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ABSTRACT

Purpose Recombinant osteoprotegerin (OPG) has been prov-
en to be useful for treating various bone disorders such as
osteoporosis. To improve its in vivo pharmacological effect,
OPG was conjugated to novel comb-shaped co-polymers of
polyethylene glycol (PEG) allylmethylether and maleamic acid
(poly(PEG), 5 kDa). Biodistribution and bioactivity were evaluated.
Methods OPG was conjugated via lysine to poly(PEG) and to
linear PEG (0.5 kDa and 5 kDa). Poly(PEG)-OPG was com-
pared with linear PEGO.5k-OPG and PEG5k-OPG in terms of
in vitro and in vivo efficacy and bone distribution.

Results The in vitro receptor binding study showed that poly
(PEG)-OPG could be the most bioactive among the three PEG-
OPG derivatives. Pharmacokinetic studies in ovariectomized (OVX)
rats showed that serum half-life and AUC of poly(PEG)-OPG were
comparable with those of linear PEG-OPG derivatives. For in vivo
pharmacological effect, poly(PEG)-OPG showed the strongest
inhibitory effect on bone resorption activity in OVX rats. Poly
(PEG)-OPG demonstrated enhanced bone marrow distribution
with higher selectivity than linear PEG5k-OPG.

Conclusion Poly(PEG) modification could provide longer
residence time in serum and higher bone-marrow specific
delivery of OPG, leading to a higher in vivo pharmacological effect.

KEY WORDS accelerator mass spectrometry - bone marrow
distribution - drug delivery - osteoporosis - PEGylation

INTRODUCTION

Osteoprotegerin (OPG) is a member of the tumor necrosis
factor receptor (I'NFR) superfamily (1,2) and a heparin-
binding basic glycoprotein with an apparent molecular
weight (M,,) of 110 kDa as a homodimer (1,3). OPG acts
as a soluble secreted receptor for the receptor activator of
nuclear factor-kappaB ligand (RANKL) expressed on the
osteoblasts, and prevents it from activating the receptor
activator of nuclear factor-kappaB (RANK) on the osteo-
clast surface (4—7). OPG was found to increase bone density
and strength and to improve the bone turnover state, which
can lead to an effective treatment of various bone disorders
such as osteoporosis and rheumatoid arthritis (1,8-11).
However, frequent administration at high doses of OPG
was required to exert the i viwo pharmacological effect
because OPG was rapidly and predominantly distributed
to the liver after systemic administration (12).

Y. Miyaji - Y. Furuta * A. Kurihara + M. Takahashi * T. Izumi + O. Okazaki
Drug Metabolism and Pharmacokinetics

Research Laboratories, Daiichi Sankyo Co., Ltd.

|-2-58 Hiromachi, Shinagawa-ku

Tokyo 140-8710, Japan

Y. Kasuya

Lead Discovery and Optimization

Research Laboratories |, Daiichi Sankyo Co., Ltd.
[-2-58 Hiromachi, Shinagawa-ku

Tokyo 140-8710, Japan

K.-i. Ogawara * K. Higaki

Department of Pharmaceutics, Faculty of Pharmaceutical Sciences
Okayama University

|-1-1 Tsushima-naka, Kita-ku

Okayama 700-8530, Japan

Present Address:

Y. Miyaji (<))

Center for Pharmaceutical and Biomedical Analysis
Daiichi Sankyo RD Novare Co., Ltd.

[-16-13 Kitakasai, Edogawa-ku

Tokyo 134-8630, Japan

e-mail: miyaji.yoshihiro.gw(@rdn.daiichisankyo.co.jp

@ Springer



3144

Miyaji et al.

Bioactive proteins intended for diagnosis and treatment
are required to ideally possess enhanced target tissue expo-
sure with retained biological activity. Modification of pro-
teins by attaching polyethylene glycol (PEG) chains
(PEGylation) has been commonly used to improve molecu-
lar stability (13,14), to reduce immunogenicity (15) and to
prolong the residence time in blood circulation (16-18).
Many researchers have shown that PEGylation is a well-
established strategy for intensifying the therapeutic and bio-
technological properties of proteins (19,20). The e-amino
group of lysine and the a-amino group of the N-terminal
residue are most commonly used as reactive sites on proteins
for PEGylation. Thus, most PEGylation methods usually
result in modification of multiple sites, which might lead to
reduction of i vitro biological activity and receptor binding
affinity of proteins because the biological active site might
also be covered due to steric hindrance of PEG (19). Such a
low receptor binding affinity caused by PEGylation could be
overcompensated by the systemic exposure increased by
PEGylation, resulting in the enhancement of  viwvo phar-
macological efficacy (17). However, it is still a challenging
technique for achieving both the enhancement of the target
tissue exposure and retention of receptor binding affinity. A
PEGylated interferon alpha-2 (PEG-IFN-a2), PEGASYS
(Roche), achieves a superior prolonged half-life and slight
in vitro biological activity compared with that of the unmod-
ified protein (21).
Corporation), another PEG-IFN-a2, has a moderately
improved half-life whereas it possesses relatively retained bio-

In contrast, PEG-Intron (Schering

logical activity of the original protein (22). Thus, depending on
the therapeutic strategies, appropriate PEGylation con-
ditions are required to achieve an optimal balance be-
tween the reduced biological activity and the prolonged
in vivo half-lives.

Recently, our group developed novel comb-shaped co-
polymers of polyethylene glycol allylmethylether and
maleamic acid (poly(PEG)) as a protein modifier (23). Our
poly(PEG) has multivalent and mild reactive sites of
maleamic acid, which has a different structure and charac-
teristics from the comb-shaped PEGs reported previously
(24,25), and comprises of linear PEG chains with an M, of
0.5 kDa. Our previous study demonstrated that the modifi-
cation of OPG with the poly(PEG) increased the systemic
exposure, resulting in its expanded pharmacological ability
to increase bone density compared with that of unmodified
OPG (23). However, the advantage of poly(PEG) over
commonly-used linear PEG remains unknown in terms of
ability to retain the receptor binding affinity of OPG, and to
enhance m vivo pharmacological activity and the bone tissue
distribution.

In the present study, two different strategies of PEGyla-
tion for the conjugation of recombinant human OPG were
employed as follows: [1] random PEGylation of primary
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amines using comb-shaped poly(PEG) with a total M,, of
5 kDa (poly(PEG)-OPG); [2] random PEGylation of prima-
ry amines using N-hydroxysuccinimide derivatives of linear
monomethoxy PEG (mPEG-NHS) with different M,,
(0.5 kDa or 5 kDa). Since PEG size can affect the pharma-
cokinetic properties and the biological activities of PEGy-
lated proteins (14,26,27) and poly(PEG) is a comb-Shaped
PEG (total M,, ca. 5 kDa) having linear 0.5 kDa PEG
chains, two kinds of linear PEG with M,, of 0.5 kDa
and 5 kDa were used to synthesize the linear PEG-OPG
derivatives. Then, the & vitro receptor binding affinity, m viwo
pharmacological efficacy, target tissue distribution and its
distribution mechanism of poly(PEG)-OPG were evaluated
and compared with those of linear PEG-OPG derivatives
by utilizing ovariectomized rats as an osteoporotic rat
model (28).

MATERIAL AND METHODS
Reagents

Recombinant human osteoprotegerin (OPG) was produced
by Daiichi Sankyo Co., Ltd. (Tokyo, Japan). AM-0510K
(polyPEG500-MAn(5 k)) and '*C-labeled AM-0510K (total
molecular weight (M,,), ca. 5 kDa; M,, of monomethoxy
polyethylene glycol chain, ca. 0.5 kDa), the precursor of poly
(PEG), were purchased from NOF Corporation (Tokyo,
Japan) and Sekisut Medical Co., Ltd. (Tokyo, Japan), respec-
tively. Non-radiolabeled and '*C-labeled poly(PEG) were
synthesized from AM-0510K as previously described except
that AM-0510K was stirred in 28% of aqueous ammonia at
15°C for 20 h (23). The chemical structures of AM-0510K
and poly(PEG) and their '*C-labeled positions are shown in
Fig. la. N-hydroxysuccinimide (NHS) derivatives of linear
monomethoxy PEG (mPEG-NHS) with M,, of 0.5 kDa (MS
(PEG)g) and 5 kDa (SUNBRIGHT ME-050AS) were pur-
chased from Thermo Fisher Scientific Inc. (Waltham, MA)
and NOF Corporation, respectively. A 96 well plate pre-
coated with anti-glutathione-S-transferase (GST) antibody
was purchased from Thermo Fisher Scientific Inc. The pro-
tein concentrations of OPG and PEGylated OPG deriv-
atives were determined using a DC protein assay kit (Bio-Rad
Laboratories, Inc., Hercules, CA) with bovine serum albumin
as a protein standard. Other reagents and solvents used were
commercially available.

Synthesis of Poly(PEG)-OPG and Linear PEG-OPG
Derivatives

To synthesize poly(PEG)-OPG, non-radiolabeled or '*C-
labeled poly(PEG) were attached to the lysine residues in
OPG by the method as previously reported with slight
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Fig. 1 Synthetic scheme of (a) .
poly(PEG) and (b) poly(PEG)- a Synthetic scheme of poly(PEG)
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modification (23). The supposed synthetic scheme of poly
(PEG)-OPG and the '*C-labeled position are shown in
Fig. 1b. Briefly, poly(PEG) was added to the OPG solution in
a phosphate buffer (100 mM phosphate buffer, 150 mM NaCl,
pH6.0) at a molar ratio of 30 (modifier/OPG). The pH of the
mixture was adjusted to 4.7 and incubated at 37°C for 96 h.
Although all maleamic acids of poly(PEG) could be hydrolyzed
by water after 96-h incubation at 37°C, pH4.7, the conjugation
ratio of poly(PEG)-OPG could not be decreased under these
conditions during the incubation. For synthesis of linear PEG-
OPG derivatives, PEG0.5k-OPG and PEG5k-OPG, OPG
(5 mg/ml in 10 mM phosphate buffer, 150 mM NaCl,

pH8.0, 0.1% polysorbate 80) was conjugated with more than
50-fold molar linear m-PEG-NHS with PEG M,, of 0.5 kDa
and 5 kDa, respectively, at room temperature for 1 h. PEG-
OPG derivatives were purified using a gel-filtration column,
Superdex 200 Hiload 16/60 (GE Healthcare UK Ltd., Litte
Chalfont, UK) at 4°C. Isocratic elution was carried out at a
flow rate of 1.2 ml/min using PBS (10 mM phosphate buffer,
150 mM NaCl, pH7.4). The fractions of PEG-OPG derivatives
were collected by monitoring the eluate at 220 nm, and then
concentrated at 4°C using an ultrafiltration (Amicon Ultra
NMWL:50 K, Millipore, Billerica, MA). The radiochemical
purity of *C-poly(PEG)-OPG was determined to be over
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97%. The concentrated PEG-OPG derivatives were stored
at —80°C until use. The purified PEG-OPG derivatives were
analyzed by sodium dodecyl sulfate-polyacrylamide gel (7.5%,
Ready gel J, Bio-Rad Laboratories) electrophoresis (SDS-
PAGE), conducted at a constant voltage of 200 V. Gels were
then fixed and stained for protein using Coomassie Blue R-250
(Bio-Rad Laboratories). The apparent My, of PEGylated OPG
derivatives were determined by KODAK 1D Image Analysis
Software (Eastman Kodak Company, Rochester, NY).

Radioiodination of OPG, Poly(PEG)-OPG
and PEG5k-OPG

OPG, poly(PEG)-OPG and PEG5k-OPG (50 pg) were la-
beled with 1 mCi of sodium '*I-iodide (PerkinElmer, Inc.,
Waltham, MA) using a modified lactoperoxidase method as
previously described (12). Briefly, to OPGs dissolved in PBS-
T0.01 (PBS containing 0.01% polysorbate 80, pH7.4) sup-
plemented with 74 pg/ml lactoperoxidase (Sigma-Aldrich
Corp., St. Louis, MO), 10 pL of hydrogen peroxide
(0.88 mM) was added, and then hydrogen peroxide was
added three times at 5 min intervals. The protein-associated
radioactivity was separated from the free '*I-idodine using a
PD-10 column (GE Healthcare UK Ltd.) and the ra-
diochemical purity was determined to be over 97%.
The radioactivity in the samples was determined by
gamma counting for 1 min using an Auto-Gamma Counting
Systems RiaStar (PerkinElmer, Inc.).

In Vitro Receptor Binding Affinities of OPG
and PEG-OPG Derivatives

The inhibitory effect of OPG and PEG-OPG derivatives on
the receptor binding of '*’I-OPG was determined using the
cell-free binding assay (5,12) with minor modification. Brief-
ly, human RANKL fused to GST (Oriental Yeast Co., Ltd.,
Tokyo, Japan) was added to each well of a 96-well plate pre-
coated with anti-GST antibody and then incubated at room
temperature for 2 h. After washing with PBS-T0.1 (PBS
containing 0.1% polysorbate 20, pH7.4), the well was incu-
bated with '*I-OPG (final concentration, 0.03 nM) and
OPG or PEG-OPG derivatives in total volume of 100 pl
of PBS-TO.1 at room temperature for 2 h. After collecting
the supernatant, each well was washed with PBS-T0.1 and
lyzed with 100 pl of 2 N NaOH. Radioactivity in the
supernatant for free OPGs and the lysate for bound OPGs
was determined by gamma counting. Non-specific binding
of 'I-OPG was also evaluated in the presence of 50-fold
excess of non-labeled OPG and was subtracted from each
bound amount. The bound levels of '*’I-OPG to RANKL
were expressed as the percentage of the control level, which
was determined by incubation with only '*’I-OPG. The
half-maximum inhibition concentration (IC5y) of OPG or
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PEG-OPG derivatives was obtained by using the following
equation:
Bmax -C

B=By————— |

O IG + C 1)
with WinNonlin Professional (Version 5.2.1, Pharsight Cor-
poration, Mountain View, CA). In the equation, B, By and
Bax mean the binding percent, the total binding percent
(=100%) and maximum binding percent, respectively.

Animals

Female Fischer (F344) rats, ovariectomized (OVX) at
12 week of age, were purchased from Charles River Japan,
Inc. (Yokohama, Japan). OVX rats were acclimatized for
2 week in a controlled animal area at a room temperature of
23£2°C under a 12-h light-dark cycle with artificial light-
ing. Rats were fasted overnight before the experiments and
a laboratory diet was given to them 8 h after each admin-
istration. Tap water was given ad lLbitum throughout the
study. Animal experiments were conducted in accordance

with the Institutional Animal Care and Use Committee of
Daiichi Sankyo Co., Ltd.

Pharmacokinetic Studies

OPG, PEGO0.5k-OPG, PEG5k-OPG (0.3 mg/2 ml/kg) or
poly(PEG)-OPG (0.5 pg/2 ml/kg and 0.3 mg/2 ml/kg),
dissolved in PBS-T0.01, was intravenously administered to
OVX rats (n=4) under ether anesthesia. Serum concentra-
tions of each protein were determined using Human Osteo-
protegerin Instant ELISA kit (eBioscience Inc., San Diego,
CA). Pharmacokinetic parameters for each protein were
determined using WinNonlin Professional. The area under
the serum concentration-time curve (AUC) extrapolated to
infinity was calculated following the trapezoidal rule. The
elimination terminal half-life, the total body clearance (CL),
the mean residence time (MRT) and the volume of distri-
bution at steady state (Vdss) were calculated.

For the tissue distribution study, OVX rats (n=3) were
sacrificed at 3, 24 and 168 h after intravenous administra-
tion of "*C-poly(PEG)-OPG (0.5 ug/kg, 1.4 nCi/kg) with or
without co-administration of non-radiolabeled poly(PEG)-
OPG (0.3 mg/kg). Blood was withdrawn from the abdom-
inal aorta. The liver, kidneys, spleen, muscle, femur bones
and bone marrow were excised, rinsed with PBS (pH7.4),
and weighed. Then the radioactivity in each tissue and
serum was determined using accelerator mass spectrometry
(AMS) as described below. The radioactivity of the dosing
solution was measured by liquid scintillation counting using
a 2300TR counter (PerkinElmer, Inc.). For analysis of the
metabolite profile, the serum and bone marrow were
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collected at 3 h after intravenous dosing of '*C-poly(PEG)-
OPG (0.5 png/kg) into OVX rats. The bone marrow was
hydrolyzed with an equivalent amount of lysis buffer (PBS-
T0.01, pH7.4, 2% Triton-X and protease inhibitor cocktail
(Sigma-Aldrich)) on ice for 1 h and then homogenized. The
mixture was centrifuged at 12,000g, 4°C for 3 min, and the
supernatant was subjected to the HPLC system. The serum
sample was mixed with an equal volume of lysis buffer and
the obtained sample was used for HPLC analysis.

Pharmacological Study

After intravenous administration of OPG or PEG-OPG
derivatives (0.3 mg/kg) to OVX rats (n=>5), blood samples
were collected from the jugular vein at 0, 2, 5 and 10 day
post-dose. Serum osteoclast-derived tartrate-resistant acid
phosphatase form 5b (TRACP 5b) levels were determined
as a biomarker of histological determination for the osteo-
clast number and bone resorption activity in rat bone (29),
using a RatTRAP Assay kit (Immunodiagnostic Systems
Ltd., Tyne & Wear, UK). The serum TRACP 5b levels
were expressed as a percentage of the level at Day 0 (% of
initial) in each treatment group. The AUC values of the
serum TRACP 5b levels were also calculated using the
trapezoidal rule.

Accelerator Mass Spectrometry (AMS) Analysis
of Total '“C Content in the Tissues

AMS analysis was performed at the Institute of Accelerator
Analysis Ltd. (Motomiya, Japan). Sample preparation for
AMS analysis was performed according to the method
described by Kitagawa ¢t al. (30) and Miyaji et al. (31). To
convert to units of the *C-concentration (dpm '*Ci/g or ml)
in the sample, the percentage of carbon is accounted for as
follows:

(dpm/gormlL) = (dpmHC/gC) x Carbon content(gC /g or ml)

where the carbon content (gC/g or ml) in the sample was
calculated from the amount of CO, gas measured with a
capacitance gauge. The '*C-content in the samples was
expressed by the following equation:

Sample'*C-content = compound'*C-content
+ biological*C-content
+ carrier'*C-content

The biological '*C-content was obtained from the pre-
dose sample in each matrix, and the carrier '*C-content was
measured independently. The compound '*C-content was

calculated by subtracting these two values from the total
14 :
C-content in the sample.

HPLC Analysis

"C-poly(PEG)-OPG standard solution was analyzed by size
exclusion (SE)-HPLC using a Shimadzu LC-10Avp HPLC
system (Kyoto, Japan) with an online radioactivity detector
(B-RAM model 3, IN/US Systems, Tampa, FL). An aliquot of
" C-poly(PEG)-OPG was injected on to a 300x 7.8 mm
TSKgel GW3000SWXL column (TOSOH Co., Ltd., Tokyo,
Japan) at room temperature. Elution was carried out using
PBS-T0.01 at a flow rate of 1 ml/min and mixed with Eco-
scint Flow (National Diagnostics, Atlanta, GA), a scintillation
fluid cocktail, at a flow rate of 1 ml/min. For analysis of the
metabolite profile of '*C-poly(PEG)-OPG, the serum and
bone marrow samples were separated by HPLC, the eluate
was fractionated at a 1 min interval and the '*C-content in
each fraction was determined by AMS as described above.

Whole-Body Autoradioluminography and Imaging
Analysis

At 3 h after intravenous administration of '*I-PEG5k-OPG
or "PLpoly(PEG)-OPG (0.5 ug/6 uCi/kg) to OVX rats
(n=3), blood samples were collected and the rats were euthan-
ized with COy and then fixed by flash-freezing in an n-
hexane/dry ice bath and embedded in 5% carboxymethyl
cellulose. Fifty-um thick sagittal cryosections for whole-body
autoradioluminography were prepared as previously de-
scribed (12). The sections were each exposed to an imaging
plate (BAS-MS2040, Fuji Photo Film Co., Ltd.; Tokyo, Japan)
for 24 h. The imaging plates were then analyzed using a Bio
Imaging Analyzer (BAS-2500, Fuji Photo Film Co., Ltd.). The
intensity of the radioactivity (photo-stimulated luminescence
per unit area, PSL/mm?) was determined for each tissue. The
radioactivity in the blood (cpm/g) and the dosing solution was
determined by gamma counting. Each calibration curve was
prepared from the PSL/mm? value of the blood sample
enclosing the known radioactivity concentration (cpm/g)
obtained from each rat. The PSL/mm? value in each tissue
was converted to the radioactivity in each tissue (cpm/g) using
the calibration curve.

Statistical Analysis

All data were expressed as the mean * S.D. of more than
three experiments. The statistical analysis was performed us-
ing SAS System Release 8.2 (SAS Institute Inc., Cary, NC).
The statistical significance in the differences of the means was
evaluated by Student’s ¢test and Tukey’s test for the single
and multiple comparisons of experiment groups, respectively.
Differences were considered to be significant when p<0.05.
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RESULTS
Physicochemical Characteristics

The apparent M,, of OPG, poly(PEG)-OPG, and the two
different linear PEG-OPG derivatives (PEG0.5k-OPG and
PEG5k-OPG) analyzed by SDS-PAGE were 90 kDa,
110 kDa, 130 kDa and 240 kDa, respectively (Fig. 2). The
apparent M,, of OPG obtained in the present study was slightly
different from the reported values (1,3). This was thought to be
due to the difference in the acrylamide concentrations of gels
used for SDS-PAGE. The specific radioactivity of *C-poly
(PEG) and "*C-poly(PEG)-OPG was estimated to be 4.26 Bq
per pmol of "*C-polyPEG and 9.7 Bq per pmol of OPG using
the apparent M,, of "*C-poly(PEG) (5 kDa) and OPG (90 kDa),
respectively. From the ratio of the specific radioactivity of '*C-
poly(PEG)-OPG to that of '*C-poly(PEG), the average number
of ""C-poly(PEG) molecules attached to an OPG molecule was
estimated to be approximately 2.28. The attached number of
poly(PEG) was also estimated to be about 4 based on the
calculation by dividing the M, difference (ca. 20 kDa) between
poly(PEG)-OPG and OPG by the M,, of poly(PEG) (ca.
5 kDa). In a similar manner, the number of linear PEG0.5k
or PEG5k molecules attached to OPG could be estimated to be
approximately 80 or 30, respectively.

Receptor Binding Affinity

The in vitro receptor binding affinities of OPG, poly(PEG)-
OPG, PEG0.5k-OPG and PEG5k-OPG were determined in
the cell-free inhibition assay against the binding of "*’I-OPG to
RANKL (Fig. 3). OPG was found to have the highest affinity

kDa M 1 2 3 4

250

150

100

75 -

Fig. 2 SDS-PAGE analysis of OPG and PEG-OPG derivatives. Lane M,
molecular weight marker; lane |, OPG; lane 2, poly(PEG)-OPG; lane 3,
PEGO.5k-OPG; lane 4, PEG5k-OPG. Gels were stained with Coomassie blue.
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for its receptor with an ICs5( value of 0.215+0.048 nM. On the
other hand, the IC5, of poly(PEG)-OPG was 0.437
0.186 nM, indicating that poly(PEG)-OPG retains high affinity
for the receptor comparable with that of unmodified OPG.
Furthermore, it was also found that the affinity of poly(PEG)-
OPG was >1000-fold and 6-fold greater than those of
PEGO0.5k-OPG and PEG5k-OPG, respectively (Fig. 3).

Pharmacokinetic Profiles in OVX Rats

Serum concentration-time profiles of OPG, poly(PEG)-OPG,
PEGO0.5k-OPG and PEG5k-OPG (0.3 mg/kg) after intrave-
nous administration to OVX rats are shown in Fig. 4. Phar-
macokinetic parameters are summarized in Table I.
Unmodified OPG was rapidly eliminated from the systemic
circulation with a half-life of 2.54 h at the terminal phase,
whereas poly(PEG)-OPG, PEGO0.5k-OPG and PEG)k-
OPG had significantly prolonged terminal half-lives of
10.5, 14.6 and 11.6 h, respectively. The AUC values of
PEG-OPG derivatives were more than 90 times larger
than that of unmodified OPG, especially poly(PEG)-
OPG and PEGO0.5k-OPG showed the largest values. The
results also showed that CL and Vdss were significantly
decreased by PEGylation.

In Vivo Pharmacological Effect in OVX Rats

The in vivo pharmacological activities of OPG, poly(PEG)-
OPG, PEG0.5k-OPG and PEG5k-OPG (0.3 mg/kg) were
evaluated in OVX rats by observing their decreasing effect
on the serum TRACP 5b level, a biomarker of histological
determination of osteoclast bone resorption activity (Fig. 5). In
poly(PEG)-OPG- and PEG5k-OPG-treated rats, serum levels
of TRACP 5b reached the minimal levels on Day 2, then
gradually increased to the same level as those in OPG- and
PEGO.5 k-OPG-treated rats on Day 10. Single administration
of poly(PEG)-OPG or PEG5k-OPG significantly decreased
the serum levels of TRACP 5b on Day 2 to 37% and 59% of
the OPG value, respectively. Furthermore, polyPEG)-OPG
demonstrated significantly the most effective pharmacological
action among all the preparations examined.

Tissue Distribution of '“C-poly(PEG)-OPG

Figure 6 shows the time course of the total radioactivity in the
tissues after intravenous administration of '*C-poly(PEG)-
OPG at a tracer dose (0.5 pg/kg) to OVX rats. The radioac-
tivity was cleared from the circulation relatively fast, but the
distribution of radioactivity to the bone marrow (14.1% of
dose/g tissue) was very fast and reached the highest level
among the tissues examined. The high levels of radioactivity
were also observed in the liver (9.63% of dose/g tissue) and
spleen (7.54% of dose/g tissue) at 3 h post-dose. The levels of
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% of control

50

25

Protein ICs0 (NM)

OPG 0.215+0.048*

Poly(PEG)-OPG 0.437 £0.186*
PEGO0.5k-OPG 1140 + 550

PEG5k-OPG 2.63+1.78"

10
Protein (nM)

100

1000

Fig. 3 In vitro receptor binding affinities of OPG and PEG-OPG derivatives to RANKL. The inhibitory effects of OPG (open circle), poly(PEG)-OPG (closed
dircle), PEGO.5k-OPG (closed triangle) and PEG5k-OPG (open triangle) were determined in the cell-free inhibition assay against binding of '°I-OPG to
RANKL. The data were fitted to Eq. | and the lines shows the theoretical values of OPG (bold line), poly(PEG)-OPG (dotted line), PEGO.5k-OPG (dashed
line) and PEG5k-OPG (solid line) generated by Eq. |. Results are expressed as the mean = S.D. for at least six individual determinations. The inset shows
the ICs values calculated by following Eq. |. The ICsq values of each treatment group were compared by Tukey's test (p < 0.05). *, significant difference

from PEGO.5k-OPG.

the radioactivity in the bone marrow, liver and spleen retained
until 168 h.

The metabolite profiles of '*C-poly(PEG)-OPG in the sc-
rum and bone marrow obtained at 3 h post-dose were also
analyzed by SE-HPLC and AMS detection (Fig. 7). The chro-
matogram of "C-poly(PEG)-OPG in the serum indicated that
approximately 88% of total radioactivity was observed at a
retention time of 7 min (Fig. 7b), corresponding to the un-
changed form of "*C-poly(PEG)-OPG as shown in that of the
dosing solution (Fig. 7a). On the other hand, the chromatogram

100000
10000
1000
100

10

Serum concentration (ng/ml)

0.1

001 1 1 1 1 ]
24 48 72 96 120
Time (h)

Fig. 4 Serum concentration-time profiles of OPG and PEG-OPG
derivatives after intravenous administration (0.3 mg/kg) to OVX rats.
Serum concentrations of OPG (open circle), poly(PEG)-OPG (closed
circle), PEGO.5k-OPG (closed triangle) and PEG5k-OPG (open triangle)
were determined by ELISA. Results are expressed asthe mean = S.D.
of four rats.

of "*C-poly(PEG)-OPG extracted from the bone marrow
showed broad double peaks at 6 and 10 min (Fig. 7c), suggest-
ing that the majority of radioactivity in the bone marrow was
derived from the degraded form of '*C-poly(PEG)-OPG.

Comparison of Tissue Distribution of '**I-poly(PEG)-
OPG with '**I-PEG5k-OPG by Quantitative
Whole-Body Autoradioluminography

Tissue distribution of ' *I-poly(PEG)-OPG was quantitatively
compared with that of '*’I-PEG5k-OPG after intravenous
administration (0.5 pg/kg) to OVX rats by autoradiolumi-
nography. Representative luminograms of '*’I-poly(PEG)-
OPG and '"PI-PEG5k-OPG at 3 h post-dose are shown in
Fig. 8a and b, respectively. The radioactivity level was the
highest in the bone marrow for both '*I-poly(PEG)-OPG and
25 PEG5k-OPG, but the bone marrow distribution of '*°I-
poly(PEG)-OPG was significantly higher than that of '*I-
PEG5k-OPG. In the case of '*I-poly(PEG)-OPG, the radio-
activity level in the bone marrow was 4.0-fold, 4.5-fold and 2.6-
fold higher than those in the liver, adrenal and blood, respec-
tively (Fig. 8c). On the other hand, in '*I-PEG5k-OPG-trea-
ted rats, the bone marrow distribution of the radioactivity was
slightly higher than those in the liver (1.3-fold), adrenal (1.6-
fold) and blood (1.2-fold).

Investigation of Dose-Dependent Pharmacokinetics
of Poly(PEG)-OPG

To evaluate the possible non-linearity in pharmacokinetics of
poly(PEG)-OPG, the dose-normalized serum concentration-
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Table I Pharmacokinetic Parameters of OPG and PEG-OPG Derivatives after Intravenous Administration at a dose of 0.3 mg/kg to OVX Rats

Protein Half-life (h) AUC (ug-h/ml) CL (ml/h/kg) MRT (h) Vdss (ml/kg)
OPG 2.54+0.11 0.507 +0.070 601 =86 0.847 +0.036 509 +78

Poly(PEG)-OPG 10.5+03% 2 ¢ 90.4+4.4"° ¢ 332+0.16° I1.7+05%° ¢ 38.8= 1.5
PEGO.5k-OPG 14.6+0.5% 97.8+5.2° 3.07+0.16% 10.6+0.4% 32.6= 1.6
PEGS5k-OPG I1.6+02%"° 469+ 13*° 6.40+0.18° 8.48+0.61%° 543+4.0°

AUC the area under the serum concentration-time curve; CL the total body clearance; MRT the mean residence time; Vdss the volume of distribution at
steady state. Results are expressed as the mean = S.D. of four rats. The parameters of each treatment group were compared by Tukey's test (p <0.05)

“significant difference from OPG
® significant difference from PEGO.5k-OPG
“significant difference from PEG5k-OPG

time profiles of poly(PEG)-OPG after intravenous administra-
tion to OVX rats at doses of 0.5 pg/kg and 0.3 mg/kg were
examined (Fig. 9a). As shown in Table II, CL and Vdss
significantly decreased and half-life at terminal phase signifi-
cantly increased with the increase of dose, indicating that the
non-linear process was involved in the pharmacokinetics of
poly(PEG)-OPG.

For tissue distribution, the effect of excess non-radiolabeled
poly(PEG)-OPG (0.3 mg/kg) on the tissue distribution of '*C-
poly(PEG)-OPG (0.5 pg/kg) was evaluated in OVXrats at 3 h
post-dose (Fig. 9b). The co-administration of excess non-
radiolabeled poly(PEG)-OPG dramatically reduced the bone
marrow distribution of ' *C-poly(PEG)-OPG to about 25% of
that in the control rats, suggesting that the uptake of ' *C-poly
(PEG)-OPG into the bone marrow would be at least partly
mediated by some saturable processes. The serum level had

100

80

significantly increased, which coincided with the results shown
in Fig. 9a. However, no significant difference was observed for
the hepatic distribution between the two groups.

DISCUSSION

To improve the i viwo pharmacological effect of OPG,
several PEG-OPG derivatives were synthesized and exam-
ined in the present study. It is known that PEG size can
affect the pharmacokinetic properties and the biological
activities of PEGylated proteins (14,26,27). In the present
study, therefore, linear PEG0.5k-OPG and linear PEG5k-
OPG were compared with poly(PEG)-OPG, because poly
(PEG) is a comb-Shaped PEG (total M,, ca. 5 kDa) having
some linear 0.5 kDa PEG chains. In our preliminary study,

Q2
n
E—) u_g 60
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=35
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g =~ 40
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Protein AUC
(% of initial-day)
20 OPG 650 = 18
Poly(PEG)-OPG 435 + 72%1.#
PEGO0.5k-OPG 678 + 80
0 . . . , _PEG5k-OPG 564 + 367
0 2 4 6 10
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Fig. 5 Serum TRACP 5b level-time profiles (% of initial) after intravenous administration of OPG and PEG-OPG derivatives (0.3 mg/kg). Serum TRACP 5b
levels in the rats treated with OPG (open circle), poly(PEG)-OPG (closed circle), PEGO. 5k-OPG (closed triangle) or PEG5k-OPG (open triangle) were determined
using a TRACP 5b ELISA kit. The serum TRACP 5b levels were expressed as a percentage of the level on Day 0 (% of initial) in each treatment group. Results are
expressed as the mean =+ S.D. offive rats. The inset shows the AUC of TRACP 5b levels calculated by following the trapezoidal rule. The AUC of each treatment
group were compared by Tukey's test (p < 0.05). *, significant difference from OPG; , significant difference from PEG0.5k-OPG; *, significant difference from
PEG5k-OPG.
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Fig. 6 Tissue distribution of radicactivity after intravenous administration of
"*C-poly(PEG)-OPG (0.5 ug/kg) to OVX rats. The radioactivity assodiated in
the bone marrow (closed square), spleen (open square), liver (closed circle),
serum (open circle), kidney (closed triangle), bone (open triangle) and muscle
(closed diamond) was determined by AMS and normalized with the weight (g)
of each organ or the serum sample collected. The results, % of dose per gram
in each organ, are expressed as the mean = S.D. of three rats.

when OPG was conjugated with fewer molar of linear
PEG5k than that in the present study (total Mw was similar
to that of poly(PEG)-OPG) to eliminate the effect of molec-
ular weight difference. However, the conjugate showed little
in vivo pharmacological activity due to the short residence
time in systemic circulation which was no more than 5-fold
higher than that of unmodified OPG. The importance of
the present study was to find out PEG-OPG derivatives
showing the good bone marrow delivery of OPG and to
show the effects of the polymer structure and reaction man-
ner of poly(PEG) on PEGylation domain of OPG. Thus,
OPG was conjugated with a large excess of each linear PEG
and poly(PEG) and the derivatives showing the residence
time in systemic circulation similar to that of poly(PEG)-OPG
were obtained.

The biological activity of OPG depends on the specific
binding to RANKL (4-7) via the receptor binding domain
existing in the N-terminal region of OPG (1,33). A heparin-
binding domain in the C-terminal region of OPG, which is
lysine-rich and highly-basic, has no precise effect on the
receptor binding of OPG (32). In the present study, poly
(PEG)-OPG showed the extended i vivo half-life and AUC
compared with unmodified OPG, which were found to be
comparable to those of linear PEG-OPG derivatives (Fig. 4
and Table I), although poly(PEG) molecules modified OPG
in a different manner from linear PEG molecules and the
number of poly(PEG) molecules attached to OPG could be
much less than that of linear PEG molecules (Fig. 2). The
short half-life of OPG from the systemic circulation is at-
tributed to the interaction with the liver via the heparin-
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Fig. 7 Typical profiles of degradation of "*C-poly(PEG)-OPG in the serum
and bone marrow. (a) SE-HPLC-radiochromatogram of '*C-poly(PEG)-
OPG dosing solution: SE-HPLC-AMS chromatograms of '*C-poly(PEG)-
OPG in (b) serum and (c) bone marrow. Serum and bone marrow were
collected at 3 h after intravenous administration of '*C-poly(PEG)-OPG
(0.5 ug/kg) to OVX rats. The radioactivity of each fraction was determined
by AMS.

binding domain of OPG (12), although basic proteins and
peptides are known to be rapidly distributed to the tissues,
resulting in their rapid elimination (34). In addition, DS5-
OPG in which the heparin-binding domain of OPG was
masked with dextran sulfate, revealed a significantly longer
in vivo half-life than OPG (12). These reports clearly indicate
that the interaction with liver via heparin-binding domain of
OPG is important for OPG derivatives to eliminate from
systemic circulation, therefore, the modification with poly
(PEG) or linear PEG would effectively mask the heparin-
binding domain at similar levels.

@ Springer



3152

Miyaji et al.

Bone marrow Liver

. -~

A o T e

Bone marrow

g FL

% of dose/g tissue

Blood

Liver  Kidney Spleen Adrenal Lung Bone
marrow

Fig. 8 Whole-body tissue distribution of radioactivity at 3 h after intrave-
nous administration of '?*I-PEG-OPG derivatives to OVX rats. (a) '*°I-
poly(PEG)-OPG (0.5 ugkg). (b) '*°I-PEG5k-OPG (0.5 ughkg). (c) The
tissue distribution (% of dose/g tissue) of '**I-poly(PEG)-OPG (open column)
and '?°I-PEG5k-OPG (closed column), which were calculated from the
whole-body autoradioluminograms using a Bio Imaging Analyzer. Results are
expressed as the mean with the vertical bar showing S.D. for three rats. The
tissue distribution of '#I-poly(PEG)-OPG was compared with that of '*I-
PEG5k-OPG by Student's t-test (*p <0.01, **p <0.001).

On the other hand, poly(PEG) modification could sub-
stantially preserve the binding affinity of OPG to RANKL
(Fig. 3), whereas linear PEG modification severely reduced
the receptor binding affinity by less than one-fifth compared
with poly(PEG)-OPG. In addition, poly(PEG)-OPG showed
the highest i vwo potency among the three PEG-OPG
derivatives examined (Fig. 5), although  vivo half-life and
AUC of poly(PEG)-OPG were comparable to those of linear
PEG-OPG derivatives (Fig. 4 and Table I). These results
also support that poly(PEG) modification has an advantage
over the linear PEG modification, although the exact con-
jugation sites of poly(PEG) remains to be clarified.
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Fig. 9 Dose-dependent pharmacokinetics of poly(PEG)-OPG. (a) Dose-
normalized serum concentrations-time profiles of poly(PEG)-OPG after
intravenous administration at doses of 0.5 ug/kg (open circle) and 0.3 mg/
kg (closed circle) to OVX rats. Serum concentrations were determined by
ELISA. Results are expressed as the mean = S.D. of four rats. (b) Effect of
excess non-radiolabeled poly(PEG)-OPG on the tissue distribution of '*C-
poly(PEG)-OPG. "*C-poly(PEG)-OPG (0.5 ug/kg) was intravenously co-
administered with (open column) or without (closed column) non-
radiolabeled poly(PEG)-OPG (0.3 mg/kg) to OVX rats. The radioactivity
concentrations of the bone marrow, liver and serum at 3 h post-dose were
determined by AMS. Results are expressed as the mean with the vertical
bar showing S.D. of three rats. The tissue distribution in control rats was
compared with that in the rats treated with excess non-labeled poly(PEG)-
OPG by Student’s t-test (*p <0.01, *p <0.001).

Since intravenously injected OPG was mainly distributed to
the liver, where OPG concentration was about 7-fold higher
than that in the bone marrow (12), it was clearly indicated that
poly(PEG) modification could successfully increase the bone
marrow distribution of OPG, which was the highest among the
tissue examined (Fig. 6). A greater part of the radioactivity
distributed into the bone marrow existed as degraded forms
of "C-poly(PEG)-OPG at 3 h post-dose (Fig. 7c), while almost
all of "C-poly(PEG)-OPG existed as an intact form in the
serum (Fig. 7b). Furthermore, the bone marrow distribution
of "*C-poly(PEG)-OPG was remarkably reduced by co-
administration of excess non-radiolabeled poly(PEG)-OPG
(Fig. 9b). These results suggest the RANKI-mediated distribu-
tion and internalization of poly(PEG)-OPG into the bone
marrow cells, followed by degradation in lysosomes and pro-
teasomes, which was reported in the case of OPG (33).
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Table Il Pharmacokinetic Parameters of Poly(PEG)-OPG After Intravenous Administration at Doses of 0.5 ug/kg and 0.3 mg/kg to OVX Rats

Dose Half-life (h) AUC/dose (ng-h/mi)(ug/kg) CL (mi/h/kg) MRT (h) Vdss (ml/kg)

g g g g
0.5 ughg 2.70+0.12 66.6+9.7 152+2.0 2.93+0.23 443+3,]
0.3 mgkg 4.57+0.39 211 +8 475+0.18 5.94+0.46" 282+1.8

AUC the area under the serum concentration-time curve; CL the total body clearance; MRT the mean residence time; Vdss the volume of distribution at
steady state. Results are expressed as the means = S.D. of four rats. The parameters of 0.3 mg/kg were compared with those of 0.5 ug/kg by Student’s

t-test ('p<0.05)

In whole-body autoradioluminography (Fig. 8), '*’I-poly
(PEG)-OPG showed significantly higher bone marrow dis-
tribution, better bone marrow-to-blood ratio and bone
marrow-to-liver ratio than those of '*’I-PEG5k-OPG, sug-
gesting that '*I-poly(PEG)-OPG has a promising ability for
the specific distribution to the target tissue compared with
linear PEG5k-OPG. For evaluation of tissue distribution of
poly(PEG)-OPG, '*C-labeled poly(PEG)-OPG in which the
polymer was '*C-labeled, and '*I-labeled poly(PEG)-OPG
in which the protein was '*’I-labeled, were used in the
present study. Since the detection method was also different,
the absolute values of the tissue concentrations of '*Ci-poly
(PEG)-OPG could not completely be consistent with those
of '"*I-poly(PEG)-OPG (Figs. 6 and 8). However, the
descending order of the tissue concentration of the radioac-
tivity was almost consistent between '*C-poly(PEG)-OPG
and 'I-poly(PEG)-OPG (bone marrow > liver = spleen =
blood > kidney).

Poly(PEG)-OPG showed non-linear pharmacokinetic
properties (Fig. 9a and Table II) , which may be attributed
to the saturable uptake process by the bone marrow due to the
following reasons. The average weight of the whole bone
marrow of rats used in this study was estimated to be 3.1 g
based on the report that the total bone marrow weight was
4 /200 g rat (35). Therefore, the radioactivity in the whole
bone marrow and whole liver were calculated to be 44% and
35% of dose at 3 h post-dose of '*C-poly(PEG)-OPG (0.5
pg/kg), respectively, based on the results shown in Fig. 6. This
estimation suggests that the uptake amount to the bone mar-
row was larger than that to the liver, and that about half of the
total uptake clearance of '*C-poly(PEG)-OPG could be at-
tributed to the uptake clearance to the bone marrow, which
would be saturable while the hepatic uptake might not be
saturable (Figs. 3 and 9b). It was also reported that saturable
bone marrow uptake by the specific receptor could substantially
contribute to the non-linear elimination of nartograstim which
is the recombinant human granulocyte colony-stimulating
factor derivative (36).

A heparin-binding domain in OPG has high-density basic
amino acids such as lysine exposed to solvent compared with
other domains (32). Since the carbonyl carbons of the neigh-
boring maleyl amide bond could be vulnerable to a nucleo-
philic attack by primary amines, this could lead to binding to

the primary amines and leaving of the amino groups from the
maleyl amide bond (37). In addition, it was confirmed that
e-maleyl-lysine was formed when maleamic acid was incubat-
ed with L-lysine overnight at 37°C, pH4.7 (data not shown).
Thus, the carbonyl carbons in maleyl amide bond of poly
(PEG) could bind to the e-amino group of L-lysine in OPG via
the nucleophilic substitution to form e-maleyl-lysine conjuga-
tion. Furthermore, because poly(PEG) has a number of mal-
camic acid units in which there are negatively-charged
carboxyl groups and reactive maleyl amide groups, poly
(PEG) could easily approach the heparin-binding domain
with electrostatic interaction, but is not likely to electrostati-
cally bind other domains in OPG. In addition, since the
reactivity of maleamic acid units of poly(PEG) is quite mild
(37) and the structure of poly(PEG) is sterically-bulky, lysine
residues beyond the surface could not be easily modified by
poly(PEG). Therefore, fewer numbers of poly(PEG) molecules
could modify OPG at the heparin-binding domain compared
with linear PEG molecules. These reasons described above
would have resulted in that poly(PEG) could effectively cover
the heparin-binding domain with fewer numbers of poly
(PEG) molecules (Fig. 4 and Table I) and preserve the binding
affinity for RANKL (Fig. 3). On the other hand, linear PEG-
NHS molecules could modify more numbers of lysine residues
prevailing throughout OPG, because N-hydroxysuccinimide
in linear PEG-NHS molecules have extremely high chemical
reactivity (38), and linear PEG 1is not sterically-bulky com-
pared with poly(PEG). Therefore, the numbers of linear PEG
molecules attached to OPG were much larger than those of
poly(PEG) molecules. These would be reasons why linear
PEG molecules are likely to modify the receptor binding
domain, compared with poly(PEG) molecules, resulting in
the drastic reduction of the biological activity of linear PEG-
OPG derivatives (Figs. 3 and 5).

Although it would be a challenging goal to site-specifically
modify with PEG, any preferable amino acids in a protein,
poly(PEG) could preferentially modify a heparin-binding do-
main of OPG without application of site-directed mutagenesis
of a protein in the present study. Since many bioactive pro-
teins such as the vascular endothelial growth factor (39) and
basic fibroblast growth factor (40) have a heparin-binding
domain having the motifs of which the majority have the
consensus amino-acid sequences (41), similar to the heparin-
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binding domain of OPG (1,3), poly(PEG) has the potential to
be applicable to other bioactive proteins to modify the
heparin-binding domain, although further research would
be necessary for it.

In conclusion, a novel comb-shaped poly(PEG) modifica-
tion of OPG could effectively mask the heparin-binding do-
main of OPG, leading to the prolongation of the residence
time in the systemic circulation, and could preserve the bind-
ing affinity for RANKIL, resulting in the bone-marrow specific
delivery and the enhancement of the  vivo pharmacological
efficacy. The present study clearly indicated that poly(PEG)
modification would be the better option for optimizing a
therapeutic potential of OPG.
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