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CD73-Generated Adenosine Restricts Lymphocyte Migration
into Draining Lymph Nodes'

Masahide Takedachi,® Dongleng Qu.* Yukihiko Ebisuno,?” Hiroyuki Oohara,’
Michelle L. Joachims,* Stephanie T. McGee,” Emiko Macda,® Rodger P. McEver,'
Toshivuki Tanaka,® Masayvuki Miyasaka," Shinya Murakami,” Thonas Krahn.
Michael R. Blackburn,” and Linda F. Thompson®*

Alter an iofammatory stimulus, lynphoeyte migration into draining lymph nodes inereases dramatically to facilitate the encoun-
ter of naive T vells with Ag-loaded dendritie cells, In this study, we show that CD73 (ecto-S"-nuelcotidase) pliays s impartant vole
in reculating this process. CD73 produces adenosine from AMEP and is expressed on high endothelial venules (HEV) and subsets
af lvmphoevies, €d737 mice have normal sized lymphaid organs in the steady state, but L3-fold Larger deainiig lymph nodes
amd 250l inereased rates of Leseleetin=dependent lymphoey te migration ron the blood through HEV compared with wild-type
miiee 20 after LPS administeation, Nigration rates of ed735 and ed73 7 vmphoes tes into lvmph nodes of wild-type mice are
cauial. suggesting that it is CD73 an HEY thal regulites omphoeyte migration into draining lymph nodes, The AL receptor i i
likely trget of CD73-gencrated adenosine, beeause it is the only adenosine reeeptor espresseid on the HEV-like cell line KOP216
ated by TNF-ae. Furthermore, inceeased lvmphoeyte migration into draining Ivmph nodes of ¢d737"7 mice is

it s uy

Largely noy
Ivimphocyte n
Jowrnal of Timunology, 20008, 1802 6288 <6290,

ymphoeyte circuliion from the bloodsticam 1o Iymph
nodes 1s necessary for immune homeoskisis (reconmais-
sunee ) under normul physiological conditions wnd Tor im-
mune responses against exogenons Ags. This mratlicking requires
goordinuted uction of adhesion molecules, chemokines, and che-
mokine receptors expressed on lymphocytes and high endothelial
venules (HEV)' revicwed in Refs. | and 2). The interaction of
L-seleetn with peripheral lymph node addressins (PNAd) imtiates

by and Cancer Progsam amd "Canhiovascutin Biology Prograom, (0.
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alized by pretreaiment with the selective Ay, receptor agonist BAY 60-6583. Adenasine receptor si
ation across HEN may be an important mechanism to control the magnitude of an infl.

niling to vestrict
tory respanse. The

Iymphocyte sethering and rolling on HEV (3). Chemokine recepton
signuling activates 1he integrin LFA-L on bymphocyies amd induees
stuble adhesion via binding 1w ICAM L on HEV (4 53 which s
fullowed by transmigrution. The importunce ol cach moleculy
associnted with the entrance of lymphocates imto lymph nodes
through HEV hay been shown by decreases in lymph node cellu-
farvity and deleclive immune responses in gene-targeted mive
(6-1th,

TLR signaling activates innate immune responses (reviewed in
Ref. 11) in part by inducing APC maturaion snd reersitment o
lymphoid organs via the afferent lymphaties 012, 130 Furthermone,
recent reports showed it inflammation induced by 5 TLRA or
TLRY agonist controtled muve lymphocyie recircalation in an Ag-
independent manner, resulting in an increase in e pumber ol
naive vmphoeytes i the drining Iymph node and aninercase in
the efficiency of Iymphocyte-APC encounters (141 TLR-depen-
dent lymph node hypertrophy was proposed 1o reguire saseulin
erowth and aneniofe thickening, Althongh these changes needed af
feast o few days hefore they were detectible (14, 130 lymph node
srowlh began within 24 h after g stimulus, implying the existence
of other inechanisms that comribute 1o lymph node swelling. In

this siudy, we present diti o show that adenosine tAdo) receplon
(AR) signuling. medined by CD73
portant wole in regabaing early migration of lvmphocytes o drain

nerted Ado, plays an -

mg lymph nodes.

CD73 ix o 7-KkDa GPl-anchored prowein with evio-5° nucleon:
digse enzame activity that canilyzes the dephosphory lation of ex
trweellubar nucleoside monophosphates such as AMP 1o nuclen.
sdes sueh as Ado 1, Extracellular Ado can engage Tour
subiypes of ubiguitoushy eaprossed AR (A AR, AL AR A AR,
and AAR) o modulite o wide array ol physiolopical responses,
including vascular tone. pearofransmission. eytokine production,
heant rte. und wdapration 10 hypoxia treviewed i Rel 173 In
addition 1o being genersted by CD73. Ado can also be senerated
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intracellulirly through the action of eytoplasmic nucleotidases und
then exported via nucleoside transporters. Extracellular Ado has a
very short ;5. beeause it s efficiently taken up o the cytoplasin,
where it can be pliosphorylated to AMP or degruded to inosine by
Ado desminase. In humins, Ado deaminase can be locilized to the
cell wrtace vis binding to CD26 (18, 19), giving it the poential to
inhihit AR signuling through deamination of extracellulur Ado
(20): Mice deliciem in the expression of cach AR luve been en-
gincered and churacterized (21-25). Each struin has 4 variety of
interesting phienotypes, revealing the diverse conseguences of AN
signaling. However, the mechanism by which extracellular Ado
levels are regulited to moduliie AR engugement in vive is not
il nehersiond.

Adie s aowell-know n sonnsintlammsiory mediator (2o, Recent
stinhes eharly <howed that CD73 neabes o nagor conirlbuiiion o
e penwpation ol comec ol elee i a mmber ol phy ically
rebe st s prermmental pmodels ol phiss o crineal mole i bt dde-
tense sustenn For oxsgple. CD7 8 aienmates Dy poxi indueed
visanbar feabases ENIEE imubared neateplol sathesion e endio
thehial cellss aod nentrophil accumlation m esies (27209, Fur-
hennine, e~ aeicient inee e saseeptible wosasenln intlam-
b el seointin Tornion due b deereisacd com entrtions
ol endogenons Ado (3, CD73 deheieney ereises VOAR | ea-
pressivt onr et fad cells sobaed T caronid aeterios hangh
M-kl awbivabint: osweser, TCAND .
This pranntbioinatry phenott pe ol cd7 8 deniciont cidothelin
aml esaverles wire imlnced
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Cd73 and AR gene expression

Cd73 i AR eapression were analyzed by PCR in a full-length cDNA
hbrary derived from MACS (Miltenyi Biotec)-isolued PNAA™ enihothelinl
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wild-type mice. These results suggest that it is. CD73 on HEV
(rather than on lymphocytes) thal is responsible for the larger sizes
of draining lymph nodes in cd73-deficient mice. Similar results
were seen when poly(I:C), a TLR3 ligand, was used instead of LPS
as the inflammatory stimulus (Fig. 2, € and D). Furthermore, stain-
ing with TCRB (Fig. 2E) and B220 (Fig. 2F) Abs revealed that
migration of both T and B lymphocytes was increased in cd73-
deficient draining lymph nodes. Similur results were observed
when LPS or poly(I:C) was injected into the rear footpad or thigh,
as revealed by examination of popliteal or inguinal lymph nodes.
respectively (our unpublished data).

Next, we asked wheiher the increased lymphocyte migration and
enlurged lymiph nodes seen in cd73-deficient mice were the result
of increased migration ucross HEV. To address this quesiion, mice
were pretreated with Lescleciin Ab, This Ab was chosen because
Iympliocyte-expressed L-sclectin s known to imtiate rolling on
HEV (through its intersction with PNA) and because administra-
tinn of L-selectn Ab s been shown to dininish lymphocyie nu-
eration to peripheral lyimph nodes under sicady-stale conditions in
vivo (3, 42). We observed that emiment of mice with Leselectin
Ab 1v. at the suine time as LPS ahrogiied CMFDA-labeled lym-
phocyte migration even after 24 hin both strains of mice (Fig. 2H)
und ubolished the hallimark increased sive of ed73-deficient drun-
ing lymph nodes (Fig. 2G).

Cantribution of lymphocyie CDT3 expression to migration
across HEV

Recunse lvmploeyte CD73 hus heen reported to be a signaling
maolecule, an adhesion molecule, and & maturation and subpopu-
lation murker (16, 39), we next evalunied its role m lymphocyte
migration into driining lvmph nodes. We first examined (he
percentage of CD4°, CD&", and CD19" lymphocytes that co-
expressed CD73 in wild-type draining lymph nodes by flow
cytometry 24 h after stimulation. LPS-induced lymph node hy-
pertrophy did not uffect the CD73 expression pattern compared
with that in lymph nodes from the PBS-treated side (Fig. 34).
The CD73 expression pattern was also equivalent to that in
naive lymph nodes and spleen (our unpublished data). We next
eviluated migration of ed73-deficient lymphocy s compared
with wili-type lymphocytes in both wild-type und ed73-defi-
cient mice. This was done by injecting mice with a 1.1 mixture
of splenoeytes from cd73™ nd cd73™" mice labeled with
cither CMFDA o CMTAMR. Virally wdennecal rnios of
cd7377ed7377 Iymphocy s were observed in both wild-ype
and ed73-deficient drainimng lyniph nodkes (Fig. 38), These re-
sulis suggest no bias between CD73-positive and -nepative lvm-
phacytes in their ability to migrate afier an inllammatory stim-
ulus, They further sugeest tha itis a lack of CD73 expression
on HEV that is respimsible for the inercised migration of Ty
phoeyies inta deainimg ymph nodes of /78 deficient mice.

Coniribition af DC to mcrevved dvdiming hph node size in
737 mice

The seeumulation of setivated DO deaining lemph ines is erbi-
feanl Jor the regolition of prointliimatory oy tok o prosiinlion gl
o ton ol siecubin grow i (130, Lowal injection of LIS is known

A resilis are expressad s mean 2 5D and e represaimative of 3-10
eaperienis (= ES e of el genonspe o coch experingeit, po -
LS fawr all eonngrnisonis af o oty 08 Favs bascbont 1RO w0 g
Lymmgrbe wsdiss A F, for wommnsd vs STELTd i by Do nosbes. for

G, ool Bon ctained v MUL T4 0 adl goape i 7).
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mee were significantly farger than those of wild-type mice (p
0.034) even i this eurly time pomt (Fig. 1), suggesting thar the
accelerated when CD73
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ix absent

Up-regubatinm of CD73 and A AR on HEV after an
infleammarory stimuliy

Previois studies showed CD73 expression can be regulited on
HUVEC by mediutors thut are released during an inthummnaiory
respimse. such us TNF-u (450, IFN-er 1400, and Ado 147), Flow
eytomerry revealed a slight up-regulation of cell surface CD73
on CD45 PNAd  cells in diuning Ivmph nodes relative 1o its
level on HEV Trom control Ivmph nodes iFig. 540 Due to the
lack of specilic AR Abs suitable for fow evtomerry, we used
ROP2 60 o cel! line derived from lymph node endathelial cells,
and semiguantitative RT PCR 1w cxanmne the
cxpression. Similar to what we observed in the HEV ¢cDNA
library (Fig. 101 KOP2 16 expressed only the 4.,AR. Expres
sion incredseéd 31 Scfold 3 hoaler TNF-o stimulanion in two
independent experiments (Fig. SHy. These results suggest that
clevared Ado. known 1o oceur at sites of mflammation, could
triggeer the A AR on HEV
this could play a role in regulating lymphocyie i

eaulation of AR

1 draining Ivmph nodes, and that
on anlo

these nowdes
AR stimudarion inhibits the inereased Ivmphocyle migratien it
dvaiming fvmphe podes of COT3deficient mive

Our presious Hindings and those of others suggest tha Ado gen
eruted extraeellularly by CD73 can modulite endahehual el
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a phospholipase, and then bind to a componeni of the basal lamina
such as laminin.

The contribution of CD73 to the formation of extracellular Ado,
a well-known :nti-inflammatory medisior, has been revealed in
severul experimental models. For example, the anti-inflammatory
action of methoirexate in the carrageenan- treated ar pouch model
of inflimmation is dependent upon CD73 (49). Similarly, CD73-
gencrated Ado is nocessary for ischemic preconditioning in both
the heart (40) and kidney (50), and profvets mice from hleomycin-
induced lung injury (S1). Furthermo e, cd73-deficient mice exhibit
a vaseular leak syndione characterized by nentrophil indilration
into tssues when exposed 1o normobaric hypoxia, suzgesting a
critical vole for CDT3-generated Ado in vascular barmier function
(27-29). In contrast, several in vitro studies suggested that CD73
funciions as a cosnmuolatory molecule on T lvmphocyies (33, 34)
and an adbesion molecule tha is portant for lvimphocyte binding
1o endothedivm (35). The possibidity tha C73 could inipact lym-
phocyte iteractions with HEV by muliple mechanisiis prompied
us to examine the role of this molecule in lymphoeyie homing o
Iymph nodes. We showed in this stdy that Ado generated by
CD7% on HEV negatively regulates lymphocyte migration from
the bloodstnzam o LPS-induced draining lymph nodes. Because
ed73™" and «d73777 splenocyies showed equivalent rtes of mi-
gration mto draming lymph nodes, it is unfikely that uny signaling
or wdhesive funetion of CD73 on lymphocytes plays a role in reg-
ulating migrution of Iymphocyies ucross HEV,

Although no abnormalities were observed in the cellulanty of
lymphoid organs of ¢d737 mice or in the mugratory capacity of
ed73 7 Dymphocytes under steidy-stite conditions, 737
mice had Larger drining lymiph nodes when LPS, a TLRA agonist,
was injected imo o local site. Shorr-werm: assays with CMEDA
labeled Iymphocytes adimmistered (v showed inereased rtes ol
migraton imie the druning Ivinph nodes of cd73™7 mice. This
observation. coupled with the Torwaril vs side scatter profile of the
Ivmphoestes (our unpublished data). suggested than the lymph
node hyperirophy induced by TPS was not due to the proliferation
of Ivmphocyies. b rather 10 the accumulation of nondividing
Iymphocytes. Furthermore, anti-Leseledtin Ab treatment demon-
stratedd that €73 modulates lvimphocyie migration into draning
Iymph nodes by an Losclectin dependent pathway. Interestingly.
both T and B lymphoeyte entrance was promoted in ¢d73 ™ mice,
stggesting that o common pathway for both cell types 15 modu-
Tated by CD73. Inaddition. the percentiges of CD737 and CD73

fymphoeyvies did not change when splenocytes trom ed 747" mice
were tsed as donors in migration experiments in od73°7 mice.

imdicating thin the ability to migrate across HEV was not inllu-
enced by the CD73 expression status of lymphoeytes. Further-
more. the migration of splenocytes from ed?3 " and cd73 7
mice into denning lvmph nodes of cd73 mice was comparihle,
demonstrating that CD73 expression on Ivinphocyles cinnot com-
pensate Tor o fack of CD73 on HEV

Information in the lieraune concerning the regulition of endo-
thehal CD73 expression by promflammatory eytokmes is conflics
ing. For example, Kalsi et al (451 showed u decrease in s ox
pression and in s enzyme activiey afer TNF-a reatment of
HUVEC  In contrast. Niemela et al. (460 demonstraed that 1FN-o
and TREN- 5. but not other inflammatory cxtokines such as 1115
14 or TNF e, could icrease CN73 expression on HUVEC Fur-
thermore, Adio has been imphcated i mereise m CD73 eapres-
sion i microvascular endothe bzl cells than is mediated by i pars
erine pathway (47), Our experimems revealed that the expression
of CD73 on HEV in draiming Iymph nodes is up-regulated com-
pared with HEV in he contralateral side. Although our analysis
has the advantage of evaluting changes in CD73 expression in

CD73 AND LYMPHOCYTE MIGRATION ACROSS HEV

vivo, the mechunism by which CD73 expression 1s modulated is
still unknown.

To determine whether the enhanced lymphocyte migration in
cd73-deficient mice was caused by a lack of AR signaling, we
treated mice with the Ay R agonist BAY Hi)-6583. This approach
was taken because of the four known subtypes of AR: only the
A, AR was found in « cDNA library denved from PNAA™ cells or
in ¢cDNA from the HEV-like cell line KOP2.16 (36), We also
ubserved an up-regulation of A,z AR expression in KOP2.16 cells
after exposure to TNF-a, Tndeed, BAY 60-6583 treatment nurk-
edly reduced the rate of migmtion of lubcled splenocytes into
draining lymph nodes of cd73 * mice. These duta are consistent
with the hypathesis that the A,g AR is at least partially responsible
for the regulution of lymphocyte migration across THEV by CD73-
generated Ado, Furthermore, the Ado is most likely derived from
CD73 on HEV, hecause lymphocvies from ed73°7 ald od 73777
mice show simlur increiod mites of wigration across HEV in
drnning lymph nodes of ¢d73 77 mice (e, Ado prisluced by
cd73 7 Ivmphocyies docs nol appein able o mgger AR on HEV
o regakite Bymphoes e nenmont sunibady, lsmphocyies from
Asp 77 and Ay 777 niee show el similar tates of migeation ino
draining lymph nodes of wild-ty pe mice, suggesting that it is ing
gering of the AzgR on HEV ihat is relevant.,

The expression of the adhesion molecules TCAM 1 and
VOCAM-1 is normal on 73777 HEV inihe steady state (our un
published data). Our fimdings ditfer from those ina previous repor
(30), which concluded that CDT3 detiviency wesulted i iereased
VCAM-| exprossion and decrensed ICAM | expression on carotil
arteries due to the lack of Aq AR signaling, This discrepaney
couhd he explained by the fact tha different cell tvpes were being
examioed and that ihe AL AR rnher than the A AR scems o he
the predominant AR on HEV. We did find that VOAM 1, but mo
ICAM-1, expressiom wis up-regulited on HEV in draining lvmph
nodes siter LPS adinnmistranion and this effecr was more pro-
nouneed in ed7377 mice. However, neither unte VLA nor anti-
VCAM-1 Ab rreatment reversed the iereased rates of lymphoeyte
migration into draming Iymph nodes of o713 mee after LPS
treatmient (our unpublished data), sugeesting thit the nereise in
VCAM 1 expression did not augment cell adhesion between Jym-
phocyies and HEV Furthermore, although the  migrtion of
CMFDA - labeled lymphocytes to draining lymph nodes was inhib-
sted by treatment with an ant- LFA- 1T A, the effect was the same
n hoth cf73 andd v 737 e (our unpublished data). Tuken
wgether. these data support the conclusion that increased lympho-
eyte migration into draming lymph nodes of ¢d73-deficient mice i
not mediated by inereases i cell idhesion,

We propose instead that Ado penerated by endothelial cell
tandfor basal lamina) CD73 regulates lymphoeyte imigration ieross
HEV through A, AR signading. The AL AR is a seven-transmeim:
Brane-spanning G protein-coupled receptor thut s coupled o G
anid uses CAMP ax o second messenger (520 10 has been finmly
established that cAMEP can modulute eodothelial vell-cell junctions
through the protein kindse A and/or Epac Rap | pathways (33, 545
Other reports suggest that the AL AR can also be coupled 10 G
(350 Inthe 19705, several studies concluded that Tymph node vas-
culature changed within 24 h after an mflammatory’ stinutlus, and
that this wais assoeiated with changes in vasealar miegnity 156, 37,
Our studdies do nob address the mechanisims by which ries of lvin
phoeyie migrion are increased atier an - inthammatory stimulus,
but do suggest thin CD73-generated Ado may trigger a leedback
miechanism (o keep mereases in permeability under comtrol. Ad
ditiomal experiments with endothelial cell ines will be reguired 1o
determine whether AR signaling modulates the ability of lympho-
evies 0 nngrite across HEV through ehanges inomyosin L chuin
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phosphorylution and decreased formation of siress fibers and/or
through Rapl/Epuc-mediated increases in VE-cadherin-based cell-
cell comacts. Fuiure work will also address the consequences of
increased lymphocyle migruion ino €d7377" draining lymph
nodes during an immune response.
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Abstract

Background: The options for medical use of signaling molecules as stimulators of tissue regeneration are currently limited.
Preclinical evidence suggests that fibroblast growth factor (FGF)-2 can promote periodontal regeneration. This study aimed
to clarify the activity of FGF-2 in stimulating regeneration of periodontal tissue lost by periodontitis and to evaluate the
safety of such stimulation.

Methodology/Principal Findings: We used recombinant human FGF-2 with 3% hydroxypropylcellulose (HPC) as vehicle and
conducted a randomized double-blinded controlled trial involving 13 facilities, Subjects comprised 74 patients displaying a
2- or 3-walled vertical bone defect as measured =3 mm apical to the bone crest. Patients were randomly assigned to 4
groups: Group P, given HPC with no FGF-2; Group L, given HPC containing 0.03% FGF-2; Group M, given HPC containing
0.19% FGF-2; and Group H, given HPC containing 0.3% FGF-2. Each patient underwent flap operation during which we
administered 200 jL of the appropriate investigational drug to the bone defect. Before and for 36 weeks following
administration, patients underwent periodontal tissue inspections and standardized radiography of the region under
investigation. As a result, a significant difference (p=0.021) in rate of increase in alveolar bone height was identified
between Group P (23.92%) and Group H (58.62%) at 36 weeks. The linear increase in alveolar bone height at 36 weeks in
Group P and H was 0.95 mm and 1.85 mm, respectively (p=0.132). No serious adverse events attributable to the
investigational drug were identified.

Conclusions: Although no statistically significant differences were noted for gains in clinical attachment level and alveolar
bone gain for FGF-2 groups versus Group P, the significant difference in rate of increase in alveolar bone height (p=0.021)
between Groups P and H at 36 weeks suggests that some efficacy could be expected from FGF-2 in stimulating
regeneration of periodontal tissue in patients with periodontitis,
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Introduction e, alorobae o ond gimgivae Ulisarel, this s hironi
llammntory dhisease can et doss of the alleeted teeth [1-3).

Peviodontins, evoked by the bacterial biolilm wenal plague; Al over thwe workd, this disease reminns highly prevalent [4] o is
thane Torms aroned weeth, progressively destrovs the periodonial comsidervd o thresten gquading ol 1l (QOL) Tor middlesaged sl
tissue supporting the weth, inclding the peviodontal liganens, olther popubationss as Gare as “oral” limetions are coneerned,. Sonwe
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success has been achieved in suppressing progression of periodon-
titis by mechanically removing bacterial biofilm, the very cause of
the disease. However, removal of the cause, bacterial plaque, with
conventional periodontal and/or surgical treatments can, at best,
reduce pocket depth and diminish inflammanon in the affected
region. No such treatment can cver regenerate lost periodontal
tissue or normal structure and functiomlity, Considering that the
“mouth™ and “teeth”™ have various aesthetic and functional roles
to play, establishing a lvand-new treatment that enables the
regeneration and rebuilding of periodontal tissue once destroyed
by periodontal disease represents a task of tremendous impor-
tance,

To regrnerate periodontal tissue desiroyed by penodonitis, the
chain ol events requires sumulation of cementoblasts and osieoblasts
into differentiation on the dental root and alveolar bone surfaces
facing the region of perniodaimal tisue defect, follinved by
regeneration of the cementinn mud alveoliar bone. Collagen fuseacles
produved by the periodontal lignment librolilasts should then be
embedded inmn those regenerated hard tisues, to rebuild new tssue
ta suppont teeth, Researchers hive recently conlinmed the eximience
of mesenchymal stem cells within the peniadontil ligianent, one of
the comerstones of periodontal tissue. Thes stem cells can
differentinte o cells such as cementoblasts and osteoblists [5)
Using the biological poentiads of those stem cells 1o stimulbite the
rgencration of periodontal tissue is now being recognized as
clinically possilile. Sinne rescarchers are already trying to establish
new treatments to accelerate the regeneranion of periodontal tissie
by local application of human recambinant eytokines 1o sumulate
prolitiraion and dillerendation o hard-tissue forming cells of
unelilferensiated |m'!wm‘hym;li crlls among lu'riodunlill ].i;mu'lr_‘l.ll
cells. Direet local .|p|,1|ic:|ti(1ll ol a combination of fivtors sich as
plateclet-derived growth fetor (PDGF) and insulin-like growth fictor
(IGF)1 |6], bone morphogenciic protein (BAITP)-2 [7,8], mransform-
ing growth factor (TGF-P [9], osteogenic protein (OF)-1 [10] and
brain-derived neurotrophic factor (BUNF) [11] to artilicial defects
m penndontal gsawe made in liboratory animals reportedly
stimubites sand promotes regeneration of regionad periodontal tissue,
In addition, the eflicacy of PDGF-BB plus B-tncalcium phosphite
(B-TCP, an ostcocomnductive scaflold) for  periodontal  tissue
regeneration in humsan has recently been veported [12].

Fibroblast growih factor (FGER2 displays potent angiogenic
avtivity and mitogenic ability on mesenchymal cells. To date,
FGTF-2 has Iween reported as efficacious in regencrating periodontal
tissue in models of artilicial defeet of periodontal tssue in beagles
and non-human primates (Mueaca fasaculanis) and in a model of
surgivally crested periodontitis in beagles [13-15],

The present elindeal il wsed hydmoxypropylecllnlose (HPC)-
bused FGEF-2 as the investigational sawgent. The purpose of this irial
was 1o both clrify th: activity of FGF-2 to regenerate periodontal
tissue in periodontitis patients and 1o confirm drug <afery. This
stuely was a ranedomized, donble-blinded elinieal wial (Phase 1)
iwvolving pliacebos and multple denal Beilivies in complimee with
good climcal practice (GEP) gaidelines, veprosenting the fiest irial

1o examine the ellicey el salery off FGF-2 ane periodontins
o

FGF-2 Periodontal Regeneration

regeneration, the millimeter of clinical attachment level (CAL)
regained was added as a main outcome measure.

Including recruitment of subjects, the clinical trial was
performed from December I, 2001 to September 29, 2004.

Methods

The Prutocol for this trial and supporting CONSORT checklist
are available as supporting informations: see Checkliv 81 and
Protocol 81,

This was a randomized, double-blinded, clinical trial of dose
responses including placcho comparison, involving 13 dental
lacilities. Study protocols were approved prior to initiation of the
study by the insttutional review boards of the respecuve
participaling facilities.

1. Participants

Patients with  periodontitis visiting any of the 13 dentl
institutions lisied in Table 1 were requesied 1o participate. In
complinee with GCP guidelines, prospective 91 patients who
provided written informed consent mnderwent elinical inspection
and oral cavity dingnosis. Among 91 patienis B0 patients who
sutishivd the seleciion and exclusion cnteria deseribed in Tables 2
anil 3 were finally remstered. Fach subject received a st
mitial preparation, inchuding oral hygiene instruction, lull-mouth
scaling and root planing before surgical eatment, 1o minimize
bacterial msult and reduce varabiliy between lesions e bascline,
Using oral radiographs and periodontal tissue inspection resulis,
regions of investigation were determined as 2- or d-walled vertical
perindimtal tissue deflects 23 mm apical to the remiining alveolar
bane crest,

2. Interventions, Design and Procedure

This tnal employed recombinant human FGF-2 (Code No.
KCB-1; Kaken Phanmaeentical Co., Ltd., Tokyo, Japan) produced
by genetic nevombination thi introduced the gene for human
FGIF-2 imo Evlwriclia eoli. To improve the operability of drog
administration 1o the region of alveoliar Iwme defivt, belore
administration we mixed lrecze-dricd FGF-2 with 3% HPC, a
colorless and viscid solution, and propared the gel-like invesiga-
tional drug for this clinical tnal (Code No. KCB-1D), FGF-2
concentramion in the investigational drig wias then prepared 1o 0%
{pliseeho), 0.03%, 0.1 or 0.3" and administered to the region of
investigation within 2 h of preparation. Belore the strt aned alier
comipletion of investigational drug admimstration, a third-party
organization (University of Shizuoka, Shizuoka, Japan) measured
FGF-2 comeentrations for each wroup o ascertin that FGF-2
concentrations in vials were accurate aceording 1o good manu-
Tacturing practce standards.

The elinical trinl was conducted according to the schedule
shown in Figure 1. The 80 paiemis were registered e the
Regisiration Cemer (Adjust Go., Lad., Sapporo, Japan) and then
randomly assigned o the following 4 gronps: Group P, placebo
gronp adminsiered HPC containing no FGF-2: Group L,
administerrd HPG containing 0.03% FGF-2; Group M, admin-

patients with concurrent control of dese-response relati |
The peviodontioms tin supports weeth displiys @ tissue siricture
wherein the alveolar bone (hard tissue surrounding dental roots) is
covered by the gingiva (soft tissue), wond “true regranration” thus
involves the regeneration of both hard and soft tissues, To improve
tooth support, regenerating hard tissues including alvenlar bone is
crucial. Henee, in the present study, under the assumption that
FGF-2 would regenvrate both hard and sofi tissues, the rate of
increase in alveolir hone height was established as the most
importanmt onteome measure. Furthermore, 10 confirm sefi-tissue

'.:@'. PLoS ONE | www.plosone.org

istered HPC comaining 0.1"% FGF-2; and Group H, sdministered
HPC convuning 0.3% FGF-2.

Al lap operations were performed in accordimee with the
modificd Widman procedure. The proposcd surgical arca was
anesthetized  using local anesthetic.  Following  imrserevicular
incision, buccal and lingual full-thickness (mucoperiosieal) flaps
were clevated. Following reflection of the mucoperiosteal (lap, all
granulation tissue associated with the bone defect was removed.
Subgingival soli and hard deposits on the root surface were
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Table 1. The 13 trial dental facilities and the investigators

FGF-2 Periodontal Regeneration

Trial facilities

Dental Hospital, Health Sciences University of Hokkaido
Medical and Dental Clinic, Health Sciences University of Hokkalda
Tohoku University Dental Hospital

Aichigakuin University Dental Hospital

Asahi University Dental Hospital

Osaka University Dental Hospital

Okayama University Hospital of Dentistry

Hiroshima University Hospital of Dentistry

Tokushima University Dental Hospital

Kyushu University Dental Hospital

Nagasaki University Hospital Attached School of Dentistry
Kagoshima University Dental Hospital

Fukuoka Dental College Hospital

Number of patients

Investigators
Yusuke Kowashi
Takeo Fujil
Hidetoshi Shimauchi
Mitsuo Fukuda
Toshiaki Shibutani
Masahiro Kitamura
Shogo Takashiba
Hidemi Kurihara
Jurvichi Kido
Takatumi Hamachi
Yoshitaka Hara
Yubchi Lrumi

Takao Hiroluji

w:ﬂlﬂ!ﬂ@'ﬂhl
|

it
L)

EQHON

dol:10.1371V/journal pone.0002611,1001

removed wilizing both hand amd ultrasonic msiramentation 1o
ensure thorongh degranulation and root planing. Afier that, 200
ML of nvestigational drig was administered 10 the bone «hfect
region deseribed  above. No o specific root  comlitioning  wis
performed.

Next, at 1, 2 and 4 weeks alier administration, the same clinical
inspections were perlimied as before adminsiration, and anti-
FGF-2 antibunlies in wrn 2 and 4 weeks afier administrarion
were measured. Al 12, 24 and 36 wieks Tollowing administration,
stundardized radiographs were taiken, periodontal tissues were
inspected d subjective sympioms and objective flindings were
ohserved. In addinon, & patients from cach of the groups were
randomly selected and blood sumples were drawn. At 1, 2and 4 h
alter administering the investigational drug, FGF-2 cancentrations
i seromn were mcasnred.

3. Randomization

An independent organization, the Registraton Center (Adjust
Co., Luad., Sapporo, Japan), was used 10 keep weampent allocation
macvessible G any patients or other individuals involved in the

Table 2. Criteria for selecting subjects

ial. The Registration Genter ereated an allocation table in which
a blowk size of 4 cases per block was allocated to investigational
drugs comprising placebo (Gronp P), 0.03% FGF-2 (Group 1),
0.1 FGF-2 (Group M or 0.3% FGF-2 (Gronp 1, Avcording o
this allocation table, a Tabel indicating the comesponding drg
ninber was atached o ench and every vial of drug, Alier drgs
were allocated, the Registetion Cemter seabed ol kept the
allocavion b inconfidenee ol the clinieal iral wis complered.
Freezesdvied digs for Groups P, L N aid H were fndistinguish-
alile hased o appwearanee,

Investigators at eanch facility checked all inchsion and exclusion
criteria and registered patients one at a time by faxing paticn
wlormation obtained wiber infivmed consent wo e Regiseration
Center. The center aginm checked the documents 1o make sure
i each subjeer had savistied all inelasion and exelusion eriteri,
thin r.uldnml!.r alloinied ~1l|lit't.la A8 ey ey nveive l.||‘|lgn
basedh onn a singhe block comsisting o one dvng saonple concly o
Groups P, Lo M, oand 1L The assigned devg oumbers were then
faxed bk o the investigators, The blind was not broken wmil this
clinical wial was completely linished.

alveolar bone crest
2)  Those who have acc lished initial prep

" C

rreatment

g after invest drug
(] Those -20-years-old and < 65-years-old

doi10.1371/journal pone.D002611.1002

@ PLoS ONE | www.plosone.org

1) Those diagnosed as having, from radiography and other results, 2- or J-walled vertical intrabony defect as being measured at =3 mm apical to the remaining

ion and have been showing good compliance

3} Those with mability of the tooth to investigate of Degree 2 ot less and with width of attached gingiva for which the existing Guided Tissue Regeneration (GTR)
3 [Those with no width of keratinized gingival is not eligible)

4) Those for whom supportive periodontal treatment (SPT) is applicable, in accordance with usual post-operative procedures following flap operation and GTR

5) Those whose oral hygiene s well established and who are able 1o perform

tooth brushing following instructions of the mvestigators and/or sub-

7 Those who understand the purposes of the trial and are capable of making an independent decision ta comply with 1l requinements
8) Those who are able to visit their hospitals In accordance with the trial schedule

d were in need of flap operation.

We selected those patients who met the criteria listed above, from those who the |
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4. Outcome measures

Maiin oulcome measures prespecified in the study protocol
comprised: rate of increase in alveolar bone height; and millimeter
of CAL regained. In addition, we examined whether and to what
extint adverse events emerged for which causal relationships with
the mvestigational drug were not ruled out before breaking the
blind. We sct rate of increase in alveolar bone height as the most
statistically important outcome (primary outcome). Probing depth
(PD), bleeding on probing (BOP), gingival mudex (GI), tooth
mobility (MO), gingival recession (REC), plaque index (PII), and
width of keratinized gingiva (KG) were selected as secondary
outcome measures,

Table 3. Criteria for excluding subjects

1 Those administered a calcium antagonist during the 4 weeks preceding admini of the g | drug

2 Those in need of administration of adrenal cortical steroid fequivalent to>20 ma/day of Predonin) within 4 weeks after investigational drug
administration

3) Those scheduled to undergo a surgical operation in the vicinity of the tooth to investigate within 36 weeks after investigational drug
administration

4) Those with ¢ g mental or consc

5) Those with coexisting malignant tumour or history of the same

6) Those with coexisting diabetes (HbA,; =6.5%)

7 Those in an y poor 1al ¢ {serum albumin concentration <2 g/dL)

B Thase with =200 mL of blood drawn during the 4 weeks preceding il | drig

9 Those admini J her ir 9 | drug during the 24 h preceding investig, | drug

10) Those with coexisting disorder of the kidney, liver, blood and/or circulatory system (Grade 2 or above)

M Those whao are elther pregnant, possibly pregnant or breast-feeding, or who hope to become pregnant during the period of the trial

12) Those with a p history of hype irivity 1o a protein drug

13) Others who the G of sub s d as itable for the tral

doi10.1371/joumnal.pone 0002611.1003

1) Standardized rudiography for regions of investigation

Our geometrically standardized radiography employed dental
film (Kodak TuSight Super P'oly-Soft; Eastman Kodak Company,
Niw York, USA) aml photograph indicators (Cone Indicator-11:
Hanshin Technical Laboratory, Nishinomiya, Japan) customized
with resin stents.

Five ductors specializing in demal radiology from the Depart-
ment of Ol Diagnosis at Tohoku University Graduate School off
Dentistry inddependently measured rate of increase in alveolar
bone height using the methods described m Figure 2. Errors
caused by slight vanation in angulations ol X-ray imaging were
corrected based on the distance between two immobile anatomical

== == = | N After administration_
Before Belore . e TR S e -
Item : : Administration [- Hour Date | Week
o » nglSlralliﬂ : arlrn|n|slraE)r1 R 1_:'__7_3, i _‘11 2 j_?_:? ‘~‘— 2_ P
_Patientagreement | @ | I I () '
- N A . —" ;W ]
Patient background_| e _ | &« - (N . _l_ T ] i
Administration of | °® | |
investigationaldrug | _ ! | i) 4 b Ml o
o Radiography _ W b 4 LIy £ 0 (91919
Clinical altachmentlevel | @ | i) i /I (i O 4__T | |@ @ ®
~ Penodontal issue inspections L I | o= ] A A | | '® I e o
Subjective | | ! | |
symploms and | L] | L] ® o & & o @
_ objective findings | T S = _.!_ == ; =i oo !_ ‘
Clinical inspections : | |\ | S o o I T '_. 5 | ._1 _
Oral cavily | ® | T l oy I ! !
inspeclion 4 - __ —_— e = = S L g { RSO
Anli-FGF-2 :mlli)odyw r ® i o | o @ |
. nserum | D o PO (S NP o -
FGF-2 concentration in serum . °® 1 e ol e r °® | | |
{n=6 from each group) . . . el | | = 1l =

Figure 1. Schedule of the clinical trial. We randomly allocated the BO patients Into 4 groups (n=20 each): 1) a placebo group (Group P); 2) 2
group administered 0.039% FGF-2 (Group L); 3) a group administered 0.1% FGF-2 (Group M); and 4) 2 group administered 0.3% of FGF-2 (Group H). The
clinical trial was then conducted in accordance with the clinical trial schedule. We also measured FGF-2 concentrations in the blood serum of 6

patients randomly chosen from each of the 4 groups, before and then 1 h,
doi:10.1371/journal.pone.0002611.g001
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2 h and 4 h after lon of the i

gational drug.
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reference points. The median of 5 measurements taken from the
same image was then selected for efficacy analysis. Before making
measurements in the present study, X-ray images were read to
measure intra- and interexaminer variations. Each of the 5 doctors
measured the same sample 5 tmes to calculate coefficients of
variation. The results showed that intra- and interexaminer
coefficients of variation were both 3%, confirming the absence
of marked variations.

2) Inspection of periodontal tsue around the tooth under
investigation

We mensured the items shown in Table 4 at 6 positions
(mesiobuccal, buccal, distobuccal, mesiolingual, lingual and
distolingual) around each tooth under investigation

All examiners used PCP-UNC-13 periodontal probes (Hu-
Friedy, Chicago, IL). We held mectings with each investigntor
from all of the participating facilities. In acdition, a start-up
mecting in which all investigators from a single facility participated
was held at cach lacility. In these meetings, the proiocol for this
clinical trial was conlirmed and  clinival  evaluaions
standardized berween facilities. In all facilities, the same person
(MW] explained the detailed methods of probing inspections to all
investigntors and confirmed reproducibility and consistency for
investigator,  Furthermore, prior 10 initiating  bascline
measurements, ira- and interexammer calibrations were per-
ity to ensure reproducihility and

were

each

formed on patients ar each fac
ich mvestigator. Each patient was examined by
wr at every recall visit throughout this clinical

consistency by ¢

the same exan
il

FGF-2 Periodontal Regeneration

5. Safety evaluation

1) Observation of subjective symptoms and objective findings

Medical findings for both the oral cavity and whole body were
confirmed by interview and visual inspection.

2) Clinical inspections

A clinical testing company (SRL Modisearch Inc., Tokyo,
Japan) measured the inspection items (see Table S1 of supporting
itemns). In cases where we discovered unusual changes in any of the
clinical inspection values listed within 4 weeks after admmistration
of the investigationul drug, a follow-up survey was conducted.

3) Measurement of anti-FGF-2 untibody levels in serum

The Pharmacokinetics Department of Kaken Pharmaceutical
Co., Lid. measured levels of anti-FGF-2 aniibody (TgG) in serum
using ELISA.

4) Measurcment of FGF-2 concentration within serum

The Metabolism Rescarch Department of Kaken Pharmacceu-
tical Co., Ltd. measurvd FGI-2 concentrations in serum using

ELISA.

6. Sample size calculation

The elfeer of a combination drug comprising recombinant
human PDGF-BB and IGF-l in humans on periodontl
regeneration has already been reported [19] In PDGF-BB/1GF-
I-ircated subjects (n=16), mean (%standard error of mean) bone
fill was 1852 7" for control sites (surgery alone) wd 42,3%9% [y
PDGF-BB/IGF-] sites with a mean difference of 23.8%:. Asuming
a rate of merease lor placebo control of 20% (standird deviation,
28"%) in abveolar hone of the defect region, the planned sample size

Before operation

After administration

Figure 2. Measured points of alveolar bone height using standardized radiographs. Standardized dental radiographs taken belore and
after FGF-2 administration in one subject (a 29-year-old man) given 0,3% FGF-2, Points A, B, C and D represent the cementoenamel junction, apex,
remaining alveolar bone crest and bottom of the bone defect, respectively. The examiners measured tooth axis heights between Points A and B,
Points A and C, and Points A and D on the X-ray for each patient. To adjust for slight errors due to imaging, measurements for 5 examiners were
multiplied by A-B ratio of before to after administration o correct A-B, A-C and A-D after administration (adjusted A-B, A-C and A-D, respectively).
Rate of increase in alveolar bone height was derived from the following calculation formula. |(A-D before administration) - (adjusied A-D after
administration]] by C-D before administration. On this radiography, C-D before administration, A-D belore administration and, adjusted A-D after
administration measured 9.00 mm, 12.80 mm and 5.93 mm, respectively. These values assigned to the above formula, we oblained the rate of
increase in alveolar bone height as follows. The rate of increase in alveolar bone height (%) = 100{12.80-5.93)/9.00 = 76.35.
doi:10.1371/journal.pone.0002611.g002
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Table 4. Periodontal tissue inspection

FGF-2 Periodontal Regeneration

1 Clinical attachment level (CAL): A stent was prepared for each subject. Using as the control point the cementoenamel junction or margin of the restorative
material, distance between the control point and bottom of the gingival sulcus was measured for each test subject, using the same periodontal probe.

from the gingival margin to the bottom of the gingival sulcus for each

2)  Probing depth (PD): Si y with CAL we
subject using the same periodontal probe.

S)  Mobility of tooth (MO): MO was determined as described by Miller,'”

the same periodontal probe.

doi:10,1371/journal pone 00026111004

of 20 paticnts in each group would provide 90% power to detect
any clinically relcvant treatment difference of 30% at a two-tailed
significance level of 0.05.

7. Statistical methods

For analysis, we employed SAS version 8.2 software (SAS
Institute Inc., Carey, North Carolina, USA). The level of statistical
significance was set at p<0.05 in advance. Data analysis covered
those patients administered the randomly allocated investigational
drugs. In analyses conceming efficacy, those patents found to
have either 1- or 4-walled intrabony defect during surgery after
allocation were excluded. To statistically compare the 3 dose
groups in terms of rate of increase in alveolar bone mass with the
placebo group, the Dunnett option was used based on the Mixed
procedure in the SAS system, in which adjusted p-values were
computed for multple comparisons, and analysis for rates of
increase during follow-up was performed using repeated-measures
analysis of variance with the Mixed procedure.

Results

1. Patient characteristics at the beginning of the trial
(baseline characteristics)

Figure 3 shows flow of patients through the study. The 91
patients screencd as subjects were consenting periodontitis paticnts
for whom periodontal tissue regeneration therapy was indicated by
investigators based on these criteria among a Jarge number of
potential subjects. Following the exclusion of 11 of these 91
paticnis, a final 1otal of 80 patients were enrolled as subjects in the
present clinical trial. The 11 patients were excluded due to findings
on dlinical inspection that could not have been determined by
investigators  during clinical periodontal diagnosis, or due 10
withdrawal of consent to participate. The B0 paticnts were then
randomly assigned to 4 groups of 20 patients cach. Table 5 shows
the bascline characteristics of patients.

2. Evaluation of efficacy

Rate of increase in alveolar bone height at 12, 24 and 36 wecks
alter FGF-2 admmistration are shown in Table 6. A signilicant
difference (p=0.021) was only identified berween Group P oand
Group H at 36 weeks, The detailed daw ot 36 weeks are shown in
Fig. 4 and Table 7. Adjusted mean differences from Group P were
also calculated as least square mean (LSMean) differences buscd
on two-way analysis of variance or analysis of covariance (data not
shown), Adjusted mean differences for gender, site of investiga-

@ PLoS ONE | www.plosone.org

6} Recession of ginglva (REC): Using as the control point the cementoenamel junction or margin of the
ginglval margin was measured for each subject, using the same periodontal probe.

7)  Plague index (Pll}: PIl was determined as described by Silness and Loe.”

3) Bleeding on probing [BOP; + or —): The presence of bleeding was checked 10 s after probing.
4) Gingival index (Gl): GI was determined as described by Loe and Silness.'®

fal, distance b the control point and

| margin and mucogingival junction was measured for each subject, using

8)  Width of keratinized gingiva (KG): The shortest distance between the coronal gingl

tional drug administration (maxilla or mandible), CAL, REG, GI,
MO, PIl and type of bone defect mosiy resembled raw mean
differences and the lower 95% confidence lmits of LSMean
difference (Group P vs. H) was above zero (O<lower 95%
confidence limit). These results indicate that baseline characteristic
imbalances between groups had no influence on evaluation of
clficacy. Regarding the CAL regained (Table 8, REC, KG, MO
and Pll (see Table 52 of supporting items), no significant
differences existed between the 4 groups, Although PD, GI and
BOP prevalence all decreased with time following periodonial
surgical treatment in the 4 groups (see Table 83 of supporting
itemns), no significant dilferences were noted between these groups,

Two-way analysis of variance was used to assexs faciliy
differences in the 4 groups in the rate of increase in alveolar bone
height, revealing no sygificant treatment-by-fucility nteraction
(p=0.795). This suggesis that no marked facility differences
existed with respect to response.

3. Safety evaluation

Major aclverse events for which causal relavonships with the
investigational drug were not ruled out before breaking the blind
meluded positive uninary albumin, increased urinary excretion of
B2-microglobulin and N-acetyl-beta-D-glucosumidase, increased
scrum creatine kinase and C-reactive protein and increased cases
of hypersensiive dentine (sce Table S4 of supporting items).
Frequencies of these adverse events were independent of FGF-2
concentration. No serious adverse evenis were observed through-
out the clinical trinl period. A possible assocition was also
considercd between [requency of adverse events observed during
the trial and the mvestigational drug administration. None of the
adverse events exhibited a strong causal relationship or were
severe, and except for one case, all events resolved without any
special treatment. For each group, the presence/absence and
frequency of adverse evenis were calculated. Fisher's exact test
showed that group allocations exhibited no association to the
presence/absence ol adverse cvents (p=0.469). In addition,
during the inspection following FGF-2 administration (Fig. 1), no
FGF-2 or anti-FGF-2 antibodies were detected in the serum of any
patients.

Discussion

Origindlly isolated from hovine hypophysis in the 1970s, FGF-2
is @ protein with a molecular weight of 17,000 that acts to promote
proliferation of fibroblasts. Rescarchers have isolared, refined and
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Figure 3. Flow of patients through the study.
doi:10.1371/journal pone 0002611.g003

genetically cloned human FGF-2 to clarify numerous different
biological activitics of the protein. As yet, many smudies have
reported thut FGF-2 stimulates proliferation of numerous kinds of
cells, inchuling not just fibroblasts, b also vascular endothielial,
vascular smooth muscle, neurcectwdermal, osteoblast, cartilige
and epidermal cells, The protein s now known 1o be deeply
involved in cell proliferion and diflirentaton and also in control
of extracellulir matrix generation during the processes of tissue
generation and wonnd healing [20-25]. Many recent reports in
the field of ro wative mwedlicine have  dexeribed e use of
cytukines as “signaling moleculis”, stimolating advguate prolifer-
ation  aml  diferentinion of dssoe stem cells. Among those
cytokines, FGF-2 is winning atention from rescarchers dine
activity i promating prolifevtion o mesenchymal steny cells
while maintining muhilineage poremial [6]. The prowein has
already been wtilized ina g ineaciable ulver-caring drug
(Fiblast Spray; Kaken Pharmueentical Co., Lad.) e more than 4
YUirs.

We Tuwe alveady stulicd the stiml;
regeneration by FGEF-2 inaninal n
profein yepresents a o nujor camdidane
regeneraning agent, Phis s Lased on stimulion of pralili
loor bl kinels of cell gronps bl e sl solt tissoes along
with strong angiogenie acovity, which somdispensable e nissin
regenerition. Animal tests e reveaded dan in aetilicinl models of
peviodontal tssie defier i beagdes [ PL5] ad nonshoman
] WAL fasciendany | H] FGF-2 sigmificamly - stimnkites
sis ol alvealar hone, |):'I'im|n:ml| |ig:l111|‘l|l andl cementom,
withont invoking abnormal ellieets such as down-growth of the
uinui\';ll |‘|)i|hr|i;l. I\‘.-un]:tlilu\ ol the dental root or ;llll;_\ liis.

jon of periodonial tissue
els and believe thin the
lir s periodontal s
i
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Based on effective concentrations of FGF-2 for periodontal
tissue regeneration in animal triuls, in addition to the results of our
Phiase 1 trial in which FGF-2 was administerd ir
healthy adult humans, we determined the concentrations ad
doses administered 1o periodontal regions of patients in the prose "
clinieal wial. More specilically, the vesulis of testing swith anilics
delect models of perisdomal tisue in Deagles led us o estinie
that an elfective FGF-2 concentrmion for stimulation of periodon-
tal tissue r:'_x,rm'r'uiun wils l'.l 03-0, 3"-’
tioms was the
200 gL ws the

\I'nuush' o

seleened
o, consilering |i|a| |I|1>. Wil gnml munhh 1o work
on the defieer region of periodontal tssue, T additon, preclineal

il vesuhis have imum ity ol
administervd FOGF-2 e enter the circalation in the present wial
hevein would be aronnd 1.2 /by, Jess than the 30 mg/ludy

suggested that the o

for which safery was confirmed in our Phase 114 ‘e 91
panients sercened as sulijeets sl a sl woral of B0 patienis were
enrolled as subjecis. The patient carmetenstics were alimost
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regenerative therapy [19,26,27], However, no significant differ-
ence was identified between Groups PP oand H in terms of
millimerer ncrements (p= 0,132}, To conlirm the cllicacy of the
investigational drug using more conventional methods, data in
both % and millimeter increments were used 1o caleulae sample
size for the next late Phase 11 thal. In addition, the minimum
clinically effective dose will need to be assessed und determined m
a future clinical study involving more patients,

{@E)- PLoS ONE | www.plosone.org 8

Table 5. Patient characteristics
Item ‘Classification
N;h«; of patients o n
Sex (% of patients) Male
Female
Age (years) Mean (50)
Coexisting disease (% of patients) No
Yes
Previous history No
Yes
Smoking habit No
Yes
Region of administration (Major classification) (% of patients} Maxilla
' Mandible
Region of administration (Minor classification) (% of patients) Anteriar toath
Premolar
Molar
Depth of bone defect at operation (mm) Mean (5D}
Classification of bone defect (% of patients) 1-walled
2-walled
J-walled
d-walled
2/3-walled
1/2-willed
Treatment to tooth of investigation (% of patients) Na
Yes
Existent of dental pulp (% of patients) No
Yes
Clinical attachment level (mmj) Mean (5D)
Probing depth (mm) Mean (SD)
Recession {(mm) Mean {S0)
width of keratinized aingival (mm) Mean (50)
Gingival bleeding Index (% of patients) -
5
Gingival index (% of patients) 0
1
2
Mobility of tooth (% of patients) 0
1
2
Plaque index (% of patients) 0
1
2
doi:10.1371/journal pone.0002611.1005

Group P Group L Group M Group H
20 e 0 0
55.0 368 25.0 350
450 63.2 750 65.0
49.2 (8.9 462 (1.1 468 (103) 47.7 105)
700 5789 750 85.0
0.0 421 250 150
75.0 737 60.0 600
250 26.3 40.0 400
75.0 89.5 B0.O 700
250 105 200 300
400 57.9 55.0 60.0
600 421 450 400
250 210 250 300
350 42.1 40.0 400
40.0 368 350 300
4.7 15) 48 (24) 46(1.7) 5.7 126)
50 00 50 100
500 47.4 700 50.0
400 474 250 300
0.0 00 0o 50
0o 53 00 50
50 0.0 0.0 oo
60.0 57.9 55.0 55.0
400 421 450 450
150 158 200 250
850 B4.2 BO.O 75.0
93122 84 (2.7) 84 (2.8) 8.3 (3.0)
5702 54 (1.6) 51020 58017
24 (1.8) 21 01.5) 22123 1.7 (1.5)
49 (21) 4.3 (1.9) 45 (2.2) s3n
100 158 200 50
90.0 B4.2 80.0 950
350 FIR| 250 100
300 474 40.0 450
350 e 5.0 45.0
65.0 579 50.0 400
350 68 50.0 550
00 53 00 50
500 421 B80.0 600
350 . 518 00 300
100

15.0 0.0 00

Interestingly, no significam diflerence was observed Ivtween the
4 groups in the millimeter of CAL regained, with all groups
scoring around 2 mm {sce Table 82 of supporting items). The
CAL regained following periodontal surgery is derived from the
sum ol epithelial and fibrous anachments. I periodontal dssue
regencration accompanicd by neagenesis of the alveolar bone and
cementum 18 stimulated, fibrous attachment reproducing  the
natural anatomical  morphology 1= achieved.  However, the
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Table 6. Changes with time in alveolar bone height

FGF-2 Periodontal Regeneration

Group P (n=19) Group L {n=19) Group M (n=19) Group H (n=17)
rate of increase (%) 12 weeks  690(2012) " 203 n879) T —om@my T ussszoy
24 wsks 17.44 (28.48) 1233 (27.50) 1259 2367 35.58 (4035)
36 weeks 23,92 (27.52) 20.19 (38.09) 2939 (377 “5B.62 (46.74)
millimeter increase 12 weeks 0.28 (0.80) Q.07 (0.58) 0.15 (0.77) 055 1.37)
36 weeks 0.95 (1.26) 0.54 (1.26) 1.06 (1.16) 185 179

alveolar bone height.
doi:10.1371/journal.pone.0002611.1006

majority of CAL acquisition following conventional periodontal
surgery has been shown to be due 10 epithelial attachment
unaccompanied by alveolur bone regeneration [28-31]. We have
previously conducied an animal study using non-human primates
and reporied that at the FGF-2 administration site, down-growth
of gingival epithelial cells was suppressed to achicve fibrous
attachment accompanied by neogenesis of the alveolar bone and
cementum [14]. In the present study, no significant differences in
CAL regained were seen between Group P (conventional
periodontal surgery) and the three FGF-2 groups (Tahle 8). Based
on the results of the above-mentioned preclinical study, we deduce
thint diffesrnces may exist between Group P and 1lie three FGF-2
groups in histological ratio of fibrous and epithelial attachments
achicving CAL acquisition: Conlfirmation of the nature of healing
tissue requires histological evaluation in a future study.

PD, BOP, GI, MO, REC and KG are generally used to assess
pathology in periodontal disease. These parameters do not dircetly
assess the ellicacy of FGF-2 in periodonial tissue regeneration, and
were selected in the present study as secondary outcome measures
to ascertain whether FGF-2 would cause abnormal penodontal
healing following periodontal surgery. The fact thiat no significant

100 .
< 80}
&G0 p
e
L=
s W
L3
ld
o0 b
i . . .
Gioup P Group L Group M Group H
(n=10; =16y in=19) n=17}

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 a1 36 weeks after FGF-2 administration among
Group P (19 placebo cases), Group L (19 cases administered 0.03% FGF-
2), Group M (19 cases administered 0.1% FGF-2) and Group H (17 cases
administered 0.3% FGF-2). This fligure shows mean increase rates (%)
and standard deviations of alveolar bone height. While no significant
difference was observed between Groups L and M and P, Group H
showed significantly increased (p=0.021) alveolar bone height in the
bone defect region compared to Group P.

doi:10.1371/journal. pone.0002611.9004

@, PLoS ONE | www.plosone.org

Mean and standard deviations are shown. "A significant difference (p=0.021) was only Identified between Group P snd Group H at 36 weeks in rate of increase In

dillerences among these secondiry outcome measures for the 4
gronps showed that FGF-2 adminisiration dicl not cause abnormal
healing of periodintium following periodontal surgery. Further-
more, frequeney of PD, G, and BOP all dropped over tinie in all
groups after perindontal surgical treatment. These findings show
that we can expect FGF-2 administration 1o provide a therapeutic
-process similar to that of the conventional llap operanon, in
addition 1o the healing outeome of periadontal tissue regeneration,
Yet another ohservation was the lick of recognisable difference in
changes to REC and KG, which accompanies periodontal surgicnl
treaument, between Group P oand the other 3 groups receiving
FGF-2 administration. This confirms that FGF-2 administration
does not cause peculinr gingival recession or reduce kersitinized
gingva. Pl olfers o parameter for assessing the amount of plagque
causing periodontal diseas, and sice the degree of plage
deposition can alfect the prognosis of periodontal surgery, this
parameter was also selected as a secondary onicome measure. In
this clinical study, no significant intergroup diflerences were sien
in I'll. Moreover, radiography was performed lor 67 patients who
willingly and positively responded to our “recall” for imiging
between week 83 aml 132 (inclusive) afier adminisiraton of
investigational drugs (Group P, n=19; Group L, n=15; Group
M, n=18; Group 1T, n=16). Amiong these 67 patients, no cises
suggested an aboormal increase in alveolar bone execeding 1he
cementocnumel  junction or an equivalem eonrol - point - or
ankylosis (il not <hown),

The pevindonial ligament comprises heterogenons eell populi-
tions and rescarchers Tuve  predicied  the exisience of some
progenitor cells that can dillerentione into cementohlasts o
osteoblasts [32-34] A vevent study veported thia some eells within
the ligament express STRO-1 and CD G miesenchymal siem cell
markess. Such eells, aeeording to the suuly, dillrentiate o
cementoblnst-like cells, adipoeytes id collagen=limming cells, Our
previous in vitto stidies lewve chrilied due FGF-2 Gicilioies
profiferaiion while mamining the ditlerentiation of human
puriodontal higament eclls (HPDLs). In addition, we now Kiow
it the protein choes ot just simulite angiogenesis, i !
indispensable in the regenertion ol tissoe, bt also mereases the
production ol vions nvpes ol exteacellular natex from TTPDI <
[21.353--37). In short, FGF-2 ereares o local ervivomment suitalih:

| ovissue throngh the ativities
i

for the regenermion o peviodon
deseribed above, as part of the meclamism by which vegen
ol perioddontal tiesae iy stimulated,

I o elinieal ariale e idenifv adverse evins from FGF-2
admimistered 1w a0 particnlie eegion of pesiodonial dssoe, we
condicted aninterview il visial inspection o cleek the whaole
body ol the patient, checked ol cavity findings and performied
clinical  spection. Noo relavonships were idennified - benween
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