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ABSTRACT

Aim and Objectives

Skeletal bone defects of the axial or the craniomaxillofacial
skeletons still present formidable challenges to skeletal
reconstructionists, tissue biologists and modern medicine.
In systematic research experiments in the Chacma baboon
Papio ursinus our laboratories have shown the previously
unreported osteoinductive activity of the three mammalian
transforming growth factor-g (TGF-B) isoforms. This review
discusses the induction of bone formation by the mammalian
TGF-Bs with particular reference to the substantial and
rapid induction of bone by the recombinant hTGF-B, from
the laboratory benches, to pre-clinical studies in heterotopic
and orthotopic mandibular sites of Papio ursinus to clinical
translation in human patients.

Design and Methods

A series of systematic research experiments in Papio ursinus
using the hTGF-B, together with earlier experiments using the
-B, and B, isoforms are reviewed and re-analyzed molecularly
and morphologically to provide the basic research data for
the reported clinical translation in human patients.

Results

The three mammalian hTGF-8 isoforms and notably hTGF-8,
induce rapid and substantial induction of heterotopic bone
in intramuscular sites of Papio ursinus. Relatively low doses
of hTGF-B, or hTGF-B, in binary application with hBMP-7
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synergize to induce massive corticalized ossicles in the rectus
abdominis muscle. In orthotopic mandibular sites, 125 and
250 g doses of hTGF-B, induce bone formation across large
mandibular defects in Papio ursinus with corticalized buccal
and lingual plates by day 30, with modeling and maintenance
of corticalized bone by 9 to 12 months after implantation of
the 250 pg dose in 3 cm mandibular defects Papio ursinus.

Discussion

hTGF-B, significantly up-regulates RUNX-2 and Osteocalcin
expression on day 15 controling the differentiation
of progenitor stem cells into the osteoblastic lineage.
The induction of bone by the hTGF-, is via the bone
morphogenetic proteins pathway; hTGF-B, controls the
induction of bone by regulating the expression of BMPs gene
and gene products via Noggin expression, eliciting bone
induction by up-regulating exogenous BMPs.

Key words: Bone induction, bone morphogenetic proteins,
transforming growth factors-p proteins, transforming growth
factors-B,, redundancy, primates, human osteoinduction,
inhibitors, translational clinical research

INTRODUCTION

In a previous communication to Frontiers' addressing the
regenerative frontiers of craniofacial reconstruction using
the mammalian transforming growth factor-B (hTGF-B)
isoforms, we bluntly addressed the grand challenges stil
facing cranio-maxillofacial and mandibular reconstruction in
human patients. We would like to copy verbatim what we
have then stated; many years later the surgical perspectives
of mandibular regeneration in human patients have not yet
regretfully changed:

“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 developmental
misfortune or as the scourge of disease or violence can only
imagine the effects thereof. Loss of facial features not only
denies patients the most basic human functions but also
rob them of a sense of identity with all associated mental
anguish”.’

The conundrum of regenerating large mandibular defects in
clinical contexts remains a grand challenge in craniofacial
tissue regeneration.? This is in spite of the surgical advances
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Figure 1. The overall osteogenetic and osteoinductive capacity of
autogenous bone grafts (ABGs) to regenerate large mandibular
defects in clinical contexts. The series of digital images ending with
restitutio ad integrum and restoration of masticatory function of

the avulsed mandible illustrate the concept of “clinically significant
osteoinduction”.”*® A,B,C. Surgical removal of a large odontogenic
cyst. D, large mandibular defect E,F,G, treated with fragments

of ABG harvested from the posterior iliac crest. Fragments of
autogenous bone are morcellated, inserted and compacted into 20
ml syringes, ejected across the large mandibular defect stabilized
by a titanium plate (blue arrows in D). H. Orthopantomograph 6
months after compacting the autogenous graft in the mandibular
defect shows the quality and quantity of the regenerate bone

(white arrow). The regenerated bone is adequate to be identified
radiographically as regenerated normal bone with normal radio-
opacity and trabecular architecture. '*® G. The massive mandibular
defect reconstructed with morcellated compacted fragments of
autogenous bone translates the “Bone induction principle”“ by
regenerating substantial bone (white arrows) for the implantation of
several titanium fixtures (light blue arrows) for restoring masticatory
function.

together with outstanding discoveries in molecular, cellular
and tissue biology. These fundamental developmental
molecular and cell biology studies have significantly
increased our molecular understandings of bone formation
by induction in primates. This occurred after the explosion
of mechanistic molecular studies at the end of last Century.
Indeed, molecular biology techniques resolved the intimate
knowledge of the cell and its several interactions with the
surrounding extracellular matrix (ECM),® including the
cellular/ECM communications and the interactions of the
ECM with single cellular topographical microenvironments.
This novel information were proposed to be used to
finely tune and control the induction of postnatal tissue
morphogenesis.

The molecular dissection of the extracellular matrix of bone
has finally yielded the isolation of the osteogenic proteins
of the transforming growth factor-3 (TGF-B) supergene
family.# Purification to homogeneity of crude extracts of
demineralized bone matrices allowed amino acid sequence
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Figure 2. Redundancy of soluble osteogenic molecular signals of the
transforming growth factor-g (TGF-B) supergene family* initiating de
novo induction of bone formation but in primates only. A. Induction
of large corticalized mineralized ossicles upon implantation of 125 ug
hTGF-B, reconstituted with insoluble and inactive collagenous bone
matrix on day 30 after heterotopic rectus abdominis implantation.

B,C. Undecalcified whole mount sections of the large mineralized
ossicles showing corticalization delineating the induced mineralized
bone containing scattered remnants of insoluble bone matrix and tra-
beculae of newly formed bone covered by osteoid seams. D. Induction
of a large heterotopic ossicle upon implantation in the rectus abdom-
inis muscle of a Chacma baboon Papio ursinus of a macroporous bi-
phasic hydroxyapatite/B-tricalcium phosphate super-activated by 25
ug hTGF-B, and harvested on day 30.

Newly formed bone essentially initiates outside the profile of the im-
planted bioreactor (white arrows), expanding and corticalizing (light
blue arrows) within the surrounding rectus abdominis muscle. E,F.
Induction of bone at the periphery of the implanted coral-derived con-
structs reconstituted with 125 pg hTGF-B, and harvested on day 30 (E)
and 90 (F) after intramuscular heterotopic implantation 17

D. On day 90 there is bone formation across the macroporous spaces
(white arrow) not seen on day 30, with lack of bone formation within
the internal and central areas of the super-activated bioreactor (white
arrow). G. Substantial induction of bone formation (light blue arrow)
only at the periphery of the coral-derived construct (white arrow) har-
vested on day 30 upon rectus abdominis implantation of 250 ug hT-
GF-B,. Bone forms exclusively at the periphery of the calcium-phos-
phate based bioreactor. H. Rapid induction of bone at the periphery
of a 250 ug hTGF-B, super-activated bioreactor with osteoid seams
populated by contiguous osteoblasts (light blue arrows) in close re-
lationship with invading capillary (white arrows). Capillary sprouting
prominently invades the macroporous space with generated new-
ly formed bone. I. The role of the vessels in osteogenesis: ®® The
central morphogenetic blood vessel (white arrow) morphogenizes
the induction of bone formation (light blue arrow) in a coral-derived
(dark blue arrow) macroporous space initiating the plastic morpho-
genesis of bone around the central blood vessel. The undecalcified
Exakt section cut and polished at 27 um shows the plasticity of the
newly formed bone with torsional forces figuratively clasping the
morphogenetic vessel.
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Figure 3. Regeneration of 2.5 cm full thickness defects surgically prepared in the Chacma baboon Papio ursinus. A. Defect creation (dark
blue arrows), B, Implantation of the hTGF-B, osteogenic device, 125 pg hTGF-B, per gram of chaotropically extracted allogeneic insoluble
collagenous bone matrix in the mandibular defect stabilized with a titanium plate. C,D. Harvested hemi-mandibles 30 days after hTGF-B,
implantation show regeneration of the buccal and lingual plates. E,F. regeneration and restitutio ad integrum of the buccal and lingual plates
as seen radiographically 30 days after implantation. Insets G and H, whole mounts undecalcified sections cut on the Reichert-Jung sledge-
microtome with tungsten-carbide blades at 11 pm and stained free-floating with a modified Goldner’ trichrome. Mineralized bone across the
defect with corticalization of the newly formed undecalcified bone as early as day 30 in an adult non-human primate Papio ursinus.

information of proteins chaotropically extracted with
guanidinium-HCL.5>¢ Molecular cloning followed, reporting
the human recombinant proteins belonging to an entirely
new family of proteins, the bone morphogenetic proteins
(BMPs), members of the TGF-B supergene family.” "

The later cloned recombinant human BMPs (hBMPs)
were soon tested in a variety of animal models; these
also included non-human primates’ species for both
appendicular and craniofacial skeletal regeneration.”"
Experiments in pre-clinical surgical models proposed that
the newly characterized and cloned molecular signals
would regenerate bone across the skeleton, including
cranio-mandibulo-facial reconstructions in human patients.
This review on the osteoinductive capacity of hTGF-Bs
in primates, from the Chacma baboon Papio ursinus to
the human primate Homo sapiens describes with some
details the biological significance of apparent redundancy
of molecular signals endowed with the unique capacity to
initiate bone formation in heterotopic extraskeletal sites,'®

where there is no bone.'®'"™® All preclinical research
experiments described in this manuscript have been
approved by the Animal Research Ethics Committee (AREC)
of the University, from the studies on the Selachian’s’ fishes
Carcharinus obscurus to several experiments in the Chacma
baboon Papio ursinus. The AREC no. and title of the study
under which the experiment covers the implantation of
the 250 pg dose of hTGF-B, in large full-thickness 3 cm
mandibular defects in Papio ursinus is under waiver 2018-
11-19-0 Translational approaches for bone constructs: their
impact on facial bone reconstruction. The study in Papio
ursinus was partially supported by Project No. AOCMF-19-
03-R of AOCMF, Switzerland. Translational clinical research
in human subjects was approved by the Human Research
Ethics Committee (Medical) clearance certificated M170597
of the University of the Witwatersrand, Johannesburg.

Until 1993, either naturally-extracted and purified BMPs
or hBMPs were the only described signals endowed
with the unique prerogative to induce bone formation
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Figure 4. From the bench top to translational research in Homo
sapiens. The significant induction of bone formation in mandibu-
lar defects of Papio ursinus by day 30 after hTGF-g, implantation
stimulated our research laboratories to translate in clinical context
the use of the hTGF-B, osteogenic device, by implanting the tested
dose of 125 pg hTGF-B, per gram of carrier in a large mandibular
defect of a human patient (Ferretti and Ripamonti 2020). A. Odon-
togenic myxoma of the right ramus and body of the mandible of
an eight-year-old male patient. B. Panoramic radiograph showing
a multiloculated expansive lesion in the right hemi-mandible. C.
Resected mandible after combined subperiosteal and supraperi-
osteal resection. D. Extra oral approach and insertion of a titanium
plate (light blue arrow). E. human demineralized bone matrix (6

g of hDBM) reconstituted with 750 pg hTGF-B, for the ramus and
body of the resected mandible (light blue arrow). F. Panoramic
radiograph of treated mandible 5 years after reconstruction with
costo-chondral graft and hTGF-B, delivered by hDBM showing
scattered islands of newly formed bone (light blue arrow) within
the defect.
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when implanted in heterotopic extraskeletal sites, i.e.
subcutaneously, intramuscularly as well as after intra-
parenchymatous implantation. 21

The work of Sampath et al. 2 reported a comparatively high
level of homology in decapentaplegic (dpp) and 60A genes
in Drosophila melanogaster with BMP-2, BMP-4, and BMP-
5 and BMP-6, respectively. The study highlighted the critical
and developmental role of BMPs’ amino acid sequence
motifs for the evolutionary induction of the vertebrates.*2°
Drosophila and human secreted proteins retained and
thus shared common developmental roles. Indeed, gene
products of the fruit fy and Homo have been evolutionary
conserved for a billion years and as such, recombinant
human DPP and 60A proteins, when reconstituted with
insoluble inactive collagenous bone matrix of chaotropically
extracted rat bone, initiate the induction of bone in the
subcutaneous rodent bioassay.?

These experiments have shown that phylogenetically
ancestral signaling amino-acid motifs deployed in the fruit
fly Drosophila melanogaster for dorso-ventral patterning
are also operational to initiate the unique vertebrate trait
of bone induction and development. The induction of
bone crystallized the emergence of the skeleton, the
vertebrate animals, the bipedal ancient hominids, the
Australopithecines, speciation of Homo habilis and Homo
erectus in Central and Southern Africa, soon followed by
the explosion of the human clade across the planet.?2-4

We reported that Nature has had a lesson to teach: 42526
“Instead of evolving genes and gene products capable
of initiating the induction of bone formation, Nature has
rather usurped and recruited phylogenetically ancient gene
products operating minor modifications in amino acid
sequence motifs in the carboxy-terminal domains deployed
for dorso-ventral patterning in the fruit fly to molecularly
initiate the induction of bone formation, skeletogenesis, and
the emergence of the vertebrates”.?!:2324

Pleiotropy and Redundancy

Systematic research experiments in Papio ursinus showed
that the induction of bone formation is not restricted to
naturally derived or recombinantly produced hBMPs but
extend to homologous yet molecularly different members
of the TGF-B family.#'"" The three mammalian TGF-B
proteins induce substantial endochondral bone formation
when implanted in intramuscular heterotopic sites of Papio
ursinus. 4192427

In previous communications, we have asked the critical
questions: “Which are the molecular signals that control the
biological significance of apparent redundancy initiating the
induction of bone formation?” 11817 |n marked contrast
to rodents, lagomorphs and canine, the three mammalian
TGF-B proteins initiate the substantial and rapid induction
of bone formation in non-human primates. 4192627 The need
for alternative to hBMPs to regenerate bone in man is now

Figure 5. The synergistic induction of bone formation by binary application of 2.5 mg recombinant human osteogenic protein-1 (hOP-1),
also known as hBMP-7, with 125 pg of recombinant human transforming growth factor-g, (W'TGF-B,) delivered by allogeneic insoluble
collagenous bone matrix and harvested on day 30 after implantation in a 2.5 cm full thickness mandibular defect in the Chacma baboon
Papio ursinus.* A. Extra-oral approach for the creation of the defect on the exposed mandible stabilized by a titanium plate (white arrow).
B. mandible regenerate 30 days after binary application of of 20:1 ratio by weight hOP-1: hTGF-B,. This ratio maximizes the synergistic
induction of bone formation (light blue arrow) as previously described in heterotopic and orthotopic sites of the Chacma baboon Papio
ursinus.?*"*2 Recombinant morphogens were combined with allogeneic insoluble collagenous bone matrices. C. Complete regeneration
with expansion of the newly formed corticalized bone (light blue arrow) by day 30 after implantation of the binary application of hOP-1 with
relatively low doses of the hTGF-B, isoform, 20:1 ratio.?* D, Prominent induction of bone formation with induction of both mineralized lingual

and buccal plates of the mandibular regenerates (white arrows).



Figure 6. The substantial and rapid induction of bone formation

by 250 pg of recombinant human transforming growth factor-g,
(hTGF-B,) pre-combined with coral-derived macroporous biore-
actors proposed further studies to test the 250 ug dose in larger

3 cm full-thickness defects in Papio ursinus for later translation

in clinical contexts. A. Prominent induction of bone (light blue ar-
rows) two to three cm from the implanted coral-derived bioreactor
(white arrow) super-activated by the hTGF-, osteogenic device. B.
Creation of a 3 cm full thickness defect in Papio ursinus inserting
a titanium plate for stabilization. Doses of the recombinant mor-
phogen were reconstituted with human demineralized bone matrix
(hDBM) to enhance the non-human primate model for translation
in clinical contexts. C. Substantial induction of bone formation with
restitutio ad integrum of the implanted mandible one year after im-
plantation of the hTGF-B, osteogenic device: complete regenera-
tion of the defect. D. Exposed newly formed and mineralized bone
were trephined (light blue arrow) to insert titanium dental implants
with different geometric configuration. Titanium constructs were
implanted at 30 and 15 days prior euthanasia and tissue harvest to
provide tissue constructs at 30 and 15 days post-implantation.

critical, after the published complications and performance
failures of hBMP-2 and hOP-1, the latter protein also known
as BMP-7. 17.28:50

At long last and finally so, the biotechnology industry has
acknowledged that treatments by recombinant hBMPs
require supra-physiological BMP concentrations, which
are “associated with potential local and systemic adverse
effects” %' To address the problem of high supra-physiological
doses of the recombinant hBMPs to induce sub-optimal
amounts of bone formation in humans, and thus to engineer
and improve efficacy, a BMP/activing A chimera was
constructed which showed superior activity to native BMPs
at less concentrations than the currently FDA approved
hBMP-2/ACS orthotopic device.®' It is mandatory to again
quote a previous statement that “Reviews and perspectives
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Figure 7. Clinical translation of the substantial induction of bone
formation by 250 pg of recombinant human transforming growth
factor-B, (WTGF-B,) pre-combined with coral-derived macropo-
rous bioreactors implanted in the rectus abdominis muscle of the
Chacma baboon Papio ursinus'?* A. Aneurismal bone cyst shown
by three- and two-dimensional CT scans (C). B. Resection resulted
in 13 cm long defect of the mandible. The defect was reconstruct-
ed with a 6 cm costo-chondral graft and with 2500 ug hTGF-@,
pre-combined with 12 g of human demineralized bone matrix
(hDBM). D. Panoramic radiograph of the implanted hemi mandible
15 days after implantation of 12 g of hDBM reconstituted with 2500
ug hTGF-B, packaged within mandibular defect (light blue arrow
arrow). E, Panoramic radiograph 6 years after reconstruction.
Regeneration of the avulsed mandible with restoration of mandib-
ular morphology. F.G. 3D reformatted CT scan of the mandible 6
months post reconstruction. The granular DBM has been replaced
by a cohesive bone ossicle with regeneration of a condylar and
coronoid process (light blue arrow).

on bone tissue engineering for alternative to hBMPs to
regenerate bone in man is now critical, after the published
complications and performance failures of hBMP-2 and
hOP-1, the latter protein also known as BMP-7,17:28-30

As we have previously stated, “the conundrum of
regenerative medicine and tissue engineering has been a
newly developed research program which later morphed
into the hyperbole of promised regenerative treatments
based on published data in pre-clinical animal models,
without any experimental evidence of translational research
in clinical contexts”. "

It is mandatory to again quote a previous statement that
“Reviews and perspectives on bone tissue engineering
report a series of successful novel procedures in animal
models with the promise that the results obtained both
in vitro and in vivo will eventually result in substantial
differences in acute and chronic human disorders
including but not limited to, myocardial infarction following
transplantation of functional contractile myoblastic cells,
liver, pancreas and kidney failure following transplantation
of bioactive hepatocytes, healthy grown pancreatic islets
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Figure 8. A. Implantation of the recombinant human transforming
growth factor-B, ("TGF-B,) (light blue arrow) pre-combined with
human demineralized bone matrix (nDBM). Tissue healing and
regeneration at 9 months and implantation of titanium constructs
(white arrows) to be evaluated on day either 30 or 15 after insertion
at time of euthanasia for histological processing of the mandibular
regenerates.
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as well as supra-assembling kidney tubular structures with
filtering cells”.®

Realistically however, none of the highlighted procedures
above is actually routinely used in clinical contexts.®®
Furthermore, “merely hypothesized yet published advanced
in tissue engineering, have been published even in the
awareness that the need of such functionalities is largely
not substantiated by experimental data”.®*

The expression cloning of the BMPs, members of the
transforming growth factor-B (TGF-B) supergene family
47911 has however failed the translational research of the
“Bone induction principle” *° in clinical contexts.’ The next
three decades of therapeutic use of single recombinant
hBMPs, either hBMP-27,2 or hOP-1° showed that the
translation of pre-clinical results to humans was all too
unpredictable, often resulting in failure of bone regeneration.?
The observed limited translation of highly encouraging pre-
clinical results to human osteoinduction indicates that must
exist profound molecular differences regulating the induction
of bone formation between not only genera but also species,
including non-human vs. human primates. 21"17:21:63

Our current studies on the initiation of bone formation by the
three mammalian hTGF-Bs has partly cast some insights into
the induction of bone in primates vs. rodents, lagomorphs
and canines. In the latter species, and for that matter in
any other species but in non-human primates, and thus by
extension to human primates, the three hTGF- isoforms
fail to induce bone formation in heterotopic extraskeletal
sites. 16171924 Systematic experiments in intramuscular
sites of Papio ursinus by qRT-PCR have shown that the
observed induction of bone is via several profiled bone
morphogenetic proteins genes expressed upon the
intramuscular implantation of doses of hTGF-B,.'735%
The downstream expression of BMPs genes may escape
the antagonist activity of Noggin, whereas on the other
hand, direct implantation of high doses of recombinant
hBMPs (several tens of mg) activate the Noggin antagonist
pathway, limiting human osteoinduction in clinical
contexts.%5% Physijological expression of BMPs genes
and gene products upon implantation of the hTGF-B,
osteogenic device escapes the antagonist activity of

Noggin, ultimately regulating the bone induction cascade.
17,25,35,36

Experiments on day 15%3% showed RUNX-2 and
Osteocalcin expression corresponding to the observed
rapid induction of bone as seen morphologically on
undecalcified histological sections. RUNX-2 was decreased
in hNoggin pre-loaded macroporous bioreactors. RUNX-
2 showed increased expression in hTGF-B3/pre-loaded
macroporous bioreactors, once again correlating to the
induction of bone formation on day 30 after heterotopic
intramuscular  implantation of the super-activated
macroporous bioreactors. 3536

The substantial induction of bone formation by hTGF-B,
in Papio ursinus shows TGF-8,, TGF-8, (but not TGF-86,),
BMP-2, BMP-3, OP-1, RUNX-2 and Osteocalcin

Figure 9. A. Generated pCT scan 8 months after implantation of the hTGF-B, osteogenic device showing mineralization of the newly

formed bone with titania constructs across the regenerated bone. B. Geometric titanium construct 30 days after insertion into the newly
regenerated bone showing bone formation across the concavities (white arrow). C,D,E. Undecalcified histological sections cut on the Exakt
diamond saw stained with the Movat’s pentachrome stain. F. Trabeculae of newly formed bone integrating with the titanium geometric
construct showing newly formed bone within the apical concavities of the substratum.



Figure 10. Series of generated uCT scans 9 months after implanta-
tion of the 250 ug hTGF-B, osteogenic device per gram of human
demineralized bone matrix ((DBM) with mineralization of the con-
struct. A. Regeneration of bone across the 3 cm mandibular defect
(light blue arrow). B. uCT scan on day 15 after implantation of the
geometric titanium construct showing lack of bone induction within
the concavities (white arrow) of the analysed implant. C. Transversal
HCT scan indicating the lack of bone formation within the concavi-
ties of the geometric implant (white arrows) 15 days after implanta-
tion into the regenerated mandibular bone.

upregulation and expression. Morphologically, the reported
genes’ expression above is represented by pronounced
osteoblastic with osteoid deposition together with marked
capillary sprouting and angiogenesis. The significant rapid
initiation of bone by 250 pg hTGF-B3 when reconstituted
with calcium phosphate-based bioreactors is the frontier
for the novel molecular and morphological induction of
bone formation in man.?

The use of a single recombinant hBMP delivered by
collagenous substrata or similar organic matrices has
failed to match autogenous bone grafts in human
osteoinduction.217:81:35-88 A" critical reappraisal of future
osteoinductive strategies in human is required.'”:2%:38
Using the autologous bone graft as a sensible biological
blueprint, molecular biologist and tissue engineers alike
need now to resolve the molecular insights into the multiple
molecular machinery that give the capacity to regenerate
bone post transplantation of autogenous bone grafts (Fig.
1), and, at the same time, to critically re-appraise human
osteoinduction.

Craniofacial and mandibular regeneration in human patients
using far too high doses of hBMPs has been the most severe
operational and biological limitations of biotech companies’
manufacturing recombinant hBMPs, i.e. h(BMP-2 and hOP-
1. We have also stated at few International Conferences
of BMPs, that hBMPs treated human mandibular defects
do not show often convincingly the induction of bone
regeneration, with corticalization and remodeling of the
newly formed ossicles. %°#'" Our Unit has highlighted the
concept of “clinically significant osteoinduction”, i.e. “the
quality and quantity of regenerated bone adequate to be
identified radiographically as normal bone, both in radio-
opacity and trabecular architecture” (Fig. 1).17:%8
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The synergistic induction of bone formation or the
induction of bone by single relatively high doses of h\TGF-B,
have shown that the recombinant morphogen induces
bone following the expression of a variety of inductive
morphogenetic proteins that result in the rapid induction
of bone formation.?#%"42 Qur molecular data thus show
that bone induction as invocated by hTGF-B, recapitulates
the synergistic induction of bone formation by low doses
of hTGF-B, and hTGF-B, with a recombinant hBMP with a
ratio by weight of 1:20.2426:87

Molecularly, the synergistic induction of bone formation by
binary applications of hOP-1 with hTGF-B, and hTGF-B,,
and particularly by hTGF-B, solo follows the up-regulation
of Osteocalcin, RUNX-2, BMP-7, TGF-8, and hTGF-8,.%

hTGF-B, generates multicellular bone organoids with the
rapid induction of mineralized bone and osteoid covered
by contiguous osteoblasts when implanted in heterotopic
sites of the rectus abdominis muscle of Papio ursinus (Fig.
2).1987.43 The morphological hallmarks of the synergistic
induction of bone formation is the rapid induction of
osteoid seams facing haemopoietic bone marrow that
forms as early as day 15 after implantation in rectus
abdominis sites.*26:87:42

It is noteworthy that synergistic binary applications induce
the morphogenesis of rudimentary embryonic growth
plates, indicating that the “memory” of developmental
events in embryo is re-deployed post-natally by the
application of morphogen combinations.*26:37

Importantly, our systematic studies on the hTGF-B, in
Papio ursinus have shown that tissue induction and
morphogenesis invocated by 250 pg of hTGF-B, solo
if often higher than the synergistic induction of bone
formation as shown by binary application of hTGF-B, with
recombinant hOP-1.2426.27.37

Mandibular tissue induction and regeneration by
recombinant human transforming growth factor-g,:
Short-term morphological studies using 125 pg
hTGF-B, solo and in synergistic binary application with
hBMP-7 in the Chacma baboon Papio ursinus.

The substantial induction of bone formation by the hTGF-8,
isoform singly or in binary application with a recombinant
human bone morphogenetic protein (hBMP-7)2426:37:42
prompted us to design experiments to test the regenerative
capacity of hTGF-B, in full-thickness segmental defects
prepared in the Chacma baboon Papio ursinus.**

After extra-oral approach, the previously edentulized
mandibles were exposed, and a 2.5 cm full thickness defect
was prepared in each right mandible of three Chacma
baboons Papio ursinus.** Defects were stabilized with a
titanium plate anchored on the distal and mesial remaining
mandibular bone (Fig. 3). Defects were implanted with
125 g hTGF-B, reconstituted with allogeneic insoluble
collagenous bone matrix (ICBM). Animals were euthanized
30 days after mandibular implantation.Harvested tissues
and prepared hemi-mandibles showed mineralization
across the treated defects with regeneration of the buccal
plates on day 30 with restoration of the mandibular
profile (Fig. 3).* Histological analyses on undecalcified
histological analyses (Figure 3, insets G, H) show the
induction of mineralized bone within the defects (G).
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Figure 11. Whole mount undecalcified histological section cut on the Exakt diamond saw stained with the Movat’s pentachrome stain. A.
Note the regenerated bone delineating the inferior profile of the newly formed mandible (light blue arrow) 9 months after implantation of the
osteogenic device. B. High power view of a geometric titanium construct prepared 15 days after mandibular implantation; there is minimal if
any formation of bone within the concavities of the titanium’ substrate (white arrows). C. High power view showing remodelling and main-
tenance of the newly generated mandibular bone 9 months after implantation of the 250 ug hTGF-B, osteogenic device per gram of human
demineralized bone matrix (hDBM). D. Histological section of a mandibular regenerate 12 months after hnTGF--B, implantation: regeneration
of lamellar and trabecular bone (light blue arrow). Exakt diamond saw section stained with the Movat’s pentachrome stain.

There was induction of corticalized mineralized formed
bone surrounding remnants of matrix carrier 30 days
post implantation (Fig. 3). The significant induction of
bone on day 30 by hTGF-B, solo in mandibular defects
of Papio ursinus prompted us to clinically translate the
rapid induction of bone by 125 ug hTGF-B, (Fig. 4). *
Osteogenesis and restoration of a large mandibular defect
in a human patient implanted with 125 pug hTGF-B, per
gram pf matrix, was not comparable however to the rapid
induction and mineralization of the newly formed bone as
seen in our pre-clinical studies in Papio ursinus.** Healing
was however uneventful, maintaining masticatory function
of the treated hemi-mandible more than 5 years after
implantation (Fig. 4F)#44°

Because of the substantial bone forming activity by the
binary application of relatively low doses of hTGF-B, and
hTGF-B, with 25 ug osteogenic protein-1 (hOP-1, also
known as BMP-7), additional animals were prepared with
2.5 cm full thickness mandibular defects and implanted

with 2.5 mg hOP-1 and 125 pg hTGF-B, at a ratio of 20:1
by weight.?65742 Morphogens, recombined with allogeneic
ICBM, induced substantial osteogenesis with expansion of
the newly formed and mineralized buccal plates (Fig. 5).*

Recombinant human transforming growth factor-g,:
Long-term morphological studies using 250 ug hTGF-,
in large mandibular defects of the Chacma baboon
Papio ursinus

Concurrent studies in Papio ursinus to resolve the optimal
dose for translation in clinical contexts, evaluated the
reconstitution of 2560 pg of hTGF-B, with coral-derived
macroporous  constructs.  Intramuscularly  implanted
super-activated bioreactors were harvested on day 20
and processed for histological analyses.'?*  Histological
analyses showed prominent and substantial bone formation
outside the profile of the intramuscularly implanted super-
activated bioreactors (Fig. 6A)."7"2* The extensive induction
of bone by 250 ug hTGF-B, albeit at the periphery of the
macroporous bioreactors, proposed a novel dose for testing



hTGF-B, in pre-clinical and clinical studies. Concurrent to
the new non-human primate study described below, the
250 pg dose of hTGF-B, was translated in clinical contexts
by implanting the recombinant morphogen in a massive
mandibular defect in a human patient (Fig. 7).4°4¢ Induction
of tissue morphogenesis was seen radiographically 6
months after transplantation (Fig. 7E), with regeneration of
the ramus and body of the mandible with also regeneration
of the surgically ablated coronoid process (Figs. 7F,G light
blue arrow).

A cohort of Chacma baboons Papio ursinus was selected
from the Wits Research Animal Facility (WRAF) directed
by a veterinarian doctor, and continuously mentored and
supervised by the Animal Ethics Control Committee (AECC)
of the University.

The long-term study in Papio ursinus evaluated bone
regeneration, remodeling and maintenance of regenerated
mandibular defects (Animal Ethics ref.. 2018-11-19-0,
study title: Translational approaches for bone constructs:
Their impact on facial bone reconstruction [Waiver approved
to amend study and extension of scope of the study using
samples gathered by previous experimentation to finalize
cutting of undecalcified sections on the Exakt technology
from mandibular blocks to be embedded in Technovit].
Remodeling and maintenance of the newly formed bone was
evaluated at 12 (4 animals), 10 (two animals), 9 (two animals)
and 7 (two animals) months after the hTGF-B, implantation
in large full thickness mandibular defects, three centimeters
in length, surgically prepared in the right hemi-mandibles
(Figs. 6B; 8A) in 10 Chacma baboon Papio ursinus.
Implanted hemi-mandibles were re-exposed to analyze
tissue regeneration and to trephine the newly generated bone
by the recombinant morphogen to insert titanium implants
with planar or geometrically generated surfaces.” The latter
prepared with a series of repetitive concavities along the
titanium’ construct (Figs. 8B; 9B;10B).#” Regenerated defects
showed corticalization of the newly formed bone across the 3
cm defects with regeneration of the mandibular discontinuities
(Figs. 6C;8B;10A).

Harvested hemi-mandibles after bilateral carotid perfusion
with 2 liters buffered saline and 2 liters buffered formalin
were cleaned of adhesive muscular and connective tissues,
processed and further fixed by immersion in 70% ethanol.
Later, specimen blocks were embedded in Technovit
7200 VCL (Heraeus Kulzer Gmbh, Wehrheim, Germany).
Undecalcified blocks were cut longitudinally on the Exakt
diamond saw cutting and polishing technology. Specimens
preparation, cutting and staining was performed by Morphisto
AG, Germany).

Of note, the mean weight of the Chacma baboons at surgery
and implantation, before the long-term study housing and
euthanasia was 20.1 kg and, at tissue harvest and euthanasia
after intra-carotideal perfusion by buffered saline and formalin
perfusion, was 20.7 Kg.

These weight data are fundamental for our understanding of
the adaptive capacity of Papio ursinus as well as the high
standard of the WRAF of the University that provide functional
non-human primate facilities and rooms with large cages
highly ventilated with a positive pressure as well as diets
that both maintain weight in long-term captive non-human
primates’ experimentation. The facilities of the University at
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the Medical School Faculty of Health Sciences provide thus
highly acceptable standards and conditions as shown by
weight at termination higher than at the beginning of the long-
term study, with optimal fur’ status at euthanasia more than
one year after starting the study.

Mandibular blocks were analyzed by micro-focus X-ray
computed tomography (UCT) scans (MIXRAD micro-focus
X-ray laboratory, South African Nuclear Energy Corporation
- NECSA, Pelindaba, Pretoria). An application was submitted
and cleared by NECSA to scan and analyze the retrieved
mandibular blocks.

All CT scans were conducted at 100kV and 100pA for
optimal contrast with a Nikon XTH225ST micro-focus X-ray
machine. The samples were mounted in a polystyrene sample
holder to secure the sample during the scanning procedure.
One thousand separate X-ray absorption images were
obtained through a full 360 degree rotation with maximum
magnification to ensure a resolution of 36 micrometer. All the
images were then reconstructed to a 3D virtual volume using
Nikon CTPro reconstruction software. The final 3D renderings
were analyzed in Volume Graphics VGStudio Max software.

HCT scans 8 months after hTGF-B, implantation showed
tissue induction across the full thickness defect, though the
section across the middle of the regenerate shows non-
union, possibly reflecting the corticalization of the buccal
and lingual cortices (Fig. 9A). High power view shows limited
bone in contact with the concavities of the geometric titanium
construct (Fig. 9B) 30 days after implantation harvested at
euthanasia 8 months after hNTGF-B, implantation. Histological
analyses on undecalcified sections show bone formation
across the surgically created full-thickness defects. There was
the induction of corticalization of the newly formed mandibular
ossicles (Figs. 9C,D). Remodeling and corticalization of the
newly formed bone were evident on both 8 and 9 months
after implantation (Figs. 9, 10), together with mineralized bone
covered by osteoid seams as seen in 8 months specimens
(Fig. 9E).

Inserted hydroxyapatite-coated implants (Figs. 9A,B) represent
images 30 days after implantation in the newly regenerated
mandibular construct. Inspection of the geometric profile of
the titanium implants with concavities shows by day 30 still
limited induction of bone within the profiled concavities (white
arrow Fig. 9B).

uCT scans 9 months after implantation of 250 pg doses of
hTGF-B, showed substantial reconstruction of the large full-
thickness mandibular defect surgically prepared in Papio
ursinus (Fig. 10A). Of interest, the profile of the titanium
implants harvested on day 15 from the 9 months mandibular
regenerate show limited if any bone contact with the
geometric configuration of the harvested implant (Fig. 10B).
Lack of integration is also shown in a transversal uCT scan
across a titanium construct that show limited bone formation
against the concavities of the substratum (Fig. 10C white
arrows).

Histological analyses on undecalcified Exakt polished and
grounded sections showed remodeling and the induction
of corticalization of the mandibular plate newly formed after
implantation of the 250 pg doses of hTGF-B, (Fig. 11A).
Histological detail of the titanium inserted in the 9 months
mandibular regenerate and harvested on day 15 ateuthanasia
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shows lack of bone formation into the concavities of the
geometric construct (Fig. 11B white arrow). Limited bone
deposition is thus shown in a corresponding histological
section that correlate with the uCT scan on day 15, reporting
minimal if any bone differentiation within the concavities of
the geometric constructs (Fig. 11B, undecalcified Exakt
section; uCT scans Fig. 10B). There is remodeling and
corticalization of the newly formed mineralized bone at
9 months after implantation of the hTGF-B, osteogenic
device. Remodeling and maintenance of the newly formed
bone is maintained up to 12 months after implantation
of the recombinant morphogen, keeping the corticalized
profile of the newly formed hemi-mandible (Fig. 11D).

DISCUSSION

Restoring normal function and appearance of complex
disfiguring craniofacial defects and/or anomalies in
human patients still remains a grand unsolved challenge.
Systematic studies in the rectus abdominis muscle, the
calvarium and the mandible, respectively, showed that the
cellular and molecular machineries of non-human primate
tissues are differently activated when compared to rodents,
lagomorphs and canine tissues when challenged with
the soluble osteogenic molecular signals of the TGF-B
superfamily. 4,11,17,19,24,36

The molecular machinery of primate tissues and cells
is endowed with transmembrane receptor’ ligands that
phosphorylate and respond to the three mammalian
TGF-B proteins. In the non-human primate Papio ursinus,
the three mammalian proteins, and prominently the
TGF-BS morphogen, induce the substantial formation of
endochondral bone. Research so far has shown that the
TGF-B proteins initiate endochondral bone formation in
primates only.'"?'?* Results obtained in full thickness
mandibular defects of Papio ursinus have shown the
remarkable inductive capacity of hTGF-B, in craniofacial
defects of non-human primate species with regeneration as
early as 30 days post implantation, and with corticalization
of the outer cortices.*3*

The substantial bone initiated in both heterotopic
intramuscular and mandibular orthotopic sites prepared
in Papio ursinus' 192436 proposed the clinical translation
of the newly developed hTGF-B, osteogenic device in a
human patient affected by a large mandibular odontogenic
myxoma. The multiloculated expanding lesion in the right
ramus and body of mandible was ablated via combined
subperiosteal and supraperiosteal resections. Panoramic
radiograph 5 years post-reconstruction with costo-chondral
graft and 125 ug hTGF-B, per gram of hDBM shows the
induction of bone within the defect.

Though healing was uneventful, later pre-clinical studies
showed the substantial induction of bone by 250 ug hTGF-8,
when implanted intramuscularly in Papio ursinus pre-
combined with coral-derived macroporous bioreactors. 72430
The 250 pg hTGF-B, dose was then implanted in larger
3 cm full thickness mandibular defects in Papio ursinus,
and the reported study in this communication was partially
supported by Project No. AOCMF-19-03-R of AOCMF,
Switzerland.The pre-clinical study showed mandibular
regeneration by the selected dose of the recombinant
morphogen when recombined with human demineralized
bone matrix (hDBM). The use of hDBM in Papio ursinus
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further translated the clinical potential of the pre-clinical
study in Papio ursinus.

uCT scans and histological analyses showed regeneration
across the mandibular defects with maintenance and
remodeling if the newly formed and mineralized bone up
to 9 and 12 months after implantation of the recombinant
morphogen. Of interest, osteoid seams were seen over
newly formed mineralized bone up to 9 months after
healing, highlighting the substantial osteogenic capacity of
the hTGF-B, soluble molecular signal.

uCT scans showed the induction of mineralized newly
formed bone filling the treated defects. Undecalcified
histological sections prepared by the Exakt diamond saw
technology confirmed mineralization and corticalization of
newly induced bone across the defects. Long-term studies
in non-human primates are critical to study remodeling and
maintenance of the newly formed bone. The presented
undecalcified sections show maintenance and continuous
remodeling of the newly induced bone with regions of
osteoid synthesis up to 9 and 12 months after implantation
of the hTGF-B, osteogenic device.

In his Editorial Comment “The reality of a Nebulous
Enigmatic Myth” 48 Marshall Urist stated that research on
the bone induction principle “are bound to dispel the myth
and appreciate the reality of bone induction for the benefit
of patients with crippling diseases of the bone and joints”.
More than fifty years later, the Bone Research Laboratory
not in Los Angeles but in Johannesburg still strongly
perceives “The reality of a Nebulous Enigmatic Myth” when
reading that a disproportionate number of milligrams of
now available hBMPs are needed to induce limited bone
volumes in human patients.

The promise of therapeutic osteoinduction has been
recognized during last Century research, and pre-clinical
studies including non-human primate experimentation
have suggested a primary role for hBMPs in human
osteoinduction. Tissue and molecular biologists together
with skeletal reconstructionists alike have learned that
human osteoinduction is a totally different biological topic
when compared to results obtained in pre-clinical animal
models. Itis also possible that preclinical animal studies may
or may not adequately translate and reproduce morphogen-
related therapeutic responses in clinical contexts.53

The study reported here evaluates the 250 pg dose of
hTGF-B, to test in non-human primates a possibly more
incisive formation of bone not only in Papio ursinus but in
human patients too. The latter showed viable regenerates
after mandibular reconstruction with 250 pg hTGF-B,
several years after human implantation.*

The paradigm of bone tissue engineering is epitomized
by the remarkable work of AH Reddi and his School at
the National Institutes of Health (NIH), Bone Cell Biology
Section, where it was found that molecular combinations of
soluble and insoluble signals or substrata initiate the bone
induction cascade.’® As Reddi reported in a classic title
by now: “Morphogenesis and tissue engineering of bone
and cartilage: inductive signals, stem cells, and biomimetic
biomaterials”*°, the reconstitution of a soluble morphogenetic
signals with an insoluble signal or substratum triggers the
induction of bone morphogenesis, even if the signals are



implanted in heterotopic sites of animal models, where there
is no bone.

Of note, our laboratories have reported a modified paradigm
in which the insoluble signal or substratum initiates resorption
via a downstream of molecular and cellular cascades sculpting
resorption pits and lacunae in the shape of concavities within
the implanted bioceramic bioreactor.®" Lacunae, pits and
concavities are the biological continuum of the induction
of bone formation. % This has resulted in the substantial
induction of bone formation in biomimetic bioreactors almost
completely resorbed and replaced by bone 365 days after
calvarial implantation in Papio ursinus.®®

To further study the role of the concavity initiating the induction
of bone formation, the reported long-term study of the 250
ug hTGF-B also compared different geometric configurations
of titanium implants, i.e. planar surface implants vs. modified
surfaces with a series of concavities along the titanium
surfaces.*” The presented images showed lack of bone
formation within concavities on day 15 with some bone
forming in the concavities by day 30.

In previous studies,*” we have reported as a first that
titanium implants with geometric configurations in the form
of repetitive concavities along the titanium coated by highly
crystalline hydroxyapatite were shown to be intrinsically
osteoinductive.

In our studies, we have asked the critical question:
can bone spontaneously initiates by uncoated titanium
substrata with or without geometric configurations, that is,
a series of repetitive concavities along the planar surfaces?
Our previous experimentation in Papio ursinus showed that
titanium concavities coated by crystalline hydroxyapatites
per se initiate the induction of bone formation even when
implanted in heterotopic intramuscular sites, where there
iS no bone.47,52,54,55

A review of the literature shows that the only available
experiments reporting the intrinsic osteoinductivity by
titanium’ substrata is a study where titania’ constructs
were implanted heterotopically in the dorsal musculature
of canines.®® The reported data have highlighted that the
implanted titania were macroporous titanium constructs
with a superior in vitro and in vivo apatite forming capacity,
bonding directly to living bone in vivo.®® This in vivo apatite-
forming could have possibly initiated the formation of bone
as reported by Fujibayashi et al.®® Of note, macroporous
constructs were also chemically and thermally treated,
including alkali and heat treatment with sodium removal.®”

Though the presented titania’ bioreactors short implantation
study does not cast as yet any mechanistic insights into
the allegedly proposed spontaneous inductivity by titanium
substrata, the limited bone formation against the bioreactors
implanted into newly formed bone further indicate that
titanium metal is not osteoinductive per se, and that the
reported in vivo osteoinductivity %% is due to its in vivo
apatite-forming ability after chemical and thermal treatments.
Indeed macroporous blocks were acid- and heat-treated to
form apatite layers on the titanium surfaces.®-¢2

The most convincing results that pure titanium is not
intrinsically osteoinductive is that titanium’ bioreactors without
alkali and heat treatments lack osteoinductive capacity when
heterotopically implanted in identical canines models.%66'.62
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The hTGF-B, reported in our studies in non-human and
human primates has shown once again that the translation
of the “bone induction principle” 4° is still a difficult if not an
impossible target when compared to the results obtained
in non-human primate species that showed substantial
bone formation by the newly developed hTGF-B/based
osteogenic device.

The cellular and molecular basis responsible for the reported
substantial differences in regenerative patterns amongst
mammals and particular in non-human vs. human primates
need now to be evaluated, and basic research should be
devoted to analyse genetically the mammalian wound healing
traits controlling tissue induction and morphogenesis beyond
morphogens and stem cells.

Animal experimentation and the use of different animal
models are also critical challenges for translational research
in human patients. As Brubaker and Lauffenburger sate,
“Direct translation of observations in rodents or nonhuman
primates to humans frequently disappoints, for reasons
including discrepancies in complexity and regulation between
species”.®® Mechanistically, the molecular machinery of
rodents vs. non-human and human primates is fundamentally
different, at least when responding to the osteogenic proteins
of the TGF-B supergene family.*

In his contribution to the physiological functions of TGF-B,
Sporn and colleagues describe that TGF-B induces the rapid
induction of fibrosis and angiogenesis in vivo, together with
stimulation of collagen formation in vitro.% In marked contrast,
the three mammalian TGF- isoforms, and notably the hTGF-B,
protein are inducers of substantial and prominent induction of
bone formation in heterotopic extraskeletal sites, where there
is no bone, thus showing a molecularly significant response
to selected proteins and ligands at the receptor levels, with
phosphorylation and induction of bone via the Smad’ related
pathway.

To end, research into translational regenerative induction
of bone formation will require further studies particularly
highlighting the reasons and why the three mammalian TGF-p
isoforms induce bone in primates but not in mice, rodents,
lagomorphs and canines and how to boost the substantial
induction of bone formation in heterotopic sites vs. orthotopic
mandibular sites. Blueprints for translational regenerative
medicine are offering pathways that may help to better define
regenerative molecules and morphogens.®
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