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Endogenous somatic
stemcells in PDL
Somatic mesenchymal
stem cells isolated from
othertissues

Periodontal
Tissue
Engineering

> Bonegraft » Enamelmatrix derivative
> Hydroxyapatite > Cytokine

» B-TCP

» GTRmembrane

Figure 1. Triad of periodontal tissue engineering. The concept of tissue engineering consists of stem
cells, a signaling molecule and a scaffold. In the case of periodontal tissue engineering, the above-
indicated stem cells, signaling molecules and scaffold materials have been examined pre-clinically, with
some having already been introduced into clinics.

1. PDGF-BB (platelet-derived growth factor) plus IGF-I (insulin-like growth factor-I)

2. BMP-2 (bone morphogenetic protein-2)

TGF-B (transforming growth factor-f3)

(O8]

4. OP-1 (BMP-7) (osteogenic protein-1)
5. BDNF (brain-derived neurotrophic factor)

6. FGF-2 (bFGF) (basic fibroblast growth factor
7. PDGF-BB (platelet-derived growth factor) plus B-TCP (GEM21S™) (B-tricalcium phosphate)

8. GDF-5 (growth and differentiation factor-5)

Table 1. Periodontal regeneration by recombinant cytokines
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applying topical FGF-2 to induce periodontal
tissue regeneration, a series of animal studies
using beagle dogs and non-human primates
was performed (Murakami et a/ 2003c,
Takayama et al 2001c¢). The mandibular
molars of beagle dogs, and the first and second
molars of non-human primates, were utilized
for experimentation. After elevation of
mucoperiosteal flaps, class II furcation defects
were surgically created and the exposed
cementum removed by curettage, before vinyl
polysiloxane impression material was placed
in the defects to induce inflammation. Four
weeks after the first surgery, a flap was raised
to expose the inflamed furcation, granulation
tissues were removed and the root surfaces
curetted. A small round bur was used to make
a horizontal groove on each root in order to
indicate the base of the defect. Furcation
defects were filled with a gelatinous carrier
without or with FGF-2 and the wound was

surgically closed. Periodontal tissue
regeneration at the test sites of beagle dogs
and non-human primates was examined at 6
and 8 weeks respectively, after FGF-2
application to the defects.

As shown in Tables 2 and 3, topical
application of FGF-2 significantly stimulated
periodontal regeneration in both the beagle
and the non-human primate models when
compared to control sites (Figure 2).
Histological observation revealed new
cementum with Sharpey’s fibers, new
functionally-oriented periodontal ligament
fibers and new alveolar bone (Murakami et a/
2003a, Takayama et al 2001). Interestingly,
enhancement of angiogenesis and
regeneration of peripheral nerve fibers at the
FGF-2-treated sites were also observed one
week after FGF-2 application (Murakami
2011a).

More

importantly, no epithelial

Control site (n=6)

NBF (%) 354+ 8.9
NTBF (%) 16.6+ 6.2
NCF (%) 372+ 15.1

0.1% FGF-2-applied site (n=6)
83.6 = 14.3"
44.1+9.5"

97.0+£7.5"

*: p<0.01, Control site - gelatinous carrier alone was applied.

Table 2. Efficacy of FGF-2 for periodontal tissue regeneration in animal models - Furcation class 11
model in beagle dogs (6-week follow up) (modified from Murakami et a/ 2003)

Control site (n=6)

NBF (%) 543+8.0
NTBF (%) 31.6£3.5
NCF (%) 38.8+8.6

0.4% FGF-2-applied site (n=6)
71.3+13.5
48.7 + 8.9”

72.2 4+ 14.4™

" p<0.05,™": p<0.01, Control site - gelatinous carrier alone was applied.

Table 3. Efficacy of FGF-2 for periodontal tissue regeneration in animal models - Furcation class 11
model in non-human primates (8-week follow upgxg)diﬁed from Takayama et al 2001)
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Figure 2. Periodontal tissue regeneration by FGF-2 (furcation class II beagle model).
FGF-2 (0.1%) plus gelatinous carrier was topically applied to surgically-created class II furcation defects
in the mandibular molars of beagle dogs. Representative images at (A) baseline and (B) 6 weeks after
FGF-2 application are shown. Arrow indicates furcation. (from Murakami ez a/ 2003)

downgrowth, ankylosis or root resorption was
observed at the FGF-2 sites in any of the in
vivo experiments, nor was any severe gingival
inflammation or swelling observed at any of
the sites examined throughout the
experimental periods.

In vitro analyses of effects of FGF-2

It has already been demonstrated that FGF-
2 promotes proliferation of fibroblasts and
osteoblasts, and enhances angiogenesis. These
activities are crucial in the process of
periodontal tissue regeneration. However,
periodontal ligament (PDL) cells also play an
important role during periodontal tissue
regeneration (Seo et al 2004, Lekic er al 2001,
Murakami et al 2003b, Shimono ef al 2003).
To reveal the molecular and cellular
mechanisms by which FGF-2 enhances
periodontal tissue regeneration, a series of in
vitro experiments using PDL cells were carried
out.

RT-PCR experiments demonstrated that
PDL cells express FGF receptor (FGFR) 1 and

in vitro experiments revealed that FGF-2
regulates the proliferation, differentiation,
migration and extracellular matrix (ECM)
production of PDL cells (Takayama et al 1997,
Shimabukuro ef al 2005, Shimabukuro et al
2008, Shimabukuro et al 2010, Terashima et
al 2008). FGF-2 also enhances the
proliferative responses of PDL cells, and does
so via the extracellular signal-regulated kinase
(ERK) 1/2 signaling pathway, an important
second messenger system downstream of
FGFRs. Interestingly it was found that FGF-
2 significantly decreased both ALPase activity
and the formation of calcified nodules in PDL
cells in a dose-dependent manner. However,
the suppressive effect of FGF-2 on PDL cell
differentiation into hard-tissue-forming cells
such as osteoblasts and cementoblasts was
reversible. Thus, when FGF-2-stimulated PDL
cells were re-cultured in the absence of FGF-
2, calcified nodule formation resumed. By
temporarily inhibiting the differentiation of
PDL cells, FGF-2 facilitates their proliferation
while maintaining their multipotency, but once
the influence of FGF-2 is biologically

FGFR2 mRNA (Takayama et al 2002), an% Oliminished immature PDL cells begin to
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differentiate into osteoblasts and
cementoblasts.

FGF-2 also stimulated significant
migration of PDL cells, even when their
proliferation was completely inhibited by
mitomycin-C. Furthermore, it was shown that
FGF-2 stimulates the biosynthesis of
hyaluronan (HA) and the cell surface
expression of CD44, and that the interaction
between these molecules plays a crucial role
in PDL cell migration (Shimabukuro et al
2010).

This series of in vitro studies has facilitated
the development of a hypothesis on the mode
of action of FGF-2. Thus, during the early
stages of periodontal tissue regeneration, FGF-
2 stimulates proliferation of PDL cells while
suppressing their differentiation (Figure 3).

Then, during the subsequent healing process,

Early phase

PDLcelis

v Stimulation of
proliferation
and migration

¥ Creation of
suitabie local
environment.

v' Differentiation info
fibroblasts, osteoblasisa
cementoblasts

when FGF-2 is no longer present at the
administration site, PDL cells begin to
differentiate into hard-tissue-forming cells
such as osteoblasts and cementoblasts
resulting in marked periodontal tissue
regeneration at sites of FGF-2 application. In
addition, FGF-2 induces the angiogenesis that
is indispensable in the regeneration of tissue,
and regulates the production of osteopontin,
heparan sulfate and HA from PDL cells
(Takayama et al 1997, Shimabukuro et al/
2005, Shimabukuro er al 2008, Terashima et
al 2008). Notably, FGF-2 specifically
promotes the production of high molecular
weight HA, which plays an important role in
cell migration and the early stages of wound
healing (Shimabukuro ef al 2005). Based on
the results described above, we concluded that
FGF-2 contributes to the overall regeneration

Late phase

Figure 3. Possible mode of action of FGF-2 in induction of periodontal regeneration.

During the early stages of periodontal tissue regeneration, FGF-2 stimulates the proliferation and migration
of PDL cells while maintaining their multipotent nature, and in later stages induces their differentiation
into hard-tissue-forming cells such as osteoblasts and cementoblasts. Furthermore, FGF-2 induces
angiogenesis and increases the production of osteopontin, HS and macromolecular HA from PDL cells,
creating a local environment suitable for the regengtion of periodontal tissue.
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of periodontal tissue by creating a local
environment that facilitates the function of this
mechanism (Murakami 2011b).

Clinical trial of FGF-2 for periodontal
tissue regeneration

Phase lIA clinical trial

Given the promise shown by FGF2 as a
periodontal regeneration agent, we performed
a Phase I1 clinical trial. Using data from animal
trials, we estimated that an effective FGF-2
concentration for periodontal tissue
regeneration is 0.03 to 0.3%. This
concentration range was therefore applied in
the Phase IIA trial.

We prepared gel-like investigational drugs
using 3% hydroxypropylcellulose (HPC) as a
vehicle. We then designed a double-blinded
clinical trial with approximately 80
periodontitis patients from 13 dental facilities
in Japan. Patients displaying a two- or three-
walled vertical bone defect >3 mm from the
top of the alveolar bone were registered for
this clinical trial and randomly divided into
four groups: Group P (Placebo), Group L
(0.03% FGF-2), Group M (0.1% FGF-2) and
Group H (0.3% FGF-2). Patients underwent
flap surgery during which we administered
200 pl of the appropriate investigational drug
to periodontal tissue defects. For efficacy
analysis, standardized radiographs of the
region of investigation were taken before and
36 weeks after administration of the
investigational drug. The rate of increase in
alveolar bone height was independently
measured by five specialist dental radiologists
who were blinded to the treatment each patient
had received. The median of five
measurements taken from the same image was
then selected for efficacy analysis.

We observed that the mean alveolar bone
height in Group H (0.3% FGF-2) gradually

(Figure 4). After 36 weeks, a significant
increase (p=0.021) in alveolar bone height was
seen on standardized radiographs between
Group P (23.92%) and Group H (58.62%)
(Figure 4) (Kitamura et al 2008). No serious
adverse effects were seen during the course
of this clinical trial. The data obtained from
this clinical trial suggest that topical
application of FGF-2 is efficacious in
regenerating periodontal tissue in patients with
two- or three-walled intrabony defects.

Phase Il B clinical trial

Having obtained positive results from the
Phase IIA trial, we progressed to a Phase 11B
trial (Kitamura e a/ 2011). In this large clinical
trial, approximately 260 periodontitis patients
from 25 dental facilities in Japan were
registered, and were randomly divided into
four groups comprising a placebo group and
three FGF-2 groups (0.2, 0.3 and 0.4%).
Results, in terms of efficacy and safety, were
similar to the Phase IIA trial (Kitamura et al
2011, Murakami et al 2011a).

However, in both the Phase IIA and IIB
trials, no significant differences in the regain
of clinical attachment loss (CAL) between
Group P and the FGF-2 groups were found.
This is in agreement with observations
reported in a clinical trial showing the efficacy
of PDGF-BB plus B-TCP for periodontal
regeneration (Nevins ef a/ 2005). We speculate
that differences may exist between Group P
and the three FGF-2 groups in the histological
ratio of fibrous and epithelial attachments
achieving CAL acquisition.

Future Outlook of FGF-2 therapy

“Tissue engineering” is a fundamental
concept in tissue regeneration. As mentioned
above, we observed that topical application of-
FGF-2 significantly induces periodontal tissue

increased for 36 weeks after applicat1016 Zegeneration, including fibrous attachment
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Rate of increase (%)
0 20 40 60 80 100
Group P !
Group L !
p=0.021
Group M 1
GroupH '

Figure 4. Rates of increase in alveolar bone height in cases of 2- and 3-walled intrabony defects.

We compared rates of increase in alveolar bone height at 36 weeks after FGF-2 administration among
Group P (Placebo; n=19), Group L (0.03% FGF-2; n=19), Group M (0.1% FGF-2; n=19) and Group H
(0.3% FGF-2;n=17). Graph shows mean rates of increase in alveolar bone height (%) + standard deviation.
While no significant difference was observed between Groups L, M and P, Group H showed significantly
(p = 0.021) increased alveolar bone height in the bone defect region compared to Group P. (Modified
from Kitamura et a/ 2008)

Figure 5. Ideal FGF-2 carrier for periodontal tissue regeneration.
An FGF-2 carrier that could provide a formable and osteoconductive scaffold for undifferentiated cell
types within periodontal ligament would dramati@lgincrease the indications of an FGF-2-based drug.
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and neogenesis of alveolar bone and
cementum in animal models. It is also
noteworthy that no gingival epithelial
downgrowth was observed at sites to which
FGF-2 was applied. In the clinical trials of
0.3% FGF-2, we observed significant
differences in the rate of increase in alveolar
bone height between the placebo group and
the FGF-2 group (Kitamura et al 2008,
Kitamura e al 2011). This suggests that FGF-
2 is efficacious for periodontal regeneration
of intraosseous bone defects such as 2- or 3-
walled bone defects and probably furcation
involvements. However, to treat severe bony
defects such as 1-wall or horizontal bone
defects with FGF-2, the FGF-2 carrier may
require the function of a “scaffold” to
reinforce/direct its actions. HPC, which was
used in our clinical trials as a carrier, does not
function as a scaffold. Development of an
FGF-2 carrier that provides a formable and
osteoconductive scaffold for undifferentiated
cell types would dramatically increase the
indications of FGF-2 drugs beyond dental
applications and into the craniofacial field
(Figure 5). We recently examined the
combined effects of FGF-2 and B-TCP on
periodontal regeneration in 1-wall bony
defects in beagle models and found that the
combination induced significant periodontal
tissue regeneration, compared with 3-TCP
alone (Anzai et al 2010). This suggests that
the combination of scaffold material(s) and
bioactive molecule(s) such as FGF-2 could be
useful for the treatment of severe cases.

The efficacy of “cytokine therapy” in
periodontal tissue regeneration was first
reported in the 1990s. Since then, various
recombinant cytokines have been investigated
for their efficacy (and safety) in stimulating
periodontal tissue regeneration, however few
have been approved for use in the dental field.
Therefore, we need to evaluate carefully the
usefulness and safety of cytokine therapy in
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stimulating periodontal tissue regeneration.
We hope that our work, together with future
investigations, will provide a framework
within which to understand “cytokine
therapy” and its application to periodontal
regeneration and oral reconstruction.
Furthermore, “stem cell therapy” may also
assist in improving periodontal regenerative
therapy. It has already been reported that
transplantation of bone marrow-derived cells
or adipose-tissue derived stem cells can
enhance periodontal regeneration (Murakami
2011b). The combined effects of “cytokine
therapy” and “stem cell therapy” still require
investigation.
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XCHIT
B Y, BRI R L T AR ERIER SREERTH Y, v a v 705
EIBATTO2EEIFERTH D, MIVEZTZEIC, KETIIEFN 22 TA, KR
TIFBEHEE 5 TAULMPFET LTEY, FERCHAERDRE L BEIZRBNT
b, EFREFEEBICBWTERRER L 2> T\5, RIMEDOKREIIIIEMSEY A ~
A UPBERNCEE SN, EHIZRATERIERRERRERETH 5,

1999 £, Wang H1%, High Mobility Group Box 1 (HMGBL)WES A= R %
VUMERCKRIMIEDERE R AT 4 =— X —Thd L HE L7z, Wang b1E, =2 F b
XL rvay I RRMEET VL~ 7 22 BAWT, F O HMGB1 BE RS FAEHR 16~32
eI IZ LR T2 & 28E Lz, $lov U A~DOE# i 2 HMGB1 O& 513, HES
HARERE 2 FE LMINEDRELZFERET 5 2 L0, 5L HMGBL HiffiT— > K hF v
Vay vy ARKMIEY UV ADAFRLLE L, LAEXY, HMGB1 23BUMEIC

BOWTHEREFZELTCWDIELHALNE L,

1. HMGB1

HMGBL1 I, 1976 FIFFOMRE D RIE SNz 215 7/ BEEN HER S
HENTETHD, TD CHRIBANIABRD acidic tail ZFEL, N RMWANIH
707 XV BRIREED "box A, box B*ZMEMK L Tk VY DNARKEHMNAH D, FEB
7377 v  (Nuclear localization signal : NLS) Z4& LTk, NLS 7 &FbEhn
FEMRERMEZBITLCVDEEEZ BN TS,

HMGB1 1%, ZRRMEOEPICEBINIFET HHEA NIRRT ETHD,

67



BN TIEE vV EBBEARERR L o~ T UBEORENEREL, Rx 86T
DEREHIE, RO DNABREOEERICEHD> TV 5,

—77, BEEA uff'é‘é HMGB1 723 28 Y O##EIZ L v fifast~ L it sh s Z
CMBAL ML TE T, FHUL, EFX LB LKE SN D ZEHKH (passive
release) &, B L Lir~vr7un o 7 —URHERM LM S 2B K (active
secretion) Td 5, ML BEREIZHKRE &7z HMGB1 1%, Receptor for advanced
glycation end products (RAGE)=° Toll-like receptor (TLR) 2/4 {23 7 F N EIRR 5
LEZ LTV, BIZHEKEWNC &2, HMGBL i Lipopolysaccharide (LPS) & #1
fitkx <L, RAGE 2/ L C LPS IC LAV A " IAVEAEZE LI TLETSHZ LR
W& SN, £, CpG DNA 72 ERERMEEZ R OBIEN, ZRETH S TLR 3/9 ~
VI FNERZ DB, HMGB1 @3B RZ RV ETHLZEbHLMEIRoT,
Fi2bh, HMGBL 3@ T TLR ® Y v R L, TLR ¥ 7 F/VREICE

B RE A S TWAENRIBRINS,

2. GABAergic
Valproic acid (VPA) X, HiTAMNALE, HIVITEREORISEEDREEL
TIELBVSNRTWEEY TH D, BIfE, VPA OEREFIL, Mt T 722k
T GABA /R 2 A% L GABA OIERZEIRT 2 2 &IT XV HUR e 2 36
T3 LEZLNTNSD, 20014, Phiel 513 VPA 73 in vitro ¢ Histone deacetylase
(HDAC) 1, 2, 3, 4, 8 ZBRANICHE T2 L &WE LT, 7% VPA IZLY,

Trichostatin A (TSA) 7 ¥ DEEs1D HDAC THEHK L FERIZE R F DT B F NALMBTT
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W5z LALLM L, FIZ, VPAIZHDAC OFIfEIZ N L, GABA Z&HEDI
a2 e bmEINT, T7bb, VPA OER#EIZ HDAC OIEMHENE
BboTWAZ LRSS,

TEE, GABA SZAMITMRFAILD L7 b T RE FACHARIC LRI L TVD 2
EMRBH BN E IR0 TE T, BHIRICRB WL TIE, GABA-GABA Z &KL 7V, Hik
HEIERE N ZHIE L CW A Z R MESNTS, £, v 7u7 7 —DIEHRALTWD
GABA Z KT, BN E & L, GABA-GABA ZFMKR Y 77 ik, IL-6 ROV IL-12
DFBEZHETHZ b, Uz Lnn, VPARR, MHRROARLT

EHMICHEBEEZADLEZOND,

8. Valproic acid induced HMGB1 acrive release.

HDAC I, E R R DR BTN VI BOT 2 FMUEMZFIE L TW\W5D 2
ERMBENTWS, £72 HMGB1 X7 B F ALES S DIRRE ~B1TT 5, L
7L, HDAC PREHIE HMGB1 OFBREDFHEMRH STV, £2T, bivbiu
HDAC FEHZEH| VPA I L% RAW Mgl 5 HMGB1 O#FEEZFH~T-, TOREER,
VPA |Z £ Y RAW #ifE): & MAREE %2 £ 771 HMGB1 234 T Active secretion
SNDZENALNERoTz, F72 2010 4, John 6, FFMEEIZISVT HDAC FR
=#| TSA 1%, HDAC1, 4 Oo#ifl %2/ L HMGB1 OH2HE T 5 Z L 28HE L,
Ui bkDZ e, HMGB1 OfkHizix, HDAC 2385 L CW B ATREMESRIR S5,

¥7- HMGB1 O+ & LT, MAPK &EZ2/ L T\2D 2 ERHEHmEsh

TV 3, 2007 48, Daolin 51X, Hydrogen peroxide i%, JNK X T ERK %41 L, RAW
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AR L OHER2 D HMGB1 2325 & Lz, £ 2008 &, JIRE LI,
C-reactive protein i%, RAW #fa» 5 p-38 24 L HMGB1 /¥ 2 & #E L7z,
®iZ, VPA X, —HOMIEED MAPK BREZTEMILT 2L ORERH D, £ TH
hbhix, VPA #HiEtED HMGB1 OBE#FZmat L, £ORE, VPA IZLD
RAW #ifi> MAPK #2505 H ERK OIEHEALOABFESETNDE Z EBHALNE
fpotz, BIZ ERK OFREANC LY, REKRFRIC VPA FEMEO HMGB1 O
=S, VPA X, <7077 —Y0 GABA XREORBZ T 5 & OMEN
b5, bbb, VPAIZL 5 GABA XAKDOFB L RT-PCRICL VAL e 2
%, GABAAZHEE DL, a3 V7 2=y hOREEANBFEINTNDLZ LBHALNLER
o7, &I T GABAAZEEORHEMAER Pictoroxin (PTX)&ZAVviz& 25, PTX
IZ &Y VPA |2 X% ERK OIEMHLSAES 7, M2 TPTX 2L Y VPAFEWED
HMGB1 Ot Sz, $70bbh, VPA I1X GABAA SEEORBRLTHFEL,

ERK oiEtA bz L HMGB1 OHEFET 5 LALLM E 207,

4. Valproic acid increased susceptibility to endotoxin shock.

HDAC FREFIN =Y K hF g v 7w U AR, RILEET L~V ACEX D
EIIEA RENH D, 2009 FFiC, Li Hi, TSATRIEET V< U ADFEEK
QA M A VEEZIMFIL, <=0 ADEMBRICORDD EHE LIz, Fio 2010
|2, Shang HiE, VPA 73§E5(EU1E%’7‘°/1/*? v NOZBREELEET O L OWEE
L7z, 2011 4Ei21%, Thierry &1, VPA IX, YA b A VEAZRED W, MEME

vav I UADERERPERTIES 7, BERET N AOATFRELEIEIY
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HL@iE LR, LaL, HDAC FHEAIIC LS HMGBL L= R h&T v vavr=
U A & OENEMEZRE LT RE I,

T, bivbiux, £ VPAIZLAZ Y RhF P rva vl v A~NOEES
AT L7, VPA+LPS 58 OEFFT, LPS B ERICIS, FRICED Lz,
TURRMRI Va2, ELBRIBRKENRSE LTHREST LA DT, MiFE
FOYA MHAVRERRIELE, =2 Fya v 7FEE, 24 BEZOLETO
HMGB1 #&E1%, VPA+LPS #55T, LPS BMB SR~ L Tz, FE,
HMGB1lE=> Fva vy 7 OFEERF L LTHMLEN TS, £IT, VPA+LPS &5
BEICHT HMGB1 gt 2 &5 Ligst Lz, £OfRER, 2> b o — L hfbikk 55

(2, P HMGB1 Rk 583 TR B RAETFEROEE 2 DT,
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VPA [ o HMGB1
& GABA A ! c toplasm
Receptor ~ viop
4, o> HMGB1
" ERK A

Q@Q HMGB1 nuclei

Proposed scheme for VPA induction of HMGB-1 release : VPA induces
HMGBI release through GABAergic signal transmission
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In this study, WL shﬂmeﬁi 1hat 7 ()~cmnam0§imm mns;dy mar }Mﬂy aiimuaml
E-selectin adhesion to TNF-o-activated endothelial cells and that it may inhibit
monocyte adhesion on the activated cndz}ﬂ;ehum, thus conferring protection against
atherogenic lesion formation. Thus, the mmpour;ci may hﬁmpm mma] atheroscle-
rotic events iny {:sivmo erzdmhc ial C‘AM mducimm :
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