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From Cause to Cure

e Mode
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ed the structure of the mutant protein
ed by the FOP gene
entified a previously unrecognized

and unstable switch
enabled by the FOP mutation.

e Showed that hypoxia
dramatically enhances BMP signaling
In FOP cells
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Hematopoietic Stem-Cell
Contribution to Ectopic Skeletogenesis

By Frederick S. Kaplan, MD, David L. Glaser, MD, Eileen M. Shore, PhDD, Robert ]. Pignolo, MD, PhD, Meiqi Xu, BS,
Yi Zhang, MD, PhD, David Senitzer, PhD, Stephen J. Forman, MD, and Stephen G. Emerson, MD, PhD

Investigation performed at the Center for Research in Fibrodysplasia Ossificans Progressiva and Related Disorders,
Department of Orthopaedic Surgery, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania,
and the Division of Hematology and Hematopoietic Cell Transplantation, City of Hope National Medical Center, Duarte, California
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Dysregulation of Local Stem/Progenitor Cells as a Common Cellular
Mechanism for Heterotopic Ossification
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BMP type I receptor inhibition reduces heterotopic
ossification

Paul B Yu'?, Donna Y Deng!, Carol $ Lai', Charles C Hong®, Gregory D Cuny?, Mary L Bouxsein®,
Deborah W Hong!, Patrick M McManus!, Takenobu Katagiri®, Chetana Sachidanandan', Nobuhiro Kamiya’,
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ldentification of Progenitor Cells That Contribute
to Heterotopic Skeletogenesis

By Vitali Y. Lounev, PhD, Rageshree Ramachandran, MD, PhD, Michael N. Wosczyna, BS, Masakazu Yamamoto, PhD,
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THE FOP “"HYDROGEN BOMB”
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Permanent heterotopic assification at the injection
site after diphtheria-tetanus-pertussis immunizations
In children who have fibrodysplasia ossificans
progressiva '
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Macrophages Stimulate H.O.
In NSE-BMP4 Mice

mm MNse-BMP4, inbred
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Inflammation Triggers H.O. in The Setting
of Increased BMP Pathway Activity

M@ — inhibitors (induction)
Lymphocyte inhibitors ( propogation )
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ACVR1 (The Bomb)

kinase +
GS regio

Manual docking of one monomer
of Smad 1 MH2 trimer {unphosphorylated)
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Cells of Hematopoietic Origin
Contribute to Early & Late Lesions
But Not to the Heterotopic Anlagen
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Schematic of Cre/ loxP lineage
Tracing Methodology
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Table 1. Cell lineage contributions to the heterapic endochondral anlagea®

Heterotopic Skeletal Anlagen Stages

Promoter Cell Lineage Fibroproliferative | Chondrogenic | Osteogenic

MyoD Skeletal Muscle <5 <1 ND¢

SMMHC | Vascular ND ND ND
smooth muscle

Tie2 Endothelial




Cardiotoxin Injury of Skeletal
Muscle Stimulates and Synchronizes
Heterotopic Ossification in

Nse- BMP4 Transgenic Mice




Tie2+ Cells Contribute to All Stages of
Heterotopic Ossification After Cardiotoxin -Induced
Muscle Injury in Tie2 -Cre; R2Z6R/NSE-BMP4 Trasgenic Mice




Endothelial Markers Are Expressed At All
Stages of The Endochondral Anlagen
In BMP4 Associated Heterotopic Ossification

Heterotopic Ossification Stages

Fibroproliferative Chondrogenic Osteogenic

Control




Working Model of BMP - Associated
Heterotopic Ossification
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Principles of Skeletal Metamorphosis in FOP

Data from FOP patients and from in vivo animal
models of FOP strongly suggest that

iInflammatory signals, in response to soft tissue
Injury, mobilize resident connective tissue
progenitor cells of vascular origin that contribute
to every stage in the development of the
heterotopic anlagen.

Inflammatory signals, in response to soft tissue
Injury, are sufficient to induce  heterotopic
ossification in a BMP -conducive environment.

Inflammatory cells of hematopoletic origin trigger
soft tissue metamorphosisto  heterotopic bone.




Principles of Skeletal Metamorphosis in FOP

Cells of the innate immune system, specifically of
the monocyte /macrophage lineage, induce
metamorphic changes in a BMP conducive
environment.

Cells of the adaptive immune system, specifically
of the lymphocyte lineage, propagate the growth
and expansion of metamorphic changes in a BMP
conducive environment.

Immunosuppression ameliorates heterotopic
ossification in a genetically susceptible host.




Principles of Skeletal Metamorphosis in FOP

 Bone marrow transplantation does not cure FOP
and is ineffective in abrogating its progression.

A normal immune system is sufficient to trigger
heterotopic ossification in a genetically susceptible
host.

Connective tissue progenitor cells of vascular orig In
transduce inflammatory signals in a BMP conducive
environment and contribute to every stage in the
evolution of a heterotopic anlagen.

Therapeutic regulation of progenitor cell
populations involved in FOP lesions holds promise
for treatment of FOP and possibly other disorders o
heterotopic ossification.
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One of the most highly specific disease
causing mutations in the human genome




“All the News
That’s Fit to Print”

VOL.CLV. ... No. 53,574

day, high 63, low 53 Details, Page D8

P Late Edition
New York: Today, partly cloudy and
breezy, high 66. Tonight, spotty show:
ers to the east, low 52, Tomorrow, sea.
sonable, light winds, high 7 Yester:

Copyright © 2006 The New York Times NEW YORK, TUESDAY, MAY 9, 2006 ON f?.der LA

Finally, With

By MICHAEL MASON

Peering into the hollow stump of a red-
wood tree, Hayden Pheif, 5, finds a cache of
treasured river rocks exactly where he left
them.

It's a luminous afternoon in Mill Valley,
Calif., perfect for tossing a few of them back
into the creek that runs through this small
park. But Hayden’s mother, Megan Pheif,
knows better than to let her son scramble
down the steep embankment to the stream.

Hayden can barely bend forward, and he
cannot raise his arms much above his shoul-
ders. Once down that slope, he may not be
able to get back up. So she lifts him, over
loud protests, back onto the walking trail,
lingering for a moment over the hunch that
has begun to form on his back. In Hayden's
body, too, there are pockets of stone.

“It's upsetting, obviously,” said Ms. Pheif,
41, a sales representative for a textiles com-
pany. “The childhood you thought your kid
would have isn’t possible, The doctors don’t
have a cure, and they can’t tell you what's

The skeleton explodes in
bodies that eventually
become living statues.

Genetic Discovery, Hope for Escape From a Prison of Bone

o

% Times, The New England Journal of Mediciae (below)

5 - = 1 ¢ in the skeleton.
MUSCLES TOBONE Hayden Pheif, 5, at his home in Mill Valley, Calif., has F.O.P., a rare disease that transforms his soft tissue into bone, as illustrated below in the ske:
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ACTIVIN- LIKE KINASES

SR1 Smads 1,5,8
ACVR1 1,5,8]
BMPRIA 1,5,8
ACVR1B 2,3
TGF-bRI 2,3
BMPRIB 1,5,8
ACVRI1C 2,3







Zeprafisn Emoryogenesis Can Be Used
As An In Vivo Screen for BMIP Acilvity
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Contrioution of  MyoD+ and Tie2+
Cells to Heterotopic  Ossificatlor
Following Intra rnuscular Injection of BMPZ












FOP Cells

> Increased expression of EMP4 - (NEJIM)
> Fallure to upregulate BIVIP4 cWJ[clJOfJSS (JBJS)
> Feallure to regulate concentration of BMP

In exiracellular space (JBJR)

receptors In preserice o'f ligand (JEMR)
> Basal leariness of BMP signaling tnroughn
Sread painway In apsernce of  ligand (JBMR)
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Funcilonal Effecis of ACVRL c.8L7G>A (R206H) Mutaiior
- In vivo analyses: zebrafisr

Shen, Little et al. unpubl.
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BMP Signaling Painways
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Inflarnmeatory Triggers/ Signeals
Actlvate Stern/ Progenitor Cells
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