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ENGINEERED FGF1 AND FGF2
COMPOSITIONS AND METHODS OF USE
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of priority of
U.S. Provisional Patent Application No. 62/644,076, filed
Mar. 16, 2018, which is incorporated herein by reference in
its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
Grant Numbers P30 GMI103450 and P20 RRO015569
awarded by the National Institutes of Health, and Grant
Number DE-FG02-01ER15161 awarded by the Department
of Energy. The government has certain rights in the inven-
tion.

FIELD OF INVENTION

The present invention relates to the development of stable
mutants of FGF-1 and FGF-2. It relates in particular to
polynucleotides, polypeptides, and pharmaceutical compo-
sitions including such mutant forms of FGF-1 and FGF-2 as
well as methods of treating conditions using such compo-
sitions.

SEQUENCE LISTING

This application is being filed electronically via EFS-Web
and includes an electronically submitted Sequence Listing
in .txt format. The .txt file contains a sequence listing
entitled “5965-00118_ST25.txt” created on Mar. 18, 2019
and is 5,822 bytes in size. The Sequence Listing contained
in this .txt file is part of the specification and is hereby
incorporated by reference herein in its entirety.

INTRODUCTION

Chronic wounds impact ~15% of Medicare beneficiaries.
A conservative cost estimate of wound care is ~$31.7
billion. In this context, there is an immediate need for the
development of an efficient biotherapeutics for healing
wounds. Cytokines, such as, Fibroblast Growth factors
(FGFs), have been used in wound care formulations with
limited success. FGFs play an important role in various
cellular processes like cell proliferation, migration, differ-
entiation and induce processes such as regeneration, mor-
phogenesis and angiogenesis. FGFs exert their effects upon
binding to their specific receptors. These molecules are
known to bind to heparin to increase the efficiency of
mitogenic activity.

FGF-1 is known to play a crucial role in wound healing
and other significant clinical conditions. For example, there
are reports demonstrating the FGF-1 has significant nerve
regeneration and potent angiogenic activity. These events
are critical for proper healing after an injury. Hence admin-
istration of FGF-1 during an injury can quicken the process
ot healing and helps in safe recovery from trauma. Although
FGF-1 and FGF-2 proteins are promising therapeutics, they
have low intrinsic stability and are highly susceptible to
proteolytic degradation especially by thrombin which is
usually present in abundance at the site of a wound in the
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fibrin clots. Thus, there is a need in the art for new
FGF-based treatments having increased stability against
proteolytic degradation, higher biological activity, a pro-
longed circulation half-life and prolonged shelf stability or
stability in common wound treatment media.

SUMMARY

In one aspect, the present invention relates to engineered
FGF1 polypeptides. The FGF1 polypeptides may include at
least 60%, 70%, 75%, 80%, 85%, 90%, 95%, or 99%
sequence identity to SEQ ID NO: 1 and are engineered to
include at least 1, 2, 3, or 4 amino acid substitution(s) to
SEQ ID NO: 1 selected from the group consisting of Q41P,
Q41F, Q41M, Q41Y, Q41W, Q411, Q41L, Q41V, Q41A,
S48L, S48A, S48V, S48P, S48T, S48M, S48L, S481,S48F,
S48Y, S48W, H94S, H94T, H94K, H94R, H94Y, K113N,
K113Q, K1138, K113T, K113R, and K113Y, or may include
functional fragments of such FGF1 polypeptides. Option-
ally, the FGF1 polypeptides may further include a R123E
amino acid substitution to SEQ 1D NO: 1.

In another aspect, the present invention relates to engi-
neered FGF2 polypeptides. The FGF2 polypeptides may
include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%, or
99% sequence identity to SEQ ID NO: 3 and are engineered
to include at least 1, 2, or 3 amino acid substitution(s) to
SEQ ID NO: 3 selected from the group consisting of Q65L,
Q65A, Q65P, Q65V, Q651, Q65M, Q65F, Q65W, Q65Y,
N1118S, N111Q, N111T, N111Y, K128N, K128Q, K128H,
K128R, K128E, K128D, and K128P, or may include func-
tional fragments of such FGF2 polypeptides. Optionally, the
FGF2 polypeptides may further include a K138E amino acid
substitution to SEQ ID NO: 3.

In another aspect of the present invention, fusion proteins
are provided. The fusion proteins may include any one of the
FGF1 or FGF2 polypeptides disclosed herein and a mem-
brane permeable peptide.

In a further aspect, polynucleotides encoding any of the
FGF1 or FGF2 polypeptides disclosed herein are also pro-
vided.

In another aspect of the present invention, DNA con-
structs are provided. The DNA constructs provided herein
may include a promoter operably linked to any one of the
polynucleotides described herein.

In yet another aspect, vectors including any of the DNA
constructs or polynucleotides described herein are provided.

In a further aspect, pharmaceutical compositions includ-
ing any of the FGF1 or FGF2 polypeptides, polynucleotides,
DNA constructs, or vectors described herein are provided.
The pharmaceutical compositions may include a pharma-
ceutical carrier, excipient, or diluent (i.e., agents).

In a further aspect, hydrogels including any of the FGF1
or FGF2 polypeptides, polynucleotides, DNA constructs, or
vectors described herein are provided.

In a still further aspect, methods of treating a condition are
also provided. The methods may include administering any
of FGF1 or FGF2 polypeptides, polynucleotides, DNA
constructs, vectors, pharmaceutical compositions, or hydro-
gels described herein to a subject in an amount effective to
treat the condition. The condition may include a wound
(chronic and acute), Type 1 diabetes, Type 2 diabetes,
obesity, internal injuries, a cardiovascular disorder, a cos-
metic condition (i.e. whitening, wrinkling), critical limb
ischemia, a nerve injury, a burn, hair loss (whether genetic
or not, i.e. alopecia), a retinal disorder (i.e., retinopathy
disorders), a muscular disorder, an arterial disease, an age
related disorder, organ or tissue damage (whether or not
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from chemotherapy or radiation therapy), osteoporosis, a
digestive tract ulcer (i.e., gastric ulcer), ulcerative colitis, a
scar, an energy homeostasis disorder such as obesity, dys-
lipidemia, diabetes, insulin resistance, hyperglycemia or the
metabolic syndrome, osteoarthritis, and acute renal failure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1B show 3D cartoon representations of hFGF1
protein showing the comparison the amino acids between
the (FIG. 1A) wt (SEQ ID NO: 1) and (FIG. 1B) super
hFGF1 (SEQ ID NO: 2).

FIG. 2 shows a pairwise alignment of wtFGF1 (SEQ ID
NO: 1) against shFGF1 (SEQ ID NO: 2) mutant and wtFGF2
(SEQ ID NO: 3) and shFGF2 (SEQ ID NO: 4).

FIG. 3 shows purification of wt hFGF1 protein on heparin
Sepharose. Lanes 1—Supernatant; 2—Flow through;
3—100 mM NaCl; 4—300 mM NaCl; 5—500 mM NaCl,
6—800 mM NaCl; 7—1500 mM NaCl.

FIG. 4 shows purification of super hFGF1 protein on
heparin Sepharose. Lanes 1—Supernatant; 2—Flow
through; 3—Bufter wash; 4—Post-dialysis.

FIG. 5 shows purification of super hFGF1 on HiPrep
Superose S-75 connected to Akta FPLC. Inset figure shows
the SDS-PAGE with fractions showing the pure super
hFGF1 in fractions 36-38.

FIG. 6A shows SDS-PAGE showing the limited trypsin
digestion of wt-hFGF1 (Upper) and super hFGF1 (lower)
respectively. Lanes 1—0 min, 2—10 min, 3—15 min, 4—30
min, 5—45 min, 6—60 min and 7—pure trypsin. FIG.
6B—densitometric data obtained from SDS-PAGE gels was
plotted with Time (min) on X-axis and % Undigested on
Y-axis.

FIG. 7A shows SDS-PAGE showing the thrombin cleav-
age of wt hFGF1 (Upper) and super hFGF1 (lower) respec-
tively. Lanes 1—0 min, 2—10 min, 3—15 min, 4—30 min,
5—45 min, 6—60 min and 7—pure trypsin. FIG. 7B—den-
sitometric data obtained from SDS-PAGE gels was plotted
with Time (min) on X-axis and Undigested (%) on Y-axis.

FIG. 8 shows an ANS binding assay, in the absence and
presence of heparin, for wt-hFGF1 and super hFGF1. A
stock ANS solution was added at 2 uM increments to the
protein solutions and the sample was excited at 380 nm the
emission fluorescence intensity was measured at 500 nm.

FIG. 9 shows temperature-induced unfolding of wt and
super hFGF1 in the absence and presence of heparin. Protein
samples were subjected to heat treatment with increments of
5° C. Ratio of relative fluorescence intensity at 308 nm and
350 nm were used to calculate the fraction unfolded. A plot
of temperature versus fraction unfolded yields the melting
temperature (T,,) for the respective protein samples.

FIG. 10 shows urea-induced unfolding of wt-hFGF1 and
super hFGF1 in the absence and presence of heparin. Protein
samples were titrated with increments of denaturant. Ratio
of relative fluorescence intensity at 308 nm and 350 nm was
used to calculate the fraction unfolded. A plot of temperature
vs fraction unfolded yield the melting temperature (T,,) for
the respective protein samples.

FIG. 11 illustrates the urea-induced unfolding of wt-
hFGF1 (SEQ ID NO: 1) and super-hFGF1 (SEQ ID NO: 2),
in the absence and presence of heparin. Protein samples
were titrated with increments of denaturant. Ratio of relative
fluorescence intensity at 308 nm and 350 nm was used to
calculate the fraction unfolded. A plot of temperature vs
fraction unfolded yield the melting temperature (Tm) for the
respective protein samples.
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FIG. 12 illustrates the effect of pH on the stability of
wt-hFGF1 and Super hFGF1. Ratio of emission fluorescence
at 308 to 350 nm was plotted against varied pH to estimate
the stability of proteins.

FIGS. 13A-13B show isothermograms of wt-hFGF1
(FIG. 13A) and super hFGF1 (FIG. 13B) titrated against
heparin. Upper panel represents the heat evolved per injec-
tion. Lower panel shows the data fit to the one-set of sites
binding model using Origin™ software.

FIG. 14 shows an overlay of the ‘H-'>N HSQC of wild
type hFGF1(yellow) and the super hFGF (red). The blue
circles represent the amino acids in wild type (R at 1367, Q
at 547 K at 126™, S at 61, and H at 107 position). The
green circles are the predicted location of the amino acid
after the mutation.

FIG. 15 shows a cell proliferation assay of wt-hFGF1 and
super hFGF1, in the absence and presence of heparin.
Actively growing NIH-3T3 cells were adapted to serum
deprivation followed with addition of different concentra-
tion of the mitogen. Cell number was quantified using
GloSensor™ cAMP assay as per manufacturer’s instruc-
tions.

FIGS. 16A-16B illustrate the effect of culture medium on
the ability of wt-hFGF1 and super hFGF1. FIG. 16 A shows
the cell proliferation assay of wt-hFGF1 and super hFGF1
incubated in culture medium. FIG. 16B shows the SDS-
PAGE of the samples of wt-hFGF1 and super hFGF1
incubated in the culture medium. Lanes 1 & 5 immediately
after addition of medium, 2 & 6—no medium, 3 & 7—me-
dium with no cells for 24 hrs, 4 & 8 —incubated with cells
in medium for 24 hrs.

FIG. 17 shows serum starved valve interstitial cells
(VICs) treated with different concentrations of wt-hFGF1
and super hFGF1 (3 ng/ml-600 ng/ml). Cell lysates were
resolved on SDS-PAGE followed with western blotting to
detect the expression pattern of phosphaorylated ERK1/2
(left panel) and phosphorylated Akt proteins (right panels).

FIG. 18 illustrates the scratch assay to confirm the effi-
ciency of superFGF1 in fibroblast cell proliferation. Coriell
AG21264 cells were grown to confluence as monolayer, a
uniform scratch was made in the center. Cells were incu-
bated with samples of wt-hFGF1 and super hFGF1 along
with controls, and scratch width was measured. Each error
bar is constructed using 1 standard deviation from the mean.

FIG. 19 illustrates the effect of FGFs on the rate of wound
closure. Male C57B1/6] mice (12 weeks old) were given 6
mm diameter full-thickness excisional skin wounds.
Samples of wt-hFGF1 and super hFGF1 were applied topi-
cally and the rate of closure was monitored for 3 days. The
data was plotted as percent closure/day.

FIG. 20 shows a thermal stability analysis for wtFGF1,
sFGF1, and R123E-SM-FGF1.

FIG. 21 shows the heparin binding affinity of R123E-SM-
FGF mutant protein.

FIG. 22 shows the cell proliferation activity of wtFGF1,
sFGF1, and R123E-SM-FGF1 proteins.

FIG. 23 shows a thermal stability analysis for wtFGF1,
sFGF1, and double mutant (DM) FGF1 proteins.

FIG. 24 shows the heparin binding affinity of double
mutant FGF1 proteins.

FIG. 25 shows the heparin binding affinity of double
mutant FGF1 proteins.

FIG. 26 shows the cell proliferation activity of wtFGF1,
sFGF1, and double mutant FGF1 proteins.

FIG. 27 shows a thermal stability analysis for wtFGF1,
sFGF1, and triple mutant (TM) FGF1 proteins.
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FIG. 28 shows the heparin binding affinity of triple mutant
FGF1 proteins.

FIG. 29 shows the cell proliferation activity of wtFGF1,
sFGF1, and triple mutant FGF1 proteins.

FIG. 30A is a graph showing the effect of ethanol on the
stability of FGF1 and superFGF1 1 described herein at
various concentrations of alcohol and demonstrates that the
superFGF1 polypeptide is more stable in ethanol than the
wild-type FGF1. FIG. 30B is a graph showing the effect of
2,2,2, trifluoroethanol (TFE) on the stability of wild-type
FGF1 as compared to superFGF1 at various concentrations
of the TFE and demonstrates that the superFGF1 is more
stable at higher concentrations of TFE.

DETAILED DESCRIPTION

The present invention pertains to the development of
hyper-stable variants of human FGF1 and FGF2 (“hFGF1”
and “hFGF2,” respectively) that are not only resistant to
thrombin but also exhibit heparin-independent mitogenic/
wound healing activity. Due to extraordinary physical and
bioactivity of these engineered variants, the present inven-
tors have named an engineered human FGF1 variant (Q41P,
S48L, H94S, K113N, and R123E) variant “super human
acidic fibroblast growth factor 1 (shFGF1)” and an engi-
neered human FGF2 variant (Q65L, N111S, K128N, and
K138E) “super human acidic fibroblast growth factor 2
(shFGF2).” In the nonlimiting Examples, the present inven-
tors demonstrate that super hFGF1 (SEQ ID NO: 2) is a very
stable hFGF1 variant. It shows no signs of degradation even
when stored at room temperature (25° C.) for over 3 months.
ShFGF1 denatures only at temperatures higher than 80° C.
ShFGF1 exhibits a wider range of pH stability (4.0-10.0)
than wild type hFGF1 (wt-hFGF1; SEQ ID NO: 1). ShFGF1
shows no binding affinity to heparin but its mitogenic
activity is higher than that of wt-FGF1. Furthermore, the
present inventors postulate that the corresponding amino
acid substitutions may be applied to hFGF2 (SEQ ID NO: 3)
to create a shFGF2 variant (SEQ ID NO: 4), which will be
more stable than the wt human FGF2 protein. The hyper-
stability, resistance to thrombin action, and enhanced hepa-
rin-independent bioactivity renders shFGF1, shFGF2, and
the additional variants disclosed herein as promising bio-
therapeutics for treating conditions including, without limi-
tation, wounds, osteoporosis, diabetes, hyperglycemia, and
insulin resistance.

In one aspect, the present invention relates to engineered
FGF1 polypeptides. The FGF1 polypeptides may include at
least 60%, 70%, 75%, 80%, 85%, 90%, 95%, or 99%
sequence identity to SEQ ID NO: 1 and are engineered to
include at least 1, 2, 3, or 4 amino acid substitution(s) to
SEQ ID NO: 1 to amino acid residues Q41, S48, H94, or
K113 or any combination thereof. The FGF1 polypeptides
may include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%,
or 99% sequence identity to SEQ ID NO: 1 and are
engineered to include at least 1, 2, 3, or 4 amino acid
substitution(s) to SEQ ID NO: 1 selected from the group
consisting of Q41P, Q41F, Q41M, Q41Y, Q41W, Q41],
Q41L, Q41V, Q41A, S48L, S48A, S48V, S48P, S48T,
S48M, S48L, S481, S48F, S48Y, S48W, H94S, H94T, H94K,
H94R, H94Y, K113N, K113Q, K113S, K113T, K113R, and
K113Y; or may include functional fragments of such FGF1
polypeptides. In some embodiments, the at least 1, 2, 3, or
4 amino acid substitution(s) to SEQ ID NO: 1 are selected
from the group consisting of Q41P, S48, H94S, K113N and
any combination thereof including 1, 2, 3, or all four
mutations. Optionally, the FGF1 polypeptides may further
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include a R123E or R123D amino acid substitution to SEQ
ID NO: 1. Suitably, the additional amino acid substitution to
SEQ ID NO: 1 is R123E.

In some embodiments, the FGF1 polypeptides may
include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%,
99%, or 100% sequence identity to SEQ ID NO: 2 and
include amino acid residues 41, 48, 94, 113, and 123 of SEQ
ID NO: 2, or may include functional fragments of such
FGF1 polypeptides. In some embodiments, the FGF1 poly-
peptides may include SEQ ID NO: 2.

In another aspect, the present invention relates to engi-
neered FGF2 polypeptides. The FGF2 polypeptides may
include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%, or
99% sequence identity to SEQ ID NO: 3 and are engineered
to include at least 1, 2, or 3 amino acid substitution(s) to
SEQ ID NO: 3 to amino acid residues Q65, N111, K128 or
any combination thereof. The FGF2 polypeptides may also
include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%, or
99% sequence identity to SEQ ID NO: 3 and are engineered
to include at least 1, 2, or 3 amino acid substitution(s) to
SEQ ID NO: 3 selected from the group consisting of Q65L,
Q65A, Q65P, Q65V, Q651, Q65M, Q65F, Q65W, Q65Y,
N1118S, N111Q, N111T, N111Y, K128N, K128Q, K128H,
K128R, K128E, K128D, and KI128P; or may include
functional fragments of such FGF2 polypeptides. In some
embodiments, the at least 1, 2, or 3 amino acid
substitution(s) to SEQ ID NO: 3 are selected from the group
consisting of Q65L, NI111S, KI128N and combinations
thereof. Optionally, the FGF2 polypeptides may further
include a K138E or K138D amino acid substitution to SEQ
ID NO: 3. Suitably, the additional amino acid substitution to
SEQ ID NO: 3 is K138E.

In some embodiments, the FGF2 polypeptides may
include at least 60%, 70%, 75%, 80%, 85%, 90%, 95%,
99%, or 100% sequence identity to SEQ ID NO: 4 and
include amino acid residues 65, 111, 128, and 138 of SEQ
ID NO: 4, or may include functional fragments of such
FGF2 polypeptides. In some embodiments, the FGF2 poly-
peptide may include SEQ ID NO: 4.

As used herein, the terms “protein” or “polypeptide” or
“peptide” may be used interchangeably to refer to a polymer
of amino acids. A “polypeptide” as contemplated herein
typically comprises a polymer of naturally occurring amino
acids (e.g., alanine, arginine, asparagine, aspartic acid, cys-
teine, glutamine, glutamic acid, glycine, histidine, isoleu-
cine, leucine, lysine, methionine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine, and valine). The
proteins contemplated herein may be further modified in
vitro or in vivo to include non-amino acid moieties. These
modifications may include but are not limited to acylation
(e.g., O-acylation (esters), N-acylation (amides), S-acylation
(thioesters)), acetylation (e.g., the addition of an acetyl
group, either at the N-terminus of the protein or at lysine
residues), formylation, lipoylation (e.g., attachment of a
lipoate, a C8 functional group), myristoylation (e.g., attach-
ment of myristate, a C14 saturated acid), palmitoylation
(e.g., attachment of palmitate, a C16 saturated acid), alky-
lation (e.g., the addition of an alkyl group, such as an methyl
at a lysine or arginine residue), isoprenylation or prenylation
(e.g., the addition of an isoprenoid group such as farnesol or
geranylgeraniol), amidation at C-terminus, glycosylation
(e.g., the addition of a glycosyl group to either asparagine,
hydroxylysine, serine, or threonine, resulting in a glycopro-
tein). Distinct from glycation, which is regarded as a non-
enzymatic attachment of sugars, enzymatic addition such as
polysialylation (e.g., the addition of polysialic acid), glypi-
ation (e.g., glycosylphosphatidylinositol (GPI) anchor for-
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mation, hydroxylation, iodination (e.g., of thyroid hor-
mones), and phosphorylation (e.g., the addition of a
phosphate group, usually to serine, tyrosine, threonine or
histidine) are also contemplated.

The FGF1 and FGF2 polypeptides provided herein are
engineered polypeptides representing substitution mutants
of the wild-type polypeptide. The FGF1 and FGF2 poly-
peptides disclosed herein may include “mutant” FGF poly-
peptides and variants thereof. As used herein the term
“wild-type” is a term of the art understood by skilled persons
and means the typical form of an organism, strain, gene or
characteristic as it occurs in nature as distinguished from
mutant or variant forms. As used herein, a ““variant” refers to
a polypeptide molecule having an amino acid sequence that
differs from a reference protein or polypeptide molecule. A
variant may have one or more insertions, deletions, or
substitutions of an amino acid residue relative to a reference
molecule. A variant may include a fragment of a reference
molecule. For example, a FGF1 polypeptide variant mol-
ecule may have one or more insertions, deletions, or sub-
stitution of at least one amino acid residue relative to the
mutant FGF1 polypeptides described herein.

The amino acid sequence of the “wild-type” FGF1 protein
from humans is presented as SEQ ID NO: 1. See FIG. 2. The
amino acid sequence of the “wild-type” FGF2 protein from
humans is presented as SEQ ID NO: 3. See FIG. 2. Amino
acid sequences for engineered mutant FGF1 and FGF2
polypeptides disclosed herein are provided as SEQ ID NO:
2 (FGF1-Q41P, S48L, H94S, K113N, R123E) and SEQ ID
NO: 4 (FGF2-Q65L, N1118S, K128N, K138E). See FIG. 2.
These sequences may be used as reference sequences.

The FGF1 and FGF2 polypeptides provided herein may
be full-length polypeptides (i.e., SEQ ID NOS: 1-4) or may
be functional fragments of the full-length FGF polypeptide.
As used herein, a “fragment” or “functional fragment” is a
portion of an amino acid sequence which is identical in
sequence to but shorter in length than a reference sequence.
A fragment may comprise up to the entire length of the
reference sequence, minus at least one amino acid residue.
For example, a fragment may comprise from 5 to 155
contiguous amino acid residues of a reference polypeptide,
respectively. In some embodiments, a fragment may com-
prise at least 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100,
or 150 contiguous amino acid residues of a reference poly-
peptide. Fragments may be preferentially selected from
certain regions of a molecule. The term “at least a fragment”
encompasses the full length polypeptide. A fragment of a
FGF1 or FGF2 polypeptide may comprise or consist essen-
tially of a contiguous portion of an amino acid sequence of
the full-length FGF polypeptide (SEQ ID NOS: 1-4). A
fragment may include an N-terminal truncation, a C-termi-
nal truncation, or both truncations relative to the full-length
FGF1 or FGF2 polypeptide.

Preferably, a fragment of a FGF1 polypeptide includes
amino acid residues 41, 48, 94, 113, and 123 of SEQ ID NO:
2. Preferably, a fragment of a FGF2 polypeptide includes
amino acid residues 65, 111, 128, and 138 of SEQ ID NO:
4. Suitable fragments include or consist of amino acid
residues 112-128, 106-134, 100-140, 50-140, 25-140,
10-140, 2-140 or any range therein of SEQ ID NOs: 1-2, or
amino acid residues 128-144, 120-150, 110-155, 100-155,
80-155, 60-155, 40-155, 20-155, 10-155, 2-155 or any range
therein of SEQ ID NOs: 3-4.

FGF1 and/or FGF2 polypeptides may be useful for a
variety of reasons. For example, FGF and/or FGF2 poly-
peptides which contain the substitutions noted above can be
used inter alia for raising antibodies. Such polypeptides are
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typically less than full-length proteins. Preferably such resi-
dues are at least 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 17, 19, 21,
23, 25, 30, 40, 50 or more residues in length. As an example,
if the polypeptide is 6 residues in length, than it can
comprise residues including the substitution site. Sufficient
residues are desired to form a good immunogen or blocking
antigen for use in assays. It may be desirable to conjugate or
genetically fuse additional sequences to the polypeptide, for
example, to boost immunogenicity, to enhance purification,
to facilitate production or expression, or to facilitate detec-
tion. Any sequences as are convenient may be used for these
or other purposes. The size of these additional sequences
may vary greatly, but typically will be at least 2, 4, 6, or 8
amino acid residues in length. Suitably the additional
sequences will be less than 100, 90, 80, 70, 60, 50, 40, 30,
20 or 10 amino acids in length.

A “deletion” in a FGF1 and/or FGF2 polypeptide refers to
a change in the amino acid sequence which results in the
absence of one or more amino acid residues. A deletion may
remove at least 1, 2, 3, 4, 5, 10, 20, 50, 100, 200, or more
amino acids residues. A deletion may include an internal
deletion and/or a terminal deletion (e.g., an N-terminal
truncation, a C-terminal truncation or both of a reference
polypeptide).

“Insertions” and “additions” in a FGF1 and/or FGF2
polypeptide refer to changes in an amino acid sequence
resulting in the addition of one or more amino acid residues.
An insertion or addition may referto 1, 2, 3, 4, 5, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 150, 200, or more amino acid
residues. A variant of a FGF1 and/or FGF2 polypeptide may
have N-terminal insertions, C-terminal insertions, internal
insertions, or any combination of N-terminal insertions,
C-terminal insertions, and internal insertions.

Regarding polypeptides, the phrases “percent identity,”
“% identity,” and “% sequence identity” refer to the per-
centage of residue matches between at least two amino acid
sequences aligned using a standardized algorithm. Methods
of amino acid sequence alignment are well-known. Some
alignment methods take into account conservative amino
acid substitutions. Such conservative substitutions,
explained in more detail below, generally preserve the
charge and hydrophobicity at the site of substitution, thus
preserving the structure (and therefore function) of the
polypeptide. Percent identity for amino acid sequences may
be determined as understood in the art. (See, e.g., U.S. Pat.
No. 7,396,664, which is incorporated herein by reference in
its entirety). A suite of commonly used and freely available
sequence comparison algorithms is provided by the National
Center for Biotechnology Information (NCBI) Basic Local
Alignment Search Tool (BLAST), which is available from
several sources, including the NCBI, Bethesda, Md., at its
website. The BLAST software suite includes various
sequence analysis programs including “blastp,” that is used
to align a known amino acid sequence with other amino
acids sequences from a variety of databases.

As described herein, variants of the engineered mutant
FGF1 polypeptides disclosed herein may have 100%, 99%,
98%, 97%, 96%, 95%, 94%, 93%, 92%, 91%, 90%, 80%,
70%, 60%, or 50% amino acid sequence identity relative to
a reference molecule (e.g., relative to the FGF1 full-length
mutant polypeptides (i.e., SEQ ID NO: 2)). In some embodi-
ments, variants of the engineered mutant FGF1 polypeptides
disclosed herein may have 100%, 99%, 98%, 97%, 96%,
95%, 94%, 93%, 92%, 91%, 90%, 80%, 70%, 60%, or 50%
amino acid sequence identity relative to a reference mol-
ecule (e.g., relative to the FGF1 full-length mutant polypep-
tides (i.e., SEQ ID NO: 2) and include amino acid residues
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41, 48, 94, 113, and 123 of SEQ ID NO: 2. Suitably the
variants include the FGF1 substitution mutations identified
herein.

As described herein, variants of the engineered mutant
FGF2 polypeptides disclosed herein may have 100%, 99%,
98%, 97%, 96%, 95%, 94%, 93%, 92%, 91%, 90%, 80%,
70%, 60%, or 50% amino acid sequence identity relative to
a reference molecule (e.g., relative to the FGF2 full-length
mutant polypeptides (i.e., SEQ ID NO: 4)). In some embodi-
ments, variants of the engineered mutant FGF2 polypeptides
disclosed herein may have 100%, 99%, 98%, 97%, 96%,
95%, 94%, 93%, 92%, 91%, 90%, 80%, 70%, 60%, or 50%
amino acid sequence identity relative to a reference mol-
ecule (e.g., relative to the FGF2 full-length mutant polypep-
tides (i.e., SEQ ID NO: 4) and include amino acid residues
65,111, 128, and 138 of SEQ ID NO: 4. Suitably the variants
include the FGF2 substitution mutations identified herein.

Polypeptide sequence identity may be measured over the
length of an entire defined polypeptide sequence, for
example, as defined by a particular SEQ ID number, or may
be measured over a shorter length, for example, over the
length of a fragment taken from a larger, defined polypeptide
sequence, for instance, a fragment of at least 15, at least 20,
at least 30, at least 40, at least 50, at least 70 or at least 150
contiguous residues. Such lengths are exemplary only, and it
is understood that any fragment length supported by the
sequences shown herein, in the tables, figures or Sequence
Listing, may be used to describe a length over which
percentage identity may be measured.

The amino acid sequences of the FGF1 and FGF2 poly-
peptide variants as contemplated herein may include con-
servative amino acid substitutions relative to a reference
amino acid sequence. For example, a variant or derivative
FGF1 or FGF2 polypeptide may include conservative amino
acid substitutions relative to a reference molecule. “Conser-
vative amino acid substitutions™ are those substitutions that
are a substitution of an amino acid for a different amino acid
where the substitution is predicted to interfere least with the
properties of the reference polypeptide. In other words,
conservative amino acid substitutions substantially conserve
the structure and the function of the reference polypeptide.
Conservative amino acid substitutions generally maintain
(a) the structure of the polypeptide backbone in the area of
the substitution, for example, as a beta sheet or alpha helical
conformation, (b) the charge or hydrophobicity of the mol-
ecule at the site of the substitution, and/or (c) the bulk of the
side chain.

The amino acid sequences of the FGF1 and FGF2 poly-
peptide variants as contemplated herein may include may
include modifications made apparent by a sequence align-
ment of the FGF1 and FGF2 polypeptides disclosed herein
and other FGF polypeptides. A person of ordinary skill in the
art could easily align the FGF1 and FGF2 polypeptides
disclosed herein with FGF polypeptides from, for example,
other species to determine what additional variants (i.e.
substitutions, insertions, deletions, etc.) could be made to the
engineered FGF polypeptides. For example, a person of
ordinary skill in the art would appreciate that modifications
in a reference FGF1 or FGF2 polypeptide could be based on
alternative amino acid residues that occur at the correspond-
ing position in other homologous FGF polypeptides from
other species.

The disclosed FGF1 and FGF2 polypeptides, mutants, or
variants described herein may have one or more functional
or biological activities exhibited by a reference polypeptide
(e.g., one or more functional or biological activities exhib-
ited by wild-type FGF1 polypeptide (SEQ ID NO: 1) or
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wild-type FGF2 polypeptide (SEQ ID NO: 3)). For example,
the disclosed FGF1 and FGF2 polypeptides, mutants, vari-
ants, or derivatives thereof may have increased mitogenic
activity or increased stability to protease degradation.

In another aspect of the present invention, fusion proteins
are provided. The fusion proteins may include any one of the
FGF1 or FGF2 polypeptides disclosed herein and a mem-
brane permeable peptide. The membrane permeable peptide
may be any polypeptide having less than 50, 40, 30, or 20
amino acids that can penetrate cell membranes and deliver
conjugated FGF polypeptides into cells. Suitable membrane
permeable peptide may include, without limitation, a cell-
penetrating polypeptide (CPP), TAT, Pep-1, Penetratin,
SynB1, SynB3, PTD-4, PTD-5, Transportan, MAP, SBP,
FBP, Polyarginines, or Polylysines. The FGF polypeptides
provided herein may also be linked to another protein for
targeting the FGF to a site or tissue type within the body. For
example a fibrin, thrombin, fibronectin or collagen binding
protein or polypeptide.

Polynucleotides encoding any of the FGF1 or FGF2
polypeptides disclosed herein are also provided. The terms
“polynucleotide,” “polynucleotide sequence,” “nucleic
acid” and “nucleic acid sequence” refer to a nucleotide,
oligonucleotide, polynucleotide (which terms may be used
interchangeably), or any fragment thereof. These phrases
also refer to DNA or RNA of genomic, natural, or synthetic
origin (which may be single-stranded or double-stranded
and may represent the sense or the antisense strand).

Isolated polynucleotides homologous to the polynucle-
otides described herein are also provided. Those of skill in
the art also understand the degeneracy of the genetic code
and that a variety of polynucleotides can encode the same
polypeptide. In some embodiments, the polynucleotides
may be codon-optimized for expression in a particular cell
such as, without limitation, a mammalian cell or a prokary-
otic cell. While particular nucleotide sequences which are
found in humans are disclosed herein any nucleotide
sequences may be used which encode a desired form of the
substituted polypeptides described herein. Thus non-natu-
rally occurring sequences may be used. These may be
desirable, for example, to enhance expression in heterolo-
gous expression systems of polypeptides or proteins. Com-
puter programs for generating degenerate coding sequences
are available and can be used for this purpose as well as
other means.

The isolated polynucleotides or polypeptides provided
herein may be prepared by methods available to those of
skill in the art. Isolated indicates that the polynucleotides or
proteins are not in their naturally occurring state. Such
preparations may be cell-free preparations. The polynucle-
otide or polypeptides may be extracted from the cells by
breaking the cell membrane and optionally removing non-
desired components. The polypeptides may be made as
secreted polypeptides and further isolated using means
known to those of skill in the art. Alternatively, desired
proteins or nucleic acids can be purified using sequence-
specific reagents, including but not limited to oligonucle-
otide probes, primers, and antibodies. Techniques for iso-
lating cell-free preparations are well known in the art, and
any that are convenient can be used. The term “substantially
isolated or purified” refers to polypeptides or polynucle-
otides that are removed from their natural environment, and
are at least 60% free, preferably at least 75% free, and more
preferably at least 90% free, even more preferably at least
95% {free from other components with which they are
naturally associated.
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In another aspect of the present invention, DNA con-
structs are provided. As used herein, the term “DNA con-
struct” refers to recombinant DNA polynucleotides which
may be single-stranded or double-stranded and may repre-
sent the sense or the antisense strand or both. Recombinant
polynucleotides are polynucleotides formed by laboratory
methods that include polynucleotide sequences derived from
at least two different natural sources or they may be syn-
thetic. Constructs thus may include new modifications to
endogenous genes introduced by, for example, genome
editing technologies. Constructs may also include recombi-
nant polynucleotides created using, for example, recombi-
nant DNA methodologies.

The DNA constructs provided herein may be prepared by
methods available to those of skill in the art. Notably each
of the DNA constructs claimed are recombinant molecules
and as such do not occur in nature. Generally, the nomen-
clature used herein and the laboratory procedures utilized in
the present invention include molecular, biochemical, and
recombinant DNA techniques that are well known and
commonly employed in the art. Standard techniques avail-
able to those skilled in the art may be used for cloning, DNA
and RNA isolation, amplification and purification. Such
techniques are thoroughly explained in the literature.

The DNA constructs provided herein may include a
promoter operably linked to any one of the polynucleotides
described herein. The promoter may be a heterologous
promoter or an endogenous promoter associated with the
FGF1 or FGF2 polypeptide.

As used herein, the terms “heterologous promoter,” “pro-
moter,” “promoter region,” or “promoter sequence” refer
generally to transcriptional regulatory regions of a gene,
which may be found at the 5' or 3' side of the FGF1 or FGF2
polynucleotides described herein, or within the coding
region of the FGF1 or FGF2 polynucleotides, or within
introns in the FGF1 or FGF2 polynucleotides. Typically, a
promoter is a DNA regulatory region capable of binding
RNA polymerase in a cell and initiating transcription of a
downstream (3' direction) coding sequence. The typical 5'
promoter sequence is bounded at its 3' terminus by the
transcription initiation site and extends upstream (5' direc-
tion) to include the minimum number of bases or elements
necessary to initiate transcription at levels detectable above
background. Within the promoter sequence is a transcription
initiation site (conveniently defined by mapping with nucle-
ase S1), as well as protein binding domains (consensus
sequences) responsible for the binding of RNA polymerase.

In some embodiments, the disclosed FGF1 or FGF2
polynucleotides are operably connected to the promoter. As
used herein, a polynucleotide is “operably connected” or
“operably linked” when it is placed into a functional rela-
tionship with a second polynucleotide sequence. For
instance, a promoter is operably linked to an FGF1 or FGF2
polynucleotide if the promoter is connected to the FGF1 or
FGF2 polynucleotide such that it may effect transcription of
the FGF1 or FGF2 polynucleotides. In various embodi-
ments, the FGF1 or FGF2 polynucleotides may be operably
linked to at least 1, at least 2, at least 3, at least 4, at least
5, or at least 10 promoters.

Heterologous promoters useful in the practice of the
present invention include, but are not limited to, constitu-
tive, inducible, temporally-regulated, developmentally regu-
lated, chemically regulated, tissue-preferred and tissue-spe-
cific promoters. The heterologous promoter may be an
animal, plant, bacterial, or fungal promoter. In mammalian
cells, typical promoters include, without limitation, promot-
ers for Rous sarcoma virus (RSV), human immunodefi-
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ciency virus (HIV-1), cytomegalovirus (CMV), SV40 virus,
and the like as well as the translational elongation factor
EF-la. promoter or ubiquitin promoter. Other promoters
include the T3, T7 and SP6 promoter sequences, which are
often used for in vitro transcription of RNA. Those of skill
in the art are familiar with a wide variety of additional
promoters for use in various cell types. In some embodi-
ments, the heterologous promoter includes a mammalian
promoter, either endogenous to the animal host or heterolo-
gous.

Vectors, including any of the DNA constructs or poly-
nucleotides described herein, are provided. The term “vec-
tor” is intended to refer to a polynucleotide capable of
transporting another polynucleotide to which it has been
linked. In some embodiments, the vector may be a “plas-
mid,” which refers to a circular double-stranded DNA loop
into which additional DNA segments may be ligated. Cer-
tain vectors are capable of autonomous replication in a host
cell into which they are introduced (e.g., bacterial vectors
having a bacterial origin of replication and episomal mam-
malian vectors). Other vectors can be integrated into the
genome of a host cell upon introduction into the host cell,
and thereby are replicated along with the host genome, such
as some viral vectors or transposons. Vectors may carry
genetic elements, such as those that confer resistance to
certain drugs or chemicals.

Pharmaceutical compositions including any of the FGF1
or FGF2 polypeptides, polynucleotides, DNA constructs, or
vectors described herein are provided. The pharmaceutical
compositions may include a pharmaceutical carrier, excipi-
ent, or diluent (i.e., agents), which are nontoxic to the cell or
mammal being exposed thereto at the dosages and concen-
trations employed. Often a pharmaceutical agent is in an
aqueous pH buffered solution. Examples of pharmaceutical
carriers include buffers such as phosphate, citrate, and other
organic acids; antioxidants including ascorbic acid; low
molecular weight (less than about 10 residues) polypeptides;
proteins, such as serum albumin, gelatin, or immunoglobu-
lins; hydrophilic polymers such as polyvinylpyrrolidone;
amino acids such as glycine, glutamine, asparagine, arginine
or lysine; monosaccharides, disaccharides, and other carbo-
hydrates including glucose, mannose, or dextrins; chelating
agents such as EDTA; sugar alcohols such as mannitol or
sorbitol; salt-forming counterions such as sodium; and/or
nonionic surfactants such as TWEEN™ brand surfactant,
polyethylene glycol (PEG), and PLURONICS™ surfactant.

Hydrogels including any of the FGF1 or FGF2 polypep-
tides, polynucleotides, DNA constructs, or vectors described
herein are provided. Suitably, the hydrogels include any one
of'the FGF1 or FGF2 polypeptides disclosed herein. As used
herein, a “hydrogel” refers to a gel in which the liquid
component is water.

Methods of treating a condition are also provided. The
methods may include administering any of FGF1 or FGF2
polypeptides, polynucleotides, DNA constructs, vectors,
pharmaceutical compositions, or hydrogels described herein
to a subject in an amount effective to treat the condition. The
condition may include a wound (chronic and acute), Type 1
diabetes, Type 2 diabetes, obesity, internal injuries, a car-
diovascular disorder, a cosmetic condition (i.e. whitening,
wrinkling), critical limb ischemia, a nerve injury, a burn, hair
loss (whether genetic or not, i.e. alopecia), a retinal disorder
(i.e., retinopathy disorders), a muscular disorder, an arterial
disease, an age related disorder, organ or tissue damage
(whether or not from chemotherapy or radiation therapy),
osteoporosis, a digestive tract ulcer (i.e., gastric ulcer),
ulcerative colitis, a scar, an energy homeostasis disorder
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such as obesity, dyslipidemia, diabetes, insulin resistance,
hyperglycemia or the metabolic syndrome, osteoarthritis,
and acute renal failure.

The subject may be any mammal, suitably a human,
domesticated animal such as a dog, cat, horse, cow, pig, or
a mouse or rat. Treating the condition or treatment includes
but is not limited to ameliorating at least one symptom of the
condition, reducing or slowing further progression of the
condition, reducing or slowing the spread of the condition to
unaffected areas. Treating a subject refers to any type of
treatment that imparts a benefit to a subject afflicted with a
disease or at risk of developing the disease, including
improvement in the condition of the subject (e.g., in one or
more symptoms), delay in the progression of the disease,
delay the onset of symptoms or slow the progression of
symptoms, etc.

An effective amount or a therapeutically effective amount
as used herein means the amount of a composition that,
when administered to a subject for treating a state, disorder
or condition is sufficient to effect a treatment (as defined
above). The therapeutically effective amount will vary
depending on the compound, formulation or composition,
the disease and its severity and the age, weight, physical
condition and responsiveness of the subject to be treated.

The compositions (i.e. FGF1 or FGF2 polypeptides, poly-
nucleotides, DNA constructs, vectors, pharmaceutical com-
positions, or hydrogels) described herein may be adminis-
tered by any means known to those skilled in the art,
including, but not limited to, oral, topical, intranasal, intra-
peritoneal, parenteral, intravenous, intramuscular, subcuta-
neous, intrathecal, transcutaneous, nasopharyngeal, intra-
lesional, intra-tumoral, intradermal, or transmucosal
absorption. Thus the compositions may be formulated as an
ingestible, injectable, topical or suppository formulation.
The compositions may also be delivered with in a liposomal
or time-release vehicle. The methods may also include an
electrical stimulation or electroporation step to aid entry of
the polypeptides, polynucleotides, or pharmaceutical com-
positions into the intracellular space. Administration of the
compositions to a subject in accordance with the invention
may exhibit beneficial effects in a dose-dependent manner.
Thus, within broad limits, administration of larger quantities
of the compositions is expected to achieve increased ben-
eficial biological effects than administration of a smaller
amount. Moreover, efficacy is also contemplated at dosages
below the level at which toxicity is seen.

It will be appreciated that the specific dosage adminis-
tered in any given case will be adjusted in accordance with
the composition or compositions being administered, the
disease to be treated or inhibited, the condition of the
subject, and other relevant medical factors that may modity
the activity of the compositions or the response of the
subject, as is well known by those skilled in the art. For
example, the specific dose for a particular subject depends
on age, body weight, general state of health, diet, the timing
and mode of administration, the rate of excretion, medica-
ments used in combination and the severity of the particular
disorder to which the therapy is applied. Dosages for a given
patient can be determined using conventional consider-
ations, e.g., by customary comparison of the differential
activities of the compositions described herein and of a
known agent, such as by means of an appropriate conven-
tional pharmacological protocol.

The maximal dosage for a subject is the highest dosage
that does not cause undesirable or intolerable side effects.
The number of variables in regard to an individual treatment
regimen is large, and a considerable range of doses is
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expected. The route of administration will also impact the
dosage requirements. It is anticipated that dosages of the
compositions will improve wound healing or other condition
being treated by at least 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 100% or more as compared to no treat-
ment.

The effective dosage amounts described herein refer to
total amounts administered, that is, if more than one com-
position is administered, the effective dosage amounts cor-
respond to the total amount administered. The compositions
can be administered as a single dose or as divided doses. For
example, the composition may be administered two or more
times separated by 4 hours, 6 hours, 8 hours, 12 hours, a day,
two days, three days, four days, one week, two weeks, or by
three or more weeks.

The FGF1 or FGF2 polypeptides, polynucleotides, DNA
constructs, vectors, pharmaceutical compositions, or hydro-
gels described herein may be administered one time or more
than one time to the subject to effectively improve wound
healing or other condition being treated. Suitable dosage
ranges are of the order of several hundred micrograms
effective ingredient with a range from about 0.01 to 10
mg/kg/day, preferably in the range from about 0.1 to 1
mg/kg/day. Precise amounts of effective ingredient required
to be administered depend on the judgment of the practitio-
ner and may be peculiar to each subject. It will be apparent
to those of skill in the art that the therapeutically effective
amount of the polypeptides, polynucleotides, and pharma-
ceutical compositions described herein will depend, inter
alia, upon the administration schedule, the unit dose of
antigen administered, whether the composition is adminis-
tered in combination with other therapeutic agents, the status
and health of the recipient, and the therapeutic activity of the
particular composition.

Given that the FGF1 and FGF2 polypeptides of the
present invention confer greater resistance to proteases and
higher biological activity, it is envisioned that compositions
including or encoding such polypeptides would be useful in
several different FGF applications.

In some embodiments, the “FGF compositions” (the
FGF1 or FGF2 compositions) described herein (either indi-
vidually or in combination) may be used to treat diabetes
(i.e., type 1 or type 2). Treatment of typel and type2 diabetes
may be achieved by injecting the FGF compositions (either
individually or in combination). Without being limited by
theory, systemic FGF polypeptides could potentially activate
the process of angiogenesis. Also the skeletal muscle cell
multiplication drastically increases that could result in large
uptake of blood glucose eventually restore the pancreas to
function normally.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat internal injuries. Because the disclosed FGF poly-
peptides demonstrated protease resistant activity, they may
be used in treating visceral injuries such as intestinal wall
ruptures (sites with excess protease action like trypsin etc.).

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in cosmetic applications. For example, a medicinal compo-
sition including the FGF compositions described herein
(either individually or in combination) and FGF2, FGFS,
FGF7 and/or FGF10 could be used in various cosmetic
applications including, without limitation, whitening, anti-
crinkle and anti-aging related problems.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat cardiovascular disorders. It has been shown that
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injection of FGF-1 into the intramyocardial region resulted
in improved collateral artery growth and capillary formation
and proliferation. Thus, the FGF compositions (either indi-
vidually or in combination) may be used to improve collat-
eral artery growth and capillary formation and proliferation.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat critical limb ischemia. For example, gene therapy
based delivery of FGF polypeptides (either individually or in
combination) could be used in treating end stage limb
ischemia which would potentially reduce the chances of
amputation.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in treating nerve injuries. The disclosed FGF compositions
(either individually or in combination) could be used to
regenerate damaged cells in the spinal cord.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat burns. Several factors are responsible for causing
burns such as heat, electricity, UV-light and corrosive
chemicals. The disclosed FGF compositions (either indi-
vidually or in combination) might quicken the process of
healing of burns along with other pharmacologically active
ingredients.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in hydrogels. Hydrogels including the disclosed FGF com-
positions (either individually or in combination) could be
used in design and development of scaffolds in the fields of
tissue engineering and regenerative medicine.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in regenerating hair growth. Growth factors like FGF1,
FGF2, and FGF10 are known to be involved in the regula-
tion of hair morphogenesis and hair growth. Due to the
enhanced bioactive properties of the disclosed FGF compo-
sitions, the disclosed FGF compositions may be used to alter
(increase or decrease) hair growth.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat wounds. For example, compositions including Para-
thyroidharmone (PTH), Collagen binding protein (CBD),
and the disclosed FGF compositions (either individually or
in combination) could be used in the treating both chronic
and acute wounds.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to repair an injured retina. The disclosed FGF compositions
(either individually or in combination) may be used for
rejuvenating damaged cells of the retina such as in retinopa-
thy disorders.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in skeletal muscle development. For example, the disclosed
FGF compositions (either individually or in combination)
could be fused to other FGF family members that could
facilitate the faster growth of skeletal muscle.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in cell cultures such as mammalian cell cultures.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat arterial diseases. For example, the disclosed FGF
compositions (either individually or in combination) may be
used in treatment of peripheral arterial disease with inter-
mittent claudication.
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In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat aging related disorders.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to regenerate internal organs.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat osteoporosis.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat gastric ulcers.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat colitis such as ulcerative colitis. For example, the
disclosed FGF compositions (either individually or in com-
bination) may be used in combination with keratinocyte
growth factor-1 to treat ulcerative colitis.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat scars developed from various types of injuries.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
in combination with biopolymers such as carboxyl methyl
benzylamine dextran sulfonate to treat digestive tract ulcers.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to affect differentiation of osteoblast cells. For example, the
disclosed FGF compositions (either individually or in com-
bination) may be used, for example by gene therapy, to
enhance the down regulation of Wnt signaling proteins
which would result in decreased differentiation of osteoblast
cells.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat damaged tissue due to radiation or chemotherapy.
For example, the disclosed FGF compositions (either indi-
vidually or in combination) may be used in combination
with FGF-20 to treat damaged tissue due to radiation and
also due to extensive use of chemotherapy.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat diabetes and obesity. For example, FGF-21 controls
the glucose-uptake of adipocytes independent of insulin
which would decrease the load of blood glucose, triglycer-
ides and glucagon. Thus, compositions including the FGF
compositions described herein (either individually or in
combination) and FGF-21 would be used in treating diabetes
and obesity.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat disorders related to energy homeostasis. For
example, the disclosed FGF compositions (either individu-
ally or in combination) may be used in combination with
FGF8 to treat disorders of energy homeostasis such as
obesity, dyslipidemia, diabetes, insulin resistance, hypergly-
cemia or the metabolic syndrome.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to control differentiation of cord cells. For example, the
disclosed FGF compositions (either individually or in com-
bination) may be used in combination with FGF4 to induce
human umbilical cord mesenchymal stem cells to differen-
tiate into hepatocytes.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat alopecia. For example, the disclosed FGF composi-
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tions (either individually or in combination) may be used in
combination with FGF-10 to treat alopecia.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat osteoarthritis. For example, the disclosed FGF
compositions (either individually or in combination) may be
used in combination with FGF-9 to promote cartilage repair
in patients suffering from osteoarthritis by reducing the
abnormal differentiation of articular cartilage cells at the site
of inflammation.

In some embodiments, the FGF compositions described
herein (either individually or in combination) may be used
to treat acute renal failure. For example, the disclosed FGF
compositions (either individually or in combination) may be
used in combination with inhibin beta and FGF-2 to treat
acute renal failure.

The present disclosure is not limited to the specific details
of construction, arrangement of components, or method
steps set forth herein. The compositions and methods dis-
closed herein are capable of being made, practiced, used,
carried out and/or formed in various ways that will be
apparent to one of skill in the art in light of the disclosure
that follows. The phraseology and terminology used herein
is for the purpose of description only and should not be
regarded as limiting to the scope of the claims. Ordinal
indicators, such as first, second, and third, as used in the
description and the claims to refer to various structures or
method steps, are not meant to be construed to indicate any
specific structures or steps, or any particular order or con-
figuration to such structures or steps. All methods described
herein can be performed in any suitable order unless other-
wise indicated herein or otherwise clearly contradicted by
context. The use of any and all examples, or exemplary
language (e.g., “such as™) provided herein, is intended
merely to facilitate the disclosure and does not imply any
limitation on the scope of the disclosure unless otherwise
claimed. No language in the specification, and no structures
shown in the drawings, should be construed as indicating
that any non-claimed element is essential to the practice of
the disclosed subject matter. The use herein of the terms
“including,” “comprising,” or “having,” and variations
thereof, is meant to encompass the elements listed thereafter
and equivalents thereof, as well as additional elements.
Embodiments recited as “including,” “comprising,” or “hav-
ing” certain elements are also contemplated as “consisting
essentially of” and “consisting of” those certain elements.

Recitation of ranges of values herein are merely intended
to serve as a shorthand method of referring individually to
each separate value falling within the range, unless other-
wise indicated herein, and each separate value is incorpo-
rated into the specification as if it were individually recited
herein. For example, if a concentration range is stated as 1%
to 50%, it is intended that values such as 2% to 40%, 10%
to 30%, or 1% to 3%, etc., are expressly enumerated in this
specification. These are only examples of what is specifi-
cally intended, and all possible combinations of numerical
values between and including the lowest value and the
highest value enumerated are to be considered to be
expressly stated in this disclosure. Use of the word “about”
to describe a particular recited amount or range of amounts
is meant to indicate that values very near to the recited
amount are included in that amount, such as values that
could or naturally would be accounted for due to manufac-
turing tolerances, instrument and human error in forming
measurements, and the like. All percentages referring to
amounts are by weight unless indicated otherwise.
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No admission is made that any reference, including any
non-patent or patent document cited in this specification,
constitutes prior art. In particular, it will be understood that,
unless otherwise stated, reference to any document herein
does not constitute an admission that any of these documents
forms part of the common general knowledge in the art in
the United States or in any other country. Any discussion of
the references states what their authors assert, and the
applicant reserves the right to challenge the accuracy and
pertinence of any of the documents cited herein. All refer-
ences cited herein are fully incorporated by reference, unless
explicitly indicated otherwise. The present disclosure shall
control in the event there are any disparities between any
definitions and/or description found in the cited references.

Unless otherwise specified or indicated by context, the
terms “a”, “an”, and “the” mean “one or more.” For
example, “a protein” or “an RNA” should be interpreted to
mean “one or more proteins” or “one or more RNAs,”
respectively.

The following examples are meant only to be illustrative
and are not meant as limitations on the scope of the
invention or of the appended claims.

EXAMPLES
Example 1
Development of Super FGF

The amino acid sequence of the FGFs, including hFGF1,
folds into a p-trefoil conformation. This group of cytokines
exhibits a wide array of activities such as, mitogenic activity,
angiogenic activity, wound healing, and bone growth. The
inherent instability of FGFs under physiological conditions
and their susceptibility to the action of proteolytic enzymes
(such as thrombin) is primarily due to the repulsions among
the positively charged resides located in the heparin binding
pocket. Under in vivo conditions, the stability for these
proteins is enhanced through electrostatic interactions with
the negatively charged cell surface glycosaminoglycans
(GAGs), heparin, or heparan sulfate (HS). The FGF-heparin
interaction stabilizes the structure of FGF, including the
human acidic fibroblast growth factor (hFGF1) by decreas-
ing the repulsion(s) between the positively charged residues
located in the heparin binding pocket.

Typically, the structural stability of hFGF1, gained
through its interactions with heparin, is beneficial because it
increases the in vivo stability of the growth factor. However,
heparin binding affinity of hFGF1 can be a significant
disadvantage in healing topical wounds. For example, at the
wound site, multiple groups of biologically important mol-
ecules function together to repair the tissue damage. The first
line of action after an injury is to block the loss of blood by
the clotting mechanism which involves the key proteolytic
enzyme, thrombin, which converts fibrinogen to fibrin.
Interestingly, thrombin is also a strong heparin binding
protein. Research on wtFGF1 confirmed that thrombin can
cleave at position R136 of hFGF1 and inactivate its function.
Even though there are reports about the positive effects of
endothelial cell repair under in vitro conditions, clinical
studies showed that the presence of exogeneous heparin
delayed the healing process of burns and diabetic foot ulcers
(Galvan, 1996). This could be due to the decreased bioavail-
ability of FGFs that are bound to the GAG molecules. In
general, it is believed that the high binding affinity of hFGf1
to heparin potentially increases the probability of thrombin,
a heparin binding protein, to gain access to hFGF1 and cause
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degradation of the growth factor. Therefore, in this context,
generation of bioactive hFGF1 variants that completely lack
heparin binding may significantly decrease its susceptibility
to thrombin cleavage.

This example is focused on the design and development
a novel engineered form of FGF1 with properties of
enhanced thermal stability and shelf life, resistance to pro-
teolytic activity, and heparin independent bioactivity. Based
on the available literature on the structure-activity relation-
ship of hFGF1 and the information gained from the three-
dimensional structure, we used protein engineering tech-
niques to generate a super hFGF1 variant (Q41P S48L. H94S
K113N R123E, FIGS. 1A-1B and FIG. 2; wild-type hFGF1
is SEQ ID NO: 1 and the super hFGF1 is SEQ ID NO: 2).
The nucleotide and protein sequence corresponding to the
mutant plasmid was verified by DNA sequencing as shown
in FIG. 2.

Purification of recombinant wt-hFGF1 (SEQ ID NO: 1)
and super hFGF1 (SEQ ID NO: 2) was performed using
heparin sepharose column chromatography wherein the wt
hFGF1 protein eluted at a higher salt concentration (1200
mM NaCl, (FIG. 3). Interestingly super FGF1 (SEQ ID NO:
2) did not show any affinity to bind to the heparin Sepharose
column and eluted in the wash buffer. In fact, the binding
affinity of super hFGF1 is weaker than that of non-heparin
binding proteins which non-specifically bind to the affinity
resin (FIG. 4). The super FGF1 was further purified by
subjecting it to a size exclusion chromatography which
yielded two peaks—the first major peak corresponding to a
high molecular weight bacterial contaminating protein(s)
followed by a second peak representing super hFGF1 (FIG.
5).
The shelf life of super hFGF1 (SEQ ID NO: 2) was
monitored at room temperature (at 25° C.) by SDS PAGE
over a period of 3 months. Super hFGF1 was not degraded
during this time period and there was no discernable loss in
the cell proliferation activity even after proteolytic resis-
tance of wt hFGF1 and super hFGF1 were determined by
performing limited trypsin digestion and extended thrombin
cleavage (FIGS. 6A-6B and FIGS. 7A-7B). Surprisingly,
super hFGF1 showed complete resistance against prote-
olytic enzymes such as, trypsin and thrombin.

Changes in the surface hydrophobicity were measured by
8-Anilinonaphthalene-1-sulfonic acid (ANS) binding. Com-
parison of the saturating curves between the wtFGF1 and
superFGF1 in the absence and presence of heparin, shows
that very little solvent-accessible surface hydrophobicity on
the surface is available in super hFGF1 unlike wt-FGF1
which shows a greater exposure of the hydrophobic
surface(s) to the solvent (FIG. 8).

Stability against temperature and the denaturants can be
directly related to the half-life of a protein sample hence
molecules exhibiting higher T,, and C,, values are expected
to exhibit biological activity at physiological temperature for
an extended period of time. Super hFGF1 (SEQ ID NO: 2)
exhibited much higher thermal stability (Tm~70° C.) com-
pared to that of wthFGF1 (SEQ ID NO: 1) both in the
absence and presence of heparin (FIG. 9). A similar trend
was observed even in case of chemical-induced denaturation
with urea (~3.5M) and Guanidium chloride (GdnCl) (2.6M)
(FIGS. 10 and 11).

Stability of super FGF1 was examined under different pH
conditions. Compared to the wtFGF1, super hFGF1 (SEQ
ID NO: 2) exhibited enhanced pH stability under both acidic
and alkaline environments spanning from pH 3 through 11
(FIG. 12).
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Isothermal calorimetric assay was used to determine the
binding affinity of wt-FGF1 and super hFGF1 samples to
heparin. Heparin binding was completely abolished in super
hFGF1 (SEQ ID NO: 2) unlike wtFGF1 (SEQ ID NO: 1)
which exhibits a relatively high heparin binding affinity of
~2 uM (FIGS. 13A-13B).

Changes in the structure of wt-FGF1 and super hFGF1
were determined using 'H >N HSQC multidimensional
NMR spectroscopy. Significant perturbations of the amino
acids in proximity to the mutation sites were observed.
Interestingly, residues D53 and HSS5, neighboring P54 did
not show significant chemical shift perturbation. Overall, the
engineered mutations to generate super hFGF1 did not
significantly change the gross three-dimensional structure of
the protein (FIG. 14).

Biological activity and stability against the proteases
present in the culture medium was tested in the absence and
presence of heparin. wt-hFGF1 showed greater heparin
dependence compared to super hFGF1 (FIG. 15). wt hFGF1
was found to be completely degraded at 37° C. after 24
hours of incubation in the growth culture medium. In
marked contrast, super hFGF1 showed negligible degrada-
tion (FIGS. 16A-16B). In 16B, the lanes are as follows: 1 &
5 immediately after addition of medium, 2 & 6—no
medium, 3 & 7—medium with no cells for 24 hrs, 4 &
8—incubated with cells in medium for 24 hrs), So, accord-
ing to the FIG. 16B, the wtFGF-1 band decreases in lane 4
when compared to lane 1 (which suggests that after 24 hours
of incubation, the band intensity decreases, i.e., the
wthFGF1 degrades in the culture medium. In contrast, super
hFGF1, the band intensity remains almost unchanged sug-
gesting that super hFGF1 is significantly more stable in the
culture media than the wthFGF-1. The upper bands originate
from the culture medium.

Cell signaling activity was measured by detecting the
expression levels of phosphorylated ERK1/2 and Akt pro-
teins. Super hFGF1 (SEQ ID NO: 2; S), as compared to wild
type hFGF1 (SEQ ID NO: 1; WT), showed an increased
activation of both these pathways especially, that of the
ERK1/2 pathway which is known to be critical for the
wound healing (FIG. 17).

Effect of wt hFGF1 and super hFGF1 activity on the cell
migration was confirmed by the scratch assay. Coriell AG
21264 fibroblast cells exhibited an increased migration in
presence of super hFGF1 compared to that of the wt-hFGF1
(FIG. 18).

Rate of wound closure was examined using C57Bl/6]
mice to determine the effect(s) of healing caused by wt
hFGF1 and super hFGF 1. Percent rate closure of the dermal
incision induced by super hFGF1 was higher as compared to
that by wt-hFGF1 (FIG. 19). These results suggest that super
hFGF1 exhibits higher wound healing properties which can
be exploited towards the development of a potent and
efficient wound healing formulation.

Example 2
An Engineered FGF2

Using the pairwise alignment and comparing the 3D
structures of hFGF1 and hFGF2 (SEQ ID NO: 3). We have
identified residues that are conserved in both these isoforms.
Based on this information, residues in hFGF2 were mutated
similar to that of superFGF1 for generating the super hFGF2
variant (SEQ ID NO: 4). Glutamine at 54” position in
hFGF1 was mutated to proline whereas in case of hFGF2,
proline is already present in the same position. Hence,
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quadruple mutant Q651 N111S K128N K138E of FGF2 can
be predicted to show enhanced stability and heparin inde-
pendent bioactivity like super nFGF2.

Example 3

Comparison of Stability, Heparin Binding, and Cell
Proliferation Activity of Mutations in Super FGF1

FGF1 mutants including various combinations of the
amino acid substitutions found in super FGF1 were also
characterized. A single FGF1 mutant included R123E-SM-
FGF1 (SEQ ID NO: 1 with R123E single point mutation).
Double FGF1 mutants included R123E/K113N-DM-FGF1
(SEQ ID NO: 1 with R123E and K113N mutations), R123E/
H94S-DM-FGF1 (SEQ ID NO: 1 with R123E and H94S
mutations), R123E/S48L-DM-FGF1 (SEQ ID NO: 1 with
R123E and S48L mutations), and R123E/Q41P-DM-FGF1
(SEQ ID NO: 1 with R123E and Q41P mutations). Triple
FGF1 mutants K113N/S48L-TM-FGF1 (SEQ ID NO: 1
with R123E, K113N and S48L mutations), K113N/H94S-
TM-FGF1 (SEQ ID NO: 1 with R123E, K113N and H94S
mutations), and K113N/Q41P-TM-FGF1 (SEQ ID NO: 1
with R123E, K113N and Q41P mutations).

Single Mutants

FIG. 20 indicates that super-FGF-1 is the most stable
design of FGF-1. Unlike the other mutants tested in FIG. 20,
the thermal stability of sFGF-1 stability is independent of
heparin binding. The data in Table 1 suggests that the
heparin-dependent thermal stability of sFGF-1 of the R123E
mutation decreases as the heparin decreases (as compared to
the wild type).

TABLE 1

Comparison of the thermal stability of SM-R123E as compared to

wt-FGF1 and sFGF-1
Without heparin With heparin Delta Tm
Protein (Celsius) (Celsius) (Celsius)
wtFGF1 42 63 21
sFGF1 68 68
R123E-SM-FGF1 52 61 9

FIG. 21 shows that the heparin binding affinity (K ~4.2
uM) of the R123E-SM-FGF1 mutant is lower than that of
wtFGF-1 (K,=1.6 uM). sFGF-1 (SEQ ID NO: 2) lacks
heparin binding.

FIG. 22 shows that the R123E-SM-FGF1 mutation
enhances the cell proliferation activity of the FGF1 protein
as compared to the wt hFGF 1. This mutation likely accounts
for the enhanced cell proliferation activity of the super
FGFI.

Double Mutants

As seen in FIG. 23, the thermal stability of the double
mutant, K113N/R123E, is independent (like sFGF1) of
heparin binding. The thermal stability of the other double
mutants (DMs) [H94S/R123E, S48L/R123E, Q41P/R123E)
increases in the presence of heparin.

The data in Table 2 indicates that sFGF1 is the most stable
form. The thermal stability of sFGF1 and K113N-DM-FGF1
mutant is heparin independent.
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TABLE 2

Thermal Stability of Double Mutant FGF1 proteins

Without heparin With heparin Delta Tm
Protein (Celsius) (Celsius) (Celsius)
wtFGF1 42 63 21
sFGF1 68 68
K113N/R123E- 49 50 1
DM-FGF1
Q41P/R123E-DM- 52.5 62.5 10
FGF1
S48L/R123E-DM- 43 60 17
FGF1
H94S/R123E-DM- 46 58 12
FGF1

The data in FIG. 24 shows that both sFGF1 and K113N/
R123E-DM-FGF1 lack heparin binding. These results sug-
gest that K113 and R123 are responsible for the heparin
binding of FGF1.

FIG. 25 shows the heparin binding affinity of double
mutants, S48L/R123E; H94S/R123E, and Q41P/R123E, is
similar to the wild type FGF1.

The data in FIG. 26 shows that sFGF1 has highest
bioactivity of all the proteins tested in FIG. 26.

Triple Mutants

The data in FIG. 27 suggests that the thermal stability (in
the presence and absence of heparin) of the designed triple
mutants  (Q41P/K113N/R123E;  S48L/K113N/R123E,
H94S/K113N/R123E) is similar to that of the double mutant,
K113N/R123E.

The data in Table 3 suggests that the thermal stability (in
the presence and absence of heparin) of the designed triple
mutants  (Q41P/K113N/R123E;  S48L/K113N/R123E,
H94S/K113N/R123E) is similar to that of the double mutant,
K113N/R123E

TABLE 3

Thermal Stability of Triple Mutant FGF1 proteins

Without heparin ~ With heparin

Protein (Celsius) (Celsius) Delta Tm (Celsius)
wtFGF1 42 63 21
sFGF1 68 68 0
Q41P-TM-FGF1 58.5 0.5 1
S48L-TM-FGF1 63 64 1
H94S-TM-FGF1 55 56 1

The data in FIG. 28 suggests that the heparin binding
affinity of the designed triple mutants (Q41P/K113N/
R123E; S48L/K1N/R123E) is similar to that of the double
mutant, K113N/R123E.

The data in FIG. 29 suggests that the cell proliferation
activity of the designed triple mutants is significantly lower
than that of sFGF1.

Stability of superFGF1 in Alcohols

Formulation of efficient FGF-based wound healing thera-
peutics requires the protein (FGF) to be stable to sterilizing
and disinfecting agents such as, alcohols. In this context, we
compared the effect(s) of two alcohols [ethanol and 2,2.2,
trifluoroethanol (TFE)] on the stability of human wild type
(SEQ ID NO: 1) and superFGF1 (SEQ ID NO: 2). The
stability of the proteins was monitored by circular dichroism
spectroscopy, a biophysical technique that provides infor-
mation on the backbone folding (or secondary structure) of
proteins. The results of these experiments clearly suggest
that wildtype FGF1 is almost completely unfolded at around



US 11,267,855 B2

23
30% v/v ethanol (FIG. 30A). However, in marked contrast,
superFGF1 is stable and maintains its native backbone
conformation even in ~50% v/v ethanol (FGF-1). Similarly,
wild type FGF1 is found to denature at TFE concentrations
greater than 5% v/v (FIG. 30B). Interestingly, on the other
hand, the structure of superFGF1 appears to be almost

24
unperturbed over a TFE concentration range of 0-90% v/v
(FIG. 30B). The extraordinary stability of superFGF1 to
alcohols implies that is can be stored under sterile conditions
in alcohol(s). Consequently, potential infections during
FGF-mediated wound healing process(es) can be signifi-
cantly minimized.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 4

<210> SEQ ID NO 1

<211> LENGTH: 141

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: wtFGF1

<400> SEQUENCE: 1

Met Phe Asn Leu Pro Pro Gly Asn Tyr Lys Lys Pro Lys
1 5 10

Cys Ser Asn Gly Gly His Phe Leu Arg Ile Leu Pro Asp
20 25

Asp Gly Thr Arg Asp Arg Ser Asp Gln His Ile Gln Leu
35 40 45

Ala Glu Ser Val Gly Glu Val Tyr Ile Lys Ser Thr Glu
50 55 60

Tyr Leu Ala Met Asp Thr Asp Gly Leu Leu Tyr Gly Ser
65 70 75

Asn Glu Glu Cys Leu Phe Leu Glu Arg Leu Glu Glu Asn
85 90

Thr Tyr Ile Ser Lys Lys His Ala Glu Lys Asn Trp Phe
100 105

Lys Lys Asn Gly Ser Cys Lys Arg Gly Pro Arg Thr His
115 120 125

Lys Ala Ile Leu Phe Leu Pro Leu Pro Val Ser Ser Asp
130 135 140

<210> SEQ ID NO 2

<211> LENGTH: 141

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: shFGF1

<400> SEQUENCE: 2

Met Phe Asn Leu Pro Pro Gly Asn Tyr Lys Lys Pro Lys
1 5 10

Cys Ser Asn Gly Gly His Phe Leu Arg Ile Leu Pro Asp
20 25

Asp Gly Thr Arg Asp Arg Ser Asp Pro His Ile Gln Leu
35 40 45

Ala Glu Ser Val Gly Glu Val Tyr Ile Lys Ser Thr Glu
50 55 60

Tyr Leu Ala Met Asp Thr Asp Gly Leu Leu Tyr Gly Ser
65 70 75

Asn Glu Glu Cys Leu Phe Leu Glu Arg Leu Glu Glu Asn
85 90

Thr Tyr Ile Ser Lys Lys His Ala Glu Lys Asn Trp Phe
100 105

Asn Lys Asn Gly Ser Cys Lys Arg Gly Pro Glu Thr His

Leu Leu Tyr
15

Gly Thr Val
30

Gln Leu Ser

Thr Gly Gln

Gln Thr Pro

80

His Tyr Asn
95

Val Gly Leu
110

Tyr Gly Gln

Leu Leu Tyr
15

Gly Thr Val
30

Gln Leu Leu

Thr Gly Gln

Gln Thr Pro

80

Ser Tyr Asn
95

Val Gly Leu
110

Tyr Gly Gln



US 11,267,855 B2
25

-continued

115 120 125

Lys Ala Ile Leu Phe Leu Pro Leu Pro Val Ser Ser Asp
130 135 140

<210> SEQ ID NO 3

<211> LENGTH: 155

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: wtFGF2

<400> SEQUENCE: 3

Met Ala Ala Gly Ser Ile Thr Thr Leu Pro Ala Leu Pro Glu Asp Gly
1 5 10 15

Gly Ser Gly Ala Phe Pro Pro Gly His Phe Lys Asp Pro Lys Arg Leu
20 25 30

Tyr Cys Lys Asn Gly Gly Phe Phe Leu Arg Ile His Pro Asp Gly Arg
35 40 45

Val Asp Gly Val Arg Glu Lys Ser Asp Pro His Ile Lys Leu Gln Leu

Gln Ala Glu Glu Arg Gly Val Val Ser Ile Lys Gly Val Cys Ala Asn
65 70 75 80

Arg Tyr Leu Ala Met Lys Glu Asp Gly Arg Leu Leu Ala Ser Lys Cys
85 90 95

Val Thr Asp Glu Cys Phe Phe Phe Glu Arg Leu Glu Ser Asn Asn Tyr
100 105 110

Asn Thr Tyr Arg Ser Arg Lys Tyr Thr Ser Trp Tyr Val Ala Leu Lys
115 120 125

Arg Thr Gly Gln Tyr Lys Leu Gly Ser Lys Thr Gly Pro Gly Gln Lys
130 135 140

Ala Ile Leu Phe Leu Pro Met Ser Ala Lys Ser
145 150 155

<210> SEQ ID NO 4

<211> LENGTH: 155

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: shFGF2

<400> SEQUENCE: 4

Met Ala Ala Gly Ser Ile Thr Thr Leu Pro Ala Leu Pro Glu Asp Gly
1 5 10 15

Gly Ser Gly Ala Phe Pro Pro Gly His Phe Lys Asp Pro Lys Arg Leu
Tyr Cys Lys Asn Gly Gly Phe Phe Leu Arg Ile His Pro Asp Gly Arg
35 40 45

Val Asp Gly Val Arg Glu Lys Ser Asp Pro His Ile Lys Leu Gln Leu
50 55 60

Leu Ala Glu Glu Arg Gly Val Val Ser Ile Lys Gly Val Cys Ala Asn
65 70 75 80

Arg Tyr Leu Ala Met Lys Glu Asp Gly Arg Leu Leu Ala Ser Lys Cys
85 90 95

Val Thr Asp Glu Cys Phe Phe Phe Glu Arg Leu Glu Ser Asn Ser Tyr
100 105 110

Asn Thr Tyr Arg Ser Arg Lys Tyr Thr Ser Trp Tyr Val Ala Leu Asn
115 120 125
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28

-continued

Arg Thr Gly Gln Tyr Lys Leu Gly Ser Glu Thr Gly Pro Gly Gln Lys

130 135 140
Ala Ile Leu Phe Leu Pro Met Ser Ala Lys Ser

145 150 155

We claim:
1. AFGF1 polypeptide comprising at least 90% sequence
identity to SEQ ID NO: 1 and comprising amino acid
substitutions at least at residues Q41, S48, H94, K113, and
R123 of SEQ ID NO: 1, or a functional fragment of the
FGF1 polypeptide thereof
wherein the substitution at residue Q41 is selected from
the group consisting of Q41P, Q41F, Q41M, Q41Y,
Q41W, Q411, Q41L, Q41V, and Q41A;

wherein the substitution at residue S48 is selected from
the group consisting of S48L, S48A, S48V, S48P, S48T,
S48M, S48I, S48F, S48Y, and S48W;

wherein the substitution at residue H94 is selected from
the group consisting of H94S, H94T, H94K, H94R, and
H94Y;

wherein the substitution at residue K113 is selected from
the group consisting of KI113N, K113Q, K113S,
K113T, K113R, and K113Y;

and wherein the substitution at residue R123 is selected

from the group consisting of R123E and R123D.
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2. The FGF1 polypeptide of claim 1, wherein the FGF1
polypeptide comprises the substitutions Q41P, S48L,, H94S,
K113N, and R123E.

3. The FGF1 polypeptide of claim 1, wherein the FGF1
polypeptide comprises SEQ ID NO: 2.

4. A fusion protein comprising the FGF1 polypeptide of
claim 1 and a membrane permeable peptide.

5. A pharmaceutical composition comprising the FGF1
polypeptide of claim 1 and a pharmaceutical carrier.

6. A hydrogel comprising the FGF1 polypeptide of claim
1.

7. A method of promoting wound healing in a subject in
need thereof comprising administering a therapeutically
effective amount of the FGF1 polypeptide of claim 1 to the
subject.

8. The method of claim 7, wherein the subject is a
mammal.
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