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COMPOSITIONS AND METHODS FOR TREATING OR PREVENTING
OSTEQARTHRITIS

CROSS-REFERENCE TO RELATED APPLICATIONS
5 This application claims the benefit of ULS. Provisional Application No. 61/640,886,
filed May 1, 2012, and U.S. Provisional Application No. 61/697 423, filed Septeraber 6,
2012, both of which are incorporated herein by reference in ifs entireties.
STATEMENT OF GOVERNMENTAL INTEREST
This tnvention was made with U.S. government support under grant no. ARGS53973
10 and grantwo. DKOS7S0L. The ULS. govermrnent has certain rights in the invention.
FIELD OF THE INVENTION
The present invention relates to the field of osieoarthritis. More specifically, the
present invention provides corapositions and methods useful tor treating or preventing
ostegarthritis.
15 BACKGROUND OF THE INVENTION
Osteoarthritis is the most common degenerative joint disorder, mainly afflicting the
weight-bearing joints, hike hips and kuees, and is the leading cause of physical disability,
predicted to affect 67 million people in the United States by 2030, Despite the identified risk
factors, e.g. mechanical, metabolic or genetic, the exact pathogenesis of osteocarthritis remains
20 unclear. Currently, there is no effective disease modifying treatmoent for ostecarthritis until
the end stage of diseasc necessitating joint replacement.
SUMMARY OF THE INVENTION
The present invention is based, at least in part, on the discovery that inhibition of

transformung growth factor beta (TGF-beta or TGF) can be used as a therapy for
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osteoarthritis. In addition, the present inventors discovered that bone marrow osteoid
islet/lesions can be used as a biomarker or readout to monitor the progress of osteoarthritis
therapies.

In one aspect, the present invention provides methods and compositions useful for
treating or preventing osteoarthritis, In one embodiment, a method for treating or preventing
30 osteoarthritic in a patient comprises the step of administering o the pationt a therapeutically
effective amount of a transformoing growth factor beta (TGF-beta) intubttor. In a specific
erabodiment, the TGF beta is a member of the TGF-beta superfamily. In more specific
embodiments, the TGF-beta is TGF-beta 1, TGF-beta 2, TGF-beta 3. in a specific

embodiment, the TGF-beta is TGF-beta 1. In other embodiments, the inhubitor is a sioall
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molecule, an antibody, a protein, a peptide, or a nucleic acid. In a specific embodiment, the
inhibitor is an antibody. In other embodiments, the mhubttor inlubits active TGF-beta, a
TGF-beta receptor, a protease responsible for activating a precursor TGF-beta into mature
TGE-beta, expression of TGF-beta, or combinations of the foregoing.

iIn particular embodiments, the inhibitor is admimistered into the subchondral bone
arca. In a more specific embodiment, a method for treating or proventing osteoarthritis
ostegarthritis in a paticnt comprises the step of administering to the patient a therapeutically
effective amount of a TGF-beta inhibitor into the subchondral bone area. In another
emnbodiment, a method for freating or proventing osteoarthritis osteoarthritis in a patient
comprises the step of adroinistering to the patient a therapeutically effective amount of a
TGE-beta 1 blocking antibody into the subchondral bone area.

The present invention also provides a method for preventing onset of Hgaroent injury-
mduced ostecarthritis in a paticnt comprising the step of administoring to the patient a
therapeutically effective amount of a TGF-beta inhibitor into the subchondral bone of the
joint affected by the injured ligament. In a further embodiment, a method for preventing
onset of Hgament injury-induced osteoarthritis in a patient comprises the step of
administering to the patient a therapeutically effective amount of a TGF-beta inlubitor into
the subchondral bone of the joint affected by the injured ligament.

The present invention also provides a method for reducing the degeneration of
articular cartilage in 8 joint comprising the step of administering an effective amount of a
TGF-beta inhibitor locally at or near the joint site. In one embodiment, the inhibitor is
administered into the subchondral bone area of the joint. In another embodiment, the
inhibitor is a small molecule. In certain ernbodiments, the small molecale is halofuginone,
kartogenin, or SB-505124. in certain embodiments, the TGF-beta inhibitor is conjugated to
bisphosphonate or a derivative thereofl In a specific embodiment, the bisphosphonate is
alendronate. The preset invention also provides a method for treating or preventing
ostecarthritis 1n a patient comprising the step of administering an effective amnount of a small
molecule TGF-beta 1 inhibitor conjugated to bisphosphonate.

In another aspect, the present invention provides methods for diagnosing osteoarthritis
and monttoring treatment thereof. Tn general, the formation, presence, absence, increase or
decrease in bone marrow osteoid islets/lesions can be used to diagnose or monitor treatraent
of osteoarthritis. In one embodiment, 3 method for diagnosing osteoarthritis in 2 patient
comprises the step of identifying the presence or absence of osteoid islets in the subchondral
bone marrow of the patient, wherein the presence or absence of the osteoid islets provides the

2



g

24}

A
194

30

WO 2013/166156 PCT/US2013/039076

diagnosis. In a specific embodiment, the islets are identified by using magnetic resonance
imaging (MRI). In one embodiment, a method for diagnosing osteoarthrifis 1o a patient
comprises the step of identifying the preseuce or abhsence of osteoid slets in the subchondral
bone marrow of the patient using magnetic resonance imaging (MR, wherein the presence
or absence of the osteoid islets provides the diagnosis. In another embodiment, a method for
monitoring osteoarthritis therapy in a patient comprises the step of comparing the extent of
osteoid sfets formation in the subchondral bone marrow of the patient at at least two time
points, wherein the osteoid islets are detected using MRI Time points can include, but are
not himited to, prior to, during and after osteoarthritis treatroent. In a further embodiment, the
present invention provides a method for treating osteoarthritis in 4 patient comprising the
steps of {a) detecting the presence of osteoid islets in the subchondral bone marrow of the
patient using MR and (b) administering 8 TGF-P inhibitor to the patient.
BRIEF DESCRIPTION OF THE FIGURES

FIG. 1, Upregulated TGF-§ signaling in the subchondral bone is associated with
changes of subchondral bone architecture in ACLT mice. (a{top)) Three-dimensional high-
resolution pCT iroages of tibial subchondral bone medial compartment {sagittal view) at §,
30, or 60 days post sham or ACLT surgery. Aliered morphology of subchoundral bone plate is
mndicated by red arrows. Scale bar, 500 um. {a{center)) Sanfranin O-Fast green staining of
sagittal sections of tibia medial compartment, proteoglycan (red) and bone {green). Arrows
mndicate loss of proteoglycan at 30 and 60 days post-surgery. Scale bar, 580 pm. {a(bottom)
H&E staining of subchondral bone plate (SBP) and cartilage. Hyaline cartilage (HC) and
calcified cartilage (CC) thickness are indicated by double arrowed lines. Scale bar, 100 pm.
{b-d) Quantitative analysis of structural parameters of subchondral bone by uCT analysis:
total tissue volume (TV), thickness of subchondral boune plates (S8BP Th) and trabecular
pattern factor (Th. P). = 8; *£ < {1.05 vs. sham group at corresponding time points; £ <
{1.05 vs. ACLT group at 30 days post-surgery. () OARSI scores at -9 days post-surgery.
p= 3 B P < (.05 and *FP < Q.01 vs, Day 0 group. (1) TRAP staining (pink, top), scale bar,
200 um and immunohistochemical analysis of pSmad2/3” cells (brown, bottom), scale bar,
100 um in mouse tibial subchondral bone after ACLT surgery. Quantitative analysis of
TRAP" or p-Smad2/3” cells per bone marrow area (om’), reported as mean = SD. # = 8§; *P
< .05 vs. Day G group.

FIG. 2. CED mice with transgenic activating mutation of TGF-$1 demonstrate knee
OA phenotype. (8} uCT images of transverse, coronal and sagittal views of tibia subchondral

bone of 4 month old CED mice vs, wild-type {WT) littermates. Scale bar, fmm, with
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quantitative analysis of structural parameters of subchondral bone: total tissue volume (TV),
thickness of subchondral bone plates (SBP Th) and trabecular pattern factor (Th. P, (b)
Sanfranin O-Fast green, scale bar, 300 pm{top) and H&F staining of sagittal sections of tibia
medial compartraent, scale bar, 100 um{bottom), Double arrowed lines indicate hyaline
cartilage (HC) and calcified cartitage (CC) thickness. Subchondral bone plate = SBP,
{¢) OARSI scores of CHD vs. WT littermates. () CT-based micro-angiography of tibia
subchondral bone of CED vs, WT littermates with guantification of vessel volume relative o
tissue volume {VV/TV)} and vessel number (YN}, S¢ale bar, 500 um. (¢, §)
Immunchistochemical or immunofluorescent analysis of CD317 (brown), scale bar, 50 um
{e); nestin’ (red, top), scale bar, 50 umy; osterix” (brown, bottom) cells, scale bar, 100 um.
DAPT stains nuclei (blue) (f(top)) in tibial subchondral bone of CED vs. WT littermates. {a-f)
poe= 1 ¥ P <08, ¥FP <001, (g ELISA analysis of active TGF-B1 in condition medium of
human tibia subchondral bone specimen. Healthy: subchondral bone collected from healthy
donors, Oac’: OA subchondral bone with articular cartilage, Oac” QA subchondral bone
without articular cartilage. n = 10; *F < 0,05, **P < 0.01. Data reported as mean + SD.
FIG. 3. TERI inhibutor stabilized subchondral bone architecture and attenuated
articular cartitage degeneration in ACLT mice. (a) Three-dimensional pCT troages of tihia
subchondral bone medial compartment (sagittal view) of mice treated with 1 myg kg™ of TERI
mnhibttor daily for 30 days and sacrificed 1 or 2 months post ACLT or sham surgery. Scale
bar, I mm. (b-d) Quantitative analysis of structural parameters of subchondral bone by pCT
analysis; tissue volume {TV), thickness of subchondral bone plate (SBP), and trabecular
pattern factor (Th. P (e} Sanfranin O-fast green staining of articular cartilage in sagittal
sections of tibia medial coropartment from mice treated with vehicle or whibitor for 1 month
and sacrificed 2 months post ACL'T or sharn surgery. Scale bar, 500 um (top) or 100 yre
(bottom), () CARSI scores of sham or ACLT mice treated with either vehicle (Ve) or TBRI
inhibitor (In). (g, h) Quantitative analysis of the percentage of MMP 13" and type X coliagen’
chondrocytes in immunchistochemically stained articalar cartilage tissue sections. (i)
Maxcontactat{%) of the gait analysis in mice 2 months post ACLT or sham surgery treated
with vehicle or inhibitor for T month, 7= 8-12: *P < .05 **P < .01 vs. Ve Sham: P <

0.05,

s

F<0.01 ve, Ve ACLT, NS: not significant. Data reported as mean + SD

FIG. 4. TERI inkubitor reduced uncoupled bone formation and angiogenesis in ACLT
mice. (a} lmnunofluorescent or immunochistochemical analysis and guantification of nestin
{red} and osterix (brown} in tibial sebchondral bone collected one month after sham operation
treated with vebicle (Sham), ACLT operated treated with vehicle (Vehicle), or ACLT
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operated treated with TBRI mbibitor (Inhibitor). DAPI stains nuclet (blae) {(top). Scale bars,
50 ym. (b} Iromunchistochemical avalysis of osteocalein (brown) and trichrome stajning in
tibial subchondral bone sections. Scale bars, 50 um. Open arrowheads indicating
osteocalein’ cells and close arrowheads indicating osteoid. (¢} Flow cytometry analysis of
nesiin and osterix in bone marrow from mouse subchondral bone. {d) Caleein (green) and
xylenol orange {orange) fluorescent double labeling, Scale bar, 100 wm. {¢) Western blot
analysis of pSmadl/5/8, Smadl/5, pSmad? and Smad?2 of in cultured MSCs treated with
increasing doses of recombinant hTGF-B1 () Immunchistochemical analysis and
quantification of pSmad2/3, pSmadl, ALKS and ALK (all stained brown) in subchondral
hone of the maice 2 weeks post-surgery. Scale bar, 50 um. (g) Irenwnohistochemical analysis
and quantification of CD31 (brown) in subchondral bone. Scale bar, S0 pm. () CT-based
micro-angiography of the tibia subchondral bone and quantification of subchondral bone
vessel volurae (VV) and vessel number (VIN}, Scale bar, 500ur. (1) Perfusion rate obtained
via T2 weighted MRI scanning with contrast. {§) Representative MRI T1 weighted images.
Red arrow indicates bone marrow lesion, = 8-12: *P <(1.08 vs. sham; P < .05 vs. vehicle.

FIG. 5. Local subchondral administration of TGF-f antibody reduced abberant
subchondral bone formation and articular cartilage degencration in ACLT rats. (1) Three
dimensional pCT images of tibia subchondral bone medial compartment (sagittal view) in
rats that underwent sham (Sham) or ACLT surgery with implantation of an alginate bead
containing either vehicle (Vehiele) or TGF-f antibody (Antibody) 3 roonths post-surgery.
Scale bar, 1 mm. (b-d) Quantitative analysis of structural parameters of subchondral bone by
uCTanalysis: thickness of subchondral bone plate (SBP), trabecular patiern factor (Th. Pf)
and convnectivity density {Conn. Dn). {e) Immunochistochemical and quantitative analysis of
osterix (brown). Scale bars, 100 um. (f) Sanfranin O-fast green staining of sagitial sections
of subchondral tibia medial compartment, scale bar, 460 um. (g) OARSI scores. (h)
immmnofluorescent or immunohistochemical and quantitative analysis of type X collagen
{green,) and MMP13 (brown) in articular cartilage. DAPT stains nuelet (blue) {center). Scale
bars, 200 pm. # = &; *F < 0.05, #F < (.01 vs. sham, "F < 0.05 vs. vehicle ACLT rats.

FIG. 6. Inducible knockout of TARH in nestin’ cells reduced the changes in
subchondral bone and articular cartilage 1n ACLT mice. (a) Three-dimensional uCT images
of tibia subchondral bone medial compartient (sagittal view) in wild-type (WT) or Nestin-
Cre™ER: - TRRIFT (TARIT) mice 2 months after undergoing sham or ACLT surgery. Scale
bar, 500 um, and quantitative analysis of structaral parameters of subchondral bone by

uCTanalysis: subchondral bone tissue volume (TV), thickness of subchondral bone plate
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{SBP)}, and trabecular pattern factor (Th. Pf). (b) Imommohistochemical and quantitative
analysis of osterix {(brown). Scale bar, 100 pro. (¢) Double-immumotloorescent analysis of
osteocalein (red) and B-gal (green) in subchoudral bone of Nestin-Cre ™ ER:: Rosa26-Lac?™
mice that underwent sham or ACLT operation and were treated with vehicle- or TBRI
inhibttor. Scale bar, 40 pm. (d) Sanfranin O-fast green and H&E staining of the sagittal
sections of tibia medial compartmoent. Scale bar, 100 un. (¢) QARSI scores. ()

Max comntact at(%) of the gait analysis in mice. (g) Immunohistochemical and quantitative
analysis of MMP13 and type X collagen (both stain brown), HC = hylane cartitage; CC =
calcified cartilage; SCB = subchondral bone., n = 8, ¥ P < 0.05, ¥*P <001 vs. wild type
sham, "P < 0.05, P < 0.01 vs. wild type ACLT group. Scale bars, 100 pm. (k) Model of
elevated active TGF-81 in the subchondral bone at the onset of OA. TGF-§1 is activated in
the subchondral bone in response to abnormal mechavical loading. The accursulated high
concentrations of active TGF-f1 stimuilate increases in MSCs and osteoprogenitors in the
marrow, which lead to aberrant bone formation and angiogenesis for OA progression,

FIG. 7. Characterization of human knee joints with OA. (3) Representative 3D
reconstructed pCT tmages (top panel) and H&E staining (bottom panel) of cross-section of
subchondral bone medial conmpartment. The coronal view in the top panel demonstrates
increased bone volume and disrupted bone structure in OA patients compared to healthy
controls. Consistent with pCT scanning results, hyaline cartitage (HC) was decreased over
OA subchondral bove. At the same time, caleified cartitage (CC) and subchondral bone
{SCB) moved toward articular cartilage, and articular cartilage was totally lost at the late
stages of OA. Double tide marks are indicated by arrows. {b-d) Quantitative analysis of
structural parameters of subchondral bovne from uCT analysis: bone volume/tissue volume
{(BV/TV) (b}, bone mineral density (BMD) (), and average subchondral bone plate thickness
(SBP Th){d). BY/TV increased at the sites where cartilage was worn out (Jac-). BMD was
not significantly increased parallel (o the bone volume fraction, indicating that the newly
formed bone was less mineralized. The average SBP Th was greater in OA samples
compared to healthy controls, regardiess of the presence of articular cartifage. (¢) Percent
distribution of SBP Th (SBP Th Distr). The increased thickness of the SBP i QA samples
was not uniform. Consistent with the result shown in panel (e}, the SBP generally becare
thicker as evidenced by a right shift in the distribution curves in the QA samples. {g)
Immunochistochemical analysis of pSmad?2/3 in tibia subchondral bone. Consistent with

mncreased levels of active TGFBLin OA subchondral bone, pSmad2/3+ cell number was also
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increased in OA subchondral bone. # = 10; *P <0.05; **P < §.01 vs. healthy, Gac+: OA
subchondral bone covered with cartilage, Oac-: OA subchondral bone without cartilage.

FIG. R: Computerized simulation of articular cartilage stress distribution changes with
subchondral bone expansion or subchondral bone material propertics in human tibia. (a-b)

5 An cstablished FE model of lnunan tibial plateau was used for strmulation. The subchondral
plate modulus Laferal Stress distribution in tibial articular cartilage ) p subchondral boune size
expansion is sinmulated based on previcusly published data from large-scale clinical 0A
stadiest-3 in order to predict overlying articular cartilage stress distribution changes. (¢-¢)
As compared with the normal situation {¢), an incremental increase of 1% {(d)or 2% {e) in

10 subchondral bone stze will lead to a significant increase 1u the stress of articular cartifage. ()

The stress distribution in human articular tibial cartilage with the normal subchondral
stiffness modalus under dynamic compression loading of body weightd, Point I is the peak
stress in the medial condyle articular cartilage; Point I is the peak stress in lateral condyle.
{2} According to previously published data of bone mineral density with QA progression3, it
15 s estimated that the increment of subchondral plate stiffness modulus by 10% or 20% will
result in sigoificant increase in peak stress on articular surface for both medial and lateral
condyles.
FIG. 9: Distribution of osterix-positive celis in bone marrow of tibial subchondral
bone in ACLT osteoarthritis mouse model. (a) Representative images of

20 imwnunohistochernical analysis of TRAP (red) v ) and osterix (brown) staining in bone

marrow arca of tibial subchondral bone in ACLT OA mouse model at § (deft column), 14
{middie column), and 30 days {(right cohmn) after ACLT surgery. (b} Histomorphometry
analysis atlas of overall distribution of osterix and TRAP positive cells in bone marrow of

tibial subchondral bone. TRAVP positive cells {osteoclasts) represent the bone remodeling

A
194

surface and are indicated as white lines; osterixpositive celis are indicated as green dots. As
compared with those in Day 8, osteoclasts were increased at day 14 and reduced to baseline
by Day 30; in contrast, osterig-positive cells were jucreased in tibial subchondral bone
marrow at Day 30, # =&

FIG. 16 Type 1 TGFBireceptor (TBRI) inhibitor dose dependent effects on articular
30 cartilage and subchondral bone. (a) Safranin O staining of tibia articular cartilage and
adjacent subchondral bone of knce joints from ACLT mice treated with different doses of
TER] inhibitor 2 month after ACLT surgery. {b) 3D reconstructed uCT images of
subchondral bone knee joints from ACLT. Cuantitative analysis of uCT parameters of

subchondral bone at 30 and 60 days post ACLT surgery: bone vohume/tissue vohirse
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{(BV/TV} (¢}, tissue volume (TV) (&}, and trabecular pattern factor (Th. P{} {e). Dotied line
indicates the average TV at 30 days post ACLT. Sham-operated mice maintained articular
cartilage and subchondral bone structure. In contrast, the ACLT muce treated with vehicle
fost most of articular cartilage and had altered subchondral bone morphology. TBRI inhibitor
of 1 mg/kg rescued the subchondral bone changes and prevented the degeneration of articular
cartifage. Lower doses (0.1 and 0.5 mg/kg) of muhibitor did not completely rescue boune
structure, nor prevent the degeneration of articular cartilage, Higher doses (2.5 and 5 mg/kg)
of inhibitor could rescue the bone structure but also cansed deleterious effects on the articalar
cartilage, kely because TGFBIsignaling s essential for maintenance of the articular
cartilage. While treatment with the inhibitor did not change BV/TV (¢}, treatroent with high
doses of the inhibitor (1, 2.5, and § my/kg) inhibited the increase in TV (d) and decreased Th.
Pfinduced by ACLT surgery (). »n =10, ¥F <0.08 vs. vehicle group.

FIG. 11 Bffect of TPRI nhibitor treatruent on cartilage TGFB downstream signaling
and subchondral bone remodeling in ACLT mice. {b) Imnunostaining demonstrated that
osterixt osteoprogenitors (brown} did not co-localize with TRAP+ osteoclasts (pink) in
ACLT-Vehicle treated mice {top panels at 14 and 30 days). However, co-localization of
osterix and TRAP was seen in ACLT-TBRI inhibitor treated mice (bottom pancels). n=2§.

FIG. 12: TBRY inhibitor treatment improved subchondral bone architecture and
attenuated articular cartilage degeneration in 9 month old mice. () Safranin O staining of
tibia articular cartilage and subchondral bone of mice sacrificed at §, 14, 30, and 68 days post
sham or ACLT surgery and treated with cither vehicle or TPRUI inhibitor (SB505124 -
Img/kg) daily beginning 3 days post-surgery for 1 month, For those mice analyzed at earlier
fime points, the mice were treated antil sacrificed. (b) 3D pCT images of subchondral bone
of knee joints. The sham operated mice maintained articular cartilage and subchondral bone
structure throughout the duration of the experiment, TPRI inhibitor treatmoent in sham-
operated mice did not have significant effect on articular cartilage and only a slight increase
i subchondral boue volume fraction. The degeneration of articular cartilage and disrupted
subchondral bone morphology and structure in vehicle treated ACLT mice significantly
progressed over 2 months, TPRI inhibitor treatment improved subchondral bone architecture
and aticnuated the articular cartilage degeneration compared to the ACLT-Vehicle treated
mice at similar tirae points. (©) QARSI score based on the histology analysis. {(d-¢)
Cuantitative analysis of structural parameters by pCT analysis: thickness of subchondral
bone plate (SBP, d) and trabecular pattern factor (Th. P1, ¢). The thickness of the

subchondral bone plate was decreased 10 ACLT-Vehicle treated mice at 1 month post-
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surgery, bt remained normal in the ACLT-inhibitor treated mice compared to the sham-
operated controls. TPRI inhibitor treatment also decreased the trabecular pattern factor
relative to ACLT-Vehicle treated mice at | and 2 months post ACLT indicating improvement
in bone micro-architecture and connectivity, »n =8, ¥ <{.01 vs. vehicle sham, #7 < (.05
vs. vehicle ACLT. Ve-Sham: vehicle treated in sham operated; In-Sham: TPRI mhibitor treat
in sham operated; Ve-ACLT: vehicle treated i ACLT operated; In-ACLT: THRI indubttor
treated in ACLT operated mice.

FIG. 13; Perfusion of subchondral bone of ACLT mice. () Representative MRI T2
weighted image of knee joint from ACLT mice. (b) Validation of the perfusion
measurement. Perfusion rates at different sites (marked in () in subchondral bone were
quantified. As showed in (b), the perfusion rates were high in tibia, fonwur and bone marrow
where blood was well supplied. The perfusion rates were fow in muscle where blood supply
was low. (¢} Perfusion in subchondral bone of ACLT mice was significantly increased at |
month, then decreased close to, but still higher than, healthy subchondral bone by 2 months
after ACLT surgery. #n=§&.

FIG. 14: B-gal positive cell distributions in tibial subchondral bone and articular
cartilage of Nestin-CreER: ' Rosa26-lacZ T/l mice | month post ACLT surgery. Mice
homozyvgous for the Grrosal6im i Sor targeted mutation were used to test the cellular
expression pattern of the Nestin-Cre transgene. Once mduced by tamoxifen, Cre expression
restlts in the removal of a loxP-flanked stop sequence that prevents expression of a lac?
gene. Therefore, X-gal staining for LacZ (blue) is permanently expressed in Nestin-Cre
expressing cells and their daughter populations. -gal positive cells were detected in
subchondral bone marrow cavity (Znd panel) but not detected in the articular cartilage atier
tamoxiten induction 1o post ACLT QGrd panel). n=§.

FIG. 15: Formation of osteoid islets in the subchondral TBRI inhibitor reduced
wnconpled bone formation and angiogenesis in ACLT mice. {a) Immunofhiorescent or
unmenchistochemical analysis and quantification of nestin (ved) and osterix (brown) n tibial
subchondral bone collected one month after sham operation treated with vehicle (Shany),
ACLT operated treated with vehicle (Vehicley, or ACLT operated treated with TERI inhibitor
{Inhibitor). DAPT stains nuclet (blue) (top). Scale bars, 58 wm. (b) Immunchistochemieal
analysis of osteocalein (brown) and trichroroe statning in tibial subchondral bone sections.
Scale bars, 50 um. Open arrowheads indicating osteocalcin’ cells and close arrowheads
mdicating osteoid. {¢) Flow cytometry analysis of nestin and osterix in bone marrow from
mouse subchondral boue. (d) Calcein {green) and xylenol orange {orange) flaorescent double
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labeling. Scale bar, 100 um. (¢} Immunohistochemical analysis and quantification of CD31
{brown} in subchondral bone. Scale bar, 50 ura. () CT-based micro-angiography of the tibia
subchondral bone and guantification of subchondral bone vessel volume (VV) and vessel
number (VN), Scale bar, 500um. {g)} Perfusion rate obtained via T2 weighted MRI scanning
with contrast. (h) Representative MRI T1 weighted tmages. Red arrow indicates bone
marrow lesion. # = 8—12; *F <0.05 vs. sham; P < 0.05 vs. vehicle.

FIG. 16: Subchondral bone marrow bone lesions in the knee joints of Dunkin Hartley
guinea pig spontaneous osteoarthritis was inhibited when TGER type I receptor inhibitor was
injected for 3 months, the bone marrow lesions were significantly reduced. Left panely MRI
scanning of knee joints of the guinea pig with different dose of TBRI inhibitor or vehicle
treatment for 3 months. Red arrows pointing the bone marrow fesions in the subchondral
bone of distal femur (upper row) or tibiae platen (lower row). Right panel) Quantitative
analysis of the bone marrow lesion intensity.

DETAILED DESCRIPTION OF THE INVENTEON

it is understood that the present imvention is not limited to the particular methods and
componeuts, ete., described herein, as these may vary. [t s also to be understood that the
terminology used herein is used for the purpose of describing particular embodiments only,
and 18 not intonded to Hmit the scope of the present lnvention. It must be noted that as used

Y 4

herein and in the appended claims, the singular forms “a,” “an,” and “the” include the plural
reference unless the context clearly dictates otherwise. Thus, for example, a reference to a
“protein” is a reference to one or more proteins, and includes equivalents thereof known to
those skilled in the art and so forth.

Unless defined otherwise, all technical and scientific torms used herein have the same
meaning as commonly understood by one of ordinary skill 1n the art to which this invention
belongs. Specific methods, devices, and materials are described, although any methods and
materials similar or equivalent to those described herein can be used in the practice or testing
of the present invention,

All publications cited herein are herchy incorporated by reference inchiding all
journal articles, books, manuals, published patent applications, and issued patents. In
addition, the reaning of cortain terms and phrases employed 1n the specification, examples,
and appended claims are provided. The definttions are not meeant to be Hraiting in vature and
serve to provide a clearcr understanding of certain aspects of the present invention,

Articular cartilage degeneration is the primary concern in osteoarthritis, which has

recently been attributed to hypoxia-inducible factor-2a (HIF-20) and complement cornponent
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5(C3), in addition to the well-established ADAMTSS and matrix metalloproteinase 13
{MMP13). Homeostasis and integrity of articular cartilage rely on its biochemical and
biomechanical interplay with subchondral bone and other joint tissues, Subchondral bone
provides the mechanical support for overlying articular cartilage during the movement of
joints and vndergoes constant adaptation in response to changes in the mechanical
environment through modeling or remodeling. In the situation of instability of mechanical
loading on weight-bearing joints, such as occurs with ligament injury, excessive body weight,
or weakening muscies during aging, the subchondral bone and calcified cartilage zone
pndergo changes. For justance, rapture of anterior cruciate higament (ACL) increases the risk
of knee osteoarthritis, and approximately 20-35% of individuals with osteoarthritis are
estimated to have bad an incidental ACL tear. Clinically, osteophyte formation, subchondral
bone sclerosis, distuption of tidemark accompanied by angiogenesis at the osteochondral
junction, and articular cartlage degencration are characteristics of ostecarthritis. Bone
marrow lesions are closely associated with pain and implicated to predict the severity of
cartilage damage in osteoarthritis. In healthy articular cartilage, matrix turnover remains at
relatively low rates and chondrocytes resist proliferation and terminal differentiation. During

progression of ostecarthritis, type X collagen, alkaline phosphatase, Runt-related

wn

franscription or 2 {RUNX2), and MMP 13 are expressed in articular chondrocytes with
decreased proteoglycans and expanded calcified cartilage zones in articular cartilage.
However, the exact mechanisro underlying the potential contribations of subchondral boue to
articular cartilage degeneration during osteoarthritis progression is largely unknown.

The role of TGF-§ in the pathogenesis of ostecarthritis has drawn more and more
atiention in recent years. TOF-B s essential for maintenance of articular cartilage metabolic
homeostasis and structural fntegrity. TGF-B1 stinwsiates chondrocyte proliferation, and
knockout of TGF-B1 or interruption of TGF-f signaling in the articular cartilage results in
foss of proteoglycans and cartilage degeneration in mice. The clevated ALK 1-Smadi/S vs.
ALKS-Smad?/3 ratio in articular cartilage might contribute to pathogenesis of osteoarthritis,
Several groups have demonstrated that ablation of endogenous TGE-§1 activity reduces
osteophyte formation in vive but aggravates articalar cartilage degeneration in osteoarthritis
animal models. We have previously shown that TGF-B1 s activated during osteoclastic boue
resorption and induces the mugration of bone marrow MSCs 1o resorption pits for new bone
formation serving as a coupling factor. In this study, we investigated the role of TGF-§1 on
subchondral bone pathology and articelar cartilage degeneration during progression of

osteoarthritis. We found that inhibition of TGF-B1 activity in the subchondral bone
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atienuated its pathological changes and reduced degeneration of articular cartilage in different
osteoarthritis animal models.
L Definitions

The following definitions are used throughout this specification. Other definitions are
embedded within the specification for ease of reference.

“Agent” refers to all materials that may be used as or in pharmaceutical compositions,
or that may be compounds such as small synthetic or naturally derived organic compounds,
nucleic acids, proteins, polypeptides/peptides, antibodies, fragments, isoforms, variants, or
other materials that may be used wdependently for such purposes, all in accordance with the
present invention.

Peptides can be useful as agents. The term “peptide” is used broadly herein to refer to
a molecule containing two or more amino acids or amine acid analogs {or modified forms
thercot) linked by peptide bonds. As such, peptide agents can coutain one or more D-amino
acids and/or L-amino acids; and/or one or more amino acid analogs, for example, an amino
acid that has been derivatized or otherwise modified at its reactive side chain. In addition,
one or more peptide bonds in the peptide can be modified, and a reactive group at the arino
termunus or the carboxy terminus or both can be modified. Peptides contaiming D-amino
acids, or L-amino acid analogs, or the like, can have traproved stability 0 a protease, an
oxidizing agent or other reactive material the peptide may encounter in a biclogical
environment. Further, the stability of a peptide agent (or fest agent) can be tmproved by
generating {or Hinking) a fusion protein comprising the peptide and a second polypeptide
{¢.g., an F¢ domain of an antibody) that increases the haif-life of the peptide agent in vivo,
Peptides also can be modified to have decreased stability in a biological environment, if
desived, such that the period of time the peptide is active in the environmoent 18 reduced.

Antibodies provide an example of peptides useful as agents in the present mvention.
As used herein, the term “antibody™ is nsed in its broadest sense to inchide polvclonal and
monoclonal antibodies, as well as antigen binding fragments of such antibodies. Antibodies
are characterized, in part, in that they specificaliy bind to an antigen, particularly to one or

more epitopes of an antigen such as a TGF-beta (e.g., TGF-beta 1, etc.} or TGF-beta receptor

I LE

{(TGF-beta RY, R ete.). The terms “specifically binds,” “binds specifically,” “specific
binding activity” and the like, when used v reforence to an antibody, means that an
mnteraction of the antibody and a particular epitope has a dissociation constant of at least
about 1x10°M, generally at least about 1x107 M, usnally at least about 1x10° M, and
particularty at foast about 1x107 M or Ix1079 M or less. As such, Fab, F(ab™), Fd and Fv
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fragments of an antibody that retain specific binding activity are included within the
definition of an antibody. Tn certain embodiments, the present invention utilizes antibodies
that directly or indirectly block or neutralize TGF-beta, In specitic exnbodiments, an
antibody against TGF-beta | is used. Such antibodies are commercially available.

The term “antibody” as used herein inclades naturally cccurring antibodies as well as
non-naturally occurring antibodics, inchiding, for example, single chain antibodies, chimeric,
bifunctional and humanized antibodies, as well as antigen-binding fragments thereof Such
non-naturally occurring antibodies can be constructed vsing solid phase peptide synthesis,
can be produced recombinantly or can be obtained, for example, by screening combinatorial
hibraries consisting of variable heavy chains and variable light chains See Huse et al,, 246
SCIENCE 1275-1281 (1989). These and other methods of making, for example, chimeric,
humanized, CDR-grafted, single chain, and bifunctional antibodies are well known in the art.
See generally, Harlow and Lane, ANTIBODIES. A LABCRATORY MANUAL {Cold Spring Harbor
Laboratory Press, 1999y Borrabeck, Antibody Enginecring, 2d ed. (Oxford University Presg
1995y Winter and Harris, 14 IMMUNOL, TODAY 243-46 (1993); Hilyard et al., PROTEIN
ENGINEERING. A PRACTICAL APPROACH (IR Press 1992); and Ward et al,, 341 Naturep S44-
46 (1989,

A “small molecule” refers to a composition that has a molecular weight of less than 3
about kilodaltons (kDa), less than about 1.5 kilodaltons, or less than about 1 kilodahon.
Sroall meolecales may be nueleic acids, peptides, polypeptides, peptidomimetics,
carbohydrates, lipids or other organic (carbon-containing) or inorganic molecules. A “small
organic molecule” 1s an organic compound (or organic compound complexed with an
imorganic compound (e.g., metal)) that has a molecular weight of less than about 3
kilodaltons, less than about 1.5 kilodakons, or loss than about 1 kiDa,

As used herein, a “subject” or “patient” means an individual and can inchude
domesticated animals, {e.g., cats, dogs, etc.); Bvestock {e.g., cattle, horses, pigs, sheep, goats,
gte.), laboratory amimals {e.g., mouse, rabbit, rat, guinea pig, ete.) and birds. In one aspect,
the subject is a mammal such as a primate or 2 human. In particular, the term also includes
mammals diagnosed with, or at risk of developing, osteoarthritis,

As used herein, the term “effective,” means adeguate to accoraplish a desired,
expocted, or intended result. More particularly, a “therapeutically effective amount” as
provided herein refers to an amount of a TGF-beta inhibitor of the present invention, either
alone or in combination with another therapeutic agent (e.g., another TGF-beta inhibitor
and/or a difforent therapeutic ageunt), necessary to provide the desired therapeutic effect, e.g.,
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an amount that is effective to prevent, alieviate, or ameliorate symptoms of disease or prolong
the survival of the subject being treated. In a specific embodiment, the term “therapeutically
effective amount” as provided herein refers to an amount of & TGF-beta inhibitor, necessary
to provide the desired therapeutic effect, ¢.g., an amount that is effective to prevent, alleviate,
or ameliorate symptoms of disease or condition, or prolong the survival of the subject being
treated. Ina more specific embodiment, a therapeutically effective amount of a TGF-beta
inhibitor refers to an arnount necessary to treat or prevent osteoarthritis, prevent onset of
Hgament injury-induced ostecarthritis, prevent onset of osteparthritis in an unstable jomt, or
redice the degencration of articular cartilage in a joint.

As would be appreciated by one of ordinary skill in the art, the exact amount required
will vary from subject to subject, depending on age, general condition of the subject, the
severity of the condition being treated, the particular compound and/or coraposition
administered, and the like. Anappropriate “therapeutically effective amount” in any
mdividual case can be determined by one of ordinary skill in the art by reference to the
pertinent texts and hiterature and/or by using routine experimentation,

RIS

As used herein, the terms “treatment,” “treating,” and the like, refer to obtaining a
desived pharmacologic and/or physiologie effect. The effect may be prophylactic in torms of
completely or partially preventing a disease, condition or symptom thereof and/or may be
therapeutic in terms of a partial or complete cure for a discase or condition and/or adverse
gffect attributable to the disease or condition. “Treatroent,” as used herein, covers any
treatment of a disease or condition in 3 subject, particuiarly in a buman, and includes: (3)
preventing the disease or condition from occurring in a subject which may be predisposed to
the disease but has not yet been diagnosed as having it; (b) inhubiting the disease or condition,
.o, arresting is developrent; and (¢) relieving the disease or condition, ¢.g., causing
regression of the disease or condition, ¢.g., to completely or partially remove symptoms of
the disease or condition,

ii. TGEF-Beta Inhibitors

In certain embodiments, the methods of the present invention utilize a TGF-beta
inhibitor. The term “TGF-beta” refers to one or more members of the transforming growth
factor-beta family of proteins, e.g., TGF-beta 1, TGF- beta 2, and TGF- beta 3, which are
pleiotropic modulators of cell growth and differentiation, embryonic and bone development,
extraceliular matrix formation, hematopoiesis, immune and inflammatory responses. (ther
members of this superfamily include activin, imhibin, bone morphogenic protein, and
Mullerian inhibiting substance. TOF-beta initiates an intracellular signaling pathway leading
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pltimately to the expression of genes that regulate the cell cycle, control proliferative
responses, or relate to extracellular matnix proteins that mediate outside-in cell signaling, cell
adhesion, moigration, and intercelhular commaunication. It is understood that the use of the
term “TGF-beta” refers to one or more members of the superfamily. In certain embodiments,
the term “TGF-beta”™ refors to TGF-beta 1.

The term “TGF-beta tnhibitor” refers to an agent having the ability to divectly or
mdirectly inhibit a biclogical function of TGF-beta. Thus, TGF-beta inhibitors include, but
are not limited to, inhibitors {(e.g., blocking (neutralizing} antibodies) specitic for TGF-beta,
soluble TGF-beta receptors (which would competitively inhibit TGF-beta), membrane-bound
TGF-beta receptors, protease inhibitors that inactivate a protease responsible for activating a
precursor TGF-beta into mature TGF-beta, inhibitors (e.g., antibodies or small molecules)
specific to TGF-beta receptors (Types I, I or HI) that prevent TGF-beta binding to the
receptor, siIRNA or antisense RNA that block expression of TGF-beta or combinations of the
foregoing.

Accordingly, the term “TGF-beta inhibitor” is intended to encompass naturally
occurring fnhibitors including, bat not hmited to, chordin and noggin proteins, Cerebus,
Gremlin, DAN and other members of the DAN protemn family, and follistatin, Small
molecule TGF-beta mhibitors inchude bt are not limited to, SB43154 (GlaxoSmithKline,
King of Prussia, Pa.), LY 2157299 (Axon Medichem, Groningen, NL) and TGF-beta receptor
kinase inhibitors such as [3-{pyridine-2yD-4-(4-quinony-1H pyrazole and ST3-208 {Scios,
{nc, Fremont, Calify, or TGF-beta 2 inhibitor AP 12009 (Antisense Pharma, Regensburg,
Bavaria), Pirfenidone (InterMune Inc., Brisbane, Calif.}). See Yinghing et al, 3 NATURE
REVIEWS DIRUG DISCOVERY 1011-22 (2004). In other embodiments, 3 TOF-beta inhibitor
inchide mannose-6-phosphate (BTG), LF-984, tamoxifen (ethanamine, 2-(4-(1,2-diphenyl-1-
butenyhphenoxy N N-dimethyi-, {Z}-), pirfenidone {CAS No. 53179-13-8) (MARNAC;,
tranilast ({CAS No. 53902-12-8) (Kisset), IN-1130 (In2(Gen), TGEF-beta antagonists from
Toflazyme (Pharmaprojects No. 6875), TGF-beta I receptor kinase inhibitors from El Lilly
(11.S. Patent No. 7511056; .S, Patent Publication No. 20080262004}, and analogues or
derivatives thercof,

TGF-beta mbibitors can be conjugated to molecules that target the heteroconjugate to
the site of action. In certain embodiments, the TGF-beta inhibitor can be conjugaied to a
bisphosphonate or dertvatives thereof. In one embodiment, a TGF-beta inhibitor can be

conjugated to aldendronate. o another erabodiment, the TGF-beta inhibitor can be



g

24}

A
194

30

WO 2013/166156 PCT/US2013/039076

conjugated to actenol. In yet another embodiment, the TGF-beta inhibitor can be conjugated
1o zoledronate (ACLASTA®), In certain embodiments, a TGF-beta inhibitor antibody s
conjugated 1o a bisphosphonate or derivatives thereof. In other embodiments, a TGF-beta
inhibttor small molecule is conjugated to a bisphosphonate or derivatives thereof. Ina
specific embodiment, the small molecule comprises halofuginone, kartogenin, SB-505124, or
derivatives thereof, In particular erabodiruents, conjugation can involve a hinker. See, e.g.,
Guan et al,, 18 (3} NATURE MEDICINE 456-U159 (2012} and Johnson et al,, 336(6082}
ScmNCE 717-21 (2312).

The effects of TOF-beta are roediated by the binding of active TGF-beta to specific
receptors present on cells, followed by transduction of signal to those cells, TGF-beta
inhibttors or antagonists are further defined herein as molecules that inhibit TGF-beta signal
transduction. In certain embodiments, molecules that bind TGF-beta and prevent TGF-beta
from binding to a TGF-beta receptor will act as TGF-beta antagonisis. Such molecules
imclude neutralizing antibodies to TGF-beta. See, e.g., WO 2005/01004%9; Lucas etall 145 .
IMMUNGL, 1415-22 (1990} and Dasch et al, 142§ DvMUNOL, 1536-41 (1989}, Those skilled
in the art recognize various ways in which an antibody derived from one species, for example
a mouse, can be engineered in order 1o be therapeutically useful in a second species, for
example a human,

Soleble forms of TGE-beta receptors will also bind TGF-beta and prevent binding to
membrane-associated TGF-beta receptors. See Lin et al,, 68 CrLL 775-88 (1992); and Wang
et al., 67 CELL 797-805 (1991). Soluble forms of TGF-beta receptors can be prepared by
methods that are known o the art. For example, deletion nuutants lacking the transmembrane
domain of a TGF-beta receptor can be prepared, which will express a soluble TGF-beta
binding protein. See, e.g., Miyazono et al, 55 Adv. franumol. 181 (1994}, Similarly,
selective TGF-beta receptor inhibitors such as SB431542, 1LY364047, S1-208, and A-83-01
can be employed.

Other types of TGF-beta antagonists are also known in the art. For example, decorin
is a small chondroitin-dermatan sulphate proteoglycan that binds TGF-beta and moduiates the
activity of this growth factor. See Yamaguchi et al,, 346 NATURE 281-84 (1998}, Protein
kinase inhibitors that block certain biological activities of TGF-beta can be used. See
Ohtsuki & Massaguoe, 12 MoL. CELL, BIOL. 261-65 (1992}, See also Mselle et al., 124 CLIN,
IMMUNOL, 69 (2007); Ertksson et al, 56 AM. J. REPROD. I, 321 (2006); Hriksson ot al.,
176 1. IMMUNOL. 6219 {2006 Meadows et al., 6 INT. IMMUNOPHARM, 1020 (2006); Saunier

& Akhurst, 6 CURR. CAN. DRUG TARGETS 565 (20006); Tsuchida ot al,, 6 MINI-REVIEWS MED,
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Crem. 1255 (2006); Wira et al, 206 IMmUnNGL. Ry, 306 (2005); Garba, et al, 168 1.
IMMUNGL. 2247 (2002); and Sato et al,, 164 1. IMMuNOL. 2285 (2000),

TGF-beta mhibitors can also include peptide agents. These molecules are of peptidic
nature, meaning that they cormprise alpha-amino acids linked by an amide bond, Le., the
peptidic bond. The term “peptide” is not to be limited to short amino acid chains; it can
melude chains of more than 50 anyno acids in length. As such, the torm peptide as used
herein encompasses as well polypeptides and proteins. In specific embodiments, a TGF-beta
i inhibitor peptide may be a peptide described in ULS. Patent Publication No. 20110294734
{see Table 1)

{n particular embodiraents, a TGF-beta 1 intubttor peptide has the ability to inhibit a
biological function of TGF-beta 1 by interacting with the active form of TGF-betal. In
certain embodiments, for example, although a TGF-beta | inhibitor is characterized by its
ability to interact with TGF-beta 1, 1 1s understood that the inhibitor might additionally
mteract with the other mammalian isoforms {e.g., TGF-beta 2 and/or -beta 3). This activity
inhibits TGF-beta interaction with the corresponding saperfamily receptors, hike type |
receptors such as activin like kinases ALK, ALK2, ALKSE; type I receptors such as type II
TGF-beta receptor {TGF-beta RID; co-receptors such as endoglin and erypto. Additionally,
the inhibitors may as well interact with type | receptors like ALK3, ALK4, ALKS, ALKT;
type I receptors tike ACtRI, ActRilb, BMPRII, MISRH, and TGF-beta RIE co-receptors like
RGMa, RGMb, and hemojuvehin; pseudo-receptors fike BAMBI; signaling components such
as chordin, follistatin, leftyl, noggin, sclerostin; and other members in the TGEF-beta signal
transduction pathway or members shared by the TGF-beta signal transduction pathway and
another pathway. Tohibition of TGF-beta activity {¢.g., in the subchondral bone) can also be
achieved by inhibition of TGF-beta downstream components through siRNA, peptide, or
T(GF-beta antagonists or negative regulators,

TGF-beta inhibitor peptides may be obtained from a variety of cell sources that
synthesize these peptides including, for example, cells transfected with recombinant DNA
molecules capable of directing the synthesis or secretion of the peptides. Alternatively, TGF-
beta mhibitor peptides may be synthesized by chemical synthetic methods, including but not
himited to, sohid phase peptide syuthesis. The peptides are as well commercially available,
for instance Pi44 1s supplicd by Sigma-Genosys, Ltd. (Cambridge, UK},

Hi. Pharmaceutical Compositions and Admingstration

Accordingly, a pharmaceutical composition of the present invention may comprise an
effective amount of & TGF-beta inhibitor. As used heren, the term “cffective,” means

17



g

24}

A
194

WO 2013/166156 PCT/US2013/039076

adequate to accomplish a desired, expected, or intended result. More particularly, an
“effective amowunt” or a “therapeutically etffective amount” is used interchangeably and refers
to an amount of at least one TGF-beta inhibitor, perhaps 1o further combination with vet
another therapeutic agent, necessary {0 provide the desired “treatment” (defined herein) or
therapeutic effect, e.g., an amount that is effective to provent, alleviate, treat or ameliorate
syroptoros of a discase or condition or prolong the survival of the subject being treated. In
particular embodiments, the pharmaceutical corapositions of the present invention are
administered in a therapeutically effective amount to treat patients having osteoarthritis or
paticnts at risk of developing ostecarthritis inchuding patients suffering from a ligament
mnjury. As would be appreciated by one of ordinary skill 1o the art, the exact TGF-beta
inhibttor dose amount required will vary from subject to subject, depending on age, general
condition of the subject, the severity of the condition being treated, the particular compound
and/or composition administered, and the ke, An appropriate “therapeutically effective
amount” in any individual case can be determined by one of ordinary skill in the art by
reference to the pertinent texts and hiterature and/or by using routine experimentation,

The pharmaceutical compositions of the present invention are in biologically
compatible form suitable for adnunistration in vivo for subjects. The pharmeaceutical
compositions can further comprise a pharmaceutically acceptable carrier, The term
“pharmaceutically acceptable”™ means approved by a regulatory agency of the Federal ora
state government or histed 1o the U.S. Pharmacopeia or other generally vecognized
pharmacopcia for use in animals, and more particularly, in humans. The term “carrier” refers
to a diluent, adpuvant, excipient, or vehicle with which the TGF-beta inhibitor is
administered. Sach pharmaceutical carriers can be stenle Hquids, such as water and oils,
inchiding those of petroleum, antrual, vegetable or synthetic origin, inchuding but not liraited
to peanut oil, soybean oil, nuneral oil, sesame oif and the like. Water may be a carrier when
the pharmaceutical composition is administered orally, Saline and agueous dextrose may be
carriers when the pharmaceutical composifion is administered intravenously, Sahine solotions
and agqueous dextrose and glycerol solutions may be emploved as liguid carriers for injectable
solutions. Suitable pharmaceutical excipients include starch, glucose, lactose, sucrose,
gelatin, malt, rice, flour, chalk, silica gel, sodiam stearate, glyeerol monosicarate, talg,
sodiurn chloride, dried shim nulk, glycerol, propylene, glyeol, water, ethanol and the like.
The pharmaceutical composition may also contain minor amounts of wetting or enmulsifying

agents, or pH buffering agents.
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The pharmaceutical compositions of the present invention can take the form of
solutions, suspensions, emulsions, tablets, pills, capsules, powders, sustained-release
formulations and the hike. The composition can be formulated as a suppository, with
traditional binders and carriers such as triglycerides. Oral formuiation may include standard
carriers such as pharmaceutical grades of mannitol, lactose, starch, magnesium stearate,
sodium saccharine, cellulose, magnesium carbonate, etc. In a specific embodiment, 4
pharmaceutical composition comprises an effective amount of a TGF-beta inhibitor together
with a suitable amount of a pharmaceutically acceptable carrier so as to provide the form for
proper administration to the patient. The formulation should suit the mode of administration.

The pharmaceutical compositions of the present invention may be administered by
any particular route of administration inchuding, but not limited to oral, parenteral,
subcutanecous, intramuscular, intravenous, ntrarticular, intrabronchial, wntraabdominal,
mtracapsular, intracartifaginous, intracavitary, ntracelial, intracelchellar,
intracerehbroventricular, intracolic, intracervical, intragastric, infrahepatic, intramyocardial,
intraocsteal, intraosseous, intrapelvic, intrapericardiac, intraperitoneal, intrapleural,
imtraprostatic, intrapulmonary, intrarectal, intrarenal, intraretinal, intraspinal, intrasynovisl,
intrathovacic, intrauterine, intravesical, bolus, vaginal, rectal, buccal, sublingual, intranasal,
iontophoretic means, or transdermal means. Most suitable routes are oral administration or
mjection. In certain embodiments, an injection into the affected joint area is preforred.

In general, the pharmaceuntical compositions comprising a TGF-beta inhibitor roay be
used alone or in concert with other therapeutic agents at appropriate dosages defined by
routing testing in order to obtain optimal efficacy while minimizing any potential foxicity.
The dosage regimen utilizing a pharmaceutical composition of the present invention may be
selected in accordance with a variety of factors including type, species, age, weight, sex,
medical condition of the patient; the severity of the condition to be treated; the route of
admnistration; the renal and hepatic function of the patient; and the particular pharmaceutical
composition emploved. A physician of ordinary skili can readily determine and prescribe the
effective amount of the pharmaceutical corposition {and potentially other agents inchiding
therapeutic agents) requitred (o prevent, counter, or arrest the progress of the condition.

Optimal precision in achieving concentrations of the therapeutic regimen {c.g.,
pharmaceutical compositions comprising at least one TGF-beta inhibitor (and optionally in
combination with another therapeutic agent)) within the range that yvields maximmum efficacy
with minimal toxicity may require a regimen based on the kinetics of the pharmaceuatical

composition’s availability to one or more target sites. Distribution, equilibrium, and
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climination of a pharmaceutical composition may be considered when determining the
optimal concentration for a treatroent regimen. The dosages of a pharmaceutical composition
disclosed herein may be adjusted when combined to achieve desired effects. On the other
hand, dosages of the pharmaceutical compositions and various therapeutic agents may be
mndependently optimized and combined to achieve a synergistic result wherein the pathology
is reduced more than i would be if either was used alone.

In the case of injections, it is usually conventent to give in an amount of about
0.0001 ug-30 mg, about .01 1g-20 mg or about 0.01-10 mg per day to adults (at about 60
kg). In the case of other animals, the dose calculated for 60 kg may be admimistered as well,

Doses of a pharmaceutical coroposition of the present invention can optionally
inchude about 8.0001 uyg to about 1,000 mg/kg/administration, or about 0.001 ug to about
100.9 mg/kg/administration, from about 0.01 pg to about 10 my/kg/administration, from
about 0.1 ug to about 10 mg/kg/adroinistration, including, but not livaited to, 0.1, 0.2,0.3, 0.4,
0.5,06,07.0809,1,2,3,4,5,.6,7,8 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23,24, 25,26,27,28,29, 30, 31, 32, 33, 34, 35, 36, 37, 3§, 39,40, 41, 42, 43, 44, 45, 46, 47,
4R, 49, 84, 51, 52, 53,54, 55, 56, 57, S8, §9, 60, 62, 63, 64, 65, 66, 67, 68,69, 70, 71, 72, 73,
74,75, 76,77, 78,79, 30, 81, 82, §3, 84, RS, 86, &7, 8E, 89, 60, 91, 92, 93, 94, 65, 96, 97, 98,
99 and/or 100-500 my/kg/administration or any range, value or fraction thereof, or to achieve
a serum concentration of 0.1, 0.5, 0.9, 1.0, 1.1, 1.2, 1.5 1.9,2.0, 2.5, 2.9, 3.0, 3.5, 3.9, 4.0,
45,49,50,55,89,60,65,69,7.0,7.5,7.9,80,85 85,90,95 99, 10, 10.5, 109, 11,
11.5,11.9,20, 12,5, 12.9, 13,0, 13.5,13.9, 14.0, 145, 49,50, 5.5, 59,60, 6.5, 69, 7.0, 7.5,
79,840,385 89,0.4,95,99, 10, 105,109, 11, 11.5, 11.9, 12, 12.5, 12.9, 13.0, 13.5, 13.9,
14, 14.5, 15, 155,159, 16, 16,5, 169, 17, 17.5, 17.9, 18, 18,5, 18.9, 19, 19.5, 199, 24, 20.5,
20.9,21,22, 23,24, 25,26,27, 28,29, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 30, &5, 90, 96,
104, 200, 300, 400, 504, 600, 700, 800, 904, 1000, 1500, 2000, 2500, 3000, 3500, 4004,
4500, and/or SHUG pg/mi serum concentration per single or muldtiple administration or any
range, vahie or fraction thereof,

As g non-limiting example, treatment of patients can be provided as a one-time or
pertodic dosage of a composition of the present invention of about .1 ng to about 100 mg/kg
such as 4.0001, 0.001, 0.01, 0.1 05,09, 1.0, 1.1, 15,2, 3,4, 5,6, 7, 8,9, 10, 11,12, 13, 14,
15,16, 17,18, 19,20, 21, 22,23, 24,25, 26, 27, 28, 29, 30, 40, 45, 50, 60, 70, 80, 90 or 100
mg/kg, perday, onatleastonc of day 1,2, 3,4, 5,6, 7,8, 9, 14, 11, 12, 13, 14, 15, 16, 17, 1§,
19,26, 21,22, 23,24, 25, 26,27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or 40, or

alternatively or additionally, at least one ofweek 1, 2,3,4,5,6, 7,8, 9, 10, 11, 12, 13, 14, 15,
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16, 17,18, 19,20, 21, 22, 23,24, 25,26, 27, 28, 29, 304, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41,42, 43, 44,45, 46, 47, 48, 49, 50, 51, or 52, or alternatively or additionally, at least ong of
1,2,3,4,5,6,7,8 9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 years, or any combination
thereof, using single, infusion or repeated doses.

Specifically, the pharmaceutical compositions of the present invention may be
administered at least once a week over the course of several weeks, In one erpbodimen, the
pharmaceutical compositions are administered at feast once a week over several wecks to
several months. In another embodiment, the pharmaceutical compositions are administered
once a week over four to eight weeks. In vet another erabodiment, the pharmaceutical
composiiions are administered once a week over four weeks.,

More specifically, the pharmaceutical compositions may be administered at least once
a day for about 2 days, at least onee a day for about 3 days, at least once a day for about 4
days, at least once a day for about § days, at least once a day for about 6 days, at least once a
day for about 7 days, at least once a day for about 8 days, at least once a day for about 9 days,
at least once a day for about 10 days, at least once a day for about 11 days, at least once a day
for about 12 days, at least once 8 day for about 13 days, at least once a day for about 14 days,
at least once a day for about 15 days, at least once a day for about 16 days, at feast once a day
for about 17 days, at least once a day for about 18 days, at icast once a day for about 19 days,
at least once a day for about 20 days, at feast once 2 day for about 21 days, at least once a day
for about 22 days, at least once a day for about 23 days, at least once a day for about 24 days,
at least once a2 day for about 25 days, at least once a day for about 26 days, at least once a day
for about 27 days, at least once a day for about 28 days, at least once a day for about 29 days,
at least once a day for about 30 days, or at least once a day for about 31 days.

Alternatively, the pharmeaceutical compositions may be administered about once every
day, about once every 2 days, about once every 3 days, about once gvery 4 days, about once
gvery 5 days, about once every 6 days, about once every 7 days, about once every 8 days,
about once every 9 days, about once overy 10 days, about onee every 11 days, about once
every 12 days, about once every 13 days, about once every 14 days, about once every 15
days, about once every 16 days, about once every 17 days, about once every 18 days, about
once every 19 days, about once every 20 days, about once every 21 days, about once every 22
days, about once every 23 days, about once every 24 days, about once every 25 days, about
once every 26 days, about once every 27 days, about once every 28 days, about once every 29

days, about once every 30 days, or about once every 31 days,
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The pharmaceutical compositions of the present invention may alternatively be
administered about once every week, about once every 2 weeks, about once every 3 weeks,
about once every 4 weeks, about once every 5 weeks, about once every 6 weeks, about once
every 7 weeks, about once every 8 weeks, about once every 9 weeks, about once every 10
weeks, about once every T weeks, about once every 12 weelks, about once every 13 weeks,
about once every 14 wecks, about once every 15 woeks, about once every 16 weeks, about
once every 17 weeks, about once every 18 weceks, about once every 19 weeks, about once
every 20 weeks.

Alternatively, the pharmoaceutical compositions of the present invention may be
administered about once every month, about once every 2 months, about once every 3
months, about once every 4 months, about once every § months, about once every & months,
about once every 7 months, about once every § months, about once every 9 months, sbout
once every 10 months, about once every 11 months, or about once every 12 months.

Alternatively, the pharmaceutical compositions may be administered at least once 2
week for about 2 weeks, at least once a week for about 3 weeks, at least once a week for
about 4 weeks, at least once a week for about 5§ weeks, at least once a week for about 6
weeks, at least once a week for about 7 weeks, at least once a week for about § weeks, at least
once a week for about 8 weeks, at least once a week for about 10 weeks, at least once a week
for about 11 weeks, at least once a week for about 12 weeks, at least once a week for about
13 weeks, at east once a week for gbout 14 weeks, at Teast once a week for about 15 weeks,
at least once a week for about 16 weeks, at least once a week for about 17 weeks, at least
once a week for about 18 weeks, at least once a week for about 19 weeks, or at least once 2
week for about 20 weckas.

Alternatively the pharmaceutical corapositions roay be adnunistered at least oncc a
week for about 1 month, at least once a week for about 2 months, at least once a week for
about 3 months, at feast once a week for about 4 months, at least once a week for about 5
months, at least once a week for about 6 months, at least onge 8 week for about 7 months, at
least once a week for about 8 months, at least once a week for about 9 months, at least once a
week for about 18 months, at least once a week for about 11 months, or at least once a week
for about 12 months,

The pharrmaceutical compositions reay further be combined with one or more
additional therapeutic agents. The determination of the identity and armount of the
pharmaceutical compositions for use in the methods of the present invention can be readily

made by ordinarily skilled medical practitioners using standard technigues known in the art.
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In other specific embodiments, a TGEF-beta inhibitor can be administered in combination with
an effective amount of another TGF-beta inhibitor, an ostecarthritis therapeutic agent {e.g., a
corticosteroid, hyaluronic acid, ete.) or another therapeutic agent.

Without further elaboration, it is believed that one skilled in the art, using the
preceding description, can utilize the present mvention to the fullest extent. The following
exaraples are illustrative only, and not limiting of the remainder of the disclosure in any way
whatsogver.

EXAMPLES

The following exaraples are put forth s0 as to provide those of ordinary skill in the art
with a complete disclosure and description of how the compounds, compositions, articles,
devices, and/or methods described and claimed herein are made and evaluated, and are
mtended to be purely ilustrative and are not intended to Tt the scope of what the inventors
regard as their nvention. Efforts have been made to ensure accuracy with respect to numbers
{e.g., amounts, temperature, otc.) but some errors and deviations should be accounted for
herein. Unless indicated otherwise, parts are parts by weight, temperature is m degrees
Celstas or 13 at ambient temperatare, and pressure is at or near atmospheric. There are
nurperous variations and corsbinations of reaction conditions, ¢.¢., component
concentrations, desired solvents, solvent mixtures, femperatures, pressures and other reaction
ranges and conditions that can be used to optimize the product purity and yield obtained from
the described process. Quly reasonable and routine experimentation will be reqaired to
optimize such process conditions.

Materials and Methods

Human Subjects. After IRB approval, we collected tibial plateau specimens from 78

individuals with ostecarthritis that were undergoing total knee veplacernent surgery. The
specimens were processed for uCT, ELISA and histological examination, We purchased
healthy knees specimens from the Nation Disease Research Interchange (NERI) to serves as
controls.

Mi Weo

anesthetized two months old male mice with ketamine and xylazine and then transected the
anterior cruciate higarnent surgically to induce mechanical instability associated osteoarthrifis
on the right knee. Sham operations were done on independent mice. For the timae-course
experiment, operated animals were cuthanized at §, 14, 30, 60 and 90 days post-surgery, »n =
3-12. For the dosage screening experiment, 2-month-old sham and ACLT-operated mice

were assigned into 6 groups, # = 10 per group. Beginniong three days after surgery, we
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injected either different doses (0.1, 0.5, 1, 2.5, and § mg kg™ ) of TBRI inhibitor (SB505124,
Sigroa Aldrich) or the equivalent volume of vehicle (DMSO+PRS) iutra-peritoncally daily
for 30 davs, Mice were euthanized 30 and 60 days post-surgery.

We purchased Nestin-Cre' " ER and (ROSA)268ortm ] Sor/J mice from the Jackson
Laboratory. Floxed type II TGF-B receptor {TARIF™) mice were obtained from Dr. Moses’
lab. Nestin-Cre™ ER mice were crossed with TARIPY mice. The offspring were intercrossed
to generate the following offspring: nestin-Cre’ "ER:: TARIF W in which Cre was fused with
a mutated estrogen receptor that could be activated by Tamoxifen. We determined the
genotype of transgenic mice by PCR analyses of genomic DNA isolated from mouse tails.
Genotyping tor the Cre transgene was performed by PCR with the privaers Cre 5’ (5'-
CAAATAGCCCTGGCAGAT -3 and Cre 37 (8 TGATACAAGGGACATCTTCC-37). The
foxP THRIT allele was identified with the primersloxIF (5'-
TAAACAAGGTCCGGAGCCCA-3 Y and 1ox IR (8-ACTTCTGCAAGAGGTCCCCT-3N.
We generated Nessin- Cre'™MER:: Rosa26-Lacz’ mice by crossing nestin- Cre™ER mice with
mice homozygous with a loxP-flanked DNA STOP sequence preventing expression of the
downstream lac¥ gene. The offspring were then jutercrossed to generate the following
genotype: Nestin-Cre’ " ER:: Rosa26-Lack™ . We performed sham or ACLT operations on

wo month-old, male WT, Nestin-Cre™ " ER:: TERIF and Nestin-Cre™ER:: Rosa26-LacZ '™
male mice. Three days afier surgery, we treated each group with 100 mg kg body weight of
tamoxifen daily for 30 days and sacrificed the mice at cither 30 or 60 days afier surgery (n =
& per treatment group). CED mice were generated in our laboratory as previously described,
in which the CED-derived TGF-B1 mutation (H222D) is specifically expressed by
osteoblastic cells driven by a 2.3-kb type 1 collagen promoter.

Rats. We parchased two month-old male Lowis rats from Charles River, ACLT was
conducted as described as above. After ACLT, we made a canal in the medial plateau using a
204 needle. An alginate bead containing (.1 pg 1D (TGF-B1 neutralizing antibody, R&D
Systems, Minneapolis, MN) or vehicle was embedded in the subchondral bone canal. The
canal was then closed with bone wax., We euthanized the animals at §, 1, 2, and 3 months
post-sargery {# = & per group). Knee joints were processed for uCT and histological analysis
accordingly.

All anirnals were maintained 1o the Animal Facility of the Johns Hopkins University
School of Medicine. The experimental protocol was reviewed and approved by the
institutional Amimal Care and Use Committee of the Johns Hopkins University, Baltimore,

M, USA.
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Cell Cuiture. We obtained green flucrescent protein (GFP)-labeled mouse aduit
MSCs from the Texas A&M Health Science Center College of Medicine Tnstitute (College
Station). Weo maintained cells (Passage 3-5) 1o Iscove’s mmodified Dulbecco’s medium
(Invitrogen) supplemented with 10% fetal calf serum (Atlanta Biologicals), 10% horse serum
{Thermo Scientific), and 1% penicillin-streptomycin {Mediatech). We cultured MSCs in 6-
well plates at a density of 1.8 x 10 colls per well, then starved them for 6 h followed by
TGF-B1 (R&D Systems) and TERI inhibitor (SB-305124) (Sigma-Aldrich) treatment as
indicated.

ELISA and Western Blor. We determuned the concentration of active TGF-B1 in the

conditioned media by the ELISA Development kit (R&D Systerns) according to the
mamufacturer’s ingtructions, Western blot analyses were conducted on the protein of lysates
from in vitro cultured MSCs. The cell lysates were cenirifuged and the supervatants were
separated by SDS-PAGE and blotied on polyvinyvlidene fluoride membrane (Bio-Rad
Laboratories). Following incubation in specific antibodies, we detected proteins using an
enhanced chemiluminescence kit {Amersham Biosciences), We used antibodies recognizing
mouse pSmad /S (Cell Signaling technology Inc.,, 1:500), pSmad? {Cell Signaling
technology Tuc., L1000), Smadi/5/8 (Cell Signaling techuology Inc., 1:11000) and Smad?
(Cell Signaling technology Inc., 1:1000) to cxamine the protein concentrations in the fysates.

Histochemistry, Immunohistochemistry and Histomorphometrv. At the time of

sacrifice, we resected and fixed the kuee joints in 10% boffered formalin for 48 hours,
decalcified in 10% ethylenedianmine tetraacetic acid (pH 7.4} for 21 days and embedded in
paraffin or 0.C.T. compound (Sakura Finetek). Four-um-thick sagittal oriented sections of
the knee joint medial compartment were processed for hematoxylin and cosin and sanfranin
(-Fast green staining, Tarirate resistant acid phosphatase staining was performed using
standard protocol (Sigma-Aldrich). Immunostaining was performed using standard protocol.
We incubated sections with primary antibodics to monse Nestin {Aves Labs, Inc., 1:300},
Osterix {Abcam, 1:600), Osteocalein (Takara bio Inc., 1:200), p-Smad2/3 (Santa Cruz
Bistechnology Inc., 11503, p-Smadl/5 (Abcam, 1:50), ALK {Santa Cruz Biotechnology Inc.,
1500, ALKS (Abcam, 1:50), CD31 (Abcam, 1:100), MMP13 (Abcam, 1:40), and Collagen X
{Abcam, 1:80) overnight at 4°C. For immunohistocherical staining, a horse radish
peroxidase-streptavidin detection system (Dako} was subsequently used to detect the
immunoactivity followed by counterstaining with hematoxylin (Dakoe). For
mmunofhuorescent staining, secondary antibodies conjugated with fluorescence were added
and shides were incubated at room temperature for 1 hour while avoiding light. We
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microphotographed sections to perform histomorphometric measurements on the entire arca
of the tibia subchondral bone (Olympus DP71). Quantitative histornorphometric analysis was
conducted in a blinded fashion with OsteoMeasureXP Software (OsteoMetrics, Inc). To
fabel mineralization deposition, sequential subcutaneous injections of 1% caleein (Sigma, 15
mg k'Y and 3% xylenol orange (Sigma, 90mg kg'') in 2% sodium bicarbonate solution was
performed. Caleein and xylenol orange were injected 10 days and 2 days respectively before
the mice were sacrificed. We counted the number of positively stained cells in whole tibia
subchondral bone area per specimen, i five sequential sections per mouse in cach group.

We calculated GARST scores as previously described,

Flow Cyiometry. We divided CS7/816 muce o 3 groups (n = 10 per group): sharg

operation with vehicle treatment, ACLT with vehicle treatment and ACLT with TR
ihibttor (SB305124) treatment. One month after surgery, we sacrificed mice and pooled
tibia subchondral bone marrow celis from each group together. Red blood cells were Tysex
by commercial ACK fysis buffer (Quality Biological, Inc.). After centrifugation, the cell
pellet was resuspended and fixed in 4% paraformaldehyde. We then washed cells with 8.1%
bovine serum albumin {BSA) in PBS and counted them. 1x10° cells per milliliter were
permeabilized 1n 6.1% Triton X-100 prior to blocking in 3% FACS buffer (PBS, 3% FBS,
{(3.1%6 NaN3 sodim azide) for 30 min on ice. We incubated the celis with Alexa Fluor 647-
conjugated Nestin antibody (BD Pharmingen), anti-Osterix (Abcam, 1:400) or isotype
control for 1 hour at 37°C in dark room, and then washed twice with 0.196 BSA 10 PBS. The
cells for Osterix staining were further incubated with fluorochrome-conjugatd secondary
antibody for 30 minutes on ice. The cells were acquired immediately after washing with 3%
FACS buffer. Probes were analyzed using a FACS Calibur flow cytometer and CeliQuest
sottware (Becton Dickinson).

in Vive Micro-MEI We performed all MRI studies on a horizontal 30 cm bore 9.47

Bruker Biospec preclinical scanner, using a custom-buill, single-turn volume coil positioned
orthogonal to the Be magnetic field. Ancsthesia was nitiated with 4% isoflurane and
maintained with a 2% tsotlurane/oxygen muxture, We acquired T2-weighted images with 2
2D RARE (Rapid Acquisition with Relaxation Enhancement) sequence, TE/TR {echo
time/repetition time) = 15.17/3000 ms, 35 shices at thickness of 8.35 om, FOV 1.75x 1.75
e, and matrix size 256 x 128, We acquired T2-weighted tmages with a chermical shify
selective fat saturation pulse tuned to the fat resonant frequency. All T2-weighted images
were processed to a final matrix size of 236 x 256 with an sotropic resohition of .068 mm

pixel™. We acquired T1-weighted images with a 30 gradient echo sequence using a 30° flip
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angle, TE/TR = L.§/8 ms, FOV 1.5 x 1.5 x 1.5 om, and matrix size 128 x 64 x 64 before and
for 10 minutes after the injection of 8.1 ml §.1M gadopentetate dimeglomine. AU TI-
weighted fraages were processed to a final matrix size of 128 x 128 x 128 with an isotropic
resolution of 0.12 mm pixel

Micro-Computed Tomography (uCT). We dissected knee joints from mice free of soft

tissue, fixed overnught in 70% cthanol and analyzed by high resolution uCT (Skyscanl 172}
We reconstructed and analyzed images using NRecon v1.6 and CTAn v1.9, respectively.
Three-dimensional model visualization software, CTVol v2.0, was used to analyze
parameters of the trabecular bone in the metaphysis. The scanner was set at a voltage of 50
kVp, a current of 200 pA and a resolution of 5.7 pm per pixel. Cross-sectional images of the
tibiac subchondral bone were used to perform three-dimensional histomorphometric analysis.
We defined the region of interest to cover the whole subchondral bone yoedial cornpartment,
and we used # total of ten consecutive images from medial tibial plateau for 3-D
reconstruction and analysis, Three-dimensional structural parameters analyzed included: TV
total tissue volume (contains both trabecular and cortical bone), BV/TV.: trabecular bone
vohume per tissue volume, Th. Th: trabecular thickuess, Th. Sp: trabecular separation, SM,
Comn. Dn: connectivity density, and Th.Pf trabecnlar pattern factor.

CT-Rased Microangiogranhv. Weo imaged blood vessels in bone by angiography of

microphii-perfused long bones. Briefly, after we euthanized the animals and opened the
thoracic cavity, the inferior vena cava was severed. We flushed the vascalat system with
0.9% normal saline solution containing heparin sodium (100 U mL™) through a needle
inserted into the left ventricle. The specimens were pressure fixed with 1{% neutral buffered
formalin. We washed formalin {from the vessels by using heparinized saline solution and then
mjected a radiopague silicone rubber compound containing lead chrorate (Microfit MV-122;
Flow Tech) to label the vasculature. Samples were stored at 4 °C overnight for contrast agent
polymerization. Mouse fermurs were dissected from the specimens and soaked for 4 d in 10%
neutral buffered formalin to ensure coraplete tissue fixation. We treated specimens for 48 h
in a formic acid-based sohution {Cal-Ex If) to decalcify the bone and facilitate image
thresholding of the femoral vasculature from the swrrounding tissues. Images were obtained
psing pCTimaging systern (Skyscan 1172) at a resolution of 9-pm sotropic voxel size. A
threshold of 60 was nitially chosen based on visual interpretation of threshold 2D
tOMOgrams,

Gait Anglvsis. We performed automated gait analysis pre-surgery and 2, 4, 6 and &
weeks post-surgery using a “CatWalk” system (Noldus).  All experiments were performed
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during the same period of the day (1:00 PM to 4:00 PM) and analyzed as previously reported.
Briefly, we trained mice to cross the Catwalk wallbway daily for 7 days before ACLT or sham
operation. During the test, cach roouse was placed individually in the Carwalk watkway,
which consists of a glags plate (100X 15x0.6 cm) plus two Plexiglas walls, spaced & cm apart.
The mouse was allowed to walk freely and traverse from one side to the other of the wallkbway
glass plate. Two infrared light beams spaced 90 cm apart were used to detect the arrival of
the mouse and to control the start and end of data acquisition. We carried the recordings out
when the room was completely dark, with the exception of the light from the computer
screen. LED light from an encased fluorescent lamp was ernitted inside the glass plate and
completely internally retlected. When the mouse paws made contact with the glass plate,
tight was reflected down and the dluminated contact arca was recorded with a high speed
color video camera positioned underueath the glass plate connected to a computer running
Catwalk software v9.1 {(Noldus). Comparison was made between the ipsilateral (loft) and the
contralateral (right) hind paw in each run of each animal at cach time point. Paired r-test was
psed for statistical analysis.

Statistics. Data are presented as mean + standard deviation. The comparisons for
QARSI scores, bone mass and microarchitecture among different groups were performed
using nmultipie-factorial analysis of variance (ANOVA)Y When ANOVA testing indicated
overall significance of main effects and without interaction between them, the difference
between individual time poiots and sites was assessed by post fioe tests. The level of
significance was set at 7 < (.05, All data analyses were performed using SPSS 15.0 analysis
software (SPSS Inc).

Results

Exarople 1: Flevated Active TGF-8 and Bong Resorption in Subchondral Bone, To

examine the subchondral bone changes at the onset of osteoarthritis, we transected the ACL
in mice to gencrate a destabilized osteoarthritis animal model and analyzed the effects over
time. The tibial subchondral bone volume 1o ACLT mice dramatically changed relative to
sham operated controls post-surgery in three-dimensional uCT analysis (FIG. 1a (top)). The
total subchondral bone tissue volume (TV) increased by more than 20% compared to that of
sham countrols by 2 months post-surgery (FIG. ib). The thickness of subchondral bone plate
(SBP) fluctuated significantly from 14 1o 60 days post-surgery with abnormeal morphology by
63 days (FIG. Ic). Moreover, the disruption of connectivity and micro-architecture of
trabecular bone was indicated by significantly increased trabecular pattern factor (Th. P in

the ACLT mice compared to that of sham operated controls (FIG. 1d), mdicating uncoupied
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bone remodeling. Proteoglycan loss in cartilage was observed 3¢ days post-sargery and was
further aggravated at 60 days (FI1G. {a {center)). Notably, proteoglyean loss was detected at
the deep zone of articular cartilage (arrows). H&FE staining showed that thickness of the
calcified cartilage zone increased with the tidemark moving closer to articular surface. (FIG.
5 la{bottom), double arrowed lines). QARSI scores revealed the degeneration of articular
cartilage started by 14 days post ACLT and progressed gradually (FIG. fe). TRAP staining
showed that the number of osteoclasts increased in the subchondral bone as carly as 7 days
post-sargery, and the continued osteoclastic bone resorption generated large bone marrow
cavities by 30 days (FIG. If (iop) and a (top)). DImmunostaining demonstrated that post
10 surgery, the number of pSmad2/3” cells increased by 7 days, maintained at high
concentrations until 30 days and then gradually decreased back to baseline by 60 days (FIG.
it (bottom)). The results suggest that altered mechaunical loading induced subchondral bone
resorption with elevated TGF-B concentrations in the subchondral bone.

Example 2: Expression of Active TGE-81 in Bone Induces Usteoarthritis. In

15 Camurati-Engelmann disease (CED), TGF-f1 1s activated upon secretion due to a point
activating mutation in the TGFRT gene, and interestingly, people with CED are prone to
develop osteoarthritis. To examine whether high concentrations of active TGF-B1 i the
subchondral bone initiates osteoarthritis, we used a CED activation mutation mouse model in
which TGF-B1 s activated apon secretion in the sabchondral bone marrow by osteoblastic

20 cells. Three-dimensional pCT images of cross sectional, coronal and sagittal views of tibial
subchondral bone showed uneven distribution of bone mass in CED mice relative to their
wild-type Hittermates, indicating disrupted bone formation (FIG. 2a). Similar to the ACLT
mouse model, the tibial subchondral bone TV and Th Pt increased whereas thickness of the

SBP decreased in CED roice relative to their wild-type Httermates. Notably, significant

25 proteoglycan loss was detected at the calcified cartilage zone adjacent to the subchondral
plate (FIG. 2b {top)). The thickness of calcified cartitage layer significantly increased
whereas the hyaline cartilage layer decreased with apparent hypoceliularity (FIG. 2b
{bottom}). The QARSI scores revealed significant degeneration of articular cartilage in CED
mice refative to theilr age-matched hittermates (FIG. 2¢),

30 We also measured angiogenesis in these mice using microfil contrast-enhanced

angiography since it 15 a pathological manifestation of osteoarthritis. The volume fraction
and number of blood vessels in subchondral bone increased significanily in CED mice
relative to their wild-type Hitermates (FIG. 2d). Consistently, the number of CD31"
endaothelial progenttor cells also increased (FI1G. 2e). lowounostaining tor nestin, primarily
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expressed in adult bone marrow MSCs, revealed a significantly higher number of nestin’
cells in the subchondral bone marrow of CED mice compared to wild type controls (FIG. 2).
Once committed to the osteoblast Hueage, MSCs express osterix, a marker of
osteoprogenitors. The nuniber of osterix ™ osteoprogenitors also significantly increased in the
subchondral bone marrow compared to wild type controls (FIG. 2§), indicating nestin’ MSCs
undergo osteoblastic differentiation for de novo bone formation. o addition, we also
measured active TGF-f1 in the subchondral bone of human knee joints at different stages of
osteparthritis. ELISA analysis showed that the concentrations of active TGF-B1 n the
subchondral bone of human osteoarthritis knee joints were significantly higher than those of
healthy controls (FIG. 2g). Collectively, development of the knee joint osteoarthritis
phenotype in CED mice was similar to that observed in the ACLT mouse model, revealing
that high concentrations of active TGF-Bl-induced sbnormal subchondral bone formation
may contribute to the degeneration of articular cartilage.

Example 3 Subchondral Bone TGE-B Inhibition Atienuates Cartilace Deceneration.

We next examined the effects of inhibition of TGF-§ activity on ACLT joints. Injection of
TERT inhibitor (BSOS 124) has been shown to rescue uncoupled bone formation induced by
high concentrations of active TGF-Bl. Wo screened different doses of the TERY 1nhibitor
with ACLT mice to identify the optimal dose (FIG. 9). Low concentrations of TPRI inhibitor
(0.1 or 0.5 mg kg'') had minimal effects on the subchondral bone, whereas higher
concentrations, beginning at | mg kg 'improved subchondral bone structure (FIG. 3a). On
the contrary, proteoglycan loss in articular cartilage was induced at higher concentrations (2.5
or 5 mg kg"]) {FIG. 9a). Of note, proteoglycan foss induced by higher doses of inhibitor was
primarily observed in the superficial to middle zovnes of articular cartilage (FI1G. 9a).
improvement of trabeculae connectivity and micro-architecture with | mg kg’ of the TRRI
inhibitor was demonstrated by normalization of subchondral bone TV (FIG. 3b), maintenance
of the thickness of SBP (FIG. 3¢) and volume decrease in Th, PE(FIG. 3d). Notably,
protecglyean loss and calcification of articular cartilage were atienuated in ACLT mice 2
months post-surgery, a time point often used for analysis of destabilized osteoarthritis mice
models (FIG. 3g). The protective effect of the TPRI inhibitor on articular cartilage in TRRI
inhibitor treated corapared to vebicle treated ACLT moice was quantified using GARST systern
(F1G. 36, The inhibitor had no significant offects on the clevated concentrations of MMP 13
or type X collagen in chondrocyies as compared to vehicle treated ACLT group (FIG. 3g, h).
Similar results were observed in 9-month-old ACLT mice. Subchondral bone
structure was improved and articular cartilage degeneration was attenated i aged ACLT
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mice treated with | mg kg™’ of TBRI inhibitor (FIG. 12). Moreover, gait analysis with
Catwalk systern revealed significant disparity between the percentages of maxiroum contact
time (Maxcontactat¥) of the two hind limbs two months post-surgery, which was rescued in
the inhibitor-treated ACLT group (FIG. 31). Taken together, the results indicate that TGF-8
plays distinct roles in the subchondral bone and articular cartilage and inhibition of TGF-B
activity in the subchondral bone may prevent degeneration of articular cartilage during
ostegarthritis development.

Example 4: Increase of MSC Clusters Leads to Osteoid Islets in the Subchondral

Bone Marrow. To examine the cellular mechanism, we analyzed the effect of TERI inhibitor
on MSCs in the subchondral bone. We found by immunostaining that nestin” MSCs in
subchondral bone marrow were dramatically increased in numbers by 30 days post-surgery in
ACLT mice as compared to that of sham controls (F1G. da). This effect was prevented by the
TERI inhibitor (FIG. 4a). Similarly, osterix’ osteoprogenitors were largely located on the
bone surface in sham controls (FIG. 4a) and the significantly increased number of
ostegprogenitor chusters detected in the bone marrow in the vehicle-treated ACLT group was
attenuated with TRRI inhibitor treatment (FIG. 4a). These results were confirmed in flow
cvtometry analysis of nestin’ MSCs and osterix osteoprogenitors from subchondral bone
(FIG. 4¢). Osteocalcin osteoblasts and osteoids as islets were observed in the marrow of the
ACLT subchondral bone. Injection of TBRI inhibitor reduced the abnormal localization of
the osteoid islets, as the osteocalein’ osteoblasts and osteoid were largely found on the bone
surface, similar to their location in sham controls (FIG. 4b). Formation of osteoid islets was
reduced by the TBRI mhubitor compared to the vehicle-treated group in fluorescent double
labeling experiment (FIG. 4d).

Phosphorylation of Smad] can be activated by TGF-B1 in endothelial progenitor cells,
We examined whether TGE-§1 activates phosphorylation of Smadl in MSCs, We found that
TGF-B1 stimulated phosphorylation of both Smad2/3 and Smad1/5/8 at low concentrations,
but a maximal ncrease of phosphorylated Sroad1/5/8 was achieved at a higher dose of TGF-
$1 (5 ng mi™) (FIG. 4e). Immunostaining of the subchondral bone showed that the number of
pSmad! cells remained relatively stable in ACLT mice treated with TBRI inhibitor relative
to sharm controls. (FIG. 46). In contrast, pSmad2/3" cells were greatly increased in ACLT
mice and the increase was prevented by TERY mhibitor treatment (FIG, 41), suggesting that
phosphorylation of Smad2/3 is the primary downstrearn signal of TGF-§ in the subchoundral
bone MSCs. Consistently, the expression level of ALK remained unchanged in ACLT mice
treated with vebicle or inhibitor relative to sham operated control mice whereas the
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expression of ALKS was significantly increased it ACLT mice relative to control mice and
the increase was inhibited with injection of TBRI inhibitor (FIG. 46). CD317 endothelial
progenttors were significantly increased in the subchondral bone of ACLT mice relative to
sham controls, which was reduced by injection of TBRI inhibitor. (FIG. 4g). Microfil
contrast-enhanced angiography of subchondral bone confirmed that the inhibitor decreased
angiogenesis (FIG. 4h). The contrast signal was significantly increased in vehicle treated
mice at 1 month post ACLT in MRI perfusion analysis and the increase was prevented in the
inhibitor treated group, indicating reduced new vessel formation (FIG. 41). The bone marrow
lesion in tibial subchondral bone detected by micro-MRI was also obviously smaller in stze in
the ACLT- inhibitor treated mice as compared to that of ACLT-vehicle treated mice (FIG.
41), suggesting the association of bone marrow lesions with osteoid islets, These results
indicate that high concentrations of active TGF- increased the number of nestin’ MSCs,
teading to subchondral bone marrow osteoid islets and angiogenesis, representing
pathological changes of subchondral bone post ACLT,

Example 5: Neutralizing Subchondral TGE-B Reduces Ostergarthritic Severitv. To

validate the role of TGF-B i the subchondral bone at the onset of osteoarthritis, we implanted

TGF-f antibody (1D11) in alginate beads divectly in the tibial subchondral bone of rat ACLY

joints, The knee joinis were harvested 3 months post-surgery. Stmilar to systemic use of

TERI inhibitor, the micro-architecture of the bone was improved with local application of the
antibody as compared to that of vehicle-treated ACLT rats (FIG. Sa-d). The number of
osterix progenitor clusters in bone marrow cavity of rat ACLT joints was significantly less
in antibody-treated rats compared to that of the vehicle-treated rats (FIG. Se). Notably,
degeneration of articular cartilage was attenuated as reflected in OARST scores by
administration of the antibody in the subchondral bone (FIG. 51 (top), g). Moreover, the
percentages of MMP13" and type X collagen chondrocytes were significantly reduced,
mndicating protection from degeneration of articular cartifage (FIG. 5£). In contrast, MMPI3
and ColX expression were not reduced significantly with systervic injection of TERI inhibitor
{FIG. 3g, h) since TGF- is cssential for homeostasis of articular cartilage. Therefore,
spectfic administration of TGF-B antibody in the subchondral bone reduced aberrant bone
formation, but did not inhibit TGF-f signaling n articular cartilage. The protective effect on
articular cartitage 1o our rat osteoarthritis model was primarily through mprovement of
subchondral bone by site-specific administration of TGF-f antibody. The results further

validate that the role of TGF-§ in the subchondral bone is distinct from its role in articelar



g

24}

A
194

30

WO 2013/166156 PCT/US2013/039076

cartilage; high concentrations of active TGF-B1 in the subchondral bone induced abnormal
bone formation leading to development of ostecarthritis.

Exarople 6 Knockout of TGEFBRZ 10 MSCs Reduces Qsteroarthritic Severity. TGF-B

binds to a complex of TGF-J type U receptor {TPRI) and TERI to induce phosphorylation of
downstream Smad2/3. Deletion of the TGFBRZ ensures blocking of the TGF-B signaling
cascade. We induced knockout of TGFRR2 innestin’ MSCs of ACLT mice to confirm the
critical role of TGF-§ signaling in MSCs at the onset of osteoarthritis. Nestin-

Cre'MER:: T;’f‘z‘i’fiﬁ’ﬁ mice were injected with tamoxifen to delete TGFER2 (THRIT "y in the
nestin MSCs unresponsive to TGF-f while the TGF-f signaling pathway in other cell types,
inchiding chondrocytes romained intact (FIG. 13). Sumilar to those of TERI inhibitor
treatment, the micro-architecture and Th. Pf were significantly improved in the ACLT THRIF
* mice at 2 months post-surgery relative to the ACLT wild type hittermates (FIG. 6a).
Osterix’ osteoprogenitors in the subchondral bone remained primarily on the bone surface
similar to ACLT wild type littermates (FIG. 6b). Morcover, co-staining of B-gal and
osteocalcin in the subchondral bone of Nestin-Cre’ " ER:: Rosa26 LacZ™ mice revealed that
the B-gal” MSC lineage cells were detected in the bone marrow in the vehicle-treated ACLT
mice whereas B-gal’ cells were primarily distributed on bone surface and were osteocalcin in
sham controls and TERI inhibitor treated ACLT muce (FIG, 6¢). The proteoghycan loss in
articular cartilage was reduced in the ACLT T;’fRU" mice (FIG. 64 {top)). Calcification of
articular cartilage was also attenuated and the thickness of calcified cartilage remained
uvochanged refative to ACLT wild type mice (FIG. 64 {(bottom)}). Immunostaining
demonstrated that the concentrations of MMP 13 and type X collagen expression were
significantly inhibited in ACLT TARIT” mice relative to their ACLT wild-type littermates,
indicating inhibition of articular cartilage degeneration (F1G. 6g). The protective cffects on
articular cartitage in ACLT BRI mice were reflocted in QARSI scores (FIG. 6e). The
disparity between the percentage of maximam contact time (Maxcontactats) of the two hind
Hirobs in wild type ACLT mice did not occur in their ACLT TARIT littermates a8 revealed by
gait analysis (FIG. 6f). Thus, this data further demonstrates that high concentrations of TGF-
{§ initiate pathological changes in subchondral bone MSCs, contributing to the onset of
osteoarthritis,

Exarople 7; Osteoid Islet in the Subchondral Bone Marrow can be Visualized by MR1

Ti-Weishted Images gs Bone Marrow Lesions is g Biomarker of Joint Deceneration. Joing

pain and subchondral bone marrow lesions or edema are the early symptom of joint
degeneration. Currently, nothing is known about the changes 1n subchondral bone 1o relation
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with pain and progression of articular cartilage degeneration, and there is no effective disease
modifving treatment to prevent joint degeneration.

Increasing evidence suggests that the subchondral boue and articular cartilage acts as
a functional unit in the joint. Changes at the osteochondral junction and in the subchondral
bone are associated with early signs of joint degeneration such as bone marrow lesions or
ederna visualized under MR and increased thickuess of the subchondral plate and the
calcified cartilage zone. However, it is unclear the pathological formation of subchondral
bone marrow lesions. We have shown that TOFBI is activated during osteoclastic bone
resorption and induces the migration of bone marrow mesenchymal stem cells (MSChio
resorption pits for the new bone formation, acting as a coupling factor. Transgenic
expression of active TGF1 in osteoblastic cells leads to uncoupled bone remodeling with
abonormal bone formation. More importantly, we have shown that high levels of active
TGFR1 in the subchondral bone 1nitiate octoid islets in the subchondral bone marrow causing
calctfication of articular cartilage n different OA animal models. Our data reveal that
formation of osteoid islets is associated with subchondral bone marrow lesions, which is
known to lead to articular cartilage loss and pain during joint degeneration. Theretore,
formpation of osteoid islets in the subchondral bone marrow is the onset of degeneration
articular cartilage.

Specifically, we found by immunostaining that nestin® MS8Cs in subchondral bone
marrow were dramatically inereased in mumbers by 30 days post-surgery in ACLT mice as
compared to that of sham controls (FIG. 15a). Thig effect was prevented by the TERI
inhibitor (FIG. 15a). Similarly, osterix” osteoprogenitors were largely located on the bone
surface in sham controls and the significantly increased number of osteoprogenttor clusters
detected in the bone mwarrow in the vehicle-treated ACLT group was attenuated with TERI
inhibitor treatment (FIG. 15a). These results were confumed in flow cytometry analysis of
nestin’ MSCs and osterix osteoprogenitors from subchondral bone (FIG. 15¢). Osteocalein’
osteoblasts and osteoids were observed in the subchondral bone marrow as bone marrow
fesions (FIG. 15h). Injection of TPRI inhibitor reduced the abnormal localization, as the
osteocalcin” osteoblasts and osteoid were largely found on the bone surface, similar to their
location in sham controls (FIG. 15b). These osteoid islets 1o the subchondral bone marrow
resulted uncoupled bone formation which was rescucd by the TERI inhibitor corapared to the
vehicle—treated group in fluorescent double labeling experiment (FIG. 13d).

CD31" endothelial progenitors were significantly increased in the subchondral bone
of ACLT mice relative to sham controls, which was reduced by injection of TBRI inhibitor,
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{FIG. 13¢). Microfil contrast-enhanced angiography of subchondral bone confirmed that the
inhibitor decreased angiogenesis (FIG. 151). The contrast signal was significantly increased
in vehicle treated mice at 1 mounth post ACLT in MRI perfusion analysis and the increase was
prevented in the inhibitor treated group, indicating reduced new vessel formation (FIG. 151
The bone marrow lesion in {ibial subchondral bone detected by micro-MRI was also
obvioushy smaller 1 size in the ACLT- inhibitor treated nuce as compared 1o that of ACLT-
vehicle treated mice (FIG. 15h). These results indicate that high concentrations of active
TGFB increased the number of nestin' MSCs, leading to osteoid islet formation in the
subchondral bone marrow and angiogenosis, representing pathological changes of
subchondral bone post ACLT. Dunkin Hartley guinea pigs develop spontaneous
osteoarthritis, We observed subchondral bone marrow bone lesions in the knee joints, When
the goinea pigs were injectod with TGFR type T receptor inhibitor for 3 months, the bone
marrow lesions were significantly reduced (FIG. 16}, Taken together, the osteoid islets in the
subchondral bone marrow are associated the lesions visualized by MR, which can be
inhibited by TGFD type I receptor inhibitor.
Discussion

TGF-P 15 kuown for its anabolic eftects on articular cartilage homeostasis by
stimulating the production of extracellular matrix proteins and preventing terminal
differentiation of chondrocytes. In this study, we found that changes in mechanical loading
on the joints increased the number of osteoclasts in the subchondral bone as early as 7 days
post-surgery in the ACLT animal model. High concentrations of TGF-§1 were activated
during osteoclast bone resorption to recruit nestin’ MSCs for the subsequent ancoupled bone
formation. Notably, osteoclastic bone resorption was spatiotemporally ancoupled with
TGFE -induced recruttment of nesting MSCs and led to aberrant bone formation, which was
further substantiated by development of osteoarthritic-like changes in CED mice, Relative to
a single phase of uncoupled sequential bone resorption and formation in the mouse ACLT
model, haman ostecarthritis appeared more complex with multiple phases. We found some
arcas of the articular cartilage were still intact or in the middle stage of osteocarthritis
progression when analyzing specimens from late stage osteoarthritis subjects who snderwent
knee joint replacerment. Consistently, the thickness of the subchondral plate in osteocarthritis
spectimens is not uniforr, although the percent distribution of subchondral plate gencrally
became thicker (FIG. 7). Moreover, the concentrations of active TGF-§ were higher in
subchondral bone with articular cartilage compared that of the healthy controls. The
observation suggests that inhibition of TGF-P activity in the subchondral bone may still have
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therapeutic effects even if individuals with osteoarthritis are not in the early stages. Our
findings reveal that TGF-B plays a different role 1n sabchoundral bone as opposed to its
anabolic offect on articular cartilage. Thus, the location of the elevated TGF-1
concentrations in subchondral bone triggers a cascade of events that lead to the development
of osteoarthritis.

Both clinical and animal studies report that progression of ostecarthritis 8
accompanied by the accurulation of mesenchymal progenitor cells in joint tissues and
synovial fluids. Bone marrow lesions have been identified as a prognostic factor of
osteoarthritis progression as it has been found to populate sites of cartilage destruction. We
observed that elevations in TGF-B1 concentrations lead 1o an increased number of nestin”
MSCs in the subchondral bone marrow in various ostecarthritis antmal models. During the
normal remodeling process, osteoblasts and their progenitors are primarily observed at the
rosOrption site on the bone surface. However, the altered microenvironment induced by
abnormal mechanical loading may lead to “in situ” conunitraent of osteoprogenttors in the
bone marrow cavities. Bone marrow lesions have been characterized as less well mineralized
newly formed bone. These clustered bone marrow osteoprogenitors may lead to osteoid islets
in the subchondral bone marrow that 15 visualized as bone marrow lesions under MRL
Moreover, knockout of TGFER? in nestin’ MSCs attenuated the development of
seteoarthritis in ACLT mice. This result further confirmed our hypothesis that MSCs are the
target cells of the aberrant TGF-J signals during osteoarthritis progression. Additionally,
bone formation is often coupled with angiogencesis. 1t is known that the TGF-B signaling
pathway in endothelial progenttor cells can promote angiogenesis and TOF-B may stimulate
the paracrine machinery in MSCs that further facilitate angiogenesis. Our data revealed that
blood vessels were increased in the subchondral bone of both ACLT and CED mice in
angiography by microphil-perfused experiments. Reduced angiogencsis by inhibition of
TGF-P activity may have further attenuated the de novo bone formation in the subchondral
bone in the osteoarthritis joints of ACLT mice.

The subchondral bone and articular cartilage act as a functional unit in the joint. In
human osteoarthritis joints, the subchondral plates become significantly thicker relative to
that of healthy subjects. The subchondral bove was modeled post-surgery 1o ACLT animal
models and their thickuess dramatically fluctuated. The capacity of chondrocytes to
modulate their functional state in response to alterations in mechanical loading is relatively
Himited compared to the adjacent subchondral bone. Changes in osteochondral janction are
therefore likely involved in advancement of the caleified cartilage zone. The precise
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mechanism of degeneration of articular cartilage through abnormal subchondral bone changes
is still unelear. In our established simulation model for human knee joints, expansion and
increased stitfness of subchondral bone (F1G. 14) changed the distribution of articular
cartilage stress. Therefore, TGE-B-induced abnormal bone formation may condribute to the
alteration of the mechanical property of subchondral bone and initiate its expansion causing

degeneration of articular cartilage.
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We clatm:

1. A method for treating or proventing osteoarthritis in a pationt comprising the step of
administering to the patient a therapeutically effective amount of 2 transforming growth

5 factor beta (TGF-beta) inhibitor.

2. The method of claim 1, wherein the TGF beta is a member of the TGF-beta
superfamily.

w3 The method of claim 1, wherein the TGF-beta 1s TGE-beta 1, TGF-beta 2, TGF-
beta 3
4, The method of clairo 1, wherein the TGF-beta is TGF-beta 1.

i5 5. The method of claim 1, wherein the inhibitor is a small molecule, an antibody, a

protein, a peptide, or a nucleic acid.

6. The methad of claim 1, wherein the inhibitor is an antibody.
26 7. The method of claim 1, wherein the inhibitor inhibits active TGF-beta, a TGF-beta

receptor, a protease responsible for activating a precursor TGF-beta into mature TGF-beta,

expression of TGF-beta, or combinations of the foregoing.

. The method of claim 1, wherein the inhibitor is administered into the subchondral
25 bone area.
. A method for treating or preventing osteoarthrifis osteoarthritis in a patient
comprising the step of administering to the patient a therapeutically offective amount of a
TGF-beta inhibitor into the subchondral bone area.
34

10, A method for treating or proventing osteoarthritis osteoarthritis in a pationt
comprising the step of administering to the patient a therapeutically effective amount of a

TGF-beta 1 blocking antibody into the sabchondral bone area.
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il A method for reducing the degeneration of articular cartilage in a joint comprising the
step of administering an effective amount of a TGF-beta indubitor locally at or near the jout

site.

12, The method of clatmo 11, wherein the inhibitor 18 adoministered into the subchondral

bone area of the joint,

13. The method of ¢laim 11, wherein the inhibitor is a small molecule.

14, The method of claim 13, wherein the small molecule is halofuginone, kartogenin, or

SB-505124.

15. The method of claim 13 or 14, wherein the TGF-beta inhibitor is conjugated to

bisphosphonate or 8 derivative thereofl

16, The method of claim 15, wherein the bisphosphonate 15 alendronate.

i7. A method for treating or proventing osteoarthritis in a patient comprising the step of
administering an effective amount of a steall molecule TGF-beta 1 inhibitor conjugated to

bisphosphonate,

18, A method for diagnosing osteoarthritis in a patient comprising the step of identifving
the presence or absence of osteoid islets in the subchondral bone marrow of the patient using
magnetic resonance imaging (MRI), wherein the presence or absence of the osteoid slets

provides the diagnosis.

9. A method for monitoring osteoarthritis therapy in a patient comprising the step of
comparing the extent of osteoid islets formation in the subchondral bone marrow of the

patient at at least two time points, wherein the osteoid islets are detected using MRL

20. A method for treating osteoarthritis in a patient comprising the steps of!
a. detecting the presence of osteoid islets n the subchondral bone marrow of the

patient using MRE and
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b. administering a TGF-f§ inhibitor to the patient.

40



WO 2013/166156 PCT/US2013/039076

1/55

DAY 0 ALY 36 SHAM 30 ACLT 80 SHAM 60

. 01
ﬁ o
;% *
=005 1N 7]
"%
.
S 15
210
S ]
%

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

PCT/US2013/039076

X2,

g L

R FiGs. 1E(ii)

o 7 W ;6 o FIGS TF{i

onRon &
Y

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

3/55

TRANSVERSE (ORONAL SAGITTAL

FiGs. 2A(i)
0.06 - wroup
] - T 1 7
o £ =
2 = 0.05 - . £ 6
= = v = /
- 7 I
0 0.04 =
Wi Wi 16 -

FiGs. 2A(ii FiGs. 2A(iii) Fis. 2A(iv)

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

Figs. 2
20 -
Z - T
g e —
Wi {EB
FiGs. 2D

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

_;f:_ 08 - _»]<_
4 .
g 0.6 -
oy
= 0.4 -
2- = |5
8.2 -
Wi (ED Wi (£

FiGs. 2E(ii)  Fi6s. 2E(iii)

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

WESTIN

gsx

3@ - Eﬁﬁ N % %
) 150 -
25 1 80 - —
| = T
=0 L6 - 200,
2 5. = e
= =40 - E ol 7
. 16 4 = =
= &
Wi W R

Fi6s. 26{(ii) FiGs. 2H(ii) Fi6s. 21

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

7/55

SHAM ) ACLY

VEHICLE INHIBITOR VEHICLE INHIBITOR

DAY 30

DAY 60

0.15 -
E 01
= 005
c FiGs. 3A(iii)
ZQW L3
: 2 Ve ALY
= 10 ﬁi S 1 SHAM
R e @ Ve ACLT
= 10 i w In SHAM
&= ##
20 - &
204 o Fi6s. 3A(iv)

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

SHAM ) ACLY

VEHICLE IRHIBITOR VEHICLE INHIBITOR

15 - *
Il
#
w1 ‘(
&
= 5.
0 I

FI6S. 3(

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

9/55
40 - S
30
g *
o |
= T
10 -
AN o v
%@ &&g% "@% @‘%
FiGS. 3D
50 - S
4 .
_—
..g_
>l
5 0- T
10 - ]
}

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

10/55
40 - -
T T
T .z .
30 -
%
Ei LEFT
= 20
S RIGHT
=
P
16 -
0 e @ & 5
X o o
q@?’%‘ ‘\’Qc% ‘4@} "i‘;;%
FIGS. 3F

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

1/55

HESTIN

30 - *

v 10 %
= 10- #
o LA
S & &
F H S
& N

FiGs. 4A(ii)

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

12/55

OSTERIX

A

S

N. BM OSTERIXY

w72 7

| SN
S & §

i)

£

FIGS. 4B

\ﬂm%

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

13/55
9.
<
=
=
=
o LA
¥ & &
F M S
& @
FIGS. 4(
I
§
i
2 05 -
=
0 S & &
S
F NS
¥ @
FiGs. 40

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

14/55

o

D0

15

0

TWOEHITML

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

15/55

SHAM  VEHIULE | INHIBITOR

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

INHIBITOR

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

17/55

1000 - -
800 -
& , )
S 600- # 3
: 2
=400 £
0 @ &, @
° )
R
Fics. 41{ii)
300 - ,
g 4 N
= 200 - : :
160 -
0 ® " % .
> &
S &
TS
Fi6s. 4K(ii)

PCT/US2013/039076

& &
‘X@Q
P

FiGS. 4L (i)

N

&

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

18/55

SHAM VEHICLE INHIBITOR

0 - .
. ]
oy

2

= T

Q> & S
S

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

18/55

SHAM | VERICLE - INHIBITOR

oots{ | 034 T
E oo £ 02-
= 000517 = 014
NN
FFS
¥ N

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

wzzza HEMTHY SsSOAQTIMON  comozm ACLT-TMON_SB

SIGNAL INTENSITY / o

g ~160 ~200 300 -~400 500 600 700 BOD
FiGs. 40

FIGS. 4P

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

21/55

ARTIBODBY

VEHICLE

SHAM

e 4,
Y 2, %
_T*_/ ...._ ! §
mmﬁg\ﬁmm HHOD
W~ 4,
NS 9%
Z

(iv}

FIGS. 5A

i}

(i

FIGS. 5A

SUBSTITUTE SHEET (RULE 26)



STERIX

WO 2013/166156

PCT/US2013/039076

1060 - .
&
L]
= 500 -
g

SUBSTITUTE SHEET (RULE 26)




WO 2013/166156 PCT/US2013/039076

15 - .
g 18 -
= 5y il
o L7
& & ©
¥ & §
FOE
FIGS 5D

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

(0L X/DAP1

FIGS. 5F{i
= 0 5
= o
e oocs
s =
0

s

FiGS. 5

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

25/55

g1 - "
.
= R 7/
= - / 4 \\
= SNRZ7/N
= 0051 V70N
= N O/
AN N
Imo imo

FiGS. 6A(iii)

20 - imo mo

0 . W SHAM
T 7 TRRIF/~ SHAM
E 0 ) e B W
= 7 Eﬁs\} o TRRIY ACT

a0 -

30 -

FI6S. 6A(iv)

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

N. BM OSTERIX*

58 -
#
; a
T AR S
&&%" &R

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

27/55
SHAM VEHICLE INHIBITOR
_ |
=
=
=
2
[cr

FIGS. 6(

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

MAX CON AT (%)

QARSI SCORE

41 KN RH T

-
o T I 5 -

PCT/US2013/039076

FIGS. 66

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

30/55

WT SHAM TBRI SHAM  WTAQT TBRIT/” ACIT

(0L X

¥ ¥

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

HEALTHY 0ACT 0AC

HRNTEON

FIGS. 7A

*

% TS

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

2 -
20 - / HEALTHY
15 - oACH

SBP Th DISTRI (%)

FIGS. 7E

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

HEALTHY 0A

.
‘; o

T
N N

{

FIGS. 7F

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

34/55

{ARTILAGE

TIRIAL PLATEAl
FIGS. 8A

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

35/55

NORMAL
Figs. 8(

VON RIS
STRESS {MPn)
0.06
0.04
0.04
- .03
0.83
0.83
0.03
0.62
0.62
0.82
8.61
- .01
0.0l
A 0.0
TIRIAL PLATEAU BONE AREA DXPANSION BY 2%
FIGS. 8

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

VON MISES
STRESS

| POINT |

POINTII

ANTERIOR

T—w LATERAL

STRESS DISTRIBUTION TN TIRIAL ARTICULAR CARTHLAGE
FIGS. 8F

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

37/55

s PRTNT |

wwwwwwwww POINT I

INCREASING RATE OF PEAIK STRESS

+% +10% +20%

INCREASING RATE OF
SUBCHONDRAL PLATE MODULUS

Figs. 86

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

6

DAYS

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

Img/kg

ACLT

0.5mg/kg

i <

X

0.1mg/kg

VERICLE

SHAM
VERICLE

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

40/55
VEHICE = {.Img/kg
Bimgky = Img/kg
ewzza P imgky s> Smg/kg 0.1
100% -
§ 80% - ﬁé 0.14
= &60% - =
40% - 8.12
20% -
0% g
30 60 {DAYS) 30 60  {DAYS]
FGs. 10C Fi6s. 10D
25 -
20 B
15 -
oy | I
= 54 ¥
g 5 /:/ X *®
= ¥ ¥ AT E:ﬁ i
5 - - +
N & W& © W
10 L B o » \%»
10 -4 %‘\}‘3‘ %ﬂj@ & i\;‘:’(@
15 -
0 -
35

Figs. 10E

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

41/55

DAYS 4 | K.

VEHICLE

INHIBITOR

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

vzl S9H

H

Hi

Wy

HS

BAY

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

& =5 g T
= = s =
03 Sy w2 oy

[ o 3

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

PCT/US2013/039076
44/55
25 - .
T
21 - ',Z//// #
= 5 m
b i \\\\\
& /NN
= 104 7/
= /,////// \Q\\\‘
Vo N
g o /}/I//Z/ \&\
FI6$. 12(
#
§§ B A i _1:- A €T
= W\ Tk
< 7N\l /\
5 57 N N
s Z1IN\\ 7N
77/ 7N
o LU JAN
imo imeo
FiGs. 12D
10 -
/T/
5 / Vo SHAM
e 74 #
* ) *
g; g Irm“ ////’Tii'('i ' - §i§ Sﬁﬁim
i 1 % 7N VeACLT
3 7 In ACLT

FiGs. 12E

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

45/55

PCT/US2013/039076

ez TIBIA

FIGS. 13A

FEMUR

HEALTHY
ACLT-TMON

ssssss BONE MARROW cxoooowo JUSCLE ¢ e AL T-FMON
3 - 45 -
T 15 - 32 1
- i
2 ¢ ] 15 4
= 1.5 2
= "
&= 05 4 05 -
g g

SUBSTITUTE SHEET (RULE 26)




WO 2013/166156 PCT/US2013/039076

TAMOXIFEN - + +

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

47/55

SHAM VEHICLE | INHIBITOR

NESTIN

OSTERIX

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

OSTEOCALCIN

TRICHROME

FiGs. 158

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076
49/55
30 4 * 900 -
+ 20 - e I
i 5100 -
= 04 # = d
F & & S ¢ &
S & § § & &
TS L
7 -
-
£ +
£ 14 =
= ‘ 505 -
N N\ O S
§F & F S
& @ & @

FIGs. 15(

SUBSTITUTE SHEET (RULE 26)




WO 2013/166156 PCT/US2013/039076

SHAM VEHICLE INHIBITOR

FiGs. 15D

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

51/55

SHAM VERICLE | INHIBITOR

40 - «
20
= T
I y
’ NIRRT
& 8
F & &
¥ @5;\&»

FIGS. 15E

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

SHAM VEHIGLE INHIBITOR

0.015 - T 0.3 - 1
- ] | = . |
IR E 024
E =
= =
0005 4 7 0.1
0 : ® KRS 0 S @ <
S N S
§ &S S
¥ N £ N
FIGS. 15F

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156 PCT/US2013/039076

53/55
czzzzzo fEMTHY  ossssso AQLT-IMON oz ACLT-1MON_SB

& -
’”"Tg 4“
E 3
o
= 7
=
& 14

i

SHAM | VERICLE | INHIBITOR

FIGS. 15H

SUBSTITUTE SHEET (RULE 26)



PCT/US2013/039076

WO 2013/166156

54/55

SUBSTITUTE SHEET (RULE 26)



WO 2013/166156

mmg

55/55

PCT/US2013/039076

FEMORAL SUBCHONDRAL SIGHAL IKTENSITY

20 5 * 79- .
04 - . 60 & ‘
8@ i “T' 5{)'
40 - //‘/ /L ) 40 //*/ % B
w7 7
40 - ol
26 i 5 - ‘Egn e K
VEHICLE  LOW DOSE HIGH DOSE VEHICLE  LOW DOSE HIGH DOSE
GROUP  GROUP  GROLP GROUP  GROUP  GROUP
{n=4} {n=4} {n=6} {n=4} {n=4} {n=6)
*p<.05
TIBIAL SUBCHONDRAL BML VOLUME SUBCHONDRAL SIGNAL INTENSITY
25 - % 40 - *
ni T | U R ey
7, T . 40 - 7 T
15 - 7
’E 7 7 30 - 7 I
17 . 7
O EHICE TOWDOSE WIGHDOSE  © VEHICLE LOWDOSE HIGH DOSE
GROUP  GROUP  GROUP GROUP  GROUP  GROUP
{n=4} {n=4} {n=6) {n=4) {n=4} {n=6}
*p<0.05
FiGs. 168

SUBSTITUTE SHEET (RULE 26)



PATENT COOPERATION TREATY

PCT

DECLARATION OF NON-ESTABLISHMENT OF INTERNATIONAL SEARCH REPORT
(PCT Article 17(2)(a), Rules 13ter.1(c) and (d) and 39)

Applicant's or agent's file reference Date of mailing (day/month/year)
P11908-03 IMPORTANT DECLARATION | 54 g tember 2013 (24.09.2013)

International application No. International filing date (day/month/year)  |(Earlist) Priority date (day/month/yvear)

PCT/US2013/039076 01 May 2013 (01.05.2013) 01 May 2012 (01.05.2012)

International Patent Classification (IPC) or both national classification and IPC

A61K 39/395(2006.01)i, A61K 48/00(2006.01)i, A61P 19/02(2006.01)i, A61P 19/00(2006.01)i

Applicant
THE JOHNS HOPKINS UNIVERSITY et al

This International Searching Authority hereby declares, according to Article 17(2)(a), that no international search report will be
established on the international application for the reasons indicated below.

1. E The subject matter of the international application relates to:
a. D scientific theories.

b. I:‘ mathematical theories.
c. D plant varieties.
d. D animal varieties.

e. D essentially biological processes for the production of plants and animals, other than microbiological processes and
the products of such processes.

=

D schemes, rules or methods of doing business.

|:| schemes, rules or methods of performing purely mental acts.

Bo®

D schemes, rules or methods of playing games.

—-

& methods for treatment of the human body by surgery or therapy.

j. D methods for treatment of the animal body by surgery or therapy.

k. diagnostic methods practised on the human or animal body.

L |:| mere presentation of information.

m. computer programs for which this International Searching Authority is not equipped to search prior art.
g ty quipp p

2. |:| The failure of the following parts of the international application to comply with prescribed requirements prevents a
meaningful search from being carried out:

|:| the description Dthe claims |:| the drawings

3. I:l A meaningful search could not be carried out without the sequence listing; the applicant did not, within the prescribed time
limit:

|:| furnish a sequence listing on paper complying with the standard provided for in Annex C of the Administrative
Instructions, and such listing was not available to the International Searching Authority in a form and manner
acceptable to it.

|:| furnish a sequence listing in electronic form complying with the standard provided for in Annex C of the
Administrative Instructions, and such listing was not available to the International Searching Authority in a form
and manner acceptable to it.

I:l pay the required late furnishing fee for the furnishing of a sequence listing in response to an invitation under Rule
13ter.1(a) or (b)

4. Further coments:

Name and mailing address of ISA/KR Authorized officer
; Korean Intellectual Property Office
% 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan CHOI Sung Hee

* City, 302-701, Republic of Korea

Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-8740

Form PCT/ISA/203 (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - pct-art17.2a

