and display an
organized F-actin stress fiber network (see below). Cell mor-
phology can be assessed by light microscopy, and the number
of cells assuming a morphology characteristic of cell spread-
ing on the modified versus unmodified scaffolds and/or in the
presence or absence of competitor soluble peptide can be
assessed.

[0167] Cytoskeletal organization. Certain peptides affect
the organization of the cytoskeleton, which influences cell
shape and migration. The organization of F-actin stress fibers
within cells can be examined by staining with rhodamine-
conjugated phalloidin (Hem and Hubbel, 1998). For example,
cells cultured on a peptide scaffold can be fixed in 4% form-
aldehyde solution, permeabilized (e.g., with 0.1% Triton
X-100 in PBS), incubated with rhodamine-conjugated phal-
loidin, and fixed again. They can then be visualized micro-
scopically, e.g., using epifluorescence microscopy.

[0168] Cell migration. A number of assays are available to
quantify cell migration on or through various substrates
including scaffolds comprising the modified self-assembling
peptides of the invention. For example, migration can be
assessed using a fence-style assay in which cells are cultured
on a substrate, e.g., a scaffold comprising modified self-
assembling peptides, in the presence of a barrier. The location
of'the barrier is recorded. The barrier is then removed, and the
cells are maintained for a period of time. The number of cells
that cross the barrier in a given period of time is a measure of
cell migration. Values can be corrected to account for cell
proliferation, which may differ depending on the substrate. In
a variation of the above approach, substrates comprising two
or more different surfaces can be created by separating
regions of a container by a barrier which is then removed.
Differential migration onto various surfaces can be assessed.
Migration can also be quantified using a radial Teflon fence
migration assay as described for smooth muscle cells (Mann
2002) and human microvascular endothelial cells (HMVEC)
(Sagnella 2004).

[0169] Cell differentiation, dedifferentiation, and transdif-
ferentiation. These features can be assessed based on a num-
ber of parameters, including morphology. Cell differentia-
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tion, dedifferentiation, and transdifferentiation may also be
assessed by detecting and/or measuring the presence of cer-
tain polypeptides or polynucleotides known as markers. The
latter approach is widely used, and cellular markers charac-
teristic of numerous different cell types have been identified.
mRNA and/or protein expression may be detected by tech-
niques well known in the art. For example, mRNA may be
detected and quantified using Northern blots, cDNA or oli-
gonucleotide microarray analysis, RT-PCR, etc. Protein
expression may be detected and quantified using immunob-
lotting analysis, immunofluorescence, FACS analysis,
ELISA assays, etc. Such immunological techniques may
employ monoclonal or polyclonal antibodies that bind to the
protein.

[0170] The variety of markers is immense, and new mark-
ers are routinely being identified. For example, nestin is an
intermediate filament protein expressed in neuroepithelial
neuronal precursor stem cells, and its expression decreases
with neuronal maturation (Lendahl 1990). Nestin is consid-
ered a marker for immature neurons, and nestin-positive cells
can differentiate into either neurons or glia. NeuN is a neuron-
specific marker expressed in postmitotic cells (Sarnat 1998).
Glial fibrillarary acidic protein (GFAP) is a classic glial astro-
cyte marker. Beta III tubulin is another neuron-specific pro-
tein. Expression of CYP450 proteins is characteristic ofhepa-
tocytes.

[0171] Of particular significance in the context of the
present invention are markers that may be used to identify
vascular endothelial cells and to evaluate functional activity
of vascular endothelial cells. Von Willebrand factor is a
widely recognized marker for vascular endothelial cells.
Other markers for vascular endothelial cells include CD31,
DC102, CD106, and isolectin B4 (Williams K S, 1995;
“Microvascular endothelium from adipose tissue” Endothe-
lial Cell Culture. Roy Bicknell (ed). Cambridge University
Press, 1996). In certain embodiments of the invention the
peptide scaffold desirably promotes angiogenesis. Markers of
angiogenesis include angiogenesis-related growth factors
VEGF, Angiopoietins 1 and 2, and their receptors Flt-1, Flk-1,
Tie2 (Ferrara, 2001; Gale and Yancopoulos, 1999). Mono-
clonal antibodies directly conjugated with fluorescent dyes
that bind to various of these markers are commercially avail-
able, e.g., from Dako, Chemicon, etc.

[0172] Functional assays can also be used to assess cell
phenotype or state. For example, the ability of a cell to take
up, produce, or secrete a certain molecule characteristic of a
particular cell type, or to perform an enzymatic reaction char-
acteristic of a particular cell type, can be assessed. As
described in the Examples, uptake of low density lipoprotein
(LDL) and release of NO are characteristic of endothelial
cells.

[0173] ECM component production. It may be of particular
interest to assess the effect of various candidate biologically
active peptide motifs, active biomolecules, environmental
parameters such as application of mechanical forces, etc., on
production of ECM components and/or to monitor produc-
tion of such components over time. A variety of methods for
doing so are available. As described in Example 3, Western
blots (or other immunological methods) can be used to quan-
tify production of BCM proteins. For histological analysis,
toluidine blue staining of glycosaminoclycan (GAG), a pro-
teoglycan component, can be performed according to stan-
dard protocols. Collagen deposition can be measured using
known techniques (Ioannidis et al., Cell Tissue Res. 297:141-
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147, 1999; Domm et al., Orthopade 29:91-99, 2000). Extra-
cellular protein production can be measured by addition of
[*H]-proline to the media. The radiolabeled proline is taken
up by the cells and incorporated into newly synthesized pro-
teins. Following a time period (e.g., 16-24 hours) in the radio-
labeled media, free [*H]-proline is removed by rinsing. The
extracellular protein may be digested, e.g., by incubationin a
proteinase K solution overnight at approximately 60° C., and
the radioactivity present in the digested protein quantitated by
scintillation counting. Proteoglycan production can be mea-
sured similarly, except that [*>S]-sulfate is added to the media
instead of [*H]-proline. The total accumulation of GAG can
be measured based on fluorometric analysis of the amount of
DMMB dye bound (Chandrasekhar et al., Analytical Bio-
chemistry 161(1): 103-108, 1987).

[0174] Nervous system assays. There is considerable inter-
est in developing materials that would be useful for in vitro
culture of nervous system tissue (e.g., nerves, glial cells),
repair and regeneration of nervous system tissue. Various
parameters indicative of nervous tissue function can be mea-
sured. For example, neurite outgrowth can be assessed by
microscopic examination (and, optionally digital image pro-
cessing) of isolated cells cultured on top of peptide scaffolds,
e.g., PC12 cells (Holmes, et al., 2000). Such cells can also be
encapsulated. Another approach is to encapsulate dorsal root
ganglia dissected from animals such as chicken and measure
average neurite length extending from the ganglia at different
time points (Schense and Hubbell 1999; Schense J C, Bloch
J., Aebischer P., and Hubbell J A (2000) Nature Biotechnol-
ogy, 18: 415-419). Synapse formation can be assessed as
described, for example, in Holmes 2000. Production of neu-
rotransmitters and enzymes known to be involved in neu-
rotransmitter synthesis provide additional means of assessing
nervous tissue functional activity.

[0175] Endothelial sprouting. An aortic ring assay, in which
aortic rings are isolated from animals such as rats, cultured on
top of peptide scaffolds for a period of time to allow sprout-
ing, followed by fixing and microscopic examination can be
used to quantify the ability of a candidate biologically active
peptide to induce endothelial sprouting, an important aspect
of'angiogenesis (Malinda 1999).

[0176] Endothelial tube formation. Cell organization and
formation of capillary-like structures following culture of
ECs on the surface of or encapsulated within peptide scaf-
folds can be quantitated at various time points, e.g., 2 hr, 8 hr,
12 hr, 24 hr, 3 days, 1 week and 2 weeks after seeding by
determining the correlation length as described in
WO002003096972. Staining with hematoxylin and eosin,
Massone’s trichrome, as well as immunostaining for actin
enables visual assessment of endothelial cell cluster forma-
tion, sprouting, capillary-like structure formation. The pres-
ence of a lumen in the capillary-like structures can be
assessed visually and by using automated imaging systems
including three-dimensional imaging systems. Methods for
assessing tube formation are well known in the art (e.g., Davis
et. al., 2000, Bell et. al., 2001, Davis et al., 2002).

[0177] C. Biomolecule Interaction Motifs

[0178] Inaddition to biologically active peptide motifs that
affect cell phenotype and/or function, a variety of other bio-
logically relevant motifs, which may also affect cell function,
are of use to modity the unmodified self-assembling peptides.
In particular, it may be desirable to use a peptide motif that is
known to bind to a naturally occurring protein, e.g., an ECM
component such as those mentioned above (proteins, pro-
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teoglycans, GAGs, etc.). A number of peptides that mediate
specific binding have been identified. For example, the pep-
tides TAGSCLRKFSTM (SEQ ID NO:37), LAGSCLARF-
STM (SEQ ID NO: 64), and GEFYDLRLKGDK (SEQ 1D
NO:65) are naturally found within collagen IV and were
identified as specifically binding to heparin (Koliakos 1989).
Others can be identified by systematic screening of synthetic
peptides for binding activity, by two-hybrid screens, etc.
[0179] As an additional example, amino acid domains that
comprise protease cleavage sites can be used. Such amino
acid domains may also comprise a biologically active peptide
motif, so that cleavage at the cleavage site releases the bio-
logically active peptide. Cleavage can also alter the physical
properties of a peptide scaffold which may, for example, alter
the overall degradation rate and/or facilitate remodeling, cell
migration, etc. In this regard it may be desirable to include an
amino acid domain between two self-assembling domains in
the modified peptide.

[0180] Protease cleavage sites that can serve as substrates
for proteases commonly found in the ECM, which may be
involved in ECM remodeling, cell migration, etc, are of par-
ticular interest. Examples are matrix metalloproteases
(MMP) and members of the ADAM (a disintegrin and met-
alloprotease) family. The peptide GPQGIWGQ (SEQ ID
NO:66) is a fast-degrading substrate for several members of
the MMP family and is derived from the sequence GPQGI-
WGQ (SEQ ID NO:67) found in the a(1) chain of calf and
chicken type I collagen (Nagase H., Fields G B, Biopolymers
(1996), 40:339). Cleavage occurs between the adjacent G and
I residues in both sequences. This motif provides an example
of a situation in which alteration of a naturally occurring
peptide motif is used to confer particular desired properties
on an amino acid domain, in this case increasing the degra-
dation rate. Additional cleavage sites for various MMPs and
for elastase and various cathepsins (cathepsin L, B, K) have
been identified (in the NC1 domain of human collagen X VIII
al chain) (Ferreras, M, Felbor, U, Lnhard, T, Olsen, B R, and
Delaisse, J-M, (2000) FEBS Lett 486. 247-51). LIKMKP
(SEQ ID NO:68) is a functional substrate for plasmin (cleav-
age occurs between K and M). Amino acid domains incorpo-
rating such cleavage sites or others known in the art can be
used.

[0181] Additional biomolecule interaction motifs that may
be used include binding sites for antibodies. The small amino
acid domains used to modify the self-assembling portion of a
peptide can serve as epitopes for the binding of a wide range
of antibodies including therapeutic antibodies, labelled anti-
bodies, etc. Such antibodies can be added to a peptide solution
prior to self-assembly in vitro or prior to introducing the
solution into the body for assembly in vivo. Alternately, the
antibody can be an antibody that naturally occurs in a subject
into which an inventive peptide scaffold is introduced or can
be administered to such a subject. In the latter case, the
antibodies may localize at the site of the scaffold, where they
may be useful therapeutically and/or deliver a molecule, e.g.,
a therapeutic molecule at the site of the scaffold. Labelled
antibodies may facilitate visualization of the scaffold, or
monitoring of degradation products of the scatfold, etc.
[0182] D. Inorganic Molecule Binding Domains

[0183] According to certain embodiments of the invention
a amino acid domain that binds to an inorganic atom or
molecule is used as the non self-assembling portion of an
inventive self-assembling peptide. A number of such amino
acid domains have been identified in naturally occurring pro-
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teins, and many others have been identified through various
selection techniques such as phage display (see below).
(Sarikaya 2004). A large number of other inorganic-binding
peptides are known (Sarikaya 2004; Brown 1997; Whaley
2000, etc.). Peptides that bind to Au, Ag, Pt, Pd, SiO,, ZnO,
Cu,0, zeolites, CaCO,, Cr,0;, FeO;, GaAs, ZnS have been
identified. These compounds include heavy metals, semicon-
ductors, and can even show selective binding to particular
crystal structures and faces. Peptides incorporating these
amino acid motifs may find wide use in nanotechnology, in
areas such as nanoelectronics, nanophotonics, and nanomag-
netics (Sarikaya 2004). Self-assembling peptides comprising
such inorganic-binding peptides may be of particular utility
as it is widely recognized that self-assembly is a fundamental
principle in nanotechnology.

[0184] Amino acid domains that bind to inorganic materi-
als found in bone, such as calcium or phosphorus, are of
particular relevance in the context of tissue repair. Peptides
that may nucleate deposition of hydroxyapatite have been
identified. For example, the amino acid sequences DSS and
SD are found as repeated units in the phosphophoryn family
of proteins, which are massively phosphorylated proteins
found in close association with the ECM in dentin, for
example, and are known to play an important role in
hydroxyapatite deposition (Hartgerink 2001 and references
therein). Single or multiple repeats of DSS and/or SD can be
used as the non self-assembling amino acid domain in the
inventive peptides. Scaffolds containing such peptides may
facilitate biomineralization when implanted into a subject.
[0185] E. Identification of Additional Amino Acid
Domains of Interest

[0186] One approach to identifying additional amino acid
domains that may be used as the non self-assembling portion
of an inventive peptide is to systematically screen synthetic
peptides derived from the sequence of a naturally occurring
protein that is believed to interact with cells, bind to a par-
ticular molecule, etc. This approach has been used to identify
numerous biologically active peptides as described above. In
general, a set of peptides, optionally overlapping, that
together encompass all or a significant portion of the
sequence is synthesized in vitro. Cells, or a potential binding
molecule, are then contacted with individual peptides, and the
cellular response, degree of binding, etc., is assessed. The
peptides can be labelled to facilitate detection.

[0187] In general, peptides obtained from the sequence of
any naturally occurring protein can be screened including, but
not limited to, the proteins specifically discussed above, e.g.,
laminin-1, which includes the biologically active peptide
motifs YIGSR (SEQ ID NO:33) and RYVVLPR (SEQ ID
NO:35) and collagen IV, which includes the biologically
active peptide motif TAGSCLRKFSTM (SEQ 1D NO:37).
One of ordinary skill in the art will readily be ableto locate the
complete sequence for these proteins, related proteins, other
proteins of interest (e.g., other ECM proteins), genes encod-
ing the proteins, etc., in publicly available databases such as
those available through the National Center for Biotechnol-
ogy Information (see web site having URL www.ncbi.nlm.
nih.gov) using, for example, the Entrez search engine. Data-
bases can be searched by gene or protein name, by nucleotide
sequence (e.g. by searching GenBank) or protein sequence,
etc. For example, genes encoding collagen IV proteins can be
identified by searching the Gene database using the term
“collagen”. A representative, nonlimiting, partial set of
search results is shown in Appendix A. The results contain
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links to the protein sequence, from which candidate amino
acid domains of interest can be selected (links have been
removed). Proteins containing a particular sequence domain
or a domain related in sequence to a particular domain can be
identified by searching with the sequence of interest. Appen-
dix B shows a nonlimiting set of search results obtained by
searching a protein sequence database with the sequences of
SEQ ID NO: 33, SEQ ID NO:35, and SEQ ID NO:37 and
includes the accession numbers identifying proteins that con-
tain these sequences. Proteins containing similar but not iden-
tical sequences could readily be identified.

[0188] As mentioned above, other proteins of interest
include additional ECM proteins, e.g., additional basement
membrane proteins. Peptide scaffolds particularly suitable
for different cell types may be created by screening proteins
known to be present in the ECM on or in which that cell type
is typically found. For example, the basement membrane in
which different cell types are commonly found may contain
different isoforms of laminin, collagen, etc. Amino acid
domains can be selected from proteins present in the extra-
cellular environment of any cell type of interest. While not
wishing to be bound by any theory, it is possible that such
proteins will be favorable for culture of that cell type and/or
for introduction into the body at a site known to contain cells
of' that type or at which it is desired to implant or attract cells
of that type.

[0189] Thus the invention provides a method for designing
a self-assembling peptide for formation of a peptide scaffold
for a cell type of interest comprising identifying an amino
acid domain present in a naturally occurring protein present
in the extracellular environment of that cell type (e.g., in the
ECM or basement membrane on or in which the cell type is
naturally found), screening the peptide to determine whether
it produces a biological effect on the cell (either when present
in a peptide scatfold or otherwise present in the environment
of'acell, as described above), utilizing the amino acid domain
as the second amino acid domain of a modified self-assem-
bling peptide, and testing a scaffold comprising the modified
self-assembling peptide to determine whether it is favorable
for cell growth, results in altered cell phenotype, etc. The
screening step can be omitted, i.e., the candidate peptide can
be directly incorporated as part of a modified self-assembling
peptide without first testing it for biological effect, if desired.

[0190] Another approach is to employ display techniques
involving peptide libraries such as phage display, cell surface
display, or ribosome display (see Sarikaya 2004 and refer-
ences therein). Phage display and cell surface display employ
chimeric proteins that are naturally present on the surface of
aphage or cell. The chimeric protein generally contains all or
part of a naturally occurring phage or cell surface protein, and
a second domain that contains a random peptide sequence
encoded by a nucleic acid expressed by the phage or cell. A
portion of the nucleic acid has typically been randomized by
any of various molecular biological techniques prior to its
introduction into the phage or cell (or a precursor thereof), or
can be altered thereafter by mutation. A library of phage or
cells, each expressing a different version of the chimeric
protein on its surface, is contacted with a target (e.g., a ligand
(which can be immobilized) or a population of cells). Follow-
ing the contacting step, weakly binding cells or phage
expressing chimeric proteins are washed away while strong
binders remain. The process is repeated to enrich for tight
binders (biopanning). Various methods of performing
directed evolution can also be used.
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[0191] Another approach to identifying useful amino acid
domains is to make a limited number of mutations to known
biologically active peptide motifs, binding peptides, etc., e.g.,
by substitution of one or more amino acids. This may identify
peptides with improved properties relative to the starting
sequence. The invention encompasses the use of amino acid
domains whose sequence differs from that of sequences listed
herein by 1, 2, or 3 amino acid residues.

V1. Characterization of Self-Assembling Peptides
and Compositions Comprising them

[0192] Structures (e.g., nanofibers, macroscopic structures,
hydrogels) formed by any of the unmodified self-assembling
peptides or the modified self-assembling peptides of the
present invention, or composites thereof; may be character-
ized using various biophysical and optical techniques. Suit-
able techniques include visual inspection, circular dichroism
(CD), dynamic light scattering, Fourier transform infrared
spectroscopy (FTIR), rheological assays such as oscillatory
rheometry, atomic force microscopy (ATM), scanning elec-
tron microscopy (SEM), and transmission electron micros-
copy (TEM). For example, biophysical methods may be used
to determine the degree of beta-sheet secondary structure in
the peptide scaffold. Additionally, filament and pore size,
fiber diameter, length, elasticity, and volume fraction may be
determined using quantitative image analysis of scanning and
transmission electron microscopy.

[0193] Peptide scaffolds may also be examined using sev-
eral standard mechanical testing techniques to measure the
extent of swelling, the effect of pH and ion concentration on
scatfold formation, the level of hydration under various con-
ditions, and the tensile strength. Parameters such as the elastic
modulus can be measured. These methods allow one of ordi-
nary skill in the art to determine which of the various modi-
fications and additions to the peptides described below are
suitable for use in the methods of the invention. Example 1
describes a variety of methods that were used to characterize
an unmodified peptide (RAD16-1), various modified peptide
derivatives of RAD16-1, and structures formed from a com-
posite of RAD16-1 and various modified peptide derivatives
(i.e., structures formed from a solution in which both
RAD16-1 and modified peptides were present). Non-limiting
descriptions of certain techniques that may be used are
described in the following sections.

[0194] Inaddition to, or instead of; assessing gel formation
in a quantitative manner, e.g., using the rheological tests
described herein, more qualitative assessments, including
simple visual examination, can be used. A reproducible
assessment of gel formation involves probing a composition
using a paperclip by stirring and sweeping the material up the
sides of a vessel containing the composition, such as a
microfuge tube (Sperinde, J C and Griffith L. G, Macromol-
ecules (2000), 33:5476-5480). A composition can be consid-
ered to undergo gelation when it seizes to the paper clip.
Further gelation or reversibility of the gel state can be
assessed with additional probing. Further gelation would
result in a stronger, less viscous material.

[0195] Rheometry. Rheological assays can be performed to
test the vicoelastic properties of the peptide scaffolds. For
example, oscillatory rheometry, which subjects samples to
oscillating stresses or oscillating strains, can be performed,
e.g., using a controlled strain rheometer, which shears the
sample at a controlled strain within a range of frequencies.
Various rheometers that can be used are commercially avail-
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able. Principles of rheometry and its applications to gels, are
described, for example, in Clark, 1987 and in Kavanagh &
Ross Murphy, 1998.

[0196] In general, the output from such a test is G*, the
complex modulus. This complex modulus can be defined as:

G*=GHiG" leq. 1]

[0197] In this equation:

[0198] @' is the storage modulus which represents the elas-
tic/solid character of the material.

[0199] G"is the loss modulus which represents the viscous/
fluid character of the material.

[0200] In oscillatory rheometry, for a viscous solution, the
viscous component of the complex modulus, the loss modu-
Ius (G") typically decreases with decreasing oscillatory fre-
quencies, and the storage modulus G' is low. For gels, G' and
G" are relatively constant with oscillatory frequency. For
example, in preferred embodiments of the invention, the mag-
nitudes of dG'/dw and dG"/dw are less than 2 or, more pref-
erably, less than 1, over a frequency range within the linear
region, when measured with a dynamic frequency sweep test,
where G' and G" are measured in Pascals (Pa) and w repre-
sents frequency in rad/s. The frequency range can be, for
example, between 0.1 and 1 rad/s, between 1 and 10 rad/sec,
etc. In other preferred embodiments of the invention, the
magnitudes of dG"/dw and dG"/dw are less than 0.5, less than
0.2, or less than 0.1 over a frequency range within the linear
region, when measured with a dynamic frequency sweep test,
where G' and G" are measured in Pa and w represents fre-
quency in rad/s.

[0201] For gels, G' is typically greater than zero. In pre-
ferred embodiments of the invention G' of a composition
formed by self-assembly of an inventive modified self-assem-
bling peptide is greater than or equal to 0.5 Pa. In other
preferred embodiments of the invention, G' of a composition
formed by self-assembly of an inventive modified self-assem-
bling peptide is greater than or equal to 1.0 Pa, greater than or
equal to 5 Pa, greater than or equal to 10 Pa, between 10 and
100 Pa, or greater than 100 Pa when measured in a linear
region using a dynamic frequency sweep test. The linear
region may be, for example, between 0.1 and 1 rad/s, between
1 and 10 rad/sec, or between 10 and 100 rad/sec. When
performing such measurements, a dynamic strain sweep may
first performed on the material to set the linear viscoelastic
region of the test and to select a fixed strain for dynamic
frequency sweep tests. This linear viscoelastic range is gen-
erally defined by constant moduli, G' and G". It is important
to select a strain within this range to obtain reliable results
(Schramm, 1994). For example, for the peptide scaffolds
tested in Example 1 the strain selected was 0.01 (dimension-
less) and was applied in all assays.

[0202] The above description is not intended to limit the
invention but simply relates to certain embodiments thereof.
Indeed it is noted that a gel has been defined as “any substance
that in solution or not creates cross-linking interactions (cova-
lent or non-covalent) to form a network”, with the under-
standing that the substance retains some elastic properties in
terms of the deformation of the material under low stress
(Scaling Concepts in Polymer Physics by Pierre-Gilles de
Gennes, Cornell University Press (1979)). In the case of a
hydrogel, the network retains a significant amount of water.
[0203] Atomic Force Microscopy. Atomic force micros-
copy (AFM) is a technique that allows resolution of surface
structures down to the nanometer scale by measuring the
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interaction of a microscopic sharp tip used to scan the sample
surface and the sample. AFM involves scanning a sharp tip on
the end of a flexible cantilever across a sample surface while
maintaining a small, constant force. The scanning motion is
conducted by a piezoelectric tube scanner which scans the tip
in a raster pattern with respect to the sample (or scans the
sample with respect to the tip). The tip-sample interaction is
typically monitored by a reflecting laser off the back of the
cantilever into a split photodiode detector. By detecting the
difference in the photodetector output voltages, changes in
the cantilever deflection or oscillation amplitude can deter-
mined.

[0204] There are two most commonly used modes of opera-
tion: contact mode AFM and TappingMode™ AFM which
are conducted in air or liquid environments. Contact mode
AFM operates by measuring repulsive forces between a tip
and the sample (Binning et al 1986). The instrument lightly
touches the tip. In TappingMode™ AFM, the images are
derived from measurements of attractive forces, the tip does
not touch the sample. It oscillates at its resonance frequency
lightly “tapping” on the surface during scanning. Tapping-
Mode™ AFM may be particularly appropriate for assessing
nanofiber formation in peptide scaffolds of the invention
because it allows measurements to be made on soft, fragile
and adhesive surfaces without damaging them, which can be
a drawback for contact mode APM.

VII. Therapeutic Applications

[0205] A peptide structure made by self-assembly of the
modified self-assembling peptides of the invention or by self-
assembly of combinations of modified and unmodified self-
assembling peptides described herein, may be used to treat a
variety oftissue defects and diseases. Peptide hydrogel struc-
tures, either with or without cells growing on the surface or
encapsulated within may be implanted into the body, e.g.,
surgically or using any other type of suitable procedure. Other
routes, including oral, percutaneous, intramuscular, intrave-
nous, and subcutaneous may be employed. One of ordinary
skill in the art will be able to select an appropriate delivery
technique.

[0206] Itis noted thatthe peptide structures have the advan-
tage of eliciting minimal or no detectable immune or inflam-
matory response in mammals. Further, the peptide structures
exhibit no detectable swelling when added to a saline solu-
tion. This lack of swelling is probably due to the high water
content of the structure (typically >99%). This property
reduces the probability of an unregulated expansion of the
structure that could lead to adverse physiological effects on
neighboring tissues.

[0207] In general, the methods and compositions of the
invention may be useful in any situation involving injury or
damage to tissue. Such injury may occur as a result of surgery,
trauma, tumor, degenerative disease, or other diseases or con-
ditions. The injury may, but need not, involve death of cells.
The methods and compositions are useful to restore structural
and/or functional integrity to the tissue, i.e., to aid in restoring
the tissue to the functional or structural condition that existed
prior to the injury. Certain injuries may result in physical
barriers that can impede regeneration or repair of tissue. Such
barriers may include areas of necrosis, cavitation, or scar
tissue formation. In certain embodiments of the invention
introducing the materials described herein at a site of injury
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allows cell or tissue growth from a location proximal to the
site of injury or barrier to a location distal to the site of injury
or barrier.

[0208] Certain compositions and methods of the present
invention may be used to ameliorate the effects of disease or
degeneration of an organ, to repair an injury to an organ or
other body structure or to form an organ or other body struc-
ture. Such organs or body structures include, but are not
necessarily limited to, vascular tissue, brain, nervous tissue,
esophagus, fallopian tube, heart, intestines, gallbladder, kid-
ney, liver, lung, ovaries, pancreas, prostate, bladder, spinal
cord, spleen, stomach, testes, thymus, thyroid, trachea, ureter,
urethra, uterus, and skin.

[0209] In general, a variety of devices may be used to
introduce the scaffold material at the site of injury. Delivery
via a syringe is one convenient technique. Peptides can also
be introduced by catheter or directly at a site of surgery. In
certain embodiments of the invention a peptide solution in
which peptides are unassembled or minimally assembled
(i.e., a solution that has not formed a gel) is introduced into the
body. In other embodiments of the invention scaffold forma-
tion is allowed to occur in vitro and the assembled scaffold is
introduced into the body.

[0210] Peptide scaffods encapsulating cells may be used
for a variety of therapeutic purposes. Unassembled peptides
and cells may be mixed in vitro and the structure may then
self-assemble after administration and encapsulate the cells
in vivo. As described above, in certain embodiments of the
invention the administered solution contains less than 10, 5,
1.0, 0r 0.1 mM ion (e.g., cation) or is substantially free of'ions
(e.g., cations), and the concentration of the iso-osmotic solute
is at least 50, 150, or 300 mM. In other embodiments, the
concentration of iso-osmotic solute is contained in one of the
following ranges 200 to 250 mM, 250 to 270 mM, 270 to 300
mM, 300 to 400 mM, 400 to 500 mM, 500 to 600 mM, 600 to
700 mM, 700 to 800 mM, or 800 to 900 mM, inclusive.
Suitable iso-osmotic solutes include, but are not limited to,
carbohydrates, such as sucrose.

[0211] Any ofthe cell types mentioned above may be used.
Thus in addition to or instead of vascular endothelial cells, the
compositions of the present invention may include a variety
of other cell types and/or precursors of such cell types. The
cell(s) may be autologous or non-autologous. They may be
allogeneic or non-allogeneic. They may be from the same
species as the subject into which they are to be introduced or
from a different species. They may be fetal or adult.

[0212] In various embodiments of the invention one or
more additional substances is added to the peptide scaffold
either prior to or following self-assembly. The substance may
serve any of a number of purposes, including, but not limited
to, those described below. If the scaffold is implanted into the
body, growing cell processes or tissues may contact the sub-
stance as they extend or grow into the area occupied by the
peptide scaffold. In certain embodiments of the invention the
substance is released from the scaffold, e.g., by diffusion, or
by release from the scaffold as it degrades over time. The
particular peptide sequence, and/or peptide concentration and
parameters such as degree of cross-linking may be selected to
provide a desired rate of degradation and release of the sub-
stance. The substance may contact cells and tissues at or near
the site of implantation and/or may enter the bloodstream and
travel to more distant locations. Substances that can be added
include, but are not limited to, antibiotics or antifungal agents
to treat or reduce the risk of infection, chemotherapeutic
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agents to treat tumors, etc. The peptide solution, of a macro-
scopic structure formed therefrom may thus comprise a thera-
peutically active compound or chemoattractant. Examples of
such compounds include natural or synthetic small mol-
ecules; nucleic acid molecules such as nucleic acid molecules
that mediate RNA interference (RNAi) (Dorsett and Tuschl
2004, and references therein), e.g., short inteferering RNAs
(siRNAs) or short hairpin RNAs (shRNAs), ribozymes, or
plasmids; peptides or proteins such as integrins or cell adhe-
sion molecules; proteins such as antibodies, etc.

[0213] Incertain embodiments of the invention the peptide
solution, or a macroscopic structure formed therefrom, incor-
porates an agent that enhances or promotes differentiation,
dedifferentiation, or transdifferentiation, e.g., a growth factor,
such as vascular endothelial growth factor, granulocyte mac-
rophage colony stimulating factor, angiopoietin 1 or 2, epi-
dermal growth factor, nerve growth factor, transforming
growth factor-a, transforming growth factor-3, tumor necro-
sis factor a, platelet-derived growth factor, insulin-like
growth factor, acidic fibroblast growth factor, basic fibroblast
growth factor, hepatocyte growth factor, brain-derived neu-
rotrophic factor, keratinocyte growth factor, a bone morpho-
genetic protein, or a cartilage-derived growth factor. Combi-
nations of growth factors and/or therapeutic agents or
chemoattractants may be used. Peptide hormones may also be
used. Naturally occurring peptides or modified versions
including peptides such as atrial natriuretic peptide may be
used.

[0214] The macroscopic structure may incorporate an
agent thatinduces reentry into the cell cycle. Such agents may
be added to the peptide solution or to the electrolyte solution
prior to initiation of self-assembly. In this case the concen-
tration of the agent will likely be substantially uniform within
the assembled structure. In certain embodiments of the inven-
tion the agent is added to media with which the peptide
structure is incubated before or after addition of cells. After
addition to the media, a portion of the agent enters the peptide
structure, e.g., through diffusion. This process may create a
gradient. Cells on or in different regions of the structure may
exhibit different responses to the agent depending upon the
concentration of the agent at the location of the cell. Sub-
stances that counteract the effect of a molecule that is inhibi-
tory for tissue regeneration or repair, whether by causing
degradation, sequestering, reducing expression, or blocking
interaction of the molecule with a cell, may also be incorpo-
rated.

[0215] Growth factors are typically used at concentrations
ranging between about 1 fg/mlto 1 mg/ml. Frequently growth
factors are used at concentrations in the low nanomolar range,
e.g., 1-10 nM. In certain embodiments of the invention
growth factors are used at concentrations that are not typically
used in the prior art or that are not typically found in vivo
under normal conditions. For example, growth factors may be
used at concentrations that are 5 fold greater, 10 fold greater,
20 fold greater, 100 fold greater, etc., than is typically
required to produce effects or than typically occurs in vivo.
Titration experiments can be performed to determine the opti-
mal concentration of a particular agent, such as a growth
factor, depending upon the particular effects desired. Factors
may be added in purified form or as components of a complex
biological mixture such as serum.

[0216] As described above, repair and regeneration of tis-
sue can be enhanced by supplying factors such as growth
factors, cell adhesion molecules, integrins, etc. One way to
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provide such molecules (or others), is to deliver cells at the
site of injury. The cells may produce molecules that promote
regeneration or otherwise contribute to producing an environ-
ment permissive for regeneration. Various progenitor cells
may also be useful. Any of these cell types may be incorpo-
rated into the scaffold. In addition, any of these cell types (or
others) can be genetically modified, e.g., to increase the pro-
duction of a regeneration promoting factor, prior to incorpo-
ration into the scaffold.

[0217] Gene therapy techniques may be used to increase
expression of genes that encode desirable products. Gene
therapy encompasses delivery of nucleic acids comprising
templates for synthesis of a molecule of interest to a cell of
interest. The nucleic acid (or a nucleic acid derived from the
nucleic acid as, for example, by reverse transcription) may be
incorporated into the genome of the cell or remain perma-
nently in the cell as an episome. However, gene therapy also
encompasses delivery of nucleic acids that do not integrate or
remain permanently in the cell to which they are delivered.
Such approaches permit temporary or transient synthesis of a
molecule of interest.

[0218] Vectors and vehicles that provide nucleic acids com-
prising templates for synthesis of desirable molecules may be
incorporated into peptide scaffolds, from which they may be
taken up by cells at or near a site of injury. Preferably the
nucleic acid includes a coding sequence for a gene to be
expressed in a cell of interest and also includes appropriate
expression signals, e.g., promoters, terminators, etc., to
ensure proper expression. In certain embodiments ofthe
invention the expression signal(s) are cell type specific, so
that the gene will only be expressed in cells of a particular cell

type.

[0219] In general, either viral or non-viral vectors may be
used. In certain embodiments of the invention the vector is a
viral vector that is able to infect neurons. For example, herpes
virus, adenovirus, adeno-associated virus, retroviruses, or
lentiviruses may be used. It may be preferableto avoid the use
of intact viruses in delivering templates to cells. Thus it may
be preferable to deliver DNA vectors or linear DNA mol-
ecules. These vectors may, but need not, include viral
sequences such as long terminal repeats, etc. Any of a wide
variety of agents useful for transfection may be used to
enhance uptake of nucleic acids by cells. Such agents include
a wide variety of cationic polymers and modified cationic
polymers, lipids, etc. Cell-type specific targeting ligands,
e.g., ligands or antibodies that specifically bind to a molecule
expressed on a cell type of interest may be attached to a gene
therapy delivery agent to allow introduction of the agent into
only certain cell types. In general, the nucleic acid and any
appropriate gene therapy delivery agent (e.g., a cationic poly-
mer) may be incorporated into the scaffold in any of the ways
discussed herein.

[0220] In certain embodiments of the invention a therapeu-
tically desirable genetic modification may be made. For
example, in a case where an individual harbors a mutation in
a particular gene it may be desirable to introduce a wild-type
copy of the gene into the progenitor cell for gene therapy
purposes. In certain embodiments of the invention it may be
desired to introduce a gene encoding a particular receptor,
e.g., a growth factor receptor, in order to confer or enhance a
particular differentiation, dedifferentiation, or transdifferen-
tiation potential by allowing cells to respond to the growth
factor.
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[0221] The number of cells to be administered for thera-
peutic purposes, the relative proportion of cells of different
phenotypes, and/or the concentration of cells within a peptide
structure can be altered as appropriate for the particular con-
dition or injury to be treated.

[0222] In certain embodiments of the invention cells, e.g.,
vascular endothelial cells and/or their progeny that have pro-
liferated and/or differentiated on or within a peptide structure
are removed or extracted from the structure. Removal or
extraction may be accomplished by any suitable means,
including removal with a suction pipette, mechanical disrup-
tion of the scaffold, enzymatic degradation of the structure in
vitro, etc. In certain embodiments of the invention the method
selected results in removal or extraction of approximately
10% of cells, between 10% and 25% of the cells inclusive,
between 25% and 50% of the cells inclusive, between 50%
and 75% of' the cells inclusive, or between 75% and 100% of
the cells inclusive. Methods that result in any convenient
range may be selected. The method selected may depend
upon the purposes for which the cells are to be used, the
number of cells required, etc. In certain embodiments of the
invention the viability of the removed or extracted cells is
approximately 10% of cells, between 10% and 25% inclusive,
between 25% and 50% of cells inclusive, between 50 and
75% of cells, inclusive, or between 75% and 100% of cells
inclusive. Methods that result in any convenient range may be
selected. The method selected may depend upon the purposes
for which the cells are to be used, the number of cells
required, etc.

[0223] The extracted cells may be further cultured in vitro,
either on or in a peptide hydrogel structure or in any other
culture vessel. The extracted cells may be administered to a
subject by any appropriate route, including intravenous, sub-
cutaneous, oral, percutaneous, intramuscular, or surgical. The
administered cells may be used to supplement a tissue, organ,
or body structure, e.g., a tissue, organ, or body structure
suffering from a deficiency of vascular tissue. The adminis-
tered cells may synthesize or otherwise supply a therapeutic
agent. For example, the administered cells may supply a
protein, e.g., an enzyme that the individual lacks. The admin-
istered cells may be genetically modified and thus used as a
means to deliver gene therapy.

[0224] The self-assembling peptides of the invention may
be used to promote formation of a layer of vascular endothe-
lium at a site of injury, e.g., following a procedure such as
angioplasty. They can also be used as coating materials, e.g.,
for devices such as vascular grafts or stents, to promote endot-
helialization. In an alternate approach, the peptides form a
layer on the inner surface of an artificial conduit such as an
artificial blood vessel Endothelial cells are cultured on the
layer formed by self-assembly of the peptides for a period of
time. The cells secrete ECM components. The cells may then
be removed, leaving behind an intact basement membrane
layer containing ECM molecules synthesized by the cells.
The artificial conduit is then implanted into a host. In another
approach, the conduit is implanted into a host without
removal of the endothelial cells.

[0225] The inventive self-assembling modified peptides
and structures containing them can be used as or within nerve
guides, e.g., to promote regeneration of axons and nerves in
the peripheral nervous system.
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VIII. Additional Embodiments and Equivalents

[0226] The invention provides kits that may be used for
culturing cells and/or for forming peptide scaffolds that can
be introduced into the body of a subject. The kits comprise
one or more self-assembling peptides of the invention, which
may be provided in dry or lyophilized form, in solution, or in
assembled or partially assembled form. The kits may further
comprise one or more of the following items: a population of
cells, cell or tissue culture medium, a predetermined amount
of'a growth factor, a predetermined amount of an ion or salt
thereof, instructions for preparing the self-assembling pep-
tide for cell culture, instructions for culturing cells on or
within a peptide hydrogel structure (e.g., for encapsulating
cells), instructions for introducing the self-assembling pep-
tide into a subject, a vessel in which cell culture may be
performed, a liquid in which the peptide can be dissolved, a
syringe, an ion or salt thereof for initiating peptide self-
assembly, one or more growth or differentiation factors,
medium for tissue culture, cells (e.g., vascular endothelial
cells), control peptide, etc. Additional items may also be
included.

[0227] The representative examples that follow are
intended to help illustrate the invention, and are not intended
to, nor should they be construed to, limit the scope of the
invention. Indeed, various modifications of the invention and
many further embodiments thereof; in addition to those
shown and described herein, will become apparent to those
skilled in the art from the full contents of this document,
including the examples which follow and the references to the
scientific and patent literature cited herein. The following
examples contain important additional information, exempli-
fication and guidance, which can be adapted to the practice of
this invention in its various embodiments and the equivalents
thereof.

EXAMPLES
Example 1

Physicochemical Characterization of Peptide
Scaffolds

[0228] Materials and Methods

[0229] Certain of the following materials and methods are
relevant to a number of the following examples. Catalog
numbers are listed in parentheses.

[0230] General Reagents.

PBS: Phosphate buffered saline, 1 mM KH,PO,, 10 mM
Na,HPO,, 137 mM NaCl, 2.7 mM KCl, pH 7.4, (166789,
Roche Diagnostics Corp., IN).

Trypsin: Trypsin-EDTA  (25300-054, GibcoBRL, US),
0.05% trypsin, 0.53 mM EDTA.4Na in HBBS, without cal-
cium or magnesium, mycoplasma tested.

EGM-2: Endothelial semi-defined media (CC-3162, Cam-
brex, MD) containing hEGF, hydrocortisone, hFGF-B,
VEGF, R>-IGF-1, ascorbic acid, gentamicin-amphoterin,
heparin and only 2% FBS.

HAEC: Human aortic endothelial cells (CC-2535, Cambrex,
MD).

Triton-X-100: was purchased from Sigma (T 0284, MO).
Protease inhibitor cocktail: Complete mini protease inhibi-
tors cocktail was purchased from Roche (1836153, India-
napolis, Ind.).
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TNE: Buffer containing 10 mM Tris base, 1 mM EDTA, 200
mM NaCl, pH 7.4.

BSA: Bovine serum albumin (100030, Boebringer Manheim,
IN).

[0231] Peptides. All peptides used in this work were
obtained from SynPep Corporation (www.synpep.com; Dub-
lin, Calif.). The identity of the peptides was confirmed by
measuring their molecular weight by mass spectrometry and
comparing with the theoretical molecular weight (Table 3).
Abbreviations for the peptides are as in Table 4, in the Results
section of this example.

TABLE 3

Expected and obtained M.W. for peptide scaffolds.

Peptide Theoretical M.W. Obtained M.W.
RADI16-1 1713 1712.8

AAS 2995.5 2996

CSR 3825.5 3826

YIG 2403.7 2404

PDS 23384 2339

RYV 2710.1 2711

KAF 33089 3309

TAG 31104 3110

[0232] Peptides were dissolved in deionized water at a final

concentration of 0.5% (5 mg/ml) by sonicating for ~20 min
(Aquasonic, model 50T, VWR, PA). Peptide hydrogel forma-
tion was achieved on top of a cell chamber insert (10 mm
diameter, 0.5 cm? area, pore size=0.2 um, cat#136935, Nalge
Nunc International, 1), as described further below.

[0233] Circular dichroism (DC). CD spectra were gathered
on an Aviv model 202 spectropolarimter. Samples were pre-
pared by diluting stock peptide solutions in water (0.5%) to a
working concentration of 25 pM. Samples were analysed at
room temperature in a quartz cuvette with a pith length 0f 0.3
cm and in the wavelength range 195-250 nm.

[0234] Atomic force microscopy (AFM). Peptide from
stock solutions (0.5%) were diluted to a working concentra-
tion 0 0.01% (w/v). AFM images were obtained with a Multi
75 silicon scanning probe (MPP-21100, Nanodevices Inc.,
CA) with a resonance frequency of 75 KHz, spring constant 3
N/m, tip curvature radius <10 nm and 225 pm length. Images
were obtained with a Multimode AFM microscope (Nano-
scope Illa, Digital Instruments, CA) operating in Tapping-
Mode. Typical scanning parameters were as follows: tapping
frequency 75 KHz, RMS amplitude before engage 1-1.2'V,
setpoint 0.7-0.9 V, integral and proportional gains of 0.2-0.6
and 0.4-1.0 respectively, and scan rate 1.51 Hz.

[0235] Rheometry. Rheological assays were performed on
a 50 mm parallel plate ARES strain controlled rheometer
(Rheometric Scientific, NJ). Samples were dissolved in
deionized water at a final concentration of 2.9 mM and soni-
cated for one hour the day prior to the analysis. A volume of
1 mlwas loaded onthe lower plate, and the upper plate was set
to a gap size between 0.4-0.45 mm. Dynamic frequency
sweep tests were performed in a range of frequencies from
100 to 0.1 rad/s. After the test, PBS was added around the
lower plate in order to promote gelation. The peptide was
allowed to gel for 10 min at room temperature before the test
was performed once again. After a dynamic frequency sweep
test, the behavior of samples over time was tested. A dynamic
time sweep test was performed at 10 rad/s for 5 min.
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[0236] Data analysis. Standard deviations were calculated
for the data and are represented as error bars on the graphs.
[0237] Results

[0238] The peptides used in the examples are based on the
self-assembling peptide RAD16-1. The peptide was modified
to include a variety of peptide motifs previously identified as
mediating various biological activities. Physicochemical and
structural properties of the peptides were assessed using a
variety of techniques. Peptide solubility in aqueous solution
was tested. The ability of the peptides to self-assemble into
higher order structures was examined. In particular, the abil-
ity of the peptides to form various secondary structures (e.g.,
[-sheet) was determined using circular dichroism. The ability
of'the peptides to self-assemble into nanofibers was evaluated
using atomic force microscopy (AFM). Gel formation was
assessed by visual observation and rheology.

[0239] Table 4 summarizes the physicochemical and struc-
tural properties found for RAD16-1 and the modified pep-
tides. To simplify the nomenclature of each designed peptide,
an abbreviation is given for each peptide. In the table, Ac
stands for an acetyl group, and the N to which it is attached
represents the N terminus of the peptide and is not part of the
sequence. C represents the C terminus of the peptide and is
not part of the sequence. CONH, indicates that the carboxylic
acid group of the C terminal amino acid is converted to an
amide. Results are further described below.

TABLE 4

Physicochemical and structural
properties of modified peptides.

Solu- Pres-
bility Gel Sec- ence
in for- ondary of

water mation struc- nano-

Peptide Abbre- 1% (vi- ture fibers

sequence viation (w/v) sual) (CD) (AFM)

AcN- (RADA) 4- RAD16-1 " " B- "

CONH; sheet

(SEQ ID NO: 38)

AcCN-AASIKVAV- AAS + + B- +

GG- (RADA) 4- sheet

CONH,

(SEQ ID NO: 39)

AcN- CSR _

CSRARKQAASIKVAV-

GG- (RADA) 4-

CONH,

(SEQ ID NO: 40)

AcCN-YIGSR-GG- YIG + + B- +

(RADA) 4- CONH, sheet

(SEQ ID NO: 41)

AcN-PDSGR-GG- PDS + + B- +

(RADA) 4- CONH, sheet

(SEQ ID NO: 42)

AcCN-RYVVLPR-GG- RYV + + B- +

(RADA) 4- CONH, sheet

(SEQ ID NO: 43)

AcN- KAF + + Random -

KAFDITYVRLKF - coil

GG- (RADA) ,-

CONH,

(SEQ ID NO: 44)
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TABLE 4-continued

Physicochemical and structural
properties of modified peptides.

Solu- Pres-
bility Gel Sec- ence
in for- ondary of
water mation struc- nano-
Peptide Abbre- 1% (vi- ture fibers
sequence viation (w/v) sual) (CD) (AFM)
AcN- TAG + + B- +
TAGSCLRKFSTM- sheet
GG- (RADA) ,-
CONH,

(SEQ ID NO: 45)

[0240] Solubility. All the sequences were found to form
clear solutions in water at a concentration of 1% (w/v, 10
mg/ml) except for CSR which was insoluble. This last peptide
was not used for the next series of assays.

[0241] Gel formation. Each peptide solution at 1% was
used to assess hydrogel formation. Increased viscosity was
observed by visual inspection after standing overnight at
room temperature in two cases, RAD16-1 and AAS, but
longer periods of time were required to observe an increase in
the viscosity for the rest of the peptides. For all the soluble
peptides, gel formation was readily observed upon the addi-
tion of equal volumes of phosphate buffered saline (PBS).

[0242] Circular dichroism. CD spectra were obtained for
each peptide sequence to assess its secondary structure. The
secondary structure identifies ordered structures within a
polypeptide such as a-helices and [3-sheets. Ifthe polypeptide
shows no regular order the structure is a random coil. A
typical spectrum for a J-sheet structure shows a minimum
molar ellipticity around 218 nm, while the CD spectrum for a
a-helix shows two minima at 209 and 222 nm. (Havel, 1996).

[0243] CD studies for most of the peptides showed a spec-
trum typical of a a-sheet structure with a minimum molar
ellipticity (deg cm*/decimole) around 218 nm (FIG. 4). The
observed secondary structures are listed in Table 4. One pep-
tide KAF, assumed a random coil configuration. In the other
cases, the addition of the short peptide sequence resulted in a
decrease in the intensity of the molar ellipticity at 218 nm.
The structures assumed by the modified peptides displayed
less beta-sheet character than the structure of RAD16-1.

[0244] Atomic Force Microscopy. Atomic force micros-
copy technique was employed to study the structures adopted
by the peptide scaffolds. With the single exception of KAF,
the presence of nanofibers was observed (FIGS. 5A-5G).
AFM images shown in FIGS. 5A-5G are umx1 pm in size,
and the nanofibers are about 25 nm thick. The observation of
such nanofibers supports the hypothesis that these new pep-
tide sequences are suitable to use as scaffolds for cell culture.
Without being bound by any theory, the fact that KAF does
not self-assemble into nanofibers indicates that [3-sheet struc-
tures of self-complementary peptides may be a requirement
for the self-assembling process to give rise to nanofibers
(Zhang et. al., 1993). In addition, we concluded that the
hydrogel formed by the sequence KAF is a colloid.

[0245] Rheology. A dynamic strain sweep was first per-
formed on RAD16-1to set the linear viscoelastic region of the
test and to select a fixed strain for the dynamic frequency
sweep tests (FIG. 19). This linear viscoelastic range is defined
by constant moduli, G' and G". It is important to select a strain
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within this range to obtain reliable results (Schramm, 1994).
The strain selected was 0.01 (dimensionless) and was applied
in all assays.

[0246] After performing a test for RAD16-1 in its liquid
form, PBS was added around the plates to allow hydrogel
formation for 10 minutes, and the test was performed once
again. FIG. 18 shows the results obtained for this experiment.
Although before adding PBS the peptide RAD16-I already
displayed gel-like characteristics under the conditions (e.g.,
pH, temperature, etc.) tested (G™G" and constant moduli),
upon the addition of salts both moduli increased (=10 fold)
indicative of a significant increase in gel strength.

[0247] For the modified peptides, assays were performed
after the addition of PBS to the peptide solution. Results from
rheological measurements of all peptides are shown in FIGS.
6A-6G. As in the case of RAD16-1, G' is greater than G". In
the case of the prototypic sequence, RADI16-1, the storage
modulus G' reaches 2.5x10° Pa (FIG. 6A). The magnitude for
the peptide AAS is about 10 fold lower (1.5x10°Pa), and
about 100 times lower for the rest of the sequences. These
results show that the addition of a peptide motif that does not
possess the features of alternating hydrophobic and hydro-
philic amino acids that are complementary and structurally
compatible characteristic of the self-assembling peptides
described above may interfere to a certain extent with the
self-assembly process. However, addition of such a motif
does not, in general, eliminate the ability of the unmodified
portion of the peptide to self-assemble, and the modified
peptide itself is thus able to self-assemble also. However, the
structures formed by the modified peptides are weaker than
those resulting from self-assembly of the unmodified peptide.
While not wishing to be bound by any theory, this may be due
to a possible distortion of the p-sheet configuration of
RAD16-1. The fact that a gel behavior is observed by rheo-
metrical assays confirms the visual observation of gel forma-
tion (Table 4).

[0248] In FIGS. 7A-7G the behavior of the different pep-
tide sequences with time is shown. At the selected frequency
(10 rad/s), both moduli G' and G" remain constant with time,
indicating that the gel is stable.

Example 2
Endothelial Cell Growth and Monolayer Formation
on Peptide Scaffolds
[0249] Materials and Methods.
[0250] Endothelial cell culture system. Peptide scaffolds

(0.5% wiv) were prepared at 100% peptide sequence for
RAD16-1orblended with RAD16-1ataradio of9:1 (RAD16-
I: peptide sequence, on a volume/volume basis) for the three
other cases (YIG, RYV, and TAG). Each solution was filtered
(0.2 um, Acrodysc filters, 4192, PALL, MI), loaded (30 ul) on
top of a cell culture chamber insert (10 mm diameter, 136935,
Nalge Nunc International, IL), and allowed to form a layer
(average thickness=600 um). Phosphate Buffer Saline (PBS)
(600 pl) was added at the bottom of the well to induce hydro-
gel formation, and the system was incubated at room tem-
perature for 30 min. PBS was replaced with culture medium,
which was then replaced with fresh medium. The scaffolds
were incubated for 1 hour with endothelial cell growth media
(EGM-2, Cambrex, MD) in a cell culture incubator at 37 OC
with 5% CO,.

[0251] Meanwhile, human aortic endothelial cells (HAEC)
(CC-2535, Cambrex, MD) that had been maintained under
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standard culture conditions (passage 5-6) were harvested at
80% confluence using trypsin and loaded on top of the pre-
formed peptide scaffolds at a cell density of 8x10* cells/cm?
and cultured in the cell culture incubator at 37 OC with 5%
CO,. Cell attachment assays were performed one hour after
the initial cell loading. To perform the assays, the covering
media was removed, and unattached cells were counted on a
hematocytometer. Cell counting was performed by mechani-
cally disrupting the scaffold containing cells by pipetting up
and down and then counting cells on a hematocytometer after
performing Trypan blue (T 9906, Sigma, MO) exclusion
assay staining to assess cell viability. In some experiments,
for comparison, EC were cultured on inserts coated with
Matrigel or collagen (1.5 mg/ml, i.e. 15%) according to stan-
dard protocols.

[0252] Competition assays with free soluble peptide
sequencer. HAEC were cultured as described on peptide scaf-
fods in cell culture inserts as described above. For each scaf-
fold, the corresponding soluble motif sequence, or one of the
other motifs not present in the scaffold, was added to the
media of HAEC cultures at a final concentration of 400 pg/ml.
Half of the media was changed every other day. After the third
day of culture, the media was removed, and fresh media
without fetal bovine serum (FBS) or ascorbic acid containing
400 pg/ml of each soluble peptide motif was added. The next
day, cell numbers were evaluated as described above. Each
condition was tested in triplicate.

[0253] Cell isolation from peptide scaffolds. For the addi-
tional competition experiments, rather than mechanically dis-
rupting the gels to collect cells from the surface, the gel
surface was first gently washed with PBS free of Mg* and
Ca®*. The monolayer was then exposed to a 1:1 mix of trypsin
(0.25%) and Versene (Na,EDTA) for 20-30 minutes in an
incubator at 37° C. The cells were collected (normally more
than 90% are floating and very few still attach to the gel
surface). Thus the technique uses 0.125% Trypsin/0.125%/0.
01% EDTA instead of 0.05% Trypsin/0.02% EDTA as is
typically used to harvest cells from standard tissue culture
plate. While not wishing to be bound by any theory, it appears
that the basement membrane material synthesized by endot-
helial cells when cultured on the peptid gels results in
increased adherence and thus a need to use more Trypsin to
separate them from the gels. The concentration of EDTA is
reduced in order to minimize cell death. However, including
some EDTA is likely to be important because many cell-cell
interactions involve calcium and EDTA binds Ca*™* with high
affinity.

[0254] Collected cells were counted using the Trypan Blue
exclusion technique. Viability was typically on the order of
85-90%.

[0255] Results

[0256] HAEC attachment and monolayer formation. One
aspect of this study was to explore the possibility of obtaining
functionalized biomimetic scaffolds that could be used as
synthetic basement membrane analogs to culture endothelial
cells. Experiments were therefore conducted to assess the
ability of the peptide scaffolds to serve as instructive matrices
to support growth and function of human aortic endothelial
cells (HAEC). Since aortic endothelial cells normally form
monolayers that cover the internal surface of blood vessels
(arteries, veins, capillaries) and the chambers of the heart, we
tested whether the peptide scaffolds would support mono-
layer formation, a function in which the basement membrane
plays an important role in vivo.
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[0257] In afirst experiment, we tested the ability of HAEC
to attach and form a monolayer when seeded on various
peptide scaffolds generated by self-assembly of the peptides
following addition of PBS to a 0.5%(w/v) solution of the
peptide in water. In this assay, only one of the modified
peptides, YIG, was able to support the formation of a mono-
layer although monolayer formation was observed when cells
were cultured on the unmodified RADI16-1 scaffold. HAEC
cultured in the presence of scatfolds generated from peptides
incorporating the other biologically active peptide motifs
either died or formed isolated clusters (FIGS. 9A-9G).
[0258] The fact that scaffolds composed entirely of pep-
tides modified to incorporate a biologically active motif did
not support monolayer formation suggested that the effect of
the biologically active motifs might be concentration depen-
dent. We hypothesized that the presence of the motifs in 100%
of the peptides resulted in presentation of too high a concen-
tration to the cells, resulting in cell toxicity. We therefore
decided to blend the peptides incorporating biologically
active motifs with the prototypic RAD16-I sequence in order
to reduce the overall concentration of the biologically active
motif presented to cells. We selected a volume/volume ratio
0of'9:1 (RAD16-I:modified peptide sequence comprising bio-
logically active peptide motif, where peptides were dissolved
atequal concentrations on a w/w basis) and generated peptide
scaffolds from solutions in which the unmodified and modi-
fied peptides were present in this ratio. Based on visual obser-
vation of gel formation and features and the characteristics
observed during handling and manipulation of the scaffolds,
we concluded that the mechanical properties of the composite
scaffolds were very similar to those of scaffolds composed
entirely of RAD16-1. This finding indicates that the mechani-
cal properties of the scaffolds can be tuned by selecting an
appropriate ratio of unmodified to modified peptide.

[0259] Cells were seeded at a subconfluent number (~30%)
in order to permit good cell-material interaction. We observed
that three of the scaffolds made from peptide blends, i.e.,
peptides in which the modified peptide incorporated YIG,
RYV, or TAG, readily supported monolayer formation (Table
5, FIGS. 10A-10D). After one hour, the HAEC attachment to
the surface was ~100% for these three scaffolds and RAD16-
1, suggesting that the initial interaction of the cells with the
material was not affected by the functionalization. We
selected these three modified peptides and the unmodified
RAD16-1 alone to use in the following experiments.

[0260] Table 5 summarizes results obtained when the vari-
ous scaffolds were tested for their ability to support HAEC
monolayer formation.

TABLE 5

HAEC monolaver formation on peptide scaffolds.

Peptide Peptide content
sequence 100% Blending (9:1)*
RAD16-1 n

AAS -5 -

YIG + "

PDS - -

RYV - +
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TABLE 5-continued
HAEC monolaver formation on peptide scaffolds.
Peptide Peptide content
sequence 100% Blending (9:1)*
KAF - —
TAG - "

¢
¢

+) Score for optimal monolayer formation and cell survival

-) Score for poor or none monolayer formation and cell
survival
*RAD16-I: Peptide sequence (at a ratio 9:1)

[0261] Inother experiments, endothelial monolayer forma-
tion on RAD16-1 (100%) and the RAD16-1:YIG, RAD16-I:
RYV, and RAD16-1:TAG 9:1 blended scaffolds was com-
pared with monolayer formation on Matrigel and collagen-
coated substrates. FIGS. 16A-16L. show HAEC monolayer
formation on the various different gel systems after 3 days in
culture. The figure shows phase contrast microscopy images
of HAEC seeded on Collagen I gel (A), Matrigel (C), 100%
peptide scaffold RAD16-I (E), blending 90% RAD16-1/10%
(vIV)YIG (G), blending of 90% RAD16-1/10% (v/v) TAG (D),
and blending of 90% RAD16-1/10% (v/v)RYV (J). Fluores-
cent staining with TRITC Phalloidin and DAPI to detect
Actin fibers (yellow) and nucleus (blue), respectively, for A
B), C (D), E (F), G (H), I (1), K (L). Phase contrast images
depict a typical cobblestone monolayer also observed with
the acting/DAPI staining. As shown in the figure, HAEC
cultured on scaffolds composed of the three tested peptide
blends can develop a confluent monolayer with cobblestone
phenotype in three days of culture, similar to what is seen
with Matrigel and collagen I gels. Qualitatively, monolayer
formation, morphology, and cell number appeared similar on
the modified peptide scatfolds to the appearance on Matrigel
or collagen. However, the degree of cobblestone morphology
observed on 100% RADI16-1 scaffold was less than on
blended scaffolds or on Matrigel or collagen-I.

[0262] HAEC proliferation rate. In order to analyze the
proliferation rate of HAEC on each scaffold surface, cells
were seeded again under subconfluent conditions (~30%) to
allow cell growth. After three days of culture, the prolifera-
tion rate was increased 2-3 fold on the scaffolds containing
modified peptides with respect to the RAD16-1 control (FIG.
12). This dramatic change in the proliferation rate accelerated
the formation of a confluent monolayer on the modified sur-
faces, suggesting that the cells may sense and respond to the
motif-modified material.

[0263] To confirm this idea, competition assays with the
free peptide motif were performed in an effort to specifically
block the interaction of the cell surface with the modified
peptide scaftold. In all cases, soluble peptides YIGSR (SEQ
ID NO:33), RYVVLPR (SEQ ID NO:35), and TAGSCL-
RKFSTM (SEQ ID NO:37) added to the culture medium of
the corresponding scaffold (i.e., the scaffold composed of a
9:1 composite of RAD16-I:modified peptide) reduced the
proliferation rate to similar levels to those observed on the
RAD16-1 scaffold, suggesting that the cells specifically rec-
ognized the functional sequence present in each of the three
modified scaffolds (FIG. 12). Significantly, the cells were
instructed through the biomimetic matrix only when the
sequence was physically attached to the nanofiber. While not
wishing to be bound by any theory, it is plausible that a
mechano-signaling transduction event was involved in regu-
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lating the proliferation rate of HAEC. It is noted that in all
cases tested, the cell density was much smaller than the den-
sity of HAEC cultured on conventional tissue culture plates,
suggesting that cell proliferation may be reduced when cells
are cultured on the scaffolds, relative to proliferation on plas-
tic plates. However, it is likely that the number of cells grow-
ing on the scaffolds was underestimated due difficulties asso-
ciated with cell recovery from the scaffolds. In addition, it is
noted that a reduction in proliferation rate is not inconsistent
with development of a more differentiated, functional state on
the scaffolds, as evidenced by measurement of markers of
endothelial cell function (see below). Both proliferation rate
and functional state are important parameters in terms of
evaluating the ability of a biomimetic culture material to serve
as a useful substrate for endothelial cell culture.

[0264] Additional competition assays. Further studies were
performed in which HAEC were cultured on either RAD16-1
scaffold or 9:1 (v/v) blends of RAD16-1 with YIG, TAG, or
RYV in the presence or absence of either the corresponding
biologically active peptide or a different biologically active
peptide. Cells were harvested using the improved isolation
technique described above, not involving mechanical disrup-
tion of the scaffold, in order to maximize cell recovery. The
data is presented quantitatively in FIG. 17. As shown in the
bar graphs, in the absence of added soluble biologically active
peptide, HAEC proliferation on peptide scaffolds made from
100% RAD16-1 peptide is significantly lower, by about 2-2.5
fold, than proliferation on scaffolds made from peptide
blends. Adding a soluble biologically active peptide to cul-
tures grown on a scaffold containing that peptide reduces
HAEC proliferation to approximately the same level as on
unmodified RAD16-1 scaffolds. Importantly, the data also
indicates that when HAEC are cultured on a scaffold contain-
ing peptides with a specific biologically active amino acid
domain, the competition only reduces cell proliferation when
the same amino acid domain is provided in soluble form, in
other words, by competing with the same sequence tag on the
nanofibers comprising the scaffold. Unfortunately it was
almost impossible to recover more than 10% of the cells from
Matrigel or collagen I gels because of the tightness with
which they attached, and it was therefore not possible to
quantitatively compare HAEC proliferation on Matrigel or
collagen I with proliferation on the blended scaffolds. How-
ever, qualitatively proliferation appeared approximately
equivalent for these conditions.

Example 3

Functional characterization of endothelial cells
cultured on peptide scaffolds

[0265] Materials and Methods

[0266] NO release determination. Nitric oxide (NO)
release was estimated by measuring nitrites (NO,) by the
Griess method. Briefly, the media was replaced after the third
day of culture by new media without fetal bovine serum
(FBS) or ascorbic acid. The next day, the media was used to
analyze NO release using a commercially available kit
(482702, Calbiochem, CA) following the manufacturer
instructions. Each condition was tested in triplicate.

[0267] LDL uptake staining. Cells cultured on scaffolds
assembled in 96 well dishes were used to perform cell stain-
ing. The scaffolds were assembled by placing peptide solu-
tion in the wells, followed addition of media to initiate scaf-
fold formation. Cells were incubated for 4 hours with media
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containing 8 pg/ml of acetylated low density lipoprotein
labeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-car-
bocyanine perchlorate (Dil-Ac-LDL, BT-902, Biomedical
Technologies Inc, MA). At that time, cells were fixed for 1
hour with 2% paraformaldehyde (PFA), permeabilized for 10
minutes with 0.1% Triton-X 100 and blocked for 1 hour with
blocking solution (20% bovine calf serum, 0.1% Triton-x 100
and 1% dimethylsulfoxyde in PBS). DAPI staining (4',6-
diamidino-2-phenylindole dihydrochloride, D-1306,
Molecular Probes, OR) was used to visualize cell nuclei.
Samples were incubated with 10 pg/ml DAPI in PBS for 5
minutes and analyzed under a Nikon Epi-Fluorescence
microscope TE300.

[0268] Western blots. Harvested HAEC for each culture
condition were counted and lysed with sample buffer
(NP0007, Invitrogen, CA) containing 2% (v/v) p-mercapto-
ethanol and a cocktail of protease inhibitors (1836153, Com-
plete Mini, Roche, Penzberg, Germany) to avoid proteolysis.
Cell lysates were run on a 10% PAGE system in MOPS buffer
(NP0301, NP0O0OO1 Invitrogen, CA), and proteins were trans-
ferred to PVDF membranes (LLC2002, Invitrogen, CA) to
perform western blots. Briefly, membranes were blocked
with 2% BSA and 0.1% Triton-X 100 in PBS. Two primary
antibodies were used: mouse monoclonal IgG, anti human
laminin yl [laminin B2 chain](1 pg/ml, B1920, Chemicon,
CA) and mouse monoclonal IgG, anti human collagen IV [7S
domain](2 pg/ml, MAB3326, Chemicon, CA). A secondary
antibody, goat polyclonal anti-mouse IgG-HRP conjugated
(1:5000 dilution, sc-2302, Santa Cruz Biotechnology, CA)
was used for detection by chemiluminescence(sc-2048, Santa
Cruz Biotechnology, CA). Protein bands were visualized by
exposure to an X-ray film (Biomax Film, Kodak, NY).
[0269] Results

[0270] FIGS. 11A-11H show low density lipoprotein
(LDL) uptake by HAEC and DAPI staining. L.DL is a com-
monly used marker for vascular endothelial cells and con-
firms that the cell retained their vascular endothelial pheno-
type on the modified peptide scaffolds. DAPI staining was
used to visualize cell nuclei.

[0271] Nitric oxide release. Nitric oxide (NO) release by
HAEC was estimated by assessing nitrite (NO,) concentra-
tions in the cell culture supernatants. This parameter also
estimates the endothelial cell activity of the HAEC cultured
on the various peptide nanofiber scaffolds. These scaffold
cultures, except for the functionalized peptide RY'V, promote
NO release (FIG. 15). Again, this suggests that the peptide
hydrogel material in general is a good substrate for culturing
endothelial cells. Nevertheless, there was little difference in
NO release between the peptide scaffolds RAD16-1, YIG, and
TAG. It is possible that in this case the functionalization does
not play a crucial role in this particular aspect of endothelial
cell phenotype and might suggest that the peptide scaffold
RYV inhibits NO release.

[0272] Production of basement membrane components. An
important functional assay consisted of characterizing the
production of laminin 1 and collagen IV by the HAEC to test
the endothelial cell activity on each scaffold by measuring the
capacity of the cells to deposit their own basement membrane
components. In general, for all conditions tested, including
scaffolds made from the unmodified RAD16-I peptide, sig-
nificant enhancement of laminin 1 and collagen IV deposition
was observed when compared to conventional 2D tissue cul-
ture plates (FIGS. 14A and 14B). Interestingly, only one band
for laminin 1 (§2 chain) was observed while two bands of
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smaller molecular weight for collagen IV were observed,
suggesting that the collagen molecule may be partially
degraded under the culture conditions tested while the lami-
nin molecule appears to be intact. These results suggest that
the deposited basement membrane components may be selec-
tively undergoing remodeling, as shown by the partial degra-
dation of the collagen IV molecule component only.

APPENDIX A

1: COL5A2

[0274] collagen, type V, alpha 2 [Homo sapiens]

[0275] Other Designations: AB collagen, Collagen V,
alpha-2 polypeptide, alpha 2 type V collagen, collagen,
fetal membrane, A polypeptide

[0276] Chromosome: 2; Location: 2q14-q32

[0277] GenelD: 1290

[0278] 2: COL7Al

[0279] collagen, type VII, alpha 1 (epidermolysis
bullosa, dystrophic, dominant and recessive) [Homo
sapiens|

[0280] Other Aliases: HGNC:2214, EBD1, EBDCT,
EBR1

[0281] Other Designations: LC collagen, alpha 1 type
VII collagen, collagen VII, alpha-1 polypeptide, long
chain collagen

[0282] Chromosome: 3; Location: 3p21.1

[0283] GenelD: 1294

[0284] 3: COL1Al

[0285] collagen, type L, alpha 1 [Homo sapiens]

[0286] Other Aliases: HGNC:2197, Ol4

[0287] Other Designations: Collagen I, alpha-1 polypep-
tide, alpha 1 type I collagen, collagen of skin, tendon and
bone, alpha-1 chain, osteogenesis imperfecta type IV

[0288] Chromosome: 17; Location: 17q21.3-q22.1

[0289] GenelD: 1277

[0290] 4: COL3Al

[0291] collagen, type III, alpha 1 (Ehlers-Danlos syn-
drome type IV, autosomal dominant) [Homo sapiens]

[0292] Other Aliases: HONC:2201, EDS4A

[0293] Other Designations: Collagen III, alpha-1
polypeptide, alpha 1 type III collagen, collagen, fetal

[0294] Chromosome: 2; Location: 2q31

[0295] GenelD: 1281

[0296] 5: COL1A2

[0297] collagen, type 1, alpha 2 [Homo sapiens]

[0298] Other Aliases: HGNC:2198, Ol4

[0299] Other Designations: Collagen I, alpha-2 polypep-
tide, Collagen of skin, tendon and bone, alpha-2 chain,
alpha 2 type I collagen

[0300] Chromosome: 7; Location: 7q22.1

[0301] GenelD: 1278

[0302] 6: COL4A4

[0303] collagen, type IV, alpha 4 [Homo sapiens]

[0304] Other Aliases: HGNC:2206, CA44

[0305] Other Designations: Collagen IV, alpha-4
polypeptide, alpha 4 type IV collagen, collagen of base-
ment membrane, alpha-4 chain

[0306] Chromosome: 2; Location: 2q35-q37

[0307] GenelD: 1286

[0308] 7: COL6A2

[0309] collagen, type V1, alpha 2 [Homo sapiens]

[0310] Other Aliases: HGNC:2212, DKFZp586E1322,
PP3610

[0273]
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[0311] Other Designations: alpha 2 type VI collagen,
collagen VI, alpha-2 polypeptide, human mRNA for
collagen VI alpha-2 C-terminal globular domain

[0312] Chromosome: 21; Location: 21q22.3

[0313] GenelD: 1292

[0314] 8: COL4Al

[0315] collagen, type IV, alpha 1 [Homo sapiens]

[0316] Other Designations: alpha 1 type IV collagen,
collagen 1V, alpha-1 polypeptide, collagen of basement
membrane, alpha-1 chain

[0317] Chromosome: 13; Location: 13q34

[0318] GenelD: 1282

[0319] 9: COL4A6

[0320] collagen, type IV, alpha 6 [Homo sapiens]

[0321] Other Designations: collagen IV, alpha-6
polypeptide, collagen of basement membrane, alpha-6,
type IV alpha 6 collagen

[0322] Chromosome: X; Location: Xq22

[0323] GenelD: 1288

[0324] 10: COL4AS

[0325] collagen, type IV, alpha 5 (Alport syndrome)
[Homo sapiens]

[0326] Other Aliases: HGNC:2207, ASLN, ATS, CA54

[0327] Other Designations: alpha 5 type IV collagen,
collagen 1V, alpha-5 polypeptide, collagen of basement
membrane, alpha-5 chain

[0328] Chromosome: X; Location: Xq22

[0329] GenelD: 1287

[0330] 11: COL10A1

[0331] collagen, type X, alpha 1 (Schmid metaphyseal
chondrodysplasia) [Homo sapiens]

[0332] Other Designations: collagen X, alpha-1
polypeptide, collagen, type X, alpha 1, collagen, type X,
alpha 1 (Schmid metaphyseal chondrodysplasia)

[0333] Chromosome: 6; Location: 6q21-q22

[0334] GenelD: 1300

[0335] 12: COL9A1

[0336] collagen, type IX, alpha 1 [Homo sapiens]

[0337] Other Aliases: HGNC:2217, DJ1491.1.1.2, MED

[0338] Other Designations: alpha 1 type IX collagen,
cartilage-specific short collagen, collagen IX, alpha-1
polypeptide

[0339] Chromosome: 6; Location: 6q12-q14

[0340] GenelD: 1297

[0341] 13: COL19A1

[0342] collagen, type XIX, alpha 1 [Homo sapiens]

[0343] Other Aliases: HGNC:2196, COL9AIL,
D6S228E

[0344] Other Designations: alpha 1 type XIX collagen,
collagen XIX, alpha-1 polypeptide, collagen alpha 1 (Y)
chain

[0345]

[0346]

Chromosome: 6; Location: 6q12-q13
GenelD: 1310
[0347] 14: COL2A1
[0348] collagen, type 11, alpha 1 (primary osteoarthritis,
spondyloepiphysial dysplasia, congenital) [Homo sapi-
ens|
[0349] Other Aliases: HGNC:2200, COLI1A3, SEDC
[0350] Other Designations: COL11A3, formerly, alpha
1 type II collagen, cartilage collagen, chondrocalcin,
included, collagen 11, alpha-1 polypeptide
[0351] Chromosome: 12; Location: 12q13.11-q13.2
[0352] GenelD: 1280
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15: COL8A1
collagen, type VIIL, alpha 1 [Homo sapiens]
[0355] Other Aliases: HGNC:2215, MGC9568
[0356] Other Designations: alpha 1 type VIII collagen,
collagen VIII, alpha-1 polypeptide, endothelial col-
lagen, smooth muscle cell-expressed and macrophage
conditioned medium-induced protein smag-64
[0357] Chromosome: 3; Location: 3q12.3
[0358] GenelD: 1295
[0359] 16: CD36
[0360] CD36 antigen (collagen type I receptor, thrombo-
spondin receptor) [Homo sapiens]
[0361] Other Aliases: HGNC:1663, FAT, GP3B, GP4,
GPIV, PASIV, SCARB3
[0362] Other Designations: CD36 antigen, PAS-4 pro-
tein, cluster determinant 36, collagen type I, collagen
type [ receptor, fatty acid translocase, glycoprotein I11b,
leukocyte differentiation antigen CD36, platelet col-
lagen receptor, platelet glycoprotein IV, scavenger
receptor class B, member 3, thrombospondin receptor
[0363] Chromosome: 7; Location: 7ql1.2
[0364] GenelD: 948
[0365] 17: COL1A1
[0366] collagen, type X1, alpha 1 [Homo sapiens]
[0367] Other Aliases: HGNC:2186, COLL6, STL2
[0368] Other Designations: alpha 1 type XI collagen,
collagen XI, alpha-1 polypeptide
[0369] Chromosome: 1; Location: Ip21
[0370] GenelD: 1301
[0371] 18: COL4A3
[0372] collagen, type IV, alpha 3 (Goodpasture antigen)
[Homo sapiens]
[0373] Other Aliases: HGNC:2204, TUMSTATIN
[0374] Other Designations: Goodpasture antigen, alpha
3 type IV collagen, collagen 1V, alpha-3 polypeptide
[0375] Chromosome: 2; Location: 2q36-q37
[0376] GenelD: 1285
[0377] 19: COL6A3
[0378] collagen, type V1, alpha 3 [Homo sapiens]
[0379] Other Designations: alpha 3 type VI collagen,
collagen V1, alpha-3 polypeptide
[0380] Chromosome: 2; Location: 2q37
[0381] GenelD: 1293
[0382] 20: COL16A1
[0383] collagen, type XVI, alpha 1 [Homo sapiens]
[0384] Other Aliases: HGNC:2193, 447AA
[0385] Other Designations: alpha 1 type XVI collagen,
collagen X VI, alpha-1 polypeptide
[0386] Chromosome: 1; Location: 1p35-p34
[0387] GenelD: 1307

[0353]
[0354]

APPENDIX B

Laminin 1: YIGSR (SEQ ID NO:33)

[0388] gil1263671IsplP02469ILMB1_MOUSE  Laminin
beta-1 chain precurs . . .

£i1381972401gbl AAH26018.2]1 LAMBI protein [Homo sapi-
ens|

£i145049511refINP__002282.11 laminin, beta 1 precursor
[Homo . . .

Jul. 2, 2015

Laminin 1: RYVVLPR (SEQ ID NO:35)

[0389] gil126367IsplP024691ILMB1_MOUSE  Laminin
beta-1 chain precursor (mouse)

2il145049511refINP_ 002282.11 laminin, beta 1 precursor
[Human]

£i1348641891refIXP_ 216679.2| similar to laminin B1 /Rat-
tus| Rat

2il275453011refINP__775382.11 laminin, beta 1 [Danio
rerio](zebrafish)

£i1338594901refINP__032508.1 laminin B1 subunit 1 [Mus
musculus] Mouse

Collagen IV: TAGSCLRKFSTM (SEQ ID NO:37)

[0390] gil128055791gblAAH02269.11 Col4al
[Mus musculus]41 0.002 LocusLink info
2i1297889731gblAAC48583.2] collagen type IV alpha 1
chain [ .. .41 0.002 LocusLink info
£il1333876lemblCAA26132.11 basement membrane col-
lagen alpha . . . 41 0.002 LocusLink info
2il287037971gblAAH47305.11 COL4Al1 protein [Homo
sapiens]41 0.002 LocusLink info

£i1283735771pdbl IM3DIA Chain A, Structure Of Type Iv
Collag . . . 41 0.002 Related structures
£i1123142811embICAC13153.11 bA472K17.2 (collagen type
IVal...410.002

2il1808181gblAAAS52042.11 procollagen alpha-1 type IV 41
0.002 LocusLink info

gil72719011gbl AAF44681.11 collagen IV al chain [Gallus
gallus]41 0.002 LocusLink info
gil76569851refINP__001836.11 alpha 1 type IV collagen pre-
pro . . .41 0.002 LocusLink info

£11347846401gbl AAH56620.11 Col4al protein [Mus muscu-
lus]41 0.002 LocusLink info

£il348796341refIXP_ 214400.2| similar to collagen alpha
1(IV ... 41 0.002 LocusLink info
211224769561gblAAM97359.11 arresten [Homo sapiens]41
0.002

2115397741pir||[B61228 collagen alpha 1(IV) chain—rabbit ( .
..410.002
2i11804241gblAAAS52006.11
LocusLink info
2il3871151gblAAA37340.11 type IV collagen alpha-1 . . . 41
0.002 LocusLink info

£11214660801pdbl1LI11A Chain A, The 1.9-A Crystal Struc-
ture . . . 41 0.002 LocusLink infoRelated structures
£il33859528IrefINP__034061.11 procollagen, type IV, alpha
1...410.002 LocusLink info

2112258741prf]|1402236 A collagen alphal(IV) 41 0.002
£i145029551refINP__000486.1 alpha 5 type IV collagen iso-
for...380.017 LocusLink info
gil1808251gblAAAS52045.11 collagen type IV alpha 5 chain
38 0.017 LocusLink info

2il274611871gblAAL83712.1 type IV collagen alpha 5 chain
[...380.017

2il1276965971gbl AAH43317.11 Col4a5 protein [Mus muscu-
lus]38 0.017 LocusLink info
£1124937851splQ28247ICA54_CANFA  Collagen
5(IV) chain . . .38 0.017
gil15685721embICAAS57698.11 collagen type IV alpha5
chain [M ...380.017

2il13142101gblAAA99480.11 alpha-5 type IV collagen 38
0.017 LocusLink info

protein

pro-alpha-1(IV) 41 0.002

alpha
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gil77109821emblCAB90289.11 dA24A23.1 (collagen, type
IV,al...380.017

£i12119170Ipir||148304 collagen alpha 5(IV) chain—mouse (
...380.017 LocusLink info
£i1334688511refINP__031762.11 procollagen, type 1V, alpha
5...380.017 LocusLink info
£il15890088IrefINP__203700.11 alpha 5 type IV collagen
isofo . . .38 0.017 LocusLink info
2il158900861refINP__203699.11 alpha 5 type IV collagen
isofo . . .38 0.017 LocusLink info
£i1263486811dbjIBAC37980.11 unnamed protein product
[Mus mu . . .38 0.017 LocusLink info
gil1779241gblAAAS51558.11 alpha-5 type IV collagen 38
0.017 LocusLink info

£i1472139651emblCAF94063.11 unnamed protein product
[Zetrao .. .38 0.017

£i134879807IrefIXP_ 217069.2I similar to type IV collagen
al...380.017 LocusLink info

£i1463720011gbl AAO33458.21 type IV collagen alpha 5
[Canis . . . 38 0.017 LocusLink info
£i147226958lemblCAG05850.11 unnamed protein product
[Zetrao . . .37 0.055

gi1312391291refiIXP_319978.11 ENSANGP00000016652
[Anopheles . . . 350.13
£i148098607IrefIXP_ 392097 1| similar to

ENSANGP00000016783 . . . 35 0.24 LocusLink info
2i15848681spIP17140ICA24_CAEEL Collagen alpha 2(IV)
chainp...312.5

gil175689111refINP__510664.11 CoLlagen, Basement mem-
brane ty . .. 31 2.5 LocusLink info
2il7325261gblAAA64312.11 alpha2(IV) collagen 31 2.5
£i139596336lemblCAE69974.11  Hypothetical  protein
CBG16372[...312.5

£i1475510051refINP__999676.11 alpha2(IV)-like collagen
[Stro . . .31 2.5 LocusLink info
£i19531731embICAA80537.11 a2(IV) collagen [Caenorhab-
ditise...312.5

gil175689131refINP_ 510663.11 Collagen, Basement mem-
brane ty . .. 31 2.5 LocusLink info

211844281pir||A34476 collagen alpha 2(IV) chain—Cae-
norhab . ..312.5

gil1153471spIP273931CA24_ASCSU Collagen alpha 2(IV)
chainp...3134
£i141765011emblCAA20120.11
Alpha 6(IV)...304.6
£il18500971dbjIBAA09791.11 a6(1V) collagen [Homo sapi-
ens]30 4.6 LocusLink info
£i1282022501splQ140311CA64_HUMAN Collagen alpha
6(IV) chain . . . 30 4.6 LocusLink info

£i113435918Igbl AAH04800.11 Col4a6 protein [Mus muscu-
lus]30 4.6 LocusLink info

£il16744401gbl AAB19038.11 collagen type IV a6 chain.
[Homo s . . .30 4.6 LocusLink info
£i147226956lemblCAG05848.11 unnamed protein product
[Tetrao . . . 30 4.6
£il131239123IrefIXP_ 31997511
[Anopheles . .. 30 4.6
2116357503 IrefINP__378667.11 type IV alpha 6 collagen
isofo . . .30 4.6 LocusLink info
2i1198482501gblAAL99382.11 collagen IV alpha 1 chain
[Anoph ...304.6

2il1374808Igbl AAC48587.11 collagen type IV alpha 6 chain
30 4.6 LocusLink info

dJ889N15.4  (Collagen

ENSANGP00000016783
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gil16744411gblAAB19039.11 collagen type IV a6 chain
[Homo a . . .30 4.6 LocusLink info
gil163575011refINP__001838.11 type IV alpha 6 collagen
isofo . . .30 4.6 LocusLink info
£il4665381dbIBAA04809.11 collagen [Homo sapiens]30 4.6
LocusLink info

gil167164791refINP__444415.11 procollagen, type IV, alpha
6 ...304.6 LocusLink info
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 68

<210> SEQ ID NO 1

<211> LENGTH: 16

<212> TYPE: PRT

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

<223> OTHER INFORMATION: From self-assembling peptide -invented

sequence.

<400> SEQUENCE: 1

Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala

1 5 10

<210> SEQ ID NO 2

<211> LENGTH: 16

<212> TYPE: PRT

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

15

<223> OTHER INFORMATION: From Self-Assembling peptide -invented

sequence

<400> SEQUENCE: 2

Arg Ala Asp Ala Arg Gly Asp Ala Arg Ala Asp Ala Arg Gly Asp Ala

1 5 10

<210> SEQ ID NO 3

<211> LENGTH: 8

<212> TYPE: PRT

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

15

<223> OTHER INFORMATION: From Self-Assembling peptide -invented

sequence.
<400> SEQUENCE: 3

Arg Ala Asp Ala Arg Ala Asp Ala
1 5

<210> SEQ ID NO 4

<211> LENGTH: 16

<212> TYPE: PRT

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

<223> OTHER INFORMATION: From Self-Assembling peptide -invented

sequence.

<400> SEQUENCE: 4

Arg Ala Arg Ala Asp Ala Asp Ala Arg Ala Arg Ala Asp Ala Asp Ala

1 5 10

<210> SEQ ID NO 5

15
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<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From Self-Assembling peptide -invented
sequence.

<400> SEQUENCE: 5

Arg Ala Arg Ala Asp Ala Asp Ala
1 5

<210> SEQ ID NO 6

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From Self-Assembling peptide -invented
sequence.

<400> SEQUENCE: 6

Ala Glu Ala Lys Ala Glu Ala Lys Ala Glu Ala Lys Ala Glu Ala Lys
1 5 10 15

Ala Glu Ala Lys
20

<210> SEQ ID NO 7

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 7

Ala Glu Ala Lys Ala Glu Ala Lys
1 5

<210> SEQ ID NO 8

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 8

Arg Ala Glu Ala Arg Ala Glu Ala Arg Ala Glu Ala Arg Ala Glu Ala
1 5 10 15

<210> SEQ ID NO 9

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self -assembl ing pepti de

<400> SEQUENCE: 9

Arg Ala Glu Ala Arg Ala Glu Ala
1 5

<210> SEQ ID NO 10

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: From self-assembling peptide
<400> SEQUENCE: 10

Lys Ala Asp Ala Lys Ala Asp Ala Lys Ala Asp Ala Lys Ala Asp Ala
1 5 10 15

<210> SEQ ID NO 11

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide

<400> SEQUENCE: 11

Lys Ala Asp Ala Lys Ala Asp Ala
1 5

<210> SEQ ID NO 12

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide

<400> SEQUENCE: 12

Ala Glu Ala Glu Ala His Ala His Ala Glu Ala Glu Ala His Ala His
1 5 10 15

<210> SEQ ID NO 13

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 13

Ala Glu Ala Glu Ala His Ala His
1 5

<210> SEQ ID NO 14

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 14

Phe Glu Phe Glu Phe Lys Phe Lys Phe Glu Phe Glu Phe Lys Phe Lys
1 5 10 15

<210> SEQ ID NO 15

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 15

Phe Glu Phe Lys Phe Glu Phe Lys
1 5
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<210> SEQ ID NO 16

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 16

Leu Glu Leu Glu Leu Lys Leu Lys Leu Glu Leu Glu Leu Lys Leu Lys
1 5 10 15

<210> SEQ ID NO 17

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 17

Leu Glu Leu Glu Leu Lys Leu Lys
1 5

<210> SEQ ID NO 18

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 18

Ala Glu Ala Glu Ala Lys Ala Lys Ala Glu Ala Glu Ala Lys Ala Lys
1 5 10 15

<210> SEQ ID NO 19

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 19

Ala Glu Ala Glu Ala Glu Ala Glu Ala Lys Ala Lys
1 5 10

<210> SEQ ID NO 20

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 20

Ala Glu Ala Glu Ala Lys Ala Lys
1 5

<210> SEQ ID NO 21

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
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sequence.
<400> SEQUENCE: 21

Lys Ala Lys Ala Lys Ala Lys Ala Glu Ala Glu Ala Glu Ala Glu Ala
1 5 10 15

<210> SEQ ID NO 22

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 22

Ala Glu Ala Glu Ala Glu Ala Glu Ala Lys Ala Lys Ala Lys Ala Lys
1 5 10 15

<210> SEQ ID NO 23

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 23

Arg Ala Arg Ala Arg Ala Arg Ala Asp Ala Asp Ala Asp Ala Asp Ala
1 5 10 15

<210> SEQ ID NO 24

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 24

Ala Asp Ala Asp Ala Asp Ala Asp Ala Arg Ala Arg Ala Arg Ala Arg
1 5 10 15

<210> SEQ ID NO 25

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide -invented
sequence.

<400> SEQUENCE: 25

Asp Ala Asp Ala Asp Ala Asp Ala Arg Ala Arg Ala Arg Ala Arg Ala
1 5 10 15

<210> SEQ ID NO 26

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 26

Ala Asp Ala Asp Ala Asp Ala Asp Ala Arg Ala Arg Ala Arg Ala Arg
1 5 10 15
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<210> SEQ ID NO 27

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 27

His Glu His Glu His Lys His Lys His Glu His Glu His Lys His Lys
1 5 10 15

<210> SEQ ID NO 28

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 28

His Glu His Glu His Lys His Lys
1 5

<210> SEQ ID NO 29

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 29

Val Glu Val Glu Val Glu Val Glu Val Glu Val Glu Val Glu Val Glu
1 5 10 15

Val Glu Val Glu
20

<210> SEQ ID NO 30

<211> LENGTH: 22

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide - invented
sequence.

<400> SEQUENCE: 30

Arg Phe Arg Phe Arg Phe Arg Phe Arg Phe Arg Phe Arg Phe Arg Phe
1 5 10 15

Arg Phe Arg Phe Arg Phe
20

<210> SEQ ID NO 31

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain peptide - various
mammalian species.

<400> SEQUENCE: 31

Ala Ala Ser Ile Lys Val Ala Val Ser Ala Asp Arg
1 5 10



US 2015/0183828 Al
43

-continued

Jul. 2, 2015

<210> SEQ ID NO 32

<211> LENGTH: 19

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain peptide - various
mammalian species.

<400> SEQUENCE: 32

Cys Ser Arg Ala Arg Lys Gln Ala Ala Ser Ile Lys Val Ala Val Ser
1 5 10 15

Ala Asp Arg

<210> SEQ ID NO 33

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin betal peptide - various mammalian
species.

<400> SEQUENCE: 33

Tyr Ile Gly Ser Arg
1 5

<210> SEQ ID NO 34

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin-1 gamma chain peptide - various
mammalian species.

<400> SEQUENCE: 34

Pro Asp Ser Gly Arg
1 5

<210> SEQ ID NO 35

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin betal peptide - various mammalian
species.

<400> SEQUENCE: 35

Arg Tyr Val Val Leu Pro Arg
1 5

<210> SEQ ID NO 36

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin-1 gamma chain peptide - various
mammalian species

<400> SEQUENCE: 36
Lys Ala Phe Asp Ile Thr Tyr Val Arg Leu Lys Phe

1 5 10

<210> SEQ ID NO 37
<211> LENGTH: 12
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<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From collagen IV - various mammalian species.

<400> SEQUENCE: 37

Thr Ala Gly Ser Cys Leu Arg Lys Phe Ser Thr Met
1 5 10

<210> SEQ ID NO 38

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide.

<400> SEQUENCE: 38

Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala
1 5 10 15

<210> SEQ ID NO 39

<211> LENGTH: 26

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin.

<400> SEQUENCE: 39

Ala Ala Ser Ile Lys Val Ala Val Gly Gly Arg Ala Asp Ala Arg Ala
1 5 10 15

Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala
20 25

<210> SEQ ID NO 40

<211> LENGTH: 33

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin.

<400> SEQUENCE: 40

Cys Ser Arg Ala Arg Lys Gln Ala Ala Ser Ile Lys Val Ala Val Gly
1 5 10 15

Gly Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp
20 25 30

Ala

<210> SEQ ID NO 41

<211> LENGTH: 23

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin beta

<400> SEQUENCE: 41

Tyr Ile Gly Ser Arg Gly Gly Arg Ala Asp Ala Arg Ala Asp Ala Arg
1 5 10 15

Ala Asp Ala Arg Ala Asp Ala
20
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<210> SEQ ID NO 42

<211> LENGTH: 23

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin

<400> SEQUENCE: 42

Pro Asp Ser Gly Arg Gly Gly Arg Ala Asp Ala Arg Ala Asp Ala Arg
1 5 10 15

Ala Asp Ala Arg Ala Asp Ala
20

<210> SEQ ID NO 43

<211> LENGTH: 25

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin beta

<400> SEQUENCE: 43

Arg Tyr Val Val Leu Pro Arg Gly Gly Arg Ala Asp Ala Arg Ala Asp
1 5 10 15

Ala Arg Ala Asp Ala Arg Ala Asp Ala
20 25

<210> SEQ ID NO 44

<211> LENGTH: 30

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from laminin gamma 1

<400> SEQUENCE: 44

Lys Ala Phe Asp Ile Thr Tyr Val Arg Leu Lys Phe Gly Gly Arg Ala
1 5 10 15

Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala
20 25 30

<210> SEQ ID NO 45

<211> LENGTH: 30

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assembling peptide with short motif
from collagen IV.

<400> SEQUENCE: 45

Thr Ala Gly Ser Cys Leu Arg Lys Phe Ser Thr Met Gly Gly Arg Ala
1 5 10 15

Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala
20 25 30

<210> SEQ ID NO 46

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assermbling peptide - invented
sequence.
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<400> SEQUENCE: 46

Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala Arg Ala Asp Ala
1 5 10 15

<210> SEQ ID NO 47

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From self-assermbling peptide - invented
sequence.

<400> SEQUENCE: 47

Lys Leu Asp Leu Lys Leu Asp Leu Lys Leu Asp Leu
1 5 10

<210> SEQ ID NO 48

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin - various mammalian species.

<400> SEQUENCE: 48

Ile Lys Val Ala Val
1 5

<210> SEQ ID NO 49

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin gamma chain - various mammalian
species.

<400> SEQUENCE: 49

Arg Asn Ile Ala Glu Ile Ile Lys Asp Ile
1 5 10

<210> SEQ ID NO 50

<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin gamma chain - various mammalian
species.

<400> SEQUENCE: 50

Tyr Val Arg Leu
1

<210> SEQ ID NO 51

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin gamma chain - various mammalian
species.

<400> SEQUENCE: 51

Ile Arg Val Thr Leu Asn
1 5



US 2015/0183828 Al
47

-continued

Jul. 2, 2015

<210> SEQ ID NO 52

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin gamma chain - various mammalian
species.

<400> SEQUENCE: 52

Thr Thr Val Lys Tyr Ile Phe Arg
1 5

<210> SEQ ID NO 53

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin gamma chain - various mammalian
species.

<400> SEQUENCE: 53

Ser Ile Lys Ile Arg Gly Thr Tyr
1 5

<210> SEQ ID NO 54

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain - various mammalian
species.

<400> SEQUENCE: 54

Arg Gln Val Phe Gln Val Ala Tyr Ile Ile Ile Lys Ala
1 5 10

<210> SEQ ID NO 55

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain - various mammalian
species.

<400> SEQUENCE: 55

Phe Gln Ile Ala Tyr Val Ile Val Lys Ala
1 5 10

<210> SEQ ID NO 56

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain - various mammalian
species.

<400> SEQUENCE: 56

Gly Gln Leu Phe His Val Ala Tyr Ile Ile Ile Lys Ala
1 5 10

<210> SEQ ID NO 57

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain -various mammalian
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species.
<400> SEQUENCE: 57

Phe His Val Ala Tyr Val Leu Ile Lys Ala
1 5 10

<210> SEQ ID NO 58

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From laminin alpha chain - various mammalian
species.

<400> SEQUENCE: 58

Leu Glu Asn Gly Glu Ile Val Ser Leu Val Asn Gly Arg
1 5 10

<210> SEQ ID NO 59

<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From fibronectin -various mammalian species.

<400> SEQUENCE: 59

Arg Glu Asp Val
1

<210> SEQ ID NO 60

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From elastin - various mammalian species.

<400> SEQUENCE: 60

Leu Gly Thr Ile Pro Gly
1 5

<210> SEQ ID NO 61

<211> LENGTH: 4

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From collagen I - various mammalian species.

<400> SEQUENCE: 61

Asp Gly Glu Ala
1

<210> SEQ ID NO 62

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From elastin - various mammalian species.

<400> SEQUENCE: 62
Gly Val Gly Val Pro

1 5

<210> SEQ ID NO 63
<211> LENGTH: 6
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<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From elastin - various mammalian species.

<400> SEQUENCE: 63

Gly Val Gly Val Ala Pro
1 5

<210> SEQ ID NO 64

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From Collagen IV

<400> SEQUENCE: 64

Leu Ala Gly Ser Cys Leu Ser Ala Arg Phe Ser Thr Met
1 5 10

<210> SEQ ID NO 65

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From collagen IV

<400> SEQUENCE: 65

Gly Glu Phe Tyr Asp Leu Arg Leu Lys Gly Asp Lys
1 5 10

<210> SEQ ID NO 66

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From collagen I alpha chain.

<400> SEQUENCE: 66

Gly Pro Gln Gly Ile Trp Gly Gln
1 5

<210> SEQ ID NO 67

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: From collagen I alpha chain

<400> SEQUENCE: 67

Gly Pro Gln Gly Ile Trp Gly Gln
1 5

<210> SEQ ID NO 68

<211> LENGTH: 6

<212> TYPE: PRT

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

<223> OTHER INFORMATION: From fibrinogen

<400> SEQUENCE: 68

Leu Ile Lys Met Lys Pro
1 5
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1-69. (canceled)

70. A self-assembling peptide comprising:

(a) a first amino acid domain that mediates self-assembly,
wherein the domain comprises alternating hydrophobic
and hydrophilic amino acids that are complementary
and structurally compatible, and that self-assemble into
a macroscopic structure when present in unmodified
form, which sequence is SEQ ID NO: 4 (RAD16-1); and

(b) a second amino acid domain, wherein the sequence of
the second amino acid domain comprises SEQ 1D NO:
35 (RYVVLPR); and
wherein the peptide forms a beta sheet upon self-assem-

bly.

71. The self-assembling peptide of claim 70, wherein the
first and second amino acid domains are joined by a peptide
bond.

72. The self-assembling peptide of claim 70, wherein the
first and second amino acid domains are covalently or non-
covalently cross-linked to one another.

73. The self-assembling peptide of claim 72, wherein the
linker domain comprises one or more glycine residues.

#* #* #* #* #*
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