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ActivationofLatentTGF一 βattheVascularWall

RolesofEndothelialCellsandSmoothMuscleCells

DepartmentofVascularBiology,InstituteofDevelopment,

AgingandCancer.TQhokuUniversity

YasufumiSato(53年 卒)

lntroduction

Cytokinesandgrowthfactorsplayimportant

rolesinthephysiologyandpathophysialogyof

thevascularsystem.Thevascularwallispri一コ
marilycomposedofendothelialcells(ECs}and

muralpericytesorsmoothmusclecells(SMCs}.

PericytesarecellsthatsurroundECsincapil-

laryvesselsorpost-capillaryvenules,while

SMCsare .presentinlargevesseks.ECsandmu-

ralcellsareabletoproducecertaincytokines

orgrowthfactors,andthesefactorsmayaffect

thefunctionsofvascularcellsinautocrineor

paracrinemanners.

Transforminggrowthfactor一 β(TGF一 β),a

familyof25-k　 hamodimericpeptide,isoneof

thesecytokinessecretedfrombathECsandmu-

ralcells,andhaspotentactivitiesoncell

growth,motility,anddifferentiation(1-3}.

TGF一 βislocalizedat.thevascularwalland

mayexpressprofoundeffectsonthevascula-

ture(4,5).Invitro,TGF一 β1inhibits'the

migrationandproliferationofECs.(6),while

TGF・ β1stimulatesorinhibitstheproliferation

ofSMCsdependingonthecelldensityorits

concentration(7,8),TGF・ β1dependentsti-

mulationofSMCproliferationismediated・by

theinductionofautocrinePDGFsynthesis($}.

Invivo,exogenouslyadministeredTGF一 β1en-

hancesintimalthickeningofthearterialwailaf一

terballoon-catheterinjury(4).Neutrahzing

antiTGF一 βalltibodyinhibitedintimalthicken-

ingafterballoon-catheterinjury(9)Direct

transferoftheactivelymutatedTGF一 βlgene

intoarteriesinducesfibrocellularhyperplasia

intheintima(10).Theseobservationssuggest

thatTGF・ βplaysaroleintheprogressionof

atherosclerosis.

LatencyofTGF-a

AcharacteristicfeatureofTGF一 βisthat

TGF-f3isnormallysecretedinabiologically

inactivelatentform(11,12).Therearethree

componentsoftheLTGF・ βcomplex:themature

TGF一 β,theTGF一 βlatency-associatedpeptides

(LAP),andtheLTGF・ βb孟ndingprotein

(LTBP)(13,14).LAPisa75-kDhomodimer

representingtheNH2-terminalremnantofthe

proTGF一 β.LAPdeterminesthe』atencyofthe

complexbybindingtothematureTGF-/3

throughnoncovalentinteractions.LTBP,apro-

teinof125～160-kDderivedfromadistinct

gene(15,16),isattachedtoLAPbyadi-

sulfidebond,andisrequiredfortheassembly

andsecretionofLTGF一 βfromcells(17).

LTGF一 βcomposedofthematureTGF・ β,LAP,

andLTBPisdenotedasthelargeLTGF・ β

co皿plex,whereasthecomplexcomposedofthe

matureTGF一 βandLAPisdenotedasthesmall
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LTGF・ βcomplex.BothECsandmuralcells

secretelargeLTGF-f3(18}.Thus,thepost-

secretionalactivationofLTGF一 βisalimiting

stepfor'expressionofitsactivity(Fig.1).

LTGF一 βisactivatedinatesttubebyproteoiy-

sisofthelatentcomplexwithplasminand

cathepsinD(19),orbyalterationofcarbohy-

dratestructureswithintheLAP(20}.Plasmin

cleavesthecarboxyl-terminalportionoff'LAP

andreleasesmatureTGF一 βfromthe'LTGF一 β

complex(21).

1.Syn愉esis&

Processing

一
LTBP.

primpra-7GF一 βO
寺
r°-TGF-

a
smalllatentTGF・ β

C
C≡ 雪:
m TGF-R

2.Secretion

3.Ac#ivation

→ Z
TGF一 β

largeIatentTGF一 β

FigurelSynthesis,secretion,2ndactivationof

TGF-RTGF-Rissynthesizedand

secretedinalatentform.Therefore,

post-secretiorialactivationisrequired

fortheexpressionofitsactivity.

Re-endothelializationaftertheinjury

ofendotheliairnonolayer

Tnthecaseoftheinjuryofendothelialmono-

layer,remainingendothelialcellsmigrate,pro-

liferate,andrepairthedenudedarea.Certain

growthfactorsincludingfibroblastgrowthfac-

hors(FGFs)andvascularendothelialgrowth

factor(VEGF}havepotenteffectsanECsand

mayacceleratethisprocess.Amongthem,bFGF

isproducedbyavarietyofcelltypesincluding

ECs(22).bFGFproducedbyECsstimulates

piasminogeactivator(PA)・synthesis,migra-

tion,proliferationofECsinanautocrineorpa-

racrinemanner(23-25}Whenaconfluent

ittonolayerofbovineaorticEGswaswounded

witharaterbladeinvitro,theremainingECs

migratedintoadenudedarea.Anti-bFGFanti-

bodyblockedthismigration(23).Moreover,

ECsatthewoundedgeexpressedurokinase-

typePA(u-PA)activity,andanti・bFGFanti-

bodyblockedtheexpressionofuPAactivity,in-

dicatingthatthesephenomenaweredependent

onendogenousbFGF.Siroet.al.showedthein-

creasedsynthesisofbFGFinmigratingECs

(26).Thpinductionpfu-FAactivityinmig一コ
ratingECsisderivedfromincreasedexpress-

ionsofbothu・PAandu-PAreceptors,and

theseexpressionsaredependentonendogenous

bFGF(25,27).

DuringthemigrationofECs,thedegradation

ofextracellularmatricesisindispensable.

Proteinases,whichareinvolvedinthedegrada-

tionofextracellularmatrices,arePA-plasmin

andmatrixmetalloproteinases(MMPs}like

collage皿aseandstromelysin(28).ECssynthe-

sizetwotypesofPA:u-PAandtissue-typePA

(t-PA}andtheirspecificinhibitor,plasmi-

nogenactivatorinhibitor1(PAI-1).Moreover,

ECssynthesizealatentformofMMPsandtheir

specificinhibitor;tissueinhibitorofmetailop-

roteinase1(TIMP-1}.PAconvertsubiquitous

plasminogentoplasmin,andplasminconverts

latentMMPtoanactiveform.Therefore,this

cascadeofproteinasesisrequiredfortheex-

pressionoftheiractivities.Furthermore,the

proteinaseactivitiesaredeterminedbytheba-

lancebetweenproteinasesandtheirspecificin-

hibitars(Fig.2).However,ikisnotsimplya

matterofamountsofproteinasesandtheirin-

hibitors.Therearecell-surfacereceptorsforu一

一152一



神緑会学術誌 第11巻1995年

PAandt-PA,andcell-surfacebindingsitesfor

plasminogenandplasmin{Fig.3).Theu-PA

receptorisaglyeosyl-phosphatidylinositol

anchoredmembraneprotein(29)andu-PA

bindstothereceptorwithitsIV-terminalnan-

catalyticdomain(34}.PAI-1promptlybinds

PAsandquenchesPAactivityin,thefluid

phase.However,onceboundtoitsreceptor,u-

PAbecomesrelativelyresistanttotheinhibi-

tionbyPAI-1andexpressesitsproteinaseacti-

vitiesatpericellularmilieu,convertingcell-

surface-boundplasminogentoplasrnin.Cell-

surface-boundplasmindegradeslaminin,fib-

ronectin,andproteoglycan;componentsofex-

tracellularmatrices.Plasminalsoactivatesla-

tentMMI'sandactivatedMMPsdegradecol-

lagen,amajorcomponentofextracellularmat-

ricer.Inthisway,cell-surfacePA:-plasminplays

afundamentalroleinthedegradationofv・ascu-

larbasementmembraneandinterstitialmat-

aces.

牌7禁;罪 晦M汐lr
Metalloproteinases
(cnllagenase,stromelysln]

T

PIasminogenaCtiwatora2piasmininhibitorTiMPs
inhibitors

Figure2 Pro#einasesformatrixdegradationand

theirspecificinhibitors.ECsproduce

2typesofPA,tPAanduPA,andtheir

specificinhibitorPAI-1.ECsalsopro-

dicealatent#ormofmatrixmetallop-

roteinasesandtheirspecificinhibitor

TINIP-1.PAsconvertubiquitous

zymogen,plasminogen#oplasmin.

Plasminac#iwateslatentmetallop-

roteinases.

1.u-PA-u-PArecap#or

2.plasminogen-bindingsite

3.plasmin-bindingsite

endothelialcell

Figure3CelfassociatedPA,plasminogen,and

plasmin.EGsexpressreceptorsforu-

PA,andbindingsitesforbothpiasmi-

nogenandplasmin.Thiscell-associ-

atEdPA-plasminsystemisinvolvedin

pericellularproteolysis._

ActivationofLatentTGF-(3byQCs

andMuralPericytes/SMCsIn#eractian

(1}RoleofECs

Almostall-celltypesincludingECsandmural

cellsproduceandsecreteTGF一 β,andmost

cellshavereceptorsforTGF・ β.AsTGF・ βex・

pressesprofoundeffectsonmostcellsevenina

verylowconcentration,theexpressionofits

effectsmusthetightlyregulated.Inthiscontext,

thelatencyofTGF一 βisoneofthemostimpor-

tautcharacteristics.Althoughthemechanism

foractivationofLTGF一 βinvivoispoorly

understood,LTGF一 βwasfoundtobeactivated

quiteefficientlybytheinteractionofECsand

muralcellsintissuecultureeanditions(3」.).

Whenaconfluentmonolayerofbovineaortic

ECswaswounded,andbovineretinalpericytes

orbovineaorticSMCswereco-culturedim-

mediatelyafterthewounding,muralcellsinhi-

bitedECmigration.Thisinhibitionwasabra-

gatedbyanti-TGF一 βantibody、WhileECsand

muralcellssecretedLTGF一 βinhomotypiccud-

tureconditions,activeTGF一 βwasfoundtobe

generatedduringco-cultureofECsandmural

cellswithcantaetbetweenthetwocelltypes.

Antonelli-Orlidgeetal,independentlyreported

thattheinhibitionofECproliferationbyco-cul-

tunewithpericytes/SMCswasmediatedbyacti-

vatedTGF一 β(32).PlasmincleavesLA、Pand
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releases皿atureTGF一 βfromtheLTGF・ βcom-

pl・x(21).Theexpressi・n・fPA・ ・tivityby

migratingECssuggeststhattheactivationof

LTGFβduringco-cultureisdependentonthe

PA-plasminactivityofECs.Thisideawassup-

portedbythefollowingobservations.Simul-

taneousadditionofserineproteaseinhibitors

{aprotinine,e-aminocaproicacid,orarather

specificinhibitorforplasmina2-plasmin

inhibitor)almostcompletelyneutralizedthein-

hibitoryeffectofmuralcellsonECmigration

(31).Moreover,removalofplasminogenfrom

thetissuecultureconditionsortheadditionof

lipoprotein(a}whichcompeteswithpla,smi-

n・9・n,b1・ ・k・dthe・ ・tivati・n・fLTGF・ βdur-

ingco-culture(33).Therefore,theactivationof

LTGF一 βby・theinteractionofECsandmural

cellsappearstobemediatedbyPA-plasmin

activityexpressedonthesurfaceofECs(Fig.

4)

しTGF・ β

endothelialcellpericyte!SMG

Figure4ActivationatlatentTGF-aduringco-

cultureofECsandmuralcells.Raleof

ECs.MigratingECsexpressPA-plas-

minontheircellsurface.Plasminon・

thesurtaceofECsactivatesLTGF-a

duringco-culture.

(2}RoleofMuralPericytes/SMCs

Roleofmuralcellsintheactivatio皿ofLTGF-

Qduringeo-cultureisneedtobecharacterized.

ActivationofLTGF・ βbyplasminduringco・

cultureofECsandmuralcellsandlocalization

ofPA-plasminonthesurfaceofEsuggestthat

LTGFゴ βmustbetargetedtothecellsurface

foritsactivation.LAPcontainstwopotential

cellularbindingdomains:mannose-fi-Phosphate

andanArg-Gly-Aspsequence(34,35).ltis

shownthatLTGF一 βisabletobindtothecell

surfaceviacation,-independentmannose-6-phos-

phate/insulin-likegrowthfactorII(IGF-II)

receptor(35).DennisandRifkinreportedthat

anexcessamountofmannQse.6-phosphateor

antibodytotheIGF-IIreceptorpreventedthe

activationofLTGF'βduringcQ・cultureofECs

andSMCs(36).Therefore,theyspecula亡ed

thattheLTGF-/3complexbindstothecellsur-

faceviaIGF・IIreceptor,andthatthisbindingis

requiredforitsactivationduringco-culture.

Anothermoleculethatmaybeinvolvedinthe

targetingofLTGF一 βisLTBP.LTBPcontains

16EGF-likedomainrepeatsandthreecopiesof

amotifwitheight℃ysteineresidues(15,16).

TheEGF-likedomainrepeatshavebeenprop-

osedtobeinvolvedintheprotein-proteinin-

teraction.Flaumenhaftetal.showedthatthe

antibodytoLT$Poranexcessamountoffree

LTBPinhibitedtheactivationofLTGF一 βdur-

ingco-cultureofECsandSMCs(18).Thus,

theyspeculatedthatLTBPdirectsLTGF一 βto

theactivationsiteonthecellsurfacewiththese

EGA`-likedomainrepeats.However,thesetwo

observationsdidnotdirectlyshowthecellular

targetingofLTGF一 β.-

Thetargeti皿gofLTGF一 β .bythebindingof

lz51 -largeLTGF-RltoECsorSMCswasex-

amined.Itwasfoundthat125HargeLTGF・ β1

boundspecificallytoSMCs,butnottoECs.

Thus,thetargetingofLTGRβappearstobe

cell-typespecifictomuralSMCs.Scatchard

analysisrevealedthattherewerehighaffinity

andlowaffinitybindingsitesonaSMC:ahigh

affinitysitewithadissociationconstantofab-

out140pMand1,264sitespercellandalow

affinitysitewithadissociationconstantofab-

out5ユnMand13,850sitespercell.Tounder一

一154一



神緑会学術誌 第11巻1995年

standthepreciserolesofLAP.and/orLTBPon

thetargetingandactivationofLTGF・ βduring

co-cultureofECsandpericytes/SMCs,」.4

monoclonalantibodies(mAbs)thatrecognized

eitherLAPorLTBPweredeveloped.EachmAb

wasaddedtotheco-culturewoundmigration

assay,andoneofthemAbsagainstLAP

(KIVi704}wasfoundtoneutralizetheinhibi-

tort'effectofSMCsonthemigrationofECs.No

mAbsagainstL'1`BPwerecapableofblocking

theactivationofLTGF一 βduringco-ctllture,

FurthermoreKM744,whichpreventedthe

activationofLTGF一 βduringco-culture,block-

edthebindingof1251・largeLTGF・ βltoSMCs.

ThisdemonstratesforthefirsttimethatLTGF一

βisselectivelytargetedtoSMCsbutnotto

ECs,and .thateliminationoftargetingofLTGF-

ptoSMCsappearstoblocktheactivationof

LTGF一 βduringco-cultureofECsandSMCs,

Thisimpliesauniquemechanismfartheactiva-

LionofLTGF-aduringco-culture{Fig.5).

ECsexpressPA-plasminactivityontheircellu-

larsurface.However,asLTGF-Risnot

targeted『toECs,theactivationofLTGF一 βis

notefficientinhomotypiccultureconditions.

Bycontrast,LTGF一 βistargetedto

pericytes/SMCs,butpericytes/SMCsdonotex一
コ

pressenoughPAacヒivitytoactivateLTGF・ β

inhomotypiccultureconditions.Duringco-cul-

LureofECsandpericytes/SMCswithcellcon-

tact,PA-plasminlocalizedonthesurfaceofECs

efficientlyactivatedLTGF一 β'targetedto

pericytes/SMCs.Itispassiblethatacellwhich

posessesbothPAactivityandthebindingsites

forLTGF一 βcouldactivateLTGF一 βinhomoty-

piecultureconditions.Asdescribed,LAPcon-

tainstwopotentialcellularbindingdOmains:

mannose-6-phosphateandanArg-Gly-Aspsequ-

epee.Thereforemannose-6-phosphateoran

Arg一 αy-AspsequenceinLAPmightbere・

sponsibleforthetargetingofLTGF・ βtoSMCs.

Thebindingof1251・largeLTGF・ βtoSMCs

showednocompetitiveinhibitionbyeither

mannose-6-phosphateorthesyntheticpeptide

Arg-Gly-Asp-Ser.Thesefindingssuggestthatし
neitherthemannose-6-phosphatenoranArg-

Gly-AspsequenceinLAPis .involvedinthe

targetingofLTGF一 βtoSMCs,andthatKM704

mightrecognizeanentirelydifferentdomainof

LAPresponsibleforthetargetingofLTGF一 β

toSMCsX37}.

LTgF一 β

endothelialcell

LTGF一 βbindingsite

pericyte!SMC

Figure5ActivationoflatentTGF一 βduringco-

cultureofECsandmuralcells.Roleof

moralcells.LatentTGF-aisspecifi-

callytargetedtomuralcells.・During

co-cultureQfECsandmuralcells,

plasminlocalizedon.thesurfaceof

ECsactivateslatentTGF一 βtargeted

onmuralcells.

(3}RegulationoftheActivationofLatent

TGF-{3bytheInductionofPAI-1

0nceactiveTGF-Risgeneratedduringco-

cultureofECsandmuralcel塵s,activeTGF一 β

inhibitsthemigrationandproliferationofECs

(31,32).Moreover,thereismorethana20

foldincreaseofFAI-1inproteinlevel,andthe

PAactivityofECsisinhibitedduringco-cul-

ture(38).LessthanlO%ofLTGF一 βwasacti一ロ
vatedduringco-culture.SincePA-plasminisre-

sponsiblefortheactivationofLTGF一 βand

TGF一 βinducesPAI-lduringco-culture,TGF一

βmayregulateitsowngenerationbyinterfer-

ingwithPA-plasminactivityviatheinduction

ofPAI-1,Conditionedmedium(CM)wascol-

1ectedevery12hoursandtheTGF一 βactivity
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inCMwasdetermined.ActiveTGF一 βwas

foundonlyinthefirst32hrofco-cultureCM,

andnoactiveTGF一 βwasfoundduringthe

subsequenthours12to36.However,.whenCM

wascollectedinthepresenceofantibodyto

PAI-1,thegenerationofactiveTGF一 βduring・

co-cultureproceededataconstantrateforat

least36hr.WhenantibodytoPAI-1wasre一

血lovedatthe24hrpoint,しhegenerationofac-

tiv守TGFβwas
,1・stduring'h・urs24t・36.

Therefor・,th・a・tiv・ti・n・fLTGF一 βbylth・in-

tera・ti・nbfE鋤ndmu・alcellsappe・rst。b・

self-regulatedanddeterminedbythe.levelsof

PAandPAI-1(Fig.6}.

LTGF-¢

endothelialcellpericyte/SMG 4」

Figure6Regulationo置ltheactivatiPnoflatent

TGF一 β'Qh・eL↑GFβisac#i・ated,

activeTGF-ainducesPAI-1.PAI-1

inhibitsPAactivityofECs,andpre-

ventsthefurtheractivationofLTGF-R.

Conclusion

WhileECsandpericytesarephysiologically

incontactatcapillariesorpost-capillary

venules,ECsandSMCsarenormallyseparated

byinternalelasticlaminainlargevessels.

However,therearecellcontactsbetweenQCs

andintimalSMCsatfhesiteoftheatherosclera-

ticlesion.WhenECsareinjured,there皿aining

ECsinducePAactivityandmigrateintothede-

nudedarea.Attheatheroscleroticlesion,

LTGF一 βtargetedtoSMCsisefficientlyacti一

を

vatedbyPA-plasminonthesurfaceofmigrat-

ingECs.ActivatedTGF-Rinhibitstherepair

ofendotheliallayerandinducesPAI-1which

maycausethrombosis.
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