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Abstract

Herpesvirus gH/gL envelope glycoprotein complexes are key players in virus entry as

ligands for host cell receptors and by promoting fusion of viral envelopes with cellular mem-

branes. Human cytomegalovirus (HCMV) has two alternative gH/gL complexes, gH/gL/gO

and gH/gL/UL128,130,131A which both shape the HCMV tropism. By studying binding of

HCMV particles to fibroblasts, we could for the first time show that virion gH/gL/gO binds to

platelet-derived growth factor-�. (PDGFR-�.) on the surface of fibroblasts and that gH/gL/gO

either directly or indirectly recruits gB to this complex. PDGFR-�. functions as an entry recep-

tor for HCMV expressing gH/gL/gO, but not for HCMV mutants lacking the gH/gL/gO com-

plex. PDGFR-�.-dependent entry is not dependent on activation of PDGFR-�.. We could also

show that the gH/gL/gOÐPDGFR -�. interaction starts the predominant entry pathway for

infection of fibroblasts with free virus. Cell-associated virus spread is either driven by gH/gL/

gO interacting with PDGFR-�. or by the gH/gL/UL128,130,131A complex. PDGFR-�.-positive

cells may thus be preferred first target cells for infections with free virus which might have

implications for the design of future HCMV vaccines or anti-HCMV drugs.

Author summary

Theidentificationof cellularreceptorsrecognizedbyviral glycoproteinspromotingentry
iscentralfor understandingviruspathogenesisandtransmissionfor anyvirus.Although
therolesof alternativegH/gLcomplexesof HCMV in celltropismandvirusspreadhave
beenextensivelystudiedin cellculture,transferto HCMV tropism�� ���� isacontrover-
sialissue.Our characterizationof thePDGFR-��±gH/gL/gOinteractionoffersanexplana-
tion for thetropismof HCMV for cellsandtissueswith high levelsof surfacePDGFR-����
����. Discrepantfindings,whensimilarcelltypeswereanalyzedin culture,may
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retrospectivelybeattributedto aculture-dependentlossor up-regulationof PDGFR-��
protein levels.Our finding that thePDGFR-��ÐgH/gL/gOinteractionstartsthepredomi-
nantentrypathwayfor infectionwith freevirusmovesthegH/gL/gOcomplexin thecen-
ter of interestfor vaccinesdesignedto preventhorizontalor verticaltransmissionandalso
for thedevelopmentof CMV vaccineor genetherapyvectors.

Introduction
Humancytomegalovirus(HCMV) isahumanherpesviruswhich isspreadworldwideandcan
causelife-threateninginfectionsin immunocompromisedpatients.Additionally, it isoneof
themajorcausesof virus-inducedbirth defectsaftercongenitalinfection.Likeall herpesvi-
ruses,it persistslifelongin its host.HCMV diseasein immunocompromisedpatientsand
intrauterineinfectionwith HCMV canbeobservedbothafterprimary infectionandafterreac-
tivation [1]. Onehallmarkof HCMV infectionis thebroadcelltropismobserved�� ���� [2],
whichisshapedbyanumberof differentenvelopeglycoproteincomplexes.

Initial attachmentof HCMV particlesto cellsispromotedbyheparansulfateproteoglycans
on thesurfaceof cells[3]. Both,theHCMV glycoproteingBandtheHCMV gM/gN glycopro-
tein complexareinvolvedin this initial attachment[4,5].Thisstepisbelievedto befollowed
byamorestableandspecificinteractionof cellularentryreceptorswith eitherthetrimeric
gH/gL/gOor thepentamericgH/gL/UL128,130,131Aenvelopeglycoproteincomplex[6].
OncethereceptorÐgH/gLcomplexinteractionisstabilized,thecoregH/gLcomplexin con-
certwith gBisbelievedto promotefusionof theviral envelopewith cellularmembranes[6,7].
The�� ����� phenotypesassociatedwith alossof thetrimeric or thepentamericcomplexesare
completelydifferent.Mutantsunableto form gH/gL/UL128,130,131Alosetheir broadcelltro-
pismandclassicalhostcellslike endothelial,epithelial,monocyticor dendriticcellscanno lon-
gerbeinfected�� ����� [8±13].Yet,thecapacityto infect fibroblastsandvirusproductionin
fibroblastsisnot affected[10,12].Mutantsunableto form gH/gL/gOor mutantswith low
amountsof gH/gL/gOin their envelopesprimarily spreadcell-associated,becausegO-negative
virusparticlesreleasedfrom infectedcellsarehardlyinfectious[14±17].Yet,their hostcell
rangeisnot restricted[14,15].Mutantsunableto form eitherof thegH/gLcomplexesdo not
releaseinfectiousvirusnor cantheyspreadin acell-associatedmanner[15]. Therolesof the
HCMV gH/gLcomplexes�� ���� arenot clear.A studyon theroleof thegH/gL/gOcomplex
of murinecytomegalovirus(MCMV) showedthat in primary infection,gH/gL/gOiscrucial
for infectionof first targetcellsincludingepithelialcells,endothelialcellsandmacrophages
[18]. Comparableto observationsin cellculture[14,15,19,20],spreadof infectionfrom these
first targetswithin organsisnot dependenton gOaslongasanalternativegH/gLcomplexcan
beformed[18].

SeveralstudiesindicatedthatgH/gL/gOandgH/gL/UL128,130,131Ausedistinct receptors
for entry[20±22].Until today,anumberof differenthostcellsurfacemoleculeshavebeen
shownto enhanceHCMV infectionof cellsin culture[23±28].Additionally, it hasbeenshown
thatbinding of HCMV to someof themcanresultin activationof signalingpathways
[23,27,29,30].Amongthosesignalingcellsurfacereceptorsaregrowthfactorreceptorslike plate-
let-derivedgrowthfactorreceptor-��(PDGFR-��),epidermalgrowthfactorreceptor(EGFR)or
integrins[23,26±28].PDGFR-��,EGFR,andintegrinshavebeenshownto bind gBor gH
[23,27,28,31].Recently,it hasbeenshownthatPDGFR-��bindsrecombinantgH/gL/gO[32].

Here,wecouldfor thefirst time showthat thegH/gL/gOcomplexin concertwith gBbinds
PDGFR-��whenHCMV virusparticlesattachto hostcellsurfaces.Thisconfirmsthe
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interactionof recombinantgH/gL/gOwith PDGFR-��reportedrecently[32]. Wecouldalso
showthat thePDGFR-��ÐgH/gL/gO interactionstartsthepredominantentrypathwayfor
infectionof fibroblastswith freevirus.CellularPDGFR-��expressionlevelsdetermined
whetherinfectionwasdependenton thegH/gL/gOor thealternativegH/gL/UL128,130,131A
complex.Interestingly,infectionof fibroblastswasnot dependenton activationof PDGFR-��.
BysilencingPDGFR-��,wecouldshowthat thePDGFR-��±gH/gL/gOinteractionnot only
promotedinfectionwith freevirus,but alsocell-associatedvirusspread.Thedominanceof
gH/gL/gO-drivenentry in infectionswith supernatantvirussuggeststhat thePDGFR-��ÐgH/
gL/gOinteractionmayplayacrucialrole in horizontalinfectionwith freevirusfrom bodyflu-
idslike urine or breastmilk andthusbeaninterestingtargetfor vaccinesor antiviraldrugs
designedto preventHCMV primary infection.

Results

Virion gH/gL/gO binds to PDGFR-�.
It hasbeenshownthat recombinantgB[23] andrecombinantgH/gL/gO[32] bind to cellsur-
facePDGFR-��.ThiswasinterpretedasPDGFR-��beingacofactorfor HCMV infectionor
PDGFR-��beinganentryreceptor,respectively.To find out whetherPDGFR-��alsointeracts
with theseglycoproteincomplexesin envelopesof HCMV particles,weco-incubatedvirus
particlesof theHCMV mutantTB40-UL131Astop[19], whichisunableto form thegH/gL/
UL128,130,131Acomplex,with surface-biotinylatedhumanforeskinfibroblasts(HFF),lysed
cellsandsurface-boundvirions,andprecipitatedtheHCMV glycoproteingH with ananti-gH
antibody.A streptavidin-stainedblot of precipitatedproteinsshowedabiotinylatedcellsurface
proteinof around180kDawhichwasco-precipitatedfrom cell-virion lysates(S1Fig,lane3).
Thisproteincouldalsoco-precipitatedfrom mixturesof separatelylysedHFFandvirions (S1
Fig,lane2),but not from HFFcontrol lysates(S1Fig,lane1).Thecorrespondinggelslices
from asilver-stainedgel(S1Fig)wereanalyzedbymassspectrometrywhichshowedone
prominenthit for thecell-virion lysate,peptideKLVYTLTVPEATVKD, whichmatchesthe
sequenceof humanPDGFR-��.Co-precipitationof PDGFR-��andgH couldbeconfirmedby
Westernblot analysis(Fig1).Asexpected,anti-gH antibodiesco-precipitatedthegH/gL/gO
componentgO[33,34]andalso,asreportedbefore,gB[7,35].UsingrecombinantPDGFR-��-
Fcfusionprotein,wecouldco-precipitategH,gOandgBfrom lysatesof TB40-UL131Astop
virions,whereasacontrol PDGFR-��-Fcproteindid not bind anyof theseHCMV glycopro-
teins(Fig2a).

Co-precipitationof gH,gOandPDGFR-��andadditionallygBcouldeitherreflectaninter-
actionof thegH/gL/gOcomplexwith gBboundto PDGFR-��or interactionsof gH/gL/gO
with PDGFR-��andindependentlyalsowith gB.To clarify theroleof gOin interactionsof gB
andgH with PDGFR-��,wecomparedprecipitationsof gH,gO,gBandPDGFR-��from lysates
of wildtype(wt) TB40virus,whichcontainsboth,thetrimeric andthepentamericgH/gLcom-
plex,with precipitationsfrom lysatesof aTB40mutant lackinggO(TB40-�ïgO)[19]. As
observedfor TB40-UL131Astopvirus,anti-gH antibodiesco-precipitatedgOandgBfrom
cell-freewt TB40virion lysatesandadditionallyPDGFR-��from lysatesof wt TB40virions
mixedwith HFF(Fig2b).PDGFR-��-Fcalsoco-precipitatedgO,gH andgBfrom cell-freewt
TB40virion lysates(Fig2b).Precipitationof gBwith ananti-gBantibodydid not resultin co-
precipitationof gH or gOor PDGFR-��(Fig2b).Comparablefailuresof differentanti-gBanti-
bodiesto precipitatecomplexesformedbetweenrecombinantgH/gLandgBhavebeen
describedbeforeandhavebeenattributedto maskingof gBepitopesbyboundgH/gLcom-
plexes[7,35].Foradirectcomparisonof wt TB40andTB40-�ïgOvirions,thevirion lysates
usedfor co-precipitationassayswereadjustedto containequalamountsof HCMV major
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capsidprotein (MCP) asameasurefor equalnumbersof particles(Fig2c,right panel).TB40-
�ïgO virionscontainedmoreUL128protein thanwt TB40virions.In wt TB40virions,UL128
couldonly bedetectedafterenrichmentbyanti-UL131Aco-precipitation(Fig2c,right panel).
Asdescribedbeforefor theHCMV strainAD169[12], gH proteinsin lysatesof cellsinfected
with wt TB40or TB40-�ïgOvirusran asdoublebandsin theWesternblot,whereasin lysates
of purified virionsonly therespectiveupperbandscouldbedetected(S2Fig).gH from TB40-
�ïgO virions,whichcontainonly gH/gL/UL128,130,131complexes,hadaslowerelectropho-
reticmobility thangH from wt TB40virions,whichpredominantlycontaingH/gL/gOcom-
plexes[36] (Fig2dandS2Fig).A similarsizedifferencefor gH hasbeendescribedfor extracts
of cellsexpressingeitherrecombinantgH/gL/gOor recombinantgH/gL/UL128,130,131Aand
thusresemblingextractsof wt TB40or TB40-�ïgOvirions,respectively[21]. Althoughwt
TB40andTB40-�ïgOlysatescontainedcomparableamountsof gH andgB,PDGFR-��-Fc
couldonly co-precipitategH,gOandgBfrom lysatesof wt TB40virions,but not from lysates
of TB40-�ïgOvirions (Fig2c,left panel).This indicatesthatgH andgBcanonly interactwith
PDGFR-��whenagH/gL/gOcomplexis formed.In thesameline,anti-gH antibodiesfailedto
co-precipitatePDGFR-��from lysatesof TB40-�ïgOvirionsmixedwith lysatesof HFF(Fig2d).
Fig2dadditionallyshowsthat independentlyof whethercell-freewt TB40,TB40-UL131Astop,
or TB40-�ïgOvirionswereanalyzedor whethervirionsmixedwith cellswereanalyzed,anti-
gH antibodiesco-precipitatedgB.Thisprobablyreflectstherecentlydescribedinteractionof
gH/gLcomplexeswith gBin virions [35]. In summary,our co-precipitationdataimply that
theobservedPDGFR-��±gHinteractionisstrictlydependenton gOwhich is indicativeof a
direct interactionof gH/gL/gOwith PDGFR-��.An interactionof gBandPDGFR-��canonly

Fig 1. Anti-gH antibodies co-precipita te PDGFR-�., gO and gB from lysate s of HFF co-incubat ed with
TB40-UL131Astop virions. HFF surface proteins were biotinylated and lysates of HFF (1), lysates of HFF
mixed with lysates of TB40-UL131Astop virions (2) and lysates of HFF co-incubated with TB40-UL131stop
virions (3) were subjected to anti-gH immunoprecipitation. The precipitates were analyzed by Western blot
using antibodies directed against PDGFR-�., gO, gH and gB.

https://doi.org/10.1371/journal.ppat.1006281.g001
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Fig 2. Co-prec ipitation of PDGFR-�. and gH is dependen t on gO. (a) Lysates of TB40-UL131Astop virions
were co-incubated with PDGFR-Fc fusion proteins and then the Fc fusion proteins precipitated with protein A
sepharose. (b) Lysates of wt TB40 virions were treated as described under (a). Additionally, lysates of HFF
(1), lysates of HFF mixed with lysates of wt TB40 virions (2) and lysates of HFF co-incubated with wt TB40
virions (3) were subjected to anti-gH and anti-gB immunoprecipitation. Negatively stained gB bands in gB
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beobservedwhengH/gL/gOis formedwhichsuggeststhatgBeitherbindsto PDGFR-��after
gH/gL/gOhasformedacomplexwith PDGFR-��or thatapreformedgBÐgH/gL/gOcomplex
bindsto PDGFR-��.A recentpublicationbyVanarsdalletal.,whichshowedthatgBdoesnot
interactwith gH/gL/gOin virions [35], rathersupportsthefirst scenario.Our dataconfirm the
interactionof recombinantgH/gL/gOwith PDGFR-��[32], but not agH/gL/gO-independent
interactionof gBwith PDGFR-��[23].

Differenthostcellsof HCMV showdifferentlevelsof PDGFR-��expression[37]. Wecould
easilydetectPDGFR-��in extractsof fibroblasts(HFFandMRC-5),but not in extractsof 293
cells,ARPE-19cells,or HUVEC (S3aFig).UsingarecombinantHCMV gOÐmouseIgG2b-
Fcfusionprotein (gO-Fc)expressedin 293cellsandpurified from cellculturesupernatants
(S3bFig),wetestedbinding of gOto thecellsurfaceof HCMV hostcells.WhengO-Fcwasco-
incubatedwith HFFor HUVEC,astrongandspecificbinding to HFFbut not to HUVEC was
observed(S3cFig)whichcorrelateswith therespectivePDGFR-��expressionlevelsin these
cells.Thissupportstherecentlydescribeddirect interactionof gOwith PDGFR-��[32].

Infection of fibroblasts with an HCMV gO-knockout mutant is not
dependent on PDGFR-�.
Theco-precipitationdataindicatethatPDGFR-��only interactswith gH whenvirionscontain
gO.To studywhetherPDGFR-��andgOareindeedco-playersin thesameentrypathway,we
comparedinfectionswith wt TB40andTB40-�ïgOvirusesin severalindependentexperiments.
Infectionswith wt TB40andTB40-�ïgOvirusesarebothdependenton gBandgH whichcould
bededucedfrom neutralizationassaysusinganti-gBandanti-gH antibodies(S4aFig).Since
TB40-�ïgOvirus ishighlyattenuatedwhencomparedto wt TB40virus[15], infectionswith wt
TB40andTB40-�ïgOviruseshadto beadjustedsuchthat theyresultedin equalnumbersof
IE1-positivecellsafter24hours(S4bandS4cFig).Weobservedanapproximately1000-fold
reducedinfectivity for fibroblastsfor TB40-�ïgOviruswheninfectionefficienciesandMCP
contentsof viruspreparationsof wt TB40andTB40-�ïgOviruseswerecompared.

In afirst setof experiments,wepre-incubatedviruspreparationswith solublePDGFR-��-Fc
fusionproteinandasacontrol with PDGFR-��-Fc.PDGFR-��-Fcspecificallyandnearly
completelyinhibited infectionof HFFwith wt TB40virusbut not infectionwith TB40-�ïgO
virus(Fig3a).Interestingly,aresidualinfectionof about0.5%wasobservedwhenwt TB40
viruswasco-incubatedwith PDGFR-��-Fcwhichmatchesthe1000-folddifferencein infectiv-
ity betweenwt andgO-negativeTB40virions.Thus,blockingPDGFR-��±gH/gL/gOinterac-
tionsresultsin aphenotypecomparableto deletionof gO.Theresidualinfectionobserved
afterpre-incubationof wt TB40viruswith PDGFR-��-Fcverylikely reflectsinfectionthrough
agH/gL/UL128,130,131A-dependententrypathway.To showthis,wecomparedinhibition of
wt TB40andTB40-UL131Astopvirus infectionsbyPDGFR-��-Fc.Westartedatahighermul-
tiplicity of infection(m.o.i).to facilitatediscriminationof theinhibition levels.Thisway,we
couldshowthat infectionwith TB40-UL131Astopvirus,whichcanonly form thegH/gL/gO
complex,couldbecompletelyinhibited,whereasevenincreasingamountsof PDGFR-��-Fc

precipitations are due to abundant protein. (c) Left panel: Lysates of wt TB40 and TB40-�ûgOvirions were co-
incubated with PDGFR-�.-Fc fusion protein and the Fc fusion proteins precipitated with protein A sepharose.
Right panel: Lysates of wt TB40 and TB40-�ûgOvirions adapted for equal amounts of MCP protein. UL128
was additionally precipitated from the lysates with a rabbit antiserum specific for HCMV UL131A. (d) Lysates
of HFF mixed with lysates of virions, lysates of virions, or an HFF control lysate were subjected to anti-gH
immunoprecipitation. The immunoprecipitates were analyzed by Western blot using antibodies directed
against PDGFR-�., gO, gH and gB and the lysates under (c) additionally with antibodies directed against MCP
and UL128.

https://doi.org/10.1371/journal.ppat.1006281.g002
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Fig 3. PDGFR-�.-dependen t and gO-depen dent entry are congrue nt. HFF (a) to (c) or 293 cells (d) were
infected on 96 well plates. (a) Before infection, wt TB40-luc or TB40-�ûgO-lucvirus were pre-incubated with
the indicated amounts of PDGFR-�.-Fc or as a control PDGFR-��-Fc for one hour at 4ÊC.Cells were infected
with the virion-PDGFR-Fc mixtures using centrifugal enhancement, washed three times with PBS and then
incubated for 24 hours before infection was determined by a luciferase assay. (b) The experiment was
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couldnot abolishtheresidualinfectionof wtTB40virus(Fig3b).To exclude,thatabundant
TB40-�ïgOvirusparticlespreventedinhibition of TB40-�ïgOvirusjustbyunspecificallybind-
ing PDGFR-��-Fcprotein,TB40-UL131Astopviruswasmixedwith TB40-�ïgOvirusandinhi-
bition byPDGFR-��-Fcanalyzed.Asbefore,infectionwith TB40-UL131Astopviruscouldbe
completelyinhibited andinfectionwith TB40-�ïgOviruscouldnot beinhibited.Whenboth
viruspreparationsweremixed,infectionwasreducedto thelevelof theTB40-�ïgOinfection,
indicatingthatalsoin thepresenceof abundantTB40-�ïgOvirusparticles,infectionwith gH/
gL/gO-positivewt TB40virionscouldspecificallybeinhibited (S5Fig).

It hasbeenshownbeforethatco-incubationof fibroblastswith thePDGFR-��ligand
PDGF-AAblocksinfectionof fibroblastswith HCMV [23]. Weco-incubatedHFFwith
PDGF-AAandtheninfectedthecellswith wt TB40,TB40-UL131Astop,or TB40-�ïgOvirus.
PDGF-AA,whichdose-dependentlyblockedinfectionof fibroblastswith wt TB40virus(Fig
3c(left panel)),only inhibited infectionswith wt TB40andTB40-UL131Astopviruses,but not
infectionwith TB40-�ïgOvirus(Fig3c(right panel)).

In arecentpublication,it hasbeenshownthat infectionof ARPE-19epithelialcellswith the
HCMV strainTR,whichhasbothgH/gLcomplexes,canbestronglyenhancedbyover-expres-
sionof PDGFR-��in ARPE-19cells[37]. Weover-expressedPDGFR-��in 293cells(S6aand
S6bFig)andstudiedtheeffecton infectionswith wt TB40,TB40-UL131Astop,andTB40-�ïgO
viruses.wt TB40or TB40-UL131Astopviruseswereusedatanequalm.o.i.(titratedon HFF)
andTB40-�ïgOwasadjustedsuchthataninfectioncomparableto thewt TB40infectionof
emptyvector-transfected293cellswasachieved(Fig3d).Over-expressionof PDGFR-��
stronglyenhancedinfectionswith wt TB40andTB40-UL131Astopviruses(Fig3dandS6c
andS6dFig)but not infectionwith TB40-�ïgOvirus(Fig3d).This indicatesthatanincreased
PDGFR-��levelcanonly enhanceinfectionswith gO-positiveHCMV. Asexpected,TB40-
UL131Astopvirus,which lacksthepentamericcomplex,couldlessefficientlyinfectnon-trans-
fected293cellsthanwt TB40virus(Fig3d).Takentogether,all threesetsof experiments(Fig
3) clearlyshowthatPDGFR-��-dependentandgO-dependententryarecongruent.

PDGFR-�.-dependent infection of fibroblasts does not depend on
activation of PDGFR-�.
It hasbeenreportedthatco-incubationof humanembryoniclung fibroblasts(HELF)with
HCMV virions resultsin phosphorylationof PDGFR-��anddownstreamAkt [23]. Similarly,
co-incubationsof MRC-9cellswith AD169andVR1814virionshavebeenshownto resultin a
weaktyrosinephosphorylationof PDGFR-��[32]. BothstudiesconcludedthatPDGFR-��-
dependententry is indispensablylinked to activationof PDGFR-��.Westudiedphosphoryla-
tion of PDGFR-��anddownstreamAkt in HFFandin alung fibroblastcellline (MRC-5).
Cellswereco-incubatedwith HCMV andascontrolswith thePDGFR-��ligandsPDGF-AA

performed as described under (a) with the difference that infections with wt TB40-luc and TB40-UL131stop-
luc virus were compared and that cells were infected with a 50fold higher m.o.i. (c) Before infection, cells were
pre-incubated with the indicated amounts of PDGF-AA for one hour at 4ÊC.Cells were then infected in the
presence of PDGF-AA. After infection, free virus and cell surface-bound virus were inactivated by washing the
cells three times with PBS, pH 3.0. 24 hours after infection cells were analyzed by a luciferase assay. The left
panel shows inhibition of wt TB40-luc infection in the presence of increasing concentrations of PDGF-AA and
the right panel shows inhibition of wt TB40-luc, TB40-UL131stop-luc, and TB40-�ûgO-luc viruses after
infection of HFF pre-incubated with 0 ng ml-1 PDGF-AA (set to 100%) and with 100 ng ml-1 PDGF-AA. (d) 293
cells were transfected with pCMV-PDGFR-�. or a control vector and 2 days later infected with wt TB40-luc,
TB40-UL131Astop-luc or TB40-�ûgO-lucviruses. 24 hours after infection, cells were analyzed by a luciferase
assay. (a), (c), and (d) show means +/- SD of three independent experiments done in triplicates. (b) and the
left panel of (c) show one representative experiment done in triplicates.

https://doi.org/10.1371/journal.ppat.1006281.g003
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andPDGF-BB.To excludeanFCS-drivenphosphorylationof PDGFR-��,weusedavirusprep-
arationwhichcontainedonly verylow levelsof FCS.Both,PDGF-AAandPDGF-BBinduced
phosphorylationof Akt, but only PDGF-BBinduceddetectablephosphorylationof PDGFR-��
(Fig4a).Yet,wecouldnot observephosphorylationof PDGFR-��or Akt whenHFFor MRC-5
fibroblastswereco-incubatedwith HCMV atanm.o.i.of 10(Fig4a).Thefailureof PDGF-AA
to efficientlyinducephosphorylationof PDGFR-��in dermalfibroblastshasbeendescribed
before[38] andturnedout herealsoto beapropertyof MRC-5cells.Independentlyof these
celltype-specificphosphorylationpatterns,our datashowthat,althoughHCMV bindsto
PDGFR-��on thesurfaceof fibroblasts,it doesnot necessarilyactivateit. In line with this,we
did alsonot observeaninhibition of infectionwhenHFFwerepretreatedwith theprotein
kinaseinhibitor imatinib mesylate,althoughwecouldshowthat it interferedwith phosphory-
lation of PDGFR-��(Fig4b).If PDGFR-��-drivenentrywasindependentof activationof
PDGFR-��,signaling-incompetentPDGFR-��andintactPDGFR-��shouldequallybeableto
enhancethesusceptibilityof hostcellsto HCMV infection.Usingsite-directedmutagenesis,
weintroducedastopcodonataminoacidposition559in pCMV-PDGFR-��whichresultedin
atruncatedproteinconsistingof theextracellulardomainandthetransmembraneanchorof
PDGFR-��but lackingthecytoplasmickinasedomains(S7aFigandFig4c).After transfection
of 293cells,bothproteinswereequallyexpressedon thesurfaceof transfected293cells(S7b
Fig).Over-expressionof full-lengthPDGFR-��andtruncatedPDGFR-��equallyenhancedwt
TB40virus infectionsof 293cellswhichstronglysuggeststhatPDGFR-��ratheractsasa
fusion-triggeringreceptorthanasasignalingligand(Fig4d).

gH/gL/gO-dependent cell-associated modes of HCMV spread are also
PDGFR-�.-dependent
ForHCMV andotherherpesviruses,thereisanongoingdiscussionwhethercell-freeandcell-
associatedmodesof virusspreadaredependenton interactionsof thesamevirion glycopro-
teinsandcellularreceptorsor whetherdifferentprotein-proteininteractionsor direct fusions
betweencellsdrivecell-associatedvirusspread[39±41].In cellculture,cell-associatedvirus
spreadisdefinedasspreadin thepresenceof neutralizingantibodies.However,it isnot clear
whetherantibody-resistantspreadreflectsspreadpromotedbycellÐvirion interactionsnot
recognizedby theneutralizingantibodiesor whetherit reflectsafailureof theseantibodiesto
accessviral envelopeglycoproteinsor neutralizelocallyconcentratedvirionswhenvirionsare
transmittedfrom infectedcellsto neighboringcells.Oneapproachto clarify thiswouldbeto
knockdownthecellularreceptorinsteadof blockingthereceptorbinding proteins.Pooled
PDGFR-��siRNAsefficientlysilencedPDGFR-��expressionin HFF(Fig5aand5b).Silencing
of PDGFR-��stronglyreducedinfectionsof HFFwith cell-freewt TB40or TB40-UL131Astop
viruses,but not infectionwith TB40-�ïgOvirus(Fig5cand5d)whichconfirmedour inhibi-
tion experimentsusingrecombinantPDGFR-��or PDGFR-��ligandto blockinfection.

To evaluatetheroleof PDGFR-��in cell-associatedspread,wefirst performedexperiments
with non-transfectedHFF.Confluentmonolayersof HFFwereinfectedwith wt TB40atavery
low m.o.iandinfectedcellsin discretefoci werecounted.Addition of amethylcelluloseover-
lay,whichimpedesspreadviasupernatantvirus,andneutralizinganti-gBandanti-gH anti-
bodiessignificantlyreducedthesizesof foci but did not abolishtheir formation (Fig6a).
Similarly,additionof PDGFR-��-Fcreducedfocalspread(Fig6a).PDGFR-��-Fcequallyinhib-
ited infectionsof HFFwith wt TB40andTB40-UL131Astopviruseswhichexcludesthat
PDGFR-��-Fc-resistantspreadjust reflectsspreaddrivenby thepentamericcomplex(Fig6b).
It isof notethatspreadof TB40-�ïgOvirus,whichin HFFculturesis lessefficientthanspread
of wt TB40virus(S8aFig,[15]), canalsobedecreasedbymethylcelluloseandalsois resistant
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Fig 4. HCMV infectio n of fibroblasts is not depend ent on phospho rylation of PDGFR-�.. (a) Serum-starved HFF or MRC-
5 were co-incubated with wt TB40 (m.o.i of 10 in 0.05% DMEM), PDGF-AA (100 ng ml-1), PDGF-BB (100 ng ml-1) or 0.05%
DMEM (mock) for 1 hour at 4ÊCand then shifted to 37ÊCfor 20 min. p-PDGFR-�. or PDGFR-�. and p-Akt or Akt were detected
by Western blot analysis of total cell lysates. (b) HFF were pre-incubated with different concentrations of imatinib mesylate for 1
hour at 37ÊCand then infected with wt TB40-luc (m.o.i. of 1) for 90 min. Free virus and cell surface-bound virus were inactivated
by washing the cells three times with PBS, pH 3.0. After 24 hours in medium containing the respective amounts of imatinib
mesylate, a luciferase assay was performed to determine infection of cells. One representative experiment done in triplicates is
shown. To control for the activity of imatinib mesylate, HFF were in parallel pre-treated with the indicated concentrations of
imatinib mesylate for 1 hour at 37ÊCand then stimulated with PDGF-BB (100 ng ml-1) or mock-treated for 20 min. p742- and
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p762-PDGFR-�. or PDGFR-�. were detected by Western blot analysis of total cell lysates. (c,d) 293 cells were transfected with
pCMV-PDGFR-�., pCMV-PDGFR-�.(1±558), or a control vector. (c) Total cell extracts of pCMV-PDGFR-�.- or pCMV-PDGFR-�.
(1±558)-transfected cells were analyzed for PDGFR-�. expression by Western blot 24 hours after transfection using an antibody
recognizing the N-terminus of human PDGFR-�. (2D2-1A11). (d) 48 hours after transfection 293 cells were infected with wt
TB40-luc. 24 hours after infection, cells were analyzed by a luciferase assay. Shown are means +/- SD of three independent
experiments done in triplicates.

https://doi.org/10.1371/journal.ppat.1006281.g004

Fig 5. Silencing of PDGFR-�. reduces infection of fibrob lasts with gH/gL/gO-p ositive HCMV. HFF were
transfected with PDGFR-�. siRNAs, non-targeting (NT) siRNAs or mock-transfected. (a) 72 and 108 hours
after transfection, total cell lysates were analyzed by Western blot for the expression of PDGFR-�. or GAPDH.
(b) 72 hours after transfection, cell surfaces of siRNA-transfected cells were stained with an anti-PDGFR-�.
antibody (35248) and a secondary Fluor 488-labelled anti-mouse antibody and analyzed by FACS. (c) 48
hours after transfection, cells were infected with wt TB40, TB40-UL131Astop and TB40-�ûgOviruses and 24
hours post infection stained for HCMV IE1 by indirect immunofluorescence. (d) HFF were infected as
described under (c) and the percentage of IE1-positive nuclei was determined. Infection of cells transfected
with NT siRNAs (set to 100%) and infection of PDGFR-�.-silenced HFF is shown. Shown are means +/- SD
from two independent experiments done in triplicates.

https://doi.org/10.1371/journal.ppat.1006281.g005
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Fig 6. Silencing of PDGFR-�. reduces cell-associa ted spread of gH/gL/gO-p ositive HCMV. (a) Confluent
monolayers of HFF were infected with wt TB40 virus at a very low m.o.i. After infection, cells were either
overlaid with methylcellulose or medium containing anti-gB antibodies (SM5-1, 2��g ml-1), anti-gH antibodies
(14-4B), PDGFR-�.-Fc (2 ��g ml-1), or no inhibitor (mock-treated). (b) HFF infected with wt TB40 or
TB40-UL131Astop virus were mixed with uninfected cells. After adherence, cells were either overlaid with
methylcellulose or fresh medium was added containing 2 ��g ml-1 PDGFR-�.-Fc, 2 ��g ml-1 PDGFR-��-Fc, or no
inhibitor (mock-treated). (a,b) 5 days later, cells were stained for HCMV IE1 by indirect immunofluorescence
and cells per focus counted. For each treatment, at least 10 (a) or 20 (b) foci were counted and depicted as
means +/- SD. Shown are representative experiments. Asterisks under (a) represent P��0.001 values
determined by comparing foci in mock-treated monolayers with foci in monolayers overlaid with
methylcellulose, co-incubated with antibodies, or co-incubated with PDGFR-�.-Fc (Mann-Whitney Rank Sum
test). (c) NT siRNA or PDGFR-�. siRNA-transfected HFF 48 hours after transfection were mixed with HFF
infected with wt TB40, TB40-UL131Astop, or TB40-�ûgOvirus. After adherence, cells were overlaid with
methylcellulose or methylcellulose containing anti-UL131A rabbit antiserum (1:40) or a control rabbit
antiserum (1:40). 5 days later, cells were analyzed as described under (a). The P value shown (Mann-Whitney
Rank Sum test) was determined by comparing cell spread of wt TB40 virus with spread of TB40-UL131Astop
virus in PDGFR-�.-silenced HFF.

https://doi.org/10.1371/journal.ppat.1006281.g006
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to neutralizingantibodies(S8aFig).However,ananti-UL131Aantiserumcouldcompletely
blockcellspread(focussize= 1) (S8aFig).Thisextraordinaryneutralizationindicatesthat
spreadof TB40-�ïgOvirusiscompletelydependenton thepentamericcomplex.Interestingly,
in HUVEC cultures,in whichspreadof TB40-�ïgOvirusismoreefficient,theanti-UL131A
antiserumcouldnot completelyblockfocalspread(S8bFig).

To find out whetherthePDGFR-��-Fc-resistantspreadof wt TB40andTB40-UL131Astop
virusesreflectsaPDGFR-��-independentspreadmodeor not, werepeatedthespreadexperi-
mentsusingHFFtransfectedwith pooledPDGFR-��siRNAsor asacontrol non-targeting
(NT) siRNAs.Theexperimentswereall performedin thepresenceof methylcelluloseto simul-
taneouslyblockspreadviasupernatantvirus.Virus spreadof wt TB40andTB40-UL131Astop
viruseswasclearlyreduced,albeitto significantlydifferentlevels(Fig6candS9aFig).While
spreadof TB40-UL131Astopviruswasvirtually abolished,spreadof wt TB40virus(Fig6c)
wasstronglyreduced,but not completelyabolished.Forcomparison,spreadof theHCMV
strainVR1814,which,like wt TB40,alsoexpressesbothgH/gLcomplexes,wassimilarly inhib-
ited in PDGFR-��-silencedHFF(S9bFig).Spreadof TB40-�ïgOviruswasnot affectedbycellu-
lar PDGFR-��levels,but couldbecompletelyinhibited (focussize= 1) byanti-UL131A
antibodies(Fig6c).Theresidualspreadof wt TB40virusin PDGFR-��-knockdownHFFwas
in thesamerangeasspreadof TB40-�ïgOvirus in PDGFR-��-knockdownHFFandverylikely
representsgH/gL/UL128,130,131A-dependent focalspread.In summary,usingPDGFR-��-
knockdowncellsandcomparinggO-positiveandgO-negativeviruses,wecouldshowthat
cell-associatedHCMV spreadin HFFculturesiseitherdrivenbygH/gL/gObinding to
PDGFR-��or by thegH/gL/UL128,130,131Acomplexbut not byotherindependentpathways.

Discussion
Expressionof PDGFR-��is important for infectionof cellswith HCMV. Knockdownof
PDGFR-��,solublePDGFR-��,anti-PDGFR-��antibodiesor PDGF-AAall stronglyinhibit
HCMV infectionandre-introductionof PDGFR-��in knockoutcellsreconstitutesinfection
[23,32].UsingrecombinantHCMV gB,binding of gBto PDGFR-��hasbeenshown[23,42].
Similarly,recombinantgH/gL/gOcomplexhasbeenusedto precipitatePDGFR-��from cell
lysates[32]. In thelatterstudy,aPDGFR-��ÐgH/gL/gO complexwith PDGFR-��directly
interactingwith gOcouldbevisualizedbyelectronmicroscopy.Additionally,all threestudies
proposedanenhancementof infectionbyactivationof PDGFR-��[23,32,42].Thus,PDGFR-��
asanentryreceptorfor HCMV recognizedbygBand/orgH/gL/gOandPDGFR-��asasignal-
ing ligandfor HCMV aretwo conceptswhichrequireconfirmationor disproof.

Weanalyzedtheinteractionof theHCMV envelopegH/gL/gOcomplexwith cellsurface
proteinsusingvirusparticlesboundto thesurfaceof fibroblastsandcouldconfirm theinterac-
tion of gH/gL/gOwith PDGFR-��.Wefound thatPDGFR-��interactedwith gH,gOandgB.
ByusinganHCMV mutant lackinggO,wecouldsortout that thegH/gL/gOcomplexis the
binding partnerfor PDGFR-��.An interactionof gBandPDGFR-��couldonly beobserved
whengH/gL/gOis formed.ThissuggeststhatgBeitherbindsto PDGFR-��afterPDGFR-��has
formedacomplexwith gH/gL/gOor thatapreformedgBÐgH/gL/gOcomplexbindsto
PDGFR-��.gH/gLÐgB interactionshavebeendescribedbeforein cellsco-expressingrecombi-
nantgBandgH/gL [7] andveryrecentlyalsoin HCMV virions [35]. Thelatterpublication
showedthatgBdoesnot interactwith gH/gL/gOcomplexesin virions,[35] whichwouldsug-
gestascenarioin whichaPDGFR-��ÐgH/gL/gOcomplexrecruitsgBto form afunctional
fusioncomplex[7]. Our co-precipitationexperimentsconfirm theinteractionof recombinant
gH/gL/gOwith PDGFR-��[32], but not agH/gL/gO-independentinteractionof gBand
PDGFR-��[23]. Thedirect interactionof recombinantgBandPDGFR-��in cellsover-
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expressinggBmight reflectanover-expressionphenomenon[23,42].In summary,thebinding
studiesbyKabanovaetal.[32] andour co-precipitationexperimentssupporttheconceptthat
PDGFR-��isanentryreceptorfor HCMV recognizedbygH/gL/gO.

Wealsoaddressedtheaspectof activationof PDGFR-��byHCMV. Thefirst reportpropos-
ing PDGFR-��asaco-receptorfor HCMV entrystronglyfocusedon PDGFR-��activationby
HCMV [23]. It describedHCMV-dependentphosphorylationof PDGFR-��anddownstream
Akt andinhibition of thisactivationby theproteinkinaseinhibitor imatinib mesylateor anti-
PDGFR-��antibodies.In thesameline,Kabanovaetal.[32] claimedthatbinding of gH/gL/gO
to fibroblastsresultsin tyrosinephosphorylationof PDGFR-��.Wecouldnot confirm these
findings.AsPDGFR-��andAkt phosphorylationscanalsobeinducedbyFCS,westrictlycon-
trolled thatbothmocktreatmentandHCMV preparationscontainedequalamountsof FCS.
Welookedfor activationof PDGFR-��afterbinding of HCMV to HFFandMRC-5fibroblasts
andneitherobservedphosphorylationof PDGFR-��nor of downstreamAkt, althoughweused
anm.o.i.of 10for infection.Additionally,wecouldnot inhibit infectionof HFFwith thepro-
tein kinaseinhibitor imatinib mesylate.AsSoroceanuetal.[23] showedphosphorylationof
PDGFR-��afterinfectionof HELF,theobserveddiscrepancymight bedueto differencesin
PDGFR-��-activationpatternsbetweenHFFandHELF[38]. Bycomparinginfectionof 293
cellsoverexpressingeitherfull-lengthPDGFR-��or asignaling-incompetenttruncated
PDGFR-��protein,wecouldshowthatPDGFR-��-dependentenhancementof infectionis
independentof activationof PDGFR-��.Thus,gH/gL/gO-drivenentry,althoughit maybe
accompaniedbyactivationof PDGFR-��in certaincelltypes,isnot dependenton activationof
PDGFR-��.This identifiesPDGFR-��ratherasafusion-triggeringentryreceptorthanasasig-
nalingligandenhancingHCMV infection.

It hasrepeatedlybeenshownthateffectiveinfectionof fibroblastsisdependenton thegH/
gL/gOcomplex[14±16,21].ByusinggO-negativeHCMV, wecouldunequivocallyshowthat
gH/gL/gO-dependentandPDGFR-��-dependentinfectionarecongruent.Wecouldefficiently
blockinfectionof fibroblastsbypre-incubatingvirionswith PDGFR-��-Fcfusionproteinand
bypre-incubatingcellswith thePDGFR-��ligandPDGF-AAwhenvirionsweregO-positive,
but not whengOwasknockedout andinfectionwasdependenton thepentamericgH/gL/
UL128,130,131Acomplex[14,15].Importantly, inhibition of wt TB40virusbyco-incubation
of virionswith recombinantPDGFR-��-Fcprotein reducedtheinfectivity for fibroblastsabout
500fold. Whenwenormalizedinfectivity of wt TB40andTB40-�ïgOviruspreparationsfor
their MCPcontent,weobservedadifferencein infectivity in thesamerange.This indicates
that inhibition of wt HCMV virionswith PDGFR-��-Fcmirrors thephenotypeof agenetically
gO-negativemutant.This finding andour experimentsshowing(i) neutralizationof an
HCMV �ïgO mutantbyanti-gB,anti-gH,andanti-UL131Aantibodiesand(ii) that,in contrast
to spreadin HFFcultures,�ïgO virusspreadin HUVEC culturesismoreefficientthanspread
of wildtypevirusstronglysupportthatvirusparticleslackinggOarenot justdefectparticles
with aresidualundefinedinfectivity,but rathervirusparticleswhoseinfectivity is restrictedto
gH/gL/UL128,130,131A-drivenentryexertedin concertwith gB.Thismakesthemavaluable
tool to studyfor examplegH/gL/UL128,130,131A-drivenentry.

ThePDGFR-��ÐgH/gL/gOinteractionseemsto startthepredominantentrypathwayfor
infectionof cellswith freevirus,providedthecellsabundantlyexpressPDGFR-��on their sur-
face.DifferentHCMV strainsincorporatedifferentrelativeamountsof thegH/gLcomplexes
into their virions [16,17,43,44]whichmakesit difficult to evaluatethecontribution of each
complexto entrybycomparingdifferentstrains[32]. Yet,independentlyof theHCMV strain
used,deletionof gOmassivelyreducesinfectivity of cell-freevirus[14±17,45].Thus,indepen-
dentof theHCMV strain,gH/gL/gOverylikely is thepredominantdriver of infectionwith
cell-freevirus.In line with findingsfrom Vanarsdalletal.[37], wecouldshowthatover-
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expressionof PDGFR-��stronglyincreasesthesusceptibilityof cellsto infection,both in the
absenceandin thepresenceof thepentamericcomplex.Asinfectionwith TB40-�ïgOvirus
wasnot affectedbyoverexpressionof PDGFR-��,wecanconcludethat thePDGFR-��-depen-
dentenhancementisgH/gL/gO-dependent.

Cell-associatedvirusspreadisbasedon coordinatedchangesin cellarchitectureandcell
surfacesto efficientlytransfervirusto neighboringcells[39,46].Therearereportssuggesting
thatcell-associatedHCMV spreadmaybetotally independentof virion glycoproteinsor
dependenton glycoproteinsdifferentfrom thosepromotingcell-freeHCMV spread[40,41].
Thiswassupportedby findingsthatcell-associatedspreadin cellculturecannotbeinhibited
byneutralizingantibodiesdirectedagainstvirion proteinsknowto beinvolvedin cell-free
virusspread[47]. Similarly,byusingrecombinantPDGFR-��-Fc,wecouldnot reducespread
of wt TB40or TB40-UL131Astopvirusesto alevelbelowthelevelachievedbymethylcellulose
overlaysknownto blockspreadof supernatantvirus.Yet,whenwesilencedPDGFR-��in HFF,
cell-associatedspreadof TB40-UL131Astopviruswasabolishedandcell-associatedspreadof
wt TB40viruswasreducedto thelevelobservedfor TB40virus lackinggO.This indicatesthat
virusspreadin cellculture,independentlyof whetherit canbeinhibited byantibodiesor not,
iseitherdrivenby thegH/gL/gOÐPDGFR-��interactionor bygH/gL/UL128.130,131A.The
relativecontributionsof gH/gL/gOandgH/gL/UL128,130,131Averylikely dependon the
HCMV strainor isolate.Theyverylikely alsovarywith therelativeamountsof thesecom-
plexesin virionsandtherelativeamountsof PDGFR-��andthereceptor(s)recognizedby the
pentamericcomplexon hostcellsurfaces.Our finding thatTB40-�ïgOvirusspreadcanbe
completelyinhibited byanti-UL131Aantibodiesin HFFcultures,but not in HUVEC cultures
additionallysuggeststhat thefailureof antibodiesto blockspreadis ratherdueto localhigh
concentrationsof receptorsor their ligandsthanto afailureof antibodiesto accesstheir target
proteins.

Accordingto our data,infectionof epithelialandendothelialcellswhichexpressno or
undetectablelevelsof PDGFR-��shouldbeequallysusceptibleto infectionwith virions
expressingno, low or highamountsof gH/gL/gO.Yet,it hasbeenshownthatparticlescon-
tainingbothgH/gLcomplexesshowahighercapacityto infectendothelialor epithelialcells
thanparticlescontainingonly thepentamericcomplex[14,17].Our findingsdescribedhere
cannotexplainthis.Wecanonly speculatethat thegH/gL/gOcomplex,bypromoting
PDGFR-��-independentattachmentto cellsurfaces,mayenhancebinding of virusparticles
andthusincreasethechancefor asubsequentinteractionbetweengH/gL/UL128,130,131A
andits cellularreceptor.Our hypothesiswould follow aproposalof Zhouetal.[17] whosug-
gestedanentryenhancementbygH/gL/gOfor epithelialcellswhichis independentof the
interactionbetweenthegH/gL/UL128,130,131Acomplexandits receptor.In thesameline,
Kabanovaetal.[48] observedthatepithelialcellinfectioncouldbeblockedwith antibodies
directedagainstgOalthoughtheydo not expressdetectablelevelsof PDGFR-��receptor.

To summarizeour findings,webelievethatwecouldconfirm thatPDGFR-��is thecellular
receptorfor theHCMV gH/gL/gOcomplex.Our findingsverywell fit prominentphenotypes
found in cellculturefor gH/gL-associatedmutations,for examplethestronglyreducedinfec-
tion of fibroblastsbymutantsexpressinglessgOor lackinggO[14±16,19],theinability of lab-
oratorystrains,whichhavelosttheability to form thepentamericcomplex,to infectcelltypes
with no or low levelsof PDGFR-��[24,37],andthesusceptibilityof HCMV infectionto cellular
PDGFR-��levels[24,37,42,49,50].

Consequently,for HCMV expressinghigh levelsof gH/gL/gO,thePDGFR-��levelof target
cellsis themajor factordeterminingcelltropism.Only if cellsexpressno or low levelsof
PDGFR-��,entrypathwaysdependenton thegH/gL/UL128,130,131Acomplexwill become
important.This finding isof importancewhenthecapacityof HCMV to infectcellsin culture

The role of PDGFR-�. in HCMV entry

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006281 April 12, 2017 15 / 24



isusedto characterizetheHCMV celltropism.Cultureconditions[51,52]andalsotransform-
ing antigens[24] maydown-or up-regulatePDGFR-��andthusaffectthesusceptibilityof cells
to HCMV infection.HCMV tropismdefinedin cellculturemaythusbemisleading.Therole
of PDGFR-��-drivensusceptibilitiesto infectionshouldalsobekeptin mind whendiscussing
theroleof HCMV in glioblastoma[53] andarteriosclerosis[54], two diseaseconditionsassoci-
atedwith tissueswhichexpresshigh levelsof PDGFR-��.

In MCMV infectionsof themouse,gH/gL/gOhasbeenshownto playacentralrole in effi-
cientinfectionof first targetcells[18]. Transferredto HCMV infections,thegH/gL/gOÐ
PDGFR-��interactionmaythusdeterminewhichcellsandhowefficientlytheyareinitially
infected.WesuggestthereforethatPDGFR-��ÐgH/gL/gOinteractionsmight becrucialfor
horizontaltransmissionviafreevirusfrom bodyfluids like urine or breastmilk andperhaps
alsofor verticaltransmissionof HCMV. ThismakesthePDGFR-��ÐgH/gL/gOinteractionan
interestingtargetfor HCMV vaccinesor antiviral therapiesagainstHCMV.

Materials and methods

Cells
Primaryhumanforeskinfibroblasts(HFF) (PromoCell,Germany),passage7±23,humanfetal
lung fibroblasts(MRC-5cells;ATCC-CCL-171)andhumanembryonickidneycells(293cells;
ATCC-CRL-1573;[55]) weremaintainedin Dulbecco'smodifiedEagle'smedium(DMEM)
supplementedwith 10%fetalcalfserum(FCS).Primaryhumanumbilicalveinendothelial
cells(HUVEC) (LONZA, USA),passage1±6,weremaintainedin anEGM-2MV BulletKit
mediumsystem(LONZA, USA).Humanretinalpigmentepithelialcells(ARPE-19;
ATCC-CRL-2302)weremaintainedin DMEM F12supplementedwith 10%FCS.

Antibodies, recombinant proteins and inhibitors
Forco-precipitationandcompetitionexperiments,humanPDGFR-��-FcandhumanPDGFR-
��-Fcfusionproteins(R&D Systems)andrecombinanthumanPDGF-AAandhuman
PDGF-BB(R&D Systems)wereused.For inhibition of PDGFR-��phosphorylation,imatinib
mesylate(Sigma)wasused.Antibodiesspecificfor HCMV proteinsweremouseanti-gH (14-
4bandAP86-SA4),humananti-gB(SM5-1[56]), mouseanti-MCP(all kindly providedbyM.
Mach,UniversityErlangen-NuÈrnberg,Germany),mouseanti-gO.02[57], mouseanti-UL128
(4B10,kindly providedbyT. Shenk,Universityof Princeton,USA),mouseanti-gB(2F12;
Abcam),mouseanti-HCMV immediateearlyprotein1 (IE1) (PerkinElmer),rabbitanti-
UL131Aantiserum[12]. Antibodiesspecificfor cellularproteinswererabbitanti-Akt (Cell
Signaling),rabbitanti-Phospho-Akt(Ser473)(CellSignaling),mouseanti-PDGFR-��(C9;
SantaCruzBiotechnology),mouseanti-PDGFR-��(35248;R&D Systems),mouseanti-
PDGFR-��(2D2-1A11,Sigma),rabbitanti-Phospho-PDGFR-��(Y742;R&D Systems),rabbit
anti-Phospho-PDGFR-��(Y762;CellSignaling),mouseanti-�� actin(AC-74;Sigma),mouse
anti-GAPDH(GA1R,ThermoScientific).Detectingantibodies/reagentsusedwereperoxi-
dase-coupledgoatanti-mouse(Sigma),peroxidase-coupledkappachain-specificgoatanti-
mouse(Dianova),peroxidase-coupledgoatanti-rabbit(Sigma),Fluor488-coupledgoatanti-
mouseantibody(Invitrogen)andstreptavidin-peroxidasepolymer(Sigma).

Viruses and virus stock preparation
All virusesusedwerebacterialartificial chromosome(BAC)-derivedHCMV: wt TB40virus
[58], TB40-UL131Astopvirus(TB40mutantcarryingastopcodonafterthefirst 6 aa)[20],
TB40-�ïgOvirus(TB40mutant lackingthe533N-terminal nucleotides)[15,20],wt TB40-luc
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virus[19], TB40-UL131Astop-lucvirus[19], andTB40-�ïgO-lucvirus[19]. Forpreparationof
cell-freevirus,supernatantsof infectedHFFshowingacompletecytopathiceffectwerecleared
of cellulardebrisat3.000g for 15min andthenviruspelletedat26.000gfor 3hours.Virus pel-
letswereresuspendedin DMEM containing5%FCSandstoredat -80ÊC.Titersof virusstocks
weredeterminedbyaTCID50assayperformedon 96wellplateson HFF.To infectcells,
mediumwasremovedfrom 90%confluentcellmonolayersandreplacedbyvirusdiluted in
DMEM containing5%FCS.In infectionexperimentsusingTB40-�ïgO,all virus infections
wereenhancedbyacentrifugationstep(30min, 2.000gatRT),followedby incubationat
37ÊCfor 90min.

Cell surface biotinylation
HFFwerebiotinylatedin 0.5mg/ml EZ-Link Sulfo-NHS-LC-LC-Biotin (ThermoScientific)in
PBSfor 30min atRT.Thereactionwasstoppedbywashingthecells3 timeswith 100mM gly-
cinein PBS.

Immunoprecipitation
Cellsor virusstockswerelysedin lysisbuffer(20mM TrisHCl (pH 8.0),150mM NaCland
1%Triton; phosphataseinhibitor cocktail(cOmpletemini; Roche)).Lysateswereprecleared
with proteinA sepharosebeads(GEHealthcare)andco-incubatedwith antibodiesor Fc
fusionproteinsat4ÊCovernight.Thenprotein-antibodycomplexeswereprecipitatedwith
proteinA sepharosebeads.

Theprecipitatesweredissociatedin samplebuffer(0.13M Tris-HCl (pH 6.8),6%SDS,10%
a-thioglycerol)andsubjectedto SDS-polyacrylamidegelelectrophoresis(SDS-PAGE),fol-
lowedbyeithersilverstain(FireSilverStainingKit, Proteomefactory,Berlin)or Westernblot
analysisusingnitrocellulosemembranes(GEHealthcare)for protein transferandSuperSignal
WestPicochemiluminescencesubstrate(ThermoScientific)for detection.

Mass spectrometry
Proteinsin gelslicesfrom silverstainedgelswereidentifiedbyhigh resolutionnanoHPLC-E-
SI-MSMSchromatography(ProteomeFactory,Berlin,Germany)andsearchedagainsthuman
cellularproteins.

Cloning, expression and purification of recombinant HCMV gO-
mIgG2bFc fusion protein
Theopenreadingframeof gOderivedfrom HCMV strainTB40-BAC4[59] lackingtheN-ter-
minal signalpeptide(aa1±28)wasclonedinto thepFUSE-mIgG2BFc2vector(Invivogen).293
cellsweretransfectedwith pFUSE-gO-mIgG2BFc2usingpolyethylenimine.Threehoursafter
transfectionmediumwasexchangedfor OptiPROserum-freemedium(LifeTechnologies)and
supernatantswereharvested96hoursaftertransfection.Totalsupernatantproteinswerepre-
cipitatedwith ethanol/125mM NaClto control expressionbyWesternblot analysis.Fcpro-
teinswerepurified from supernatantsbyprecipitationwith proteinA sepharose(GE
Healthcare)followedbyelutionusingImmunoPureIgGelutionbuffer,pH 2.8(ThermoScien-
tific). FcproteinamountsweredeterminedbyacaptureELISAon NeutrAvidin coatedplates
(ThermoScientific)usingabiotinylatedgoatanti-mouseIgG(Fc-specific)antibody(Sigma)
to captureFcproteinsandaperoxidase-conjugatedgoatanti-mouseIgG(Fc-specific)anti-
body(Sigma)andTMB substrate(BD Biosciences)to detectFcproteins.
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Indirect immunofluorescence
For indirect immunofluorescence,adherentcellswerefixedin 50%acetone/50%methanol
andstainedusinganti-IE1antibodyandFluor488-coupledanti-mouseantibody.Forcounter-
stainingof cellnuclei,cellswereincubatedin PBScontaining5mgml-1 Hoechst333258
(Invitrogen).

FACS staining
To detectsurfaceexpressionof PDGFR-��or to detectcellsurfacebinding of gO-Fcfusionpro-
teins,HFF,HUVEC or 293cellsweredetachedfrom platesusing0.5mM Na-EDTAandco-
incubatedwith anti-PDGFR-��antibodiesor Fcproteins,respectively.PDGFR-��or binding of
Fcproteinswasdetectedwith Fluor 488-coupledanti-mouseantibodiesandanalyzedon aBD
FACSCantoII cytometerusingBD FACSDivasoftware(BD Biosciences).

Luciferase assay
HFFor 293cellsweregrownin 96wellplates(20,000cells/well)andinfectedin triplicatesfor
90min. Inoculawerethenreplacedbymediumsupplementedwith 300�g ml-1 phosphono
aceticacid(PAA) to blockviral replication(Sigma).48hoursafterinfectioncellswerelysedin
50�l lysisbuffer(25mM Tris/H3PO4, 2 mM EDTA,2 mM DTT, 10%glycerol,5%Triton-X
100)andluciferaseactivitywasdeterminedfor 20�l of lysatewith aluciferaseassaysystem
(PromoCell)accordingto themanufacturer'sinstructions.

Infection of 293 cells over-expressing PDGFR-�.
293cellsweretransfectedwith pCMV-humanPDGFR-��(SinoBiologicalInc.) or
pCMV-PDGFR-��(1±558)usingFugene(Promega).24hoursaftertransfectioncellswere
seededin 96wellplatesand24hourslaterinfectedwith luciferase-expressingHCMV.

In vitro mutagenesis
pCMV-PDGFR-��(1±558)wasclonedby introducingastopcodonatposition559into
pCMV-PDGFR-��usingtheQuikChangeII XL Site-DirectedMutagenesisKit (AgilentTech-
nologies)accordingto themanufacturer'sinstructions(mutagenesisprimers:forward5'-
TGATTGATTCAATGACCCTTCAGCGAATTTCATACCTCG-3' andreverse5'-CGAGG
TATGAAATTCGCTGAAGGGTCATTGAATCAATCA-3').

Silencing of PDGFR-�. using siRNAs
HFFweretransfectedin 12wellplates(80.000cellsperwell)with 50nM siGENOMEhuman
PDGFR-��(5156)siRNASMARTpool(Dharmacon)or siGENOMENon-TargetingsiRNA
Pool#2(Dharmacon)usingRNAiMAX (FischerScientific)astransfectionreagent.

Supporting information
S1Fig.Anti-gH antibodiesco-precipitateacell surfaceprotein from lysatesof HFF co-
incubatedwith TB40-UL131Astopvirions. HFFsurfaceproteinswerebiotinylatedand
lysatesof HFF(1), lysatesof HFFmixedwith lysatesof TB40-UL131Astopvirions (2) and
lysatesof HFFco-incubatedwith TB40-UL131stopvirions (3) weresubjectedto anti-gH
immunoprecipitation.ProteinswereseparatedbySDS-PAGEfollowedby transferto nitrocel-
lulosemembranesor asilverstain.Biotinylatedproteinsweredetectedusingstreptavidin-per-
oxidasepolymerreagent.Thepositionsof co-precipitatedbiotinylatedproteinsatabout180
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kDa(left panel)andtherespectivebandsin thesilvergel(right panel)areindicatedbyarrows.
Thepositionsof gH andco-precipitatedgOareindicated.Thegelslicescut out for massspec-
trometryareindicatedbyredboxes.
(TIF)

S2Fig.wt TB40virion gH differs from TB40-�ïgOvirion gH. Lysatesof HFFinfectedwith
wt TB40or TB40-�ïgOvirusandlysatesof respectivecell-freevirionswereanalyzedbyWest-
ernblot usingananti-gH antibody.
(TIF)

S3Fig.Binding of gO-Fcfusion protein to HFF cell surfaces.(a)Totalcellextractsof HFF,
MRC-5,293cells,ARPE-19,andHUVEC wereanalyzedbyWesternblot for theexpressionof
PDGFR-��and��-actin.(b) 293cellsweretransfectedwith pFUSE-mIgG2B-Fc(1) or pFUSE-
gO-mIgG2B-Fc(2).96hoursaftertransfection,cellculturesupernatantswerecollectedand
proteinsprecipitatedwith ethanol.FcfusionproteinsweredetectedbyWesternblot analysis
usingaperoxidase-coupledanti-mouseantibody.(c) HFFandHUVEC wereco-incubated
with equalamountsof purified gO-Fcfusionproteinor asacontrol Fcfusionproteinand
binding determinedbyFACSanalysisusingaFluor488-labelledgoatanti-mouseIgGanti-
body.
(TIF)

S4Fig. Infection of HFF with wt TB40andTB40-�ïgOviruses.(a)Neutralizationof infec-
tion with antibodiesand(b,c)directcomparisonof two methodsto quantifyHCMV infection
of HFF:indirect immunofluorescencestainingfor HCMV IE1(b) andluciferaseassay(c). (a,
b,c)HFFwereinfectedon 96wellplates.Beforeinfection,wt TB40andTB40-�ïgOviruses
werepre-incubatedwith (a)anti-gBantibodies(SM5-1,2 �g ml-1), anti-gH antibodies(14-4b),
anti-UL131Arabbitantiserum(1:40),control rabbitantiserum(1:40)or medium(mock-
treated)or (b,c)PDGFR-��-Fc(300ngml-1) or medium(mock-treated)for onehour at4ÊC.
wt and�ïgO virusinoculawereadjustedto resultin comparablenumbersof infectedHFF
undermockconditions.Cellswereinfectedusingcentrifugalenhancement,washedthree
timeswith PBSafterinfectionandthenincubatedfor 24hoursbeforeinfectionwasdetected
by indirect immunofluorescencestainingfor HCMV IE1(a,b)or byaluciferaseassay(c).
Under (b) thepercentagesof IE1-positivenucleiareindicated.Shownaremeans+/- SDof
representativeexperimentsdonein triplicates.
(TIF)

S5Fig.Abundant TB40-�ïgO-lucparticlesdo not interfere with inhibition of wt TB40-luc
virus by PDGFR-��-Fc.HFFwereinfectedon 96wellplates.Beforeinfection,TB40-UL131A-
stop-lucor TB40-�ïgO-lucvirusor amixture of bothviruseswerepre-incubatedwith 3 �g ml-1

PDGFR-��-Fcor asacontrol mediumfor onehour at4ÊC.Cellswereinfectedwith thevirion
ÐPDGFR-Fcmixturesusingcentrifugalenhancement,washedthreetimeswith PBS,and
thenincubatedfor 24hoursbeforeinfectionwasdeterminedbyaluciferaseassay.Shownare
means+/- SDof onerepresentativeexperimentdonein triplicates.Inhibition of TB40-
UL131Astop-lucbyPDGFR-��-Fcwasbelowthedetectionlimit.
(TIF)

S6Fig.Overexpressionof PDGFR-�� in 293cells.293cellsweretransfectedwith
pCMV-PDGFR-��or acontrol vector.(a)Totalcellextractswereanalyzedfor PDGFR-��
expressionbyWesternblot 24and48hoursaftertransfection.(b) 24hoursaftertransfection,
cellswereeitherstainedbyHoechst33258to visualizenucleior by indirect immunofluores-
cenceusingaPDGFR-��-specificantibody.(c) and(d) Transfected293cellswereinfectedwith
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wt TB40-lucandthenincubatedfor 24hoursbeforeinfectionwasin paralleldetectedby indi-
rectimmunofluorescencestainingfor HCMV IE1(c) or aluciferaseassay(d). Under(c) the
percentagesof IE1-positivenucleiareindicated.Shownaremeans+/- SDof onerepresentative
experimentdonein triplicates.
(TIF)

S7Fig.Overexpressionof truncated PDGFR-�� in 293cells.(a)Schematicpresentationof
full-lengthandtruncatedPDGFR-��.Theopenreadingframeof full-lengthPDGFR-��consists
of 1089aminoacids.Thelastaminoacidof truncatedPDGFR-��isArg558.Thetransmem-
branedomainrangesfrom Ala529to Trp549.(b) 293cellsweretransfectedwith
pCMV-PDGFR-��,pCMV-PDGFR-��(1±558), or avectorcontrol.24hoursaftertransfection,
cellsurfacesof transfectedcellswerestainedwith ananti-PDGFR-��antibody(35248)or an
isotypecontrol andasecondaryFluor 488-labelledanti-mouseantibodyandanalyzedby
FACS.
(TIF)

S8Fig.Characterizationof TB40-�ïgOvirus spreadin cell culture. (a)Confluentmonolay-
ersof HFFwereinfectedwith TB40-�ïgOvirusataverylow m.o.i.After infection,cellswere
eitheroverlaidwith methylcelluloseor mediumcontaininganti-gBantibodies(SM5-1,2�g ml-
1), anti-gH antibodies(14-4B),anti-UL131Aantiserum(1:40),control rabbitantiserum(1:40),
or no inhibitor (mock-treated).5 dayslater,cellswerestainedfor HCMV IE1by indirect
immunofluorescenceandcellsperfocuscounted.Foreachtreatment,at least12foci were
countedanddepictedasmeans+/- SD.Shownisonerepresentativeexperiment.Asterisksrep-
resentP<0.001valuesdeterminedbycomparingfoci in mock-treatedmonolayerswith foci in
monolayersoverlaidwith methylcelluloseor co-incubatedwith antibodies(Mann-Whitney
RankSumtest).(b) Confluentmonolayersof HUVEC wereinfectedwith wt TB40or TB40-
�ïgO virusataverylow m.o.i.After infection,cellswereeitherincubatedwith mediumcon-
taininganti-UL131Aantiserum(1:40)or mediumalone(mock-treated).Fociwereanalyzedas
describedunder(a).Pvaluesweredeterminedbycomparingfoci of wt TB40andTB40-�ïgO
virusinfectionseitherundermockconditionsor in thepresenceof anti-UL131Aantibodies
(Mann-WhitneyRankSumtest).
(TIF)

S9Fig.Silencingof PDGFR-�� reducescell-associatedspreadof gH/gL/gO-positiveHCMV
in fibroblast cultures.NT siRNA-or PDGFR-��siRNA-transfectedHFF48hoursaftertrans-
fectionweremixedwith HFFinfectedwith (a)wt TB40,TB40-UL131Astopor TB40-�ïgO
virusor b) VR1814.After adherence,cellswereoverlaidwith methylcellulose.5 dayslater,cells
werestainedfor HCMV IE1by indirect immunofluorescence.(a)Representativestainingsof
theanalysisshownin Fig6c.(b) Onerepresentativeexperimentfor whichat least20foci were
countedanddepictedasmeans+/- SD.
(TIF)
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