QUINTESSENCE INTERNATIONAL

Principles and mechanisms of peri-implant
soft tissue healing

Stefan Schultze-Mosgau, PhD, DMD, Dr Med, Dr Med Dent'/
Markus B. Blatz, DMD, Dr Med Dent?/Falk Wehrhan, DMD, Dr Med,
Dr Med Dent®/Karl Andreas Schlegel, PhD, DMD, Dr Med, Dr Med
Dent*/Michael Thorwart, DMD, Dr Med, Dr Med Dent3/

Stefan Holst, DMD, Dr Med Dent®

The long-term clinical and esthetic success of implant-supported restorations is deter-
mined by osseointegration and optimal remodeling of peri-implant soft tissues.
Complications of softtissue management are often caused by fibrotic regeneration of oral
mucosa after multiple surgical procedures. Knowledge of the proliferative processes in
wound healing is necessary to attain adequate soft-tissue conditions. Successful recon-
struction of peri-implant soft tissues is feasible even in fibrotic conditions when appropri-
ate surgical techniques are selected. The pleiotropic proliferative cytokine TGF-B is
involved in the regulation of all phases of wound healing and tissue remodeling. The iso-
form TGF-3, is a cytokine associated with the development of fibrotic tissue. Overex-
pression of TGF-B, causes scarring and fibrosis, and results in limited clinical success of
intraoral soft-tissue management. Experimental therapeutic approaches with neutralizing
antibodies to block TGF-B, resulted in less scarring and a reduction of fibrosis. Further
molecular biologic research of cell-matrix-cytokine interactions in wound healing will pro-
vide highly specific antifibrotic therapeutic approaches in the future. (Quintessence Int
2005;36:759—-769)
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Fig 1 Buccal view of implant restoration with hard-
and soft-tissue deficiencies and peri-implant inflam-
mation.

Fig 2 Buccal view of peri-implant scar tissue.

Fig 3 Schematic drawing of the roll-flap technique.

placement of existing tissues. Several med-
ical factors such as diabetes, hypertension,
surgical pretreatment, and radiation therapy
influence wound healing after soft tissue mat-
uration and may lead to necrosis, fibrotic scar
tissue, deficient softtissue architecture, and
unacceptable esthetic results (Figs 1 and 2).5

Several surgical techniques may be
applied to obtain an adequate emergence
profile of the restoration with sufficient kera-

tinized gingiva®”:

1. To maintain an adequate amount of kera-
tinized gingiva:
e Crestal incision

2. For
gingiva:

local transposition of keratinized
e Vestibular-oral transposition

e Pedicle graft/roll flap techniques

e Split thickness flaps

3. To reconstruct new keratinized gingiva:
* Free softtissue grafts in combination
with vestibuloplasty
4. Future techniques (tissue engineering):
e Transplantation of autologous ker-
atinocytes cultivated in vitro, in combi-
nation with vestibuloplasty

Improvement of the clinical situation and
esthetics of the patient shown in Fig 2 was
achieved with a roll flap technique for closure
of the defect (Fig 3). The advantage of this
technique is the perfect blending with the
surrounding tissues (Fig 4).

Satisfactory results may be obtained when
inflammatory and proliferative processes are
accounted for and adequate surgical tech-
niques are employed (Figs 5 and 6). Thorough
understanding of physiologic and potentially
deficient softtissue morphology, as well as
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Figs 4a and 4b Application of the roll-flap
technique.

Figs 4c and 4d An adequate final result could be
obtained despite the severe soft-tissue deficiency.

Figs 5a and 5b The peri-implant gingival architecture was reconstructed appropriately.
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regulatory and pathologic mechanisms on a
cellular basis is important in complex cases.

WOUND HEALING

Morphology and physiology of
intraoral wound healing
Complex biological interactions on a cellular
and biochemical level follow every soft-tissue
management procedure. These cascades
are initiated with second-stage surgery and
end after soft-tissue integrity has been re-
established. Bone is the only tissue with the
competency to heal unscarred. Healing of
any other organ leads to formation of regen-
erated fibrotic tissues. After peri-implant sur-
gery, wound healing proceeds in 3 phases
which are partially superimposed: (7) inflam-
matory phase, (2) proliferative phase, and (3)
remodeling phase.8-1°

The inflammatory phase initiates wound
healing through hemostasis, coagulation,
increased vascular permeability for specialized
cells, and chemotaxis. The release of inflam-
matory mediators and growth factors activates
neutrophile granulocytes and macrophages.
After second-stage surgery/softtissue aug-
mentation and resultant vasoconstriction,
coagulation and complement cascades are
activated. Thrombocytes degranulate inside
the lesion. Coagulation and activation of
thrombocytes limit blood loss. Monocytes infil-
trate the site and differentiate to macrophages.
In addition to phagocytosis of detritus,

cytokine-activated macrophages secrete

Figs 6a and 6b  Buccal view prior to and after implant placement.

angiogenetic and fibroblast-stimulating cyto-
kines. A provisional fibrinogenous wound clo-
sure completes the first phase.o!"

Formation of granulation tissue and
epithelium dominates the proliferative phase.
Mobile fibroblasts, stimulated by cytokines,
migrate into the lesion. Proliferated fibrob-
lasts secrete extracellular matrix compo-
gly-
cosaminogylcans, and collagen. Surface

nents, primarily fibrin, fibronectin,
receptors of adhesion molecules such as
tenascin and laminin mediate the composi-
tion of a new matrix.819415 The morphology of
keratinocytes changes a few minutes after
soft tissue surgery. Following infringement of
oral soft tissue, the multilayered epithelium
thickens, and basal cells enlarge and migrate
into the lesion to close the defective area.
Subsurface migration separates necrotic tis-
sues from the lesion. Three days after a trau-
ma, regenerated collagen fibers are trace-
able and new capillaries migrate from intact
venules into the wound.81%-17

The third and final phase of wound healing
overlaps the proliferative phase. Remodeling
of the provisional connective tissue matrix
forms mucoperiosteal matrix. Collagen depo-
sition in the wound continues, changing the
collagen and matrix compositions. Fibro-
blastic integrin-receptor patterns initiate other
cell-matrix interactions. Cytokines regulate
integrin-receptor expression.® This is the most
important phase of wound healing from a clin-
ical point of view, since the quality of the
regenerated tissue is determined at this stage.
Collagen types | and lll are the dominating
forms in the skin and mucosa. The degree of

COPYRIGHT © 2005 BY QUINTESSENCE PUBLISHING CO, INC.
PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM
WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.

7622 VOLUME 36 =

NUMBER 70 =

NOVEMBER/DECEMBER 2005




QUINTESSENCE INTERNATIONAL

Schultze-Mosgau et al

Table 1 Key cytokines for soft tissue healing, their respective target cells, and
biologic response

Cytokine Cellular depot Target cell Biologic activity

TGF-B,, TGF-B, Macrophages, thrombocytes, Leukocytes, keratinocytes, Chemotaxis, proliferation,
fibroblasts, keratinocytes fibroblasts matrix production (fibrosis)

TGF-B, Macrophages Fibroblasts Anti-scarring

TGF-a Macrophages, thrombocytes, Keratinocytes, fibroblasts, Proliferation
keratinocytes endothelial cells

TNF-a Neutrophiles Macrophages, keratinocytes Activation of cytokines

PDGF Macrophages, thrombocytes, Neutrophiles, macrophages, Chemotaxis, proliferation,
fibroblasts, endothelial cells, fibroblasts, endothelial cells, matrix synthesis
vascular smooth muscle cells  vascular smooth muscle cells

FGF-1, FGF-2, Macrophages, fibroblasts, Keratinocytes, fibroblasts, Angiogenesis, proliferation,

FGF-4 endothelial cells, endothelial cells, chondrocytes chemotaxis

FGF-7 (KGF) Fibroblasts Keratinocytes Proliferation, chemotaxis

EGF Thrombocytes, macrophages,  Keratinocytes, fibroblasts, Proliferation, chemotaxis
keratinocytes endothelial cells

IGF-1/Sm-C Fibroblasts, macrophages Fibroblasts, endothelial cells Proliferation, collagen

synthesis
-1 and IL-1B Macrophages, neutrophiles Macrophages, fibroblasts, Proliferation, collagenase
keratinocytes synthesis, chemotaxis
CTGF Fibroblasts, endothelial cells Fibroblasts Amplification of TGF-,
VEGF Macrophages, keratinocytes Endothelial cells Angiogenesis

continuous long-term cicatricial contracture
is a determining factor for peri-implant soft
tissue architecture.

Regulation of wound healing
Biologic healing following peri-implant soft-
tissue surgery is controlled by cytokines
(polypeptide messengers). In addition to
well-known hormone regulatory mecha-
nisms, cytokines also have paracrine,
autocrine, and multifunctional qualities. Cell
responses are mediated by specific surface
receptors.”

Various cytokines arrange primary cell acti-
vation in the inflammatory phase of peri-
(IL=1),

interleukin-6 (IL-6), tumor necrosis factor-

implant wound healing. Interleukin-1

alpha (TNF-a), insulin-like growth factor-1, and
transforming growth factor-beta (TGF-8) are
predominantly involved.™ Cytokine expres-
sion from injured vascular endothelium and
degranulated thrombocytes affects neu-
trophile granulocytes and macrophages
through chemotaxis.’® Platelet-derived growth
factor (PDGF) is also released from the throm-
bocytes and has a chemotactic effect on

macrophages, neutrophile granulocytes,

endothelial cells, and fibroblasts. It is a potent
mitogenic cytokine that stimulates production
of noncollagenous matrix components.9:20
The epithelium cell migration and sufficient
growth of new capillaries are crucial for
wound closure and reconnection of
detached tissues with blood circulation.
Animal studies and clinical trials have shown
that angiogenesis begins on the third day of
healing. New capillaries supply the regenerat-
ed tissues on the seventh day.?"?? Angio-
genesis is induced by vascular endothelial
growth factor (VEGF) and fibroblast growth
factor-2 (FGF,). Tissue hypoxia is the strong-
est stimulus for release of VEGF. VEGF and
FGF, activate proliferation of endothelial cells
and boost capillary growth.23®

TGF-B occupies a central position in every
phase of wound healing. It is a multifunction-
al signal protein. Numerous research groups
demonstrated that both overexpression and
lack of TGF-3 may be responsible for an
impaired healing process. Cytokines involved
in healing mechanisms are displayed in Table
1. Cellular communication and complex cell-
cytokine-matrix interactions are necessary for
undisturbed implant integration.?*25
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Fig 7 Schematic drawing of the complex inflammatory and proliferative
processes in peri-implant tissues.

Fig 8 Regulation of soft-tissue healing through cell-matrix
interaction.

TGF-3 and healing
TGF-B
macrophages, and fibroblasts (Fig 7). It

is excreted from thrombocytes,
attracts other fibroblasts, monocytes, and
macrophages to the site of inflammation.?6-28
During new tissue formation, it induces the
expression of integrins, which control the
migration of keratinocytes to the wound sur-
face.?® Additionally, TGF-8 stimulates the syn-
thesis of collagen (predominantly collagen |
and lll) during the wound healing process.®°-3 In
the course of remodeling, the cytokine is
believed to influence the composition and
cross-linking of permanent collagen struc-
tures by regulating the pattern of integrin
expression in fibroblasts®®34-%7 (Fig 8).

TGF-B itself is regulated during physiolog-
ic wound healing. Tissue concentrations vary
throughout the healing process, with a maxi-
mum expression in the initial phase.®®

The impact of TGF-B on angiogenesis is
unclear. Studies showed that, depending on
its concentration, TGF-B either stimulates
angiogenesis, or inhibits the process if pres-
ent in high concentrations.®®4° Experimental
research also showed varying results when in
vivo and in vitro results were compared. An
angiogenetic effect was verified in vitro,04
while the angiogenesis promotion of TGF-3 is
doubted by some authors in in vivo settings.*?

Structure, synthesis, and
regulation of TGF-f3

TGF-B3 forms a TGF-B superfamily of poly-
peptide growth factors along with bone mor-
phogenetic proteins (BMPs) and activins.*®
TGF-3 is a highly preserved cytokine with 3
known isoforms of structural resemblance
in mammals.*344

TGF-B,
hematopoetic, and connective tissue cells;

is expressed from endothelial,

TGF-B, from epithelial and neuronal cells; and
TGF-B, predominantly from mesenchymal
cells.*®* These proteins are biologically inactive
homodimer precursor proteins, which are
split into a Cterminal and N-terminal compo-
nent.4® The C-terminal TGF-3 remains in a bio-
logically inactive form with noncovalent bind-
ing to the N-terminal part of latency
Associated Peptide (LAP). TGF-3 and LAP
are both disulfate-connected homodimers,*¢
LAP is usually bound to latent TGF-3 binding
protein (LTBP), which mediates cellular or
matrix contacts.*48

TGF-B becomes active by dissociation of
LAP.4 Triggering factors of a physiologic acti-
vation of TGF-3 currently are not well under-
stood.*® The activation of TGF-8 is initiated by
plasmin,®® thrombospondin-1,5" ionizing radi-
ation energy,®?-%* in vitro heat (100°C),525¢
and extreme pH changes (pH 2 or pH 8).5%
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Three groups of TGF-B receptors are
known: TGF-BR-l, TGF-BR-Il, and TGF-BR-
111.56-58  TGF-BR-IIl (betaglycane-receptor) is
most notably expressed. It can be traced to
fetal and adult tissues of mesenchymal,
epithelial, and neuronal origin.’® TGF-BR-III
binds to all 3 TGF-B isoforms, but has the
greatest affinity to TGF-3,.569¢" Being a mem-
branous receptor, TGF-BR-lIIl enhances the
affinity of TGF-B to TGF-BR-I and TGF-BR-II
without being involved in signal transduction
processes.®? TGF-BR-I and TGF-BR-II medi-
ate the signal transduction. Both are trans-
membranous receptors with serine/threo-
nine kinase activity on the inner side of a cell.
On the surface they can be present as TGF-
BR-I-homodimers, TGF-BR-lII-homodimers,
and TGF-BR-l/ll-heterodimers.®® Binding of
TGF-B to TGF-BR-II leads to the formation of
a TGF-BR-II/R-l heteromer on the extracellu-
lar side of the membrane.

In absence of TGF-BR-I, TGF-BR-II binds
to TGF-B,,, with a high affinity, but not to
TGF-B,.5* Coexpression of TGF-BR-l and
TGFRR-II leads to an efficient binding of TGF-
B,.%° In absence of TGF-BR-Il, TGF-BR-l does
not bind any TGF- isoform efficiently. TGF-
B-RIl binds to all TGF-B isoforms.>° After TGF-
B binds to TGF-BR-IIl and TGF-BR-/II, het-
erodimer formation activates TGF-BR-II
kinase by phosphorylation of TGF-BR-I.6®
The TGF-BR-
activates carriers of the intracellular signal

kinase phosphorylates and

transduction, the so-called Smads.®”

Smad proteins are a family of transcription
factors transferring signals of activated
receptor complexes from the cytoplasm to
the nucleus. One common characteristic is
highly preserved protein structures.®® Smads
are subdivided in 3 groups: receptor-regulat-
ed smads (R-Smads), common mediator
Smads (Co-Smads), and inhibitory Smads (I-
Smads).®°

The receptor kinase of TGF-BR-I (activat-
ed by binding to TGF-B)
specifically Smad2/3 protease from the

phosphorylates

receptor-associated Smads. A regulatory
complex for the transcription originates in the
nucleus through cooperative binding with
Smad4 (Co-Smad).”®

Schultze-Mosgau et al

TGF-3 AND IMPAIRED
HEALING

Both the lack and overexpression of TGF-B
may be responsible for an impaired healing
process. TGF-B stimulates the deposition of
collagen and matrix components through
fibroblasts. At the same time, it inhibits colla-
genase and plasminogen activators. High tis-
sue concentration of TGF-B hinders matrix
degradation and causes an increased colla-
gen deposition.”” Changes of the integrin
level of collagen-producing fibroblasts result
in atypical composition of collagens and
leads to an abnormal cross-linking.”? The fact
that increased levels of TGF-B were found in
fibrotic gingival tissues and keloids empha-
sizes the role of TGF-B as a promoter for
fibrosis. 7377

Skin tissue in vitro has shown fibrotic con-
version and increased synthesis of
fibronectin and tenascin when increased lev-
els of TGF-B were present for a prolonged
amount of time.”® Subcutaneous application
of TGF-B induced fibrosis in animal studies.”®
In a comparison study of adult and fetal tis-
sues, the reduced level of TGF- in fetal tis-
sue was shown to prevent scarring.8®

The role of TGF-B in mediating impaired
soft tissue healing is of great importance in
implantology in terms of both atrophic and
scarred tissues.

During the inflammatory phase, overex-

pression of TGF-B causes reduced phagocy-
tosis and

capability of granulocytes

macrophages, which leads to delayed
wound healing and increased risk of infec-
tion.®" Research results showed a reduction
of fibrotic processes and endothelium prolif-
eration, as well as less wound contraction.®?

Formation of granulation tissues and
mucous epithelium are delayed during the
proliferative and remodeling phase.®® Clinical
and experimental studies on soft tissue mat-
uration indicated a delayed and quantitative-
ly reduced capillary vascularization with a
distinctive pericapillary fibrosis.?? Evidence
was provided for an augmented expression
of collagen |, I, and V.84

The present authors established a proto-
col for animal studies that demonstrates a

significant increase in TGF-B,, LAP, and
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Figs 9aand 9b  Histology of scar tissue. (@) Connective scar tissue is visible after staining (Sirius-Red) and polar-
ized microscopy. (b) Reduction of scar tissue was possible after applying neutralizing antibodies (anti-TGF-8,).

Figs 10a and 10b Immunohistochemical marking/staining (CD105) of vascularization was improved after
anti-TGF-B, therapy.Vascularization of scar tissue (a) is compared to vascularization after scar reducing antibody
therapy (b).

CONCLUSION

TGFB, expression. Results were correlated to

the severity of clinically impaired wound heal- . . .
. ; The understanding of the cytokine-mediated
ing. Marginal areas of adapted and trans- . . .
) ) ) processes of connective tissue formation
planted skin and mucosa are primarily . . .
) . . improves the planning and execution of phys-
involved.®>-87 |In other animal studies, the ) . ) ) )
. . . jologic softtissue management while avoid-
postoperative, exogenous application of ) ) o ) )
. . . . ing fibrosis-inducing techniques. Current
TGF-B,-neutralizing antibodies obtained a . . .
. . research on the regulation of matrix synthesis
reduced TGF-B, expression and a reduction . . . o
. . . . and pathologic mechanisms of fibrosis indi-
of scar tissue during healing (Fig 9). The o . .
. ) cates significant reduction of scarring. Future
degree of capillary and overall vasculariza- . o .
) . . experimental and clinical trials are necessary
tion was increased through the therapeutic ) )
. . . to better understand the interaction of com-
adoption of the antibody (Fig 10). ) .
plex cytokine networks of wound healing on a

cellular and molecular-biologic level. Such
work willl provide the basis for establishing
highly specific and selective therapeutic
approaches to reduce scarring and fibrosis.
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