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Abstract

Rhinoscleroma is a human specific chronic granulomatous infection of the nose and upper

airways caused by the Gram-negative bacterium Klebsiella pneumoniae subsp. rhinoscler-

omatis. Although considered a rare disease, it is endemic in low-income countries where

hygienic conditions are poor. A hallmark of this pathology is the appearance of atypical

foamy monocytes called Mikulicz cells. However, the pathogenesis of rhinoscleroma

remains poorly investigated. Capsule polysaccharide (CPS) is a prominent virulence factor

in bacteria. All K. rhinoscleromatis strains are of K3 serotype, suggesting that CPS can be

an important driver of rhinoscleroma disease. In this study, we describe the creation of the

first mutant of K. rhinoscleromatis, inactivated in its capsule export machinery. Using a

murine model recapitulating the formation of Mikulicz cells in lungs, we observed that a K.

rhinoscleromatis CPS mutant (KR cps-) is strongly attenuated and that mice infected with a

high dose of KR cps- are still able to induce Mikulicz cells formation, unlike a K. pneumoniae

capsule mutant, and to partially recapitulate the characteristic strong production of IL-10.

Altogether, the results of this study show that CPS is a virulence factor of K. rhinoscleroma-

tis not involved in the specific appearance of Mikulicz cells.

Author summary

Rhinoscleromaisahumanspecificchronicinfectioncharacterizedby theformationof
granulomain thenoseandupperairways.It isararediseaseendemicin low-income
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countrieswherehygienicconditionsarepoorandcausedby theGram-negativebacterium
���������� �	�
��	��� subsp.
��	�����
������. A hallmarkof thispathologyis theappear-
anceof atypicalfoamymonocytescalledMikulicz cells.Very little isknownaboutthecel-
lular andmolecularmechanismsunderlyingthisdiseaseandthebacterialvirulence
factorsof �. 
��	�����
������ areunknown.In thisstudy,wecreatedthefirst mutant
madein �. 
��	�����
������ andinactivatedtheproductionof capsule,anouter-mem-
brane-anchoredpolysaccharide.Usingamurinemodelrecapitulatingtheformationof
Mikulicz cellsandthisbacterialcapsulemutant,weobservedthatcapsuleisavirulence
factorfor �. 
��	�����
������ which isnot requiredfor theformationof Mikulicz cells,
indicatingthatotherspecificvirulencefactorsarepresentin thegenomeof thebacterium.
Thisworksopensthewayto further geneticanalysisof �. 
��	�����
������ andidentifica-
tion of newspecificvirulencefactors.

Introduction
Rhinoscleromaisachronicgranulomatousinfectiousdiseasethataffectsthenoseandother
partsof therespiratorytractdownto thetrachea[1]. Althoughfewsporadiccasesaretypically
describedin WesternEuropeandin theUSA,thisdiseaseisstill endemicin impoverished
areasof theMiddle East,EasternEurope,tropicalAfrica,SouthEastAsia,CentralandSouth
America.A delayin thediagnosiscanleadto complicationssuchasphysicaldeformity,upper
airwayobstructionand,rarely,sepsis.Treatmentcanbechallengingandincludessurgeryand
prolongedcourseof antibioticsto avoidrelapses.Thebacteriumimplicatedasthecausative
agentof rhinoscleromais ���������� �	�
��	��� subsp.
��	�����
������ (hereaftermentioned
as�. 
��	�����
������ or KR),asubspeciesof ���������� �	�
��	���. Despitebeinggeographi-
callybroadlydistributed,�. 
��	�����
������ hasbeenisolatedmainly in human[2] although
threerecentreportsmentiontheidentificationof �. 
��	�����
������ in cockroaches[3,4] or
chickens[5] in low hygienesettings.�. 
��	�����
������ isverycloselyrelatedto ����������
�	�
��	��� subsp.�	�
��	��� but canbedistinguishedfrom �. �	�
��	��� ��	�
 ��
���� by
biochemicalpropertiesandmultilocussequencetyping [6].

Rhinoscleromadevelopmentis typicallydescribedclinicallyandpathologicallyinto three
overlappingstages:catarrhalstage,proliferativestage,andscleroticstage[7]. Thecatarrhal
stageismarkedbypurulentrhinorroeaandnasalobstruction,whichpersistsfor months.His-
tologicalexaminationshowsevidenceof squamousmetaplasiawith asubepithelialinfiltrate of
polymorphonuclearcells.However,in thesubepitheliallayer,bacteriaareincompletely
digestedandfurther releasedinto tissues.Theproliferativestageischaracterizedbysymptoms
of epistaxis,nasaldeformityandotherproblemsdependingon theotherareasaffected.In
addition,histologyshowstheappearanceof Mikulicz cells,ahallmarkof rhinoscleroma[8].
Thesecellsarelargefoamymacrophageswith numerousenlargedvacuolescontainingviable
or non-viablebacteria.Finally,thescleroticstageischaracterizedby increasingdeformity,
granulomatousareasandscarformation.Mostpatientsarediagnosedin theproliferative
stage,whenthelesionappearsasabluish-red,rubberygranulomaandthetypicalMikulicz
cellscanbeobserved.

Mikulicz cellsareonly documentedin rhinoscleromaandhavebeendescribedasatypical
inflammatorymonocytesspecificallyrecruitedfrom thebone-marrowupon�. 
��	�����
����
��� infection[9]. Thesecellsrepresentapeculiarstateof highlyvacuolatedinflammatory
monocytesunableto digestbacteria.Moreover,it hasbeenshownthat IL-10,ananti-
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inflammatorycytokine,isessentialin theestablishmentof aproperenvironmentleadingto
thephenotypicmaturationof Mikulicz cells[9].

Differentvirulencefactorshavebeenimplicatedin thepathogenesisof �. �	�
��	���. Cap-
sulepolysaccharide(CPS)is recognizedasoneof themostimportant virulencedeterminants
of thispathogen.Thepresenceof CPSinhibits thedepositionof complementcomponents
onto thebacterium[10±12],impedesadhesionandreducesphagocytosisof thebacteriumby
macrophagesandepithelialcells[10,12±17].Using�	 ���� modelsof colonizationandpatho-
genesis,CPSmutantshavebeenshownto beunableto colonizeeitherpulmonaryor systemic
tissues[13,18,19].Clearly,CPSplaysanimportant role in theinterplaybetween�. �	�
��	���
andtheinnateimmunesystem.

�. �	�
��	��� and�. 
��	�����
������ areheavilycapsulatedbacteria.�. �	�
��	���
express134differentcapsularserotypesthat theyareeasilytransferredviahomologousrecom-
bination [20,21].Interestingly,despitetheir scatteredgeographicaldistribution,all �. 
��	��
����
������ isolatesbelongto capsulartype3 (K3) [6]. This is raisingthequestionof whether
theK3 serotypecapsulecompositionplaysanyspecificrole in rhinoscleromapathology.
IndeedtheK3 capsulerepeatedunit is rich in mannoseresidues,its repeatedunit beingcom-
posedof !2-[(4,6-(�)-pyruvate)-��-D-M an-(1!4)]-��-D-GalA-(1!3)-��-D -Man-(1!2)-��-
D-Man-(1!3)-û-D-Gal-(1 ! [22]. This isalsosuggestiveof possibleinteractionof thebacteria
with mannosereceptorsmainlycarriedbymacrophagesanddendriticcells.Indeed,theK3
capsulehasbeenshownto beoneof thefew���������� K typesableto bind to themannose
receptor[23]. Thecompletesequenceof thegenomicregioncomprisingthecapsulepolysac-
charidesynthesisgeneclusterwasdetermined[24]. However,to date,thelink betweenCPS
and�. 
��	�����
������ virulenceremainsto beelucidated.Theroleof the�. 
��	�����
������
CPShasneverbeentested�	 ���� since,currently,thereareno �. 
��	�����
������ CPS
mutantsavailable.

AsCPSisaprominent factorin otherbacteria,hereweexploredthepossibilitythat �. 
���
	�����
������ CPSis implicatedin thepeculiarpathophysiologicalaspectsof rhinoscleroma.
Wehavepreviouslyestablishedanintranasalmousemodelof �. 
��	�����
������ infection
recapitulatingtheformationof Mikulicz cells,themajorhistologicalfeatureof thedisease[9].
In thiswork,wesuccessfullyconstructeda�. 
��	�����
������ CPSmutantstrain,representing
thefirst reportof theuseof genetictoolsin �. 
��	�����
������. Further,usingour mouse
model,wecomparedthehostresponsesto wild-typeand�. 
��	�����
������ CPSmutant
infectionsbyexaminingcytokineproductionandpulmonaryhistology.Wereport that the�.

��	�����
������ CPSmutant isattenuated�	 ���� but alsothatMikulicz cellsareobserved
uponinfectionwith highdoseof �. 
��	�����
������ CPSmutant.Our dataindicatethatcap-
suleisavirulencefactorof �. 
��	�����
������ but isnot involvedin thespecificappearanceof
Mikulicz cells.

Materials and methods

Ethicsstatement
All protocolsinvolvinganimalexperimentswerecarriedout in accordancewith theethical
guidelinesof PasteurInstitute,Parisandapprovedby theComiteÂd'Ethiquedel'Institut Pas-
teur (CETEA)(comiteÂd'eÂthiqueenexpeÂrimentationanimalenÊ89)undertheprotocollicense
number:2013±0031.All micehadfreeaccessto foodandwaterandwereundercontrolled
light/dark cycle,temperatureandhumidity. Animalswerehandledwith regardfor painallevi-
ationof suffering.Animalswereanesthetizedusingketamineandxylazine,andeuthanized
with CO2.

Capsule in Klebsiella rhinoscleromatis infection
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Bacterialstrains,plasmidsandmedia
Bacterialstrainsandplasmidsusedin thisstudyarelistedin Table1.The�. �	�
��	���
subsp.
��	�����
������ SB3432strain(KR WT) wasisolatedin 2004at theAvicennehospital,
Bobigny,France,from abiopsyof theleft nasalcavityof an11-yearsold patientdiagnosed
with rhinoscleroma.The�. �	�
��	��� subsp.�	�
��	��� Kp52145strainisapreviously
describedclinical isolate(serotypeO1:K2)[25]. The�����
����� ���� strainsusedin thecloning
experimentswereDH5�� ����
 (Invitrogen)andû2163,kind gift from Didier Mazel(Institut
Pasteur,France).pGEM-T(Promega)isTA cloningvectorusedfor cloningPCRproducts.
pDS132wasakind gift from DominiqueSchneider(UniversiteÂJosephFourier,France).A
kanamycincassettewasPCRamplifiedfrom theplasmidpKD4 [26] andrecombineeringplas-
mid pSIM6expressingRedsystemwasusedto createmutant in Kp52145[27]. Theplasmid
pAT881carryingthe�
������ operonwasusedto makebioluminescentstrains[28].

Bacteriaweregrownin LysogenyBroth (LB) mediumat37ÊCwith shaking.Whenappro-
priate,antibioticswereaddedat thefollowingconcentrations:ampicillin (Amp) 100�g/ml;
chloramphenicol(Cm) 30�g/ml; kanamycin(Kan)50�g/ml. Whennecessary,DAP wassup-
plementedto afinal concentrationof 0,3mM. Forselectionagainst����, LBmediumwassup-
plementedwith sucroseto afinal concentrationof 5%(wt/vol).

Inoculawerepreparedfrom overnightbacterialculturesgrownon aloanon LBplatesat
37ÊCresuspendedin physiologicalsaline.

Construction of a ��� mutant in �. ����	��
��	�
��� and in �. �����	��
�
Capsule�. 
��	�����
������ mutant(KR ��� �) wasobtainedby insertionof theplasmidpAM2
in the��� gene.Briefly,akanamycincassetteflankedby1kbof upstream(���) and1kb of
downstream(����) sequencesof ��� usingathree-stepPCRmethod[29] wasclonedinto

Table1. Bacterialstrainsandplasmidsusedin this study.

Strain Description Referenceor source

�. �	
�

DH5�� ��pir F- �ï������ 
��� ��! 
���� �
��"�# ��$%"�& �	$� 
���� 
�$� �ï'�
(! ::��
 Invitrogen

��2163 (F�) RP4-2-Tc::Mu �ï$���::(�
� ���
) [KmR EmR] [32]

�. ����	��
��	�
 ���

KR WT (strainSB3432) Wild-type;K3 serotype [6]

KR-�
� Transformant from KR WT harbouringpAT881 Thisstudy

KR ��� - Capsulemutantharbouring pDS132 Thisstudy

KR ��� Ð �
� Capsulemutantharbouring pAT881 Thisstudy

�. �����	��
 �

Kp52145 Wild-type;K2 serotype [25]

Kp52-pSIM6 Kp52145wild-typeharbouringpSIM6 Thisstudy

Kp52�ï��� Capsulemutant;the��� genewasinactivated Thisstudy

Plasmid Description Referenceor source

pGEM-T Cloningvector Promega

pDS132 Derivedfrom pCVD442(%�� �
�, ���%�&, ���, ����), without IS�sequences,��� genereplacedby ��� gene(CmR) [33]

pKD4 Templateplasmidcarryingkanamycinresistancegeneflankedby FRTsites [26]

pSIM6 
�$ genesexpressionvector(AmpR); low copynumber(pSC101replicationorigin) [27]

pAT881 pGB2O���� �
����� � [28]

pAM1 pGEM-Tvectorwith the����)�	���� �� fragmentinsertedin SacIsite Thisstudy

pAM2 pDS132vectorwith the����)�	���� �� fragmentinsertedin SacIsite Thisstudy

https://doi.org/10.1371/journal.pntd.0006201.t001
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pGEM-Tandthensubclonedinto pDS132suicidevector.Theresultingplasmidwasintro-
ducedin the�. ���� û2163donor strain(DAP-) andtherecombinantstrainwasusedfor conju-
gationwith �. 
��	�����
������. KR ��� � mutantswereselectedonto Kan/DAP- plates.

�. �	�
��	��� 52�ï��� (Kp52�ï���) wasgeneratedusingthe�� REDrecombinationtech-
nique[26]. Briefly,akanamycincassettewasamplifiedbyPCRfrom thepKD4plasmidusing
primersKp52WzcUpKan(5'-ATCAGTGTTCAAACTTATTGAGCAATCTGCACTGTTATG
GGCTGAGAAATTAAAAGCTTAGAAATTCAGGAAATAATGCATGATTGAACAAGAT
GGATTG-3') andKp52WzcDownKan(5'- CGATATGGATGACGTTCATTATTATCCTTT
TATTATATATTTTAAAAAA GGGGATTCTTCGTCCCCTTCTTGAGTAACTCAGAAG
AACTCGTCAAGAAGG-3'). ThePCRproductwaspurified onto acolumn,digestedwith
��	(, repurifiedandelectroporatedinto �. �	�
��	��� carryingpSIM6,whichencodesthe��
REDrecombinase.Kan-resistantcloneswerescreenedfor successfulgenomicreplacementof
theentire���. Deletionof ��� on the�. �	�
��	��� 52145chromosomewasconfirmedby
PCRandsequencing.

Infection of mice,determination of CFUsandLD50
FemaleBALB/cJmicewerepurchasedfrom Janvier(LeGenest-Saint-Isle,France).

Inoculaof WT andmutantbacteriausedin thisstudyare2.107 bacteriafor KRWT, 2.107,
4.108 and109 for KR��� � and109 for Kp52�ï���. Whenappropriate,similar inoculaof the
respectivebioluminescentstrainswereused.

Bacterialcountsweredeterminedascolonyforming units (CFU)byplatingserialdilutions
of lunghomogenatesin 3 ml ice-coldPBSsupplementedwith 0,5%Triton X-100andEDTA-
freeproteaseinhibitors (FisherScientific).

Forsurvivalstudies,micereceivedeither2.107 KRWT or 2.107, 4.108, 109 KR��� � by the
intranasalroute.Followinginfection,animalswerereturnedto standardhousingandobserved
for 14days.A censusof survivorswastakendaily.

Bioluminescenceimaging
In orderto maintaintheplasmidconferringluciferaseexpression,micewereinjectedintraper-
itoneallytwicedaily from 1daypost-infectionwith 20mg/kgspectinomycin(Spectam).Fol-
lowing isofluraneanesthesia,bioluminescenceimagingwasperformedusinganIVIS
Spectrum(PerkinElmer).Analysisandquantificationof bioluminescenceweredoneusing
Living Image(PerkinElmer).

Histology andFluorescenceIn situ Hybridization (FISH)
At 96hpost-infectionlungswereinflatedwith 4%PFAandfixedovernightat4ÊC.Paraffin-
embeddedtissueblockswerecut into 7 �m sectionsandstainedwith hematoxylin-eosin(HE).
Imageswereacquiredwith theAxioScan.Z1(Zeiss)usingtheZeissZen2software.

FISHstainingwasperformedasfollows.Paraffinlungsectionsweredeparaffinized,rehy-
dratedin PBSandcoveredwith asolutionof lysozymeat10mg/ml in PBSduring 30min at
37ÊC.Slideswerethenwashedtwicein PBS,preincubated30min at42ÊCin hybridization
buffer(20mM Tris-HCl [pH 8], 0.9M NaCl,0.01%SDS,30%formamide)andincubated
overnightat55ÊCin hybridizationbuffercontaining50nM of thepan-bacteriaprobe
Eub338-Alexa55550-GCTGCCTCCCGTAGGAGT-3[30]. After washingin 1XSSC(1 SSCis
0.15M NaClplus0.015M sodiumcitrate),slideswerecoveredfor 1 min with DAPI to visual-
izethenuclei,washedin PBSandmountedin ProlongGoldreagent.Imageswereacquiredon
anupright fluorescencemicroscopeequippedwith theApotometechnology(ZeissAxioIma-
gerwith Apotome2,CarlZeissJena).
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Imagesanalysis
Thenumberof Mikulicz cellswasestimatedfrom HE stainedsectionsbymanuallysegmenting
regioncontaininghighnumberof Mikulicz cellsin ZenBluesoftware(Zeiss).Regionscon-
tainingMikulicz cellswithin denseinfiltrate of inflammatorycellswerenot included.Mikulicz
cells-containingregionwasquantifiedas%areaof thetotal lungarea.

Thenumberof bacteriapresentin thetissuesectionwasquantifiedfrom fluorescence
imagesusingtheFiji plugin TrackMate[31]. Bacteriaweredefinedasspotsof 1.5�m after
LaplaceGaussianfitting.

Capsulequantification
Capsulewasquantifiedastheconcentrationof uronic acidin thesamplesfrom astandard
curveof D-glucuronicacidasdescribedbyFavre-Bonteetal [14]. Theuronic acidcontentwas
expressedin nanogramsper106 CFU.

Quantification of cytokinesby ELISA
At varioustime post-infectionthefivepulmonarylobeswereremovedandcollectedin
ceramic-beadscontainingtubes(Precellyslysingkit CK28)with 2,5ml of icecoldPBSsupple-
mentedwith 0,5%Triton X-100andEDTA-freeproteaseinhibitors (FisherScientific).Sam-
pleswerethencrushedusingthePrecellyshomogenizerwith thefollowingprogram:3 cycles
of 15secat5.000� gwith 10secpause.Twentymicroliterswereremovedto determinethe
numberof CFU/lung.After adding10�l of Pen/Strep(100X,Sigma),sampleswerecentrifuged
at300� g for 10min andleft on icefor 30min. Thesupernatantswerefrozenrapidly in dry-
iceethanolbathandstoredat -80ÊC.Thefollowingcytokinesweremeasured:IL1û, IL-10,IL-
17,TNF�� (Duoset,all from R&D Systems).Assayswereperformedaccordingto themanufac-
turer'sinstructions.

Statisticalanalysis
CorrelationbetweenbioluminescencesignalandCFUnumberwasanalyzedbyPearsoncorre-
lation usingGraphPadPrism5.

Results

Genotypicandphenotypiccharacterizationof the �. ����	��
��	�
���
capsulemutant strain
To investigatetheroleof capsulein �. 
��	�����
������ virulence,weconstructedaKR cap-
sulemutant (KR ��� �) from the�. 
��	�����
������ wild-typestrainSB3432(KR WT) by
insertionof asuicideplasmid.It hasbeenshownthat inactivationof ��� gene,whoseprod-
uct is involvedin capsularpolysaccharideexportmachinery,leadsto acapsule-minusphe-
notypein �. �	�
��	��� [13]. Wedecidedthusto mutatethecapsularoperonin SB3432
by replacingthe��� geneby akanamycincassetteby usingthesuicideplasmidpAM2.
Althoughthis suicideplasmidcanbenormallyexcisedfollowingdoublecrossoverusing
���� counter-selection,wedid not manageto obtainthedesiredgenereplacement,possibly
becauseKR doesnot growon mediawithout saltwhich is requiredfor ���� counter-selec-
tion. Nevertheless,sequencingof KR ��� - confirmedtheintegrationof thesuicideplasmid
in the��� geneleadingto apolareffectandonebasedeletionin the���� geneleadingto
theproductionof atruncatedSacBprotein,henceexplainingtheselectionof this mutant
during thecounter-selectionstep.A schematicrepresentationof thewild-typeKR andthe
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capsulemutantKR ��� - capsuleexportportion of ��� operonis shownin Fig1A.Asexpe-
cted,coloniesof KR ��� � did not showtheslimyandmucoidphenotypecharacteristicof
surfacepolysaccharide-producingKR colonies(Fig1B).Wealsoquantifiedtheamountof
capsuleproducedandobservedadrasticreductionfrom 329�59 to 10�9 nguronic acid/
106 bacteriafor KR WT andKR ��� � respectively.Altogether,theseresultsindicatedthat
this KR mutant is aneffectivecapsulemutant.

Capsuleisawell-characterizedvirulencefactorof �. �	�
��	���. �. �	�
��	��� capsule
mutantsareavirulentandtheyarenot ableto causepneumoniaor urinary tract infections
[13,19,34].Wesoughtto analyzewhethertheKR��� � strainwasattenuated�	 ����. Anticipat-
ing thatat identicalinoculumof KRWT andKR��� � thiswouldbethecase,wewondered
whetherwecouldrecapitulatepartof thediseaseby increasingtheinfectiousdoseof theKR
��� �. BALB/cmicewerethusinfectedintranasallywith 2.107 KRWT or 2.107, 4.108 or 109 KR
��� � andsurvivalwasmonitoredover14days(Fig1C).While all miceinfectedwith 2.107 bac-
teriaof KRWT strainsuccumbedwithin 6 dayspost-infection,miceinfectedwith 2.107 or
4.108 KR��� � bacteriarecoveredfrom theinfectionandsurvived.However,a50%deathrate
wasobservedwith thehighestdoseof 109 KR��� �. Altogether,thesefindingsshowthat theKR
��� �strainisattenuated�	 ����, confirming thecrucialroleof capsulein KRvirulence.

Fig 1. Characterization of the �. ����	��
� �	�
��� capsulemutant strain (KR ��� �). (A) Schematic representation of thewild-type�. 
��	����� 
������ (top) andKR
��� � (bottom) capsuleexportregionof thecapsulelocus.Theinsertionof thesuicideplasmidpDS132occurredat thelevelof the��� gene.Theasteriskindicatesthe
basedeletionin the���� geneleadingto aberrantproteinproduction. (B) Morphologyof thecoloniesof KRWT andKR��� � strainsafterovernight cultureon LBagar
plates.(C) Quantificationof capsuleexpressedasamountof uronic acid/ 106 bacteriain KRWT andKR��� �. (D) Micesurvivalafterpulmonaryinfection with KRWT
or KR��� � strains.BALB/cmicewereinfectedwith 2.107 KRWT, 2.107 KR��� �, 4.108 KR��� � or 109 KR��� �. Survivalwasfollowedovertime.Dataarerepresentativeof
10micepergroupfrom two independent experiments.

https://doi.org/10.1371/journal.pntd.0006201.g001
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Thecapsuleis avirulencefactor of �. ����	��
��	�
���
In orderto compareKRWT andKR��� � infections,wetestedthecapacityof bioluminescent
bacteriato colonizethelungsafterintranasalinstillation.Micewereinfectedwith either2.107

bioluminescentKRWT or 2.107, 4.108 or 109 bioluminescentKR ��� �, andbioluminescence
imagingwasperformedandquantified6,24,48,72,96hourspost-infection(Fig2A and2B).
Mice infectedwith bioluminescentKRWT showedagradualincreasein lungsbiolumines-
cencewith a430fold signalincreaseat4dayspost-infectionascomparedafter6 hours.On the
otherhand,thebioluminescencesignalstartedto decreasefrom 6 hourspost-infectionwith
2.107 KR��� � andreachedbackgroundlevelatday1.A similarbut lesspronounceddecrease
wasobservedin miceinfectedwith 4.108 or 109 KR��� � indicatingahigherpersistenceof the
mutantbacteriain thelungs.Moreover,becauseof amoreviscousinoculumathigh infection
dosesleadingto difficultiesto achieveproperintranasalinfection,somemiceswallowedpart
of theinoculumandshowedabioluminescentsignalin thegut thatdisappearedin mostof the
animalsatday4,indicatingthat thebacteriatransitedin thegutbeforebeingeliminated.To
correlatethebioluminescentsignalwith thebacterialload,wequantifiedthenumberof CFU
in thelungsafterbioluminescenceimaging96hourspost-infection.After subtractionof the
backgroundsignal,weobservedasignificantcorrelationbetweenbioluminescenceandCFU
in miceinfectedwith 2.107 KRWT and4.108 or 109 KR ��� � (S1Fig),allowingagoodestimate
of CFUgreaterthan5.105 bacteriain thelungsfrom thebioluminescencesignal.

Wealsodirectlymonitoredthelungsbacterialloadduring thesametime coursein mice
infectedwith inoculaof 2.107 KRWT or 2.107, 4.108 KR��� � (Fig2C).While thenumberof
bacteriain miceinfectedwith 2.107 KRWT graduallyincreasedfrom 4.107 bacteriaper lungs
6hourspost-infectionto reach4.109 bacteriaat96hours,thenumberof bacteriain animals
infectedwith thesameinoculumof KR��� � decreasedgraduallyuntil thebacteriawerebeing
completelyclearedfrom theorganin 72hours.However,lungsfrom miceinfectedwith a
higherinoculumof 4.108 KR��� � presentedastill significantamountof bacteriain theorgan4
dayspost-infection,providingamorerelevantcomparisonto thewild-typeinfection.By96
hoursafterinfectionwith 4.108 KR ��� �, 33%of micesuccessfullyclearedtheinfectionwhile
theotherswerestill beingcolonizedandhadbetween5.105 and109 bacteriain their lungs.
Theseresultsindicatedthat theKR��� � mutant isstronglyattenuatedbut thatatahigherinoc-
ulum, afteracertainthreshold,KR��� � isableto persistandproliferatewithin thehost.

The formation of Mikulicz cellsin �. ����	��
��	�
��� is not capsule-
dependent
To examinethepathologyinducedbyKR��� �, lungsof micewerealsoexaminedhistologically
at4dayspost-infection(Fig3A).Animalsinfectedby2.107 KRWT presentedtheclassical
extensivebut moderatelydestructiveinflammationof thelungscharacterizedby therecruit-
mentandformationof largeMikulicz cellsfilling alveoli.Bycontrast,miceinfectedwith
2.107 KR��� � showedlocalizeddenseinflammatorylesionswith signsof hemorrhagesand
recruitmentof monocyticandpolymorphonuclearcells.No classicalMikulicz cellscouldbe
observed.Thisphenotypereflectstheinflammatoryresponsethatwasrequiredto eradicate
thebacteria.Interestingly,whenmicewerechallengedwith 4.108 or 109 KR ��� �, manyalveoli
werefilled almostexclusivelywith Mikulicz cells,similarly to whatisobservedwith KRWT,
althoughthealveolarlining wasmoreoftendisrupted.Regionswith denseandlocalized
inflammatoryregions,characterizedby infiltration of numerouspolymorphonuclearcells,
werealsoobserved(Fig3A,highlightedzone).Of note,all miceinfectedwith 4.108 or 109 KR
��� � out of 9examinedhistologicallypresentedMikulicz cells.Altogether,theseobservations
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Fig 2. Bioluminescenceimaging andbacterialloadsquantification in miceinfectedby wild-type�. ����	��
� �	�
��� andKR ��� �. (A) BALB/cmice
wereinfectedwith bioluminescent2.107 KRWT, 2.107 KR��� �, 4.108 KR��� �, and109 KR��� �. Thebioluminescentsignalin lungswasmeasured6,24,48,
72,and96hourspost-infection usingtheIVIS ImagingSystem.All imagesareshownusingthesamebioluminescencesignalintensityscale(in photons/
sec/cm2/sr). (B) Quantification of bioluminescentsignaldetectedfrom sixmicepergroup.Meansareindicatedasline.Thedottedline indicates
background level,andthedashedline showstheminimal signalshownin (A). (C) Bacterialloadin lungsof miceinfectedwith 2.107 KRWT (left),2.107

KR��� � (centre)or 4.108 KR��� � (right). Datafor bacterialloadsareshownaslogCFUperorganfrom 6to 12micefrom two to fiveindependent
experiments.Meansareindicatedasline.

https://doi.org/10.1371/journal.pntd.0006201.g002
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Fig 3. Histologyof BALB/c lungsinfectedby wild-type�. ����	��
� �	�
��� andKR ��� �. (A) Lungsof miceinfectedwith 2.107 KRWT, 2.107 KR��� �, 4.108 KR��� �,
and109 KR��� � wereresected4dayspost-infectionandexaminedbyhistology.Lungsinfectedwith 2.107 KRWT (left) presentedtheclassicalpatterncharacterizedby
manyalveoli,with anintactepitheliallayer,filled with Mikulicz cells.On thecontrary,lungsinfectedwith 2.107 KR��� � (middle left) showeddenseinflammatory
infiltrate containingnumerouspolymorphonuclearcellsandabsenceof Mikulicz cells.Lungsof miceinfectedwith 4.108 KR��� � (middleright) or 109 KR(right)
showedthepresenceof Mikulicz cellssimilarlyto wild-typeinfection.Insetsshowmagnificationof representativezonesof thelungs.Scalebarsare1mm (top),200�m
(middlerow) and50�m (bottom). Imagesarerepresentativeof 4 (KRWT), 4 (2.107 KR��� �), 4 (4.108 KR��� �) or 5 (109 KR��� �) micefrom 2 to 3 independent
experiments.(B) Correlation betweentheareacoveredbyMikulicz cellsandnumberof bacteriaspotsin lungssectionsof miceat96hoursafterinfection with 2.107 KR
WT, 2.107 KR��� �, 4.108 KR��� �, 109 KR��� �.

https://doi.org/10.1371/journal.pntd.0006201.g003
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suggestedthatwhilecapsuleisavirulencefactorin KR,it isnot requiredto inducetheforma-
tion of Mikulicz cellsin KRpathogenesis.

Asmiceinfectedwith theKR��� � strainshowedvariationsin theintensityof theMikulicz
cellsinfiltrate observedbyhistology,wewonderedwhetherthisvariationwascorrelatedto the
bacterialburden.BecausewecannotdirectlyquantifytotalCFUandperformanhistological
analysison thesamesample,weestimatedthenumberof bacteriaby fluorescencein situ
hybridizationandquantifiedtheMikulicz cellsinfiltrate bymanuallysegmentingregionscon-
taininghighlyvisibleMikulicz cellson adjacentlungssections(S2Fig).Mice infectedwith KR
��� � showeddifferentnumberof bacteriaspotsandextendof Mikulicz cellsinfiltrate in the
lungsection(Fig3B).Bothparametersweresignificantlycorrelated,suggestingthat thelocal
bacterialloaddrivestheintensityof recruitmentof Mikulicz cells.

IL-10 production is capsule-independent
Cytokinesarekeymediatorsof immuneresponsesandtheanti-inflammatorycytokineIL-10
hasbeenshownto behighlyproducedafter�. 
��	�����
������ infectionandto playacrucial
role in theestablishmentof aproperenvironmentleadingto Mikulicz cellsmaturation[9].
Therefore,wecharacterizedtheproductionof somemajorcytokinesin mouselungextracts
uponKR��� � infection.WhenBALB/cmicewereinfectedwith 2.107 KRWT or 4.108 KR��� -,
thepro-inflammatorycytokinesIL-1��, IL-17 andTNF-�� wereproducedin highamounts
from 6 hourspost-infectiononwards(Fig4A andS3Fig).However,althoughproducedin
similaramountsat thebeginningof theinfectionin miceinfectedwith 2.107 KR��� �, thelevel
of thesecytokinesdiminishedovertimebecausebacteriawereprogressivelyclearedfrom the
organ.Aspreviouslyshown,theanti-inflammatorycytokineIL-10 washighlyproducedupon
infectionwith 2.107 KRWT but not in miceinfectedwith 2.107 KR��� �. IL-10wasalsopro-
ducedin miceinfectedwith 4.108 KR ��� -, but to alowerextendandin morevariablemanner
ascomparedto KRWT (Fig4B).Theseobservationsindicatethatahigh inoculumof KR ��� �

allowsrecapitulatingahighproductionof IL-10,therebysuggestingthatcapsuledoesnot have
adirect role in IL-10 productionuponKRinfection.

Becauseweobservedahighvariability in theproductionof IL-10 in miceinfectedwith
4.108 KR��� �, wewonderedwhetherit wascorrelatedwith theburdenof theinfection.We
thuscomparedtheproductionof IL-1��, IL-17,TNF-�� andIL-10 to thenumberof CFUin the
lungsat96hourspost-infectionfor eachanimal.While ahighproductionof IL-1�� (> 3.104

pg/ml) is indicativeof thepresenceof bacteriain thelungs(mainly rangingfrom 105�10 9 bac-
teria),IL-1�� isexpressedat intermediatelevels(500±3.000pg/ml) whenmicemanagedto clear
theinfection(Fig4C).Similarobservationwasmadefor IL-17 andTNF-�� (S4Fig).On the
otherhand,this isdifferentfor IL-10 (Fig4D).A first groupof micemildly colonized(between
5.105 and2.107 CFU)showedintermediatelevelof IL-10 (between70and200pg/ml) whilea
secondgroupof micethatwereunableto control theinfection(> 2.107 CFU)werecharacter-
izedbyanintenseproductionof IL-10 (> 103 pg/ml) suggestingthatKR isableto inducean
intenseproductionof IL-10only aboveacertainthresholdof KRbacteriain thelungs.

To establishthat theoccurrenceof Mikulicz cellsobservedwith 4.108 and109 KR��� � was
not dueto thehigherinoculumof KR��� � ascomparedto KR,wemeasuredbacterialloads
andcytokinesexpressionin animalsinoculatedwith thesamehigh inoculum(109 bacteria)of
Kp52�ï��� 4 dayspost-instillation.TheKp52�ï��� strainisasimilarcapsulemutant from �.
�	�
��	��� strainKp52145obtainedafterdeletionof the��� geneshowingadrasticreduc-
tion of capsuleexpressionfrom 256�22 nguronic acid/ 106 bacteriafor Kp52145to 34�13 ng
uronic acid/ 106 bacteria(S5Fig).Weobservedthat thebacterialloadof miceinfectedwith
109 Kp52�ï��� wasaround105 bacteriaperorganandwaslowerthanthebacterialloadof
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miceinfectedwith 109 KR��� � indicatingthata��� mutant in Kp52145is lessvirulent that its
counterpartin KR(Fig5A).

We thenmeasuredthecytokineslevelsin lungsof infectedanimals(Fig5BandS6Fig).
Pro-inflammatorycytokinesIL-1��, IL-17 andTNF-�� wereexpressedin similar amountsin
miceinfectedwith Kp52�ï��� or KR ��� � . However,IL-10 wasexpressedat low levelafter
109 Kp52�ï��� infection(53±63pg/ml), contrastingthehigheramountobservedafter109

KR ��� � infection in somemice.Byhistology,weobservedanintenseanddenseinflamma-
tion characterizedby astrongrecruitmentof monocytesandpolymorphonuclearcellsand
anabsenceof Mikulicz cellsformation (Fig5C).Altogether,andcombinedwith thehisto-
logicaldata,theseobservationssuggestthatwhenpresentin high concentrationin the
lungsfrom 3 daysof infectionwithout beinglethal,KR or its capsulemutantareableto
inducetherecruitmentandmaturationof Mikulicz cellsanddriveastrongproductionof
IL-10.

Fig 4. Production of IL-1�� and IL-10 in lungsof BALB/c miceinfectedby wild-type �. ����	��
� �	�
���, KR ��� �, Kp52�ï��� or Kp52145.BALB/c
micewereinfectedwith 2.107 KRWT, 2.107 KR��� � or 4.108 KR��� � or saline-injectedfor 6,24,48,72or 96hours.Lungswerethenhomogenizedandthe
pro-inflammatoryIL-1�� (A) andtheanti-inflammatory IL-10 (B) cytokinesweremeasuredbyELISA.Dataaremeanfrom 6 to 10micefrom three
independent experiments.Correlation betweenproduction of IL-1�� (C) or IL-10 (D) andtheamountof bacteriarecoveredfrom lungsof miceat96hours
afterinjectionwith saline(control) or infectionwith 2.107 KRWT, 2.107 KR��� �, 4.108 KR��� �, 109 KR��� �, 109 Kp52�ï��� or 2.104 Kp52145.

https://doi.org/10.1371/journal.pntd.0006201.g004
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Discussion
Thediversityof capsuletypesin ���������� �	�
��	��� speciesisstrikingly verylarge,as134
differentcapsuleloci havebeenidentifiedup to now[21]. This tendsto indicatethat �. �	�
�
��	��� speciesisunderstrongselectionpressureto diversifyits capsule.However,andstrik-
ingly,all �. 
��	�����
������ strainsisolatedsofar areof theKL3(K3) serotypedespitehaving
beenisolatedfrom diversegeographicallocations[6]. Becauseof thishomogeneity,wespecu-
latedthat thisspecificK3 serotypecouldbeanimportant factordriving therhinoscleromadis-
ease.Bycreatingacapsulemutant in �. 
��	�����
������, weshowedthat if capsuleisan
important virulencefactorfor thisspecies,it isnot necessaryto inducetheformationof Miku-
liczcells,thehallmarkof rhinoscleroma,asthesecellshavebeenobservedwhenusinghigh
inoculaof thismutant.

Thesaccharidecompositionof thecapsulehasbeenlinked to someextentto �. �	�
��	���
virulence.K1 andK2 serotypeshavebeensuggestedto bemajordeterminantsin liver abscess-
causing�. �	�
��	��� [35,36].Strainsfrom otherserotypes,includingK5,K16,K20,K54and
K57,havealsobeendescribedashighlyvirulent [37]. In addition,switchingthecapsular

Fig 5. Thecapsulemutant Kp52�ï��� is not ableto inducethe formation of Mikulicz cells.(A) Bacterialloadin lungsof BALB/cmiceafterinfection
with 2.107 KRWT, 109 KR��� � or 109 Kp52�ï��� . DatashowCFUin wholelungsafter96hourspost-infection from 5 to 11micefrom oneto five
independent experiments.Meansareindicatedasline.(B) Production of IL-1�� andIL-10 in thelungsof BALB/cmiceinfectedwith 2.107 KRWT, 109 KR
��� � or 109 Kp52�ï��� . Cytokinesweremeasured96hourspost-infection byELISA.Dataaremeanfrom 5 to 9micefrom two independent experiments.
(C) Histology,representativeexampleof lung from miceinfectedwith 109 Kp52�ï��� . Zonesof denseinflammation canbeobservedwith absenceof
Mikulicz cells.Scalebarsare1mm (left),200�m (middle)and50�m (right).

https://doi.org/10.1371/journal.pntd.0006201.g005
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serotypeof ahighlyvirulent K2 strainto aweaklyvirulent K21astrainhasbeenshownto lead
to adecreasein virulencein mouseandin survivalin bloodandto anincreasedbinding to
macrophages.Conversely,switchingthecapsuleserotypeof theK21astrainto virulent K2
resultedin anincreasedvirulencein mouseandin survivalin bloodandto alowerbinding to
macrophages[38,39].In addition,switchinghighlyconservedgenesof thecapsulecluster
involvedin capsuleexportfrom K1 into K20hypervirulentstrainstronglyreducedits bacterial
virulencein micewhile increasingits neutrophilphagocytosisandsurvivalin macrophages,
althoughit isstill not knownwhetherthis isdueto achangein capsuleexpression[40].How-
ever,arecentpan-genomicanalysisdid not revealanycorrelationbetweencapsuleserotype
andstrainsresponsibleof invasivecommunity-acquiredinfectionbut rathersuggestedthat
thepresenceof oneor severalsiderophoresexplainsbacterialvirulence[41]. Thustheexact
roleof capsulecompositionin virulencestill remainsto beclearlydetermined.

Capsuleplaysanimportant role in immunecellsevasionbypreventingbinding of comple-
mentandantibodiesto thebacteriatherebydecreasingopsono-phagocytosisandcomple-
ment-mediatedkilling [10±13,42±45].Moreover,���������� capsulecompositionhasbeen
shownto influencethebinding of thebacteriato macrophages.K3,K46andK64�. �	�
���
	��� capsulearebinding moreto themannosereceptor,whichishighlyexpressedon macro-
phages,thanotherserotypes,in amannose-dependentmanner,whileotherserotypes
presentedno binding [23]. A commonfeatureof thesethreedifferentserotypesis that they
havetwo or threemannoseresiduesin their repeatedunit. Though,otherK serotypesthat
presentalsotwo mannoseresiduesdid not showanybinding to themannosereceptor,sug-
gestingthatbinding of mannose-bearingcapsuleto themannosereceptoris influencedby
otherfactorsthanits mannosecomposition.However,asall �. 
��	�����
������ strainsareof
theK3 serotype,andeventhoughK3 capsuleinteractswith mannosereceptor,our results
obtainedwith ahigh infectiondoseof KR��� � suggestthat thisstepisnot important in driving
thedevelopmentof Mikulicz cells.

Someresultsobtainedwith thehigh inoculaof KR ��� � wereheterogeneous:thebacterial
load4 dayspost-infectionwasspreadover4 logs,IL-10 levelsin thelungswerequitevariable
andsomemiceshowedsomebacteriain thedigestivetractbybioluminescence.Thisvariabil-
ity isaconsequenceof theuseof higherinocula,whicharethickerandmoreviscousthan
lowerinoculausedfor theKRWT andof KR��� � strainsthataremorefluid. Asaconsequence,
partof theinoculumisswallowedbymiceandpassesinto thedigestivetract.This isalsosug-
gestingthataboveacertainthresholdof ��� � bacteriadeliveredto thelungs,theanimalcannot
control theinfectionandthebacteriaareableto multiply andmaintainthemselvesin high
number,althoughto alowerburdenthanWT bacteria.Wewonderedwhethertherewasacor-
relationbetweenthenumberof bacteriain thelungsandthelevelof IL-10produced.Indeed
weobservedthat IL-10wasproducedin highamountwhenthebacterialloadwashigh,raising
thepossibilitythathigh IL-10expressionwastheresultof ahighbacterialburdenandnot spe-
cific to �. 
��	�����
������. To verify thisoneneedsto compareIL-10productionuponsimilar
bacterialburdens,greaterthan108 bacteria,at4 dayspost-infectionwith differentbacteria.
Wefirst thoughtto useahighdoseof a�. �	�
��	��� mutant inactivatedin thesamegeneas
theKR��� � strain,but showedthat thebacterialloadwaslower(104�10 5 bacteria)thanthe
lowestonesobtainedwith highKR��� � (106 to 108 bacteria)andthat IL-10 levelswerealso
quitelow.Thisshowedthat thisKp52�ï��� mutantwasactuallymoreattenuatedthanKR��� �

andsuggestedthat �. 
��	�����
������ isbetteradaptedto survivingin lungs.Somevirulent �.
�	�
��	��� strainscancauseintenseandsevereandacutepneumoniain micewith highbur-
den.Wehadpreviouslyobservedthatavariablebacterialloadcanbeachieved3and5days
post-infectionwith alow doseof thevirulent strainKp52145[9] andthatabout30%of mice
werepresentingahighbacteriaburden3 and5 dayspost-infection.BymeasuringCFUloads
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andcytokinesin miceinfectedwith Kp52145weobservedthatmicethathadahighbacterial
loadwereproducingIL-10 in amountsimilar to thosethatwerelesscolonized.Comparable
highbacterialburdenwereobtainedwith thewidelyused�. �	�
��	��� strain43816
[18,19,46]andIL-10wasproducedin similar low amounts3dayspost-infection[18]. Hence
theseobservationsindicatethat theintenseIL-10productionobserveduponinfectionwith KR
WT or KR��� � isspecificof �. 
��	�����
������ anddoesnot resultfrom aglobalhighbacterial
load.

Moreover,all highdoseKR��� * infectedmiceout of 9observedbyhistologyshowthepres-
enceof Mikulicz cellsin their lungs,althoughto variousextent.Wealsoobservedthat theden-
sityof theMikulicz cellsinfiltrate iscorrelatedto thenumberof bacteria.Wealsotried to see
whethertherewasasimilarcorrelationwith theamountof IL-10on amouseto mousebasis,
but wereunableto detectdirectlythiscytokineby immunohistochemistry.Nevertheless,the
variationin thehostresponseto KR��� � infectionis likely correlatedto theamountof IL-10
produced:lowernumberof bacterialeadto fewerMikulicz cellsandlow amountsof IL-10
whereasanintenseIL-10productionisaccompaniedbyhighnumberof bacteriaandMikulicz
cellsandlessdestructiveinflammation.

Recently,IL-10hasbeenshownto regulatemetabolicprocessesin activatedmacrophages
andthuscontrol theinflammatoryresponse.IL-10 impedesglycolysisandpromotesoxidative
phosphorylationmaintainingmitochondrialfitness.Thismetabolicreprogrammingof macro-
phagesiscontrolledby IL-10 throughinhibition of mechanistictargetof rapamycin(mTOR)
signalingpathway[47]. Interestingly,deregulationof mTORsignaling,suchasprolonged
mTORC1activation,leadsto metabolicchanges,hyperproliferationof macrophagesandgran-
ulomaformation,contributing to diseaseprogressionin humangranulomatoussarcoidosis
[48]. Thesemechanismsmight beassociatedwith formationof granulomasin rhinoscleroma,
whereMikulicz cellscouldundergosimilarmetabolicremodelingmediatedby IL-10.

Thefactthat thecapsuleisnot requiredfor Mikulicz cellsrecruitmentandformation
indicatesthat thefactorsresponsibleof thisprocessarestill unknownandremainto beidenti-
fied.Current �	 ���� screeningapproaches,suchassignaturetaggedmutagenesis,cannotbe
usedastheyidentify mutantsunableto growin specificexperimentalconditions,but not
thosethatarerequiredfor theexpressionof aparticularphenotype,suchastheappearanceof
Mikulicz cells.Thereforean�	 ���
� screeningassayhasto bedeveloped.However,�	 ����
phagocytosisassayscanoftenbedifficult to setup andstandardizedueto thehighexpression
of capsulein � �	�
��	��� speciesandits stronganti-phagocyticeffect.Our resultsshowthat
capsuleisnot requiredfor theformationof Mikulicz cells,openingthewayto �	 ���
� assaysof
Mikulicz cellsformationandto �	 ���
� screeningof factorsthataredriving thismaturation�	
����.

Supporting information
S1Fig.BioluminescencesignalandCFUcorrelation. Bioluminescencesignalafterback-
groundsubtractionwascorrelatedwith theCFUnumberfor miceinfectedwith 2.107 KRWT,
4.108 KR��� � and109 KR��� �.
(EPS)

S2Fig.Quantification of bacteriaspotsby FISH.Bacteriaweredetectedin lungssectionby
FISHusingpanbacteriaprobe.Bacteriaspotswerequantifiedusingtheplugin Trackmatein
Fiji. (A) showsarepresentativeimageof alungsectionfrom amouseinfectedwith 2.107 KR
(top left) with thebacterialabelledin orange,ahigh resolutionzoomshowingindividual bac-
terialspots(middle left) andthecorrespondingspotsdetectedbyTrackMate(middleright). A
correspondingHE imagewith themanuallysegmentedareacontainingMikulicz cellsis
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shown(top right). (B) Representativeimagefrom amouseinfectedwith 2.107 KR��� �. Bottom
imagesin A andBare140�m wide.
(EPS)

S3Fig.Production of IL-17 andTNF-�� in lungsof BALB/c miceinfectedby wild-type �.
����	��
��	�
��� or KR ��� �. BALB/cmicewereinfectedwith 2.107 KRWT, 2.107 KR��� � or
4.108 KR��� � or saline-injectedfor 6,24,48,72or 96hours.Lungswerehomogenizedandthe
pro-inflammatorycytokinesIL-17 (A) andTNF-�� (B) weremeasuredbyELISA.Dataare
meanfrom 6 to 10micefrom threeindependentexperiments.
(EPS)

S4Fig.Cytokinesproduction andCFUcorrelation. Correlationbetweenproductionof IL-
17(A) or TNF-�� (B) andtheamountof bacteriarecoveredfrom lungsof miceat96hours
afterinjectionwith salineor infectionwith 2.107 KRWT, 2.107 KR��� �, 4.108 KR��� �, 109 KR
��� �, 109 Kp52�ï��� or 2.104 Kp52145.
(EPS)

S5Fig.Quantification of capsulein Kp52145andmutant Kp52�ïwzc.Dataareexpressedas
ngof uronic acid/ 106 bacteria.
(EPS)

S6Fig. Production of IL-17 (A) andTNF-�� (B) in lungsof BALB/c miceinfectedby wild-
type �. ����	��
��	�
���, KR ��� � or Kp52�ï���. BALB/cmicewereinfectedwith 2.107 KR
WT, 109 KR��� � or 109 Kp52�ï���. Cytokinesweremeasured96hourspost-infectionby
ELISA.Dataaremeanfrom 5 to 9 micefrom two independentexperiments.
(EPS)

Acknowledgmen ts
WethankClaudeParsotfor hisconstantinterestandadviceduring thiswork,CeÂline Mulet
for adviceandhelpwith histologyandFISHstaining,JulienFernandesfor helpwith FISH
imageacquisition,andGiulia Nigro, Genevi�veMilon andThierry Pedronfor critical reading
of themanuscript.

Author Contributions
Conceptualization:BarbaraCorelli,AnaS.Almeida,Cindy Fevre,SylvainBrisse,PhilippeJ.

Sansonetti,ReÂgisTournebize.

Funding acquisition:AnaS.Almeida,PhilippeJ.Sansonetti,ReÂgisTournebize.

Investigation:BarbaraCorelli,AnaS.Almeida,FabianeSonego,Virginia Castiglia,Cindy
Fevre,ReÂgisTournebize.

Supervision:ReÂgisTournebize.

Visualization: BarbaraCorelli,AnaS.Almeida,ReÂgisTournebize.

Writing ± original draft: BarbaraCorelli,AnaS.Almeida,FabianeSonego,Virginia Castiglia,
ReÂgisTournebize.

References
1. Gaafar HA, Gaafar AH, Nour YA. Rhinoscleroma: an updated experience through the last 10 years.

Acta Otolaryngol. 2011; 131: 440±446. https://doi.org/10.3109/00016489.2010.539264 PMID:
21198342

Capsule in Klebsiella rhinoscleromatis infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006201 January 30, 2018 16 / 19



2. De Pontual L, Ovetchkine P, Rodriguez D, Grant A, Puel A, Bustamante J, et al. Rhinoscleroma: a
French national retrospective study of epidemiological and clinical features. Clin Infect Dis. 2008; 47:
1396±1402. https://doi.org/10.1086/592966 PMID: 18947330

3. Jeffery J, Sulaiman S, Oothuman P, Vellayan S, Zainol-Ariffin P, Paramaswaran S, et al. Domiciliary
cockroaches found in restaurants in five zones of Kuala Lumpur Federal Territory, peninsular Malaysia.
Trop Biomed. 2011; 29: 3309±3316.

4. Moges F, Eshetie S, Endris M, Huruy K, Muluye D, Feleke T, et al. Cockroaches as a Source of High
Bacterial Pathogens with Multidrug Resistant Strains in Gondar Town, Ethiopia. Biomed Res Int. 2016;
2016: 2825056. https://doi.org/10.1155/2016/2825056 PMID: 27340653

5. Fielding BC, Mnabisa A, Gouws PA, Morris T. Antimicrobial-resistant Klebsiella species isolated from
free-range chicken samples in an informal settlement. Arch Med Sci. 2012; 8: 39±42. https://doi.org/10.
5114/aoms.2012.27278 PMID: 22457672

6. Brisse S, Fevre C, Passet V, Issenhuth-Jeanjean S, Tournebize R, Diancourt L, et al. Virulent clones of
Klebsiella pneumoniae: identification and evolutionary scenario based on genomic and phenotypic
characterization. PLoS ONE. 2009; 4: e4982. https://doi.org/10.1371/journal.pone.0004982 PMID:
19319196

7. Hart CA, Rao SK. Rhinoscleroma. J Med Microbiol. 2000; 49: 395±396. https://doi.org/10.1099/0022-
1317-49-5-395 PMID: 10798549

8. Canalis RF, Zamboni L. An interpretation of the structural changes responsible for the chronicity of rhi-
noscleroma. Laryngoscope. 2001; 111: 1020±1026. https://doi.org/10.1097/00005537-200106000-
00016 PMID: 11404614

9. Fevre C, Almeida AS, Taront S, Pedron T, Huerre M, Prevost M-C, et al. A novel murine model of rhino-
scleroma identifies Mikulicz cells, the disease signature, as IL-10 dependent derivatives of inflammatory
monocytes. EMBO Mol Med. 2013; 5: 516±530. https://doi.org/10.1002/emmm.201202023 PMID:
23554169

10. de Astorza B, CorteÂs G, CrespõÂC, Saus C, Rojo JM, AlbertõÂS. C3 promotes clearance of Klebsiella
pneumoniae by A549 epithelial cells. Infect Immun. Am Soc Microbiol; 2004; 72: 1767±1774.https://
doi.org/10.1128/IAI.72.3.1767±1774.2004

11. Alvarez D, Merino S, TomaÂs JM, BenedõÂVJ, AlbertõÂS. Capsular polysaccharide is a major complement
resistance factor in lipopolysaccharide O side chain-deficient Klebsiella pneumoniae clinical isolates.
Infect Immun. 2000; 68: 953±955. PMID: 10639470

12. CorteÂs G, AÂlvarez D, Saus C, AlbertõÂS. Role of lung epithelial cells in defense against Klebsiella pneu-
moniae pneumonia. Infect Immun. Am Soc Microbiol; 2002; 70: 1075±1080. https://doi.org/10.1128/IAI.
70.3.1075±1080.2002

13. CorteÂs G, Borrell N, de Astorza B, GoÂmez C, Sauleda J, AlbertõÂS. Molecular analysis of the contribution
of the capsular polysaccharide and the lipopolysaccharide O side chain to the virulence of Klebsiella
pneumoniae in a murine model of pneumonia. Infect Immun. Am Soc Microbiol; 2002; 70: 2583±2590.
https://doi.org/10.1128/IAI.70.5.2583±2590.2002

14. Favre-Bonte S, Joly B, Forestier C. Consequences of reduction of Klebsiella pneumoniae capsule
expression on interactions of this bacterium with epithelial cells. Infect Immun. 1999; 67: 554±561.
PMID: 9916058

15. Moranta D, Regueiro V, March C, Llobet E, Margareto J, Larrate E, et al. Klebsiella pneumoniae Cap-
sule Polysaccharide Impedes the Expression of -Defensins by Airway Epithelial Cells. Infect Immun.
2010; 78: 1135±1146. https://doi.org/10.1128/IAI.00940-09 PMID: 20008534

16. Sahly H, Podschun R, Oelschlaeger TA, Greiwe M, Parolis H, Hasty D, et al. Capsule impedes adhe-
sion to and invasion of epithelial cells by Klebsiella pneumoniae. Infect Immun. 2000; 68: 6744±6749.
PMID: 11083790

17. Clements A, Gaboriaud F, Duval JFL, Farn JL, Jenney AW, Lithgow T, et al. The major surface-associ-
ated saccharides of Klebsiella pneumoniae contribute to host cell association. PLoS ONE. 2008; 3:
e3817. https://doi.org/10.1371/journal.pone.0003817 PMID: 19043570

18. Lawlor MS, Handley SA, Miller VL. Comparison of the host responses to wild-type and cpsB mutant
Klebsiella pneumoniae infections. Infect Immun. 2006; 74: 5402±5407. https://doi.org/10.1128/IAI.
00244-06 PMID: 16926436

19. Lawlor MS, Hsu J, Rick PD, Miller VL. Identification of Klebsiella pneumoniae virulence determinants
using an intranasal infection model. Mol Microbiol. 2005; 58: 1054±1073. https://doi.org/10.1111/j.
1365-2958.2005.04918.x PMID: 16262790

20. Wyres KL, Gorrie C, Edwards DJ, Wertheim HFL, Hsu LY, Van Kinh N, et al. Extensive Capsule Locus
Variation and Large-Scale Genomic Recombination within the Klebsiella pneumoniae Clonal Group
258. Genome Biol Evol. 2015; 7: 1267±1279. https://doi.org/10.1093/gbe/evv062 PMID: 25861820

Capsule in Klebsiella rhinoscleromatis infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006201 January 30, 2018 17 / 19



21. Wyres KL, Wick RR, Gorrie C, Jenney A, Follador R, Thomson NR, et al. Identification of Klebsiella cap-
sule synthesis loci from whole genome data. Microb Genom. 2016; 2: e000102. https://doi.org/10.1099/
mgen.0.000102 PMID: 28348840

22. Dutton GG, Parolis H, Joseleau JP, Marais MF. The use of bacteriophage depolymerization in the struc-
tural investigation of the capsular polysaccharide from Klebsiella serotype K3. Carbohydrate Research.
1986; 149: 411±423. PMID: 3756950

23. Zamze S, Martinez-Pomares L, Jones H, Taylor PR, Stillion RJ, Gordon S, et al. Recognition of bacterial
capsular polysaccharides and lipopolysaccharides by the macrophage mannose receptor. J Biol Chem.
2002; 277: 41613±41623. https://doi.org/10.1074/jbc.M207057200 PMID: 12196537

24. Fevre C, Passet V, Deletoile A, Barbe V, Frangeul L, Almeida AS, et al. PCR-based identification of
Klebsiella pneumoniae subsp. rhinoscleromatis, the agent of rhinoscleroma. PLoS Negl Trop Dis. 2011;
5: e1052. https://doi.org/10.1371/journal.pntd.0001052 PMID: 21629720

25. Nassif X, Fournier JM, Arondel J, Sansonetti PJ. Mucoid phenotype of Klebsiella pneumoniae is a plas-
mid-encoded virulence factor. Infect Immun. 1989; 57: 546±552. PMID: 2643575

26. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12 using
PCR products. Proc Natl Acad Sci USA. 2000; 97: 6640±6645. https://doi.org/10.1073/pnas.
120163297 PMID: 10829079

27. Datta S, Costantino N, Court DL. A set of recombineering plasmids for gram-negative bacteria. Gene.
2006; 379: 109±115. https://doi.org/10.1016/j.gene.2006.04.018 PMID: 16750601

28. Foucault ML, Thomas L, Goussard S, Branchini BR, Grillot-Courvalin C. In vivo bioluminescence imag-
ing for the study of intestinal colonization by Escherichia coli in mice. Appl Environ Microbiol. 2010; 76:
264±274. https://doi.org/10.1128/AEM.01686-09 PMID: 19880653

29. Derbise A, Lesic B, Dacheux D, Ghigo JM, Carniel E. A rapid and simple method for inactivating chro-
mosomal genes in Yersinia. FEMS Immunology & Medical Microbiology. 2003; 38: 113±116. https://doi.
org/10.1016/S0928-8244(03)00181-0

30. Tomas J, Mulet C, Saffarian A, Cavin J-B, Ducroc R, Regnault B, et al. High-fat diet modifies the PPAR-
�� pathway leading to disruption of microbial and physiological ecosystem in murine small intestine. Proc
Natl Acad Sci USA. 2016; 113: E5934±E5943. https://doi.org/10.1073/pnas.1612559113 PMID:
27638207

31. Tinevez J-Y, Perry N, Schindelin J, Hoopes GM, Reynolds GD, Laplantine E, et al. TrackMate: An open
and extensible platform for single-particle tracking. Methods. 2017; 115: 80±90. https://doi.org/10.1016/
j.ymeth.2016.09.016 PMID: 27713081

32. Demarre G, GueÂrout A-M, Matsumoto-Mashimo C, Rowe-Magnus DA, Marli�qreP, Mazel D. A new fam-
ily of mobilizable suicide plasmids based on broad host range R388 plasmid (IncW) and RP4 plasmid
(IncPalpha) conjugative machineries and their cognate Escherichia coli host strains. Res Microbiol.
2005; 156: 245±255. https://doi.org/10.1016/j.resmic.2004.09.007 PMID: 15748991

33. Philippe N, Alcaraz J-P, Coursange E, Geiselmann J, Schneider D. Improvement of pCVD442, a suicide
plasmid for gene allele exchange in bacteria. Plasmid. 2004; 51: 246±255. https://doi.org/10.1016/j.
plasmid.2004.02.003 PMID: 15109831

34. Struve C, Krogfelt KA. Role of capsule in Klebsiella pneumoniae virulence: lack of correlation between
in vitro and in vivo studies. FEMS Microbiol Lett. 2003; 218: 149±154. PMID: 12583911

35. Yeh K-M, Kurup A, Siu LK, Koh YL, Fung C-P, Lin J-C, et al. Capsular serotype K1 or K2, rather than
magA and rmpA, is a major virulence determinant for Klebsiella pneumoniae liver abscess in Singapore
and Taiwan. J Clin Microbiol. 2007; 45: 466±471. https://doi.org/10.1128/JCM.01150-06 PMID:
17151209

36. Yeh K-M, Chiu S-K, Lin C-L, Huang L-Y, Tsai Y-K, Chang J-C, et al. Surface antigens contribute differently
to the pathophysiological features in serotype K1 and K2 Klebsiella pneumoniae strains isolated from liver
abscesses. Gut Pathog. 2016; 8: 4. https://doi.org/10.1186/s13099-016-0085-5 PMID: 26893615

37. Shon AS, Bajwa RPS, Russo TA. Hypervirulent (hypermucoviscous) Klebsiella pneumoniae: a new and
dangerous breed. Virulence. 2013; 4: 107±118. https://doi.org/10.4161/viru.22718 PMID: 23302790

38. Ofek I, Kabha K, Athamna A, Frankel G, Wozniak DJ, Hasty DL, et al. Genetic exchange of determi-
nants for capsular polysaccharide biosynthesis between Klebsiella pneumoniae strains expressing
serotypes K2 and K21a. Infect Immun. 1993; 61: 4208±4216.PMID: 8104896

39. Kabha K, Nissimov L, Athamna A, Keisari Y, Parolis H, Parolis LA, et al. Relationships among capsular
structure, phagocytosis, and mouse virulence in Klebsiella pneumoniae. Infect Immun. 1995; 63: 847±
852. PMID: 7868255

40. Lin C-L, Chen F-H, Huang L-Y, Chang J-C, Chen J-H, Tsai Y-K, et al. Effect in virulence of switching
conserved homologous capsular polysaccharide genes from Klebsiella pneumoniae serotype K1 into
K20. Virulence. 2016;: 1±7. https://doi.org/10.1080/21505594.2016.1228508 PMID: 27565716

Capsule in Klebsiella rhinoscleromatis infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006201 January 30, 2018 18 / 19



41. Holt KE, Wertheim H, Zadoks RN, Baker S, Whitehouse CA, Dance D, et al. Genomic analysis of diver-
sity, population structure, virulence, and antimicrobial resistance in Klebsiella pneumoniae, an urgent
threat to public health. Proc Natl Acad Sci USA. 2015; 112: E3574±81. https://doi.org/10.1073/pnas.
1501049112 PMID: 26100894

42. Merino S, CamprubõÂS, AlbertõÂS, BenedõÂVJ, TomaÂs JM. Mechanisms of Klebsiella pneumoniae resis-
tance to complement-mediated killing. Infect Immun. Am Soc Microbiol; 1992; 60: 2529±2535.

43. Domenico P, Salo RJ, Cross AS, Cunha BA. Polysaccharide capsule-mediated resistance to opsono-
phagocytosis in Klebsiella pneumoniae. Infect Immun. 1994; 62: 4495±4499. PMID: 7927714

44. Evrard B, Balestrino D, Dosgilbert A, Bouya-Gachancard J-LJ, Charbonnel N, Forestier C, et al. Roles
of capsule and lipopolysaccharide O antigen in interactions of human monocyte-derived dendritic cells
and Klebsiella pneumoniae. Infect Immun. 2010; 78: 210±219. https://doi.org/10.1128/IAI.00864-09
PMID: 19841082

45. March C, Cano V, Moranta D, Llobet E, PeÂrez-GutieÂrrez C, TomaÂs JM, et al. Role of bacterial surface
structures on the interaction of Klebsiella pneumoniae with phagocytes. March C, Cano V, Moranta D,
Llobet E, PeÂrez-GutieÂrrez C, TomaÂs JM, et al., editors. PLoS ONE. 2013; 8: e56847. https://doi.org/10.
1371/journal.pone.0056847 PMID: 23457627

46. Bachman MA, Oyler JE, Burns SH, Caza M, LeÂpine F, Dozois CM, et al. Klebsiella pneumoniae yersi-
niabactin promotes respiratory tract infection through evasion of lipocalin 2. Infect Immun. 2011; 79:
3309±3316. https://doi.org/10.1128/IAI.05114-11 PMID: 21576334

47. Ip WKE, Hoshi N, Shouval DS, Snapper S, Medzhitov R. Anti-inflammatory effect of IL-10 mediated by
metabolic reprogramming of macrophages. Science. 2017; 356: 513±519. https://doi.org/10.1126/
science.aal3535 PMID: 28473584

48. Linke M, Pham HTT, Katholnig K, SchnoÈller T, Miller A, Demel F, et al. Chronic signaling via the meta-
bolic checkpoint kinase mTORC1 induces macrophage granuloma formation and marks sarcoidosis
progression. Nat Immunol. 2017; 18: 293±302. https://doi.org/10.1038/ni.3655 PMID: 28092373

Capsule in Klebsiella rhinoscleromatis infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006201 January 30, 2018 19 / 19


