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Fibrodysplasia ossificans p r o g r d v a  (FOP) is a catastrophic 
genetic disorder of progressive heterotopic ossification associated 
with dysregulated production of bone morphogenetic protein 4 
(BMP4), a potent osteogenic morphogen. Postnatal heterotopic ossi- 
fication in FOP is often heralded by hectic episodes of severe post- 
mumatic connective tissue. swelling and intramuscular edema, fol- 
lowed by an intense and highly angiogenic fibroproliferative mass. 
The abrupt appearance, intense sue, and rapid intrafascial spread of 
the edematous preosseow fibroproliferative lesions implicate a dys- 
regulated wound response mechanism and suggest that cells and 
mediators involved in inflammation and tissue repair may be con- 
scripted in the growth and progression of FOP lesions. The central 
and coordinate role of inflammatory mast cells and their mediators in 
tissue edema, wound repair, fibrogenesis, angiogenesis, and tumor 
invasion prompted us to investigate the potential involvement of mast 
cells in the pathology of FOP lesions. We show that inflammatory 
mast cells are present at every stage of the development of FOP 

Fibrodysplasia ossificans progressiva (FOP) is a 
rare autosomal dominant disorder characterized bv , 
congenital malformatioll of the great toes and by pro- 
gressive heterotopic ossification in defined anatomic 
pattenls.1" Spontaneous and post-traumatic flare-ups 
of FOP are heralded bv e~isodes of intense connective , L 

tissue edema with early histologic evidence of perivas- 
cular lynlphocytic infiltration into skeletal muscle."" 
Highly ailgiogenic fibroproliferative lesions appear 
within hours, spread rapidly along muscle planes, and 
evolve through an endochondral ossification process to 
form mature lamellar b~ne.*.~.S Heterotopic ossifica- 
tion in FOP leads to immobilization of joints in the 
axial and appendicular skeleton, rendering movement 
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lesions and are most pronounced at the highly vascular fibroprolif- 
erative stage. Mast cell density at the periphery of FOP lesional tissue 
is 40- to 150-fold greater than in normal control skeletal muscle or in 
uninvolved skeletal muscle from FOP patients and 10- to &fold 
greater than in any other inflammatory myopathy examined. These 
findings document mobilization and activation of inflammatory mast 
cells in the pathology of FOP lesions and provide a novel and 
previously unrecognized target for pharmacologic intervention in this 
extremely disabling disease. HUM PATHOL 32:842448. This is.a US 
government work. There are no restrictions on its use. 
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impos~ible.',:~,"JO Death frequently results from starva- 
tion due to ankylosis of the jaw or from complications 
of severe restrictive disease of the chest wa11.2.".11." 
Presently, there is no effective prevention or treat- 
me11t.l:~ 

Although the genetic basis and pathophysiology of 
FOP are unknown, recent studies show overproduction 
of bone morphogenetic protein 4 (BMP4) in lesional 
lymphocytes, lesional proliferating fibroblasts, and lyrn- 
phoblastoid cell lines from patients with FOP.rJ*17 Ad- 
ditionally, elevated levels of urinary basic fibroblast 
growth factor (bFGF), a potent angiogenic peptide, are 
noted during FOP flare-ups but not during disease 
quiescence.lR However, bFGF is not overproduced in 
lesional proliferating fibroblasts, implicating other cells 
as the source of bFGF. The intense soft tissue swelling 
and rapidly progressive muscle edema, fibroprolifera- 
tion, and angiogenesis characteristic of earlv preosse- 
ous FOP lesioils suggests involvement of an armada of 
inflammatory mediators at the leading edge of the 
lesion and points to a poteiltial role for inflammato~y 
mast cells in the spread of the disease process. 

Mast cells mediate i~lfla~nmato~y reactions that are 
widely distributed in connective tissues. Mast cells arise 
from C ~ 3 4 '  pluripotent stem cells of heinatopoietic 
origin, circulate through the blood as committed but 
undifferentiated cells, and migrate into nuinerous tis- 
sues iilcluding skeletal muscle, where they matiire in 
the PI-esence of c-kit-ligand (stem cell factor). blast 
cells are indigenous to connective tissues ancl are found 
in close proxiinity to blood \*essels and nerves." 111 
~lornlal skeletal muscle, mast cells are found sparsely 
distributed in the connectire tissue interstitium that 
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1101-mally demarcates the fascicular structure of the 
mwcle tiss~e.~!'. '~ 

The  cytoplasm of inflainmatol-y mast cells contains 
promillent metachronlatic gi-allules whose sequestered 
contents include histamine, heparin, proangiogeilic 
peptides, and extracellular matiix-degrading protein- 
ases, including nletalloproteinases, serine proteinases, 
chymases, acid hydrolases, and ~athepsins.".'5~26.3~~~2 
Potent angiogenic peptides released by mast cells 
include bFCF, vascular endothelial growth factor 
(VEGF)/vascular permeability factor (VPF) , and trans- 
forming growth factor P (TGF-p).21,23,zG.sM5 Mast cells 
also release a litany of proinflammatory molecules in- 
cluding tumor necrosis factor a, prostaglandin D,, and 
numerous l e u k o t r i e i ~ e s . ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~  Upon release from 
the mast cells, these substances influence a vast array of 
physiologic processes, including focal and neurogenic 
inflammation, immunomodulation, angiogenesis, fi- 
brogenesis, extracellular matrix remodeling, tissue re- 
pair, and  tumor i n v a s i ~ n . " . ~ ~ - ~ " s M  

T h e  illtense muscle edema and rapid spread of the 
preosseous fibroproliferative FOP lesions along muscle 
planes suggests a potential role for mast cells in the 
progression of the disease process. However, mast cells 
are not easily identifiable with routine hematoxylin- 
eosin staining and  have not been previously recognized 
or described in FOP pathology. 

Little is known about the resident mast cell popu- 
lation in skeletal muscle. We have undertaken a com- 
prehensive analysis of mast cell distribution in normal 
skeletal muscle, in uninvoh~ed skeletal muscle from 
patients with FOP, in FOP lesions, and in inflammatory 
myopathies to determine if mast cells may be involved 
in the pathology of FOP lesions. 

MATERIALS AND METHODS 
Patient Population 

Between 1988 and 1999,174 patients with classic features 
of FOP were referred to the FOP clinic at the University of 
Pennsylvania School of Medicine and were seen at the Chil- 
dren's Hospital of Philadelphia, at the Hospital of the Uni- 
l'ersity of Pennsylvania, or at one of the satellite clinics con- 
ducted by 2 of us (F.S.K and D.L.G.). Adefinitive diagnosis of 
FOP was confirmed in all 174 patients on the basis of con- 
genital malformation of the great toes and progressive het- 
erotopic ossification in characteristic anatomic patterns. FOP 
protocols were approved by the institutional review boards of 
the Children's Hospital of Philadelphia and the University of 
Pennsylvania, and informed consent was obtained from all 
patients or their parents. 

FOP Biopsy Specimen Retrieval 

All FOP lesional tissue jcas retrieved from the tissue 
repository at the Center For Research in FOP and Related 
Disorders at The University of Pennsylvania. Tissue blocks 
were originally procured after patient or parental permission 
b* obtained. All lesional samples contained in the database 
jvere used. At the time of the stud:, paraffin-embedded tissue 
blocks of FOP lesions were available from 7 of the 1'74 classi- 
cally affected FOP patients. Multiple blocks of the lesions 

were available for 3 of the 7 patients (3 girls and 3 boys), who 
ranged in age from 1 to 10 years at the time of the biopsies. 
Samples were obtained from fibrous tissue in deep fascia and 
from paravertebral, infraspinatus, frontalis, sternocleidomas- 
toid, ~~astils lateralis, and intercostal muscles. All specimens 
had been resected by meal~s of an open biopsy of lesional 
tissue. The FOP lesional biopsies had been pelformed a1 
other medical centers to exclude the diagnosis of a soft tissue 
neoplasm, and in none of the cases was the correct diagnosis 
suspected before surgery. FOP nonlesional muscle tissue was 
obtained from 3 children with FOP who underwent emer- 
ge~lcy surgical procedures for intel-current PI-oblems. 

Inflammatory Muscle Conditions 

Specimens from normal contl-01 mttscle tissue and ge- 
netic and nonparasitic inflammatory myopathies were re- 
trieved from the files of the Armed Forces Institute of Pathol- 
ogy during the period of 1996 through 1998. One hundred 
six cases were included in the analysis and involved a variety 
of muscle groups (quadraceps, deltoid, mandible, omohyoid, 
biceps, trapezius, sternocleidomastoid, gastrocnemiits, scale- 
nus, rectus, vastus lateralis, tibialis anterior, and diaphragm) 
and the following conditions: minimal inflammati~n?~ severe 
inflammatoq myopathy,l5 polymyosit is ,~e~~naton~yosit is ,~ 
acute infection,%car,2 tumor invading into muscle,2 foreign 
body,' infarct,' and pan necrosis.' A total of 62 men and 44 
women ranging in age from 1 to 78 years were represented in 
this series. 

Tissue Specimens and Histopathologic 
Evaluations 

All tissue specimens had been fixed in neutral buffered 
formalin and embedded in paraffin. Specimens were sec- 
tioned at a thickness of 5 /LIII and stained with hematoxylin- 
eosin, toluidine blue, Giemsa, and cllloracetate esterase 
stains. The histochemical stains were performed according to 
standard protocols. Chloracetate esterase staining was per- 
formed on all of the FOP (both lesional and nonlesional) 
specimens and all of the control nluscle samples. A Giemsa 
stain was also performed on all of the FOP tissue and 26 of the 
control muscle samples. The chloracetate esterase-stained 
specimens were used to score mast cells and for photographic 
purposes because of the ease of differentiation of mast cells 
with this stain. All slides were examined under light micros- 
copy by 2 investigators (F.H.G. and L.D.R.T.). Each of the 
stained sections was examined at high magnification (40X), 
and mast cells were counted in 10 high-power fields. Five 

TABLE 1. Mast Cell Density in Normal Skeletal Muscle. 
lnflammatory Myopathies, and Fibrodysplasia 

Ossificans Progressiva Lesions 

Tissue Mast Cells/lO HPF 

Normal skeletal muscle 50.  I 
Inflammato~y myopathies 0.1-0.3 
FOP uninvolved skeletal nluscle 5 0 . 1  
FOP lesional tissue 

Stage 1A 1-2 
Stage 1B 1-2 
Stage 1C: 4-1 5 
Stage 2A 4-1 5 
Stage 2B 1 --I 
Stage 2C 1 

Abbreviation: HPF. high-power field. 
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FIGURE 1. Mast cell moblllzatlon in FOP leslons: (panels la. 1 b, and lc) mast cells In early stages of FOP leslon formation; (panels 
20. 2b, and 2c) mast cells in later stages of FOP leslon formation. (Panel 1 a) Hlgh-power photomlcrograph of the earliest leslon of 
FOP (stage 1A). Lymphocytes surround a vessel (V) wlth a mast cell (arrow) in the surrounding connective tlssue. The arrow polnts 
to the mast cell shown In the inset. (Chloracetate esterase staining; orlglnal magniflcatlon x480: inset, origlnal magnificatlon 
x 1,600.) (Panel 1 b) High-power field of a stage 18 FOP leslon. This next phase of progression reveals myocytes (M) with admlxed 
myonecrosis and an adjacent mast cell (arrow). A vessel (V) is also noted. The arrow points to the mast cell shown In Inset. 
(Chloracetate esterase stalning; origlnal magnificatlon ~480; inset, original magnification x 1,600,) (Panel lc) Hlgh-power photomicro- 
graph of a stage 1 C FOP leslon. This stage exhibi an early fibroprolifercrtive leslon with abundant mast cells (arrow and arrowhead). 
The arrowhead points to the mast cell shown In the Inset. (Chloracetate esterase staining; original magnificatlon x480; inset, original 
magnification x1.600.) (Panel 2a) A stage 2A fibroprdiferoiive lesion with vessels (V), fibroconnective tissue, and mast cells. M, 
myocytes. (Chloracetate esterase staining: odginal magnification ~480: Inset, oriiinal magnlflccrtion x 1,600.) (Panel 2b) A high-power 
field of a stage 28 fibroprolifercrtive lesion showing cartilage (C) production, vessels 03 and a mast cell (arrow) adjacent to a vessel. The 
arrow polnts to the mast cell shown in the inset. (Chloracetute esterase staining: o$lnal magnification X480: inset, original magnifica- 
tion x 1.600.) (Panel 2c) A high-power photomicrograph of a mature FOP leslon (stage 2C) shows bone (B) and cartilage (C) and a 
nearby mast cell (arrow) The arrow points to the mast cell shown in the inset. (Chloracetate esterase staining: original magnification. 
~480: inset, original magnification x 1.600.) 

FIGURE 2. Hypothetical schema of pathophysiolqy of FOP lesions. Although mast cell involvement is unlikely to be responsible 
for formation of fibroproliferative lesions, mast cells may potentiate the severity of the inflammatory response and thus progressive 
spread of a lesion along tissue planes. FOP patients are genetically susceptible to BMP4-mediated heterotopic ossification. 

844 
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groups of 10 high-power fields were counted in the muscle 
controls, aiid benveen 3 and 10 groups of 10 high-po~ver fields 
were counted for the FOP tissue depending 011 the size of the 
biopsy specimen. Each of the pathologists (F.H.G. and 
L.D.R.T.) pelformed these counts individually, and the re- 
sults were a\:eraged. The starting point for the analysis was 
randomly chosen, but all fields were contiguous and within 
the lesional tissue. The counti~lg was repeated on separate 
occasions to determine .in traobserver and interobsen7er ~ a r i -  
ntion. Mast cells were identified as indigenous connective 
tissue cells with large central nuclei and large abundant meta- 
chromatic cytoplasmic granules when stained by cationic 
dyes, such as toluidine blue or Giemsa (because of the pres  
ence of sulfated glycosaminoglycans) or when stained by 
chloracetate esterase (because of the presence of chymotryp- 
sin-like serine esterase activity). Intraobserver variation was 
<I%, and interobserver variation was 3%. 

RESULTS 
Mast Cells in Normal Muscle 

Representative muscle groups were examined 
from axial, appendicular, cranial, truncal, caudal, dor- 
sal, ventral, proximal, and distal regions of the body 
(Table 1). There was a remarkably consistent distribu- 
tion and low density of mast cells in normal skeletal 
muscle from all anatomic sites and across all age ranges. 
There were no differences in the pattern or density of 
mast cell distribution between uninvolved skeletal mus- 
cle from normal controls and uninvolved skeletal mus- 
cle from patients with FOP (Table 1). Mast cells were 
limited in distribution to the connective tissue intersti- 
tium of normal skeletal muscle and uninvolved FOP 
muscle at a density of 50.1 mast cells per 10 high-power 
fields (Table 1). 

Mast Cells in Inflammatory Myopathies 

Mast cell density in inflammatory myopathies 
ranged from 0.1 to 0.3 mast cells per 10 high-power 
fields, regardless of the underlying etiology of the myo- 
pathic process (Table 1). Similar to normal skeletal 
muscle, the mast cells in inflammatory myopathies were 
limited to the interstitium in the majority of cases, with 
an occasional mast cell noted within the surrounding 
muscle. 

Mast Cells in FOP Lesions 

FOP lesions were staged histologically based on the 
pathologic and morphologic characteristics and have 
been designated lA, lB, lC, 2A, 2B, and 2C as previ- 
ously described.The 1.4 lesion (Fig 1, panel la) is 
characterized by an intense perivascular B-cell and T- 
cell lymphocytic aggregation before invasion into the 
surrounding muscle tissue. Even at this early stage, mast 
cells are associated with perivascular lymphocytic infil- 
hates and :we 10-fold more abundant (1.0 mast cells 
per 10 high-power fields) than in normal control skel- 
etal muscle. In  stage 1B lesiolls (Fig 1, panel lb), T 
1gmphocl;tes have migrated {I-om the perivascular space 
into the surrounding muscle. At this stage, mast cells 

are mobilized from the perisascular connecti~!e tissue 
interstitium of the dying skeletal muscle and are at a 
significantly higher concentratio11 than in normal con- 
trol muscle tissue at any site in the body (Table 1). 
Stage 1C lesio~ls are characterized by the first appear- 
ance of a vascular fibroproliferative tissue (Fig 1, panel 
lc) that surrounds and invades the contiguous skeletal 
muscle. Mast cells are noted in abundance at this stage 
with a tissue density of 4 to 15 mast cells per 10 high- 
power fields, 40- to 150-fold greater than the density 
observed in normal skeletal muscle and nonlesional FOP 
muscle, and 10- to 4Wold greater than that obsenled in 
ally of the inflammatory myopathies (Table 1 ) . 

As an FOP lesion progresses into stage 2A (Fig 1, 
panel 2a), a highly monotonous vascular and edema- 
tous fibroproliferative lesion is noted. Mast cells are 
noted in abundance at the leading edge and around 
the periphery of the fibroproliferative lesion at a den- 
sity indistinguishable from that of the 1C lesion. Stage 
2B FOP lesions are identified by the first appearance of 
cartilage (Fig 1, panel 2b), and the mast cells are gen- 
erally confined to the fibrous pseudocapsule surround- 
ing the cartilage. In stage 2C, the mature stage of the 
FOP lesion, endochondral ossification is noted (Fig 1, 
panel 2c). At this stage, mast cells are noted only at the 
periphery of the lesion at a density that is similar to that 
of the early stage 1A lesion (Table 1) but still 10-fold 
higher than in uninvolved skeletal muscle. However, at 
this stage, there is no longer any residual histologic 
presence of muscle; the previously existing skeletal 
muscle tissue has been replaced by bone. 

DISCUSSION 

The most significant finding of our study was the 
dramatic mobilization and activation of inflammatory 
mast cells at all stages of FOP lesional development. 
These data document an unanticipated and previously 
unrecognized presence of mast cells in the pathology of 
FOP lesions. Mast cells have long been known to be 
involved in bone'remodeling, but this is the first report 
to implicate their involvement in de novo osteogene- 
sis? 

Recent studies have elucidated conditions, such as 
disruption of the myofiber membrane, that induce 
mast cell accum~~lation in skeletal muscle.20 In an in- 
jured muscle, peak mast cell accumulation occurs at the 
onset of regeneration, approximately 3 days after ex- 
perimental phospholipase injection or 11 days after 
ischemic injury, but not during the phase of muscle 
necrosis.'".-l' The pattern of mast cell infiltration in 
FOP lesions is qualitatively different from these find- 
ings and shows a steady progression of the mast cell 
numbers and associatio~l with myonecrosis and neoan- 
giogenesis. The appearance of mast cells in FOP lesions 
is thus qualitatively different from that seen in a varieq 
of inflammato~? m~opathies and quantitatively much 
more intense. 

Mast cells play a proini~le~lt role in the local inva- 
sion of tumors.~:~ Mast cells accumulate at the leading 
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edge of invading carcinomas, where the? are con- 
scripted for angiogenesis and local tumor invasion, but 
mast cells are not found in the core of the invading 
turn or^.^"^^ FOP, mast cells are found in abundance 
predominantly at the leading edge of the more mature 
FOP lesions (stages 2A to 2C;) and within the lesions 
themselves at the earlier, less mature stages (1A to 1C). 

Mast cells discharge their stored granules into the 
interfascicular matrix of skeletal muscle upon exposure 
to a wide variety of immunologic or external stimula, 
including thermal or mechanical trauma and T cell- 
mediated inflammatory proces~es.~"".~~ T cell-mast 
cell interactions are intimate, bidirectional, and ro- 
bust.45-46 Mast cells are able to present antigens to T 
cells, and mast cell-derived cytokines such as interleu- 
kin 4 stimulate T cells to differentiate into various T-cell 
s~bsets.~6.4~ Conversely, T cell-derived mediators di- 
rectly induce mast cell degran~la t ion .~6-~~  The intimate 
temporal and spatial relationship of lymphocytes and 
mast cells in the FOP lesions lends additional support 
to the cooperative interaction of these hematopoieti- 
cally derived cell types. 

Our findings provide an intriguing model for the 
pathophysiology of FOP lesions that builds upon our 
earlier knowledge (Fig 2). Cells in FOP are genetically 
conditioned toward a bone induction response, and 
lymphocytic infiltration of early FOP lesions has been 
observed. We hypothesize that tissue injury in FOP 
leads to lymphocyte migration into skeletal m u ~ c l e . ~ J ~  
Subsets of lesional lymphocytes overproduce BMP4 and 
lead to mast cell mobilization, a finding supported 
strongly by the FOP pathology and by models of bone 
morphogenetic protein-induced heterotopic ossifica- 
ti0n~3~9 (Glaser et al, manuscript in preparation). Me- 
diators released by degranulatiilg mast cells stimulate a 
re-entrant cycle of inflammatory edema, fibrosis, and 
angiogenesis potentiated at the leading edge of an 
advancing FOP lesion. Reactive fibroblasts produce 
stem cell factor, which leads to further proliferation of 
mast cells and a self-sustaining escalation of the disease 
process known as a flare-up. Eventually, TGF-/3 released 
by mast cells and other lesional cells modulates the 
l~mphocytic recruitment and migration, while endoge- 
nous overexpression of BMP4 in the fibroproliferative 
core drives the fibroproliferative lesion toward ossifica- 
tion through an endochondral pathway, regardless of 
the presence of mast cells (Fig 2). 

At present, no animal models of FOP mimic the 
flagrant tissue edema and the rapid spread of a pre- 
osseous fibroproliferative lesion along tissue planes. 
The presence of a normal skeleton in mast cell-defi- 
cient animals and the paucity of mast cells in experi- 
mental fracture healing suggest that mast cells are not 
necessary either for the embryonic formation and mat- 
uration of skeletal elelnents or for the repair of frat- 

. ture~.~~."o  Furthermore, mast cell-deficient animals 
form heterotopic bone after BMP implantation (Glaser, 
manuscript in preparation). Just as mast cells play an 
lmportallt role in tissue ii~vasion of precancerous le- 
sions, mast cells may promote invasive osteogenic le- 
sions such as FOP.Js To determine whether mast cells 

play a role in the spread of FOP lesions, a contl-olled 
clinical trial of mast cell inhibitors may be wananted in 
patients with FOP."." The obselvation of' mast cell 
mobilization in FOP lesions provides a novel and pre- 
~lously unrecognized opport~~nit). to evaluate anti-mast 
cell therapies in FOP. 
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