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Abstract

E 23(1%$&&(66 Herpesvirus gH/gL envelope glycoprotein complexes are key players in virus entry as
Citation:WuY, Pragem, BoosS, ReschM, Brizic  ligands for host cell receptors and by promoting fusion of viral envelopes with cellular mem-
I, MachM, etal. (2017)Humarcytomegalovirs branes. Human cytomegalovirus (HCMV) has two alternative gH/gL complexes, gH/gL/gO

glycoprote complexgH/gL/gQusesPDGFR-as g gH/gL/UL128,130,131A which both shape the HCMV tropism. By studying binding of
akeyfor entry.PLoSPathogl3(4):e1006281.

hitps://da.0rg/10.13716urnal.ppal006281 HCMV particles to fibroblasts, we could for the first time show that virion gH/gL/gO binds to

i B platelet-derived growth factor- . (PDGFR- .) on the surface of fibroblasts and that gH/gL/gO
Editor:AndrewYurochkoLouisianstate . . L . . .
Universit-ealtScienceenterUNITED either directly or indirectly recruits gB to this complex. PDGFR- . functions as an entry recep-
STATES tor for HCMV expressing gH/gL/gO, but not for HCMV mutants lacking the gH/gL/gO com-
ReceivedAugus26,2016 plex. PDGFR- .-dependent entry is not dependent on activation of PDGFR- .. We could also

show that the gH/gL/gOPPDGFR - . 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
Copyright:< 2017Wuetal. Thisis anopenaccess  cells may thus be preferred first target cells for infections with free virus which might have
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CommongAttributon Licensewhichpermits

unrestrictedise,distributionandreproductiorin
anymedium providel theoriginalauthorand

AcceptedMarch8,2017

Published:April12,2017

sourcearecredited

DataAvailability StatementAllrelevantataare Author sum mary

withinthe paperandits Supporing Information . P . . . .
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is centralfor understandingvirus pathogenesiandtransmissiorfor anyvirus. Although
_ , therolesof alternativegH/gL complexe®f HCMV in celltropismandvirus spreachave
theDeutsché-orschunggemeinschafjivento BA b t bl e llcult ¢ ferto HCMV t . . t
(AD131/3-2andAD131/4-1) YWiwasfundecbya eenextensivelgtudiedin cellculture,transferto ropism isacontrover-
PhDgrantfromthe ChineScholarstp CouncilThe sialissue Our characterizatiorof the PDGFR- +gH/gL/gOinteractionoffersanexplana-
fundershadnorolein studydesigngdatacollection tion for thetropismof HCMV for cellsandtissueswith high levelsof surfacd®DGFR-

andanalysisdecisiorto publish,or preparatiorf . Discrepanffindings,whensimilar celltypeswereanalyzedn culture,may
themanuscript.

Funding:Thisworkwassupportedy grantsfrom

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006281  April 12, 2017 1/24


https://doi.org/10.1371/journal.ppat.1006281
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006281&domain=pdf&date_stamp=2017-04-12
https://doi.org/10.1371/journal.ppat.1006281
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

@'PLOS | PATHOGENS

The role of PDGFR- . in HCMV entry

Competingnterests Theauthorshavedeclared
thatno competingnterestsexist.

retrospectivelypeattributedto aculture-dependeniossor up-regulationof PDGFR-
proteinlevelsOur finding thatthe PDGFR- BgH/gL/gOinteractionstartsthe predomi-
nantentry pathwayfor infectionwith freevirus movesthe gH/gL/gO complexin the cen-
ter of interestfor vaccineslesignedo preventhorizontalor verticaltransmissiorandalso
for thedevelopmenbf CMV vaccineor genetherapyvectors.

Introduction

Human cytomegalovirugHCMV) isahumanherpesvirusvhichis spreadvorldwideandcan
causdife-threateningnfectionsin immunocompromisedatients Additionally, it is oneof
themajor causesf virus-inducedbirth defectsaftercongenitainfection. Like all herpesvi-
rusesijt persistdifelongin its host. HCMV diseasén immunocompromisedatientsand
intrauterineinfectionwith HCMV canbeobservedoth afterprimary infectionandafterreac-
tivation [1]. Onehallmarkof HCMV infectionis the broadcelltropism observed [2],
whichis shapedy anumberof differentenvelopeaglycoproteincomplexes.

Initial attachmenbf HCMV patrticlesto cellsis promotedby heparansulfateproteoglycans
on the surfaceof cells[3]. Both,the HCMV glycoproteingBandthe HCMV gM/gN glycopro-
tein complexareinvolvedin thisinitial attachmen{4,5]. This stepis believedo befollowed
by amore stableand specificinteractionof cellularentry receptorswith eitherthetrimeric
gH/gL/gOor the pentameriagH/gL/UL128,130,31A envelopeaglycoproteincomplex(6].
OncethereceptorbgH/gLcomplexinteractionis stabilizedthe coregH/gL complexin con-
certwith gBis believedo promotefusionof the viral envelopewith cellularmembraneg6,7].
The phenotypesissociatewvith alossof the trimeric or the pentamericcomplexesire
completelydifferent.Mutantsunableto form gH/gL/UL128,130,131Msetheir broadcelltro-
pismandclassicahostcellslike endothelial gpithelial monocyticor dendritic cellscanno lon-
gerbeinfected [8+13].Yet,the capacityto infectfibroblastsand virus productionin
fibroblastss not affected10,12].Mutantsunableto form gH/gL/gO or mutantswith low
amountsof gH/gL/gOin their envelopeprimarily spreaccell-associatedthecausgO-negative
virus particlesreleasedrom infectedcellsarehardlyinfectious[14+17].Yet,their hostcell
rangeis not restricted[14,15].Mutantsunableto form eitherof the gH/gL complexesio not
releaseénfectiousvirus nor cantheyspreadn acell-associatechanner[15]. Therolesof the
HCMV gH/gL complexes arenot clear.A studyon therole of the gH/gL/gO complex
of murine cytomegaloviru§MCMV) showedhatin primary infection,gH/gL/gOis crucial
for infection of first targetcellsincluding epithelialcells endothelialcellsand macrophages
[18]. Comparabldo observationén cellculture[14,15,19,20kpreadof infectionfrom these
first targetswithin organsis not dependenbn gO aslong asanalternativegH/gL complexcan
beformed[18].

Severastudiesndicatedthat gH/gL/gOandgH/gL/UL128,130,31A usedistinctreceptors
for entry[20+22].Until today,anumberof differenthostcellsurfacemoleculeshavebeen
shownto enhancéHCMYV infection of cellsin culture[23+28].Additionally, it hasbeenshown
thatbinding of HCMV to someof themcanresultin activationof signalingpathways
[23,27,29,30Amongthosesignalingcellsurfaceeceptorsaregrowth factorreceptordike plate-
let-derivedgrowthfactorreceptor- (PDGFR- ),epidermalgrowthfactorreceptor(EGFR)or
integrins[23,26£28]PDGFR- ,EGFRandintegrinshavebeenshownto bind gBor gH
[23,27,28,31Recentlyijt hasbeenshownthat PDGFR- bindsrecombinantgH/gL/gO[32].

Here,wecouldfor thefirst time showthatthe gH/gL/gO complexin concertwith gBbinds
PDGFR- whenHCMV virus particlesattachto hostcellsurfacesThis confirmsthe
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interactionof recombinantgH/gL/gOwith PDGFR- reportedrecently[32]. We couldalso
showthatthe PDGFR- BgH/gL/gO interactionstartsthe predominantentry pathwayfor
infection of fibroblastswith freevirus. CellularPDGFR- expressionevelsdetermined
whetherinfection wasdependenbn the gH/gL/gOor the alternativegH/gL/UL128,130,131A
complex.Interestingly jnfection of fibroblastsvasnot dependenbn activationof PDGFR- .
BysilencingPDGFR- ,wecouldshowthatthe PDGFR- +gH/gL/gOinteractionnot only
promotedinfectionwith freevirus, but alsocell-associatedirus spreadThe dominanceof
gH/gL/gO-drivenentryin infectionswith supernatantirus suggestthatthe PDGFR- BgH/
gL/gOinteractionmayplayacrucialrole in horizontalinfectionwith freevirusfrom bodyflu-
idslike urine or breastmilk andthusbeaninterestingtargetfor vaccine®r antiviral drugs
designedo 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- beinganentryreceptorrespectivelyTo find out whetherPDGFR- alsointeracts
with theseglycoproteincomplexesn envelopesf HCMV particlesweco-incubatedvirus
particlesof the HCMV mutant TB40-UL131Astopl9], whichis unableto form thegH/gL/
UL128,130,1318omplexwith surface-biotinylatethumanforeskinfibroblastg HFF), lysed
cellsandsurface-boundirions, and precipitatecthe HCMV glycoproteingH with ananti-gH
antibody.A streptavidin-stainedblot of precipitatedproteinsshowedabiotinylatedcellsurface
protein of around 180kDa which wasco-precipitatedrom cell-virion lysateS1Fig,lane3).
This protein could alsoco-precipitatedrom mixturesof separatelyysedHFF andvirions (S1
Fig,lane2), but not from HFF control lysategS1Fig,lanel). Thecorrespondinggelslices
from asilver-stainedjel (S1Fig) wereanalyzedy massspectrometrywhich showedone
prominenthit for the cell-virion lysate peptideKLVYTLTVPEATVKD, which matcheghe
sequencef humanPDGFR- .Co-precipitationof PDGFR- andgH couldbeconfirmedby
Westernblot analysigFig 1). As expectedanti-gH antibodiesco-precipitatedhe gH/gL/gO
componentgO[33,34]andalso,asreportedbefore gB[7,35].UsingrecombinantPDGFR- -
Fcfusionprotein,wecould co-precipitategH, gO andgBfrom lysatesf TB40-UL131Astop
virions,whereasacontrol PDGFR- -F@roteindid not bind anyof theseHCMV glycopro-
teins(Fig 2a).

Co-precipitationof gH, gOandPDGFR- andadditionallygBcould eitherreflectaninter-
actionof the gH/gL/gO complexwith gBboundto PDGFR- or interactionsof gH/gL/gO
with PDGFR- andindependenthyalsowith gB.To clarify therole of gOin interactionsof gB
andgH with PDGFR- ,wecomparedorecipitationsof gH, gO,gBand PDGFR- from lysates
of wildtype (wt) TB40virus,which containsboth, thetrimeric andthe pentameriagH/gL com-
plex,with precipitationsfrom lysate®f a TB40mutantlackinggO (TB40- igO)[19]. As
observedor TB40-UL131Astopirus, anti-gH antibodiesco-precipitatedyO andgBfrom
cell-freewt TB40virion lysatesandadditionallyPDGFR- from lysate®f wt TB40virions
mixedwith HFF (Fig 2b). PDGFR- -Fcalsoco-precipitatedyO,gH andgBfrom cell-freewt
TB40virion lysategFig 2b). Precipitationof gBwith ananti-gBantibodydid not resultin co-
precipitationof gH or gOor PDGFR- (Fig 2b). Comparabldailuresof differentanti-gBanti-
bodiesto precipitatecomplexesormedbetweerrecombinantgH/gL andgBhavebeen
describedeforeand havebeenattributedto maskingof gBepitopesy boundgH/gL com-
plexed7,35].Foradirectcomparisonof wt TB40and TB40- igOvirions, thevirion lysates
usedfor co-precipitationassaysvereadjustedo containequalamountsof HCMV major

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006281  April 12, 2017 3/24


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

@’PLOS | PATHOGENS

The role of PDGFR- . in HCMV entry

IP anti-gH
kDa 1 2 3
130— L .
95—

DT — ”- 9B

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://dbi.org/10.1371djurnal.ppal10062819001

capsidprotein (MCP) asameasurdor equalnumbersof particles(Fig 2¢,right panel). TB40-
g0 virions containedmore UL128protein thanwt TB40virions. In wt TB40virions, UL128
couldonly bedetectedafterenrichmentby anti-UL131Aco-precipitation(Fig 2c,right panel).
Asdescribedeforefor the HCMV strain AD169[12], gH proteinsin lysatef cellsinfected
with wt TB40or TB40- igOvirusran asdoublebandsin the Westernblot, whereasn lysates
of purified virions only the respectiveipperbandscould bedetected S2Fig).gH from TB40-
g0 virions, which containonly gH/gL/UL128,130,13¢omplexeshadaslowerelectropho-
retic mobility than gH from wt TB40virions, which predominantlycontaingH/gL/gO com-
plexeq36] (Fig 2d and S2Fig). A similar sizedifferencefor gH hasbeendescribedor extracts
of cellsexpressingitherrecombinantgH/gL/gO or recombinantgH/gL/UL128,130,31Aand
thusresemblingextractsof wt TB40or TB40- igOvirions, respectively21]. Althoughwt
TB40and TB40- igOlysatesontainedcomparableamountsof gH andgB,PDGFR- -Fc
couldonly co-precipitategH, gO andgBfrom lysate®f wt TB40virions, but not from lysates
of TB40- igOvirions (Fig 2c,left panel).Thisindicateshat gH andgBcanonly interactwith
PDGFR- whenagH/gL/gOcomplexis formed.In the samdine, anti-gH antibodiedailedto
co-precipitatdPDGFR- from lysatef TB40- igOvirions mixedwith lysate®f HFF (Fig 2d).
Fig 2d additionallyshowsthatindependentlyof whethercell-freewt TB40,TB40-UL131Astop,
or TB40- igOvirions wereanalyzedr whethervirions mixedwith cellswereanalyzedanti-
gH antibodiesco-precipitatedyB. This probablyreflectshe recentlydescribednteractionof
gH/gL complexesvith gBin virions[35]. In summary,our co-precipitationdataimply that
theobserved®DGFR- *gHinteractionis strictly dependenbn gOwhichis indicativeof a
directinteractionof gH/gL/gOwith PDGFR- .An interactionof gBandPDGFR- canonly
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Fig 2. Co-precipitation 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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precipitations are due to abundant protein. (c) Left panel: Lysates of wt TB40 and TB40- GigOvirions 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- (gOvirions 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://cbi.org/10.1371durnal.ppal006281g002

beobservedvhengH/gL/gOis formedwhich suggestthat gBeitherbindsto PDGFR- after
gH/gL/gOhasformedacomplexwith PDGFR- or thatapreformedgBbgH/gL/gO complex
bindsto PDGFR- .A recentpublicationby Vanarsdalktal.,which showedhat gBdoesnot
interactwith gH/gL/gOin virions [35], rathersupportsthefirst scenarioOur dataconfirm the
interactionof recombinantgH/gL/gOwith PDGFR- [32], but not agH/gL/gO-independent
interactionof gBwith PDGFR- [23].

Differenthostcellsof HCMV showdifferentlevelsof PDGFR- expressionf37]. We could
easilydetectPDGFR- in extractsof fibroblastg HFF andMRC-5),but not in extractsof 293
cells ARPE-1%ells,or HUVEC (S3aFig).UsingarecombinantHCMV gOBbmouselgG2b-
Fcfusionprotein (gO-Fc)expresseth 293cellsand purified from cellculture supernatants
(S3bFig), wetestedbinding of gOto the cellsurfaceof HCMV hostcells WhengO-Fcwasco-
incubatedwith HFF or HUVEC, astrongand specifichinding to HFF but not to HUVEC was
observedS3cFig)which correlatewith therespectivd®DGFR- expressiotievelsn these
cells.This supportstherecentlydescribedlirectinteractionof gOwith PDGFR- [32].

Infection of fibroblasts with an HCMV gO-knockout mutant is not
dependenton PDGFR- .

The co-precipitationdataindicatethat PDGFR- only interactswith gH whenvirions contain
gO.To studywhetherPDGFR- andgO areindeedco-playersn the sameentry pathwaywe
comparednfectionswith wt TB40and TB40- igOvirusesn severaindependenexperiments.
Infectionswith wt TB40and TB40- igOvirusesareboth dependenbn gBandgH which could
bededucedrom neutralizationassayssinganti-gBandanti-gH antibodieg(S4&Fig). Since
TBA40- igOvirusis highly attenuatedvhencomparedo wt TB40virus [15], infectionswith wt
TB40and TB40- igOviruseshadto beadjustedsuchthat theyresultedn equalnumbersof
IE1-positivecellsafter24hours(S4band S4cFig). We observedin approximatelyl 000-fold
reducednfectivity for fibroblastsfor TB40- igOviruswheninfection efficiencieand MCP
contentsof virus preparationof wt TB40and TB40- igOvirusesverecompared.

In afirst setof experimentsye pre-incubatedvirus preparationswith solublePDGFR- -Fc
fusionprotein andasacontrol with PDGFR- -FCPDGFR- -Fcspecificallyandnearly
completelyinhibited infection of HFFwith wt TB40virus but not infectionwith TB40- igO
virus (Fig 3a).Interestingly aresidualinfection of about0.5%wasobservedvhenwt TB40
viruswasco-incubatedvith PDGFR- -Fowvhichmatcheghe 1000-folddifferencen infectiv-
ity betweerwt andgO-negativel B40virions. Thus,blockingPDGFR- +gH/gL/gOinterac-
tionsresultsin aphenotypecomparabléo deletionof gO. Theresidualinfection observed
afterpre-incubationof wt TB40viruswith PDGFR- -Foverylikely reflectsnfectionthrough
agH/gL/UL128,130,131Alependentntry pathway.To showthis, wecomparednhibition of
wt TB40and TB40-UL131Astopirusinfectionsby PDGFR- -FcWe startedatahighermul-
tiplicity of infection (m.o.i).to facilitatediscriminationof the inhibition levelsThisway,we
couldshowthatinfectionwith TB40-UL131Astopirus,which canonly form the gH/gL/gO
complexcouldbecompletelyinhibited, whereagvenincreasingamountsof PDGFR- -Fc
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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- (gO-lucvirus were pre-incubated with
the indicated amounts of PDGFR- .-Fc or as a control PDGFR- -Fc for one hour at 4EC 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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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 4EC 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- GgO-luc viruses after
infection of HFF pre-incubated with 0 ng mI™* PDGF-AA (set to 100%) and with 100 ng mI™* PDGF-AA. (d) 293
cells were transfected with pPCMV-PDGFR- . or a control vector and 2 days later infected with wt TB40-luc,
TB40-UL131Astop-luc or TB40- GgO-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://dbi.org/10.1371djurnal.ppal10062819003

couldnot abolishthe residualinfection of wtTB40virus (Fig 3b). To excludethatabundant
TB40- igOvirus particlespreventednhibition of TB40- igOvirus just by unspecificallybind-
ing PDGFR- -Farotein, TB40-UL131Astopirus wasmixedwith TB40- igOvirus andinhi-
bition by PDGFR- -FcanalyzedAsbefore infectionwith TB40-UL131Astopirus couldbe
completelyinhibited andinfectionwith TB40- igOvirus could not beinhibited. Whenboth
virus preparationsveremixed,infection wasreducedo thelevelof the TB40- igOinfection,
indicatingthatalsoin the presencef abundantTB40- igOvirus particlesjnfection with gH/
gL/gO-positivewt TB40virions could specificallybeinhibited (S5Fig).

It hasbeenshownbeforethat co-incubationof fibroblastswith the PDGFR- ligand
PDGF-AAblocksinfection of fibroblastswith HCMV [23]. We co-incubatecdHFF with
PDGF-AAandtheninfectedthe cellswith wt TB40,TB40-UL131Astopor TB40- igOvirus.
PDGF-AA,whichdose-dependentliglockedinfection of fibroblastswith wt TB40virus (Fig
3c(left panel)),only inhibited infectionswith wt TB40and TB40-UL131Astopirusesput not
infectionwith TB40- igOvirus (Fig 3c(right panel)).

In arecentpublication,it hasbeenshownthatinfection of ARPE-1%pithelialcellswith the
HCMV strain TR, which hasboth gH/gL complexesgcanbestronglyenhancedy over-expres-
sionof PDGFR- in ARPE-1%cells[37]. We over-expresseBDGFR- in 293cells(S6aand
S6bFig) andstudiedthe effecton infectionswith wt TB40,TB40-UL131Astopand TB40- igO
viruseswt TB40or TB40-UL131Astopirusesvereusedatanequalm.o.i. (titrated on HFF)
and TB40- igOwasadjustedsuchthat aninfection comparableo the wt TB40infection of
emptyvector-transfecte@93cellswasachievedFig 3d). Over-expressionf PDGFR-
stronglyenhancednfectionswith wt TB40and TB40-UL131AstopirusegFig 3dand S6c¢
and S6dFig) but not infectionwith TB40- igOvirus (Fig 3d). Thisindicatesthatanincreased
PDGFR- levelcanonly enhancenfectionswith gO-positiveHCMV. As expected] B40-
UL131Astopvirus,whichlacksthe pentameriaccomplex,couldlessefficientlyinfect non-trans-
fected293cellsthanwt TB40virus (Fig 3d). Takentogether all threesetsof experimentgFig
3) clearlyshowthat PDGFR- -dependenandgO-dependengéntry arecongruent.

PDGFR- .-dependent infection of fibroblasts does not depend on
activation of PDGFR- .

It hasbeenreportedthat co-incubationof humanembryoniclung fibroblastsHELF) with
HCMV virionsresultsin phosphorylatiorof PDGFR- anddownstreamAkt [23]. Similarly,
co-incubationsof MRC-9cellswith AD169and VR1814virions havebeenshownto resultin a
weaktyrosinephosphorylatiorof PDGFR- [32]. Bothstudiesconcludedthat PDGFR- -
dependentntryisindispensablyinked to activationof PDGFR- .We studiedphosphoryla-
tion of PDGFR- anddownstreamAkt in HFF andin alung fibroblastcellline (MRC-5).
Cellswereco-incubatedvith HCMV andascontrolswith the PDGFR- ligandsPDGF-AA
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andPDGF-BBTo excludean FCS-driverphosphorylatiorof PDGFR- ,weusedavirus prep-
arationwhich containedonly verylow levelsof FCS Both,PDGF-AAand PDGF-BBinduced
phosphorylatiorof Akt, but only PDGF-BBinduceddetectablghosphorylatiorof PDGFR-
(Fig4a).Yet,wecouldnot observgphosphorylatiorof PDGFR- or Akt whenHFF or MRC-5
fibroblastsvereco-incubatedvith HCMV atanm.o.i.of 10(Fig 4a).Thefailure of PDGF-AA
to efficientlyinducephosphorylatiorof PDGFR- in dermalfibroblastshasheendescribed
before[38] andturned out herealsoto beapropertyof MRC-5cells.Independentlyof these
celltype-specifiphosphorylatiorpatterns our datashowthat, althoughHCMV bindsto
PDGFR- onthesurfaceof fibroblastsjt doesnot necessarilgctivatet. In line with this, we
did alsonot observeaninhibition of infectionwhenHFF werepretreatedvith the protein
kinaseinhibitor imatinib mesylatealthoughwe could showthatit interferedwith phosphory-
lation of PDGFR- (Fig4b).If PDGFR- -drivenentry wasindependenbf activationof
PDGFR- ,signaling-incompetenPDGFR- andintact PDGFR- shouldequallybeableto
enhancehe susceptibilityof hostcellsto HCMV infection. Usingsite-directedmutagenesis,
weintroducedastopcodonataminoacidposition559in pCMV-PDGFR- whichresultedn
atruncatedprotein consistingof the extracelluladomainandthe transmembrananchorof
PDGFR- butlackingthe cytoplasmidinasedomains(S7aFigandFig4c).After transfection
of 293cells both proteinswereequallyexpressedn the surfaceof transfected®93cells(S7b
Fig).Over-expressionf full-lengthPDGFR- andtruncatedPDGFR- equallyenhancedwvt
TB40virusinfectionsof 293cellswhich stronglysuggestthat PDGFR- ratheractsasa
fusion-triggeringreceptorthan asasignalingligand (Fig 4d).

gH/gL/gO-dependent cell-associated modes of HCMV spread are also
PDGFR- .-dependent

ForHCMV andotherherpesviruseshereis anongoingdiscussiorwhethercell-freeandcell-
associatechodesof virus spreadaredependenbn interactionsof the samevirion glycopro-
teinsandcellularreceptorsor whetherdifferent protein-proteininteractionsor directfusions
betweercellsdrive cell-associatedirus spread39+41].In cellculture,cell-associatedrus
spreads definedasspreadn the presencef neutralizingantibodiesHowevert is not clear
whetherantibody-resistanspreadeflectsspreadporomotedby cellbvirion interactionsnot
recognizedy the neutralizingantibodiesor whetherit reflectsafailure of theseantibodieso
accessiral envelopeaglycoproteinor neutralizelocallyconcentratedririons whenvirions are
transmittedfrom infectedcellsto neighboringcells.Oneapproacho clarify this would beto
knockdownthe cellularreceptorinsteadof blockingthe receptorbinding proteins.Pooled
PDGFR- siRNAsefficientlysilencedDGFR- expressionn HFF (Fig 5aand5b). Silencing
of PDGFR- stronglyreducednfectionsof HFFwith cell-freewt TB40or TB40-UL131Astop
virusesput not infectionwith TB40- igOvirus (Fig 5cand 5d) which confirmedour inhibi-
tion experimentsisingrecombinantPDGFR- or PDGFR- ligandto blockinfection.

To evaluategherole of PDGFR- in cell-associatespreadefirst performedexperiments
with non-transfecteddFF. Confluentmonolayerf HFF wereinfectedwith wt TB40atavery
low m.o.iandinfectedcellsin discretefoci werecounted. Addition of amethylcellulos®ver-
lay,whichimpedesspreadvia supernatantirus,andneutralizinganti-gBandanti-gH anti-
bodiessignificantlyreducedthe sizef foci but did not abolishtheir formation (Fig 6a).
Similarly,addition of PDGFR- -FaeducedfocalspreadFig6a).PDGFR- -Fcequallyinhib-
ited infectionsof HFF with wt TB40and TB40-UL131Astopiruseswhich excludeghat
PDGFR- -Fc-resistargpreadustreflectsspreaddriven by the pentamericcomplex(Fig 6b).
It is of notethat spreadobf TB40- igOvirus,whichin HFF culturesis lessefficientthan spread
of wt TB40virus (S8aFig,[15]), canalsobedecreasetly methylcellulosandalsois 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 mi™), PDGF-BB (100 ng ml™) or 0.05%
DMEM (mock) for 1 hour at 4ECand then shifted to 37ECfor 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 37ECand 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 37ECand then stimulated with PDGF-BB (100 ng miI™) or mock-treated for 20 min. p7.,- 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 pPCMV-PDGFR- .- or pPCMV-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:/Hoi.org/10.13¥/journal.ppat006281.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- (igOviruses 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://cbi.org/10.1371djurnal.ppal006281g005
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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 mlI™Y), anti-gH antibodies
(14-4B), PDGFR- .-Fc (2 g mI™), 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 mlI™* PDGFR- .-Fc,2 g mI™* PDGFR- -Fc, or no
inhibitor (mock-treated). (a,b) 5 days later, cells were stained for HCMV IE1 by indirectimmunofluorescence
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- GgOvirus. 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://cbi.org/10.1371djurnal.ppal006281g006
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to neutralizingantibodieqS8aFig). However ananti-UL131Aantiserumcould completely
blockcellspreadfocussize= 1) (S8aFig). This extraordinaryneutralizationindicatesthat
spreaddf TB40- igOvirusis completelydependenbn the pentamericcomplex.Interestingly,
in HUVEC cultures,n which spreadof TB40- igOvirusis moreefficient,theanti-UL131A
antiserumcould not completelyblockfocalspread S8bFig).

Tofind outwhetherthe PDGFR- -Fc-resistargpreadof wt TB40and TB40-UL131Astop
viruseseflectsaPDGFR- -independenspreadnodeor not, werepeatedhe spreadexperi-
mentsusingHFFtransfectedvith pooledPDGFR- siRNAsor asacontrol non-targeting
(NT) siRNAs.Theexperimentavereall performedin the presencef methylcellulos¢o simul-
taneoushblock spreadviasupernatantirus. Virus spreadof wt TB40and TB40-UL131Astop
viruseswasclearlyreducedalbeitto significantlydifferentlevelFig 6cand S9aFig). While
spreadbf TB40-UL131Astowirus wasvirtually abolishedspreadof wt TB40virus (Fig 6¢)
wasstronglyreducedbut not completelyabolishedFor comparisonspreacof the HCMV
strainVR1814which, like wt TB40,alsoexpresselsoth gH/gL complexeswassimilarly inhib-
itedin PDGFR- -silencedHFF (S9bFig). Spreadf TB40- igOvirus wasnot affectedoy cellu-
lar PDGFR- levelsput couldbecompletelyinhibited (focussize= 1) by anti-UL131A
antibodieg(Fig 6¢). Theresidualspreadof wt TB40virusin PDGFR- -knockdowrHFFwas
in the samerangeasspreadof TB40- igOvirusin PDGFR- -knockdowrHFF andverylikely
representgH/gL/UL128,130,131A-dependefocalspreadin summaryusingPDGFR- -
knockdowncellsand comparinggO-positiveand gO-negativeriruseswecould showthat
cell-associateHCMV spreadn HFF culturesis eitherdriven by gH/gL/gObinding to
PDGFR- or bythegH/gL/UL128,130,13180mplexbut not by otherindependenpathways.

Discussion

Expressiorof PDGFR- isimportantfor infection of cellswith HCMV. Knockdownof
PDGFR- ,solublePDGFR- ,anti-PDGFR- antibodiesor PDGF-AAall stronglyinhibit
HCMYV infectionandre-introduction of PDGFR- in knockoutcellsreconstitutesnfection
[23,32].UsingrecombinantHCMV gB,binding of gBto PDGFR- hasbeenshown[23,42].
Similarly,recombinantgH/gL/gO complexhasbeenusedto precipitatePDGFR- from cell
lysateg32]. In thelatterstudy,aPDGFR- BgH/gL/gO complexwith PDGFR- directly
interactingwith gO couldbevisualizedby electronmicroscopy Additionally, all threestudies
proposedanenhancemenof infection by activationof PDGFR- [23,32,42]Thus,PDGFR-
asanentryreceptorfor HCMV recognizedy gBand/orgH/gL/gOandPDGFR- asasignal-
ing ligandfor HCMV aretwo conceptswvhichrequireconfirmation or disproof.

We analyzedheinteractionof the HCMV envelopegH/gL/gO complexwith cellsurface
proteinsusingyvirus particlesboundto the surfaceof fibroblastsand could confirm the interac-
tion of gH/gL/gOwith PDGFR- .We foundthatPDGFR- interactedwith gH,gOandgB.
ByusinganHCMV mutantlackinggO,wecould sortout thatthe gH/gL/gO complexis the
binding partnerfor PDGFR- .An interactionof gBandPDGFR- couldonly beobserved
whengH/gL/gOisformed.This suggestthat gBeitherbindsto PDGFR- afterPDGFR- has
formedacomplexwith gH/gL/gO or thata preformedgBbgH/gL/gO complexbindsto
PDGFR- .gH/gLbgB interactionshavebeendescribedeforein cellsco-expressingecombi-
nantgBandgH/gL[7] andveryrecentlyalsoin HCMV virions[35]. Thelatter publication
showedhat gBdoesnot interactwith gH/gL/gO complexesn virions, [35] whichwould sug-
gestascenarian whichaPDGFR- bgH/gL/gOcomplexrecruitsgBto form afunctional
fusioncomplex[7]. Our co-precipitationexperimentsonfirm theinteractionof recombinant
gH/gL/gOwith PDGFR- [32], but not agH/gL/gO-independeninteractionof gBand
PDGFR- [23]. Thedirectinteractionof recombinantgBand PDGFR- in cellsover-
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expressingBmight reflectan over-expressiophenomenor{23,42].In summary the binding
studiesby Kabanovaetal.[32] and our co-precipitationexperimentsupportthe concepthat
PDGFR- isanentryreceptorfor HCMV recognizedy gH/gL/gO.

We alsoaddressethe aspecf activationof PDGFR- by HCMV. Thefirst report propos-
ing PDGFR- asaco-receptoifor HCMV entry stronglyfocusedon PDGFR- activationby
HCMV [23]. It describedHCMV-dependentphosphorylatiorof PDGFR- anddownstream
Akt andinhibition of this activationby the protein kinaseinhibitor imatinib mesylateor anti-
PDGFR- antibodiesln the samdine, Kabanovaetal.[32] claimedthat binding of gH/gL/gO
to fibroblastsresultsin tyrosinephosphorylatiorof PDGFR- .We couldnot confirm these
findings.AsPDGFR- and Akt phosphorylationganalsobeinducedby FCSwe strictly con-
trolled thatboth mocktreatmentand HCMV preparationsontainedequalamountsof FCS.
Welookedfor activationof PDGFR- afterbinding of HCMV to HFF and MRC-5fibroblasts
andneitherobserveghosphorylatiorof PDGFR- nor of downstreamAkt, althoughweused
anm.o.i.of 10for infection. Additionally, we couldnot inhibit infection of HFFwith the pro-
tein kinaseinhibitor imatinib mesylateAs Soroceanetal.[23] showedphosphorylatiorof
PDGFR- afterinfection of HELF,the observedliscrepancynight bedueto differencesn
PDGFR- -activatiomatternshetweerHFFandHELF[38]. By comparinginfection of 293
cellsoverexpressingitherfull-lengthPDGFR- or asignaling-incompetentruncated
PDGFR- protein,wecouldshowthat PDGFR- -dependentnhancementf infectionis
independenbf activationof PDGFR- .Thus,gH/gL/gO-drivenentry,althoughit maybe
accompaniedby activationof PDGFR- in certaincelltypesjs not dependenbn activationof
PDGFR- .ThisidentifiesSPDGFR- ratherasafusion-triggeringentry receptorthanasasig-
nalingligandenhancingHCMV infection.

It hasrepeatedlypeenshownthat effectiveinfection of fibroblastss dependenbn the gH/
gL/gOcomplex[14+16,21]ByusinggO-negativeHCMV, we couldunequivocallyshowthat
gH/gL/gO-dependenand PDGFR- -dependeninfectionarecongruentWe couldefficiently
blockinfection of fibroblastsby pre-incubatingvirions with PDGFR- -Fdusionproteinand
by pre-incubatingcellswith the PDGFR- ligandPDGF-AAwhenvirions weregO-positive,
but not whengOwasknockedout andinfectionwasdependenbn the pentamericgH/gL/
UL128,130,13180mplex14,15].Importantly, inhibition of wt TB40virus by co-incubation
of virions with recombinantPDGFR- -Fgproteinreducedhe infectivity for fibroblastsabout
500fold. Whenwenormalizedinfectivity of wt TB40and TB40- igOvirus preparationgor
their MCP content,weobserved differencen infectivity in the samerange.Thisindicates
thatinhibition of wt HCMV virions with PDGFR- -Famirrors the phenotypeof agenetically
gO-negativenutant. Thisfinding and our experimentshowing(i) neutralizationof an
HCMV 1gO mutantby anti-gB,anti-gH, andanti-UL131Aantibodiesand (ii) that,in contrast
to spreadn HFF cultures, igO virus spreadn HUVEC culturesis more efficientthan spread
of wildtypevirus stronglysupportthat virus particledackinggO arenot just defectparticles
with aresidualundefinedinfectivity, but rathervirus particleswhoseinfectivity is restrictedto
gH/gL/UL128,130,131A-driveantry exertedn concertwith gB.Thismakeghemavaluable
tool to studyfor examplegH/gL/UL128,130,31A-drivenentry.

ThePDGFR- bgH/gL/gOinteractionseemdo startthe predominantentry pathwayfor
infection of cellswith freevirus, providedthe cellsabundantlyexpres$DGFR- on their sur-
face Different HCMV strainsincorporatedifferentrelativeamountsof the gH/gL complexes
into their virions [16,17,43,44vhich makest difficult to evaluatehe contribution of each
complexto entry by comparingdifferentstrains[32]. Yet,independentlyof the HCMV strain
useddeletionof gO massivelyeducesnfectivity of cell-freevirus[14+17,45]Thus,indepen-
dentofthe HCMV strain,gH/gL/gOverylikely is the predominantdriver of infection with
cell-freevirus.In line with findingsfrom Vanarsdalktal.[37], we could showthat over-
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expressionnf PDGFR- stronglyincreaseshe susceptibilityof cellsto infection,bothin the
absencandin the presencef the pentamericcomplex Asinfectionwith TB40- igOvirus
wasnot affectecby overexpressionf PDGFR- ,wecanconcludethatthe PDGFR- -depen-
dentenhancemenis gH/gL/gO-dependent.

Cell-associatedirus spreads basedn coordinatedchangesn cellarchitectureandcell
surfaceso efficientlytransfervirusto neighboringcells[39,46].Therearereportssuggesting
thatcell-associateHCMV spreadmaybetotally independenbf virion glycoproteinsor
dependenbn glycoproteindifferentfrom thosepromoting cell-freeHCMV spread40,41].
Thiswassupportedby findingsthat cell-associatespreadn cellculturecannotbeinhibited
by neutralizingantibodiesdirectedagainstirion proteinsknowto beinvolvedin cell-free
virusspread47]. Similarly,by usingrecombinantPDGFR- -Fcwecouldnot reducespread
of wt TB40or TB40-UL131Astopirusedo alevelbelowthe levelachievedy methylcellulose
overlaysknownto block spreadof supernatantirus. Yet,whenwesilencedPDGFR- in HFF,
cell-associatespreadf TB40-UL131Astopirus wasabolishedand cell-associatespreacof
wt TB40virus wasreducedo thelevelobservedor TB40viruslackinggO. Thisindicatesthat
virus spreadn cellculture,independentlyof whetherit canbeinhibited by antibodiesor not,
is eitherdriven by thegH/gL/gOPPDGFR- interactionor by gH/gL/UL128.130,131Ahe
relativecontributionsof gH/gL/gOandgH/gL/UL128,130,1314erylikely dependon the
HCMV strainor isolate Theyverylikely alsovarywith the relativeamountsof thesecom-
plexesn virions andtherelativeamountsof PDGFR- andthereceptor(syecognizedythe
pentamericcomplexon hostcellsurfacesOur finding that TB40- igOvirus spreadcanbe
completelyinhibited by anti-UL131Aantibodiesn HFF cultures but notin HUVEC cultures
additionallysuggestthat the failure of antibodiegto block spreads ratherdueto localhigh
concentration®f receptorsor their ligandsthanto afailure of antibodieso accessheir target
proteins.

Accordingto our data,infection of epithelialand endothelialcellswhich expressio or
undetectabléevelsof PDGFR- shouldbeequallysusceptibléo infectionwith virions
expressingo, low or highamountsof gH/gL/gO.Yet,it hasbeenshownthat particlescon-
taining both gH/gL complexeshowa highercapacityto infectendothelialor epithelialcells
than particlescontainingonly the pentameriaccomplex{14,17].0Our findingsdescribechere
cannotexplainthis. We canonly speculatehatthe gH/gL/gO complex by promoting
PDGFR- -independenattachmento cellsurfacesmayenhancebinding of virus particles
andthusincreaseahe chancefor asubsequeninteractionbetweergH/gL/UL128,130,131A
andits cellularreceptor.Our hypothesisvould follow a proposalof Zhou etal.[17] who sug-
gestedan entry enhancemenly gH/gL/gOfor epithelialcellswhichis independenbf the
interactionbetweerthegH/gL/UL128,130,13180mplexandits receptor.In thesamdine,
Kabanoveetal.[48] observedhat epithelialcellinfection couldbeblockedwith antibodies
directedagainsigO althoughtheydo not expressletectabldéevelsof PDGFR- receptor.

To summarizeour findings,we believethat we could confirm that PDGFR- isthecellular
receptorfor the HCMV gH/gL/gO complex.Our findingsverywell fit prominentphenotypes
foundin cellculturefor gH/gL-associatethutations,for examplehe stronglyreducednfec-
tion of fibroblastshy mutantsexpressingessgO or lackinggO[14+16,19]theinability of lab-
oratorystrains,which havelostthe ability to form the pentamericcomplex to infectcelltypes
with no or low levelsof PDGFR- [24,37],andthe susceptibilityof HCMV infectionto cellular
PDGFR- levelq24,37,42,49,50].

Consequentlyfor HCMV expressindnigh levelsof gH/gL/gO,the PDGFR- levelof target
cellsis the major factordeterminingcelltropism.Only if cellsexpressio or low levelsof
PDGFR- ,entry pathwaysiependenon thegH/gL/UL128,130,1318omplexwill become
important. Thisfinding is of importancewhenthe capacityof HCMV to infectcellsin culture
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is usedto characterizeghe HCMV celltropism. Culture conditions[51,52]andalsotransform-
ing antigeng24] maydown- or up-regulate®PDGFR- andthusaffectthe susceptibilityof cells
to HCMV infection.HCMV tropismdefinedin cellculturemaythusbemisleadingTherole
of PDGFR- -drivensusceptibilitieso infection shouldalsobekeptin mind whendiscussing
theroleof HCMV in glioblastomg53] andarteriosclerosif4], two diseaseonditionsassoci-
atedwith tissuesvhichexpressighlevelsof PDGFR- .

In MCMYV infectionsof the mouse gH/gL/gO hasbeenshownto playacentralrolein effi-
cientinfection of first targetcells[18]. Transferredo HCMV infectionsthegH/gL/gOb
PDGFR- interactionmaythusdeterminewhich cellsandhow efficientlytheyareinitially
infected We suggesthereforethat PDGFR- BgH/gL/gOinteractionsmight becrucialfor
horizontaltransmissiorviafreevirus from bodyfluids like urine or breastmilk andperhaps
alsofor verticaltransmissiorof HCMV. Thismakeshe PDGFR- BgH/gL/gOinteractionan
interestingtargetfor HCMV vaccine®r antiviral therapiesagainsHCMV.

Materials and methods
Cells

Primary humanforeskinfibroblasts(HFF) (PromoCell Germany) passag@&+23 humanfetal
lung fibroblastdMRC-5cells, ATCC-CCL-171)andhumanembryonickidneycells(293cells;
ATCC-CRL-1573[55]) weremaintainedin Dulbecco'smodified Eagle'snedium(DMEM)
supplementedvith 10%fetalcalfserum(FCS) Primary humanumbilical veinendothelial
cells(HUVEC) (LONZA, USA),passagé+6,weremaintainedin anEGM-2MV BulletKit
mediumsystem(LONZA, USA).Humanretinal pigmentepithelialcellsltARPE-19;
ATCC-CRL-2302)veremaintainedin DMEM F12supplementedvith 10%FCS.

Antibodies, recombinant proteins and inhibitors

For co-precipitationand competitionexperimentshumanPDGFR- -FcandhumanPDGFR-
-Fcfusionproteins(R&D SystemsandrecombinanthumanPDGF-AAandhuman
PDGF-BB(R&D Systemsjvereused Forinhibition of PDGFR- phosphorylationjmatinib
mesylatdSigma)wasused Antibodiesspecificfor HCMV proteinsweremouseanti-gH (14-
4band AP86-SA4)humananti-gB(SM5-1[56]), mouseanti-MCP (all kindly providedby M.
Mach, University Erlangen-Niinberg,Germany) mouseanti-g0.02[57], mouseanti-UL128
(4B10Kkindly providedby T. ShenkUniversityof Princeton,USA),mouseanti-gB(2F12;
Abcam),mouseanti-HCMV immediateearlyprotein 1 (IE1) (Perkin Elmer),rabbit anti-
UL131Aantiserum[12]. Antibodiesspecificfor cellularproteinswererabbit anti-Akt (Cell
Signaling)rabbit anti-Phospho-Aki(Ser473)(Cell Signaling)mouseanti-PDGFR- (C9;
SantaCruz Biotechnology)mouseanti-PDGFR- (35248R&D Systems)nouseanti-
PDGFR- (2D2-1A11Sigma)rabbitanti-Phospho-PDGFR-(Y742;R&D SystemsYyabbit
anti-Phospho-PDGFR-(Y762;Cell Signaling) mouseanti- actin(AC-74;Sigma)mouse
anti-GAPDH (GA1R,Thermo Scientific).Detectingantibodies/reagentssedwereperoxi-
dase-coupledoatanti-mouse(Sigma) peroxidase-couplekappachain-specifigoatanti-
mouse(Dianova),peroxidase-couplegoatanti-rabbit (Sigma) Fluor488-coupledjoatanti-
mouseantibody(Invitrogen) andstreptavidin-peroxidaspolymer(Sigma).

Viruses and virus stock preparation

All virusesusedwerebacterialartificial chromosomdBAC)-derivedHCMV: wt TB40virus
[58], TB40-UL131Astopirus (TB40mutant carryinga stopcodonafterthefirst 6 aa)[20],
TBA40- igOvirus (TB40mutantlackingthe 533N-terminal nucleotides)15,20],wt TB40-luc
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virus[19], TB40-UL131Astoptlcvirus[19], and TB40- igO-lucvirus[19]. For preparationof
cell-freevirus, supernatantsf infectedHFF showinga completecytopathiceffectwerecleared
of cellulardebrisat 3.000g for 15min andthenvirus pelletedat 26.000g for 3 hours.Virus pel-
letswereresuspendeth DMEM containing5%FCSandstoredat -80ECTiters of virus stocks
weredeterminedby a TCIDsgassayerformedon 96well plateson HFF. To infectcells,
mediumwasremovedfrom 90%confluentcellmonolayersandreplacedy virusdilutedin
DMEM containing5%FCS.In infection experimentsisingTB40- igO,all virusinfections
wereenhancedy acentrifugationstep(30min, 2.000g at RT), followedby incubationat
37EGor 90min.

Cell surface biotinylation

HFFwerebiotinylatedin 0.5mg/ml EZ-Link Sulfo-NHS-LC-IC-Biotin (Thermo Scientific)in
PBSor 30min atRT. Thereactionwasstoppedby washingthe cells3 timeswith 2700mM gly-
cinein PBS.

Immunoprecipitation

Cellsor virus stockswerelysedin lysisbuffer(20mM TrisHCI (pH 8.0),150mM NaCland
1%Triton; phosphatasmhibitor cocktail(cOmpletemini; Roche))Lysatesvereprecleared
with protein A sepharoseeadq{GE Healthcarendco-incubatedwith antibodiesor Fc
fusionproteinsat4ECovernight. Thenprotein-antibodycomplexesvereprecipitatedwith
protein A sepharosbeads.

Theprecipitatesveredissociatedn samplebuffer(0.13M Tris-HCI (pH 6.8),6%SDS 10%
a-thioglycerollandsubjectedo SDS-polyacrylamidgelelectrophoresi§SDS-PAGE)fol-
lowedby eithersilverstain(FireSilverStainingKit, Proteomefactory,Berlin) or Westernblot
analysisusingnitrocellulosemembranefGE Healthcare¥or protein transferand SuperSignal
WestPicochemiluminescencsubstratg ThermoScientificYor detection.

Mass spectrometry

Proteinsin gelslicedrom silverstainedgelswereidentified by high resolutionnanoHPLC-E-
SI-MSMSchromatographyProteomeFactory Berlin, Germany)and searchedgainshuman
cellularproteins.

Cloning, expression and purification of recombinant HCMV gO-
mIgG2bFc fusion protein

Theopenreadingframeof gO derivedfrom HCMV strainTB40-BAC459] lackingthe N-ter-
minal signalpeptide(aal+28)wasclonedinto the pFUSE-mIgG2BFc2ector(Invivogen).293
cellsweretransfectedvith pFUSE-gO-mIgG2BFazsingpolyethylenimineThreehoursafter
transfectionrmediumwasexchangedor OptiPROserum-freamedium(LifeTechnologiesand
supernatantsvereharveste®6hoursaftertransfectionTotal supernatanproteinswerepre-
cipitatedwith ethanol/125mM NacClto control expressioy Westernblot analysisFcpro-
teinswerepurified from supernatant®y precipitationwith protein A sepharoséGE
Healthcare¥ollowedby elution usinglmmunoPurelgG elution buffer,pH 2.8(Thermo Scien-
tific). Fcprotein amountsweredeterminedby a captureELISAon NeutrAvidin coatedplates
(Thermo Scientific)usinga biotinylatedgoatanti-mouselgG (Fc-specifichantibody(Sigma)
to captureFcproteinsandaperoxidase-conjugategbatanti-mouselgG (Fc-specificanti-
body(Sigma)and TMB substratgBD Biosciencedp detectFcproteins.
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Indirect immunofluorescence

Forindirectimmunofluorescenceadherentcellswerefixedin 50%acetone/50%nethanol
andstainedusinganti-lIE1 antibodyand Fluor488-couplednti-mouseantibody.For counter-
stainingof cellnuclei,cellswereincubatedin PBScontaining5 mgml™ Hoechst333258
(Invitrogen).

FACS staining

To detectsurfaceexpressionf PDGFR- or to detectcellsurfacebinding of gO-Fcfusionpro-
teins,HFF,HUVEC or 293cellsweredetachedrom platesusing0.5mM Na-EDTAandco-
incubatedwith anti-PDGFR- antibodiesor Fcproteins,respectivelyPDGFR- or binding of
Fcproteinswasdetectedvith Fluor 488-coupledanti-mouseantibodiesandanalyzedn aBD
FACSCantoll cytometerusingBD FACSDiva softwarg(BD Biosciences).

Luciferase assay

HFF or 293cellsweregrownin 96 well plateg20,00Ccells/well)andinfectedin triplicatesfor
90min. Inoculawerethenreplacecy mediumsupplementeavith 300 g ml™* phosphono
aceticacid(PAA) to blockviral replication(Sigma) 48 hoursafterinfection cellswerelysedin
50 | lysisbuffer(25mM Tris/H3PO4, 2mM EDTA,2mM DTT, 10%glycerol 5%Triton-X
100)andluciferaseactivitywasdeterminedfor 20 | of lysatewith aluciferaseassapystem
(PromoCell)accordingto the manufacturer'snstructions.

Infection of 293 cells over-expressing PDGFR- .

293cellsweretransfectedvith pPCMV-humanPDGFR- (SinoBiologicallinc.) or
pCMV-PDGFR- (1+558lusingFugengPromega)24hoursaftertransfectioncellswere
seededn 96wellplatesand 24 hourslaterinfectedwith luciferase-expressingCMV.

In vitro mutagenesis

pCMV-PDGFR- (1+558yasclonedby introducing astopcodonat position559into
pCMV-PDGFR- usingthe QuikChangdl XL Site-DirectedMutagenesi«it (Agilent Tech-
nologies)accordingto the manufacturer'snstructions(mutagenesigrimers:forward 5'-
TGATTGATTCAATGACCCTTCAGCGAATTTCATACCTCGS' andreverses'-CGAGG
TATGAAATTCGCTGAAGGGTCATTGAATCAATCA-3)).

Silencing of PDGFR- . using siRNAs

HFFweretransfectedn 12well plateg80.00Qellsperwell) with 50nM siGENOMEhuman
PDGFR- (5156)siRNASMARTpool(Dharmacon)or SiGENOMENon-TargetingsiRNA
Pool#2 (Dharmacon)usingRNAIMAX (FischerScientific)astransfectionreagent.

Supporting information

S1Fig. Anti-gH antibodiesco-precipitatea cell surfaceprotein from lysatesof HFF co-
incubatedwith TB40-UL131Astopvirions. HFF surfaceproteinswerebiotinylatedand
lysateof HFF (1), lysateof HFF mixedwith lysatesf TB40-UL131Astopirions (2) and
lysateof HFF co-incubatedvith TB40-UL131stopirions (3) weresubjectedo anti-gH
immunoprecipitation.Proteinswereseparatethy SDS-PAGHollowedby transferto nitrocel-
lulosemembrane®r asilverstain.Biotinylatedproteinsweredetectedisingstreptavidin-per-
oxidasepolymerreagentThe positionsof co-precipitatediotinylatedproteinsat about180
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kDa (left panel)andtherespectivdandsin the silvergel(right panel)areindicatedby arrows.
Thepositionsof gH and co-precipitatedyO areindicated.The gelslicescut out for massspec-
trometry areindicatedby red boxes.

(TIF)

S2Fig.wt TB40virion gH differs from TB40- igO virion gH. Lysate®f HFF infectedwith
wt TB40or TB40- igOvirus andlysate®f respectiveell-freevirions wereanalyzedy West-
ern blot usingananti-gH antibody.

(TIF)

S3Fig. Binding of gO-Fcfusion protein to HFF cell surfaces(a) Total cellextractsof HFF,
MRC-5,293cells ARPE-19andHUVEC wereanalyzedy Westernblot for the expressiorof
PDGFR- and -actin.(b) 293cellsweretransfectedvith pFUSE-mIgG2B-F€1) or pFUSE-
g0O-migG2B-Fd2). 96 hoursaftertransfectioncellculture supernatantsverecollectedand
proteinsprecipitatedwith ethanol.Fcfusionproteinsweredetectedy Westernblot analysis
usingaperoxidase-couplednti-mouseantibody.(c) HFFand HUVEC wereco-incubated
with equalamountsof purified gO-Fcfusionprotein or asacontrol Fcfusionproteinand
binding determinedby FACSanalysisisinga Fluor 488-labelledjoatanti-mouselgG anti-
body.

(TIF)

S4Fig. Infection of HFF with wt TB40and TB40- igO viruses.(a) Neutralizationof infec-
tion with antibodiesand (b, c) directcomparisonof two methodsto quantifyHCMYV infection
of HFF:indirectimmunofluorescencstainingfor HCMV IE1 (b) andluciferaseassayc). (a,
b,c)HFFwereinfectedon 96 well platesBeforeinfection,wt TB40and TB40- igOviruses
werepre-incubatedwith (a) anti-gBantibodies(SM5-1,2 g ml™%), anti-gH antibodies(14-4b),
anti-UL131Arabbitantiserum(1:40),control rabbitantiserum(1:40)or medium (mock-
treated)or (b,c)PDGFR- -FA300ng ml™) or medium (mock-treated¥or onehour at4EC.
wt and igO virusinoculawereadjustedo resultin comparablenumbersof infectedHFF
undermock conditions.Cellswereinfectedusingcentrifugalenhancementwashedhree
timeswith PBSafterinfectionandthenincubatedfor 24 hoursbeforeinfectionwasdetected
byindirectimmunofluorescencstainingfor HCMV IE1 (a,b)or by aluciferaseassayc).
Under (b) the percentagesf IE1-positivenucleiareindicated.Shownaremeanst/- SDof
representativexperimentsionein triplicates.

(TIF)

S5Fig. Abundant TB40- igO-luc particlesdo not interfere with inhibition of wt TB40-luc
virus by PDGFR- -Fc.HFFwereinfectedon 96well plates Beforeinfection, TB40-UL131A-
stop-lucor TB40- igO-lucvirus or amixture of both viruseswerepre-incubatedwith 3 g mi™
PDGFR- -Foor asacontrol mediumfor onehour at4ECCellswereinfectedwith the virion
DPDGFR-Fcmixturesusingcentrifugalenhancementyashedhreetimeswith PBSand
thenincubatedfor 24hoursbeforeinfectionwasdeterminedby aluciferaseassayShownare
meanst/- SDof onerepresentativexperimentdonein triplicates.Inhibition of TB40-
UL131Astop-ludoy PDGFR- -Fowasbelowthe detectionlimit.

(TIF)

S6Fig. Overexpressiorof PDGFR- in 293cells.293cellsweretransfectedvith
pCMV-PDGFR- or acontrol vector.(a) Total cellextractsvereanalyzedor PDGFR-
expressiory Westernblot 24and48hoursaftertransfection(b) 24 hoursaftertransfection,
cellswereeitherstainedoy Hoechst33258o0 visualizenucleior by indirectimmunofluores-
cencausingaPDGFR- -specifi@antibody.(c) and(d) Transfecte®93cellswereinfectedwith
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wt TB40-lucandthenincubatedfor 24 hoursbeforeinfectionwasin paralleldetectecby indi-
rectimmunofluorescencstainingfor HCMV IE1 (c) or aluciferaseassayd). Under (c) the
percentagesf IE1-positivenucleiareindicated.Shownaremeanst/- SDof onerepresentative
experimentdonein triplicates.

(TIF)

S7Fig. Overexpressiorof truncated PDGFR- in 293cells.(a) Schematipresentatiorof
full-lengthandtruncatedPDGFR- .Theopenreadingframeof full-length PDGFR- consists
of 108%9aminoacids.Thelastaminoacidof truncatedPDGFR- is Arg558.Thetransmem-
branedomainrangedrom Ala529to Trp549.(b) 293cellsweretransfectedvith
pCMV-PDGFR- ,pCMV-PDGFR- (1+558 or avectorcontrol. 24hoursaftertransfection,
cellsurface®f transfectectellswerestainedwith ananti-PDGFR- antibody(35248)or an
isotypecontrol andasecondaryluor 488-labelle@dnti-mouseantibodyandanalyzedy
FACS.

(TIF)

S8Fig. Characterizationof TB40- igO virus spreadin cell culture. (a) Confluentmonolay-
ersof HFF wereinfectedwith TB40- igOvirus ataverylow m.o.i. After infection, cellswere
eitheroverlaidwith methylcellulos®r mediumcontaininganti-gBantibodiegSM5-1,2 g ml°
1), anti-gH antibodies(14-4B) anti-UL131Aantiserum(1:40) control rabbit antiserum(1:40),
or no inhibitor (mock-treated)5 dayslater,cellswerestainedfor HCMV IE1byindirect
immunofluorescencandcellsperfocuscounted.For eachtreatment,atleastl2foci were
countedanddepictedasmeanst/- SD.Shownis onerepresentativexperimentAsteriskgep-
resentP<0.001valuedeterminedby comparingfociin mock-treatednonolayerswith fociin
monolayersoverlaidwith methylcellulos@r co-incubatedwith antibodiegMann-Whitney
RankSumtest).(b) Confluentmonolayersf HUVEC wereinfectedwith wt TB40or TB40-
igO virusataverylow m.o.i. After infection, cellswereeitherincubatedwith mediumcon-
taining anti-UL131Aantiserum(1:40)or mediumalone(mock-treated) Fociwereanalyzeds
describedunder (a). P valuesveredeterminedby comparingfoci of wt TB40and TB40- igO
virusinfectionseitherundermockconditionsor in the presencef anti-UL131Aantibodies
(Mann-Whitney RankSumtest).

(TIF)

S9Fig. Silencingof PDGFR- reducescell-associatedpreadof gH/gL/gO-positive HCMV
in fibroblast cultures.NT siRNA-or PDGFR- siRNA-transfectedHFF48hoursaftertrans-
fectionweremixedwith HFFinfectedwith (a) wt TB40,TB40-UL131Astopr TB40- igO
virusor b) VR1814 After adherencegellswereoverlaidwith methylcellulose5 dayslater,cells
werestainedfor HCMV IE1 by indirectimmunofluorescencda) Representativstainingsof
theanalysishownin Fig 6¢.(b) Onerepresentativexperimentor which atleast20foci were
countedanddepictedasmeanst/- SD.

(TIF)
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