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Abstract
Parathyroid hormone (PTH) agonists and antagonists have been shown to improve hair growth
after chemotherapy; however, rapid clearance and systemic side-effects complicate their usage. To
facilitate delivery and retention to skin, we fused PTH agonists and antagonists to the collagen
binding domain (CBD) of Clostridium histolyticum collagenase. in-vitro studies showed that the
agonist fusion protein, PTH-CBD, bound collagen and activated the PTH/parathyroid hormone-
related peptide receptor in SaOS-2 cells. The antagonist fusion proteins, PTH(7–33)-CBD and
PTH([−1]–33)-CBD, also bound collagen and antagonized PTH(1–34) effect in SaOS-2 cells;
however, PTH(7–33)-CBD had lower intrinsic activity. Distribution studies confirmed uptake of
PTH-CBD to the skin at 1 and 12 hr after subcutaneous injection. We assessed in vivo efficacy of
PTH-CBD and PTH(7–33)-CBD in C57BL/6J mice. Animals were depilated to synchronize the
hair follicles; treated on Day 7 with agonist, antagonist, or vehicle; treated on Day 9 with
cyclophosphamide (150 mg/kg i.p.) or vehicle; and sacrificed on Day 39. Normal mice (no chemo
and no treatment) showed rapid regrowth of hair and normal histology. Chemo + Vehicle mice
showed reduced hair regrowth and decreased pigmentation; histology revealed reduced number
and dystrophic anagen/catagen follicles. Chemo + Antagonist mice were grossly and histologically
indistinguishable from Chemo + Vehicle mice. Chemo + Agonist mice showed more rapid
regrowth and repigmentation of hair; histologically, there was a normal number of hair follicles,
most of which were in the anagen phase. Overall, the agonist PTH-CBD had prominent effects in
reducing chemotherapy-induced damage of hair follicles and may show promise as a therapy for
chemotherapy-induced alopecia.
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Chemotherapy is a common treatment for many cancers, but it is associated with adverse
side effects such as nausea, vomiting, fatigue and chemotherapy-induced alopecia (CIA),
which affect quality of life.1 CIA is characterized by hair loss and impaired regrowth of hair,
resulting in shorter, thinner and more fragile hair. Though this alopecia is usually transient,
the effects on the patient can be psychologically devastating and may lead to discontinuation
or refusal of treatment.2–4 Many preventive measures have been tried to reduce CIA, of
these, the most favorable results have been reported with a scalp cooling device.5 However,
scalp cooling is not recommended in patients with extensive hematological malignancies, as
cooling might reduce the effect of chemotherapy on tumor cells in the scalp skin.6 Thus far,
no satisfactory preventative strategy is available for CIA, and no treatment modality has
been shown to be clearly effective.7–9

CIA is thought to be caused by several different mechanisms, based on the type of
chemotherapeutic agents. Because many chemotherapeutic agents are potent inducers of
apoptosis, alopecia may result from apoptosis-related damage to the hair follicle.10 Many
chemotherapeutics also act by decreasing proliferation. Accordingly, alopecia is also
attributed to the suppression of epithelial proliferation by anticancer drugs. This
antiproliferative effect blocks the maturation of precursor epithelial cells to the final hair
strand product.11 CIA may also result from induction of follicle dystrophy and premature
induction of follicle regression (catagen) in growing (anagen) hair follicles.12

Parathyroid hormone-related peptide (PTHrP) and its receptor are prominently expressed in
the skin, regulating keratinocyte proliferation and differentiation.13–15 In addition, this
signaling system likely exerts important paracrine and autocrine effects on control of hair
growth.12,16,17 In models of CIA, the parathyroid hormone (PTH)/PTHrP receptor agonist
PTH(1–34) appears to activate the dystrophic catagen pathway by upregulating follicle
keratinocyte differentiation and apoptosis. Conversely, the PTH/PTHrP receptor antagonist
PTH(7–34) is thought to activate the dystrophic anagen pathway by stimulating hair follicle
keratinocyte proliferation.18 Both agonist and antagonist compounds improve regrowth of
hair,18 and these effects have been observed with either topical or parenteral
administration.18,19 However, despite these encouraging findings in animal models, the
results of Phase II clinical trials of topically administered PTH(7–34) on CIA were
apparently disappointing, such that the parent company (IGI Laboratories) discontinued the
clinical testing.

PTH-based compounds are quickly metabolized or redistributed, even when administered
topically, which would tend to limit their efficacy, particularly for antagonist compounds.
To target delivery and prolong retention of PTH agonists and antagonists to the skin, we
linked them to a collagen binding domain (CBD). We synthesized fusion proteins in which
PTH agonists (PTH(1–33) or antagonists (PTH(7–33), PTH([−1]–33) were linked to the
amino acid chain of a CBD derived from ColH collagenase of Clostridium histolyticum. We
tested the resulting peptides in-vitro for collagen binding, activity at the PTH/PTHrP
receptor, and in vivo for distribution after subcutaneous injection (s.q.) and effects on CIA in
mice after intraperitoneal (i.p.) administration of cyclophosphamide (CYP). For this
purpose, we utilized the same mouse model as that described for the initial testing of PTH
agonists and antagonists in CIA, except rather than giving multiple doses of the tested
compounds to each animal, we gave only a single dose of our CBD-based compounds at the

Katikaneni et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2013 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



start of the study. We hypothesize that our CBD-based compounds would be retained in the
skin and have more pronounced, more prolonged effects on hair growth in this model.

Material and Methods
Peptides

Three fusion proteins of PTH and the CBD of C. histolyticum ColH collagenase (one
agonist and two antagonists) were synthesized utilizing recombinant DNA in Escherichia
coli as described previously.20 For the PTH agonist compound, PTH(1–33), which includes
all of the PTH residues with known contacts or functional interaction sites with the PTH/
PTHrP receptor,21,22 was linked to the CBD. Two different CBD-linked PTH antagonists
were synthesized. PTH([−1]–33)-CBD has a 2-amino acid N-terminal extension; amino-
terminal extended compounds have been previously shown to have antagonist activity at the
PTH/PTHrP receptor.23 PTH(7–33)-CBD is an amino-terminal truncated peptide; its
structure is similar to the known PTH antagonist [Leu,11 D-TRP12]PTH(7–34),24 but it
includes only naturally occurring amino acids and can thus be more easily synthesized using
recombinant DNA techniques. The full peptide sequences are listed below, PTH sequence is
underlined:

PTH-CBD: Agonist—SVSEIQLMHN LGKHLNSMER VEWLRKKLQD
VHNGINSPVY PIGTEKEPNN SKETASGPIV PGIPVSGTIE NTSDQDYFYF
DVITPGEVKI DINKLGYGGA TWVVYDENNN AVSYATDDGQ NLSGKFKADK
PGRYYIHLYM FNGSYMPYRI NIEGSVGR;

PTH(7–33)-CBD: Antagonist—LMHN LGKHLNSMER VEWLRKKLQD
VHNGINSPVY PIGTEKEPNN SKETASGPIV PGIPVSGTIE NTSDQDYFYF
DVITPGEVKI DINKLGYGGA TWVVYDENNN AVSYATDDGQ NLSGKFKADK
PGRYYIHLYM FNGSYMPYRI NIEGSVGR;

PTH([−1]-33)-CBD: Antagonist—GSSVSEIQLMHN LGKHLNSMER
VEWLRKKLQD VHNGINSPVY PIGTEKEPNN SKETASGPIV PGIPVSGTIE
NTSDQDYFYF DVITPGEVKI DINKLGYGGA TWVVYDENNN AVSYATDDGQ
NLSGKFKADK PGRYYIHLYM FNGSYMPYRI NIEGSVGR.

Biochemical assays
Collagen binding assays were preformed as previously described.20 Intracellular cAMP
accumulation assays were performed in SaOS-2 cells (ATCC, Manassas, VA) as previously
described.25 cAMP was measured by immunoassay using the cyclic AMP EIA Kit
(Biomedical Technologies, Stoughton, MA). Calcium was measured using the Quanti-
Chrom™ Calcium Kit (Bioassay Systems, Hayward, CA).

Antagonist activity of these compounds to the standard PTH/PTHrP receptor agonist,
PTH(1–34), was tested in-vitro. SaOS-2 cells were grown in McCoy’s medium to 80%
confluence and trypsinized. Cells (1 × 106) per well were seeded in six-well plates and were
grown to 70–80% confluence. Cells were then treated with the indicated peptides (1 × 10−7

M) to assess intrinsic activity. The antagonist peptides were also tested in combination with
PTH(1–34) (1 × 10−8 M) at a 10× concentration (1 × 10−7 M) to evaluate their antagonistic
properties. Cyclic AMP accumulation after 1 hr of treatment was measured by immunoassay
(Biomedical Technologies, Stoughton, MA).
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Tissue distribution of PTH-CBD
The tissue distribution of the PTH-CBD compound was assessed by administering S35-
labeled PTH-CBD via subcutaneous injection, followed by whole mount frozen and whole-
body autoradiography.26 Recombinant PTH-CBD with a phosphorylation site engineered
between PTH(1–33) and the CBD was purified, activated and labeled with [γ-35]ATP as
described previously.27 Approximately 10.8 mcg of 35S-PTH-CBD (122 kcm/mcg) was
injected subcutaneously in two mice (32–35 g, 7 weeks old). The mice were sacrificed at 1-
or 12-hr postinjection and then frozen in dry ice-acetone. Frozen sections (50-μm thickness)
were prepared with an autocryotome, dried at −20°C and then exposed to an image plate for
4 weeks.

Efficacy in Chemotherapy-Induced Alopecia
Animals—Twenty-eight female C57BL/6J mice aged 3–5 weeks old were obtained from
the Jackson Laboratory, Bar Harbor, ME. Approval for these studies was obtained from the
Institutional Animal Care and Use Committee (Ochsner Clinic Foundation, New Orleans,
LA). Mice were acclimatized for 2 weeks and maintained under standard conditions,
including a diet consisting of 18% protein purchased from Harlan Company (Barton, IL and
Madison, WI).

Chemicals—CYP was obtained from the Ochsner Clinic Foundation Cancer Infusion
Center in solution (20 mg/mL) and used within 24 hr. PTH-CBD was diluted for injection in
pH 7.5, collagen binding buffer (CBD).

Study design—Mice were divided into four groups as follows:

1. No Chemotherapy + Vehicle (four mice)

2. Chemotherapy + Vehicle (eight mice)

3. Chemotherapy + Antagonist (PTH(7–33)-CBD) (eight mice)

4. Chemotherapy + Agonist (PTH-CBD) (eight mice)

On Day 0, mice were depilated on the back to synchronize the stage of the hair follicles
according to the following procedure. Mice were anesthetized with pentobarbital (50 mg/kg)
and then shaved to remove most of the coat. Waxing strips (Sally Hansen™ Hair Remover
Wax Strip Kit – Face) with rosin were purchased from Wal-Mart (Luling, LA) and used for
depilation according to the manufacturers packing instructions. On Day 7, the No
Chemotherapy + Vehicle and the Chemotherapy + Vehicle group received a single
subcutaneous injection of 320 μg/kg buffer solution. The Chemotherapy + Antagonist group
received a single subcutaneous injection of 320 μg/kg of PTH(7–33)-CBD, and
Chemotherapy + Agonist received 320 μg/kg (s.q.) of PTH-CBD. On Day 9, chemotherapy
(CYP, 150 mg/kg, i.p.) was administered to all animals except those in the No
Chemotherapy + Vehicle group; this was timed to maximize the damage to the hair
follicles.18

Data collection (photodocumentation, histology and quantitative assessment)
—Mice were observed daily for signs of alopecia as well as change in hair color.
Photodocumentation was obtained every 3–4 days to monitor changes in hair growth. All
mice were sacrificed at the end of the study (Day 39). Skin samples from the dorsal (nape of
the neck to the middle of the back), ventral and tail regions were obtained. The skin was
fixed in 10% buffered formalin, and longitudinal slices were processed for routine histology,
using hematoxylin and eosin (H&E) staining. As a quantitative assessment, the number of
anagen VI hair follicles per high power field (HPF) was determined by two independent
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observers in a blinded fashion.12,28–30 The HPF with maximum follicular density was
counted on longitudinal sections, where hair follicles cut on cross-section were present, only
those in subcutaneous fat layer were counted.

Bone mineral density measurements—Bone mineral density (BMD) was measured
for the animals at Day 0 and at the time of sacrifice (Day 39) using a Hologic QDR 1000
plus DXA machine as described previously.31

Statistical analysis—Measurements were analyzed by a two-way Analysis of Variance
(ANOVA) at each time point followed by post hoc tests, either Bonferroni or Dunnett’s as
indicated for each comparison. The statistical software used is graph pad prism 5.0.

Results
in-vitro studies

Collagen binding—We have shown previously that the PTH-CBD fusion protein binds
Type I collagen in-vitro.32 We assessed the collagen binding activity of the antagonist
compounds, PTH(7–33)-CBD and PTH([−1]–33)-CBD, using the same collagen binding
assays. Both fusion proteins were shown to bind to Type I collagen (Fig. 1).

PTH/PTHrP receptor activation
PTH-CBD has been previously shown to stimulate cAMP accumulation with similar
potency and efficacy to human PTH(1–34) in LL-CPK cells stably transfected with the PTH/
PTHrP receptor.32 We first confirmed the efficacy of PTH-CBD in SaOS-2 cells, which
have a lower density of PTH/PTHrP receptor than do LL-CPK cells. Similar efficacy of
PTH(1–34) and PTH-CBD was again observed (PTH(1–34): 286 ± 26 pmol/well, PTH-
CBD: 268 ± 18 pmol/well, Fig. 2a). We next tested agonist and antagonist properties of two
compounds considered for use as antagonists in in vivo experiments, PTH(7–33)-CBD and
PTH([−1]–33)-CBD. While PTH(7–33)-CBD showed no change in cAMP accumulation in
SaOS-2 cells from baseline levels, administration of PTH([−1]–33)-CBD did show an
indication of increased cAMP accumulation, although this did not achieve statistical
significance (Fig. 2b). Both peptides functioned as antagonists, as evidenced by reduced
cAMP accumulation seen when PTH(1–34) was added in combination with 10× excess of
either PTH (7–33)-CBD (27% inhibition) or PTH([−1]–33)-CBD (27% inhibition) (Fig. 2b).
The antagonistic effects of the two experimental compounds were thus similar to each other
and were similar to those observed with other known PTH antagonists.33 However, the
intrinsic activity of PTH(7–33)-CBD at the PTH/PTHrP receptor may be lower. Therefore,
we selected PTH(7–33)-CBD for use in the in vivo studies as a compound which at least
partially blocks the PTH/PTHrP receptor without activating it.

In vivo studies
Distribution of PTH-CBD—We next determined the biodistribution of S35-labeled PTH-
CBD in mice. Specifically, we sought to determine how far from the site of injection PTH-
CBD could be detected, to determine where the hair growth observations and histological
evaluation should be focused during the in vivo testing. One hour after a single
subcutaneous injection of S35-labeled PTH-CBD, the site of injection had increased levels of
S35-labeled PTH-CBD (Fig. 3). However, to our surprise, the radioactivity was not localized
around the site of injection, but rather had spread across the back of the mouse, and had
already started to redistribute to other tissues. By 12 hr, the S35-labeled PTH-CBD had been
nearly completely absorbed from the site of injection and redistributed throughout the body.
Radioactivity was distributed primarily to skin and skeletal regions throughout the animal;
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radioactivity was also detected in the intestinal lumen, kidney and bladder. Thus, although
S35-labeled PTH-CBD was absorbed systemically after subcutaneous injection, it was
ultimately distributed at least in part to the intended target, the skin. Therefore, we
proceeded with in vivo efficacy studies using subcutaneous administration of PTH-CBD but
included investigations for systemic side-effects, particularly in bone.

Efficacy in Chemotherapy-Induced Alopecia
After determining the pharmacodynamics and in vivo distribution of the fusion peptides, we
next assessed the in vivo activity of these compounds on hair growth in a mouse model of
CIA.

Body weights—Animals were observed daily for their health status and weighed every 2
weeks. There was no apparent (or statistically significant) difference in the weights of the
animals between different groups at any time point (not shown).

Photodocumentation—Hair growth proceeds cranial to caudal and the length of the
regrowth at any given time point can be used to compare between groups. The No
Chemotherapy + Vehicle mice showed rapid regrowth of hair after depilation on gross
observation, as expected (Fig. 4). The Chemotherapy + Vehicle mice showed maximal
chemotherapy-induced hair loss on Day 17, only partial regrowth of hair afterward, and that
hair showed decreased pigmentation. There was also hair thinning and color change in the
nondepilated regions. The Chemotherapy + Antagonist (PTH(7–33)-CBD) mice showed no
appreciable difference from those in the Chemotherapy + Vehicle group. The Chemotherapy
+ Agonist (PTH-CBD) mice again showed maximal chemotherapy-induced hair loss on Day
17 but showed more rapid regrowth and repigmentation of hair than Chemotherapy +
Vehicle mice, approaching that seen in the No Chemotherapy + Vehicle mice. Interestingly,
Chemotherapy + Agonist mice also showed greater regrowth of hair prior to the
chemotherapy-induced hair loss on Day 17. As would be predicted from the distribution
studies, these effects were not restricted to the site of injection, and reduced thinning and
color change in the nondepilated regions was also noticeable. In all groups, there was no
observable change in hair growth in regions where the hair coat is normally thin, that is, ears
and tail. Overall, it appeared that the agonist compound, PTH-CBD, had a more noticeable
effect on hair growth than did the antagonist compound.

Histology—Skin samples form the no Chemotherapy + Vehicle group showed normal
anagen and telogen hair follicles (Fig. 5). Histological examination revealed morphological
changes in the hair follicles after CYP therapy, which were more superficially located and
exhibited clumped melanocytes around the bulb, characteristics of the dystrophic anagen
and catagen phase. While PTH(7–33)-CBD appeared to have little effect on these changes,
PTH-CBD pretreatment led to deeper rooting and reduced melanocyte clumping, thus
reversing the dystrophic changes. Furthermore, there appeared to be a larger number of hair
follicles in the subcutaneous layer after PTH-CBD therapy; hair follicles in this anatomical
location can be presumed to be in the anagen VI phase. Histological sections of regions of
the tail, where the hair coat is normally thin, were indistinguishable between groups (not
shown).

Hair follicles were assessed quantitatively by counting the number of anagen VI hair
follicles per HPF on longitudinal sections at the region of maximum follicle density. When
compared with the No Chemotherapy + Vehicle group (49 ± 7), the number of anagen VI
hair follicles was significantly reduced in the Chemotherapy + Vehicle group (28 ± 1, p =
0.012) and the Chemotherapy + Antagonist group (23 ± 3, p = 0.004) (Fig. 6a). However,
the Chemotherapy + Agonist group (42 ± 6, p > 0.5, not significant (NS)) showed no
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significant reduction in the hair follicles compared to animals not receiving chemotherapy.
The greater number of presumed anagen VI follicles, together with the reversal of the
dystrophic changes in those follicles, likely accounts for the observed changes in hair
growth.

Bone Mineral Density—The distribution studies showed evidence of systemic
redistribution of the CBD peptides to bone, and PTH is a major regulator of bone
metabolism. Therefore, we measured the bone mineral densities in each animal at the start
and end of the experimental period (Day 39). We found significant increases in BMD from
baseline values in the No Chemotherapy + Vehicle group (0.054 ± 0.002 vs. 0.061 ± 0.006,
p < 0.05), as expected in normal young mice (Fig. 6b). There was no significant change in
BMD in the Chemotherapy + Vehicle group (0.052 ± 0.007 vs. 0.054 ± 0.004, NS),
consistent with the known effect of CYP to reduce bone formation.34,35 The Chemotherapy
+ Agonist group showed a similar increase in BMD as that seen in the No Chemotherapy +
Vehicle group (0.052 ± 0.007 vs. 0.059 ± 0.007, p < 0.05), whereas the Chemotherapy +
Antagonist group again showed no change (0.052 ± 0.005 vs. 0.054 ± 0.004, NS). Thus, it
appears that the agonist compound, PTH-CBD, restored the normal increase in BMD after
CYP treatment, whereas the antagonist compound had no effect on BMD. Orthogonal
analysis of the BMD values at 6 weeks by ANOVA followed by Dunnett’s test (comparing
all groups to the No Chemotherapy + Vehicle group) indicated that BMD values were
significantly reduced in the Chemotherapy + Vehicle and Chemotherapy + Antagonist
groups, but not in the Chemotherapy + Agonist group. Thus, PTH-CBD corrected the CYP-
induced bone loss to levels which were statistically indistinguishable from those of normal
mice.

Serum calcium—PTH is also a major regulator of calcium metabolism. As the
distribution studies showed evidence of systemic absorption of the CBD peptides, we
measured serum calcium levels at the time of sacrifice. Serum calcium levels showed no
significant changes between the groups (p = 0.22, NS, data not shown).

Discussion
PTH-CBD and PTH(7–33)-CBD are fusion proteins of a bacterial CBD and a PTH agonist
or antagonist, respectively. These compounds were designed to promote distribution and
retention of the active component to collagen-containing tissues, such as skin. The
compounds retained their activity at the PTH/PTHrP receptor and bound to Type I Collagen
in-vitro. Whole-animal biodistribution studies indicated that the compound was absorbed
after subcutaneous injection, but distributed back to sites where collagen is most abundant,
including skin and bone. Subcutaneous administration of PTH-CBD prior to chemotherapy
with CYP resulted in faster regrowth of hair and partial correction of chemotherapy-induced
hair changes, such as thinning and color change, when compared to animals receiving CYP
alone. These changes were grossly apparent in the photodocumentation record (Fig. 4). The
histological examination of the skin at the time of sacrifice showed a greater number of hair
follicles in the subcutaneous fat layer in mice pretreated with PTH-CBD and resolution of
the chemotherapy-induced dystrophy. The mice treated with CYP alone showed hair
follicles predominantly in the dystrophic anagen and catagen phases, where as those
pretreated with PTH-CBD led to deeper rooting and reduced melanocyte clumping thus
reversing the dystrophic changes. These follicles appear to be predominant in the
subcutaneous fat layer indicating that these are anagen VI hair follicles. The presence of
continued effects of a single dose of PTH-CBD throughout the duration of the study
suggests a prolonged effect of the compound, as might have been predicted based on its
collagen binding activity.
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Although the observed beneficial effects of PTH-CBD on hair growth in animals treated
with CYP is certainly encouraging, it is also important to compare the overall results with
those seen in animals which did not receive chemotherapy, as a measure of the clinical
significance of the results. Although PTH-CBD pre-treatment did increase hair growth on
the photodocumentation record, there was only a partial correction towards the degree of
regrowth seen in animals not receiving chemotherapy. We plan to conduct additional
studies, including a dose–response study and topical administration of PTH-CBD, to attempt
to achieve full correction of the CIA. Interestingly, PTH-CBD resulted in more rapid
regrowth of hair after depilation prior to the administration of CYP, suggesting a more
global effect on hair growth which may be effective in treating other forms of alopecia as
well. Importantly, there was no apparent change in hair growth, nor there were any evident
histological changes, in regions of skin (tail, ears) which do not normally have a full coat.

The distribution studies of PTH-CBD showed evidence of systemic redistribution to other
collagen-containing tissues, including bone, following subcutaneous injection. We have
previously reported that PTH-CBD has an anabolic effect in bone.32 Conversely, CYP has
direct effect to reduce bone formation and also induces hypogonadism, both of which reduce
BMD.34,35 Therefore, we measured the bone mineral densities of the mice in this study. As
expected, CYP-treated mice had lower BMD than those not receiving chemotherapy.
Animals pretreated with PTH-CBD showed higher BMD levels than those receiving CYP
alone, approaching those of the normal mice. In some circumstances, this anabolic bone
effect may be desirable as a means of reducing fracture risk. On the other hand, it could be
concerning in some patients, particularly those at increased risk for bone tumors. A modified
route of delivery, that is, topical administration, may result in reduced systemic absorption
and is currently being pursued. Topical administration may also help reduce concerns of
unanticipated toxicity and immunogenicity relating to the fact that PTH-CBD is a fusion
protein.

Hypercalcemia is a common side effect of PTH(1–34) therapy.36 Serum samples obtained at
the end of the study (Day 39) showed no significant changes in the calcium levels among the
groups. Given the fragility of the animals after CYP chemotherapy, we could not obtain
blood samples during the study without risking excess mortality. Additional studies are
underway with PTH-CBD in rats to assess acute and chronic effects of therapy on serum
calcium after subcutaneous injection.

In designing our antagonist compound, we took great care to choose a compound with
minimal intrinsic activity, as effects seen with a weak partial agonist could be the result of
either agonist or antagonist activity. CBD-linked peptides are concentrated in the skin, and
even weak partial agonist activity could result in a measurable biological effect. We
considered two models, amino-terminal truncation of PTH(1–33) and amino-terminal
extension of PTH(1–33). Amino-terminal truncation has been well-described to result in
conversion of PTH from an agonist to an antagonist.37,38 Amino-terminal extension is a
newer concept in design of PTH antagonists, based on the relative structure of PTH(1–34)
versus tuberoinfundibular peptide.23 We found that the antagonist activity of PTH(7–33)-
CBD and PTH([−1]–33)-CBD was quite similar, but the intrinsic activity of PTH(7–33)-
CBD was apparently lower. Therefore, we selected the purer antagonist compound for use in
these studies. PTH(7–33)-CBD is also more structurally similar to the previously tested PTH
antagonist, PTH(7–34), studied extensively in preclincal19 and in Phase II clinical trials for
the treatment of CIA by IGI Laboratories.

As PTH antagonists have also been described as stimulating hair growth in mice, including
those receiving CYP chemotherapy,18 we expected PTH(7–33)-CBD to show prominent
effects in our study as well. Surprisingly, PTH(7–33)-CBD had no effect on hair growth in
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CYP-induced alopecia. There were no evident changes at any time point in the
photodocumentation record between mice pretreated with PTH(7–33)-CBD and those
receiving CYP chemotherapy alone. The histological appearance of the hair follicles was
also indistinguishable, exhibiting clumped melanocytes around the bulb, both groups
showed smaller follicles which lacked hair shafts, and the follicles were predominantly in
the dystrophic anagen and catagen phase. Furthermore, there were no differences observed
in the number of anagen VI hair follicles per HPF between theses two groups.

There are several possible explanations as to why PTH(7–33)-CBD did not result in hair
growth in our studies. Although the CBD domain concentrates the peptide in the skin, it may
also have resulted in partial sequestration of the compound from the PTH/PTHrP receptor-
containing fibro-blasts. Such sequestration might be expected to have greater effects on the
function of an antagonist than that of an agonist, as antagonists need to be present in higher
concentrations to achieve their receptor blocking effects. Given the relatively high dose of
topically applied PTH(7–34) in previous studies (500 mcg/kg/day),19 it is also possible that
some of the observed effects of PTH antagonists on hair growth may be the result of weak
partial agonist activity (PTH(7–33)-CBD had no measurable agonist activity at the PTH/
PTHrP receptor). Most of the studies of hair growth effects of PTH antagonists have been
conducted in the Hairless mouse17,19; it is possible that PTH(7–33)-CBD does have positive
effects on hair growth in this model.

When considering the mechanism by which PTH-CBD promotes hair growth in CIA, it is
important to note that the mechanism by which chemotherapy results in hair loss is itself not
fully described. Chemotherapeutics target rapidly dividing cells, and one proposed
mechanism for alopecia is direct damage to the rapidly dividing cells in the hair follicle.39,40

Another proposed mechanism is an indirect activation of apoptosis in the hair follicles.10 In
our studies, we found evidence that PTH-CBD resulted in a greater number of hair follicles
in the subcutaneous layer, and that those hair follicles were predominantly in the anagen VI
or growth phase. The increase in anagen VI follicles after PTH-CBD treatment is a critical
observation, consistent with known effects of parathyroid hormone to increase production of
beta-catenin, which induces hair follicle transition to the anagen phase. In this phase, the
hair follicle may be paradoxically more susceptible to initial damage from chemotherapy;
however, the continued regenerative stimulus provided by PTH-CBD would result in more
rapid repair of this damage, with a net positive effect on hair growth after chemotherapy.
Consistent with this theory, PTH-CBD treatment did not prevent the chemotherapy-induced
hair loss seen in all groups on Day 13 but did result in more rapid and more complete
regrowth of hair by the end of the experimental period.

These studies represent a preliminary evaluation of the effectiveness of PTH agonists and
antagonists linked to a bacterial CBD in preventing CIA. The results show evidence of
efficacy for the agonist compound. Additional studies, optimizing the dose and route of
administration and testing in tumor-bearing models and in models where chemotherapy is
administered in a cyclical fashion, are currently underway. Formal toxicological and
immunogenicity assessments also need to be performed. Further test of targeted delivery of
PTH agonists to the skin may ultimately yield an effective therapy for this psychologically
devastating complication of chemotherapy.
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CBD collagen binding domain
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HPF high power field
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Figure 1.
In-vitro biochemical properties of fusion proteins. Collagen binding in-vitro. The indicated
proteins were incubated in collagen binding buffer in the presence (+) or absence (−) of
insoluble Type I collagen at 25°C for 30 min in 0.22-μm Ultrafree-MC microcentrifuge
tubes, followed by centrifugation. The filtrate was analyzed by SDS-PAGE (7.5%
acrylamide).
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Figure 2.
In-vitro biochemical properties of fusion proteins. Antagonist activity of these compounds to
the standard PTHrP agonist, PTH(1–34) was tested in-vitro. SaOS-2 cells (osteosarcoma
cells) were grown in McCoy’s medium to 80% confluence and trypsinized. Cells (1 × 106)
were seeded in each well of a six-well plate and were grown to 70–80% confluence. The
cells were then treated with different concentrations of the peptide after making appropriate
dilutions with binding buffer. Cyclic AMP accumulation after 1 hr of treatment was
measured. (a) Intrinsic activity. cAMP was measured after treatment with the indicated
peptides at a concentration of 1 × 10−7 M. *p < 0.01 versus basal (ANOVA followed by
Dunnett’s). (b) Antagonist activity. cAMP was measured after treatment with the indicated
peptides in the presence of PTH(1–34) (1 × 10−8 M) at a 10× concentration (1 × 10−7 M). *p
< 0.01 versus basal, #p < 0.05 versus PTH(1–34) (ANOVA followed by Bonferroni).
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Figure 3.
Tissue distribution of S35 labeled PTH-CBD. Whole-body autoradiogram obtained 1 hr after
s.q. injection of S35-labeled PTH-CBD. Whole-body autoradiogram obtained 12 hr after s.q.
injection of S35-labeled PTH-CBD.
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Figure 4.
Photodocumentation. Seven-week-old female C57BL/6J mice received single subcutaneous
injections of the indicated peptides at Day 7 followed by treatment with CYP at Day 9.
Serial photographs of one representative set of animals from each group, obtained at the
indicated time points, are shown.
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Figure 5.
(a–d) Histology (Day 39). Seven-week-old female C57BL/6J mice received single
subcutaneous injections of the indicated peptides at Day 7 followed by treatment with CYP
at Day 9. All mice were sacrificed at the end of the study. Skin samples from the dorsal
(nape of the neck to the middle of the back), ventral and tail regions were obtained. The skin
was fixed in 10% buffered formalin, and longitudinal slices were processed for routine
histology, using hematoxylin and eosin (H&E) staining.
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Figure 6.
(a) Hair follicle counts. Quantitative assessment of the hair follicles was done to determine
the number per HPF by two independent observers in a blinded fashion. Results are
expressed as mean ± standard deviation. *p < 0.05 versus vehicle, **p < 0.01 versus no
chemo ANOVA followed by Dunnett’s test. (b) Lumbar spine BMD after single dosing of
PTH-CBD. Seven-week-old female C57BL/6J mice received single subcutaneous injections
of the indicated peptides at Day 7 followed by chemotherapy with CYP at Day 9. Animals
were anesthetized, and the lumbar spine BMD was measured by DXA using a Hologic
QDR-1000plus at the start and the end of the experiment period (Day 39). The analysis was
performed by the same investigator in a blinded fashion. Lumbar spine BMD in excised
spine: Results are expressed as mean ± standard deviation. *p < 0.05 versus baseline, +p <
0.05 versus normal vehicle, ANOVA followed by Dunnett’s test.
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