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1 | INTRODUCTION

Recombinant human growth factor-mediated regenerative ap-
proaches have progressively raised a great deal of interest within the
scientific community.! The perspective of receiving advanced and
minimally invasive regenerative treatment for severe hard and soft
tissue deficiencies has also been promising for patients.?® The goal
of growth factor-mediated approaches is to enhance wound healing
events in order to have superior clinical outcomes, together with an
accelerated healing and recovery.1'3’4 Indeed, the past few decades
have witnessed increased attention to patient perspective, quality
of life, and satisfaction related to the treatment. Healing outcomes
perceived by patients and patient-reported outcome measures have
become as important as clinical outcomes.>™?

Growth factors are a collective group of highly active signaling
molecules able to promote cell chemotaxis, proliferation, differen-
tiation, and morphogenesis.>'3* These biological mediators regu-
late key wound healing events by binding to specific cell receptors.
Growth factors have the potential to induce intracellular signaling
pathways, activating genes that change the activity and the pheno-

type of the targeted cell.!**> Advancements in cellular and molecular

biology have allowed for a better understanding of the role of the
different growth factors and cytokines on the wound healing dy-
namics, which is the basis of tissue engineering approaches utilizing
recombinant human growth factors or biologic agents for applica-
tion for bone repair around teeth and implants.}+117

Four different and partially overlapping wound healing phases
have been identified: hemostasis, inflammatory, granulation, and
maturation.*®? Following blood clot formation, degranulating plate-
lets release platelet-derived growth factor (PDGF) that is respon-
sible for stimulating chemotaxis and mitogenicity of neutrophils,
monocytes, macrophages, and fibroblasts, which play a key role
on the initiation of the inflammatory response.!*¢ At this stage,
platelets also release transforming growth factor beta (TGF-g) and
vascular endothelial growth factor (VEGF) to promote cell chemo-
taxis and autocrine expression of additional cytokines and increase
vascular permeability, respectively.“’“"18 Macrophages are the main
actors of the following wound healing phases, contributing to the
wound debridement and secreting growth factors, such as PDGF,
TGF-B, epidermal growth factor (EGF), fibroblast growth factor-2
(FGF-2), and VEGF.}*1¢'® Among other functions, PDGF, FGF-2 and
TGF-p stimulate the proliferation of fibroblasts that play a key role
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on the extracellular matrix synthesis.?®?! Proliferation of endo-
thelial and epithelial cells is promoted by EGF, FGF-2, KGF, PDGF,
TGF-p and VEGF, that are released by macrophages, keratinocytes,
fibroblasts, and endothelial cells.}*'!® The phase of matrix synthe-
sis and maturation involves several cell populations, based on the
injured tissue. Bone morphogenetic proteins (BMPs) are a group of
growth factors released by osteoblasts that stimulate mesenchymal
progenitor cell migration and osteoblast differentiation (BMPs 2-4
and BMP-7).242223 |nsulin-like growth factor-2 (IGF-2) is released by
macrophages and fibroblasts and also contributes to osteoblast pro-
liferation and bone matrix synthesis.}*¢ At this later stage, PDGF
stimulates mesenchymal progenitor cell migration and, together with
TGF-p, promotes fibroblasts differentiation into myofibroblasts,
which is a crucial step for wound healing contraction and closure.
The apoptosis of endothelial cells and fibroblasts is orchestrated by
TGF-p, while VEGF promotes angiogenesis and antiapoptotic effects
on bone-forming cells.**1¢

The aim of growth factor therapy is to regenerate damaged tis-
sue by mimicking the processes occurring during embryonic and
postnatal development.**?* Although several signaling molecules
play a role during wound healing, it may be assumed that using a sin-
gle recombinant growth factor can induce molecular and biochemi-
cal cascades that will eventually promote tissue regeneration.}*1"2>
The most investigated recombinant human (rh) growth factors for
oral regeneration have been rhBMPs and rhPDGF-BB.®

The aim of the present manuscript is to review the applications,
clinical, and patient-reported outcomes of rhBMPs and rhPDGF-BB
for oral tissue regeneration over the last 25years.

2 | RECOMBINANT HUMAN BONE
MORPHOGENETIC PROTEINS (RHBMPS)

2.1 | Historical background and biological
properties

The application of growth factors possessing osteoinductive fea-
tures in combination with biomaterials is currently a tissue engineer-
ing strategy to treat and regenerate severe oral bone defects. In fact,
several bone regenerative procedures involving vertical and hori-
zontal bone grafting techniques still cannot ensure a successful and
complete bone regeneration in major bone defects, mainly due to
graft exposure, necrosis, insufficient graft vascularization, and post-
operative infection.?®?” Furthermore, surgical approaches involving
autogenous bone block grafts are technical sensitive, have limited
availability, and may need a secondary surgical donor site. Mesen-
chymal stem cells and their differentiation over remodeling pro-
cesses possess significant roles in bone regeneration. Consequently,
molecular signaling pathways involved in regenerative processes are
crucial for bone regeneration.?” As follows, complex cases in oral
and periodontal surgery have introduced the use of bone morpho-
genetic proteins (BMPs) to enhance the osteogenic and osteoinduc-
tive potential for the regeneration of large grafted areas. BMPs are

defined as a group of pleiotropic morphogens capable of recruiting,
proliferating, and differentiating mesenchymal cells into osteoblast
lineage. BMPs were discovered by Marshall Urist in 1960s, where he
identified that BMPs could induce preosteoprogenitor cells to dif-
ferentiate into osteoblasts and stimulate bone formation in ectopic
extraskeletal sites.?® BMPs are classified as natural multifunctional
growth factors that correspond to the transforming growth factor
3 (TGF- B) family. BMPs are involved in various pathways such as
Smad, Hegehog, and TGF-3 pathways and cytokine-cytokine recep-
tor interactions that stimulate osteoblastogenesis and bone repair.29

Several in vitro, preclinical, and human studies evidenced that
BMP-2, 4, 6, 7, 9, and 14 isoforms can promote osteoinduction.?
Based on these findings, clinical trials have also incorporated BMP-2
into periodontal and peri-implant grafting applications since this
growth factor can be a biological mediator and an effective pro-
moter for bone regeneration that can shorten healing periods when
compared to other grafting strategies.>** Bowers et al.®! demon-
strated that the growth factor was able to regenerate cementum,
connective tissue, and bone at periodontal sites; yet this strategy is
not commonly employed owing to a risk of ankylosis. Moreover, Sig-

urdsson et al.%®

showed that BMP-2 was capable to regenerate bone
at peri-implant defects and induce osseointegration. Furthermore,
bioengineering technological advances have developed and cloned
many BMP isoforms. One of them is recombinant human BMP-2
(rhBMP-2), which was FDA approved in 2004 for orthopedic and
oral surgery applications. RnBMP-2 in combination with a bovine
collagen sponge has been tested in several animal and human studies
showing comparable results in bone regeneration when compared to
autogenous grafts and also promoting a high rate of de novo bone
growth.?”?? Presently, the American Academy of Periodontology
best evidence consensus statement exposed the importance of the
use of biologics such as BMPs in periodontal and oral surgery appli-
cations.?® Numerous studies have applied rhBMP-2 to perform lat-
eral and horizontal ridge augmentation, alveolar ridge preservation,
sinus floor elevation and peri-implant bone augmentation. RhBMP-2
has been recognized as a potent growth factor to induce bone re-
generation (Figure 1).3%3%737 As follows, the succeeding paragraphs
describe the main clinical applications and related outcomes in bone

augmentative oral procedures.

2.2 | Clinical applications of rhBMPs in bone
regeneration

2.2.1 | Horizontal and vertical ridge augmentation

Major alveolar horizontal and vertical ridge deficiencies require
invasive surgical procedures typically involving autogenous block
grafts. Thus, the mentioned invasive surgical technique requires a
second site to harvest bone, longer surgical times, and has higher
patient morbidity. As follows, the application of growth factors such
as BMP-2 in combination with diverse carriers have shown several

advantages such as decreased surgical time, lower morbidity, easier
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FIGURE 1 Schematic diagram depicting the osteoinductive role of rhBMP-2 when combined with a carrier for bone augmentation
procedures. Stem cells are induced by rhBMP-2 to differentiate into osteoblasts at the receptor surgical site, consequently osteoblast
recruitment and proliferation is promoted. As follows, de Novo bone formation can be stimulated by BMP-2 at (A) alveolar ridge sites
following tooth extraction, (B) horizontal and vertical major bone defects, (C) peri-implant sites, and (D) sinus floor elevation, which has
been assessed through histomorphometric (adapted from de Freitas et al.),* radiological (adapted from Kim et al.)*? and volumetric analyses

(adapted from Thoma et al.).%0

surgical techniques, no second site for bone harvest, and faster
healing periods.3® However, BMPs osteogenic properties might be
more effective in combination with specific bone graft biomaterials
and in particular with specific space maintenance scaffolds to en-
sure an adequate bone regeneration in the targeted site. Jung et al.
showed in a randomized clinical trial that a xenogeneic bone substi-
tute mineral combined with rhBMP-2 can promote bone maturation,
enhance bone regeneration, and increase the contact between graft
and bone at lateral bone augmentation sites.*9"*2 Moreover, the im-
plant survival rate at the mentioned grafted sites was of 100% after

143 evidenced

3 and 5years of follow-up. Particularly, de Freitas et a
in a human histological and genetic analysis that the application of

rhBMP-2 coupling with an absorbable collagen sponge presented

bone formative processes after implantation for horizontal augmen-
tation in the maxilla. The mentioned core biopsies mainly exhibited
cell and blood vessel rich marrow and newly woven and lamellar
bone. In contrast, the aforementioned study evidenced that autoge-
nous bone grafted sites presented mainly remodeling and resorptive
processes, where core biopsies mainly presented vital lamellar bone,
areas of nonvital bone, and fatty marrow.*> Moreover, Marx et al.**
presented in a clinical study that large maxillary vertical defects
grafted with rhBMP-2+PRP (platelet-rich plasma) and allogeneic
bone were efficiently regenerated presenting new bone formation
and less morbidity when compared to autogenous grafted sites. The
current evidence from clinical studies assessing rhBMP-2 for hori-

zontal and vertical bone augmentation supports the safety of the
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growth factor for these procedures. Nevertheless, it should be men-
tioned that erythema and swelling are common findings after bone
augmentation with rhBMP-2.824445 Clinical studies reporting the
long-term outcomes of rhBMP-2-based bone augmentation proce-
dures are advocated. Clinical trials showing the application, clinical,
and histomorphometric outcomes of rhBMP-2 for lateral and verti-

cal ridge augmentation is summarized in Table 1.

2.2.2 | Alveolar ridge preservation

Several clinical studies evidenced that the alveolar process under-
goes significant volumetric changes following tooth extraction.*¢=48
In fact, a traumatic tooth extraction, the presence of a thin bone buc-
cal wall (<1 mm), or large periapical infections may increase the bone
resorption process in height and width, which might consequently
limit an adequate bone ridge dimension for a future appropriate im-
plant positioning.*”*’ Thus, various studies have developed diverse
bone grafting techniques for alveolar ridge preservation and coun-
teraction of bone loss.* Some cases presenting acute infections and
baseline severe bone loss may need osteoinductive agents and bio-
materials to reduce bone resorption and attenuate postextraction
ridge atrophy following tooth extraction.** RhBMP-2 has been stud-
ied in combination with different carriers for alveolar ridge preserva-
tion, its efficacy has been proven towards de novo bone formation
at grafted sites, thus, the delivery system or carrier for BMPs might
be crucial for an appropriate osteoinductive effect. Several clinical
trials have shown that the use of rhBMP-2 can be beneficial to in-
duce bone formation at socket sites.2¢** Fiorellini et al.>° compared
in arandomized clinical trial, two concentrations of rhBMP-2 (i.e., 1.5
and 0.75mg/mL) with a bioabsorbable collagen sponge as a carrier
versus a bioabsorbable collagen sponge alone. This study substanti-
ated that those patients treated with 1.5mg/mL rhBMP-2 presented
a significantly higher bone formation when compared with the other
groups. Hence, the growth factor concentration might be crucial
for an effective de novo osseous formation.’® Moreover, Jo et al.*
evaluated in a randomized controlled clinical trial two different rh-
BMP-2 delivery systems (i.e., absorbable collagen sponge vs. beta-
tricalcium phosphate and hydroxyapatite particles) in alveolar ridge
preservation. The aforementioned study evaluated radiographic and
histological changes for both grafted groups (N=32 patients each)
and revealed that none of the groups presented severe adverse
events over the healing period, both delivery systems evidenced
a similar efficacy for alveolar ridge preservation after 12 weeks of
surgery; however, the difference in bone height and width between
both groups was not statistically significant. Histological analysis
evidenced new bone formation at both groups, thus, Beta-tricalcium
phosphate and hydroxyapatite particles were still observed in the
control group after 12weeks of healing. This study showed that for
alveolar ridge perseveration, rhBMP-2 with a collagen sponge is suf-
ficient to maintain the ridge dimensions, since the synthetic graft
in combination with rhBMP-2 did not show any additional benefit

|52

toward bone formation.>! However, Kim et al.? compared the safety

and efficacy of demineralized bone matrix alone versus rhBMP-2 in
combination with demineralized bone matrix for alveolar ridge pres-
ervation and showed that sockets with <50% bone loss in the buc-
cal wall were effectively preserved with both treatment modalities,
thus, no statistically difference could be observed among the groups.
Still, diversity of results among the current studies might depend on
the rhBMP-2 dose, carrier, graft composition, volume maintenance,
and type of defect to achieve a substantial clinical benefit.

While rhBMP-2 has been shown to be safe for bone regenerative
procedures, it should be mentioned that mild erythema and localized
swelling are commonly observed at extraction sites augmented with
the mentioned growth factor.®°%°3 Clinical studies reporting the
long-term outcomes of augmented sites with rhBMP-2 are needed
to further assess the potential benefits of the growth factor for alve-
olar ridge preservation. Clinical trials utilizing rhBMP-2 with diverse
carriers for alveolar ridge preservation are summarized in Table 2

and exemplified in Figures 1 and 2.

2.2.3 | Sinus floor augmentation

The application of rhBMP-2 for sinus floor bone augmentation has
been assessed in several clinical trials as shown in Table 3. Stud-
ies have compared diverse BMP doses, carriers, biomaterials (i.e.,
allografts, xenografts, synthetic beta- tricalcium phosphate and
hydroxyapatite), and techniques, which affected the clinical, radio-
graphic, and histomorphometric outcomes. Thus, a systematic re-
view and meta-analysis of Lin et al %8 reported that rhBMP-2 use
for sinus floor augmentation had similar clinical and histometric
outcomes when compared to conventional sinus lift procedures.

Moreover, De Freitas et al.3¢

concluded in another systematic re-
view that sinus floor augmentation using autogenous bone graft was
significantly higher than using rhBMP-2 with an absorbable colla-
gen sponge. Still, studies have also evidenced that outcomes may
vary when rhBMP-2 is combined with different carriers. Particularly,

Kao et al.%¢

showed that allografts and biphasic calcium phosphate
in conjunction with rhBMP-2 presented better results in terms of
radiographic and histological bone formation when compared to rh-
BMP-2 linked to a xenograft for sinus floor augmentation. No signifi-
cant adverse effects related to rhBMP-2 has been reported for sinus
floor augmentation.®#>:°254-56 Nevertheless, long-term studies as-
sessing the outcomes of dental implants placed in maxillary sinuses
augmented with rhBMP-2 compared to conventional techniques are

currently missing.

2.24 | Peri-implant bone augmentation

Preclinical studies have demonstrated that the application of rh-

BMP-2 is overall safe and can be a potential strategy to promote

bone formation and re-osseointegration at peri-implant defects.3>>7

|35

Sigurdsson et a evidenced in a canine model that surgical in-

duced peri-implant defects that were treated with rhBMP-2 with

5UB217 SUOWIWIOD) BAIIR1D) 3|dedl|dde ay) Aq pausenoh are sajolte YO ‘9sh Jo Sa|n 1oy Areiqi]autiuQ A3]IA UO (SUO N PUOD-PUe-SWLBIWOY" A3 | 1M Alelq 1 pul|uo//sdiy) SUOIIPUOD Pue WS | aU) 89S *[£202/60/2T] Uo AriqiTauliuo A|IM ‘uleg BISIAIUN AJ 22SZT PAA/TTTT OT/I0p/Wod A |1m Arelqipul|uo//sdiy Wwoiy papeojumod ‘0 ‘2S5.0009T



16000757, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/prd.12522 by Universitét Bern, Wiley Online Library on [12/09/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

o
o
o
Y
>
o
S
[=]
=
c
o
=}
<]
=
]
o

GALARRAGA-VINUEZA ET AL.

Ldnoug joajuod ay3 03
paJedwod anssi) pazijedauiw Jamo| :dnougd 159

(@ssN)
sa8ueyd d113BWN[OA € pue ] gD Jejiwis

dssN

S9WO02IN0 J3Y30 J0J ASSN
seale
paijess je Ajisuap JejnoaseA uaysiy :dnousd 3sa)
(uo11e.393u109550)
9% 12e3U02 Jue|dwi-03-auoq pue Juswade|d
juejdwi 1o} suoq pajesauasal Jo swid) ul qSSN

Lauoq

|e}IA Jej[awe| ul paddeuy sajdiied suoq
|elIA-uOU Jo 3ouasaud Ja3esud :dnougd jo4juo)

,S1192 3ulul| suoq pue s[|92 pajeljualaiipun
‘salie||ided ul Yol modtew auoq :dnoug 39|

sJojowe.ed ojydeadoiped
pue |eoiuld 1ay3o ul gsSN ‘uled auoq
|ejuoziioy oydes3oiped Jaysiy :dnoud 3sa)

S9W023N0 d113WoydIowolsiy pue [eaul|d

SINOYd 13430 3y}
J0J ASSN “,A4931ns ay3
3uunp uted ssa| :dnoJg 39

SINO¥d 13430 3y}
10} ASSN “,AJ4984ns ayy
Supnp uled ssa| :dnoJ8 39|

Lwi} 9Aesado ss9)
ST pue g ‘¢ Aep

1e ewaps "dojsod Joy3iH
, SoIsadjeue

J0 sAep mo| :dnoJ8 359

91IS JOUOp 3Y3 Wo.y
uled pue 3104wodSIp
Asesodwa] :dnou3 josjuo)

SNOYd

‘a3eydsoyd winio|edts3-e3aq ‘4D 1-d 34ed8 suoq d1aus8ousx ‘Hgx 103oe) Y3mous paliap-1a|a31e|d uewny Jueuiquiodal
‘490dYyJ ‘uisjoud o3susadoydiow auoq uewny JueuIquiodal ‘dINgyd (SO0 < d) 92usaJa4)ip Juediyiudis Ajjed13s1iels JoN ‘QSSN pariodad Jou ‘YN ‘wnipaw $,0229q N PaljIpow s,9A00s| ‘INAIA| -o313edeAxoipAy

‘dVH ‘1JeJ30||e suoq paLp-9zaal) ‘g4 ‘WnJIaS dUIAO(Q [B}3) ‘S ‘XI1J1ew auoq aulnba ‘|Ag7 {|eJaulw auoq aulA0g pazijeJaulwap ‘\ggq 2ueiquiaw uade||od 9|qeqlosgeolq ‘|AD :Ssuoljeirnaiqqy
"(S0°0 > d) @2uaIa4JIp JuedJIUSIS |BD1ISIIEIS

(@ssN)
320]q snouagone

4O 2unsodxa
pajuasaid ased T

(AssN)
320|q snouadojne

JO aunsodxa
pajussaid ased T

sdnoug yjoq ui Jejiwig

(a@ssN) dnois 1531
9y} Ul BWIY3IAIS pue

3ul||9MS JO S|9A9| J9Y3IH

suonesdwo)

%20]q auoq snousdoiny
:dnoug jo13u0)
SNSISA
20(q
auoq d1vuadouax + z-dINgy
320]q auoq snousdoiny
:dnoug joJju0)
SNSISA
2019
auoq d1auadouax + Z-dINgyd
(Yssw wnjuelnn
+) 34e43 suoq snousdoiny
:dnoJg |o43u0)
SNSISA
did +vaadd +
SOV/¢-diNgY

1esd suoq snouagdolny
:dnoug jo4ju0)
SNSISA

(Ysaw winjuely +) SOV/Z-diNgUs

14e48 auoq snousgoiny
:dnoJg jo43u0)
SNSI9A

(yssw winjueys +) SOV/z-dNgy!

uosuedwo)

(IND +)>20Iq
auoq d1puadouay

(WD +) 2019
auoq d1auagouay

(yssw wniuelny

+) d¥d + vaa4

+ 23uods
uade||0d 3|qeq.osqy

(ysaw wnjueiy
+) @3uods
ua3e||0d 9|qeqosqy

(yssw wniueln
+) @3uods
uasge||0d 3|geq.osqy

JaLue)

|ejuoziioH

|ejuoziioH

[CRIEEEIN
pue |ejuoziioH

|ejuoziioH

|ejuoziioH

3123J9p 3spIy

06(6102)
‘|e1s ewoy|

+(8102)
‘e 32 ewoy |

+(€T0T)
‘|e 32 XJe

mw,wACHON

‘€T0T) 110

sejpi4 aQq

ERITESEYEN]

‘uojjejuswdne 93pId U0 40 SISLIIED BSISAIP YIM Z-dINGYS 3uizijiIn s|ery [ed1ul]d Jo Sawod3no dluswoydiowolsiy pue Oydesdolped ‘leauld) T 3179V.L



16000757, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/prd.12522 by Universitét Bern, Wiley Online Library on [12/09/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

AVVAIB A2 Periodontology 2000

Juvwoydiowoisiy pue ‘dlydesSolpe. ‘jeauld

919]dwod/usisap de|4

3
5
<
o
=)
Z
2
3
M (00> d) @2uaia441p JUEdIIUSIS Aj|edl3Sitels,
wm ‘a3eydsoyd wniojedid3-e1aq ‘4D 1-d ‘uase|j0d Sujuiejuod |edaujw auog d1duadousx
M ‘DINGX ‘uld10.4d d139uadoydiow suoq uewny JUBUIGUOdaL ‘dIAGY ‘Saunseall awoIno pajiodal-juaiied ‘SINO¥Yd (S0°0 <d) @2uaiallip Juedijiusis Aj[ed13si1els 10u ‘qQSSN pajiodal Jou ‘YN a311edeAxolpAy
‘dVH ‘198 X111ew auoq pazijesauiwap ‘|Agd Xl1ew auoq aulAoqg pazijesauiwap ‘Nggq @3uods usde||0d ‘S Dueiquiaw us3e||0d 3|qeqlosqeolq ‘|A|D 22uadsiyap auoq |eadng ‘qgdg :suolielAaiqqy
WD +SD+2-dNay
suesquiaw usge|o) dnoug jos3uo) [0} 1y31ay auoq
2Inso|d SNSISA  dD1L Jej03AIE %0G5< YUM
dsSN dN ASSN ‘uted  Asewiud ou ‘pasies sdel{  ND+dDL-9/dVH+Z-dINGY -d/dVH pajoe.lxa 9q 03 YiaaL 15(6102) "l 32 Of
Luoneuoy ndaaa
auoq mau jo adejusdsad Jaysiy :dnoud 3sa) auelquiaw oN dnoug jos3u0)
LSa8ueyd yipim 2Inso|d SNSJaA
2U0(q Jej0dAe Ul S9W023N0 Joliadns :dnoud 3s9) AN AN AJewd ‘pasies sdej4 dVH+2Z-dINgy4 dVH AN ,91(8702) "B 39 WiYs
Luolnejuswsne suoq |euoiippe papaau syuejdwi e}
$S9| pue ,92UadsIyap auoq [eadnd sso :dnoud 159 dnou3 sueiquiaw oN dnou3 [oJ3u0)
LUIpim a3pu oiydes3olped pue yipim a3pu 159 ul 3uljjams 21Nnso|d SNSJIDA
112 ‘uoijesauasas ae|d [eaonq Jaysiy :dnoud 3sa ) AN pue ewayjAis Jouln Asewnd ou ‘ssa|de|4 SO +2Z-diNgys SD %0S< ddd £c(7T0T) |e 39 saW00)
wdaa
suelquaw uade|0) dnoug jos3u0)
24nso|d SNSJaA $S0| aU0q %05>
sawod3no dlydessolpes ul GSSN AN AssSN  Adewiid ou ‘pasied sde|4 WO +IWaa+z-dways waa Y3M 39X20s [enplisay 991(¥10T) "B 33 Wiy
doL-9/dvH
dnous jou3u0) SSO| 2U0(q |BDI3IAA
L|043u0d ueyy suesquiaw oN SnsisA  dD1L 1B|O3AIR %0G> UM
(Y3pim pue 3ysiay) Suljapowal suoq ss9| :dnoug 3sa) UN N UN UN dOL-9/dVH+2-dWNEY!  -d/dVH  P31dedIxs aq 03 yaa) o1(TT02) 1833 YynH
3uijeay snoauejuodsg
SO 9|qeqJosqge ay3 SNSI9A
woJy X1J3ew uase||0d [enpisal J0 uoljewwe|jul oN 30}
L|0J3u0D ueyj uoljejusw3ne sdnous |oJju0)
|euonippe Suldinbal sa31s ss9 :dnoug 3sa| dnoug 3593 a3 suesquiaw oN SNSI9A
,sdnou3 ul $ased ewaylAIL 21nso|2 SO +g-diNgys
|0J43u0d ueyj uoljeusawsne auoq Jajeals :dnoug3sa]  QSSN uled pue ewapa JaysSiH Asewnd ‘pasieu sde|4 /8w G T 40 G/ 0 e} %053d99  5(S002) |e 32 1uijja1014
s3wo2Ino SINOYd suonesidwo) 2insopd uosuedwo) Jsnue) 2dA3 129)3p Jejoan)y ERIIEIETEN]

‘uoi}ensasald a8plJ JB|OSA[E 10} SISLIIED DSISAIP YHM Z-dINGY SUiziji3n s|el3 |ediul|d Jo Sawod3no da3awoydiowolsty pue ‘dlydesdolpeds ‘el z 379V.L



GALARRAGA-VINUEZA ET AL.

iy o) AR

FIGURE 2 Schematic diagram representing the (A) surgical intervention, (B) application of resorbable membrane with rhBMP-2 for socket
preservation, (C) grafted area after 12 weeks, (D, E) tomographic (12-week follow-up) and (F) histomorphometric analyses performed in a
study evaluating the osteoinductive role of rhBMP-2 combined with a resorbable collagen sponge for alveolar ridge preservation (adapted

from Jo et al.).>?

an absorbable collagen sponge presented a significant higher bone
regeneration and re-osseointegration when compared to control
sites treated with collagen sponge solely. Nevertheless, peri-implant
bone augmentation has been studied in limited studies. Clinical tri-
als utilizing rhBMP-2 for peri-implant bone augmentation are sum-
marized in Table 4. A randomized clinical trial evaluated the effect
of rhBMP-2 at time of implant placement with concomitant lateral
bone augmentation.*° Peri-implant bone defects were augmented
with xenogeneic bone and resorbable membranes with or without
rhBMP-2 coating. This study showed through histomorphometric
analyses that rhBMP-2 enhanced bone maturation process around
dental implants and that also the contact between the graft and
receptor bone was higher for the test group.40 Moreover, Jung

et al. !

reported in the long-term follow-up of the aforementioned
split-mouth study that implants placed with concomitant guided
bone regeneration using a xenogeneic bone substitute, collagen
membrane, and rhBMP-2 presented satisfactory clinical and radio-
graphic outcomes over 17years. However, rhBMP-2 treated sites
did not seem to have an enhanced bone regenerative effect over

the long term.*! Further clinical studies reporting the long-term

stability of peri-implant bone augmented with rhBMP-2 are needed.
Currently, no clinical trials have proven the role of BMPs in peri-
implantitis surgical augmentative therapy. Presently, there is still no
gold standard treatment to regenerate peri-implant defects caused
by peri-implantitis inflammatory pathogenesis, especially when con-
sidering supracrestal bony defects.”® Thus, future clinical studies are
required to test the bone regenerative potential of BMPs at peri-
implantitis bone defects.

2.3 | Current recommendations for clinical
applications of BMPs

Diverse BMP isoforms, specially rhBMP-2 has been tested in dif-
ferent clinical applications for implant site development and regen-
eration. The biological effects of BMPs have been shown to induce
osteogenic differentiation at grafted sites in preclinical models. Ad-
ditionally, several systematic reviews for alveolar ridge preservation,
lateral and horizontal augmentation, and sinus floor elevation with

the adjunct use of BMPs have been inconclusive regarding their
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clinical and radiographic benefit. However, it has been highlighted

e N
- g ) - . . . .
S 5 % that BMP application enhanced histological outcomes, increasing
1,:_'3 E a favorable results toward faster wound healing processes, favored
[ =
2 g L ) earlier implant loading periods, and superior bone regeneration
o T O =
5 s g g development.*® Generally, histomorphometric analyses has dem-
£ S .
S © ‘033 E qé' onstrated that rhBMP-2 significantly stimulated de novo bone for-
@ =5 v . . .
i 8 g “E g mation, higher bone marrow growth, and promoted bone vascularity
s % g % § at grafted areas. Consequently, bone grafting procedures with the
3 o
] & O E o concomitant use of rhBMPs might be considered for patients with
- I 55 g
3 o S £
§ ;‘% g bS] s é_ compromised bone healing capacity or limited donor sites, when
T o =
% '-g .. '% @ E g faster healing periods are required or when large bone defects are
© SR8t = . S .
E = é 383 £ G involved. Among the limitations of rhBMPs the high cost related to
4] = u =
§ g § ; _gﬂ % g a2 a 3 the synthetic production required to extract rhBMPs, together with
= 5 Aot w [%2] y
5 Lo e E z z f the encapsulation in synthetic biomaterials should be mentioned.*”
2 2 Studies add ing th t-effecti f rhBMPs in b
€ udies addressing the cost-effectiveness of r s in bone regen-
c [} [a W
© .o
Tgl % » » 9, S erative procedures are advocated.
14 v £
T a zZ z z 5
= Q.
(] [J]
Q pus
w -+~
= = o
“E 2 < 3 | RECOMBINANT HUMAN
pee a4
K S z PLATELET-DERIVED GROWTH FACTOR-BB
= 2 N [a) a [4)
© E o 0 0N s (R HPDGF-B B)
] o w %] %] =}
o o z z z 2
& Q
o o . . . .
z s s 3.1 | Historical background and biological
c
5 © S properties
x + =l
2 s o
Q
N o c
% - 8 g s %jo PDGF is a dimeric molecule that was initially observed in platelets,
o o = .
a 2 :] o Li Q although many other cells can release this growth factor. It has been
= & o o . . . . .
o0 g- S % % é shown that PDGF interacts with different cell types, especially with
= m
% 8 €38 g -°9’ those of mesenchymal origin.60 PDGEF is a potent mitogen for fibro-
3
> 8 blasts and osteoblasts.®°7%? It also promotes the proliferation of
o [a'4
'g ) g @ pericytes and the activation of neutrophils and macrophages, which
= c ]
3 28 X —g synthesizes growth factors playing a pivotal role on the wound
0 = g
% ‘g E; :,‘:: g é healing events, including PDGF, basic fibroblast growth factor, and
[ = . -
5 5 2 g % € transforming growth factor beta. 2376
%] c 3 =] .
“E’ S E b ﬁ % ’g Receptors for PDGF were also detected on cells of periodontal
5 c c )
I = % K 3 2 S ligament and alveolar bone.®®”7° Although all isoforms of PDGF
> [7) i
8 § 3 ,%D ‘13 %’ % were found to enhance the proliferation of fibroblasts from the
2 = - . . 70,71 . i
c = )
< 5 > = o 5 periodontal ligament it was demonstrated that the isoform
o— © e = QO = . . . .
§ ?:-f E 2 '; L BB was the most potent one in promoting mitogenic and che-
< £ = =
g— @ _§ & ; motactic responses of periodontal ligament cells.”? In addition,
c
E s s s sg 8 synergistic effects of PDGF and insulin growth factor-1 (IGF-
= o =
E Li Li Li % s 5 1) on the mitogenesis of periodontal and bone precursor cells
+ + + o
2 5 S s s ) b _; were described.®®717% Therefore, it is not surprising that the
© ‘= [
%) 5 § % § g & 8 first preclinical and clinical applications of recombinant human
—_— o -+
'é é = *ﬁ platelet-derived growth factor-BB (rhPDGF-BB) for periodontal
® _ o o c 2 g regeneration involved its combination with IGF-1.74"77 Starting in
S [a 8 [N o
«‘5 o :§ > > > & % ; the late 1980s, several preclinical studies have confirmed the ca-
- o ) o >
© E @ £ < < c g § pacity of rhPDGF-BB for promoting the formation of new bone,
o— ]
£ g g W cementum, and periodontal ligament.4”747” Howell and cowork-
- o S S SA g é =) ers performed the first phase 1/l clinical trial assessing the safety
[v) © M T ™ N o— =
w 5 g 8 g 8 4; S § % o and biological response of rhPDGF-BB in combination with IGF-1,
- e N N N =
o0 s 2= 2= 2= 25 & applied in a gel carrier into osseous defects (infrabony and furca-
< x 3 3 3 o g & . . . L . 76
= < 24 tion defects) during periodontal surgeries in 38 human subjects.

8518017 SUOWWIOD 3AIIERID 3|qedljdde au Aq paueAob afe Saplie VO ‘SN J0 S8 1o} Areiq 1T 3UIIUO AB]IM UO (SUORIPUOD-PUe-SULBH LD A8 |IMATe1q 1[BUI|UO//SHNY) SUORIPUOD PUe SWwiie | U3 89S *[£202/60/2T] Uo ArigiTaulluo A8 (1M ‘uied TIseAIUN AQ 22SZT PAd/TTTT OT/I0p/Woo A8 M A eiq1jeul|uoj/Sdny woly papeojumod ‘0 ‘2G0009T



GALARRAGA-VINUEZA ET AL.

10
—I—W] |BaA'%% Periodontology 2000

The authors demonstrated that the application of rhPDGF-BB/
IGF-1 was safe, and that the combination of high dose rhPDGF-BB
(150 pg/mL) with IGF-1 resulted in a significantly greater bone
formation in osseous defects compared to open flap debridement
procedure after 9 months. At the clinical re-entry, a mean verti-
cal bone gain of 2.8 and 0.75mm was found at sites allocated to
150 pg/mL rhPDGF-BB/IGF-1 and open flap debridement, respec-
tively. The group with high dose rhPDGF-BB and IGF-1 exhibited
a mean defect fill of 42.3% at 9 months, which was significantly
higher than the defect fill obtained following the open flap de-
bridement (18.5%).”

Currently, the use of rhPDGF-BB is approved by the Food and
Drug Administration in combination with beta-tricalcium phosphate
for the treatment of intrabony periodontal defects, furcation de-
fects and gingival recessions. Nevertheless, in the past 25years the
growth factor has been often utilized with different types of scaf-
folds, not only in natural dentition but also in bone augmentation

procedures and around dental implants.2:45:¢4¢578.79

3.2 | Clinical applications of rhPDGF-BB in oral
tissue regeneration

rhPDGF-BB has been extensively utilized for regenerative proce-
dures in the oral cavity. A recent review from our group, based on
a systematic search in the literature until June 2019, identified 63
human clinical studies describing the outcomes of rhPDGF-BB for
oral tissue regeneration.®* Interestingly, the majority of the included
studies assessed the efficacy of the growth factor when utilized for
bone augmentation (N=22), followed by clinical studies evaluating
the regenerative outcomes of rhPDGF-BB in infrabony and furcation
defects (N=18). Eleven studies described the application of rhP-
DGF-BB for root coverage procedures and soft tissue augmentation
in natural dentition, while the use of the growth factor for alveolar
ridge preservation and sinus floor augmentation was reported in 9
and 3 clinical trials, respectively.®*

Several additional clinical studies involving the clinical applica-
tion of rhPDGF-BB have been published since 2019, further con-
firming the interest of clinicians and the scientific community on this

biologic agent.80-8¢

3.2.1 | Periodontal regeneration

The first human clinical trial by Howell et al.”® demonstrated the
regenerative outcomes of rhPDGF-BB through clinical observa-
tion at the re-entry procedure, 6-9 months after the initial sur-
gery. Further clinical studies provided histological evidence of
periodontal regeneration of infrabony and class Il furcation de-
fects using rhPDGF-BB with bone allograft.8”%8 Sites previously
exhibiting infrabony defects obtained a mean probing depth re-
duction of 6.42mm and clinical attachment level gain of 6.17 mm
after 9 months,®” while the mean horizontal and vertical probing

depth reduction observed at molars with furcation defects was
3.5 and 4.25 mm, respectively.®8 Histological analysis exhibited re-
generation of new periodontal ligament, cementum, and alveolar
bone, with no signs of adverse reaction, ankylosis, nor inflamma-
tion at the treated sites.?”:88

Mellonig and coworkers further confirmed the regenerative
capacity of rhPDGF-BB in 4 hopeless mandibular molars with
furcation Ill involvement.®? Beta-tricalcium phosphate was used
as a carrier of the growth factor for the surgical procedure. After
6months a reduction of probing depth and a gain in clinical at-
tachment level were observed in all the treated sites, with one
tooth exhibiting furcation involvement reduction from class Il to
class Il. The molars were removed en bloc for histological analysis,
where partial regeneration or new cementum was evident in all
specimens.89

A multicenter, randomized, controlled, trial was conducted to as-
sess on a large scale the safety and effectiveness of rhPDGF with
beta-tricalcium phosphate for the treatment of periodontal intra-
bony defects. Eleven centers participated to the clinical study, where
180 subjects were enrolled and randomly allocated to one of the
three treatment arms: (i) 0.3mg/mL rhPDGF-BB + beta-tricalcium
phosphate, (ii) 1mg/mL rhPDGF-BB +beta-tricalcium phosphate,
or (iii) beta-tricalcium phosphate alone. In line with clinical previous
studies,®”#879 the use of rhPDGF-BB was confirmed safe. In terms
of clinical outcomes, a significantly greater clinical attachment level
gain was found at 3months in the 0.3mg/mL rhPDGF-BB + beta-
tricalcium phosphate group compared to beta-tricalcium phosphate
alone. At 6 months, sites treated with 0.3 mg/mL rhPDGF-BB + beta-
tricalcium phosphate exhibited significantly higher linear bone gain
(2.6mm vs. 0.9 mm) and percent of defect fill (57% vs. 18%) com-
pared to the sites that did not receive rhPDGF-BB.”* The 0.3mg/mL
rhPDGF-BB + beta-tricalcium phosphate group also outperformed
the bone graft alone group in terms of reduced postoperative gin-
gival recession at 3months and stability of the gingival margin from
3 to 6 months.

These outcomes were shown to be stable up to 36months,’?
with the sites treated with 0.3mg/mL rhPDGF-BB + beta-tricalcium
phosphate exhibiting a progressive—although not statistically
significant—clinical attachment level gain, probing depth reduction,
percent of defect fill increase and linear bone gain.

These clinical studies set the stage for the use of rhPDGF-BB in
periodontal regenerative procedures. Since then, the growth factor
has rapidly become popular among clinicians (Tables 5 and 6). Fur-
ther clinical studies have confirmed that rhPDGF-BB significantly
enhanced the clinical attachment level gain and probing depth
reduction of beta-tricalcium phosphate following treatment of
periodontal infrabony defects.”®"?® Several authors also reported
promising outcomes when the growth factor was applied “off-label”
with freeze-dried bone allograft, demineralized freeze-dried bone
allograft, equine-derived bone matrix, or even used alone. 87977100
There has not been a consensus regarding the most ideal carrier for
rhPDGF-BB, when utilized in periodontal infrabony defects. Most
of the available randomized controlled trials involved a test group
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with rhPDGF-BB and a control group without the growth factor,
with one study only comparing two different bone graft carriers
for rhPDGF-BB.”” Another open question regarding rhPDGF-BB is
related to its effectiveness compared to other biologic agents and
treatment approaches (e.g., guided tissue regeneration, open flap
alone, bone graft alone, etc.). Currently, there is a lack of clinical tri-
als providing data from direct head-to-head comparisons between
treatment arms assessing rhPDGF-BB with different scaffolds, nor
rhPDGF-BB versus other biologics. Conventional qualitative sys-
tematic reviews and pairwise meta-analyses are, therefore, inade-
quate to analyze the data from the existing literature.

Our group recently conducted a systematic review on the effi-
cacy of biologics for the treatment of periodontal infrabony defects,
where 150 randomized clinical trials reporting the outcomes of
more than 7000 infrabony defects were included.”” A mixed model
network meta-analysis was employed to gather all the available ev-
idence from randomized controlled trials using rhPDGF-BB, enamel
matrix derivative, or autogenous blood-derived products, separat-
ing and isolating the specific components of the utilized surgical ap-
proaches among studies, through additive and interactive models,
to explore the relative impact of the different bone graft materials,
alone, or in combination with biologics, as well as the application of
a barrier membrane on different therapeutic outcomes.”? This ap-
proach allowed for obtaining direct and indirect comparisons among
the stated treatment constituents, together, and in separation, all of
which are vital for an evidence-based quality synthesis with the ul-
timate goal of improving daily clinical decision-making and patient-
care.}017195 |t was observed that rhPDGF-BB was the biologic agent
exhibiting the largest effect size for clinical attachment level gain,
pocket depth reduction, less gingival recession and radiographic
linear bone gain.”’ In addition, it was demonstrated that the type
of bone graft may play a key role on the surgical outcomes of infra-
bony defects. Allogenic bone graft displayed the highest treatment
effect compared to the other bone graft types in terms of clinical
attachment level change and radiographic linear bone gain, while
xenogeneic bone graft obtained the largest effect size for probing
depth reduction and stability of the gingival margin.”’ Interest-
ingly, rhPDGF-BB was found to have the highest treatment effect
in terms of stability of the gingival margin following regenerative
surgical procedures compared to other treatment approaches.79 It
was also observed that there are overall no benefits when adding
barrier membranes to a regenerative approach utilizing a bone graft
in combination with a biologic agent,”’ supporting the assumption
that the barrier membranes may jeopardize the angiogenic, cell re-
cruitment and wound healing capacities of biologic agents.88'91’92’106

Therefore, clinicians should be aware that the type of scaffold
can also affect the outcomes of rhPDGF-BB for the treatment of
infrabony defects, and that barrier membranes are overall not rec-
ommended when utilizing the growth factor. Figure 3 depicts a case
of periodontal infrabony defect treated with rhPDGF-BB in combi-
nation with xenogeneic bone allograft as a scaffold and connective
tissue graft for obtaining simultaneous root coverage and gingival
phenotype modification.
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3.2.2 | Root coverage of gingival recessions in
natural dentition

McGuire and Scheyer107 published in 2006 the first report describ-
ing a rhPDGF-BB-mediated approach for root coverage procedure.
Avoiding palatal harvesting and the possibility of regenerating the
lost bone and periodontium associated with the gingival recession
defects were among the reasons that led the authors to investigate
root coverage outcomes using rhPDGF-BB. After elevating a full-
thickness flap and conditioning the root surface with EDTA for 2 min
followed by a saline rinse, the rhPDGF-BB solution was applied to
the exposed root surface and to the coronal ligament fibers. Then,
in order to prevent the collapse of the flap against the root surface
that could probably prevent new bone formation, a small amount of
beta-tricalcium phosphate, previously saturated with rhPDGF-BB,
was positioned on the root surface and on the adjacent bone. A col-
lagen membrane soaked in rhPDGF-BB was applied over the bone
graft material, and sutured to the de-epithelialized papillae, prior to
coronally advancing and suturing the flap.1%”

The positive preliminary outcomes of this pilot study led the
authors to design a split-mouth randomized controlled trial com-
paring this novel rhPDGF-BB-based treatment approach to au-
togenous connective tissue graft'®®; considered the gold standard
for root coverage procedures.!?194107 After 6 months, the connec-
tive tissue graft group exhibited a significantly higher recession
reduction and percentage of mean root coverage, while the sites
allocated to the growth factor treatment obtained significantly
greater probing depth reduction compared to the connective
tissue graft group. Similar keratinized tissue width gain, esthetic
results, and patient satisfaction were observed between the two
groups. The study also evaluated histologic and microcomputed
tomographic data on 6 treated teeth requiring extraction for or-
thodontic therapy. Recession defects were created in these teeth,
that were then treated with connective tissue graft or rhPDGF-
BB-mediated therapy. After 9 months, en bloc resections were per-
formed to assessing the histological and tomographic outcomes of
the two procedures. The sites treated with the autogenous graft
exhibited healing with long-junctional epithelium and connective
tissue fibers running parallel to the root surface, while the sites
that received rhPDGF-BB showed evidence of periodontal regen-
eration. The microcomputed tomography displayed regenerated
bone coronal to the notch performed prior to the treatment, while
the histological analysis allowed to appreciate osteocytes and ce-
mentocytes entombed in the newly formed bone and cementum.
The newly regenerated periodontal ligament exhibited Sharpey
fibers obliquely inserting into the newly formed cementum and
bone. This study demonstrated that rhPDGF-BB can promote root
coverage of gingival recession defects together with regeneration
of the periodontium.®® In a following publication, the authors also
reported the 5-year follow-up data from the same cohort, showing
that the sites treated with the autogenous graft had a small but
nonsignificant reduction in the mean root coverage from 6 months
to 5years (97.90% vs. 89.35%), while the contralateral sites treated
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FIGURE 3 Regenerative treatment of an infrabony defect using rhPDGF-BB. (A, B) Clinical presentation at baseline. (C) Periapical x-ray

at baseline. (D) Sagittal view from the cone beam computed tomography scan. Note that the tooth received root canal treatment prior to
periodontal regenerative therapy. (E) Flap design. (F, G) Flap elevation and visualization of the defect. Mechanical and chemical root conditioning
was performed on the root surface after the degranulation of the defect. (H) Xenogeneic bone graft (Bio-Oss, Geistlich Pharma North America,
Princeton, USA). (I, J) Bone graft soaked with rhPDGF-BB (GEM21, Lynch Biologics, Franklin, USA). (K) Connective tissue graft harvested from
the palate. (L) Suturing of the connective tissue graft on the buccal aspect to create a wall. 181182 The graft was used to obtain simultaneous root
coverage and gingival phenotype modification at the level of the canine and incisor. (M) After applying rhPDGF-BB in direct contact to the root,
the bone graft previously soaked with the growth factor was applied into the defect. (N) Flap closure. (O, P) Outcomes at 9 months.

with the growth factor exhibited a significant reduction in mean
root coverage (89.85% at 6 months and 74.10% at 5years).110 It can
be speculated that the modification of the soft tissue phenotype
may be more important than the regeneration of the periodontium
and buccal bone in preventing the relapse of the gingival margin

over time. Regenerating the lost periodontium and buccal bone at
sites exhibiting thin gingival thickness may not guarantee the long-
term stability of the gingival margin, since thin soft tissue is more
prone to recede in case of inflammation and traumatic toothbrush-
ing, regardless of the level of the buccal bone.
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A recent study from our group assessed the long-term (10years)
outcomes of different root coverage procedures in 83 subjects (for
a total of 157 teeth) that previously participated in six randomized
clinical trials.** The Akaike information criterion-driven model se-
lection and regression analyses allowed to demonstrate that the
amount of keratinized tissue width and gingival thickness obtained
at 6 months significantly affected the long-term stability of the gin-
gival margin. In particular, irrespective of the approach performed, in
the presence of at least 1.5 mm of keratinized tissue, gingival thick-
ness at 6 months was found to be the main determinant on the long-
term behavior of the gingival margin, which showed stability over
time if gingival thickness at 6 months was at least 1.46 mm.**!

Therefore, it can be hypothesized that a regenerative, growth
factor-based treatment for gingival recessions should also aim at in-
creasing gingival thickness at sites with thin gingival phenotype. It
is reasonable to assume that using soft tissue matrices as scaffolds
for rhPDGF-BB rather than bone grafts may be more indicated for
root coverage procedures. Previous studies described the use of au-
togenous connective tissue graft,"*>1'* collagen membrane >V
acellular dermal matrix,*'® and xenogeneic cross-linked collagen

matrix, 11?120

as carriers for rhPDGF-BB. Collagen membranes are
designed for acting as barriers preventing the migration of epithe-
lial cells into the area to be regenerated, and therefore, due to their
properties and characteristics do not promote gingival phenotype
modification. On the other hand, connective tissue graft has been
shown to be a predictable treatment for gingival recessions, with a
very high rate of mean and complete root coverage that has been
reported for type 1 recession defects.'0410%121-123 Qne of the goals
of rhPDGF-BB, and overall biomaterials, is to mimic the root coverage
outcomes of autogenous connective tissue graft, without requiring a
donor site. The combination of rhPDGF-BB with connective tissue
graft may be beneficial in very challenging cases; however, in most
case scenarios, autogenous connective tissue graft alone is sufficient
for treating recession defects and promoting phenotype modifica-
tion. The ability of rhPDGF-BB to induce chemotaxis and mitogen-
esis of the host cells, and to accelerate angiogenesis and the rate of

wound healing??4-12¢

makes this growth factor particularly attractive
for soft tissue scaffolds such as porous collagen matrices and acellu-
lar dermal matrices. A clinical study failed to find differences in root
coverage outcomes at sites treated with human acellular dermal ma-
trix, with or without rhPDGF-BB. Nevertheless, it should be consid-
ered that the type of decellularization processes that human acellular
dermal matrices undergo for being immunologically inert has a strong
impact on the characteristics of the graft, with consequences also on
cell migration and proliferation within the matrix.*?”"1?? This type of
dermal matrix may have had a favorable structure for promoting a
synergistic effects when soaked with rhPDGF-BB.

On the other hand, it may be assumed that a recently intro-
duced xenogeneic collagen matrix, which has undergone chemical
cross-linking to enhance its mechanical stability, and which is char-
acterized by a porous structure, may represent a more ideal carrier
for rhPDGF-BB for growth factor-mediated root coverage proce-
dures.}?1%0 |y particular, Agis and coworkers reported an increased
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cellular population and metabolic activity in this collagen matrix
when utilized as a scaffold for rhPDGF-BB.**! A recent triple-blind
randomized, placebo-controlled trial tested the hypothesis that rh-
PDGF-BB could enhance the outcomes of a cross-linked collagen
matrix for the treatment of multiple gingival recessions.*?® Thirty
subjects were randomized and equally distributed to receive colla-
gen matrix soaked with saline or with rhPDGF-BB. After 6 months,
the sites treated with the growth factor showed significantly supe-
rior mean root coverage (88.25% vs. 77.72%), frequency of complete
root coverage (59.57% vs. 20.45%), and esthetic outcomes (root
coverage esthetic score®2 of 8.17 vs. 6.98 points) compared to the
control group. Intraoral optical scanner and ultrasonography were
employed to assess volumetric changes over time.'?° The three-
dimensional analysis of the digital impressions showed a significantly
greater volume gain in the rhPDGF-BB group over the control group
(75.39mm° vs. 58.67mm°, respectively). Regarding the ultrasono-
graphic outcomes, the longitudinal analysis assessing the rate of
change in soft tissue thickness with respect to time from baseline
throughout the healing period, up to 6 months, demonstrated sig-
nificantly lower changes (less “shrinkage” of the tissue) for the rhP-
DGF-BB group over time compared with the control group.120 These
findings are consistent with the mechanism of action of rhPDGF-BB
that may have promoted a faster revascularization of the graft, a
rapid resolution of the inflammatory phase and more complete in-
growth of host cells within the matrix, all leading to reduced soft
tissue shrinkage (Figures 4 and 5).1%°

The authors also published a case report of two subjects with
multiple gingival recessions treated with the tunneling coronally
advanced flap and a cross-linked collagen matrix enriched with rh-
PDGF-BB, where complete root coverage and increased soft tissue
thickness were obtained, together with ultrasonographic evidence
of buccal bone dehiscence reduction at 18 months compared to
baseline.'? While only histology can confirm true periodontal regen-
eration, readers should be aware that several studies have demon-
strated ultrasonography to be a reliable and reproducible method for
assessing the level of the buccal bone.®31*° Nevertheless, further
studies with a larger sample size, multiple treatment arms, and lon-
ger follow-ups, are required for further evaluating this technique for
the treatment of gingival recessions.

Table 7 summarizes the outcomes of the currently available stud-
ies that utilized rhPDGF-BB-mediated root coverage approaches.

3.2.3 | Alveolar ridge preservation

Few studies have described the outcomes of rhPDGF-BB for alveo-

85136-139 5nd, therefore, a comprehensive as-

lar ridge preservation,
sessment and quantitative analysis on its efficacy for this purpose is
not currently feasible.*>4° The rationale for utilizing rhPDGF-BB for
alveolar ridge preservation is the possibility of promoting a quicker
wound healing of the extraction socket and earlier remodeling of the
bone graft particles that are utilized as carriers of the growth factor

(Figures 6 and 7).136-13%141.142
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FIGURE 4 Treatment of multiple gingival recessions using a collagen matrix soaked with rhPDGF-BB. (A) Baseline. (B) Coronally
advanced flap performed. (C) Mechanical and chemical root conditioning of the roots with 24% EDTA for 2 min. (D) Xenogeneic collagen
matrix (Geistlich Fibro-Gide, Geistlich Pharma North America, Princeton, USA), (E) Collagen matrix soaked with rhPDGF-BB (GEM21,
Lynch Biologics, Franklin, USA). (F, G) Stabilization of the collagen matrix to the recipient bed. (H) Flap advancement and closure. (l) 2-year

outcomes. (Adapted from Tavelli et al.).*?°

In 2009 Nevins and coworkers described for the first time
clinical and histological outcomes of 0.3mg/mL rhPDGF-BB uti-
lized with a mineralized collagen bone substitute for alveolar ridge
preservation.'*! The healing was uneventful in all subjects, with
the bone at the time of implant placement (4-6 months after al-
veolar ridge preservation) that appeared firm, with minimal graft
particulate detected. Primary stability of the dental implants
was obtained in all the sites. Microcomputed tomographic and
histological analyses of the core biopsy samples obtained with a
trephine demonstrated robust new bone formation throughout
the extraction sockets, with intimate contact between the new
formed bone and the few residual particles of the bone graft sub-
stitute (9.5% at 4months, and 17.1% at 6 months). The new per-
centage of the new bone at 4 and 6 months was, on average, 23.2%
and 18.2%, respectively.'#?

An early study from McAllister and coworker described for the
first time the histological outcomes of extraction sockets 3months
after grafting with either rhPDGF-BB + beta-tricalcium phosphate
(group 1) or rhPDGF-BB+anorganic deproteinized bovine bone
(group 2).%8 Similar histological findings were observed within the
two groups in terms of vital bone formation (on average, 21% for
the group 1 and 24% for the group 2), and residual graft particles
(on average, 24% for the group 1 and 17% for the group 2), with all
implants that were placed without the need for further bone aug-
mentation.'®® On the other hand, Wallace and coworkers obtained

a greater new bone formation at extraction site previously treated
with rhPDGF-BB + mineralized allograft compared to allograft alone
(41.8% vs. 32.5%, respectively, after 4months), suggesting that the
growth factor could accelerate bone regeneration in extraction
socket, possibly allowing for early implant placement.142

A pilot study investigated the histological and histomorphomet-
ric outcomes of the following four different treatment approaches in
16 subject of extraction socket defects lacking buccal wall: (i) min-
eral collagen bone substitute alone, (ii) mineral collagen bone sub-
stitute with rhPDGF-BB, (iii) mineral collagen bone substitute with
enamel matrix derivative, and (iv) bone ceramic with enamel matrix
derivative.’®? The graft was completely closed by the flap, with the
alveolar ridge that was allowed to heal for 5months. At this point, a
trephine core biopsy was obtained during implant therapy. Histolog-
ical and histomorphometric analyses revealed a superior trend for
new bone formation at sites treated with rhPDGF-BB +bone graft
compared to enamel matrix derivative + bone graft or bone graft
alone, although these differences were not statistically significant,
probably due to the limited sample size.®* The samples from the
sites treated with rhPDGF-BB showed robust bone formation with
minimal residual bone graft particles and some native bone at the pe-
riphery, while the other three groups exhibited substantial amounts
of bone particles after 5months.’®’ A more recent study demon-
strated that the combination of rhPDGF-BB with bone allograft was
able to significantly reduce the amount of residual bone particles in
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FIGURE 5 Ultrasonographic dynamic
tissue perfusion assessment performed

2 weeks after root coverage procedures
at sites grafted with a xenogeneic cross-
linked collagen matrix (CCM) with or
without rhPDGF-BB. The blood flow
analysis shows the local distribution

and intensity of tissue perfusion within
the CCM. It is possible to appreciate an
enhanced early vascularization at the site
that received the growth factor-mediated
approach.

CCM + rhPDGF-BB

the histological samples, while also providing a higher percentage of
organic matrix compared to using bone graft alone for alveolar ridge
preservation.’®¢*¥” Mendoza-Azpur and coworkers further high-
lighted the possible benefits of utilized rhPDGF-BB for alveolar ridge
preservation.85 The authors reported that the extraction site treated
with rhPDGF-BB and anorganic bovine bone significantly outper-
formed the control group (no biomaterials) in terms of buccolingual
width after 4months. Furthermore, histological findings revealed a
significantly higher vascular microdensity in the rhPDGF-BB group
compared to the control group. The Musashi-1 positive cells in the
nonmineralized tissues were also significantly elevated at the sites
treated with rhPDGF-BB. These findings, together with the sub-
stantially higher number of osteoblasts observed in the rhPDGF-BB
group, led the authors to speculate that the sites treated with the
growth factor may benefit from a transformation of mesenchymal
stromal cells to osteoblasts.

Although more clinical studies exploring the outcomes and
benefits or rhPDGF-BB for alveolar ridge preservation are needed
before drawing convincing conclusions regarding the effects of
this growth factor on extraction site healing, it should be high-
lighted that the recent American Academy of Periodontology Best
Evidence Consensus statement recommended the use of biolog-
ics, including rhPDGF-BB, in challenging and compromised ex-
traction sockets.?

3.2.4 | Horizontal and vertical bone augmentation

Currently, most of the available evidence on the use of rhP-
DGF-BB for ridge augmentation comes from case series or case

rerocartangy 2000 LI

82,84,143-156

reports and, therefore, assessing the benefits of add-

ing rhPDGF-BB to conventional bone augmentation procedures is
not feasible.®* Overall, rhPDGF-BB was utilized with autogenous
bone graft,l‘m‘157 bone aIIograft,143'148'150'152’153 beta-tricalcium

147 anorganic bovine bone particles,#4-146:151.155.157

k,154'156

phosphate,

xenogeneic bone bloc or a combination of different bone

82,84.144.145 (Figure 8). No complications related with the use

grafts.
of the growth factor have been reported, and therefore, the use of
rhPDGF-BB should be considered safe also in these scenarios.®* In a
study comparing rhPDGF + beta-tricalcium phosphate to autogenous
bone graft, it was found that the two approaches resulted in similar
outcomes in all the assessed parameters.**’ Simion et al. described
two cases of bone augmentation (one horizontal and the other verti-
cal ridge augmentation) treated with a deproteinized bovine infused
with rhPDGF-BB, without addition of barrier membranes. Histologi-
cal analysis from biopsy specimens at the augmented sites showed
areas of ongoing bone remodeling with alternately occurring dem-
ineralization and remineralization, with the authors speculating that
rhPDGF-BB has the potential for promoting bone regeneration at
large defects sites without the need for barrier membranes.’*® An
animal study from the same group, comparing the regenerative ca-
pacities of xenograft alone, xenograft + rhPDGF-BB and xenograft
+ rhPDGF-BB +barrier membrane for vertical bone augmentation
found that the greatest amount of newly formed bone was obtained
at sites treated with xenograft + rhPDGF-BB, without the addition
of a barrier membrane.'>® These findings led the authors to specu-
lated that the periosteum may play a crucial role as a source of os-
teoprogenitor cells in growth factor-mediate regenerative therapies,
and that using barrier membranes may limit the blood supply of the

graft and chemotaxis of key cells for bone regeneration.!>®
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FIGURE 6 Implant site development with freeze-dried bone allograft (FDBA) and rhPDGF-BB. (A) Baseline. (B, C) The extraction socket
was grafted with FDBA soaked with rhPDGF-BB. (C) Cone beam computed tomography scan taken after 4 months. (D) Re-entry and implant

placement after 8 months. (E) Follow-up at 10years.

FIGURE 7 Flapless alveolar ridge preservation with freeze-dried bone allograft (FDBA) and rhPDGF-BB. (A) Baseline. (B) Cone beam
computed tomography scan at baseline. (C) Clinical view after the extraction showing the lack of buccal bone of the extraction socket. (D)
The socket was grafted with FDBA soaked with rhPDGF-BB. (E) A collagen membrane was applied on top of the bone allograft. (F) Digital
planning of implant therapy after 4 months. (G) Implant placement 5 months after alveolar ridge preservation. (H, 1) Clinical and radiographic

outcomes at 5years.

3.2.5 | Sinus floor augmentation

rhPDGF-BB has also been evaluated for maxillary sinus floor
augmentation.*® %! The first proof-of-principle study assess-
ing rhPDGF-BB for this application was conducted by Nevins and
coworkers, who aimed to investigate the adjunctive benefits of
the growth factor when combined with particulate anorganic bo-
vine bone mineral.*®! From a clinical point of view, all treated sites
exhibited adequate bone for implant placement 6-8 months after
the sinus augmentation. Core biopsies were also obtained at the at
the time of implant placement. The authors observed large areas
of dense lamellar bone with abundant numbers of osteoblasts se-
creting significant quantities of osteoid, indicating ongoing osteo-
genesis.161 Froum and coworkers described a more rapid formation
of vital bone in sinuses augmented with xenograft + rhPDGF-BB
compared to xenograft alone.> After 4-5months, the mean vital
bone at sinuses augmented with bone graft alone was 11.8%, while
at sinuses grafted with bone graft + rhPDGF-BB, the mean vital
bone was nearly double (21.1%). These findings led the authors to
speculate that the addition of the growth factor may allow for earlier

implant placement following sinus augmentation.159 In line with this
hypothesis, Kubota et. al reported that combining deproteinized bo-
vine bone graft with rhPDGF-BB reduced the healing time for sinus
floor augmentation to 4 months, with a mean vertical bone height of

13mm after 4 months.*¢°

3.2.6 | Peri-implant hard and soft tissue
reconstruction

Currently, few studies have described the use of rhPDGF-BB at im-
plant sites.8¢1271%* Amorfini and coworkers observed that sites that
received rhPDGF-BB for lateral bone augmentation—either with block
allograft or guided bone regeneration—preserved better bone volume
at 1year compared to sites augmented without the growth factor. The
difference between the two groups (augmented sites with and without
rhPDGF-BB) was at the limit of significance (p=0.052).162

In a split-mouth prospective, controlled, clinical study, Santana
et al. investigated the outcomes of rhPDGF-BB in combination with
beta-tricalcium phosphate for buccal bone reconstruction at the
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FIGURE 8 Horizontal bone augmentation with freeze-dried bone allograft (FDBA) and rhPDGF-BB. (A, B) Clinical view at baseline.

(C) Digital implant planning visualizing the buccal bone deficiency. (D) Cone beam computed tomography scan. (E) A staged guided bone
regeneration with FDBA soaked with rhPDGF-BB was performed. A collagen barrier membrane was stabilized on the palatal and buccal
aspects on top of the bone allograft. (F) Cone beam computed tomography scan obtained 6 months after the augmentation procedure. (G)
Digital planning for implant therapy. (H) Final outcome of implant rehabilitation at 1year.

time of immediate implant placement, compared to dental implants
placed in fully healed ridges not requiring bone augmentation. The
authors demonstrated that immediate implant therapy at sites where
the deficient buccal bone was reconstructed with rhPDGF-BB and
beta-tricalcium phosphate was as effective as conventional implant
therapy, in terms of survival rate (100% in both groups), clinical, and
radiographic outcomes at 1year.!%

In a recent case report, Urban et al. described the use of rhP-
DGF-BB at different stages of bone reconstruction after a removal
of a failed implant.86 A patient presented with an anterior implant
with advanced peri-implantitis and with the adjacent tooth showing
deep probing depth in proximity of the implant. Four months after
implant removal, vertical bone augmentation and simultaneous
periodontal regeneration was performed using autogenous bone
chips saturated with rhPDGF-BB. Additional rhPDGF-BB was ap-
plied over the root surface of the tooth prior to flap closure. After
7 months, the site was re-opened and a significant bone gain was
noticed at the edentulous site and at the mesial aspect of the tooth.
A dental implant was placed in an adequate prosthetic position.
Autogenous bone chips from an apical region were combined with
rhPDGF-BB to address the peri-implant bone deficiency. A nonre-
sorbable membrane was utilized to augment the buccal and crestal
bone, with additional bone graft that was added on the crest. The
nonresorbable membrane was covered by a collagen membrane,
with a connective tissue graft that was positioned on top of the
collagen membrane to increase the supracrestal tissue height of
the implant and to gain interproximal attachment at the level of
the tooth. The flaps were reapproximated for obtaining primary
closure. After several months of healing, and further soft tissue

augmentation procedures, the implant was rehabilitated with sat-
isfactory esthetic outcomes.®®

Simion et al.*** also described the application of rhPDGF-BB in
combination with a collagen matrix for peri-implant soft tissue aug-
mentation. The study included six patients that were previously
treated with guided bone regeneration for hard tissue deficiencies in
the anterior maxilla. Implants were placed either at the same time of
bone augmentation, or at the time of membrane removal. At the time
of second stage, the authors utilized a collagen matrix was infused with
rhPDGF-BB and placed buccally and occlusally over the bone crest to
augment peri-implant keratinized mucosa and soft tissue thickness.?%*

Future applications of rhPDGF-BB-mediated approaches at im-
plant sites may include treatment of peri-implantitis. Figure 9 depicts

a case of peri-implantitis treated with bone allograft and rhPDGF-BB.

3.3 | Current recommendations for clinical
applications of rhPDGF-BB

There is robust evidence supporting the safety and the clinical ben-
efits of rhPDGF-BB for periodontal regeneration and for the treat-
ment of gingival recessions in the natural dentition.?¢:¢47879120
Its application for implant site development and peri-implant aug-
mentation has been demonstrated safe, yet the limited number of
randomized controlled clinical trials aiming to evaluate the effi-
cacy of rhPDGF-BB prevent definitive conclusions. Nevertheless,
it has been advocated that rhPDGF-BB may enhance osteogenesis
when combined with bone graft scaffolds for implant site develop-

ment, and should be particularly considered in complex/large bone

8518017 SUOWWIOD 3AIIERID 3|qedljdde au Aq paueAob afe Saplie VO ‘SN J0 S8 1o} Areiq 1T 3UIIUO AB]IM UO (SUORIPUOD-PUe-SULBH LD A8 |IMATe1q 1[BUI|UO//SHNY) SUORIPUOD PUe SWwiie | U3 89S *[£202/60/2T] Uo ArigiTaulluo A8 (1M ‘uied TIseAIUN AQ 22SZT PAd/TTTT OT/I0p/Woo A8 M A eiq1jeul|uoj/Sdny woly papeojumod ‘0 ‘2G0009T



GALARRAGA-VINUEZA ET AL.

‘ G)

perocartangy 2000 SIS

FIGURE 9 Treatment of peri-implantitis using freeze-dried bone allograft (FDBA) and rhPDGF-BB. (A) Periapical x-ray. (B) Flap elevation
and defect degranulation. (C) Application of demineralized bovine bone mineral graft (Bio-Oss, Geistlich, Wolhusen, Switzerland) soaked
with rhPDGF-BB into the defect. (D) Amniotic membrane positioned over the graft material and stabilized with absorbable pins. (E) Flap

closure. (F, G) Clinical and radiographic outcomes at 8 years.

defects.?® Studies addressing the cost-effectiveness of rhBMPs in
oral regenerative procedures are advocated.

4 | FUTURE DIRECTION

The future—if not present—path of periodontology is without doubt in
the direction of minimal invasiveness. Subjectively informed patient-
reported outcomes are becoming more prominent than ever in deter-
mining our daily treatment decisions. The days of clinicians performing
whichever surgical technique “necessary” to obtain a certain result
are limited. Firstly, the concept of “necessity” in treatment outcomes
is not a fixed construct, and depends on a variety of situations and
considerations. Clinical endpoints, measurable with simply a ruler or
a probe, do not reflect the entire outcomes. A major portion of our
treatment outcomes are more and more geared toward patient sat-
isfaction, and not just a surgical result. Thus, clinicians should rather
consider the entire treatment experience. As such, reducing surgical
and procedure chair time, patients' intra- and postoperative discom-
fort, their postoperative healing time, reducing the disruption of their
daily activities and routine behaviors, and adjustments they need to
make in their lives for accommodating the healing process, all heav-
ily impact the overall perception of our treatments and, therefore, the
overall result. Undoubtedly along this path lies the development and
employment of novel surgical techniques, less-invasive approaches,
utilization of microsurgical instruments, and certainly the application
and use of biologics, bioactive mediators, and nonautogenous grafting
substitutes, whenever possible. As healthcare providers through the
lens of periodontology, we must strive to treat patients as a whole, and

not merely their teeth/implants/tissues.

5 | CONCLUSIONS

The present review depicts the clinical application of rhBMPs and
rhPDGF-BB over the past 25years, highlighting their safety, clini-
cal, radiographic, histologic, and patient-reported outcomes in dif-
ferent case scenarios. While more evidence is needed toward the
additional clinical benefits of rhBMPs for bone regenerative proce-
dures, a large body of studies supports the application of rhPDGF-
BB for periodontal regeneration and root coverage procedures.
Further studies assessing the efficacy of rhBMPs and rhPDGF-BB
for implant site development and peri-implant augmentation are ad-
vocated. Future research should focus on the development of novel
carriers and customized scaffolds for an optimal and sustained deliv-
ery of these growth factors.
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