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Improved Therapeutic Efficacy in Bone and Joint Disorders by Targeted Drug Delivery to Bone
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Site-specific drug delivery to bone is considered achievable using acidic amino acid (L-Asp or L-Glu) homopeptides
known as acidic oligopeptides. We found that fluorescence-labeled acidic oligopeptides containing six or more residues
bound strongly to hydroxyapatite, which is a major component of bone, and were selectively delivered to and retained in
bone after systemic administration. We explored the applicability of this result for drug delivery by conjugation of es-
tradiol and levofloxacin with an L-Asp hexapeptide. We also similarly tagged enzymes (tissue-nonspecific alkaline phos-
phatase, B-glucuronidase, and N-acetylgalactosamine-6-sulfate sulfatase) and decoy receptors (endogenous secretory
receptor for advanced glycation end products and etanercept) to assess whether these would improve therapeutic effica-
cy. The L-Asp hexapeptide-tagged drugs, including enzymes and decoy receptors, were efficiently delivered to bone in
comparison with the untagged drugs. An in vivo experiment confirmed the efficacy of L-Asp hexapeptide-tagged drugs
on bone and joint disorders, although there was some loss of bioactivity of estradiol and levofloxacin in vitro, suggesting
that the acidic hexapeptide was partly removed by hydrolysis in the body after delivery to bone. It was expected that the
ester linkage to the hexapeptide would be susceptible to hydrolysis in situ, releasing the drug from the acidic oligopep-
tide. These results support the usefulness of acidic oligopeptides as bone-targeting carriers for therapeutic agents. We
present some pharmacokinetic and pharmacological properties of the L-Asp hexapeptide-tagged drugs.
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Table 1. Binding Parameters of Fmoc-(L-Asp), and Fmoc-
(L-Glu) , to HAP

Compounds Kq (uM) |Bpax (nmol/h/100 ug HAP)
Fmoc-(L-Asp), |n=2| >100 n.d.
4 |12.1+1.3 0.34+0.04
6 6.0=0.8 1.57+0.16
8 5.2+0.6 1.61£0.18
10 | 2.5£0.2 1.66+0.17
Fmoc- (L-Glu) , |n=2| >100 n.d.
4 [13.2+1.1 0.42+0.05
6 6.4+0.7 1.59£0.17
8 5.2+0.6 1.61£0.13
10 | 2.4%0.3 1.66£0.16

Each value represents the mean+S.E. of three experiments. HAP,
hydroxyapatite; Ky, dissociation constant; B,., maximal binding rate;
n.d., not determined. Adapted from Ref. 2).

Fig. 1. Bone Distribution of Fluorescein Isothiocyanate-
tagged (L-Asp) ¢ (FITC-Dg)

FITC-Dg was injected into mice vig tail vein at a dose of 1 mg/kg body
weight. At 24 h, the femurs were dissected, sectioned, and observed by
fluorescent microscopy to evaluate the FITC-D4 distribution at the
metaphyseal region. FITC-Ds was distributed to the mineralized region (ar-
row head) but not to the growth plate. GP, growth plate.
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Fig. 2. Structure of Estradiol-3-succinate-Dg (E,-3Dg)
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Fig. 3. Structure of Levofloxacin-3-glycolate-Dg (LVFX-Dg)
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N-signal peptide sequence

Human TNSALP

GPI anchoring signal
peptide sequence

Anchor-intact

TNSALP (Met1-Ser17)

(Leu18-Ser505)

(Leu506-Phe524)

Human TNSALP

N-signal peptide sequence
Anchorless
TNSALP (Met1-Ser17)

(Leu18-Ser505)

N-signal peptide sequence

TNSALP-D; (Met1-Ser17)

(Leu18-Ser505)

Human TNSALP Linker Ds
(Thr Gly Glu (Asp Asp Asp
Ala Glu Ala) Asp Asp Asp)

Fig. 4. Schematic Peptide Sequences of Anchor-intact Tissue Nonspecific Alkaline Phosphatase (TNSALP), Anchorless TNSALP,

and Dg-tagged TNSALP (TNSALP-Dg)
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N-signal peptide sequence Human esRAGE
esRAGE (Met1-Gly22) (Ala23-Met347)
N-signal peptide sequence Human esRAGE Linker Ds
i g (Thr Gly Glu (Asp Asp Asp
esRAGE-Ds (Met1-Gly22) (Ala23-Met347) Ala Glu Ala) | Asp Asp Asp)

Fig. 5. Schematic Peptide Sequences of Endogenous Secretory Receptor for Advanced Glycation End Products (esSRAGE) and Dg-
tagged esSRAGE (esRAGE-Dg)

24 h 72h 168 h

esRAGE

Fig. 6. Bone Distribution of FLuorescence-labeled esRAGE and esRAGE-Dg

Fluorescence-labeled esSRAGE or esRAGE-Dg was intravenously injected into mice at a dose of 1 mg/kg body weight. At the indicated time-points, the femurs
were dissected, sectioned, and observed by confocal laser scanning microscope to evaluate the distribution of esSRAGE and esRAGE-Dg at the femoral epiphysis.
esRAGE and esRAGE-Dg¢ were distributed in bone marrow but not in articular cartilage. Only esSRAGE-D¢ was additionally distributed and retained in the mineral-
ized region. AC, articular cartilage. Scale bar=100 um; adapted from Ref. 12).

esRAGE-Dg

BT g &0

o=\ b . # 4

1 4 A
ke g 7
- V%7 b

s ViR
4 Al )

L

Sham Control

‘B

Fig. 7. Improvement of esSRAGE-Dg, but not esRAGE, on Histopathological Abnormalities in Knee Joints of Collagen-induced
Arthritis Mice
esRAGE or esRAGE-Dg4 was once-weekly administered into arthritis mice via intraperitoneal injection at a dose of 1 mg/kg body weight. At 3 weeks after first
administration of eSRAGE or esRAGE-Dg, the legs were dissected and sectioned, followed by Safranin O staining. Treatment of esSRAGE-Dg improved the
histopathological abnormalities including depletion of proteoglycan and chondrocytes, and rough surface in articular cartilage, whereas esSRAGE did not show sig-
nificant improvement. AC, articular cartilage; JC, joint cavity. Scale bar=100 um; adapted from Ref. 12).

JEMEY A N DR EFET S, RE@EEE %R esRAGE OB\ ZE D 572912, esRAGE
7= 7 WAl 5 % RAGE (esRAGE) X HMGBI1 @ D C KuiiZ Dg &2 3% L 7= (esRAGE-Dg, Fig.
(BEOZRK) EUTHIEET 2729, RAITIHEE 5).12 esRAGE & 7\ esRAGE-Dg O &5k % 8 5

IRERT EEAZSNS. DNDNIL esRAGE D MITT D728, FEHRH L7288, YU A DFIRNIC
AT AW FEREA E U T OIS 2 R&HEE &G L. 52,6, 24, 72, 168 KRR ML, [T
L, B4 IXTF RIZE> T esRAGE O F e, Bz L, MU 2ERL 2 T ORI
fRmE % E 0, esRAGE O RA ITH T 2R #R) R Y o#EOLEIER L — BRI TRIRL, M
Bz Hig L7z Mo e L 2. RREBmMITHBNWT,
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esRAGE [3# 5 6 ¢[i %, Hhi~\D MM R0 5
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I3 L 7z. esRAGE & U} esSRAGE-Dg i3, HMGBI
IZ& - THEBINS TNF-a 3z W NS [IRE
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HMGB1 @ B E0ZFK] EUTHAET S Z &R
MR TE.

esSRAGE & T esSRAGE-Dy D RA IZ%T 5 18#E%)
REeWmitdsz0, 2772 FHMERAETTIY
™7 Z1Z esSRAGE & % ) i3 esSRAGE-Dy 2 Z 1711 1
mg/kg DG ETIHE 1 [H, 3 EMERENERE L.
JREVEIELS, DUFRREOFEIR - AR (BT X O 7)
T O IR B 1 D Y BEAHAR U Fr 2 Bl % 2 &I K
D17>72. RAEFTIVY T ZADBEERZ 37 13HEEE
FICEEIML TWo 72y, IR GREH L T
esRAGE % 5B T3 O MBI % X a7 M
LERETTHoDITK L, esRAGE-Ds & 58T
W EBEE D AR S Tz, IR SR O L
MU B LR, AiMmEkoRE, EEOE
&, B & H OBIENE D 54, esRAGE # 5%
THRFOMANED SN, LrL,
esSRAGE-Dg % 5 TIZ Z O X D ImBGMF E A
ERDsNmMho 7= (Fig. 7).

eSRAGE-Dg 132 D EmWEIRAMEIC K > TAz<
EH 1AMICOZD BB TIERZREL, a5 —
7 UHERME RA BTV T ZICBUT D W IRARE K O
B - BiEZ%EL . 2L, esRAGE-Dg IT
£>THMGB1 > 7 F IV &2HET S LA RAR
BRI D 1 DI/ 2 L ENATHHDTH .

TNF-o 7Y RA OJFRED HFLEY R EIZ K- L T
5ZEM5, INFFaDBEVZEKRTHDHITY %

W7 NOEERIZB T 2HMEEERICHS h &l
TWa, bhbiuiaos—7 Rk RAETILY
A ZRWERGNCE D, T IV T MM A
JORTF RZ2#_ET S 2 ETRAITHT BIRED)
REMEIELZEITHILTNS, ZDXDIT,
A ) IRTF RICKDEYOBY -7 T4 27
WEEBREEBZT TR, BEEREDIREIIBNTHHE
NCTHDZENHSNERD T,

6. HhHYIC
FREEOMFERRR, B IXRTF Rick b
WMoY —7 7« 27 NE - BEREDBEICBN
THERICAEI THDZEENNTHIHOTHD. B
AV IRTFRENA ROFTTNNY A FEDH
FEDRE W=D, BEA ) IXRTF RICKBHY —
T TN TFIET TR NVEDE D
ERBOTICOANTHS. £z, LiLOEBELS
ZHZDMEZ < DF - BEEBISHNEETH %
EEZOND. LU FECEEA) IXT
FRONA ROFTT7INY A1 b EDFEWEMM,
BnS OEYEREZES B THokhEg e RETE
BNZENHD., BNSOERYEHZEEL 2R
TITTFHA CNEETHD, 5HOMIEHREETH
%,

BEE  AMHEZRITT S RIIBNT, JHREE
THEBE AN D £ U 7o bk RS A TR S i R 2L
% WA A E<SHALE L EFET. £
72, AWFEOREITICNS-0 TieE 20 £ Uzdtke
REFELI GRS FHE > & — 8% BB
A, RIRRFEAZBR BAHKR ALY IV T
Ly B 745 2R /NRIEGEEIE FREIREEIC
DERVEHMB L P ET. Higlc, HAEZRTR
ERER BN OCBEHRE O H IR N LET

MzEAER BRSNS HZRAH TR,
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