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DELIVERY OF THERAPEUTIC AGENTS BY
A COLLAGEN BINDING PROTEIN

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application is a division of U.S. patent appli-
cation Ser. No. 14/378,067 Aug. 11, 2014 (U.S. Pat. No.
9,526,765, issued Dec. 27, 2016), which application is a
national stage filing under 35 U.S.C. 371 of International
Application No. PCT/US2013/025541, filed Feb. 11, 2013,
which claims the benefit of priority of U.S. Provisional
Patent Application No. 61/596,869, filed Feb. 9, 2012, and
of International Application No. PCT/US2012/069831, filed
Dec. 14, 2012, all of which are incorporated herein by
reference in their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with United States government
support awarded by the National Institutes of Health grant
number NCRR COBRE 8P30GM103450 and INBRE
GM103429. The United States may have certain rights in
this invention.

SEQUENCE LISTING

A Sequence Listing accompanies this application and is
incorporated herein by reference in its entirety. The
Sequence Listing was filed with the application as a text file
on Feb. 11, 2013.

INTRODUCTION

Delivery of therapeutic agents to sites within the body of
a subject where a particular therapeutic agent is needed in
order to be effective is a developing area. Such delivery
systems will allow more efficient use of therapeutic agents
while reducing toxicity caused by some therapeutic agents.
Use of targeted liposomes or polypeptides, such as antibod-
ies, to target therapeutic agents to particular sites within the
body has proved successful, but additional delivery agents
are needed.

Alopecia (hair loss) is a psychologically and emotionally
distressing event with multiple causes. Alopecia occurs most
commonly in male-pattern baldness, affecting approxi-
mately two thirds of males by age 35; a similar pattern of
hair loss can be observed in females with polycystic ovarian
syndrome. In both of these disorders, the hair loss is andro-
gen mediated. Alopecia can also occur as an autoimmune
disease, termed alopecia areata; a disorder which affects
1.7% of the population. It can occur as a side-effect of
medical treatments, particularly in chemotherapy, with
65-85% of chemotherapy patients experiencing some degree
of alopecia. Psychological consequences of hair loss have
been well studied in the chemotherapy setting. Chemo-
therapy-induced alopecia (CIA) can result in anxiety,
depression, a negative body image, lowered self-esteem and
a reduced sense of well-being. In fact, 47-58% of female
cancer patients consider hair loss to be the most traumatic
aspect of chemotherapy, and 8% would decline treatment for
fear of hair loss. In addition to these studies in chemotherapy
patients, evidence exists in other forms of alopecia to
support therapy to reduce psychological consequences of
hair loss. Thus a new treatment to stop hair loss or speed hair
regrowth would be beneficial.

10

15

20

25

30

35

40

45

50

55

60

2

While drugs with mild anti-androgenic effects (i.e.
spironolactone) had been used with limited success as
therapy for alopecia, the first effective medication for alo-
pecia was minoxidil (Rogaine). This antihypertensive has an
observed side-effect of causing hair growth, and is now used
as topical therapy for many forms of alopecia. However,
responses are incomplete, with some subjects showing only
slowing of hair loss rather than actual regrowth. Finasteride
(Propecia) is a newer agent that blocks conversion of
testosterone to dihydrotestosterone, resulting in improve-
ments in androgenic alopecia at the expense of partial
systemic androgen blockade. However, response rates with
long-term (10 years) therapy are only around 50%. Overall,
despite considerable research in this area, there is still no
adequate therapy for hair loss.

In addition, unwanted hair growth is a cosmetic issue
many people deal with on a regular basis. Unwanted hair
growth on the face, legs, arms, chest or back is a growing
cosmetic problem. Many people use laser therapy, waxing or
other therapies to remove unwanted hair. There are currently
no topical pharmaceuticals to limit hair growth.

SUMMARY

Provided herein are methods of delivering therapeutic
agents by administering compositions including a bacterial
collagen-binding polypeptide segment linked to the thera-
peutic agent to subjects in need of treatment with the
therapeutic agent.

In one aspect, methods of treating hyperparathyroidism
by administering a composition comprising a bacterial col-
lagen-binding polypeptide segment linked to a PTH/PTHrP
receptor agonist to a subject are provided.

In a further aspect, methods of slowing hair growth or
regrowth after removal by administering a composition
comprising a bacterial collagen-binding polypeptide seg-
ment linked to a PTH/PTHrP receptor antagonist to a subject
are provided.

In a still further aspect, methods of increasing hair growth
or the speed of hair re-growth after removal or loss by
administering a composition comprising a bacterial colla-
gen-binding polypeptide segment linked to a PTH/PTHrP
receptor agonist to a subject are provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sequence alignment showing the alignment of
several M9B bacterial collagenases from the Bacillus and
Clostridium families. The residues shown in blue are impor-
tant for collagen binding activity, those shown in green are
important for maintaining the architecture or protein folding.
Both of these are also underlined for the top and bottom
sequences. Residues shown in red are critical for Ca®*
binding and those in orange are critical for positioning the
Ca®* binding residues.

FIG. 2 shows the tissue distribution of $**-PTH-CBD 1
hour and 12 hours after subcutaneous injection. Note the
skin outline.

FIG. 3 is a set of photographs documenting the hair
growth on the back of mice at day 36 after depilation,
treatment groups as indicated (Antagonist=PTH(7-33)-
CBD, Agonist=PTH-CBD).

FIG. 4 is a set of photographs showing the histology at
Day 36 after the indicated treatment. Skin samples were
taken from the dorsal region and processed for Hematoxylin
and Eosin (H&E) staining. Representative sections are
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shown from each ftreatment group as indicated.
(Antagonist=PTH(7-33)-CBD, Agonist=PTH-CBD).

FIG. 5 is a graph showing the hair follicle counts per high
powered field. Anagen VI hair follicles were counted by two
independent observers in a blinded fashion. Results are
expressed as mean+/-standard deviation. **=p<0.01 vs. no
chemo ANOVA  followed by  Dunnett’s test.
(Antagonist=PTH(7-33)-CBD, Agonist=PTH-CBD).

FIG. 6 is a set of photographs showing the hair growth on
the back of the mice after each of the indicated treatments
and a graph showing the results of a grey scale analysis of
the hair at the injection site over time after the injection.

FIG. 7 is a set of photographs showing the hair on the
back of mice after the indicated treatment without prior
depilation.

FIG. 8 is a set of photographs and a graph showing the
grey scale analysis of hair growth on the backs of mice
comparing the indicated treatments with the PTH-CBD
being administered prior to the chemotherapy as opposed to
after chemotherapy began.

FIG. 9 is a photograph of three mice 13 days after waxing
to remove hair and treatment with PTH-CBD, PTH antago-
nist-CBD or vehicle alone.

FIG. 10 is a set of photographs of mice showing hair
regrowth in a model of alopecia areata after treatment with
a control or with PTH-CBD.

FIG. 11 is a graph showing the endogenous parathyroid
hormone levels in ovarectomized aged rats injected with a
single dose of human PTH-CBD 6 months prior to sacrifice.

DETAILED DESCRIPTION

The effects of PTH agonists and antagonists on hair
growth have been studied for over almost 15 years. PTH has
a common receptor with PTH-related peptide (PTHrP),
which is normally produced by dermal fibroblasts. PTHrP
affects keratinocyte proliferation/differentiation and modu-
lates the hair cycle. Most of the testing on hair growth effects
has been performed with PTH antagonists, as indications
from initial testing were that these were the most effective
agents. Both injected and topical formulations have been
tested in animal models of chemotherapy-induced alopecia
and in the SKH-1 hairless mouse. Part of the effect of PTH
antagonists on hair growth is to transition the hair follicles
into a dystrophic catagen stage, which protects them from
chemotherapeutic damage. However, clinical trials of topi-
cal PTH antagonists for chemotherapy-induced alopecia by
IGI Pharmaceuticals were discontinued in phase 2 because
of limited efficacy. Thus new compositions for treating
alopecia are needed.

The problems of delivery and retention of PTH to the skin
can be overcome by using collagen-targeted PTH analogs.
To accomplish this, we synthesized several fusion proteins
of different PTH agonists and antagonists linked to a colla-
gen binding domain derived from the ColH]1 collagenase of
Clostridium histolyticum. In the studies described in the
Examples, we found that the agonist compound PTH-CBD
promotes transition of hair follicles to the anagen phase and
has potent effects on hair growth. The antagonist compound
PTH(7-33)-CBD had little effect on hair growth in chemo-
therapy models and had a deleterious effect on hair regrowth
after depilation. Compounds such as PTH-CBD, which
promote anagen phase transition of hair follicles, have been
sought after due to their potential to treat a large variety of
disorders of hair loss. PTH-CBD appears to have a similar
mechanism of action to cyclosporine, which also promotes
transition of hair follicles to anagen phase, although the
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mechanism is less likely to be the result of direct effects on
WNT signaling. While clinical use of cyclosporine for this
purpose is limited by systemic toxicity, PTH-CBD has not
shown toxic effects, even with systemic administration.

Thus in another aspect, methods of increasing hair growth
are provided herein. The methods include administering a
CBD linked to a PTH/PTHrP receptor agonist to a subject in
need of treatment to induce hair growth or stop hair loss. The
method is applicable to individuals with alopecia, including
chemotherapy induced alopecia, but also alopecia areata,
alopecia caused by male pattern baldness, polycystic ovarian
syndrome or other hair loss. The compositions may be
administered locally or topically to treat hair loss.

In another aspect, methods of slowing hair growth or
regrowth after a hair removal procedure by administering a
CBD linked to a PTH/PTHrP receptor antagonist to a subject
are provided. In one embodiment, the PTH antagonist com-
position is applied locally, topically. The PTH antagonist
may be applied after a hair removal procedure to prevent or
slow hair regrowth. As described in the Examples, we have
demonstrated that hair regrowth is slowed after waxing in
animals treated with CBD-PTH antagonist as compared to
control animals treated with PTH-CBD or vehicle alone. The
compositions may be administered locally or topically to
block hair growth.

Also provided herein are methods of treating hyperpara-
thyroidism by administering PTH-CBD to a subject in need
of treatment for hyperparathyroidism. In one embodiment
the PTH administered to the subject may be a PTH from a
different species. As shown in the Examples a single admin-
istration of CBD-PTH to ovarectomized aged rats was able
to reduce the amount of endogenous PTH produced by the
animal. Thus, administration of PTH-CBD to individuals
suffering from hyperparathyroidism may experience a
decrease in symptoms associated with hyperparathyroidism
and have decreased levels of PTH after administration of
PTH-CBD.

The collagen-binding polypeptide segment and the thera-
peutic agent may be chemically cross-linked to each other or
may be polypeptide portions of a fusion protein. The terms
“fusion protein” and “fusion polypeptide” may be used to
refer to a single polypeptide comprising two functional
segments, e.g., a collagen-binding polypeptide segment and
a polypeptide based therapeutic agent, such as PTH/PTHrP
receptor agonist polypeptide segment. The fusion proteins
may be any size, and the single polypeptide of the fusion
protein may exist in a multimeric form in its functional state,
e.g., by cysteine disulfide connection of two monomers of
the single polypeptide. A polypeptide segment may be a
synthetic polypeptide or a naturally occurring polypeptide.
Such polypeptides may be a portion of a polypeptide or may
comprise one or more mutations. The two polypeptide
segments of the fusion proteins can be linked directly or
indirectly. For instance, the two segments may be linked
directly through, e.g., a peptide bond or chemical cross-
linking, or indirectly, through, e.g., a linker segment or
linker polypeptide. The peptide linker may be any length and
may include traditional or non-traditional amino acids. For
example, the peptide linker may be 1-100 amino acids long,
suitably it is 5, 10, 15, 20, 25 or more amino acids long such
that the collagen binding portion of the fusion polypeptide
can mediate collagen binding and the therapeutic agent can
have its therapeutic effect. Peptide linkers may include but
are not limited to a PKD (polycystic kidney disease) domain
from a collagenase or other protein such as in SEQ ID NO:
2, a GST or His-tag, or a Ser or Gly linker.
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The collagen-binding polypeptide segment is a polypep-
tide that binds collagen and may be part of a larger fusion
protein, bioactive agent, or pharmaceutical agent. Determi-
nation of whether a composition, polypeptide segment,
fusion protein, or pharmaceutical or bioactive agent binds
collagen can be made as described in U.S. Patent Publication
No. 2010/0129341, which is incorporated herein by refer-
ence in its entirety. Briefly, the composition is incubated
with collagen in binding buffer, and the mixture is then
filtered through a filter that would otherwise allow it to pass
through but that blocks the collagen and therefore holds
back materials that bind to the collagen. The filtrate is then
assayed for the presence of the composition, polypeptide
segment, fusion protein, or pharmaceutical or bioactive
agent. Suitably, at least 80%, 85%, 90%, 95%, 98% or more
suitably at least 99% of the collagen-binding composition,
polypeptide segment, fusion protein, or pharmaceutical or
bioactive agent is retained by the filter in this assay, as
compared to when the filtration is performed without col-
lagen.

The collagen-binding polypeptide segment may be a
bacterial collagen-binding polypeptide segment. It may be a
Clostridium collagen-binding polypeptide segment. The col-
lagen-binding polypeptide segment may be a segment of a
collagenase, or a bacterial collagenase, or a Clostridium
collagenase. Suitably the polypeptide segment is only a
portion of the collagenase and the collagen-binding poly-
peptide segment does not have collagenase activity. The
collagen-binding polypeptide may be a bacterial M9B (in-
cluding those derived from Bacillus spp. and Clostridium
spp.) or M9A (including those derived from Vibrio spp.)
collagen-binding protein or a collagen-binding peptide
derived from such a protein. By “derived from” we mean
that the peptide is a fragment of the full-length protein, a
peptide that has amino acid changes relative to the wild-type
protein or a combination thereof. The key is that the peptide
retains the ability to bind collagen. For example, a peptide
may be derived from a protein by selecting a region of the
protein capable of binding to collagen. Compositions includ-
ing a bacterial collagenase as a collagen binding peptide are
described in US Patent Publication No. 2010/0129341,
which is hereby incorporated herein by reference in its
entirety.

FIG. 1 shows a sequence alignment of the collagen-
binding region of several M9B bacterial collagen-binding
proteins included as SEQ ID NOs: 13-34. As can be seen
from the sequence alignment, these proteins have a rela-
tively small amount of sequence identity (about 30%), but
they all bind to collagen in a similar fashion and are believed
to have similar conformation as discussed in the Examples.
Notably, the proteins share several amino acids critical for
binding to collagen. Thus any of the peptides shown in FIG.
1 or collagen-binding fragments thereof can be used in the
compositions and methods described herein (i.e., SEQ ID
NOs: 13-34 can be used interchangeably).

In FIG. 1, the amino acid residues critical for the confor-
mation of the peptide and for the collagen-binding activity
are underlined and shown in green and blue respectively.
The key amino acid residues for collagen-binding are as
follows:

a phenylalanine, histidine or tyrosine at position 959 of
ColG in FIG. 1 (position 63 of SEQ ID NO: 13), position
968 of the ColH sequence of SEQ ID NO: 6, position 928
of'the ColH sequence of FIG. 1 (position 63 of SEQ ID NO:
34) or a similar position of one of the other sequences shown
in FIG. 1;
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a tyrosine, serine or phenylalanine at position 970 of ColG
in FIG. 1 (position 74 of SEQ ID NO: 13), position 977 of
the ColH sequence of SEQ ID NO: 6, position 937 of the
ColH sequence of FIG. 1 (position 72 of SEQ ID NO: 34)
or a similar position of one of the other sequences shown in
FIG. 1,

a tyrosine at position 994 of ColG in FIG. 1 (position 98
of SEQ ID NO: 13), position 1002 of the ColH sequence of
SEQ ID NO: 6, position 962 of the ColH sequence in FIG.
1 (position 97 of SEQ ID NO: 34) or a similar position of
one of the other sequences shown in FIG. 1;

a tyrosine, phenylalanine or histidine at position 996 of
ColG in FIG. 1 (position 100 of SEQ ID NO: 13), position
1004 of the ColH sequence of SEQ ID NO: 6, position 964
of'the ColH sequence in FIG. 1 (position 99 of SEQ ID NO:
34) or a similar position of one of the other sequences shown
in FIG. 1. The critical segment for collagen binding is amino
acids 90-100 of SEQ ID NO: 13 which corresponds to amino
acids 89-97 of SEQ ID NO: 34 or the equivalent thereof
from another bacterial collagen binding protein such as the
sequences provided in the alignment of FIG. 1 (SEQ ID
NOs: 14-33). Thus a peptide with relatively low sequence
identity, sharing the structure and function of the ColG
protein may also be used as a collagen binding domain
(CBD) herein.

In one embodiment, the collagenase is ColH, SEQ ID NO:
6. The collagen-binding polypeptide segment may be or may
include residues 901-1021 of SEQ ID NO:6 (residues
34-158 of SEQ ID NO:1), or a fragment of residues 34-158
of SEQ ID NO:1 at least 8, 10, 12, 15, 20, 25, 30, 40, 50, 60,
70, 80, 90, 100, 110 or 120 amino acid residues in length.
The collagen-binding polypeptide segment is at least 50%,
60%, 70%, 80%, or at least 85%, at least 90%, at least 95%,
at least 96%, at least 98%, or at least 99% identical to
residues 34-158 of SEQ ID NO: 1 or to any one of SEQ ID
NO: 13-34. The collagen-binding polypeptide segment may
be or may comprise a fragment of residues 901-1021 of SEQ
ID NO:6, e.g., a fragment of at least 8, at least 10, at least
20, at least 30 at least 40, or at least 50 consecutive amino
acid residues of residues 901-1021 of SEQ ID NO:6. Suit-
ably the collagen-binding polypeptide consists of residues
894-1008, 894-1021, 901-1021, or 901-1008 of SEQ ID
NO: 6 or a homolog thereof as shown by the sequence
alignment in FIG. 1. As described mor