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Regenerative frontiers in craniofacial reconstruction: grand 
challenges and opportunities for the mammalian transforming 
growth factor-β proteins
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Science’s fascination with bone and its repair processes span for thousands of years since 
the ancient Greek Hippocrates, the father of Medicine, made the key discovery that bone 
heals without scarring. Through the centuries, several lucid investigators perceived that the 
extracellular matrix of bone must be a reservoir of differentiating and morphogenetic factors 
ultimately responsible for its pronounced healing potential (reviewed in Urist, 1968, 1994; Reddi, 
2000; Ripamonti et al., 2006).
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Trueta also referred to von Haller (1763) who has hypothesized 
that the vascular system is responsible for osteogenesis (Trueta, 
1963). Later, during last century, Keith (1927) has suggested that 
“bone-forming cells are derived from the endothelium of invading 
capillaries.” The possibility that bone-forming cells, or osteoblasts, 
are derived from the endothelium is morphologically presented 
in Figure 1A; endothelial-like cells are shown to migrate from 
the vascular compartment to the osteoblastic/bone-forming 
compartment actively secreting the newly formed bone matrix 
(Figure 1A). Long before von Haller, Keith, and Trueta, the mul-
tifaceted eclectic personality of Aristotle as quoted by Lanza and 
Vegetti (1971) and Crivellato et al. (2007) credited the sprouting 
blood vessels with a patterning function during organogenesis. 
Figure 1A also shows morphologically the plasticity of the migrat-
ing endothelial cells and the superbly intimate relationships of 
the endothelium and its basement membrane with the secreting 
osteoblastic-like cells.

Majestically, Aristotle credited the sprouting capillaries with pat-
terning functions during organogenesis and that the architectural 
patterning of vessel growth functions as a “frame” or “model” to 
shape the body structure. The Aristotelian scenario of pattern-
ing organogenetic capillaries is highlighted in Figures 1B–D.; the 
sprouting capillaries are soon surrounded by mesenchymal cellular 
condensations progressively closing around the invading capillaries 
(Figure 1C); the vessels are thus “morphogenetic” since initiate 
the morphogenesis of cellular condensations, i.e., it is the vessel 
that sets into motion the ripple-like cascade of tissue condensa-
tions thus providing cellular elements for cross-talking at cellular 
and transmembrane receptor levels with both the endothelial and 
pericytic paravascular cells of the “morphogenetic” and “osteoge-
netic” vessels of Aristotle’s and Trueta’s definitions (Figures 1B–D) 
(Trueta, 1963). This Aristotelian patterning scenario of sequential 
inductive and differentiating cascades of molecular and cellular 

Historical PersPective
Restoring anatomical function of complex disfiguring craniofacial 
defects and anomalies remains a grand unsolved challenge. Those 
of us who have not suffered the outrage of facial deformity visited 
upon patients either as a developmental misfortune or the scourge 
of disease or violence can only imagine the effects thereof. Loss of 
facial features not only denies patients the most basic human func-
tions but also rob them of a sense of identity with all the associated 
mental anguish.

Bone has fascinated a plethora of scientists throughout the world 
since the bone matrix is in both soluble and insoluble states (Reddi, 
1997); in his classic Cell’s contribution, Reddi states that there is 
a continuum between the soluble and insoluble states of the bone 
matrix that is regulated by signals in solution interacting with the 
insoluble signals of the extracellular matrix (Reddi, 1997).

The bone and the skeleton evolved for several purposes, prima-
rily for the emergence of the vertebrates, body erection and locomo-
tion, copulation, for protection of the brain, the spinal cord and the 
hematopoietic marrow and as reservoir of vital ions such as cal-
cium, phosphate, magnesium and zinc (Reddi, 1997). Body erection 
freed the upper limbs for superior foraging and more industrious 
Homo-like activities including the use of tools for hunting, forag-
ing above all, however, for maternal care, contributing thus to the 
speciation of the genus Homo ultimately directing the emergence 
of the Homo clade.

What it is that confers to the skeleton and its bones this remark-
able repair potential known since Hippocratic times? Importantly, 
normal and pathologic bone modeling and remodeling are inexo-
rably tied to angiogenesis (Saadeh et al., 1999). Angiogenesis is a 
prerequisite for osteogenesis (Trueta, 1963). In his studies, Trueta 
presented the critical role of the vessels in osteogenesis and defined 
the “osteogenetic vessel” as critically important differentiating 
vessels having a profound osteogenic function (Trueta, 1963). 
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Senn two centuries ago lucidly saw that postnatal bone regenera-
tion after implantation of decalcified bone matrix develops via 
embryonic tissue formation.

Trueta’s (1963) morphologically superb studies on the influ-
ence of angiogenesis in osteogenesis have seeded several areas 
of research interest as well as providing an opinion paper on 
the critical role of the vessels in osteogenesis. Levander and 
collaborators provided a series of investigations reporting the 
heterotopic intramuscular induction of bone formation by eth-
anol-treated and partially extracted bone matrices (Levander, 
1938). It is our opinion that in spite of the grand published 
research work, Levander did not reach the deserved fame simply 
by failing to provide a name for the hypothesized “substance 
with bone-forming properties” (Levander, 1938; Levander and 
Willestaedt, 1946). Levander stated that heterotopic intramus-
cular formation of bone is induced by “some substance extracted 
by alcohol from the skeletal tissue, a substance having the power 
to activate the non-specific mesenchymal tissue into the forma-
tion of bone tissue, either directly or via the embryonic prena-
tal stage of bone, viz. cartilage” (Levander, 1938; Levander and 
Willestaedt, 1946).

Levander (Levander, 1938; Levander and Willestaedt, 1946) 
clearly identified that the induction of bone formation in post-
natal life recapitulates events that occur in the normal course of 
embryonic development (Levander, 1938). Levander (1945) went 

events is cathartically condensed and summarized by the fascinat-
ing scenario of “bone: formation by autoinduction” (Urist, 1965; 
Reddi and Huggins, 1972).

Bone: Formation By autoinduction
The history and chronicle of the scientific discoveries on the heal-
ing potential of bone is rich with significant advances that have 
repeatedly shaped our understanding of bone tissue engineering 
and regeneration. Due to constraints of space, the interested reader 
is encouraged to read the path of discoveries that have characterized 
the evolution of bone tissue engineering (Urist, 1994; Reddi, 2000; 
Ripamonti et al., 2006).

Seminal research work has been published by several scientists 
around the globe though it is difficult to chart a non-opinionated 
historical perspective on the studies of bone regeneration. We 
will enjoy, however, following a trial of references back through 
the centuries at least recognizing some landmark discoveries and 
developments.

Senn (1889) implanted decalcified antiseptic bone to treat skull 
defects in a canine model; in his futuristic classic work, Senn dem-
onstrated the value of implanting disks or plates of decalcified bone 
in canine calvarial defects. Astutely, Senn noticed that the implanted 
decalcified matrix was incorporated by a large mass of embryonic 
tissue, a condition he has stated, favorable to the formation of new 
bone at the site of implantation of decalcified bone (Senn, 1889). 

Figure 1 | Angiogenesis, capillary sprouting, vascular invasion, cellular 
trafficking, cell differentiation and the induction of the primate cortico-
cancellous osteonic bone. (A) Endothelial-like cell detachment and migration 
from the vascular compartment (magenta arrow) to the bone-forming osteogenetic 
compartment (top right of magenta arrow); (B–D) osteogenesis in angiogenesis in 
the non-human primate Papio ursinus. Capillary sprouting and invasion patterning 
the induction of mesenchymal cellular condensations around the “osteogenetic 

vessels” of Trueta’s definition (Trueta, 1963); (B) Mesenchymal condensations (light 
blue arrow) patterned around the invading osteogenetic vessels with foci of 
mineralization (dark blue arrow) facing osteoid seems populated by differentiating 
osteoblast-like cells; (C,D) Tissue patterning and morphogenesis as induced by the 
osteogenetic vessels with newly forming mesenchymal condensations patterning 
around the central morphogenetic vessels (light blue arrow in C and D) with foci of 
mineralization of the newly formed bone (dark blue arrows).
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and, as per Urist speculation, of a bone morphogenetic protein 
complex within the bone matrix (Urist and Strates, 1971). The 
identification of this elusive bone morphogenetic protein complex 
has been hindered by the fact that the extracellular matrix of bone 
exists in the solid state (Reddi, 1997) and by the limited quantities 
of putative morphogenetic proteins within the extracellular matrix 
of bone tightly bound to the organic and inorganic components 
of the bone matrix (Sampath and Reddi, 1984).

Fundamental steps forward were the studies by Reddi and 
Sampath who identified the elusive proteins to be part of the extra-
cellular matrix of bone. The bone matrix in the solid state was dem-
ineralized to show the endochondral osteoinductivity of the crude 
bone matrix preparations (Reddi and Huggins, 1972; Sampath and 
Reddi, 1981; Reddi, 1984); the demineralized bone matrix was then 
dissociatively extracted with chaotropic agents such as guanidin-
ium hydrochloride and/or urea; the extracted intact bone matrix 
yielded a soluble signal, i.e., the proteinaceous component, and an 
insoluble signal or substratum, i.e., mainly insoluble collagenous 
bone matrix, inactive after the extraction of the osteogenic proteins 
(Sampath and Reddi, 1981); both signals, when singly implanted 
subcutaneously in the rodent bioassay, were inactive (Sampath and 
Reddi, 1981). This implied that the osteogenic activity of the intact 
demineralized bone matrix was lost after the dissociative extraction 
of the matrix components (Sampath and Reddi, 1981).

The realization that the bone matrix could be dissociatively 
extracted and that the extracted components could be recom-
bined, more figuratively reconstituted with the insoluble collagen-
ous component or residue restoring the biological activity of the 
crude but intact demineralized bone matrix preparations, showed 
unequivocally that the extracellular matrix of bone is a reservoir 
of morphogenetic soluble signals that per se initiate the cascade of 
bone differentiation by induction (Sampath and Reddi, 1981, 1983; 
Ripamonti and Reddi, 1995; Reddi, 2000). Additionally and impor-
tantly, the classic studies of Sampath and Reddi showed that the 
soluble signals need to be reconstituted with an insoluble signal or 
substratum to trigger the ripple-like cascade of bone differentiation 
by induction (Sampath and Reddi, 1981, 1983; Reddi, 2000). The 
operational reconstitution of the soluble signals with an insoluble 
signal or substratum (Sampath and Reddi, 1981, 1983; Ripamonti 
and Reddi, 1995) was a key experiment that propelled the bone 
induction principle into the pre-clinical and clinical arenas provid-
ing a bona fide bioassay for putative osteogenic proteins (Sampath 
and Reddi, 1981, 1983; Ripamonti and Reddi, 1995; Reddi, 2000).

The experimental work of Reddi’s group established what it is 
now known as the tissue engineering paradigm whereby soluble 
molecular signals are recombined with insoluble signals or sub-
strata to trigger the ripple-like cascade of bone differentiation by 
induction (Sampath and Reddi, 1981, 1983; Khouri et al., 1991; 
Reddi, 2000). Importantly, restoration of the biological activity 
of osteogenic proteins in the rat subcutaneous bioassay was also 
possible by reconstituting xenogeneic homologous proteins provid-
ing that the solubilized proteins are reconstituted with the recipi-
ent rodent allogeneic insoluble collagenous matrix (Sampath and 
Reddi, 1983). This implied that there are homologous inductive 
proteins across mammalian species whereas the insoluble collagen-
ous bone matrix retains the antigenic load and that the initiation 

further by introducing the term “tissue induction” by this as yet 
unknown substance he has hypothesized to be present within the 
bone matrix.

Years later Lacroix (1945) has had the vision to at least propose 
a short concise term for this morphogenetic still unknown factor. 
Lacroix (1945) has named this osteogenic substance within the bone 
matrix or, prophetically, a group of substances with bone-forming 
properties, as “osteogenins.” Of note, Lacroix letter to Nature depre-
ciated all the hard work of the Swedes, for at least 10 years before 
Lacroix’ letter, Levander and co-workers have unequivocally dem-
onstrated the induction of bone formation using alcoholic extracts 
of bone matrix (M. R. Urist, personal communication; Levander, 
1938, 1945; Levander and Willestaedt, 1946).

We are of the opinion that also Moss (1958) significantly con-
tributed by reporting in Science on the “extraction of an osteogenic 
inductor from bone.” The seminal work of Urist (1965), adding to 
the previously published experimental work of Levander, Lacroix, 
Moss and borrowing the term induction from Spemann (1938) and 
Levander (1945), provided the reproducible evidence that heterotopic 
intramuscular implantation of allogeneic demineralized bone matrix 
in rodents, lagomorphs and into a variety of orthotopic bony defects 
in humans results in the induction of bone formation (Urist, 1965). 
His visionary work on “bone: formation by autoinduction” has been 
immortalized by his classic 1965 Science’s paper (Urist, 1965). The 
important vision of Urist was the introduction of the morphogenetic 
concept of a hypothetical bone morphogenetic protein complex within 
the bone matrix that would initiate the genesis of form and function, 
i.e., bone morphogenesis. Because of his continuous studies on the 
induction of bone formation in a variety of animal models including 
humans but particularly in our opinion for the selection of the ideal 
term “bone morphogenetic protein” (Urist and Strates, 1971) he has 
claimed the fame to be the initiator of the “bone induction principle,” 
a term Urist himself has set in the sixties (Urist et al., 1967, 1968).

Reddi and his team excelled by thoroughly investigating the 
biochemical and morphological cascades of bone differentiation 
by induction (Reddi and Huggins, 1972; Reddi, 1984) and ventur-
ing into partial purification of these still “elusive” morphogenetic 
factors (Sampath and Reddi, 1981, 1983; Sampath et al., 1987).

Important studies showed that osteogenesis is also induced by 
transplantation of the urinary bladder, ligation of the renal arteries, 
or surgical lesions of the wall of the urinary bladder. Huggins (1968) 
and Friedenstein (1968) excelled in their own right by publish-
ing classic papers on the fascinating phenomenon of uroepithelial 
osteogenesis. Friedenstein ultimately asked the compelling question 
that eventually has defined the “bone induction principle” and the 
“osteogenic activity” of several transplanted matrices, including 
bone, dentine, and uroepithelium. How is the inductive influence of 
the transitional epithelium and other matrices including deminer-
alized bone and dentine transferred to the competent responding 
cells? Friedenstein’s elegant research on transfilter bone induction 
naturally implied the presence of a soluble “inductor,” i.e., a diffus-
ible soluble molecular signal ultimately responsible for the induc-
tion of bone formation (Friedenstein, 1962).

The grand work of Urist and Reddi provided the reproduc-
ible evidence of the osteogenic activity of demineralized bone and 
dentine matrices implying the presence of morphogenetic factors 
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in heterotopic sites of rodents, lagomorphs and canine models 
does not induce endochondral bone differentiation but rather a 
pronounced fibrogenic response without any evidence of bone 
formation (Roberts et al., 1986).

In recent years, several different studies have cast a new light 
on the specific role of TGF-β isoforms within the bone matrix. 
Balooch et al. showed that TGF-β regulates the mechanical prop-
erties and composition of the bone matrix. There is also a direct 
relationship between the regulation of gene expression by TGF-β 
and the mechanical properties of the bone matrix of endochondral 
or intramembranous origin (Balooch et al., 2005). Similarly, mRNA 
expression of TGF-β gene products is essential for joint morpho-
genesis (Spagnoli et al., 2007). Joint morphogenesis with regenera-
tion of the entire articular surface of the rabbit synovial joint has 
been recently shown after cell recruitment and “homing” initiated 
by the hTGF-β

3
 isoform (Lee et al., 2010). We have also learned that 

the mammalian TGF-β isoforms are critical for the control and 
initiation of angiogenesis by modulating the expression of vascular 
endothelial growth factor by osteoblasts and osteoblastic-like cells 
(Saadeh et al., 1999).

Systematic studies in the non-human primate P. ursinus have 
shown a previously unknown function of the mammalian TGF-β 
isoforms, i.e., the induction of endochondral bone formation, 
defined as the de novo generation of endochondral bone in het-
erotopic, intramuscular sites (Ripamonti et al., 1997, 2000, 2008; 
Ripamonti and Roden, 2010). This is in marked contrast to stud-
ies in rodents and lagomorphs where only fibrogenic effects are 
observed (Roberts et al., 1986). Our studies on the presence of 
multiple forms of osteogenic proteins of the TGF-β superfamily 
have confirmed that homologous but molecularly different protein 
isoforms of the TGF-β supergene family, conserved in structure but 
diverse in ligand recognition (Sun, 2003), control tissue induction 
and morphogenesis of endochondral bone formation (Ripamonti 
et al., 1997, 2000, 2008; Ripamonti and Roden, 2010).

Heterotopic intramuscular implantation of doses of hTGF-β
3
 

in P. ursinus results in the rapid induction of large and cortical-
ized ossicles by day 30 and 90 after implantation (Figure 2). Hyper 
cellular osteoblastic activity, osteoid synthesis, angiogenesis and 
prominent capillary sprouting have suggested a novel molecular 
and morphological basis for the induction of bone formation in 
clinical contexts (Ripamonti et al., 2008). Our laboratories have also 
shown substantial induction of bone formation with mineraliza-
tion of the newly formed bone as early as 30 days after implanta-
tion in non-healing full thickness mandibular defects of P. ursinus 
(Ripamonti, 2006b, The Marshall Urist Awarded Lecture), confirm-
ing that the hTGF-β

3
 isoform is the most powerful osteoinductive 

morphogen so far tested in non-human primates of the species P. 
ursinus (Ripamonti et al., 2008; Ripamonti, 2010).

cHallenges and oPPortunities For tHe  
tgF-β3 – osteogenic device
The greatest challenge of regenerative medicine and bone tissue 
engineering is to translate in clinical contexts what has been so 
dramatically discovered in pre-clinical animal models as well as 
on the laboratory bench (Reddi, 2000; Ripamonti et al., 2007). 
Reconstruction of large craniofacial defects in humans requires 
the harvesting of autogenous bone grafts from a distant donor site 

of bone formation is only triggered when using allogeneic but not 
xenogeneic collagenous bone matrix preparations (Sampath and 
Reddi, 1983; Ripamonti and Reddi, 1995).

The realization that the putative and elusive osteoinductive 
proteins were tightly bound to the bone matrix and could be dis-
sociatively extracted and reconstituted with an insoluble signal or 
substratum, set into motion the race for the purification of the 
osteogenic proteins which culminated in the isolation, sequencing 
and cloning of an entirely new family of protein initiators collectively 
called the bone morphogenetic/osteogenic proteins (BMPs/OPs); 
BMPs/OPs belong to the transforming growth factor-β (TGF-β) 
supergene family (Wozney et al., 1988; Özkaynak et al., 1990; Reddi, 
2000; Ripamonti et al., 2004; Ripamonti, 2006a). Molecular cloning 
of the now available recombinant human proteins, i.e., BMP-2 and 
BMP-7, the latter also known as osteogenic protein-1 (OP-1), has 
allowed extensive testing in pre-clinical and clinical contexts, from 
laboratory benches to non-human and human primates (Reddi, 
2000; Ripamonti et al., 2000, 2007; Friedlander et al., 2001; Govender 
et al., 2002; Ripamonti, 2006a, 2010).

redundancy: multiPle molecular signals initiating 
tHe induction oF Bone Formation
Bone tissue engineering in clinical contexts has proven however 
to be an elusive target when compared to results obtained in pre-
clinical studies including non-human primate species (Ripamonti 
et al., 2007). The induction of bone formation by recombinant 
hBMPs/OPs has dramatically shown that regenerative medicine in 
clinical contexts is on a different scale altogether when compared 
to animal models that may not adequately translate and reproduce 
morphogens-related therapeutic responses in Homo sapiens yield-
ing uninspiring amounts of newly induced bone often compara-
tively lower than autogenous bone grafts (Garrison et al., 2007; 
Gautschi et al., 2007; Ripamonti et al., 2007).

Importantly, implantation of recombinant hOP-1 in the non-
human primate Papio ursinus resulted in the expression of OP-1, 
BMP-3 and TGF-β

1
 mRNAs as evaluated by Northern blot analy-

ses (Ripamonti, 2005). The reported data showed a temporal and 
spatial pattern of gene expression which has indicated progressing 
stages of osteogenic differentiation during the initiation of bone 
formation by increasing doses of the hOP-1 osteogenic device 
(Ripamonti, 2005). It was noteworthy that there was a temporal 
and spatial expression pattern of TGF-β

1 
mRNAs with a relatively 

high expression on day 30 when compared to low expression pat-
terns on day 15 and 90 indicating the presence of a specific temporal 
window during which expression of TGF-β

1
 mRNA is mandatory 

for optimal osteogenesis (Ripamonti, 2005).
The importance of the TGF-β proteins has been dramati-

cally shown by the synergistic interaction with hOP-1 to induce 
massive heterotopic and orthotopic ossicles in the non-human 
primate P. ursinus (Ripamonti et al., 1997; Duneas et al., 1998); 
surprisingly and in marked contrast to other animal models, it was 
also found that recombinant or platelet-derived TGF-β

1
 induce 

endochondral bone differentiation when singly implanted in 
heterotopic intramuscular sites of P. ursinus (Ripamonti et al., 
1997; Duneas et al., 1998). The above discoveries casted additional 
and important unexpected functions to the TGF-β

1
 protein in 

primates (Ripamonti et al., 1997). Indeed, TGF-β
1
 implantation 
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bone tissue engineering in clinical contexts, we nevertheless would 
like to venture to list the grand opportunities and challenges ahead 
of the hTGF-β

3
/osteogenic devices for skeletal reconstruction in 

clinical contexts.
The mammalian TGF-β isoforms may regulate the expression 

of the homologous but molecularly different BMPs/OPs, which 
initiate the induction of bone formation. The TGF-β proteins may 
act upstream to the BMPs/OPs and may induce the induction of 

most often the iliac crest with associated harvest-related morbid-
ity. Additional limitations are the finite volume of available bone 
from donor sites and adapting the donor bone to fit the shape of 
the recipient defect, the final challenge to autogenous bone grafting 
in clinical contexts (Ripamonti et al., 2008).

The reported above studies have provided a fascinating scenario 
of “the bone induction principle” (Urist et al., 1967, 1968). Whilst 
it may be construed to be presumptuous to predict the future of 

Figure 2 | Tissue induction and morphogenesis of large and 
corticalized ossicles (A,C) upon implantation of 125 μg hTGF-β3 in the 
Rectus Abdominis muscles of adult baboons Papio ursinus harvested on 
day 90 after heterotopic implantation; (B,D) undecalcified low power view 

of the newly formed ossicles with mineralized bone (in blue) with 
peripheral corticalization  (light blue arrows) enveloping mineralized bone 
covered by osteoid seams  and scattered remnants of collagenous matrix 
as carrier.
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