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Figure 5. Synergistic induction of bone formation by combined binary
application of 25 pg recombinant human osteogenic protein-1 (hOP-1)
with 0.5 pg recombinant human transforming growth factor-, (\TGF-f,)
at a ratio 20:1 hOP-1:hTGF-f, implanted in the rectus abdominis muscle
of Papio ursinus.?**¢ hTGF-f, initiates the induction of bone formation

at 5 pg per 100 mg of inactivated insoluble collagenous bone matrix.*®
A. The recombinant morphogen synergizes with hO-1 resulting in the
induction of large corticalized heterotopic ossicles as early as 15 days
after intramuscular rectus abdominis implantation (dark blue arrows) with
mineralized trabeculae of newly formed bone with cartilage development
(inset white arrows B). C,D. Synergistic induction of bone formation

by binary application of 125 pyg hOP-1 and 25 pg recombinant human
transforming growth factor-, ((TGF-f,) adsorbed onto macroporous
coral-derived bioreactors.®” Bone preferentially formed at the periphery
of the coral-derived constructs extending into the temporalis muscle.
There is massive induction of newly formed bone outside the profile of
the heterotopically implanted bioreactors. E. Calvarial tissue induction by
molecular binary application of 100 pg recombinant human osteogenic
protein-1 (hOP-1) with 25 pg platelet-derived porcine transforming
growth-f, (pTGF-f,).20686°

but molecularly different morphogenetic proteins. Binary
applications were also applied in periodontal regenerative
studies. 75966 Qur first heterotopic combination study yielded
unprecedented results showing a synergistic interaction
between recombinant human osteogenic protein-1 (hOP-1,
also known as hBMP-7) and relatively low doses of hTGF-f3,
(Fig.5). 4667

We later provided mechanistic molecular data supporting
the profound synergistic interactions between platelets-
derived porcine transforming growth factor-g, (pTGF-f,)
and recombinant hOP-1.% Type IV collagen mRNA was
highly expressed in synergistic tissues providing extracellular
basement membrane’ components for vascular invasion and
capillary sprouting within the newly formed synergistic ossicles
in the rectus abdominis muscle of Papio ursinus. 8%
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Figure 6. Induction of large corticalized ossicles upon heterotopic
implantation of 125 pg recombinant human transforming growth factor-f3,
(hTGF-B,) combined with inactive collagenous bone matrix as carrier in the
rectus abdominis muscle of Papio ursinus. A,B. Generated ossicles were
harvested on days 30 after intramuscular implantation * and processed for
undecalcified histology after embedding in K Plast Resin. Sections, cut at
3 /4 um were stained free-floating as described. * B,C. Low power images
show corticalization of newly formed mineralized bone (blue arrows) within
the rectus abdominis muscle. D. Biphasic macroporous hydroxyapatite/f-
tricalcium phosphate preloaded with 25 pg hTGF-f3, shows extensive
induction of bone formation prominently exceeding the profile of the
implanted macroporous hydroxyapatite/f3-tricalcium phosphate bioreactor
(white arrows). E. Coral-derived macroporous constructs (white arrow),
preloaded with 250 pg hTGF-f3, show pronounced induction of bone
formation prominently exceeding the profile of the implanted bioreactor
(blue arrows).”®™ Newly formed bone extends for more than two cm

from the profile of the coral-derived construct (white arrow E) and newly
formed bone rippled and generated centimeters away from the pre-loaded
hTGF-f3, bioreactors. Tissue induction and morphogenesis are initiated

by waves of continuously differentiating responding cells at the periphery
of the implanted super-activated bioreactor, which also shows lack of
bone differentiation within its preloaded macroporous spaces (white

arrow E). Figure 6E epitomizes the tissue transfiguration in vivo by the
hTGF-, morphogen, transfiguring the rectus abdominis muscle into large
corticalized ossicles transfiguring the available rectus abdominis myoblastic
and pericyte cells into secreting osteoblasts.?°

Reconstitution of allogeneic insoluble collagenous bone
matrix with 100 pg hOP-1 combined with 15 pg pTGF-p,
and implanted in calvarial defects of Papio ursinus resulted in
a substantial synergistic interaction of bone formation on day
30 displacing the temporalis muscle (Fig. 5e). 67:68:69

Reconstituted coral-derived macroporous bioreactors with
125 pg hOP-1, 125 pg hTGF-, and binary applications of
125 pg hOP-1 and 25 pg hTGF-B, in the ratio of 5:1 hOP-
1:hTGF-B, were implanted in heterotopic intramuscular
sites of the rectus abdominis muscle of Papio ursinus.
Results showed prominent and substantial induction of bone
formation extending far beyond the profile of the implanted
super activated bioreactors (Figs. 5c,d). ¢ Of interest, qRT-
PCR showed prominent induction of TGF-B, mRNA with
relatively low expression values of OP-7 mRNA.67:6
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The morphological hallmark of the synergistic induction of
bone formation is the rapid differentiation of large osteoid
seams enveloping haematopoietic bone marrow that forms
by day 15 in newly generated ossicles in the rectus abdominis
muscle of Papio ursinus (Figs. 5a,b).46:67

We also reported that synergistic binary application of
hOP-1- and hTGF-, in the ratio 20:1 respectively, initiate
the heterotopic induction of rudimentary embryonic growth
plates (Fig. 7a). This has indicated that the “memory” of
developmental events in embryo is re-deployed postnatally
by morphogen combinations (Fig. 7a). 4% Of interest,
tissue induction and morphogenesis by TGF-f, applied
singly in heterotopic rectus abdominis intramuscular sites
also morphogenizes columnar chondrocytes as seen in the
mammalian growth plate (Fig. 7b).

It is noteworthy that single applications of 125 or 250 ug
hTGF-B, result in the rapid induction of heterotopic bone
formation (Fig. 6). The induction of bone formation is superior
to binary applications of recombinant hTGF-, or hTGF-f,
with hOP-1. 496769 Mechanistically, the initiation of bone by
the recombinant hTGF-f, invocates the rapid induction and
expansion of the transformed mesenchymal tissue into large
corticalized heterotopic ossicles with pronounced osteoblast-
like cell differentiation at the periphery of the implanted
reconstituted specimens with “tissue transfiguration in vivo”
(Fig. Be). 2049

The induction of bone forms beyond the geometric space
of reconstituted carrier matrix, prominently expanding
outside the profile of the macroporous delivery system,
being either macroporous biphasic hydroxyapatite/f-
tricalcium phosphate (HA/B-TCP) (Fig. 6d) or coral-derived
macroporous bioreactors preloaded with 250 pg (hWTGF-f,
(Fig. 69).

The image shown in Figure 6e shows significant and
prominent osteogenesis predominantly surrounding the
coral-derived macroporous bioreactor super activated by
250 pg hTGF-B, (Fig. 6e). 24707 Of interest, a tenfold
less dose of hTGF-B,, ie. 25 pg, initiates prominent
induction of bone formation extending outside the profile
of the heterotopically implanted super activated HA/B-TCP
bioreactor (Figs. 6d white arrows. 70"

Molecularly, the rapid induction of bone formation by binary
applications of hOP-1 and hTGF-, or by hTGF-f, applied
singly, resides in the up-regulation of selected genes involved
in tissue induction and morphogenesis, i.e. Osteocalcin,
RUNX-2, OP-1, TGF-B, and TGF-f, with however notably
lack of TGF-f, up-regulation. ® Of note, the induction of
bone formation by the hTGF-f, isoform implanted singly
is greater than ossicles generated by binary synergistic
applications of hOP-1 with relatively low doses of either
hTGF-B, or hTGF-B, (Fig. 2.6a). “%° Relatively high doses
of the hTGF-B, morphogen (125 pg hTGF-B,) initiate a
developmental cascade of molecular and cellular events
primarily characterized by the expression of multiple profiled
bone morphogenetic proteins. ©  Together with significant
chemotaxis, chemokinesis and cell migration of responding
cells at the periphery of the hTGF-,-pre-treated bioreactors,
the expressed and secreted BMPs induce rapid and extensive
bone formation greater than the synergistic induction of bone
formation. °
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Figure 7. Intramuscular rectus abdominis induction of endochondral
bone with cartilage anlages mimicking the induction of mammalian
growth plates when binary application of hOP-1 are combined with
relatively low doses of recombinant human transforming growth factor-f3,
(hTGF-B,) A. and implanted with collagenous bone matrices in the rectus
abdominis of Papio ursinus.“® There is differentiation of chondroblastic
cells (blue arrows) with subjacent trabeculae of mineralized bone

(white arrow). There is recapitulation of embryonic development with

the induction of growth plate within the rectus abdominis muscle

with columns of chondroblastic cells reminiscent of the mammalian
cartilaginous growth plate. “¢ B. Heterotopic intramuscular implantation
of 125 ug hTGF-f, rapidly induces mineralized bone also subjacent to
cartilage induction with columns of hypertrophic chondrocytes highly
reminiscent of the mammalian cartilaginous growth plate.

The reported data on the significant and pleiotropic biological
activities of the hTGF-3, morphogen indicate that the TGF-f,
gene masterminds’ critical developmental events beyond
bone and cartilage morphogenesis, ancestrally regulating
skeletogenesis and the emergence of the craniofacial
dentate masticatory apparatus, including the differentiation
and initiation of cementogenesis. 2

Synergistic molecular combinations were thus tested in
Class Il furcation defects of the Chacma baboon Papio
ursinus (Fig. 2.4). 255786 Qur study that first attempted to
address the structure-activity profile amongst BMPs family
members did show that tissue morphogenesis induced
by hOP-1 and hBMP-2 is qualitatively different when the
morphogens are applied singly, hOP-1 inducing substantial
cementogenesis (Figs. 4d,f,g,h). hBMP-2 treated defects
showed limited induction of cementogenesis but a temporal
enhancement of alveolar bone regeneration and remodeling
(Fig. 4b). Although statistically not significant, the extent of
cementogenesis by binary application showed pronounced
induction of cementogenesis when compared to hBMP-2
treated specimens (Fig. 4e).
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Figure 8. Series of digital microphotographs illustrating the vast pleiotropic
activity of the mammalian transforming growth factor-f3, regenerating the
three essential components of the mammalian periodontal tissues: the
alveolar bone (white arrow), the periodontal ligament system (light blue
arrows) and the induction of cementogenesis with inserted periodontal
ligament fibers (dark blue arrow). A,B. Low power images of Class Il
furcation defects or bioreactors prepared in mandibular molars of Papio
ursinus.®® Extensive induction of bone formation across the furcation
defect with substantial induction of cementogenesis (dark blue arrow)
facing a highly vascularized periodontal ligament space (light biue
arrows. C,D,E. Induction of cementogenesis by 75 ug of hTGF-f, in
Matrigel®Matrix resulting in thick layers of newly formed cementum (dark
blue arrow C) always in close relationship with newly formed capillaries
(light blue arrow C) and penetrating within the newly formed cementoid
matrix (white arrow E). D. Periodontal ligament fibers connecting the
newly deposited cemental matrices to the vascular microenvironments,
providing collagenic basic structures for cell migration and riding the
fibers from angiogenetic vessels to newly formed cementoid matrix along
the planed root surface (light blue arrows D). E. High power view of newly
deposited cementoid matrix along the planed root surface treated with
75 pg of hTGF-f, in Matrigel®Matrix.° There are foci of mineralization
within the cementoid matrix (ight blue arrow) and angiogenesis within the
newly deposited cementoid matrix (white arrow E). Undecalcified sections
processed, prepared and cut at 30 ym by the Exakt diamond saw cutting
and grinding technique. %°

The demonstration of therapeutic mosaicism in periodontal
tissue regeneration, as previously highlighted by
immunolocalization studies during murine craniofacial and
periodontal embryonic development, 4 will require extensive
testing of ratios and doses of recombinant morphogen’
combinations for optimal tissue engineering in clinical
contexts.®”

Synergistic molecular combinations of hOP-1 and hTGF-,
showed pronounced angiogenesis in the chick chorio-
allantoic membrane (CAM) % when morphogens were applied
at 20:1 ratio of hOP-1 and hTGF-3,, respectively. Remarkably,
the study showed that hOP-1 is per se angiogenic at doses
of 100 and 1000 pg, comparable to the angiogenic activity of
recombinant human basic fibroblast growth factor (hoFGF). 7

Further studies showed that binary applications of hOP-
1 and hTGF-B, in Matrigel®Matrix implanted in Class |l
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Figure 9. Fetal transitional epithelial cells harvested from bladders
euthanized fetal Chacma baboons Papio ursinus were grown in vitro on
Matrigel®Matrix.” A,B,C,D Digital images show the marked effect of
extracellular matrix components of Matrigel®Matrix that resulted first in
aggregation of transitional epithelial cells (white arrow A) with branching
morphogenesis (light blue arrows). B,C,D. Transformation and induction
of transitional epithelial cells with clusters of spheroidal organoids with
branching morphogenesis (light blue arrows B,C,D). E,F,G,H. Explanted
spheroidal organoids were processed and embedded into K-Plast resin,
cut at 2 to 4 pm and stained with Toluidine blue. ™ Sectioning showed
the organization of epithelial cells forming pseudo-cystic spaces lined by
transformed transitional epithelial cells by extracellular matrix components
of Matrigel®Matrix, namely type IV collagen and laminin. ™

furcation defects of Papio ursinus induced substantial
periodontal tissue induction and regeneration. % The
anatomy of the furcation defects however tempered the full
morphogenetic drive of the synergistic binary applications
that morphogenized large ossicles expanding toward the
muco-periosteal flaps with the remarkable induction of
cementogenesis along the planed root surfaces.®®

A review of the literature shows the lack of biological studies
aimed to define the structure-activity profiles of recombinant
hBMPs; studies reporting synergistic interactions amongst
members of the morphogenetic protein family are also
lacking. % We have stated that the “biological acceptance
of the inductive activity of a single recombinant human
morphogen about the natural milieu and equilibrium of a
pleiotropic bone matrix endowed with several naturally
derived proteins clustered within the extracellular matrix of
bone has been the fundamental biological error of biotech
companies developing recombinant BMPs’. 2556

Clinician scientists were also far too eager to accept
unconditionally the reported powerful biological activity
of either hBMP-2 or hOP-1 and to test in various clinical



www.sada.co.za / SADJ Vol. 80 No.4
https://doi.org/10.17159/sadj.v80i04.22714
The SADJ is licensed under Creative Commons Licence CC-BY-NC-4.0.

settings single recombinant hBMPs, and later recalcitrant
to even admit the failure of hBMPs’ translation in clinical
contexts. 707

Biotechnology companies at the forefront of recombinant
human inductive proteins marketed selected recombined
BMPs as single proteins. Recombinant human proteins were
packaged singly recombined with patented delivery systems,
hBMP-2 by Genetic Institute, USA, and hOP-1 (also known
as hBMP-7) by Stryker Biotech, USA.

Finally, and again despite substantial research experimentation
on the formulation of delivery systems for recombinant human
morphogens including hBMPs and hTGF-f3s, the ideal carrier
matrix for periodontal tissue induction is still not available.
The use of hBMPs pre-combined with doses of allogeneic
and/or xenogeneic insoluble collagenous bone matrix (ICBM)
was used to deliver recombinant hOP-1 in Class Il furcation
defects of the Chacma baboon Papio ursinus (Fig. 4). 525758
Binary synergistic combinations were also tested (Fig. 4e).
The use of allogeneic ICBM proved to deliver the biological
activity of doses of naturally derived osteogenic BMPs
fractions purified greater than 50.000-fold from crude bovine
bone matrix extracts (Fig. 3).>" Xenogeneic bovine ICBM
was used to deliver the biological activity of gamma-irradiated
hOP-1 in short (Figs. 4f.g.h)®2 and long-term experiments in
the Chacma baboon Papio ursinus. %8

The use of Matrigel®Matrix as delivery system for hTGF-f,
doses has provento be optimal for periodontal tissue induction
when lyophilized doses of hTGF-f,in Matrigel®Matrix were
implanted in Class Il furcation defects of Papio ursinus (Fig,
8).° Research on osteogenic carriers needs to design
therapeutic strategies based on cell biology of matrix-cell
interactions for optimal outcome in the periodontal patient.®

The use of Matrigel®Matrix originally developed as a matrix
substratum for in vitro research experiments ® was later used
to deliver recombinant hOP-1 in the subcutaneous bicassay
in rodents.” Matrigel is a soluble extract of the Engelbreth-
Holm-Swarm tumor which gels at room temperature to
form a reconstituted basement membrane gel. ® Matrigel
promotes differentiation of a variety of cells. > Our studies
evaluated the induction of organoids of transitional epithelial
cells harvested from baboon fetal bladders and grown on
Matrigel®Matrix (Fig. 9).™

Matrigel®Matrix contains, amongst other extracellular matrix
components, laminin and type IV collagen, the essential
constituents of capillary basement membranes. Both bind
to BMPs 7" and TGF-f."® Importantly, not only osteogenic
but also angiogenic morphogens are stored within basement
membranes deposited into the subendothelial extracellular
matrix.” The multiple binding and storage of morphogenetic
and angiogenetic morphogens within the subendothelial
basement membrane make the reconstituted basement
membrane gel Matrigel®Matrix an ideal carrier based on cell
biology of matrix cell interaction (Figs. 8; 9). &7

2.4. BIOREACTORS FOR DE NOVO INITIA-
TION OF CEMENTUM AND ALVEOLAR BONE
ORGANOIDS

The binding of osteogenin, a bone morphogenetic protein
purified to homogeneity from bovine and baboon bone
matrices,® to type IV collagen, laminin, and transforming
growth factor-p, ®"""® suggested to combine highly purified
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osteogenic fractions extracted from baboon bone matrices
and recombinant human osteogenic protein-1 (hOP-1,
also known as hBMP-7) with Matrigel®Matrix kept fluid
on ice, to test the biological activity of purified osteogenic
proteins when combined with Matrigel®Matrix implanted in
heterotopic extraskeletal sites of the rodent bioassay. ™

Recent time-study experiments combined morphological
analyses to a time point molecular study of Class Il furcation
defects in Papio ursinus super activated by TGF-f, in
Matrigel®Matrix. ©© The combined morphological and
molecular analyses have indicated that relatively low doses
of hTGF-B, (75 pg hTGF-B, in 600 pl Matrigel®Matrix) set
into motion the in vivo development of multiple tissues
and multicellular organoids within the implanted furcation
bioreactors (Fig. 2.8).%°

Ultimately, the surgical preparation of periodontal furcation
defects in animal models including man is a complex
surgical wound or bioreactor that after the implantation
of morphogens either singly or in combinations initiates
regenerative phenomena by gene expression pathways.?>6°

Various tissues and cells with different embryological origins
as well as the induction of angiogenesis from the severed
periodontal ligament and alveolar bone spaces control the
regenerative pathways of the newly established bioreactors.
The most critical part of the bioreactor is a completely
avascular rigid and mineralized dentin matrix layered with
or without the avascular mineralized root cementum (Figs.
8a,b). The bioreactor of the furcation defect is thus a
surgical micro-environment that may or may not promote
cementogenesis along its avascular and mineralized root
planed dentinal surfaces.

We did recently discuss whether differentiation of
cementoblasts along the root planed dentinal surfaces
occurs either at a considerable coronal distance from the
apically positioned severed cementum after root planing,
or from the apically positioned notch in the root surface, a
niche of migrating responding cells we have defined as “the
only true regenerative microenvironment of the complex
morphologies of the periodontal tissues”.®®

Our series of histological analyses of undecalcified sections
prepared by Reichert Jung sledge microtomes with tungsten
carbide blades or by the Exakt diamond saw cutting
and grinding technology shows that there is attachment,
spreading and differentiation of cementoblasts coronally
along the root surface (Figs. 8a,b light blue arrows). The
differentiation of cementoblastic cells together with insertion
of Sharpey’s’ fibers into the root surface is uniformly
distributed along the length of the regenerating periodontal
ligament space, extending to the furca of the defect (Figs.
2.8a,b light blue arrows).?%%.:50

Critical contributions described the mechanical regulation
of cell function by geometrically modulated substrata. The
available data are critical to mechanistically understand the
attachment, differentiation and spreading of cementoblastic
cells on rigid substrata. 2

Incisive research by Discher’ laboratories has shown in vitro
the role of micro pillars to affect subcellular nuclear geometry
that further regulates stem cell differentiation and the induction
of tissue patterning.® “Stem cells feel the difference” & when

S <207
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cultured on different substrata’ consistencies, i.e. between
soft and hard substrata. % Molecular studies in Cell
mechanistically reveals how “Matrix elasticity directs stem
cell lineage specification”. 8 Stem cells commit to specific
phenotypes to tissue level elasticity. 8-

The above work on “stem cells feeling the difference” ® is
summarized by far reaching molecular and differentiating
mechanistic insights, i.e. “soft matrices that mimic brain are
neurogenic”; in contrast, “comparatively rigid matrices that
mimic collagenous bone prove osteogenic”. % The above
statements are “perhaps the most molecularly and intellectual
fascinating aspect of biomimetism, biomimetic matrices and
the induction of bone formation” .8

Mgsasaur
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In context of periodontal regeneration, the above data
propose that hard mineralized and avascular matrix of root
planed dentine proves to be cementogenic when in contact
with mesenchymal stem cells either migrating from cellular
niches within the dentinal notch or directly differentiating
along the root surfaces, as recently proposed. ®© The
dentine/cementum unit retains thus characteristics for the
differentiation of selected phenotypes, also initiated by the
exogenous application of osteogenic soluble molecular
signals. 255

Within the implanted furcation defects, de novo generated
organoids form by multiple tissue induction of different
tissues organized in intra-furcal organoids.?>%°

Toward the root planed surfaces, there is the induction of
substantial cementogenesis. Cementum is deposited firstly
as cementoid matrix yet to be mineralized. 5256 Cementoid
tissue forms and extends into the periodontal ligament space
with trabeculations underscoring the powerful role of the

TGF-B, gene controlling cementogenesis in primates (Fig. 8).
26,56,60

Matrigel®Matrix is an ideal combined soluble and insoluble
signal that control the morphogenesis of organoids in vitro
of transitional bladder cells when grown to confluence on
Matrigel®Matrix substrata (Figs. 9a,b,c,d). " Newly generated
organoids embedded in in K-Plast resin were cut at 2 to 3 ym
using carbide tungsten knives mounted on Reichert Polycut
sledge microtomes and stained with toluidine blue in 30%
ethanol (Figs. 9e,f,g,h).

Histological analyses show that organoids are formed by
transitional fetal epithelial cells lining pseudo-cystic spaces
organized by trabeculation of transitional epithelial cells
generating the spheroidal organoids (Figs. 9e,f,g,h).

Analyses of undecalcified histological sections cut at 30 um
on the Exakt diamond saw, grinding and polishing system
0 suggested that trabeculations of newly formed cementoid
matrices surrounding foci of mineralized cementum are
recapitulating in extant primate species the induction of
substantial cementogenesis as seen on undecalcified
sections of dentate specimens of extinct mosasaur
Hallisaurus sternbergi 168-165 Ma (Fig. 10). & Undecalcified
sections of periodontal tissues of extinct mosasaur

Figure 10. Evolution and development of periodontal tissues including cementogenesis from extinct mosasaurs of the upper Jurassic Selnhofen
deposits (168-165 Ma) A,B,G. to extant non-human primates Papio ursinus (C,D,E,F). A. The dentition of the mosasaur Halisaurus sternbergi shows
extensive cementum formation (cem) with the construction of a trabecular-like pattern of cementum deposition. B. Detail of the trabecular-like pattern
of cementum (blue arrow) extending from the orthodentin (od) to the mineralized periodontal ligament (mpdl|). (g) High power view of trabeculated
cementum in mosasaur Halisaurus sternbergi with capillaries invasion (magenta arrow) within the trabeculated cementum. Images courtesy of Xianghong
Luan (Department of Oral Biology, University of lllinois, Chicago, IL, USA).2® Cementogenesis in angiogenesis as documented by undecalcified section
cut and polished to 30 pm by the Exakt diamond saw cutting and grinding technique.?*%° C,D,E. Substantial cementum and cementoid deposition

(blue arrows) along the root surfaces after bioreactors’ implantation of 75 pg recombinant human transforming growth factor-f, ("TGF-f,) in 300 pl
Matrigel®Matrix. % There is vascular invasion within newly formed cementoid (blue arrow in C; white arrow in E. Cementoid matrix yet to mineralize
(magenta arrow in E) surrounds mineralized cementum in blue (blue arrows in D and E). D. Highly developed thecodont attachment apparatus in Papio
ursinus with substantial induction of cementogenesis (blue arrow) and vascular invasion (white arrows). F. High power view of newly formed mineralized
cementum (blue arrow) with cementoid yet to mineralized matrix (magenta arrow) with capillary invasion within the cementoid matrix (white arrow).
Figure 10 proposes that phylogenetically the development of cementogenesis initiated in extinct mosasaurs 168-165 Ma. Digital images of trabeculated
cementum of mosasaurs indicated capillary vascular invasion (magenta arrow G) within the trabeculated cementum.? In extant primates Papio ursinus,
75 pl doses of hTGF-f3, delivered to furcation bioreactors in 300 pl Matrigel®Matrix generate, across hundreds of millions of years, vascular invasion and
capillary sprouting within newly induced cementum along the planed hTGF-f3, treaded bioreactors, i.e., cementogenesis in angiogenesis.?***% The data
highlighted by the iconographic plate propose that the primitiveness of the craniate masticatory craniofacial apparatus, > is controlled by the TGF-f3,
gene. The TGF-f, gene and gene product might have been responsible for the development and induction of cementogenesis in orders and species as
diverse as mosasaurs and primates across millions of years of evolution. High doses of hTGF-f, in furcation bioreactors of Papio ursinus re-deploy the
genetic memory of the primitiveness of the attachment apparatus in mosasaurs, re-initiating morphological constructs of cementogenesis in angiogenesis
as originally developed and differentiated in the mosasaur Halisaurus sternbergi (Fig. 2.10g). The unique images shown in plate 10 further propose that
angiogenesis, capillary sprouting, and the induction of prominent capillary invasion in the periodontal ligament space as well as into cementoid between
inserted bona fide Sharpey’s fibers is the essential mechanism of the induction of periodontal tissue regeneration, and of the induction of the alveolar
bone. Panels D and E show the” osteogenetic vessels” of Trueta’ definition '° (white arrows) that construct cementogenesis in angiogenesis uniquely
adapting and embracing (white arrows e) the newly formed cementoid matrices (C,D,E) regulating tissue morphogenesis in regeneration.®%
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Hallisaurus sternbergi 8 show trabeculations of cementum
with the possible presence of vascular canals and capillaries
(Fig. 10g). %8

Of interest, in extant primates Papio ursinus, newly formed
cementoid and later mineralized cemental matrices are in
a very intimate relationship with sprouting capillaries within
the newly formed periodontal ligament space (Figs. 8; 10).
Importantly, the newly formed cementum is vascularized,
showing the presence of sprouting capillaries within the
cemental matrix (Figs. 8; 10). 255660

The exquisite relationship between sprouting capillaries
morphologically and thus molecularly touching the newly
synthesized cemental matrix covered by cementoblasts
indicates that the newly deposited cementoid synthesizes
cemental extracellular matrix proteins that control
angiogenesis within the periodontal ligament space (Fig.
10). 269 The role of cementum in the homeostasis of the
periodontal ligament space is supported by the isolation of
cemental proteins from cemental extracellular matrix and
by the cloning of a new cemental protein, cementogenin.
Cementogenin is secreted by cementoblasts and has a
molecular weight of 18.5 kDa.®®

The induction of a three-dimensional in vivo culture
by combining the morphogenetic soluble signal of the
recombinant hTGF-B, with the insoluble signals of the
Matrigel®Matrix, collagen type IV and laminin with binding
affinity to the TGF-B type 1, ”® morphogenizes the induction
of newly formed cementum with capillary invasion within the
yet to be mineralized cementoid matrix (Fig. 8).

Newly formed intra-furcal organoids induced by doses of
hTGF-B, in Matrigel®Matrix show a periodontal ligament
space supported by significant angiogenesis often in close
contact with the newly formed cementoid matrix, together
with the induction of a very vascularized alveolar bone (Figs.
8: 10). 25,56,60

Of interest, the time study of the induction of periodontal
tissue regeneration by the recombinant hTGF-B, in
Matrigel®Matrix was morphologically and molecularly
compared to heterotopic organoids generated by combining
250 g doses of hTGF-B, to coral-derived bioreactors (Fig.
11).%0

Super activated bioreactors with 250 pug hTGF-p, were
implanted in heterotopic sites of the rectus abdominis muscle
of the same animals implanted in Class Il furcation defects with
75 pg doses of hTGF-f3, in Matrigel®Matrix. ©° Heterotopic
implantations of coral-derived macroporous bioreactors with
or without 250 pg f hTGF-B, were implanted in the rectus
abdominis muscle at the time of the periodontal surgical
implantation, providing thus periodontal and heterotopic
treated specimens harvested on day 60 for morphological
and molecular analyses (Fig. 11).9°

hTGF-B, super activated or untreated coral-derived
macroporous bioreactors were intramuscularly implanted as
positive controls to correlate the induction of bone formation
in treated periodontal sites with de novo induction of bone in
the rectus abdominis intramuscular sites. © These positive
controls were additional to several treated and untreated
coral-derived macroporous bioreactors implanted in the
rectus abdominis muscle. 87688
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Figure 11. Cementogenesis and angiogenesis, “the role of the vessels
in osteogenesis“ '° and the induction of cementogenesis in angiogenesis
by 75 ug of hTGF-f, in Matrigel®Matrix.* A,B. Uniquely amongst our
systematic studies in periodontal tissue induction and regeneration

by the osteogenic proteins of the TGF-K supergene family, \TGF-f3,

in Matrigel®Matrix induces substantial cementogenesis characterized
by contiguous prominent capillary sprouting and invasion not only
surrounding the newly deposited cementoid matrix (dark blue arrows)
but also invading the newly formed and deposited cementum, a
biological construct we have defined as cementogenesis in angiogenesis.
255660 G Digital image summarizing the key ingredients of the hTGF-f,
morphogen cell engineering the essential tissues regulating periodontal
tissue induction and regeneration: cementoid deposition with foci

of mineralization within the newly deposited cementoid matrix (blue
arrow), and vascular invasion of the newly deposited cementoid matrix
(white arrow). Undecalcified blocks were in Technovit, and sections cut
using the Exakt 310 CP precision parallel control saw (Exakt Advanced
Technologies GmbH). The Exakt AW 110 measuring and control system
was used to grind and polish sections to 30 pm. Undecalcified sections
were stained with methylene blue/basic fuchsin. &

sculpture of precisely organized multicellular structures of
the bone bone-marrow organ. Of interest, the induction of
bone can be initiated by several matrices of mammalian
tissues including but not limited to demineralized bone
matrices, dentin matrices, uroepithelium and a variety of
calcium phosphate-based biomatrices either coral-derived
biomimetic bioreactors or sintered crystalline hydroxyapatite
macroporous constructs.®

Though the induction of bone is initiated by a variety of
matrices as listed above, mechanistically the induction
of bone is set into motion by the expression, synthesis
and secretion of the bone morphogenetic proteins’ genes
products, ultimately the initiators of “Bone: Formation by
autoinduction”. !
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The induction of bone formation by the hTGF-f3, is a point in
context. 8878 The induction of bone formation initiates by
expression of profiled bone morphogenetic proteins including
BMP-2 with subsequent induction of bone formation by the
secreted BMPs gene products upon heterotopic implantation
of hTGF-B,. hTGF-B,-treated bioreactors set into motion the
expression of a variety of BMPs and TGF-f genes at different
time points temporally and spatially regulating the induction
of bone formation via Noggin expression. &

The classic view of a morphogen is that morphogenetic
gradients specify gene expression in a distinct spatial order
(Research article summary, ®© Tissue Morphogenesis). %!
The work of Yang et al. reported in Science presents an
alternative pathway to tissue morphogenesis suggesting
that morphogens beside modulation of individual cells
induce their ultimate functional effects that enable the
promotion of distinct supracellular phases that are capable
of morphological transformation and organogenesis. °'

Our research data on both the induction of large
mineralized corticalized heterotopic ossicles and prominent
cementogenesis together with the induction of alveolar bone
regeneration in the non-human primate Papio ursinus have
indicated that doses of recombinant hTGF-f3, induce distinct
supracellular phases that together with morphological
transformation and organogenesis results in the generation
of intramuscular mineralized bone organoids with prominent
osteoid seams and bone marrow cavities. The generation of
transformed periodontal bioreactors into organogenesis of
alveolar bone attached to a highly vascularized periodontal
ligament system is patterned by collagenic fibers attaching
into substantial cementogenesis with capillary sprouting
and angioblastic invasion. This results in cementogenesis
in angiogenesis with de novo vascularized cementoid
formation. 255660

Physiological expression of BMPs genes and gene products
upon implantation of hNTGF-f3, may escape the antagonistic
expression of Noggin, whereas direct implantation of large
doses of hBMPs sets into motion the expression of Noggin
tightly controlling the bone induction cascade in humans, as

shown by limited effectiveness of hBMPs in clinical contexts.
92,93

In his classic Editorial Comment “The reality of a nebulous
enigmatic myth” % Marshall Urist states that pre-clinical
and clinical 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”. Fifty-seven years later
the Bone Research Laboratory not in Los Angeles but
in Johannesburg still strongly perceive “The reality of a
nebulous enigmatic myth” when reading that several tens
of milligrams of recombinant human BMPs are needed to
induce an uninspiring bone volume in human patients.

The promise of therapeutic osteoinduction has been
recognized during last Century research after pre-clinical
and clinical studies. Human bone regeneration and human
bone induction have proven to be an elusive target when
compared to extraordinary results obtained in pre-clinical
studies including non-human primate species. 16.17:92:93.94

The induction of bone formation has dramatically shown
that regenerative medicine in clinical context is on a different
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scale altogether when compared to animal models that may
not adequately translate and reproduce morphogen-related
therapeutic responses in Homo sapiens. Translation in
clinical context of “Tissue Induction” '® of “Bone: Formation
by autoinduction” ' has however failed, 81929 and the
promise of human bone induction remains a promise.

As a concluding comment perhaps, it is worth ending
verbatim with a statement of a rather controversial
manuscript that stated that “the limited morphogens’
activity in human patients when compared to different pre-
clinical models including the non-human primate Papio
ursinus may not indicate the failure of the bone induction
principle®® in humans but simply the mere fact that both
TGFF-Bs and BMPs are developmentally and biologically
not Nature proposal for regeneration of skeletal defects in
human patients”.%

The above work has highlighted a biological problem
rather than a biotechnology problem, i.e. recombinant
human morphogens, recombination techniques, doses
of recombinant proteins, delivery systems, age of human
patients and the like. Both recombinant hBMPs and hTGF-B,
proteins do indue bone in heterotopic sites of animal models,
and the induction of bone formation recapitulates embryonic
development. As stated, “In evolutionary molecular biology
contexts however, the pleiotropic activity of both proteins’
family and the induction of bone formation in heterotopic
sites are developmental, and thus not suitable to induce
bone when recombinant morphogens are singly implanted
in orthotopic skeletal defects, the latter lacking the
developmental biological platform”. %

To end, we have thoroughly discussed the biological
significant of the heterotopic bioassays that since the
last two Centuries have stated to cellular and molecular
biologists, and tissue reconstructionists alike, that if a
protein and/or any extracellular matrix or matrices initiate
the induction of bone in extraskeletal sites, where there is
no bone, such protein and/or matrix is per se osteoinductive
and as such, it can be used to translate the “bone induction
principle” *° into human skeletal defects. The proteins
induce bone where there is no bone via developmental
phases of embryonic development, and as such, however,
fail the induction of bone formation when applied to human
skeletal defects.®

The developments and use of the heterotopic bioassays
to test unequivocally the remarkable prerogative of certain
proteins and/or matrices to initiate the biological landscape
of the induction of bone formation has been essential for
the purification, isolation and cloning of several proteins
bestowed with the unique capacity or prerogative of
initiating the induction of bone formation where there is no
bone. It has however sidetracked the clinical translation
of the “bone induction principle”® since it was based on
a pleiotropic developmental function without however the
capacity of clinical translation into orthotopic bony sites,
biologically lacking developmental phenomena.
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CPD questionnaire on page 222

The Continuing Professional Development (CPD)
section provides for twenty general questions

and five ethics questions. The section provides
members with a valuable source of CPD points

whilst also achieving the objective of CPD, to
assure continuing education. The importance of
continuing professional development should not

be underestimated, it is a career-long obligation
for practicing professionals.




